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Abstract
Environmental toxicology is the scientific study of the harmful effects of chemical, biological, and physical agents
present in the environment on living organisms, ecosystems, and human health. Rapid industrialization,
urbanization, agricultural activities, mining, transportation, and improper waste disposal have increased the
release of pollutants such as heavy metals, pesticides, industrial chemicals, persistent organic pollutants,
petroleum hydrocarbons, and air pollutants into the environment. These contaminants can enter the food chain
and accumulate in organisms through processes such as bioaccumulation and biomagnification, producing acute
and chronic toxic effects. Environmental toxicology examines the sources, transport, transformation, exposure
pathways, mechanisms of toxicity, and biological effects of environmental contaminants. It also evaluates their
impacts on aquatic and terrestrial ecosystems, biodiversity, reproductive health, and human populations.
Modern approaches include risk assessment, biomonitoring, ecotoxicological testing, molecular toxicology, and
the development of sustainable pollution-control strategies. Understanding environmental toxicology is essential
for establishing environmental standards, protecting public health, conserving ecosystems, and promoting
sustainable development. Effective monitoring, waste management, pollution prevention, and environmentally
sound technologies are therefore important for reducing toxic contamination and maintaining a healthy
environment.
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Introduction
Environmental toxicology is an interdisciplinary
branch of science concerned with the study of the
harmful effects of chemical, biological, and physical
agents present in the environment on living
organisms, ecosystems, and human health. It
integrates principles of chemistry, biology, ecology,
pharmacology, and environmental science to
understand the sources, behavior, exposure pathways,
toxicity, and biological consequences of
environmental contaminants.
Rapid industrialization, urbanization, agricultural
intensification, mining, transportation, and improper
waste disposal have significantly increased the release
of pollutants into air, water, and soil. Important
environmental toxicants include heavy metals such as
lead, mercury, cadmium, and arsenic; pesticides;
industrial chemicals; petroleum hydrocarbons;
persistent organic pollutants; pharmaceutical
residues; plastics and microplastics; and various air
pollutants. These contaminants may persist in the
environment, undergo transformation, bioaccumulate
in organisms, and biomagnify through food chains.
Environmental toxicology evaluates how pollutants
enter organisms through inhalation, ingestion, dermal
contact, and contaminated food or water. Their effects
may range from acute toxicity and cellular damage to

chronic disorders, reproductive and developmental
abnormalities, endocrine disruption, neurological
effects, immune-system impairment, and
carcinogenesis. At the ecosystem level, toxic
substances can alter population growth, biodiversity,
species interactions, and ecological functions.
A major objective of environmental toxicology is
therefore to identify hazardous substances, determine
dose–response relationships, assess environmental
and human health risks, and develop effective
strategies for pollution prevention and control. The
discipline provides an important scientific foundation
for environmental monitoring, risk assessment,
regulatory standards, sustainable waste management,
and protection of human health and ecological
integrity.[1-5]

2. Toxic heavy metals: Toxic heavy metals are
metallic elements that can produce harmful effects on
living organisms even at relatively low concentrations.
They are important environmental pollutants because
they are persistent, non-biodegradable, and can
accumulate in soil, water, plants, animals, and humans.
Among the most significant toxic metals are mercury
(Hg), lead (Pb), arsenic (As), and cadmium (Cd).
Mercury (Hg)
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Mercury is a highly toxic metal that exists in elemental,
inorganic, and organic forms. Major sources include
coal combustion, mining, chlor-alkali industries,
batteries, fluorescent lamps, and improper disposal of
mercury-containing products. Methyl mercury is
particularly hazardous because it can
bioaccumulation and biomagnifies through aquatic
food chains.

Health effects:
 Damage to the nervous system
 Memory and behavioral problems
 Tremors and impaired coordination
 Kidney damage
 Developmental and neurological effects in fetuses

and children

Lead (Pb)
Lead is a persistent environmental pollutant released
from mining and smelting, batteries, paints, industrial
emissions, contaminated dust, and lead-containing
materials. It can enter the body through contaminated
food, drinking water, air, and soil.[6-8]

Health effects:
 Neurological and developmental impairment
 Reduced cognitive ability and learning difficulties
 Anemia
 Kidney damage
 Cardiovascular effects
 Particularly serious effects in children

Arsenic (As)
Arsenic occurs naturally in rocks and groundwater
and is also released through mining, metal processing,
pesticides, industrial activities, and combustion of
certain fuels. Inorganic arsenic is generally more toxic
than many organic arsenic compounds.

Health effects:
 Skin lesions and pigmentation changes
 Gastrointestinal disturbances
 Cardiovascular effects
 Neurological effects
 Liver and kidney damage
 Long-term exposure can increase the risk of skin,

lung, and bladder cancers

Cadmium (Cd)
Cadmium is associated with mining and smelting,
electroplating, pigments, batteries, phosphate
fertilizers, and industrial waste. It can accumulate in
agricultural soils and subsequently enter food
crops.[9-12]

Health effects:
 Kidney damage
 Bone weakening and skeletal disorders
 Lung damage following inhalation
 Respiratory irritation
 Impaired calcium metabolism

 Long-term exposure is associated with increased
cancer risk

Environmental and Biological Significance
These metals can enter ecosystems through industrial
emissions, mining, agricultural activities, sewage,
waste disposal, and contaminated water. Once
released, they may persist for long periods and move
through food chains. Their toxicity depends on factors
such as chemical form, concentration, exposure
duration, route of exposure, and biological
susceptibility.

Control and Prevention
Control measures include:
 Treatment of industrial wastewater and

emissions
 Safe disposal and recycling of metal-containing

wastes
 Reduction of lead-containing products and

emissions
 Monitoring of contaminated soil, water, and food
 Phytoremediation and other remediation

technologies
 Strict environmental regulations and

occupational safety measures
 Public awareness regarding sources and routes of

exposure

In summary, mercury, lead, arsenic, and cadmium are
among the most important toxic environmental
contaminants. Their persistence, mobility,
bioaccumulation potential, and serious effects on
human health and ecosystems make their monitoring
and control essential for environmental protection
and sustainable development.[13-15]

3. Causes of toxicity: Toxicity refers to the harmful
effects produced when a chemical, biological, or
physical agent interferes with the normal structure or
function of living organisms. The major causes of
toxicity include:
1. Dose and concentration – Toxic effects generally

increase with increasing dose or concentration of
a substance.

2. Duration of exposure – Prolonged or repeated
exposure can cause chronic toxicity even at
relatively low concentrations.

3. Route of exposure – Toxicity depends on whether
the substance enters through inhalation,
ingestion, skin contact, or injection.

4. Chemical properties – Solubility, stability,
reactivity, molecular structure, and lipid
solubility influence toxicity.

5. Bioaccumulation – Some pollutants accumulate in
tissues when absorption exceeds elimination.

6. Biomagnification – Persistent toxic substances
may become increasingly concentrated at higher
levels of the food chain.

7. Metabolic activation – Some chemicals are
converted by enzymes into more toxic
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metabolites.
8. Interaction with biological molecules – Toxic

substances may damage proteins, enzymes, DNA,
cell membranes, or organelles.

9. Age and physiological condition – Children,
elderly individuals, and organisms with impaired
physiological functions may be more susceptible.

10. Environmental conditions – Temperature, pH,
humidity, oxygen availability, and other
environmental factors can alter the toxicity of
pollutants.

11. Combined exposure – Mixtures of chemicals may
produce additive, synergistic, or antagonistic
effects.

12. Persistence of pollutants – Substances that resist
degradation can remain in the environment and
produce long-term exposure.

13. Genetic susceptibility – Differences in metabolism
and detoxification enzymes can make some
individuals more sensitive.

14. Heavy metals and persistent pollutants – Mercury,
lead, arsenic, cadmium, pesticides, and persistent
organic pollutants can cause toxicity through
biochemical and cellular disturbances.[16-18]

In environmental toxicology, toxicity is therefore
determined by the interaction between the toxicant,
its dose and exposure conditions, and the
susceptibility of the organism.

4.. Bioaccumulation
Bioaccumulation is the gradual accumulation of
chemical substances, particularly persistent
pollutants and heavy metals, in an organism when the
rate of uptake from the environment is greater than
the rate of elimination. Heavy metals such as mercury
(Hg), lead (Pb), cadmium (Cd), and arsenic (As) can
accumulate in tissues because they are persistent and
may be difficult for organisms to metabolize or

excrete.

Major pathways of bioaccumulation
1. Ingestion: Consumption of contaminated water,

food, soil, or sediments.
2. Respiration: Uptake of pollutants through the

gills or respiratory system.
3. Dermal absorption: Absorption through the skin,

particularly in aquatic organisms.
4. Food-chain transfer: Metals accumulated by

microorganisms and plants may be transferred to
herbivores, fish, birds, and humans.

5. Biomagnification: The concentration of certain
pollutants may increase at successive trophic
levels of a food chain.

Effects of heavy-metal bioaccumulation
Bioaccumulated heavy metals can cause enzyme
inhibition, oxidative stress, cellular damage,
reproductive disorders, neurological effects, kidney
damage, impaired growth, and mortality. The severity
depends on the metal, concentration, exposure
duration, chemical form, and susceptibility of the
organism.
Sources of Heavy Metals
Heavy metals enter the environment through both
natural and anthropogenic sources.
1. Natural sources
 Volcanic eruptions release metals and metal-

containing particles.
 Weathering of rocks and minerals releases metals

into soil and water.
 Forest fires can mobilize naturally occurring

metals.
 Geothermal activity contributes metals to

groundwater and surface water.
 Natural erosion and sediment transport

redistribute metals in aquatic ecosystems.
2. Anthropogenic sources

Source Major Heavy Metals
Mining and mineral processing Pb, Cd, Hg, As, Cr
Metallurgical industries Pb, Cd, Cr, Ni, Hg
Battery manufacturing and disposal Pb, Cd, Hg, Ni
Electroplating industries Cr, Ni, Cd
Coal combustion and thermal power plants Hg, As, Pb, Cd
Cement industries Pb, Cr, Hg, Cd
Pesticides and fertilizers As, Cd, Pb
Industrial wastewater Cr, Pb, Cd, Hg, Ni
Municipal solid waste Pb, Cd, Hg, Cr
Sewage and sewage sludge Cd, Pb, Cu, Zn, Ni
Automobile emissions and wear Pb, Cu, Zn, Ni
Electronic waste (e-waste) Pb, Hg, Cd, Cr, Ni
Petroleum and petrochemical industries Ni, V, Pb, Hg
Textile and dye industries Cr, Cd, Pb, Cu
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Source Major Heavy Metals
Tanneries Cr, Pb, Cd
Paints and pigments Pb, Cr, Cd
Plastic and polymer industries Pb, Cd, Cr

Environmental significance
Heavy metals are particularly important environmental contaminants because they do not readily degrade. They
can persist in soil and sediments, enter groundwater and surface water, be absorbed by plants and
microorganisms, and subsequently enter food chains. Bioaccumulation and biomagnification therefore provide
important pathways through which environmental contamination can ultimately affect wildlife and human
health.[19-22]

5. Chemical Speciation of Hg, Pb, As and Cd
Chemical speciation refers to the different chemical forms in which a metal or metalloid exists in the environment.
Speciation strongly influences mobility, bioavailability, toxicity, persistence, and biological effects.
Element Important chemical species Major characteristics
Mercury
(Hg)

Hg⁰, Hg²⁺, CH₃Hg⁺ (methylmercury),
Hg₂²⁺

Methylmercury is highly bioavailable and biomagnifies
strongly in aquatic food chains.

Lead (Pb) Pb²⁺, PbOH⁺, PbCO₃, PbSO₄, organic
Pb compounds

Pb²⁺ is an important bioavailable form; speciation depends
strongly on pH, carbonate, sulfide and organic matter.

Arsenic
(As)

As(III): arsenite; As(V): arsenate;
MMA, DMA; arsenobetaine

As(III) is generally more toxic than As(V); methylated forms
have different mobility and toxicity.

Cadmium
(Cd)

Cd²⁺, CdCl⁺, CdCO₃, CdSO₄, Cd-organic
complexes

Free Cd²⁺ is particularly important for biological uptake and
toxicity.

Mercury (Hg)
Mercury occurs in three major environmental forms:
 Elemental mercury (Hg⁰): volatile and readily

transported through the atmosphere.
 Inorganic mercury (Hg²⁺): forms complexes with

chloride, hydroxide, sulfide and organic matter.
 Methylmercury (CH₃Hg⁺): produced mainly by

microbial methylation of inorganic mercury in
aquatic and anaerobic environments.

Methyl mercury is readily absorbed by organisms,
binds strongly to sulfhydryl groups of proteins, and
undergoes bioaccumulation and biomagnifications.

Biochemical and damaging effects:
 Binds to –SH groups of enzymes and proteins.
 Produces oxidative stress and mitochondrial

dysfunction.
 Causes neurological impairment, tremors,

sensory disturbances and cognitive effects.
 Can cross the blood–brain and placental barriers.
 Prenatal exposure can impair fetal brain

development.
 Damages kidneys, particularly with inorganic

mercury exposure.

Lead (Pb)
The most important inorganic form is Pb²⁺, although
lead forms numerous complexes with carbonate,
hydroxide, chloride, sulfate and organic ligands. Its
environmental mobility increases under conditions
favoring dissolution.

Lead can interfere with calcium-dependent
biochemical processes because Pb²⁺ can substitute for
Ca²⁺ in biological systems.[23-25]

Biochemical and damaging effects:
 Inhibits enzymes involved in hems synthesis,

particularly δ-ALA dehydratase and
ferrochelatase.

 Produces anemia and impaired oxygen transport.
 Causes oxidative stress and membrane damage.
 Affects the nervous system, especially in

developing children.
 Can impair learning, memory and

neurodevelopment.
 Damages kidneys and may disturb cardiovascular

function.
 Interferes with calcium signaling and bone

metabolism.
Arsenic (As)
Arsenic occurs principally in two oxidation states:

As(III) – arsenite
 Exists mainly as neutral or weakly charged

arsenous acid species around environmental pH.
 Has strong affinity for sulfhydryl (–SH) groups.
 Generally more toxic than inorganic As(V).

As(V) – arsenate
 Exists mainly as oxyanions such as H₂AsO₄⁻ and

HAsO₄²⁻.
 Can substitute for phosphate in some biochemical

reactions.
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Arsenic can also be biologically methylated to
monomethylarsonic acid (MMA) and dimethylarsinic
acid (DMA). Some organic arsenicals, such as
arsenobetaine in seafood, are comparatively less toxic.

Biochemical and damaging effects:
 As(III) inhibits sulfhydryl-containing enzymes.
 As(V) interferes with phosphate-dependent

biochemical reactions.
 Disrupts cellular respiration and ATP production.
 Generates reactive oxygen species.
 Causes oxidative stress, DNA damage and altered

gene expression.
 Chronic exposure can cause skin lesions,

pigmentation changes and peripheral neuropathy.
 Long-term exposure to inorganic arsenic is

associated with increased risk of cancers,
particularly of the skin, lung and bladder.

Cadmium (Cd)
Cadmium occurs predominantly as Cd²⁺ in aqueous
systems. It can also form complexes with chloride,
carbonate, sulfate and dissolved organic matter.
The concentration of free Cd²⁺ is particularly
important because it is readily taken up by organisms.
Cadmium can enter cells through transport systems
normally involved in the uptake of essential metals
such as calcium and zinc.[26-28]

Biochemical and damaging effects:
 Binds to sulfhydryl groups and alters protein

function.
 Produces oxidative stress.
 Interferes with zinc- and calcium-dependent

enzymes and signaling pathways.
 Causes kidney tubular damage.
 Can adversely affect bone mineralization and

contribute to skeletal damage after chronic
exposure.

 Produces reproductive and developmental
toxicity.

 Long-term exposure to cadmium compounds is
associated with increased cancer risk.

Overall biochemical mechanism
The toxic effects of Hg, Pb, As and Cd are largely
associated with:
Metal uptake → binding to proteins/enzymes →
enzyme inhibition → oxidative stress → mitochondrial
dysfunction → DNA/protein damage → cellular injury
→ tissue and organ damage
The toxicity of each element is therefore determined
not only by its total concentration, but also by its
chemical species, oxidation state, solubility, ligand
binding, environmental pH, redox conditions, and
bioavailability.

6. Toxic Organic Compound: Pesticides are
chemical substances used to prevent, destroy, repel,
or control pests that damage crops, stored products,

livestock, and public health. They include insecticides,
herbicides, fungicides, rodenticides, nematicides, and
related chemicals. Although pesticides are important
for agricultural productivity and disease control, their
persistence, toxicity, bioaccumulation, and movement
through air, water, soil, and food chains can cause
serious environmental and health problems.

Classification of Pesticides
Pesticides can be classified according to their target
organisms and chemical nature.

According to target organism:
 Insecticides – control insects.
 Herbicides – control weeds.
 Fungicides – control fungi.
 Rodenticides – control rats and other rodents.
 Nematicides – control nematodes.
 Acaricides – control mites and ticks.
 Bactericides – control harmful bacteria.

According to chemical nature:
 Organochlorine pesticides
 Organophosphorus pesticides
 Carbamate pesticides
 Pyrethroid pesticides
 Neonicotinoid pesticides
 Biopesticides

Organochlorine Pesticides
Organochlorine pesticides contain carbon, hydrogen,
and chlorine and are generally highly lipophilic.
Important examples include DDT, DDE, Dieldrin,
Aldrin, Endrin, Heptachlor, Chlordane, Lindane (γ-
HCH), and Endosulfan.

Properties
 High chemical and thermal stability.
 Generally low water solubility.
 High solubility in fats and organic solvents.
 Strong adsorption to soil and sediments.
 Many are persistent in the environment.
 Can undergo long-range environmental transport.
 Tend to bioaccumulate in organisms and

biomagnify through food chains.
 Some have long environmental half-lives.

Uses
Historically, organochlorines were extensively used
for:
 Agricultural insect control.
 Protection of stored grains.
 Mosquito and vector control.
 Termite control.
 Control of household and livestock pests.
Because of their persistence and toxicity, many
organochlorines are now banned or severely
restricted in numerous countries.

Organophosphorus Pesticides
The term “ionospheres pesticides” in the question is
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likely intended to mean organophosphorus pesticides.
These compounds contain phosphorus and are widely
used as insecticides.
Examples include parathion, methyl parathion,
malathion, chlorpyrifos, diazinon, and dichlorvos.
Properties
 Generally less persistent than many

organochlorines.
 Usually more readily degraded by sunlight,

microorganisms, and hydrolysis.
 Many are relatively soluble in organic solvents.
 Some can contaminate surface and groundwater.
 Several are highly toxic to insects and mammals.
 Their toxicity is commonly associated with

inhibition of acetylcholinesterase (AChE).

Uses
They have been used for:
 Crop insect control.
 Fruit and vegetable protection.
 Control of agricultural pests.
 Public-health pest control.
 Protection of stored agricultural products.

Detection of Pesticides
Detection and measurement of pesticide residues are
important for environmental monitoring, food safety,
and toxicological studies.

Major analytical techniques include:
 Gas chromatography (GC): Particularly useful for

volatile and thermally stable pesticides.
 GC–MS: Provides separation together with mass-

spectral identification.
 High-performance liquid chromatography (HPLC):

Useful for pesticides that are polar, non-volatile,
or thermally unstable.

 LC–MS/MS: Highly sensitive and selective for
trace-level pesticide determination.

 Thin-layer chromatography (TLC): Useful for
preliminary or qualitative screening.

 Spectrophotometry: Used for certain pesticides
or their reaction products.

 Immunoassays: Rapid screening methods for
selected pesticide residues.

Samples may be collected from soil, water, sediment,
air, plants, vegetables, fruits, milk, meat, and
biological tissues.

Damaging Effects of Pesticides
A. Effects on humans
Exposure to toxic pesticides can occur through
contaminated food and water, inhalation, or
occupational contact. Depending on the compound
and exposure level, effects may include:
 Headache, dizziness, nausea, and vomiting.
 Neurological disturbances.
 Respiratory problems.
 Liver and kidney damage.
 Endocrine disruption.
 Reproductive and developmental effects.

 Immune-system disturbances.
 Some pesticides or their metabolites may have

carcinogenic potential.
Organophosphorus pesticides can produce acute
cholinergic toxicity through inhibition of
acetylcholinesterase, resulting in excessive
acetylcholine activity.
B. Effects on wildlife
Pesticides may adversely affect:
 Fish and aquatic organisms.
 Birds.
 Bees and other pollinators.
 Beneficial insects.
 Soil microorganisms.
 Amphibians and other non-target organisms.
C. Environmental effects
Persistent pesticides can remain in soil and sediments
and can move between environmental compartments.
Lipophilic compounds may accumulate in organisms
and increase in concentration at successive trophic
levels.

Food chain example:
Contaminated soil/water → plants → insects/fish →
birds/fish-eating animals → humans

Bioaccumulation and Biomagnification

Bioaccumulation is the gradual accumulation of a
chemical in an organism when uptake exceeds
elimination.

Biomagnification is the increase in concentration of
a persistent chemical at progressively higher trophic
levels of a food chain.
Organochlorine pesticides such as DDT are classic
examples because of their persistence and affinity for
Pesticides are valuable tools in agriculture and public
health, but their indiscriminate use can cause
significant environmental contamination and toxic
effects. Organochlorine pesticides are particularly
important because of their persistence, lipophilicity,
bioaccumulation, and biomagnification.
Organophosphorus pesticides generally degrade more
rapidly but can produce severe acute toxicity,
particularly through acetylcholinesterase inhibition.
Proper pesticide selection, controlled application,
residue monitoring, integrated pest management, and
safer alternatives are essential for reducing pesticide-
related environmental and health risks.[29-30]

Conclusion: Environmental toxicology provides an
essential scientific framework for understanding the
harmful effects of chemical, biological, and physical
contaminants on human health, wildlife, and
ecosystems. The study demonstrates that pollutants
such as mercury, lead, arsenic, cadmium, pesticides,
and other industrial contaminants can persist in the
environment, enter organisms through different
exposure pathways, and produce serious biochemical,
cellular, physiological, and ecological effects.
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Toxic heavy metals are particularly significant
because they are persistent and non-biodegradable.
Mercury, lead, arsenic, and cadmium can undergo
bioaccumulation and transfer through food chains,
causing neurological, renal, developmental,
reproductive, skeletal, and other harmful effects.
Their toxicity depends not only on total concentration
but also on chemical speciation, oxidation state,
solubility, environmental conditions, exposure
duration, and bioavailability.
Pesticides are important for agricultural productivity
and public-health pest control, but their improper or
excessive use can result in contamination of soil,
water, air, and food chains. Organochlorine pesticides
are of particular concern because of their persistence,
lipophilicity, bioaccumulation, and biomagnification,
whereas organophosphorus pesticides generally
degrade more rapidly but may cause severe acute
toxicity through acetylcholinesterase inhibition.
Effective environmental protection therefore requires
continuous monitoring, accurate detection of
contaminants, proper waste management, pollution
prevention, remediation of contaminated sites,
controlled pesticide application, integrated pest
management, and strict environmental regulations.
Analytical techniques such as GC, GC–MS, HPLC, LC–
MS/MS, spectrophotometry, and immunoassays are
important for detecting and monitoring toxic
substances in environmental and biological samples.
Overall, reducing environmental toxicity requires an
integrated approach combining scientific assessment,
environmental monitoring, responsible chemical use,
public awareness, sustainable technologies, and
effective regulatory measures. Such strategies are
essential for minimizing toxic exposure, protecting
biodiversity and human health, maintaining ecological
integrity, and achieving sustainable environmental
development.
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