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Preface

The last decades have seen an increase in research activities in the evaluation
of organic chemicals that may pollute the aquatic environment and our drinking
waters. While the majority of existing research has focused on identification
and quantification of individual chemicals by chemical analysis techniques,
effect-based methods have emerged in recent years to complement exposure-
based measures of chemical contamination that are obtained by chemical
analysis. These new effect-based methods include in vitro bioassays, and there
are an ever-increasing number of bioanalytical tools that hold great promise for
applications to water quality assessment.

The objective of this book is to summarise the scientific background underlying
the application of bioanalytical tools in water quality assessment for both a specialist
and non-specialist audience and to review the state-of-the-science. There is a focus
on drinking water, but other water sources such as surface waters (both freshwater
and marine), water from the urban water cycle (including wastewater and sewage),
industrial effluents and storm water that may be available for beneficial reuse
are also included, and we touch on applications of bioanalytical tools in other
areas of research and monitoring.

Chapter 1 gives a general overview of the field and provides some background
information on the type of chemicals that we are dealing with. The focus is on
organic chemicals, such as pesticides, pharmaceuticals, personal care products,

© IWA Publishing 2021. Bioanalytical Tools in Water Quality Assessment
Authors: Beate Escher, Peta Neale and Frederic Leusch
doi: 10.2166/9781789061987_xvii
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consumer products and industrial chemicals, as well as their transformation products
in the environment and in engineered systems.

Chapter 2 provides an introduction to risk assessment and international
regulations of chemicals.

Chapter 3 introduces standards and guideline values defined for various types of
water which are presented in a risk-based context. Applications of whole effluent
toxicity (WET) assessment, also termed direct toxicity assessment (DTA), are
also discussed.

The following chapters provide the scientific basis for bioanalytical tools.
Chapter 4 takes the reader to a cellular mechanistic level, introducing mode of
action classification and toxicity pathways that are crucial for the design and
application of bioanalytical tools. These cellular-level effects are the common
root for effects on human health and ecosystems. Chapter 5 summarises the
potential human health effects from chemical exposure that are triggered by
cellular-level effects and introduces related assessment endpoints. Chapter 6
expands the idea of toxicity pathways, introduced in Chapter 4, to adverse
outcome pathways that connect the dots to effects in environmental organisms,
populations and ecosystems.

Chapter 7 describes dose—response assessments, data reporting and derivation
of benchmark values. It also gives the mathematical background for calculating
toxic units (TU) and bioanalytical equivalent concentrations (BEQ). Chapter 8
provides an overview of mixture toxicity concepts, summarising the way
chemicals can interact as mixtures and delving in depth into the concept of toxic
equivalency, which is a means of reporting mixture toxicity using a simple metric.

Chapter 9 presents a brief overview of the application of high-throughput
in vitro bioassay testing for chemical risk assessment. Huge databases of in vitro
single chemical data have become available in the last 10 years and they serve
well for inspiration on the selection of bioassays for water quality testing but also
provides input data for the mixture models.

Chapter 10 provides a systematic review of bioassays currently applied for water
quality assessment, demonstrating the breadth and depth of the types of endpoints
that can now be accessed through effect-based monitoring.

The next chapters delve into practical aspects of bioassay application. Specific
QA/QC steps required to ensure that bioassay data are reliable, repeatable and
comparable across laboratories and demonstrate good assay practices are
discussed in Chapter 11, while considerations on sampling, sample preparation
and dosing are presented in Chapter 12.

Chapter 13 outlines how to develop a bioassay battery for water quality
testing, which assays to include, and how to interpret bioassay results,
introducing the concepts of iceberg mixture modelling and effect-based trigger
(EBT) values.
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Chapter 14 illustrates the benefits of including bioanalytical tools for water
quality monitoring through selected case studies in surface water quality
assessment, wastewater, advanced water treatment and drinking water.

Chapter 15 briefly introduces some applications of bioanalytical tools beyond
water quality monitoring, providing some examples with sediment and biota
assessment as well as the potential of these tools for human biomonitoring.

The final chapter, Chapter 16, provides a synthesis and an outlook to future
developments in the field.

In addition, we have created a series of online resources and tools to apply some
of the principles and data methods explained in this book. This supplementary
information is available at www.ufz.de/bioanalytical-tools.






Foreword

The Global Water Research Coalition (GWRC) is an international organisation that
is dedicated to the exchange and generation of knowledge to support sustainable
development and management of the urban water cycle. The research agenda is
developed by the member organisations of the GWRC and reflects their priorities
and recognises global trends and drivers that affect the urban water cycle. The
agenda of the GWRC always includes the monitoring contaminants of emerging
concerns as one of the priority areas.

As we become more and more aware of the large number of pollutants
(particularly organic micropollutants) in the aquatic environment, it is no longer
possible to evaluate the elimination of the individual pollutants in water treatment
plants or to guarantee the absence of their transformation products, including
disinfection by-products. It is also difficult to evaluate which mixtures may
induce adverse health effects at a later date, given that very low concentrations
may already cause adverse effects, for example, endocrine disrupting effects.
While these low concentrations are unlikely to pose a significant health concern,
there is a scarcity of toxicity information on many of the chemicals currently in
commercial use, and in most cases, it is impossible to conduct a proper risk
assessment for all organic micropollutants.
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The possible health impacts of these substances are of major interest to water
operators and public consumers alike. As these concerns are widely debated
today, they require a scientific, objective and rigorous assessment of consumer
exposures and toxicity. There is an increased requirement to assess the level of
risks to human health under high-throughput, cost-effective and predictive
monitoring frameworks to better ensure that we limit our exposure to toxic
chemicals and avoid early biological effects.

In 2019, the GWRC commenced a multinational research project on ‘Effect
Based Monitoring for Water Safety Planning’. The project builds upon the
knowledge gained during the GWRC EDCI and EDCII Toolbox projects to
develop new practices that support the application of bioanalytical tools within an
internationally accepted water management framework, such as Water Safety
Plans. The main added value of this project is to combine substance-based and
effect-based monitoring tools to capture any adverse toxic chemicals missing
from current conventional substance-based targeting and demonstrate application
of this framework to assess the water quality profiles of different water from
resource to tap using key case studies.

One critical barrier to wider implementation of effect-based monitoring methods
is the lack of broader understanding of their usefulness in quantifying unknown
pollutants and their rich potential applications. This is a key area that the GWRC
project and this book aim to address. This book thoroughly lays the foundation
behind the science and carefully guides the reader through the concepts needed to
develop and successfully apply a battery of in vitro bioassays for enhanced water
quality assessment. The GWRC is thus pleased to endorse this book and hopes
that our joint effort and future reports will be useful to all who are active in the
field of understanding and venturing into ‘Effect Based Monitoring for Water
Safety Planning’.

Stéphanie Rinck-Pfeiffer
December 2020

S ey
b o T—
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(Managing Director GWRC)
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Chapter 1

Introduction to bioanalytical tools
In water quality assessment

1.1 BACKGROUND

Chemical monitoring provides a quantitative assessment of individual organic
contaminant concentrations in a water sample but does not account for the
presence of unknown compounds such as transformation products, untargeted
chemicals (i.e., not previously known to be present) or for interactions among
chemicals. Bioanalytical monitoring, also called effect-based monitoring (EBM),
is complementary to chemical analysis and provides information on all bioactive
micropollutants present in a sample ranked according to potency, that is, more
toxic chemicals are weighted higher than less toxic chemicals.

Classical aquatic toxicity tests used in water quality assessment include in vivo
assays with fish and aquatic invertebrates that measure endpoints such as
mortality, growth, reproduction, behavioural and feeding responses. In vitro
molecular and cell-based assays offer a sensitive, cost- and time-efficient ethical
alternative to classical whole animal testing. The implementation of human and
other living organism cell lines in water testing has facilitated high-throughput
evaluation of toxicological endpoints relevant for assessing the potential for
deleterious human and ecological health effects.

For the purpose of this book, we define ‘bioanalytical tools’ as cell-based in vitro
and in vivo bioassays that can be run in well-plate formats and that are indicative of
specific endpoints relevant for human and/or ecological health. These tools include
whole cell assays and assays with genetically modified cells, where natural features
have been over-expressed to enable more sensitive detection and/or where foreign
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2 Bioanalytical Tools in Water Quality Assessment

features have been added for visualisation of effects. The cell membrane is an
important barrier and target site, and cell-free assays (such as immunoassays and
direct receptor binding assays) are generally excluded from this definition, with
the exception of some key enzyme assays. Assays with unicellular organisms,
such as algae, yeast or bacteria, and some high-throughput whole organisms such
as crustacea and fish embryo assays are also included in our definition of
‘bioanalytical tools’.

A major advantage of bioanalytical tools is the ability to detect the toxicity of
mixtures of known and unknown compounds, whereas chemical analysis can
only quantify the concentration of known, targeted chemicals irrespective of
toxicity. By measuring the mixture toxicity of a water sample, the bioassay
approach includes a risk perspective as it explicitly accounts for the differences in
toxicity across different chemicals and for interactions among chemicals in a
mixture. Many bioassays yield specific information on a given mode of action
rather than merely answering whether or not the cells are dead or alive after
exposure to the sample. This mechanistic information can be exploited by
running a series of bioassays indicative of a range of different modes of action in
parallel. In this way, a comprehensive bioanalytical test battery provides an
integrated measure of the toxicity of the biologically active substances in a water
sample. A bioassay can also be selected to target a specific protection goal such
as the maintenance of hormone balance or photosynthesis.

This book aims to provide a comprehensive understanding of the key concepts and
practical issues in the application of bioanalytical tools for water quality monitoring.
The focus is exclusively on organic chemicals. It is also possible to target metals
and inorganic pollutants with bioassays, however, sample treatment and data
interpretation differs between organics and inorganics. In addition, while there are
millions of organic chemicals, many of which may never be identified by chemical
analysis, the limited number of inorganic elements allows comprehensive chemical
analysis of metals and inorganics, reducing the need for effect-based analysis.

1.2 ORGANIC MICROPOLLUTANTS
1.2.1 Defining the issue

Organic micropollutants are a group of man-made chemicals such as pesticides,
industrial chemicals, consumer products and pharmaceuticals (Schwarzenbach
et al, 2006) (Table 1.1). As the name implies, micropollutants occur in
water and the environment in the microgram per litre concentration range
(1 ug/L=10"%g/L=0.000001 g/L) or even lower, in the nanogram to
picogram range (1 ng/L = 0.000000001 g/L; 1 pg/L = 0.000000000001 g/L).
Not all water pollutants are man-made, natural compounds such as human
hormones and phytosterols can have adverse effects on aquatic life and natural
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Table 1.1 Examples of ubiquitous organic water pollutants.

Origin/Usage Class Selected Examples
Industrial Solvents Tetrachloromethane
chemicals Intermediates Methyl-t-butylether
Petrochemicals BTEX (benzene, toluene,
ethylbenzene, xylene)
Plasticisers Phthalates
Lubricants Polychlorinated biphenyls (PCB)
Flame retardants Polybrominated diphenylethers
(PBDE), organophosphates
Consumer Detergents Nonylphenol ethoxylates
products Pharmaceuticals Antibiotics, painkillers
Hormones 17a-Ethinylestradiol
Personal care UV filters, hair dye, hydrotropes
products
Biocides Pesticides DDT, tributyltin, atrazine
Non-agricultural Triclosan
biocides
Disinfectants Bactericide, Isopropanol,
virucide alkyldimethyl-benzylammonium

Natural
chemicals

Transformation
products

Taste and odour
compounds

Natural toxins
Human hormones
Phytosterols

Formed from all the
above

chloride
Geosmin, methylisoborneol

Microcystins, mycotoxins
Estradiol, estrone, testosterone
Genistein, daidzein

Further details in Table 1.2

Adapted from Schwarzenbach et al. (2006).

toxins such as those produced by plants, cyanobacteria or fungi may be extremely
harmful to aquatic life and human health.

In contrast to micropollutants, macropollutants are naturally occurring
compounds that exist locally in excess concentration, for example, phosphate and
nitrogen compounds, which can lead to eutrophication of surface waters
(Schwarzenbach et al., 2006). Macropollutants were the big environmental
problem of the 1960s and 1970s. Today macropollutants are usually properly
managed with the introduction of source controls and additional wastewater
treatment requirements. As a result, attention has shifted to micropollutants,

including inorganic and organic chemicals.
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The widespread distribution of organic micropollutants in our waterways
presents a hazard to aquatic life. Hazards to humans can occur through the
consumption of food and drinking water and through other exposure routes such
as inhalation and dermal contact. Micropollutants enter the aquatic environment
via direct sources, such as industry and sewage effluent discharge, and via
non-point sources such as urban runoff and agriculture. Due to the complex
nature of the chemical mixtures occurring in domestic wastewater used for water
recycling schemes, conventional treatment is not always sufficient to remove
the entire contaminant load. Additional treatment steps such as ozonation and
sorption to activated carbon have been introduced to wastewater and recycled
water treatment to reduce more recalcitrant micropollutants. Membrane
processes such as reverse osmosis can also reduce a wide range of
micropollutants, but removal efficiency is related to the chemical structure and
size, and some compounds may not be fully removed by reverse osmosis alone.
Disinfection, such as chlorination and advanced oxidation processes, control
human pathogens (microorganisms that cause disease). While conventional
biological treatment and advanced treatment processes are very effective in
eliminating most unwanted pathogens and many micropollutants, they also
introduce other potentially harmful substances such as disinfection by-products
and transformation products.

1.2.2 Transformation products

Transformation products are micropollutants that have undergone chemical
reaction(s). It is currently unclear, which and how many transformation
products are formed, in what quantities and what level of harm they may cause.
Transformation products can arise from a variety of sources and can be formed in
the environment as well as in engineered systems (Table 1.2). Pharmaceuticals are
extensively metabolised in humans and animals and, hence, are typically not
excreted in the same form as they were ingested but as a variety of metabolites
(Lienert et al., 2007). Many pharmaceuticals are activated inside the body to the
pharmacologically active form, which may also be more potent than the precursor
with respect to its adverse effect. Most pesticides and other micropollutants
undergo biotic and abiotic transformation reactions in the environment. In surface
water, for example, exposure to sunlight can cause direct photodegradation or
indirect oxidation of micropollutants via formation of reactive oxygen species.
Biodegradation is extensive during biological wastewater treatment, yet full
mineralisation (complete degradation to carbon dioxide and water) is incomplete
for many chemicals, allowing biotransformation products to be formed.
Hydrophobic micropollutants are also removed from water by adsorption to the
sewage sludge without any transformation. Existing micropollutants in water can
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Table 1.2 Transformation products of organic micropollutants and natural organic
matter that are more problematic than the original chemical (for more details see
Escher and Fenner, 2011).

Chemical Group  Transformation Issues
Process

Transformation products introduced into the water

Pharmaceuticals Metabolism of Conjugates can later be cleaved
pharmaceuticals in back to the original compound
humans and animals ~ Some pharmaceutical drugs are
followed by excretion  more potent after metabolic
with urine and faeces  activation
to wastewater

Transformation products formed in the environment

Pesticides Abiotic and biotic Pesticides (e.g.,
reactions in the organophosphates) can be
environment from activated by oxidation or other
direct runoff of chemical reactions
pesticides

All micropollutants  Direct and indirect Can lead to a product more
photodegradation in persistent and toxic than the
surface water precursor (e.g., photochemical

condensation of triclosan
to a dioxin-like structure)
Transformation products formed in engineered systems
All micropollutants  Biodegradation during Some transformation products are
wastewater treatment  more persistent than the precursor
(e.g., 4-nonylphenol as breakdown
product of nonylphenol

polyethoxylate)
All micropollutants  Advanced oxidation Disinfection and oxidation
and natural and disinfection during by-products (e.g., trihalomethanes
organic matter water treatment and haloacetic acids) from natural

organic matter are putative
carcinogens

be transformed during advanced oxidation and disinfection processes to more
persistent and/or toxic disinfection by-products (Table 1.2).

Disinfection by-products are important contaminants of drinking water and are
formed during disinfection from natural organic matter present even in the purest
water used as a source for drinking water (Table 1.2). During chlorination of
drinking water, a wide range of chlorinated chemicals are formed, for example,
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trihalomethanes and haloacetic acids. Nitrosamines are further formed during
chloramination. Bromate can be formed after ozonation. As some disinfection
by-products are known to cause cancer and other adverse effects (Hrudey and
Fawell, 2015), their regulation and management is important while keeping in
mind that protection from pathogens is of the high priority to safeguard health in
the short term.

While most transformation products are less persistent, bioaccumulative and
toxic than the original compounds (Boxall et al., 2004), there are a number of
prominent exceptions. Some transformation products are more persistent than
their compounds of origin and thus accumulate in higher concentrations in the
environment. Other transformation products are more toxic than the original
chemicals (Escher and Fenner, 2011). An example is nonylphenol, which is a
degradation product of the industrial surfactant nonylphenol polyethoxylate
(NPE). Nonylphenol is highly persistent, bioaccumulative and in addition to
being more toxic than NPE in terms of acute toxicity, it exhibits weak estrogenic
effects (Fenner et al., 2002).

1.2.3 Low concentrations and mixtures

Regulators are faced with vast numbers of largely unknown micropollutants and
transformation products in water. Individual contaminants may be present at very
low concentrations, most far below any concentration expected to cause adverse
effects on their own but acting together in mixtures their biological activity may
lead to detectable effects.

All chemical analysis is limited to the lowest level of resolution of each analytical
method. In most analytical laboratories today, routine analysis is limited to the
microgram per litre (ug/L) range, while specialised methods may resolve
individual chemicals down to the nanogram (ng/L) or picogram per litre (pg/L)
level. Chemical analysis can only identify the tip of the iceberg with no
quantitative measure of the fraction that remains unaccounted for (Figure 1.1).
Although bioanalytical tools do not quantify the individual components in the
submerged part of the iceberg, they contribute a more complete picture of its total
size, thereby improving our ability to predict the possible health significance of
micropollutants. Bioassays indicative of specific modes of action, such as
estrogenicity and genotoxicity, may help refine this picture further by pointing to
specific groups of micropollutants with common modes of action, which often,
although not always, comprise structurally similar chemicals.

1.3 ENVIRONMENTAL TOXICOLOGY

Environmental toxicology has evolved over the last few decades from an
amalgamation of various scientific disciplines including biology, toxicology,
environmental chemistry, biochemistry, pharmacology, medicine and ecology.
The overall objective of environmental toxicology is to understand the impact of
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«  Chemicals detected in water samples
» Chemicals with known effects
Tip of the iceberg *  Mixture effects

Unknown
chemical risks

» Chemicals below detection limits

« Unknown chemicals

= Chemicals without analytical methods
= Transformation products

* Mixture effects

Bioanalytical tools can capture
and characterise the entire iceberg

Figure 1.1 Organic micropollutants detected in water samples are only the tip of the
iceberg — many other micropollutants may be present, including transformation
products and known and unknown chemicals, which act together in mixtures and
these mixture effects can be captured by bioanalytical tools.

environmental pollutants on humans and ecosystems, encompassing all levels
of biological organisation. Effects range from biochemical interactions within
organisms to whole animals, populations and ecosystems. In human toxicology,
this sequence is paralleled starting from the toxicity pathways occurring at the
cellular level to failure or malfunction at organ level to population effects and
epidemiological studies (e.g., cancer clusters).

Traditionally, environmental toxicology has been divided into ecological
toxicology (or ecotoxicology) and human health toxicology. While the former
discipline was generally associated with environmental sciences and biology, the
latter is rooted in pharmacology and medicine. As these disciplines have become
more focused at the molecular level, it has been recognised that mechanistic
toxicity pathways have many common pathways and modes of action in all biota,
and the fields have again grown closer.

Environmental toxicology comprises the following sub-disciplines:

* Environmental science, an interdisciplinary science that studies the earth, air,
water, living environments and social components.

¢ Environmental chemistry and chemo-dynamics, the study of sources,
reactions and fate and transport of chemicals in the environment.

* C(Classical toxicology, which aims to protect human health.

* Epidemiology to understand effects on human populations and communities.
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* Ecotoxicology (ecology + toxicology), which seeks to evaluate effects on
environmental organisms, populations, communities and ecosystems.
Aquatic toxicology is a subset of ecotoxicology, where exposure occurs via
aquatic ecosystems including saline, brackish and freshwater systems.

1.4 ENVIRONMENTAL RISK ASSESSMENT

Environmental toxicology, as a science, plays a central role in the development of
robust methods for environmental risk assessment of chemicals. Environmental
risk assessment consists of four steps (Figure 1.2). Hazard identification
includes the collection and evaluation of all available information for the given
chemical to assess its potential adverse effect and classification according to the
globally harmonized system of classification and labelling (GHS). The
assessment of the potential of a chemical to be categorised as persistent,
bioaccumulative and toxic (PBT) or carcinogenic, mutagenic or reproduction
toxic (CMR) is an important step in the European Union’s chemical regulation
to identify substances of very high concern. Effect assessment involves
dose—response characterisation and extrapolation, which yield predicted
‘derived no effect levels’ (DNEL) and ‘derived minimal effect levels’ (DMEL)
for humans and ‘predicted no effect concentrations’ (PNEC) for the
environment. The exposure assessment involves evaluation of the expected
exposure levels relevant for a given situation. For each exposure scenario, the
risk is then characterised by comparing the expected exposure level with the
DNEL/DMEL or PNEC, which should correspond to a safe dose over the entire
lifetime of a human or environmental organism.

Hazard identification

Effect assessment Exposure assessment

Risk characterisation

Figure 1.2 Environmental risk assessment of chemicals, simplified from the REACH
Guidance Document for Chemical Safety Assessment (European Chemicals Agency,
2011).
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In vitro assays are used in an early screening stage of hazard assessment as part of
an integrated test strategy but if there is any indication that a chemical is of concern,
risk assessment in the European Union legislation REACH needs to be based on
in vivo information (EP&EC, 2006a). The U.S. risk assessment paradigm is
different. The U.S. EPA is committed to reduce animal testing for risk assessment
and to incorporate pathway-based in vitro toxicology in toxicity and risk
assessment (NRC, 2017).

1.5 BIOANALYTICAL TOOLS

Bioanalytical tools are defined as in vitro cell-based and in vivo bioassays indicative
of modes of action that are relevant for human and/or ecosystem health. These
include whole cell and reporter gene assays, tests with unicellular and small
organisms (Daphnia, fish embryo) as well as some enzyme and receptor-binding
assays. Previous reviews had wider or narrower definition. Behnisch et al. (2001)
included, for example, biomarkers and enzyme immunoassays, while Eggen and
Segner (2003) only included assays describing a defined chemical—biological
interaction excluding general cytotoxicity assays. The European technical report
on aquatic effect-based tools under the Water Framework Directive compiled
numerous in vitro and in vivo bioassays including biomarkers that have been
applied for water quality monitoring (Wernersson et al., 2015).

1.5.1 In vivo and in vitro bioassays

Toxicity testing can be performed at several levels of organisation. Epidemiological
studies attempt to link observed clusters of disease with human exposure to
chemicals. In vivo studies on individuals utilise historic case studies of human
poisoning or perform animal tests (e.g., using rodents) in order to obtain
toxicological information at the whole organism or organ level (Figure 1.3). As
with human toxicology, the in vivo scope of ecotoxicology may range across
organisms, populations, ecosystems and model ecosystems.

In vivo assays are whole organism exposure tests used to determine the toxicity of
a chemical, effluent or other mixture of interest to a target organism (Figure 1.4). In
addition to survival and reproduction, sub-lethal and behavioural effects can be
assessed. Sub-lethal effects are often quantified via biomarkers, which are
molecular characteristics that are objectively measured as indicators of a normal
biological process or in response to harm (Atkinson et al., 2001).

In vitro technology merges human toxicology and ecotoxicology. In vitro assays
are in a strict sense all assays that are performed in a controlled environment of a test
tube or microtitre plate (Figure 1.4). In practice, the term is often used
synonymously with ‘alternative test methods’ or ‘new approach methods’ (NAM)
that do not make use of test animals. While most in vitro assays are cell-based,
these also include isolated tissue (e.g., metabolically active liver homogenate) and
enzyme extracts. As cell lines (e.g., mammalian, fish, yeast and bacteria) can be
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Figure 1.3 Different levels of toxicological testing in human toxicology and
ecotoxicology and their agreed attributes.

obtained and grown without sacrificing test animals, molecular and cell-based
assays have the advantage of being of low ethical impact compared to in vivo
assays (Blaauboer, 2002; Hartung, 2010). Some mammalian cells cannot be
maintained in culture for a long time and have to be isolated from tissue (primary
cells), but other cell cultures, especially mammalian cancer cells and fish cells,
are immortal, that is, they can be cultured and reproduced indefinitely.

In vitro assays generally require less space (lower volumes) and are often more
practical for assessment of environmental samples with low levels of
micropollutants, which need to be enriched prior to toxicity testing. Cell-based
assays allow automation and high-throughput screening resulting in time- and
cost-effectiveness. Increased sensitivity can also be achieved through genetically
modified cell lines with amplified response (Figure 1.4).

Some in vivo assays share some of the advantages of in vifro assays. The fish
embryo test (FET), for instance, is a recommended alternative to traditional
ecotoxicological protocols. The FET is used in Germany to assess the quality of
wastewater before introduction into environmental waters (Embry et al., 2010).
In vivo biomarkers such as vitellogenin, a marker for estrogenicity, are also
sensitive and informative indicators of endocrine disruption (Purdom et al., 1994)
(Figure 1.4).

Yet, while in vivo bioassays are valuable for ecotoxicological assessment of pure
chemicals, applications for monitoring of water quality are generally limited to
whole effluent testing and low-complexity assays including those based on
biomarker responses (Figure 1.4). Reproductive and developmental effects are
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Figure 1.4 Principles of in vivo and in vitro bioassays used in water quality
monitoring.

rarely assessed (with the exception of the FET). As in vivo bioassays are typically
performed with whole water samples, either directly or in diluted form, only
relatively polluted water can be tested using these methods. In contrast, water is
typically extracted and enriched before administration to in vitro bioassays, thus
allowing a much wider range of sample matrices (e.g., from wastewater to
drinking water) to be tested.

Additional very promising tools for hazard assessment of chemicals arise from
the emerging field of toxicogenomics. Toxicogenomics is the science of applying
genomic technologies to elucidate the toxicity pathways and modes of action
triggered by a micropollutant (Nuwaysir et al., 1999). Technologies applied in
toxicogenomics include profiling at the gene (transcriptomics) and protein
(proteomics) expression levels as well as profiling of the metabolic products
arising from biological reactions (metabolomics). Ecotoxicogenomics takes this
approach one step further by linking these cellular level effects with adverse
outcomes for whole organisms, populations and ecosystems (Ankley ef al., 2006;
Fedorenkova et al., 2010). However, despite significant progress over the last
decade in pathway analysis and data curation (including the Comparative
Toxicogenomics Database), it is still difficult to link a specific gene, protein or
metabolic change to organism, population and ecosystem health outcomes
(Bahamonde et al., 2016), a process rendered even more difficult when applied to
mixtures of contaminants in environmental samples (Altenburger et al., 2012).
Thus, while omics profiling can offer novel insights during hazard identification,
toxicogenomic techniques are yet to be validated for use in regulatory risk
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assessment of chemicals or environmental monitoring programmes (Sauer et al.,
2017).

The use of in vitro bioassays in risk assessment has been limited due to
difficulty in determining their relevance to well-established in vivo toxicity
tests and predicting effects in whole organisms. Recent advances in molecular
toxicology and system biology, including those achieved by the Tox21
program of the National Institute of Health jointly with the United States
Environmental Protection Agency (U.S. EPA, Gibb, 2008), have led to a
paradigm shift (Hartung, 2010). In vitro bioassays are now gaining acceptance
provided an (ideally mechanistic) in vitro to in vivo extrapolation model exists
(Wetmore, 2015).

1.5.2 Cell-based bioassays

Cell-based bioassays target particular endpoints or mechanisms of toxicity and can
be divided into two groups:

* Bioassays with native cells (primary cells and immortal cell lines)
* Bioassays with recombinant cell lines

1.5.2.1 Native cells

Native cells are cells that have not been genetically modified. Primary cells can be
sourced directly from tissue samples but have limited life span in vitro. Immortal cell
lines are mutated cell lines that can proliferate indefinitely. Immortal cells are
preferable due to their high reproducibility and improved animal ethics and cost.
In mammals, only cancer and stem cells are immortal. More recently, methods
have become available to immortalise cells but so far, they have not been widely
used in practical applications for water quality assessment. In fish, any cell type
can theoretically be cultured and transformed from a primary to an immortal cell
line (Schirmer, 2006).

Native cells typically respond to all bioactive substances in a given sample and
are suitable for assessment of non-specific toxicity. Non-specific toxicity is typically
measured in bioassays that quantify cell growth/viability (cytotoxicity)
(Figure 1.5). Cytotoxicity assays can be more specific if cells are derived from
particular tissues such as pulmonary epithelial cells or liver cells. Growth of
neuronal cell lines can be used to assess not only cytotoxicity but also neurite
development as a more specific endpoint. The differential toxicity between
different cell types can further give an indication of the mode of action of the
chemicals in the sample. Some cells react specifically to groups of chemicals
with common modes of action by expressing a specific physiological response
such as direct inhibition of photosynthesis in algae or the proliferation of breast
cancer cells in the presence of estrogen.
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Figure 1.5 Design of cell-based bioassays. Receptor refers to a structural element in
the cell to which a chemical can bind and, subsequently, induce processes that may
cause toxicity. Reporters are gene products that are not naturally present in the cell
but have been introduced through genetic modification to allow visualisation of the
receptor binding.

1.5.2.2 Genetically modified cells

Recombinant cell bioassays use genetically modified cell lines and have emerged in
the last decade to detect and amplify specific toxic responses (Figure 1.5). Examples
include hormone-mimetic activity and induction of the arylhydrocarbon receptor
(AhR). The general design of recombinant cell bioassays is the integration of a
reporter plasmid into a cell (e.g., human or mammalian immortal cell line). A
plasmid is a circular DNA molecule, which carries a responsive element for the
receptor of interest, followed by a reporter gene that encodes a measurable feature
such as an enzyme (e.g., B-galactosidase or luciferase) or an easily measured
fluorescent protein. The amount of response quantified via the enzyme activity or
the fluorescence intensity of the fluorescent protein is proportional to the amount
of chemical bound to the receptor.

1.5.3 Modes of action

Modes of action (MOA) can be classified into three major groups: non-specific,
specific and reactive toxicity (see Chapter 4 for more details). Non-specific
toxicity refers to baseline toxicity and is the minimum toxicity that any
compound exerts without evoking specific effect. This minimum toxicity occurs
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at the same critical membrane concentrations irrespective of the cell type or
organism (Escher et al., 2019). Cytotoxicity assays will mainly be indicative of
non-specific toxicity. Specific toxicity refers to all mechanisms that involve
binding to a receptor or interference with an enzyme function. For reactive
toxicity, chemical reactions occur between the chemical and cell components,
such as DNA, proteins and phospholipids.

Bioassays can also be categorised in accordance with their potential to detect and
quantify the different MOAs within the above three classes. Non-specific toxicity
assays are crucial in providing an estimate of the overall toxic burden of all
chemicals within a mixture and include all cell viability /proliferation assays.

Specific toxicity assays target particular toxicant groups through detection of
specific endpoints. Typical bioassays applied for monitoring of specific toxicity
include recombinant cell bioassays capable of detecting the induction of nuclear
receptors, such as the estrogen, androgen, thyroid, aryl-hydrocarbon and retinoic
acid receptors. Bioanalytical capabilities are improving rapidly worldwide by
covering an increasing number of receptor-mediated toxicity endpoints. Reactive
toxicity includes any MOA that involves the chemical reaction between
chemicals and biological molecules, including DNA damage (genotoxicity,
mutagenicity), reactivity towards proteins, peptides and lipids, as well as
oxidative stress. The main focus has been on detection of mutagenicity and
genotoxicity using the classic Ames test (for mutagenicity) and assays indicative
of DNA repair. Genotoxicity tests based on mammalian cell lines with detection
of DNA damage using the Comet assay and/or the micronucleus assay have also
been introduced to water quality testing. Test battery-type approaches combine a
number of assays within and/or across the above categories enabling a more
comprehensive characterisation of various aspects of toxicity.

1.6 BIOASSAY SELECTION AND DESIGN OF TEST
BATTERIES

Cell-based assays have been applied for monitoring of water quality worldwide
since the 1960s (Figure 1.6). Early work mainly focused on assays indicative of
carcinogenicity (reactive toxicity) and general (non-specific) toxicity. The Ames
test (Ames et al., 1975), for example, has been used for water monitoring since
the 1970s (Simmon and Tardiff, 1976) and is still widely used. The Microtox
assay, which measures bioluminescence inhibition in the marine luminescent
bacteria Aliivibrio fischeri (formerly named Vibrio fischeri) as an indicator of
cytotoxicity, was first applied for water samples in the early 1980s (Chang et al.,
1981).

Researchers have applied single and multiple assays for water quality assessment
for decades, however, since testing was expanded from contaminated sites and
effluents to surface waters and highly treated waters, battery applications have
dramatically increased particularly in the last decade (Figure 1.6). Sanchez et al.



Introduction to bioanalytical tools in water quality assessment 15

co
o

First Edition o

=2
[= R =]

= N W B O
o o O o O

.

1970 1980 1990 2000 2010 2020

Figure 1.6 Increase of studies that have applied bioanalytical tools in water quality
assessment since 1970. Search in Web of Science with the keywords ‘(in vitro or
vitro or bioanalytical) and battery and bioassay* and water and quality’ on 18
November 2020.
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(1988) were among the first to employ an assay battery to evaluate the toxicity of
industrial effluents. The battery included five acute toxicity assays (three
bacterial, one in vivo and one molecular) and three mutagenicity assays (the
Ames test, and the Escherichia coli and Saccharomyces cerevisiae (yeast) reverse
mutagenicity assays).

Specific toxicity assays emerged in the 1990s to monitor endocrine disrupting
compounds (EDCs), which raised much concern due to the potential adverse
effects of these xenobiotics to wildlife. In particular, the observation of reduced
fish reproduction at environmentally relevant exposure concentrations sparked
much attention (Jobling et al., 1998).

The field really started to explode in the early 2000s (Figure 1.6). Mammalian
cell-based assays became more abundant in water quality testing as the focus
expanded from ecosystem health targeting surface water quality and wastewater
treatment to also include human health by considering advanced and drinking
water treatment and associated water quality (e.g., Brand et al, 2013; Leusch
et al., 2014a, 2014b; Hebert et al., 2018).

Most research has focused on surface waters and domestic and industrial
wastewaters. Scattered studies on pulp and paper mill effluents as well as oil
field-produced effluents are also found in the literature. In recent years, screening
of wastewater and advanced water treatment processes, disinfected drinking water
and recreational waters have emerged. Improved sample preparation and sample
enrichment methods as well as the introduction of more sensitive bioassay
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endpoints have enabled progression from highly contaminated water samples to
high-quality water such as purified recycled water and drinking water.

Apart from testing quality of different water types, an important application for
bioassays has been the assessment of treatment efficacy of a certain technical or
natural process, to evaluate trends in effect over time and to benchmark the
quality of water from different origins. Hence, the effects are typically compared
within a process, along a time axis or across different locations. This allows
calculation of treatment efficacies and can help to evaluate natural and engineered
treatment processes.

1.6.1 Design of test batteries

Comprehensive risk assessment requires a battery of bioassays to cover a range of
MOAs and/or recipients relevant for the water sample to be tested. Two distinct
approaches can be applied to design a test battery; one is driven by the protection
goal, while the other is driven by the chemical groups of concern and their modes
of action (Figure 1.7; see Chapter 13 for more details).

1.6.2 Protection-goal-motivated test battery design

A protection goal targets a health endpoint, organism or ecosystem process that it is
desired to be protected. A goal could be to minimise cancer occurrences in humans
or to ensure healthy fish reproduction in an aquatic ecosystem. Protection goals set
the context for all chemical risk assessment legislation and are often translated into

Bioassays can be used to
identify affected biological
targets in the sample

“protection-goal
motivated”

Select toxicity endpoints relevant
for human and
environmental health

Figure 1.7 Design of test batteries for water quality assessment.
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specific assessment endpoints. Depending on the protection goal, a test battery
needs to include the relevant assessment endpoints. When selecting a battery of
bioassays, it is important to consider what we seek to protect (e.g., human health
versus aquatic ecosystem health, marine species versus freshwater species) as
well as the suite of tools necessary to conduct the assessment. The most
appropriate exposure route (and recipient tissue) must also be carefully evaluated.
If exposure to humans is via drinking water, for instance, the oral route is the
most important exposure pathway. If, on the other hand, exposure is to
recreational water via swimming, dermal contact is likely of higher significance
than ingestion. When the relevant organism(s), exposure route(s) and potential
risks posed to that organism(s) have been established, the relevant bioassays can
be selected. Assays relevant for inclusion will be specific to the protection goals
identified as part of hazard identification within a risk assessment framework.

1.6.3 Chemical-group-motivated test battery design

Chemicals with a common MOA and existing together in mixtures act according to
the concept of concentration addition (see Chapter 8 for more details). Chemicals
with a common MOA are also often (but not always) structurally similar.
MOA-specific bioassays can thus be used to identify relevant toxicant groups
present in a sample.

As all known and unknown chemicals with a common MOA will contribute to
the mixture toxicity in an associated bioassay, application of a MOA-based test
battery can help generate a more comprehensive picture of the toxic potency of a
water sample than chemical analysis alone. If the sample is suspected to contain
hormones (e.g., wastewater), it is sensible to include a test indicative of endocrine
disruption, particularly estrogenic and glucocorticoid activity. If herbicides are
likely to be present (e.g., agricultural runoff), a phytotoxicity assay will be suitable.

Effect-based batteries can be advanced further by including several assays for a
given toxic MOA. Estrogenic effects, for example, can be activated by direct
binding of the estrogen receptor (ER) by estrogenic compounds but also by
indirect mechanisms such as activation of the AhR by polyaromatic hydrocarbons
(PAHs) or inhibition of the cytochrome P450 19A aromatase that transforms
testosterone to 17B-estradiol.

Application of broad test batteries covering both non-specific cytotoxicity and
several specific endpoints allows the assessor to account for unexpected toxicant
groups that may otherwise go undetected. In the chemical-oriented design,
quantification of the risks posed by relevant groups of chemicals is prioritised.
Bioassays of high sensitivity towards the toxicant group of interest may therefore
be selected irrespective of their (lack of) direct relevance to the protection goal.
In order to assess drinking water for the presence of herbicides, for example, it
may be appropriate to include an algal assay, even if the water tested is destined
for human consumption and the protection goal is to achieve good human health.
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Photosynthetic organisms are, however, particularly sensitive to herbicide exposure
and the test indicates exposure even in the absence of information on effects
in humans.

Both test battery approaches may lead to comparable and often overlapping sets
of bioanalytical tools as it is not possible to view chemicals independently of their
MOA. When researchers design test batteries, they will often consider both
approaches. It must further be noted that not all bioassays are fully selective and
100% indicative of a given MOA. All cell-based bioassays will be influenced by
a combination of non-specific and specific toxicity. In a water sample, there may
be a multitude of chemicals, of which only a fraction will respond specifically to
the endpoint featured in the applied assay. Within a range of concentrations, a
window typically exists where the specific effect sets in but is not yet suppressed
by cytotoxicity. The wider this window is, the more useful a given bioassay is for
application with complex water samples.

1.7 CHEMICAL ANALYSIS AND BIOANALYTICAL TOOLS
ARE COMPLEMENTARY MONITORING TOOLS

Bioanalytical tools do not replace chemical analytical monitoring. Both approaches
provide complementary information (Figure 1.8) and, if combined appropriately,
will allow for comprehensive assessment of organic micropollutants in a water
sample. What we can detect with chemical analysis is dependent on the sample
preparation, the chromatographic method (typically high-performance liquid
chromatography (HLPC) for waterborne pollutants but also gas chromatography
(GC)) and the detection method (mostly mass spectrometry (MS)). Precise
identification and quantification of chemicals in water samples can only be done
with target analysis using standards but it is possible to extend the list of target
analytes with suspect screening methods that apply a smaller range of standards
but can quantify larger sets of chemicals by a combination of retention times and
exact mass filtering (Krauss et al., 2010; Schymanski et al., 2014; Alyzakis et al.,
2018). Non-target analysis, that is, the identification of chemicals by
high-resolution MS, also shows enormous promises (Hollender et al., 2017) and
has already been applied to better understand pollution patterns in rivers
(Albergamo et al., 2019; Beckers et al., 2020). While there are clear promises of
non-target screening, it does not allow accurate quantification of micropollutants,
and does not provide any indication of the toxicity of the newly detected pollutants.

Typical monitoring programs routinely assess from 10 to 100 individual
chemicals, with more recent research publications including as much as 500
individual chemicals (Malaj et al., 2014; Bradley et al., 2017; Kandie et al., 2020).
Despite these amazing advances in analytical chemistry, it will never be possible
to quantify all chemicals. 175 million organic and inorganic chemical substances
were registered in the CAS (Chemical Abstract Services) Registry at the end of
2020. Several million of these chemicals are commercially available with more
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than 350,000 estimated to be in commercial use presently (Wang et al., 2020), not
counting transformation products. There are more than 1000 registered active
ingredients of pesticides in the USA alone, and up to 4000 for pharmaceutical
use. In the European Union >100,000 chemicals have been registered in REACH,
the European Union industrial chemicals’ regulation as of 2020.

Thus, only a small fraction of micropollutants potentially present in water can be
monitored by chemical methods. Whether or not the monitored chemicals are
relevant from a risk perspective, and cover the majority of the overall toxicant
burden, can only be ascertained via mixture toxicity assessment using bioassays.
As Figure 1.8a illustrates, target analysis can shed light only on a very small
fraction of chemicals. With suspect and non-target screening, many more
chemicals can be identified (albeit not quantified), but an unknown fraction still
lurks in the dark. With apical endpoints such as cytotoxicity, we can capture and
quantify the toxicity caused by all chemicals in a water sample acting together,
but we cannot identify the causative agents (Figure 1.8b). By applying bioassays
with specific modes of action, we can further narrow in groups of chemicals that
act according to the same mode of action, and better characterise the
toxicological profile. The results from the different methods can be connected in
a quantitative way through mixture modelling, which is outlined in Chapter 13.
The capabilities and limitations of chemical analysis and bioanalytical tools are
compared in Table 1.3.

Bioassays provide a comprehensive picture of biologically active chemicals
present in a sample. It is, however, not possible to elucidate which chemical(s) is
(are) responsible for the observed toxicity. To address this, a sample can be
fractionated, and the individual fractions tested for biological activity. The active
fractions may need to be fractionated further before the chemical(s) that caused
the effect can be identified. This so-called bioassay-directed fractionation
technique or effect directed analysis (EDA, Brack et al., 2008) is very promising
for water samples, where single contaminants dominate the overall toxicity such
as, for example, after an accidental release or illegal dumping of a chemical.
Generally, and for most applications in water quality monitoring, including
wastewater treatment, water recycling and drinking water treatment, there will be
no individual component(s) dominating the toxicity. The observed effect will
more likely reflect the combination of a large number of chemicals and their
transformation products, most likely present at individual concentrations below
the thresholds necessary to cause any observable single-chemical effect. Indeed,
when toxic chemicals act together in mixtures, concentrations below individual
effect thresholds may add up to measurable effects (Silva et al., 2002). Such
mixture effects cannot be accounted for using chemical analysis alone.

Bioassays that are selective for specific endpoints, such as binding to ER, will
respond to subgroups of chemicals that exhibit common MOAs and act together
in mixtures via concentration addition. Non-selective bioassays that detect
non-specific indicators, such as cytotoxicity or growth inhibition, are true sum
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Table 1.3 Comparison of capabilities and limitations of chemical analysis and
bioanalytical tools.

Chemical Analysis Bioanalytical Tools

+ Capable of quantifying individual -  Cannot resolve individual
chemicals (typically 10—500). compounds.

+  Sum parameter for chemicals with

the same MOA.
—  Interactive mixture effects cannot +  Detects mixtures of known and
be assessed. unknown bioactive chemicals
because all will respond to various
degree (weighted by potency).

+  Mixture toxicity measured but
interactive effects cannot be
differentiated from simple additive
effects.

—  Full extent of chemical burdenis +  Non-specific endpoints account

unknown. for the sum of bioactive chemicals
present in a sample.
— In ‘clean’ water samples, + Bioassays are often less sensitive

individual components fall below
the limit of detection although
they may still contribute to
cumulative mixture toxicity.

Transformation products need to
be identified before they can be
quantified.

than chemical analysis for
individual chemicals, in complex
mixtures their detection limit is
much better.

Transformation products are
accounted for by measurement of
mixture toxicity, but individual

contributions cannot be resolved.

parameters of the entire burden of micropollutants in a given water sample
(Figure 1.8). Effect-based sum parameters are weighted according to the toxic
potency of each individual mixture component and are superior to chemical sum
parameters, such as dissolved organic matter, where each component is weighted
according to its amount contribution to the mixture regardless of differing
individual toxicity.

Biodegradation and advanced oxidation processes will lead to substantial
formation of transformation products. Chemical analysis can only quantify
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transformation products that are known beforehand and/or are present in relatively
high concentrations. The identification of unknown transformation products is only
possible with highly sophisticated approaches and instrumentation (Kern et al.,
2009). As transformation products will contribute to the mixture toxicity, their
effect can be quantified with bioanalytical tools although their quantitative
contribution cannot be resolved.

1.8 APPLICATIONS

Bioanalytical tools have been applied widely to assess treatment efficiency of
technical processes, particularly primary and secondary wastewater treatment
(Prasse et al., 2015) (see Chapters 10 and 14 for more details). Advanced
treatment using flocculation and oxidation by ozone followed by biological
treatment has been shown to reduce specific toxicity (e.g., estrogenicity) to below
the limit of quantification, and to substantially reduce non-specific toxicity (Kim
et al., 2007; Tsuno et al., 2008; Escher et al., 2009; Stalter et al., 2011). In 2019,
46 comprehensive studies were available that applied bioassays to assess the
treatment efficacy of ozonation and activated carbon treatment (Volker et al.,
2019). Despite the observed reduction in toxicity, micropollutant concentrations
were still found to be sufficiently high to elicit distinct responses in some of the
selected bioassays. In this way, the bioassays enabled evaluation of the different
steps of the treatment process. In a comparison of ozonation, ultrafiltration and
reverse osmosis (RO), Cao et al. (2009) found RO to be the most efficient
technology for removing genotoxicity, mortality of the water flea Daphnia
magna, and effects caused by binding to the retinoic acid receptor (RAR). In
another study, the final steps of treatment following RO removed residual effects
even further, although many endpoints at this advanced stage of treatment fell
below detection limits (Escher et al., 2011).

The other main application of bioanalytical tools is to benchmark water quality.
This can be done by comparison between sites and time of sampling. In the last
years, effect-based trigger (EBTs) values have been developed that serve to
differentiate between acceptable and poor water quality (see Chapter 13 for more
details). Although EBTs have not yet been implemented in regulation, they are
widely used for research purposes and various methods have been developed for
their derivation. Most of the EBTs for drinking water have been developed by
read across from drinking water guideline values, in some cases using
toxicokinetic corrections. EBTs for surface water are also mainly read-across
methods from guideline values and environmental quality standards but several
methods specifically account for mixture effects.

1.9 CONCLUSION

Water samples contain an innumerable variety of contaminants from human
activities, such as pharmaceuticals, personal care products, industrial compounds,
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pesticides and others, as well as their many transformation products. It is thus
impossible to analyse all contaminants in a water sample using chemical analysis
techniques. Bioanalytical tools can detect both known and non-target chemicals,
and also provide a measure of the potency of these chemicals to interact with
biological targets, and ultimately produce an adverse effect in exposed organisms.
Bioanalytical tools allow us to view the whole iceberg of micropollutants, not
just the top part that we see through a conventional chemical analysis prism.

Chemicals can affect living organisms via a range of modes of action. Some
affect cause non-specific effects, which leads to cytotoxicity. Others will cause
specific toxic effects, such as binding to a receptor or interference with enzyme
function. Others yet can induce reactive toxicity, by interacting with cell
components such as DNA, proteins and phospholipids. It is therefore important
to consider and include multiple modes of action when designing a test battery.
A test battery design can be motivated either by a specific protection goal, or
focused on a specific mode of action, and there are a range of bioassays to
choose from, from native cells to genetically engineered platforms.

Yet bioanalytical tools also have their own limitations, including the fact that
they do not resolve individual compounds present in the sample. Bioanalytical
tools complement chemical analytical monitoring, greatly improving the overall
assessment of quality of any water type, including wastewater, surface, drinking
and reclaimed water.

The aim of this book is to provide the reader with an in-depth perspective on
the concepts and ideas in the application of bioanalytical tools to water quality
monitoring, including practical advice on sampling, analysis and interpretation of
effect-based monitoring. Ultimately, we want to enable the reader to apply
bioanalytical tools for water quality monitoring.






Chapter 2
Risk assessment of chemicals

2.1 INTRODUCTION

There exist more than 175 million chemicals and over 350,000 chemicals and their
mixtures have been registered in chemical inventories of 19 countries worldwide
(Wang et al., 2020). We know still too little about the risk they may pose to
humans and ecosystems.

Risk in the context of chemicals is the probability of an adverse effect on humans
or the environment occurring from exposure to chemicals. Risk assessment consists
of an objective evaluation of risk, in which assumptions and uncertainties are clearly
considered and presented. All activities, processes and products have some degree
of risk. The ultimate aim of chemical risk assessment is to provide the scientific,
social and practical information so that decisions can be made on the best way to
manage chemicals. The use of quantitative risk assessment in decision making is
becoming increasingly important as situations cannot be judged simply
binomially as ‘safe’ or ‘unsafe’. Risk assessment of chemicals is based on
scientific evidence, while risk management explores regulatory options by
weighing risk assessment with political and socio-economic factors.

The terms hazard and risk are frequently misunderstood and often incorrectly
used interchangeably. A hazard is a substance or event that has the potential to
cause harm. Risk is the probability or likelihood that this harm will occur. If
exposure is low or absent, then the risk is correspondingly low or absent,
irrespective of its potential to cause harm. In addition, if exposure is likely but
the effects are low or absent, the risk is low. The concentration of a chemical
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does not need to be nil necessarily, but it does need to be below a certain threshold
level of toxicity. This is based on the premise that at very low doses, below that
threshold, the chemical is considered to be safe over a lifetime of exposure.
Carcinogenic chemicals are treated differently in risk assessment and are called
‘non-threshold chemicals’ because it is assumed that there is no safe concentration.

Most countries have traditionally introduced separate legislations for risk
assessment of chemicals related to the environment — ecological (or
environmental) risk assessment (ERA) — and those related to human health —
human health risk assessment (HHRA). While terminology often differs, the
essential steps are the same in ERA and HHRA. The borders between ERA and
HHRA were broken down with the implementation of the European legislation,
REACH (Registration, Evaluation, Authorisation and Restriction of Chemical
substances), where a coherent assessment strategy applies for both fields
(EP&EC, 2006a), and also the Australian Guidelines for Environmental Health
Risk Assessment (enHealth, 2012). In keeping with this logical development, we
have attempted to integrate ERA and HHRA in the following overview. There
are differences, nevertheless. In HHRA we want to protect everyone, and
especially the most vulnerable members of the human population, unborn
children, mothers and the elderly from harm, while in ERA we want to protect
most species and the ecosystem in its structure and functioning, but not each and
every member of the ecosystem.

2.2 CURRENT RISK ASSESSMENT OF CHEMICALS

Risk assessment of chemicals encompasses the evaluation of impacts on human or
environment health arising from exposure to those chemicals. In the estimation of
risk, a number of steps are required, involving inputs from various disciplines.
Regulatory risk assessment of chemicals in most jurisdictions follows the
framework developed by the United States Environmental Protection Agency
(U.S. EPA, 1976) in the late 1970s (Figure 2.1). This process was reaffirmed by
the US National Research Council (NRC, 1983) and has since been adopted in
many national regulations among them the European Union (European Chemicals
Agency, 2011) and Australia (enHealth, 2012).

Hazard identification sets the scene and is followed by parallel effect and
exposure assessment (Figure 2.1). In the risk characterisation step, the probability
of exposure is evaluated against the severity of effect and conclusions are drawn
that inform risk management. The process is not linear, and includes feedback
loops that engage stakeholders, risk assessors, scientists, risk communicators and
communities (Figure 2.1).

The various published versions of the four-step framework for risk assessment
can be focused on environmental or on human health impacts, either from direct
exposure (e.g., food and water consumption) or indirect exposure (e.g., air toxins,
recreational exposure). Slight variations in the methods and terminology from this
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Hazard identification

Effect assessment Exposure assessment

Risk characterisation

PRI Risk management ~ r----- :

Engage stakeholder, risk communicators and communities J

Figure 2.1 Generic risk assessment framework including feedback loops. Adapted
from enHealth (2012).

basic framework have developed in different documents (e.g., ‘hazard
identification’ is sometimes called ‘issue identification’, ‘effect assessment’ is
sometimes called ‘hazard assessment’ and ‘risk assessment’ is sometimes called
‘safety assessment’) but the principles remain similar.

2.2.1 Hazard identification

Hazard identification involves an issue identification step to define why a risk
assessment is required and the concerns that the assessment is to address. Then,
information on the inherent potential of chemicals to cause adverse effects is
collected, including physicochemical properties, information on modes or
mechanisms of toxic action, and human health and ecosystem effects.

A crucial outcome of hazard identification is classification and labelling of
chemicals and products. In terms of international trade, it is vital to implement an
internationally accepted way of labelling. The GHS - ‘Globally Harmonized
System of Classification and Labelling’ (United Nations, 2019) — is widely
accepted and has been implemented in many national legislations, for example in
2009 in the EU in the form of the Directive for Classification, Labelling and
Packaging as an important complement to the European Chemicals policy
REACH. In the GHS, criteria developed to assess the physical, health and
environmental hazard of chemicals or products lead to a GHS label in the form of
a pictogram (a stylised picture), a signal word and a hazard statement. A
pictogram is printed on the packaging and provides an indication of the type of
hazard the contents pose, for example, a dead fish with a dead tree indicates
‘dangerous for the environment’. Examples of signal words are ‘danger’ for
severe hazard categories or ‘warning’ for less severe hazard. A standard hazard
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statement would be ‘toxic in contact with skin’ (hazard phrase H311) or ‘harmful to
aquatic life’ (hazard phrase H402).

An important component of hazard identification is also to assess the inherent
properties of persistence (P), bioaccumulation (B) and toxicity (T) (EP&EC,
2006b). Chemicals with a half-life in water of >40 days (EP&EC, 2006b), >60
days (U.S. EPA, 1976; United Nations, 2009) or >180 days (Environment and
Climate Change Canada, 2020) are considered to be persistent. The main
criterion for bioaccumulation is that the aquatic bioconcentration factor (BCF) of
>2000 (EU) or >5000 (all other above-mentioned regulations, U.S. 1000-5000)
and >5000 for ‘very bioaccumulative’ in the EU. A no observed effect
concentration (NOEC) <0.1 mg/L for aquatic toxicity or evidence of
carcinogenicity, mutagenicity or reproductive toxicity (CMR) classifies chemicals
as toxic in REACH.

If all three criteria are fulfilled, chemicals are considered PBT chemicals and a
full chemical safety assessment (EU term for risk assessment) must be conducted
(European Chemicals Agency, 2011). PBT and CMR chemicals are also added to
the candidate list of substances of very high concern (SVHC) in the EU. SVHCs
are intended to be phased out eventually, either by removing them from the
market entirely (restriction) or allowing them for specific uses only (authorisation).

PBT assessment is also essential for the international Stockholm Convention
(United Nations, 2009), which has the goal of protecting humans and the
environment from persistent organic pollutants (POP). In addition to being
persistent, bioaccumulative and toxic, a POP must also have long-range transport
potential, which means it can be found far away from its source. POPs such as
organochlorines have been found in the polar regions due to their combination of
longevity and physicochemical properties that makes them semi-volatile and
hydrophobic (Wania, 2003).

2.2.2 Effect assessment

Dose—response assessment is the term normally used in HHRA and characterises
safe levels of exposure to a variety of populations including children and the
elderly. To define a safe level, experimental (animal) toxicity data are collected
and extrapolated to a ‘derived no-effect level’ (DNEL) or ‘derived minimal effect
level’ (DMEL) for cancer. Ecological risk assessment on the other hand seeks to
protect a percentage (usually 95%) of species from adverse effects by deriving a
‘predicted no effect concentration’ (PNEC) from experimental ecotoxicity data on
selected species that are representative for the ecosystem.

DNELs are derived from the lowest effect level identified in a large set of
experimental acute and chronic animal toxicity studies (i.e., the lowest ‘no
observed adverse effect level’ (NOAEL) or ‘benchmark dose’ (BMD)) and
applying relevant uncertainty factors (also called extrapolation, safety or
assessment factors, Figure 2.2). The uncertainty factors can range from 10 to
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Figure 2.2 Derivation of no-effect levels (NEL) in HHRA and PNEC in ERA.

10,000 and account for extrapolation from animal studies to humans, from individual
people to a whole population, for differences in exposure duration, quality and
comprehensiveness of the database and for all other uncertainties related to
extrapolation from a model system to a human population (Ritter et al., 2007). In
HHRA, DNELs, also often referred to as ‘acceptable daily intake’ (ADI),
‘tolerable daily intake’ (TDI) or ‘reference dose’ (RfD), are defined as intakes of
chemicals in mg per kg body weight over a set window of time (usually a day, but
sometimes a week in the case of tolerable weekly intake (TWI)) that do not pose
an appreciable risk over the lifetime of a person (typically 70 years).

For the so-called ‘non-threshold effects’ (e.g., caused by carcinogens), the effect
expected is based on the assumption that the risk is proportional to the dose at all
low-dose levels. In other words, the sum of a number of small exposures has the
same effect as one larger exposure. While the threshold model assumes very
minor exposures are likely to have a negligible effect, it is believed that there
is no safe level for carcinogens. A linear extrapolation from the BMD,,
indicative of 10% tumour incidences to zero is therefore used to calculate a
‘cancer slope factor’ (CSF) for non-threshold effects, such as chemically induced
carcinogenesis. Cancer risk is usually reported as an additional number of people
affected out of a million people per year, and ‘acceptable risk’ is determined by
regulation as a likelihood of a deleterious health outcome of 10~° (one in a
million) (Australia, Europe for consumers) or 1073 (one in hundred thousand)
(WHO, U.S., Europe for workers).
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In ERA, the PNEC is commonly used as an effect measure. There are different
approaches to calculating the PNEC, depending on the availability of toxicity
data. When sufficient toxicity data are available (i.e., toxicity data of preferably
more than 15 species from different taxonomic groups), ‘species sensitivity
distributions’ (SSD) can be used to derive the concentration that protects 95% of
the species. However, if only acute toxicity data (e.g., effect concentration (EC)
such as lethal concentration for 50% of the test species LCsq) are available, then
usually the lowest EC value from a minimum of three acute toxicity tests at
different trophic levels (typically algae, water flea and fish) is used to extrapolate
the PNEC with an uncertainty factor of 1000 to account for acute to chronic
extrapolation, differences in species sensitivity, lab to field and single organism
to ecosystem extrapolation, as necessary.

2.2.3 Exposure assessment

Exposure assessment determines the magnitude, frequency, character, extent and
duration of exposure to a hazard for an exposed population. An initial
requirement for exposure assessment is an understanding of the presence (or
absence) of a chemical and its concentration and distribution in different
environmental compartments (air, water, soil, sediment). In the absence of actual
exposure data, mathematical models can be used to predict exposure. In these
models the emissions are typically estimated from production volumes and
knowledge on application and use of the chemicals, and multimedia fate models
are used to evaluate the partitioning among different environmental compartments
and the degradation processes in each compartment. From these models predicted
environmental concentrations (PEC) are derived for multiple compartments.

For HHRA, the uptake of chemicals from various sources (air, water, food) and
via various exposure routes (inhalation, ingestion, dermal uptake) are combined to
derive a total daily intake.

2.2.4 Risk characterisation

Risk characterisation is the final step in risk assessment and determines whether
adverse health effects could occur at a particular exposure concentration. Risk
quotients (RQ) as defined in Equation (2.1) are often used and are expressed as
the ratio of the exposure to an acceptable effect level. In ERA the exposure level
is the PEC and the acceptable effect level is the PNEC.

exposure level

2.1
acceptable effect level @D

RQ:

Different terminologies for RQ are used in different legislation (e.g., hazard
quotient (HQ) is used by some), but their meaning is essentially the same and the
only requirement is that both terms used in their calculation, that is, exposure
level and acceptable effect level, must have the same units, for example, aqueous
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concentrations for risk to aquatic organisms or oral dose for HHRA. If RQ <1 no
risk is expected. The margin of safety (MOS) or margin of exposure (MOE) is
calculated as the inverse of the RQ if RQ <1. It gives a measure of how much
difference there is between exposure and effect and is typically applied in
HHRA: the larger the MOS, the less concern there is that a chemical might
exceed the acceptable effect level.

An RQ >1 indicates a possibility of harm. Because exposure is likely to exceed
the acceptable effect levels, there is a requirement for a more in-depth risk
assessment and/or implementation of risk reduction measures. A chemical can
have multiple RQs for different protection goals (e.g., human health or
occupational health) and for different environmental compartment (e.g., water,
air, soil, sediment).

More recently, probabilistic methods have been introduced to better describe
variability and uncertainty of the many factors influencing exposure and effects.
Series of measured environmental concentrations or a Monte Carlo simulation of
various predicted environmental concentrations from exposure models can be
used to construct distributions of exposure levels. Distributions of effect data
such as ECs and NOECs capture variability in species sensitivity. If the
distributions of exposure and effect data overlap, there is a risk (Figure 2.3a).
Conversely, if the upper fifth percentile of the distribution of exposure
concentrations and lower fifth percentile of distribution of effect data do not
overlap, the chemical should be safe by the indicated MOS (Figure 2.3b).

The process of risk characterisation integrates information from effect assessment
and exposure assessment, provides an overview of the quality of the process and
describes the risks to individuals, communities and populations. This is the
information that is communicated to the risk managers. The summary should

(a) Overlap of exposure and (b) No overlap of exposure and effect
concentrations— risk — margin of safety
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Figure 2.3 Probabilistic risk assessment. (a) Distributions of exposure and effect
concentrations overlap, indicating risk; (b) upper 5% percentile of distribution of
exposure and lower fifth percentile of distribution of effect data do not overlap and
a MOS can be derived. MOS = margin of safety.
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include a description of the key issues, and the overall strengths and limitations
(including uncertainties) of the conclusions. This may well result in a requirement
for additional information to improve the risk characterisation or may determine
that no further actions are necessary with the available information. Thus, risk
assessment is an iterative process where screening information is used to derive a
precautionary initial assessment. If this step identifies a problem, a more refined
assessment is carried out to reduce the uncertainty.

2.2.5 Uncertainty analysis

Given that all steps leading to risk characterisation apply simplified assumptions and
generalisation, an uncertainty analysis is vital for risk assessment. Uncertainty may
relate to lack of or limited knowledge of the true value of any parameters or
relationships among parameters. Uncertainty can be caused by indeterminacy,
when the true value of a parameter is not known, and variability, when the
parameters cover a range, such as temperature, system homogeneity and species’
and organisms’ sensitivity. In response to the need for uncertainty analysis, the
European Directive REACH has implemented a specific guidance document for
uncertainty analysis (European Chemicals Agency, 2012). This is especially
important when considering that the current international risk assessment have an
asymmetric perspective because they minimise the likelihood of positive results
by only continuing the process of the RQ >1 but stopping the process if RQ <1.
Hence there could be a false-negative outcome and the reliability of the statement
‘no risk” remains unknown.

An answer to uncertainty is the Precautionary Principle, which in its form as
Principle 15 of the Rio Declaration (United Nations, 1992) reads as follows: ‘In
order to protect the environment, the precautionary approach shall be widely
applied by States according to their capabilities. Where there are threats of serious
or irreversible damage, lack of full scientific certainty shall not be used as a reason
for postponing cost-effective measures to prevent environmental degradation’. The
Precautionary Principle goes back as far as 1974 as ‘Vorsorgeprinzip’ in the Clean
Water Act of West Germany and was declared as basis of the European Union’s
environmental policy by the Maastricht Treaty in 1992. History has shown how
damaging misuse or neglect of the Precautionary Principle can be when one
chemical is banned but many others that are similarly acting are replacing the
banned chemical (European Environment Agency, 2013). The Precautionary
Principle was invoked for the first time formally in risk assessment in the
European Union to ban the use of pentabromodiphenylether due to the high
uncertainty concerning exposure of infants via mothers’ milk as early as 2001.

2.2.6 Risk management

Risk management is a broader evaluation of the results of the risk assessment and
takes into account not only the scientific data but also social, economic and
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Figure 2.4 Risk assessment/risk management paradigm. Risk assessment and risk
management are informed by each other and work towards ongoing improvement in
the process.

political considerations (Figure 2.4). Risk reduction measures can aim to replace a
chemical or implement control strategies to minimise exposure. Safety standards are
set by regulatory action and define safe levels of certain chemicals in various
environmental compartments (see Chapter 3).

Risk communication should be seen as a process to enable all stakeholders to
make an informed judgement about a risk and its management. There are
different perspectives to risk including actual risk, estimated risk and perceived
risk. Thorough risk assessment and risk communication minimise the mismatch
between the different perspectives. Risk management also monitors and evaluates
the effectiveness of the actions.

2.3 APPLICATION OF BIOANALYTICAL TOOLS IN
CHEMICAL RISK ASSESSMENT

In vitro methods can support risk assessment at all three main steps. During hazard
identification, in vitro tools can provide an initial screening of potential toxic effects
and classification of modes of toxic action.

During effect assessment, in vitro methods can provide additional evidence to (1)
identify mechanisms of chemically induced biological activity, (2) prioritise
chemicals for more extensive toxicological evaluation and (3) develop predictive
models of in vivo biological response (Shukla ez al., 2010).

During exposure assessment, in vitro methods can serve as markers of exposure,
similar to biomarkers, if the relationship between chemical exposure and
magnitude of effect in an in vitro assay is established. Under certain
circumstances, in vitro methods may also serve as surrogates of chemical
analysis, especially for highly specific bioassays that are affected by relatively
limited numbers of contaminants.

More recently, there have been first attempts to base the screening-level risk
assessment solely on in vitro data. This is discussed in more detail in Chapter 9.






Chapter 3

Water quality assessment and
whole effluent toxicity testing

3.1 BACKGROUND

Water quality refers to the physical, chemical and biological characteristics of water.
For the purpose of this book the focus is on chemical water quality although it
should be emphasised that protection from pathogens is a key concern in drinking
water quality guidelines. Chemical quality encompasses salts, metals and organic
compounds, and our focus is on organic micropollutants.

The classical approach used for chemical water quality monitoring is to compare
detected individual chemical concentrations measured by targeted chemical analysis
to chemical guideline values (GVs) or standards. Safety standards are defined to
protect humans and the environment from unwanted chemicals and are the
foundation of water quality-based pollution control. There are several levels of
control (van Leeuwen and Vermeire, 2007):

e Water quality criteria are based on data, scientific judgement,
environmental and human health effects and provide guidance for
regulators when they are setting the standards, but they are not laid down
in any legislation. Despite this they provide a valuable tool in the
management of water pollution.

¢ Water quality guidelines provide recommendations on safe levels, but they
are not legally enforceable. They provide targets but exceeding them does not
necessarily result in clean up or enforcement actions.

¢ Water quality standards (QS) are upper exposure limits that are enshrined
in legislation. They are based on water quality guidelines or derived from
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scientifically based water quality criteria both by applying safety factors and
by political decision making.

The U.S. and European Countries have defined national standards for drinking
water quality: the National Primary and Secondary Drinking Water Regulations
as part of the Safe Drinking Water Act in the U.S. and the Drinking Water
Directive 2020/2184 of the European Parliament and of the Council (EP&EC,
2020). Australia (NHMRC, 2011) and Canada (Health Canada, 2020) on the other
hand rely on the guideline approach at the national level, which some
states/provinces have adopted, upon which they become legally binding
standards. The World Health Organisation has also defined drinking water
guidelines (WHO, 2017b). While these are evidently not legally binding standards,
they are meant to assist policy makers in the development of national standards.

There are guidelines for recycled water in some parts of the world. For example,
Australia has guidelines for potable water reclaimed from sewage (NRMMC/
EPHC/NHMRC, 2008), stormwater harvested for reuse (NRMMC/EPHC/
NHMRC, 2009b) and managed aquifer recharge (NRMMC/EPHC/NHMRC,
2009a). The WHO has the ‘Potable Reuse: Guidance for Producing Safe
Drinking-water’ (WHO, 2017c). Some U.S. states also have their own refined
guidance documents, for example, the “Water quality control policy for recycled
water’ for the State of California (State Water Resources Control Board, 2019).

Surface water guidelines and/or standards are intended to protect aquatic
ecosystems. They can have the character of standards, such as in the Water
Framework Directive (WFD) of the European Union (EP&EC, 2000) or
guidelines, such as the Australia and New Zealand Guidelines for Fresh and
Marine Water Quality (Australian Government, 2018a).

These documents provide frameworks for managing water quality, including by
setting chemical guideline/standard values for a range of chemicals. The WFD
contains environmental quality standards (EQS) for (groups of) 45 priority
substances (EP&EC, 2013), while the Australian Guidelines for Water Recycling
for Augmentation of Drinking Water Supplies (NRMMC/EPHC/NHMRC,
2008) provide guidelines for over 200 chemicals. Chemical guidelines cannot
possibly capture all chemicals potentially present in water, including
contaminants of emerging concern. Consequently, the recent revision of the EU
Drinking Water Directive allows risk-based monitoring approaches, provided that
they ensure full protection of public health (EP&EC, 2020). This revision allows
monitoring programmes to focus on chemicals that are relevant for a specific
water system.

3.2 DERIVATION OF GUIDELINE VALUES

There is similarity in the approaches for drinking water and surface water despite the
difference in protection goals (Figure 3.1). Drinking water GVs are typically derived
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Figure 3.1 Guideline values for single chemicals for drinking water and surface water
and how they are derived from in vivo toxicity data. NOAEL = no observed adverse
effect level, NOEC = no observed effect concentration, SSD = species sensitivity
distribution.

from an acceptable daily intake (ADI-also sometimes referred to as tolerable daily
intake (TDI) or reference dose (RfD)), which itself is usually derived from a no
observed adverse effect level (NOAEL) established from animal toxicity testing
and extrapolated to a human context (WHO, 2017b, Baken et al., 2018). The
ADI represents a daily intake that can be ingested over a lifetime without adverse
health effects. The ADI is multiplied by the average human body weight
(typically 60-70 kg) and divided by water consumption (typically 2 L/day) to
derive a safe concentration in water. This safe concentration is also often
multiplied by a relative source contribution factor to account for other sources of
exposure (not shown in Figure 3.1).

Surface water GVs are derived from no observed effect concentrations (NOECs)
using species sensitivity distributions (SSD) or extrapolation methods (European
Commission, 2011; Australian Government, 2018a) (Figure 3.1).

3.3 HUMAN USE OF WATER

Many chemical guidelines have been developed from risk assessment processes
based on typical exposure scenarios. For humans, the exposure is usually based
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on a daily consumption of 2 L of water per day over a lifetime, typically 70 years.
This information is used on the assumption that there will be no toxicological effects
despite continuous exposure over the entire lifetime. Human health standards in
food, water and air are based on the fact that for the vast majority of chemicals
there is a safe level of exposure, below which no adverse health effects occur.
Chemicals can sometimes be grouped with a typical compound used to represent
the whole group, such as, for example, benzo[a]pyrene for polycyclic aromatic
hydrocarbons (PAHs).

3.3.1 Drinking water

Drinking water can come from a range of sources including surface water (streams,
rivers and/or lakes), groundwater or rainwater directly. It can also be sourced from
seawater or wastewater treated and purified for human consumption. There are
growing numbers of chemical GVs and standards emerging, but the list of
regulated chemicals is often based on chemicals found in pristine water sources,
which are not applicable to less conventional water sources. Not all chemicals
have standards or guidelines if they are reasonably expected not to occur in a
drinking water source. Increasing global human population now encroach on
water catchments, with impacts from urban development, agriculture and forestry,
and seepage from landfill and runoff from mining to name just a few. In
many low- and middle-income countries there is simply insufficient access to safe
water sources causing local human populations to use water of impaired quality.
It is important to note that some chemicals do not have water quality criteria
because we do not yet have sufficient toxicological data to establish them. The
current World Health Organisation guidelines (WHO, 2017b) emphasise
preventative management of drinking water quality and the use of multiple
treatment barriers.

The Safe Drinking Water Act implemented by the United States Environmental
Protection Agency (U.S. EPA) sets legal limits on certain contaminants in drinking
water. They define the drinking water equivalent level (DWEL) as the concentration
in drinking water that over a lifetime exposure is protective of human health, at least
for threshold chemicals (i.e., non-carcinogenic chemicals). The DWEL reflect the
best available technology at the time and are subject to ongoing review. In
addition to the legal limits, the U.S. EPA determines water testing schedules and
methods that water providers must follow. Updated drinking water standards and
health advisories have recently been published by the U.S. EPA (2018).

In Europe, EU member states must comply with the EU Council Directive on the
quality of water intended for human consumption (EP&EC, 2020) but they can have
separate national regulations, provided they comply with the overarching Directive.
The Directive requires a regular monitoring programme using the analytical
methods specified therein, or equivalent methods. In the previous version, only
few organic contaminants were specifically regulated in the EU. The broad
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standard for individual pesticides was initially set in 1998 at 0.1 ug/L with all
pesticides combined not exceeding 0.5 ug/L (EP&EC, 1998). The 2020 revision
of the Directive laid down the essential QS at EU level (EP&EC, 2020) that were
derived from the WHO drinking water guidelines requiring monitoring and
regular testing of 48 microbiological, chemical and indicator parameters.

The Australian Drinking Water Guidelines (ADWG) are built around a 12-point
framework for the management of drinking water quality (NHMRC, 2011) and
provide the Australian community and water industry with guidance on the
provision of safe drinking water. The ADWG are part of the National Water
Quality Management Strategy (NWQMS, Australian Government, 2018b), a
nationally coordinated framework to facilitate consistent water quality
management across different types of waters (fresh water, marine water,
groundwater, estuarine water and recycled water) intended for a variety of uses
(for drinking, the environment, primary industry, recreation, industry and cultural
and spiritual values). The ADWG are subject to a rolling revision process with
regular amendment, the latest being from 2018, and the GVs have been
risk-based all along (NHMRC, 2011). The ADWG are intended to provide a
framework for good management of drinking water supplies that, if implemented,
will assure safety at the point of use. The ADWG does not provide mandatory
standards but gives guidance to agencies that have responsibilities associated with
the supply of drinking water, including catchment and water resource managers,
water regulators and health authorities in the states and territories of Australia.

3.3.2 Recycled water, stormwater and managed aquifer
recharge

Similar to the WHO and ADWG, the Australian Guidelines for Water Recycling
(AGWR, phases 1 and 2, NRMMC/EPHC/AHMC 2006; NRMMC/EPHC/
NHMRC 2008, 2009a, 2009b) are based on a preventative approach to water
safety management. Phase 1 of the AGWR provides a generic framework for
management of recycled water quality that applies to all combinations of recycled
water and end uses. These guidelines provide specific advice on the reuse of
treated sewage and grey water for purposes other than drinking and
environmental flows. Phase 2 extends the guidance in phase 1 on the planned use
of reclaimed water from sewage and stormwater to augment drinking water
supplies. The document focuses on the source of the water, initial treatment
processes and the blending of the water with drinking water sources
(NRMMC/EPHC/NHMRC, 2008). There is an increasing emphasis on the use
of a multi-barrier approach in preventing water quality incidents, rather than a
response when one occurs.

The AGWR phase 2 (NRMMC/EPHC/NHMRC, 2008) provide significantly
more GVs than the existing ADWG. This is because the source waters, in this
case sewage and stormwater, are expected to contain a broader range of chemical
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contaminants than conventional drinking water sources such as protected surface
water catchments. The process for setting these guidelines is a hierarchical
decision tree involving a number of steps including determining a list of
chemicals of interest, if there is an existing guideline, if the chemical is a
pharmaceutical and if there is health and toxicological information on which to
base the setting of a guideline. In the absence of these data it is then determined if
the chemical is likely to cause cancer, in which case it would be classified as
having no threshold of effect. If it is not causing cancer, then a threshold of
toxicological concern can be calculated as a conservative estimate of safe
concentrations and used together with exposure assessment data as a basis for risk
characterisation. This is a precautionary approach and protective of public health.

3.3.3 Dealing with unregulated chemicals in water

A serious drawback of most drinking water regulations is that they cannot react
promptly to contaminants of emerging concern. The AGWR (NRMMC/
EPHC/NHMRC, 2008) and Schriks et al. (2010a) have proposed an pragmatic
approach to derive provisional drinking water GVs for unregulated chemicals
once they have been detected in drinking water in the absence of statutory GVs
and this work was updated recently (Baken et al., 2018). The approach prioritises
available ADI, RfD or TDI values, and if those are not available, ADIs are
calculated from available toxicity data or, if needed, thresholds of toxicological
concern (TTC). When comparing GVs derived via this approach with measured
water concentrations of emerging pollutants, there is often a substantial margin of
safety between the measured water concentration and the provisional GVs, so that
there is no immediate action necessary (Schriks ez al., 2010a, Baken et al., 2018).
As mixtures become more and more complex and as derivation of health-based
GV entail a risk-based approach, Dingemans et al. (2019) also suggested that
effect-based methods might be implemented in future drinking water legislations.

3.4 AQUATIC ECOSYSTEMS

The overarching goal of water quality risk assessment for ecosystems is to protect
biodiversity. A very important component of this is a thorough characterisation of
the ecosystem at risk and the environmental value placed on that ecosystem.
Environmental values are defined as values of the environment used for a healthy
ecosystem or for public benefit, welfare and safety and that require protection.
Important environmental values include aquatic ecosystems, primary industries,
recreation and aesthetics, and cultural and spiritual values (Australian
Government, 2018a). All water resources are subject to at least one environmental
value and in most cases several apply.

In the U.S. the Federal Water Pollution Control Act (U.S. EPA, 1976) from 1948
with amendments through to 1987 (now the Clean Water Act CWA) employs a
variety of regulatory and non-regulatory tools to reduce direct pollutant discharges
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into waterways and to manage pollutant runoff. The intention is to provide a range of
tools to achieve the broader goal of restoring and maintaining the chemical, physical
and biological integrity of waters that can support aquatic life. In the earlier years of
the legislation there was a focus on regulating discharges from point sources such as
municipal sewage treatment plants and industrial facilities. Since the 1980s efforts to
reduce non-point source pollution (e.g., from runoff) have been introduced including
cost sharing with landowners as a key tool. Under the CWA, the U.S. EPA has
implemented control programmes such as setting water QS (U.S. EPA, 2018).
This includes numeric and narrative water quality criteria, for example, ‘waters
shall be free from toxic pollutants in toxic amounts’. Whole effluent toxicity
(WET) testing, which is described in more detail in Section 3.6, is an important
component of the National Pollutant Discharge Elimination System. The most
recent update (2015) includes 50 chemical CMCs (criterion maximum
concentration) for the protection of aquatic life.

In Europe, the WEFD (EP&EC, 2000) has set a goal to achieve ‘good ecological
status’ and ‘good chemical status’. Good chemical status equates to achieving the
QS established for chemical substances at the European level. 45 priority
substances have been assigned EQS (EP&EC, 2013), which have been derived
according to a technical guidance document for the derivation of EQS (European
Commission, 2011). In addition, there is a surface water ‘watch list’ of potential
water pollutants that are monitored to determine the risk they pose to the aquatic
environment and whether they should be included in the priority list. The EQS
are linked with emission limit values and discharge permits to ensure compliance
with the WED. In the technical guidance document, QS are defined for the three
environmental compartments water, sediment and biota, considering the various
receptors at risk (humans, benthic biota, pelagic biota and top predators (birds
and mammals)). QS for biota refer the consumption of fish by humans or
secondary poisoning of aquatic organisms. Not all combinations of compartment
and receptor require the definition of QS for a given chemical in relation to the
physicochemical properties that define its environmental fate. However, if several
combinations are relevant, for example, for a hydrophobic and bioaccumulative
chemical, the QS are derived for all compartments and QSp;oa and QSgediment are
translated to water concentrations. The lowest of these values is adopted as the
overall EQS. The effect assessment conducted in REACH (EP&EC, 2006a) and
the approach to estimate the QS share many principles of derivation. There are
two types of EQS defined in the WFD:

* the annual average EQS (AA-EQS) refer to the annual average concentrations
and are derived from chronic toxicity data, and

* the maximum acceptable concentrations EQS (MAC-EQS) refer to the
maximum concentration measured and are derived from acute toxicity data.

Von der Ohe et al. (2011) evaluated and prioritised 500 existing and emerging
micropollutants with this method and found in a monitoring study covering four
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European river basins that 44 of these 500 micropollutants exceeded the tentative
EQS, most of them pesticides. Monitoring of 223 pollutants at 4000 sites
confirmed that European freshwater is under pressure and that poor chemical
status was associated with poor ecological status (Malaj et al., 2014).

In Australia, all water quality is managed within the NWQMS (Australian
Government, 2018b), as noted above. The Australian and New Zealand
Guidelines for Fresh and Marine Water Quality (Australian Government, 2018a)
provide specific guidance to manage fresh and marine water quality for a variety
of uses, including the protection of aquatic ecosystems. There are default GV for
various stressors but site-specific GV are recommended that are relevant to local
conditions. Where possible, default GVs are derived using the SSD approach; for
chemicals with insufficient toxicity data for an SSD approach, GVs are derived
from predicted no effect concentration (PNEC) using an assessment factor
approach (ANZECC/ARMCANZ, 2000). The national guidelines are not
mandatory. Their enforcement is a state or territory responsibility through their
legislation. This extends to the requirement for WET testing (referred to locally
as direct toxicity assessment (DTA); see Section 3.6), which has now been
incorporated into discharge licences in various parts of Australia under state and
territory legislation for discharge to aquatic ecosystems. The most recent update
(2018) includes 138 default GVs for chemicals or chemical groups.

3.5 COMPARISON OF ENVIRONMENTAL AND DRINKING
WATER GUIDELINE VALUES

It might come as a surprise but for many chemicals the drinking water GV are higher
than their equivalent GV for the protection of aquatic ecosystems. For example,
Figure 3.2 compares WHO drinking water guidelines (WHO, 2017a, 2017b,
2017¢c) with the relevant European EQS values. This difference can be
rationalised by the fact that environmental GVs need to protect the most sensitive
aquatic species and that aquatic organisms are continuously exposed to the water
in which they live, while drinking water GVs protect just one species (humans)
only intermittently exposed to the water when they drink (an average of 2 L/day).

3.6 WHOLE EFFLUENT TOXICITY

Whole effluent toxicity (WET), whole effluent assessment (WEA) and direct
toxicity assessment (DTA) all refer to the assessment of the combined toxicity of
the mixture of all micropollutants in an effluent sample to aquatic organisms
using a suite of standardised aquatic toxicology assays (Gruiz et al., 2016). WET
testing has become an important component of the municipal and industrial
National Pollutant Discharge Elimination System (NPDES) in the U.S. (Grothe
et al., 1995) and as WEA in the European Union. The Australian and New
Zealand Guidelines for Fresh and Marine Water Quality (Australian Government,
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Figure 3.2 Comparison of environmental quality standards (EQS) from the EU’s Water
Framework Directive or Swiss law with drinking water guideline values (DWGV; WHO
2017b). Data compiled in the Supplementary Information of Escher et al. (2018).

2018a) recommend the use of DTA both to monitor the impact of environmental
discharges as well to derive site-specific guidelines together with measurements
of single chemicals and biological monitoring (van Dam and Chapman, 2001).

The primary purpose of WET testing is to confirm that effluents discharged into
receiving waters do not adversely affect aquatic life. An advantage of testing whole
effluents is that it integrates the effect of all of the constituents in discharge water.

Typical aquatic toxicology tests are presented below. These test systems are
applied both for environmental risk assessment of chemicals (Chapter 2) and for
derivation of water quality criteria/standards, as well as for WET testing using
effluents or complex mixtures, but the focus of the sections below is on their
application in WET.

3.6.1 Test systems in aquatic ecotoxicology commonly
applied to WET testing

Acute and chronic WET testing methods had their beginnings in the 1950s and
1980s, respectively (Grothe et al., 1995) and were used to estimate the toxicity of
wastewaters. WET testing evaluates the adverse effects or toxicity to a population
of aquatic organisms determined experimentally in the laboratory with surrogate
organisms believed to be representative of those in the environment exposed to
the effluent discharge. This enables a situation-specific assessment. The method
can be used, for example, to derive guidance on the amount of dilution required
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to safely discharge an effluent to an aquatic environment or monitoring the
effectiveness of an effluent discharge management programme. The method can
also be used as a monitoring tool, testing ambient water that has or is suspected
of receiving a chemical pollutant discharge. More recently there had been a move
towards application of alternative test methods to WET to reduce animal testing
(Norberg-King et al., 2018).

Acute toxicity of effluents is generally measured using the original sample and a
minimum of five dilution concentrations. The tests are designed to produce
concentration—effect data expressed as a per cent dilution that is lethal (or causes
the defined effect) to 50% of the test organisms within a specified time interval
(24-96 h) or the highest concentration that is not statistically different from the
control (NOEC). A negative result in a single acute test does not preclude the
possibility of chronic toxicity or the possibility of temporal variability in an
effluent discharge. It also does not preclude the possibility of effects with some
taxonomic groups (e.g., plants) but not others (e.g., fish or crustaceans).

If toxicity tests are performed with single species, they should be representative
of the different trophic levels, that is, the position in the aquatic food chain. The three
most common taxa considered in aquatic toxicology are green algae as
representatives of primary producers, aquatic invertebrates such as water fleas as
primary consumers, and fish as aquatic vertebrates and secondary consumers
(Figure 3.3).

Typical test species in the U.S. EPA ‘Methods for Measuring Acute Toxicity to
Freshwater and Marine Organisms’ (U.S. EPA, 2002a) include freshwater species
such as water fleas (Ceriodaphnia dubia and Daphnia ssp.) and fish species
including fathead minnow (Pimephales promelas) and rainbow trout

Simplified aquatic food chain § Common test species

Primary producers ..@ . Greenalgae
(photosynthetic organisms) i \B'
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Herbivores s/ 5+ Waterflea
(invertebrates) v/
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Higher herbivores, @ i@ Fish
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Figure 3.3 Representative test organisms in aquatic toxicology, representing
different trophic levels: algae, water flea (Daphnia) and fish also simulate a
simplified food chain.
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(Oncorhynchus mykiss). Marine species include fish such as the sheepshead
minnow (Cyprinodon variegates) and silverside (Menidia spp.), and the mysid
shrimp (Americamysis bahia). Chronic toxicity testing is also conducted using
similar species but also including the freshwater algae (Selanastrum
capricornutum) for growth, and the sea urchin (Arbacia punctulata) fertilisation
test (U.S. EPA, 2002b). Correct endpoint selection is critical to estimate the
sample effect concentration and to enable management strategies to be developed.
The use of standardised species and testing methods is advantageous in that the
results can enable comparison between effluents from different industries and will
lead to sound scientific data, however, they may be less relevant to specific sites
of interest in that endemic species may differ in sensitivity. The methods do,
however, allow for prediction of a safe concentration for similar species so is still
useful as a screening approach.

There are several standardised guidelines for toxicity testing of aquatic species
(OECD, 2006) and the International Organisation for Standardization (ISO) has
provided a number of guideline documents on water quality testing that have
been either directly adopted or further adapted by national bodies (e.g., DIN in
Germany, ASTM International in the U.S.). For algae, an exposure period of 72 h
followed by assessment of the inhibition of growth rate or biomass yields an
ECsy value (effect concentration for effect on 50% of the population; for
definition see Chapter 7) that is considered to represent the acute toxicity towards
algae, and the NOEC of the same concentration—effect curve is considered as the
chronic endpoint (ISO8692, 2004; OECD, 2011). For the water flea Daphnia
magna, the most popular invertebrate in ecotoxicity testing, the ECsy for
immobilisation after exposure of 24 hours to the chemical is taken as indicator of
acute toxicity (ISO6341, 1996), and the NOEC for the reproductive success
(number of progeny per adult) after 21 days of exposure is considered
representative of chronic toxicity (ISO10706, 2000).

The acute toxicity test for adult fish generally lasts 96 hours and allows the
derivation of the L.Cs, that is the concentration that is lethal for 50% of the test
fish (OECD, 1992; ISO7346-3, 1996). Warm-adapted fish species are often used,
such as fathead minnow or guppy, but many national regulations prefer the use of
more representative native species. Toxicity testing with fish should ideally be
performed in flow-through aquaria to ensure that the chemical exposure is
constant during the entire experiment. Since the life cycle of a fish may be
several years, chronic toxicity testing is limited only to sensitive life stages,
usually early life stages. Ethical issues with vertebrate testing have put more
pressure on replacing standard in vivo fish tests with alternative test methods. The
‘early life stage test’ evaluates the embryo and egg yolk larvae stage for
mortality, growth and deformation (ISO12890, 1999). The early part of this test,
the ‘fish embryo test’ (FET), which uses fish embryo up to hatching, is
considered an in vitro method in most legislations (OECD, 2013). This is
discussed further in Section 3.6.4.
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A WET testing study of effluent from various wastewater treatment plants
(WWTPs) in Sydney, Australia, serves as an illustrative example (Bailey et al.,
2005). Effluent samples were tested with the acute toxicity test over 48 hours
with the water flea C. dubia. An effluent sample collected from one WWTP
exhibited acute toxicity to C. dubia as part of a routine screening programme.
The effluent sample tested was a composite of surface water grab samples
collected from the discharge stream. The 48 h-LCsq for C. dubia test was 31.9%
effluent, thus the pure effluent would be almost fully lethal for this species. A
toxicity identification evaluation (TIE) identified chlorfenvinphos, an
organophosphorous insecticide from a pet grooming business, as the source of the
high toxicity (Bailey et al., 2005).

3.6.2 In situ WET testing

Standardised laboratory tests combined with chemical characterisation of effluents
can be used to predict safe discharge concentrations to a receiving environment
based on the amount of dilution expected to occur on discharge. Field validation
of laboratory results is required to gain confidence in the ability of the laboratory
methods to extrapolate to field effects. For a controlled discharge of effluents, the
amount of dilution required can be calculated from the laboratory WET testing
combined with field studies. This can include the use of caging animals in the
field (Lazaro-Cote et al., 2018), and would typically involve having a series of
cages from the point of discharge to a predicted safe distance downstream in a
river for example, or beyond the mixing zone in the case of lakes and ocean
outfalls, to test the accuracy of the dilution prediction for the concentration of
contaminants to become acceptable. After an appropriate period of exposure
(determined by site and species) the animals are brought back to the laboratory
and examined for effects and biomarkers.

Meso- and macrocosms, enclosed experimental environments that replicate
larger ecosystems, are viable at least over one growth period (6-8 months),
although they rarely include higher vertebrates such as fish and reptiles. Finally,
outdoor bypass systems and field studies encompass the interactions in the
community and indirect effects such as predation, but the drawbacks are the low
number of possible replicates and high costs.

3.6.3 Biomarkers in WET testing

WET testing is based on standard testing methods that can consist of measuring a
range of endpoints including biomarkers of exposure and of effect (or sometimes
both) such as vitellogenin (egg protein) induction in male fish (Sumpter and
Jobling, 1995), or biochemical markers in liver and kidneys in fish (Petala et al.,
2009). This may require sacrificing test animals or taking of fluid samples such
as blood, however, this is seen as more acceptable than conducting experiments
on live animals. Biomarkers are a popular means of quantifying exposure to
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chemicals. For example, the induction of the egg yolk protein vitellogenin in male
fish is an indicator of the presence of estrogens and xenobiotic estrogenic
compounds in water (Jobling and Tyler, 2003).

3.6.4 ‘WET testing’ using bioanalytical tools

In vitro bioassays normally require sample extraction and enrichment (e.g.,
solid-phase or liquid-liquid extraction, see Chapter 12) to compensate for the
dosing factor in the assay medium. This has drawn some criticism because some
compounds (e.g., inorganics and metals) are lost during the extraction step. As
discussed earlier, bioanalytical tools are particularly useful to assess organic
chemicals in water because of the sheer number of chemicals that may be present.
Other inorganic water pollutants, such as metals, are more limited in number and
can be analysed by already exquisitely sensitive methods. Nevertheless, several
bioanalytical tools can and have been used in WET testing.

A small number of cell-based bioassays are classified as whole organism tests
(e.g., the Microtox assay based on bacteria, and chlorophyll fluorescence assays
based on green algae), and several studies have applied those alongside with
more conventional WET tests to a variety of whole effluents (Chang et al., 1981;
Dizer et al., 2002; Latif and Licek, 2004; Zurita et al., 2019).

A few studies have even adapted other bioanalytical tools to a WET format,
although some minimal sample preparation is often still required, for example,
filtration, pH adjustment, addition of powdered medium (Wagner and Oehlmann,
2009; Zegura et al., 2009; Niss et al., 2018). The introduction of whole effluent
into in vitro assays can, however, result in unpredictable effects that are not
necessarily associated with actual toxicity, but side effects caused by the matrix.
This requires thorough testing and validation of robustness to matrix interference.

The FET is a short-term toxicity test on embryo and sac fry stages of fish that may
serve as an ethical alternative in WET testing (Norberg-King et al., 2018). In this test
the embryos of the zebrafish (Danio rerio) or another fish species are exposed in
24-well plates to a range of dilutions of wastewater. A variety of parameters are
observed frequently during the course of the exposure. These parameters include
survival/mortality at the different stages, time to hatching, length, morphological,
physiological (e.g., heart rate) and behavioural abnormalities. For wastewater, a
shortened 48 h exposure standard test on the egg stage alone has been established
by the ISO (ISO15088, 2007). The zebrafish FET has been mandatory in
Germany for testing wastewater discharges since 2005 and has fully replaced the
96-h acute toxicity test on adult fish.

Lahnsteiner (2008) applied the zebrafish FET to screen wastewater quality and
compared the obtained results with acute toxicity testing with adult fish. Six types
of wastewater were sampled from Austrian factories involved in industrial
processes from the internal sewage collection point in each factory and from the
receiving environment from the sewage treatment plant. For dilution of the
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wastewater samples, groundwater was used. Acute toxicity tests for the fish eggs
were conducted using exposure for 48 hours and the results reported as ECsg
values. Embryos were defined as ‘dead’ when they showed no heartbeat, no
somites were differentiated, egg yolk material was coagulated, or the tail was not
detached from the yolk sac. Most investigated wastewaters did not affect
zebrafish embryo viability. Only undiluted or marginally diluted wastewater from
hide tanning and galvanising metal industries induced effects in the FET. The
FET and acute adult fish toxicity agreed fairly well in this study. Gartiser et al.
(2009) applied the FET with zebrafish to a wider range of industrial effluents and
compared with other in vivo tests such as toxicity towards algae and water flea.
Algae turned out to be the most sensitive endpoint but as they cover a different
spectrum of pollutant and effects by colour cannot be excluded, the authors
recommended the use of a comprehensive test battery.

The FET has also been applied to investigate the success of advanced water
treatment. Cao et al. (2009) investigated the WET of secondary effluents treated
with chlorination, ozonation and UV irradiation using the FET with Japanese
medaka. While the controls and reverse osmosis permeate had >90% hatching
success, this was reduced to less than 40% in the secondary effluent. All
oxidative treatment steps reduced the toxicity towards embryos with a hatching
success increasing from 45 to 65% after treatment. Parallel to the decrease
hatching success, the percentage of dead and abnormal embryos was increased as
compared to the controls. Another study applied the FET with rainbow trout
(Oncorhynchus mykiss) eggs on a full-scale wastewater treatment plant with an
additional ozonation and sand filtration step (Stalter et al., 2010a, 2010b). All
waters had to be filtered as the raw water caused severe effects due to microbial
contamination. The membrane-filtered water did cause a slight time delay in
hatching, especially for ozonated wastewater but still between 70 and 80% of
larvae hatched as compared to 90% in the control. Only after the larvae
transitioned to the juvenile stage and started to feed were more significant effects
after ozonation observed, although those effects disappeared again after the
subsequent sand filtration. In both of these studies, water concentrated by
solid-phase extraction was tested with cell-based assays in parallel to the FET
assay. In vitro tools and the FET gave complementary information on groups of
chemicals being reduced (or not) with the different treatment and the overall
effect of the treated water, which can also be caused by mobilised organic matter
and transiently formed polar and reactive metabolites.

3.7 CONCLUSIONS

It is likely that chemical-by-chemical risk assessment for new and emerging
chemicals using whole animals will continue for some time yet for registration
purposes and where there are a single or limited number of chemicals being
discharged from a specific point source. Likewise, chemical GV will continue to
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be an important regulatory tool to assure good water quality for different uses.
However, as we realise that we are not exposed to single chemicals but rather
complex mixtures in real life and as alternatives to animal testing gain
momentum, this is likely to change (Norberg-King et al., 2018). Already, some
guidelines recommend the use of both in vivo and in vitro bioassay methods for
monitoring purposes. The concept of WET testing relies on testing
non-concentrated water and can be applied to a variety of test systems. It is the
test media that separates WET from other methods rather than the actual
endpoints themselves. WET testing has some parallels with bioanalytical methods
in that it can measure the aggregate effect of a range of chemicals in a mixture.
The limitation, however, is that when chemicals occur at trace concentrations
(e.g., pg/L or ng/L) whole-organism tests may not be sensitive enough to detect
those minor changes in water quality, which is dominated by bulk properties such
as salinity, pH or organic matter. A combination of WET testing methods with
the bioanalytical methods presented in this book may provide a very powerful
approach as neither one can replace the other but they provide complementary
information.






Chapter 4

Modes of action and toxicity
pathways

4.1 INTRODUCTION

When humans or wildlife are exposed to chemicals, several barriers must
be overcome before a chemical can elicit an adverse effect. The processes that
occur between exposure to that chemical and the adverse cellular effect can be
broken down into two phases: the toxicokinetic and toxicodynamic phases
(Figure 4.1).

The toxicokinetic phase describes all processes that link the external exposure
(e.g., via drinking water) to the biologically effective concentration within the
cell. Toxicokinetics encompass absorption and excretion, and internal distribution
and metabolism of a chemical within the whole body and within cells.

The toxicodynamic phase describes the cellular toxicity pathways taking place
inside the cell starting with the initial molecular interaction of the chemical and
its biological target. These interactions can induce cellular defence mechanisms
and other cellular responses that ultimately lead to observable toxic effect(s).

For the application of bioanalytical tools to be meaningful, the selected
assays must cover not only well-defined toxic mechanisms but also relevant
toxicokinetic steps. Cells can be thought of as simple models of organisms that
simulate many crucial processes. The lipid bilayer of the cell membrane is a major
barrier to chemical exposure. This is the main reason for advocating for the use
of whole-cell bioassays for the assessment of environmental samples and for
advising against molecular-based cell-free bioassays such as enzyme or receptor-
binding assays, which do not include a toxicokinetic component.

© IWA Publishing 2021. Bioanalytical Tools in Water Quality Assessment
Authors: Beate Escher, Peta Neale and Frederic Leusch
doi: 10.2166/9781789061987_0051
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Figure 4.1 Pathway from exposure to effect. Adapted from Escher and Hermens
(2002).

Cell-based bioassays can yield information on both the general toxicity to cells
(cytotoxicity) and on specific modes of action (MOA). This is important because
groups of chemicals with common MOA act together in mixtures by
concentration addition (Chapter 8). Using a suite of bioassays that covers various
MOA enables the generation of mechanistic information relevant for predicting
adverse health outcomes.

In this chapter, the structuring principles of toxicity pathways are summarised to
provide a better understanding of the processes that occur in cells and to introduce a
mode of action classification that serves as a basis for the selection of bioassays
discussed in Chapter 10.

4.2 TOXICOKINETICS
4.2.1 Uptake, distribution and elimination

Uptake and elimination can be a passive or an active process. Passive uptake is the
concentration-dependent diffusion of chemicals over cellular barriers (e.g.,
epithelial cells or biological membranes) and depends on the physicochemical
properties of the chemical. Hydrophobic chemicals accumulate in biota to a
higher extent but via slower uptake kinetics than more hydrophilic chemicals.
Active transport processes require energy and are capable of moving chemicals
even against a concentration gradient. Active transport is generally more
important for metals than for organics but one group, the ATP-binding cassette
(ABC) family of drug transporters, is also of importance for organic chemicals.

Uptake and elimination steps in cell-based bioassays are governed by the same
processes as in the whole body. There are, however, quantitative differences and
the most important step for in vitro to in vivo extrapolation is to account for the
higher complexity of uptake, distribution and elimination processes that occur in
a whole organism.
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Once taken up by the organism, chemicals are distributed via the lymph and
blood stream to organs and various tissues ultimately reaching the target cells.
Distribution is also relevant on the cellular level as it determines if a chemical
can reach its target site. As a hydrophobic and reactive chemical will more likely
be accumulated in biological membranes, for example, it is prevented from
reaching and reacting with DNA.

4.2.2 Xenobiotic metabolism

Xenobiotics are chemicals that are not native to an organism’s normal biochemistry.
When cells absorb xenobiotic chemicals, they are metabolised, a process called
biotransformation. This typically proceeds in three phases (Figure 4.2). Phase I
enzymes, such as the cytochrome P450 monooxygenases (CYP), one of the most
important families of metabolic enzymes, oxidise chemicals by adding functional
groups such as hydroxides to the molecules. In phase II reactions these functional
groups can conjugate with molecular entities such as sulphate and glucuronic acid
to yield larger and highly water-soluble metabolites, which are more easily
excreted from the body (Omiecinski et al., 2011). Phase III refers to the active
transport of chemicals across cell membranes by the ABC transporters mentioned
above. Phase III processes are not strictly metabolic; however, they do contribute
to increased elimination of chemicals from the cell and, therefore, are often
presented alongside phase I and II metabolic processes.

While the role of metabolism is primarily to detoxify chemicals, it can in some
cases produce more toxic metabolites, particularly in the oxidation reactions of
phase I. One prominent example is the bioactivation (i.e., oxidation) of polycyclic
aromatic hydrocarbons (PAH) to reactive epoxides, which may cause DNA
damage and subsequently carcinogenesis.

4.2.3 Toxicokinetic indicators of chemical exposure

Many xenobiotic chemicals trigger metabolic pathways, whereby they activate
and/or increase the metabolic activity within a given cell. Most cell types exhibit

Toxicokinetics

Phase | Phase Il Phase Il

Absorption — d oxidation |[mmmmd conjugation ABC
hydroxylation increased transporters
reduction solubility

Excretion Excretion

Figure 4.2 Three phases of xenobiotic metabolism in a cell in relation to the other
toxicokinetic processes of absorption and excretion.
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some degree of metabolic capacity. Liver cells (hepatocytes) have a particularly
large capacity for biotransformation.

Metabolic pathways themselves can be used to indicate the presence of
chemicals. Cellular pathways related to metabolism are regulated by the so-called
xenobiotic receptors (Omiecinski et al., 2011). The most prominent member of
this family of nuclear receptors is the aryl hydrocarbon receptor (AhR), a nuclear
receptor that is responsive to dioxin-like chemicals and other ligands.

Specific chemicals bind to these xenobiotic receptors and induce the transcription
of genes that encode metabolic enzymes. The binding of a nuclear receptor to its
nuclear binding site is not a toxic process in itself; however, it indicates the
presence of xenobiotic chemicals. Furthermore, the metabolic machinery set off
by binding to the receptor will change the structure of the molecule.

All xenobiotic nuclear receptors function in a similar way. In principle, a
chemical (or ligand) binds to the receptor (e.g., dioxin binding to AhR), which
causes bound proteins (e.g., heat-shock protein and other subunits in the case of
AhR) to dissociate from the receptor. The ligand-receptor complex can then
translocate into the nucleus, where in the case of AhR it associates with AhR
nuclear translocator (ARNT) to facilitate binding to a receptor-specific response
element on the DNA (e.g., dioxin response element DRE in the case of the AhR),
thus triggering the expression of the associated gene (e.g., CYP1A1 in the case of
the AhR) and the production of associated metabolic enzymes (Figure 4.3).

Ligand W

Nucleus

o ey,

ligand
complex

Production of
metabolic enzymes

Figure 4.3 Activation of xenobiotic receptors using the example of the aryl
hydrocarbon receptor (AhR; ARNT = AhR nuclear translocator, DRE = dioxin-
responsive element). Persistent activators of AhR such as dioxin-like chemicals
cannot be metabolised by the produced enzymes and lead to a range of
AhR-related toxic effects (Denison et al., 2011), while those AhR ligands that can
be metabolised after activating the AhR, such as polycyclic aromatic hydrocarbons
(PAH), cause a different spectrum of effects.
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Table 4.1 Functions of the currently known nuclear xenobiotic receptors related to
metabolism and examples of chemicals that induce them.

Nuclear Receptor Function Inducing Chemicals
Pregnane X Induction of various phase | Steroids
_receptor (PXR) ... enzymes (CYP)
Constitutive Protective role against Indirectly activated by
androstane toxicity induced by bile acid, phenobarbital, various
receptor (CAR) regulation of physiological pharmaceuticals
e dunetiOnS .
Peroxisome Glucose, lipid and fatty acid Phthalates, fibrate
proliferator receptor metabolism pharmaceuticals
R e
Aryl hydrocarbon Induction of cytochrome PAH, PCDD
receptor (AhR) P450 (CYP1A1)

CYP = cytochrome P450 monooxygenase; PAH = polycyclic aromatic hydrocarbons; PCDD =
polychlorinated dibenzodioxins.

Table 4.1 lists the currently known nuclear xenobiotic receptors that are involved
in regulation of metabolism and which are all relevant for water quality testing.
Each receptor has several functions taking part in various metabolic processes
and in cell homeostasis. The AhR is the most pertinent receptor for toxicological
investigations. While the full physiological role of the AhR remains unclear,
activation of this receptor contributes to carcinogenicity via the CYP enzymes,
which can convert many of its ligands to reactive intermediates, consequently
causing DNA damage. Persistent AhR activators, such as dioxin-like chemicals,
cannot be metabolised by the produced enzymes and lead to a range of AhR-
related toxic effects (Denison et al., 2011), while those AhR ligands that can be
metabolised after activating the AhR, such as PAH, cause a different spectrum
of effects.

4.3 TOXICODYNAMIC PROCESSES: TOXICITY PATHWAYS

Toxicity pathways are defined as the cellular response pathways induced after
chemical exposure that are expected to result in adverse health effects (Collins
et al., 2008) (Figure 4.4). The starting point is the molecular interaction between
the xenobiotic chemical and the receptor or other biomolecules. This is called the
molecular initiating event (MIE). The chemical-biomolecule interaction triggers a
cellular response (e.g., translocation of the complex from the cytoplasm to the
nucleus, activation of genes, production or depletion of proteins or altered protein
signalling) that ultimately leads to observable endpoints or disease. We can
capture either critical steps of these cellular responses, the so-called key events
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Figure 4.4 Principle of cellular toxicity pathways. Adapted from Collins et al. (2008);
Ankley et al. (2010).

(KE), or the more general cellular stress responses, also called adaptive stress
responses.

As cellular responses occur via multiple steps, there are many points of
cross-over and branching both within and between toxicity pathways. Some of
the pathways induced by chemicals are natural endogenous pathways, whereby
the xenobiotic chemical simply replaces a natural ligand. Some authors thus
advocate the use of the term biological pathway instead of toxicity pathway.
Biological pathways may not directly cause an adverse effect but changed levels
of activity are still indicative of the presence of xenobiotic chemicals.

In ecotoxicology, the concept of toxicity pathways has been expanded to the
so-called ‘adverse outcome pathways’ (AOP, Ankley et al., 2010). An AOP links
the toxicity pathway (at the cellular level) with the response at the organ level,
followed by the response of the organism and finally the effect on the population
(Figure 4.5). Organ-level responses include altered physiology of the organ,
disruption of homeostasis, altered tissue development and/or disruption of organ
function. On the organism level, these effects translate to impaired development,
reproduction and/or death. These responses may then be observed across a
population and with potential implications for population and ecosystem
health. Organ- and organism-level responses are discussed in relation to human
health in Chapter 5. The AOP principles integrate human health and
environmental /ecological risk assessment. Representative test organisms and
population-level endpoints typically applied in environmental risk assessment are
discussed in more detail in Chapter 6.

In vitro cell-based assays can be used to indicate toxicity pathways at the cellular
level. Cellular responses do not necessarily imply higher-level effects in an

Toxico- ¥ Cell Organ Organism
kinetics toxicity response response

Population

response

Adverse outcome pathway

Figure 4.5 Principle of adverse outcome pathways (AOP). Adapted from Ankley
et al. (2010).
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organism, but they are a prerequisite. Species-specific factors and the inherent
sensitivity of individuals due to genetic polymorphism will further modulate the
causal chain. In addition, environmental factors have the potential to affect
individual and population health (Gohlke and Portier, 2007).

Examples of the processes taking place in a cell exposed to xenobiotic chemicals
are depicted in Figure 4.6. Chemicals can disturb membrane integrity and thus
membrane function by non-specific partitioning into the membranes of cells and
organelles. Further, xenobiotic chemicals can bind non-specifically and
specifically to proteins. Non-specific interaction with proteins can lead to protein
depletion, which ultimately causes oxidative stress. Specific binding to proteins
(e.g., receptors and enzymes) can result in inhibition or stimulation of
endogenous processes. Most often, binding to enzymes causes a blockage of the
active site thus inhibiting enzyme activity. Receptor binding can induce
endogenous processes. The (weak) binding of nonylphenol to the estrogen
receptor is one example of such agonistic effect on a receptor. Xenobiotic
chemicals can also block access of the endogenous agonist to the receptor, hence
decreasing normal activity — this is referred to as antagonistic activity. Finally,
the interaction (intercalation or covalent binding) of a chemical with DNA can
result in errors during replication and transcription. Repair and defence
mechanisms are in place to protect the cell from DNA damage up to a certain
threshold, above which, the damage becomes permanent.

Direct measurement of the interactions between a chemical and its cellular
target is difficult. The associated cell responses (e.g., gene activation after a
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Figure 4.6 Possible toxicity pathways in a cell-based in vitro bioassay, o = chemical.
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receptor—ligand has been formed or the induction of DNA repair) are, however,
useful surrogate measures of these primary interactions (Figure 4.6). When the
capacity of repair and defence mechanisms is exceeded, all mechanisms
ultimately lead to cytotoxicity, that is, cell death.

There are two types of cell death; (i) apoptosis or programmed cell death and (ii)
necrosis, which occurs following irreversible inhibition of vital cell function.
Apoptosis is initiated to remove damaged cells and plays an important role in the
elimination of pre-cancerous cells. Both types of cell death can occur in relation
to non-specific and specific toxicity.

4.4 MODE OF ACTION CLASSIFICATION

With only a limited number of biomolecule types and a myriad of different receptors
and molecule-receptor permutations possible, some structuring principles can help
classify chemicals in groups that act together in a similar way.

A mode of action (MOA) is a common set of physiological and behavioural signs
that characterise a particular type of adverse biological response (Rand, 1995).
These responses can be caused by a range of molecular (toxic) mechanisms.
Molecular (toxic) mechanisms represent the crucial biochemical processes and/or
xenobiotic—biological interactions underlying a given mode of action. It must be
noted that the MOA is not a universal property of a chemical but is related to the
target organism, organ and/or tissue. As a given chemical can exhibit multiple
mechanisms of toxicity, the MOAs displayed may vary with exposure duration
(acute vs. chronic) and organism (a human will respond differently to a shrimp)
(Escher and Hermens, 2002).

The terminology for MOA and mechanism of action is not consistent in the
literature. For the purposes of this book and to be consistent with the framework
of AOP (Ankley et al, 2010), a toxic mechanism is defined as the initial
chemical-target molecule interaction (the MIE) and the resulting cellular
response. MOA refers to ‘biologically plausible series of key events leading to an
effect’ (Meek et al., 2014).

MIEs can be classified according to the type and degree of interaction taking
place between a chemical pollutant and its target molecule or target site (Escher
and Hermens, 2002). The main target classes for environmental pollutants are
(membrane) lipids, proteins and peptides and DNA (Table 4.2).

Depending on the type of interaction of the xenobiotic chemical with the target,
one can differentiate between non-specific, specific and reactive toxicity
(Table 4.3). Non-specific toxicity involves partitioning to the target site only,
whereas specific effects are the results of three-dimensional interactions including
specific H-donor/acceptor interactions and ionic interactions between the
chemical and target molecules. MOAs are classified as reactive when covalent
bonds are formed between the chemical and its target or when chemical reactions
are involved (e.g., oxidative stress) (Escher and Hermens, 2002). This generic
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Table 4.2 Target molecules and target sites where the molecular initiating event
(MIE) takes place.

Target Class Target Molecules Target Site

Lipid Phospholipid Biological membrane
oo \PDOSPhOlipId bilayer)
Lipid . Trioleinand otherglycerols 3 Storage lipid
Protein ] Structural protein, e.g., collagen _ Tissue
_Protein | Enzyme ... Alcelltypes
Protein ] Nuclearreceptor . Alcelltypes
DNA ] DNA bases (nucleic acids) _  f Nucleus .. ..

DNA DNA backbone Nucleus

classification scheme can be further refined by differentiation between more
specialised target sites such as specific enzymes and receptors. Particularly
prominent is the nuclear receptor super family, a class of proteins that sense
hormones and regulate gene expression. Evaluation of hormone-induced
responses is more complicated than evaluating those of enzyme inhibition
because receptor binding effects can lead to complex feedback loops making
causal relationships difficult to elucidate. The same holds true for DNA damage,
for which numerous repair mechanisms have evolved. The induction of repair
processes is, however, still a valuable surrogate for the damage that has occurred.

The MOA classification is universal for all species and provides a common link
between human health and ecological risk assessment. Features exist, however, that
are unique to certain species, organ and tissue types. Only plants, algae and certain
bacteria have the capability to perform photosynthesis. The effect of herbicides that
specifically bind to and block the photosystem will therefore only be observable in
photosynthetically active cells. Chemically induced immunosuppression will only
be relevant for species that have developed an immune system. Yet, there are
many highly conserved features in all cells, and many are similar between
eukaryotic and prokaryotic (bacterial) cells.

The three major classes of MOAs are reviewed further in the following
subchapters to provide a basic understanding of the concept. For a detailed
treatise the reader is referred to Timbrell’s Principles of Biochemical Toxicology
(Timbrell, 2009).

4.4.1 Non-specific toxicity

Non-specific toxicity encompasses all cytotoxic responses that are not mediated by
specific or reactive mechanisms. Non-specific toxicity is often termed ‘narcosis’ or
‘baseline toxicity’ in ecotoxicology and ‘basal toxicity’ in human toxicology.
Chemicals disrupt membrane function by merely accumulating in biological
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membranes and at the interfaces of membrane proteins (van Wezel and
Opperhuizen, 1995). As cells lose their integrity, ion and proton gradients cannot
be maintained across membranes and ATP is depleted, consequently impairing
active transport and other ATP-dependent processes.

The AOP for baseline toxicity encompasses three possible MIEs: narcosis, direct
mitochondrial inhibition and decompartmentalisation (Vinken and Blaauboer,
2017). All lead to the key event of mitochondrial dysfunction followed by cell
death, both due to apoptosis and necrosis (Figure 4.7). In this scheme ‘narcosis’
refers to the above-mentioned intercalation of chemicals in biological membranes
and ‘decompartmentalisation’ to the disturbance of cellular organelles’ structure
and functioning. Mitochondria can be shut down by the specific mechanisms of
uncoupling, inhibition of the electron transport chain and the ATP synthase but
partitioning of chemicals into energy-transducing membranes also leads to
mitochondrial dysfunction (Escher et al., 2002).

Baseline toxicity is the minimum toxicity any organic chemical can exhibit. All
chemicals cause baseline toxicity with the same intrinsic potency, which means that
there are constant critical membrane concentrations independent of chemical
structure. All chemicals are equipotent when the effect is related to concentrations
in the biological membranes, the target concentration, but due to differences in
cellular uptake and makeup of the bioassay the nominal effect concentrations for
baseline toxicity in cell assays differ between chemicals and assays (Escher et al.,
2019). Even specifically acting and reactive toxicants induce baseline toxicity as
the underlying toxic mechanism, but the concentration necessary to induce
baseline toxicity is typically much higher than that required to induce specific
effects, so baseline toxicity does not play a role. For reporter gene assays, the
cytotoxicity is often caused by baseline toxicity and can be recorded
independently from the reporter gene activation. More details in Chapter 9.

Cellular toxicity pathway for baseline toxicity
MIE KE Cytotoxicity

Apoptosis

Mitochondrial
Inhibition

Decompart-

mentalisation

Figure 4.7 Cellular toxicity pathway for baseline or basal toxicity. Adapted from
Vinken and Blaauboer (2017).



62 Bioanalytical Tools in Water Quality Assessment

4.4.2 Specific modes of action

The common mechanistic basis for most specific MOAs is the selective binding of a
chemical to a protein (enzyme or receptor) target site (Table 4.3). The following
sub-sections discuss the molecular and cellular basis for a selection of relevant
MOAs for toxicological assessment. Integrative effects on the human organ and
organ system level are detailed in Chapter 5 and ecotoxicological endpoints are
reviewed in Chapter 6.

4.4.2.1 Enzyme inhibition

The most direct pathway for inactivation of enzymes is binding of the chemical to
the active site of the enzyme. Organophosphates, for instance, are inhibitors of
acetylcholinesterase (further discussed in Section 4.4.2.3).

Enzyme function can also be adversely affected via indirect toxicity pathways.
Haloacetic acids have been used as pesticides in the past and are also disinfection
by-products formed during chlorination in drinking water treatment. Haloacetic
acids are capable of replacing acetate in the mitochondrial tricarboxylic acid (TCA)
cycle, which is important for cell energy metabolism (Landis and Yu, 2004).
Fluoroacetate is formed from haloacetic acids in this process and undergoes all steps
of the TCA cycle leading to formation of fluorocitrate, which is a potent inhibitor
of the aconitase, the enzyme that converts citrate to isocitrate. In this example, the
toxicity is caused by the metabolite rather than by the haloacetic acid itself.

Many enzymes require cofactors (various metal ions, e.g., Fe’ ", Ca®") or organic
coenzymes (e.g., nicotinamide adenine dinucleotide phosphate (NADPH)) for their
catalytic function. Chemicals that destroy or deplete these cofactors will also
degrade the enzyme’s catalytic function. For example, fluoride complexes with
the cofactors Ca*" and Mg*" and inhibits the activity of important enzymes that
require these cofactors.

4.4.2.2 Disturbance of energy production

Mitochondria are the power plants of all cells. Interference with the mitochondrial
electron transport chain and oxidative phosphorylation leads to inhibition of ATP
synthesis, resulting in depletion of energy (Nicholls, 2013). Energy depletion
affects all cells with acute cell death as the outcome. In addition to non-specific
toxicity, disturbance of energy transduction mainly occurs through binding to
proteins and disruption of ion gradients across membranes.

Some chemicals, the so-called ‘uncouplers’, can shuttle ions and protons across
membranes and are thus more toxic than baseline toxicants without binding to
specific receptors (Terada, 1990). Uncouplers are typically weak organic acids
that form lipid-soluble conjugated bases, whose diffusion over the membrane
results in a net proton transfer (Spycher et al., 2008).

Chemicals such as cyanide, strobins and rotenone bind to the quinone binding
sites in the mitochondrial electron transfer chain and inhibit electron transport and
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thus ultimately energy production, while organotin compounds (e.g., tributyltin) and
N,N’-dicyclohexylcarbodiimide directly inhibit ATP synthase.

In analogy, for photosynthetic organisms, energy production through
photosynthesis is inhibited by chemicals that block the photosystem or the
electron transport chain of chloroplasts (Moreland, 1980). Many herbicides such
as triazines (e.g., atrazine) or phenylureas (e.g., diuron) are direct inhibitors of
photosystem II. While herbicides exhibit low toxicity to mammals and most
vertebrates, some are suspected of possessing additional MOAs, for example,
atrazine is considered to be a modulator of aromatase (see Section 4.4.2.4).

4.4.2.3 Neurotoxicity

Many insecticides are neurotoxicants that act through interference with electrical
signal transduction or by inhibition of chemical signal transduction at the
synapse. At the molecular level, natural and synthetic pyrethroids (e.g., pyrethrin,
permethrin) inhibit sodium channels, which are responsible for transmission of
electrical signals through cells. By slowing down the re-closure of the sodium
channels, pyrethroids cause over-excitation. Organophosphate pesticides bind to
the enzyme acetylcholinesterase, inhibiting the cleavage of acetylcholine and
hence interfering with chemical signal transduction. Similarly, the neonicotinoid
imidacloprid acts as an antagonist on the nicotinic acetylcholine receptor.

The y-aminobutyric acid (GABA) receptor is another target in nerve cells. The
GABA receptor acts as a gate for chloride channels and as an inhibitory
neurotransmitter by reducing the flow of chloride ions across chloride channels.
Some pesticides such as dieldrin, lindane (y-hexachlorocyclohexane) and
avermectins are GABA agonists.

Insecticides have a lower toxicity to humans than to insects for a variety of
reasons. The organophosphates, for example, are better detoxified (metabolised)
by mammals than by insects. For some insecticides, the relevant receptors simply
play a different role in mammals and insects. The GABA receptor is important
for the peripheral nervous system of invertebrates, in which agonistic activity will
lead to paralysis. Conversely in mammals, the GABA receptors are only
important for the central nervous system and as many of the GABA agonistic
insecticides such as the macrocyclic lactones are incapable of crossing the blood—
brain barrier, mammals are not affected. This example demonstrates that even
highly conserved molecular targets can lead to very different adverse outcomes
depending on the organism of interest. This needs to be considered when using
bioassays as a tool for tracking specific group of chemicals.

4.4.2.4 Modulation of endocrine functions

Hormones are chemical signalling agents. When hormones bind to receptors, the
receptor—ligand complex triggers a series of effects through cell surface or
internal (cytosolic) receptors. The level of hormones is modulated by a negative
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Figure 4.8 Genomic pathway of hormone action.

feedback system. In the case of cytosolic receptors, the receptor—ligand complex
crosses the nuclear envelope into the nucleus, where the complex binds to a
specific promoter region on the DNA triggering the transcription and translation
of specific gene products (genomic pathway of hormone action, Figure 4.8).
Various components of the endocrine system are modulated by various
micropollutants as further described in Chapter 5.

Chemicals can interfere with hormone receptors by agonism and antagonism.
Agonists mimic the natural function of hormones, whereas antagonists block the
hormone receptor (Figure 4.9). Both functions can result in adverse outcomes.

Endocrine disruption is relevant for both humans and wildlife. A well-known
example of endocrine disruption in wildlife is the observed feminisation of male
fish caused by natural and synthetic human hormones as well as some industrial
chemicals in wastewater (Sumpter, 2002).

Chemicals can also interfere with the endocrine system via non-receptor-
mediated pathways such as inhibition of enzymes relevant for hormone
production. Hydroxylated polychlorinated biphenyls (OH-PCBs), for example,
inhibit the estrogen sulphotransferase causing increased estrogen levels in blood.
The enzyme aromatase is responsible for transforming testosterone to estradiol.
This important process can be induced by, for example, atrazine, or inhibited by,
for example, triorganotin compounds.

4.4.3 Reactive toxicity

The toxicity of reactive chemicals is caused by their reaction with endogenous
molecules. Examples of biological molecules (nucleophiles) that are attacked by
reactive chemicals (electrophiles) are the amino acid cysteine in peptides and
proteins, the bases in DNA, and the double bonds in phospholipids.



Modes of action and toxicity pathways 65

Normal function Endocrine disruption

Micropollutant
is an agonist

Hormone
Hormone
Hormone response
receptor triggered
Hormone Micropollutant
receptor is an antagonist
Hormone
—
Homaone response
inhibited

receptor

Figure 4.9 Agonistic and antagonistic effects of chemicals.

4.4.3.1 Direct genotoxicity

DNA can be damaged by direct reaction with chemicals, reactive oxygen species
(ROS) or stressors such as ultraviolet light (UV). Alkylating agents, for example,
fluorouracil or methyl iodide, can covalently bind to DNA creating methyl
adducts particularly via the nitrogen atoms of guanine and adenine bases in DNA
(Figure 4.10). Electrophilic reactions of larger multifunctional molecules can
produce cross-links within or between DNA strands and large adducts can create
errors in translation or replication. Furthermore, large planar molecules can
intercalate into the DNA thus distorting its structure without directly reacting and
modifying DNA. Such distortion can nevertheless lead to mutations and other
errors during replication.

Enzymes are able to recognise damaged DNA and trigger repair mechanisms.
Sensors of the p53 pathway (see Section 4.5), for example, can detect strand
breaks and trigger DNA repair.

Methyl adducts that have been formed by alkylation of DNA can be
de-methylated by the enzyme alkyl transferase. Small lesions are repaired by base
excision repair and larger adducts are repaired by nucleotide-excision repair
(Figure 4.10). Repair mechanisms are, however, prone to error. Failure to repair
DNA generally triggers cell death via apoptosis.

DNA damage can (but does not necessarily) lead to loss of bases or strand breaks
into which incorrect bases can be inserted, resulting in irreversible mutations.
Mutations can cause errors in protein synthesis and are a major cause of cancer.
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Figure 4.10 Reactive mechanisms leading to DNA damage and repair mechanisms.

4.4.3.2 Non-specific reactivity towards proteins

Biocides such as the antifoulant Sea-Nine, electrophilic chemicals (e.g., acrylates)
and dithiocarbamate pesticides can directly react with the thiol group in the
amino acid cysteine. Heavy metals such as mercury (Hg>") and cadmium (Cd*™)
can also form complexes with thiol groups. These complexes can cause structural
damage to proteins and if this damage affects an enzymatic site of a protein,
non-specific enzyme inhibition may also occur.

Glutathione (GSH) is a peptide that contains cysteine and plays an important role
in the defence against reactive chemicals and internal reactive oxygen species
(ROS). Exposure to micropollutants and subsequent defence mechanisms can
lead to GSH depletion, which can cause proteins to lose their protection against
oxidative stress resulting in direct protein damage.

4.4.3.3 Oxidative stress

ROS such as the superoxide radical (O, - ), hydrogen peroxide (H,O,) and the
hydroxyl radical (OH-) are formed during normal cell processes, particularly in
mitochondria during electron transport and NADPH-dependent enzyme processes
(Figure 4.11). ROS can also be formed by certain radical chemicals (e.g., paraquat)
and redox cyclers (e.g., quinones). Inhibition of the mitochondrial electron transfer
chain will also lead to the formation of ROS. In the presence of divalent iron
(Fe*™), reactive hydroxyl radicals will be formed. ROS can cause lipid
peroxidation, DNA damage and oxidation of proteins followed by loss of
enzymatic activity.
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Figure 4.11 Formation and deactivation of reactive oxygen species (ROS).
GSH = glutathione GSSG = glutathione disulphide, O, =molecular oxygen,
O, -~ =superoxide, H,0,=hydrogen peroxide, OH:-=hydroxyl radicals,
NADP* = nicotinamide dinucleotide phosphate, NADPH = reduced NADP™.

Cells have developed sophisticated systems to detoxify ROS and keep the redox
balance in the cell stable. Chemical stressors can, however, put more pressure on the
cellular redox balance overcoming the natural compensation mechanisms.

During detoxification of ROS, GSH is oxidised to the dimer glutathione
disulphide (GSSG) (Figure 4.11). A change in the ratio of GSH to GSSG is an
indicator of oxidative stress and ultimately leads to a disturbance of the cellular
redox homeostasis. Such imbalance will also impact other redox systems in the
cell. The hydrogen transferring coenzymes NADP'/NADPH, for example, will
be affected by a change in GSSG/GSH because NADPH is needed to reduce
GSSG back to GSH. Oxidative stress can in this way reduce the amount of
NADPH available for other vital functions, such as acting as coenzyme for the
phase I metabolic enzyme cytochrome P450.

4.4.3.4 Lipid peroxidation

ROS can not only damage DNA and proteins but also play a role in lipid
peroxidation. Polyunsaturated phospholipids are particularly vulnerable to this
attack, which leads to a chain reaction breakdown of fatty acids, which are
important components of membrane lipids. The degradation of fatty acids leads to
a change in (un)saturation, which causes alteration in fluidity of membranes and
structural damage of membranes. Lysosomes may lose their hydrolytic content
and the function of membrane-bound enzymes in the mitochondria and
endoplasmic reticulum can be disturbed.

4.5 KEEPING THE RIGHT BALANCE: ADAPTIVE STRESS
RESPONSE PATHWAYS
Damage to cellular macromolecules and cellular structures including nucleus,

mitochondria, endoplasmic reticulum and lysosomes triggers one or more cellular
stress pathways crucial for maintaining the balance in the cell (cell homeostasis)
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Figure 4.12 Activation of an adaptive stress response pathway. Adapted from
Simmons et al. (2009). TF = transcription factor.

and/or for repairing damage by transcriptional activation of genes that protect the
cells (Simmons et al, 2009). These stress responses are only induced by
chemicals or other stressors and thus referred to as adaptive. Adaptive stress
response pathways are activated and measurable at much lower concentrations
than cytotoxicity and can therefore serve as early warning signals of exposure to
chemicals or other stressors.

The principle of an adaptive stress response pathway is depicted in Figure 4.12.
On the left, the cell is shown under normal conditions. The transcription factor (TF),
which is the protein responsible for triggering the adaptive response, is silenced by a
sensor molecule. In this state, the sensor-TF complex cannot enter the nucleus.
When cells are under stress, the transducers break the sensor—TF complex, setting
the TF free. The TF then enters the nucleus, where it binds to specific sites on
the DNA (response elements), which in turn trigger the expression of the
associated genes.

This general adaptive stress response pathway shares similarities with both the
xenobiotic metabolism and the hormone response pathways in that they all
involve some mediating proteins, either nuclear receptors or TF. An important
difference is that the adaptive stress pathways occur in all cells, while other
toxicity pathways are specific to certain tissues and organs, for example, the liver
or reproductive organs.

The heat-shock response was the first stress response pathway discovered and is
important for the adaptation to hyperthermia (Table 4.4). The resulting gene
products help prevent heat denaturation of proteins. Chemicals that denature
proteins also trigger this protective pathway.

Exposure to metals and carbon monoxide can cause cell oxygen levels to be
depleted, which activates the hypoxia stress response pathway, triggering for
example transcription of proteins that increase transport of oxygen and iron
(Table 4.4). The metal response pathway differs from the other stress response
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Table 4.4 Relevant adaptive cellular stress response pathways (Simmons et al.,
2009).

Pathway Sensor Transcription Inducing Chemicals and
Factor (TF) Stressors

Heat-shock Hsp90 HSF-1 Temperature, metals
OO
_Hypoxia VAL f HIF ] Oxygen depletion
_Metalstress VAL ! MTF-1 ] Metals

Endoplasmic BiP XBP-1 Norephedrine,
_reticuumstress  ___________ diphenylcyclopropene®
_Osmotic stress | None I MTF1 ] High salt, glycol .

Inflammation IkB NF-xB Metals, PCBs, smoke,
____________________________________________________________________ particles ...
_Oxidative stress Keapt ! Nrf2 S Chemicals that produce ROS

DNA damage MDM2 p53 Electrophilic chemicals, UV

radiation

®Hirota et al. (2010); Yang et al. (2011).

pathways in being constitutive (always expressed) as opposed to adaptive (only
expressed after activation). Its activation induces increased synthesis of
metallothionein proteins, which are small cysteine-rich proteins that chelate metals.

The endoplasmic reticulum plays a central role in lipid synthesis and folding and
maturation of proteins. The endoplasmic reticulum stress response pathway induces
genes that help refold proteins and remove damaged ones.

Osmotic stress triggers a pathway that ultimately leads to increased solute
transport across membranes. The inflammatory stress response is mediated by
the nuclear factor kappa B (NF-xB), which is closely related to immune
responses and causes induction of cytokines, cytochromes P450 and regulators of
apoptosis.

The mammalian cellular defence mechanism against oxidative stress is primarily
mediated at the transcriptional level by Nrf2 (NF-E2-related factor 2), which is
responsible for the induction of detoxification and antioxidant genes (Nguyen
et al., 2009) (Table 4.4). Nrf2 activates the transcription of sequences containing
the antioxidant response element (ARE). ARE is found in the promoter region of
genes encoding the major detoxification enzymes including glutathione
S-transferase A2 (GSTA2) and NADPH:quinone oxidoreductase 1 (NQO1),
which are the two major contributors to cellular protection. These enzymes serve
to neutralise ROS and reactive chemicals, biosynthesise GSH, direct xenobiotic
efflux and remove oxidised proteins. The net result is to limit oxidative damage
and to detoxify cells.
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The most important response to DNA damage is regulated by the p53 family of
TFs. Under normal conditions, p53 is negatively regulated by the sensor MDM2.
Upon DNA damage, the p53 is stabilised and triggers a series of DNA repair
mechanisms. p53 is also referred to as ‘the tumour suppressor gene’ and regulates
cell cycle arrest and apoptosis.

As discussed, stimulation of adaptive stress response pathways is not a direct
indicator of toxicity but an early indicator of the presence of stressors. Since
activation occurs at concentrations of micropollutants lower than those required
to elicit an observable adverse effect, these pathways are useful early warning
signs with potential for application in water quality assessment.

4.6 CONCLUSIONS

All the different toxicity pathways discussed in this chapter are highly
interconnected. The complete picture is thus much more complex than presented
through independent view of the individual processes. Figure 4.13 expands the
simplistic picture drawn in Figure 4.6 and interconnects all these different
processes. First, metabolism can lead to both toxification and detoxification, and
the reactive metabolites of phase I in particular may cause direct reactive toxicity
and oxidative stress. Second, GSH acts as scavenger of reactive intermediates but
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Figure 4.13 Interplay between various toxicity pathways and the effects induced if
injury is beyond repair.
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if it is depleted, it cannot continue its role in keeping the redox homeostasis. The cell
then invokes a second line of damage control, represented by the adaptive stress
response pathways discussed in Section 4.5.

The lower part of Figure 4.13 highlights how the defence and repair mechanisms
initially serve to protect the cell but can become overwhelmed if the damage is too
great. As a final resort, the cells can invoke programmed cell death (apoptosis), but if
the damage is too severe, necrotic cell death will occur.






Chapter 5

Toxicity pathways of chemicals
In humans

5.1 INTRODUCTION

This chapter explores the different types of toxicity that may be associated
with chemical contaminants in drinking water, including toxicity to specific
organs (e.g., liver, kidneys, heart), organ systems (e.g., blood formation,
immune, nervous, endocrine systems) and integrated organism effects (e.g.,
developmental and reproductive effects, carcinogenicity). Molecular and/or
cellular level toxicity that is described in Chapter 4 can translate into effects at
the tissue, organ, organ system and eventually at the organism and population
level (Figure 5.1).

Within the framework of the adverse outcome pathway (AOP) (Chapter 4), once
a toxicant has reached its target site (toxicokinetic phase) and affected its biological
target (toxicodynamic phase), the resulting cellular-level effect(s) can lead to
dysfunctions at higher levels depending on its severity and the capacity of repair
and compensation mechanisms (Figure 5.2). It should be noted that on the
organism scale the toxicokinetic processes are broader than at the cellular level,
and are referred to as absorption, distribution, metabolism and excretion
(ADME). These processes deliver the chemical to its cellular target site, where
the AOP is initiated.

Exposure to environmental pollutants can result in a variety of effects in the
exposed organism. In broad terms, toxicity is an adverse effect on the production,
function and/or survival of cells. Some of these toxic effects are very general and
can potentially affect all types of cells, while others are specific to certain tissues

© IWA Publishing 2021. Bioanalytical Tools in Water Quality Assessment
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Figure 5.1 Simplified scheme of biological organisation illustrating, where in vitro and
in vivo investigations fit in the sequence of effects that take place from the molecular to
the ecosystem level.

due to their unique structure and/or function. Some biological functions are fulfilled
by multiple organs (e.g., the endocrine system), and toxicity to any of the organs
involved may result in failure of the whole system. A thorough understanding of
these concepts for each potential site of toxicity is critical when developing a
comprehensive screening battery for risk assessment.

Unless otherwise indicated, the information in this chapter is based on classical
toxicology textbooks, in particular, Ballantyne et al. (1995), Fox (1991) and
Klaassen (2013).

5.2 ROUTE OF EXPOSURE

The route of exposure is significant because chemicals can reach different targets
depending on the point of entry into an organism (Figure 5.3). For drinking
water, oral ingestion is the main route of exposure and the digestive system will
be the focal point of entry into the organism.

The majority of ingested toxicants will be absorbed in the small intestine, which
has a very large, specialised surface area making it very efficient at absorbing
nutrients but also unfortunately toxicants from food and water. Absorption can
take place via active transporters but is usually a passive process, where toxicants
traverse the epithelial barriers and reach blood capillaries by diffusing through
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ADME Adverse outcome pathway
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Figure 5.2 Toxicokinetic processes on the organism level (ADME — absorption,
distribution, metabolism and excretion) connected to the adverse outcome pathway
(AOP) that links cellular-level events to whole organism effects.

cell membranes. Lipid solubility is usually the most important property influencing
absorption with lipophilic (fat-loving) chemicals more readily absorbed than
hydrophilic (more water-soluble) substances, but size and charge also influence
diffusion with small and uncharged substances more easily absorbed. Xenobiotics
absorbed in the gastrointestinal tract are transported to the liver via the hepatic
portal vein.

Once in the liver, the absorbed chemicals will undergo ‘first-pass metabolism’:
biotransformation by cytochrome P450 enzymes and conjugation with large
hydrophilic molecules (such as glucuronide or sulphate). The biological purpose
of first-pass metabolism is to make lipophilic toxicants more water soluble, thus
facilitating their excretion. After biotransformation, xenobiotics can travel via
either of two routes: large water-soluble chemicals are excreted back into the
small intestine via the bile duct and eventually excreted from the body in faeces.
Those chemicals no longer pose a risk to other organs because no further
contact will occur (unless they are susceptible to ‘enterohepatic recycling’,
where the conjugate is cleaved off by microbial activity in the intestinal tract
and the chemical can be reabsorbed and sent back to the liver). Alternatively,
xenobiotics that are still sufficiently small and lipophilic after first-pass
metabolism can instead enter the systemic blood circulation, where they can
reach and affect any tissue perfused by blood — in other words, all tissues —
particularly if they are lipid soluble. Hydrophilic toxicants will eventually be
excreted into bile by the liver or into urine by the kidneys. Highly lipophilic
chemicals that are resistant to biotransformation (such as polyhalogenated
biphenyls and chlorinated hydrocarbons) are very hard to eliminate and tend
to accumulate in the body upon repeated exposure — a process called
‘bioaccumulation’.
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Figure 5.3 Simplified absorption, distribution, metabolism and excretion (ADME)
diagram showing sites of intake (large green arrows: oral, respiratory and dermal
intake), excretion (large red arrows: faecal, urinary and respiratory excretion) and
internal barriers for xenobiotics (dashed blue lines: lining of the Gl tract, skin,
blood-brain barrier, blood—testis barrier in males, placental barrier in pregnant
females and liver metabolism). Oral ingestion is the main route of exposure for
contaminants in drinking water. Gl = gastrointestinal.
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5.3 BASAL CYTOXICITY

Basal cytotoxicity refers to the ability of a chemical substance to damage living cells
and may be described as any general cellular-level effect that leads to dysregulation
of on-going cellular activity (e.g., disruption of ATP production, protein synthesis),
impairment of cellular maintenance, dysregulation of gene expression and/or
physical damage to cell structures (e.g., proteins, plasma membranes) (Vinken
and Blaauboer, 2017). Basal cytotoxicity is not cell-type specific — it can affect
any tissue type and occurs at similar critical membrane concentrations in all cell
types (Escher et al., 2019). It is therefore also often called ‘baseline toxicity’ (see
Chapter 4). This impaired cell structure and function can lead to cell and tissue
death, either planned (apoptosis) or unplanned (necrosis) cell death.

5.4 TARGET ORGAN TOXICITY

In the context of drinking water, toxicity to three organs is particularly relevant: the
liver (hepatotoxicity), the kidneys (nephrotoxicity) and the heart/blood system
(cardiovascular toxicity). Gastrointestinal tract and bladder toxicity are of course
also important, but the main mechanisms of toxicity to these targets are basal
cytotoxicity (Section 5.3) and carcinogenicity (Section 5.5.1).

5.4.1 Hepatotoxicity

The liver is the main organ where exogenous chemicals are metabolised to make
them more hydrophilic for excretion. Consequently, liver cells can be exposed to
high concentrations of toxicants. Thankfully, a healthy liver has an immense
capacity for self-repair and once the toxicant is removed recovery is usually possible.

After absorption by the small intestine, ingested nutrients, vitamins, metals,
drugs and environmental toxicants are all distributed to the liver via the hepatic
portal vein (Figure 5.3). Efficient scavenging or uptake processes extract these
absorbed materials from the blood for catabolism, storage and/or excretion into
bile. Hepatocytes (liver cells) are rich in mitochondria to provide for their high
energy needs and cytochrome P450 enzymes, which conduct the liver’s main
function of metabolism and detoxification. Hepatocytes also have a significant
role in protein synthesis by recycling all major plasma proteins, carbohydrate and
lipid metabolism, cholesterol production, and bile secretion, which can be an
important detoxification mechanism.

There are several key factors that modulate hepatotoxicity:

» Uptake and concentration: the liver is immediately ‘downstream’ of the
gastrointestinal tract, and as such receives the highest concentration of
lipophilic drugs and environmental pollutants from the oral route. Other
toxins are rapidly extracted from the blood into hepatocytes via active
transport mechanisms.
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Human toxicity pathway: hepatotoxicity
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Figure 5.4 Spectrum of hepatotoxicity from the molecular to the organism level.

* Bioactivation and detoxification: one of the vital functions of the liver is to
eliminate exogenous chemicals and toxic endogenous intermediates.
Biotransformation, and in particular phase I metabolism, can, however,
generate reactive metabolites, which can interact with proteins and other
biological molecules.

* Regeneration: the liver has a high capacity to restore lost tissue and function
by regeneration. Loss of hepatocytes triggers proliferation of mature
hepatocytes to replace the lost tissue, which is initiated by cytokines and
growth factors. Nevertheless, chemicals that can interfere with the cell
cycle (e.g., colchicine) can block that regenerative ability.

Hepatotoxicity results in impaired liver function and the potential build-up of toxic
by-products of cellular metabolism (Figure 5.4). There are several known
mechanisms of toxicity to liver cells, including direct cytotoxicity to hepatocytes
(e.g., acetaminophen, carbon tetrachloride, microcystin), damage to epithelial
cells of liver capillaries (e.g., after excessive dose of acetaminophen, endotoxin,
microcystin), impaired bile excretion (usually from interference of bile salt export
pumps by toxicants such as pharmaceuticals, hormones and metals) and excessive
cell proliferation to replace dead cells (hyperplasia; e.g., after chronic exposure to
excess androgens, alcohol and aflatoxin).

5.4.2 Nephrotoxicity

The principal role of the kidneys is to filter blood and maintain total body
homeostasis. The kidneys play a central role in excretion of metabolic wastes
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(such as urea) and in the regulation of extracellular fluid volume, electrolyte
composition and pH of the blood. The kidneys also produce hormones (renin and
erythropoietin) that regulate extracellular volume and red blood cell production
and metabolise vitamin D3 to its active form. Similar to the liver, the kidneys are
equipped with a variety of detoxification mechanisms and have considerable
functional reserve and regenerative capacities.

The kidneys are particularly sensitive to blood-borne toxicants as they receive
about a quarter of the cardiac output (Figure 5.3). The processes involved in the
production of urine may also concentrate potential toxicants in the tubular fluid.
A wide variety of pharmaceuticals (e.g., antibiotics, analgesics, radiocontrast
media, anti-cancer agents and angiotensin inhibitors and blockers),
environmental chemicals and metals can cause nephrotoxicity via structural
and/or functional damage. Proper kidney function is highly dependent on
passive and active (ATP-driven) transport mechanisms. Toxicant-induced
interruptions in energy production for any of these active transport mechanisms
or interference with critical membrane-bound enzymes and/or transporters can
thus seriously impact kidney function (Figure 5.5). The efficiency of the
kidneys is also dependent on tight control of capillary pressure, and the
kidneys are particularly sensitive to vasoactive substances, that is, substances
that modulate blood pressure.

5.4.3 Cardiovascular toxicity

Cardiovascular toxicology focuses on adverse effects on the heart and the vascular
system. Exposure to toxic chemicals can result in alterations of biochemical
pathways, defects in cellular structure and function, and pathogenesis of the
affected cardiovascular system.

Human toxicity pathway: nephrotoxicity
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transporter potential
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enzyme activity
+ formation of
insoluble crystals

Figure 5.5 Spectrum of nephrotoxicity from the molecular to the organism level.
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5.4.3.1 Cardiotoxicity

Heartbeat is controlled by specialised pacemaker cells, and cardiac
electrophysiology and function are under neuro-hormonal regulation. The
primary contractile unit in the heart is the cardiac muscle cell, or cardiomyocyte.
Stimulation of cardiomyocytes through bioelectricity is due to carefully
orchestrated transport of three positively charged ions: calcium, sodium and
potassium. Each of the ions has specific channels and pumps on the membrane of
cardiac myocytes.

The very high energy requirements of the heart muscle (continuous synthesis of
ATP via mitochondrial oxidative phosphorylation is required for cardiomyocyte
function) and heavy reliance on ion channels and pumps are particularly relevant
for cardiotoxicity. Not surprisingly, many substances can cause cardiac toxic
responses, mostly by affecting ion channels (e.g., the anti-arrhythmic drugs
verapamil and quinidine), calcium ion homeostasis (e.g., pharmaceuticals such as
ouabain, some antimicrobial and antiviral agents, aldehydes, halogenated alkanes
and metals), and electrical excitability and action potential generation (e.g., local
anaesthetics like benzocaine or procainamide) (Figure 5.6).

5.4.3.2 Vascular toxicity

Toxic responses of the vascular system include changes in blood pressure and
damage to blood vessels (Figure 5.6). The main function of the vascular system is
to provide oxygen and nutrients and to remove carbon dioxide and metabolic
products to/from organ systems. The vascular system also delivers hormones and
cytokines to target organs (Figure 5.3). Dilation and constriction of blood vessels
are controlled remotely by neurons and hormones, such as epinephrine,
norepinephrine and angiotensin, and locally by oxygen supply and

Human toxicity pathway: cardiovascular toxicity
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Figure 5.6 Spectrum of cardiovascular toxicity from the molecular to the organism

level.
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endothelium-derived relaxing factor (EDRF). Thus, neurotoxicity or endocrine
disruption may also affect vascular function.

Blood vessels are mostly composed of epithelial cells enveloped by smooth
muscle cells. After absorption, all chemicals come into contact with the vascular
system. Specific vascular toxicity can occur from damage to either epithelial cells
(e.g., aspirin, endotoxins, carbon monoxide) or smooth muscle cells (e.g., metals
interfering with calcium homeostasis) or from exposure to vasoactive chemicals
(e.g., cocaine, nicotine, metals). It is not entirely clear how toxic responses of the
vascular system affect physiological function and/or cause toxicity to other
organs, but damage to vascular epithelial cells could produce reactive oxygen
species (ROS) and subsequent oxidative injury.

5.5 NON-ORGAN-DIRECTED TOXICITY

Non-organ-directed toxicity includes carcinogenicity and developmental toxicity.

5.5.1 Carcinogenicity

Chemicals that induce cancer have been broadly classified in two categories: (i)

genotoxic carcinogens (e.g., PAHs) that interact physically with DNA to alter or

damage its structure, and (ii) epigenetic carcinogens that impact DNA expression

through DNA methylation, protein phosphorylation and receptor-mediated

effects, without directly affecting DNA structure (Figure 5.7). Either case can

eventually lead to aberrant cell cycle kinetics and unregulated cell growth.
Carcinogenesis develops over three stages:

* Initiation is the introduction of a ‘mistake’ (mutation) in the DNA sequence.
Initiation can be caused by genotoxic carcinogens binding to DNA and
causing errors during DNA synthesis. Initiation on its own is not sufficient
to cause abnormal cell growth because DNA damage can sometimes be
repaired or because the cell can lose its viability due to the mutation.

e Promotion is the selective expansion of initiated cells.

Human toxicity pathway: carcinogenicity
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Figure 5.7 Spectrum of carcinogenicity from the molecular to the organism level.
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* Progression involves the conversion of unstable promoted cells into stable
malignant tumours. Due to the resulting increased DNA synthesis,
additional genotoxic events may occur at this stage, resulting in additional
DNA damage including chromosomal aberrations and translocations.

Complete carcinogens have the ability to function at all levels, that is, initiation,
promotion and progression. Many carcinogens are not intrinsically carcinogenic
but require metabolic activation to become carcinogenic. This may also result in
tissue-specific effects, as different tissues can have different levels of
enzyme expression.

5.5.2 Developmental toxicology

Developmental toxicity focuses on adverse effects on development caused by
exposure to toxicants. Development is characterised by changes that are
orchestrated by a cascade of factors regulating gene transcription (Figure 5.8). A
particularity of developmental toxicology is that the sensitivity of the organism to
toxicants can vary depending on its developmental stage.

Embryotoxic chemicals affect the conceptus prior to the foetal stage (usually up
to 8 weeks in humans). Imprinting, implantation, gastrulation and organogenesis all
occur during embryo development, and toxicants that interfere with cell
proliferation, differentiation and/or apoptosis may lead to embryotoxicity (e.g.,
cyclophosphamide).

Foetotoxic chemicals affect the conceptus from the foetal stage onwards (usually
after 8 weeks in humans).

Teratogens are toxic chemicals that cause birth defects and can lead to pre- and
postnatal mortality. Gastrulation and organogenesis during embryo development
and the subsequent tissue differentiation and growth during foetal development
are particularly sensitive to teratogens. Toxicants that can affect cell migration,

Human toxicity pathway: developmental toxicity

Figure 5.8 Spectrum of developmental toxicity from the molecular to the organism

level.
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cell—cell interactions, differentiation, morphogenesis and energy metabolism are
often teratogens (Figure 5.8).

Exposure to developmental toxicants can result in death of the embryo, death of
the foetus or teratogenesis. Endocrine-disrupting compounds (EDCs, e.g.,
diethylstilbestrol) may also negatively affect development of the conceptus (see
Section 5.6.4 for more details on endocrine disruption).

5.6 SYSTEM TOXICITY

Some biological functions are fulfilled by systems composed of multiple organs
(e.g., the immune system), and toxicity to any of the organs involved may result
in failure of the whole system. This section discusses toxicity towards the blood
system (haematotoxicity), immune system (immunotoxicity), nervous system
(neurotoxicity), endocrine system (endocrine disruption) and reproduction
(reproductive toxicity).

Some health outcomes of relevance for risk assessment of new chemicals have
been excluded from this review because they were deemed unlikely to result from
exposure to chemical contaminants in drinking water (although they may occur
from different exposure routes to that same water, e.g., showering). These include:

» Sensory organ toxicity, including ocular toxicity,
* Respiratory toxicity,

* Cutaneous toxicity,

*  Musculoskeletal toxicity (e.g., myotoxicity).

5.6.1 Haematotoxicity

The production of blood cells (haematopoiesis) is a highly regulated sequence of
events by which blood cell precursors proliferate and differentiate to meet the
body’s relentless needs for oxygen transport, host defence and repair and blood
homeostasis. The main organs involved in haematopoiesis are the bone marrow
and the spleen. A haematotoxicant is a toxicant that either interferes with
haematopoiesis or affects the viability of red blood cells, which can result in
anaemia and hypoxia (lack of oxygen). Effects on white blood cell viability are
covered in the section on immunotoxicity below.

Haematopoiesis requires carefully orchestrated cell maturation and
differentiation and is particularly sensitive to cytoreductive or antimitotic drugs
used for cancer treatment and toxicants that can interfere with differentiation and
maturation of blood cell precursors.

The viability of red blood cells can be affected by oxidative damage, which can
interfere with the oxygen-carrying capacity of haemoglobin, or by modification of
cell surface proteins (e.g., mefenamic acid), which can lead to loss of ‘self’ antigens
(cell surface markers that identify the cell as part of the self, as opposed to foreign)
and subsequent destruction by white blood cells (Figure 5.9).
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Human toxicity pathway: haematotoxicity
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Figure 5.9 Spectrum of haematotoxicity from the molecular to the organism level.

5.6.2 Immunotoxicity

Broadly defined, immunotoxic agents adversely affect the immune system, which
protects the organism against pathogens and tumours. The immune system
comprises numerous lymphoid organs (e.g., bone marrow, thymus, spleen, lymph
nodes) and cell populations with a variety of functions. Antigen recognition is the
cornerstone of the immune system. Antigens, usually protein or polysaccharide
‘signatures’ of foreign material, are recognised by specific antibodies, which
subsequently initiates an immune response.

There are two types of immune response: innate and adaptive. The innate
immune system is non-specific and is the body’s primary defence mechanism. It
relies on a variety of proteins (called the complement system) and involves
several immune cells, such as natural killer cells, macrophages and neutrophils.
Natural killer cells release cytokines and cytolytic chemicals that destroy the
target cell. Macrophages and neutrophils are phagocytic cells that eliminate most
microorganisms through the release of ROS.

The adaptive (or ‘acquired’) immune system is an antigen-specific response
triggered by the innate immune system. In simple terms, immune cells learn
to recognise the invading pathogen and deploy a more sophisticated set of
specialised cells, such as helper T-cells and killer T-cells. Helper T-cells
secrete cytokines and help direct the immune response depending on the
nature of the threat. Killer T-cells bind to the target cell and release the
content of cytolytic granules, which contain cytokines, perforins and other
enzymes, on the target cell, a process called degranulation. Once degranulated,
the killer T-cell releases the dying target cell and moves on to kill other
target cells.

The immune system can also call upon other specialised cells when fighting
inflammation, such as basophils and mastocytes. When stimulated, these cells
degranulate to release histamine, proteoglycans, proteolytic enzymes, leukotrienes
and cytokines. These chemicals attract other immune cells.
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Human toxicity pathway: immunotoxicity
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Figure 5.10 Spectrum of immunotoxicity from the molecular to the organism level.

The immune system must strike a delicate balance between excessive and
insufficient immune response. Toxicant exposure can result in dysfunctions of the
immune system:

¢ Immunosuppression results in reduced efficacy of the immune response (i.e.,
impaired resistance), while immunostimulation stimulates the immune
system, which may result in excessive immune response (Figure 5.10). A
very wide range of toxicants have been shown to suppress or stimulate the
immune system, including polychlorinated biphenyls (PCB), polycyclic
aromatic hydrocarbons (PAH), pesticides, metals, solvents, hormones,
pharmaceuticals and UV radiation. Some toxicants (e.g., sulphamethoxazole)
can stimulate immune cells directly by binding to their membrane receptors.

* Hypersensitivity reactions (allergies) result from the immune system
responding in an exaggerated or inappropriate manner (e.g., penicillin).
Hypersensitivity has been linked with exposure to industrial chemicals,
metals, solvents and pharmaceuticals.

Autoimmune disease occurs when the reactions of the immune system are
directed at the body’s own tissues. It is more difficult to establish a clear link
between toxicant exposure and autoimmunity. Some chemicals have, however,
been implicated in chemical-induced autoimmunity. These include some
pharmaceuticals, plastic monomers (vinyl chloride), mercury and some pesticides
(e.g., hexachlorobenzene). Interaction between toxicants and endogenous proteins
can sometimes result in the altered protein no longer being recognised as own
tissue (e.g., penicillin).

5.6.3 Neurotoxicity

A neurotoxicant is a toxic chemical that affects the development, function or
viability of neurons and the nervous system (Figure 5.11). The nervous system
coordinates numerous functions in the organism via neurons and
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Human toxicity pathway: neurotoxicity
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Figure 5.11 Spectrum of neurotoxicity from the molecular to the organism level.

neurotransmitters. There are two cell populations in nervous tissues: the neurons,
which specialise in generation, reception and transfer of information (transmitted
by neurotransmitters such as acetylcholine and epinephrine); and glial cells,
which provide support and nutrition to neurons.

The four most common targets of neurotoxicants are the neuron, the axon (the
neuron’s projection towards other neurons), the myelinating cell and the
neurotransmitter system.

Neuronopathy: Although the neuron is similar to other types of cells in many
respects, some features of the neuron are unique, and provide distinctive
vulnerabilities. Some of those unique features are a high metabolic rate, a
long cellular process supported by the cell body (the axon) and an excitable
membrane that is rapidly depolarised and repolarised. A large number of
chemicals are known to result in toxic neuronopathy, including metals
(aluminium, arsenic, lead, manganese, mercury, methyl mercury), industrial
chemicals (trimethyltin), pharmaceuticals and solvents.

Axonopathy: Some toxicants can physically damage the axon, resulting in
a degradation of neuron transmission. Many chemicals have been linked
to axonopathy, including metals (gold and platinum), alkaloids,
pharmaceuticals, industrial chemicals (acrylamide), solvents and pesticides.
Myelinopathy: Myelin provides electrical insulation of neuronal processes,
and its absence leads to a slowing and/or aberrant conduction of electrical
impulses. Some toxicants can interfere with myelin maintenance or function.
Neurotransmitter-associated toxicity: A wide range of naturally occurring
toxins as well as pesticides and pharmaceuticals can inhibit normal
neurotransmitter function. Organophosphate and carbamate pesticides, for
example, inhibit the enzyme acetylcholinesterase, which is responsible for
recycling the neurotransmitter acetylcholine.
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There are several morphological idiosyncrasies of the nervous system. Some, such a
mesh of endothelial cells called the ‘blood-brain barrier’ (Figure 5.3), provide an
additional barrier to toxicants reaching the central nervous system. On the other
hand, some make it more sensitive to toxicants. The unusual cell morphology of
neurons, for example, which are very elongated rather than small and spherical,
creates extraordinary demands on protein synthesis and transport of vesicles and
organelles. The myelin sheet, which is rich in lipids and dependent on the proper
function of a number of membrane-associated proteins, is also a sensitive target
site for toxicants. Finally, the high energy requirements of neurons make them
extremely sensitive to interruptions in the supply or oxygen or glucose that can
be caused by toxicants such as cyanide and carbon monoxide as well as very
sensitive to mitochondrial toxicants.

Astrocytes (a type of glial cell) play an important role in defence against
neurotoxicants. They are activated by hypoxia and inflammation and have far
greater antioxidant abilities than neurons, protecting axonal structure and
processes. Intercellular communication between astrocytes and neurons also
involves organelle exchange, including the transfer of healthy astrocytic
mitochondria to adjacent neurons to restore degraded mitochondrial function, in
exchange for damaged and defective neuronal mitochondria, which are then
broken down in the astrocytes (a process called ‘mitophagy’).

5.6.4 Endocrine toxicity

Endocrine glands are collections of specialised cells that synthesise, store and
release their secretions (hormones) directly into the bloodstream. As sensing and
signalling devices capable of responding to changes in the internal and external
environments, the hormone system coordinates a multiplicity of activities that
maintain homeostasis. Disruption of normal endocrine function can thus have a
wide range of effects, potentially affecting many different organ systems
(Figure 5.12). The main endocrine glands of the body are the following:

The pituitary gland is a small protrusion off the hypothalamus at the base of the
brain, which secretes hormones (including the so-called ‘trophic hormones’ to other
endocrine glands) under stimulation of the hypothalamus. The pituitary releases
hormones related to growth (growth hormone), lactation (prolactin), reproductive
function (gonadotropins and corticotropic hormones) and thyroid activity
(thyroid-stimulating hormone).

The adrenal glands are located above both kidneys and are mainly responsible for
regulating the stress response through the synthesis of corticosteroids (cortisol and
aldosterone) and catecholamines (epinephrine, norepinephrine and dopamine).
They affect glucose metabolism (glucocorticoids) and reproduction (androgens,
estrogens and progestins).

The pancreas produces digestive enzymes and hormones that regulate glucose
metabolism (insulin, glucagon and somatostatin).
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Human toxicity pathway: endocrine effects
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Figure 5.12 Spectrum of endocrine effects from the molecular to the organism level.

The thyroid gland secretes the thyroid hormones thyroxine (T4) and
triiodothyronine (T3) under stimulation of the pituitary gland. Thyroid hormones
increase metabolic rate and glucose availability, stimulate new protein synthesis,
heart rate, cardiac output and blood flow, and increase neuronal development in
young animals. The thyroid gland also produces calcitonin, which is involved in
calcium homeostasis.

The parathyroid gland produces hormones involved in calcium homeostasis
(parathyroid hormone, calcitonin and vitamin D) under stimulation of
calcium-sensing receptors. This unique feedback system is sensitive to toxicants
similar to calcium ions (e.g., aluminium).

The gonads (testes in males, ovaries in females) produce sex hormones
(androgens, estrogens) and progestogens (progesterone). Hormone production
and gametogenesis in the gonads is under direct pituitary hormonal control.
Gonads are sensitive to toxic substances because gametogenesis relies on rapidly
dividing cells, which are often vulnerable to chemical destruction. The blood—
testes barrier controls the entry of large molecules and toxicants into the
seminiferous tubules, where gametogenesis occurs.

There are four main mechanisms of endocrine toxicity (Figure 5.12):

* Excessive stimulation can cause hyperplasia (excessive cellular development)
and hypertrophy (gross enlargement) of individual endocrine organs, and
eventually lead to tumour development.

* Interference with hormone synthesis or secretion. For example, some
pharmaceuticals (e.g., sulphonamides, 2.,4-dihydroxybenzoic acid,
aminotriazole, antipyrine) and pesticides (e.g., amitrole) interfere with
thyroid hormone synthesis.
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e Increased hormone catabolism (destruction). Toxicants that induce liver
enzymes (e.g., phenobarbital, benzodiazepines, DDT, chlorinated
hydrocarbons) can increase the rate of conjugation and excretion of
hormones such as T3 and T4.

* Interference with hormone signalling (endocrine disruption). Hormones act
by binding to highly specific hormone receptors (e.g., estrogen receptor,
androgen receptor, progesterone receptor, thyroid receptor), which results
in a biochemical cascade that eventually triggers the intended effect.
Toxicant-induced interference with hormone signalling can result in
erroneous endocrine communication and/or interfere with the complex
system of hormonal feedback loops. Some toxicants can mimic hormone
activity (agonists) while others can inhibit normal hormonal function
(antagonists). In some instances, this effect is intentional (e.g.,
pharmaceuticals used for birth control such as -ethinylestradiol or
levonorgestrel), but toxicants can also be unintentional endocrine disruptors
(e.g., industrial chemicals like bisphenol A, phthalates). Interference or
mimicry of sex steroids (estrogens and androgens) can also significantly
affect reproduction. Most of the activity of the endocrine system has
sensitive feedback loops, and toxicants that affect or mimic hormones often
affect multiple endocrine glands.

5.6.5 Reproductive toxicity

The purpose of the reproductive system is to produce good quality gametes, capable
of fertilisation and producing a viable offspring, which can in turn successfully
reproduce. This requires a large number of complex processes, orchestrated in a
precise order for optimal performance at different life stages. The fact that
chemicals can adversely affect reproduction in males and females is not a new
notion. One only has to look at the importance of drugs as contraceptives to realise
how sensitive the reproductive system can be to external chemical influences.
Endocrine communication is critical to proper reproductive function, and toxicants
that can adversely affect endocrine glands also generally result in reproductive
toxicity. A wide range of environmental chemicals are known to mimic or inhibit
androgens (e.g., trenbolone, vinclozolin, procymidone, linuron, p,p’-DDE,
phthalates), estrogens (e.g., methoxychlor metabolites, ethinylestradiol, bisphenol
A, nonylphenol, DDT) or progestogens (e.g., levonorgestrel, norethindrone).
Exposure to these hormone mimics can adversely affect reproductive functions.

Sex hormones (androgens and estrogens) are particularly important in foetal
reproductive organ development, puberty and sexual maturation. These stages are
thus inherently susceptible to endocrine disruption. Toxicants such as PCBs,
DDT/DDE, brominated flame retardants, dioxins, hexachlorobenzene, personal
care products and heavy metals have been linked to reproductive abnormalities,
although their exact mechanism is often unknown.
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The female reproductive cycle relies on subtle hormonal communication
between the pituitary and ovarian secretions of progesterone and estrogens. These
hormones determine ovulation and prepare the female accessory organs to receive
male sperm. Disruption of these hormonal cues can lead to infertility. Disruption
of the luteinising hormone (LH) surge, for example, by the pesticides
chlordimeform and N-methyldithiocarbamate prevents or delays ovulation, which
has been shown to cause infertility in laboratory animals.

Male reproductive processes also rely on carefully orchestrated hormonal
communication through the hypothalamic—pituitary—testes axis, and endocrine
disruption can also affect male reproduction. The vast majority of male
reproductive toxicants affect sperm production (spermatogenesis). Some of these
toxicants act via indirect routes, such as nutrient disruption after exposure to zinc,
or increased steroid clearance by the liver due to carbon tetrachloride exposure.
Most toxicants affecting spermatogenesis, however, do so via a direct effect on
testis or spermatogenesis itself by interfering with or damaging Sertoli cells (e.g.,
phthalate ester metabolites, dibromoacetic acid, m-dinitrobenzene) or interfering
with energy production in sperm cells (e.g., chlorosugars, epichlorohydrin).

Reproductive toxicants can also affect fertilisation and implantation as successful
pregnancy depends heavily on complex and subtle hormonal communication. These
processes are also susceptible to endocrine disruption (e.g., some pharmaceuticals
used to terminate pregnancies interfere with progesterone synthesis).

5.7 CONCLUSIONS

The purpose of this chapter was to give the reader an appreciation of the normal
function and significance of different organs and organ systems in the human
body, and to describe toxic effects and define mechanisms of toxicity. Humans
exposed to contaminated water can exhibit a wide variety of tissue-, organ- and
organ system-level responses, many of which can be traced back to the effect of
the toxicant at the molecular or cellular level, illustrating the concept of toxicity
pathways introduced in the previous chapter. Monitoring those molecular or
cellular events using in vitro bioassays may therefore provide a simple screening
method to detect toxicants in water, and Chapter 10 reviews in vitro methods
available to measure toxic effects discussed here.



Chapter 6

Adverse outcome pathways of
chemicals in aquatic organisms

6.1 INTRODUCTION

Ecotoxicology is the study of the effects of toxic substances and other stressors on
the structure and function of ecosystems. The discipline has evolved relatively
independently of human toxicology but with the concept of adverse outcome
pathways (AOPs) and the recognition that chemical stressors perturb cellular
functions in a similar manner, the two fields have come closer together.

Aquatic organisms can bioaccumulate pollutants via direct uptake from water
across skin or gills and from their diet. The level of bioaccumulation is dependent
on the physicochemical properties of the chemicals with lipophilic chemicals
accumulating to a greater extent than hydrophilic chemicals.

The aquatic component of the ecosystem is in perpetual contact with the other
environmental compartments including those of air, sediment and soil, and the
ecotoxicological principles for all compartments are similar.

A crucial driver of the discipline of ecotoxicology was Rachel Carson’s ‘Silent
Spring’, published in 1962 (Carson, 1962). It denounced the negative impacts of
organochlorine pesticides such as DDT on humans and the environment. A
comprehensive treatise on ecotoxicology can be found in various textbooks, with
recommendations for Newman’s ‘Fundamentals of Ecotoxicology’ (2019),
Walker’s ‘Principles of Ecotoxicology’ (2012) and Landis and Yu’s ‘Introduction
to Environmental Toxicology: Impacts of Chemicals Upon Ecological Systems’
(2004).

© IWA Publishing 2021. Bioanalytical Tools in Water Quality Assessment
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In this chapter, we focus on some of the basics of ecotoxicology and mechanistic
approaches to aquatic toxicology and ecosystem health. This chapter builds on the
foundation laid in Chapter 4 and uses the AOP concept in a conceptual manner
rather than detailing individual AOPs. The purpose of this chapter is to
understand the toxicity pathways of chemicals in aquatic organisms sufficiently
to select appropriate in vitro tools for water quality assessment. Since the first
edition of this book, which appeared shortly after the introduction of the AOP
concept to this field of research, more than 350 AOPs have been developed
that contain >1000 key events and almost 2000 key event relationships
(aopwiki.org, accessed on 20 December 2020). Many of the available AOPs
describe adverse outcomes on fish health with only a few AOPs addressing algae
and invertebrates.

6.2 FROM THE CELLULAR LEVEL TO THE ECOSYSTEM

To understand the effects of chemicals on ecosystems, we need a mechanistic
understanding on how chemicals act on individual organisms as well as an
understanding of the complex interactions occurring in ecosystems.

Comprehensive field studies in natural ecosystems are limited to cases of
unintentional contamination because obviously planned exposure studies and the
intentional contamination at the ecosystem level are ethically unacceptable. The
majority of ecotoxicology research has therefore focused on laboratory studies
with single species that are representative of different trophic levels. An overview
of commonly used test species and endpoints is given in Chapter 3. While
integrated assessment in ecosystems may be more relevant than laboratory
studies, they are less controlled and can only detect overall apical responses that
are difficult to interpret. Studies with simplified model ecosystems (e.g., meso-
and macrocosm) are viable alternatives to real ecosystem assessments because
aspects of food chains and ecosystem interaction can be integrated (Chapter 3).
Further, controlled model systems have the benefit of being able to include
quality assurance/quality control (QA/QC) measures such as negative and
positive controls as well as replicate experiments (Chapter 11). Despite these
obvious advantages, model ecosystem studies are very expensive and typically
only conducted in higher tiers of pesticide risk assessment.

If single organisms are tested, apical endpoints such as developmental
dysfunction, reproductive failure and death are often measured (Chapter 3). Acute
toxicity tests are performed over a timeframe of several hours to several days. To
be protective of the entire ecosystem, one must extrapolate the information
gained from acute tests to safe levels for the entire population and from
short-term to long-term exposure (Figure 6.1, top panel). Such extrapolation can
be accomplished by applying extrapolation and uncertainty factors (Chapter 2).
This process must be completed for many aquatic species to obtain an idea about
the species sensitivity distributions (SSD). Generally, the lower fifth percentile
(HC5) of a distribution of chronic ‘no observed effect concentrations’ (NOEC) is
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Figure 6.1 Comparison of the traditional holistic approach for aquatic toxicity
assessment of chemicals and the novel mechanistic approach based on AOPs.

considered sufficiently low to protect ecosystem integrity and functioning
(Posthuma et al., 2002), although concentrations as low as one percentile may be
needed for chemicals known to bioaccumulate.

In the AOP approach the cellular level response pathway, which is often highly
conserved in different species, is used to obtain a mechanistic picture of the species
sensitivity, which facilitates extrapolation from cellular responses to expected
effects on ecosystems (Figure 6.1, bottom panel).

Although AOPs are central organising principles, the quantitative link to
individual organism responses must still be established to allow the
implementation of AOPs to population level models (Kramer et al., 2011).
Species sensitivity differences can be related to differences in toxicokinetics,
specifically the metabolic capacity of different species, and to differences in the
toxicity pathways. Species with shared ancestry will have similar AOPs due to
the close homology of genes (Celander et al., 2011). Read-across is thus possible
for highly homologous species. Read-across from human drug targets to adverse
effects in fish is even possible for evolutionarily well-conserved targets.

6.3 ADVERSE OUTCOME PATHWAYS FOR AQUATIC
ORGANISMS

Chapter 3 introduced the most fundamental members of aquatic food chains —
primary producers, invertebrates and vertebrates. Common apical endpoints
measured for these organism groups are growth inhibition, immobilisation and
mortality, respectively. In the following section, the concept of AOPs for aquatic
organisms is illustrated using examples from these three taxonomic groups. For
each organism group, the AOPs for non-specific toxicity are compared with one
selected specific mode of action (MOA), using specific toxicity of herbicides,
insecticides and estrogens as illustrative examples for algae, water fleas and
fish, respectively.
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6.3.1 Adverse outcome pathways for algae
6.3.1.1 Baseline toxicity

We have learnt in Chapter 4.4.1 that baseline toxicity is the minimal toxicity that any
compound exhibits. This is of high relevance in the aquatic environment, where all
chemicals present act together in a concentration additive manner, potentially
resulting in an appreciable level of baseline toxicity. The molecular targets of
baseline toxicants are biological membranes, which can become leaky, disrupting
their structure and function (van Wezel and Opperhuizen, 1995) (Figure 6.2). In
algae, such membrane disruption will indirectly affect photosynthesis efficiency,
as the electron transfer chain of algal photosystems is embedded in the
chloroplast membrane.

The biologically effective concentration of baseline toxicants is the same for all
chemicals, that is, every chemical has the same baseline effect once it has crossed
the membrane. The apparent differences in potency between different chemicals
thus stem exclusively from differences in uptake and other toxicokinetic
processes. The more hydrophobic a chemical is, the higher its degree of
accumulation in algae and consequently the lower the dosed concentration
required to trigger the baseline-toxic effect.

A feature of baseline toxicity is that it is a reversible MOA. Once the algae are
transferred to clean water, the baseline toxicants can be depurated, enabling the
algae to recover from the toxic stress, provided that no irreversible secondary
effects have occurred. Furthermore, baseline toxicity-mediated photosynthesis
inhibition occurs at much higher chemical concentrations than specific inhibition
of photosynthesis. Nevertheless, at the organism level, reduced photosynthesis
leads to lowered energy for cellular growth causing cells to stop dividing. At the
population level, this effect manifests itself by a slower population growth rate or
decline in population size (Figure 6.2).
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Figure 6.2 Adverse outcome pathway for baseline toxicants in algae. Adapted from

Ankley et al. (2010).




Adverse outcome pathways of chemicals in aquatic organisms

95

L85
o) Adver: . inhibition of photosynthesis
Toxico-  |HEE Cellular Organism  Population
kinetics i response response response
* hydro- * binding to » reduced * “bleaching"” of + biomass decline
phobicity Photosystem |1 availability of cells (loss of = smaller growth
dependent causing shut- energy chlorophyll) rate of
bioaccu- down of * oxidative stress + decrease of cell population
mulation photosynthesis ' size
+ metabaolism « production of « cell death
reactive oxygen
species

Figure 6.3 Adverse outcome pathway for herbicides in algae.

6.3.1.2 Inhibition of photosynthesis by herbicides

Herbicides are used for weed control but they also have the negative effect of
inhibiting photosynthesis in non-target plants and green algae. Important classes
of herbicides are the triazines, such as atrazine, simazine and irgarol, and
phenylurea herbicides, such as diuron and isoproturon. Both groups of herbicides
bind to a quinone-binding site on photosystem II, blocking photosynthetic
electron transfer (Figure 6.3). As a result, no energy in form of ATP is produced,
causing a loss of chlorophyll, slower growth, smaller cell size and ultimately
death of algal cells. The ultimate observable effects are the same as for baseline
toxicity, but these specific effects occur at chemical concentrations that are orders
of magnitude lower than baseline toxicity.

Vogs and Altenburger (2016) developed a combined toxicokinetic/
toxicodynamic model that could differentiate well between different AOPs with
effect progression, that is, time to progress from molecular initiating event
(MIE) to apical effect, being shortest for specific photosynthesis inhibitors
followed by chemicals that cause oxidative stress and those which interfere with
lipid synthesis.

6.3.2 Adverse outcome pathways for invertebrates
6.3.2.1 Baseline toxicity

Baseline toxicity occurs in aquatic invertebrates such as the water flea Daphnia
magna at the same internal concentration as in algae. As water fleas are
metabolically more active, the baseline toxicants can be better detoxified and thus
the apparent toxicity in relation to the external exposure concentration may be
lower. Apart from this one exception, the molecular interactions of baseline
toxicants in cell membranes of water fleas and algae are the same (Figure 6.4).
Mitochondrial dysfunction is also one of the characteristics of baseline toxicity
(Vinken and Blaauboer, 2017). Despite this similarity in MIE, the apical



96 Bioanalytical Tools in Water Quality Assessment

e e g el e - baseline toxd

Cellular Organism | : Population
response response . response

* hydro- = changes in + interference with « immaobilisation + decline of
phobicity fluidity of cellular nerve signal » decreased numbers
dependent membranes transduction reproduction
bicaccu- * interference with * reduced = mortality
mulation transport respiration

+» metabolism processes + reduced

= mitochondrial availability of

dysfunction energy

Figure 6.4 Adverse outcome pathway for baseline toxicants in the water flea
Daphnia magna. Adapted from Ankley et al. (2010) and Vinken and Blaauboer (2017).

endpoints observed in water fleas differ from algae. The effects in water fleas will
mainly manifest themselves as reduced ventilation /respiration rate, which equates
to immobilisation and eventually death at the organism level.

6.3.2.2 Activity of insecticides

Insecticides such as organophosphates or carbamates inhibit the enzyme
acetylcholinesterase (AChE). AChE is responsible for breaking down the
neurotransmitter acetylcholine. Inhibiting this breakdown process induces a
constant chemical signal firing across the synapse, leading to over-excitation of
nerves. This over-excitation is initially expressed as rapid movement,
consequently leading to excessive expense of energy before the ultimate
responses of immobilisation and death occur. Invertebrates such as insects and, in
our example, water fleas are particularly sensitive to organophosphates. First, in
terms of toxicokinetics, organothiophosphates such as diazinon must be
metabolically activated to their bioactive form, for example, diazoxon, in order to
induce their MIE of binding to AChE (Figure 6.5). This metabolic activation is
particularly efficient in water fleas with little detoxification but strong activation
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Figure 6.5 Adverse outcome pathway for the inhibition of acetylcholinesterase
(AChE) in the water flea Daphnia magna. Adapted from Russom et al. (2014).
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(Kretschmann et al., 2011). Second, in terms of toxicodynamics, the AChE of
Daphnia magna is particularly sensitive to organophosphates (Kretschmann
et al., 2012). Carbamates differ from organophosphates in that metabolic
activation is not required for the binding, which is reversible (Jeon et al., 2013).
Organophosphates bind covalently to the enzyme, causing it to hydrolyse further,
which makes the binding irreversible.

Russom et al. (2014) developed a formal AOP for inhibition of AChE leading to
acute mortality for various taxa, recognising the highly conserved MIE but also
species-specific differences in toxicokinetics and AChE binding domains.

6.3.3 Adverse outcome pathways for fish
6.3.3.1 Baseline toxicity and mitochondrial dysfunction

Baseline toxicity affects the same molecular and cellular mechanisms in fish as in
the invertebrate and algal species discussed above, but the consequences are
somewhat different (Figure 6.6). The initial effect of baseline toxicity is a loss of
equilibrium. Fish that normally swim in fast flowing rivers against the current can
no longer maintain their position. Non-targeted swimming may lead to increased
vulnerability to predators and difficulty in mating. At higher concentrations,
baseline toxicity leads to narcotic effects and eventually to death.

Mitochondrial dysfunction is also one of the key features of baseline toxicity but
there are also specific effects on mitochondria that lead to the same symptoms at
much lower concentrations of chemicals. Souders et al. (2018) demonstrated how
oxidative respiration in fish embryos can be used to identify specific MIEs such
as uncoupling of oxidative phosphorylation, specific inhibition of the electron
transfer chain and inhibition of ATP synthesis.

6.3.3.2 Reproductive toxicity

Many pathways can lead to reduced reproductive success or even reproductive
failure (Figure 6.7). Natural estrogens and xenoestrogens (e.g., nonylphenol and
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Figure 6.6 Adverse outcome pathway for baseline toxicants in fish.
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Figure 6.7 Adverse outcome pathway for reproductive effects in fish. COX=
cyclooxygenase. Adapted from Ankley et al. (2010), Martinovic-Weigelt et al.
(2017) and Martyniuk et al. (2020).

bisphenol A) occurring in environmental waters can bind to estrogen receptors in
fish, triggering a number of cellular responses that would normally be triggered
by endogenous hormones. Inducing such cellular responses at the wrong time can
cause both structural and functional problems in the fish. One major problem of
estrogenic effects is that they can induce feminisation of male fish. At the cellular
level, this translates to feminisation of the phenotype and production of
vitellogenin (an egg yolk protein precursor produced in liver cells) in both
females and males. In male fish, estrogenicity can further induce notable changes
in sexual development such as the formation of ovotestis (egg cells in the testis
tissue) and intersex. Such changes evidently lead to reproductive failure (or
reduced reproductive success) and can eventually wipe out entire populations
(Kidd et al., 2007). Anti-androgenic chemicals can similarly antagonistically
impact the androgen receptor, reducing testosterone levels and cause reproductive
failure due to damaged or immature sperm. Cyclooxygenase (COX) inhibitors
disrupt prostaglandin synthesis, leading also ultimately to reproductive toxicity in
female fish by preventing oocyte maturation.

6.4 USING IN VITRO ASSAYS TO UNDERSTAND TOXICITY
PATHWAYS IN AQUATIC LIFE

A general introduction as to how in vitro assays can be used for the elucidation of
toxicity pathways is given in Chapter 9 and applications for water quality
monitoring are discussed in Chapter 10. Specifically, for aquatic organisms, one
would choose cell lines and reporter gene assays derived from the tissues of
aquatic biota such as fish cell lines (Schirmer, 2006).
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However, given the high degree of conservation of cellular pathways, it is often
acceptable to use a construct from different species. The yeast estrogen screen
(Routledge and Sumpter, 1996), for example, is based on a yeast cell line
transfected with a human estrogen receptor, but the assay is a widely applied
bioanalytical tool for assessing estrogenicity in water, where fish are the primary
target for EDCs. Likewise, reporter gene assays based on human and zebrafish
nuclear receptors yielded similar responses of water samples (Neale et al., 2020c).

6.5 CONCLUSIONS

The concept of AOPs bridges the initial cellular level effects of toxicants with the
organism level outcome. The application of this concept to aquatic organisms
demonstrates the ability of in vitro bioassays to detect subtle toxic effects in
aquatic organisms, thereby highlighting the potential of in vifro bioassays to
replace, reduce and/or refine whole organism testing.






Chapter 7
Dose—response assessment

7.1 INTRODUCTION

The central paradigm in toxicology is that ‘the dose makes the poison’. In fact, all
substances, even something as innocuous as table salt, are poisonous if taken in
sufficient quantity. Understanding the dose-response relationship can therefore,
quite literally, be a matter of life or death. A dose-response curve is the
mathematical display of this paradigm. From a dose-response curve we can
derive various descriptors of effect, for example, the lethal dose LDs, or the
highest concentration where no effect was observed, the no observed effect
concentration (NOEC).

A dose is the total quantity of a chemical delivered to a test animal or system.
We know doses from pharmaceuticals we take, for example, one tablet or 200 mg
of aspirin if we have a headache. In toxicity testing it makes more sense to report
a normalised dose, for example, dose per kg of body weight of the test animal.
For in vitro bioassays, the dose is difficult to quantify because it will depend on
the number of cells and the medium volume. Therefore, concentrations are the
typical dose-metrics in cell assays. A concentration is the mass or molar amount
of a chemical divided by the volume of the test system.

This chapter introduces dose—response assessment in general terms before we
focus on concentration-response curves (CRC) in in vitro assays. We
differentiate between the activation of a certain response on the level of
molecular initiating event or key event (Chapter 4) and cytotoxicity. We present
various options for modelling CRCs and deriving benchmark doses (BMD) or
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benchmark concentrations (BMC). Effect concentrations of water samples are
expressed in units of relative enrichment factors (REF) instead of concentrations
because water samples contain undefined complex mixtures of chemicals but can
be translated into bioanalytical equivalent concentrations (BEQ) for an easier
analogy to the effects caused by single chemicals.

7.2 DOSE-RESPONSE ASSESSMENT
7.2.1 Dose-response curves

A dose-response curve plots the response (e.g., death, or a more subtle sublethal
effect) of a population under study (e.g., rats, mice) against increasing dose of the
test chemical applied to the system (Figure 7.1). The dose—response curve looks
like a saturation curve on a linear dose scale but is typically sigmoidal on a
logarithmic scale.

On the lower left of the log dose—response curve, at very low doses, there is no
measurable response in the test system. It is important to note, however, that a close
look at the lower end of the dose—response curve on a linear dose scale reveals that
the relationship between dose and response is in fact linear at low doses when the
dose is not in logarithmic scale (Figure 7.1).

Figure 7.1 shows that as the dose is increased, there is initially no detectable
increase in the monitored response. Eventually, a detection threshold is reached
above which the response quickly increases with increasing dose in a near linear
manner (actually log-linear, as the x-axis is on a log-scale). The dose-response
curves then levels to a maximum of 100%. This dose—response curve is common
to all biological responses, although it can sometimes be affected when more than
one type of effect co-occur in the test system as is discussed in more detail for
cytotoxicity and activation of an effect.
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Figure 7.1 A dose—response curve with the dose on the x-axis and the response
(in %) on the y-axis. If the dose is plotted on a logarithmic scale, the typical
sigmoidal form is visible. The figure on the right depicts the low-response level
linear portion of the dose—response curve.
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7.2.2 Dose benchmark values

Several important parameters can be described by the dose-response curve. The
most common descriptor is the LDsq, the dose that is lethal to 50% of the
organisms in a test population (Figure 7.2). The highest dose tested that is not
statistically different from the negative control is referred to as the ‘no observed
adverse effect level’ (NOAEL), while the next dose above, that is, the lowest
dose tested that is statistically different from the negative control, is called the
‘lowest observed adverse effect level’ (LOAEL). In general term, these dose
values are called point of departure (POD) in risk assessment for extrapolation to
safe levels for sensitive human populations.

A major issue with LOAEL and NOAEL as expressions of toxicity is that they
are dependent on the experimental design (i.e., dose spacing) and variability of
the data, which could be affected by the number of replicates for each dose or the
inherent variability of the test system. Therefore, parameters that are calculated
from the whole dose-response relationship are preferred expressions of toxicity,
such as the BMD. The BMD,, for example is the dose calculated from the
dose-response curve required to produce 10% of the maximum response.
Another common parameter is the benchmark dose level (BMDL), which is the
lower confidence boundary of the BMD. The BMD is preferred over NOAEL
and LOAEL because it does not depend on the experimental doses and takes into
account the shape of the full dose-response curve (black line in Figure 7.2). A
limited number of data points or high variability in the controls can cause the
NOAEL to be much higher, as high as 40-50% of the response, while for the
same situation the BMDL becomes smaller due to the higher uncertainty (Haber
et al., 2018), which is more precautious from a risk assessment perspective.
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Figure 7.2 A typical dose—response curve with the logarithm of the dose on the x-axis
and the response (in %) on the y-axis. (a) Individual response data points and
derivation of no observed adverse effect level (NOAEL) and lowest observed
adverse effect level (LOAEL). The grey area represents the variability of the
negative control. (b) The same data plotted as averages and described with a
dose—response model used to derive the lethal dose (LDsg) and the benchmark
dose (BMD+j).
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7.2.3 Continuum of toxicity

As described in Chapter 4, in the case of chemical-mediated toxicity, effects at low
levels of biological complexity (e.g., molecular and cellular) can translate into
higher-order effects at the tissue, organ and eventually organism level, depending
on the severity of the effect and the ability of compensation and repair
mechanisms to cope with the damage. This continuum of toxicity can also be
plotted on a dose-response graph, which shows that as the dose increases so does
the level of biological complexity affected (Figure 7.3).

Let us delve into this continuum by using the example of a liver toxicant that
interferes with a liver enzyme. At low dose, the toxicant has no noticeable effect
on the liver enzyme. As the dose increases, increasing amounts of the enzyme is
inactivated by the toxicant. Initially, this effect has no further consequence
beyond the molecular level, but as more and more of the enzyme is affected, the
increasing molecular dysfunction starts to affect cellular health and finally,
cytotoxicity becomes evident. The organ, in this example the liver, can deal with
a certain amount of cellular damage and initially the death of a few individual
liver cells has no further impact. But above a certain dose, the cellular damage
exceeds the compensatory capacity of the organ, and organ damage occurs.
Eventually, sufficient organ damage occurs to negatively affect the whole
organism, ultimately resulting in death.

The continuum of toxicity is one of the reasons it is logical to attempt to detect
toxicants by their effect at the molecular and cellular level, as is done with in vitro
bioassays. Indeed, the molecular and cellular effect will occur at much lower doses
than those causing organ and/or organism-level effects detectable in in vivo tests.
Using a well-designed battery of in vitro bioassays therefore allows a sensitive
assessment of toxic potential. As previously mentioned, a response at the
molecular and cellular level does not necessarily translate into higher-order
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Figure 7.3 Continuum of toxicity. As the dose increases, so does the level of
biological complexity that is affected by the toxic