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Abstract

In this chapter, information about some of the estrogenic compounds and their
environmental fate and biological influence can be found. Special attention is paid to
the review of the analytical approaches used at the stages of detection and determi-
nation of Endocrine Disrupting Compounds (EDCs) in the environmental samples.

Also, a brief characterization of both cellular and non-cellular bioassays is presented.

The discovery of micropollutants occurring in the environment resulted in new
methodologies being put into the analytical practice. These methodologies are
developed in two different directions. The first is based on methodological solutions
designed to detect, identify, and determine xenobiotics that occur in various environ-
mental samples. For this purpose, instrumental methods such as gas and liquid
chromatography with mass spectrometry detection are usually used. The second
approach is to put into the analytical practice the new bioanalytical methodologies.
These methodologies allow the estimation of the sample endocrine potential, but they
do not provide the information about which of the sample ingredient is responsible
for causing the toxic effect. These results can be the basis for estimating the endocrine
potential of the environment exhibited by certain species. Moreover, bioanalytical
techniques may be supplementary to the techniques of quantitative and qualitative

determination of EDCs.

Keywords: Endocrine Disrupting Compounds, xenohormones, trace organic pollu-
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1. Introduction

The development of new technologies, progressive urbanization, increasing consumerism,
and industrial boom in developing countries has led to elevated pollution of the environment.
The broad spectrum of pollutants produced and released to the environment has increased in
the last few decades, including the agricultural, industrial, pharmaceutical, and plastic
industries. These chemicals can be found in the individual elements of the environment, both
living (biota) and non-living. Chemists very often pay attention only to chemical compounds,
which are treated as substances foreign to the average chemical composition of individual
elements of the environment or occur at levels higher than the so-called mean composition.
However, attention should also be paid to legal aspects connected with the presence of specific
pollutants in the individual elements of the environment, which are often defined as xenobi-
otics. Environmental research includes a broader spectrum of chemical individuals — xenobi-
otics — that need to be detected, identified, and determined. They can be divided into [1]:

* compounds that are already subjected to legal regulations because their physicochemical
properties, as well as immediate and distant toxic effects (as a result of ecotoxicological
tests), and appropriate methodologies are already available and it is possible to obtain
reliable information about changes in the content of these analytes in various types of
environmental samples. Thus, it was possible to propose appropriate standards defining
the highest concentration of a given xenobiotic in a defined environmental element. These
normative values are called the Maximum Admissible Concentration (MAC) in European
countries and the Threshold Limit Value (TLV) in the United States [2, 3];

¢ compounds that are not subjected to legal regulations yet. This group includes xenobiotics
detected in the environment because new analytical methodologies were introduced into
the analytical practice, which make it possible to detect and determine analytes occurring
in tested environmental samples at very low levels (so-called micropollutants). It is said that
the determined compounds have been so far called unidentified pollutants. The group of
pollutants, which are not subjected to legal regulations, includes the so-called newly
emerging pollutants [4]. These compounds are introduced into the individual elements of
the environment as a result of new manifestations of human pressure, e.g. anew technology
of manufacturing products or consumer goods. As a result, it has not been possible yet to
define the ecotoxicological properties or develop and validate appropriate analytical
procedures, which could make it possible to obtain reliable information about the levels of
these compounds in various environmental samples. The occurrence of some specific micro-
pollutants (EDCs), which are not subjected to legal regulation yet, has become more and
more concerning in the last years [5].

The examples of the EDC groups, whose presence in the environment are both regulated and
non-regulated by legal aspects, are presented in the Figure 1.
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Regulated pollutants \

Dioxins (PCDD, PCDF)
Polyaromatic hydrocarbons (PAHs)
Polichlorinated Biphenyls (PCBs)

Chlorinated organic pesticides

ENDOCRINE

Bisphenol A \ DISRUPTING
COMPOUNDS

Steroid sex hormones

Metal complexes
Alkylphenol etoxylates
Derivatives of phtalanes

Personal care products (PCP’s)
Brominated Flame Retardants (BFR’s)
Nonionic surfactants

Pharmaceuticals’ residues

Gasoline additives

\Synthetic musk compounds / /

Figure 1. Groups of EDC pollutants subjected/not-subjected to legal regulations.

1.1. The basics of hormonal regulation

To understand endocrine disruption, the basic features and mechanisms of the endocrine
system must be explained. The endocrine system consists of a number of ductless glands that
secrete hormones directly into the circulatory system (to the blood) in order to regulate various
functions of the body. In turn, a hormone is called a special signaling molecule that is produced
by an endocrine gland. Hormone molecules travel through the blood to target distant cells and
tissues to regulate physiological functions and behavior [6].

The endocrine system is made up by the following glands:

* the pituitary gland at the base of the brain;

* the thyroid gland in the neck;

* the adrenal glands in the abdomen next to the kidneys;

* the gonads (ovaries and testes) and certain parts of the pancreas;
* the parathyroid gland;

* the thymus.
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Next to these specialized endocrine glands, many other organs and tissues have secondary
endocrine functions and secrete hormones (e.g. heart, adipose tissue, muscle, liver, kidneys)
[7, 8]. Just to make a story short, every system of internal secretion glands, hormones, and final
organs sensitive to given stressors can be named the hormonal system. With such systems, the
organism can reach and hold the homeostasis.

Hormones produce effects by acting on specialized proteins called receptors that attract and
bind to specific hormones. Hormone receptors provide specificity to hormone actions, both in
terms of the time and the place of hormone action. A receptor proteins superfamily consists of
glucocorticoid, mineralocorticoid, androgen, estrogen, progesterone, retinoic acid, vitamin D,
and thyroid receptors. Binding with ligand (antagonist or agonist) in vivo causes conforma-
tional changes, dimerization, and binding to a specific DNA sequence responding to charac-
teristic receptor (see Figure 2) [1].

The target of the hormonal system is the activity of estrogenic, androgenic, thyroid, and
glucocorticoids hormones. Classification of the hormones based on their structural properties
is presented in Table 1. The modes of action of specific signaling systems are summarized in
Figure 2 [1].

1.2. Endocrine disrupting compounds as xenohormones

EDCs are chemicals responsible for the occurrence of disturbances in the hormonal balance of
the organism. This group includes both egzogenic and endogenic substances or their mixtures
that impact the function of the natural hormones in the organism [13]. Taking into account
complexity and importance of hormones played in organisms functioning, it must be stated
that endocrine chemicals have versatile and almost unlimited cells at low concentration levels.
EDCs, also called xenohormones, disturb natural hormonal balance by modifying the func-
tioning of the hormonal system in numerous ways [13-15]. Below are specified selected
processes through which EDCs may influence human beings [8, 13, 16]:

* modifying hormones synthesis pathways;

* hormones excretion mechanisms;

* cell/tissue transport of hormones in the organism;
* binding to receptors;

* hormones degradation pathways.

* EDCs have also imprinted in the specific mechanisms of modifying organisms functioning,
just to mention [15]:

* mimicking the endogenous hormones’ functioning;
* antagonism with synthesis of natural hormones or their metabolism;
* changes of level or activity of the hormonal receptors.

* EDCs can be assigned to one of two groups [17]:
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* natural endocrine chemicals;

* chemicals emitted to the environment as a result of anthropopression.

\nducad response
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Figure 2. Mode of hormonal action in target receptor.

Type

Characteristics

Steroid hormones

They have lipophilic characteristics and contain fragments similar to cholesterol.
These belong mostly in sex hormones such as estrogens, androgens, and
progesterone. Both males and females produce all these hormones, but in different

quantities.

Amino acids’ derivatives

They have hydrophilic characteristics and are stored in endocrine cells until the
moment it needs to be released. They connect with specific surface receptors and

activate secondary signaling factors. Epinephrine is an example of such hormone.

Polypeptides

They contain amino acids varying from few to over 200 residues. These are water-
soluble hormones such as insulin, growth hormone, prolactine and are stored in
endocrine cells until they are needed, e.g., during metabolic regulations, lactation,

growth, breeding.

Table 1. Division of the hormones based on their structural properties [1, 9-12].

1.2.1. A brief history of EDCs discovery

The first evidences of endocrine disruption in nature have been observed since the 1950s, but
the source of the occuring phenomena was not known yet. Figure 3 shows the most important
milestones in the development of the knowledge about endocrine disrupting micropollutants.

Currently, the studies on EDCs are spreading in all branches of science including analytical
chemistry, toxicology, chemometrics (data treatment), modeling, chemical processing, etc. [30].
Their aim is to predict the environmental fate of these chemicals, EDCs' potential to cause

observable deformations, identify newly emerging pollutants, and assess the efficiency of
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novel sozotechnical methods being designed to reduce threats posed by EDCs. The next step
—and the most difficult one — for sure will be validating and establishing legal frames to control
the pollution level with EDC.

2010 Development of steroidogenesis in
primary porcine Leyding cells test [29]

Dvelopment of ER-CALUX
2005 assay [27, 28]

Dwelopment of The
Harshberger assay [26]

2004

Development of H259R
2001 T
steroldogenasis assa |
| yesl Development of the Frog
2000 Embryo Teratogenesis Assay
Xenopus (FETAX) [22]
Dvelepment of YES —
1996 Yeast Estrogen Assay [21]
Development of E-5creen, mouse |
1995 lactoferrin gene test and Vitellogenin
assay (19, 20, 21)
| A study of Danish men showed that the numer of testicular
1932 I cancer ncreased 3 times between 40s and 80s [18,19]
1991 fe A phenomenon of endocrine disruption
was formulated by diverse disciplines
1990
A decrease of alligators population becau se o
1980s pollution of their eres [18]
1980
A huge population of hermaphroditic fish
1978 was observed downstream of WWTP [18]
11970 Areport about mellusk
I impasex was published [18]

Fernale minks not calved or lost

1960sf+————— their pups because of the
presence of PCBs in fish fed
1960
Disappearance of the
195058+ otters from the rivers of -
foglane First documented loss of
1952 natural instinct of bald eagles
1950 in Florida

Figure 3. Selected milestones on Endocrine Disrupting Chemicals analysis and environmental issues.

Since the 1960s, the huge increase of the number of such scientific papers has been observed.
The rate of this increase is presented in Figure 4.
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Figure 4. Increasing number of manuscripts on EDC over the years.

1.2.2. Scientific centers and laboratories dealing with the issue of EDC

There is still not enough knowledge about mechanisms, modes of action and the effects that
endocrine disrupting compounds and their mixtures, which are present in the environment,
have on single organisms and on whole ecosystems. That is the reason why researches in this
field of expertise are being held in numerous scientific centers and laboratories all over the

world. In Table 2, the above mentioned scientific units are presented. The studies conducted
are aimed at:

* developing new analytical methodologies and their validation;

* the use of various procedures to obtain information about the content of various groups of

xenobiotics in samples collected from various elements of non-living environment and biota
samples.

2. Health effects

2.1. Harmful health effects of EDCs on vertebrates
2.1.1. Humans

Until now, there is no clear opinion in the scientific circles concerning the harmful effects of
EDCs. However, it is hard to remain calm as the review of literature concerning the issues
connected to environmental chemistry and ecotoxicology shows an increasing number of
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Scientific center

Catalan Institute of Water Research (ICRA) Girona, Spain

University of Saskatchewan, Department of Veterinary Biomedical Sciences and Toxicology Centre, Saskatoon, Canada

Gdansk University of Technology, Department of Analytical Chemistry

University of Arizona, Department of Chemical and Environmental Engineering, Tuscon United States

University of Exert, Bioscences Exeter, United Kingdom

Carleton University, Department of Chemistry, Ottawa, Canada

Institute of Molecular Science, Division of Molecular Environmental Endocrinology, Japan

Universiteit Antwerpen, Toxicological Center, Antwerpen, Belgium

Table 2. Information on selected scientific units conducting research on EDCs.

articles showing a relation between the presence of xenobiotics in the environment and the
annually increasing rate of incidence of various kinds of neoplasms, distorted reproductive
behavior, and an increasing level of feminization of specific populations at different levels of
the food chain.

Even though the majority of those studies has been conducted on animals, there is evidence
confirming the negative effect of even small doses of those substances have on humans [31].
The EDC group compounds are characterized by a similar structural construction to natural
estrogens. Although the activity of many xenoestrogens has been estimated to be lower than
the activity of the feminine sex hormone estradiol, numerous in vitro studies indicate its
capability of binding with ERa, Estrogen Receptors, and aryl hydrocarbon and thyroid
hormones receptors. These properties are the reason why estrogen is suspected to cause
diseases resulting from hormonal disorders, including: fertility problems, heart diseases,
circulatory problems, and diabetes [32]. The data published during the last few years more
and more often indicates to a relation between identification and the growing levels of EDCs
in various biological samples and the global problem of obesity, which occurs on an epidemic
scale.

In addition, as the latest reports from the scientific world indicate, many of these compounds
may have an influence on organisms not only through receptors. The epigenetic tests con-
ducted have confirmed that these compounds influence the process of methylation of histone
proteins, influencing alterations in the molecule expression. There are many concerns regard-
ing the fact that these contaminations are capable of crossing the placenta barrier and the blood-
brain barrier, and thus, they may have a negative influence on organisms since the early stages
of their lives. This fact has been confirmed in many epidemiological studies and experiments,
what indicates to a strong correlation between an exposure of the mother to the activity of
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xenobiotics and the occurrence of neurodevelopmental disorders of her offspring, such as
ADHD, autism, or alterations in behavioural development as well as impairment of cognitive
functions [33]. There are many indications that show that the compound may be also respon-
sible for the initiation of carcinogenesis, that is why studies conducted in numerous research
centers are aimed at finding the relations between the presence of xenoestrogens in the human
body and the frequency of incidence of neoplasms of e.g., the testicles, prostate, uterus, ovaries,
and breasts [34].

Humans may be exposed to the harmful effects of the EDCs via many ways as presented in
Figure 5. [7].

AIR and DUST

Ingestion

Ingestion,
Dermal
contact,
Inhalation

WATER

Figure 5. Routes of human exposure to EDCs.

2.1.2. Wildlife

Most data about the adverse effects of endocrine disruptors present in the environment on
wild aimals come from Europe and North America. Observed changes vary from very subtle,
such as small changes in the physiology and sexual behavior of some species to permanently
altered sexual diferentiation. Most affected are aquatic species located on the top of the food
chain, but some effects have also been observed in terrestial species. Table 3 provides infor-
mation concerning some health effects induced by EDCs on wildlife [5].
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Area of the harmful
. Examples Chemicals responsible
action
Endometriosis PCBs, phtalates, dioxins
Female reproductive Fibroids Phtalates

health

Interferences in endocrine signallig of pubertal timing,

fecundity, fertility and menopause

Male reproductive

Testicular cancer

Testis germ cel

Genital abnormalities in babies

Cryptorchidism Diethylstilbestrol, pesticides
health
Reduced semen quality dioxins
Hypospadias Endocrine disrupting pesticides
Feminization Estrogenic chemicals
Dioxin, 1,2-dibromo-3-
Fewer male offsprings in human
chloropropane
Sex ratio
EDC-related sex ratio imbalances in wild fish and
molluscs
. Interferences in thyroid function, including pregnant
Thyroid-related PCBs, BPA, phtalates,

disorders

women; reduced thyroid hormones levels in blood serum

in rodents

perfluorinated chemicals

Hormone-related

cancers

Breast, endometrial, ovarian, proostate cancers

Xenoestrogens (PCBs, pesticides,

dioxins)

Thyroid cancer

Pesticides,2,3,7,8-

tetrachlorodibenzo-p-dioxin

Adrenal disorders in

human and wildlife

Adrenocortical hyperplasia (Baltic Sea seals)

Mixture of DDT and PCBs and

their methyl sulfone metabolites

Interfering development of the fetal adrenal cortex

PCBs

Induction delayed effects in

the response to stress in animal

PCBs

Bone disorders

Bone disorders, decreased bone mineral density

PCBs, DDT, hexachlorobenzene

Metabolic disorders Obesity, diabetes BPA, PCBs, dioxins
Prostate inflammation Xenoestrogens
Allergic sensitization BPA
I functi d
mumne functon an Lymphoma and leukemia -
diseases in humans
Autoimmune thyroid disease PAHs, PCBs

and wildlife

Endometriosis and allergies

Phtalates, dioxins

Asthma

Phtalates

Table 3. Summarized information about the adverese health effects of EDCs on wildlife [7].
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2.2. Harmful health effects of EDCs on invertebrates

There is still not enough knowledge on endocrine effects on invertebrates; however, these
organisms seem to be good intermediates in modeling hormonal potential toward higher
organisms. There are some historical reports in which females have exhibited signs of mascu-
linization, apparently in association with exposure to EDCs. Exposure of marine gastropods
to Tributyltin (TBT), a biocide used in anti-fouling paints, provides the clearest example in
invertebrates of an endocrine-mediated adverse effect caused by exposure to an environmental
contaminant. Masculinization of marine gastropods exposed to TBT has resulted in worldwide
declines of gastropods. The endocrine mechanism probably involves elevated androgen levels
possibly through altered aromatase activity. Tributyltin-induced imposex in prosobranch
female snails is a condition in which the penis “imposes” on the normal female reproductive
anatomy. The associated development of the sperm duct can, in extreme cases, lead to the
blockage of the oviduct of the female, resulting in sterility and population declines [1, 5, 7].

3. Environmental fate

Fate and transport data interpretation is a very challenging task to perform. Although the
amount of information is sufficient, it is crucial to identify critical processes and transport
pathways for prioritization and screening purposes.

Analyzing the ways the endocrine active compunds enter the enviornment, it can be distin-
guished as an nonpoint or a one point source of pollution. Areas affected with pollution are
mainly stream downs from cornfields and farm areas where different types of plant protetction
products and fertilizers are used, which can contain significant quantities of pharmaceutical
residue. Smaller quantities can reach the ecosystems by precipitation.

There's no doubt that the main source of xenoestrogene emissions to the enviornment are one
point pollutuion sources. A significant part of the EDC group compounds is reaching water
ecosystems with sewage.

And with that occuring, surface waters and underground waters have higher levels of
concentration of these substances than in air or soil.

Residue of pharamceuticals and other substances that are biologically active coming from
sources such as houses, hospitals, and production plants head to the sewer plants where they
undergo different processes of water purification. Unfortunately, due to their physicochemical
properties, they are resistant to biodegradation processes. This results in significant quantities
of residue are not eliminated and get across to water ecosystems or with sewage sludge to the
soil, groundwaters, and drinking waters. The ineptitude of widely used water purification
systems has caused all the elements of the environment to be polluted by endocrine com-
pounds. Xenobiotics, after reaching water ecosystems, undergo many different changes in
chemical processes in living organisms as well as the abiotic part of the environment.

There are three environmental processes that affect the environmental fate of EDCs (as well
as other pollutants). They are defined as:
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* Persistence — the tendency of a chemical substance or its degradation products to survive
in the environment without being transformed into other forms, (measure: hydrolysis half-
life, aerobic and anaerobic soil metabolism, and photolysis).

* Mobility — the tendency of a chemical substance to move within environmental media or
between media (measure: volatility, Henry’s law constant, K, K ., groundwater ubiquitous
score, aged soil column leaching, and terrestrial field dissipation studies).

* Bioaccumulation — the capacity of a chemical to accumulate (be stored in tissue) in an
organism as a result of uptake from all environmental sources (measure: octanol water
partition coefficient, BCF, and animal metabolism).

The environmental fate of endocrine disruptors is shown schematically in Figure 6 [35].

Compounds interfereing in the endocrine balance can undergo biodegradation, photodegra-
dation, sedimantation, elimination hydrolisys, or sorption on the matter particules suspended
in water. The level on which they will be adsorbed depends on the physical and chemical
properties and affinity to the particles present in water [35, 36].

Compounds included in this group, just like other types of xenobiotics, may undergo the
bioaccumulation process in tissues and organs of organisms at higher trophiclevels. This thesis
is confirmed by data on toxaphene presented in Table 4. Toxaphene is an insecticide contained
in over 670 products. Toxaphene is characterised by toxicity, stability, and ability to bioaccu-
mulate in animals and to travel long distances. Toxaphene is poorly soluble in water, so it can
be found in the air, soil, or sediments on the bottom of lakes and streams [37]. In the 1970s,
toxaphene was one of the most commonly used pesticides in the world [38, 39].

Element of the environment Concentration [ppb]
Air 0.0007
Snow 0.0009-0.002
Seawater 0.0003
Zooplankton 3.6
Arctic cod 1446
Arctic char 44-157
Ringed seal oil 130-480
European sturgeon oil 1380-5780
Narwhal oil 2240-9160

Table 4. Toxaphene concentrations in samples from various parts of non-living environment and biota accumulated in
the Arctic areas of Canada [41].
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CH,
CH

CH,

Toxaphene was used for fighting pest insects feeding on cotton, grain, fruits, nuts, and
vegetables. In the 1970s, fishing and hunting agencies also used toxaphene for killing fish
species that were considered undesirable. It was also used for fighting ticks and other acari in
domestic animals and poultry. Toxaphene is currently banned in the USA and in 57 other
countries worldwide, while in other 12 countries, its use is strictly restricted. At the beginning
of the 1990s, toxaphene was produced in Africa and Latin America; it is estimated that it is
used in the largest quantities in Africa [37, 40].
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Figure 6. Schematic presentation of the environmental fate of endocrine disruptors.
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4. Analysis and monitoring of EDCs in environmental samples

From a historical point of view, the instrumental techniques were first tools to determine trace
organic pollutant concentration levels in the environment. With the run of time albo biological
methods were introduced into the scientific routine to obtain more comprehensive and reliable
information of the pollution levels of given environemtnal compartments. In Figure 7, (A and
B below), basicinstrumental and biological data together with their short description to present
the development of tools in the field of endocrine potency determination with biological

methods are presented.

DETERMINATION OF EDCs IN THE ENVIRONMENT

T

Determination of endocrine potency

77N

Tests for estimating the
endocrine potency of the

O~
Using bioindicating organisms to
observe the endocrine potency of

7N

Methods of direct determination of

Methods of quantitative determination of EDCs

77N

sample
samples tested EDCs (non-cellular test,
N ~_ _— ( )
— |~
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™
IR - biomagnification Endotect ~
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controls ensures possibility of determining the estrogenicity potential [1,44-46].

* Cells show sensitivity to given types of chemicals, these may be estrogenic, androgenic or xenoestrogenic

Methods of indirect determination of
EDC
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2. separation of
ingredients

)¢

L4 spectroscopic
techniques (MS)

(

* Presence of estrogen induces response of cells proliferation rate being proportional to estrogen concentration in the sample studied. The cells line being
used are estrogen-defendant ones, e.g. cell lines of human breast cancer MCF-7. These cells are being incubated in the presence of sample testes while in the
control sample either the 17 B-estradiol is present (positive control) or not (negative control). Comparison of cells proliferation rates in samples tested and

light will take place (proportional to amount of active chemicals in the sample tested) [1,48,49].

YES/YAS

sample estrogenic activity.

biomagnification

Q
e
Biocore™
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Endotect™
~
RIANA
. )

fiber in the process based on the evanescence phenomena.

the evanescent response around the glass fiber is obtained and quantitatively measured [35,42].

(e.g. dioxin-lik

Similarly to

YES/YAS assay the main receptor gene is hyphenated with the reporting gene. If the sample tested poses the activity to proper group of cells the emission of

* The human estrogen receptor gene is introduced to the Saccharomyces cerevisiae (in case of YES test, for YAS it is androgenic gene) hyphenated to LacZ
reporter gene [43,47]. Such cells are becoming estrogen activity controls. In case of substance’s estrogenic potential it binds the estrogen receptor and is
signaling presence of estrogenic chemical initiating the reporting gene activity. The reporting gene is coding synthesis of B-galactosidase which afterwards
takes part in process of transforming the dye present in the sample solution from yellow to red one [1,48]. The intensity of red color is directly related to the

* There are numerous mammalian cell lines utilizable in the SCCoR (Single Cell Coactivator Recruitment). Genetically introduced ability of indicator to
fluorescence enables unique possibility of distinguishing whether or not the analyte is agonist or antagonist of the estrogen receptor in the cell [50].

o It is the only cell test not created with genetic engineering methods engagement or elaborating cells ‘proliferation potency. Application of this test is
based on fact that changes in cells functioning can be assessed due to changes in IR radiation changes caused by the cell organelles. The IR microscopy is
used for this purpose. The IR radiation in the mid-IR range is characterized with sufficiently low energy not destroying the cell organelles [51]. The light
dispersion is being measured with set of 128 sensors and the response is calibrated against naturally functioning cell.

* Utilizes the plasmon resonance phenomena) in order to assess reactivity between chemicals and estrogenic receptor at the detector surface being the golden
plate. The microflow system enables of transporting the sample stream at the surface of golden plate and the system of optical detection enables
measurement of the plasmon surface resonance. Numerical value of this parameter is directly proportional to the concentration of xenoestrogen tested. It is
also possible to use other physical phenomena to detect the estrogenic activity e.g. the piezoelectric effect or chelation of the nickel atoms

* Based on activity of human estrogenic receptors (hER) which are bind to promoters enabling fluorescence measurable with new type of detector called
evanescence-type detector. For this reason the hER and promoter are bound on the glass fiber and the total fluorescent response is being measured along the

* Used to determine the estrogenic properties of selected analytes. Its usability has been tested for assessing presence of xenobiotics (atrazine, isoproturone,
estrone) in the water samples [57]. The method utilizes laser to fluorescently induce the antibodies that is specifically bound to analyte. Similarly to Endotect™

* Based on competition between radiolabelled estradiol and the tested EDC to bind to the estrogenic receptor active site [58]. The purified protein of human

RB estrogenic receptor is being added to the sample of standards mixture — estradiol (of known concentration and labeled with tritium) and ligand being

(b)

Figure 7. (a) Classification of analytical approaches used in order to detect and determine EDCs in the environmental
samples and the endocrine potency of different samples. (b) Description of selected bioassays utilized for endocrine

potency determination.4.1 BIOLOGICAL METHODS

determined (with increasing concentration) and incubated. During this period the receptor-ligand complex settles on the surface of hydroxyapatite followed by
flushing out the unbound ligand from the surface. The product bound to the surface is radiolabelled thus can be measured.
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4.1. Biological cellular tests used to assess the endocrine potency of the environmental
samples

Cellular biotests are good alternative to traditional analytical procedures, as well as to
immunotechniques and methods utilizing living organisms as biomarkers of exposure to EDC
[91]. In these types of biotests, the yeast or human cells (e.g. cells of breast or kidney cancer)
are used to determine disturbances in the run of hormonal signaling [92]. The cells can be used
in unchanged form or altered with proper bioengineering methods to obtain the proper
response of cells to the presence of specific chemicals belonging to EDC [93]. For example, the
estrogen gene can be introduced to the yeast cells from human, fish, or other species genome.
In such case, the term of estrogen equivalent concentration (EEC) finds its application in the
form of the formula [42]:

EEC, =C, -EEF, 1)

where:
C; — concentration of particular EDC in the sample studied EEF; — numerical value of the en-

docrine equivalent factor

Numerical values of this factor determines in the relative way the endocrine character of given
the chemical in relation to the endocrine potency of the reference chemical, most often estradiol
or 17p-estradiol.

In this way, the endocrine potency can be described using the equation [32]:
EEC, =XEEC, (2)

In Table 5, there are given numerical values of EFF of selected chemicals belonging to EDC.

COMPOUND EEF
Estradiol 1
17a-etynyloestradiol 1
Estrone 0,1-1
Bisphenol A 5.10%-6-107°
Nonylophenol 23:107-9-10°
7.2:107-19-107
Octylophenol 1-10°-49-10"*

Table 5. Numerical values of EFF of selected chemicals belonging to EDC

In Table 6, the data concerning the analysis of various samples with bioassays is given.
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SAMPLE EXTRACTIO DETECTION Concentration
No. ANALYTES References
TYPE N TECHNIQUE determined
Bottled
1 Bisphenol A water ELISA 0.05 ng/cm® 0.01-1.33 ng/cm? [59]
samples
Estradiol and estrone Radioimmunoass 0-3ng/dm®  1.2-9.4 ng/dm?®
Testosterone pxtractiQn og ay 0.3 ng/dm?® >0.4 ng/dm?®
2 River water C-18 [60]
Estriol | 0.1 ng/dm?® >0.5 ng/dm?®
columns ELISA
Ethinylestradiol 0.1 ng/dm? >0.2 ng/dm?
20-1000 0.724-78.15
Alkylphenol ethoxylates
pg/dm? pg/dm?
Bisphenol A 5-500 pg/dm?® 0.08-1.55 ug/dm?
17B-estradiol 0.05-1 ug/dm?®0.57-1.73 ug/dm?®
17a-ethinylestradiol 0.12 ng/cm®  0.5-1000 ng/cm?
1,3,4,6,7,8- Filtration
hexahydro-4,6,6,7,8,8- Wastewate with a glass- LC-MS/MS
) ) 1.3ng/g  <LOQ-62.1ng/g [61]
hexamethylcyclopenta[g] r fiber filter, ELISA
-2-benzopyran (HHCB) SPE (HLB)
Musk xylene 0.5ng/g  <LOQ-13.0 ng/g
Norethindrone 15 ng/dm?®
Levonorgestrel 15 ng/dm®
<LOD-118
Nonylphenol 1.3 ng/dm?
ng/dm?®
Testosterone YES - 0.8-35.5 ng/dm? [62]
Radioimmunoass
Estrone, estradiol - 3.2-4.3 ng/dm®
4 River water SPE (C18) ay
Estradiol - 0.7-3.4 ng/dm?
ELISA
Ethinylestradiol - 1.4-19.4 ng/dm?®
Sewage
5 Estrone SPE (C18) MCE-7 - 70 ng/dm? [63]
effluents
Cleaned
6 Estradiol wastewater SPE (C18) YES - 1.1-11.1 ng/dm? [64]
s
0.035+0.002 ug
17 a-ethinilestradiol  §yrface and -
/dm?3
7 sewage ELISA [65]
0.085+0.010
Estradiol waters -

ug/dm?
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SAMPLE EXTRACTIO DETECTION Concentration
No. ANALYTES LOD References
TYPE N TECHNIQUE determined
Estrone - 0.17-10.7 pg/dm?
River
8 Atrazine SPE (C18) RIANA - 0.35-1.47 pg/dm?® [57]
waters
Isoproturon - 0.11-2,83 pg/dm?
17 B-Estradiol - 8.1 ng/dm’®
Wastewate
9 Estradiol SPE (C18) YES - 11.5 ng/dm? [66]
rs
p-Nonylphenol - 55 ng/dm?®

Table 6. Concentrations of selected EDCs determined in environmental samples using biological and instrumental

methods.

4.2. Analytical and instrumental methods used for detecting EDCs

Detection, identification, and quantitative determination of EDC-like chemicals are currently
achieved mostly with chromatographic techniques. Prior to chromatographic separation and
detection (mostly with mass spectrometry or time of flight detection), complex and time- and
labor-consuming sample treatment are necessary as presented in Figure 8 (as exmple on the

basis of data revision [67,68]).

WATER SAMPLES TAKEN FROM
WWTP

(700 mL)

SAMPLE FILTRATION

Sample pH Adjustment (~3-4)

STANDARDS ADDITION

EXTRACT PURIFICATION
Sorption tube :  Sorbent: silica gel

Elution:

Solvent: 2 mL of cyclohexane/acetone (65/35 v/v)

ISOLATION AND ENRICHMENT OF THE ANALYTES
Sorption tube: Sorbent: 200 mg of STRATA X
Sample stream flow rate: ~ 10mL/min

Elution: 40 mL MeOH

SOLVENT EVAPORATION (To
Dryness)

Nitrogen stream

DISSOLVING THE DRY RESIDUE

(acetonitrile — 250 uL)

CHROMATOGRAPHIC ANALYSIS

(LC-MS)

Figure 8. The schematic presentation of selected estrogen determination in sewage samples with LC-MS.

* Pre-treatment

Water and sewage samples collected for determination of endocrine disrupting compounds
contain other various impurities. At this moment of sample treatment, the majority of samples
is subjected to filtration to remove solid impurities. Pre-existing coagulation facilitates the
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filtration. Then the sulfuric acid, hydrochloric acid, methanol, or formaldehyde can be added
to the samples to obtain the appropriate pH. The addition of one of these compounds also
prevents the degradation of the assayed analytes. Samples are stored in darkness and low
temperature, usually <4°C, in bottles made of amber glass to avoid photodegradation of
analytes [69, 70].

e Extraction

The usual method of trace organic pollutants extraction is solid-phase extraction (SPE). The
first step is filling the column-conditioning of the sorbent. After conditioning, the column is
percolated with test sample. The target analytes and other compounds absorb in the sorbent.
The next step is the elution of interfering compounds from the column. At the end, the target
compounds are eluted with proper solvent mixtures. Solid phase extraction can be either: on-
line where the extraction is directly integrated into the system of the quantitative analysis; or
it may be off-line where the extraction column is not connected in any way with the gas or
liquid chromatograph. In on-line SPE, full automation of the process occurs and the method
is characterized with ease of application of samples and a large throughput. However, despite
the higher costs off-line SPE, it is often used because when combined with GC, water must be
removed totally prior to eluting analytes [70].

When choosing the appropriate sorbent for the SPE column, one has to take into account the
chemical and physical properties of assayed compounds. One of the most frequently used
cartridge packing is Oasis HLB. It allows to obtain high recovery of both the acidic, basic, and
neutral compounds. Recovery exceeds 70%. This sorbent can be used for the large range of pH
of the samples, ranging from 2-7. Lichrolut ENV+ cartridges are used when the sample has a
low pH and contains polar organic compounds or when sample contains neutral drugs and
its pH is neutral. Columns packed with C-18 are suitable for non-polar or moderately polar
compounds. The extraction process must then be optimized: sample volume, the volume of
sorbent cartridge, percolation rate, type of eluent and its volume. The elution solvent is selected
depending on the properties of the compounds eluted and its elution strength.

A less frequently used method is the Solid Phase Microextraction (SPME). It depends on the
distribution of the analyzed chemical compounds between the sample and the sorbent. This
method is fast, moderately new, and an easy method of extraction. SPME coupled with GC
content allows the study of semivolatile, volatile, and non-polar analytes. More difficult is the
combination of this technique with liquid chromatography. Non-volatile compounds are not
totally desorbed during the thermal desorption. SPME has many advantages thus it is more
attractive than the SPE method, but has a more restricted choice of sorbent and too little
sorption capacity. Therefore, the parameters of this technique are still optimized for wider
application and greater sensitivity. Samples after SPE or SPME are concentrated using
evaporation under a gentle nitrogen stream [70].

Another common method of extraction is liquid-liquid extraction (LLE). LLE relies on shaking
the sample with an organic solvent for a specified period of time. One can perform this
operation several times. The organic phase is separated from the water, and mixture of all the
extracts is obtained. The resulting solution is dried, for example, using anhydrous sodium
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sulfite. When the sample volume is sufficiently small, determination of analytes can be started
[71].

* Determination of concentration levels of target analytes

Liquid chromatography combined with tandem mass spectrometer is the most widely used
analytical technique because it allows ion fragmentation that is needed for accurate and precise
determination of the analytes. LC-MS/MS determines the compounds that have identical
molecular weight but disparate product ions. Using MS/MS increases the selectivity and
sensitivity of the method. Atmospheric pressure chemical and electrospray ionization (APCI
and ESI) are modes of ionization interfaces that are the most widely used with LC-MS/MS.
Low or medium polar compounds are determined by APCI, and the analysis of polar analytes
is conducted using ESI. The main use of liquid chromatography is to determine non-volatile,
polar, or degradable under high temperature substances. For example, beta-blockers and
antibiotics can by analyzed using only LC-MS/MS [70].

One of the biggest difficulties with LC-MS/MS is interference in the matrix effects. This effect
causes the strengthening or suppression of the analyte signal, thus producing erroneous
results. When contaminated environmental samples are analyzed, for example wastewater, it
is necessary to perform efficient clean up of samples. The process of optimizing the analytical
methods, such as of liquid chromatography, involves making a series of studies to determine
the parameters that give the best results for all determined substances. MS parameters are also
optimized for each analyte by conducting the flow injection analysis (FIA). To obtain credible
results, it is needed to optimize the separation of compounds by liquid chromatography and
mass spectrometry parameters.

In case of GC-MS analysis, the matrix effects occur less frequently than during the analysis of
LC-MS/MS. The disadvantage is that it is a more time-consuming technique and requires
complex preparation of the sample in case of derivatization step.

As a result of derivatization of polar components, their analogs are less polar and more
thermostable. It increases the sensitivity of analysis but also increases the loss of sample by
performing additional operations. A negative aspect of derivatization is the use of carcinogenic
and toxic reagents. Derivatization reaction should allow the detection of analytes that have
polar functional groups. It is effective when the reaction occurs in a given time with 90%
efficiency.

In literature there can be found many applications of GC-MS for the analysis of drugs, PAHs,
PCBs, and other pollutants in water and wastewater samples [70].

In Table 7, there are presented examples of determining the EDCs in environmental samples,
mainly in samples of river, drinking, surface, and sewage water. They are also determined in
samples of food, air, in the tissues of the Chinese sturgeon, in house dust, and in human serum.

It can be stated that LC-MS/MS and GC-MS are the most often used techniques in determining
EDCs. Other methods such as high performance liquid chromatography with fluorescence or

diode array detector are less frequently used in the analysis of EDCs. The best results are given
by the combination of LC-MS/MS with GC-MS.
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On the basis of data collected in Table 1, it can be concluded that people and other living
organisms are exposed to EDCs throughout their entire life. Even low concentrations levels of
EDCs can have a significant impact on animal and human health and the existence/health state
of entire populations. Many people do not realize that even these small amounts can be
significantly harmful after long exposure. The concentration of some compounds from the
EDC groups has decreased because their application was banned. Unfortunately, they have
long half-lives, so trace amounts are present in the samples assayed decades after the release
of specific chemicals.

Determination of EDCs poses many challenges and problems. Newer and more accurate
analytical methods are required and need to be used by the scientific community. There are
more and more articles/books about detection of EDCs in environmental samples and their
harmfulness. Application of EDC should be reduced as far as possible because contamination
of these compounds poses a huge risk to the environment.

Measured
SAMPLE DETECTION REFERENCE
No. ANALYTES EXTRACTION LOD concentratio
TYPE TECHNIQUE
n
Testosterone - 0.1 ng/cm?
17-
- 0.1 ng/cm?®
hydroxyprogesterone  Human  LLE (diethyl
HPLC-MS/MS [72]
Cortisone and serum ether) 0.1-50.0
estradiol ng/cm?
Androstenedione - 0.1 ng/cm?
1.49-29.9
DEET 11.6 ng/dm?®
ng/dm?®
2,4-dichlorobenzoic 3.24-9.35
River water SPE LC-MS/MS 2.3 ng/dm?® [73]
acid ng/dm?
3.08-134.5
Erythromycin 13 ng/dm?
ng/dm?®
Carbon nanotube-
Drinking
tyrosinase based
3 Bisphenol A and surface . 0.02uM 0.5 pug/dm? [74]
amperometric
water
enzymatic biosensors
<LOD-0,007
Bisphenol A 6.3 ng/dm® R
LiChrolut pg/dm
LC-ESI-MS
Natural ~ RP-18 SPE <LOD-0,022
5 Estrone 2.5 ng/dm?® [75]
water pg/dm?
. LiChrolut 0.002-0.003
Desethylatrazine LC-APCI-MS 1.61 ng/dm?®

RP-18 SPE ug/dm?
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Measured
SAMPLE DETECTION REFERENCE
No. ANALYTES EXTRACTION LOD concentratio
TECHNIQUE S
n
Diuron 10.95 ng/dm?®0.004 pg/dm?
8.9-25.0
Estriol 5.0 ng/dm?®
ng/dm?®
17a-ethynylestradiol g ¢ - e, 1.0 ng/dm® 1.3 ng/dm®
pH adjustment [69]
drinking, 1.7-36.0
6 Estrone to 2 followed LC-MS/MS 1.0 ng/dm?®
and waste ng/dm?
by SPE (HLB)
Testosterone waters 1.0ng/dm’® 1.1 ng/dm?®
2.0-69
DEET 1.0 ng/dm?®
ng/dm?®
64-546
7 Polyfluorinated alkyls Air samples GC-MS [76]
pg/m’
Surface and
12 perfluorinated 2-4385
drinking SPE HPLC-MS/MS [77]
surfactants ng/dm?®
water
SPE (HLB) <LOD-112.9
Estrone 44.0 ng/dm?®
Cartridge ng/dm?®
e (polymer of 150 s <LOP10L9
thynylestradio N- HPLC-DAD .0ng/dm
10 River water . ng/dm? (78]
vinylpyrrolido GC-MS
<LOD-888.4
Daidzein ne and 10.0 ng/dm?
. ng/dm?
divinylbenzene
4-nonylphenol ) 7.0 ng/dm?® <LOD
5200-5400
Estriol
ng/dm?®
2200-3000
Estrone
SPE ng/dm?
Wastewater N-
: : ( LC-MS/MS , 0.5-1000
12 17a-ethinylestradiol ~ from a vinylacetamide 0.12 ng/cm , [79]
LC-MS ng/cm
swine farm ), pH adjusted
Estriol to3 0.006 ng/cm® 0.35 ng/cm®
0.47-0,54
Bisphenol A 0.02 ng/cm®
ng/cm®
17a-ethinylestradiol 0.1 ng/cm® 3.57 ng/cm®
Liver, Soxhlet
Hexachlorobenzene  muscle, extraction 1.6-525.0
13 GC-MS 0.07 ng/g [80]
(HCB) heart,  (dichlorometha ng/g
gonad, ne and
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Measured
SAMPLE DETECTION REFERENCE
No. ANALYTES EXTRACTION LOD concentratio
TECHNIQUE S
n
stomach,
intestines,
adipose,
gill,
pancreas,
1,1,1-trichloro-2,2- . methanol
kidney, . <LOQ-480
bis(p-chlorophenyl) mixture 0.2ng/g
gallbladder, ) ng/g
ethane (DDT) solution)
and roe
from 13
female
Chinese
sturgeons
21-128.5
Estrone 5.6 ng/dm?®
ng/dm?
10.9-224
17B-estradiol 11.2 ng/dm?®
ng/dm?®
14 Wastewater SPE (Oasis) GC-MS [81]
15-890
Bisphenol-A 17.4 ng/dm?®
ng/dm?®
29-710
4-tert-Octylphenol 8.5 ng/dm?®
ng/dm?
Sulfadiazine 1ng/dm® 6-50 ng/dm®
4648-22633
Estriol 5 ng/dm®
Waste SPE (Oasis ng/dm?
15 HPLC-MS/MS [82]
17a- Ethynylestradiol ~ water HLB) 10 ng/dm?® <487 ng/dm?
5.7-30.8
Ethinylestradiol
ng/dm?®
SPE (Oasis
16 Atrazine Wastewater LC-MS/MS 1118 ng/dm? [83]
HLB) &
0.116-0.214
Testosterone
pg/dm?
SPE (HLB) LC-MS-ESI
Bis(2-ethylhexyl
( ylhexyD 7-20 pg/dm?®
phthalate Drinking
17 [84]
ecethvnvlestradiol " 0.073-0.831
a-ethynylestradio
yny The CLLE ug/dm?’
extracts GC-MS
L 0.11-0.199
Progesterone derivatization

pg/dm?
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Measured
SAMPLE DETECTION REFERENCE
No. ANALYTES EXTRACTION LOD concentratio
TECHNIQUE S
n
Sulfamethoxazole 1.8 ng/dm?® <410 ng/dm?
HPLC-DAD
3.39-169
18 4-Nonylphenol =~ Wastewater SPE (C18) HPLC-FLD 0.09 ng/dm?® e [85]
ng/dm
GC-MS 8
0.08-0.39
4-nonylphenol Surface 0.075 pg/dm?® s
19 LLE (CH,Cl,) HPLC-FLD pg/dm [86]
water
4-tert-octylphenol 0.05 pg/dm® <0.16 pg/dm?
21-420
4-nonylphenol
ng/m?®
130-4300
Diethyl phthalatec
ng/m?
52-1100
Di-n-butyl phthalated
Indoor air GC-MS ng/m?
Bis(2-ethylhexyl) 77-1000
phthalate ng/m?
11-990
Diisobuhtyl phthalate
ng/m®
Methyl paraben 2.9-21 ng/m?
20 2.58-8.68 871
4-nonylphenol
bg/g
Nonylphenol 3.36-15.6
monoethoxylate ug/g
3.87-1310
Benzyl butyl phthalate Soxhlet
Household extraction (6% Hg/g
. / GC-MS
Bis(2-ethylhexyl) dust  diethyl ether in 166.7-7700
phthalate hexane) ug/g
0.978-8.24
Metyl paraben
He/s
0.712-18.1
Benzo[a]pyrene
Hg/s
17p-estradiol Surface 1-35 ng/dm?®
water,
21 sewage SPE (C18) HPLC-UV 0.001-2 [88]
Ethinyl estradiol
sludge, and ng/dm?

sediments.
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Measured
SAMPLE DETECTION REFERENCE
No. ANALYTES EXTRACTION LOD concentratio
TYPE TECHNIQUE S
n
Surface and
SPE (Oasis 2.3-33
DEET groundwat LC-MS [89]
HLB) ng/dm?
er
4-tert-octylphenol 85 ng/dm?
22 4-nonylphenol 329 ng/dm’®
Bisphenol A Wastewater SPE (C18) GC-MS 457 ng/dm? [90]
Estrone 63 ng/dm?®
17a-ethynylestradiol 48 ng/dm?®

Table 7. Concentrations of selected EDCs determined in environmental samples using instrumental methods.

5. Summary

The poor state of knowledge about the mechanisms of action and effects of EDC chemicals has
forced the interdisciplinary scientific teams to intensify their work in the subject. Nowadays,
many institutes are carrying out research focused on exploring the properties and metabolic
pathways of EDCs and their mixtures in the environment. Good knowledge about the
environmental fate, endocrine potential, and distant toxic effects of ecoestrogens will allow to
estimate the levels of the pollution and minimal exposure on certain compounds. Moreover,
this knowledge can be applied for upgrading the common tools used to detect and perform
quantitative determination of EDCs, and can be the basis for the development of new techni-
ques that will provide information about the composition of the sample and aboutits endocrine
potential [94,95].

The discovery of micropollutants occurring in the environment resulted in new methodologies
being put into the analytical practice. These methodologies are developed in two different
directions. The first is based on methodological solutions designed to detect, identify, and
determine xenobiotics that occur in various environmental samples. For this purpose, instru-
mental methods such as gas and liquid chromatography with mass spectrometry detection are
usually used. These techniques provide reliable information about the presence, quantity, and
influence of EDCs.

The second approach is to put into the analytical practice new bioanalytical methodologies.
These methodologies allow estimation of the sample endocrine potential, but they do not
provide information on which of the sample ingredient is responsible for causing the toxic
effect. The results of the analysis of this biological response are valuable source of information
for chemists and ecotoxicologists. These results can be the basis for estimating the endocrine
potential of the environment exhibited by certain species. Moreover, bioanalytical techniques
may be supplementary to the techniques of quantitative and qualitative determination of
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endocrine disrupting chemicals. It is not possible to estimate the environmental risk of EDC
presence based only on the information about the sample composition. It is necessary to
determine both the magnitude and how in particular the endocrine homeostasis may be
impacted by xenobiotics. These tasks can be realized only by using a well-chosen bioassays
battery. In the recent years there has been a significant increase in the importance of the
biological methodologies in environmental research because of their numerous advantages. It
is reflected in the research literature and in the increase in the number of scientific publications
on this subject.

In this chapter the information about some of the estrogenic compounds, their environmental
fate, and biological influence can be found. Special attention was given paid to the review of
the analytical approaches used at the stage of detection and determination of EDCs in the
environmental samples. Also a brief characterization of both the cellular and non-cellular
bioassays is presented, as well as the information regarding the changes occurring in the
bioindicators as results of being exposed to a specific ecotoxins.
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