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Preface

Nowadays, health problems associated with the environment continue to be a major source
of concern worldwide. Our global society needs to establish actions that will considerably
reduce the real and potentially hazardous factors in the environment that can result in
health risks for humans and other living species. Despite the progress in science, technology,
and industrialization making immense positive contributions to health, the interaction ÉÌᴓ
tween environmental risk and health is often intricate and can involve a variety of not only
social and economic but also lifestyle factors. Public health depends on the good quality of
environmental factors such as air, water, soil, and food, among others. However, the ×ÙÐÕÊÐᴓ
pal or even the ultimate challenge in environmental public health is to understand the risks
that modern societies possess. They are exposed to heterogeneous xenobiotics, which are
continuously released into human habitats, deliberately, inadvertently, or by nonregulated
industrial discharges.

Environmental health, as a concept, is not easy to define. In this regard, according to the
World Health Organization, the definition of environmental health is “all the physical, ÊÏÌÔÐᴓ
cal, and biological factors external to a person, and all the related factors impacting ÉÌÏÈÝᴓ
iors. It encompasses the assessment and control of those environmental factors that can
potentially affect health. It is targeted toward preventing disease and creating ÏÌÈÓÛÏɪÚÜ×ᴓ
portive environments…” However, for the National Environmental Health Association, this
concept refers to “the protection against environmental factors that may adversely impact
human health or the ecological balances essential to long-term human health and ÌÕÝÐÙÖÕᴓ
mental quality, whether in the natural or man-made environment.” Finally, the definition of
environmental health according to the National Institute of Environmental Health Science also
involves the criterion that “the social environment encompasses lifestyle factors like diet
and exercise, socioeconomic status, and other societal influences that may affect health.”

In general terms, our health and the health of many other species are negatively affected by
five broad categories of environmental hazards, namely electromagnetic fields (produced by
power lines, electrical wiring, appliances, cell phones, computers, and televisions), radiation
(including nuclear fallout from weapons testing, fission materials from nuclear power
plants, leaking radioactive disposal sites, flying at high altitudes, and mammograms and x-
rays), toxic chemicals (such as some organochlorines, phthalates, polybrominated flame ÙÌᴓ
tardants, perfluorinated substances, bisphenol-A, and several toxic metals, among others,
which have been shown to have endocrine-disrupting properties), and, finally, soil mineral
depletion as a complex environmental hazard.

By definition, risk assessment can be considered the quantitative and/or qualitative ËÌÛÌÙÔÐᴓ
nation of a risk related to both a well-defined situation and a recognized threat (i.e., a ÏÈáᴓ
ard), and thus, health risk assessment includes variants such as risk as the type and severity
of response, with or without a probabilistic context. In this context, risk-based methods play
a strategic role in identifying and ranking the adverse responses or the structure of the ÌÍᴓ
fects of exposure against environmental factors.



This book, Environmental Health Risk - Hazardous Factors to Living Species, is intended to �™�›�˜�3
vide a set of practical discussions and relevant tools for  making  risky decisions that require
�Š�Œ�•�’�˜�—�œ�1�•�˜�1�›�Ž�•�ž�Œ�Ž�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�Š�•�1�‘�Ž�Š�•�•�‘�1�›�’�œ�”�1�Š�•�Š�’�—�œ�•�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�Š�•�1�•�Š�Œ�•�˜�›�œ�1�•�‘�Š�•�1�–�Š�¢�1�Š�•�Ÿ�Ž�›�œ�Ž�3
ly impact human health or ecological balances. We aimed to compile information from �•�’�3
verse sources into a single volume to give some real examples extending concepts of those
hazardous factors to living species that may stimulate new research ideas and trends in the
relevant fields.

Although we are dealing with many diverse topics, we have tried to compile this “raw �–�Š�3
terial” into three major parts in search of clarity and order. First, in General Background and
Remarks, readers will find two chapters with background information  about the nature of
pesticides, their history, their classification, their risks, and their effects on health and �Ž�—�Ÿ�’�3
ronment, as well as general aspects of environmental pollution by metals as a serious �™�›�˜�‹�3
lem in many areas of the planet, with  a special emphasis on the assessment of metal
bioaccumulation and toxicity.  Second, in Validated Methods and New Models of ���Ÿ�Š�•�ž�Š�3
tion, we have included two chapters on, first, problems with the use, analysis, and �’�—�•�Ž�›�™�›�Ž�3
tation of results obtained through the comet assay in human buccal cells and, second, a new
system of hierarchical limit values to protect soil environments, food chains, and human
health against contamination that reveals the areas where the soil does not meet the soil
quality  standards and where the human health is at risk. Finally, Specific Evaluation of
Some Environmental Toxicants encloses six chapters describing specific examples of �•�˜�¡�’�3
cants with potential risks to living  species, such as humans. The first chapter describes the
genotoxic properties of bisphenols and mycotoxins, which are prominent environmental
contaminates and potential carcinogens. The second chapter reviews the toxic effects of �•�’�•�3
ferent phthalate esters and bisphenols and their availability  in the environment, �–�Ž�Œ�‘�Š�3
nisms and modes of actions, biotransformation, and reproductive effects. Then, the next two
chapters describe, respectively, the relationship between chronic exposure to coal and coal
ash particles and cancer and a novel procedure for  the early detection of previous asbestos
exposure, its relation  with mesothelioma, and chemoprevention of asbestos-related cancers.
���‘�Ž�1�•�Š�œ�•�1�•� �˜�1�Œ�‘�Š�™�•�Ž�›�œ�1�›�Ž�Ÿ�’�Ž� �ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�ð�1�•�‘�Ž�1�Š�Œ�Œ�ž�–�ž�•�Š�•�’�˜�—�1�˜�•�1�˜�›�•�Š�—�’�Œ�1�™�˜�•�•�ž�•�Š�—�•�œ�1�’�—�1�•�‘�Ž�1�Ž�—�3
vironment, with  a special reference to the mechanism in the causation of type 2 diabetes
�–�Ž�•�•�’�•�ž�œ�ð�1�Š�—�•�1�›�’�œ�”�œ�1�•�‘�Š�•�1�Š�–�˜�¡�’�Œ�’�•�•�’�—�1�™�˜�œ�Ž�œ�1�•�˜�1�•�‘�Ž�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�ð�1�•�˜�Œ�ž�œ�’�—�•�1�˜�—�1�•�Ž�•�Š�’�•�Ž�•�1�Ž�Œ�˜�•�˜�¡�’�Œ�’�3
ty testing using a wide range of aquatic organisms to fully understand the environmental
toxicity  of this antimicrobial product, and how it  may affect both aquatic and terrestrial �Ž�—�3
vironments.

Many researchers have contributed to the publication of this book. Given the fast pace of
new scientific publications shedding light on the matter, this book will probably be outdated
very soon. We regard this as a positive and healthy fact. The editors hope that this book will
continue to meet the expectations and needs of all those interested in the environmental risk
assessment field of study.

Marcelo L. Larramendy and Sonia Soloneski
School of Natural Sciences and Museum,

National University of La Plata,
La Plata, Argentina
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Chapter 1

Pesticides, Environmental Pollution, and Health
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Abstract

In recent years, people have been exposed to several types of substances with broad
spectrum due to the rapidly evolving technology. One of these chemical substance
groups are pesticides. Pesticides have been an essential part of agriculture to protect
crops and livestock from pest  infestations and yield  reduction for  many decades.
Despite  their  usefulness,  pesticides  could  pose  potential  risks  to  food  safety,  the
environment, and all living things. Concern about the environmental impact of repeated
pesticide use has prompted research into the environmental fate of these agents, which
can emigrate from treated fields to air, other land, and water bodies. The importance of
agricultural pesticides for developing countries is undeniable. However, the issue of
human health and environmental risks has emerged as a key problem for these countries
in accordance to a number of studies. In the last five decades, pesticide usages increased
the quantity and improved the quality of food. However, with the increasing amounts
of their usage, concern about their adverse effects on nontarget organisms, including
human beings, has also grown. The purpose of this publication is to explain the nature
of  pesticides  and  their  history,  classification,  risks,  and  effects  on  health  and  the
environment.

Keywords: organic pollution, health concern, environment, pesticides, environmental
pollutant

1. Introduction

In the last three decades, there has been an increasing global worry over the public health impacts
attributed to environmental pollution. It  was the industrial  revolution that gave birth to
environmental  pollution as we realize it  today.  Populations of  developing countries are
particularly vulnerable to toxic pollution resulting from industrial processes.
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Pollution is the introduction of contaminants into the environments that cause harm or
discomfort to other living organisms or damage the environment, which can come in the form
of chemical substances or energy, such as heat, light, or noise. Pollutants can be naturally
occurring energies or substances but are considered contaminants when in excess of the natural
levels. Santos divided environmental pollutants into biodegradable and nonbiodegradable
ones. Biodegradable pollutants can be broken down and processed by living organisms,
including organic waste products, phosphates, and inorganic salts. Nonbiodegradable
pollutants cannot be decomposed by living organisms and therefore persist in the ecosphere
for extremely long periods of time. They contain metals, plastics, glass, pesticides, and
radioactive isotopes [1].

In recent years, people have been exposed to several types of substances with broad spectrum
due to the rapidly evolving technology. Technology has brought us clear conveniences, and
thousands of chemicals produced in different areas are up on the market every year. One of
these chemical substance groups are pesticides [2,3].

1.1. Pesticides

Through the ages, it seems increasingly that people find a need to minimize the damage of
pests with the use of pesticide chemicals and by other means [4]. Of the many examples of how
pests have impacted human society, one of the most infamous is the Black Plague in Europe
in the 14th century, when millions of people died from mysterious diseases. At that time, the
diseases were believed to be because of God’s punishment. A number of reports in the
literature, art, and public statues certify the fear and destruction of those epidemics. Many
years later, scientific data proved that a bacterial disease spread by rat fleas was the cause of
the plague, which ruined almost the whole of Europe. Today, this disease, known as bubonic
plagues, can be easily treated if it is properly diagnosed. Hence, controlling rodents including
rats as well as fleas can reduce the relative frequency of the occurrence of diseases [5].

Ireland’s potato crop destruction by a pest in the 19th century is another story. At that time,
late blight, a plant disease, wasted potatoes in Ireland. Up to 1 million Europeans starved to
death during the Great Irish Famine of 1845 to 1847. Late blight is still one of the major potato
pathogens that chemists aim to synthesize new pesticides against [5].

Pesticides are chemical substances used on agricultural land but also in private gardens, along
railways, and in other public areas [ 6]. The use of pesticides for crop protection is expected to
increase based on a growing world population and the need for more food supplies. While
pesticides increase agricultural production, bioaccumulation through the food chain can
eventually become a risk to mammals because pesticides induce certain negative effects [7–
10]. Some parts of pesticides sprayed on crops will remain in farmland, but some of them will
enter the surrounding soil, water, and air [11,12]. As artificial organic compounds, pesticides
can remain in the environment for many years and may be transported over a long distance
[13]. Pesticide residues in soil and water are significant environment threats and have been
classified as carcinogen pollutants in many countries [14,15]. Hence, the excessive application
of these compounds over the past half-century has posed serious risks to human health [16,17].
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There have been numerous reports regarding pesticide residues detected in grains [8], milk
[18], vegetables [19], and fish [20].

Although the benefits of pesticides have been immense, humans and other living organisms
are often exposed to them in the environment [21]. Several epidemiological studies reported
in the last two decades suggest harmful effects of pesticides on human health, including a
possible relationship between pesticide use and cancers, such as non-Hodgkin’s lymphoma,
leukemia, and various types of solid tumor [ 22–24]. Public health concerns regarding the
improper use of pesticides and poison have increased in recent years. To date, certain countries,
regions, and international organizations have established maximum residue limits (MRLs) for
foodstuffs. Additionally, national food monitoring programs for pesticides have been enacted
worldwide [7–9�þ�1�•�˜�1�Ž�—�œ�ž�›�Ž�1�Œ�˜�—�œ�ž�–�Ž�›�1�‘�Ž�Š�•�•�‘�ð�1�’�–�™�›�˜�Ÿ�Ž�1�•�‘�Ž�1�–�Š�—�Š�•�Ž�–�Ž�—�•�1�˜�•�1�Š�•�›�’�Œ�ž�•�•�ž�›�Š�•�1�›�Ž�œ�˜�ž�›�3
ces, and prevent economic losses [10].

Despite the adoption of the International Code of Conduct on the Distribution and Use of
Pesticides (Code of Conduct) [25], the strict control of banned/legacy pesticides has been
proven difficult in many developing countries. This could be attributed to weak regulations
on importation and use of dangerous substances and the activity or absence of control agencies
at international borders [26]. This scenario has led to the proliferation of banned chemicals in
local markets located in agricultural areas, making large quantities of pesticides available to
rural farmers, which eventually could pose potential threats to the environment and the health
of the people [27–29].

The existence of persistent chemical substances in the environment and their effects on the
wildlife and mankind has raised a serious global concern. In this case, we need to mention the
risks of pesticides.

Pesticides are poisons and can be hazardous. Fortunately, people are becoming more aware
�˜�•�1�•�‘�Ž�’�›�1�•�Š�—�•�Ž�›�ð�1�Š�—�•�1�Ž�Ÿ�Ž�—�1�™�›�˜�•�ž�Œ�Ž�›�œ�1�Š�›�Ž�1�•�›�¢�’�—�•�1�•�˜�1�™�›�˜�•�ž�Œ�Ž�1�œ�Š�•�Ž�›�1�Œ�‘�Ž�–�’�Œ�Š�•�œ�1�Š�—�•�1�‹�Ž�•�•�Ž�›�1�Š�™�™�•�’�Œ�Š�3
tion methods. Even the awareness is improving for risk-benefit ratio side; the job has not been
completed yet. Misuses of pesticides still occur. On the contrary, even if they are used correctly,
some pesticides can harm nontargeted living organisms and the environment. Just as the
benefits of pesticides are real, so are the risks. The purpose of this publication is to explain the
nature of pesticides and their history, classification, risks, and effect on health and the
environment [4].

2. Historical perspective

Pesticides are used for a number of decades. People have been fighting with pests for centuries
[5]. Chemical experiments during the late 19th and early 20th centuries allowed human beings
to develop modern pesticides. Producing new mixtures with a right proportion made it
possible to control unwanted organisms. Paris green was one of the first chemical pesticides
produced, marking the beginning of chemical insecticide use in the United States in 1867 [30].
By the late 19th century, U.S. farmers were using calcium arsenate, nicotine sulfate, and sulfur
to control insect pests in field crops, except Paris green [4]. Since the middle of the 20th century,
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these chemicals have been widely used to control pests [31,32]. Ancient Romans controlled
weeds with salt and killed insect pests by burning sulfur [ 4]. Sulfur, also known as brimstone,
was used by pagan priests 2000 years before the birth of Christ. Additionally, sulfur was used
to purify a sick room and cleanse its air of what was believed to be evil. In the 1600s, ants were
controlled with mixtures of honey and arsenic. Early plant-derived insecticides included
nicotine to control aphids, hellebore to control body lice, and pyrethrins to control a wide
variety of insects [5].

The availability of dichlorodiphenyltrichloroethane (DDT), starting in 1945 for civilian/
agricultural usage, opened a new era of pest control, leading to not only its extensive usage
but also the development of numerous other synthetic organic insecticides. DDT was especially
favored for its broad-spectrum activity against insect pests of agriculture [ 4]. Unfortunately,
its properties of persistence, along with its broad-spectrum biological activity against pests
and beneficial insects alike, made it a poor choice for use in agriculture after World War II [ 33].
Except DDT, aldrin, BHC, endrin, dieldrin, and 2,4-D began to be used after World War II.
These new chemicals were effective, inexpensive, and enormously popular [34]. However,
with continuous usage of pesticides, some pests developed resistance to them. As a result,
nontarget plants and animals were damaged; surprisingly, pesticide residues were observed
to be present in unexpected places. Rachel Carson’s book, Silent Spring in 1962, shook public
�Œ�˜�—�•�’�•�Ž�—�Œ�Ž�1�’�—�1�™�Ž�œ�•�’�Œ�’�•�Ž�1�ž�œ�Š�•�Ž�ï�1���Š�›�œ�˜�—�1�™�›�Ž�œ�Ž�—�•�Ž�•�1�Š�1�‘�Š�›�œ�‘�1�™�’�Œ�•�ž�›�Ž�1�˜�•�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�Š�•�1�Œ�˜�—�œ�Ž�š�ž�Ž�—�3
ces of careless pesticide employment. Although her report has been strictly criticized, Carson
pointed out the risks of pesticides more than anyone [4].

As chemical controls became more and more common in agricultural, public health, and
nuisance applications throughout the first half of the 20th century, a myriad of problems were
being discovered. Chemically reliant methods had quickly resulted in pesticide resistance
within the target species, harm to nontarget species, food contamination, water contamination,
overall ecological degradation, and public health problems [30].

3. Classification of pesticides

���‘�Ž�1� �˜�›�•�1���™�Ž�œ�•�’�Œ�’�•�Ž���1�’�œ�1�Š�—�1�ž�–�‹�›�Ž�•�•�Š�1�•�Ž�›�–�1�•�˜�›�1�Š�•�•�1�’�—�œ�Ž�Œ�•�’�Œ�’�•�Ž�œ�ð�1�•�ž�—�•�’�Œ�’�•�Ž�œ�ð�1�‘�Ž�›�‹�’�Œ�’�•�Ž�œ�ð�1�›�˜�•�Ž�—�•�’�3
cides, garden chemicals, wood preservatives, and household disinfectants that may be used
to kill some pests. Pesticides have different identities and physical and chemical properties.
Synthetic pesticides are classified based on various ways. In general, there are three main ways
to classify them: classification based on the (i) mode of action, (ii) targeted pest species, and
(iii) chemical composition of pesticides [35].

3.1. Classification based on the mode of action

Pesticides are classified based on the way they act to bring about the desired effect in this
classification. Under this type of classification, pesticides are classified as nonsystemic and
systemic pesticides. Nonsystemic pesticides are those that do not appreciably penetrate plant
tissues and consequently not transported within the plant vascular system. On the contrary,
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systemic pesticides are those that effectively penetrate plant tissues and transported within
the plant vascular system to bring about the desired effect [36].

3.2. Classification based on the targeted pest species

Classification by target pest is perhaps the most familiar. For example, insecticides are
pesticides that target insects, and herbicides target plants. The others are rodenticides,
fungicides, acaricides and miticides, molluscicides, bactericides, avicides, and virucides.

3.3. Classification based on the chemical composition

In this type of classification, pesticides are characterized regarding their chemical nature and
active ingredients. This is the most useful one for researchers studying the field of pesticides
and the environment, because it is this kind of classification that gives the clue of the efficacy
and physical and chemical properties of the respective pesticides and precautions that need
to be taken during application and the application rates, the knowledge of which is important
in the mode of application [37].

According to chemical properties, pesticides can be generally divided into about seven types,
including organochlorines, organophosphorus, carbamates, pyrethroids, amides, anilins, and
azotic heterocyclic compounds. Organochlorine chemicals are organic compounds with five
or more chlorine atoms. Organochlorines were the first synthetic organic pesticides to be used
in public health and in agriculture. These pesticides generally have a steady chemical structure
and often accumulate and persist in the environment. Most of them are widely used as
insecticides for the control of a wide range of insects. Organochlorine insecticides act as
nervous system disruptors leading to convulsions and paralysis of the insect and its eventual
death. They can cause serious endocrine disorders in mammals, fish, and birds, so most of
them have been banned in agriculture worldwide [ 36,38]. Organophosphates are another type
of highly toxic pesticides that contain a phosphate group and occupied up to 48.6% of all
pesticides in 1997 [39]. The importance of synthetic organophosphates increased considerably
during World War II with their use as warfare materials. Since then, these pesticides have been
used in agriculture, industry, cosmetics, medicine, and many other areas [40,41]. These
chemical compounds inhibit the acetylcholinesterase enzyme, which hydrolyses acetylcholine
in the nervous system of a number of species, including humans [42]. Although they are easier
to be degraded than organochlorines, organophosphate pesticide residues is one of the biggest
threats to the ecosystem and food industry because their acute toxicities are irreversible [43].

Many people are exposed to pesticides occupationally, and pesticide self-poisoning is a major
public health problem [ 44]. Annually, 3 million cases of acute poisoning have been reported
from pesticide exposure, resulting in the deaths of 250 to 370,000 people every year [45,46].
Therefore, the usage of organophosphates has been restricted or banned all over the world [43].

Carbamates are organic pesticides, reversibly inactivating the enzyme acetylcholinesterase;
these pesticides are derived from carbamic acid. The cholinesterase inhibition of carbamates
differs from that of organophosphates in that it is species specific and is reversible [35,47].
Organochlorines, organophosphates, and carbamates are three generations of traditional
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highly toxic pesticides, and the later developed pyrethroids, anilines, amides, and azotic
heterocyclic compounds are generally less toxic [48].

Pyrethroids are synthetic analogues of the naturally occurring pyrethrins, a product of flowers
from pyrethrum plant ( Chrysanthemum cinerariaefolium), and were detected in the 1980s to
mimic the insecticidal activity of the natural pyrethrum. Pyrethroids are acknowledged for
their fast knocking down effect against insect pests, facile biodegradation, and low mammalian
toxicity [37]. These pesticides are nonpersistent sodium channel modulators and are much less
toxic than carbamates and organophosphates to mammals. Therefore, the usage of pyrethroids
has been increased greatly in the last 30 years. Unfortunately, pyrethroids are highly toxic to
aquatic organisms such as mollusks, fish, and arthropods [49,50].

Amide herbicides, such as acetochlor, butachlor, and metolachlor, are widely used in recent
years. However, butachlor can persist in the environment for up to 10 weeks, and what’s even
worse is that butachlor and metolachlor have been identified as mutagens. Another type of
pesticides is aniline and dinitroaniline. Trifluralin and pendimethalin are widely used in this
group of pesticides. These pesticides show high toxicity to aquatic organisms and they can
impair the thyroid gland and liver. Hence, these two aniline herbicides have been banned in
many European countries. Nitrogen-containing heterocyclic compounds, especially for
imidazole and triazole heterocyclic chemicals, have become the hotspot for new pesticide
development. In the last 10 years, they occupied no less than 70% of all the newly developed
chemical pesticides [48].

Except for these classifications, pesticides are classified according to the mode of formulation,
activity spectrum, and toxicity level. According to the mode of formulation, pesticides are
classified into six groups as wettable powders, emulsifiable concentrates, baits, granules,
dusts, and fumigants. In active spectrum, pesticides are classified into two groups as broad-
spectrum pesticides and selective pesticides. Broad-spectrum pesticides are designed to kill a
wide range of pests and other nontarget organisms. On the contrary, selective pesticides are
designed to kill only specific pests. In toxicity level, the World Health Organization (WHO)
has developed a classification system that group pesticides according to the potential risks to
human health and they are grouped into the following classes: class Ia=extremely hazardous,
class Ib=highly hazardous, class II=moderately hazardous, class III=slightly hazardous, and
class IV=products unlikely to present acute hazards in normal use [37].

4. Pesticide pollution

Since the middle of the 19th century, pesticides have been commonly used to control pests
[31,32] causing a widespread release of these xenobiotics into the environment [51]. The
intensive use of pesticide leads to an increased risk of contamination of the environment and
harmful effects on biodiversity, food security, and water resources [52,53].

Pests, such as insects, weeds, and plant diseases, are an ongoing challenge to agricultural
producers. Oerke [54] reported that, globally, an average of 35% of potential crop yield is lost
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to preharvest pests. With the expected 30% increase of world population to 9.2 billion by 2050,
there is a projected demand to increase food production by 70% according to Popp et al. [55].
Although nonpesticidal tools have a vital role, there will be a continuing need for pesticide-
based solutions to pest control and food security in the future [ 55,56]. Figure 1 shows the
average pesticide use intensity (kg ha-1 yr -1) on the cultivable and permanent cropland
worldwide. High use intensity countries above 10 kg ha -1 yr -1 �’�—�Œ�•�ž�•�Ž�1���ž�›�’�—�Š�–�ð�1���Š�•�•�Š�ð�1���˜�•�ž�–�3
bia, Palestinian, Japan, Korea, Chile, and China [57]. Figure 2 presents that pesticide sales are
increasing in Europe, Asia, and Latin America [58,59].

Figure 1. Average annual pesticide use intensity (kg ha-1 yr -1) on arable and permanent cropland from 2005 to 2009.
Data are from FAO [57].

Figure 2. Annual pesticide sales by geographic regions. Data are from FAO [58].
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More than 500 different pesticide formulations are being used in our environment, mostly in
agriculture [60]. In the past five decades, pesticide usages increased the quantity and improved
the quality of food. However, due to their usage with increasing amounts, the concern about
their harmful effects on nontarget organisms, including human beings, has also been growing.
Nontarget pesticide poisoning has been reported from fish, birds, and humans [ 61]. Although
it is estimated that less than 0.1% of pesticide applied to crops actually reaches the target, the
rest of it enters the environment [62]. Additionally, many pesticides can persist for long periods
in an ecosystem; organochlorine insecticides, for instance, are still detectable in surface waters
30 years after their use and had been banned [63]. In the food chain, they meet with nontarget
organisms, including mankind. They accumulate in the body tissues of organisms and cause
a number of health problems [64,65].

Pesticides and herbicides are heterogeneous chemicals used widely in agriculture. Their design
as bioactive molecules to exterminate different animal, vegetal, or fungal species implies that
they are toxic by definition. Due to this toxicity, their use is regulated in the European Union.
Depending on the water solubility and polarity of each specific pesticide, they can follow
different pathways to reach water bodies once applied in the crop fields. In the case of surface
waters, the most common entry pathway for these pollutants is runoff from agriculture lands
after precipitation or irrigation [ 66]. Pesticides could influence biological communities in lakes,
forcing changes from a clear-water, macrophyte-dominated state to a turbid state due to their
effect on zooplankton or macrophytes [67,68].

As explained above, both point and diffuse pollution sources of pesticides, herbicides, and
polycyclic aromatic hydrocarbons (PAHs) are usually anthropogenic. Therefore, it is expected
that the concentration of some of these compounds in surface water is related to human
activities that take place in the surroundings. The proportion of cultivated lands around the
lake and the agricultural pressure and intensity are especially relevant, as certain substances
such as herbicides and pesticides have a close relationship with agriculture. In fact, it has been
observed that land uses are strongly related to nutrient concentrations in surface waters [69]
and PAH concentrations in wetland sediments [ 70]. On the contrary, the distance between
lakes and point or diffuse pollution sources such as urban areas, thermal power plants,
industries and roads could also be related to the amount of these chemical compounds detected
in aquatic ecosystems [68].

Pesticide fate in the environment is characterized by a number of complex processes occurring
in different environmental compartments, such as air [ 71], soil [72], plant [73], and surface and
groundwater [53,74].

Pollution due to the uncontrolled use of pesticides has become one of the most alarming
challenges when pursuing sustainable development. Although pesticides are directly applied
in soils and plants, only 1% of pesticide sprayed is delivered to the intended target. An
accidental release of pesticides due to leaking pipes, spills, waste dumps, underground storage
tanks, and groundwater may lead to their persistence in the environment for a long time (due
to long half-lives). For proper management of pesticides, one needs to accurately assess the
status of their contamination in soil, water, and air [75,76].
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Soil is a major reservoir for a variety of pollutants [ 77] and is a secondary emission source of
contaminants to surface water, groundwater, and air [ 78]. Multiclass environmental endocrine
disruptor compounds (EDCs), such as organochlorine pesticides (OCPs) phthalate esters
(PAEs), and polybrominated diphenyl ethers (PBDEs) may coexist in soils and accumulate in
crops and human bodies through food chains, posing risks to human health and the ecosystem
[79]. In addition, soil plays an important role in pesticide residue in plants. There are two
pathways for pesticide transfer between the plants and their planted soils. First, most of
pesticides could shift or fall onto the soil when pesticide is applied onto plants. Next, most of
the deposited pesticides on the plant could be washed off by rainfall to the soil. Second, the
residues of adsorbed pesticides in soil, especially for organochlorine pollutants, remain as
contaminants in the environment because of their long-term persistence and mobility, and they
could enter into food again via the plant uptake effect [10,80,81].

Persistent organic pollutants (POPs), such as OCPs, are ubiquitous contaminants in different
compartments of the environment [ 82,83]. Although a number of countries have been removed
from the circulation of the usage of POPs for nearly 30 years, these synthetic chemicals are
found in nature at considerable levels worldwide due to their persistence. These substances
are mainly generated by anthropogenic processes and can be introduced into the environment
through various routes. These pesticides are toxic, carcinogenic, and mutagenic features. They
are extremely hazardous for the both biota and environment [84]. Hence, the investigation of
POPs in aquatic environments is needed to provide relevant information on the anthropogenic
impact on the environment, and concentrations serve as an indicator of contaminant load [85,
86].

Pesticides are major components of the modern agricultural production because of their
reliability and high capability for crop protection against pests [87]. Approximately 5 billion
kilograms of pesticides are applied worldwide per year, which can have serious effects on
biodiversity, nontarget organisms, and the food chain, posing high risks to the environment
and human health [88]. In rural areas of developing countries, 3 million farmers suffer annually
from serious pesticide poisoning and 25 million farmers suffer from mild poisoning, resulting
in approximately 180,000 fatalities among agricultural workers annually [ 89] because of
incorrect perceptions, lack of knowledge, regulation, and education among farmers [90,91].

Unsafe pesticide use or misuse in developing countries includes the use of pesticides banned
by the local government [92], lack of self-protection [93], incorrect pesticide storage [94],
overspraying [95], improper handling of pesticide containers [ 96], and, in extreme cases, reuse
of washed pesticide containers as containers for food and drinking water (as reported by 35.4%
and 77.2% of farmers in Nigeria and Ethiopia, respectively) [97]. The local authorities, the
���
���ð�1�•�‘�Ž�1���˜�˜�•�1�Š�—�•�1���•�›�’�Œ�ž�•�•�ž�›�Ž�1���›�•�Š�—�’�£�Š�•�’�˜�—�1�û�������ü�ð�1�Š�—�•�1�Ÿ�Š�›�’�˜�ž�œ�1�—�˜�—�•�˜�Ÿ�Ž�›�—�–�Ž�—�•�1�˜�›�•�Š�—�’�£�Š�3
tions that focus on low- and middle-income countries (e.g. China, India, Vietnam, and African
countries) have taken initiatives to improve the protective behaviors of farmers in pesticide
use, including personal and environmental protection through education [98] and legislation
and community intervention [ 99], although the results were often unsatisfactory [100]. The
factors that affect farmers’ behavior in pesticide use are far more complex than expected.
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Pesticide use can be influenced by age [101], gender [102], perceptions [90,91], level of
knowledge, pesticide retailers [103], and even cultural or planting differences [92].

The chemical pesticide provides a necessary guarantee for the output increase, but pesticide
abuse has led to daily worsening of the ecosystem of agricultural lands [104,105]. The use of
large amount of pesticide is the main reason for agricultural pollution [106].

5. Effect of pesticides on health and the environment

The importance of agricultural pesticides for developing countries is undeniable. However,
the issue of human health and environmental risks has emerged as a key problem for these
countries in a number of studies [107–112]. Attention to the impacts of pesticide use on the
environment and ecosystems has grown since the book Silent Spring was published in 1962.
Extensive published literature has well documented the impacts of pesticide use to the
ecosystem and human health [55]. Pesticides can move off-site to contaminate surface water
and leach to groundwater. Damage to nontarget organisms and pollution to the soil and air
are well documented [59].

The released pesticides into the environment and their impacts on many species have been
known for a long time. The senseless and widespread use of OCPs between the 1960s and the
1970s caused a striking decrease in wildlife populations nearly all over the world [ 113]. DDT,
dieldrin, and other toxic OCPs affected birds and other wild species during that time and have
been finally banned from agricultural use. Since then, however, decline in birds, wild bees,
and aquatic organism populations have been continuing [ 114]. This could be linked to usages
of newly synthesized pesticides that are present in every kind of habitat on the world.
Pesticides are still being discovered in marine, freshwater, and terrestrial communities [115].

Insecticides may kill not only the target species but also other invertebrates on which birds
rely on for their food. In addition, herbicides are designed to control weed species and they
can also kill many other plant species in fields, including the essentially beneficial species,
which give both shelter and food for the members of wildlife. Amphibians are now considered
the most threatened and rapidly decreasing species on Earth. Brühl et al. [116] suggested that
frogs are sensitive to the toxicity of pesticides that are currently used in agriculture.

In addition, pesticide factory workers and agricultural farm workers have high risk to pesticide
direct exposures [88]. In recent years, pesticide residues in food have become a focus for food
safety and trade. Quarantine regulations sometimes require pesticide treatment of food
shipments to prevent the establishment of exotic pests. Nonetheless, local consumers and
international trading partners increasingly demand food that is free from unsafe pesticide
residues. Therefore, many countries have initiated programs to monitor pesticide residues in
food. In addition, many countries are implementing programs to reduce the use of pesticides
and thereby minimize pesticide impacts [59].

Intensively used pesticides, despite their ability to protect crops, threaten the environment and
human health [88,117]. Besides, the use of pesticides also results in residue problems. Pesticide
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residue is defined by the WHO as any substance or mixture of substances in the food of either
humans or animals that is caused by the use of pesticides and any specified derivatives, such
as degradation and conversion products, reaction products, metabolites, and impurities that
are considered toxic [118].

5.1. How are we exposed to pesticides?

People who live in agricultural areas have a high disclosure to pesticides by inhalation of
pesticide spray blow in urban areas and parks or in the houses after breathing contaminated
air. Farmers and their families can have a higher exposure to pesticides than the general
population. Besides, when nursing mothers and pregnant women are exposed to pesticides,
their children may also be exposed. Some pesticides can pass through the placenta to the
developing fetus in the womb and through breast milk to the nursing infant [119].

These “poisons by design” are prevalent and serious occupational hazards faced by farmers
and agricultural workers [ 117]. The high levels of occupational exposure to pesticides are
correlated with low educational levels, which would preclude the ability of farmers to follow
the hazard warnings developed by the chemical industries and agencies [120]. Tragedies, such
as acute and chronic intoxication and, in some extreme cases, suicide, have frequently been
reported, especially in rural regions [ 117,121]. The lack of a legislative framework regulating
the use of pesticides also contributes to the high incidence of poisoning in developing countries
[117].

The present data seem to be too limited to analyze the full health effects of pesticide referable
chronic exposures. On the contrary, suicide commitments in 2002 using pesticides resulted in
258,000 deaths [122�þ�ï�1 ���—�1�X�V�V�X�ð�1�’�—�•�Ž�—�•�’�˜�—�Š�•�1�™�˜�’�œ�˜�—�’�—�•�1�•�›�˜�–�1�™�Ž�œ�•�’�Œ�’�•�Ž�œ�1�Š�Œ�Œ�˜�ž�—�•�Ž�•�1�•�˜�›�1 �Š�™�™�›�˜�¡�’�3
mately one third of the world’s suicides, and in 2004, 71% of the unintentional poisonings were
considered preventable by improving chemical safety methods [ 45]. The groups most at risk
from unintentional pesticide poisoning are children, especially those between ages 0 and 4
years [123]. Human deaths induced by insecticides were mainly because of ingestion of OPPs.
OPP poisoning is evident for “cholinergic syndrome”. The symptoms in this syndrome are
headache, slurred speech, coma, blurred vision, convulsions, blockage of the respiratory
center, and delayed neuropathy [124]. In this sense, survivors of acute OPP poisoning may
suffer long-term adverse effects to the nervous system [119].

���Š�•�Š�1�œ�‘�˜� �1�•�‘�Š�•�1�•�‘�Ž�›�Ž�1�’�œ�1�Š�1�™�˜�œ�’�•�’�Ÿ�Ž�1�›�Ž�•�Š�•�’�˜�—�œ�‘�’�™�1�‹�Ž�•� �Ž�Ž�—�1�‘�’�•�‘�1�™�Ž�œ�•�’�Œ�’�•�Ž�1�Ž�¡�™�˜�œ�ž�›�Ž�œ�1�Š�—�•�1�˜�Œ�Œ�ž�›�3
�›�Ž�—�Œ�Ž�1�˜�•�1�œ�Ž�Ÿ�Ž�›�Š�•�1�•�¢�™�Ž�œ�1�˜�•�1�Œ�Š�—�Œ�Ž�›�1�û�Ž�ï�•�ï�1�™�›�˜�œ�•�Š�•�Ž�1�Š�—�•�1�•�ž�—�•�ü�1�Š�œ�1� �Ž�•�•�1�Š�œ�1�•�‘�Ž�1�’�—�Œ�›�Ž�Š�œ�Ž�1�˜�•�1�—�Ž�ž�›�˜�•�Ž�•�Ž�3
nerative diseases, such as Alzheimer’s and Parkinson’s disease. There are also evidences that
pesticides may impair endocrine function and the immune system. Although the mechanisms
of such failures are not completely comprehended, there are some clear evidences showing
the disruptions in enzymatic function and signaling mechanisms at cellular levels. DNA-based
toxicity studies also indicate that pesticides affect gene expression and this may transferred to
generations through epigenetic inheritance [119].

Organophosphate compounds (OCs) and OCPs have been widely used as pesticides in
agricultural productivity. However, they have been proven to be extremely hazardous for
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human health. OCs and other pesticides may persist on Earth for a long time, adverse to the
ecology. Therefore, pesticide residues in vegetables, fruits, water, and on Earth are drawing
more and more attention [ 125–128]. Applied pesticide residues may persist within the tissues
or on the surface of the crops when we buy from market. Scientists have developed a variety
of techniques to both determine and quantify the pesticide levels in food. Data obtained from
these studies suggested that nonstop monitoring is needed to ensure that pesticide residues
do not exceed their acceptable values [99]. Most countries, on either a regional or a national
basis, maintain a threshold maximum residue level (MRL) for each substance, above which
the foodstuff is thought unacceptable for human consumption [119].

OCPs are among the substances restricted or banned globally under the Stockholm Convention
on Persistent Organic Pollutants [129]. These compounds are environmentally persistent [130],
toxic, and apt to bioaccumulation [ 131] and have adverse effects on animals and humans [132].
Some developing countries are still using these compounds because of their low cost and
versatility in industry, agriculture, and public health [ 133]. Consequently, environmental
problems associated with toxic contamination in these countries are of great concern [134]. As
a result, organochlorines in various environmental media have received much attention [ 133].
���‘�Ž�¢�1�Š�›�Ž�1� �Ž�•�•�,�”�—�˜� �—�1�Š�—�•�‘�›�˜�™�˜�•�Ž�—�’�Œ�1�Š�—�•�1�•�’�™�˜�™�‘�’�•�’�Œ�1�™�˜�•�•�ž�•�Š�—�•�œ�1�•�ž�Ž�1�•�˜�1�•�‘�Ž�’�›�1�‘�’�•�‘�1�‹�’�˜�Š�Œ�Œ�ž�–�ž�•�Š�3
tion potential in fatty tissues of living organisms [ 135]. Although these substances are generally
stored in the fat and muscles of the animals, some can also be found in the brain, lungs, liver,
and other offal. Additionally, because milk and other dairy products contain a range of fat,
these foods may also contain a number of pesticides. This is important because cow’s milk is
one of the indispensable components of human diet [119,136,137]. OCPs can enter animal
tissues through different pathways of ingestion, dermal contact of dust, and inhalation [138].

In the past decades, attention was focused on the determination and pollution levels of OCPs
in human blood serum, maternal and cord serum, adipose tissue, human milk, and hair and
other available tissues to study human exposure and assess health risk [139]. Human exposure
to OCPs is through many routes: breathing OCP-contaminated air, working in or living beside
OCP factories, drinking and taking a bath with OCP-polluted source water, eating vegetables
and grains containing OCP residues, and eating especially fish and animal meats [140]. OCPs
accumulated in the human body could cause various negative effects such as immunological
function damage, endocrine disruption, female spontaneous abortions and preterm, and
children neurodevelopmental delays [141].

Several studies showed that cancer risks could be induced by OCP exposures [142]. At the
same time, OCPs could be transferred from maternal to fetal tissues through placenta and from
mother to infant through breast milk. Exposure to OCPs could also lead to some adverse effects
on human productivity, including spontaneous abortions and preterm [ 143�þ�ð�1�•�Ž�•�Š�¢�Ž�•�1�—�Ž�ž�›�˜�3
development during childhood [144], and reproductive disorders of man [ 145] and other
negative effects. In the fetus, as the rapid growth and development occur during early
development, the organs of the baby can be sensitive to the toxic substances; especially, the
brain is more susceptible to neurotoxicants [146]. Increasing evidence suggests that prenatal
pesticide exposure may have a permanent effect on children’s behavior and intelligence.
Besides, organophosphates are also hazardous compounds in the environment and public
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health. When children are exposed to pesticides in various ways at a young age, there is an
observed negative effect on the development of the central nervous system [147�þ�ï�1���Ž�Ÿ�Ž�•�˜�™�3
mental impacts were mainly described as behavioral or cognitive, particularly those related
to attention-deficit disorders and motor skills [119].

Experimental research has shown that many pesticides are endocrine disruptors that can
disturb the functioning of various hormones throughout the body [148]. The production of
thyroid hormone is thought to be inhibited by substances such as cyhalothrin, amitrole,
pyrimethanil, and fipronil. Other pesticides may also alter thyroid hormone levels and
potentially cause thyroid disease. Experimental studies in vitro support observations that the
balance of sex hormones can be disrupted by exposure to certain pesticides. There is also
evidence that fertility of both women and men may be decreased with increased pesticide
exposure [119].

Studies showed that there are evidences of pesticide exposure and disorders in both hormonal
regulation imbalance and immune system activities. The statistical results are associated with
pesticide exposure and occurrence of some diseases. This finding cannot be ignored. The
mechanisms of pesticide-induced diseases are not yet fully understood, but we now know that
some key enzymatic activities in main metabolic pathways and/or the permeability of the ion
channels are affected by them [149].

Moreover, some people carry susceptibility genes to the health effects of pesticides, and for
that reason, they are likely to be more at risk than others. The questions on these epigenetical
differences and developing policy approaches to ensure a high level of protection for mankind
may remain insurmountable for a long time. In the meantime, people will continue with the
routine application of pesticides to get more crops. On the contrary, the next generations, even
they if are not exposed to pesticides, may also be at risk to these diseases due to epigenetical
inheritance [119].

As mentioned by Allsop et al., many synthetic pesticides used in agriculture are persistent and
pervasive in the environment. As a result, mankind is exposed to the mixture of pesticides via
the food consumed and the environment around. Evidences suggest that more exposure means
more toxic effect we will face. Although assays have been made to describe the toxicity of these
kinds of interactions, there are no validated international guidelines in assessing these risks.
In this case, we need to essentially rethink and change our systems to get rid of the exposure
of pesticides. We must protect the health of vulnerable groups as well as the general population
and whole ecosystems [119].

Reducing the use of pesticide strategies will not help us protect human health, because there
are enormous kinds of pesticides in the market to be sold. In this case, people need to go
towards ecological farming. This is a critical act in avoiding all risks. Protecting crops via a
multilevel approach will help us increase the heterogeneity of the agricultural areas and this
will provide a natural habitat for pollinators and natural pest control species. Thus, a functional
biodiversity can be created if we can achieve an active vegetation management. A variety of
crop types and cultivars increase both the fertility of soils and resistance to pests. Natural
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control agents, such as beneficial bacteria, viruses, insects, and nematodes, can be used in
improving crop protection successfully [150].
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Abstract

Unique properties of metals that are largely different from the characteristics of organic
substances should be considered in risk assessment. The bioavailability and toxicity of
metals depend on their chemical speciation, that is, physical-chemical forms, in the
environment, which is largely influenced by the environmental chemistry. Since metals
in the environment are not always available while organisms have developed different
processes to actively regulate the body burden, assessment of metal bioaccumulation
might provide a better understanding of potential risks. Metal bioaccumulation is a
prerequisite for metal toxicity, but is not the only determinant of metal toxicity. In addition
to metal accumulation, metal toxicity is influenced by the subcellular partitioning of
metals, which is controlled by the capacity of organisms to sequester and to detoxify
metals. Different modelling approaches have been developed to address some of these
factors. Both empirical and mechanistic equilibrium models have been developed and
applied for characterising metal speciation in the environment. Metal bioaccumulation
has been predicted by biodynamic models. The ability of organisms to detoxify metals
has been taken into account in assessment based on the induction of metallothionein (MT)
or subcellular partitioning. In addition, the interactions between organisms and metal
ions have been taken into consideration in assessment of metal toxicity based on the
accumulation of metal ions at biological surfaces.

Keywords: ���Ž�•�Š�•�ð�1�–�˜�•�Ž�•�•�’�—�•�ð�1�›�’�œ�”�1�Š�œ�œ�Ž�œ�œ�–�Ž�—�•�ð�1�œ�™�Ž�Œ�’�Š�•�’�˜�—�ð�1�‹�’�˜�Š�Œ�Œ�ž�–�ž�•�Š�•�’�˜�—�ð�1�œ�ž�‹�Œ�Ž�•�•�ž�3
lar partitioning, toxicity

1. Introduction

Environmental pollution with metals is a serious problem in many areas in the world, and
assessment of metal bioaccumulation and toxicity is of high concern. In such assessment, unique
properties of metals that are largely different from the characteristics of organic substances
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�œ�‘�˜�ž�•�•�1�‹�Ž�1�Œ�˜�—�œ�’�•�Ž�›�Ž�•�ï�1���‘�Ž�1�‹�’�˜�Š�Ÿ�Š�’�•�Š�‹�’�•�’�•�¢�1�Š�—�•�1�•�˜�¡�’�Œ�’�•�¢�1�˜�•�1�–�Ž�•�Š�•�œ�1�Š�›�Ž�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�‹�¢�1�•�‘�Ž�’�›�1�Œ�‘�Ž�–�’�3
cal speciation, which is heavily influenced by environmental chemistry [1–5]. Metals are an
intrinsic  component  of  the  environment,  naturally  occurring  with  varying  background
concentrations [6, 7]. Several metals are essential elements, that is, the elements that are present
in living organisms and able to interact with the living system, and an insufficient amount of
these elements leads to preventable or reversible effects on certain biological function, which
do not occur at a physiological amount of the elements [8]. There is a limit to the regulation by
the homeostasis mechanisms. Biological functions of organisms are affected by either the
deficiency (below the limit) or toxicity (above the limit) of the essential metals. Because of these
unique properties, organisms have developed various regulatory mechanisms for uptake,
metabolism, distribution, storage, and elimination in response to metal exposure and to maintain
�–�Ž�•�Š�•�1�‘�˜�–�Ž�˜�œ�•�Š�œ�’�œ�ï�1���‘�Ž�1�›�Ž�œ�™�˜�—�œ�Ž�œ�1�˜�•�1�˜�›�•�Š�—�’�œ�–�œ�1�•�Ž�™�Ž�—�•�1�˜�—�1�Š�1�—�ž�–�‹�Ž�›�1�˜�•�1�•�Š�Œ�•�˜�›�œ�ð�1�•�›�˜�–�1�Ž�—�Ÿ�’�›�˜�—�3
mental conditions, bioaccumulation, to internal detoxification [9–11]. Metal bioaccumulation,
a prerequisite for metal toxicity, is determined by the chemical speciation of metals in the
�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�ð�1� �‘�’�Œ�‘�1�•�Ž�™�Ž�—�•�œ�1�˜�—�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�Š�•�1�Œ�˜�—�•�’�•�’�˜�—�œ�ï�1���—�1�Š�•�•�’�•�’�˜�—�1�•�˜�1�–�Ž�•�Š�•�1�Š�Œ�Œ�ž�–�ž�•�Š�3
tion,  metal  toxicity  is  influenced  by  metal  subcellular  partitioning.  Different  modelling
approaches have been developed to address some of these factors as described in more detail
in the following sections.

2. Metal availability in the environment

The bioavailability and toxicity of metals depend to a large extent on the chemical speciation
of metals [12–15]. A widely recognised definition of the chemical speciation is that the chemical
speciation of an element is the identification and quantification of the different, defined species,
forms, or phases in which the element is present [16, 17]. Each form of the element is defined
by its isotopic composition, electronic or oxidation state, or molecular structure [ 18, 19]. The
mobility of metals in soil depends on the partition of metals between the solid and solution
phases [20], which is determined by properties of the metals as well as composition of both
solid and solution phases [21]. The most important soil properties include the total metal
content, pH, cation exchange capacity (CEC), contents of soil organic matter (SOM), clay,
oxides, and exchangeable Ca and Mg [22–26]. Besides the chemical extraction for direct
determination, the solid-solution partitioning of metals in soils can be characterised by
equilibrium models, which allow for predicting the speciation of a metal based on soil
properties. Generally, two main approaches have been applied for modelling the solid-
solution partitioning of metals in soils. They are based on: (1) empirical relations or transfer
functions between the concentration of metals in soil solution or in a specific form and soil and
solution properties [22, 24, 26, 27] or (2) complex process-based (mechanistic) multi-surface
complexation models incorporating a detailed simulation of soil surface complexation and
solution chemistry [23, 26, 28–31].
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2.1. Transfer functions

The partition of metals between the solid and solution phases in soil has been expressed by
adsorption isotherms or a distribution coefficient ( Kd; L/kg):

d
ss

c
c

k = (1)

where Kd (L/kg) is the distribution coefficient; C (mg/kg or mol/kg) is the total or reactive
concentration of the metal in soil; Css (mg/L or mol/L) is the solution concentration.

In aerobic conditions, metals occluded in mineral particles and organic matter that are not
readily available are included in the total pool, whilst the reactive fraction (extracted with
0.43M HNO3) represents the metals available for exchange with soil solution with a particular
time span [32]. Therefore, the reactive concentration has been used to substitute the total
concentration in the above equation [32, 33]. The partitioning of metals in soil is usually
expressed by sorption isotherms as described by a Freundlich equation:

n
ssC k C� �˜ (2)

where k and n are the Freundlich parameters. The exponent n reflects the variation in the
binding strength with varying total pools. Equation 2 can be rewritten and extended to take
into account the influence of soil properties [22, 32, 34–36]:

( )sslog log log logi iC k n C a X�  � � � ˜ � � � ˜�¦ (3)

where ai is the coefficient that reflects the influence of soil parameter Xi on the partitioning of
metals between the solid and solution phases. The distribution coefficient has also been related
to soil properties:

( )d 0 sslog log logi iK a a C a X�  � � � ˜ � � � ˜�¦ (4)

Empirical relationships have been established between the distribution coefficient or the
dissolved concentration, on the one hand, and the total/reactive concentration and soil
properties, on the other. Different equations have been derived, depending on the empirical
data that they have been based on, whilst a full description of soil properties is usually not
available. Among soil properties, pH is the most commonly integrated parameter in transfer
functions, followed by soil organic carbon (SOC), while other soil properties are rarely
included in. This reflects the importance of pH and organic matter in determining metal
speciation as well as the partitioning of metals between the solid and solution phases.
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2.2. Mechanistic multi-surface complexation models

Substantial progress has been obtained in simulating the sorption of metal ions to soil and
dissolved organic matter (DOM) with the development of different models, for example,
MINEQL [37], GEOCHEM [ 38], NICADonnan [39], and WHAM V and VI [ 40, 41]. Metal
speciation in soil has been characterised by various models calculating metal movement and
available fractions and simulating impacts of physicochemical properties on metal dynamics
in soil. The movement of different metal species in an environment is characterised by fate and
transport models, while the partitioning of metals into dissolved, colloidal, and particulate
phases is predicted by speciation/complexation models. Assemblage models have been formed
by incorporating various surface complexation models. These process-based models provide
a detailed description of metal complexation on different sorption surfaces [ 39, 42]. Surface
complexation models based on thermodynamic processes have been developed for describing
reactions of metals on the surface of soil reactive phases, such as SOM [39, 41], oxides [42, 43],
and clay minerals [44]. Multi-surface complexation models have been formed from individual
�œ�ž�›�•�Š�Œ�Ž�1�Œ�˜�–�™�•�Ž�¡�Š�•�’�˜�—�1�–�˜�•�Ž�•�œ�ð�1�Š�œ�œ�ž�–�’�—�•�1�•�‘�Š�•�1�•�‘�Ž�1�Š�•�œ�˜�›�™�•�’�˜�—�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�˜�•�1�œ�˜�’�•�1�Œ�Š�—�1�‹�Ž�1�Œ�‘�Š�›�Š�Œ�3
terised by the sum of the individual adsorption properties of individual components. Metal
concentrations in soil solution have been predicted by using mechanistic geochemical models
accounting for interactions of metals with various reactive surfaces [23, 24, 26, 29, 30].

Originally developed to characterise metal speciation in oxic waters [ 40, 41], WHAM has been
applied to simulate the solid-solution partitioning [ 23, 45]. This model consists of several sub-
models: Humic Ion-Binding Model V and models of inorganic solution chemistry, adsorption-
desorption reactions of fulvic acids, precipitation of oxides, and cation exchange reactions on
clays. In the Humic Ion-Binding Model V, humic substances are represented by molecules
containing proton-dissociating groups that can bind to metal ions [ 40]. The binding of metal
ions to humic substances is described in terms of complexation at discrete sites while taking
into account both electrostatic interactions and competition among ions. In the application to
soil systems, a fixed charge mineral cation exchanger was included to describe the presence
of clays [46].

���Ž�—�•�1�Ž�•�1�Š�•�ï�1�ý�X�_�ð�1�Z�]�þ�1�‘�Š�Ÿ�Ž�1�™�›�˜�™�˜�œ�Ž�•�1�Š�—�˜�•�‘�Ž�›�1�–�ž�•�•�’�,�œ�ž�›�•�Š�Œ�Ž�1�˜�›�1�–�Ž�Œ�‘�Š�—�’�œ�•�’�Œ�1�–�˜�•�Ž�•�1�•�˜�›�1�Œ�‘�Š�›�Š�Œ�•�Ž�›�3
izing metal speciation in which soil is considered a set of independent sorption surfaces, that
is, organic matter, clay silicates, and iron (hydr)oxides. Metal binding to these surfaces is
�œ�’�–�ž�•�Š�•�Ž�•�1�ž�œ�’�—�•�1�Š�•�Ÿ�Š�—�Œ�Ž�•�1�Š�•�œ�˜�›�™�•�’�˜�—�ð�1�Œ�Š�•�’�˜�—�1�Ž�¡�Œ�‘�Š�—�•�Ž�1�–�˜�•�Ž�•�œ�ð�1�Š�—�•�1�•�Ž�•�Š�ž�•�•�1�‹�’�—�•�’�—�•�1�™�Š�›�Š�–�Ž�3
ters. Humic acid is considered an analogue for SOM. The site density of SOM is assumed to
be equal to 31% of the density of humic acid [47], while metal binding to SOM is described by
using the non-ideal competitive consistent Adsorption (NICA)-Donnan model [ 39]. Clays are
represented by illite because of their importance in Dutch soils [ 48]. The average charge of illite
is assumed to be pH dependent (0.25 mol/kg; [49]). An electrostatic Donnan model is used to
describe metal binding to clay. For amorphous iron (hydr)oxides, their amount is predicted as
the oxalate-extractable Fe, and their surface area is considered similar to that of hydrous ferric
oxices (HFO; 600m2/g) [42]. For crystalline iron (hydr)oxides, their surface area is assumed to
be the same as that of goethite (100 m2/g), and their amount is calculated as the difference
between total (aqua regia) and oxalate-extractable Fe. Metal binding to the oxides is simulated
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using the two-site surface complexation diffuse double layer model [ 42]. The complexation of
metals with carbonate and dissolved organic matter (DOM) is also taken into account in the
model. DOM is assumed to consist of 30% humic acid and 30% fulvic acid [29].

The ORCHESTRA (Objective Representing CHEmical Speciation and TRAnsport) modelling
framework [50, 51] is a combination of different sub-models. Thermodynamic data from the
MINTEQA2 [52] were used to calculate solution speciation. The sorption of ions to SOM and
DOM was simulated with the NICA-Donnan model [ 39, 53, 54�þ�1�ž�œ�’�—�•�1�•�Ž�—�Ž�›�’�Œ�1�‹�’�—�•�’�—�•�1�™�Š�›�Š�–�3
eters and constants derived by Milne et al. [55, 56]. When data on DOM were not available,
DOM was assumed to consist of 50% reactive humic substances. In addition, SOM and DOM
were represented by humic acid assuming that humic acid consists of 50% carbon [56]. The
sorption of ions on the surface of (hydr)oxides was described by the generalized two layer
model (GTLM) of Dzombak and Morel [ 42�þ�ï�1���’�•�Ž�1�•�Ž�—�œ�’�•�’�Ž�œ�1�˜�•�1�•�‘�Ž�1�Š�–�˜�›�™�‘�˜�ž�œ�1�’�›�˜�—�1�Š�—�•�1�Š�•�ž�–�’�3
nium (hydr)oxides were calculated from the assumed specific surface area of 600 m2/g for
hydrous ferric oxide [42]. Crystalline iron (hydr)oxides were represented by the hydrous ferric
oxide, assuming the same reactivity. Moreover, a specific surface area of 100 m2/g was assumed
for these (hydr)oxides [43]. The nonspecific sorption of ions to permanently charged clay
surfaces was modelled with a Donnan model. The illitic clay mineral with an average charge
density of 0.25 eq/kg and a fixed Donnan model of 1 L/kg were used to represent the clay
mineral [49].

3. Metal bioaccumulation

Since metals in the environment are not always available, assessing metal accumulation in
sentinel species is one of the most effective methods for evaluating effects of metals on biota.
The tendency of chemicals to be accumulated in organisms is usually expressed by the
bioaccumulation factor (BAF) and the bioconcentration factor (BCF). These factors represent
the ratio of the residue in the organisms versus the concentration in water at equilibrium,
including or excluding the uptake from dietary sources, respectively. For metals, BCF and BAF
vary widely and are inversely related to the external water concentration [ 57–59]. These
characteristics of the accumulation factors for metals are attributed to the complex mechanisms
of metal uptake and accumulation [60]. In a number of studies, uptake via saturable kinetics-
exhibiting mechanisms has been shown to be more common and toxicologically relevant than
passive diffusion [ 61–65]. The concentration of metals accumulated in organisms is further
influenced by different physiological and anatomical mechanisms in response to metal
exposure [6�þ�ï�1���˜�›�1�Ž�œ�œ�Ž�—�•�’�Š�•�1�–�Ž�•�Š�•�œ�ð�1�˜�›�•�Š�—�’�œ�–�œ�1�Š�›�Ž�1�Š�‹�•�Ž�1�•�˜�1�Š�Œ�•�’�Ÿ�Ž�•�¢�1�›�Ž�•�ž�•�Š�•�Ž�1�–�Ž�•�Š�•�1�‹�’�˜�Š�Œ�Œ�ž�–�ž�•�Š�3
tion and maintain homeostasis over a range of exposure via exclusion or increased elimination
[11, 57, 65]. Organisms have also developed different mechanisms to sequester, detoxify, or
store excess metals [11, 62, 66]. The dependence of BCF and BAF on exposure conditions as
well their inverse relationship with the exposure concentration invalidates the use of these
factors in risk assessment [6, 57, 59].

Biodynamic models have been recommended as an alternative to single and generic values of
BCF or BAF in the assessment of metal bioaccumulation [67]. Such models allow for integrating
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and distinguishing different exposure routes (e.g., water vs. diet) and the dynamic nature of
bioaccumulation processes [6, 68, 69]. The models provide a better understanding of the extent
of and the contributors to the variability in the bioaccumulation among metals in various
species and at different conditions [67, 70]. The biodynamic models are based on the concept
of biodynamics that the accumulation of chemicals occurs as a result of a balance of different
fluxes. The models assume that the rate of the fluxes can be realistically determined in
controlled experiments with varying concentrations and conditions [67]. Uncertainties are
inherent in the application of these empirical rates to different conditions, especially those that
are extremely different from the conditions in which the rates have been derived. This
limitation can be eliminated by integrating inverse phenomena into unifying concepts. The
biokinetic model based on a unifying concept is considered ‘mechanistic’ from the perspective
that physiological rates are estimated from chemical-specific properties of substances and
species-specific physiological characteristics of organisms [71, 72]. This method facilitates
extrapolation to a wide range of chemicals, organisms, and environmental conditions, without
�•�‘�Ž�1�—�Ž�Œ�Ž�œ�œ�’�•�¢�1�•�˜�›�1�Œ�Š�œ�Ž�,�œ�™�Ž�Œ�’�•�’�Œ�1�Œ�Š�•�’�‹�›�Š�•�’�˜�—�ï�1���ž�Š�—�•�’�•�Š�•�’�Ÿ�Ž�1�›�Ž�•�Š�•�’�˜�—�œ�1�‹�Ž�•� �Ž�Ž�—�1�ž�™�•�Š�”�Ž�1�Š�—�•�1�Ž�•�’�–�’�—�Š�3
tion rate constants, on the one hand, and metal-specific properties and species-specific
physiological characteristics, on the other hand, are required for the development of a
mechanistic model. Some potential for meeting this requirement has been revealed from the
findings during the last decades. Specifically, metal absorption and elimination rates have been
related to the filtration rate and species weight, respectively [71, 73]. The affinity of metals for
proteins, which are intensively involved in trafficking processes of metals, may explain the
uptake rate constant from the dissolved phase [72]. The affinity of metals for the proteins
depends on metal charge and atomic radius and reflects the preferences for coordination and
ligands [72, 74, 75]. The suggestion on a potential correlation between uptake kinetics and the
affinity of metals for protein has been substantiated by the reported relationship between the
absorption efficiency and the binding of metals to membrane transport proteins [ 76]. Efforts
have been put in developing bioaccumulation and toxicity models based on the affinity of
metals for biological ligands [69, 72, 77]. Different indicators of metal binding to biological
ligands and bioaccumulation have been related to various chemical properties of metals [78–
82].

The accumulation of metals in organisms occurs as a result of a balance of the uptake from
food as well as water and losses. Moreover, metal concentrations in organisms are affected by
the growth dilution. Taking these factors into consideration, the concentration of metals
accumulated in organisms (C; µg/g dw) can be expressed by the following equation:

( ) ( ) ( )u w f ew ef

dC
k C IR AE C k k g C

dt
�  � u � � � u � u � � � � � � � u(5)

where ku (L/g dw/d) is the absorption rate; Cw (µg/L) is the dissolved metal concentration; IR
(g/g dw/d) is the ingestion rate; AE (/) is the assimilation efficiency; Cf (µg/g) is the metal
concentration in food; kew (1/d) is the excretion rate; kef (1/d) is the egestion rate; and g (1/d) is
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the growth rate. The instant concentration of metals in organisms can be solved from Equation
5:

( ) ( ) ( )( )1 ew efk k g tu w f

ew ef

k C IR AE C
C e

k k g
� � � � � � � u� u � � � u � u

� � u � �
� � � �

(6)

The first factor in Equation 5 represents the uptake from the dissolved phase and can be further
elaborated based on the absorption efficiency and the filtration rate [69]. In the study of Le et
al. [69], the filtration, ingestion, and growth rates were related to the species weight while the
absorption and assimilation efficiency was considered metal specific. In addition, elimination
rates were parameterised based on both chemical properties of metals and mussel size.

Such a mechanistic model has shown good potential for predicting metal accumulation in the
zebra mussel with different size and from various sites. A mechanistic model, which is based
on chemical properties of metals and physiological characteristics of organisms while taking
site-specific contamination levels into consideration, facilitates a wide extrapolation to
different conditions and metals. However, a number of disadvantages are inherent in the
current model. The modelling is based on the dissolved metal concentrations without a
specification of chemical species and forms of metals in the environment. Although different
uptake pathways are included in the model, a distinction of tissue-specific accumulation of
metals is not accounted for. Another disadvantage of the model is related to the derivation of
the relationship between the rate of physiological processes and the chemical properties of
metals. Despite the potential correlation between the uptake kinetics and some chemical
properties of metals shown recently, quantitative relationships established between these two
factors have hardly been validated. Moreover, relationships between uptake kinetics and
chemical properties of metals have usually been derived based on limited experimental data,
thereby leading to intrinsic uncertainties in the application of the derived relationships.

4. Metal subcellular fates and partitioning

4.1. Subcellular partitioning

Bioaccumulation is a prerequisite, but not necessarily a reliable indicator of metal toxicity due
to the species-specific capacity of organisms to detoxify the metals accumulated [9, 59, 82]. The
detoxifying mechanisms have been suggested to account for the tolerance of organisms [83].
Besides metal uptake, metal toxicity is determined by the subcellular partitioning of metals in
organisms [83]. Metals accumulated are distributed to different cellular components and
sequestered by binding to proteins or peptides (e.g., metallothionein and glutathione) and
granules [10, 83–86]. Therefore, only parts of meals are accumulated in sensitive cellular
fractions [9]. From a toxicology perspective, metals accumulated have been divided into two
fractions, that is, metal-sensitive fraction (MSF) and biologically detoxified metal (BDM) [ 83,
87, 88]. The former consists of metals in mitochondria, associated with heat-denaturable
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proteins (HDPs), lysosomes, and microsomes. The latter includes metals in association with
heat-stable proteins (HSPs) or metallothionein (MT)-like proteins and metal-rich granules.

It has been suggested that sub-lethal toxicity is accompanied with changes in subcellular
partitioning, especially when the threshold is exceeded, that is, saturation of detoxification
mechanisms [83]. Eyckmans et al. [89] showed the relationship between the tolerance of three
freshwater fish species to excess Cu and the subcellular partitioning of Cu. The subcellular
partitioning of metals may divulge potential mechanisms of toxicity as well as the fate of
accumulated metals [90]. For instance, the binding of metals to cytosolic proteins such as MT
has widely been demonstrated to alleviate toxic effects [91]. In contrast, the association of
metals such as Cd to mitochondria modulates oxidative phosphorylation, followed by
decreases in ATP production [92]. Similarly, the binding of Cd to the nucleus is potentially
toxic because it can lead to DNA damage and stimulate mutagenesis [93, 94]. Different ligands
are included in the HSP fraction, that is, amino acids, glutathione, and metallothioneins [ 95].
This fraction determines the tolerance and resistance of organisms to metals [83, 84, 87]. The
relationships between subcellular partitioning and metal toxicity are complicated because of
the different physiological functions of each fraction. The accumulation of metals in the
lysosomes and microsomes might reflect the storage for eventual elimination if metals are
mainly in the lysosomal fraction [85, 96]. In contrast, metals associated with microsomes can
indicate toxicity because of the presence of fragmented endoplasmic reticulum, which is
involved in the synthesis and transport of proteins [ 85, 87]. In addition, mitochondria is the
most sensitive fraction [85]. Because of these factors, subcellular partitioning has recently been
included in the assessment of metal toxicity.

4.2. Assessment based on metallothionein induction
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logical assessment. However, recent reviews on the use of MT induction as biomarkers of metal
exposure and toxicity raise questions on the validity of this method [ 11, 97]. The main concern
comes from the lack of well-described time- and dose-dependent MT induction, while the
induction of MT widely varies, depending on metals, species, and environmental conditions
[97]. Further concern results from the lack of well-described relationships between MT
induction and metal exposure, metal accumulation, and biological effects [ 11]. The validity of
the use of MT induction as a biomarker is questionable because of the lack of enhancement in
MT induction in response to metal exposure and/or the insignificant relationships between
metal and MT concentrations [11]. As explained in the reviews by these authors, these results
are attributed to different factors determining the cytosolic free metal ion concentrations, the
presence of different MT isoforms in different tissues with various physiological functions,
and turnover kinetics of MT as well as the high variability of MT induction and the basal level
[11]. These factors should be taken into consideration in the assessment of metal exposure and
toxicity based on MT induction. Another concern is related to the selection of organs/tissues
as the target in the assessment. The digestive gland has widely been used as the target tissue
[98, 99] from the point of view that this is the long-term storage organ. In addition, this organ
plays an important role in different processes such as immune defence, homeostasis, xenobiotic
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mechanisms, elimination, and detoxification [ 100–103]. Another reason for the use of the
digestive gland is that this organ has the highest amount of proteins, including MT [ 104].
However, the suitability of the digestive ligand is doubtful because of the influence of natural
factors and physiological changes on the induction of MT in this organ [ 104, 105]. As a major
tissue for metal uptake, the induction of MT in gills is expected to represent the response of
organisms to the ongoing exposure or accidental pollution [ 106]. Because of these issues, a
single value of MT concentrations in the whole soft tissue or in a specific tissue is not always
good indicator of metal exposure or effects on biota. As suggested by Le et al. [11], the induction
of MT needs to be considered in relation to a number of factors as briefly mentioned above.

4.3. Assessment based on subcellular partitioning

Binding to MT is not the only mechanism for organisms to detoxify and to sequester excess
metals. Metals can be associated with insoluble complexes in granules or lysosomes as
mentioned above. The proportion of metals bound to MT is not always the dominant fraction
and so MT induction is not necessarily a reliable indicator of metal exposure and biological
effects. According to Adams et al. [107], the kinetic partitioning of metals into MSF and BDM
is the key factor for an understanding of the exposure-toxicity relationship. This has been
demonstrated by the shift of Cu accumulated in gills of common carp from MSF to BDM in
the first period of the Cu exposure [ 89]. The ‘Spillover’ hypothesis has been used to simulate
the relationship between metal bioaccumulation and toxicity. This term indicates the situation
when the capacity of organisms to detoxify excess metals is overwhelmed, thereby resulting
in adverse effects [66]. From a broad perspective, spillover is assumed to occur when the uptake
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lation of metals in the MSF fractions [9, 108]. This hypothesis has been used in some approaches
for assessing metal toxicity.

The first approach is based on the ratio between MSF and MDP fractions or the relative
contribution of the MSF and MDF fractions in other words [89, 90]. This approach is simplistic
and does not provide a full description of toxicity [ 90]. There is not constant partitioning
between MSF and BDM. Metals can be exchanged between the two fractions, and only a small
fraction of metals occurs as free ions [90]. The use of the relative distribution between these
two pools may lead to misinterpretation of spillover [90, 92, 109]. For instance, the increase in
the amount of metals bound to MSF might be hidden by the lack of changes in the relative
proportion, while the accumulation in all compartments increases. This has been illustrated
by increases in metal concentrations in both BDM and MSF fractions in yellow eels [110],
mummichogs [111], or yellow perch [85].

The second approach is to develop a relationship between MSF and toxic effects [112],
assuming that adverse impacts on organisms increase with increasing amounts of metals in
MSF. This method is based on the hypothesis that spillover occurs when certain detoxification
mechanisms are overwhelmed and excess metals are accumulated in MSF, leading to adverse
effects.

The third approach is based on the kinetics of metal accumulation in MSF [108, 113, 114]. The
�Š�Œ�Œ�ž�–�ž�•�Š�•�’�˜�—�1�˜�•�1�–�Ž�•�Š�•�œ�1�’�—�1�������1�Œ�Š�—�1�‹�Ž�1�•�Ž�œ�Œ�›�’�‹�Ž�•�1�Š�œ�1�Š�1�‹�Š�•�Š�—�Œ�Ž�1�˜�•�1�ž�™�•�Š�”�Ž�1�û�Ž�ï�•�ï�ð�1�•�›�˜�–�1�•�‘�Ž�1�•�’�œ�3
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solved), losses via elimination, and the partitioning of the metals to BDM, expressed by the
detoxification rate:

( ) ( )MIT u w detox e ITk C k k C= × = + × (7)

where MIT (mol/g/d) is the metal influx threshold ; ku (L/g/d) is the uptake rate constant; Cw

(mol/L) is the dissolved metal concentration; kdetox (1/d) is the detoxification rate constant; ke

(1/d) is the elimination rate constant; CIT (mol/g) is the metal accumulation in MSF at the influx
threshold.

This approach is supported by a negative correlation between elimination and detoxification
[113, 115]. However, disadvantages are inherent in the assumption of this method that spillover
occurs when the uptake rate exceeds combination of the elimination and detoxification rates,
that is, no metal is accumulated in MSF below the threshold. Previous studies have indicated
that spillover does not happen at low-exposure concentrations. In other words, there is no
threshold below which the accumulation of metals in the sensitive fractions does not occur [ 84,
85].

5. Biological responses to metal exposure

Available approaches based on the induction of MT or taking into account subcellular
partitioning of metals have shown some limitations in predicting metal toxicity as mentioned
in the previous section. Moreover, the target organ or tissue is species specific, depending on
the kinetics of metal accumulation, that is, the differences in absorption, distribution, and
excretion [6]. A method that has been demonstrated to be more applicable to different species
is to predict metal toxicity based on the accumulation of metals at biological surfaces, which
allows for taking into account interactions between organisms and metals at biological
surfaces.

5.1. Biotic Ligand Model

Interactions at the water-organism interface have been integrated in the Biotic Ligand Model
(BLM). The conceptual framework of the BLM originates from two models: the gill surface
interaction model and the free ion activity model (FIAM) [ 116–118]. The FIAM model assumes
that free ions are the main reactive species of metals, determining metal bioavailability and
toxicity [116, 117�þ�ï�1���‘�Ž�1���������1�–�˜�•�Ž�•�1�‘�Š�œ�1�•�‘�Ž�—�1�‹�Ž�Ž�—�1�Ž�¡�•�Ž�—�•�Ž�•�1�•�˜�1�•�Š�”�Ž�1�’�—�•�˜�1�Š�Œ�Œ�˜�ž�—�•�1�•�‘�Ž�1�’�—�•�Ž�›�Š�Œ�3
tions of metals with organisms. One example is the fish gill surface interaction model [ 119],
which has been developed by integrating conditional metal-gill surface binding constants to
a geochemical speciation model. On the basis of the fish gill surface interaction model, the BLM
has been developed to facilitate the application to various species, metals, and exposure
conditions as well. According to the concept of the BLM, environmental geochemistry as well
as toxicology principles are taken into consideration in determining the fraction of metals that
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provokes effects on biota [119–121]. Initial toxicology bases of the model were effects of trace
metals on ionoregulation. Apical (e.g., Na + and Ca2+ channels) and basolateral (e.g., Na+/K+-
and Ca2+-ATPase) transport channels, exchangers, and enzymes are negatively charged
proteins that potentially bind to metal cations [122].

���’�•�‘�1�•�‘�Ž�1�™�›�’�—�Œ�’�™�•�Ž�œ�1�–�Ž�—�•�’�˜�—�Ž�•�1�Š�‹�˜�Ÿ�Ž�ð�1�•�‘�Ž�1�������1�‘�Š�œ�1�œ�‘�˜� �—�1�œ�ž�‹�œ�•�Š�—�•�’�Š�•�1�Š�•�Ÿ�Š�—�•�Š�•�Ž�œ�1�’�—�1�Š�œ�œ�Ž�œ�œ�3
ment of metal bioavailability. By including interactions of metal ions with both biotic and
abiotic ligands, the BLM might provide more reliable estimates of metal bioavailability and
toxicity. Moreover, the accumulation of metal ions at the physiological active sites of toxic
actions, which determines toxic effect, is, in principle, distinguished from the total body burden
[6]. Another advantage of the BLM is the inclusion of environmental conditions in estimating
metal bioavailability and subsequent application to site-specific assessment [6]. Furthermore,
the BLM provides a mechanistic understanding of metal-organism interactions as well as a
mechanistic interpretation of metal toxicity, as illustrated by the results in the study of Le et
al. [123]. The BLM has potential for assessing the toxicity of metal mixtures [123, 124]. Norwood
et al. [124] suggested that metal-metal interactions can be predicted based on known stability
constants. If two metals compete for the same binding site, the total amount of the metals bound
to the biotic ligands determines combined effects [123]. Alternatively, the accumulation of
individual metals at the biotic ligands can be used as inputs to the response addition model
for estimating toxicity of metal mixtures [ 124, 125]. This suggestion has been demonstrated by
the increasing application of the BLM for predicting joint toxicity of metals. Liu et al. [ 126]
predicted the toxicity of metal mixtures based on the simple sum of the fraction of biotic ligands
occupied by individual metals. This approach allows for taking into account the metal-specific
affinity for binding sites of biotic ligands, but not the metal-specific toxic potency. In other
studies, the BLM concepts are usually combined with conventional concepts of mixture toxicity
such as concentration addition. As such, the specific toxic potency of metals is taken into
account in the estimates. For instance, the toxicity of metal mixtures has been related to the
toxic equivalent quotient (TEQ), which is based on the accumulation of metal ions at the
binding sites of biotic ligands while giving consideration to the metal-specific toxic potency
[123, 126]. The toxic unit (TU) is the concept mostly integrated in the BLM-based approaches
for estimating joint toxicity of metals.

5.2. The electrostatic model

The electrostatic model originates from the reported differences between the ion concentration
at the root plasma membrane surface and the ion concentration in the external medium, which
is induced by the negative charge at the plasma membrane surface [127, 128]. The surface
potential affects the activity of ions at the plasma membrane surface via electrostatic attraction
or repulsion. In addition, the potential influences the difference in the electrical potential across
the membrane, which stimulates the transport of ions through the membrane. A number of
studies have shown the effects of electrical potential at the plasma membrane surface on cation
uptake [127, 128]. The principle effect of the electrical potential at the plasma membrane surface
is to control the ion activity at the surface [129].
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The model allows for integrating plant-ion interactions in predicting metal toxicity [ 130–132].
In addition, the model gives consideration to the interactions among ions while estimating
metal toxicity [132]. The electrostatic model has been applied to simulate effects of major
cations on the toxicity of trace metal ions [131–134�þ�ï�1���Œ�Œ�˜�›�•�’�—�•�1�•�˜�1�•�‘�Ž�1�™�›�’�—�Œ�’�™�•�Ž�1�˜�•�1�•�‘�Ž�1�Ž�•�Ž�Œ�•�›�˜�3
static model, additions of cations to the bulk medium reduce the negativity of the electrical
potential at the plasma membrane surface, thereby leading to decreases in the negativity of
the electrical potential at the plasma membrane surface accompanied by reduced accumulation
of trace metal ions at the plasma membrane surface and subsequent alleviation of toxic effects
[135�þ�ï�1���‘�Ž�1�Ž�•�Ž�Œ�•�›�˜�œ�•�Š�•�’�Œ�1�Š�™�™�›�˜�Š�Œ�‘�1�•�‘�Ž�›�Ž�•�˜�›�Ž�1�–�’�•�‘�•�1�™�›�˜�Ÿ�’�•�Ž�1�Š�•�•�’�•�’�˜�—�Š�•�1�Ž�¡�™�•�Š�—�Š�•�’�˜�—�1�•�˜�›�1�’�—�•�Ž�›�™�›�Ž�•�3
ing ion-ion interactions as well as effects of major cations on the toxicity of trace metal ions
besides the competitive binding assumed in the BLM. According to the electrostatic principles,
three mechanisms have been suggested to account for ameliorative effects of Ca2+ on metal
toxicity [128]. The first mechanism is the electrostatic displacement of trace metal ions at the
plasma membrane surface by Ca2+. The second is the restoration of Ca2+ at the cell surface in
response to low levels of surface Ca2+. This mechanism is mediated in order to avoid the
inhibition of the plant growth induced by the low contents of Ca 2+ at the cell surface. The third
mechanism covers other types of interactions between Ca2+ and trace metal ions, such as the
blockade of the ion channel [136]. Despite the toxicant- and major cation-specific relative
�’�–�™�˜�›�•�Š�—�Œ�Ž�1�˜�•�1�•�‘�Ž�œ�Ž�1�–�Ž�Œ�‘�Š�—�’�œ�–�œ�ð�1�–�Ž�Œ�‘�Š�—�’�œ�–�1�W�1�•�Ž�—�Ž�›�Š�•�•�¢�1�˜�Œ�Œ�ž�›�œ�1�’�—�1�Š�•�•�1�Œ�Š�œ�Ž�œ�1� �‘�’�•�Ž�1�•�‘�Ž�1�Œ�˜�—�•�›�’�3
bution of mechanism 2 is minor [ 128]. The significance of mechanism 3 is trace metal ion
specific. The relative influence of major cations such as Ca2+ and Mg2+ on the toxicity of trace
metal ions varies, depending on the trace metal ions and species [128]. For instance, Ca2+ has
stronger effects on the toxicity of Al 3+ to soybean than Mg2+ [137, 138]. In wheat, Mg2+ is more
effective than Ca2+ in inhibiting Zn 2+ toxicity, whereas Mg 2+ does not have effects on the toxicity
of Al 3+ [128].

5.3. WHAM-based bioavailability model

Originally developed for determining and quantifying chemical forms and species of metals
in different phases in the environment, speciation models such as WHAM have recently been
used for estimating metal bioavailability and toxicity (hereafter referred to as the WHAM-
based model). In this method, humic acid is considered a surrogate to biological surfaces [139–
144]. As such, the amount of metals bound to humic acid computed by WHAM is used for
estimating metal toxicity for different species. In the application of the WHAM-based model
to plants, humic acid is used as a surrogate for the root surface [144]. In other words, the
interactions of metal ions and the root surface are simulated by the interactions with humic
acid.

The WHAM-based model was initiated from the similarities in terms of chemical structure
between the root surface and humic acid. The root surface is a heterogeneous mixture of
�Ÿ�Š�›�’�˜�ž�œ�1�–�Ž�•�Š�•�,�‹�’�—�•�’�—�•�1�•�ž�—�Œ�•�’�˜�—�Š�•�1�•�›�˜�ž�™�œ�1�ý�W�Z�[�.�W�Z�]�þ�ï�1���’�–�’�•�Š�›�•�¢�ð�1�‘�ž�–�’�Œ�1�Š�Œ�’�•�1�™�˜�œ�œ�Ž�œ�œ�Ž�œ�1�Š�1�‘�Ž�•�Ž�›�˜�3
geneous mixture of functional groups, mainly carboxylic and phenolic acids [ 141�þ�ï�1���ž�›�•�‘�Ž�›�3
more, the ratio of 1:2 between the site densities of phenolic and carboxylic groups assumed in
WHAM [ 40, 41] lies in the range from 0.49:1 to 1:1 reported for root cell walls of different plant
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species [148]. Because of this similar structure of the root surface and humic acid, metal

accumulation on the root surface and metal binding to humic acids are influenced by similar

factors. These factors include electrostatic interactions and chemical heterogeneity [127, 128,

149, 150]. The relevance of using metal binding to humic acid to represent metal accumulation

at biological surfaces is further substantiated by the nature of the sorption of metal cations to

the biological surfaces [151].

The WHAM-based model allows for the interactions between metal ions to be integrated in

modelling metal toxicity [ 144]. Specifically, interactions between ions are considered in

modelling metal binding to humic acid in WHAM and therefore accounted for in estimating

metal accumulation at the biological surfaces. Another advantage of the WHAM-based model

is related to the availability of binding constants in WHAM, which facilitates a wide application

to different metals [144]. Moreover, previous studies have shown small variations in the

binding constants among different species [145, 147, 152, 153]. For instance, the logarithm of

the binding constants of Cd to the carboxylic group on the membrane surface of bacteria, fungi,

and plants were in the range 3.3–3.5. Moreover, the cell walls of algae, maize, soybeans, and

higher plants have similar titration curves [ 154–156]. These results indicate the applicability

of a single set of binding constants to different organisms.

In the study of Le et al. [144], the amount of metals bound to humic acid was computed with

WHAM in which metal sorption to humic substances is simulated by using a structured

formulation of discrete, chemically plausible binding sites for protons and metals. This allows

the creation of regular arrays of bidentate and tridentate binding sites for metals. Metal aquo

ions compete with their first hydrolysis products, protons, and other metals for binding sites.

In addition to the intrinsic metal binding strength to uncharged molecules, electrostatic effects

were taken into consideration while predicting metal binding to humic acid. Le et al. [ 144]

showed the potential of the WHAM-HA model for predicting both total and internalised metal

concentrations in roots. Another example of the approaches based on the geochemical

equilibrium in WHAM is the WHAM-F TOX model for estimating metal toxicity [140, 143]. In

this approach, mixture toxicity was simulated as a function of the metal-specific toxic potency

and the amount of metal ions bound to the biological surfaces computed with WHAM.
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Chapter 3

Soil Contamination Health Risks in Czech Proposal of Soil
Protection Legislation
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Abstract

A new system of soil  contamination limit values proposed for Czech legislation is
described. The system is based on the hierarchical limit values system with two levels.
The first one—prevention limit—defined background values of risk elements (REs) and
persistent organic pollutants (POPs) in Czech agricultural soils supported by the data
from soil monitoring system. The second one—indication limit—is defined for human
health protection by two principles, the protection of food chain and the protection of
direct human health risks by inhalation, dermal and oral intake of RE and POPs in soil
particles on the field. The practical application of limit values proposal was applied in the
project focused on soil contamination influence on health and environmental risks in
fluvial zones of Czech important river basins. The floodplain soils belong to the most
contaminated soils in Europe generally and the project defined the potential fluvial areas
with increased human health risks.
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tants, soil protection legislation

1. Introduction

The one of the important way of contamination risk elimination is the existence of legislative
norms of contaminants in the environment. The soil is medium where the load from other
environments can concentrate and interact. The limit values of main contaminants (risk elements
(REs) and persistent organic pollutants (POPs) predominantly) were set in most of developed
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tions in agricultural soil are set by the Decree No. 13/1994 Coll. in the Czech legislation [1]. These
limit values have a status of maximum tolerable values in agricultural soils. The criteria were
derived from available data in the Czech Republic at the beginning of 90th and the data were
corresponding with the load of Czech agricultural soils and also of some European countries.
���‘�Ž�1�����œ�1�•�’�–�’�•�1�Ÿ�Š�•�ž�Ž�œ�1�œ�•�Š�•�Ž�•�1�’�—�1�•�‘�Ž�1�•�Ž�Œ�›�Ž�Ž�1� �Ž�›�Ž�1�•�Ž�›�’�Ÿ�Ž�•�1�Š�œ�1�›�˜�ž�—�•�Ž�•�1�_�V�1�™�Ž�›�Œ�Ž�—�•�’�•�Ž�1�˜�•�1�•�‘�Ž�1�‹�Š�Œ�”�3
ground values in soil (pseudototal content in extract of Aqua regia). Some authors [2, 3] published
�•�‘�Ž�1�•�Š�•�Š�1�Œ�˜�—�Œ�Ž�›�—�’�—�•�1�•�‘�Ž�1�•�˜�•�Š�•�1�Œ�˜�—�•�Ž�—�•�1�˜�•�1�����œ�1�’�—�1�•�‘�Ž�1���£�Ž�Œ�‘�1�œ�˜�’�•�œ�1�‹�Ž�•�˜�›�Ž�1�•�‘�Ž�1�™�›�˜�™�˜�œ�Š�•�1�˜�•�1�‹�Š�Œ�”�3
ground values of REs in Czech agricultural soils [4] was given. The history of POPs limit values
�Š�œ�œ�Ž�œ�œ�–�Ž�—�•�1� �Š�œ�1�•�’�•�•�Ž�›�Ž�—�•�ï�1���‘�Ž�1�������œ�1�•�’�–�’�•�œ�1� �Ž�›�Ž�1�•�Ž�›�’�Ÿ�Ž�•�1�•�›�˜�–�1�Š�Ÿ�Š�’�•�Š�‹�•�Ž�1�Ž�¡�•�Ž�›�—�Š�•�1�•�Š�•�Š�1�û�Ž�œ�™�Ž�Œ�’�Š�•�3
ly from the Netherlands) since no relevant data for the Czech soils were available in 1994. As a
result, limit values of some individual polycyclic aromatic hydrocarbons in the Decree No.
13/1994 Coll. are lower than their real background values in Czech agricultural soils proposed
later [5]. This situation is misapplied by subjects demanding appropriation of agricultural land
for construction purposes because there are assessed lower levies for the appropriation in the
cases where the limit values are exceeded.

The described limit values were derived statistically and do not represent any specific risk in
fact. The delimitation of soil suitability for agricultural use by the existence of one value of risk
substance concentration is very questionable. For these reasons, the presented version of limit
values can be considered as behind the time. The new version of limit values was proposed [6]
and it is based on the principle of hierarchical limit values, differentiated in three levels. These
individual levels present specific risks. The first one is derived from the background values of
RE (POPs, respectively) in agricultural soils and the principles of limit construction follow
German experiences [7], Regulation BGBl I, No. 36/1999 [8]. The principles of the assessment
of nationals' soil background values of REs presented by [9] include following steps: The
assessment of natural background given by the geology—REs contents in rocks and parent
materials and REs contents in organic matter of soils; the assessment of diffusion load given
�‹�¢�1�Š�•�–�˜�œ�™�‘�Ž�›�’�Œ�1�•�Ž�™�˜�œ�’�•�’�˜�—�1�Ž�œ�™�Ž�Œ�’�Š�•�•�¢�1�û�•�Ž�•�Ž�›�–�’�—�Ž�•�1�•�‘�Ž�1�‹�Š�Œ�”�•�›�˜�ž�—�•�1�Ÿ�Š�•�ž�Ž�œ�1�˜�•�1�˜�›�•�Š�—�’�Œ�1�™�˜�•�•�ž�3
tants) and the definition of practical questions connected with soil use and its relationship to
environmental protection level. The suitable statistical methods for the assessment of element
background levels in soils (defined as the first level) and of the higher levels of soil limits were
described in detail in previous study [10].

The second level of limit values can be defined for specific risks (transfer into plants, transfer
into ground water, or microbial activity inhibition for example). Considering the limits for
transfer into plants, the Czech legislation proposal follows the German approach [ 11] using
single extraction methods (1 mol/L NH 4NO 3, 0.01mol/L CaCl2) which were scientifically
verified by several studies [12–15].

The third level of limit values is directly connected with an impact on human health (Maximum
���Ž�›�–�’�œ�œ�’�‹�•�Ž�1���˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�œ�/�������1�’�—�1�•�‘�Ž�1���Ž�•�‘�Ž�›�•�Š�—�•�œ�ð�1���˜�—�•�Š�–�’�—�Š�•�Ž�•�1���Š�—�•�1���¡�™�˜�œ�ž�›�Ž�1���œ�œ�Ž�œ�œ�3
ment in Great Britain) or the threat of ground water contamination (US EPA) generally. The
applications of soil decontamination technologies must be used when these limit values are
exceeded. The limit for Czech legislation was based on the US EPA methodology [16]. The
protection of direct human health risk by inhalation, dermal, and oral intake is based on the
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fact that zootoxic RE and POPs can cause the kind of mentioned risks to farmers spending the
time on the field during agro technical activities. The zootoxic RE (As, Cd, Hg, Pb, and Tl) and
POPs substances (sum of PAHs, benzo(a)pyrene, sum of 7 PCBs, sum of DDTs, HCB, HCH,
and PCDDs/Fs) were chosen for their known negative impact on human health. The EPA
methodology was applied for limit values calculation based on the toxicity of individual RE
or POP substance (defined carcinogenic risk by WHO), the general soil properties and expected
time period spending by the farmer on the field.

The limit values system is in legislative process in current days and validity is presumed since
2016. The practical application of limit values proposal was verified in the project focused on
soil contamination influence on health and environmental risks in fluvial zones of Czech
important river basins. The floodplain soils belong to the most contaminated soils in Europe
generally and the project defined the potential fluvial areas with increased human health risks
by the methodology described above. The results of project are presented as the practical
application of proposed limit values in the methodology of selected risks in fluvial zones. The
Fluvisols are soil group with specific soil properties and soil vulnerability by contamination
(the sources of soil contamination) developed on fluvial sediments. The floods are the most
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bility. The heterogeneity is influenced by nature water stream dynamic (the gradient of
erosion-deposition properties) with increased influence of neolitisation, it means acceleration
of erosion-accumulation processes as the result of vegetation cover change and husbandry
development in the landscape. The Fluvisols belong to fertile soils that has been used in
agriculture historically. The husbandry in contaminated fluvial zones could cause increased
risk and our study defines the risks on the most important fluvial zones in the Czech Republic.

2. Material and methods

Two levels of soil limit values were proposed for the Czech legislation, so-called prevention
and indication limit. Their general characterisation is as follows:
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tural soils when real data were calculated. The indication limits reflect two kinds of the risks.
The first one is focused on increased REs transfer from soil into agricultural plants (POPs
transfer was not calculated). The second one calculates direct impact on human health via their
inhalation, dermal or oral intake on contaminated land for selected POPs and REs.

2.1. The prevention limits of RE and POPs

���‘�Ž�1�™�›�Ž�Ÿ�Ž�—�•�’�˜�—�1�•�’�–�’�•�1� �Š�œ�1�•�Ž�›�’�Ÿ�Ž�•�1�•�›�˜�–�1�‹�Š�Œ�”�•�›�˜�ž�—�•�1�Ÿ�Š�•�ž�Ž�œ�1�˜�•�1�����1�Š�—�•�1�������œ�1�’�—�1���£�Ž�Œ�‘�1�Š�•�›�’�Œ�ž�•�3
tural soils proposed by [ 4] and [5]. REs background values are depending strongly on
geochemical properties of the soil substrates and were proposed for 13 soil-lithological groups
originally. The reduction into two groups was realised for pragmatic reasons. The background
values are not valid for geochemically anomalous soils (mafic rocks, metallogenic zones of acid
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rocks, etc.). The RE background values were calculated for pseudototal REs contents (Aqua
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2.2. The indication limit values of food chain contamination and plant growth inhibition
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2.3. The indication limit values of human health protection

The limit values were derived from the direct risk of increased POPs and RE (As, Cd, Hg, and
Pb) contents on human health by their inhalation, dermal, and oral intake on contaminated
fields. The calculation corresponds with the US EPA methodology (US EPA 2002) and respects
the toxicity of the selected substances or elements and the movement duration of farmers on
the contaminated land (standard exposition scenario was applied). It is also supported by the
experience following from the activities provided in Czech conditions [26].

2.4. The case study of human health risks assessment from soil pollution in flood affected
areas in the Czech Republic

The evaluation of health risk was realised and verified in the research project focused on soil
contamination of flood affected areas in the Czech Republic. The human health risk assessment
is becoming relevant when the -proposed indication limit values are exceeded, because they
are derived as “effect based” for worst-case scenario. The screening evaluation of exposition
by Soil Screening Level (SSL) method was applied (see 3.3 of the chapter). The calculation
approach is based on the application of exposition models of chemical substances inputs into
human bodies followed by the comparison of this predicted chronical dose with referenced
“effect-based” dose. This approach allows to assign individual exposition parameters to every
locality and then calculate site-specific SSL values and risks following from the exposition. The
calculation of human risk (RISK HUMAN ) has been done for individual chemical substances first
and there has been calculated total sum of all evaluated substances including the calculation
of percentage of individual substances contributions to total sum. The RISKHUMAN  values
should not be higher than 1. The values higher than 2 indicate the possible risk and in the
dependency on detail evaluation of exposition scenarios up to significant. The other cases can
be evaluated as non-significant considering selected exposition scenario.

The next step for the evaluation of contamination level in floodplain soils was a rigorous
statistical evaluation of the results. The dataset for soil contamination of 100 floodplain soils
in the Czech Republic was used to estimate the human health risks by presented methodology
(Equations 1–3).1 Relative contributions of each risky element/substance to an overall hazard
index (RISKHUMAN ) were calculated. A matrix transformation of relative contribution of each
analyte to total RISKHUMAN  on each locality was undertaken before the statistical analysis. The
similarity of the soil pollution profiles in individual floodplain samples was assessed by a
hierarchical cluster analysis using the average linkage clustering. The results of hierarchical
cluster analyses are presented using technique of heatmap, where the similarity among the
objects in a cluster dendrogram is visualised by the colour intensity in a square matrix of
coloured pixels (R Core Team, Library Gplot).

1 There were sampled 100 floodplain soils in various catchments of the Czech Republic. For each sampling site, a mixed
sample consisting of 10 individual samples from the area of 100 × 100 m was used. Samples are separated and homogenised
by quartation. The sample depth was 0–10 cm for pastures and 0–30 cm for arable land. In the soil samples there was
analysed a wide range of risky substances including seven indicator PCBs (28, 52, 101, 118, 138, 153, 180), 7 risky elements
(As, Cd, Cu, Hg, Ni, Pb, and Zn), polycyclic aromatic hydrocarbons (29 PAHs compounds), and pesticides (DDT and
metabolites; hexachlorcyclohexane isomers, HCHs; pentachlorbenzene, PeCB; hexachlorbenzene, HCB). The basic soil
properties (e.g. total organic carbon, soil texture characteristics) were determined.

Soil Contamination Health Risks in Czech Proposal of Soil Protection Legislation
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3. Results and discussion

3.1. Proposal of legislative limit values

3.1.2. Prevention limit

The prevention limits of the RE for two soil texture units are presented in Table 1. This
separation includes light texture soils (loamy-sandy soils and gravel-sandy soils) and standard
soils (all the other soil). The values show REs contents in the extract of Aqua regia (pseudototal
contents). These values were derived from the background values of REs in Czech agricultural
soils—the soil geochemical background plus the average diffuse anthropogenic load [4]. The
prevention limits were derived from the soils developed on different soil substrates of the
Czech Republic except of the soils developed on geochemically anomalous substrates. These
causes including the substrates with increased REs contents of lithogenic or chalcogenic origin
[27] must be under an individual evaluation.

Prevention value (mg/kg of d.m.)

Soil category As Be Cd Co Cr Cu Hg Mn Ni Pb V Zn Tl

Standard texture soils1 20 2.0 0.5 30 90 60 0,3 1200 50 60 130 120 0.5

Light texture soils 2 15 1.5 0.4 20 55 45 0,3 1000 45 55 120 105 0.5

1Soils except light texture soils.
2Sandy soils, loamy-sandy soils, gravel-sandy soils.

Table 1. Proposed RE prevention limits in agricultural soils.

The POPs prevention limits are shown in Table 2. The differentiation of the soil texture units
has no relevant reason for POPs and was not done. The POPs limit values are given in the form
of total POPs contents in the soil. The background values of POPs in soil were derived from
the average diffuse anthropogenic load (the dependency of POPs soil contents on nature
background values is marginal). The real Czech background values [5] were adopted for
legislative proposal.

POPs Prevention value (mg/kg of d.m.)

Polycyclic aromatic hydrocarbons

���1�����
�œ1 1.0

Chlorinated hydrocarbons

���1������2 0.02

���1������ 3 0.075

HCB4 0.02

HCH 4�1�û���1�…�1�¸�1�†�1�¸�1�‡�ü 0.01
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POPs Prevention value (mg/kg of d.m.)

PCDDs/Fs5 1.0*

Petroleum hydrocarbons

Hydrocarbons C10–C40 100
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3.2. Indication limits

3.2.1. Indication limit of food chain contamination and plant growth inhibition
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food chain protection purpose (Table 3 ). The mobility of REs dependency on soil properties
complicates the limit values when indication values for Cd are most complicated because of
Cd mobility dependency on soil texture and soil pH. The evaluation of REs pseudototal and
mobile form must be done if the limit values are available. The exceeding of limit value of
pseudototal or of mobile form means exceeding of indication limit. The proposal of this level
of limit value was based on the testing of selected plant species (fodder plants, vegetables,
and corns) in experimental and field conditions and general validity of proposed values was
derived. The statistical probabilities of critical values exceeding in eatable or fodder plants
�Œ�Š�—�1�‹�Ž�1�›�Ž�œ�ž�•�•�Ž�•�1� �‘�Ž�—�1�����1�’�—�•�’�Œ�Š�•�’�˜�—�1�•�’�–�’�•�œ�1�’�—�1�•�‘�Ž�1�œ�˜�’�•�1�Š�›�Ž�1�Ž�¡�Œ�Ž�Ž�•�Ž�•�ï�1���‘�Ž�1�›�Ž�Š�•�1�Ž�¡�Œ�Ž�Ž�•�’�—�•�1�˜�•�1�’�—�3
dication limit value in local field conditions must be confirmed by the testing on individual
crop.

Element Soil texture pH/CaCl 2 Indication value (mg/kg of d.m.)

Aqua regia 1mol/L NH 4NO 3

As – – – 1.0

Cd <5 1 –

5–6.5 1.5 –

Standard texture >6.5 2.0 0.1

Light texture >6.5 2.0 0.04

Ni <5 90 –

5–6.5 150 –

>6.5 200 –

– – 1.0

Pb – 300 1.5

Tl – 10 0.2

Hg* – 1.5 –

*Total content by AMA technique.
The exceeding of limit value is valid in the case of any exceeding, a) Aqua regia extraction, b) 1mol/L NH4NO 3

extraction when both analyses must be done if the limit values are available.

Table 3. Proposed indication limits of food chain contamination.

The indication limit values of plant growth inhibition ( Table 4) were proposed for phytotoxic
REs (Ni, Cu, and Zn) because the phytotoxicity can result into significant yield reduction. The
limit values proposal was supported by the testing on plant species identical with previous
indication limit value and the exceeding of indication limit values must be confirmed by the
testing on individual crop in field conditions as well. In the cases of exceeding of both
indication limit values the suitable remediation techniques for REs immobilisation (the liming,
the application of inorganic or organic additives [33] are recommended).
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Element Soil texture pH/CaCl 2 Indication value (mg/kg of d.m.)

Aqua regia 1mol/L NH 4NO 3

Cu <5 150 –

5–6.5 200 –

>6.5 300 –

– – 1.0

Ni <5 90 –

5–6.5 150 –

>6.5 200 –

– – 1.0

Zn 400 –

– 20

The exceeding of limit value is valid in the case of any exceeding, a) Aqua regia extraction, b) 1 mol/L NH4NO 3

extraction when both analyses must be done if the limit values are available.

Table 4. Proposed indication limits of plant growth inhibition.

3.2.2. The indication limit values of human health protection

The limit was proposed for zootoxic REs (Table 5) and selected POPs (Table 6). The model
calculation of exposition scenario (method US EPA [16] was used as the principle for limit
values assessment. The scenario calculates the effect of individual element/substance, the input
into human bodies by inhalation, dermal, and oral inputs and the time period of exposition
(estimated number of days per year). The calculated value is maximum tolerable value and
the exceeding of this level of limit values could cause human health risk. The precaution
defined in the legislation is based on the risk analysis of the site confirmed or excluded human
health risk. The similar approach is applied in some EU countries, for example, limit value for
human health protection is defined as decontamination limit for chlorinated substances in the
soils of Germany (Federal Ministry of Justice and Consumer Protection of Germany).

Element Indication value (mg/kg of d.m.)

As1 40

Cd1 20

Hg2 20

Pb1 400

Tl 60

1Aqua regia extract—valid for all soil texture categories
2Total content by AMA method

Table 5. Proposed RE indication limits of human health protection.
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Substance Indication value (mg/kg of d.m.)
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���� 4 1
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3.3. The evaluation of health risks in floodplain soils in the Czech Republic
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For each chemical, SSL is back-calculated from the target risk level, whereas an excess lifetime

cancer risk (ELCR) is 1 × 10�º�\ for the soil exposure. Following equations are used to calculate

SSL values for a residential population exposed to hazardous chemicals via all three exposure

pathways. Default exposure parameters are provided whenever site-specific data are not

available. The site specific exposure parameters were set out according to typical conditions

of an intensive agriculture (arable land in alluvial areas). The detailed methodology is also

described [37].

A. SSL based on non-carcinogenic risks
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4. The results of health risks assessment in floodplain soils in the Czech
Republic

Since the magnitude of the total estimation for human health risks on individual sampling
localities was calculated (Equations 1–3) and cartographically represented (see Figure 2), the
regional differentiation of potential human health impacts of complex soil pollution can be
determined for floodplains soils in the Czech Republic. An increase of human health risk
estimation was recorded for the Elbe River below the industrial centres (Opatovice, Pardubice,
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environmental compartments in the Elbe basin reported by previous studies [ 38, 39]. The high
PAHs contributions together with an above-average RISKHUMAN  were surprisingly found in
the upper reaches of the Elbe River and Morava River. This could only be explained by a high
propensity of PAHs to atmospheric transport resulting in high concentration of airborne POPs
in remote and unpolluted freshwater ecosystems [40]. The higher magnitude of RISKHUMAN

was recorded in a consequence of some well-known hot spots in the Berounka catchment (the
Litavka stream inflow [41, 42�þ�1�˜�›�1�•�‘�Ž�1�’�—�•�•�ž�Ž�—�Œ�Ž�1�˜�•�1���•�,���‹�,���—�1�•�Ž�™�˜�œ�’�•�1�’�—�1���•�ì�Ç�‹�›�˜�ü�ï�1���’�–�’�•�Š�›�•�¢�ð�1�•�‘�Ž
elevated RISKHUMAN  followed the Odra River with the regional rising near the Ostrava
agglomeration where the long-term airborne pollution resulted in a higher PAHs and Cd
contamination of agricultural soils [ 43]. The elevated level of quantified human risks was also
�›�Ž�Œ�˜�›�•�Ž�•�1 �’�—�1�œ�˜�’�•�1 �œ�Š�–�™�•�Ž�œ�1�—�Ž�Š�›�1�•�‘�Ž�1�Œ�˜�—�•�•�ž�Ž�—�Œ�Ž�1�˜�•�1 �•�‘�Ž�1���˜�›�Š�Ÿ�Š�1�Š�—�•�1���ì�Ž�Ÿ�—�’�Œ�Ž�1���’�Ÿ�Ž�›�1 �‹�Ž�•�˜� �1 �•�‘�Ž
���•�›�˜�”�˜�Ÿ�’�Œ�Ž�,���•�Ç�—�1�Š�•�•�•�˜�–�Ž�›�Š�•�’�˜�—�1�Š�œ�1�Š�1�›�Ž�•�’�˜�—�Š�•�1�Œ�Ž�—�•�›�Ž�1�˜�•�1�’�—�•�ž�œ�•�›�¢�1�•�‘�Š�•�1�’�—�Ÿ�˜�•�Ÿ�Ž�œ�1�Ž�œ�™�Ž�Œ�’�Š�•�•�¢�1�™�•�Š�œ�•�’�Œ
and rubber manufacturing and historically established chemical industries for secondary
manufacturing (shoemaking tradition). Several local contamination rising were detected in a
consequence of spatially confined pollution sources (industrial centre of Mladá Boleslav or the
Svitava River near Boskovice). A cluster analysis was processed for the transformed data
matrix of relative contributions of each analyte to the total estimation of human health risk to
reveal patterns of pollution profiles of floodplain samples in the Czech Republic. The results
proved high cophenetic correlation coefficient (r = 0.92) with the optimal number of 11 clusters
in the cluster analysis. One substantial cluster (covered 71 from 100 sampling localities) and
several regional pollution abnormalities were detected in our analysis (see Figure 1). The
dominant cluster was formed by the localities characteristic in a high contribution of polycyclic
�Š�›�˜�–�Š�•�’�Œ�1�‘�¢�•�›�˜�Œ�Š�›�‹�˜�—�œ�1�û�Š�—�•�1�Ž�œ�™�Ž�Œ�’�Š�•�•�¢�1�‹�Ž�—�£�˜�û�Š�ü�™�¢�›�Ž�—�Ž�ð�1�‹�Ž�—�£�˜�û�Š�ü�Š�—�•�‘�›�Š�Œ�Ž�—�Ž�1�Š�—�•�1�‹�Ž�—�£�˜�û�‹�ü�•�•�ž�3
oranthene) and in an elevated contribution of lead to total estimation of health risks. Some
regional pollution abnormalities were connected to higher contribution of organochlorine
�™�Ž�œ�•�’�Œ�’�•�Ž�œ�1�û�•�‘�Ž�1���Ž�›�˜�ž�—�”�Š�1�Š�—�•�1���‘�ì�Ž�1���’�Ÿ�Ž�›�ü�ð�1�Ž�•�Ž�Ÿ�Š�•�Ž�•�1�Œ�˜�—�•�›�’�‹�ž�•�’�˜�—�1�˜�•�1�������œ�1�û�•�‘�Ž�1���•�‹�Ž�1���’�Ÿ�Ž�›�ü�ð�1�˜�›
geochemical anomalies connected to local metallogenic zones (deposits). When combining
both the magnitude of estimated RISKHUMAN  and structural characteristics of pollution profiles
(the cluster analysis results), the highest estimated humanotoxicological risks proved only
several localities with a high content of polycyclic aromatic hydrocarbons accompanied by
higher lead contents (there are depicted the predominant pollution profiles for the localities
with the elevated total RISKHUMAN  hazard index in Table 7). The results of human risk
�Š�œ�œ�Ž�œ�œ�–�Ž�—�•�1� �Ž�•�•�1�Œ�˜�›�›�Ž�œ�™�˜�—�•�1� �’�•�‘�1�•�‘�Ž�1�Ž�¡�Œ�Ž�Ž�•�Š�—�Œ�Ž�1�˜�•�1�’�—�•�’�Œ�Š�•�’�˜�—�1�•�’�–�’�•�1�Ÿ�Š�•�ž�Ž�œ�1�•�˜�›�1�‘�ž�–�Š�—�1�™�›�˜�•�Ž�Œ�3
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tion. The indication limits of human health protection for PAHs and Pb contents were exceeded
for several localities of floodplain soils in our study.

Figure 1. Similarity of the soil pollution profiles (relative contribution of pollutants to overall estimation of human
risks—RISKHUMAN ) of individual floodplain samples in a cluster analysis presented by the heatmap and a projection of
dominant cluster in our dataset. Note—the more intense red color the more similar samples.

Figure 2. Spatial differentiation of magnitude of human health risks quantified using total RISK HUMAN  (Equations 1–3)
and visualisation of the regional hot spots (where RISKHUMAN  > 1.5).
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Sample RISK HUMAN Priority pollutants (relative contribution—%)

[measured concentration—mg/kg]

1. 2. 3. 4. 5.

FB07 3.76 B(a)P (74)[0.8]* B(a)A (7.5) [0.82] B(b)F (7.0) [0.77] In(cd)P (4.9) [0.53] DiB(ah)A (3.5) [0.04]

FB22 6.92 B(a)P (74)[1.47]* B(b)F (9.1) [1.82] B(a)A (8.3) [1.67] In(cd)P (4.8) [0.97] DiB(ah)A (2.9) [0.06]

FB46 1.96 B(a)P (72)

[0.41]

B(b)F (7.7) [0.44] B(a)A (6.6) [0.38] DiB(ah)A (5.3) [0.03] In(123)P (4.9) [0.28]

FB47 1.61 B(a)P (71)

[0.33]

B(b)F (8.2) [0.38] B(a)A (7.9) [0.37] In(cd)P (5.3) [0.25] DiB(ah)A (5.1) [0.02]

FP22 2.15 B(a)P (75)

[0.47]

B(a)A (6.9) [0.43] B(b)F (5) [0.31] DiB(ah)A (4.8) [0.03] In(cd)P (4.4)

[0.27]

FP25 2.03 B(a)P (52)

[0.3]

Pb (31.8) [516]* B(b)F (4.4) [0.26] B(a)A (4.1) [0.24] In(cd)P (3.9)

[0.23]

FP48 3.56 B(a)P (78)[0.81]* B(a)A (6.8) [0.7] B(b)F (6.4) [0.66] In(cd)P (4.6) [0.48] DiB(ah)A (2.6) [0.03]

FP50 1.72 B(a)P (74)

[0.37]

B(a)A (7.0) [0.35] B(b)F (6.7) [0.33] In(cd)P (4.9) [0.24] Pb (3.4)

[47]

Notes
B(a)P—benzo(a)pyrene; B(a)A—benz(a)anthracene; B(b)F—benzo(b)fluoranthene; In(cd)P—Indeno(1,2,3-cd)pyrene;
DiB(ah)A – Dibenz(a,h)anthracene, Pb – lead.
*Exceeding of indication limit of human health protection for particular pollutant and locality.

Table 7. Priority pollutants for floodplain samples with topmost estimation of human health risks (RISK HUMAN  > 1.5)
and their pollution profiles (predominant pollutant concentrations and their relative contribution to RISK HUMAN ).

5. Conclusion

The proposed system of hierarchical limit values helps to protect soil environment, food

chain, and human health against the contamination and will improve the current version
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istence of one limit value level) will be replaced by the system of hierarchical limit values

�›�Ž�•�Ž�›�›�Ž�•�1�•�˜�1�Š�—�1�’�—�•�’�Ÿ�’�•�ž�Š�•�1�•�Ž�Ÿ�Ž�•�1�˜�•�1�•�‘�Ž�1�›�’�œ�”�œ�1�Š�—�•�1�•�˜�•�•�˜� �Ž�•�1�‹�¢�1�Š�™�™�›�˜�™�›�’�Š�•�Ž�1�–�Ž�Š�œ�ž�›�Ž�œ�1�’�—�1�•�‘�Ž�1�Œ�Š�œ�3

es of limit exceeding. The case study of floodplains research proved the operability of the

�Ž�œ�•�Š�‹�•�’�œ�‘�Ž�•�1�–�Ž�•�‘�˜�•�˜�•�˜�•�¢�1�Š�—�•�1�Ÿ�Ž�›�’�•�’�Ž�•�1�›�Ž�•�Ž�Ÿ�Š�—�Œ�¢�1�˜�•�1�•�‘�Ž�1�‘�ž�–�Š�—�1�‘�Ž�Š�•�•�‘�1�•�’�–�’�•�œ�1�û�’�—�•�’�Œ�Š�•�’�˜�—�1�•�’�–�3
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lished methodology helped to reveal the areas where the soil does not meet the soil quality

�œ�•�Š�—�•�Š�›�•�œ�1�Š�—�•�1� �‘�Ž�›�Ž�1�•�‘�Ž�1�‘�ž�–�Š�—�1�‘�Ž�Š�•�•�‘�1�›�’�œ�”�œ�1� �Ž�›�Ž�1�Ž�•�Ž�Ÿ�Š�•�Ž�•�ï�1���‘�Ž�1�Œ�‘�Š�›�Š�Œ�•�Ž�›�’�œ�•�’�Œ�1�™�˜�•�•�ž�•�’�˜�—�1�™�›�˜�3

files of floodplain soils with elevated human health risks were defined on the basis of the

results.
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Chapter 4

Assessment of DNA Damage by Comet Assay in Buccal

Epithelial Cells: Problems, Achievement, Perspectives
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Abstract

DNA damage risk assessment in comet assay by the use of buccal mucosa cells has great
advantages in comparison with other cell type sample due to more safely, easier, cheaper,
and non-invasive method for in vivo studies. According to the OECD Guidelines, the in
vivo mammalian alkaline comet assay is well-established and validated method for
measuring DNA strand breaks in single eukaryotic  cells.  Considering exposure to
xenobiotics and endogenous damage inductors, buccal mucosa cells are the first to be in
direct contact after exposure and this makes them an ideal biomatrices in evaluation of
the level of individual genotoxicity to several compounds already mentioned. Their clinical
diagnostic applicability confers a potential use in patients across time. However, the
number of publications referring to the human buccal comet assay is low in the last two
decades. This low growing interest may be explained by several factors, including its
relative technical problems. Different procedures have been used in collecting and
processing the samples. In order to have widespread acceptance and credibility in human
population studies, the comet assay in buccal cells requires standardization of the protocol,
of parameters analyzed, and a better knowledge of critical features affecting the assay
outcomes, including the definition of the values of spontaneous DNA damage. There is
�Š�1�—�Ž�Ž�•�1�•�˜�›�1�•�ž�›�•�‘�Ž�›�1�Œ�˜�•�•�Š�‹�˜�›�Š�•�’�Ÿ�Ž�1� �˜�›�”�1�Š�œ�1�’�—�1�•�‘�Ž�1�
�������1�û�–�’�Œ�›�˜�—�ž�Œ�•�Ž�ž�œ�1�Š�œ�œ�Š�¢�1�˜�—�1�•�¢�–�™�‘�˜�3
cytes) and HUMNxL (micronucleus assay on buccal cells) collaborative projects. The
creation of a network of laboratories will allow more focused validation studies, including
the design of a classic, historic, prospective cohort study in order to explore the link
between measures of genetic instability in the buccal mucosa and the risk of cancer and
other chronic-degenerative diseases. One such network connection will start in 2016 as a
COST project under the name “hCOMET—The comet assay as a human biomonitoring
tool” launched by Prof. Andrew Collins.

Keywords: SCGE assay, buccal mucosa cells, genotoxic risk assays, DNA damage,
comet assay
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1. Introduction

Human exposure to environmental chemical agents occurs as a result of contaminated air,
water, soil, and food. Although many chemical agents are in use for more than two centuries,
nowadays, it is known that a number of them can cause genetic damage. Chemicals that can
cause this type of damage are specified and identified as mutagens, carcinogens, or teratogens
based on the diverse type of investigations. It is estimated that chemicals play a predominant
role in the etiology of a majority of human diseases. The possible genetic health hazards
associated with chemicals are more difficult to evaluate in the human environment. There are
tens of thousands of untested chemicals in the human environment, and some attempt must
be made to identify the ones that are potentially hazardous to man. From 1972 when first UN
Conference on the Human Environment was organized, World Health Organization and
International Agency for Research on Cancer (IARC) have published many monographic
editions categorizing dangerous chemicals based on collected in vitro and in vivo results of
investigations [1,2�þ�ï�1���•�œ�˜�ð�1�ž�—�’�š�ž�Ž�1�•�˜�˜�•�œ�1�û�–�Ž�•�‘�˜�•�œ�ü�1�•�˜�›�1�Š�œ�œ�Ž�œ�œ�’�—�•�1�•�‘�Ž�1�™�˜�•�Ž�—�•�’�Š�•�1�Ž�•�•�Ž�Œ�•�œ�1�˜�•�1�Œ�‘�Ž�–�’�3
cals on human health, and the environment have been established under the name The OECD
Guidelines for the Testing of Chemicals, methods, and guidelines internationally accepted as
standard methods for safety testing [3] in which standardized and validated techniques are
described that can estimate the level of DNA damage after the exposure.

During the past half century, the focus has been shifted from identification of these compounds
in the environment to the risk assessment and minimization or prevention of unnecessary
�Ž�¡�™�˜�œ�ž�›�Ž�1�’�—�1�•�‘�Ž�1�•�’�›�œ�•�1�™�•�Š�Œ�Ž�ï�1���˜�›�1�•�‘�’�œ�1�›�Ž�Š�œ�˜�—�ð�1�Š�•�˜�—�•�1� �’�•�‘�1�Š�—�1�’�—�Œ�›�Ž�Š�œ�’�—�•�1�ž�—�•�Ž�›�œ�•�Š�—�•�’�—�•�1�˜�•�1�–�Ž�Œ�‘�3
anisms of action by which these chemicals can cause DNA or cell damage, and also cancer [4],
a variety of hazard identification screening models have been developed and established.
These models can serve in risk assessment studies. Risk is defined as the probability of a given
toxicological hazard producing actual biological harm. This idea involves some form of
mathematical relationship between exposure and toxicology. In the field of environmental
toxicity assessment, the need for in-time risk management decisions requires setting up a
battery of standardized and relatively easy to perform tests, allowing quick answers to
pressing questions [5]. The use of diverse genotoxic bioassays is therefore unavoidable.
Application of biomarkers in both qualitative and quantitative aspects of risk assessment has
been eagerly anticipated for over a decade, since Hattis [6] first proposed their use in this
process.

Numerous assays have been developed as screens for genotoxicity, beginning with the
Salmonella mutagenicity assay. Genomic damage is probably the most important fundamental
cause of developmental and degenerative disease. It is also well established that genomic
�•�Š�–�Š�•�Ž�1�’�œ�1�™�›�˜�•�ž�Œ�Ž�•�1�‹�¢�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�Š�•�1�Ž�¡�™�˜�œ�ž�›�Ž�1�•�˜�1�•�Ž�—�˜�•�˜�¡�’�—�œ�ð�1�–�Ž�•�’�Œ�Š�•�1�™�›�˜�Œ�Ž�•�ž�›�Ž�œ�ð�1�–�’�Œ�›�˜�3
nutrient deficiency, lifestyle, and genetic factors [ 7]. It is essential to have reliable and relevant
minimally invasive biomarkers to improve the implementation of biomonitoring, diagnostics,
and treatment of diseases caused by, or associated with, genetic damage.

Since methods in molecular epidemiology have been improved with the use of reliable
biomarkers of exposure in analysis, population biomonitoring has become an extremely
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powerful approach to determine the effect of environmental mutagens on human populations
[8]. On this way, early effects may be highlighted in all accessible cell types, such as blood cells,
epithelial cells and exfoliated buccal or urothelial cells; thus, genetic biomonitoring allows
detecting adverse effects of mutagenic chemicals in human somatic cells [9].

Among different types of cells and especially of epithelial cells, the collection of buccal cells is
arguably the least invasive method available for measuring DNA damage in humans,
especially in comparison with obtaining blood samples for lymphocyte and erythrocyte assays,
or tissue biopsies [7]. Without the need for cell culture establishing (cells do not divide, but
�“�ž�œ�•�1�•�’�•�•�Ž�›�Ž�—�•�’�Š�•�Ž�1�•�›�˜�–�1�‹�Š�œ�Š�•�1�Œ�Ž�•�•�œ�ü�ð�1�‹�ž�Œ�Œ�Š�•�1�Œ�Ž�•�•�œ�1�Š�—�Š�•�¢�£�Ž�•�1�‹�¢�1�˜�•�‘�Ž�›�1�•�Ž�Œ�‘�—�’�š�ž�Ž�œ�ð�1�œ�ž�Œ�‘�1�Š�œ�1�–�’�Œ�›�˜�3
�—�ž�Œ�•�Ž�ž�œ�1�Š�œ�œ�Š�¢�ð�1�‘�Š�Ÿ�Ž�1�œ�‘�˜� �—�1�•�˜�˜�•�1�Œ�˜�›�›�Ž�•�Š�•�’�˜�—�1� �’�•�‘�1�•�‘�Ž�1�•�Ž�Ÿ�Ž�•�1�˜�•�1�•�Š�–�Š�•�Ž�1�˜�‹�œ�Ž�›�Ÿ�Ž�•�1�˜�—�1�•�¢�–�™�‘�˜�3
cytes after 72-h cell culture with DNA damage cytogenetic test called cytochalasin B blocked
micronucleus (MN) assay [10]. Buccal micronucleus cytome assay can measure frequency of
MN (its origin is either from chromosome breakage/loss of entire chromosome), nuclear buds
and/or broken egg, binucleated cells, and various forms of cell death phase measured as
condensed chromatin, karyorrhectic, pyknotic, or karyolitic cells [ 11]. Chronic exposure leads
to a steady-state elevated expression level of MN regardless of the cell division rate if the period
of exposure exceeds the time frame for one nuclear division, that is, 20–30 h. Carcinogens
delivered primarily through blood stream influence equally DNA damage measured in buccal
cells and lymphocytes. Since collection of buccal cells and their processing is easy, fast and low
cost, and they do not divide just differentiate, they have potential to replace the tests that need
cell culture establishment in order to estimate DNA damage. HUMNxL group (The HUman
MicroNucleus project on eXfoLiated buccal cells group) has collected data from 30 different
laboratories on 5424 subjects in order to evaluate the impact of host factors, occupation, life-
style, disease status, and protocol features on the occurrence of MN in exfoliated buccal cells
[12]. The results of this survey have shown high correlation of micronucleus detection in buccal
cells with exposure for occupational groups reporting exposure to solvents, polycyclic
�Š�›�˜�–�Š�•�’�Œ�1�‘�¢�•�›�˜�Œ�Š�›�‹�˜�—�œ�1�û�����
�œ�ü�1�Š�—�•�1�•�Š�œ�˜�•�’�—�Ž�ð�1�Š�›�œ�Ž�—�’�Œ�ð�1�Š�—�•�1�Š�—�•�’�—�Ž�˜�™�•�Š�œ�•�’�Œ�1�•�›�ž�•�œ�ï�1���•�œ�˜�ð�1�œ�’�•�—�’�•�’�3
cant association of higher MN frequency was found for oro-pharyngeal and respiratory
cancers, and for all the other cancers pooled together. Although micronucleus assay in buccal
cells does not need cell culture, it requires at least 3000 cells examined under the microscope.
Since this can also be time consuming, one of the other methods for measuring DNA damage
is alkaline comet assay, one of the newest OECD guideline tests (from 2014) for chemical
exposure in vivo (No. 489), an easy and low-cost assay that measures primary DNA damage
on any type of single-cell suspension sample [13]. The use of comet assay on buccal cells would
�‹�Ž�1�Š�1�™�˜�•�Ž�—�•�’�Š�•�1�—�Ž� �1�Š�—�•�1�›�Ž�•�’�Š�‹�•�Ž�1�Œ�˜�–�‹�’�—�Š�•�’�˜�—�1�•�˜�›�1�Œ�‘�Ž�–�’�Œ�Š�•�1�Ž�¡�™�˜�œ�ž�›�Ž�1�Š�—�•�1�������1�•�Š�–�Š�•�Ž�1�Š�œ�œ�Ž�œ�œ�3
ment. The comet assay in buccal cell assay was first reported in 1996 [14]. Like in HUMNxL
�™�›�˜�“�Ž�Œ�•�ð�1�’�•�1� �’�•�•�1�‹�Ž�1�—�Ž�Œ�Ž�œ�œ�Š�›�¢�1�•�˜�1�•�Ž�Ÿ�Ž�•�˜�™�1�Š�—�•�1�’�–�™�•�Ž�–�Ž�—�•�1�•�‘�Ž�1�›�Ž�œ�ž�•�•�œ�1�˜�•�1�Š�—�1�’�—�•�Ž�›�—�Š�•�’�˜�—�Š�•�1�Œ�˜�•�•�Š�‹�˜�3
rative validation group established to identify and quantify the key variables affecting the
damage evaluation in buccal mucosa cells using the comet assay. In addition, an inter-
�•�Š�‹�˜�›�Š�•�˜�›�¢�1�œ�•�’�•�Ž�,�œ�Œ�˜�›�’�—�•�1�Ž�¡�Ž�›�Œ�’�œ�Ž�1�Œ�˜�ž�•�•�1�‹�Ž�1�ž�—�•�Ž�›�•�Š�”�Ž�—�1�•�˜�1�Ž�Ÿ�Š�•�ž�Š�•�Ž�1�•�‘�Ž�1�’�—�•�›�Š�,�1�Š�—�•�1�’�—�•�Ž�›�,�•�Š�‹�˜�›�Š�3
tory variability in the scoring of different parameters of comet assay in buccal cells, similar to
the approach successfully used by the HUMN project for the MN assay in lymphocytes [ 15–
17] and the HUMNxL project in buccal cells [ 7,12,17,18]. One such groups with prof. Andrew
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Collins has started in 2016 a COST networking project under the name “hCOMET—The comet
assay as a human biomonitoring tool”, in order to give response to the questions discussed in
this review.

1.1. Comet assay

The comet assay is a cheap, easy, fast, reliable, and sensitive method for measuring the level
of primary DNA damage in single-cell suspension of any type and requires a small sample
material. For these reasons, the comet assay in its various modifications (alkaline, neutral, and
with lesion-specific enzymes to detect specific types of DNA damage such as 8OHdG,
formamidopyrimidine DNA glycosylase, endonuclease III, T4 endonuclease. V.) has few
serious competitors. The cells are embedded into agarose, and after lysis, denaturation,
electrophoresis, and staining, the amount of DNA damage is measured either visually by
dividing the damaged cells into five groups, or by the help of camera and software image
program that analyses the image. Measured parameters are usually tail length (measured in
micrometers), tail intensity or tail DNA percentage (when there is damage, DNA has a shape
of a comet), and tail moment (combination of the first two parameters). It is recommended to
use tail intensity parameter since the agents sometimes produce few small breaks that make
comet tail long, but in fact, there is not a high percentage of DNA in the damaged part of the
comet. When standardized and validated, the comet assay can provide valuable information
in the areas of hazard identification and risk assessment of environmental and occupational
exposure, diseases linked with oxidative stress (e.g., diabetes and cardiovascular disease),
nutrition, monitoring the effectiveness of medical treatment, and investigating individual
variation in response to DNA damage that may reflect genetic or environmental influences.
The information obtained could lead to individual advice on lifestyle changes to promote
health and especially on relative risks of genotoxic exposure to environmental pollution [19].

In human biomonitoring studies, the comet assay can provide crucial information on risk
assessment of environmental, occupational, and lifestyle exposures. Earlier reviews have dealt
with different aspects of the use of the comet assay in human biomonitoring studies [20–26],
but without providing any specific, practical guidance for using the comet assay in human
biomonitoring. Several general articles on biomonitoring are available [27–31] that can be
helpful when designing biomonitoring studies using the comet assay. To avoid obtaining false-
positive and false-negative results, certain basic principles should be respected and followed
in study design and performing and these consider first of all matching of exposed and control
group according to gender, age, alcohol, and smoking habits and their consumption, and also
with other lifestyle and nutritional factors [19].

ComNet project group, established before last COST project that will make an effort in
exposure type and DNA damage assessment, has made an effort to pool together data of all
available comet assay biomonitoring studies, in order to establish baseline parameters of DNA
damage, and to investigate associations between comet assay measurements and factors such
as sex, age, smoking status, nutrition, lifestyle. Although this assay has been widely used in
human biomonitoring for DNA damage measurement as a marker genotoxic agent’s exposure
or for investigation of genoprotective effects, single research studies had usually small
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numbers of subjects, with sub-optimal design also in other critical respects already mentioned,
and also with the use of significantly different comet assay protocols. For these reasons, the
ComNet project has recruited almost 100 research groups willing to share datasets. Collins et
al. [32] provided a background of the ComNet project, and the history of the comet assay itself,
and the most important, he has pointed out important practical issues that can critically affect
its performance. The survey pointed out comet assays diverse applications in biomonitoring
studies (environmental, occupational exposure to genotoxic agents), genoprotection studies
that were controlled by dietary and other factors and DNA damage assessment studies
associated with various diseases and intrinsic factors that affect DNA damage levels in
humans. The survey also analyzed the quality of data from a random study selection, using
�Ž�™�’�•�Ž�–�’�˜�•�˜�•�’�Œ�Š�•�1�Š�—�•�1�œ�•�Š�•�’�œ�•�’�Œ�Š�•�1�™�˜�’�—�•�1�˜�•�1�Ÿ�’�Ž� �ï�1���˜�œ�•�1�˜�•�1�•�‘�Ž�1�œ�•�ž�•�’�Ž�œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�•�˜�—�Ž�1�˜�—�1�•�¢�–�™�‘�˜�3
cytes or whole blood, and they can show damage of DNA caused by long term exposure or
also exposure in the past, since lymphocytes circulate through the body and can live for up to
3 years. A new step will be also to established basal levels of DNA damage in relation to
different exposure, diseases, and cell types used, and to correlate them with long-term and
short-term exposure. Considering the short term or recent exposure, buccal mucosa cell comet
assay would be ideal since those cells among epithelial cells are short living cells with no
division and DNA damage found in them can demonstrate recent exposure or direct contact
exposure with oral mucosa, so the DNA damage measured by comet assay on buccal cells
would be indication of recent exposure and severity of that exposure [33].

1.2. Exfoliated oral mucosa cells

Buccal cells form the first barrier for the inhalation or ingestion route and are capable of
metabolizing proximate carcinogens to reactive products [ 34–37]. About 92% of human cancers
�Š�›�Ž�1�•�Ž�›�’�Ÿ�Ž�•�1�•�›�˜�–�1�•�‘�Ž�1�Ž�¡�•�Ž�›�—�Š�•�1�Š�—�•�1�’�—�•�Ž�›�—�Š�•�1�Ž�™�’�•�‘�Ž�•�’�ž�–�ð�1�•�‘�Š�•�1�’�œ�ð�1�•�‘�Ž�1�œ�”�’�—�ð�1�•�‘�Ž�1�‹�›�˜�—�Œ�‘�’�Š�•�1�Ž�™�’�•�‘�Ž�•�’�3
um, and the epithelia lining the alimentary canal [ 7,38]. Therefore, it could be argued that oral
�Ž�™�’�•�‘�Ž�•�’�Š�•�1�Œ�Ž�•�•�œ�1�›�Ž�™�›�Ž�œ�Ž�—�•�1�Š�1�™�›�Ž�•�Ž�›�›�Ž�•�1�•�Š�›�•�Ž�•�1�œ�’�•�Ž�1�•�˜�›�1�Ž�Š�›�•�¢�1�•�Ž�—�˜�•�˜�¡�’�Œ�1�Ž�Ÿ�Ž�—�•�œ�1�’�—�•�ž�Œ�Ž�•�1�‹�¢�1�Œ�Š�›�Œ�’�—�˜�3
genic agents entering the body via inhalation and ingestion [7,39].

In the early studies from the 1980s, exfoliated buccal mucosa cells were used with the MN
assay to evaluate the genotoxic effects of multiple factors including environmental and
occupational exposures, radiotherapy, chemoprevention, vitamin supplementation trials,
lifestyle habits, cancer, and other diseases (see [7�þ�1�•�˜�›�1�›�Ž�Ÿ�’�Ž� �ü�ð�1� �’�•�‘�1�™�˜�œ�œ�’�‹�’�•�’�•�¢�1�˜�•�1�Œ�Ž�•�•�1�•�Ž�•�Ž�—�3
eration in form of condensed/fragmented chromatin, pyknotic nuclei, loss of nuclear material
in form of karyolitic or “ghost” cells [18,40,41]. In rare cases, some cells can also demonstrate
other forms such as binucleated stage with two nucleus in the same cytoplasm, form of nuclear
bud or “broken egg” or form small micronuclei (MN) near nuclei in the same cytoplasm. These
biomarkers of genome damage (e.g., MN, nuclear buds) and cell death (e.g., apoptosis,
karyolysis) can be observed in both the lymphocyte and buccal cell systems, and thus provide
�Š�1�–�˜�›�Ž�1�Œ�˜�–�™�›�Ž�‘�Ž�—�œ�’�Ÿ�Ž�1�Š�œ�œ�Ž�œ�œ�–�Ž�—�•�1�˜�•�1�•�Ž�—�˜�–�Ž�1�•�Š�–�Š�•�Ž�1�•�‘�Ž�—�1�˜�—�•�¢�1�����1�’�—�1�•�‘�Ž�1�Œ�˜�—�•�Ž�¡�•�1�˜�•�1�Œ�¢�•�˜�3
toxicity and cytostatic effects [7,39,41].
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2. The comet assay in mucosa buccal cells

DNA damage assessment in exfoliated cells (buccal epithelium) may be an innovative
promising tool for genotoxicity studies since sampling is easy. Some results indicate that
alkaline single-cell gel electrophoresis, using buccal epithelial cells, could be a good biomarker
of early effects, and can be utilized for human monitoring, since, in some cases, this kind of
cell is the first to interact with xenobiotics [ 14]. Comet assay can detect DNA single-strand
breaks and alkali labile sites at pH 13 (alkaline version) or double-strand breaks under neutral
conditions (neutral version) [ 42–44]. The relevance of SCGE lies in its requirement for very
�œ�–�Š�•�•�1�Œ�Ž�•�•�1�œ�Š�–�™�•�Ž�œ�ð�1�Š�—�•�1�’�—�1�’�•�œ�1�Š�‹�’�•�’�•�¢�1�•�˜�1�Ž�Ÿ�Š�•�ž�Š�•�Ž�1�������1�•�Š�–�Š�•�Ž�1�’�—�1�™�›�˜�•�’�•�Ž�›�Š�•�’�—�•�1�˜�›�1�—�˜�—�,�™�›�˜�•�’�•�3
erating cells [45].

���‘�’�•�Ž�1�‹�’�˜�–�˜�—�’�•�˜�›�’�—�•�1�œ�•�ž�•�’�Ž�œ�1�Ž�–�™�•�˜�¢�’�—�•�1�Œ�¢�•�˜�•�Ž�—�Ž�•�’�Œ�1�•�Ž�Œ�‘�—�’�š�ž�Ž�œ�1�Š�›�Ž�1�–�Š�’�—�•�¢�1�•�˜�—�Ž�1�’�—�1�•�¢�–�™�‘�˜�3
cytes, the SCGE technique can be applied to any cell population. Over the last years, exfoliated
cells have been used for biomonitoring studies utilizing several genotoxicity endpoints [40];
however, there are few studies which apply SCGE on epithelial cells [14].

Over 90% of cancers are epithelial in their origin [47] and since crucial mechanism in cancer
development is the level and amount of DNA damage [ 48], DNA damage assessment in buccal
epithelial cells may prove as a good biomarker of early damage. In their work, Rojas et al. [14]
established for first time, the conditions for using the comet assay in buccal epithelial cells.

The use of surrogate cells, other than lymphocytes, such as exfoliated cells from epithelial
tissues is of particular interest due to the ability to be collected with non-invasive methods,
and the cells are explored with the aim to evaluate their suitability in biomonitoring studies
[7,49]. Beside the minimally invasive sample collection from the inner wall of the cheek, the
cells have advantage in exposure assessment to inhaled or ingested genotoxic agents, and this
all makes them a good model for large biomonitoring studies, and also in pediatric researches.

The application of the comet assay test in uncultured buccal exfoliated cells (since the test does
not need cell culture conditions), started in the 1996, when Rojas et al. [14] by comparing DNA
damage level between smokers and non-smokers group in exfoliated buccal mucosa cells,
found that DNA tail length significantly increased in the smoker group (89.30 + 16.18 µm) vs.
non-smoker group (52.01 + 10.43 µm), indicating that the SCGE assay could be applied to
human monitoring using exfoliated buccal epithelial cells.

In that moment, Rojas et al. [14] indicated that alkaline single-cell gel electrophoresis assay,
using buccal epithelial cells could be a good biomarker of early effects, and can be utilized for
human monitoring since; in some cases, this kind of cell is the first to interact with xenobiotics.
However, 20 years later, <40 articles have been published with this bioassay. Table 1 represents
the list of analyzed studies on buccal cells with comet assay with a point on sampling and
preparation of slides for comet assay analysis. This table is extending the data collected in Rojas
et al. [33] who only made observations in differences in preparing the slides, giving the highest
impact on different lysis solution and enzyme digestion in preparation.
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3. Use of comet assay in buccal cells

The comet assay in buccal cells has been used to evaluate DNA damage induced by different
materials such as mouthrinses [50], metals released from orthodontic appliances [51–59],
ionizing radiation [60], as well as assessment of DNA damage, and its modulation by life-style,
dietary, genetic and healthy factors [61–74], occupational exposure [66–69,75–82], and
environmental exposure [ 83–86]. Different procedures have been used in collecting and
processing the samples that are presented and discussed in Rojas et al. [33]. The Table 2
represents classification according to the type of population study based on exposure and
lifestyle factors with the results of comet assay.

3.1. Mouthrinses and metal released from orthodontic appliances

The genotoxic properties of mouthrinses and metals from orthodontic appliances are essential
for determining the biological safety of those materials in patients. Current in vivo human
studies are aimed at representing the real condition of the oral cavity by sampling buccal cells,
which are directly exposed to the appliances [51,52].

Eren et al. [50] evaluated the stability of buccal epithelial cells for SCGE assay after the use of
chlorhexidine digluconate (CHX), a mouthrinse used by dentists as disinfecting agent for
operation sites washing and for disinfection of root canals. A statistical increase was observed
in the DNA damage after the CHX application. Considering orthodontic appliances, the first
in vivo study was performed by Faccioni et al. [ 51], who conducted the alkaline comet assay
in orthodontic patients. They reported genotoxic damage and found positive correlations
between the concentrations of released cobalt and nickel and the number of comets as well as
correlations between Co levels and comet tails. However, Westphalen et al. [52] did not find
genetic damage after the placement of the orthodontic appliances.

According to Fernández-Miñano et al. [ 53], genotoxicity induced in buccal cells could be
related to the composition of orthodontic appliances. Orthodontic apparatus made with
titanium was not genotoxic for oral mucosa cells, whereas the stainless steel alloy and nickel-
free alloy induced DNA damage in buccal mucosa cells. In contrast, Hafez et al. [54] observed
that stainless steel brackets with stainless steel archwires produce the least damage, whereas
�•�’�•�Š�—�’�ž�–�1�‹�›�Š�Œ�”�Ž�•�œ�1� �’�•�‘�1�—�’�Œ�”�Ž�•�.�•�’�•�Š�—�’�ž�–�1�Š�›�Œ�‘� �’�›�Ž�œ�1�™�›�˜�•�ž�Œ�Ž�•�1�•�‘�Ž�1�‘�’�•�‘�Ž�œ�•�1�Š�–�˜�ž�—�•�1�˜�•�1�•�Ž�—�˜�•�˜�¡�’�Œ�3
�’�•�¢�ð�1�Š�œ�œ�Ž�œ�œ�Ž�•�1� �’�•�‘�1�•�‘�Ž�1�Œ�˜�–�Ž�•�1�Š�œ�œ�Š�¢�ï�1���Š�›�’�²�Ž�Ÿ�’�°�1�Ž�•�1�Š�•�ï�1�ý55] assessed subjects with Co–Cr–Mo alloy
and Ni–Cr alloy showed significantly higher comet assay parameters when compared with
controls. Gonçalves et al. [59] showed the genotoxic effects of Hyrax auxiliary orthodontic
appliances containing silver-soldered joints.

On the other hand, Hafez et al. [54] reported damage to the DNA in mucosa cells at 3 months
of orthodontic treatment but not at 6 months. Thus, the difference in exposure period of
prosthodontic and orthodontic appliances in oral cavity might explain discrepancies observed
between results obtained by Faccioni et al. [51], and those of Westphalen et al. [52�þ�1�Š�—�•�1���Š�›�’�²�Ž�Ÿ�’�°
et al. [55].
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Visalli et al. [56] found that both amalgams and resin-based composite fillings can induce
genotoxic damage in human oral mucosa cells. They also report that lifestyle variables,
including alcohol intake and smoking habits, did not affect the genotoxic response and did not
act as confounding factors. Martín-Cameán et al. [57] observed induction of genotoxicity in
�‹�ž�Œ�Œ�Š�•�1�Œ�Ž�•�•�œ�1�˜�•�1�œ�ž�‹�“�Ž�Œ�•�œ�1� �’�•�‘�1�˜�›�•�‘�˜�•�˜�—�•�’�Œ�1�Š�™�™�•�’�Š�—�Œ�Ž�œ�1�Š�—�•�1�˜�›�•�‘�˜�•�˜�—�•�’�Œ�1�Š�™�™�•�’�Š�—�Œ�Ž�œ�1� �’�•�‘�1�–�’�Œ�›�˜�3
screws when compared with controls. In addition they found that damage was higher in
women.

3.2. Radiation

Only one work that analyses and compares the DNA damage and repair following radiation
challenge in buccal cells and lymphocytes using SCGE assay was found. The results suggested
that baseline DNA damage in oral epithelial cells is greater than that in lymphocytes [60].

3.3. Life style, dietary, genetic and healthy factors

As mentioned above in the first work of this type, Rojas et al. [ 14] found a significantly
increased tail length in a smoker group compared with a non-smoker group. Differences
between genders either in the smoker or non-smoker group were not observed and were
neither related to age or number of cigarettes smoked. Waterpipe smoking (a type of tobacco
smoking) and its condensate have been examined for the genotoxic effects on buccal cells. The
tail moment in buccal cells of smokers was found to be 186 ± 26, which is 371.9% higher than
the tail moment in buccal cells of non-smokers. The other comet parameters such as tail length,
% tail DNA, and fragmented DNA were 456 ± 71, 97.0 ± 19, and 32.0 ± 3.3, respectively, in
buccal cells of smokers, whereas in control group (non-smokers), the values of tail length, %
tail DNA, and fragmented DNA were extremely low [72].

Oral habits have also been associated with DNA damage. Khanna et al. [70] reported a case of
a tobacco chewer in which the percentage of damaged cells was significantly higher than in
the control. Also the effect of gutkha (a preparation of crushed areca nut, tobacco, catechu,
paraffin wax, slaked lime, and sweet or savory flavorings) and pan masala (an herb, nut, and
seed mixture that is commonly served in the Middle East countries) chewing along with and
without smoking was studied in buccal epithelial cells using single-cell gel electrophoresis [ 71].
The increase in the mean comet tail length was observed as follows: non users < smokers < pan
masala chewers < gutkha chewers < pan masala + smoking < gutkha + smoking. Like Rojas et
al. [14], they conclude that these bioassay and biomarker are easier and safe methods to detect
DNA damage among humans.

Assessment of DNA damage and its modulation by dietary and genetic factors in smokers
using the comet assay has also been developed [87]. Pal et al. [62,63] analyzed the influence of
regular black tea consumption on tobacco-associated DNA damage and human papilloma
virus (HPV) prevalence in human oral mucosa. The increase in DNA damage was significantly
associated with increase in age and tenure of tobacco habit. Reduced DNA damage was found
to be significantly associated with increase in tea intake. In case of oral cancer patients,
comparatively high frequency of DNA damage was observed. The frequency of DNA damage
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and HPV infection was comparatively high in oral cancer patients than in the normal subjects.
These studies indicated a chemopreventive role of black tea against reducing DNA damage
risk of buccal cells due to tobacco exposure. Authors concluded that buccal cells could be used
as cytological markers for detection of risk and risk reduction in normal population. Since, as
mentioned above, more than 90% of human cancers arise from epithelial cells, it has been
postulated that experiments with these cells may have particular relevance for the detection
of cancer preventive effects [47].

On the other side, several polymorphisms in DNA repair genes have been reported to be
associated with cancer risk [88]. The repair of DNA damage has a key role in protecting the
genome from the insults of genotoxic agents. Tobacco-related compounds cause a variety of
DNA damage, and DNA repair capacity plays an important role in agent-induced damage
genotoxic. Several polymorphisms in genes that participate in different DNA repair pathways,
such as XRCC1 399, hOGG1 326 [65], GSTP1 [66], CYP2E1 [67], CYP1A2 [68], and CYP1A1 [69],
have been evaluated for their effects on different biomarkers [89], including comet tail length
in buccal cells.

DNA damage effects of the used substances were confirmed in mechanical workshops
workers, but with no confirmation of the influence of GSTP1 [ 66] or CYP1A1 [69] gene
polymorphism on DNA damage, considering the comet assay performed on buccal cells.
Conversely, workers with the wild genotype for CYP2E1 showed statistically significant
higher comet tail length at the occupational exposure, while the mutated genotype did not
have influence on this biomarker [ 67]. With CYP1A2 gene, the results showed that DNA
damage in cells of workers carrying the mutated genotype was higher than workers carrying
the wild genotype [68].

Sellappa et al. [65] found significant differences in the comet scores between smokeless tobacco
�ž�œ�Ž�›�œ�1�Š�—�•�1�Œ�˜�—�•�›�˜�•�1�œ�ž�‹�“�Ž�Œ�•�œ�1� �‘�Ž�—�1���������W�Y�_�_�1�Š�—�•�1�‘���	�	�W�Y�X�\�1�™�˜�•�¢�–�˜�›�™�‘�’�œ�–�œ�1�Š�—�•�1�•�‘�Ž�1�•�›�Ž�š�ž�Ž�—�3
cies of genetic damage among tobacco chewers were studied.

These findings provided evidence for the view that polymorphisms in DNA repair genes may
�–�˜�•�’�•�¢�1�’�—�•�’�Ÿ�’�•�ž�Š�•�1�œ�ž�œ�Œ�Ž�™�•�’�‹�’�•�’�•�¢�1�•�˜�1�•�Ž�—�˜�•�˜�¡�’�Œ�1�Š�•�Ž�—�•�œ�1�Š�—�•�1�“�ž�œ�•�’�•�¢�1�Š�•�•�’�•�’�˜�—�Š�•�1�œ�•�ž�•�’�Ž�œ�1�•�˜�1�’�—�Ÿ�Ž�œ�•�’�3
gate their potential role in development of genetic damage.

4. The use of the comet assay in buccal cells in biomonitoring the effect of
pollution

4.1. Occupational exposure

Cavallo et al. [75] suggested the use of comet assay on exfoliated buccal cells to assess the
occupational exposure to mixtures of inhalable pollutants at low doses since these cells
represent the target tissue for this exposure and are obtained by non-invasive procedure. In
their study, tail moment values from Fpg-enzyme-treated cells (TMenz) and from untreated
cells (TM) were used as parameters of oxidative and direct DNA damage, respectively, and
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found in the exposed group a higher value in respect to controls of mean TM and TMenz. An
oxidative DNA damage was found, for exfoliated buccal cells in the 9.7% of exposed in respect
to the absence in controls. On the other side, in healthcare workers in oncology hospital
�›�Ž�•�ž�•�Š�›�•�¢�1�‘�Š�—�•�•�’�—�•�1�Š�—�•�’�—�Ž�˜�™�•�Š�œ�•�’�Œ�1�•�›�ž�•�1�–�’�¡�•�ž�›�Ž�œ�ð�1�Œ�˜�–�Ž�•�1�Š�œ�œ�Š�¢�1�œ�‘�˜� �Ž�•�1�Š�—�1�’�—�Œ�›�Ž�Š�œ�Ž�1�˜�—�1�Ž�¡�•�˜�•�’�3
ated buccal cells, also when it was not statistically significant, of mean TM with respect to
controls in day hospital nurses (the group handling the highest amount of drugs during the
administration process), while ward nurses and pharmacy technicians did not show the
differences [77]. Increased levels of DNA damage were also found among jewellery workers
occupationally exposed to nitric oxide using buccal cell comet assay, and also a synergistic
effect of DNA damage with the cigarette smoking habit was found among the jewellery
workers [78]. On the other hand, Cavallo et al. [76] evaluated two groups of workers, one
exposed to antineoplastic drugs and the other exposed to PAHs, but the comet assay on
exfoliated buccal cells did not show significant differences between exposed and control
groups for comet percentages, whereas the TM value was higher in workers exposed to PAHs.
Occupational risk assessment of paint industry workers with the comet assay in epithelial
buccal cells showed that the damage index and damage frequency observed in the exposed
�•�›�˜�ž�™�1� �Ž�›�Ž�1�œ�’�•�—�’�•�’�Œ�Š�—�•�•�¢�1�‘�’�•�‘�Ž�›�1�›�Ž�•�Š�•�’�Ÿ�Ž�1�•�˜�1�•�‘�Ž�1�Œ�˜�—�•�›�˜�•�1�•�›�˜�ž�™�1�ý�]�_�þ�ï�1���—�1�˜�•�‘�Ž�›�1�œ�•�ž�•�¢�1�˜�—�1�‹�’�˜�–�˜�—�’�3
toring of genotoxic effects among shielded manual metal arc welders, Sudha et al. [80] showed
a significantly larger mean comet tail length values. Among paddy farm workers exposed to
mixtures of organophosphates was observed that the tail length formation showed significant
increase of tail length differences between farmers compared with the matched control group
[81]. Age, smoking status, duration of smoking, and secondhand smoker factors pointed out
the significant intragroup variations, among the study population. Smokers and secondhand
smokers generally showed higher levels of DNA damage, with increase connected with age
and smoking duration increase. The last finding in this study leads again to the hypothesis
that occupational risk factors contribute to the main effect on DNA damage. However,
Carbajal-López et al. [82] did not find significant effect on genetic damage as a result of age,
smoking, and alcohol consumption when genotoxic effect of pesticides in exfoliated buccal
cells of workers occupationally exposed in Guerrero, Mexico was evaluated. The study
revealed that the tail migration of DNA increased significantly in the exposed group.

4.2. Environmental exposure

After the first publication with comet assay in buccal cells by Rojas et al. [14], the same group
[83] with this bioassay investigated differences in the level of DNA damage between young
adults from the southern and northern areas of Mexico City and compared its effects with the
damage induced in leukocytes and nasal epithelial cells. They found an increased DNA
damage in leukocytes and nasal cells from individuals who lived in the northern part; however,
no differences were observed for buccal epithelial cells, highlighting that it is important to
study the genotoxic effects in other cells besides lymphocytes, as well as in cells of those tissues
which are the first sites of contact with toxic pollutants. Although in their first work DNA
damage in smokers was reported, in this work, they reported that smoking habit did not
significantly increase DNA migration when compared with the non-smoker group.
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A study of indoor air pollution from biomass burning was performed on Indian women

engaged in biomass cooking (wood, dung, crop residues), and the group was compared with

age-matched control women cooking with cleaner fuel liquefied petroleum gas. DNA damage

was assessed on buccal epithelial cells (BEC) by comet assay and fast halo assay (FHA).

Compared with control, BEC of biomass users showed higher comet tail % DNA, higher values

for comet tail length, and olive tail moment, suggesting marked increase in DNA damage [ 84].

5. Clinical application of the comet assay in buccal cells

Significant stepwise increase in the DNA damage (basal/MNNG-treated/post-repair) was

observed in buccal epithelial cells from control to pre-cancer patients and from pre-cancer to

cancer patients. Considerable inter-individual and intercellular variability in DNA damage

was observed, which also increased from control to pre-cancer patients and from pre-cancer

to cancer patients [64�þ�ï�1���’�–�’�•�Š�›�1�›�Ž�œ�ž�•�•�œ�1� �Ž�›�Ž�1�•�˜�ž�—�•�1�’�—�1�™�Š�•�’�Ž�—�•�œ�1� �’�•�‘�1�˜�›�Š�•�1�œ�š�ž�Š�–�˜�ž�œ�1�Œ�Ž�•�•�1�Œ�Š�›�Œ�’�3

noma (OSCC) and control group and suggested that comet assay may be used effectively to

assess the prognosis of OSCC [73].

Among population studies regarding the health effects of air pollution, special attention

should be given to children as a high-risk group, since some studies have shown significant

correlation between early childhood exposure and development of chronic diseases in

adulthood. Genotoxic biomarkers have been studied largely in adult population, but few

studies so far have investigated children exposed to air pollution. Children are a high-risk

group as regards the health effects of air pollution, and some studies suggest that early

exposure during childhood can play an important role in the development of chronic diseases

in adulthood. Genotoxic effects among farm children assessed with comet assay in buccal cells

showed a significant increase in chromosome breakage and DNA strand breaks [85]. In other

similar study, the exposure to pollutants was associated with markers of genotoxicity in

exfoliated buccal cells of children living in a region with chipboard industries. The increase of

outdoor formaldehyde was associated with a higher comet tail intensity and a higher tail

moment [86].

6. Confounding factors in studies with the comet assay in buccal cells

A systematic and adequately powered investigation of key variables such as age, gender,

genotype, season, diet, oral hygiene and dental health, life-style, smoking, alcohol, and other

recreational drugs needs to be performed to identify the variables that have to be controlled [ 7].
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Abstract

Humans have throughout their development been exposed to various environmental
genotoxicants through food, air, water, and soil. Environmental exposure to genotoxic
compounds may induce damage to human health and thereby increase risks of human
cancers and other diseases. Environmental genotoxic chemicals have the ability to induce
mutations. Such mutations can give rise to cancer in somatic cells. However, when germ
cells are affected, the damage can also have an effect on the next and successive generations.
Because of the potential health hazard represented by exposure to genotoxic chemicals,
it is important that all chemicals for which there is possible human exposure be screened
for genotoxic activity. If genotoxic hazard is detected, then the risks of exposure can be
assessed and the use of the chemical controlled and when appropriate eliminated from
the market and the environment. In this chapter, a general overview of the genotoxicity
and the genotoxicity of some environmental genotoxicants are discussed. This is followed
by a description of the genotoxic properties of some environmental genotoxicants such
as bisphenols and mycotoxins, which are prominent environmental contaminates, and is
believed to be genotoxic agents that contribute to the high incidence of carcinogenicity
among populations.

Keywords: Environmental genotoxicants, mutations, carcinogenicity, mode of action,
risk assessments

1. Introduction

DNA is constantly damaged by both endogenous and exogenous sources, and genotoxicity can
ÉÌɯÊÖÕÚÐËÌÙÌËɯÈÚɯÈÕɯÐÔÉÈÓÈÕÊÌɯÉÌÛÞÌÌÕɯ#- ɯËÈÔÈÎÌɯÈÕËɯ#- ɯÙÌ×ÈÐÙɯÔÌÊÏÈÕÐÚÔÚȭɯ,ÈÐÕÛÌᴓ
nance of DNA integrity is essential for proper cellular and organismal function, and the capacity
to withstand genotoxic challenge is  important to avoid long-term genetic instability and
×Ö×ÜÓÈÛÐÖÕɯÝÜÓÕÌÙÈÉÐÓÐÛàȭɯ4ÕÙÌ×ÈÐÙÌËɯ#- ɯËÈÔÈÎÌɯÊÈÕɯÓÌÈËɯÛÖɯÔÜÛÈÛÐÖÕÚȮɯÊÌÓÓÜÓÈÙɯÚÌÕÌÚᴓ
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Abstract

Several  environmental  chemicals  are  classified  as  endocrine-disrupting  chemicals
(EDCs). Many of them have an impact on reproductive functions and sex hormones
�‹�Ž�Œ�Š�ž�œ�Ž�1�˜�•�1�•�‘�Ž�’�›�1�Ž�œ�•�›�˜�•�Ž�—�’�Œ�1�Š�—�•�&�˜�›�1�Š�—�•�’�Š�—�•�›�˜�•�Ž�—�’�Œ�1�™�›�˜�™�Ž�›�•�’�Ž�œ�ï�1���‘�•�‘�Š�•�Š�•�Ž�œ�1�Š�—�•�1�‹�’�œ�™�‘�Ž�3
nol  A  (BPA)  are  two  well-known EDCs.  They  are  abundant  in  the  environment.
Phthalates  are  usually  classified  as  antiandrogens,  whereas  BPA is  considered  as
estrogen-like EDC and xenoestrogen. Other than their endocrine-disrupting effects,
these two chemicals are also known to have genotoxic and epigenetic effects. Besides,
they are hepatotoxic and have substantial effects on other organs/systems (thyroid,
kidney, neuroendocrine system, immune system, etc.). In this chapter, we will mainly
focus on the toxic effects of different phthalate esters and BPA by discussing their
�Š�Ÿ�Š�’�•�Š�‹�’�•�’�•�¢�1�’�—�1�•�‘�Ž�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�ð�1�–�Ž�Œ�‘�Š�—�’�œ�–�1�Š�—�•�1�–�˜�•�Ž�1�˜�•�1�Š�Œ�•�’�˜�—�œ�ð�1�•�‘�Ž�’�›�1�‹�’�˜�•�›�Š�—�œ�•�˜�›�–�Š�3
tion and reproductive effects, and their effects on other systems (hepatic, renal, etc.).
Besides, we discuss epidemiological studies that are conducted to reveal their effects on
the reproductive and endocrine systems. This chapter provides the readers a compact
piece of knowledge on these abundant substances and helps them to understand the
action of these substances at the molecular and cellular levels.

Keywords: �Ž�—�•�˜�Œ�›�’�—�Ž�,�•�’�œ�›�ž�™�•�’�—�•�1�Œ�‘�Ž�–�’�Œ�Š�•�ð�1�Š�—�•�’�Š�—�•�›�˜�•�Ž�—�ð�1�¡�Ž�—�˜�Ž�œ�•�›�˜�•�Ž�—�ð�1�™�‘�•�‘�Š�•�Š�•�Ž�ð�1�‹�’�3
sphenol A

1. Introduction

Exposure to environmental chemicals, particularly in early life, is among the substantial risks
for developmental programming of different diseases in adult life of humans. In a report by
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Abstract

Environmental factors play a role in etiopathogenesis of diabetes. Environmental factors
include polluted water, soil, unhealthy diet, stress, lack of physical activity, vitamin D
deficiency, exposure to enteroviruses, and damage to immune cells.

Keywords: �•�’�Š�‹�Ž�•�Ž�œ�ð�1 �Ÿ�’�›�ž�œ�ð�1 �•�’�Ž�•�ð�1 �œ�•�›�Ž�œ�œ�ð�1 �™�˜�•�•�ž�•�Š�—�•�œ�ð�1 �™�›�Ž�—�Š�•�Š�•�1 �•�Š�Œ�•�˜�›�œ�ð�1 �Œ�˜� ���œ�1 �–�’�•�”�ð�1 �Ÿ�’�•�Š�3
min D deficiency

1. Introduction

India is currently experiencing an epidemic of diabetes mellitus (DM). According to the World
Health Oganization, India has the unique distinction of being the country with the largest number
of diabetic patients in the world. Type-2 DM accounts for more than 90% of all patients with
�•�’�Š�‹�Ž�•�Ž�œ�1� �˜�›�•�•� �’�•�Ž�ï�1���‘�Ž�1�™�›�Ž�Ÿ�Š�•�Ž�—�Œ�Ž�1�˜�•�1�•�’�Š�‹�Ž�•�Ž�œ�1�’�—�1�Š�•�ž�•�•�œ�1�’�œ�1�œ�‘�˜� �’�—�•�1�Š�—�1�ž�™� �Š�›�•�1�•�›�Ž�—�•�1� �˜�›�•�•�3
wide [4% in 1995 to 5.4% in 2025 (projected)]. The majority of this increase will however occur
in developing countries. Asians, particularly from the Indian subcontinent, will be mostly
�Š�•�•�Ž�Œ�•�Ž�•�ï�1���Ž�™�˜�›�•�œ�1�•�›�˜�–�1�•�’�•�•�Ž�›�Ž�—�•�1�™�Š�›�•�œ�1�˜�•�1���—�•�’�Š�1�œ�‘�˜� �1�Š�1�›�’�œ�’�—�•�1�•�›�Ž�—�•�1�’�—�1�•�‘�Ž�1�™�›�Ž�Ÿ�Š�•�Ž�—�Œ�Ž�1�˜�•�1�•�’�Š�‹�Ž�3
tes. In 1995, prevalence of diabetes was 19.4 million and is projected to increase to nearly 80
million in 2030. Migrants have a higher risk of developing type-2 diabetes. The long-term impact
of obesity and change in diet are two main causes of increased prevalence of diabetes in migrant
Indians. The migrants are shifting from the high-fiber staple diet to polished and milled rice.

���’�Š�‹�Ž�•�Ž�œ�1�’�œ�1�Š�1�‘�Ž�•�Ž�›�˜�•�Ž�—�Ž�˜�ž�œ�1�œ�¢�—�•�›�˜�–�Ž�1� �‘�Ž�›�Ž�1�’�•�1�’�œ�1�’�–�™�˜�œ�œ�’�‹�•�Ž�1�•�˜�1�•�˜�›�–�ž�•�Š�•�Ž�1�Š�1�ž�—�’�•�’�Ž�•�1�Ž�•�’�˜�™�Š�3
thogenesis. In our country (India), diabetes of the young is often seen. Type-2 diabetes occurs
a decade earlier and type-1 occurs a decade later. In type-2, strong genetic basis exists. But the
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Abstract

Amoxicillin is a broad-spectrum antibiotic widely used for treating both human and
animal diseases, and it belongs to a group that are excreted unchanged within urine and
faeces; therefore, it is possible to find traces of this drug or its degradation products in
environmental water bodies. In water, it is rapidly degraded by biotic and abiotic factors,
yielding different intermediate products; these are suspected of being more resistant to
degradation, and potentially more toxic, than the parent compound. In the water bodies,
these compounds may produce toxic effects on the aquatic organisms from different
trophic levels and produce an ecological imbalance. Amoxicillin may bioaccumulate in
fish muscle tissues, with the possibility of the occurrence of these drugs in food, leading
ÛÖɯÈɯ×ÈÚÚÐÝÌɯÊÖÕÚÜÔ×ÛÐÖÕɯÖÍɯÛÏÐÚɯÈÕÛÐÉÐÖÛÐÊɯÙÌÚÜÓÛÐÕÎɯÐÕɯÜÕËÌÚÐÙÈÉÓÌɯÌÍÍÌÊÛÚɯÖÕɯÊÖÕÚÜÔᴓ
er health such as immunoallergic responses. However, the main problem related with
the presence of this antimicrobial compounds in fish tissues is the possibility of inducing
bacterial resistance genes. At present, the available scientific knowledge is less than
what is needed to fully assess the risks that amoxicillin pose to the environment, and it
is  still  necessary  to  conduct  large  amount  of  research  works  before  a  thorough
understanding of this severe environmental issue.

Keywords: Amoxicillin, risk, toxicology, occurrence, analytical methods
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