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Abstract: Background: Nonylphenol (NP), a chemical compound widely used in industry, is the 
result of the nonylphenol ethoxylate decomposition and it is known as an estrogen-like compound. 
Numerous studies and researches have shown that it has many destructive functions of various or-
gans such as the brain. This toxicant causes oxidative stress in the cortex and hippocampus cells, 
which are two essential regions to preserve memory and learning in the brain. 

Methods: This review examines recent findings to better understanding the mechanisms of NP  
neurotoxicity. We used Scopus, Google Scholar, and PubMed databases to find articles focused on 
the destructive effects of NP on the oxidative stress pathway and its defense mechanisms. 

Results: NP has potential human health hazards associated with gestational, peri- and postnatal 
exposure. NP can disrupt brain homeostasis in different ways, such as activation of inflammatory 
factors in brain especially in hippocampus and cortex, disruption of the cell cycle, changes in neu-
ron, dendrites and synapses morphology, disruption of extra and intracellular calcium ion balance 
and also memory and learning disorders 
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1. INTRODUCTION 

 In today's industrialized world, there are growing con-
cerns about the damages caused by EDCs to the human 
body, animals, and microorganisms [1, 2]. EDCs are estro-
gen recipient agonists that interfere with metabolism, synthe-
sis, storage, the release of hormones, and alter their normal 
function [3]. Alkylphenol ethoxylates (APEOs) are a class of 
non-ionic surfactants that are potentially a dangerous class of 
EDCs. These compounds are widely used in the production 
of various detergents, cleaners, and emulsifiers [4]. NP is the 
final product of the APEOs decomposition in an environ-
ment that makes up about 80% of the APEOs [4, 5]. This 
chemical compound is stable in the environment and is pre-
sent in domestic and industrial wastewater. NP is commonly 
used in the manufacture of household detergents such as 
pesticides, cosmetics, additives, plastics, polyvinyl chloride 
pipes, food processing industries, packaging, paint, and other 
agricultural products are used [6, 7]. NP is also widely used 
in a variety of fields, including rubber antioxidants, gasoline 
additives, and phenolic resin modifiers [8]. The presence of 
NP residues is often identified in various environmental  
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sectors such as air, soil, sediments, and water [9]. Specifi-
cally, in the river and lake water of China, 28.6µg/L 
concentration of NP was identified, and a much higher level 
of NP with a concentration of 644µg/L was detected in 
Spanish surface water [10]. Humans are in extensive contact 
with the NP by espousing contaminated water and food [11]. 
Recent reports indicate that 100% of non-employed women 
in southern Spain were exposed to NP [12]. In addition, the 
highest level of NP in the breast milk of Italian women was 
32 ng / ml [13]. The average estimated NP per capita food 
intake was 27 micrograms per day (average) in the general 
Swedish population [14]. 

 Studies have shown that NP can pass NP by espousing 
contaminated water through the placenta [15] and BBB [16]. 
After ingestion, NP is circulated throughout the CNS by the 
bloodstream and finally penetrates the BBB [16]. Due to its 
lipophilic properties, it can accumulate in various tissues rich 
in fat, such as the brain [17]. It is also found in many bio-
logical fluids in the body, including human milk and urine 
[18-20]. This toxicant has different toxic effects on various 
organs such as liver [21, 22] and reproductive system [23, 
24]. Numerous studies have shown that exposure to certain 
chemicals, such as minerals, solvents, and some compounds 
in the POP category, can disrupt certain regions of the brain 
and impair memory and learning. These facts provided the 
basis for further studies on neurotoxicity and changes in 

 
 

A R T I C L E  H I S T O R Y 

 
Received: September 06, 2020 
Revised: October 07, 2020 
Accepted: October 14, 2020 
 

DOI: 
10.2174/1570159X18666201119160347 

 



1346    Current Neuropharmacology, 2021, Vol. 19, No. 8 Lotfi et al. 

brain homeostasis [25, 26]. NP, a toxicant that is resistant to 
decomposition, can affect brain functions in different ways 
[27]. The effects of NP, like other EDCs on the neuroendo-
crine system, have been demonstrated by researchers [28]. 
Studies report that exposure to NP can cause neurotoxicity, 
behavioral changes, and adverse effects on memory and 
learning [29-31]. According to a report, mother rats were 
exposed to chronic NP orally, which caused cognitive im-
pairment in young mice [32]. According to Yokosuka et al., 
NP causes a change in the dendrites and synaptic growth of 
the mouse fetal hypothalamus [31]. Zhen Mao et al. also 
found that NP increased CAS-3 expression in the hippocam-
pus and cortex cells and induced apoptosis in these cells 
[33]. It can interfere with the metabolism and development 
of neurocytes and as well as synthesizing and releasing neu-
rotransmitters [27]. Also, NP activates inflammatory cell 
signaling, especially in the hippocampus and cortex, such as 
increasing the secretion of inflammatory cytokines [34]. 
Based on the results of previous studies about NP effect on 
neurotoxicity, this review aimed to summarize the mecha-
nisms involved in NP-induced neural toxicity. 

2. EFFECTS OF NP ON DIFFERENT NEURAL CELLS 

 Glial cells are a group of non-nerve cells include MG, 
astrocytes, and oligodendrocyte stem cells that make up the 
bulk of mammalian brain tissue. In a simple word, MGs are 
immune and phagocytic cells of the nervous system that are 
mostly distributed in the hippocampus [35]. These cells per-
form essential functions such as neuronal metabolism, signal 
conduction, neurogenesis, and synaptic flexibility in the 
brain. All types of glial cells are necessary for maintaining in 
the CNS homeostasis. MGs are the basic source of inflam-
matory cytokines in CNS [36]. 

 CNS changes, such as infection or nerve damage, trigger 
MG and astrocytes [35]. Depending on the injury, the first 
response of these cells may be the production and release of 
inflammatory factors or cytokines [37]. Severe and long-
term damage to the nervous system can lead to the release of 
inflammatory cytokines by astrocytes and MG, which ulti-
mately leads to inflammation. In addition, abnormal activa-
tion of MG by excessive secretion of cytokines may cause 
severe CNS damage [38]. Complex signaling cascades play a 
role in activating MG. TNF, which is released from active 
MG and astrocytes, can exacerbate inflammation and release 
ROS from the microglia, thereby destroying the nerve [37]. 

 Various studies have shown that exposure to different 
doses of NP can affect the number and function of glial cells 
[39]. NP can induce some inflammatory factors in glial cells, 
subsequent activation of these factors and provide the basis 
for inflammation in the CNS. According to Weijia GU et al., 
Maternal exposure to NP induces MG activation in the off-
spring hippocampus. NP exposure in a dosage of 10 and 
50mg/kg increased the production of IL-1β, IL-6, and TNF-α 
in the offspring hippocampus [40]. Previous studies have 
provided evidence that the MAPK signaling can begin by 
phosphorylated Akt and can balance inflammatory responses 
in MG. The Akt/MAPK/AP-1 signaling may be involved in 
the activation of MG and their production of pro-
inflammatory cytokines. Activating the Akt / MAPK / AP-1 
signaling by NP, can increase the secretion of inflammatory 

cytokines at the MG level and can initiate the CNS inflam-
mation [39]. Neuroinflammation, caused by excessive MG 
activity is one of the most common causes of neurodegenerative 
diseases such as Alzheimer's, Parkinson's, and Huntington's 
disease [41, 42]. 

 Based on Zhenmin Qiu et al. both in vitro and in vivo 
findings, prenatal contact with NP activates the MG and in-
duces NO production in F1. In this study, pregnant rats were 
randomly assigned to each group. Gavage of 10, 50, and 100 
mg/kg doses were administered daily for 21 days [43]. In 
general, increased MG activity induces NO production in 
MG. During a process of neural inflammation, excess NO 
and PGE2 are mainly produced by activated MG [44]. NO is 
mainly produced by iNOS in MG. NO is an essential bio-
logical messenger, but if overproduced in the CNS, it can 
cause inflammation and death of nerve cells in the brain. 
Other studies also show that NP significantly increases NO 
levels in the rat brain. Appropriate amounts of NO can dilate 
blood vessels, inhibit apoptosis, and play an essential role in 
memory processes, but can be harmful if too much NO is 
produced (Fig. 1). 

 In general, in conditions of oxidative stress, NO is one of 
the reactive species of nitrogen. It can easily change to anion 
proxy nitrite and cause cytotoxicity [45]. 

 One of the most common glia in the adult brain is astro-
cyte. Astrocytes play key and regulatory roles in brain func-
tion, including neurogenesis, synaptogenesis, controlling the 
permeability of the BBB, and maintaining extracellular ho-
meostasis. Activation of the inflammatory state of astrocytes 
is usually associated with GFAP that is a protein that is ex-
pressed by a variety of nerve cells, especially astrocytes dur-
ing development and evolution. GFAP plays an essential role 
in synaptic function, and changes in GFAP levels can reflect 
impaired synaptogenesis as well as pathological regulation 
of neural function [38]. According to studies, Nonylphenol 
can increase the production of GFAP. In a study by Jie Y, et 
al., rats were gavaged with NP since gestational day 6 to 
postnatal day (PND) 21 at dose levels of 25 mg/kg/day as a 
low dose, 50 mg/kg/day as a middle dose and 100 mg/kg/day 
as a high dose. Results showed a positive correlation be-
tween the number of GFAP positive astrocytes and NP levels 
as an increased GFAP protein expression with a high dose of 
NP exposure [46]. Astrocytes can exacerbate the disease 
through Ca2+ signals and induction of inflammation progres-
sion. Therefore, any dysfunction of these cells can interfere 
with cerebral hemostasis. Astrocytes have different functions 
such as Protection against glutamate toxicity by absorbing 
extracellular glutamate. When the normal function of the 
astrocyte is disrupted by NP, the concentration of extracellular 
glutamate increases, causing calcium ion influx and increas-
ing the permeability of the mitochondrial membrane. As a 
result, it damages the mitochondria and induces apoptosis 
[47]. It has been investigated that NP exposure during preg-
nancy could interfere with the links that are necessary for 
neuronal growth and development through inhibiting GAP-
43 (a nervous tissue-specific cytoplasmic protein) expression 
[48]. GAP-43 is associated with learning and memory func-
tions [47]. It is also involved in signal transmission, synaptic 
flexibility, neural growth, neurotransmitter emission as well 
as the release of monoamine transmitters [46]. Thus NP ex-
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posure can lead to learning and memory impairment in male 
rats. 

 According to research on the toxic effects of NP on the 
nervous system, it can affect different parts of the cell and 
disrupt various cellular signals. The exact mechanism of 
toxicity by this toxicant is yet to be known. In this regard, we 
have summarized and compiled to provide an introduction of 
new information about NP cell toxicity. 

3. OXIDATIVE STRESS AND INFLAMMATION 

 Oxidative stress is an occurrence caused by an imbalance 
between products such as ROS and RNS at the cellular and 
tissue levels and the biological efficiency of the body's anti-
oxidant systems such as antioxidant enzymes to reduce and 
eliminate the factors that cause oxidative stress [48]. Atomic 
free radicals or molecules are highly reactive that can react 
with other important cellular structures [49]. Free radicals 
can damage parts of cells, including proteins, DNA, and cell 
membranes, by stealing their electrons through a process 
called oxidation [32, 50]. NP causes ROS accumulation in 
the brain and may cause lipid peroxidation. The brain is sen-
sitive to lipid peroxidation why is enriched in polyunsatu-
rated fatty acids (PUFAs). By measuring the level of MDA 
enzyme as a marker of lipid peroxidation and oxidative 
stress, the rate of lipid peroxidation of the brain can be de-

termined. The accumulation of ROS, and the resulting cellu-
lar redox, can be one of the triggers for the apoptosis process 
[32]. 

 Production of ROS at low and appropriate levels may be 
necessary because it initiates some processes such as protein 
phosphorylation, activation of several transcriptional factors, 
apoptosis, immunity, and differentiation. When ROS produc-
tion increases, it can damage important cellular structures, 
such as lipids, nucleic acids, and proteins. Various evidence 
suggests that excessive ROS can lead to the onset and pro-
gression of diseases such as metabolic disorders, diabetes, 
cancer, cardiovascular diseases, and atherosclerosis [51]. 
There are two types of protective mechanisms to counteract 
the threat posed by ROS in the brain, which acts as the anti-
oxidant enzyme system and the low-molecular-weight anti-
oxidants. The antioxidant enzyme system includes SOD, 
glyoxalase, GR, GPx, and CAT [50, 52]. Low molecular 
weight antioxidants Consist of melatonin, ascorbic acid, glu-
tathione, and uric acid [53]. Cells increase their antioxidant 
defenses in response to nitrosative and oxidative stress by 
activation of Nrf2, an important transcription factor. Some 
biological and industrial toxins can cause oxidative stress in 
various cells and tissues of the body. According to a study of 
NP neurotoxicity, behavioral impairments, including move-
ment and cognitive function, are caused by NP with the loss 

 
Fig. (1). Exposure to NP can increase the number of MG and astrocytes, as well as release inflammatory cytokines, and induce NO produc-
tion in MG. When there is damage to the brain, astrocytes Are subjected to a series of morphological changes and the term astrogliosis is 
attributed to it. Activation of the inflammatory state of astrocytes is associated with the regulation of GFAP. In addition to inflammation, 
astrogliosis is associated with an increase in the number of astrocytes, which can lead to brain damage and neurodegenerative diseases fol-
lowing inflammation. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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of antioxidant enzymes [29]. Oxidative stress can be respon-
sible for the toxicity of NP exposure. Based on recent find-
ings, NP can cause cell damage by creating oxidative stress 
and increasing the ROS and RNS, as well as inhibiting the 
antioxidant defense mechanisms in cells [54]. ROS may re-
act with biological molecules and directly damage proteins, 
amino acids, porphyrins, nucleic acids, and phenolic sub-
stances. According to a study by Tabassum et al., Nonylphenol 
can increase oxygen free radicals by reducing the concentra-
tion of glutathione, resulting in lipid peroxidation in the 
brain. Gavage doses of 20, 50, 100 mg/kg of NP in the same 
study showed a significant reduction in SOD, CAT, and 
GPx, GR enzymes (Fig. 2) [52]. NP caused excessive ROS 
in the head of nematodes and by overcoming the antioxidant 
system [9]. Mufide et al. examined the effect of ascorbic 
acid on the neurotoxicity of BPA, NP, and actylphenol. They 
found that in the NP group, there was a significant decrease 
in the levels of MDA and GSH enzymes [55]. In addition to 
oxidative stress, NP can cause inflammation in the brain by 
stimulating inflammatory factors. Proinflammatory cytokine 
production is increased under some pathological conditions 
and leads to CNS damage According to Weijia GU et al., 
finding NP exposure during lactation and pregnancy on off-
spring caused MG activation that produced excessive pro-
inflammatory cytokines in offspring. NP can significantly 
increase TNF -α levels at doses of 10 and 50 mg/kg [56]. 

4. CELL CYCLE REGULATION 

 The cell cycle is an essential event in the cell that begins 
with cell growth and ends with cell division. The cell spends 
the most time in the interphase stage. During this time, with 
the growth and replication of its chromosomes, the cell pre-
pares for cell division. After this stage, the cell can perform 

mitosis and complete its division [56]. The resulting cells 
(daughter cells), each enter their own time intervals and ini-
tiate a new cycle of the cell cycle. Cell division is a process 
that requires the precise regulation of the proteins responsi-
ble for regulating cell division. However, any inconsistency 
in this cycle can lead to damage and destruction of the organ 
or even cause diseases such as cancer. Chiho Kudo et al.; 
studied the destructive effects of five chemical compounds 
on neural stem cells (NSCs) from the EDCs category in a 
study. A study has shown that exposure to 4-nonylphenol 
leads to the accumulation of cells in the G2 / M phase de-
creases the regulation of protein cycling A and B1, which are 
the main control proteins in the G2 to M cell transfer cycle 
[57]. Understanding the exact effects of NP on the cell cycle 
and regulating it is not entirely clear and requires further 
study (Fig. 3). 

5. APOPTOSIS SIGNALING 

 Apoptosis is a highly regulated phenomenon that is trig-
gered by the activation of a series of molecules and proteins, 
like cysteine proteases called caspases. This is needed for the 
normal performing and survival of multicellular organisms. 
It happens under physiological and pathological conditions 
[58] and Recognizing the underlying mechanism of apopto-
sis is necessary because it plays a key role in the pathogene-
sis of many diseases. Signaling pathways that begin apopto-
sis are divided into two main categories: intrinsic and non-
intrinsic pathways. Intrinsic pathways are initiated by mito-
chondrial events and extrinsic pathways begin by death re-
ceptors such as those of TRAIL, TNF-α and FAS-L [59]. In 
general, in the apoptosis process, when Caspase 3 is activated, 
the signal is sent to the cell, and apoptosis is induced. This 
leads to morphological changes in the cell, containing chro-
matin condensation and DNA fragmentation [60]. According 

 
Fig. (2). The brain, as an organ that contains a lot of unsaturated fats, is very sensitive to oxidative stress. According to various findings, NPs 
can reduce the level of antioxidants in the cell and cause oxidative stress in the cell by reducing the antioxidant power of the organ. (A higher 
resolution / colour version of this figure is available in the electronic copy of the article). 
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to the evidence, NP can play a role in inducing nerve cells 
apoptosis, so that NP increases CAS-3 expression in the hip-
pocampus and cortex cells and induces apoptosis in these 
cells. Also NP at concentrations of 5 and 10 µM caused the 
loss of mitochondrial membrane potential, apoptotic nuclei 
fragmentation, and neuronal cell death [33]. 

 NP treatment induced apoptosis in mouse hippocampal 
neuronal cells in early developmental stages. NP can activate 
the caspase cascade leading to apoptosis of NSCs [57]. 
Treatment with NP induced apoptosis in mouse hippocampal 
neuronal cells in early developmental stages. Based on the 
results of Chiho Kudo et al. findings the destructive effects 
of five chemical compounds on NSCs from the EDCs cate-
gory, Chronic exposure of NP by oral gavage in a dosage of 
(100 and 200 mg/kg/day) activated abnormal apoptosis in the 
young mouse brain. In a study, the tendency of the increase 
in caspase activity was discovered on NSCs treated with 4-
NP [57]. 

 Similarly, two separate studies found that NP induces 
apoptosis in murine neural stem cells, neuronally differenti-
ated PC12 cells, and the mouse brain due to the activa-
tion/up-regulation of caspases, the suppression of BCL-2 
transcription, and an increased intracellular Ca2+ concentra-
tion [57, 61]. Apparently, another way to induce apoptosis 
by NP is to increase the expression of the JNK gene [62]. 
JNK belongs to the superfamily of MAP kinases and plays 
an important role in regulating cell proliferation, differentia-
tion, and intrinsic mitochondrial apoptotic pathways. Mem-
bers of the MAPK family play essential roles in inflamma-
tion. Many stimulating factors, such as growth factors, cyto-
kines, stress factors, and genotoxic, and cytotoxic toxins, can 
trigger JNK activation. As explained above, the process of 
apoptosis begins in two ways, intrinsic and non-intrinsic. It 
seems that JNK has a central role in both pathways men-

tioned [63]. Based on the results of various studies, it can be 
concluded that NP activates the cell's inflammatory signal-
ing, especially in the hippocampus and cortex, and increases 
the secretion of inflammatory cytokines, including IL-6, IL-
1β, and TNF-α [41] (81). This means that NP can induce 
apoptosis not only by increasing the activity of inflammatory 
cytokines, including TNF-α, but also by stimulating JNK 
signaling. Bcl-2 family proteins play an important role in 
modulating and controlling the intrinsic apoptotic pathway, 
which blocks apoptotic demise by refraining the efflux of 
cyt-c from the mitochondria and the subsequent caspase cas-
cade activation. Based on the study of Zhen Mao et al., daily 
oral gavage of mice with NP at dose levels of 50, 100, 200 
mg/ (kg day) for 90 days significantly reduced the expres-
sion of Bcl2 gene mRNA expression in the hippocampus and 
cerebral cortex at doses of 100 and 200 mg/kg/day [33]. 

6. CALCIUM SIGNALING 

 Ca2+ is one of the main regulators of cell survival. It can 
also cause apoptosis in response to a variety of pathological 
conditions —the Precise regulation of intracellular Ca2+ ho-
meostasis by anti- and pro-apoptotic proteins forms. The 
Ca2+ signal to which mitochondria and other cellular effects 
are exposed has various efficiencies in inducing cell death. 
There is a growing concern about different forms of cell 
death (necrosis, apoptosis, and autophagy) [64]. The molecu-
lar effects and signaling pathways of these three types are 
not independent of each other. In addition to being a secon-
dary messenger, Ca2+ plays an essential role in controlling a 
variety of physiological events [65]. According to the find-
ings of various articles on the effects of NP on calcium sig-
naling, it can be concluded that this toxicant can, directly and 
indirectly, alter the function of intracellular and extracellular 
calcium ions. Based on Jue-Long et al. findings, which ex-
amined the effects of NP on bone cells, NP can induce the 

 
Fig. (3). NP stops the cell in the G2 / M phase by reducing the levels of Cyclin A and B1 proteins, which are the two major regulatory pro-
teins in cell transport from phase G2 to M in the cell cycle. (A higher resolution / colour version of this figure is available in the electronic 
copy of the article). 
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release of Ca2+ and can cause cell death by increasing Ca2+ in 
MG63 osteoporosis cells [66]. Because increasing in Ca2+ 
can interfere with many cellular processes, it should be used 
for other laboratory studies using low concentrations of NP. 
NP causes Lack of Ca2+ modulation and extracellular Ca2+ 
ion by inhibiting the Ca2+ ATPase as well as inhibiting the 
NAchR [67]. However, the understanding of the exact rela-
tionship between the toxic effects of NP on calcium signal-
ing is not yet clear. A closer look at these relationships re-
quires further investigation and testing in future studies. 

CONCLUSION 

 The potential effects of EDCs—NP on CNS have created 
concern in recent years. The disruption of cognitive function 
and various behavioral problems in fish, reptiles, and birds 
due to NP exposure has been suspected because the devel-
opment of the CNS is highly regulated by endogenous hor-
mones (e.g., gonadal hormones) directly that occur early in 
development. Due to the structural similarity with endoge-
nous hormones, NP has the potential to mimic, or in some 
cases, block the effects of the endogenous hormone and dis-
rupt the normal function of the body. It is now clear that mi-
tochondria play a Fundamental role in the apoptosis. Along 
with mitochondrial defects, some major and important par-
ticipants in the apoptosis, consist of cytochrome C, pro-
caspases, APAF-1 and AIF are secreted into the cytosol. An-
other factor that NP increases secretion is nitric oxide. In 
addition to being an active species of nitrogen and causing 
oxidative stress, nitric oxide can trigger the onset of the 
apoptosis process. This pathway can be one of apoptosis 
pathways induced by NP. As mentioned earlier in this study, 
NP can cause inflammation by stimulating the number and 
function of two important cell groups if activated in brain 
tissue. As mentioned earlier, NP can cause Lack of calcium 
modulation and extracellular calcium ion by inhibiting the 
Ca2+- ATPase as well as inhibiting the nicotinic acetylcho-
line receptor (NAchR). This mechanism also increases ex-
tracellular calcium ions. Calcium signaling is one of the trig-
gers for the onset of apoptosis, so NP This mechanism also 
increases extracellular calcium ions. Calcium signaling is 
one of the triggers for the onset of apoptosis, so NP can in-
duce apoptosis by stimulating multiple pathways. The fact 
that molecular pathways are completely interdependent is 
unavoidable. The pathways of toxicity can reinforce or 
weaken each other's effect. The pathways of NP toxicity are 
still unclear and the relationship between NP toxicity re-
quires further study. In this review, we tried to gain a deeper 
understanding of the toxicity of NP. It is hoped that we have 
been able to provide a context for future studies. 

LIST OF ABBREVIATIONS 

AIF = Apoptosis-inducing factor 

APAF-1 = Apoptotic protease-activating factor-1 

BBB = Blood-brain barrier 

BCL-2 = B-cell lymphoma 2 

BPA = Bisphenol A 

CAS-3 = Caspase 3 

CAT = Catalase 

CNS = Central nervous system 

EDCs = Endocrine disrupter chemical 
GFAP = Glial fibrillary acidic protein 

GPx = Glutathione peroxidase 

GR = Glutathione reductase 

IL-1β = Interleukin 1β 

IL-6 = Interleukin 6 

iNOS = Nitric oxide synthase 

JNKs = c-Jun N-terminal Kinases 

MDA = Malondialdehyde 

MG = Microglia 

NAchR = Nicotinic acetylcholine receptor 

NO = Nitric oxide 

NPnEO = Nonyphenol ethoxylates 

Nrf2 = Nuclear factor erythroid 2–related factor 

NSCs = Neural Stem Cells 

PGE2 = Prostaglandin 2 

POP = Persistent organic pollutant 

PUFAs = Polyunsaturated fatty acids 

RNS = Reactive nitrogen species 

ROS = Reactive oxygen species 

SOD = Superoxide dismutase 

TNF = Tumor necrosis factor 

TRAIL = Tumor necrosis factor-related apoptosis-
inducing ligand 
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