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Xenobiotics
Environmental pollution has led to significant contamination of air, water, and soil which increases the concentration
of xenobiotics in the ecological system. Xenobiotic refers to any strange or foreign compound not in order within the
normal metabolic pathways of a biological system. Researchers have shown the effect of xenobiotics toxicity in living
organisms but has not recommend natural treatment sources to combat the toxicity. The reviewassess the toxicological
impact and biotransformation of xenobiotics, “Novel Biological discoveries to combat toxicity”. Continuous exposure
cause significant damage and can display neurological defects, nephrotoxicity, carcinogenicity, hepatotoxicity, immu-
nological toxicity, cardiovascular toxicity, skin toxicity, genotoxicity, reproductive and developmental toxicity. Xeno-
biotics such as potentially toxic elements, chloro pesticides, polychlorinated biphenyls and polycyclic aromatic
hydrocarbons are not easily degradable and are of environmental and human health concern, due to their detrimental
effects through toxicological health risks. Antioxidant enzymes such as glutathione reductase, catalase, superoxide dis-
mutase, and glutathione peroxidase are defense mechanism known to reduce (scavenge) reactive oxygen species
(ROS) and lipid peroxides are also effected by xenobiotics. Cellular components are affected when xenobiotic-
induced ROS production exceeds thresholds, which lead to oxidative stress. The toxicity mechanisms of xenobiotics,
treatment options of toxicity, bioremediations, and biodegradations of xenobiotics are highlighted. This literature
also discuss the biomonitoring, risk assessment, xenobiotics fate in soil, sediment, air, water, waste sludge, and
food. Therefore this review aimed to explore the effect of xenobiotics, antioxidants defense mechanism, bioremedia-
tion, biodegradation, toxicity, and novel therapeutics insights from biological sources to combat toxicity.
1. Introduction

The term “xenobiotics” refers to the foreign environmental chemicals
(In Greek: xenos, means “stranger” while biotics, means living things or
components derived from living organism). Xenobiotics pollution such as
potentially toxic elements (PTEs), chloro pesticides (CPs), polychlorinated
biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) in the envi-
ronment has become a problem, due to their persistence, abundance, toxic-
ity, non-degradability, and ubiquity in the environment [1]. Environment
are threaten as a result of their entry through anthropogenic activities (Min-
ing, domestic, and industrial waste) and natural occurrence processes
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(atmospheric deposition, erosion, storm runoff, leaching from landfills,
shipping and harbor operations, and agricultural runoff) [2,3].

Water bodies are also polluted by the release of xenobiotics into water
which makes it unsafe for human use and disrupts aquatic biomarkers
[4]. Xenobiotics have been shown to disrupt signaling pathways and impact
a number of biological functions, including survival metabolism, apoptosis,
cell growth, and proliferation. Aquatics can accumulate toxins (toxic
metals, CPs, PAHs, and PCBs) from their environment, and continuous ex-
posure through food chain over a period of time can be harmful to human
health and pose major risk [5,6]. The metals Arsenic (As), cadmium (Cd),
mercury (Hg), and lead (Pb) are hazardous even at lower quantity [7,8].
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Other pollutants include pesticides, petroleum, organochlorines, organo-
phosphates and sewage waste etc.

Xenobiotics have detrimental impacts on human health and are mostly
associated with their ability to disrupt antioxidant defense systems, mainly
by interacting with intracellular glutathione (GSH) or sulfhydryl groups
(R-SH) of antioxidant enzymes like glutathione reductase (GR), catalase
(CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD), and
other enzyme systems [9,10]. Xenobiotics are not well eliminated from
the body, they can build up and accumulate in the body [11] and also
alter the functions of enzymatic antioxidant defense system, including cat-
alase (CAT), glutathione reductase (GSPr), glutathione peroxidase (GSPx),
and superoxide dismutase (SOD). The enzymatic antioxidant systems pro-
tects the biological cells and tissues from reactive oxygen species (ROS)
such as the damaging effects of superoxide, hydrogen peroxide, hydroxyl
radicals and glutathione free radicals [7,12].

Findings from other researchers shows that continuous exposure to xe-
nobiotics cause significant damage and can display neurological defects,
nephrotoxicity, carcinogenicity, hepatotoxicity, immunological toxicity,
cardiovascular toxicity, skin toxicity, genotoxicity, reproductive and devel-
opmental toxicity [13–16]. This review therefore address several treatment
options of xenobiotics toxicity from natural sources which are employed to
treat toxicity cause by xenobiotics. Bioremediation is the use ofmicroorgan-
isms (bacteria and fungi) to convert toxic contaminants to friendly sub-
stances as a result of the microbial activity from biochemical processes.
Bacteria, algae, and fungi are microorganisms that can be used alone or in
combination to remediate xenobiotic-contaminated sites. Many microor-
ganisms such as fungi, bacteria, or algae, have be employed to biodegrade
xenobiotics. This review aimed to explore the environmental effect of xeno-
biotics, its defense mechanism, bioremediation, biodegradation, toxicity,
and novel therapeutics insights from biological sources to combat toxicity.

2. Xenobiotics

Xenobiotics also include drug metabolites, drugs, and environmental
pollutants such as synthetic herbicides, pesticides, and industrial pollutants.
Inorganic and organic compounds are the two categories of xenobiotics that
have been found to cause various forms of toxicity in biological systems
[14,16]. Organic xenobiotics account for 80–90 % of chemically induced
toxicity in humans. Hypothesized shows that organic foreign compounds
are mostly to cause chemical-induced toxicity effect in the human popula-
tion, regardless of whether xenobiotics consist of organic or inorganic sub-
stances. This may be due to the fact that organic xenobiotics make up the
majority of medications and poisons intended for use in living things. Fur-
thermore, according to the IARC [17], over 90 % of Group I agents that
cause cancer in humans originate from organic xenobiotics. Xenobiotics
have both long and short term effect describe in Fig. 1. Among the different
xenobiotics are PTEs, PAHs, PCBs and CPs,
Fig. 1. Short and long term health effects of exposure to xenobiotics.
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2.1. Potentially toxic element effect

Potentially toxic elements PTEs (Heavy metal) refers to any metallic
chemical with a relatively high density greater than 5 g/cm3 which are
toxic to organism even at low concentrations [18]. Presence of PTEs
poses serious risk to fish health and is regarded as a food security concern.
Even at low concentrations,metals such as arsenic (As), cadmium (Cd), lead
(Pb), and mercury (Hg) exhibit toxicity [19]. The accumulation of PTEs in
fish poses a risk to human health.

Metal accumulation in organisms can have long-term consequences, in-
cluding mutagenic, embryotoxic, gonadotoxic, and carcinogenic [20].
When the excretory, metabolic, storage, and detoxifying systems are unable
to prevent uptake, heavy metals can have toxic consequences that lead to
alterations in physiological and histopathological changes. Fish and sea-
food are healthy sources of minerals, protein, polyunsaturated omega-3
fatty acids and vitamins, many populations around the world depend on
them for their daily meals [21]. Fish can be a major source of nutrition
and significantly increase food security in particular areas.

However, aquatic animals are negatively impacted by their environ-
ment and accumulation of heavymetals. Fish has numerous health benefits,
but the contaminants in it may seriously endanger the health of the con-
sumer. Metals having extremely hazardous qualities, such as As, Pb, Hg,
and Cd, are included in non-essential group. Because of their extremely
dangerous qualities, these three are referred to as the toxic trinity among
all toxic metals. Therefore, in national and international monitoring pro-
grams, this heavy metals are most often determined in the environment
[22]. The main heavy metal hazards to human health are lead, cadmium,
and mercury exposures. When the body does not metabolize heavy metals
and they build up in biological tissues, they become poisonous. The most
common accumulating metals in fish can cause problems in the health sys-
tem if consumed over recommended quantities safe levels of metals and
metalloids.

Toxicological effects of heavy metals include harm to the liver, kid-
neys, lungs, and other critical organs. It also diminished or impaired cen-
tral nervous system function, and poor energy. Prolonged exposure of
PTEs can cause neurological, muscular, physical degenerative processes,
Alzheimer's disease, Parkinson's disease, and muscular dystrophy.
Rarely, allergies develop, and prolonged, repetitive exposure to particu-
lar metals can lead to cancer. Because heavy metals tend to accumulate
in aquatic animals, such as the fish Aplocheilus panchax, their presence
in aquatic habitats is a major cause for concern [23,24]. Concerns on
PTEs accumulation and its toxic effects on organisms which can poten-
tially lead to human health problems prompted much study on heavy
metals in aquatic [25].

2.1.1. Sources of potentially toxic element
Sources of PTEs includes pesticides, effluents from mining site, vehicle

exhaust fumes, household and industrial effluents, urban runoff, disease
control agents used on crops, metal inputs from rural areas, leaching of
metals from trash and solid waste dumps, batteries, metal pipes for water,
paints, fertilizers, textiles, cosmetic products, atmospheric, and
petroleum-related industrial activities [26]. Discharging untreated (water,
sewage, effluents and sludge) into the waterways can introduce pathogenic
microorganism intowater body. Consumption of the aquatic organism from
heavy metal contaminated water by humans (mostly fish) causes short and
long-term health hazards to human. Fishes is the most primary aquatic or-
ganisms in the food chain, and fish often accumulate large amounts of
Heavy metals from contaminated water, which can be toxic to humans
when consumption [27].

Fish metal buildup is influenced by contaminated water and can vary
among species living in the same body of water [28]. Metal concentrations
in water and fish have been found to be correlated in a number of lab and
field investigations; however, it's crucial that the concentration of metal
in the fish's body is related to the concentration of metal in the water if
the fish is consuming the metal in the water [28,29]. Moreover, heavy
metal pollution can come from other variety of sources, including copper
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smelting, nuclear fuel preparation, and chromium and cadmium
electroplating.

The release of lead and cadmium into dust from rubber tires on road sur-
faces allows these toxic metals to be inhaled or transferred onto edible
plants or top soil. Causes of increased environmental toxicity due to PTEs
are both natural and anthropogenic (man-made) [30]. The following are
natural sources of toxicmetalsWind-blown soil debris, forest fires, volcanic
eruptions, biogenic processes, and marine salt while the anthropogenic
causes of PTEs contamination include the use of agricultural products
such as fertilizer, pesticides, and herbicides, as well as irrigation of crop
field with sewage and industrial wastewater.

Trace levels of PTEs in pesticides and fertilizers are a significant source
of PTEs contaminants in human food. Man-made practices that contribute
to metals contamination include mismanagement of industrial waste, dis-
charge of sewage, aerosol cans, use of Pb as fuel antiknock, traffic pollution,
metallurgy and smelting, and construction materials [31–33]. A number of
industries, such as the manufacturing of paper, drugs, and pulp preserva-
tives, farming sector, and the chlorine and caustic soda industries, releases
Hg into the environment [34]. A certain amount of Cd is present in soils and
rocks, including mineral and coal fertilizer.

2.1.2. Arsenic (As)
Arsenic is hazardous substance that is commonly found in aquatic envi-

ronments. Low levels of inorganic As exposure can have a variety of nega-
tive effects on the hematological, hepatic, skin, and cardiovascular
systems, among other organs. Due to its acute toxicity, excessive doses of
As metal can lead to death, disruptions to central nervous system and car-
diovascular system, and unfavorable gastrointestinal tract symptoms [35].
According to the most recent WHO assessment, drinking water contami-
nated with arsenic increases the risk of developing cancer in the skin,
kidneys, lungs, and bladder [36]. Arsenic's most common chronic manifes-
tations affect the blood, liver, lungs, and skin systems.

2.1.3. Mercury (Hg)
Mercury (Hg) is a natural occurring element that is found in the seawa-

ter at 0.3 ng/L and in the Earth's crust at about 80 μg/kg [37] and Mercury
density is 13.53 g/cm3. According to Ariya et al. [38], Hg is a liquid element
at room temperature and the only heavy metal that primarily pollutes the
environment that is gaseous. Mercury is utilized in the manufacturing of
gas chloride and caustic soda, as well as in common place items like
switches, lightbulbs, thermometers, and batteries. It is also utilized in the
dental industry to make fillings. Furthermore, mercury is employed in the
chemical sector, gold mining and processing, and the manufacture of fungi-
cides and insecticides [18].

The primary causes of emissions of anthropogenic mercury are consid-
ered to be the incineration of sewage sludge, medical and municipal
waste, and high-temperature operations like making cement and lime
[39]. The United States Environmental Protection Agency (USEPA) reports
that, with 37.7 % of emissions worldwide, artisanal and small-scale gold
mining (ASGM) is the main cause of man made mercury release. Subse-
quently, non-ferrousmetal production for 15%, stationary coal combustion
accounts for 21 %, and cement production for 11 % [40].

Mercury toxicity include visualfield construction, behavioral abnormal-
ities, headaches, memory loss, tremors, spasticity, loss of hair, mental retar-
dation to prenatal malformation, cerebral palsy, blindness, deafness, and
muscle rigidity. Blindness, deafness, brain damage, kidney damage, lack
of coordination, mental retardation, and digestive problems are all symp-
toms of mercury poisoning. According to Djingova and Kuleff [41], plants
that are able to gather critical metals are also able to acquire other non-
essential metals.

2.1.4. Cadmium (Cd)
Cadmium has 48 as its atomic number and a density of 8.69 g/cm3.

Earth's crust has a mean content of 0.1 mg/kg of Cd, with sedimentary
rocks and marine phosphates having the highest concentrations of
415
accumulated cadmium (15 mg/kg) [42]. Cadmium (Cd) is a very toxic
and hazardous element that can be found in many different areas and is
spread through the air and water. An average of 15,000 tons of cadmium
are released into the oceans annually due to rock erosion and weathering;
820 tons are released into the atmosphere annually by volcanic [43].

The metal Cd is widely used in electronics industry, ceramics and dye-
ing industry. In addition, it has been used in the production of batteries,
petroleum products, shipbuilding industry for coating the surface of
ships, as well as in the production of PVC (polyvinyl chloride), detergents,
phosphate fertilizers and petroleum products [14]. Cadmium is an ex-
tremely hazardous metal that has been linked to death, severe disease,
rheumatoid arthritis (RA), complete skeletal deformities, stunted growth,
hypertension, diarrhea, vomiting, stomach issues, bone fractures, DNA
damage, infertility, immune system dysfunction, cancer, and fetal
deformity [44].

The International Agency for Research on Cancer (IARC) has classified
cadmium as a human carcinogen. It was discovered to be associated to
renal cell carcinoma and prostate cancer. Livestock may experience gastro-
intestinal and reproductive effects from significant concentrations of CD.
According to [45], Cd can cause acute and chronic poison, with negative ef-
fects on the liver, kidney, arteries, and immune system. Cadmium is a
highly hazardous heavy metal that can cause a wide range of harmful ef-
fects through a number of interrelated processes. The primary molecular
processes and mechanisms of cadmium toxicity include interactions with
critical metals, oxidative stress, mitochondrial apoptosis, autophagy, and
gene regulation [46].

2.1.5. Lead (Pb)
Lead is a silvery-gray, soft metal with a density of 11.34 g/cm3 and

atomic weight of 207.19. According to Jakubowski [47], Pd has a melting
point of 327.5 °C and is insoluble in water. Lead is almost approximately
found in the crust of the Earth as an ion in the second oxidation state,
with an estimated mean amount of 10–14 mg/kg of crust. Lead (Pb) is a
ubiquitous contaminant that can find its way into coastal rivers through re-
lease of industrial effluents from a different industries, such as textiles, oil
refineries, printing, dyeing, and other businesses. Primary sources of Pd
emissions into the environment include mining, metallurgy, and fossil
fuel combustion. Lead is currently use in the manufacture of lead-acid bat-
teries, metal goods including pipes and ammunition, and X-ray protection
systems. Lead functions as amimetic agent tomimic the effects of vital com-
ponents involved in metabolism, including zinc, iron, and calcium, both
physiologically and biochemically. For example, it directly disrupts the for-
mation of heme by interacting with iron and zinc. Pb binds to a variety of
transport proteins, such as calcium-ATPase, metallothionein, transferrin,
and calmodulin.

The effect of Pb include heart disease, hypertension, anemia, proximal
renal tubular injury, immunological system suppression (antibody inhibi-
tion), and neurological harm. Lead causes serious harm to the liver, kid-
neys, heart, brain, nerves, and other organs. Reproductive problems such
as osteoporosis (brittle bone disease) may potentially result from lead expo-
sure. Exposure to lead raises the risk of hypertension, anemia, and heart dis-
ease, particularly in men. Smaller amounts of Pb affect early children's
brains and nerves, lowering IQ and learning deficiencies, while extensive
Pb exposure results in behavioral abnormalities, mental retardation, and
memory issues [48].

Lead accumulates in the body organs such as the brain, can lead to in-
jury or even death. Children under the age of six are particularly susceptible
to delayed development, reduced IQ, attention deficit disorder, hyperactiv-
ity, and mental decline as a result of lead exposure. When adult is exposed
to lead, adults typically experience decreased reaction time, diminished fer-
tility, renal system damage, memory loss, nausea, sleeplessness, anorexia,
and joint weakness. In plant Pb has an impact on photosynthesis, growth,
chlorosis, enzyme activity, and seed germination in plants. In microorgan-
ism, lead denatures proteins and nucleic acids and inhibits transcription
and enzyme activity [49,50].
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2.1.6. Human exposure to PTEs
Human exposure to PTEs is rapidly increasing, and their severity has

long been known. Continuous exposure to PTEs through diet and contami-
nated water sources could cause adverse health effects including cancer
[51]. There are several routes humans are expose to toxic metals, including
ingestion, inhalation, and dermal absorption. Humans may also be exposed
to heavy metals in the environment and at workplace (Table 1). Occupa-
tional exposure refers to human exposure to harmful chemicals in thework-
place, whereas environmental exposure, also known as nonoccupational
exposure, refers to exposure to similar chemicals in the general environ-
ment. In mining and industrial operations sites, workers are exposed to
heavymetals through the inhalation of dust and particulatematter that con-
tains metal particles [52,53].

Humans are exposed to mercury vapors through mining and extraction
of gold. Human exposure to Cd and other harmful heavy metals in tobacco
leaves through cigarette smoking. Food and drinking water are two major
ways that the general public is exposed to heavy metals. Global urbaniza-
tion, industrialization, and fast economic growth have all contributed to
the intensification of agricultural and industrial processes. Through this
activities water, air, and soils may be contaminated with toxic heavy
metals. Bioaccumulation of metals in human food chains is as a result of
consumption of food crop planted in heavy metal contaminated soil
[3,65].

2.2. Polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are class of organic contami-
nants that have two or more benzene rings, and are persistent. The com-
pound contain complex compound like carbon and hydrogen with a fused
ring structure, containing at least two benzene rings [66]. Polycyclic aro-
matic hydrocarbons is found naturally in gasoline, crude oil, and coal.
Thesemolecules are widely found in terrestrial andmarine settings. Polycy-
clic aromatic hydrocarbons (PAHs) are produced artificially by burning
fossil fuels or naturally by fungi, volcanoes, plants, and bacteria in the
Table 1
Summary of different xenobiotic sources, exposure and toxicity.

Various of
xenobiotic

Sources Human exposure

PTEs Pesticides, effluents from mining site, vehicle exhaust
fumes, household and industrial effluents, urban
runoff, disease control agents used on crops, metal
inputs from rural areas, leaching of metals from trash
and solid waste dumps, batteries, metal pipes for water,
paints, fertilizers, textiles, cosmetic products,
atmospheric, and petroleum-related industrial
activities [26].

Continuous exposure to
contaminated water sou
effects including cancer
There are several routes
metals, including ingest
absorption. Humans ma
metals in the environme

PAHs Wood smoke, cigarette smoke, motor vehicle exhaust,
or emissions from asphalt roadways [7]. Consuming
grilled or charred meats, as well as foods on which
airborne PAH particles have settled, exposes people to
PAHs [54]. Spilled oil, fuels, lubricants, human
activities [55].
Natural sources include forest fires [56], waste burning
[57], volcanoes, and hydrothermal activities [58].

Exposure to PAHs is lin
and an allergic skin rea
PAHs increases the risk
mutation-induced cell d

PCB Incineration, industrial waste, agricultural practices,
runoff, and the importation of electrical transformer
oils [61].

Acute exposure may cau
nose, and throat. Chron
pigmentation, porphyri
transaminases, and thyr
may occur. PCB exposu
IQ and other neurobeha
[62] state that the healt
weight, cancer, liver, th

CP Pesticides, such as DDT and hexachlorocyclohexane
(HCH), Industrial Manufacturing, Building Materials &
Electrical Equipment, Waste Products, Atmospheric
Deposition, Land Runoff [63]

The main method of pe
to aquatic bodies is surf
rainfall; this causes non
exposed to pesticides on
pesticides can result in
health consequences, su
effects on reproduction
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environment. They are produced when wood, gas, coal, oil, cigarette, to-
bacco and garbage are burned [67].

Food like meat produce PAHs when cooked or heated at a high temper-
ature. Because of the possible effect that PAHs may cause to human health
and the ecology, they have received much attention. A variety of methods
can be used to identify PAHs in edible portions of fish. For instance, fish tis-
sue PAHs are extracted and identified using the GC–MS approach [68].

2.2.1. Sources of PAHs
Source of PAH in humans may be dietary exposure to chemical contam-

inants, particularly those found in fish. According to Andre et al. [7], expo-
sure frequently happens through breathing air tainted by wood smoke,
cigarette smoke, motor vehicle exhaust, or emissions from asphalt road-
ways. Consuming grilled or charred meats, as well as foods on which air-
borne PAH particles have settled, exposes people to PAHs [54].

Moreover, spilled oil, shipping activity, fuels, lubricants, human activi-
ties, fuels whose effluents are channeled to the water, and untreated or
treated wastewater discharge are all potential sources of PAHs [55]. Natu-
ral formation of PAHs exhibit hazardous and recalcitrant properties [69].
Natural sources of PAH emissions include forest fires [56], waste burning
[57], volcanoes, and hydrothermal activities [58]. The global distribution
of PAHs is a result of both natural and anthropogenic sources, as well as
global transport processes. They are mostly produce by burning fossil
fuels in waste incinerators, during heating operations, and in automotive
exhaust. They are pollutants that are poisonous, mutagenic, carcinogenic,
and have negative biological impacts.

The products of burning fossil fuels, automobile emissions and refining
[70], wood [71], burning biomass [72], charcoals, tobacco [73], wood
smoke [74], and garbage [75] all contain high concentrations of PAHs.
Themovement of PAHs into the environment are primarily caused by trans-
portation activities and petroleum refining [76]. Movement of PAHs can
also occur as a result of the industrial effluents discharge.

There are a variety of other sources from which PAHs can be released
into the environment, such as gasoline [77] and diesel, tobacco smoke,
Toxicity

PTEs through diet and
rces could cause adverse health
[51].
humans are expose to toxic
ion, inhalation, and dermal
y also be exposed to heavy
nt and at workplace.

Toxicological effects of heavy metals include harm to
the liver, kidneys, lungs, and other critical organs. It
also diminished or impaired central nervous system
function, and poor energy.
Prolonged exposure of PTEs can cause neurological,
muscular, physical degenerative processes, Alzheimer's
disease, Parkinson's disease, and muscular dystrophy
([24]; [23]).

ked to liver damage in humans
ction. Prolonged exposure to
of cardiac mortality and gene
amage ([56], [7]).

Carcinogenesis causes bronchitis, respiratory and
pulmonary issues, genetic effects on reproduction and
development, behavioral, neurological, and other
organ system effects are some of these health effects
([59], [60]).

se irritation in the skin, eye,
ic exposure may cause Skin
a, elevated hepatic
oid hormone abnormalities
re is associated with decreased
vioral effects Adeyemi et al.
h effects include reduced birth
yroid, ophthalmic, and dermal.

PCB metabolites may induce DNA strand breaks,
resulting in cellular injury. PCBs are irritating to
mucous membranes. PCBs, and particularly the PCDD
and PCDF contaminants, are mutagenic and teratogenic
and are considered human carcinogens [61].

sticide transmission from land
ace runoff from sporadic
-target species like fish to be
a pulse basis [64]. Exposure to

acute poisoning or long-term
ch as cancer and unfavorable

Chloropesticides exhibit high toxicity by affecting the
nervous system, potentially causing symptoms from
headaches and seizures to long-term neurological
damage. Neurotoxicity, immunotoxicity, and potential
carcinogenicity, are classified as carcinogenic to
humans [63].
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and fuel combustion [78]. PAHs can be found in the air [79], sediments and
soil [80], groundwater, surfacewater, and runoff [81]. According to reports
[82], it concentrations in sediment and soil at uncontaminated and contam-
inated sites range from 1 mg/kg to over 300 g/kg.

Both natural processes and human activity (petrogenic and pyrogenic)
emit PAHs into the ecosystem. The origin of PAHs in the coastal environ-
ment is classified as petrogenic (originating frompetroleum, such as natural
oil seepage and spills) or pyrogenic (originate from incomplete combustion
of fossil fuel and organic waste). Anthropogenic sources of PAHs are from
Petroleum products and incomplete combustion of organic matter in
power plants, industrial operations, rubbish incinerators, automobile en-
gines, home wood fires, and forest fires are examples [83].

These toxins end up in food because they are present in the environ-
ment. In order to measure exposure to PAHs, biomonitoring techniques is
use. The results of these assessments have shown that nutrition plays a sig-
nificant role in nonoccupational exposure to PAHs. Certain PAHs are ex-
tremely hazardous, as are their derivatives. Fish's fatty tissues can
accumulate PAHs and alkyl PAHs, although the quantities are usually mod-
est since fish can quickly metabolize PAHs and excrete them in their bile.

Fish exposure to PAHs, both recent and continuing, can thus be evalu-
ated using biliary PAH metabolite determination as a biomarker [84].
Among all PAHs, benzo(a)pyrene (BaP), chrysene (CHR), benzo(a)an-
thracene (BaA), and benzo (b) fluoranthene (BbF) were classify as carcino-
genic to humans, and these four PAH4 are the most hazardous [85].

2.2.2. Human exposure to PAHs
The PAHs are extensively present in the eccosystem, and human expo-

sure cannot be completely avoided. Some of them, like benzo (a) pyrene,
are carcinogenic and mutagenic, and it is commonly accepted that they sig-
nificantly increase the incidence of cancer in human. The main ways which
exposes the public to PAHs are through smoking cigarettes, eating food that
contains PAHs, breathing smoke from open fireplaces, and using fossil fuels
for transportation, cooking, heating, and industry. According toWang, et al.
[56], the presence of PAHs in agricultural leaves crops increases the
amount of these compounds that organisms are exposed to via diet.

Occupational exposure to PAHs, such as in the manufacturing of coke,
bituminous roofing, oil refining, and coal gasification. Workers in the min-
ing, mechanics, street vendors, and auto mechanics who inhale exhaust
fumes at work are exposed to PAHs.

Food contamination can originate from industrial food processing, some
home cooking methods, and natural environmental causes, which are pri-
marily human-caused. Airborne deposition and soil and water-borne depo-
sition and transfer are two ways that PAHs might enter the food chain.

Through injection and inhalation are the main source of exposure. In-
haling cigarette smoke, being near industrial emissions, driving exhaust,
being near hazardous waste sites, jet fuel, fire pits, and eating grilled food
are some ways that humans might be exposed to PAHs. Ingesting polluted
food, drinking contaminated water, and the air can all expose humans to
PAHs. PAHs are regularly tested for a variety of purposes, including air
quality evaluation in the atmosphere, health impacts monitoring in biolog-
ical tissues, and food safety. Vehicle and industrial emissions, waste sites,
cigarette, burning biomass, waste burning, municipal incinerators, volcanic
eruptions, home heating, and consuming food that has been grilled or
smoked over charcoal are some of the sources that can contaminate the en-
vironment and expose people to benzo[a]pyrene (BaP).

Other exposure is caused by oil spills, land fires [86], charcoals, auto-
mobile traffic [87], e-waste and medical waste [88], and smoke from to-
bacco [73]. Because PAHs are so pervasive, it is hard for anyone to
escape being exposed to them. Exposure pathways (inhalation, ingestion,
and skin contact in work-related and non-work-related contexts). Certain
exposures, such skin and airborne contamination, may occur through
many pathways at the same time, impacting the overall absorption dose.

2.2.3. Toxicity of PAHs
The environment is progressively becoming more contaminated as a re-

sult of the increasing rate of industrialization, and in the coming years,
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pollution is probably going to reach disturbing levels. The knowledge of
PAHs' toxicity, carcinogenicity, and teratogenicity has led to a rapid in-
crease in their harmful effect. Benzo (a) pyrene (BaP) has the highest pro-
pensity for cancer, due to their potential carcinogenicity. PAHs are
pollutants of major concern that are found in many different habitats [89].

Generally PAHs are extremely toxic and have the potential to affect liv-
ing oeganism and the environment. Carcinogenesis causes bronchitis, respi-
ratory and pulmonary issues, genetic effects on reproduction and
development, behavioral, neurological, and other organ system effects are
some of these health effects. Exposure to PAHs is linked to liver damage
in humans and an allergic skin reaction (Table 1). In industrialized nations,
PAHs in the air are the main cause of asthma in children. Asthma develop-
ment and exacerbation have been linked to exposure to traffic-related air
contaminants, such as PAH [90].

When PAHs find their way into agricultural soils, they affect soil organ-
isms, agricultural products cultivated in that soil, and also effect human
who consume food grown on PAHs contaminated soil. Industries that pro-
duce hazardous waste consisting of both organic and inorganic components
include fertilizers, pesticides, petrochemicals, and pharmaceuticals. PAHs
are one of the most harmful pollutant in the ecosystem and prolong expo-
sure of PAHs causes' lung cancer. Symptoms like diarrhea, nausea,
vomiting, and eye irritation have been linked to exposures from a variety
of jobs and high concentrations of pollutant mixes containing PAHs.

According to Diggs et al. [59], people that are exposed to PAHs have a
higher risk of acquiringmalignancies of the skin, lungs, bladder, and gastro-
intestinal tract. In laboratory animals, PAHs like Pyrene and BaP have been
linked to cancer. Many authors have shown that exposure to PAHs can
cause skin irritation and redness and also DNA damage [91]. Prolonged
exposure to PAHs increases the risk of cardiac mortality and gene
mutation-induced cell damage. The consequences of both brief and pro-
longed exposure to PAHs on humans are depicted in Fig. 8. The Environ-
mental Protection Agencies (EPA) have selected some PAH as pollutants
due to their potential negative effects, which include mutagenic, carcino-
genic, endocrine disrupting, and reproductive toxicity [92]. A number of
PAHs and certain combinations of PAHs are thought to be carcinogens
[93]. Through disintegration of fat, PAHs can infiltrate the interior of
cells, where they can cause toxicity and mutation in living organisms.
When released into the biosphere, due to their toxicity, xenobiotics cause
a serious risk to the health of human and animals. The teratogenic, muta-
genic, and carcinogenic characteristics of PAHs originating from natural
or human sources are noteworthy [60].

2.2.4. Mechanism of PAHs
When PAHs entered the lung, it activate both phase I and phase II

metabolic enzymes via the both independent and dependent mechanisms
of the aryl hydrocarbon receptor (AhR). Cytochrome P450 (CYP)
monooxygenases, such as CYP1A1/2 and 1B1, are examples of phase I en-
zymes. Epoxide hydrolases (EHs), glutathione S-transferases, UDP
glucuronyl transferases, NADPH quinone oxidoreductases (NQOs), and
aldo-keto reductases (AKRs) are examples of phase II enzymes.

One of most likely main causes of lung cancer among smokers is proba-
bly PAHs. In order for PAHs to cause cancer, theymust bemetabolically ac-
tivated. A three-step process that generates diol epoxides and then reacts
withDNA to form adducts that can causemutations and initiate the carcino-
genic process is one important pathway (Fig. 9). PAHs enter the human diet
through the ingestion of foods that have been grilled over charcoal. When
PAHs are broken down by the CYP1A1/1B1/EH, CYP peroxidase, and
AKR pathways, the active carcinogens diol-epoxides, radical cations, and
o-quinones are created [94]. Benzoapyrene (BaP), one of the carcinogenic
PAHs, may contribute to an elevated risk of esophageal cancer [95].

Cytochrome P450 (CYP) enzymes generally metabolize PAHs into oxy-
genated species. Fish phenanthrene phase I metabolites are primarily
dihydrodiols, with a little amount of mono hydroxylated molecules [96].
In contrast to non-alkylated PAHs, alkyl PAHs may experience benzylic ox-
idations instead of condensed aromatic ring oxidations throughout their
metabolic changes [97]. Diol-epoxides, which are produced when PAHs
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undergo metabolic activation in mammalian cells, bind covalently to nu-
clear DNA to form adducts that may result in errors in DNA replication
and mutations that could initiate the carcinogenic process.

2.3. Polychlorinated biphenyls (PCBs)

ThePCBs are non-polar hazardous organic compoundswith a basic chem-
ical structure consisting of one or more benzene (biphenyl) molecules
substituted with one to ten chlorine atoms [98]. Aroclors are made of syn-
thetic organic compounds that areutilizedasplasticizers, coolants, lubricants,
and insulators in a range of materials. They also improve physical and chem-
ical resistance. PCBs are also produced by certain manufacturing processes
that include hydrocarbons, chlorine, and heat, such as those that produce
paints, printing inks, detergent bars, paints, and agricultural chemicals.

2.3.1. Sources of PCBs and human exposure
The main sources of PCBs in Nigeria are incineration, agricultural prac-

tices, industrial waste discharge into waterways, and the importation of
electrical transformer oils. Research on laboratory manuals and humans
both show a high degree of carcinogenicity associated with PCB exposure
[61]. Adeyemi et al. [62] state that the health effects include reduced
birth weight, cancer, liver, thyroid, ophthalmic, and dermal. The PCBs
were primarily used in plastics, carbonless copy paper, paint additives,
transformers and capacitors (dielectric and cooling fluids), lubricants, and
flame retardants. Even though PCBs are either prohibited or regulated in
many nations, they are nonetheless frequently detected in environmental
samples from all around the world. Urban soils contain high concentrations
of persistent organic compounds (PCBs), and People are exposed to these
compounds via ingestion, skin contact and inhalation (Table 1).

2.4. Chloropesticides

Pollution in the environment is one of the biggest issues facing the globe
today. One of the main areas of inquiry is the detrimental consequences of
pesticide poisoning on the ecosystem. Pesticides have the potential to
Fig. 2. General mechanism of xenobiotics. Adepted from [105]. Abbrevations: Glutath
sulfotransferase (SULT), UDP-glucuronosyltransferase (UGT), NQO (NAD(P)H quinone
protein), and MRP (multidrug resistance-associated protein).
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contaminate natural water sources either directly, by killing aquatic
weeds and insects, or indirectly, by leaking chemicals used in agriculture
into the water and then collecting industrial waste and cleaning up various
pesticide formulation containers [99]. Significant concentrations of organ-
ochlorine pesticides have been found in fish, and reports of these chemicals'
presence in fish flesh have been widespread [100].

It has been discovered that fish has a considerable quantity of organo-
chlorine insecticides in itsflesh. Organochlorine insecticides have long con-
taminated fish. Organophosphorus pesticides exhibit lower persistence
compared to organochlorine pesticides, and they can considerably diminish
fish populations by reducing nutritional value or impacting different devel-
opmental stages of fish. In recent times, pesticide residues in food have be-
come a significant concern due to their short persistence and potential to
transform into metabolites that are more toxic than their parent com-
pounds. These metabolites can cause acute or chronic hepatic toxicity in
humans, as noted by Saad et al. [101]. Pesticide residues have the potential
to be amajor source of contamination for air, water, and soil. Coexistence of
plant and animal populations within the ecosystem may be continuously
threatened by this phenomena.

Organochlorine pesticide residues have been found in a variety of foods,
including fish. There have been reports of organochlorine chemicals and
their metabolites contaminating food that comes from animals in a number
of different nations [100]. Themainmethod of pesticide transmission from
land to aquatic bodies is surface runoff from sporadic rainfall; this causes
non-target species like fish to be exposed to pesticides on a pulse basis
[64]. Large exposure to pesticides can result in acute poisoning or long-
term health consequences, such as cancer and unfavorable effects on repro-
duction (Fig. 1) (Table 1) [102,103].

3. General mechanism of xenobiotics

Three stages of Xenobiotic metabolism.
The enzymes in phase 1 initiated the detoxification procedure, which

also enables lipophilic xenobiotics to acquire sites for further conjugation
reactions and become more polar (Fig. 2). Phase I enzymes include the
ione S-transferases (GSTs), N-acetyltransferases (NATs), cytochrome P450 (CYP),
oxidoreductase), OATP2 (organic anion transporting polypeptide 2), P-gp (P-glyco-
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majority of the 36 gene families that comprise the cytochrome P450 (CYP)
superfamily of microsomal enzymes. According to Lewis [104], the CYP1,
CYP2, CYP3, CYP4, and CYP7 families are essential for human xenobiotic
and drug excretion as well as hepatic and extra-hepatic metabolism.

Phase II enzymes involvs the catalyzation of the conjugation process.
The enzymes interact directly with xenobiotics or, more broadly,
through their interactions with phase I enzyme-produced metabolites.
Sulfotransferases (SULT), UDP-glucuronosyltransferases (UGT),
DT-diaphorase or NAD(P)H quinone oxidoreductase (NQO) or NAD(P)H
menadione reductase (NMO), glutathione S-transferases (GST), and
N-acetyltransferases (NAT) are the superfamilies of phase II enzymes.
Families and subfamilies of genes encoding distinct isoforms with distinct
substrate and tissue specificities make up each superfamily [105].

Phase III is the elimination through transport. Phase III transporters in-
clude organic anion transporting polypeptide 2 (OATP2), P-glycoprotein
(P-gp), andmultidrug resistance-associated protein (MRP), which aremem-
bers of the ATP binding cassette (ABC) transporters subfamily.

The three-phase xenobiotic detoxification process. When cytochrome
P450 (CYP) the phase I enzyme activates lipophilic molecules metaboli-
cally, the substances gain a phase II conjugation reactive center events,
which result in the formation of hydrophilic compound. Phase III carriers
or passive transport then eliminate hydrophilic compounds. Reactive elec-
trophiles following phase I activation are responsible for the most of the
noxious effect, however certain xenobiotics are dangerous even prior to
metabolic activity.

4. Xenobiotics toxicity

Xenobiotics can cause acute toxicity, and also cause chronic toxicity
after prolonged exposure. Even at low level, xenobiotics such as heavy
metal have detrimental effects on human because they can lead to several
conditions such as abnormal fetal development, infertility, immunodefi-
ciency, cancer, renal tumor, nephritis, osteoporosis, physical, mental, and
neurological diseases, organ dysfunction, congestion of the nasopharynx,
elevated blood pressure linked to heart-related condition, shortened
lifespan, and extreme cases, death [106,107].

According to Ogoko et al. [108], exposure to xenobiotics can lead to a
variety of adverse health effects, including impaired or diminished brain
and neurological issues, reduced energy, and damage to the lungs, liver,
kidneys, other vital organs. Prolonged exposure of toxic metal can lead to
degenerative processes that mimic Alzheimer's, multiple sclerosis,
Parkinson's, muscular dystrophy, and progressively advance throughout
the body, muscles, and nervous system. Repetitive, prolonged exposure
with some metals can lead to cancer, although allergies are rare.

ToxicMetals such as As, Cd, Pb, andHg are non-essential and can effects
living things, they have toxic effects onfish, causing damage to their neuro-
logical and renal systemswith severe pathological changes to their gills. Xe-
nobiotics buildup causes a number of several effects, including
inflammation, oxidative stress, genetic abnormalities and histological
damage [109]. Fish can accumulate toxic metals through the body surface,
gills, and the digestive tract [110].

Toxic metals can enter the fish body via the permeable membranes,
such as the gills, and inhibit a variety of activities, including the cell
cycle, protein structure disruption, native required metal ion substitution
in metabolic enzymes, and DNA crosslink formation [111,112]. Metals in
water, sediment, or aquatic life can be seen in particulate, dissolved, or che-
lated/combined forms [113]. One of the most obvious signs of metal toxic-
ity in fish is growth retardation. Heavy metal reported to be teratogenic,
mutagenic, and carcinogenic effects of HMs. Toxic metals result in the gen-
eration of ROS, which then induce oxidative stress. Heavy metals toxicity
lead to energy loss, damage to kidneys, liver, lungs, brain, blood, and
other essential organs. Prolonged exposure result to neurological, tissue,
and physical degenerative processes that imitate illnesses such as
Parkinson's disease, Alzheimer's disease, muscular dystrophy, and multiple
sclerosis (Fig. 3).
419
Acute lead (Pb) exposure can cause vertigo, lethargy, headaches, hyper-
tension, nausea, arthritis, weariness, insomnia, and hallucinations.
Acrodynia, often known as pink sickness, is caused by mercury poisoning.
Elevated exposure to mercury may alter the structure of the brain, leading
to symptoms such as tremors, shyness, irritability, cognitive decline, visual
and auditory impairment [115]. According to Sonone et al. [51] persistent
exposure to HMs through food and contaminated water sources may result
in a variety of harmful health effects, including cancer. Heavy metals can
cause a number of health problems, such as cancer, neurological disorders,
and reproductive problems, by disrupting cellular processes, generating re-
active oxygen species (ROS), and impairing cellular defenses [116]. Heavy
metals can deplete antioxidant molecules like glutathione and prevent anti-
oxidant enzymes activities. This impairment can increase cellular damage
and exacerbate oxidative stress [10,114].

The main mechanism of cadmium toxicity may be associated with inhi-
bition of calcium transfer with proteins. These interactions have the poten-
tial to interfere with biological functions such as cell signaling, protein
synthesis, and DNA replication. Hypocalcemia explain the toxic action of
Cd [114,117]. Enzymes involved in iron metabolism and cellular detoxifi-
cation can be affected by cadmium. This disruption can lead to a cascade
of metabolic abnormalities and cellular damage. Toxic metals such as Pb
and Ca share similarities in their respective routes of absorption and accu-
mulation within fish. The Ca2+ is carried through the basolateral mem-
brane by the Ca2+ ATPase after being adsorbed by the gills' apical
membrane Ca2+-channel [118]. Themetal Pb can enters the body by its re-
markable resemblance to Ca, where it participates in variousmetabolic pro-
cesses. According to certain research, Pb causes neurotoxic and
godanotoxic effects in carp as well as a shift in the nitrogen exchange to-
ward more active catabolism [119,120].

4.1. Nurotoxicity of xenobiotics

When xenobiotics is ingested, the central nervous system experiences
cognitive impairment, which lead to neurodegenerative disorders and neu-
rological conditions, such as neurodevelopmental abnormalities. Neuro-
transmitter balance (serotonin) and synaptic transmission are also altered
by xenobiotics poisoning [121]. Several apoptotic processes are induced
by arsenic's neurotoxic effects and intracellular calcium upturn. Arsenic
and its methylated metabolites promote caspase-induced apoptosis in neu-
ral cells through the intrinsic mitochondrial-apoptotic mechanisms and the
Mitogen-activated protein kinase (MAPK) signaling pathways, which
include the Extracellular signal-Regulated Kinase 2 (ERK2), c-jun
N-terminal kinase (JNK) [114].

Xenobiotics has a significant impact on peripheral nervous system
(PNS) and central nervous system (CNS) functions [122]. It can cause a va-
riety of clinical symptoms, including peripheral neuropathy, olfactory dys-
function, neurological disorders, learning disabilities, and mental
retardation. It can also impair motor function and cause behavioral abnor-
malities in both adults and children. Xenobiotics such as Cadmium's neuro-
toxicity results from apoptosis, which causes brain cell death. It has a
number of apoptosis-inducing components, such as endocrine disruption,
neurogenesis impairment, neuron gene expression suppression, and epige-
netic effects [123].

4.2. Nephrotoxicity of xenobiotics

All organs are negatively affected when expose to xenobiotics such as
toxic metals, PAHs, CPs, and PCBs, but the kidneys are most affected. Xeno-
biotics such as Heavy metals induced nephrotoxicity which causes severe
phosphaturia, aminoaciduria, Fanconi-like syndrome, and glucosuria
[124]. When Cd is exposure to the kidneys, it affects the proximal tubular
epithelium, leading to decreased renal tubular phosphate reabsorption,
aminoaciduria, 32-microglobulinuria, glucosuria, and a high amount of
Cd in urine [125]. Excessive exposure can cause hypercalciuria, renal fail-
ure, and renal tubular acidosis [126]. Chronic Pb nephropathy is
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Fig. 3. Mechanism of xenobiotic toxicity in human. Adopted from [114].
characterized by hyperplasia, interstitial fibrosis, tubular atrophy, renal
failure, and glomerulonephritis.

Acute Pb nephropathy results in proximal tubular dysfunction and
Fanconi-like syndrome. Acute exposure xenobiotics such as Hg in the kid-
neys, results in acute tubular necrosis and many clinical symptoms, includ-
ing acute dyspnea, altered mental status, stomach discomfort, excessive
salivation, tremors, vomiting, chills, and hypotension. Chronic exposure
to Hg damages the necrosis in the proximal tubule's pars recta and the
epithelium. Mercury-induced chronic kidney damage manifests as tubular
failure, increased excretion of albumin and retinol-binding protein in the
urine, and a nephritic state characterized by membranous nephropathy
[127].

4.3. Carcinogenicity of xenobiotics

Xenobiotics such as Arsenic causes DNA damage, epigenetic changes,
histone modifications, DNAmethylation, altered expression of the p53 pro-
tein, and decreased expression of p21 [128]. According to Garcia-Esquinas
et al. [129], arsenic poisoning slows down the DNA repair process and
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binds to proteins that bind DNA, increasing the risk of cancer. Lead is a
carcinogen that releases reactive oxygen species (ROS) that harm the
DNA repair system, cellular tumor-regulating genes, and chromosome
structure and sequencing. Reactive oxygen species (ROS), which are pro-
duced in large quantities by mercury's peroxidative activity, can promote
the formation of malignant cells and protumorigenic signaling. By causing
damage to cellular proteins, lipids, and DNA, ROS can aid in the develop-
ment of cancer [130] (Fig. 7).

4.4. Hepatotoxicity of xenobiotics

Exposure to xenobiotics increases oxidative stress which result in liver
damage (Fig. 7). Organic solvents, combined with lead, can cause injury
to the liver because some solvent have same characteristics as lead [131].
Long-term exposure to xenobiotics such as heavy metal Pb may be harmful
to liver cells, which causes cellular infiltration and glycogen depletion, both
of which can contribute to chronic cirrhosis [132]. Cadmium target the
renal cortex and the liver [133]. During the acute exposure of Pb, it accu-
mulates in the hepatic tissue that linked to a variety of liver dysfunctions.
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Cadmium changes the cellular redox balance which can result in oxidative
stress and hepatocellular damage [134]. Both acute and chronic cadmium-
induced hepatotoxicity results in liver failure, which raises the risk of
cancer [135].

4.5. Immunological toxicity of xenobiotics

Pesticides, aromatic hydrocarbons and heavy metals exposure, both
acute and chronic, produces a number of immunological responses, includ-
ing increased susceptibility to allergies, infectious illnesses, and autoimmu-
nity, as well as cancer [136]. A high risk of lung, stomach, and bladder
cancer in several demographic groups has been linked to lead exposure
[137]. Lead exposure has been associated with an increased incidence of
bladder, stomach, and lung cancer in a number of demographic groups
[138]. Lead exposure generate B and T lymphocytes [139].

Xenobiotics like pesticide and toxicmetals altered the function of T-cells
and raising vulnerability to the emergence of autoimmunity and hypersen-
sitivity, it can affect humoral and cellular responses [140]. The exposure of
cadmium atwork or in the environmentmay have immunosuppressive con-
sequences [114]. Numerous immunological abnormalities, such as immu-
nosuppression and immunostimulation, were observed in laboratory
experiments with mice and rodents exposed to heavy metals. Laboratory
animals injected with mercury chloride that were mercury-insensitive ex-
hibited immunosuppression, or decreased cellular activity in the immune
system. The human immune system, however, does not seem to be im-
pacted by mercury, despite Swedish authors' conclusion that amalgam, a
mercury alloy, has an effect on the immune system [114].

4.6. Cardiovascular toxicity of xenobiotics

Acute or chronic exposure to xenobiotics causes a number of problems
in the human body. Long-term exposure to xenobiotics such as Pb can result
in arteriosclerosis and hypertension, thrombosis, atherosclerosis, and heart
disease by increasing the oxidative stress (OS), decreasingNitric oxide (NO)
availability, raising vasoconstrictor prostaglandins, changing the renin-
angiotensin system, decreasing vasodilator prostaglandins, interfering
with vascular smooth muscle Ca2+ signaling, making inflammation and
endothelium-dependent vasorelaxation worse, and modifying the vascular
response to vasoactive agonists, increases arterial pressure [141].

The metal PAHs and Cd are carcinogenic, it induces kidney disease,
bone disease, and cardiovascular disease [142]. Chronic kidney disease,
myocardial infarction [143], diabetic atherosclerosis, peripheral arterial
disease, hypertension [144], stroke, and heart failure [145] are all conse-
quences of xenobiotics exposure. According to prospective research, Cd
was associated with a higher risk of cardiovascular death in the US general
population [146]. In humans, mercury has been shown to be the cause of
neurotoxic, cardiovascular, nephrotoxic, and hepatotoxic [146].

4.7. Skin toxicity of xenobiotics

Prolonged exposure to foreign compound such as arsenic (As) can cause
a number of potential skin disorders, such as hyperkeratosis, hyperpigmen-
tation, and various forms of skin cancer. Hyperpigmentation is the most
prevalent skin alteration caused by extendedAs exposure. Arsenic exposure
potentially induce Bowen's disease, a type of early skin cancer. The soles
and palms are typically affected by As hyperkeratosis, although it can also
affect the legs, toes, fingers, arms, and dorsum of the hands. The skin,
which is the body's outermost organ, acts as a barrier against many pollut-
ants, and some hyperkeratotic and Bowen's disease lesions can progress to
invasive cancers [147]. Mercury and compounds containing mercury are
responsible for a number of skin diseases, such as acrodynia (pink disease),
a frequent dermatological condition in which exposure to heavy metals, es-
pecially mercury, causes the skin to turn pink [148].

Individuals who have tattoos that contain the red pigmentsmercury sul-
fide and cadmium sulfide may experience inflammation restricted to spe-
cific areas six months following the tattoo. Mercury-containing
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compounds can induce acute contact dermatitis, whichmanifests asmoder-
ate swelling, scaling, vesiculation, and irritation. Mercury toxicity is
the most common cause of dermatological issues, according multiple
research [149].

4.8. Reproductive and developmental toxicity of xenobiotics

In experimental animals, xenobiotics like arsenic (As) produces abnor-
malities, including neural tube malformations, which is a known reproduc-
tive toxin in humans [150]. Arsenic decreasing the weight of the testes,
accessory sex organs, and sperm in the epididymis, inorganic arsenic hin-
ders male fertility. In addition to influencing sperm production, exposure
to inorganic arsenic alters gonadotropin and testosterone levels and dis-
rupts the steroidogenesis process [151]. Consumption of As is linked to a
higher risk of endometrial cancer in female. Exposure to As during preg-
nancy impairs endometrial angiogenesis, which is essential for embryo
growth. These problems result in endometriosis symptoms, subfertility,
prematurity, sterility, and spontaneous abortions [152].

More than 10 % of women are at risk of infertility due to exposure to
heavymetals like Pb, Cd, Hg, and other pollutants, which are themost com-
mon environmental contaminants that can cause reproductive disorders,
according to several World Health Organization (WHO) studies [153]. In-
fertility is a problem that mostly affects women more often than males, ac-
cording to a WHO study. Women's subfertility is often caused by ovulation
problems [154]. Reproductive hormones can be used to treat ovulation
problems, which are typified by irregular or nonexistent menstrual periods.
Increasing amounts of xenobiotics exposure led to chromosomal abnormal-
ities in oocytes, delayed ovulation, and hormone disruption, all of which in-
creased the chance of infertility in women. The most common cause of
female infertility at the moment is heavy metal poisoning, which disrupts
the endocrine system and exacerbates hormonal imbalances in
women [155].

4.9. Genotoxicity of xenobiotics

The genotoxicity of xenobiotics like toxic metal arsenic causes deoxyri-
bonucleic acid (DNA) alteration, including chromosomal abnormalities,
mutation, micronuclei production, deletion, and sister chromatid exchange
shown in Fig. 3. Genetic factors have been identified as the fundamental
source of the significant interindividual variability in receptiveness to arse-
nic poisoning that has been found in several investigations [156].

The mechanism of arsenic's genotoxic effects, which include the disrup-
tion of DNA repair and the production of oxidative stress [157]. Despite its
lowmutagenicity, arsenic affects themutagenicity of other carcinogens that
is why it is considered a weak mutagen. For instance, exposure to UV radi-
ation has been shown to increase themutagenicity of arsenic in human cells
[158]. Teratogenesis and carcinogenesis are the two main pathways by
which the genotoxic effects of chemical compounds on humans alter ge-
netic material. Teratogenesis is when a chemical compound alters genetic
material. While the second one shows up as the development of cancers
in those who have been directly exposed, the first one may show up in
the progeny as congenital malformations (Fig. 3). However, the relation-
ship betweenmercury exposure and carcinogenesis (one of themost serious
outcomes of DNA-induced damage) is still up for debate, as some experi-
ments seem to show that mercury has genotoxic activity, while others
have not proven such DNA-damaging effects [159]. Certain mercury com-
pounds, known as teratogenic agents, are particularly harmful to the devel-
oping neurological system and have an impact on the development of the
central nervous system [160].

5. Treatment options of xenobiotics toxicity from natural sources

5.1. Neurotoxicity treatment

According to an analysis using the polyphenolic extract Euphorbia
suppina (PPEES) from a Korean prostrate spurge can effectively reduce
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Mn-induced neurotoxicity by antioxidants by modulating endoplasmic ret-
icule (ER) stress and ER stress-mediated apoptosis. Research has indicated
that curcumin and arsenic may significantly mitigate the oxidative stress
and dopaminergic alterations caused by arsenic in the brain of rats.
Curcumin has also been shown in another study by Yousef et al. [161] to
protect rats' brains and livers against metabolic alterations caused by car-
cinogens [162]. Another study examines the neuro-protective effect of
curcumin against arsenic-induced changes in biogenic amines, their metab-
olites, and NO levels in rats, given the importance of the behavioral and
neurochemical functions of brain biogenic amines and NOs [163] (Fig. 4).

Long-term supplementation with almond and walnut supplies essential
nutrients that can overcome dietary deficiencies and reduce heavy-metal
intoxication, according to current study [164]. Curcumin has antidepres-
sant, anti-inflammatory, and antioxidant properties [162]. Furthermore,
curcumin has improved the fly's nitric oxide level accumulation and re-
stored outbreak rates and cellular antioxidant state. According to survival
rates, durability testing, and antioxidant status restoration, curcumin has
improved the flies' oxidative damage [165]. Additionally, copper-induced
neurotoxicity can be treated with apigenin [166].

5.2. Nephrotoxicity treatment

Chronic cadmium toxicity (Cd) is acquired by oral Cd administration
and causes serious kidney damage. Curcumin pretreatment has improved
the histologic modifications caused by Cd, and curcumin has a significant
protective effect against nephrotoxicity caused by Cd. [167].
Protocatechuic acid treatment improved overall protein levels in
cadmium-induced toxicity [168] as shown in Fig. 4. A study shows that
silymarin and dimercaptosuccinic acid lower blood lead levels and offer
protection against genotoxic effects [169]. Spirulina platensis, eugenol,
extra virgin olive oil, and simvastatin are commonly used to eliminate
chromium-induced nephrotoxicity; it also significantly reduces pathologi-
cal changes in the kidneys both before and after mercury treatment. In ad-
dition, diallyl sulfide, curcumin, zinc sulfate, and silymarin can eliminate
thallium-induced nephrotoxicity [170].

5.3. Carcinogenicity treatment

Treatment with Rosmarinus officinalis extract, shows that the levels of
lipid peroxidation and lead-mediated hepatic and renal damage products
were significantly reduced. Blood cells from Rosmarinus officinalis still con-
tain renal and hepatic cells [171]. According to Liu et al. [172], quercetin
prevents nickel-induced hepatic dysfunction, increases the histology
changes in the liver of nickel, lowers the expression of inflammatory
markers in the livers ofmice exposed to nickel, lowers the DNAmethylation
in the livers of rats exposed to nickel, and lessens carcinogenicity. Another
option for treating nickel-induced carcinogenicity is metformin [173].
Fig. 4. Long term health effect xenobiotic treatment.
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5.4. Hepatotoxicity treatment

Salidroside (SDS) exhibits pronounced antioxidant activity and can im-
prove liver tissue structure by lowering oxidative stress and increasing an-
tioxidant stress activity, hence treating lead acetate-induced liver damage.
Lead-induced hepatotoxicity can be eradicated using this method [174].
Additionally, it was found that berberine increases serum albumin, which
lessens the hepatotoxicity caused by lead [175]. Additionally, carnosine,
curcumin, and thymoquinone drastically decreased the histological and
hepatological problems associated with lead. Selenium (Se) was discovered
to be an effective chemoprotectant of Cd in a study. Selenium treatment has
been demonstrated to lower hepatocyte death and morphological alter-
ations brought on by Cd. Concurrently, Se enhanced reduced glutathione
(GSH) levels, boosted selenoenzyme (glutathione peroxidase, GPX) activ-
ity, and lowered ROS formation, all of which contributed to the reduction
of Cd-induced oxidative stress. It was found that Se may prevent hepatotox-
icity caused by Cd by blocking the ER stress response [176].

Rats were divided into six groups and given 20 mg/kg body weight of
nickel sulfate in normal saline before being fed with M. oleifera for
21 days in order to examine the effect of M. oleifera-based diets on nickel
(Ni)-induced hepatotoxicity. Within twenty-four hours of the last treat-
ment, all of the animals were sacrificed. After being exposed to nickel, rat
plasma's levels of alkaline phosphatase, aspartate transaminase, and ala-
nine transaminase increased significantly. Ni decreased levels of high-
density lipoprotein cholesterol while raising levels of triglycerides, total
cholesterol, and low-density lipoprotein cholesterol. Ni exposure decreased
glutathione levels while raising malondialdehyde in rat plasma.

According to the histopathology results, exposure to Ni caused cellular
damage and inflammation. Diets based on M. oleifera have been demon-
strated to shield rats from Ni-induced hepatotoxicity by improving lipid
profiles, liver function markers, and cellular integrity and architecture
[114].

5.5. Immunological toxicity treatment

The naturally occurring substance pterostilbene (PT) is primarily pres-
ent in blueberries. Studies have demonstrated that PT is a potent antioxi-
dant and anti-inflammatory. The administration of PT to the mouse
significantly decreased the intensity of the skin reactions in the
epicutaneous elicitation test. Furthermore, PT therapy decreased apoptosis
and inflammation in HaCaT cells in vitro. Myo-inositol shields mice from
Cd-induced thyroid damage when combined with Se [177].

Another study assessed the anti-asthmatic effects of curcumin
(diferuloylmethane), a naturally occurring compound obtained from the
rhizomes of Curcuma longa, using a guinea pig model of airway
hyperresponsiveness. In order to determine whether curcumin could pre-
vent airway blockage, it was administered to guinea pigs either during sen-
sitization or after they experienced signs of airway obstruction. The results
showed that curcumin (20 mg/kg body weight) significantly reduces OVA-
induced airway constriction (p = 0.0399) and airway hyper reactivity
(p = 0.0043). Specific airway conductance (SGaw) was measured using a
non-invasive technique called constant-volume body plethysmog raphy to
detect the status of airway constriction and hyper reactivity. Curcumin is
helpful in correcting defective airway characteristics in OVA-sensitized
guinea pigs [178].

5.6. Cardiovascular toxicity treatment

Cadmium and mercury are extremely dangerous substances that can
cause major cardiac issues in both humans and animals. Positive results
for heart damage were found in a study that examined the therapeutic ef-
fect of vitamin C against metals in rabbits [179]. In a different study, rats
fed with C. aurantium peel extract (300 mg/kg) significantly decreased
the histological and biochemical changes found in their hearts following ex-
posure to K2Cr2O7. They found thatC. aurantium peel extract prevented car-
diac damage caused by K2Cr2O7 due to its antioxidant activity [180].
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Fig. 5. Bioavailability of xenobiotics in food webs.
According to a recent study, sulforaphane (SFN) decreased the effects of
K2Cr2O7 on oxidative stress, hematological alterations, structural disorders,
cardiomyocyte apoptosis, and heart dysfunction.

5.7. Skin toxicity treatment

A study examined the potential benefits of Solanum melongena peel ex-
tract for treating arsenic-induced Bowen's disease. Eight patients with
arsenic-induced Bowen's disease were selected from the two arsenic-
endemic sites, and each patient received an ointment containing peel ex-
tract, which they were instructed to apply twice daily on the lesion site
for a duration of 12 weeks. Notable progress was noted in reducing the
Bowen's disease lesion [181].

In a different study, two male patients with chronic chromium contact
sensitivity were treated with photodynamic tultraviolet A (PUVA) therapy.
One patient who was simultaneously photosensitive responded quite well;
his light tolerance increased and his skin problems cleared entirely. This
was followed by a decrease in photopatch test reactivity and the extinction
of patch-test reactivity on PUVA-exposed (pigmented) skin. PUVA therapy
increased lymphocyte activation and decreased rosette-forming T cells in
both cases [182].

5.8. Reproductive and developmental toxicity treatment

A recent study showed the value of grape seed proanthocyanidin extract,
which activatedNrf2 signaling to reverse arsenic-induced reproductive tox-
icity and decreased oxidative stress damage in mice testis [183]. Another
investigation examined the effect of lutein on reproductive damage caused
by arsenic. In male mice, the results showed that lutein decreases reproduc-
tive toxicity caused by arsenic through Nrf2 signaling. This suggests a po-
tential mechanism for lutein to prevent reproductive harm and clarifies
that consuming plant sources high in lutein can lessen reproductive toxicity
caused by chemicals [184].

Anthocyanin Purple sweet potato (APSP) also aids in the reduction of
enzymatic and non-enzymatic antioxidants caused by lead. The effects of
APSP could be reversed by Pb. Finally, APSP may be a useful therapeutic
treatment for preventing Pb-induced reproductive harm due to its anti-
apoptotic and antioxidant properties as well as its control of the JNK signal-
ing system [185].

5.9. Genotoxicity treatment

Arsenic is a well-known genotoxicant that damages cells by activating
oxidatively sensitive signaling pathways, producing an excess of reactive
oxygen species (ROS), and inhibiting antioxidant enzyme systems. Epi-
gallocatechin gallate (EGCG), the main polyphenolic catechin in green
tea, has demonstrated strong genoprotective, free radical scavenging,
and antioxidant properties in vivo. Researchers investigated whether
curcumin nanoformulations, as opposed to free curcumin, might offer su-
perior protection against arsenic-induced genotoxicity. The data imply
that nanoformulations had a better protective benefit than free curcumin
[186].

Silymarin and dimercapto succinic acid (DMSA), a chelating agent,
were tested for their ability to prevent lead (Pb) poisoning in rats, either
separately or in combination. The blood lead levels (BLLs) significantly in-
creased after being exposed to lead acetate. Following the administration of
DMSA and silymarin, BLLs decreased. It was discovered that silymarin and
DMSA provided a respectable level of protection against the genotoxic ef-
fects of lead [169].

6. Bioavailability and bioaccumulation of xenobiotic in food

Many aquatic fish species are endanger by heavy metal pollution, and
fish that are continuously exposed to these harmful metals, directly takeup
this metals from there environment. The intake or consuption of polluted
fish increases risk to human health concurrently. Accumulation of heavy
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metals from foods like fish can occur when they are consumed over an ex-
tended period of time, which can harm human health [93] (Fig. 5).

According to Liu et al. [187], fish accumulate toxic metals through food
intakes and the incorporation of sediment particles. The Bioaccumulation
shows the rate of element concentration between fish and its environment
(water and sediment). In the environment, important components and trace
elements are move from abiotic to organism, which is then accumulate in
the biota. (Fig. 5). Organisms with high trophic levels are susceptible to
biomagnification in the food chain. High concentrations of toxic elements
in organism with high trophic levels can put organisms in danger due to
bioamplification.

Salinity, temperature, redox conditions, bacteria, phytoplankton, and
other factors that can influence the form of chemical compounds [188].
The bioaccumulation of heavy metals by freshwater fish is a serious ecolog-
ical, environmental, and social problem. Species that are exposed to toxic
metals build up higher levels of these metals, which in turn causes bioaccu-
mulation. The bioaccumulation of HMs is influenced by fish characteristics
such as sex, feeding habits, size, reproductive cycle, and swimming pat-
terns. Environmental factors also influences the accumulation of toxic
metals like the bioavailability and concentration inwater columns, physico-
chemical properties of water [20].

6.1. Biomonitoring and risk assessment of xenobiotics

Accumulation of xenobiotics in animals and plants are mostly utilized
for xenobiotic biomonitoring. Biomonitoring captured the results of all ex-
posures, nomatter the route [189]. Due to the lipophilic properties, xenobi-
otics can accumulate in the food chain. Frequent ingestion of fish that have
accumulated pollutants, such as xenobiotics, can be harmful to human
health. Fish oxidize and further convert xenobiotics like PAHs to water-
soluble compounds that are excreted by the living organism, the average
concentration of xenobiotics in fish muscles is lower. The risk assessment
method is used to analyze the potential impacts of pollutants on biological
systems.

Health risk assessments are frequently carried out to evaluate humans
total exposure to these pollutants in a specific area [190]. Risk assessments
usually considered the possible consequences of pollutants on humans,
whether they are carcinogenic or not. The four steps involved in the assess-
ment of risk are exposure measurement, toxicity (dose–response) computa-
tion, hazard identification, and risk description. Different researcher have
assessed the dangers of eating infected fish using different methodologies
[191–193].

7. Bioremediation of xenobiotics

Bioremediation is an effectivemethod for the removal of organic pollut-
ants, such as volatile organic compounds (VOCs), PCBs, PAHs, and CPs.
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Bioremediation consists the use of microorganisms (bacteria and fungi) to
convert toxic contaminants to friendly substances as a result of the micro-
bial activity from biochemical processes. Bacteria, algae, and fungi are mi-
croorganisms that can be used alone or in combination to remediate
xenobiotic-contaminated sites. Nevertheless, careful thought and research
must be put into the process of making decisions regarding the effective
cleanup of specific contaminated site, as developed technology offers bene-
fits and drawbacks when it comes to treating various pollutants. Two novel
technologies that have the potential to address many environmental pollu-
tion issues are bioremediation and phytore mediation in conjunction with
microbes.

7.1. Fungal bioremediation

The potential uses of fungi's non-specific oxidative enzymes have drawn
scientific attention to them as bioremediation agents. However, some non-
white-rot fungi, mostly belonging to the phylums Ascomycota and
Zygomycota, have demonstrated potential in the enzymatic breakdown of
pollutants found in the environment. As a result, they have been able to
overcome certain of the restrictions associated with white-rot fungus, in-
cluding their inability to grow in pH level that is neutral, their opposition
to unfavorable environments, their inability to outcompete naturally occur-
ring microbes. Though these fungi are found in a wide variety of soil and
water environment, their enzymatic processess is not fully known and deg-
radation routes that these microorganisms use to change hydrocarbons. In
their evaluation of the bioremediation process of non-ligninolytic fungus
potential for xenobiotics such as PAHs, PTEs and chlorinated hydrocarbons,
Marco-Urrea et al. [194].

7.2. Microbial bioremediation

The bacterial laccase from Escherichia coli and Bacillus subtilis can oxi-
dize xenobiotics; however, the process are limited due to low oxidation
rate and copper dependence. Sediment samples shows that 53 strains of
bacteria that break down PAHs were found. A common technique in biore-
mediation is microbial degradation; Materials that are inexpensive and nat-
ural can serve as supporting matrices to increase the process' effectiveness.
PAH adsorbents are clay and clay-modified minerals, which are also easily
accessible natural soil and sediment provide microorganisms with a sub-
strate and habitat.

Critical research is necessary because the process underlying Clay's abil-
ity to biodegrade organic compounds is sometimes unclear. Numerous bio-
degradation studies have focused on the survival of isolated bacteria in an
attempt to increase the bacterial population and, consequently, the biodeg-
radation effectiveness of PAHs. Study has also been done on reinoculating
isolated bacteria to improve their performance [195].

7.3. Phytoremediation of xenobiotics

Green technologies that use biological energy and involve plants
(phytoremediation) and microorganisms (bioremediation) have become
more prevalent in recent years. Phytoremediation has been the subject of
much research, with many presenting this technology as the ideal proce-
dure combining environmental acceptability, low cost, and efficiency
[196]. The application of soil microbes and plants to mitigate the harmful
effects of persistent agricultural pollutants (PAHs) on the environment is
known as phytoremediation. A new technique for removing locations con-
taminated with dangerous chemicals is called phytoremediation.
Phytoremediation is a type of method that uses rhizosphere biodegrada-
tion, phytoextraction, and phytodegradation to completely eradicate or-
ganic polluting elements from contaminated environments. The benefits
of phytoremediation include resource reuse, reduced environmental distur-
bance, and comparatively cheaper costs.

PAHs from soils are dissipated in soils where grasses and legumes are
present, despite the lack of data supporting the idea that PAHs from soils
are significantly accumulated in plant. Specifically, Microbial degradation
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in the rhizosphere in which microbes in the soil communities consume or-
ganic materials as carbon-based growth substrates is the main mechanism
controlling this process. Usually, the exudates from the roots induce this.
The breakdown and complete mineralization of the pollutants is the
process's ultimate outcome. Carbon dioxide and sunshine are the carbon
and energy sources that plants use. Plants have developed some amazing
detoxifying processes in response to the harmful substances that they ac-
quire from the environment and from us.

Thus, the idea of phytoremediationwas furthered by the employment of
plants to clean up contaminated soils. The kind of plantwas thought to have
a major impact on how effective phytoremediation was. It has been shown
that phytoremediation is an effective remediation method for soils contam-
inated with petroleum pollutants. The challenge of managing soil that has
been contaminated by persistent organic pollutants (POP) is becoming
more pressing due to legal limitations and the significant influence of
human activity on soil resources. Treatments that completely eliminate
the harmful chemicals being targeted are the most often utilized manage-
ment strategies. Environmentally friendly procedures should be employed
wherever possible. In recent years, green technologies utilizing biological
energy involving the emerged of phytoremediation and bioremediation
(Plant and microorganism).

Phytoremediation has been the subject of much research, with many
presenting this approach as the ideal combination of cheap cost, environ-
mental acceptability, and efficiency. Nevertheless, the effectiveness of
phytoremediation has not yet shown itself to be as great when applied to
soils contaminated by organic chemicals that are bio recalcitrant, like
PAH. Microbial activity is assumed to be the process causing the
phytoremediation of polluted soil. The potential of soil to digest toxins
and the population levels of bacteria that break down contaminants usually
increase during phytoremediation, so lending support to this theory [197].

7.4. Biosufactant bioremediation

Bacteria that grow on alkane generate biosurfactants. Molecules resem-
bling detergents, biosurfactants have a lipophilic tail and a hydrophilic
head. They aid in the breakdown of PAHs. For instance, it has been demon-
strated that the biosurfactant generated by Pseudomonas aeruginosa that
grows on naphthalene or phenanthrene increases the solubility of these
PAHs in their apparent form. It has been demonstrated that naturally occur-
ring surfactants improve PAH solubilization, which in turn increases PAH-
microbe interactions and facilitates the soil removal of PAHs.
Decontaminating soil with PAHs has become commonplace with the use
of surfactant-enhanced remediation (SER). For cleaning up soil, surfactant
aided remediation is a potent technique. Nevertheless, this technology
has been hindered by some issues, including cost and the secondary con-
tamination [198].

7.5. Rhizoremediation

The bioavailability of PAHs has increase due to a wide range of recent
advances, including enhanced surfactant utilization, rhizoremediation,
and electrobioremediation. Breakdown and removal of xenobiotics are
greatly aided by the makeup of the fungi and bacterial communities in rhi-
zosphere. Rhizozoidal microorganisms have been shown to preferentially
boost the population of bacteria in the rhizosphere that degrades PAHs,
hence offering intriguing prospects for bioremediation of soils contami-
nated with PAHs and high levels of root mucilage when combined with
other strategies [199]. The bioremediation industry and the environment
would both benefit from the incorporation of different methods (such
rhizomisation) into workable remediation processes.

7.6. Electroremediation

This method uses an electric current to encourage the migration of pol-
lutants and is mostly utilized for heavy metal extraction. These days, using
this method by itself or in conjunction with other methods like Fenton or
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bioremediation is producing excellent results for the removal of PAHs
[200]. Though research on using an electric field to decontaminate soil
with PAHs is still in its early stages, numerous studies have shown how ef-
fective the treatment is. They discussed the fundamentals of conducting
electroremediation on soils contaminated with PAHs, and various options
to enhance PAH electroremediation and novel approaches to PAH removal
through the use of hybrid technologies.

8. Biodegradations of xenobiotics

Many microorganisms such as fungi, bacteria, or algae, can biodegrade
xenobiotics. Both immobilized (IC) and free (FC) cells have the ability to
biodegrade PAHs and other xenobiotics. The biodegradation of xenobiotics
by microorganisms has been extensively reviewed, and there is evidence
supporting the biodegradation of xenobiotics such as PAHs. In comparison
to large molecular weight molecules, low molecular weight PAHs degrade
more readily. According to Thomas et al., [201], microbial degradation is
a viable technique for soil remediation when it comes to PAHs, which reg-
ularly pollute certain post-industrial sites. Biodegradation is a methods for
cleaning and removing toxins from the environment.

8.1. Bacteria biodegradation

Numerous strains of bacterial from various classess breakdown xenobi-
otics such as PAHs. Bacteria species from soil or sediments are use to to
breakdown contaminants. A starins of bacterial such as burkholderia,
sphingomonas, pseudomonas, mycobacterium, sphingomonads,
sphingobium, burkholderia fungorum [202], novosphingobium, and
sphingopyxis have been found to be the main players in PAHs and xenobi-
otics breakdown in soil.

8.2. Fungi biodegradation

Studies on fungi's breakdown of xenobiotics such as PAHs are not
mostly use than bacteria's breakdown. The benefit of fungal exoenzymes
is that they can spread to the extremely mobile HMW-PAHs. Xenobiotics
are oxidized by a wide variety of nonligninolytic and ligninolytic fungus.
Laccases, Mn-dependent peroxidase, and lignin peroxidases are the mecha-
nisms by which lignin is extracellularly oxidized by ligninolytic fungus.
These enzymes oxidize a broad range of organic molecules because they
are non-specific.

8.3. Algae biodegradation

In the last few years, there has been a vigorous push toward the inten-
sive study of lignolytic fungi's role in microbiological degradation. A fresh
water microalge called Selenastrum capricornutum [203] is utilized to
break down xenobiotics like PAHs. Naphthalene is breaken down by pro-
karyotic and eukaryotic marine algae (cyanobacteria, green algae, and dia-
toms), into smaller metabolites. The BaP was nearly entirely broken down
into dihydrodiols by green algae. Higher level of xenobiotics such as
PAHs are also phytotoxic to algae, as S. costatum and Nitzschia sp. accumu-
late and break both fluoranthene and phenanthrene at the same time.

8.4. Enzyme biodegradation

Dehydrogenase, lignolytic enzymes, and oxygenase are the enzymes
that break down xenobiotics. Manganese peroxidase, laccase, and lignin
peroxidase are examples of fungal lignolytic enzymes. They are extracellu-
lar and catalyze the oxidation process that generates radicals, which desta-
bilizes bonds within molecules. Both aerobic and anaerobic environments
have been shown to support the biodegradation of xenobiotics, and prepa-
ration of soil that is contaminated with chemicals or physical means can ac-
celerate this process. The bioavailability of xenobiotic such as PAHs and the
metabolic of the bacterial can both be increased by the addition of light oils
and biosurfactant-producing bacteria.
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8.5. Photodegradation

Photodegradation of low molecular weight xenobiotics such as PAHs is
known to occur when they absorb photons. At wavelengths that are rele-
vant to the atmosphere, Grossman et al. [204] measured the photolysis ki-
netics of the PAHs pyrene and anthracene in water, a variety of organic
solvents, and miscible and phase-separated aqueous-organic mixtures.
Their findings imply that even in the absence of photon absorption, organic
matter may have a significant impact on the photochemical property of xe-
nobiotics in aerosols.

9. Fate of xenobiotics

9.1. Xenobiotics in aquatic ecosystems

When xenobiotic (heavy metals, PAHs, PCB, and CP) entered the
aquatic environment, they are distributed between the water phase and
bottom sediments. Several processes like sorption, dissolution, or precipita-
tion as well as variables like temperature, pH, mixing of water masses, and
the concentration of dissolved oxygen in water all affect their fate [205].
Higher pH results in the precipitation of metals and their adsorption on
the surface of sediments, whereas lower pH and greater temperature pro-
mote the release of xenobiotics into the aquatic environment.

When it comes to the type of xenobiotics present in the environment,
the physiocochemical factor are highly significant. For instance, most
heavy metal hydroxide precipitates are hardly soluble at normal water pH
levels; yet, these complexes dissolve at lower pH values. Furthermore, the
pace at which pollutants are released into the surrounding waters is influ-
enced by the amount of dissolved oxygen, which in turn influences the
rate at which organic matter oxidizes [206].

The amounts of dissolved oxygen and sulfide have a major impact on
the formation of precipitates. Only a small portion of free metal ions are
dissolved in water due to the processes of adsorption, hydrolysis, and co-
precipitation that occur in aquatic environments; the remainder is depos-
ited in sediments. The multiple component interactions that occur between
the organic ligand, themetal, and the other components of the system at the
absorbing surface have a significant impact on adsorption.

9.2. Xenobiotics in air

Xenobiotics are dangerous organic molecules that enter the environ-
ment as byproducts of incomplete combustion. Airborne PAH emissions
can come from burning refuse, industrial processes (like the production of
coke), vehicle emissions, and heat and power generation (like the use of
coal, gas, wood, oil, and charcoal) [207].

Emissions from cooking, smoking, incense, mosquito coils, and mate-
rials containing pesticides and PAHs (petroleum products and synthetic
fuels), can expose humans to airborne levels of PAHs, PCBs, and CP
[208,209]. Road dusts are regarded as a significant source of polycyclic ar-
omatic compounds (PACs) pollution for urban populations and in other en-
vironmental compartments. Street dust serves as a gauge for the level of
PAH pollution in urban areas. For most people worldwide, burning solid
fuels exposes people to PAHs, which is a serious public health concern.
However, knowledge about exposures at the individual level is still lacking.
One significant cause of indoors ambient PAH exposure is air pollution
from using indoor stoves [70,209–211].

In metropolitan areas, traffic from vehicles is a major source of air pol-
lution, like PAHs, PCBs, CP, and PTEs. In contrast to non-commuters, it is
unclear how much different commuting behaviors contribute to air pollu-
tion and whether there are real differences in air pollution exposure de-
pending on the method of transportation [212]. Another source of PAH
emissions in urban areas is parking garages. Major sources of PAHs in-
clude road/street dust, carpet dust, and kitchen smoke [77]. According
to Parnis et al. [213], atmospheric organic pollutants, or PAHs, are
found in the air and are usually monitored using active or passive air
samplers.
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9.3. Xenobiotics in water

Xenobiotic which are main categories of man-made environmental con-
taminants, were found in the waters. The prevailing presence of congeners
in PAHs indicates fuel oil and its combustion byproducts, in addition to
other pyrogenic sources, were the major sources of xenobiotics. Diesel en-
gines accounted for the majority of the vehicle emissions.

9.4. Xenobiotics in soil and sediment

The environment in both established and emerging nations are always
under pressure to reduce pollution due to the increased levels of pollutants
released from different sources, including garbage, human and
industryactivity. Human activities have been closely associated with xeno-
biotics in the environment, which have been extensively researched for
their geochemical significance as markers.

In the coastal sediments, riverine inputs are the main sources of xenobi-
otics, and soil has been found to be the main source of xenobiotics in the
United Kingdom. Waste from industries, and household finds its way to
the water bodies and the contaminants end up in soil sediment beds,
suspended in water, or dissolved [214].

9.5. Xenobiotics in sewage sludge

Due to overpopulation and increasing industrialization, waste sewage
sludge from homes and industries sources have recently increase. Farmland
are also frequently irrigated with the waste water, and applying sewage
sludge is a popular technique to enhance the qualities of the soil. However,
waste water and sewage sludge may contain contaminants, such as PTEs,
PCBs, CPs, and PAHs. The use of sew age sludge for soil restoration and fer-
tilization is significantly limited by the presence of pollutants. The presence
of petroleum-associated hydrocarbons (PAHs) in sewage sludge varies
greatly according on the amount of industrial effluent that is added. Waste-
water sewage sludge may contain pollutants, including PAHs. It was
enacted to discourage its application in agriculture and to control its
usage in order to prevent negative impacts on the land, plants, animals,
and people [215].

9.6. Xenobiotics in food

Consumption of food is a major pathway that environmental pollutants
like PCBs, CP, PTEs, and PAHs can enter the human body. Dietary consump-
tion is one of the main ways that xenobiotics are exposed to humans, and it
occurs often.Whenfish or marine life inhabit contaminatedwater, or when
crops or plants are cultivated in contaminated soil, xenobiotics can enter
the food chain through food preparation or processing methods. The
main way that humans are exposed to xenobiotics is through their diet
[5]. Toxicants in the air, soil, or water, as well as those used in food prepa-
ration and cooking, can contaminate food.

Xenobiotics in food, may cause serious health risk especially to humans.
Many different kinds of raw food contain them at measurable quantities,
which is a reflection of their existence in the environment. Furthermore,
cooking can release PAHs into food. In addition, raw food processing and
curing can produce PAHs before it is cooked. Dietary exposure to xenobi-
otics is the primary cause of human exposure.

Meat are the main dietary sources of PTEs, with the exception of areas
where meat cooked over an open flame is highly consumed. Due to their
widespread use, cereals and cereal products have been found to be a sig-
nificant source of PCB, CP, and PAH ingestion. Toxic elements concentra-
tions are typically higher on the outside of the plant (outside leaves, peel)
than they are inside the plant. Fish and seafood may be subjected to
xenobiotics found in water and sediments as a result of oil spills or air
pollution.

These compounds are produced by fat dripping onto hot coals orflames,
even if they are not in direct contact. These compounds are then
transported back onto the food's surface. It has been demonstrated that
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the amount of meat fat, the cooking time, and temperature employed all af-
fect generation of PAHs when charcoal grilling.

There is a noticeable decrease in the amount of PAHs that contaminate
food when cooking at low temperatures for long periods of time, choosing
lean meat and fish wherever possible, and avoid food with smoke while
grilling or barbecuing. Most of the time, it is determined that the main
way that humans are exposed to toxicants is through their diet. Diet is a sig-
nificant source of exposure to xenobiotics, according to more current bio-
monitoring techniques designed to evaluate human exposure to toxicants.

9.7. Xenobiotics in coal and petroleum products

Assessment of coal and its combustion leftovers is required due to the
continuously increasing energy demand for environmentally sustainable in-
dustrial development [7]. When coal is processed, incomplete combustion
of organic materials releases a significant amount of PAHs and hazardous
metals into the atmosphere [216]. Based on the various levels of decompo-
sition of compounds found in various oil pollutants, petroleumproduct con-
tamination has negatively impacted the ecosystem.

Antioxidant enzymes act as a defense mechanism against oxidative
stress and cells that produceROSmay also produce elevated levels of perox-
idases (GPx) shown in Fig. 6. Antioxidant enzymes like glutathione reduc-
tase (GPr), catalase (CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx) are known to reduce (scavenge) both ROS and lipid per-
oxides. Cellular components are affected when xenobiotic-induced ROS
production exceeds thresholds, which is refer to as oxidative stress. Oxida-
tive stress (OS) occur, when the activities of the antioxidant defense sys-
tems decrease, or high production of ROS [217]. Disorders, such as
rheumatoid arthritis, motor neuron diseases, diabetes-induced pathologies,
Alzheimer's disease, Parkinson's disease, and neuro degeneration, are
known to be influenced by oxidative stress (OS) [218].

Antioxidant enzymes activity, such as GPx, GPr, SOD, and CAT, pre-
vents cells from the damaging effects of oxidative stress. The DNA is
protected against OS by a variety of antioxidant enzymes, including SOD,
CAT, GPx, GPr, and Glutathione S-transferases GST. Organisms can use
CAT and SOD to scavenge reactive oxygen species (ROS) in response to ox-
idative stress, protecting cellular equilibrium.

10. Xenobiotics initiate reactive oxygen species intracellular targets

10.1. Oxidative damage to proteins

Protein oxidation can lead to increased electrical charges, peptide chain
fragmentation, aggregation of cross-linked reaction products, and amino
acid change. Increases in oxidized proteins may cause loss of several phys-
iological and biochemical because they are more prone to proteolysis.
Aging and cataracts are caused by free radical damage to proteins [220].

10.2. Oxidative damage to lipids

In the cell membranes, lipids have a crucial structural and functional
role. Membrane lipids can undergo peroxidation after cell death, and cer-
tain lipid peroxidation assays may be misinterpreted as a result of this pro-
cess. Polyunsaturated fatty acids are vulnerable for the ROS attack. TheOH•
is a significant reactive moiety and initiator for the ROS chain reaction and
polyunsaturated lipoperoxidation process. Lipid peroxidation results in the
production of a number of chemicals, including isoprostanes,
malondialdehyde, and alkanes. These substances have been linked to dis-
eases such as diabetes, heart disease, and neurodegenerative disorders.
They are used as markers in the lipid peroxidation test [220].

10.3. Oxidative damage to DNA

Activated oxygen and substances that generate oxygen-free radicals,
such as ionizing radiation, encourage DNA damage that results in muta-
tions, deletions, and other lethal genetic effects. Both the base moieties
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Fig. 6. Sources and effect of ROS [219].
and sugar are vulnerable to oxidation as a result of this DNA damage, which
can result in base degradation, single-strand breakage, and cross linkages to
proteins. According to Azat Aziz et al. [220], free radical damage to DNA is
linked to both accelerated aging and cancer.

10.4. Oxidative damage to carbohydrates

Glycoxidative damage may be caused by the generation of oxygen-free
radicals during early glycation of carbohydrates (Fig. 7). The fragmentation
of sugar during the initial stages of nonenzymatic glycosylation results in
short-chain species such as glycoaldehyde. These species are susceptible
to autoxidation due to their short chains, which allows them to generate su-
peroxide radicals. These radicals can then form β-dicarbonyls, which are
well-known mutagens. The free radical oxidation processes of carbohy-
drates and lipids are similar. Low molecular carbohydrates, such glucose,
mannitol, and deoxyribose, react with HO• to generate oxidized intermedi-
ates, which has no effect on the quality of food [220].

11. Xenobiotics defense mechanism

11.1. Enzymatic antioxidant

Enzymatic antioxidants such as SOD, CAT, GPx, and GSPr can prevent
lipid hydroperoxides from damaging tissue and protect erythrocytes from
Fig. 7. Detrimental effects of free radicals on biomolecules [220].
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H2O2-induced oxidative damage shown in Fig. 8. In addition to their ability
to scavenge ROS, these enzymes serve as effective oxidative stress indica-
tors and can be employed as diagnostic and prognostic tools to evaluate
the impact of a large number of individual and interactive processes in
aquatic organism [221].

Cells contain a large number of antioxidant enzymes which prevent or
repair the damage caused by reactive oxygen species (ROS) and to regulate
redox-sensitive signaling pathways. The enzymes, such as superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), are essen-
tial to life in all oxygen metabolizing cells [219]. The antioxidant enzyme
SODs convert superoxide radical into hydrogen peroxide (H2O2) and mo-
lecular oxygen, while catalase and peroxidases convert hydrogen peroxide
into water. In this process, the hazardous compound hydrogen peroxide
and superoxide radical are converted into water which is safe. The enzy-
matic antioxidants SOD and CAT can operate without co-factors, while
GPx needs five isoenzymes in addition to a number of proteins and co-
factors to work. Glutathione reductase (GPr) and glucose-6-phosphate de-
hydrogenase (G-6-PD) in the glutathione system facilitate the GPx's activity
but do not directly act on ROS.
Fig. 8. Biochemical pathways of xenobiotic free radical intermediates [222].
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Fig. 9.Mechanism of enzymatic antioxidant. Adopted from [220].
11.1.1. Superoxide dismutase
Superoxide radical is converted by SODs into molecular oxygen and hy-

drogen peroxide. Activity gels and activity assays are twomethods for mea-
suring SOD activity. Nitroblue tetrazolium (NBT) reduction is employed as
an indication of O2 production in the biochemical approach, which uses
xanthine-xanthine oxidase to produce O2. The SOD and NBT will compete
for O2, and the amount of SOD present is indicated by the percent inhibition
of NBT reduction. To get rid of the H2O2 that SOD produces, catalase is
added.

The three highly compartmentalized SOD enzymes are Superoxide dis-
mutase that containsmanganese (MnSOD) is found in themitochondria; su-
peroxide dismutase that contains copper and zinc (CuZnSOD) is found in
the cytoplasm and nucleus; and extracellular SOD (ECSOD) is expressed ex-
tracellularly in certain tissues. Other compartmentalized antioxidant en-
zymes include catalase, which is found in cytoplasm and peroxisomes,
and GPx, which can be found in many sub-cellular compartments including
the nucleus and mitochondria depending on the family member. Thus, the
many forms of each of these enzymes reduces oxidative stress in the differ-
ent parts of the cell.

The CuZnSOD comprises 90 % of total SOD activity in a eukaryotic cell.
Besides its primary distribution in the cytosol, a small fraction of this en-
zyme has been found in cellular organelles such as peroxisomes, nucleus,
and the lysosomes. The CuZnSOD (about 2 %) has recently been found to
be present in the intermembrane space of mitochondria, and it has been
proposed that this localization is crucial for enhancing ROS defense and
preventing superoxide radicals from escaping the mitochondria.

Although CuZnSOD and ECSOD both use copper and zinc as catalytic
cofactors, ECSOD is the only isoform of SOD that is expressed extracellu-
larly and found in the extracellular matrix of many organs. Cell types and
tissues, including the lung, kidney, plasma, lymph, ascites, heart, and cere-
brospinal fluid, are highly restricting the ECSOD. Because of its heparin-
binding domain, ECSOD, in contrast to other SODs, has affinity for heparin
sulfate proteoglycans found in extracellularmatrix and on cell surfaces. The
binding of ECSOD to cells is mediated by the heparin-binding domain,
which makes it significant.

Moreover, CuZnSOD is an unglycosylated homodimer (32 kDa) while
ECSOD is a glycosylated high molecular weight homotetramer (155 kDa).
The 88 kDa protein MnSOD is present in the mitochondrial matrix and
may be induced in eukaryotes by paraquat, radiation, and hyperoxia, indi-
cating that MnSOD induction is crucial for defense against oxidative stress.
Furthermore, it has been discovered that many cancer cell types have low
MnSOD levels, and that many malignancies' malignant phenotype can be
reversed in vitro and in vivo by raising MnSOD levels.

11.1.2. Catalase
Hydrogen peroxide is converted by catalase into oxygen andwater. Cat-

alase activity is mainly located in subcellular organelles known as peroxi-
somes. Targeted delivery of catalase to the liver by galactosylation
suppresses hepatic metastasis and decreases matrix metalloproteinase
(MMP) activity, while reduces in catalase correlates with carcinogen-
initiated emergence of the malignant phenotype in mouse keratinocytes.
Catalase also attenuates both the basal and MnSOD-dependent expression
of MMPs and collagen deposition [223].

11.1.3. Glutathione peroxidase
Hydrogen peroxide (H2O2) is coverted to water (as well as lipids or hy-

droperoxides to alcohols) by the GPx while Glutathione (GSH) is simulta-
neously being oxidized to Glutathione disulfide (GSSG) [224]. The liver is
a major site of detoxification and also the first target of ingested oxidants
and a very crucial organ in the study of the role of GPx in protection from
lipid peroxidation. The selenoprotein (cytosolic glutathione peroxidase)
was initially identified as an enzyme that protects hemoglobin in red
blood cells from oxidative damage. As seen in Fig. 7, in order for GPx to
function at high efficiency, it requires several secondary enzymes (glutathi-
one reductase and glucose-6-phosphate dehydrogenase) and cofactors (re-
duced glutathione, NADPH, and glucose 6-phosphate). As was previously
428
mentioned, there are five GPx isoenzymes, with GPx1 being regarded as a
key enzyme in the removal of H2O2. This enzyme's overexpression prevents
oxidative damage to cells, inhibits H2O2-induced apoptosis, and changes
the aggressive phenotype of pancreatic cancer.

11.2. Mechanism of enzymatic antioxidant

In mammalian cells, the three main type of intracellular antioxidant en-
zymes includes catalase (CAT), glutathione peroxidase (GPx), and superox-
ide dismutase (SOD). The SODs convert superoxide radical (O2

•-) into
hydroperoxides (H2O2), while the GPx and CAT convert hydroperoxides
H2O2 into water (Fig. 9). In this way, the two toxic species O2• and H2O2

are converted into safe product water. When the H2O2-removal process is
inhibited, then there is direct toxicity resulting from H2O2-mediated dam-
age. For the GPx to operate efficiently, it needs a number of secondary en-
zymes, such as glutathione reductase (GPr) and glucose-6-phosphate
dehydrogenase (G-6-PD), as well as cofactors, such as glutathione (GSH),
nicotinamide adenine dinucleotide phosphate (NADPH), and glucose-6-
phosphate [220].

If GPr is inhibited, cells cannot remove H2O2 through the glutathione
peroxidase system and which increases the concentrations of glutathione
disulfide (GSSG). If glutathione synthesis is inhibited, either by inhibiting
γ-glutamyl cysteine synthetase (γ-GCS), or gluthatione synthetase (GS), glu-
tathionewill be depleted andGPxwill not be able to removeH2O2. If CAT is
inhibited, cells cannot remove H2O2. Finally, if glucose uptake is inhibited
creating a chemically induced state of glucose deprivation, hydroperoxide
detoxification will also be inhibited (Fig. 9).

The GPx neutralized H2O2 through taking hydrogen from two glutathi-
one (GSH) molecules forming two molecules of GSSG and water. The GPr
then regenerates GSH from GSSG and CATwhich is the essential part of en-
zymatic defense, neutralizes H2O2 into water. By Fenton reaction, H2O2 is
converted to the extremely reactive OH• and then to water via oxidation
of Fe2+ to Fe3+. Peroxides are produced duringmetabolism and then elim-
inated by GPx and GST. The ratio of GSH/GSSG to oxidized glutathione
(GSSG), which is a recognized indicator of oxidative stress, is regulated
by GPr. The oxido-redox state of the organism is maintained by the action
of GRd, which is crucial in increasing the level of GSH.

The precursor for the generation of ROS is oxygen (O2). The first elec-
tron reduction of O2 produces the superoxide radical (O2-). The produced
O2
− is converted into H2O2 by the enzyme superoxide dismutase (SOD),

and the H2O2 are neutralized by the enzyme glutathione peroxidase
(GPx) or catalase (CAT). One molecule of reduced glutathione (GSH) is
used by the GPx to create oxidized glutathione (GSSH), which is then con-
verted back to GSH by the enzyme glutathione reductase (GR). The GPr
uses one molecule of NADPH and NADP+ is produced and reduced back
to NADPH by the enzyme Glucose-6-phosphate dehydrogenase (G6PD).
Glutathione S-transferase (GST) enzyme neutralizes xenobiotics with the
help of GSH.
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12. Conclusion

The literature indicates the different treatment option from natural
sources that can be used to combat the various toxicity cause by xenobiotics
and also to breakdown xenobiotics to non-hazardous compound. These pro-
cesses also remove or reduce pollutant in an eco-friendly manner. They also
reduce the carcinogenicity, mutagenicity and teratogenicity of xenobiotics
in contaminated soil, water, sludge and food. Bioremediation such as fun-
gal, Microbial, phytoremediation, biosufactant, Rhizoremediation, and
electroremediation are effective method for the removal of organic pollut-
ants, such PTEs, PCBs, PAHs, and CPs in the environment. The use of micro-
organisms (bacteria and fungi) can be used to convert xenobiotic to friendly
substances as a result of the microbial activity from biochemical processes.
The various biodegradation methods like Bacteria, fungal, algae, enzyme,
and photodegradation can be apply in the removal of xenobiotics from
the environment. The various biological techniques for the treatment of xe-
nobiotics develop sustainable solutions for pollution, improve drug discov-
ery, and mitigate health risks from environmental contamination.

CRediT authorship contribution statement

Oguh Collins Egwu: Writing – review & editing, Writing – original
draft. John Yisa Adama: Supervision, Methodology. Hadiza Lami
Muhammad: Supervision. Ajai Alexander Ikechukwu: Supervision.
Famous Ifeanyi Ossamulu: Writing – review & editing, Supervision.
Makun Hussaini Anthony: Validation.

Consent for publication

Not applicable.

Ethics approval and consent to participate

Not applicable.

Funding

Not applicable.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

Funder not applicable.

Data availability

We confirm the availability of all the data included in this study.

References

[1] A.E. Amira, A.N. Nabel, S.E. Abdou, E.G. Mohamed, Assessment of heavy metal pollu-
tion in water and its effect on Nile tilapia (Oreochromis niloticus) in Mediterranean
Lakes: a case study at Mariout Lake, Appl Water Sci 13 (2023) 50, doi:10.1007/
s13201-022-01858-2.

[2] S.I. Abba, M.A. Yassin, S.M.H. Shah, J.C. Egbueri, H.E. Elzain, J.C. Agbasi, G. Saini, J.
Usaman, N.A. Khan, I.H. Aljundi, Trace element pollution tracking in the complex
multi-aquifer groundwater system of Al-Hassa oasis (Saudi Arabia) using spatial, che-
mometric and index-based techniques, Environ. Res. 249 (2024), doi:10.1016/j.
envres.2024.118320.

[3] I.O. Nwankwo, C.O. Anyaoha, C.O. Nwabueze, O.C. Nwobi, C. Ibeachu, Risk assess-
ment of toxic heavy metals concentration of fish and drinking water in Nsukka
Metropolis, South East, Nigeria, J. Food Qual. Hazards Control 10 (2023) 189–198.
429
[4] B. Han, M. Yacoub, A. Li, K. Nicholson, J. Gruver, K. Neumann, Human activities in-
creased microplastics contamination in the himalaya mountains, Hydrology 11
(2024) 4, doi:10.3390/hydrology11010004.

[5] Z. Madiha, A. Rashid, A. Ayesha, S. Yasir, Ali Liaqat, F. Mahpara, A. Khalid, L.
Shuangfei, Health and environmental effects of heavy metals, J. King Saud Univ.
Sci. 34 (1) (2022), 101653.

[6] C. Tokatli, E. Mutlu, F. Ustaoğlu, A.R.T. Islam, S. Muhammad, Spatiotemporal varia-
tions, health risk assessment, and sources of potentially toxic elements in potamic
water of the Anday Stream Basin (Türkiye), Black Sea region, Environ. Monit. Assess.
196 (5) (2024) 420, doi:10.1007/s10661-024-12580-8.

[7] V.K. Andre, D.P. Giorgi, C. Nathieli, S.H. Helen, The concentrations of polycyclic aro-
matic hydrocarbons in fish: a systematic review, Mar. Pollut. Bull. 198 (2024),
115778.

[8] Y.G. Zaghloul, A.E. Hoda, Y.Z. Amira, S.K. Mahmoud, A.H. Mohamed, M.E. Khalid, Im-
pact of some heavy metal accumulation in different organs on fish quality from
Bardawil Lake and human health risks assessment, Geochem. Trans. 25 (2024) 1,
doi:10.1186/s12932-023-00084-2.

[9] K.A. Bawa-Allah, Assessment of heavy metal pollution in Nigerian surface freshwaters
and sediment: a meta-analysis using ecological and human health risk indices, J.
Contam. Hydrol. 256 (2023), 104199, doi:10.1016/j.jconhyd.2023.104199.

[10] K. Jomova, S.Y. Alomar, E. Nepovimova, Heavy metals: toxicity and human health ef-
fects, Arch. Toxicol. 99 (2025) 153–209, doi:10.1007/s00204-024-03903-2.

[11] R.A.F. Neves, T.B. Guimarães, L.N. Santos, First record of microplastic contamination
in the non-native dark false mussel mytilopsis leucophaeata (Bivalvia: Dreissenidae) in
a coastal urban lagoon, Int. J. Environ. Res. Public Health 21 (2024) 44, doi:10.
3390/ijerph21010044.

[12] A.W. Oyeyemi, W.M. Owonikoko, T.D. Okoro, O. Adagbonyi, K.O. Ajeigbe, Water con-
tamination: a culprit of serum heavy metals concentration, oxidative stress and health
risk among residents of a Nigerian crude oil-producing community, Toxicol. Rep. 12
(2024) 375–388, doi:10.1016/j.toxrep.2024.03.006.

[13] E.H. Alaa, H.A. Sayed, S.K. Soliman, S.A. Idriss, A.A. Asmaa, Oxidative stress and im-
munopathological alterations of Clarias gariepinus exposed to monocyclic aromatic hy-
drocarbons (BTX), Water Air Soil Pollut. 234 (2023) 354, doi:10.1007/s11270-023-
06343-3.

[14] P. Dominika, K. Edyta, J. Katarzyna, A global perspective on the nature and fate of
heavy metals polluting water ecosystems, and their impact and remediation, Crit.
Rev. Environ. Sci. Technol. (2024), doi:10.1080/10643389.2024.2317112.

[15] S.D. Samara, J.C. Da Costa, G.S. Da Silva, V.M.F. De Almeida-Val, Malathion alters the
transcription of target genes of the tumour suppressor tp53 and cancerous processes in
Colossoma macropomum: mechanisms of DNA damage response, oxidative stress and
apoptosis, Chem. Biol. Interact. 374 (2023), 110405.

[16] K. Sun, Y. Song, F. He, M. Jing, J. Tang, R. Liu, A review of human and animals expo-
sure to polycyclic aromatic hydrocarbons: health risk and adverse effects, photo-
induced toxicity and regulating effect of microplastics, Sci. Total Environ. 773
(2021), 145403.

[17] International Agency for Research on cancer (IARC) Monograph, Overall Evaluations
of Carcinogenicity: An Updating of IARC Monographs, 1, 2014 109 [Google Scholar]
[Ref list].

[18] C.E. Oguh, I.A. Alexander, C.A. Osuji, C.V. Ugwu, C.M. Adinnu, C.B. Okeke, O.C.
Ugwu, G.O. Obasi, O.J. Umezinwa, U.E. Ugoeze, A.M. Dickson, H.A. Makun, Oxidative
stress markers and toxic metals assessment in albino wistar rat fed with Vigna
unguiculata expose to biopesticides (Bacillus thuringiensis, neem azadirachta) and agro-
chemical, Asian J. Food Res. Nutrit. 2 (3) (2023) 58–73.

[19] L.I. Dimbarre, M.F. Casanova, D.J. Vianna, A.P. De, F.R. Gomes, C.C. Adam, Polycyclic
aromatic hydrocarbons in aquatic animals: a systematic review on analytical advances
and challenges, J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 57 (2022)
198–217.

[20] T.I. Moiseenko, N.A. Gashkina, Distribution and bioaccumulation of heavy metals (Hg,
Cd and Pb) in fish: influence of the aquatic environment and climate, Environ. Res.
Lett. 15 (2020), 115013, doi:10.1088/1748-9326/abbf7c.

[21] FAO, Fisheries and Aquaculture, Available from: http://www.fao.org/fishery/sofia/en
2023 (Accessed on May 02, 2023).

[22] M. Larsen, D. Hjermann, Status and Trend for Heavy Metals (Mercury, Cadmium and
Lead) in Fish, Shellfish and Sediment, (OSPAR, 2023: The 2023 Quality Status Report
for the Northeast Atlantic), 2023.

[23] B. Paital, S.G. Pati, F. Panda, S.K. Jally, P.K. Agrawal, Changes in physicochemical,
heavy metals and air quality linked to spot Aplocheilus panchax along Mahanadi indus-
trial belt of India under COVID-19-induced lockdowns, Environ. Geochem. Health 45
(2022) 751–770, doi:10.1007/s10653-022-01247-3.

[24] S. Rath, A. Bal, B. Paital, Heavy metal and organic load in Haripur creek of Gopalpur
along the Bay of Bengal, east coast of India, Environ. Sci. Pollut. Res. 28 (2021)
28275–28288, doi:10.1007/s11356-021-12601-w.

[25] N.K. Kortei, M.E. Heymann, E.K. Essuman, F.M. Kpodo, P.T. Akonor, S.Y. Lokpo, N.O.
Boadi, M. Ayim-Akonor, C. Tettey, Health risk assessment and levels of toxic metals in
fishes (Oreochromis noliticus and Clarias anguillaris) from Ankobrah and Pra basins: im-
pact of illegal mining activities on food safety, Toxicol. Rep. 7 (2020) 360–369, doi:10.
1016/j.toxrep.2020.02.011.

[26] M.G. Macklin, C.J. Thomas, A. Mudbhatkal, Impacts of metal mining on river systems:
a global assessment, Science 381 (2023) 1345–1350, doi:10.1126/science.adg6704.

[27] G.A. Hasan, A.K. Das, M.A. Satter, M. Asif, Distribution of Cr, Cd, Cu, Pb, and Zn in or-
gans of three selected local fish species of Turag River, Bangladesh, and impact assess-
ment on human health, Emerg. Contam. 9 (1) (2023), 100197.

[28] J. Liu, J. Guo, Y. Cai, J. Ren, G. Lu, Y. Li, Y. Ji, Multimedia distribution and ecological
risk of bisphenol analogues in the urban rivers and their bioac cumulation in wild fish
with different dietary habits, Process. Saf. Environ. Prot. 164 (2022) 309–318.

http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0015
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0015
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0015
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0025
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0025
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0025
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0035
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0035
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0035
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0080
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0080
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0080
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0080
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0085
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0085
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0085
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0090
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0090
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0090
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0090
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0090
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0095
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0095
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0095
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0095
http://www.fao.org/fishery/sofia/en
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0110
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0110
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0110
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0135
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0135
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0135
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0140
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0140
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0140


O.C. Egwu et al. Ecological Frontiers 46 (2026) 413–433
[29] L.R. Njinga, S.A. Adebiyi, P.O. Ayodele, Bioaccumulation of heavy metals in water and
organs of Tilapia brevimanus and Euthynnus alletteratus from a coaster water in south-
western Nigeria, Environ. Sci. Eur. 35 (2023) 85, doi:10.1186/s12302-023-00794-5.

[30] D.A. Ayejoto, J.C. Egbueri, Human health risk assessment of nitrate and heavy metals
in urban groundwater in Southeast Nigeria, Ecol. Front. 44 (1) (2024) 60–72, doi:10.
1016/j.chnaes.2023.06.008.

[31] M. Filice, F.R. Reinero, M.C. Cerra, C. Faggio, F.L. Leonetti, P. Micarelli, Contamination
by trace elements and oxidative stress in the skeletal muscle of Scyliorhinus canicula
from the central tyrrhenian sea, Antioxidants 12 (2023) 524, doi:10.3390/
antiox12020524.

[32] M. Hore, R. Saha, S. Bhaskar, S. Mandal, S. Bhattacharyya, S. Roy, Oxidative stress re-
sponses in Puntius sarana collected from some environmentally contaminated areas of
river Mahananda, Malda, West Bengal, Ecotoxicology 32 (2023) 211–222, doi:10.
1007/s10646-023-02630-1.

[33] J.C. Nwabueze, T.O. Sogbanmu, A.A.A. Ugwumba, Physicochemical characteristics,
animal species diversity and oxidative stress responses in dominant fish from an im-
pacted site on the Lagos Lagoon, Nigeria, IFE J. Sci. 22 (2020) 81–93, doi:10.4314/
ijs.v22i2.8.

[34] A.T.A. Ibrahim, M. Banaee, A. Sureda, Selenium protection against mercury toxicity on
the male reproductive system of Clarias gariepinus, Comp. Biochem. Physiol. Toxicol.
Pharmacol. 225 (2019), 108583.

[35] M.A. El-Sawy, L.I. Mohamedein, K.M. El-Moselhy, Evaluation of arsenic, selenium, tin,
and mercury in water and sediments of Bitter Lakes, Suez Canal, Egypt, Egypt. J.
Aquat. Res. 49 (2) (2023) 137–143.

[36] WHO, Arsenic and Arsenic Compounds: Environmental Health Criteria, 224, World
Health Organization. International Program on Chemical Safety (IPCS), Geneva,
Switzerland, Geneva, 2001.

[37] H. Gonzalez-Raymat, G. Liu, C. Liriano, Y. Li, Y. Yin, J. Shi, G. Jiang, Y. Cai, Elemental
mercury: its unique properties affect its behavior and fate in the environment, Environ.
Pollut. (Barking, Essex: 1987) 229 (2017) 69–86, doi:10.1016/j.envpol.2017.04.101.

[38] P.A. Ariya, M. Amyot, A. Dastoor, D. Deeds, A. Feinberg, G. Kos, A. Poulain, A. Ryjkov,
K. Semeniuk, M. Subir, K. Toyota, Mercury physicochemical and biogeochemical
transformation in the atmosphere and at atmospheric interfaces: a review and future
directions, Chem. Rev. 115 (10) (2015) 3760–3802, doi:10.1021/cr500667e.

[39] P. Panagos, M. Jiskra, P. Borrelli, L. Liakos, C. Ballabio, Mercury in European topsoils:
anthropogenic sources, stocks and fluxes, Environ. Res. 201 (2021), 111556, doi:10.
1016/j.envres.2021.111556.

[40] Environmental Protection Agency (EPA), Mercury Emissions: The Global Context,
https://www.epa.gov/international-cooperation/mercury-emissions-global-context#:
∼:text=Globally%2C%20artisanal%20and%20small,Programme%2C%20Global%
20Mercury%20Assessment%2C%202018 2023, April 25.

[41] R. Djingova, I. Kuleff, Instrumental techniques for trace analysis, Trace Metal Environ-
ment, 4, 2000, pp. 137–185, doi:10.1016/S0927-5215(00)80008-9.

[42] P.B. Tchounwou, C.G. Yedjou, A.K. Patlolla, D.J. Sutton, Heavy metal toxicity and the
environment, Mol. Clin. Environ. Toxicol. 101 (2012) 133–164, doi:10.1007/978-3-
7643-8340-4_6.

[43] M.T. Hayat, M. Nauman, N. Nazir, S. Ali, N. Bangash, Environmental hazards of cad-
mium: past, present, and future, Cadmium Toxicity and Tolerance in Plants, Elsevier
2019, pp. 163–183, doi:10.1016/B978-0-12-814864-8.00007-3.

[44] S. He, P. Li, L. Liu, Z.H. Li, NMR technique revealed the metabolic interference mech-
anism of the combined exposure to cadmium and tributyltin in grass carp larvae,
Environ. Sci. Pollut. Res. 30 (2023) 17828–17838.

[45] B.C. Ndukwu, G.C. Obute, E. Eze, Uptake and accumulation of heavy metals by plants
on abandoned refuse dumpsites in parts of Rivers state, Nigeria, Sci. Afr. 7 (2008)
130–140.

[46] D.Dukic-Cosis, K. Baralic, D. Javorac, Anoverviewofmolecularmechanismsof cadmium
toxicity, Curr. Opin. Toxicol. 19 (2020) 56–62, doi:10.1016/j.cotox.2019.12.002.

[47] M. Jakubowski, Ołów i jego związki nieorganiczne, z wyjątkiem arsenianu (V)/ołowiu
(II) i chromianu (VI) ołowiu (II)-w przeliczeniu na ołów, frakcja wdychana.
Dokumentacja proponowanych dopuszczalnych wielkości narażenia zawodowego,
Podstawy i Metody Oceny Środowiska Pracy 2 (80) (2014) 111–144.

[48] WHO, Lead: environmental Aspects. Geneva, Environmental Health Criteria, No. 85,
1989.

[49] C.E. Oguh, C.C. Uzoefuna, C.V. Ugwu, C.S. Ubani, A.D. Musa, W.O. Okunowo, Evalu-
ation and ecological risk assessment of selected heavy metal pollution of soils and
Amaranthus cruentus and Telfairia occidentalis grown around dump site in Chanchaga
Minna, Niger state, Nigeria, Asian J. Environ. Ecol. 10 (2) (2019) 1–16, doi:10.
9734/ajee/2019/v10i230114.

[50] D. Pipoyan, S. Stepanyan, M. Beglaryan, S. Stepanyan, R. Mendelsohn, N.C. Deziel,
Health risks of heavy metals in food and their economic burden in Armenia, Environ.
Int. 172 (2023), 107794, doi:10.1016/j.envint.2023.107794.

[51] S.S. Sonone, S. Jadhav, M.S. Sankhla, R. Kumar, Water contamination by heavy metals
and their toxic effect on aquaculture and human health through food chain, Lett. Appl.
NanoBioSci. 10 (2021) 2148–2166, doi:10.33263/LIANBS102.21482166.

[52] S. Mitra, A.J. Chakraborty, A.M. Tareq, T.B. Emran, Impact of heavy metals on the en-
vironment and human health: novel therapeutic insights to counter the toxicity, J.
King Saud Univ. Sci. 34 (2022), 101865, doi:10.1016/j.jksus.2022.101865.

[53] A.Y. Muzzammil, C.I. Earnest, O.M. Alalade, Heavy metals contamination of water and
fish- a review, Fudma J. Sci. 7 (1) (2023) 110–118, doi:10.33003/fjs-2023-0701-
1255.

[54] FAO, The State of World Fisheries and Aquaculture: Sustainability in Action, Food and
Agriculture Organization of the United Nations, 2020.

[55] M.S. Santana, L. Sandrini-Neto, F.F. Neto, F.F. Neto, C.A. Oliveira Ribeiro, M. Di
Domenico, M.M. Prodocimo, Biomarker responses in f ish exposed to polycyclic aro-
matic hydrocarbons (PAHs): sys tematic review and meta-analysis, Environ. Pollut.
242 (2018) 449–461.
430
[56] L. Wang, X. Xu, X. Lu, Composition, source and potential risk of polycyclic aromatic
hydrocarbons (PAHs) in vegetable soil from the suburbs of Xianyang City, Northwest
China: a case study, Environ. Earth Sci. 75 (1) (2016) 1–13.

[57] S. Pongpiachan, Impacts of agricultural waste burning on the enhancement of PM 2.5-
bound polycyclic aromatic hydrocarbons in northern Thailand, WIT Trans. Ecol. Envi-
ron. 198 (2015) 3–14.

[58] B. Kang, B.M. Lee, H.S. Shin, Determination of polycyclic aromatic hydrocarbon (PAH)
content and risk assessment from edible oils in Korea, J. Toxicol. Environ. Health 77
(2014) 1359–1371.

[59] D.L. Diggs, A.C. Huderson, K.L. Harris, J.N. Myers, L.D. Banks, P.V. Rekhadevi, Polycy-
clic aromatic hydrocarbons and digestive tract cancers: a perspective, J. Environ. Sci.
Health C Environ. Carcinog. Ecotoxicol. Rev. 29 (2011) 324–357.

[60] T.O. Yahaya, F.T. Salisu, K. Shehu, A. Abdulazeez, H. Ahmed, A. Abdulrahim, Level,
and health risk assessment of heavy metals in Clarias gariepinus obtained from agboyi,
oworonsoki, and bariga markets in Lagos, Nigeria, FUW Trends Sci. Technol. J. 7 (3)
(2022) 55–60.

[61] A. Zaborski, J. Carroll, K. Pazdro, J. Pemkowiak, Spatio-temporal patterns of PAHs and
PCBs and HCBs in sediments of the Western Barents Sea, Oceanologia 53 (4) (2011)
1005–1026.

[62] D. Adeyemi, G. Ukpo, C. Anyakora, J. Uyimadu, Polychlorinated biphenyl in fish sam-
ples from Lagos Lagoon, Nigeria, Afr. J. Biotechnol. 8 (12) (2009) 2811–2815.

[63] Y. Yang, L. Yingxia, S. Zhenyao, Y. Zhifeng, M. Li, K. Yanhong, L. Inchio, Occurrence
and possible sources of organochlorine pesticides (OCPs) and polychlorinated biphe-
nyls (PCBs) along the Chao River, China, Chemosphere 114 (2014) 136–143, doi:10.
1016/j.chemosphere.2014.03.095.

[64] C.K. Kanu, C.O. Anthony, A.O. Adebayo, Haematological and biochemical toxicity in
freshwater fish Clarias gariepinus and Oreochromis niloticus following pulse exposure
to atrazine, mancozeb, chlorpyrifos, lambda-cyhalothrin, and their combination,
Comp. Biochem. Physiol. C Toxicol. Pharmacol. 270 (2023), 109643, doi:10.1016/j.
cbpc.2023.109643.

[65] C.E. Oguh, O.W. Okunowo, A.D. Musa, U.U. Elele, C.A. Osuji, A.Musa, C.S. Ubani, Eco-
logical risk assessment of toxic elements, microbial loads, parasite and antinutritional
factors in Telfairia occidentalis grown on sewage contaminated soil, J. Acta Ecol. Sin. 42
(5) (2021) 511–519, doi:10.1016/j.chnaes.2021.11.007.

[66] B.A. Abiodun, A. Adewale, I.A. Peter, Polycyclic aromatic hydrocarbons distribution in
fish tissues and human health risk assessment on consumption of four fish species col-
lected from Lagos Lagoon, Nigeria, Environ. Sci. Pollut. Res. (2023), doi:10.1007/
s11356-023-30954-2.

[67] T.O. Yahaya, A. Abdulazeez, Z.M. Kalgo, A.B. Yusuf, H. Sheu, H. Abdullahi, M.A.
Shafi’u, Safety assessment of heavy metals in Tilapia zilli (Tilapia fish) and Chrysichthys
nigrodigitatus (catfish) obtained from Epe Lagoon, Lagos, Nigeria, ChemSearch J. 13
(2) (2022) 52–61.

[68] A. Adewale, P.I. Adegbola, A.O. Owoade, A.B. Aborisade, Fish as a bioindicator
of polycyclic aromatic hydrocarbon pollution in aquatic ecosystem of Ogun and
Eleyele Rivers, Nigeria, and risk assessment for consumer’s health, J. Hazard. Mater.
7 (2022).

[69] C. Wang, X. Dao, L.L. Zhang, Y.B. Lv, E.J. Teng, Characteristics and toxicity assessment
of airborne particulate polycyclic aromatic hydrocarbons of four background sites in
China, Zhongguo Huanjing Kexue/China Environ. Sci. 35 (2015) 3543–3549.

[70] D.K. Singh, T. Gupta, Effect through inhalation on human health of PM1 bound poly-
cyclic aromatic hydrocarbons collected from foggy days in northern part of India, J.
Hazard. Mater. 306 (2016) 257–268.

[71] S. Orecchio, D. Amorello, S. Barreca, A. Valenti, Wood pellets for home heating can be
considered environmentally friendly fuels? Polycyclic aromatic hydrocarbons (PAHs)
in their ashes, Microchem. J. 124 (2016) 267–271.

[72] M. Saxena, S.K. Sharma, N. Tomar, H. Ghayas, A. Sen, R.S. Garhwal, T.K. Mandal,
Residential biomass burning emissions over Northwestern Himalayan region of
India: chemical characterization and budget estimation, Aerosol Air Qual. Res. 16
(2016) 504–518.

[73] O.E. Orisakwe, Z.N. Igweze, K.O. Okolo, N.A. Udowelle, Human health hazards of poly
aromatic hydrocarbons in Nigerian smokeless tobacco, Toxicol. Rep. 2 (2015)
1019–1023.

[74] S. Fernando, L. Shaw, D. Shaw, M. Gallea, L. Vandenenden, R. House, B.E. McCarry,
Evaluation of firefighter exposure to wood smoke during training exercises at burn
houses, Environ. Sci. Technol. 50 (2016) 1536–1543.

[75] A. Fadiel, B. Epperson, M.I. Shaw, A. Hamza, J. Petito, F. Naftolin, Bioinformatic anal-
ysis of benzo-α pyrene-induced damage to the human placental insulin like growth
factor-1 gene, Reprod. Sci. 20 (2013) 917–928.

[76] I.O. Oyo-Ita, O.E. Oyo-Ita, M.I. Dosunmu, C. Domínguez, J.M. Bayona, J. Albaigés, Dis-
tribution and sources of petroleum hydrocarbons in recent sediments of the Imo River,
SE Nigeria, Arch. Environ. Contam. Toxicol. 70 (2016) 372–382.

[77] Z. Wang, S. Wang, J. Nie, Y. Wang, Y. Liu, Assessment of polycyclic aromatic hydrocar-
bons in indoor dust from varying categories of rooms in Changchun city, Northeast
China, Environ. Geochem. Health (2016) 1–13.

[78] B. Gao, X.M. Wang, X.Y. Zhao, X. Ding, X.X. Fu, Y.L. Zhang, H. Guo, Source apportion-
ment of atmospheric PAHs and their toxicity using PMF: impact of gas/particle
partitioning, Atmos. Environ. 103 (2015) 114–120.

[79] T.H. Nost, A.K. Halse, S. Randall, A.R. Borgen, M. Schlabach, A. Paul, K. Breivik, High
concentrations of organic contaminants in air from ship breaking activities in Chitta-
gong, Bangladesh, Environ. Sci. Technol. 49 (2015) 11372–11380.

[80] I.N. Anyanwu, K.T. Semple, Biodegradation of phenanthrene-nitrogen-containing ana-
logues in soil, Water Air Soil Pollut. 226 (2015) 252.

[81] M. Hijosa-Valsero, E. Bécares, C. Fernández-Aláez, M. Fernández Aláez, R. Mayo, J.J.
Jiménez, Chemical pollution in inland shallow lakes in the Mediterranean region
(NW Spain): PAHs, insecticides and herbicides in water and sediments, Sci. Total
Environ. 544 (2016) 797–810.

http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0170
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0170
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0170
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0175
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0175
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0175
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0180
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0180
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0180
https://www.epa.gov/international-cooperation/mercury-emissions-global-context#:<:text=Globally%2C%20artisanal%20and%20small,Programme%2C%20Global%20Mercury%20Assessment%2C%202018
https://www.epa.gov/international-cooperation/mercury-emissions-global-context#:<:text=Globally%2C%20artisanal%20and%20small,Programme%2C%20Global%20Mercury%20Assessment%2C%202018
https://www.epa.gov/international-cooperation/mercury-emissions-global-context#:<:text=Globally%2C%20artisanal%20and%20small,Programme%2C%20Global%20Mercury%20Assessment%2C%202018
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0220
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0220
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0220
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0225
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0225
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0225
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0235
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0235
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0235
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0235
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0240
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0240
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0260
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0260
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0265
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0265
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0265
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0265
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0270
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0270
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0270
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0275
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0275
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0275
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0280
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0280
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0280
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0285
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0285
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0285
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0290
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0290
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0290
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0290
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0295
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0295
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0295
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0300
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0300
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0335
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0335
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0335
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0335
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0340
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0340
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0340
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0340
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0345
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0345
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0345
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0350
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0350
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0350
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0355
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0355
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0355
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0360
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0360
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0360
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0360
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0365
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0365
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0365
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0370
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0370
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0370
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0375
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0375
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0375
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0380
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0380
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0380
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0385
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0385
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0385
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0390
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0390
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0390
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0395
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0395
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0395
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0400
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0400
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0405
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0405
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0405
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0405


O.C. Egwu et al. Ecological Frontiers 46 (2026) 413–433
[82] Y. Duan, G. Shen, S. Tao, J. Hong, Y. Chen, M. Xue, K. Song, Characteristics of polycy-
clic aromatic hydrocarbons in agricultural soils at a typical coke production base in
Shanxi, China, Chemosphere 127 (2015) 64–69.

[83] T.L. Abdulazeez, Polycyclic aromatic hydrocarbons. A review, Cogent Environ. Sci. 3
(1) (2017), 1339841, doi:10.1080/23311843.2017.1339841.

[84] J.M. Dearnley, C. Killeen, R.L. Davis, V.P. Palace, G.T. Tomy, Monitoring polycyclic ar-
omatic compounds exposure in fish using biliary metabolites. Critical review, Environ.
Sci. Technol. 52 (2022) 475–519.

[85] T.E.T. Aksun, Investigations of the polycyclic aromatic hydrocarbon and elemental
profile of smoked fish, Molecules 27 (2022) 7015, doi:10.3390/molecules27207015.

[86] O. Adetona, C.D. Simpson, Z. Li, A. Sjodin, A.M. Calafat, L.P. Naeher, Hydroxylated
polycyclic aromatic hydrocarbons as biomarkers of exposure to wood smoke in wild-
land firefighters, J. Expo. Sci. Environ. Epidemiol. 27 (2015) 78–83.

[87] Y. Chen, J. Zhang, Q. Ma, C. Sun, S. Ha, F. Zhang, Human health risk assessment and
source diagnosis of polycyclic aromatic hydrocarbons (PAHs) in the corn and agricul-
tural soils along main roadside in Changchun, China, Hum. Ecol. Risk. Assess. 22
(2016) 706–720.

[88] P. Luo, L.J. Bao, S.M. Li, E.Y. Zeng, Size-dependent distribution and inhalation cancer
risk of particle-bound polycyclic aromatic hydrocarbons at a typical e-waste recycling
and an urban site, Environ. Pollut. 200 (2015) 10–15.

[89] S.J. Klein, Acenaphthene, in: P. Wexler (Ed.), Encyclopedia of Toxicology, Third
editionAcademic Press, Oxford 2014, pp. 17–19.

[90] K.H. Jung, S. Lovinsky-Desir, M. Perzanowski, X. Liu, C. Maher, E. Gil, R.L. Miller, Re-
peatedly high polycyclic aromatic hydrocarbon exposure and cockroach sensitization
among inner-city children, Environ. Res. 140 (2015) 649–656.

[91] W.A. Garcia-Suastegui, A. Huerta-Chagoya, K.L. Carrasco-Colın, M.M. Pratt, K. John, P.
Petrosyan, Seasonal variations in the levels of PAH-DNA adducts in young adults living
in Mexico City, Mutagenesis 26 (2011) 385–391.

[92] L.H. Keith, The source of US EPA’s sixteen PAH priority pollutants, Polycycl. Aromat.
Compd. 35 (2–4) (2015) 147–160.

[93] I.P. Adegbola, B.A. Aborisade, A. Adetutu, Health risk assessment and heavy metal ac-
cumulation in fish species (Clarias gariepinus and Sarotherodon melanotheron) from in-
dustrially polluted Ogun and Eleyele Rivers, Nigeria, Toxicol. Rep. 8 (2021)
1445–1460, doi:10.1016/j.toxrep.2021.07.007.

[94] B. Moorthy, C. Chu, D.J. Carlin, Polycyclic aromatic hydrocarbons: frommetabolism to
lung cancer, Toxicol. Sci. 145 (2015) 5–15.

[95] E. Deziel, G. Paquette, R. Villemur, F. Lepine, J. Bisaillon, Biosurfactant production by
a soil Pseudomonas strain growing on polycyclic aromatic hydrocarbons, Appl. Envi-
ron. Microbiol. 62 (2013) 1908–1912.

[96] C.E. Donald, E. Sørhus, P. Perrichon, C.L. Nakken, A. Goksøyr, K.B. Jørgensen, P.
Mayer, D.A.M. Da Silva, S. Meier, Co-exposure of phenanthrene and the cyp-inducer
3-methylchrysene leads to altered biotransformation and increased toxicity in fish
egg and larvae, Environ. Sci. Technol. 57 (2023) 11022–11031.

[97] D. Wang, V. Schramm, J. Pool, E. Pardali, A. Brandenburg, I.M.C.M. Rietjens, P.J.
Boogaard, The effect of alkyl substitution on the oxidative metabolism and mutagenic-
ity of phenanthrene, Arch. Toxicol. 96 (2022) 1109–1131.

[98] Agency for Toxic Substances and Disease Registry, ATSDR, Polychlorinated Biphenyls,
Available online at http://www.atsdr.cdc.gov/tfact17.html 2001 Accessed in October
2009.

[99] M.A. Abbassy, M.A. Khalifa, A.M. Nassar, E. EL-Din, Y.M. Salim, Analysis of
organochlorine pesticides residues in fish from Edko Lake (North of Egypt) using
eco-friendly method and their health implications for human, Toxicol. Res. (2021)
5–9.

[100] A.A.F. Amal, M.S. Saad, A.S. Fahim, F.M. Hashim, Organochlorine residues in fish in
rural areas, Benha J. Appl. Sci. 8 (5) (2023) 331–336, http://bjas.journals.ekb.eg
print: ISSN 2356–9751 online: ISSN 2356–976x.

[101] M.S. Saad, A.S. Fahim, A.A.F. Amal, F.M. Hashim, Organophosphorus residues in fish
in rural areas, J. Prog. Eng. Phys. Sci. 1 (1) (2022) 27–31.

[102] A.M. EL-Sayed, H.A. Mohamed, A.A. Sharkawy, Persistent organochlorone pesticides
in fresh Nile Tilapia fish from Assiut City, Egypt and their health effects on human,
Alex. J. Vet. Sci. 70 (1) (2021) 40–46.

[103] M.A. Hassan, A.M. Ahmed, N.M. Marzouk, M. Maky, Detection of organochlorine pes-
ticides residues in Nile fish and its risks in Qena City, SNU Int. J. Vet. Sci. 3 (1) (2020)
51–65.

[104] D.E. Lewis, P450 structures and oxidative metabolism of xenobiotics,
Pharmacogenomics 4 (2003) 387–395.

[105] J.A. Hinson, P.G. Forkert, Phase II enzymes and bioactivation, Can. J. Physiol.
Pharmacol. 73 (1995) 1407–1413.

[106] V.L. Mohanta, A. Naz, B.K. Mishra, Distribution of heavy metals in the water, sedi-
ments, and fishes from Damodar River basin at steel city, India: a probabilistic risk as-
sessment, Hum. Ecol. Risk. Assess. 26 (2) (2020) 406–429, doi:10.1080/10807039.
2018.1511968.

[107] E.R. Sánchez, J.M. Martínez, M.M. Morales, O.T. Mendoza, M.V. Alberich, Ecological
and health risk assessment of potential toxic elements from a mining area (water
and sediments): the San Juan Taxco River system, Guerrero Mexico, Water 14 (4)
(2022) 518, doi:10.3390/w14040518.

[108] E.C. Ogoko, N. Mgbemana, K. Henrietta, I.O. Charles, A. Esther, Health risk assessment
of exposure to heavy metals in fish species consumed in Aba, Abia State, Nigeria,
Ovidius Univ. Ann. Chem. 33 (2) (2022) 177–187.

[109] Q. Qi, C. Hu, J. Lin, X. Wang, C. Tang, Z. Dai, Contamination with multiple heavy
metals decreases microbial diversity and favors generalists as the keystones in micro-
bial occurrence networks, Environ. Pollut. 306 (2022), 119406, doi:10.1016/j.
envpol.2022.119406.

[110] H. Dane, T. Sisman, A morpho-histopathological study in the digestive tract of three
fish species influenced with heavy metal pollution, Chemosphere 242 (2020),
125212, doi:10.1016/j.chemosphere.2019.125212.
431
[111] A. Dey, M. Flajšhans, M. Pšenička, I. Gazo, DNA repair genes play a variety of roles in
the development of fish embryos, Front. Cell Dev. Biol. 11 (2023), 1119229, doi:10.
3389/fcell.2023.1119229.

[112] P. Garai, P. Banerjee, P. Mondal, N.C. Saha, Effect of heavy metals on fishes: toxicity
and bioaccumulation, J. Clin. Toxicol. (2021) 18.

[113] G. Amankwaa, X. Yin, L. Zhang, W. Huang, Y. Cao, X. Ni, Spatial distribution and eco-
environmental risk assessment of heavy metals in surface sediments from a crater lake
(Bosomtwe/Bosumtwi), Environ. Sci. Pollut. Res. 28 (2021) 19367–19380, doi:10.
1007/s11356-020-12112-0.

[114] M. Saikat, J.C. Arka, M.T. Abu, B.E. Talha, N. Firzan, K. Ameer, M.I. Abubakr, U.K.
Mayeen, O. Hamid, A.A. Fahad, S.G. Jesus, Impact of heavymetals on the environment
and human health: novel therapeutic insights to counter the toxicity, J. King Saud
Univ. Sci. 34 (2022) 3, doi:10.1016/j.jksus.2022.101865.

[115] G. Guzzi, A. Ronchi, P. Pigatto, Toxic effects of mercury in humans and mammals,
Chemosphere 263 (2020), 127990.

[116] F.O. Ohiagu, P.C. Chikezie, C.C. Ahaneku, Human exposure to heavy metals: toxicity
mechanisms and health implications, Mater. Sci. Eng. 6 (2) (2022) 78–87, doi:10.
15406/mseij.2022.06.00183.

[117] A. Sigel, S.H. Helmut, R. Sigel, Cadmium: From Toxicity to Essentiality, Springer, Ber-
lin, 2013, doi:10.1007/978-94-007-5179-8.

[118] M.B. Griffith, Toxicological perspective on the osmoregulation and ionoregulation
physiology of major ions by freshwater animals: teleost fish, crustacea, aquatic insects,
and Mollusca, Environ. Toxicol. Chem. 36 (2017) 576–600.

[119] J. Li, X. Miao, Y. Hao, Z. Xie, S. Zou, C. Zhou, Health risk assessment of metals (Cu, Pb,
Zn, Cr, Cd, As, Hg, Se) in angling fish with different lengths collected from Liuzhou,
China, Int. J. Environ. Res. Public Health 17 (2020) 2192.

[120] C.M. Wood, A.P. Farrell, C.J. Brauner, in: A.P. Farrell, C.J. Brauner (Eds.), Homeostasis
and Toxicology of Non-Essential Metals, Academic, New York 2012, pp. 67–123.

[121] C. Garza-Lombó, A. Pappa, M.I. Panayiotidis, M.E. Gonsebatt, R. Franco, Arsenic-
induced neurotoxicity: a mechanistic appraisal, J. Biol. Inorg. Chem. 24 (8) (2019)
1305–1316, doi:10.1007/s00775-019-01740-8.

[122] C. Marchetti, Interaction of metal ions with neurotransmitter receptors and potential
role in neurodiseases, Biometals 27 (6) (2014) 1097–1113, doi:10.1007/s10534-
014-9791-y.

[123] B.O. Wang, Y. Du, Cadmium and its neurotoxic effects, Oxidative Med. Cell. Longev.
2013 (2013) 1–12, doi:10.1155/2013/898034.

[124] J.L. Reyes, E. Molina-Jijón, R. Rodríguez-Muñoz, P. Bautista-García, Y. Debray-García,
M.D.C. Namorado, Tight junction proteins and oxidative stress in heavy metals-
induced nephrotoxicity, Biomed. Res. Int. (2013) 1–14, doi:10.1155/2013/730789.

[125] R.A. Goyer, Mechanisms of lead and cadmium nephrotoxicity, Toxicol. Lett. 46 (1–3)
(1989) 153–162, doi:10.1016/0378-4274(89)90124-0.

[126] G. Jacquillet, O. Barbier, I. Rubera, M. Tauc, A. Borderie, M.C. Namorado, D. Martin,
G. Sierra, J.L. Reyes, P. Poujeol, M. Cougnon, Cadmium causes delayed effects on
renal function in the offspring of cadmium-contaminated pregnant female rats, Am.
J. Physiol. Ren. Physiol. 293 (5) (2007) F1450–F1460, doi:10.1152/ajprenal.00223.
2007.

[127] P. Lentini, L. Zanoli, A. Granata, S.S. Signorelli, P. Castellino, R. Dell’Aquila, Kidney
and heavy metals– the role of environmental exposure (review), Mol. Med. Rep. 15
(2017) 3413–3419, doi:10.3892/mmr.2017.6389.

[128] Y.H. Park, D. Kim, J. Dai, Z. Zhang, Human bronchial epithelial BEAS-2B cells, an ap-
propriate in vitro model to study heavy metals induced carcinogenesis, Toxicol. Appl.
Pharmacol. 287 (3) (2015) 240–245, doi:10.1016/j.taap.2015.06.008.

[129] E. Garcia-Esquinas, M. Pollán, J.G. Umans, K.A. Francesconi, W. Goessler, E. Guallar,
B.V. Howard, J. Yeh, L. Best, A. Navas-Acien, Arsenic exposure and cancer mortality
in a US-based prospective cohort: the strong heart study, ISEE Conf. Abstr. 2013 (1)
(2013) 3037.

[130] R. Zefferino, C. Piccoli, N. Ricciardi, R. Scrima, N. Capitanio, Possible mechanisms of
mercury toxicity and cancer promotion: involvement of gap junction intercellular com-
munications and inflammatory cytokines, Oxidative Med. Cell. Longev. 2017 (2017)
1–6, doi:10.1155/2017/7028583.

[131] G. Malaguarnera, E. Cataudella, M. Giordano, G. Nunnari, G. Chisari, M.
Malaguarnera, Toxic hepatitis in occupational exposure to solvents, World J.
Gastroenterol. 18 (2012) 2756–2766, doi:10.3748/wjg.v18.i22.2756.

[132] A.M.S. Hegazy, U.A. Fouad, Evaluation of lead hepatotoxicity; histological, histochem-
ical and ultrastructural study, Forensic Med. Anat. Res. 02 (03) (2014) 70–79, doi:10.
4236/fmar.2014.23013.

[133] A. Bernard, Renal dysfunction induced by cadmium: biomarkers of critical effects,
Biometals 17 (5) (2004) 519–523, doi:10.1023/B:BIOM.0000045731.75602.b9.

[134] R.K. Zalups, Evidence for basolateral uptake of cadmium in the kidneys of rats,
Toxicol. Appl. Pharmacol. 164 (1) (2000) 15–23, doi:10.1006/taap.1999.8854.

[135] O. Hyder, M. Chung, D. Cosgrove, J.M. Herman, Z. Li, A. Firoozmand, A. Gurakar, A.
Koteish, T.M. Pawlik, Cadmium exposure and liver disease among US adults, J.
Gastrointest. Surg. 17 (7) (2013) 1265–1273, doi:10.1007/s11605013-2210-9.

[136] C.L. Hsiao, K.H. Wu, K.S. Wan, Effects of environmental lead exposure on T-helper cell-
specific cytokines in children, J. Immunotoxicol. 8 (4) (2011) 284–287, doi:10.3109/
1547691X.2011.592162.

[137] M.C. Rousseau, M.E. Parent, L. Nadon, B. Latreille, J. Siemiatycki, Occupational expo-
sure to lead compounds and risk of cancer among men: a population-based case-
control study, Am. J. Epidemiol. 166 (2007) 1005–1014, doi:10.1093/aje/kwm183.

[138] K. Steenland, P. Boffetta, Lead and cancer in humans: where are we now? Am. J. Ind.
Med. 38 (2000) 295–299, doi:10.1002/1097-0274(200009)38:33.0.CO;2-L.

[139] J. Kasten-Jolly, Y. Heo, D.A. Lawrence, Impact of developmental lead exposure on
splenic factors, Toxicol. Appl. Pharmacol. 247 (2) (2010) 105–115, doi:10.1016/j.
taap.2010.06.003.

[140] K.P. Mishra, Lead exposure and its impact on immune system: a review, Toxicol. in
Vitro 23 (6) (2009) 969–972, doi:10.1016/j.tiv.2009.06.014.

http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0410
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0410
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0410
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0420
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0420
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0420
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0430
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0430
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0430
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0435
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0435
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0435
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0435
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0440
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0440
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0440
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0445
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0445
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0450
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0450
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0450
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0455
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0455
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0455
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0465
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0465
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0480
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0480
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0485
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0485
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0485
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0490
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0490
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0490
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0490
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0495
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0495
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0495
http://www.atsdr.cdc.gov/tfact17.html
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0505
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0505
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0505
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0505
http://bjas.journals.ekb.eg
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0515
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0515
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0520
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0520
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0520
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0525
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0525
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0525
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0535
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0535
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0530
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0530
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0550
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0550
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0550
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0570
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0570
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0585
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0585
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0600
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0600
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0600
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0605
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0605
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0605
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0610
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0610
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0655
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0655
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0655
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0655


O.C. Egwu et al. Ecological Frontiers 46 (2026) 413–433
[141] N.D. Vaziri, Mechanisms of lead-induced hypertension and cardiovascular disease,
Am. J. Physiol. Heart Circ. Physiol. 295 (2) (2008) H454–H465, doi:10.1152/
ajpheart.00158.2008.

[142] Toxicological Profile for Cadmium, ATSDR’s Toxicol. Profiles, 2002, doi:10.1201/
9781420061888_ch48.

[143] C.J. Everett, I.L. Frithsen, Association of urinary cadmium and myocardial infarction,
Environ. Res. 106 (2) (2008) 284–286, doi:10.1016/j.envres.2007.10.009.

[144] M. Tellez-Plaza, A. Navas-Acien, C.M. Crainiceanu, E. Guallar, Cadmium exposure
and hypertension in the 1999–2004 national health and nutrition examination
survey (NHANES), Environ. Health Perspect. 116 (1) (2008) 51–56, doi:10.1289/
ehp.10764.

[145] J.L. Peters, T.S. Perlstein, M.J. Perry, E. McNeely, J. Weuve, Cadmium exposure in as-
sociation with history of stroke and heart failure, Environ. Res. 110 (2010).

[146] M. Tellez-Plaza, E. Guallar, B.V. Howard, J.G. Umans, K.A. Francesconi, W. Goessler,
E.K. Silbergeld, R.B. Devereux, A. Navas-Acien, Cadmium exposure and incident car-
diovascular disease, Epidemiology 24 (3) (2013) 421–429, doi:10.1016/j.envres.
2009.12.004.

[147] H.W. Huang, C.H. Lee, H.S. Yu, Arsenic-induced carcinogenesis and immune dysregu-
lation, Int. J. Environ. Res. Public Health 16 (15) (2019) 2746, doi:10.3390/
ijerph16152746.

[148] Y. Horowitz, D. Greenberg, G. Ling, M. Lifshitz, Acrodynia: a case report of two siblings
[1], Arch. Dis. Child. 86 (2002) 453, doi:10.1136/adc.86.6.453.

[149] A.S. Boyd, D. Seger, S. Vannucci, M. Langley, J.L. Abraham, L.E. King, Mercury expo-
sure and cutaneous disease, J. Am. Acad. Dermatol. 43 (1) (2000) 81–90, doi:10.
1067/mjd.2000.106360.

[150] A. Wang, S.D. Holladay, D.C. Wolf, S.A. Ahmed, J.L. Robertson, Reproductive and de-
velopmental toxicity of arsenic in rodents: a review, Int. J. Toxicol. 25 (5) (2006)
319–331, doi:10.1080/10915810600840776.

[151] Y.J. Kim, J.M. Kim, Arsenic toxicity in male reproduction and development, Dev.
Reprod. 19 (2015) 167–180, doi:10.12717/dr.2015.19.4.167.

[152] A. Milton, S. Hussain, S. Akter, M. Rahman, T. Mouly, K. Mitchell, A review of the ef-
fects of chronic arsenic exposure on adverse pregnancy outcomes, Int. J. Environ. Res.
Public Health 14 (6) (2017) 556, doi:10.3390/ijerph14060556.

[153] P. Apostoli, S. Catalani, Metal ions affecting reproduction and development, Met. Ions
Life Sci. 8 (2011) 263–303, doi:10.1515/9783110436624-016.

[154] Y. Upadhyay, A. Chhabra, J.C. Nagar, A women infertility: an overview, Asian J.
Pharm. Res. Dev. 8 (2020) 99–106, doi:10.22270/ajprd.v8i2.654.

[155] S. Rattan, C. Zhou, C. Chiang, S. Mahalingam, E. Brehm, J.A. Flaws, Exposure to endo-
crine disruptors during adulthood: consequences for female fertility, J. Endocrinol.
233 (2017) R109–R129, doi:10.1530/JOE-17-0023.

[156] J.S. Roy, D. Chatterjee, N. Das, A.K. Giri, Substantial evidences indicate that inorganic
arsenic is a genotoxic carcinogen: a review, Toxicol. Res. 34 (4) (2018) 311–324, doi:
10.5487/TR.2018.34.4.311.

[157] B.L. Pierce, M.G. Kibriya, L. Tong, F. Jasmine, M. Argos, S. Roy, R. Paul-Brutus, R.
Rahaman, M. Rakibuz-Zaman, F. Parvez, A. Ahmed, I. Quasem, S.K. Hore, S. Alam,
T. Islam, V. Slavkovich, M.V. Gamble, M.D. Yunus, M. Rahman, J.A. Baron, J.H.
Graziano, H. Ahsan, M.I. McCarthy, Genome-wide association study identifies chro-
mosome 10q24.32 variants associated with arsenic metabolism and toxicity pheno-
types in Bangladesh, PLoS Genet. 8 (2) (2012), e1002522, doi:10.1371/journal.
pgen.1002522.

[158] Y. Yin, F. Meng, C. Sui, Y. Jiang, L. Zhang, Arsenic enhances cell death and DNA dam-
age induced by ultraviolet B exposure in mouse epidermal cells through the produc-
tion of reactive oxygen species, Clin. Exp. Dermatol. 44 (512) (2019) 519, doi:10.
1111/ced.13834.

[159] M.E. Crespo-López, G.L. Macêdo, S.I.D. Pereira, G.P.F. Arrifano, D.L.W. Picanço-Diniz,
J.L.M.D. Nascimento, A.M. Herculano, Mercury and human genotoxicity: critical con-
siderations and possible molecular mechanisms, Pharmacol. Res. 60 (2009) 212–220,
doi:10.1016/j.phrs.2009.02.011.

[160] H.A. Young, D.A. Geier, M.R. Geier, Thimerosal exposure in infants and
neurodevelopmental disorders: an assessment of computerized medical records in
the vaccine safety datalink, J. Neurol. Sci. 271 (1–2) (2008) 110–118, doi:10.1016/
j.jns.2008.04.002.

[161] M.I. Yousef, F.M. El-Demerdash, F.M.E. Radwan, Sodium arsenite induced biochemical
perturbations in rats: ameliorating effect of curcumin, Food Chem. Toxicol. 46 (11)
(2008) 3506–3511, doi:10.1016/j.fct.2008.08.031.

[162] M.M. Rahaman, A. Rakib, S. Mitra, A.M. Tareq, T.B. Emran, A.F.M. Shahid-Ud-daula,
M.N. Amin, J. Simal-Gandara, The genus curcuma and inflammation: overview of
the pharmacological perspectives, Plants 10 (2021) 1–19, doi:10.3390/
plants10010063.

[163] R.S. Yadav, R.K. Shukla, M.L. Sankhwar, D.K. Patel, R.W. Ansari, A.B. Pant, F. Islam,
V.K. Khanna, Neuroprotective effect of curcumin in arsenic-induced neurotoxicity in
rats, Neurotoxicology 31 (5) (2010) 533–539, doi:10.1016/j.neuro.2010.05.001.

[164] Z. Batool, F. Agha, S. Tabassum, T.S. Batool, R.A. Siddiqui, S. Haider, Prevention of
cadmium-induced neurotoxicity in rats by essential nutrients present in nuts, Acta
Neurobiol. Exp. (Wars) 79 (2019) 169–183, doi:10.21307/ane-2019-015.

[165] A.O. Abolaji, K.D. Fasae, C.E. Iwezor, M. Aschner, E.O. Farombi, Curcumin attenuates
copper-induced oxidative stress and neurotoxicity in Drosophila melanogaster, Toxicol.
Rep. 7 (2020) 261–268, doi:10.1016/j.toxrep.2020.01.015.

[166] N.S. Dourado, C.D.S. Souza, M.M.A. de Almeida, A. Bispo da Silva, B.L. dos Santos,
V.D.A. Silva, A.M. De Assis, J.S. da Silva, D.O. Souza, M.D.F.D. Costa, A.M. Butt, S.L.
Costa, Neuroimmunomodulatory and neuroprotective effects of the flavonoid apigenin
in in vitro models of neuroinflammation associated with Alzheimer’s disease, Front.
Aging Neurosci. 12 (2020), doi:10.3389/fnagi.2020.00119.

[167] K.S. Kim, H.J. Lim, J.S. Lim, J.Y. Son, J. Lee, B.M. Lee, S.C. Chang, H.S. Kim, Curcumin
ameliorates cadmium-induced nephrotoxicity in Sprague-Dawley rats, Food Chem.
Toxicol. 114 (2018) 34–40, doi:10.1016/j.fct.2018.02.007.
432
[168] S.A. Adefegha, O.S. Omojokun, G. Oboh, Modulatory effect of protocatechuic acid on
cadmium induced nephrotoxicity and hepatoxicity in rats in vivo, Springerplus 4 (1)
(2015), doi:10.1186/s40064-015-1408-6.

[169] Y. Alcaraz-Contreras, R.P. Mendoza-Lozano, E.R. Martínez-Alcaraz, M. Martínez
Alfaro, M.A. Gallegos-Corona, M.A. Ramírez-Morales, M.A. Vázquez-Guevara,
Silymarin and dimercaptosuccinic acid ameliorate lead-induced nephrotoxicity and
genotoxicity in rats, Hum. Exp. Toxicol. 35 (4) (2016) 398–403, doi:10.1177/
0960327115591373.

[170] F.K.H. Al-jawad, K.E. Sharque, S.B. Nashtar, H.A. Al-jezani, Protective effect of zinc
sulfate, silymarin in thallium induced model of nephrotoxicity, 6 (2017) 1320–1328.

[171] W.A.M. Mohamed, Y.M. Abd-Elhakim, S.M. Farouk, Protective effects of ethanolic ex-
tract of rosemary against lead-induced hepato-renal damage in rabbits, Exp. Toxicol.
Pathol. 68 (8) (2016) 451–461, doi:10.1016/j.etp.2016.07.003.

[172] C.M. Liu, J.Q. Ma, W.R. Xie, S.S. Liu, Z.J. Feng, G.H. Zheng, A.M.Wang, Quercetin pro-
tects mouse liver against nickel-induced DNA methylation and inflammation associ-
ated with the Nrf2/HO-1 and p38/STAT1/NF-jB pathway, Food Chem. Toxicol. 82
(2015) 19–26, doi:10.1016/j.fct.2015.05.001.

[173] Y.T. Kang, W.C. Hsu, C.H. Wu, I.L. Hsin, P.R. Wu, K.T. Yeh, J.L. Ko, Metformin allevi-
ates nickel-induced autophagy and apoptosis via inhibition of hexokinase 2, activating
lipocalin-2, in human bronchial epithelial cells, Oncotarget 8 (2017) 105536–105552,
doi:10.18632/oncotarget.22317.

[174] C. Chen, B. Lin, S. Qi, J. He, H. Zheng, Protective effects of salidroside on lead acetate-
induced oxidative stress and hepatotoxicity in Sprague-Dawley rats, Biol. Trace Elem.
Res. 191 (2) (2019) 426–434, doi:10.1007/s12011-0191635-8.

[175] A. Rauf, T. Abu-Izneid, A.A. Khalil, M. Imran, Z.A. Shah, T.B. Emran, S. Mitra, Z. Khan,
F.A. Alhumaydhi, A.S.M. Aljohani, I. Khan, M.M. Rahman, P. Jeandet, T.A. Gondal,
Berberine as a potential anticancer agent: a comprehensive review, Molecules 26
(2021) 7368, doi:10.3390/molecules26237368.

[176] C. Zhang, J. Ge, M. Lv, Q.I. Zhang, M. Talukder, J.L. Li, Selenium prevent cadmium-
induced hepatotoxicity through modulation of endoplasmic reticulum-resident
selenoproteins and attenuation of endoplasmic reticulum stress, Environ. Pollut.
2019 (2020), 113873.

[177] L. Wang, X. Xu, X. Lu, Composition, source and potential risk of polycyclic aromatic
hydrocarbons (PAHs) in vegetable soil from the suburbs of Xianyang City, Northwest
China: a case study, Environmental Earth Sciences 75 (1) (2016) 1–13.

[178] A. Ram, M. Das, B. Ghosh, Curcumin attenuates allergen-induced airway
hyperresponsiveness in sensitized guinea pigs, Biol. Pharm. Bull. 26 (7) (2003)
1021–1024, doi:10.1248/bpb.26.1021.

[179] S. Ali, Z. Awan, S. Mumtaz, H.A. Shakir, F. Ahmad, M. Ulhaq, H.M. Tahir, M.S. Awan,
S. Sharif, M. Irfan, M.A. Khan, Cardiac toxicity of heavy metals (cadmium and mer-
cury) and pharmacological intervention by vitamin C in rabbits, Environ. Sci. Pollut.
Res. 27 (23) (2020) 29266–29279, doi:10.1007/s11356-020-09011-9.

[180] M. Chaabane, A. Elwej, I. Ghorbel, T. Boudawara, N. Zeghal, N. Soudani, Citrus
aurantium L. peel extract mitigates hexavalent chromium-induced oxidative stress
and cardiotoxicity in adult rats, Pharm. Biomed. Res. 3 (2) (2017) 8–18.

[181] Q.S. Sarah, M. Misbahuddin, Effect of solanum melongena peel extract in the treatment
of arsenic-induced Bowen’s disease, Bangladesh J. Pharmacol. 13 (2018) 309–315,
doi:10.3329/bjp.v13i4.38273.

[182] C.T. Jansen, M. Viander, K. Kalimo, A.M. Soppi, E. Soppi, PUVA treatment in chro-
mium hypersensitivity: effect on skin reactivity and lymphocyte functions, Arch.
Dermatol. Res. 270 (3) (1981) 255–261, doi:10.1007/BF00403929.

[183] S.G. Li, Y.S. Ding, Q. Niu, S.Z. Xu, L.J. Pang, R.L. Ma, M.X. Jing, G.L. Feng, J.M. Liu,
S.X. Guo, Grape seed proanthocyanidin extract alleviates arsenic-induced oxidative re-
productive toxicity in male mice, Biomed. Environ. Sci. 28 (2015) 272–280, doi:10.
3967/bes2015.038.

[184] S.G. Li, S.Z. Xu, Q. Niu, Y.S. Ding, L.J. Pang, R.L. Ma, M.X. Jing, K. Wang, X.M. Ma, G.L.
Feng, J.M. Liu, X.F. Zhang, H.L. Xiang, F. Li, Lutein alleviates arsenic-induced repro-
ductive toxicity in male mice via Nrf2 signaling, Hum. Exp. Toxicol. 35 (5) (2016)
491–500, doi:10.1177/0960327115595682.

[185] L.I. Zhou, C. Zhang, Y.U. Qiang, M. Huang, X. Ren, Y. Li, J. Shao, L. Xu, Anthocyanin
from purple sweet potato attenuates lead-induced reproductive toxicity mediated by
JNK signaling pathway in male mice, Ecotoxicol. Environ. Saf. 224 (2021), 112683,
doi:10.1016/j.ecoenv.2021.112683.

[186] P. Sankar, A.G. Telang, K. Ramya, K. Vijayakaran, M. Kesavan, S.N. Sarkar, Protective
action of curcumin and nano-curcumin against arsenic-induced genotoxicity in rats
in vivo, Mol. Biol. Rep. 41 (11) (2014) 7413–7422, doi:10.1007/s11033-014-3629-0.

[187] M. Liu, Y. Xu, J. Nawab, Z. Rahman, S. Khan, M. Idress, Z. Ud Din, A. Ali, R. Ahmad,
S.A. Khan, A. Khan, M.Q. Khan, Y.T. Tang, G. Li, Contamination features, geo-
accumulation, enrichments and human health risks of toxic heavy metal (loids) from
fish consumption collected along Swat river, Pakistan, Environ. Technol. Innov. 17
(2020), 100554, doi:10.1016/j.eti.2019.100554.

[188] W. Zhang, J. Xue, M. Ge, M. Yu, L. Liu, Z. Zhang, Resveratrol attenuates hepatotoxicity
of rats exposed to arsenic trioxide, Food Chem. Toxicol. 51 (2013) 87–92.

[189] G. Talaska, J. Thoroman, B. Schuman, H.U. Käfferlein, Biomarkers of polycyclic aro-
matic hydrocarbon exposure in European coke oven workers, Toxicol. Lett. 231
(2014) 213–216.

[190] R. Wuana, C. Ogbodo, U. Itodo, I. Eneji, Ecological and human health risk assessment
of toxic metals in water, sediment, and fish from Lower Usuma Dam Abuja, Nigeria, J.
Geosci. Environ. Prot. 08 (2020) 82–106.

[191] L. Ai, B. Ma, S. Shao, L. Zhang, Heavy metals in Chinese freshwater fish: levels, re-
gional distribution, sources, and health risk assessment, Sci. Total Environ. 853
(2022), 158455.

[192] M. Arenas, A. Álvarez-González, Á. Barreto, A. Sánchez, G. Cuzon, G. Gaxiola, Evalua-
tion of protein: lipid ratio on growth, feed efficiency, and metabolic response in juve-
nile yellowtail snapper Ocyurus chrysurus (Bloch, 1791), Lat. Am. J. Aquat. Res. 49 (2)
(2021) 329–341.

http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0735
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0735
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0860
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0860
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0890
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0890
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0890
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0890
http://refhub.elsevier.com/S2950-5097(25)00170-4/optCKSSl3MdUF
http://refhub.elsevier.com/S2950-5097(25)00170-4/optCKSSl3MdUF
http://refhub.elsevier.com/S2950-5097(25)00170-4/optCKSSl3MdUF
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0905
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0905
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0905
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0945
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0945
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0950
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0950
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0950
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0955
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0955
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0955
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0960
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0960
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0960
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0965
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0965
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0965
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0965


O.C. Egwu et al. Ecological Frontiers 46 (2026) 413–433
[193] G.Y. Zaghloul, H.M.E. El-Din, L.I. Mohamedein, K.M. El-Moselhy, Bio accumulation
and health risk assessment of heavy metals in different edible fish species from
Hurghada City, Red Sea, Egypt, Environ. Toxicol. Pharmacol. 95 (2022), 103969.

[194] E. Marco-Urrea, I. García-Romera, E. Aranda, Potential of non-ligninolytic fungi in bio-
remediation of chlorinated and polycyclic aromatic hydrocarbons, New Biotechnol. 32
(2015) 620–628.

[195] J. Mao, W. Guan, Fungal degradation of polycyclic aromatic hydrocarbons (PAHs) by
Scopulariopsis brevicaulis and its application in bioremediation of PAH contaminated
soil, Acta Agric. Scand. Sect. B Soil Plant Sci. 66 (2016) 399–405.

[196] S. Ouvrard, P. Leglize, J.L. Morel, PAH phytoremediation: rhizodegradation or
rhizoattenuation? Int. J. Phytoremediation 16 (2014) 46–61.

[197] T.R. Sun, L. Cang, Q.Y. Wang, D.M. Zhou, J.M. Cheng, H. Xu, Roles of abiotic losses,
microbes, plant roots, and root exudates on phytoremediation of PAHs in a barren
soil, J. Hazard. Mater. 176 (2010) 919–925.

[198] J. Long, L. Li, Y. Jin, H. Sun, Y. Zheng, S. Tian, Synergistic solubilization of polycyclic
aromatic hydrocarbons by mixed micelles composed of a photoresponsive surfactant
and a conventional non-ionic surfactant, Sep. Purif. Technol. 160 (2016) 11–17.

[199] R. Sun, R.W. Belcher, J. Liang, L. Wang, B. Thater, D.E. Crowley, G. Wei, Effects of
cowpea (Vigna unguiculata) root mucilage on microbial community response and ca-
pacity for phenanthrene remediation, J. Environ. Sci. (China) 33 (2015) 45–59.

[200] Z. Qin, S. Liu, S.X. Liang, Q. Kang, J. Wang, C. Zhao, Advanced treatment of pharma-
ceutical wastewater with combined micro-electrolysis, Fenton oxidation, and coagula-
tion sedimentation method, Desalin. Water Treat. 57 (2016) 1–10.

[201] F. Thomas, C. Lorgeoux, P. Faure, D. Billet, A. Cébron, Isolation and substrate screen-
ing of polycyclic aromatic hydrocarbon degrading bacteria from soil with long history
of contamination, Int. Biodeterior. Biodegrad. 107 (2016) 1–9.

[202] A.A. Al-Thukair, K. Malik, Pyrene metabolism by the novel bacterial strains
Burkholderia fungorum (T3A13001) and Caulobacter sp (T2A12002) isolated from an
oil polluted site in the Arabian Gulf, Int. Biodeterior. Biodegrad. 110 (2016) 32–37.

[203] L. Luo, P. Wang, L. Lin, T. Luan, L. Ke, N.F.Y. Tam, Removal and transformation of high
molecular weight polycyclic aromatic hydrocarbons in water by live and dead
microalgae, Process Biochem. 49 (2014) 1723–1732.

[204] J.N. Grossman, A.P. Stern, M.L. Kirich, T.F. Kahan, Anthracene and pyrene photolysis
kinetics in aqueous, organic, and mixed aqueous-organic phases, Atmos. Environ. 128
(2016) 158–164.

[205] A.E. Duncan, N. De Vries, K.B. Nyarko, Assessment of heavy metal pollution in the sed-
iments of the river pra and its tributaries, Water Air Soil Pollut. 229 (8) (2018) 272,
doi:10.1007/s11270-018-3899-6.

[206] H. Li, A. Shi, M. Li, X. Zhang, Effect of pH, temperature, dissolved oxygen, and flow
rate of overlying water on heavy metals release from storm sewer sediments, J.
Chem. 2013 (2013) 1–11, doi:10.1155/2013/434012.

[207] J. Xu, X. Peng, C.S. Guo, J. Xu, H.X. Lin, G.L. Shi, M. Tysklind, Sediment PAH source
apportionment in the Liaohe River using the ME2 approach: a comparison to the
PMF model, Sci. Total Environ. 553 (2016) 164–171.

[208] X. Bi, W. Luo, J. Gao, L. Xu, J. Guo, Q. Zhang, J. de Boer, Polycyclic aromatic hydro-
carbons in soils from the central-Himalaya region: distribution, sources, and risks to
humans and wildlife, Sci. Total Environ. 556 (2016) 12–22.

[209] A.J. White, J. Chen, S.L. Teitelbaum, L.E. McCullough, X. Xu, Y. Hee Cho, M.D.
Gammon, Sources of polycyclic aromatic hydrocarbons are associated with gene-
specific promoter methylation in women with breast cancer, Environ. Res. 145
(2016) 93–100.
433
[210] A. Singh, N.K. Chandrasekharan, R. Kamal, V. Bihari, M.K. Gupta, M.K.R. Mudiam,
A.K. Srivastava, Assessing hazardous risks of indoor airborne polycyclic aromatic
hydrocarbons in the kitchen and its association with lung functions and urinary PAH
metabolites in kitchen workers, Clin. Chim. Acta 452 (2016) 204–213.

[211] R. Verma, K.S. Patel, S.K. Verma, Indoor polycyclic aromatic hydrocarbon concentra-
tion in Central India, Polycycl. Aromat. Compd. 36 (2016) 152–168.

[212] Y. Zhai, P. Li, Y. Zhu, B. Xu, C. Peng, T. Wang, G. Zeng, Source apportionment coupled
with gas/particle partitioning theory and risk assessment of polycyclic aromatic hydro-
carbons associated with size-segregated airborne particulate matter, Water Air Soil
Pollut. 227 (2016).

[213] J.M. Parnis, A. Eng, D. Mackay, T. Harner, Characterizing PUF disk passive air
samplers for alkyl substituted PAHs: measured and modelled PUF-AIR partition
coefficients with COSMO-RS, Chemosphere 145 (2016) 360–364.

[214] D.J. Beriro, M.R. Cave, J. Wragg, R. Thomas, G.Wills, F. Evans, A review of the current
state of the art of physiologically-based tests for measuring human dermal in vitro bio-
availability of polycyclic aromatic hydrocarbons (PAH) in soil, J. Hazard. Mater. 305
(2016) 240–259.

[215] F. Fernández-Luqueño, F. López-Valdez, L. Dendooven, S. Luna Suárez, J.M. Ceballos-
Ramírez, Why wastewater sludge stimulates and accelerates removal of PAHs in
polluted soils, Appl. Soil Ecol. 101 (2016) 1–4.

[216] G.M. Fernandes, D.A. Martins, R.P. Santos, I.S. Santiago, L.S. Nascimento, A.H.B.
Oliveira, F.Y. Yamamoto, R.M. Cavalcante, Levels, source appointment, and ecological
risk of petroleum hydrocarbons in tropical coastal ecosystems (Northeast Brazil): base-
line for future monitoring programmes of an oil spill area, Environ. Pollut. (2022), doi:
10.1016/j.envpol.2021.118709.

[217] I. Moreno, S. Pichardo, L. Gomez-Amores, A. Mate, C.M. Vazquez, A.M. Camean,
Antioxidant enzyme activity and lipid peroxidation in liver and kidney of rats exposed
to microcystin-LR administered intraperitoneally, Toxiconomy 45 (2005) 395–402.

[218] H. Hamam, H. Demir, M. Aydın, C. Demir, Determination of some antioxidant activi-
ties (superoxide dismutase, catalase, reduced glutathione) and oxidative stress level
(malondialdehyde) in cirrhotic liver patients, Middle Black Sea J. Health Sci. 8 (4)
(2022) 506–514.

[219] J.W. Christine, J.C. Joseph, Measurement of superoxide dismutase, catalaseand gluta-
thione peroxidase in cultured cellsand tissue, Nat. Protoc. 5 (1) (2010) 51.

[220] M. Azat Aziz, A. Shehab Diab, A. Abdulrazak Mohammed, Antioxidant Categories and
Mode of Action, IntechOpen, 2019, doi:10.5772/intechopen.83544.

[221] J.S. Vranković, M.B. Stanković, Z.Z. Marković, Levels of antioxidant enzyme activities
in cultured rainbow trout (Oncorhynchus Mykiss) fed with different diet compositions,
Bull. Eur. Assoc. Fish Pathol. 41 (4) (2021) 135–145, doi:10.48045/001c.31752.

[222] P.G. Wells, G.P. McCallum, K.C. Lam, J.T. Henderson, S.L. Ondovcik, Oxidative DNA
damage and repair in teratogenesis and neurodevelopmental deficits, Birth Defects
Res. C Embryo Today 90 (2) (2010) 103–109, doi:10.1002/bdrc.20177 (PMID:
20544694).

[223] M. Nishikawa, A. Tamada, H. Kumai, F. Yamashita, M. Hashida, Inhibition of experi-
mental pulmonary metastasis by controlling biodistribution of catalase in mice, Int.
J. Cancer 99 (2002) 474–479.

[224] C. Jimena, A.B. Mar’ıa, F.P. Silvia, A.W. Daniel, Differential detoxification and antiox-
idant response in diverse organs of Corydoras paleatus experimentally exposed to
microcystin-RR, Aquat. Toxicol. 76 (2006) (2006) 1–12.

http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0970
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0970
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0970
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0975
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0975
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0975
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0980
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0980
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0980
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0985
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0985
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0990
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0990
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0990
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0995
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0995
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf0995
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1000
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1000
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1000
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1005
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1005
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1005
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1010
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1010
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1010
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1015
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1015
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1015
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1020
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1020
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1020
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1025
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1025
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1025
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1040
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1040
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1040
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1045
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1045
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1045
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1050
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1050
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1050
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1050
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1055
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1055
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1055
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1055
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1060
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1060
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1065
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1065
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1065
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1065
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1070
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1070
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1070
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1075
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1080
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1080
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1080
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1095
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1095
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1095
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1100
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1100
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1100
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1100
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1090
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1090
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1110
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1110
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1110
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1115
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1115
http://refhub.elsevier.com/S2950-5097(25)00170-4/rf1115

	Toxicological impact and biotransformation of xenobiotics: Novel biological discoveries to combat toxicity
	1. Introduction
	2. Xenobiotics
	2.1. Potentially toxic element effect
	2.1.1. Sources of potentially toxic element
	2.1.2. Arsenic (As)
	2.1.3. Mercury (Hg)
	2.1.4. Cadmium (Cd)
	2.1.5. Lead (Pb)
	2.1.6. Human exposure to PTEs

	2.2. Polycyclic aromatic hydrocarbons (PAHs)
	2.2.1. Sources of PAHs
	2.2.2. Human exposure to PAHs
	2.2.3. Toxicity of PAHs
	2.2.4. Mechanism of PAHs

	2.3. Polychlorinated biphenyls (PCBs)
	2.3.1. Sources of PCBs and human exposure

	2.4. Chloropesticides

	3. General mechanism of xenobiotics
	4. Xenobiotics toxicity
	4.1. Nurotoxicity of xenobiotics
	4.2. Nephrotoxicity of xenobiotics
	4.3. Carcinogenicity of xenobiotics
	4.4. Hepatotoxicity of xenobiotics
	4.5. Immunological toxicity of xenobiotics
	4.6. Cardiovascular toxicity of xenobiotics
	4.7. Skin toxicity of xenobiotics
	4.8. Reproductive and developmental toxicity of xenobiotics
	4.9. Genotoxicity of xenobiotics

	5. Treatment options of xenobiotics toxicity from natural sources
	5.1. Neurotoxicity treatment
	5.2. Nephrotoxicity treatment
	5.3. Carcinogenicity treatment
	5.4. Hepatotoxicity treatment
	5.5. Immunological toxicity treatment
	5.6. Cardiovascular toxicity treatment
	5.7. Skin toxicity treatment
	5.8. Reproductive and developmental toxicity treatment
	5.9. Genotoxicity treatment

	6. Bioavailability and bioaccumulation of xenobiotic in food
	6.1. Biomonitoring and risk assessment of xenobiotics

	7. Bioremediation of xenobiotics
	7.1. Fungal bioremediation
	7.2. Microbial bioremediation
	7.3. Phytoremediation of xenobiotics
	7.4. Biosufactant bioremediation
	7.5. Rhizoremediation
	7.6. Electroremediation

	8. Biodegradations of xenobiotics
	8.1. Bacteria biodegradation
	8.2. Fungi biodegradation
	8.3. Algae biodegradation
	8.4. Enzyme biodegradation
	8.5. Photodegradation

	9. Fate of xenobiotics
	9.1. Xenobiotics in aquatic ecosystems
	9.2. Xenobiotics in air
	9.3. Xenobiotics in water
	9.4. Xenobiotics in soil and sediment
	9.5. Xenobiotics in sewage sludge
	9.6. Xenobiotics in food
	9.7. Xenobiotics in coal and petroleum products

	10. Xenobiotics initiate reactive oxygen species intracellular targets
	10.1. Oxidative damage to proteins
	10.2. Oxidative damage to lipids
	10.3. Oxidative damage to DNA
	10.4. Oxidative damage to carbohydrates

	11. Xenobiotics defense mechanism
	11.1. Enzymatic antioxidant
	11.1.1. Superoxide dismutase
	11.1.2. Catalase
	11.1.3. Glutathione peroxidase

	11.2. Mechanism of enzymatic antioxidant

	12. Conclusion
	CRediT authorship contribution statement
	Consent for publication
	Ethics approval and consent to participate
	Funding
	Declaration of competing interest
	Acknowledgements
	References




