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Preface

The increased exposure to toxins, toxicants and novel drugs
has promoted toxicology to become one of the most important
areas of research with emerging innovative toxicity testing
protocols, techniques, and regulation being placed.

Since the bioactivation of many toxins and toxicants and its
consequences on human health are not clearly known, this
book offers a quick overview of cellular toxicology through the cell,
drug and environmental toxicity.

This book does not strive to be comprehensive but instead offers a
quick overview of principle aspects of toxins and toxicants in order
to familiarize the key principles of toxicology.

The book is divided into three main section.

The first one discusses the role of mitochondrial
dysfunction, oxidative stress and mitochondrial drug development.
The second and third sections bring light to forensic toxicology and
drug poisoning followed by environmental toxicity.






Chapter 1

Pathological Aspects with Global Impact Induced by
Toxicants at Cellular Level

Dorina E. Coricovac and Cristina A. Dehelean

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59945

1. Introduction

In toxicology, the term “toxicant” defines a noxious substance that induces a series of delete-
rious effects on organs, tissues and biological functions and processes in living organisms.
Another term used to describe a toxicant is “poison” [1]. The list of toxicants regardless their
origin, of natural sources or ensued from human activities, is quite long.

Some of the main detrimental responses that a toxicant is able to generate at cellular level
include: production of reactive oxygen species (ROS) and free radicals. These “basic” processes
could be associated with carcinogenesis, immunotoxicity, teratogenesis and genotoxicity. The
toxic mechanism of action in such cases is initiated by a terminal toxicant and a target molecule
and might involve different types of reactions, including: covalent or non-covalent bonds,
hydrogen subtraction, electron transfer, and enzymatic reactions.

The cascade of processes that occur at cellular level and involve ROS is initiated by events like
ischemia and lipid peroxidation, which are noticed after the first exposure to reactive metab-
olites and are considered primary events. As secondary events were described important
processes as follows: changes in structure and permeability of membranes, mitochondrial
dysfunctions, cytoskeletal and DNA changes, lysosomal destabilization, intervention in
apoptosis/necrosis and endoplasmic reticulum destruction. The final step of the cascade is
associated with severe pathological destruction on organs level.

In the past decade, the toxicity of heavy metals and their risks on human health has been a
subject of high interest, an argument in this regard being the impressive number of publica-
tions available (over 2000 articles according to PubMed database). Heavy metals are inorganic
elements, natural components of earth’s crust, and are labeled as the oldest toxins known by
humans [2]. It has been demonstrated that heavy metals induce toxicity at different levels in
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human body, including: gastrointestinal system, central and peripheral nervous systems,
cardiovascular, renal and hematopoietic systems [2]. As regards the toxic mechanism of action
of heavy metals, it has been stated that generation of reactive oxygen species represents one
of the main mechanisms involved in heavy metals induced-toxicity. It is believed that gener-
ation of reactive oxygen species is responsible for the hepatotoxicity, neurotoxicity and
nephrotoxicity associated to heavy metals [2, 3].

Free radicals and reactive oxygen species generated by toxicants were described to hold key
rolesinlipid peroxidation, DNA damage, oxidation of sulfhydryl groups of proteins, depletion
of protein, and alteration of calcium homeostasis [2, 4].

Reactive oxygen species (ROS) are oxygen-free radicals that contain one or more unpaired
electrons, formed during oxidative metabolism and were characterized as exceedingly active
compounds which act by inducing oxidative changes of cellular proteins, lipids and polynu-
cleotides [5-7].

Under normal conditions, ROS play essential functions in cellular homeostasis, as signal
molecules in several signaling pathways involved in cell differentiation, organogenesis, stress
response and wound healing, and as redox regulators [6]. Oxidative stress represents a status
characterized by excessive cellular levels of ROS as a result of an imbalance in the redox
homeostasis explained by increased production of ROS or declined antioxidant capacity [2, 6,
7]. A considerable number of studies endorse the fact that oxidative stress is linked to a plethora
of pathologies including cardiovascular diseases, atherosclerosis, diabetes, chronic inflamma-
tory processes, neurodegenerative disorders, and mostly to cancer [6-8].

This chapter summarizes an update of available data regarding ROS in physiological and
pathophysiological conditions, the roles of ROS in cancer and heavy metals induced toxicity
via ROS generation.

2. Redox homeostasis and ROS generation

The term “redox” refers to the oxidation-reduction status and is considered a key regulator of
several metabolic cellular functions [9] and a fundamental keeper of cellular homeostasis [10].

During redox processes that occur in the cells are generated a variety of reactive oxygen species
with functional roles in physiological and pathological conditions dependent on cell’s capacity
to maintain the ratio between ROS production and ROS disposal in balance. Commonly, the
term “redox signaling” is used to express the changes of protein’s oxidation status resulted in
ROS-mediated events at cellular level [11].

The oxidative stress is characterized by a globally enhancement of intracellular ROS levels
appeared from a dysfunction of the mechanisms involved in maintaining redox homeostasis:
increased ROS generation or declined capacity of ROS elimination [10]. Mounting evidence
suggest that oxidative stress is implicated in various pathologies such as aging, neurodege-
nerative disorders, development of brain damage, pathogenesis of multiple sclerosis lesions
and cancer [10, 12, 13].
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ROS are highly reactive molecules, derived from oxygen, ceaselessly generated during
oxidative metabolism and exuded into biological systems; outcomes of one or multielec-
tron reductions of oxygen [7, 14]. The balance between ROS production and ROS dispos-
al is ensured by the cell’s keepers, antioxidant enzymes (superoxide dismutase — SOD,
glutathione peroxidase, catalase and thioredoxin reductase) and non-enzymatic scaveng-
ers (ascorbate, tocopherols, tocotrienols, carotenoids, natural flavonoids, melatonin,
gluthatione, thioredoxin) [7, 14].

ROS can be generated by multiple endogenous and exogenous sources. The main endogenous
source of ROS is mitochondria, which produces reactive species as by-products of normal cell
metabolism during the electron leakage that passes in the conversion of molecular oxygen
process. Hereupon it might be added the activity of some enzymes, like: membrane-associated
NADPH oxidases, cytochrome p450s, P-450-dependent monooxygenases, lipoxygenase,
cyclooxygenase and xanthine oxidase [6, 13]. At mitochondrial level responsible for the
formation of ROS are complexes I (NADH dehydrogenase (ubiquinone)) and II (succinate
dehydrogenase), which produce ROS on the inner side of mitochondrial matrix, and complex
III (ubiquinol-cytochrome c reductase) that delivers the generated species (superoxide radical)
into the intermembrane space or mitochondrial matrix [14].

Other endogenous sources of ROS are the microsomes and peroxisomes (generate especially
H,0,) and it was, also, demonstrated that immune cells’ (neutrophils and macrophages)
mechanism of action against invading microorganisms involves ROS [10]. The biosynthesis of
prostaglandins, prostacyclins and thromboxane A2 from arachidonic acid, process catalyzed
by cyclooxygenases, it is also a source of ROS [13, 15].

As exogenous sources of ROS, there were indicated the following agents: atmospheric
pollutants, tobacco smoke, irradiation (UV irradiation, x-ray, gamma-ray), chemicals, iron
salts, heavy metals and chemicals [2, 10, 14].

The group of reactive oxygen species comprises two different kinds of species:

a. free radicals — possess unpaired electrons in their outer orbitals: superoxide anion radical
(O,7), hydroxyl radical (OHe), hydroperoxyl radical (HOOe), alkoxy (ROe) and peroxy
radicals (ROQpe), and

b. non-radical oxygen species — possess unpaired electrons, too, are very reactive and are
able to form ROS radicals: hydrogen peroxide (H,O,), organic hydroperoxide (ROOH),
ozone (O;) and trioxidan (HOOOH) [2, 6, 14].

Free radicals (also known as pro-oxidants) can be recognized by some specific features, like:
high instability and reactivity, the presence of unpaired electrons in the outmost orbital of their
atoms, the need to acquire equilibrium by bonding with electrons of neighboring atoms, what
leads to chain reactions and the ability to react with different cellular molecules [16, 17].

Some of the main ROS species will be presented in Table 1, outlining the generation process
and their specific characteristics.
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ROS name

Generation

Characteristics

027, superoxide

- at mitochondrial level: as a side-product of
mitochondria formed during aerobic metabolism; there
are two sites of mitochondrial ROS production,
complex I (NADH - ubiquinone oxidoreductase) and
complex III (ubiquinol - cytochrome c oxidoreductase)
[10, 18, 19]

O,te” =0, [20]

- enzymatically: it is produced is by NADPH oxidase

(Nox) expressed in the phagocytes’ cell membrane, by

- is described as the first free radical obtained
during mitochondrial electron transfer chain
process and it is easily converted to hydrogen
peroxide via a dismutation reaction catalyzed
by superoxide dismutase (SOD) [6]

- it’s a short-lived molecule and presents only
one reduction equivalent

- it cannot be considered a candidate molecule
for signal transduction in the cell since the

ability of this radical to cross the mitochondrial

anion outer membrane is rather low [14]
cytochrome P450-dependent oxygenases in the
Y P v ! - at mitochondrial level it is involved in the
endoplasmic reticulum of the liver, lung and small
P e reticuin tver, ung generation of peroxynitrite (ONOQO, ), a
intestine and by the xanthine oxidase (XO) located in
! ! y ! . (XO) ! noxious oxidant that induces DNA damage,
the cytosol [14, 16, 18, 19, 21, 22].. . . . . .
Y [ ! disruption of mitochondrial integrity, and
- non-enzymatically: the generation process consists in
Y Y 8 onp 19t L irreversible modification of proteins [14]
the transfer of a single electron to oxygen by coenzymes
g ygenby e - releases Fe* from iron-sulfur proteins and
in reduced form, flavins or iron sulfur clusters or .
ferritin [2]
xenobiotics that suffered a reduction reaction [19, 23].
1o v et fon [ ! is the precursor of most ROS and a mediator in
oxidative chain reactions [19]
- presents a two-electron reduction state [2]
- is a mitochondrial ROS, a electrophobic
molecule able to pass through membranes
H202 [2, 11].
- mitochondrial concentrations of hydrogen
. i peroxide are 100 times greater than that of
- by direct reduction of O, [2]
. . . . superoxide anion [11].
-by dismutation from superoxide radical under the
i . . X - it can be regarded as a fundamental ROS in
action of superoxide dismutases (SOD1 —in
. L . carcinogenesis [18].
mitochondrial intermembrane space and SOD2 - in
. . X - its conversion into oxygen and water is
H,0,, hydrogen mitochondrial matrix) [11, 16, 24].
mediated by catalases and gluthatione
peroxide 20, = H)0,+ 0,

-up-to 80% of H202 is formed by peroxisomal (eg. D-
amino acid oxidase, D-aspartate oxidase or polyamine
oxidase) and microsomal (microsomal CYP-mediated

w-oxidation of fatty acids) enzymes [4, 18, 25, 26].

peroxidases [18].

- is a strong oxidant, precursor of hydroxy
radical (-OH) via Haber Weiss reaction [18].

- due to its lipophilic character lightly crosses
mitochondrial and plasmatic membranes
reaching into the cytosol and extracellular
environment where asserts its effects [14].

- has the capacity to generate highly reactive
hydroxyl radicals via reactions with metals (iron

and copper) [20, 27].
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ROS name Generation Characteristics

- presents a three-electron reduction state [2]

- is a extremely reactive specie with a short half-
- via Fenton reaction from hydrogen peroxide [10, 16, life [2, 18]

19]: - induces DNA damage by generating 8-
Fe¥"+ H,0, — Fe’*+ HO - + OH’ hydroxy 2’-deoxyguanosine (8-OHdG),
HOs¢, hydroxyl ) ) s )
. - by Haber-Weiss reaction - oxidation of superoxide molecule responsible for DNA mutations, a key
radical anion radical [19]: factor for the carcinogenic risk [18].
0, +H,0,~HO-+OH +0, - induces changes to other cellular molecules,
by decomposition of peroxynitrite [2] changes defined by enzymes’ denaturation,
proteins’ structure modifications or
peroxidation of polyunsaturated fatty acids [18].
- is formed when an oxygen molecule binds to a proton. _ ;4 oxygen-centered reactive specie is capable
16] to abstract H from a lipid molecule
HO, ™, - it can be obtained during the second step of oxygen (polyunsaturated fatty acid), particularly in the
hydroperoxyl complete reduction reaction [20]: presence of metals like copper or iron, leading
radical O, +H,0—HO,+ OH to an autocatalytic chain reaction. The result of
-via Fenton reaction [20] this process is the formation of a lipid
Fe?"+ H,0, — Fe?"+ OOH "+ H" hydroperoxide (or peroxide) [20, 28].

Table 1. Description of the main ROS species.

3. ROS in physiological conditions

Reactive oxygen species are continuously produced in the cells, especially during mitochon-
drial electron transport chain and eliminated in biological systems, where in physiological
conditions (low levels), they play crucial roles in the regulation of different cell’s functions,
including cell proliferation, apoptosis, transformation, and senescence [7].

The mechanism of action of ROS in activation of cell proliferation or different signal pathways
implies the interaction between ROS and cysteine residues leading to the formation of disulfide
bonds and activation of signal transducing pathways. The activation of these processes may
occur via kinase activation or phosphatase inhibition, and via regulation of proteinases,
including matrix metalloproteinases (see Figure 1) [14].

Besides their toxic effects, it was demonstrated that reactive oxygen species interfere in
main cellular processes (differentiation, organogenesis, wound healing, cell fate regula-
tion), in the activity of different enzymes (kinases and phosphatase), transcription factors,
ionic channels and transporters [6]. Moreover, it appears that ROS acts as an essential
cellular messenger alongside with the acknowledged second messengers (Ca?, arachidon-
ic acid, cAMP and IP3) [6].

7
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Pan and coworkers stated that ROS are involved in the microbicidal activity of phagocytes,
regulation of signal transduction and gene expression, and act as inducers of oxidative damage
to macromolecules (nucleic acids, proteins, and lipids) (see Figure 1) [29].

ROS activity in physiological conditions

Production of

Microbicidal activity inflammatory cytokines

Wound healing

Activation of
different enzymes

Cell differentiation

‘ Cellular

omeostasis

Organogenesis
ganog Signal cellular

messenger

SOD - superoxide dismutase
CAT - catalase
Gpx - glutathione peroxidases

Figure 1. ROS cellular functions in physiological conditions (the picture was obtained by using Servier Medical Art
templates).

Most of the free radicals generated by various cellular metabolic systems originate from
oxygen. The percent of molecular oxygen that is converted into superoxide and hydroxyl
radicals at mitochondrial level is 5%. Mounting evidence indicates that the free radicals
resulted have major function in the normal metabolism of cells: they are used in the synthesis
of prostaglandins, cholesterol and steroidal hormones. Furthermore, the biosynthesis of
collagen demands the participation of hydroxyl free radicals [16].

The effects and functions of ROS are distinct and dependent of their concentration, for
example: low concentrations of mitochondrial ROS are associated with metabolic adapta-
tion in hypoxic conditions; moderate concentrations are involved in the regulation of
inflammatory response and high levels stimulate apoptosis/autophagy pathways responsi-
ble of inducing cell death [11].
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Other beneficial effects of ROS refer to their involvement in the intracellular killing of bacte-
ria by neutrophil granulocytes, detoxification of the liver and certain cell signaling processes
[20, 30].

There is also considerable information regarding the roles of mitochondrial ROS (superoxide
anion and hydrogen peroxide) in inflammatory cytokine production and innate immune
responses by activation of newly characterized RIG-I-like receptors (RLRs), inflammasomes,
and mitogen activated protein kinases (MAPK) [11, 31, 32].

4. ROS in pathophysiological conditions

The phenomenon characterized by an impaired balance between ROS generation and ROS
elimination is known as oxidative stress. The oxidative damage was frequently associated with
different pathologies including: diabetes type II, neurodegenerative disease, atherosclerosis,
multiple sclerosis, chronic inflammatory disease, aging and carcinogenesis (see Figure 2). The
ability of free radicals to chemically react with most of cell components it was considered a
risk, especially for large molecules (nucleic acids, proteins, polymerized carbohydrates -
polysaccharides), and lipids, since these components are targets for the oxygenated free
radicals [16,20].

The free radical induced-toxicity at cellular level is expressed as lipid and protein peroxidation
and damaged nucleic acids (see Figure 2) [20]. The hydroxyl radical is the most reactive free
radical molecule capable to cause severe cell damage and to other intracellular structures due
to its ability to induce covalent cross-linking of a variety of biological molecules [20].

Superoxide anion is a reactive oxygen molecule that plays important roles in the body because
is considered the precursor of the other free radicals that determine cell injury. The toxic
mechanism of action of this free radical involves the disassembly of iron-sulphur ([Fe-S])
clusters in proteins via the inactivation of iron regulatory protein-1 (IRP-1), leading to clearing
of iron and damage of -SH residues [20,34].

The noxious effects of ROS might be exerted at: DNA level, also known as DNA oxidation
whatleads to mutations and possibly cancer [20,33]; at protein level causing enzyme inhibition,
denaturation and protein degradation, and at lipid level leading to lipid peroxidation [20].
ROS-induced DNA peroxidation inhibits gene transcription and determines gene mutations.
The main toxic products resulted from ROS-induced DNA damage are 8-hydroxyadenine (8-
OH-Ade), 8-hydroxyguanine (8-OH-Gua), 5,6-dihydroxy-5,6-dihydrothymine (thymine
glycol, Tg) [19].

The lipid peroxidation process is a chemical chain reaction that consists of three stages:
initiation, propagation and termination [10,20]. During the initiation stage occur the
following processes: a ROS (usually a hydroxyl radical due to its high reactivity) reacts
with a peroxide-free lipid system in order to remove a hydrogen (H) atom from a methyl-
ene group (-CH,-), the result being the generation of free radicals such as conjugated dienes
and peroxyl radical [10,20].
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ROS in pahophysiological conditions

Protein
peroxidation

/\ Lipid

DNAdamage o
(oxidation) V‘ peroxidation

/
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NEURODEGENERATIVE DISEASE
ATHEROSCLEROSIS
MULTIPLE SCLEROSIS
CHRONIC INFLAMMATORY
DISEASE
AGEING

SOD - superoxide dismutase

CAT - catalase CARCINOGENESIS

Gpx - glutathione peroxidases

Figure 2. ROS cellular functions in pathophysiological conditions (the picture was obtained by using Servier Medical
Art templates).

The propagation stage is characterized by the attack of the peroxyl radical resulted during the
initiation stage to other lipid molecules (fatty acids) via an autocatalytic chain reaction
catalyzed by metals such as iron or copper and it results a lipid hydroperoxide (or peroxide)
[10,20]. Polyunsaturated fatty acids are considered easy targets for lipid peroxidation due to
the unsaturated chemical structure. The ROS-induced peroxidation end products (a,
unsaturated reactive aldehydes, such as malondialdehyde - MDA, 4-hydroxy-2-nonenal -
HNE, acrolein and isoprostanes) have also deleterious effects on tissues (see Figure 3)
[10,20,35].

The injury caused by ROS to membrane phospholipids can affect in a cascade manner the
membrane integrity, followed by altered membrane integrity, suppression of enzymes and
membrane receptors, an increased tissue permeability, an impaired cellular function and cell
death [10,20,29].

The end-products of lipid peroxidation possess a high reactivity and can easily interact with
proteins, phospholipids and nucleic acids via different reactions resulting stable products
(adduct between proteins and lipid peroxides or glycation products) with potential roles in
the pathogenesis of several maladies [20, 36]. The stable products mediate cell death by
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aggregation of bulky protein complexes which inhibit the activity of 26S and 20S proteosome
and determine accumulation of injured proteins (see Figure 3) [10].

Lipid peroxidation chain reaction

[?\\\ Initiation

POLYUNSATURATED %> PEROXYL RADICAL
FATTY ACID

. cyclization/autocatalytic reaction
Propagation

LIPID HYDROPEROXIDE/
PEROXIDE

MDA > )N \{=> Gene mutations

i — Alterations of
HNE __ >3 Q signaling pathways
Termination Xphosphoﬁpids

0

CELL DEATH

ROS - reactive oxygen species MDA-malonaldehyde
HNE - 4-hydroxy-2-nonenal

RO ona (@ - proten
Figure 3. ROS-induced lipid peroxidation (the picture was obtained by using Servier Medical Art templates).

Recent studies demonstrated that ROS is involved in the mitochondrial energetically
dysfunction associated to ethanol-induced gastric mucosa damage [29,37]. It was stated that
impairment of mitochondria and/or up-regulation of NADPH-oxidase complex are linked
to various cancers and play major function in establishing the anticancer therapeutic
strategies [14].

In the last years, the subject regarding the roles of ROS in cancer gained a lot of interest. The
cellular injury initiated by ROS is considered an important step in cancer development. It seems
like the signal transduction messenger function of ROS is associated with cancer initiation by
activation of different signaling pathways like MAPK, PI3K and NF-«B [7].

The mechanism of action of ROS in ageing is still a matter of debate. There are studies that
sustain the fact that elevated ROS levels along with mitochondrial dysfunction and metabolic

11
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alterations are features of cellular senescence. Other studies have proposed the hypothesis that
ROS is cause and consequence of NF-kB pathway activation during senescence [38].

5. ROS and cancer

The imbalance between cellular generation of ROS and its removal leads to oxidative stress
which was associated, among other deleterious effects, with the initiation and progression of
cancer.

Regarding the carcinogenesis, it is important to note that reactive oxygen species are consid-
ered to be regulators of the following major signaling mechanisms: extracellular signal-
regulated kinases (ERKs), mitogen-activated protein kinases (MAPKSs), phosphoinositide 3-
kinases (PI3Ks) and transcription factors such as hypoxia-inducible factors (HIFs). All of these
signaling pathways play key roles in cell proliferation, cell growth and cell survival. It was
observed that high levels of ROS can induce irreversible oxidative damage in lipids, proteins
and nucleic acids. Furthermore, ROS are active in multistage carcinogenesis from initiation to
malignant conversion, by inducing oxidative DNA damage and mutations in protooncogenes
and tumor suppressor genes, and subsequent activation of signal transduction pathways [14].

In the first stage of carcinogenesis, cancer cells usually express genetic instability and a
significant increase in ROS concentration as a consequence of a “vicious circle”: ROS induce
genetic mutations (especially in mitochondrial DNA), which lead to metabolic dysfunction
and additional ROS generation [14].

ROS cause almost all forms of DNA damage, such as changes of the nucleotide bases, strand
breakage and DNA protein cross-links, but the end-products depend on the type of ROS. It
was mentioned that the mutations induced by specific ROS are implicated in the genesis of
cancer. Another mechanism of action of ROS in carcinogenesis was to induce and keep the
oncogenic phenotypes of tumor cells. At present, oxidative stress is widely accepted as a key
contributor to cancer development [14,29].

Previous studies have demonstrated that oxidative stress is associated with carcinogenesis and
is also related to the incidence of cancer [39,40]. During the carcinogenesis process, the
imbalance between ROS production and ROS elimination is represented by the increased
concentrations of reactive oxygen species in cancer cells and a reduction of antioxidants levels.
The increase of ROS in these cells occurs due to the influence of intrinsic or extrinsic factors,
resulting in gene mutations and changes in transcriptional processes as well as changes in
signaling pathways and, ultimately, the occurrence of cancer [40]. Other contributory factors
for the enhanced production of ROS in cancer cells are: cancer-associated fibroblasts (CAFs),
cancer-associated macrophages (CAMs), and hypoxia. Cancer-associated macrophages are
able to generate ROS via NADPH oxidase in tumor cells [39].

It was also shown that ROS affects the expression of the p53 suppressor gene which is a key
factor in apoptosis. In addition, oxidative injury induced by changes in gene expression, cell
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proliferation, apoptosis, and angiogenesis plays a significant role in tumor initiation and
progression [39].

There are recent studies that sustain the idea that ROS induced by oxidative stress might lead
to apoptotic or necrotic cell death of skin cells. Especially, the accumulated ROS plays a critical
role in the intrinsic aging and photo-aging of human skin in vivo, what leads to the hypothesis
that ROS are responsible for different skin cancers and other cutaneous inflammatory malad-
ies. Ultraviolet radiation type B (UVB) is considered a complete carcinogen and generates
increased levels of ROS, leading to oxidative damage at skin level. According to several studies,
exposure of mammalian skin cells to UVB radiation determines alterations of cellular function
via oxidation of macromolecules, DNA damage, generation of ROS, and changes in signaling
pathways. As major sources of H,O, were described UVB-induced leukocyte infiltration in the
skin, and inflammatory leukocytes and it was stated that H,O, plays an important role in
inflammatory skin diseases and skin cancer [5].

ROS exert key roles in a variety of processes associated with epithelial malignancy such as cell
proliferation, epithelial-mesenchymal transition (EMT), angiogenesis, apoptosis evasion and
enhancement of metastatic potential [41].

Free radicals in carcinogenesis, ROS and RNS (reactive nitrogen species) contribute in different
ways to carcinogenesis and the malignant progression of tumor cells, enhancing their meta-
static potential. In fact, they are now considered a distinctive characteristic of cancer. These
species lead to genomic damage and genetic instability, and they participate as intermediaries
in mitogenic and survival signals via growth factor receptors and adhesion molecules,
promoting cell mobility, inducing inflammation/repair and angiogenesis in the tumor
microenvironment [16].

6. Redox modulation of toxicants — Heavy metals-induced toxicity

The essential metals are very important for the maintenance of cell homeostasis. Among the
23 chemical elements with physiological functions in humans, half of them are metals,
including heavy metals [42]. The heavy metals, generally defined as metallic elements with a
relative density above 5 mg/ml, have the potential to cause human toxicity; the main examples
are: Pb, Hg, Fe, Cd, Tl, Bi, Mn, and As. The intoxications produced by metals, characterized
mainly by neurotoxicity, genotoxicity, or carcinogenicity, are widely known [43]. After their
absorption into organism, the metals bind to proteins and lead to impaired enzymatic activity;
the result being the damage of many organs.

Cellular redox processes are controlled by two systems (thioredoxin, Trx, and gluta-
thione, GSH) [44]. Exposure to ions of heavy metals can amplify the production of reactive
oxygen species (ROS), which can react with cellular components followed by the debut of
many physiological processes [45]. ROS have a double character as both deleterious and
useful compounds: on one hand they act within cells as 2" messengers in intracellular
signaling cascades, inducing and keeping the oncogenic phenotype of cancer cells, and on

13



14 Toxicology Studies - Cells, Drugs and Environment

the other hand, ROS induce the cellular senescence and apoptosis and can be considered
anticancer species. The cumulative production of ROS (called oxidative stress) is common
for many types of cancer cell which are linked with altered redox regulation of the cellular
signaling pathways [46].

Metal-induced formation of ROS causes changes to DNA, increased lipid peroxidation, and
altered Ca and -SH homeostasis. Lipid peroxides, formed by ROS attack on phospholipids,
can react with redox metals finally producing carcinogenic products [27].

Redox active metals (Fe, Cu, Cr, Co) are part of redox cycling reactions and have the ability to
produce ROS. Perturbation of metal ion homeostasis can lead to oxidative stress, a state where
increased production of ROS overcome the body antioxidant protection and induces DNA
damage, lipid peroxidation, and proteins changes. The action mechanism of these metals
involves formation of ROS, finally producing mutagenic and carcinogenic products. Redox
inactive metals (Cd, As and Pb) show their toxic effects via bonding to proteins -SH groups
and depletion of GSH [47].

Lead (Pb) is a chemical element from group 14, and period 6 (p-block). Pb was removed from
alimentary cans, paints, and petrol because it was the most common cause of heavy metal
poisoning; an important problem remains the water pipes from older houses, some occupa-
tions, and traditional remedies. Pb causes toxicity to mitochondria by depletion of GSH, which
results in excessive ROS production and mitochondrial damage. It was discovered that Pb
toxicity leads to cellular damage via two pathways: (1) the production of ROS, and (2) the direct
reduction of antioxidant reserves. Mitochondrial antioxidant enzymes play an important role
in cellular defense mechanism against oxidative damage [48]. A possible molecular mechanism
of Pb toxicity is represented by the oxidative stress, which appears when ROS production
exceed the capacity of antioxidant defense mechanisms. Pb is capable of causing oxidative
damage to heart, liver, brain, and erythrocytes [49].

Mercury (Hg) is a chemical element from group 12, and period 6 (d-block); itis poorly absorbed
from bowels and the ingestion is usually harmless. Hg compounds have the ability to provoke
cellular damage through an increase of ROS levels (the molecular mechanism involved in its
genotoxicity). In response to Hg exposure, the amount of intracellular GSH increase to chelate
Hg in order to protect the cells by its antioxidant role. Tchounwou and colab. already demon-
strated that GSH levels are higher in human populations exposed to methylmercury intoxi-
cation by a fish-rich diet [50].

Iron (Fe) is a chemical element from group 8, and period 4 (d-block) and it is one of the most
abundant elements in the crust of earth. ROS can play a role in Fe-induced cell toxicity because
of its salts' powerful prooxidant activity. In the presence of cellular reductants, Fe from low
molecular weight salts can be an initiator of free radical reactions. In Fe overload, hepatocel-
lular Ca homeostasis may be spoiled through mitochondrial damage and microsomal Ca
sequestration. DNA has also been reported to be a target of Fe-induced damage in the liver;
this may lead to malignant transformation [51].

Due to its oxidation states (3+ and 2+), Fe is considered an intrinsic producer of ROS, leading
to neuronal oxidative stress. Paradoxically, Fe redox properties determine its participation in
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potentially cytotoxic reactions: bivalent form catalyze the formation of hydroxyl radical,
considered the most reactive and damaging intermediate of cellular metabolism, while
trivalent form can be reduced to Fe?" after reacting with superoxide anion. Both forms are also
involved in the propagation of lipid peroxidation, by a complex mechanism; however, it likely
involves the direct interaction of Fe with ROS [52].

Cadmium (Cd) is a chemical element from group 12, and period 5 (d-block); it was discovered
in the 19" century and the first studies upon its toxicological properties were initiated shortly
after. The smoke and food are considered the main sources of Cd. Cd inhibits the activity of
antioxidant enzymes; it displaces Zn and Cu leading to a decreased level of these two metals
in the enzymes and an increased level in the cytoplasm. Thus appear conformational changes
and inhibition of enzyme activity, and deregulation of Cu homeostasis which can lead to ROS
production via the Fenton reaction [53].

Thallium (T1) is a chemical element from group 13, and period 6 (p-block); Tl and its com-
pounds must be manipulated with an increased attention due to their important toxicity.
Different authors indicate that Tl induce ROS formation, GSH oxidation, and membrane lipid
peroxidation; the liver mitochondria seems to be the main targets of its toxicity because liver
is its storage site [54].

Bismuth (Bi) is a chemical element from group 15, and period 6 (p-block); it has a few industrial
uses in pigments, ceramics and alloys with low melting points. Bi causes kidney damage and
the promotion of a reversible encephalopathy; chelating agents may be used as treatment.

In a few studies of Woods and Fowler there were evaluated Bi effects on organelle structure
and heme biosynthetic parameters in liver and cells; their study revealed that action of the
metal on membrane enzymes only partially accounts for deterioration of the membrane
enzymes' activity. They showed that Bi initial acute effects in liver and kidney cells include
deformation of mitochondrial membranes and inhibition of specific heme pathway enzymes.
Both effects contribute to deterioration of membrane-associated enzymatic functions [55].

D. Bagchi and colab. investigated the effects of acute and chronic stress on the enhanced
production of ROS; the precautionary ability of bismuth subsalicylate (BSS) was evaluated
against the gastrointestinal mucosal injury induced by oxidative stress. Their findings revealed
that BSS decreased chronic stress-induced lipid peroxidation, DNA fragmentation, and
membrane microviscosity by approx. 40-50% in gastric and in the intestinal mucosa. It was
found that oxidative stress produce gastrointestinal mucosal injury through improved
production of ROS, and that BSS protect against gastrointestinal mucosal injury [56].

Manganese (Mn) is a chemical element from group 7, and period 4 (d-block); it is an essential
dietary nutrient, but its excess lead to an accumulation with toxic effects (the manganism is a
disease associated with Mn accumulation and it is due to ROS production. The bivalent ion is
a central component of some enzymes and an activator of many metal-enzyme complexes. On
the other hand, the trivalention is found in the essential enzymes manganese catalase and Mn-
superoxide dismutase (SOD), both of which break down oxidants using the Mn3+ in their
reactive catalytic center. The bivalent ion (Mn2+) intends to bind to almost all Ca2+ and Mg2+
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binding sites leading to substitutions of these ions in many biological processes; this is due to
the similarities of their electron structure [57].

Arsenic (As) is a chemical element from group 15, and period 4 (p-block); it is contained in
many minerals, but it also appear as a pure elemental crystal. As inhibits lipoic acid, which is
a cofactor for pyruvate dehydrogenase into the citric acid cycle. Another important aspect is
the fact that AsO,> decouples the oxidative phosphorylation leading to the inhibition of
energy-linked reduction of NAD", mitochondrial respiration, and ATP synthesis. The produc-
tion of H,O, is also increased, which lead to ROS production and oxidative stress. The
frequency of human cancers is increased in the case of long term exposure at As probably due
to the ROS production [58].

Zhang Z and colab. showed that As can activate p47(phox) and p67(phox), proteins which
activate NADPH oxidase and it generate ROS in DLD1 cells. It was found that tumor volumes
of group treated with As were much larger than those without As treatment. Many researchers
found that ROS have a role in the initiation of cellular injury induced by As, which can lead
to cancer development. ROS induce direct cellular injury, which may start a set of radical
reactions leading to an increase of secondary ROS generation. More than that, the increased
ROS production may stimulate the inflammatory processes involving secretion of chemotactic
factors, growth factors, proteolytic enzymes, lipoxygenases, and cyclooxygenase, inactivation
of anti-proteolytic enzymes, and the release of signaling proteins. NADPH oxidase complex
is an important physiological system for ROS production; As is highly capable of activating
NADPH oxidase and disrupting of mitochondrias’ membrane, leading to the generation of
different ROS. It has been generally accepted that ROS are critical regulators for a wide range
of cellular responses, from kinase activation, gene expression, DNA damage, cell proliferation,
to cell migration in the arsenic treated cells [59].

7. Conclusions

Reactive oxygen species (ROS) represented a matter of debate/concern in the last years due to
the dual role played by these compounds: beneficial effects at low concentrations (signal
molecules, mediators of cellular homeostasis, activators of different enzymes) and deleterious
effects at high concentrations (DNA and protein damage, lipid peroxidation and oxidative
stress).

The oxidative stress was described as an underlying mechanism in different pathologies,
including: neurodegenerative diseases, multiple sclerosis, diabetes, atherosclerosis, ageing,
chronic inflammatory diseases and cancer. In cancer development, a possible theory regards
the activity of ROS as regulators of major signaling pathways: extracellular signal-regulated
kinases (ERKSs), mitogen-activated protein kinases (MAPKs), phosphoinositide 3-kinases
(PI3Ks) and transcription factors such as hypoxia-inducible factors (HIFs). In addition, it was
demonstrated that the toxicity associated to heavy metals (lead, mercury, arsen, cadmium,
thallium, bismuth, manganese, iron) is mediated via ROS: ROS generation, mitochondrial
injury or inhibition of the antioxidant cellular systems.
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1. Introduction

Cancer will become a major cause of morbidity and mortality in the next decades. Itis estimated
that the global cancer rate may increase by 75 %, with predicted 22.2 million new cases by 2030
compared with 12.7 million cases in 2008 [1]. The scientific community has made tremendous
efforts to develop new therapies to deal effectively with this growing problem. As the recent
advances in cancer therapy are improving the cancer patient survival, the toxic effects
promoted by anticancer agents have a higher potential impact on long-term outcomes.

Anticancer agents are known to cause severe toxic effects that should be anticipated and
carefully monitored. Therapeutic regimens targeting the cell cycle also affect the prolifera-
tion of normal cells, such as blood cells in the bone marrow, cells in the digestive tract and
hair follicles, resulting in neutropenia, hair loss, and gut toxicity. The side effects ob-
served are dependent on the type of therapy, but they are generally reversible and disappear
after the end of the treatment. However, some anticancer agents may also affect, some-
times in a permanent manner, the function of vital organs, such as the heart, kidney, liver
and the nervous system. Some of these effects may develop during or shortly after treatment,
or may only become apparent a long period after completion of the treatment; if this delay
is long enough, it may correspond to the time of progression free survival and affect the
benefit-risk balance [2, 3].

Both the liver and kidneys are vulnerable to the toxic effects of cancer therapy and also to the
direct impact of cancer itself. The liver has a great capacity to resist injury and to regenerate,
but this capacity also makes it susceptible to anticancer drugs toxicity [2]. Indeed, the liver
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injury induced by anticancer drugs is a significant cause of morbidity and mortality. However,
most of these reactions are idiosyncratic and are not typically dose-dependent [2, 4]. Diagnos-
ing liver damage due to anticancer agents is particularly challenging because competing
etiologies, such as hepatotoxicity due to the intake of other medications, opportunistic
infections, radiation therapy, and pre-existing liver disease, are frequent and greatly affect the
host’s susceptibility to liver injury [2, 4]. The major mechanisms underlying chemotherapy-
related hepatotoxicity are based on the production of reactive metabolites, immunological
injury, or mitochondprial dysfunction [4]. On the other hand, the spectrum of cancer-associated
renal disease has changed in the last decades, mainly due to the introduction of new chemo-
radiotherapy regimens. Nevertheless, renal failure remains an important complication of
cancer treatment [5, 6]. Considering that drugs are primarily metabolized in the liver and
excreted by the kidneys, hepatic and renal impairment can have an unpredictable impact on
the metabolism and clearance of drugs that may ultimately affect the treatment outcome and
toxicity.

In addition, cardiotoxicity is a common complication not only related to conventional cancer
therapy, such as anthracyclines, but also to new antitumoral targeted therapy, such as
trastuzumab. Due to the increasing number of patients treated with these agents, the incidence
of cardiotoxicity is continuously growing and strongly affecting the patients’ quality of life
and overall survival, regardless of the oncologic prognosis [3]. Also, peripheral neuropathy is
reported by 30-40 % of the patients and is one of the major reasons responsible for cessation
of treatment [7]. Certain structural and functional features of peripheral nervous system make
it more vulnerable to the action of anticancer drugs, namely the absence of a vascular barrier
and of lymph drainage [7]. Furthermore, mammalian nerves are more susceptible to oxidative
stress because of their high content of phospholipids, mitochondria rich axoplasm and weak
cellular antioxidant defenses. Moreover, the enhanced free radical production promoted by
anticancer drugs causes physical damage to neurons [7].

A thorough understanding of the mechanisms of injury is therefore a matter of great impor-
tance since it may contribute to detect toxic mechanisms at an early stage of drug development
and, importantly, it can contribute to develop strategies aiming to minimize the toxicity.
Mitochondrial dysfunction often underlies drug-induced toxicity and the works published
over the last years point out that some of the severe adverse effects promoted by anticancer
agents involve the targeting of mitochondria [8-11]. The heart, the kidneys, and the central
nervous system, which have high energetic demands and are heavily dependent on oxidative
phosphorylation, are more prone to the impact of mitochondrial damage. On the other hand,
considering the exposure to high concentrations of drugs, the liver is another common organ
showing mitochondrial dysfunction [12].

This chapter aims to provide an overview of the mechanisms of mitochondrial dysfunction
induced by anticancer drugs and their involvement in several adverse effects, and particularly
liver damage. Finally, possible combinations of therapeutic drugs to minimize the mitochon-
drial dysfunction promoted by these agents are discussed.
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2. Methods

We searched literature published in English language included in PubMed for the period of
1970 to 2014. The main keywords searched were “mitochondrial dysfunction”, “anticancer
drugs and toxicity” and “tissue failure”. The remaining papers were found in the reference list

of the searched publications.

3. Anticancer drugs-induced tissue injury: The role of mitochondrial
dysfunction

Mitochondria are dynamic and multifunctional cytoplasmic organelles, which possess a
double membrane: an outer membrane (OMM) that is essentially permeable to ions and solutes
up to 14 kDa, and an inner membrane (IMM), which is folded, forming the cristae, which is
impermeable to ions and polar molecules. In the IMM are located several transporters,
including the ATP/ADP and the aspartate/malate transporters, among others that regulate the
movements of molecules across the IMM, and also the multisubunit complexes involved in
the oxidative phosphorylation. Between the OMM and the IMM is located the intermembrane
space (IMS), whereas the space enclosed by the IMM is the matrix (Fig.1). The IMS contains
proteins such as the adenylate kinase and the creatine kinase (CK), as well as the cytochrome
¢ and the apoptosis-inducing factor (AIF), which translocate to the cytoplasm during the
apoptotic process, and other proteins involved in cellular metabolism. The proteins involved
in the Krebs cycle, in the fatty acid oxidation, as well as in the synthesis of the heme and
steroids, are located in the matrix [8, 9, 12, 13]. The mitochondrial matrix also contains the
mitochondrial DNA (mtDNA). Thus, mitochondria are not only responsible for the synthesis
of most of the ATP produced in the cell, but they also play a role in the fatty acid oxidation,
the synthesis of the heme, steroids, and polypeptides involved in energy generation, as well
as in calcium regulation and cell death. Therefore, taken in account the multitude of essential
functions of mitochondria in cells, it is expected that their dysfunction might promote tissue
failure, as described below.

3.1. Disturbance of mitochondrial energy production

The NADH and FADH, generated in metabolic pathways, including glycolysis, fatty acid
oxidation and Krebs cycle are oxidized by complexes I and II of the mitochondrial electron
transport chain, respectively. The electrons liberated are then passed to ubiquinone
(coenzyme Q) that shuttles electrons to complex III, where it is oxidized; the electrons are
then passed to complex IV through cytochrome c. The electrons carried by cytochrome c
are used by complex IV to reduce molecular oxygen to water (Fig.1) [8, 14]. According to
Peter Mitchell’s Chemiosmotic Theory, complexes I, IIIl and IV are redox-driven proton
pumps that harness the energy derived from oxidation-reduction reactions to pump protons
into the IMS, in parallel to the electron transfer, creating the electrochemical proton gradient
(proton motive force) (ApuH"), which is comprised of two components: a pH gradient (ApH)
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and a membrane potential (AW) (Fig. 1). The complex V (ATP synthase), which consists of
the F1 subunit, a soluble portion located in the mitochondrial matrix, and the Fo subunit,
bound to the IMM, uses the electrical component AW to phosphorylate ADP to ATP. Thus,
the oxidative phosphorylation is coupled to the ATP requirements and the electron flow
along the electron transport chain only occurs when the synthesis of ATP is required. The
IMM impermeability ensures that the proton pumping along the respiratory chain is
coupled to ATP synthesis [8, 12, 14].

Induction/inhibition of the mitochondrial Changes in redox regulation

permeability transition 3 25 s
Al-trans-retineic acid, paclitaxel, doxorubicin, etoposide, — Flutamrdte, dqxurﬁbmul'lf, pﬂcmﬂ’l(fil.'a'
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Mitochondrial DNA damage
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Figure 1. Structure of mitochondria and main mechanisms by which anticancer agents affect mitochondrial functions.
Drugs can compromise mitochondrial bioenergetic functions by interfering with the generation system of ApuH*, by
dissipating the transmembrane proton gradient and by directly affecting the complex V or the substrate transporters.
Drugs can also trigger or inhibit the mitochondrial permeability transition (MPT) by interfering with the proteins that
compose or regulate the MPT or by modulating the critical factors to its onset, which may ultimately lead to cell death.
Other drugs induce changes in the redox regulation of mitochondrial functions, promoting several deleterious events,
including the interference with oxidative phosphorylation, nutrient oxidation and MPT. Drugs can also damage the
mtDNA and, indirectly, compromise the ATP synthesis and favor the production of ROS (ANT, adenine nucleotide
translocase; CyPD, cyclophilin-D; Cytc, cytochrome ¢; mnSOD, manganese superoxide dismutase; mtDNA, mitochon-
drial DNA; PiC, phosphate carrier; Prx, glutathione peroxidase; Q, coenzyme Q).

Xenobiotics can affect mitochondrial bioenergetic functions either by interfering with the
generation system of AuH'or by causing the dissipation of the transmembrane proton gradient,
as well as by affecting directly the F1Fo ATPase and the substrate transporters, including the
adenine nucleotide translocase (ANT) and the phosphate-hydrogen co-transporter (phos-
phate carrier) (Fig.1) [14].

In fact, the inhibition of the electron transport chain by drugs may not only lead to ATP
depletion, but also hinders the reoxidation of NADH and FADH, into NAD*and FAD,
respectively, which are required for the activity of several dehydrogenases of the Krebs cycle
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and the mitochondrial B-oxidation [15, 16]. In addition, the inhibition of the electron transport
chain favors the accumulation of electrons in the electron transport system complexes that can
escape and directly react with oxygen to form the superoxide anion radical [17]. The excessive
reactive oxygen species (ROS) production can promote several deleterious events (described
in more detail in section 3.3), but it is noteworthy that, in this context, both lipid accumulation
and lipid peroxidation are favored [15, 16].

On the other hand, drugs can compromise the impermeability of the IMM to protons and
dissipate the proton gradient impairing the production of ATP. The IMM impermeability can
be surpassed by drugs that either disrupt the mitochondrial membranes or act as ionophores,
uncouplers of the oxidative phosphorylation and inducers of the mitochondrial permeability
transition (MPT) [12-14]. Moreover, drugs that interfere with the basic components of the
phosphorylative system can also impair the production of ATP. These different effects on
mitochondria induce changes in cellular bioenergetics, one of the key hallmarks in tissues.

3.2. Mitochondria in Ca**homeostasis: MPT-dependent cell death

Besides serving as the cells’ primary energy source, mitochondria are implicated in the
maintenance of calcium homeostasis through calcium uptake and release pathways. The rise
of mitochondrial matrix free calcium concentration in the presence of a variety of sensitizing
factors can lead to the opening of the MPT pore that may serve either the purpose of providing
a fast calcium release or can convey both apoptotic and necrotic death signals.

MPT can be defined as an increase in the IMM permeability to solutes with molecular masses
up to 1500 Da, due to the opening of a voltage and calcium-dependent, cyclosporine A (CyA)-
sensitive channel [18].

The molecular identity of the MPT pore is still under debate [19] (Fig. 1). Cyclophilin-D is the
binding site for CyA, the golden standard of MPT inhibitors, and among the several compo-
nents that have been proposed to play a role on MPT, cyclophilin-D is probably the most
consensual. The ANT and the voltage-dependent anion channel (VDAC) were also considered
key components of the MPT pore complex for many years. Knockout mice devoid of cyclo-
philin-D are resistant to necrosis promoted by ROS and calcium overload and the mitochondria
isolated from the liver, heart and brain of these animals are resistant to MPT in vitro [20, 21].
Although these results support a central role for cyclophilin-D, MPT can occur even in the
absence of cyclophilin-D if the calcium concentration is high enough [22]. Likewise, MPT can
occur in mitochondria lacking ANT, although a higher concentration of calcium is required
[23] and, therefore, the ANT is now considered a regulatory component of the MPT pore, rather
than a structural one. Similar studies have excluded the VDAC as an essential component of
MPT pore megacomplex [24].

The phosphate carrier was also proposed to play a key role in MPT [25], but a later study
demonstrated that the reduction of phosphate carrier protein expression does not affect the
MPT [26]. A more recent work suggested that the MPT pore complex is composed of ATP
synthase dimers and pointed out that cyclophilin-D binds the lateral stalk of the ATP synthase
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at the same site as benzodiazepine 423, increasing the sensitivity to calcium [27]. However, the
composition of MPT still remains a contentious issue.

Besides the calcium concentration in the matrix, the level of oxidative stress is possibly the
most critical factor regulating MPT pore opening. Indeed, both the ANT and cyclophilin D
were shown to be modulated by S-oxidation reactions [28-29]. However, other factors may
contribute as well: the depletion of adenine nucleotides and high concentrations of phosphate
increase the sensitivity of MPT to calcium, while a low pH and a high (negative) AW inhibit
MPT pore opening [30].

Drugs can trigger MPT either by interfering with the proteins that compose or regulate the
MPT or by modulating the critical factors to its onset (Fig.1) [8]. As a consequence of MPT pore
opening, the IMM loses its impermeability to protons, which allows the movement of solutes
between the matrix and the cytosol, the dysregulation of cellular ionic homeostasis and the
dissipation of AuH". Moreover, since the protein concentration is higher in the matrix, a high
osmotic pressure is generated and may lead to mitochondrial swelling, rupture of OMM, and
loss of proapoptotic proteins that may trigger the apoptotic pathway in the cytoplasm [30,
31]. These events, together with the bioenergetic failure and the redox catastrophe, can
culminate in cell death; if there are no sufficient levels of ATP, necrotic death may predominate
over apoptosis [32]. Thus, depending on the cell type involved, different pathological condi-
tions can occur as consequence of MPT induction.

3.3. Changes in redox regulation of mitochondrial functions

During the transfer of electrons along the electron transport chain to oxygen, and particularly
at complexes I and III, some of these electrons escape and directly react with oxygen. The
univalent reduction of oxygen generates the superoxide anion radical, which is then dismu-
tated by the mitochondrial manganese superoxide dismutase into hydrogen peroxide, a key
ROS signaling molecule due to its longer half-life and capacity to diffuse through membranes.
The hydrogen peroxide is detoxified into water by the mitochondrial glutathione peroxidase
and hence, in normal circumstances, most of the ROS generated by the electron transport chain
are neutralized by the mitochondrial antioxidant defenses (Fig.1) [17]. The accumulation of
hydrogen peroxide can promote the oxidation of thiolic groups, irreversibly deactivating the
protein; likewise, the superoxide anion disassembles Fe-S clusters in several Krebs cycle
enzymes and in respiratory complexes, and can combine with nitric oxide to form the highly
toxic peroxynitrite. In addition, high levels of ROS can lead to the production of hydroxyl
radical, which indiscriminately oxidizes biological macromolecules [33]. Other sources that
can contribute to the total mitochondrial ROS include 2-oxoglutarate dehydrogenase, pyruvate
dehydrogenase, dihydroorotate dehydrogenase, sn-glycerol-3-phosphate dehydrogenase,
electron transfer flavoprotein:ubiquinol oxidoreductase, p66shc/Cytochrome C, Mia40p/
Ervlp, and complex II [33]. When maintained within a certain concentration range, ROS act
as important signaling molecules, contributing to the redox balance, which regulates the
functions that assist the normal cellular physiology [33]. However, the excessive formation of
ROS can promote a series of deleterious events that deregulate key mitochondrial functions,
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including oxidative phosphorylation, nutrient oxidation and MPT, which may ultimately lead
to cell death, tissue failure and have also a key role in disease pathogenesis [33].

3.4. Mitochondrial DNA damage

The mtDNA, maternally inherited, encodes 13 polypeptides that are subunits of the complexes
I IIL, IV and V, which are synthesized in mitochondrial ribosomes. The majority of the other
mitochondrial proteins, including the subunits of complex II, are encoded by nuclear DNA,
and imported into mitochondria after synthesis on cytosolic ribosomes [8-10].

The mtDNA is particularly vulnerable to the action of drugs, as it lacks histones, similarly to
the bacterial DNA. Furthermore, the DNA repair mechanisms are less efficient that those of
nuclear DNA. Therefore, and considering the proximity to the sites where ROS are routinely
generated, the frequency of mtDNA mutation is much higher than that of nuclear DNA [13].
Mutations of mtDNA can seriously damage the respiratory chain as most of the polypeptides
that form the respiratory chain complexes are encoded by mtDNA. As discussed in section
3.1, the impairment of the respiratory chain decreases the ATP synthesis capacity and
enhances the production of ROS, which in turn will promote oxidative damage on several
biomolecules, including the mtDNA itself, creating a vicious cycle that further enhances the
insult [34].

4. Anticancer drugs impair mitochondria functions: relevance to tissue
failure

In the last decades a large number of anticancer drugs have been reported to induce tissue
failure by promoting changes in essential functions of mitochondria. The extent and type of
mechanisms underlying the anticancer drug-induced mitochondrial dysfunctions are tissue-
dependent and responsible for most of the idiosyncratic adverse drug responses.

In this section, we discuss some examples of the prominent members of different groups of
anticancer drugs with evidences for the involvement of mitochondrial dysfunction in tissue
impairment induced by these compounds.

4.1. Selective estrogen receptor modulators

Tamoxifen has been the endocrine therapy of choice for women with estrogen-receptor
positive breast carcinoma over the last decades. Fatty liver is observed in more than 30 % of
patients taking tamoxifen, which may persist after the discontinuation of the treatment [35,
36]. Nonalcoholic steatohepatitis, hepatic fibrosis, cirrhosis and hepatic necrosis were also
reported [37-39].

Tamoxifen depresses the phosphorylation efficiency and the levels of ATP in a concentration-
dependent manner inisolated ratliver mitochondria; these effects were attributed to a decrease
in the active ANT content and a partial inhibition of the phosphate carrier [40, 41]. On the other
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hand, tamoxifen uncouples liver mitochondria respiration [40, 42] and, at higher concentra-
tions, tamoxifen disrupts membrane integrity [43-44], enhancing the proton leak [40]. Tamox-
ifen also inhibits the electron transfer along the electron transport chain [40, 42] and the flavin
mononucleotide site of complex I was identified as the target of tamoxifen [45]. The interaction
of tamoxifen with complex IIl and IV was also shown [42]. The fact that tamoxifen interferes
with membrane dynamics [46] may also decrease the diffusional mobility of membrane
proteins and the electron transfer along the electron transport chain [40]. Furthermore, an in
vivo study pointed out that tamoxifen depletes hepatic mtDNA, which further contributes to
inhibit mitochondrial electron transport chain activity, and triggers steatose in mouse liver
[47]. Therefore, the effects promoted by tamoxifen on mitochondrial bioenergetics may
contribute to the liver damage observed in patients taking tamoxifen (Fig.1).

Interestingly, tamoxifen active metabolites, 4-hydroxytamoxifen and endoxifen, which are
responsible for the antitumor actions of tamoxifen [48], do not significantly compromise
mitochondrial bioenergetics at the concentrations reached in tissues [49, 50]. These results may
indicate that the clinical use of tamoxifen metabolites instead of the prodrug may minimize
liver damage. As the outcome of tamoxifen treatment seems to rely on its metabolic activation
and endoxifen is a promising drug for cancer treatment, the future utilization of tamoxifen
metabolites, and especially endoxifen, deserves further investigation. On the other hand,
tamoxifen prevents and reverses the MPT induced by several agents [51-55]. Likewise,
tamoxifen metabolites 4-hydroxytamoxifen and endoxifen also prevent and reverse the MPT
induced by calcium and phosphate [50, 56]. Although the mechanisms underlying the
inhibition of MPT by the antiestrogens are still under debate [57], this protective effect of TAM
and its active metabolites regarding MPT might be of interest when considering combined
anticancer drug therapies since it can decrease the toxicity of the associated drugs, as discussed
in section 5.

4.2. Antiandrogens

Flutamide is a nonsteroidal anti-androgen used in the treatment of advanced prostate cancer,
which has been associated with idiosyncratic drug-induced liver injury [58] and, although the
mechanisms underlying liver damage are still unknown, mitochondria are a potential target
of flutamide.

Indeed, high-doses of flutamide promote hepatocytes death in heterozygous Sod2(+/-) mice,
butnot in wild-type animals, suggesting that flutamide may exacerbate underlying mitochon-
drial abnormality [59]. Flutamide leads to the covalent binding of reactive electrophilic
metabolites to proteins and diminishes the reduced glutathione (GSH)/glutathione disulfide
(GSSQG) ratio, as well as the total protein thiols in isolated rat hepatocytes; these effects are
associated with the release of lactate dehydrogenase (LDH) [60]. Similar findings were
reported by others, which also demonstrated that flutamide increases the hepatic GSSG/GSH
ratio, the protein carbonyl levels, and serum lactate levels, supporting the view that the liver
damage promoted by flutamide involves oxidative stress and mitochondrondrial dysfunction
[59]. Accordingly, the addition of cysteine increased hepatocellular GSH and decreased LDH
release in male hepatocytes [60].
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Additionally, flutamide markedly impairs rat liver mitochondrial respiration (mainly at the
level of complexI)and decreases the levels of ATP in rat hepatocytes [60]. Moreover, flutamide-
treated Sod2(+/-) mice present a decrease in the expression of complexes I and III subunits [59].
Therefore, it seems possible that the increased oxidative stress promoted by flutamide may
damage mitochondrial proteins and mtDNA, particularly when the antioxidant system is
compromised [59], contributing to liver damage (Fig.1).

4.3. Alkylating agents

4.3.1. Platinum analogs

Cisplatin, which crosslinks DNA, is widely used in the treatment of head, neck, bladder
ovarian and testicular cancers, but it has also been used in the management of other malig-
nancies. Unfortunately, cisplatin promotes severe side effects, and particularly nephrotoxicity
[61] and neurotoxicity [62].

Peripheral neuropathy is the dose limiting side effect of cisplatin and occurs in 30 % of patients.
Dorsal root ganglion neurons treated with cisplatin exhibit mitochondrial vacuolization and
degradation both in vitro and in vivo, suggesting that mitochondrial damage is involved in
cisplatin-induced neurotoxicity (Fig.1) [63]. Besides covalently binding to nuclear DNA [64],
cisplatin also directly binds to mtDNA, hindering the transcription of mitochondrial genes
[63]. Another platinum analog, oxaliplatin, affects both complex I- and complex II-mediated
respiration and decreases ATP production in rat peripheral nerve axons [65]. Acetyl-l-
carnitine, which inhibits the development of oxaliplatin-evoked neuropathy, prevents
oxaliplatin-induced mitochondrial dysfunction, further implicating mitochondria in the
etiology of peripheral neuropathy [65].

About a quarter to one third of patients undergoing cisplatin treatment experience nephro-
toxicity, which is manifested clinically as lower glomerular filtration rate and reduced serum
magnesium and potassium levels [61]. Although the mechanism underlying cisplatin neph-
rotoxicity is not yet clear, the available evidence suggests that mitochondrial dysfunction plays
a key role in renal tubular cell injury and death. Ultrastructural analysis of cisplatin-treated
renal tubular cells of mouse kidney demonstrates the decrease in mitochondrial mass,
disruption of cristae, and extensive mitochondrial swelling [66], supporting the involvement
of mitochondria in cisplatin-induced nephrotoxicity. Cisplatin decreases manganese super-
oxide dismutase and complex II activity in rodents” kidney [67]. The GSH-reductase activity
and the levels of GSH are markedly diminished in porcine proximal tubular cells [68]. These
observations suggest that cisplatin strongly reduces the antioxidant defenses and favors ROS
formation. However, agents that are able to prevent ROS formation, do not prevent cell death,
suggesting that ROS formation is not the direct cause of cell death [68]. Furthermore, cisplatin
significantly impairs kidney mitochondrial bioenergetic functions. In porcine proximal tubular
cells, cisplatin inhibits complexes I to IV and decreases intracellular ATP [68]. In fact, the kidney
of animals treated with cisplatin presents decreased mtDNA content and reduced complex I,
III and IV protein expression [67].
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Cisplatin is a rare cause of hepatotoxicity (steatosis and cholestasis) at standard doses, but high
doses may lead to liver damage, revealed by abnormal liver tests, especially aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) [69]. Light microscopic observations
confirmed that high doses of cisplatin cause massive hepatotoxicity; alterations at the ultra-
structural level, including atrophied mitochondria, were also found [70]. Cisplatin induces
MPT in rat liver mitochondria [71]. Moreover, cisplatin stimulates state 4 respiration, but does
not affect FCCP-uncoupled respiration, suggesting that cisplatin affects mitochondrial
bioenergetics by increasing the IMM permeability to protons and not by interfering with
respiratory chain complexes activity [71]. Both the induction of MPT and the effects on liver
mitochondrial bioenergetics are prevented by thiol group protecting agents, suggesting that
changes on the redox-status of thiol groups affect membrane permeability to cations and
underlie liver mitochondrial dysfunction [71]. Accordingly, it was proposed that the mecha-
nism of cisplatin-induced hepatotoxicity involves membrane rigidification, lipid peroxidation,
oxidative damage of cardiolipin and protein sulfhydryl groups, as well as decreased GSH/
GSSG ratio, ATP, GSH and NADPH [72].

4.3.2. Nitrogen mustards

Cyclophosphamide is an alkylating agent used in the treatment of lymphomas, multiple
myeloma, and certain types of leukemia, retinoblastoma, neuroblastoma, ovarian cancer, and
breast cancer. Generally, cyclophosphamide does not cause relevant cardiotoxicity, but when
it occurs, it appears to be related to a single dose, unlike the anthracyclines [3]. Patients who
were previously medicated with anthracyclines or that underwent chest irradiation are more
prone to suffer from cyclophosphamide-induced cardiotoxicity [3]. Liver damage was also
reported [73, 74].

Cyclophosphamide compromises calcium accumulation by heart or liver mitochondria,
which can almost be restored by CyA [75]. As the increases in the levels of serum AST,
serum ALT, glucose-6-phosphate dehydrogenase and creatine phosphokinase induced by
cyclophosphamide can also be attenuated by the simultaneous administration of CyA, the
induction of MPT is closely related to the hepatotoxicity and cardiotoxicity promoted by
cyclophosphamide (Fig.1) [75].

Ifosfamide, another nitrogen mustard, is one of the most commonly implicated drugs in kidney
injury [76]. Using mitochondria isolated from the kidney of rats treated with ifosfamide, it was
shown that this alkylating agent significantly inhibits complex I, resulting in NADH elevation
and NAD*depletion, and Krebs cycle impairment (Fig.1) [77]. Among the ifosfamide metabo-
lites, only chloroacetaldehyde, which reaches high concentrations in the renal cortex, inhibits
complex I, suggesting that this metabolite is responsible for the ifosfamide-induced nephro-
toxicity [77].

4.3.3. Alkyl sulfonates

Busulfan is an alkylating drug, which forms DNA intrastrand crosslinks, used in the clinical
management of chronic myelogenous leukemia. Although in standard doses busulfan rarely
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causes liver dysfunction, some cases of hepatotoxicity during busulfan treatment were
reported [78-80].

The toxicity of busulfan is thought to involve oxidative stress mechanisms as it promotes
decreases in GSH in hepatocytes both in vivo and in vitro [81]. Considering that glutathione S-
transferase inhibitors and antioxidants prevent busulfan toxicity in vitro, it is likely that
busulfan toxicity requires glutathione conjugation [81] Moreover, the effects of busulfan are
strongly exacerbated on GSH-depleted hepatoctyes [81], which may provide a basis to explain
the enhanced sensitivity to the liver damaging effects of busulfan under certain circumstances.

4.4. Enzyme inhibitors

4.4.1. Anthracyclines

Doxorubicin is used in the clinical management of a wide range of cancers, and particularly
in breast cancer treatment. The anticancer activity of doxorubicin involves its intercalation into
DNA and disruption of topoisomerase-II-mediated DNA repair, as well as the generation of
ROS that lead to lipid peroxidation, as well as membrane and DNA damage [82]. However,
its therapeutic use is limited by its side-effects, mainly the dose-dependent myelosuppression
and the cumulative and irreversible cardiotoxicity, which in the most severe forms may lead
to patient death [83].

Acute cardiotoxicity occurs in less than 1 % of the patients immediately after infusion and is
usually reversible; the early-onset chronic progressive form affects 1.6-2.1 % of patients, during
therapy or within the first year after treatment; the late-onset chronic progressive form occurs
after one year of completion of therapy in 1.6-5 % of patients, supporting the need of long-
term follow-up [3]. Doxorubicin causes myocardial damage as shown by the increase in serum
levels of AST, ALT, LDH isoenzyme and creatine phosphokinase isoenzyme [84]. Doxorubicin-
induced cardiotoxicity etiology seems complex, and several effects may be involved, triggering
a domino effect [83]. Among the several mechanisms postulated, the induction of oxidative
stress is the most widely accepted. The univalent reduction of the tetracyclic ring of anthra-
cycline by complex I generates a semiquinone free radical; the unpaired electron of this
semiquinone is transferred to oxygen, forming the superoxide radical, while the tetracyclic
ring returns to the parent quinone [85]. The free radicals generated are thought to be related
to the interference with calcium homeostasis and bioenergetic functions, lipid peroxidation,
and mtDNA damage, which play a key role in the pathogenesis of doxorubicin cardiotoxicity
(Fig.1).

Heart mitochondria isolated from rats treated with doxorubicin present decreased state 3
respiration and respiratory control ratio (RCR), whereas the state 4 respiration is not affected
[86-88]; complex I activity is also inhibited [87]. Besides affecting nuclear DNA, doxorubicin
damages mtDNA [89-91] and decreases its content in human hearts [90]. Accordingly,
doxorubicin-exposed human hearts show low activity of complex I and IV (encoded by
mtDNA) but not of complex II (exclusively encoded by nuclear DNA) [90]. The higher levels
of superoxide in doxorubicin-exposed hearts correlate negatively with mtDNA content and
with the activities of respiratory chain complexes encoded by mtDNA [90]. The damage
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leading to mtDNA adducts, as well as the higher rate of ROS formation and depression of GSH
in heart tissue, persist for several weeks after cessation of doxorubicin treatment [92, 93].

Furthermore, mitochondria isolated from the heart of rats treated with doxorubicin present
diminished ability to accumulate calcium [84, 86, 87, 94]. Similar effects were reported in
mitochondria isolated from doxorubicin-treated human atrial trabeculae, and were shown to
be reversed by CyA [95]. Considering that the decrease in left ventricular fractional survival
promoted by doxorubicin is improved by the simultaneous administration of CyA, it seems
that doxorubicin-induced heart damage is closely related to the induction of MPT pore opening
[84, 96]. As discussed in section 3.3, oxidative stress is a major factor regulating MPT and
doxorubicin leads to the oxidation of mitochondrial glutathione and to the accumulation of
membrane disulfides, which may contribute to MPT induction. On the other hand, it has been
proposed that the ANT is a key target for doxorubicin, as following doxorubicin treatment the
amount of ANT protein and its active content are reduced in rats [94, 97]. The effects of
doxorubicin on the ANT explain both the MPT induction and the effects on mitochondrial
respiration [97]. Indeed, the decrease in state 3 respiration observed in heart mitochondria
isolated from doxorubicin-treated rats is partially reversed by CyA or dithiothreitol, but not
by trolox, suggesting that the toxic effects of doxorubicin on mitochondrial bioenergetics are
at least in part a consequence of MPT induction and involve changes in the redox state of thiol
groups [88]. Noteworthy, among several agents, including antioxidants, CyA was the only
agent that was able to reverse the doxorubicin-induced alterations in the calcium accumulation
capacity when added ex vivo [94]. Although the triggering of MPT by doxorubicin may initially
involve the oxidation of regulatory components of the MPT pore megacomplex, once it occurs
thiol protecting agents are unable to restore the pore to its original closed state [94, 98].
Therefore, antioxidants may be useful in the preventive setting, as discussed in section 5.
Moreover, by increasing the generation of free radicals, doxorubicin also significantly enhan-
ces lipid peroxidation, as well as alterations in proteins and biomolecules that act as signaling
molecules [99-101].

Altogether, the results obtained so far suggest that the persistent nature of doxorubicin
cardiotoxicity reflects a self-perpetuating mechanism, where mtDNA alterations accumulate,
leading to a damaged respiratory chain and decreased calcium loading ability; the defective
respiratory chain further enhances ROS generation and mtDNA insult (Fig.1) [83, 98].

The heart is the main target of doxorubicin toxicity, due to the abundance of mitochondria in
heart tissue, the elevated rate of oxygen consumption and the lower antioxidant defenses [83].
However, mitochondrial dysfunction has also been observed in other tissues. Indeed, in
isolated mitochondrial fractions from the brain of rats treated with doxorubicin, the thiobar-
bituric acid-reactive substances and the vitamin E levels are increased, whereas the reduced
glutathione content is diminished [102]. In addition, doxorubicin increases the sensibility of
brain mitochondria to MTP pore opening [102]. The use of doxorubicin was also associated
with a higher risk for developing hepatotoxicity among breast cancer patients [103]. Liver
mitochondria isolated from doxorubicin-treated rats present decreased RCR and the activity
of complex IV is inhibited [107]. In addition, light microscopic observations confirmed that
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doxorubicin at high doses caused massive liver injury; alterations at the ultrastructural level,
such as atrophied mitochondria, were shown [70].

4.4.2. Topoisomerase inhibitors

Etoposide is a podophyllotoxin derivative used in the treatment of several cancers that acts as
a topoisomerase Il inhibitor. Cases of hepatic injury were reported using either standard doses
[104] or high-dose regimens [105]. Etoposide induces calcium-dependent MPT in rat liver
mitochondria [106]. Since the etoposide-induced MPT is prevented by several antioxidants, it
was proposed that etoposide triggers MPT pore opening through the generation of oxidant
species, which is further corroborated by the ability of antioxidants to prevent the apoptosis
promoted by etoposide (Fig.1) [107]. Therefore, the generation of oxidant species that are able
to induce mitochondrial dysfunction may contribute to hepatic injury.

4.5. Antimicrotubules — Taxanes

Paclitaxel is a taxane-derived drug used in monotherapy or in combination with other agents,
for the treatment of ovarian, breast and advanced non-small cell lung cancers, and AIDS-
related Kaposi's sarcoma.

Painful peripheral neuropathy is the major dose-limiting side-effect of paclitaxel therapy, with
the major drawback that the pain and sensory abnormalities can persist for months or years.
Moreover, it may turn the patients unable to complete optimal chemotherapy schedules thus
potentially compromising the treatment efficacy [108].

The involvement of mitochondrial dysfunction in paclitaxel-induced pain is suggested by the
presence of swollen and vacuolated neuronal mitochondria [109]. Earlier investigations
demonstrated that paclitaxel promotes a CyA-sensitive swelling in liver, kidney, heart, and
brain mitochondria; the highest degree and slope of the swelling are observed in liver
mitochondria, whereas the lowest are detected in brain mitochondria [110].

Using arat model of paclitaxel-induced pain, it was shown that the non-specific ROS scavenger
N-tert-butyl-a-phenylnitrone significantly decreases paclitaxel-induced mechanical hyper-
sensitivity, whereas the superoxide selective scavenger 4-hydroxy-2, 2, 6, 6-tetramethylpiper-
idine-1-oxyl (TEMPOL) does not present significant effects [108]. Therefore, the authors
suggest that ROS are involved in the development and maintenance of paclitaxel-induced pain,
although such effects cannot be attributed to superoxide radicals alone [108]. Moreover, rat
sciatic nerve samples taken after induction of painful peripheral neuropathy with paclitaxel
exhibit significant impairment of both complex I- and complex II-mediated respiration and
deficits in ATP synthesis; the mitochondrial dysfunction promoted by paclitaxel is abrogated
by acetyl-l-carnitine, again supporting that paclitaxel promotes oxidative damage [65].

Paclitaxel is extensively excreted by the liver, and therefore its administration to patients with
liver impairment should be handled with care [69]. Alterations of liver functions are seen in
4-17 % of patients treated with doses up to 190 mg/m?, but they can occur in 16-37 % of patients
taking higher doses [69].
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In isolated liver mitochondria, paclitaxel induces large amplitude swelling, the dissipation of
mitochondrial membrane potential and the release of cytochrome c; these effects are inhibited
by CyA, suggesting that paclitaxel induces MPT pore opening [110]. Paclitaxel also signifi-
cantly increases complex IV-mediated ROS production (Fig.1) [110]. Paclitaxel does not inhibit
mitochondrial respiration, but ROS formation is abolished by complex IV inhibitors, suggest-
ing that paclitaxel promotes ROS production not by inhibiting the respiratory complexes, but
through an effect on complex IV [110]. The abrogation of ROS formation does not prevent
paclitaxel-induced MPT, suggesting that the induction of MPT is not secondary to enhanced
ROS generation [110]. The combination with doxorubicin enhances the induction of oxidative
stress [111].

The cardiotoxicity promoted by paclitaxel is usually represented by subclinical sinus brady-
cardia (approximately 30 % of patients), but more severe conditions were also reported [3]. A
recent study suggests that microtubule disorganization in cardiac myocytes promoted by
paclitaxel leads to MTP pore opening [112]. However, when isolated mitochondria are exposed
to paclitaxel, no significant effects are detected; the authors suggested that paclitaxel does not
promote MPT due to a direct effect on mitochondria [112]. However, it must be noted that
lower concentrations were used in the latter study in comparison with previous work using
liver mitochondria [110, 112].

Therefore, both the induction of MPT and mitochondrial ROS production can contribute to
paclitaxel side effects in the nerve, liver, kidney and heart.

4.6. Antimetabolites

4.6.1. Folate antagonists

Methotrexate is a folic acid antagonist widely used in the treatment of leukemia and other
malignancies. Gastrointestinal toxicity and liver function abnormalities are common in
patients taking methotrexate and the use of methotrexate in patients with history of liver
disease is not advisable [113].

In liver mitochondria, methotrexate promotes a significant rise in superoxide radical
formation, as well as in lipid peroxidation, whereas the GSH levels are decreased [114].
Likewise, methotrexate significantly impairs the function of isolated heart mitochondria by
promoting lipid peroxidation, mitochondrial swelling and by inhibiting complex I, II and
IV activities [115].

Methotrexate administration also leads to small intestinal injury and damages in enterocyte
mitochondria, as shown by the decrease in the RCR, an indicator of mitochondrial function
[116]. Moreover, the activities of complexes II and IV are markedly decreased in enterocyte
mitochondria, suggesting that the deleterious effects promoted by methotrexate on enterocyte
mitochondria can compromise ATP synthesis (Fig.1) [116], thereby leading to the gastrointes-
tinal toxicity seen in patients.
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4.6.2. Purine analogs

6-Mercaptopurine is an orally administered immunosuppressive drug used to treat acute
lymphocytic leukemia. 6-Mercaptopurine is converted to its active metabolites, the 6-thiogui-
nine nucleotides, or inactivated by xanthine oxidase or by thiopurine methyltransferase to 6-
thiouric acid or 6-methylmercaptopurine, respectively [117]. Liver injury is an important
adverse effect of 6-mercaptopurine, with an estimated frequency of liver test abnormalities
within 1-9 % range [118]. Clinically relevant concentrations of 6-mercaptopurine are toxic to
rat hepatocyte cultures by a mechanism that involves oxidative stress and ATP depletion (Fig.
1) [119]. The decreased rat hepatocytes viability promoted by 6-mercaptopurine is nearly
prevented by allopurinol (xanthine oxidase inhibitor) together with trolox (vitamin E analog),
implying xanthine oxidase-mediated metabolism of the thiopurines and oxidative stress in the
hepatotoxicity promoted by 6-mercaptopurine [119].

4.7. Retinoids

All-trans-retinoic acid was approved in 1995 by the Food and Drug Administration for the
treatment of acute promyelocytic leukemia, changing the outcome of this disease, which was
associated with a significant mortality until then. Retinoids induce hepatotoxicity, either
during dietary supplementation [120] or treatment of acute promyelocytic leukemia patients
[121], and hypertriglyceridemia [122]. Moreover, vitamin A supplementation in rats induces
slight enlargement of mitochondria [123], hepatic oxidative insult and mitochondrial dys-
function [124], supporting the view that mitochondria are a target of retinoid toxicity.

All-trans-retinoic acid is a known inducer of MPT pore opening [125-127], which is thought to
reflect its ability to modulate ANT activity in both liver and heart mitochondria [126]. All-
trans-retinoic acid depresses the phosphorylation efficiency of mitochondria and, at higher
concentrations, induces uncoupling of mitochondria [127]. Whereas earlier studies attribute
the uncoupling promoted by retinoids to an increase in the IMM permeability [128], a more
recent study suggests that the leak of protons through the Fo fraction of complex V is the
underlying mechanism [127]. Thus, is seems likely that the liver injury promoted by all-trans-
retinoic acid reflects its effects on mitochondria (Fig.1).

4.8. Targeted therapy

4.8.1. Monoclonal antibodies

Trastuzumab is a recombinant humanized monoclonal antibody against the human epidermal
growth factor receptor 2 (HER2), which is overexpressed by many adenocarcinomas. Trastu-
zumab improves cancer patient survival, but it also causes cardiotoxicity in a significant
number of patients, ranging from 2-7 % when used as monotherapy, 2-13 % when used
combined with paclitaxel, and up to 27 % when trastuzumab is used with both anthracyclines
and cyclophosphamide [3]. In contrast to the cardiomyopathy promoted by doxorubicin, the
cardiac dysfunction induced by trastuzumab does not appear to be dose dependent and is
often reversible [123]. Neonatal rat cardiomyocytes treated with an inhibitory HER2 antibody
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exhibit an increased ROS production and cell death, which are reversed by N-acetylcysteine
and by CyA, suggesting that the toxic effects of trastuzumab on the heart involve mitochon-
drial damage and enhanced ROS production (Fig.1) [129].

4.8.2. Tyrosine kinase inhibitors

Sorafenib is effective against renal-cell carcinoma and hepatocellular carcinoma, whereas
sunitinib is used in the management of advanced kidney cancer, gastrointestinal stromal
tumor, and pancreatic neuroendocrine tumors. In phase I-II trials, 11 % of patients taking
sunitinib experienced cardiovascular events and approximately half of the patients developed
hypertension [130]. The incidence of sorafenib-associated heart toxicity is lower than that of
sunitinib, and hypertension occurred in about 17 % of patients in clinical trials [131].

Sorafenib compromises mitochondrial function at clinically relevant concentrations in a
myoblastic cell line grown under conditions where cells are either glycolytically or aerobically
poised; the other tyrosine kinase inhibitors investigated (imatinib, dasatinib, sunitinib) do not
affect the mitochondria [132]. Sorafenib uncouples heart mitochondria and inhibits complex
V and complex II+IIL; at much higher concentrations the complex I and IV are also inhibited
(Fig.1) [132].

Using neonatal rat cardiomyocyte cultures, it was shown that sunitinib decreases the mito-
chondrial membrane potential, and that both sunitinib and sorafenib reduce the intracellular
ATP levels [133]. Echocardiographic abnormalities are apparent in sorafenib, but not in
sunitinib or pazopanib treated animals; the analysis of ventricular cardiomyocytes revealed
that sunitinib promotes mitochondrial swelling, dense deposits, and matrix cavitation,
whereas sorafenib disrupted mitochondrial cristae [133].

4.8.3. Proteasome inhibitors

Bortezomib is a proteasome-inhibitor approved for the treatment of multiple myeloma and
mantle cell lymphoma and its use in other types of cancer is currently under investigation.
However, bortezomib induces dose-limiting peripheral neuropathy and compromises
complex I-and complex II-mediated respiration, as well as ATP production in peripheral nerve
axons, suggesting that mitochondrial dysfunction plays a key role in bortezomib-induced
peripheral neuropathy (Fig.1) [134].

Mechanism Drug class Target organ References

MPT

MPT induction

All-trans-retinoic acid Miscellaneous agents Heart and liver [125-127]

Paclitaxel Antimicrotubules Heart, liver, kidney [110]

Doxorubicin Enzyme inhibitors Heart and brain [84, 86, 87, 94, 95, 102]
Etoposide Enzyme inhibitors Liver [106]

Cisplatin Alkylating agents Liver [71]
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Mechanism Drug class Target organ References
Cyclophosphamide Alkylating agents Heart and liver [75]

MPT inhibition

Tamoxifen SERMs Liver [51-55]
Mitochondrial bioenergetics

Tamoxifen SERMs Liver [40, 41, 159]
Flutamide Antiandrogens Liver [59, 60]
All-trans-retinoic acid Miscellaneous agents Liver [127]
Cisplatin Alkylating agents Liver and kidney [67, 68, 71]
Oxaliplatin Alkylating agents Nerve [65]
6-Mercaptopurine Antimetabolite Liver [119]
Ifosfamide Alkylating agents Kidney [77]
Methotrexate Antimetabolites Heart and GI [115, 116]
Paclitaxel Antimicrotubules Nerve [65]
Doxorubicin Enzyme inhibitors Heart and liver [86-88]
Sorafenib Targeted Therapy Heart [132, 133]
Sunitinib Targeted Therapy Heart [133]
Bortezomib Targeted therapy Nerve [134]
mtDNA damage

Tamoxifen SERMs Liver [47]
Cisplatin Alkylating agents Neurons and kidney [63, 67]
Doxorubicin Enzyme inhibitors Heart [89-91]
Oxidative stress

Flutamide Antiandrogens Liver [59, 60]
Doxorubicin Enzyme inhibitors Heart and brain [85, 102]
Paclitaxel Antimicrotubules Liver and nerve [108, 110]
6-Mercaptopurine Antimetabolites Liver [119]
Busulfan Alkylating agents Liver [81]
Cisplatin Alkylating agents Kidney and liver [67, 68, 72]
Methotrexate Antimetabolites Heart and liver [114, 115]
Trastuzumab Targeted therapy Heart [129]

Table 1. Summary of the mechanisms of mitochondrial dysfunction promoted by anticancer agents (GI,
gastrointestinal tract; MPT, mitochondrial permeability transition; mtDNA, mitochondrial DNA; SERMs, selective

estrogen receptors modulators).

5. A mitochondrial basis for anticancer drugs combinations: a promising

approach to therapy

The severe toxicity promoted by anticancer agents represents a substantial health care burden
that may seriously affect the treatment outcome. Based on the previous sections, mitochondria
take center stage within the toxicity mechanisms, and are in the first line for protection by
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pharmacological strategies aiming to avoid alterations that may prove deleterious both in the
shortand in the long term. Considering that some of these effects are irreversible or cumulative,
it is desirable to prevent these events when planning the therapy of cancer patients.

Asdiscussed in the previous section, oxidative stress has been established as one of the primary
cause of mitochondrial dysfunction and toxicity induced by anticancer agents and, therefore,
several antioxidants have been tested in vitro and in vivo as a prophylactic measure. In
particular, naturally occurring antioxidants have been investigated as therapeutic adjuvants,
as they are considered safe and well-tolerated, and may afford protection against cancer
treatment-related toxicity by improving mitochondprial functions.

Alpha-lipoic acid affords protection against the neurotoxic effects promoted by cisplatin
and paclitaxel through its antioxidant and mitochondrial regulatory functions [135]. The
toxic effects promoted by cisplatin on rat liver mitochondria are also prevented by thiol
group protecting agents [71]. Curcumin, which has anti-inflammatory and anticancerous
properties, counteracts the mitochondrial lipid peroxidation and GSH levels alterations in
mitochondria isolated from the brain and liver of rats treated with cisplatin, suggesting that
it can abrogate the toxic effects of cisplatin on brain and liver [136]. Likewise, epicatechin
prevents the renal damage and mitochondrial dysfunction promoted by cisplatin by
decreasing oxidative stress; noteworthy, epicatechin does not compromise the antitumor
actions of cisplatin in HeLa cells [67].

The etoposide-induced MPT is prevented by ascorbate, the primary reductant of the phenoxyl
radicals generated by etoposide, and by thiol protecting agents [107].

An in vitro study demonstrated that Vitamin E decreases the oxidative stress induced by
methotrexate in rat heart mitochondria and thereby minimizes mitochondrial dysfunction
[115]. Likewise, the administration of lipoic acid decreases oxidative stress induced by
methotrexate, which affects liver mitochondrial function [114].

Acetyl-L-carnitine completely blocks the effects of bortezomib on mitochondria and pain [134].

Strategies to prevent doxorubicin-induced cardiotoxicity are probably the best studied, given
the significant number of patients affected and the impact on the overall success of the
treatment. Many studies reported that antioxidants could afford cardioprotection against
doxorubicin therapy. The broad antioxidant resveratrol markedly ameliorates the cardiac
dysfunction promoted by doxorubicin, while the ROS generation is decreased, and gluta-
thione, superoxide dismutase and catalase activities are improved [137]. Also, flavonoids, and
particularly 7-monohydroxyethylrutoside, protect against the cardiac toxic effects promoted
by doxorubicin both in vitro and in vivo [138]. In addition, 7-monohydroxyethylrutoside does
not compromise the antitumor activity of doxorubicin in human ovarian cell lines and in the
corresponding mouse xenograft models, and even inhibits the overexpression of adhesion
molecules promoted by doxorubicin on vascular endothelial cells [138]. The combination of
doxorubicin and vitamin E-succinate cooperates to induce apoptosis in human gastric cancer
cells, by promoting doxorubicin influx and suppressing its efflux [139]. On the other hand,
vitamin E also aggravates the heart damage promoted by doxorubicin in P388 tumor-bearing
mice [140].
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Studies in animals demonstrated that the inhibition of mitochondrial respiration and the
decrease in mitochondrial calcium accumulation capacity promoted by doxorubicin are
prevented by the coadministration of the beta-adrenergic receptor antagonist carvedilol [87].
The prophylactic use of carvedilol in patients receiving doxorubicin contributes to maintain
left ventricle diameters constant and to preserve diastolic function [141]. Interestingly, the toxic
effects promoted by doxorubicin on heart mitochondria and cardiac cell apoptosis are
prevented by carvedilol, but not by atenolol, another beta-adrenergic receptor antagonist with
no antioxidant action, suggesting that the antioxidant properties and not the beta-adrenergic
receptor antagonism are responsible for the cardioprotective effects of carvedilol [142].
Likewise, metoprolol, which also has no antioxidative properties, failes to afford cardiopro-
tection in lymphoma patients treated with doxorubicin [143].

Dexrazoxane, a well-studied therapeutic adjuvant for doxorubicin chemotherapy, is a free
radical scavenger that was found to have cardioprotective effects by preventing the functional
damage of cardiac mitochondria initiated by ROS [83, 144]. Dexrazoxane prevents or reduces
cardiac injury in doxorubicin-treated children with acute lymphoblastic leukemia without
affecting the antitumor activity of doxorubicin [145]. In contrast, other iron chelators have
failed to afford the same degree of cardioprotection, suggesting thatiron does not play a crucial
role in the oxidative stress-mediated toxicity of doxorubicin [138, 146, 147].

Promising results were obtained when the potent phosphodiesterase-5 inhibitor sildenafil is
combined with doxorubicin. Prophylactic treatment with sildenafil prevents cardiomyocyte
apoptosis and left ventricular dysfunction in a mouse chronic model of doxorubicin-induced
cardiotoxicity [148]. On the other hand, in breast cancer cells, sildenafil enhances sensitivity
to doxorubicin without enhancing its toxicity in bone marrow cells or macrophages [149].
Furthermore, cotreatment with sildenafil enhances doxorubicin-induced apoptosis in prostate
cancer cells and inhibits tumor growth in mice bearing prostate tumor xenografts, while
attenuating left ventricular dysfunction promoted by doxorubicin [150].

Interesting results were also observed when retinoids and antiestrogens are combined.
Antiestrogenic compounds inhibit the MPT-induced by retinoids in isolated liver mitochon-
dria [127, 151, 152]. Noteworthy, the prevention of MPT by antiestrogens does not compromise
the antitumor efficacy of all-trans-retinoic acid, as an additive/synergistic action was demon-
strated in breast cancer [153-156] and melanoma [157] cell lines. Therefore, we propose that
studies in vivo with combined therapies are now required to confirm that these results obtained
in vitro will translate into more therapeutic benefits in humans while attenuate mitochondrial
dysfunctions promoted by drugs used individually.

6. Concluding remarks

Considering the key role played by mitochondria in cell survival and death, the pharmaco-
logical modulation of mitochondrial activity has been investigated in cancer therapy [13, 158].
It is thought that this strategy may overcome the resistance mechanisms related with conven-
tional chemotherapy that do not target mitochondria directly, but interfere with signaling
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pathways which lie upstream of mitochondria and that are frequently deregulated in cancer
[158]. However, the targeting of mitochondria as a therapeutic strategy is often compromised
by the absence of significant pathophysiological differences between mitochondria in normal
and malignant cells, leading to reduced selectivity of drugs targeting mitochondria. Therefore,
the actions that are beneficial in cancer cells may, in contrast, underlie some of the severe toxic
effects promoted by these agents.

Indeed, the induction of mitochondrial damage is an important contributor for some of the
most well-known toxic effects of anticancer agents, namely the liver injury promoted by
tamoxifen [159], the cardiotoxicity of doxorubicin or the cisplatin-induced neuropathy and
nephrotoxicity. Organ dysfunction has a significant impact on the treatment outcomes and,
therefore, the better understanding of the mechanisms of toxicity may unveil strategies to limit,
or preferably to prevent, the incidence of these events and thereby improve the overall clinical
success.

The recognition that mitochondrial dysfunction plays a key role in drug-induced toxicity may
contribute to identify the drugs that are more likely to lead to such effects at an early stage. In
this context, the use of isolated mitochondria fractions is a valuable tool to predict drug safety,
since it provides relevant information while allowing to reduce the number of laboratory
animals and the costs of preclinical studies [8].

On the other hand, our current knowledge does not allow to predict the idiosyncratic injury
related with drug-induced mitochondrial dysfunction. It seems that genetic, metabolic and
environmental factors that impair mitochondrial function can add their effects to those of
anticancer drugs, compromising mitochondrial function to an extent where manifestations
start to occur [17]. Therefore, therapeutic drug monitoring is mandatory. Furthermore, as
organ damage may become apparent months or even years after the completion of the
treatment (e.g. late-onset doxorubicin toxicity) the need of long-term follow-up is reinforced.

Finally, future studies should aim to develop strategies which are able to afford protection
against both the short-term and long-term effects of anticancer drugs and without compro-
mising their antitumor activity. Although antioxidants showed promise in in vitro studies,
inconsistent results and failure in clinical trials turn the use of antioxidants as adjuvants in
cancer therapy hardly consensual [7, 83]. However, in this context, we need to take into
consideration that antioxidants may present different intracellular localization patterns and
interfere with normal redox signaling pathways in specific cell compartments; an approach
involving the targeted delivery of antioxidants to mitochondria can possibly provide better
outcomes [7, 83]. Moreover, there are important differences between in vitro and in vivo
toxicities and between animal models and humans. The different drug metabolism and
clearance, as well as the asymmetries in redox regulation may account for the difficulty in
translating these strategies into human subjects [83].

In conclusion, studies in suitable animal models are vital for a better understanding of the
mechanisms underlying drug toxicity and the benefits of strategies aiming to prevent mito-
chondrial damage. So far most studies have used animal models devoid of tumors, which add
an extra physiological burden that may influence the effects of drugs [83]. Moreover, as



Mitochondrial Dysfunction on the Toxic Effects of Anticancer Agents— From Lab Bench to Bedside
http://dx.doi.org/10.5772/59488

described in the previous section, some of the toxic effects on mitochondria are observed in

several organs, including the liver and kidneys, which may compromise both the pharmaco-

kinetics and the efficacy of the anticancer drugs, but also the benefit of therapeutic adjuvants

aiming to protect the mitochondria. These observations emphasize the importance of per-

forming in vivo studies in relevant models, as well as the crucial importance of the clinical

control and therapeutic drug monitoring of patients treated with anticancer drugs.
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1. Introduction

What is the reason that mitochondrion is so attractive target for pharmacotherapy? The
problem raised is a bit complex. Although the appearance of mitochondria in animal cells
started more than one million years ago, when the proteobacteria (in particular, Rickettsiales
or close relatives) entered and practiced coexistence inside eukaryotic cells via endocymbiosis,
But the biological science started to pay attention on mitochondria in the middle of 19" century,
the time that mitochondria were discovered in tissue section of liver and flight muscle. The
earliest definition of this organelle in cells was written by Richard Altmann on 1890, when he
named them as ““bioblasts”” and hypothesized that they were “elementary organisms” living
inside cells with ““vital functions” [1]. After 1890, the progress in understanding the structure
and function of mitochondria was quite steady, but we can single out major milestones in every
decade. In the 1950s, investigators analyzed mitochondria by electron microscopy and
characterized that they are the sites of respiration, Oxidative Phosphorylation (OXPHOS) and
fatty acid oxidation. In the 1960s, investigators found out mitochondrial DNA (mtDNA) and
described chemiosmotic theory. In the 1980s, the first consummate sequence of mammalian
mtDNA and the first molecular identification of a cause of mitochondrial diseases were
reported. A great incrementation in interest on mitochondria occurred in 1996, when research-
ers demonstrated that the organelles are associated with programming cell death or apoptosis
[2]. After this manifestation, mitochondrial study commenced growing as a biomedical field.
Owing to the unique structure and function of mitochondria, several clinically used drugs can
improve or damage their bioenergetics. These drugs can act via the regulation of: (a) perme-
ability transition pores (PTPs), (b) fatty acid uptake or oxidation, (c) the electron transport
chain (ETC), (d) cardiolipin (CL) content (e) ion channels and transporters, (f) Adenosine
triphosphate (ase) (ATPase) and (g) mtDNA and protein synthesis [3]. Mitochondria are sub-
cellular organelles that play pivotal roles essential for energy (ATP) production, metabolism,
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and homeostasis. In addition, mitochondria orchestrate some survival and cell death signaling.
The reason why the mitochondria is considered as a potential drug target for the treatment of
hyperproliferative and metabolic disorders. Unsimilarities in the reduction/oxidation condi-
tion of tumor versus non-tumor cells may be beneficial to get selective cytotoxic and anti-
colonygenic effect on tumor cell populations. It was shown that pro-oxidant drugs, including
Elesclomol and Trisenox have therapeutic benefits in the treatment of cancer. Findings
obtained with Bz-423 in mouse demonstrate the potential for mitochondria-targeted drugs to
control disorders of immune function. Investigation associating an elevated oxidant state with
mitochondrial damage, aging dictates, and degenerative disease the need for a better under-
standing of how and when pharmacological manipulation of mitochondrial function prepares
most therapeutic benefit [4].

Mitochondria carry out vital biochemical functions essential for cells such as homeostasis
calcium, cell death and survival, in addition to ATP production. They represent a convergence
point for death signals triggered by both intracellular and extracellular cues. Not surprisingly
it's incoherent, therefore, mitochondria additionally offer targets for xenobiotics to exert either
detrimental or therapeutic effects on cell survival and function. Efforts to harness mitochon-
drial targets for therapeutic benefit have focused largely on cancer, although treatments for
ischemia, metabolic diseases and neurodegenerative diseases also are being explored. This
chapter will describe current thinking and recent advances in the discovery of small molecule
drugs acting on targets in the mitochondrion [5].

2. Why we choose mitochondria for drug targeting

The mitochondrion is as a respiratory organelle exists in almost all eukaryotic nucleated cells.
Its unique structure is consisted of four distinct sub-structures with different specific functions:
the mitochondrial matrix, the inner mitochondrial membrane (IMM), the outer mitochondrial
membrane (OMM) and the intermembrane space (IMS). The structure of the inner mitochon-
drial membrane (IMM), is extensively folded and compartmentalized. The numerous invagi-
nations of the membrane are called cristae, which house the 4 complexes of the mitochondrial
respiratory chain and ATP synthase, controlling the vital levels of cellular bioenergetics. This
primary function of the mitochondrion is responsible for supplying cellular energy, the reason
why we call it power plant of the cell.” However, it is not the only important function of
mitochondria in the cell [6]. Adenosine triphosphate (ATP) production through the oxidative
phosphorylation (OXPHOS) process requires a continuous flow of electrons. As such, mito-
chondria are the major so are the major source of reactive oxygen species (ROS, i.e. superoxide
and H,0,), generated as byproducts of the ETC. ROS reflect the level of cellular oxidative stress,
causing severe damage to macromolecules when overproduced. Consequently, according to
the Harman’s oxidative stress theory, they have been linked to aging, age-related pathologies,
and death. However, when produced in a controlled amount, ROS may also play important
signaling roles in various redox-dependent processes, including apoptosis, cell proliferation
and hypoxia. Furthermore, mitochondria are active players in cellular calcium homeostasis.
Mitochondrial Ca? accumulation regulates functions as diverse as aerobic metabolism and
induction of cell death. Finally, mutations in mitochondrial DNA (mtDNA) are responsible
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for many mitochondrial metabolic disorders, and are thought to contribute to aging by
promoting apoptosis. Thus, because of their pivotal role in regulating cell life and death,
mitochondria represent an attractive target for mitochondrial gene therapy as well as drugs
treating either degenerative or hyper proliferative diseases (figure 1) [7].
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Some aspects of mitochondrial biogenesis and some important roles of mitochondria in cell function are illustrated.
One major function of mitochondria is the production of energy (ATP) via aerobic metabolism of glucose which is
called oxidative phosphorylation. Initially, glucose is metabolized to pyruvate through cytosolic glycolysis (anaerobic
metabolism). Voltage-dependent anion channels (VDACs), also called porin channels, allow low molecular weight
molecules to enter the mitochondrial inter membrane space. Following the activation of AMPK (AMP-dependent kin-
ase), cell responds to the decreased ATP/ADP ratio in the cytosol through alterations in AMP, and affects several tar-
gets. Mitochondrial mtDNA encodes 37 genes that are involved in the synthesis of the respiratory chain and the ATP
production. Additional proteins are imported through TIM (transporter inner membrane) and TOM (transporter outer
membrane), translocases of the inner and outer membranes that transport nuclear-encoded proteins into mitochondria.
The adenine nucleotide translocase (ANT) enables the mitochondrion to import ADP and export ATP. Mitochondria
also contribute to calcium homeostasis by taking up calcium into the mitochondrial matrix through the calcium uni-
porter in response to changes in cytosolic calcium. In addition, mitochondria play a crucial role in cell death such as
apoptosis and necrosis. When apoptotic signals occur, the outer membrane becomes compromised and the mitochond-
rion experiences mitochondrial outer membrane permeabilization (MOMP), leading to the release of cytochrome c (cyt
¢) and many other pro-apoptotic proteins from the intermembrane space into the cytosol where they activate apoptotic
cell death [6].

Figure 1. Mitochondrial biogenesis and function.
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3. Mitochondrial diseases

Mitochondrial dysfunction triggers the cell death signaling cascade and results in organ failure
and disease. Therapeutic intervention at the mitochondrial level can be envisioned for general
cell-degenerative as well as hyper proliferative diseases, i.e. cancers. Hyper proliferative cells
are sensitive to pro-oxidant that induced apoptosis through increasing of their oxidative stress
level. The redox status of many tumors is significantly changed compared with normal tissue,
and pro-oxidant drugs can use this difference for treatment of proliferative disorder. Con-
versely, degenerative and aging diseases are associated with an elevated oxidant state that
may associate mitochondrial damage. In these cases, antioxidants targeting mitochondria are
hoped to exert a justifying effect. Several studies are found in this category, all sharing the
common features of disturbances of mitochondrial ROS, ATP or Ca? metabolism. They contain
cardiovascular diseases (for example atherosclerosis, ischemia/reperfusion injury, heart
failure, stroke); aging and neurodegenerative diseases (for example Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS) and
Friedreich’s ataxia (FRDA)); chronic autoimmune inflammatory diseases (for example
rheumatoid arthritis (RA)) ; metabolic diseases(for example diabetes and obesity) ; as well as
ionizing radiation injury (Table 1) [6].

Cardiovascular Neurodegenerative Chronic autoimmune Metabolic Cancer

diseases diseases inflammatory diseases diseases

Atherosclerosis Alzheimer’s disease rheumatoid arthritis (RA) diabetes Hepatocellular
(AD) carcinoma

Ischemia/reperfusion Parkinson’s disease obesity Adenocarcinoma

injury (PD)

Heart failure Huntington’s Breast cancer
disease (HD)

Stroke amyotrophic lateral Prostate cancer
sclerosis (ALS)

Congestive heart failure  Friedreich’s ataxia
(FRDA)

Table 1. The table above contains some disease that role of mitochondria in these diseases has been demonstrated.
Which are divided into five categories.

4. Strategies to target mitochondria

Small molecule drugs or biologics can act on mitochondria through various pathways. Many
of these mechanisms will be argued in more detail in the below sections, and a detailed
discussion would immensely encroach the purpose of this chapter, but attractive current
approaches include OXPHOS uncoupling, mitochondrial Ca** modulation, ETC inhibition and
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control of oxidative stress through increase or decrease of mitochondrial ROS accumulation.
The inhibition of the ETC can happen through direct inhibition of a protein subunit of one or
more of the enzyme complexes or via reception of electrons current across the ETC instead of
the natural receiver cytochrome c or ubiquinone. In the Oxidative Phosphorylation (OXPHOS)
uncoupling occurrence, protons are shifted from the mitochondrial matrix to the intermem-
brane space (IMS) and do not avert across the F1FO-ATPase and back to the matrix, but instead
migrate directly across the inner mitochondrial membrane (IMM). This bypass results in lack
of ATP formation but heat production. Typical instances for agents that elevate OXPHOS
uncoupling are weak bases and weak acids, which can be protonated in the IMS and carry
protons across the IMM. Interestingly, compounds affecting the activity of inner membrane
uncoupling proteins (UCPs) can inhibit cell death. An important occurrence starting the
apoptotic cascade is the mitochondrial membrane permeabilization (MMP), which begins the
collapse of the mitochondrial potential (AW), the release of cyt ¢ and other protease and
nuclease activators. The inhibition of this process can be attained with inhibitors of the
mitochondrial permeability transition pore (mPTP) complex, openers of the mitochondrial
ATP-regulated (mitoKATP) or inhibitors of the mitochondrial Na*-Ca* exchange or
Ca?"activated (mitoKCa) potassium channels. Modulation of mitochondrial Ca? can also be
envisioned by interference with mitochondria-specific Ca* transporters. Additional strategies
for drug-induced perturbation of mitochondrial biochemistry include the inhibition of the cyt
c-catalyzed peroxidation of the mitochondria-specific phospholipid CL, and the targeting of
other specific mitochondrial proteins via inhibition of kinases, F1F0-ATPase, enzymes of the
Krebs cycle, or members of the anti-apoptotic Bcl-2 family. It has been known for a while that
inhibition of the oxidative cellular damage through a decrease of mitochondrial ROS accu-
mulation can be attained by the delivery of antioxidants acting as radical and/or electron
scavengers. Many compounds are able to inhibit the (3-oxidation of unsaturated fatty acids,
causing cellular accumulation of fat. Alternatively, anti-apoptotic agents could be designed
via inhibition of the cyt c-catalyzed peroxidation of CL. Finally, the mitochondrial biochem-
istry is also severely derailed by mtDNA binding/oxidation or inhibition of mtDNA synthesis,
or modulation of mitochondrial fission/fusion. Chemical agents that bind to mtDNA often
result in inhibition of DNA synthesis. If adequate selectivity in the binding process can be
acceded, this mechanism f action may display an attractive strategy to block the expression of
mutated mtDNA accountable for genetic mitochondrial disarrays. Lately, compounds that
modulate mitochondrial fission/fusion have been suggested as a valuable replacement in
treatment of neurodegenerative diseases (figure 2) [6]. While the OMM is relatively permeable
due to the abundance of the VDAC protein, the IMM is extremely impermeable and acts as a
stiff barrier to the passive propagation of all types of molecules. It is also wealthy in the unusual
phospholipid cardiolipin (CL), and keeps a strong negative internal potential of —180 mV
needed for the ETC function. A widely used strategy for targeting mitochondria takes benefit
of this considerable biophysical membrane nature, since cationic molecules are attracted to
and accumulate preferentially within the negatively charged mitochondrial matrix. Another
strategy is based on the access of an agent to mitochondrial membrane components, particu-
larly to the phospholipid cardiolipin CL which is particularly found in the IMM. Moreover the
former more specific properties, adequate lipophilicity is also needed to achieve an adequate
enrichment in mitochondrial compartments. A rising approach to the selective delivery of
bioactive cargo molecule into mitochondria uses a carrier of short peptide sequences with

65



66 Toxicology Studies - Cells, Drugs and Environment

specific physicochemical properties. For example, Horton et al. newly reported such mito-
chondria-penetrating peptides with changing cationic and hydrophobic residues. Other
variants have been based on an oligomeric carbohydrate scaffold, always attaching key
guanidinium moieties due to their delocalized cationic form. Finally, the tethering of active
molecules to mitochondrial targeting sequences (MTSs) has also been successively utilized.
Mitochondrial targeting sequences (MTSs) are peptides applied by cells for the delivery of
nuclear-encoded mitochondrial proteins, comprising structural motifs recognized by the
mitochondrial import machinery. Another class of mitochondrial delivery vectors, appropriate
for the import of impermeable or big molecules, is the vesicle-based transporter system. The
targeted agent is encapsulated in a cationic liposome, which undergoes cellular internalization
and subsequent fusion with the OMM. In summary, by the utilization of a wide range of
various delivery systems, the targeting of mitochondria for therapeutic advantages can be
employed to enrich both pro-oxidants as well as antioxidants in mitochondrial compartments.
Antioxidants are of preliminary interest for their antiaging properties, with some of the main
applications centered neurodegenerative and cardioprotection diseases, while cytotoxic and
pro-oxidant agents are under research for cancer therapy [6].
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Figure 2. Pharmacological targeting of mitochondria of possible sites of drug action.

4.1. Targeting the mitochondrial electron transport chain

Mitochondria are unusual organelles. They act as the power plants of the cell, are surrounded
by two membranes, and have their own genome. The mitochondrion consists a matrix
encircled by two membranes, the MOM and the MIM. The MIM comprises several invagina-
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tions called cristae and is very impermeable to ions and small molecules, which need specific
transport proteins to exit or enter the mitochondrial matrix. Under aerobic statuses, the
proteins of the ETC, placed in the MIM, reduce oxygen to water through a series of steps along
the electron transport chain that use NADH and FADH2 derived from the glycolysis and
tricarboxylic acid cycle. These reductions effectively efflux protons (H*) through the MIM such
that they accumulate in the IMS creating a pH gradient across the MIM that contribute to an
overall electrochemical gradient (DC). This gradient as a source of energy to drive the synthesis
of ATP from ADP and phosphate is applied by the mitochondrial F1F0-ATPase. This succes-
sion of chemical stages is collectively known as OXPHOS.

Small amounts of ROS are generated as a result of incomplete oxygen reduction in during
normal OXPHOS. ROS comprise superoxide, the result of partial oxygen reduction, hydroxyl
radicals and the subsequently formed hydrogen peroxide, each of which displays different
chemistry. A high NADH: NAD" ratio (as may arise owing to high rates of glycolysis) can
increase ROS production, as does state 4 respiration in which electron transport occurs in the
loss of ATP synthesis, for instance, when ADP levels are low [8]. Inhibitors of the ETC and of
the F1F0- ATPase can also enhance mitochondrial ROS production. ROS act as secondary
messengers with important signaling roles, but in addition ROS contribute to oxidative
damage of cellular macromolecules. It is also remarkable that the production of ROS has been
recognized as a widespread mechanism for the bactericidal effect of many widely used
antibiotics including drugs targeting DNA, the cell wall and protein synthesis [9]. Thus, ROS
perform both a destructive role and necessary role in cells. Inhibitors of the electron transport
chain are useful tools for furthering our understanding of this essential bioenergetics process
[10]. Inhibitors of complex I (NADH ubiquinone oxidoreductase) include the photochemical
Annonaceousacet ogenins that have been attributed with antimicrobial and anticancer
properties and rotenone used as a rodenticide. The widely used diabetes drug metformin
inhibits complex I and has been shown to induce AMP-activated protein kinase-dependent
and p53 increase in glycolysis to countervail for modulation of the respiratory chain, which
effectively increases glucose utilization. Succinate-ubiquinone oxidoreductase (Complex II) is
one proposed target of redox-silent vitamin E analogs such as a-tocopheryl succinate.
Cytochrome c oxidoreductase (complex III) is inhibited by the natural product myxothiazole
and by antimycin A (the active constituent of the piscicide Fintrol).Cytochrome c oxidase
(complex 1V) is a target of cyanide. Complex I and complex III are the main sources of
mitochondria derived ROS in vitro, although the synthesis of superoxide by complex III is
considered to be more physiologically related. The electron transport chain provides the H*
gradient that is necessary for the mitochondrial F1FO- ATPase to function. The related
macrolide apoptolidin and Oligomycin, a natural product that blocks the proton channel are
both inhibitors of the F1F0-ATPase.Apoptolidins display remarkably selective cytotoxicity
toward a subset of tumor cell lines in vitro, suggesting that inhibition of the ATPase is not
exactly cytotoxic. Other compounds reported to bind to the F1F0-ATPase include aurovertin,
resveratrol, PK1119, Bz-423, and diindolyl methane (DIM) [11]. The benzodiazepine derivative
Bz-423 was identified as a lead for the treatment of autoimmune diseases.Bz-423 reduces
disease in murine models of lupus, psoriasis, and arthritis and has cytotoxic and anti-prolif-
erative effects on tumor cells in vitro. Bz-423 is an uncompetitive inhibitor of the F1F0-ATPase,

67



68 Toxicology Studies - Cells, Drugs and Environment

deceleration the ATPase without causing a significant drop in cellular ATP levels. The
therapeutic effects of this compound are moderated by the induction of superoxide O,
Resveratrol, a constituent of grape skins, increases longevity in rodents and has been attributed
with beneficial effects against inflammation, heart disease, and cancer. Notwithstanding the
existence of a crystal structure of resveratrol bound to the F1F0-ATPase, this protein is one of
several reported targets for resveratrol and related compounds, including the protein deace-
tylase, sirtuin [5].

The ETC and the F1F0-ATPase proteins can be decoupled by uncoupling proteins that promote
the leakage of protons back through the MIM. The resulting drop in membrane potential
reduces ROS production and represents a natural protective mechanism against inhibition of
respiration. This is a natural process that results in thermogenesis. F1F0-ATPase inhibitors,
without affecting ATP synthesis, specifically block ATP hydrolysis have been described: such
compounds should be effective under ischemic conditions when the ATPase can operate in
the reverse of its normal direction leading to a catastrophic drop in ATP levels that causes cell
death [12]. This premise has not been tested clinically. Mammalian and bacterial ATP synthases
exhibit substantial differences in structure and intracellular location presenting the opportu-
nity for species selective ATP synthase modulation [5]. The mycobacterial ATP synthase
inhibitor, R207910, is currently in Phase III trials for the treatment of tuberculosis [13].

4.2. Targeting transporters and channels in mitochondria

It is well recognized that the totality of the mitochondrial membrane is crucial for mitochon-
drial function. Not only are the inner and outer membranes targeted by drugs, but, in addition,
many of the ion channels, proteins, and transporters embedded within the lipid membrane
are also targeted. Among the main drug targets are: 1) lipophilic cations targeting the IMM
(e.g., rhodamine-123) 2)cardiolipin(CL) (e.g., 10-N-alkyl-arcine orange), 3) carnitine palmi-
toyltransferase- 1 (CPT-1) inhibitors (e.g., oxfenicine, perhexiline, and etomoxir), 4) Na'/ Ca*
exchanger regulators, 5) B-cell lymphoma 2 (Bcl-2) protein inhibitors (e.g., gossypol) 6) IMM
potassium channel regulators (e.g., glibencamide and diazoxide), and 7) MPT pore complex
regulators (e.g., CsA).We can activate permeabilization of the mitochondrial membrane or can
protect membrane integrity. Among the best mitochondrial protein targets for many drugs are
a group of proteins that form the PTP complex across the OMM and IMM. This complex is
responsible for mitochondrial permeability transition and plays a crucial role in both survival
and death signaling pathways. Depending on the pharmacological strategy, MPT pore
activation stimulates apoptosis and prevents the differentiation of many tumor cells. Strategies
to induce this effect typically involve direct action against the MPT pore protein complex or
indirect action via depleting endogenous inhibitors of MPT pore or increasing ROS and
calcium ions in the cytoplasm. Various MPT pore complex inhibitors, in anticancer therapeutic
approaches, are used, including: 1) hexokinase modulators such as glucose-6-phosphate and
glucose 2)creatine kinase modulators such as cyclocreatine and creatine; 3) cyclophilin D
(CypD) -affecting drugs such as sanglipherin A and CsA; 4) voltage dependent ion channel
modulators such as arsenic trioxide; 5) benzodiazepine receptor modulators such as Ro-54846
and PK11195; and 6) adeninenucleotide translocase modulators such as CD437, PENAO (4-(N
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(Spenicillaminylacetyl) amino) phenylarsonous acid), lonidamide, betulinic acid, clotrane, and
bongkrekic acid, GSAO (4-[N-[S-glutathionylacetylamino] phenylarsenoxide)[14], GSAO and
PENAO are tumor-metabolism inhibitors that target ANT of the inner-mitochondrial mem-
brane. Both the compounds are currently being appraised in trials in patients with solid
tumors. The trivalent arsenical moiety reacts with the two matrix-facing cysteine residues of
ANT, inactivating the transporter. This leads to tumor-supporting cells and death and
proliferation arrest of tumor cells [14]. Above-mentioned drugs grouping although useful
appears to be synthetic, and surely will be modified. According to some authors MPT pore
may consist of quite different proteins. Recent investigation on MPT pore molecular identity
has to redefine a new context on described interaction.CL, a negatively charged phospholipid,
is almost exclusively localized in the mitochondrial inner membrane. CL maintains architec-
ture and membrane potential. A loss of CL content has been associated with mitochondrial
damage in multiple tissues in a variety of pathological conditions, including aging, heart
failure, and ischemia. It was reported that preadministration of NAO (10-N-alkyl-arcine
orange), that is a dye associated specifically with CL, decreased the release of cytochrome c, a
component of the ETC in mitochondria, released in response to pro-apoptotic stimuli [15].
Another drug target example is CPT-1, an enzyme located in the OMM and responsible for
the transport of long-chain fatty acids across the membrane by binding them to carnitine.
Perhexiline and etomoxir (antianginal agents) act by inhibiting CPT-1 and protect heart from
fatty acid-induced ischemic injury [16].

In contrast to the MIM, the mitochondrial outer membrane is more permeable to small
molecules so that the IMS resembles cytosol in its small molecule composition. In addition,
however, the IMS sequesters proteins such as apoptosis inducing factor (AIF), smac/ Diablo
(second mitochondria derived activator of caspases), and cyt c that when released into the
cytosol activate caspases and induce apoptosis. One process for the release of these death
inducing protein factors involves swelling of the mitochondrion so that the outer membrane
ruptures producing MPT. These events are mediated by the MPT, a channel that comprises
multiple proteins including the VDAC located in the MOM, ANT located in the MIM, as well
as the peripheral benzodiazepine receptor (PBR), CypD, hexokinase, and possibly also
Bax.andBcl-2 Inhibitors of the MPTP have been reviewed elsewhere as have inhibitors of Bcl-
family proteins. High affinity ligands of the PBR have been associated with immunothera-
peutic and anticancer properties. The relationship of these effects to physiological functions
of the PBR requires more study. Newly, VDAC ligands identified in cell-based screens were
shown to be cytotoxic toward cells bearing oncogenic Ras protein [4].

4.2.1. Targeting mitochondrial Adenine nucleotide translocator (ANT)

Adenine nucleotide transporter interacts with Voltage dependent anion channel (VDAC) and
cyclophilin D and other proteins to make the mitochondrial permeability transition pore
(mPTP) at locations where IM contacts OM [17]. Adenine nucleotide transporter (ANT), the
key IM protein of mPTP, exchanges ATP and ADP. ANT can form mitochondrial permeability
transition pores (mPTP) which induces other membrane leakiness of mitochondria and
subsequent swelling of matrix. This event happens following the surface area of the IM (with
its folded cristae) exceeds that of the OM. Quite in contrast, the conformation of ANT is
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modulated by ANT ligands [18] and sensitive interaction of cyclosporine A with cyclophilin
D, indirectly blocks VDAC activity. When reconstructed into planar lipid bilayers or into
liposomes or into planar lipid bilayers, ANT can form nonspecific channels in response to
proapoptoticagents such as the HIV-1 viral protein R (Vpr), Ca*, lonidamine and atractyloside.
Moreover, ANT channel formation is inhibited by Bcl-2 and enhanced by Bax. However, mouse
knockout studies led to the conclusion that ANT would not (always) be required for apoptotic
MPT. Recent evidence suggests that some ANT isoforms (ANT1, ANT3) are apoptogenic while
others are not (ANT2)[19]. In 2005, a fourth ANT isoform (ANT4) has been identified in mouse
and man by means of two independent experimental approaches. ANT2, which are over
expressed in cancer cells, help to stabilize mitochondrial membranes and survival cell. Indeed,
it was suggested that in cancer cells, small interfering RNA (siRNA) that down regulate ANT2
may constitute a valid strategy for the selective induction of tumor cell apoptosis [20].

4.2.2. Targeting mitochondrial cyclophilin D

CypD is a nuclear-encoded mitochondrial isoform of cyclophilin, with a molecular mass of 18
kDa. It enters mitochondria using a targeting sequence that is cleaved following translocation
into the matrix. At present, extensive data have been obtained in favor of Cyclophilin D as an
essential component and key regulator of MPT pore using various pharmacological inhibitors
and genetic manipulations. The first evidence for the involvement of Cyclophilin D in MPT
pore formation came from studies showing an inhibitory effect of CsA, extensively used in
tissue and organ transplantation, as an immunosuppressant, on pore opening. Other docu-
ment for the essential role of Cyp D in MPT pore formation has been reported by several
independent groups in reports with Cyp D knockout mice in which mitochondria isolated
from these animals displayed a low sensitivity to Ca*and, as a result, a delayed MPT pore
opening. The inhibitory effect of CsA and its analogs involves interaction with Cyp D that
reduces sensitivity of pore opening to Ca?". Cyp D favors MPT pore opening by facilitating the
Ca?'triggered conformational change. Most probable, interaction of CypD and Ca?*, P and the
pore is a multifaceted process that also includes enhancement of susceptibility of the MPT pore
proteins to oxidative stress [21].

Several studies have shown that Cyp D is up-regulated in many human tumors and can
function as an apoptosis repressor. Growing number of evidence demonstrated that the anti-
apoptotic regulation of Cyp D might be associated with the stabilization of hexokinase II
binding to mitochondria. Inactivation of CypD with cyclosporine A or knock- down of the
expression using siRNA was shown to release hexokinase II from mitochondria. Because Cyp
D is a mitochondrial matrix protein, an intermediate in the IMM between the OMM and matrix
is necessary for its modulation of hexokinase Il binding to VDAC. ANT in the IMM could play
this intermediation role.However, study showed the opposing pro-apoptotic role of Cyclo-
philin D in apoptosis. They demonstrated that hexokinase II detachment-triggering apoptosis
might be associated with a disruption of the interaction of Cyp D with ANT. Furthermore,
inhibition of CyP-D was shown to prevent the onset of the MPT pore [22].

The MPT pore, a critical mediator of cell death, has appeared as a serious therapeutic target
for limiting acute ischemia reperfusion injury. The genetic amputation and pharmacological
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inhibition of mitochondrial Cyp D, a key mediator of apoptosis signaling, has emerged as an
important therapeutic target for minimizing acute hypoxic/ischemic injury. The genetic
ablation and biological inhibition of mitochondrial cyclophilin-D (CypD), a regulatory
component of the mitochondrial permeability transition pore (mPTP), has been reported to
decrease myocardial infarction progression in in vivo studies. However, it is note worthy that
CypD-deficient hearts are still susceptible to mPTP opening and cell death signaling occurred
through mechanisms which are not dependent on CypD. Very recently, cyclosporin-A (CsA),
an immunosuppressive therapeutic agent and biological inhibitor of CypD has been shown to
reduce myocardial infarction progression and improve left ventricular function in ST-elevated
MI patients undergoing primary percutaneous coronary surgery, given at reperfusion [23].

Animals lacking CypD display increased resistance to ischemic insults, muscular dystro-
phies, multiple sclerosis (MS), ALS, and AD, and the CypD inhibitor CsA and its analogs
have displayed neuroprotective effects in several animal models of acute neurological
damage and chronic neurodegenerative disease. Preserving the integrity of mitochondrial
membranes through inhibition of mPT has been put forward as the central mechanism for
the neuroprotective and cardioprotective effects of CsA, even though the drug has several
pharmacological targets. It has also been suggested that CypD is downregulated in neurons
during development, which would decrease the sensitivity of the MPT pore to calcium, and
prohibit the use of CypD as a pharmacological target in disorders of the adult central
nervous system (CNS) [24].

4.2.3. Targeting mitochondrial peripheral benzodiazepine receptor (PBR)

The elaborate structure of mitochondria is important for the normal performance of the
organelle and as a potential therapeutic target. Two specialized membranes embed each
mitochondrion, dividing the organelle into an arrow IMS restricted by the OMM and the inner
IMM. The OMM comprises many channels formed by the protein porin that makes the
membrane relatively permeable. One of the membrane proteins is the peripheral benzodiaze-
pine receptor (PBR). PBR is a small evolutionarily conserved protein involved in steroid
synthesis and cholesterol transport; it is also a regulator of apoptosis. The PBR is also involved
in OMM permeabilization by interaction with the pro-apoptotic Bcl family of proteins.
However, OMM permeability maybe independent of MPT pore opening because blocking PBR
with 4’-chlorodiazepam (CDZ) prevents against ischemia-induced cytochrome c release
independent of damage to the IMM;4’-chlorodiazepam (CDZ)also reduces ischemia-induced
arrhythmias. PBR is found in close association with the VDAC and additional components of
the mitochondrial contact site. This close association also suggests that PBR-VDAC may serve
as a target for modulating apoptosis and may have implications for drug design to treat such
disorders as cancer and neurodegenerative diseases [20].

4.2.4. Voltage-dependent anion channel (VDAC)

VDAGs, also known as mitochondrial porins that show 68% similarity between mice and
humans. Among three VDAC isoforms, VDACI is the most widely expressed in mammals
followed by VDAC2 and then VDACS3. Studies have found that VDACs are highly conserved.
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Three isoforms of VDAC: VDAC1, VDAC2 and VDACS3 are reported. The additional exon in
VDAC2 is believed to encode part of the 5'-UTR region. VDAC1 and VDAC2 are expressed in
the skeletal muscles, heart, liver, and brain. There is also very low level expression of VDAC1
but only in the testes. VDACS3 is expressed in the spleen, lung, adrenal, ovary, liver, testicular
tissue and kidney muscles. Voltage dependent anion channel (VDAC) function functions in
the cell, including regulating mitochondrial shape and structural changes, regulating ATP
transport, regulating calcium transport, regulating apoptosis signaling, regulating hexokinase
interactions with mitochondria, regulating cell survival, growth, and fertility and maintaining
synaptic plasticity through mitochondrial permeability in the transition pore. These functions
have been found to be altered in cells from patients with mitochondrial and neurodegenerative
diseases, leading to mitochondrial dysfunction. As well as, increasing evidence suggests that
VDAC interacts with several cytoplasmic proteins, changes channel activity and VDAC
closure and reduces VDAC channel conductance. It is believed that VDAC is constantly open
in metabolic state. However, recent evidence suggests that VDAC closes intelligibly during
apoptosis in unhealthy neurons. As a result, with its pores closed, mitochondria may not be
able to uptake ADP, inorganic phosphate and respiratory substrates from the cytoplasm and
to release ATP into the cytoplasm. The pro-apoptotic protein tBid has been found to promote
the pore closure whereas anti-apoptotic proteinBcl2-XL has been found to prevent VDAC
closure. VDAC displays to be involved in both anti - and pro — apoptosis aspects of mitochon-
dria. VDAC channel conductance may be impaired in a couple different ways. (1)Phosphory-
lated VDAC may also interact with cytoplasmic proteins, leading to the blockade of
mitochondrial pores. Recently, in a study of brain tissue from postmortem brains of patients
with AD, Reddy and Manczak found that VDAC interacted with mutant AD proteins, which
in turn blocked mitochondrial pores and interrupted the flow of ADP, ATP, respiratory
substrates and inorganic phosphate substrates between mitochondria and the cytoplasm,
ultimately leading to mitochondrial dysfunction. (2) In neurons from mitochondrial diseases,
VDAC may interact with cytoskeletal and mutant proteins that may have accumulated during
disease progression and may have blocked the mitochondrial pores [25].

Alot of literature testes the role of VDAC in the regulation of cell death. VDAC is being studied
as a cancer-specific target because tumor cells have increased VDAC expression and glycolysis.
The role of VDACI, VDAC2 and VDACS, in cell death is intricate, but importantly, in vivo
evidence shows that in cancer cells, the association of VDAClwith HK prevents against
mitochondrial-mediated apoptosis. Therefore, disruption of the VDACI1-hexokinase (HK)
complex exhibits an attractive therapeutic cancer target. Over expression of HK1, 2 and their
connection with VDAC are notable characteristics of glycolytic cancer cells. It was found that
the VDACs expression has been elevated in cancerous cells compared with normal cells and
could be altered with chemotherapy. Increased VDAC concentration is an unfavorable
prognostic factor; moreover, RNA interference induced VDAC down regulation inhibits
cancer growth. This evidence seems in contrast with the finding that over expression of VDAC
induces apoptosis, but it illustrates how the context may influence the functional meaning of
a biological parameter. In cancer up regulation of VDAC goes hand in with HK2 up-regulation
and can be considered a component of glycolytic up-regulation. HK2 binding to VDAC, which
allows for ATP transport out of mitochondria, leads to a cancer cell metabolic advantage
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(termed the Warburg effect), and it antagonizes cell death through the inhibition of Bax-
induced cytochrome c release and/or inhibition of the MPT pore [26].

4.2.5. Changes in the configuration of MPT pore as a target in treatment

Cellular redox potential can be changed by function of OXPHOS proteins as well as by the
proliferative state. Elevations in intracellular oxidant potential can have discrete chemical
consequences: for example, a pair of cysteine thiols in the ANT becomes oxidized to a disulfide
linkage that results in opening of the MPT pore. Thus, manipulating cellular redox represents
an approach to altering mitochondrial function. Arsenic trioxide is currently marketed for the
treatment of acute promyelocytic leukemia. Its mechanism of action is undoubtedly multifac-
torial but is understood to involve the formation of disulfide linkages in mitochondrial
proteins, including members of the MPT pore leading to their inhibition and the production
of ROS [27]. Elesclomol (STA-4783), an injectable drug currently undergoing Phase III clinical
evaluation for the treatment of metastatic melanoma, selectively kills cancer cells through
apoptosis as a result of an increase in their already raised oxidant level [28].

4.3. Superoxide dismutase (SOD) as a target in mitochondria

Superoxide dismutase (SOD) represents a group of enzymes that use as cofactor zinc and
copper, or nickel, iron, or manganese ions. There are three major families of superoxide
dismutase, depending on the metal cofactor: The Ni type, which binds nickel (only in prokar-
yotes) and Cu/Zn (which binds both copper and zinc), Fe and Mn types (which bind either
iron or manganese). SOD1 is located in the cytoplasm, SOD2 in the mitochondria, and SOD3
is extracellular. The first is a dimer, whereas the others are tetramers (four subunits).SOD?2,
the mitochondrial enzyme, has manganese in its reactive site whereas SOD1 and SOD3 contain
copper and zinc. [28]

A key role in oxidative stress protection is played by the manganese containing SOD2 in
mitochondria. This enzyme is also critical for fetus growth and viability n many eukaryotic
organisms, since complete loss of the enzyme results in neonatal lethality in mice. In addition
to oxidative tress nitrosative stress can completely inactivate mitochondrial Mn-SOD as well,
possibly through nitration of a single tyrosine residue (Tyr-34). Consequently, this favors
peroxynitrite generation in mitochondrion. Tyrosine nitration induced Mn-SOD inactivation
being identified in more than 50 human diseases including ischemia/reperfusion, inflamma-
tion, human kidney allograft rejection and human pancreatic ductal adenocarcinoma [29].

The renal ischemia-reperfusion injury is one of the most important clinical xamples in which
Mn-SOD represents the main antioxidant protective mechanism. A significant increase in
superoxide production is usually associated with Ischemia/reperfusion conditions which
leads to a rapid depletion of SOD. Therefore, any external therapeutic involvement needs
the sufficient amount of SOD to overcome the superoxide radical byproduct of ischemia-
reperfusion conditions. Any therapeutic administration of exogenous SOD fails due to short
half-life of the enzyme in plasma. A way to ensure a continuous production of SOD is
entering SOD gene in renal tissue which guarantees protection from renal ischemia-
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reperfusion injury. The effective gene delivery without toxic side effects was established by
intravenous injection of the gene vectors during experiments on animal models before the
ischemic insult. A significant progress in the area of kidney biology, especially in heredita-
ry kidney disease and inflammatory and fibrotic diseases was achieved by the use of
adenovirus as a vector for kidney-directed gene therapy [30]. Although some advantages
make adenoviral vectors suitable for gene transfer into complex organs such as the kidney.
But in contrast some disadvantages downgrade these vectors. For instance, the expression
of the transfected gene is limited to weeks or months in this technique, because adenovi-
rus does not integrate into the host genome. Secondly, the adenovirus can elicit immunolog-
ical responses, therefore vector cannot be administered repeatedly. During emergency
situations in other inflammatory renal disease states, the SOD gene therapy with adenovi-
ral vector is recommended, however, occurrence of harmful effects maximum within a week
is expected (e.g., post-transplant acute renal failure) [29].

ALS aneurodegenerative disease leads to paralysis, muscle wasting, and death, usually within
2 - 3 years of symptom onset due to death of motor neurons. The central mechanism by which
motor neuron death occurs in familial ALS is oxidative stress which is due to the mutations in
the antioxidant enzyme SOD1gene. Many hypotheses studied so far using ALS mouse models.
Some of these studies showed that SOD1 mutants have very low benefits (3, 35). One of the
most important pharmacological outcomes obtained in ALS mouse models was increasing
expression of either growth factors such glial cell-derived neurotrophic factor, IGF-1, and
VEGEF (11-13) or RNAi molecules by the delivery of viral vectors (14-16) to silence SOD1
mutant gene expression. In gene therapy the primary cause of toxicity (i.e. mutant SOD1
proteins) is targeted, unlike drug therapy which usually acts on cell survival or deleterious
pathways [29].

Reduction of myocardial reperfusion injury through an effective immunization with SOD and
catalase has also been hypothesised. Indeed, the cardioprotective effect of intracoronary
infusion of SOD may further increase with coadministration of catalase. It is proven that
calcium antagonists, rennin-angiotensin system antagonists, Na+/H+ exchanger inhibitors,
nitric oxide donors and adenosine induce cardioprotective effects during primary angioplasty
for the management of acute myocardial infarction. When these reagents were administrated
using intracoronary infusion, their efficiency has increased. Another way to attenuate myo-
cardial ischemia-reperfusion injury is anterograde intracoronary and intravenous adminis-
tration of anti- P-selectin and anti- ICAM-1 antibodies. The ideal injection route for these
antibodies is retrograde intracoronary infusion, which has direct access to postcapillary
venules [29].

Application of inhibitors of cellular redox maintaining proteins which reduce intracellular ROS
is complementary to the use of pro-oxidant molecules, for example, administeration of catalase
or SOD in association with various peroxidases. 2-Methoxyestradiol by increasing cellular ROS
formation due to its inhibition of SOD, enhances the cytotoxic effects of apoptotic agents and
displays anti-leukemic activity in culture. On the other hand it has been hypothesized,
continuous mitochondrial ROS formation leading to oxidative stress and mitochondrial
damage has link to degenerative diseases and aging. Based on the ROS etiology of aging the
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ROS inhibition should have therapeutic benefit. Administration of antioxidants manganese
(III) tetrakis (4-benzoic acid) porphyrin (MnTBAP) or N-acetylcysteine also improved glucose
homoeostasis and insulin sensitivity in obese insulin-resistant mice [31]. MitoQ, a coenzyme
Q analog is currently in trial for the treatment of Parkinson’s Disease due to its potential
mitochondrial ROS inhibition. Knowing the beneficial effects of ROS shouldn’t underscore the
importance of a detailed knowledge of pathological conditions under which ROS formation
is happening, as well as the identity and biological half-life of the ROS produced.

Free radicals are generally involved in many pathological processes. The injuring mechanism
of reactive radical species is concentration dependent, which finally damages all cellular
constituents. Any insufficiency or functional failure in the body antioxidant systems results in
the shortening of the lifespan. Therefore, the first therapeutic approach is restoring the normal
function of the antioxidant enzymes like SOD.

4.4. Mitochondrial K, channels target for therapy

Potassium channel openers (KCOs) are agents, discovered in the early 1980s, that act by
stimulating ion flux through K' channels. Many drugs such as, diazoxide, nicorandil, and
cromakalim have been identified as KCOs. KCOs act on two types of ion channels: Ca*
activated K* channels (BK channels) and ATP-regulated K* channels (K,p channels). KCOs
were first identified by their antihypertensive or antianginal mode of action. Now, they are at
various stages of development as and cardioprotective agents. Preclinical and clinical evidence
also supports the therapeutic role of KCOs in vascular and pulmonary hypertension, and the
treatment of overactive bladder. Until recently, it was believed that the effects of KCOs were
entirely attributed to the modulation of K+ channels in cell plasma membranes. However, it
is now proven, that new targets for KCOs exist in intracellular membranes including those of
mitochondria, zymogen granules, and sarcoplasmic reticulum. It seems that Mitochondria are
particularly very important targets for KCOs, because the interaction of these compounds with
mitochondria appears to mediate the cardioprotection of KCOs. The protective role of
mitochondrial ion channels was recently summarized and mitochondrial targets for anti-
ischemic drugs were recently described [32].

4.4.1. Potassium channel openers and mitochondrial K* channels

A small-conductance potassium channel, with properties similar to those of the K,p channel
from the plasma membrane, in the inner membrane of rat heart and liver mitochondria and
designated the mitoK,p. The mitoK,p channel was blocked not only by ATP, but also,
similarly to the plasma membrane K, channel, by antidiabetic sulfonylureas. These obser-
vations raised the question whether the mitoK,r, channel could be activated by KCOs. In fact,
an increased influx of K* and depolarization of liver mitochondria in the presence of KCOs
was observed. Also, other KCOs were shown to activate potassium ion transport into mito-
chondria. KCOs such as levcromakalim, cromakalim, and pinacidil have been shown to
depolarize cardiac mitochondria. KCO-induced membrane depolarization was associated
with an increase in the rate of mitochondrial respiration and decreased ATP synthesis.More-
over, KCOs released cytochrome cand calcium ions from cardiac mitochondria. Despite the
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effect on K* transport, diazoxide also exhibits a direct effect on mitochondrial energy metab-
olism by inhibition of respiratory chain complex II in liver mitochondria. Recently, mitoK,p
channel opener BMS-191095 with no peripheral vasodilator activity was described.Using
isolated mitochondria or proteoliposomes reconstituted with partly purified mitoK ,;» channel
and measuring potassium flux demonstrated that heart and liver liver mitochondrial K,p
channels have some pharmacological similarities with the cell membrane K,p channel, i.e.,
both channels are activated by KCOs. Mitochondrial K, channels are 1000 times more
sensitive to diazoxide than that of cell membrane K,;p channels. This document concluded
that the interaction of mitochondrial K, channels with KCOs plays a key role in cardiopro-
tection [32].

4.4.2. Mitochondrial K,rp channel: A novel target for cardioprotection

Mitochondrial K, channel: A Novel target for Cardioprotection. KCOs mimic hypoxic/
ischemic preconditioning in the absence of ischemia in the heart myocardial cells, the reason
why antagonists of K,rp channel, like 5-hydroxydecanoic acid and glibenclamide, ameliorate
the positive effects of short time hypoxic/ischemic conditions on the heart myocardium. The
primary postulation to justify these events includes cell membrane K, channels. Newly, it
was shown that in fact KCOs including diazoxide affect the mitoK,;» channel in mitochondria.
In a complementary approach, it was shown that diazoxide did not activate plasma membrane
K, channels, but induced oxidation of mitochondrial flavoproteins, due to the activation of
mitoK,rp channel. These findings established the fact that the target for the diazoxide protec-
tive effects in heart myocytes is the mitochondrial K, 1, channel rather than the cell membrane
K,rp channel. It is also note worthy that evidence for mitochondrial K, channels as effectors
of cardiac myocardial preconditioning has also been proven in human subjects. The initial
observations on the cardioprotective action of KCOs on mitochondria were further confirmed
and developed in a series of reports. It has been shown that other KCOs such as nicorandil,
cromakalim, and pinacidil modulate mitochondrial Ca* uptake, respiration, mitochondrial
membrane potential, ATP generation, and mitochondrial Ca*" uptake. The main question
remains how the opening of the mitoK, 1, channel could protect cells against ischemic damage.
1) Opening of the mitoK,r, channel followed by mitochondrial swelling could improve
mitochondrial ,r, handling and/or production. 2) The protective effect of mitoK,p activation
could be mediated by lowering Ca®" overloading of mitochondria. In fact, it was found that
diazoxid preserves mitochondrial function in ischaemic rat cardiomyocyte. It is now proven
that hypoxia approximately decreases mitochondrial oxygen consumption rate to 40% of the
normal value, and administration of diazoxide maintains the prehypoxic mitochondrial
oxygen consumption rate during hypoxia/ischemia. Cardiac ATP concentration was signifi-
cantly raised following diazoxide treatment. Secondly, by lowering Ca2+ overloading of
mitochondria the protective effect of mitochondrial KATP activation could be induced. It was
shown that the opening of the mitochondrial KATP channel may increase mitochondrial
reactive oxygen species (ROS) formation. This increase could lead to protein kinase C activa-
tion, which is known to be necessary for the cardioprotection. Besides, it seems that mito-
chondrial KATP channel is enrolled in delayed preconditioning because of an alteration in
expression of "protective” proteins (3). It was that pretreatment of hippocampal neurons with
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cromakalim and diazoxide increases the expression level of Bcl-2 and Bel-XL which are
involved in the control of apoptosisBcl-2 [32].

5. Mitochondria as a biosensor for drug development

Extensive study over the last 50 years indicates that many medications can induce mitochon-
drial damage [33]. Medication- induced dysfunctions include the alteration of mitochondrial
components and metabolic pathways. These dysfunctions are a major challenge and problem
for drug development. There is mounting evidence of the mitotoxicity (table 2).

Interestingly knowledge of the mechanisms that trigger drug-induced mitochondrial damage
will be helpful in the development of strategies to decrease the potentially toxic effects of
medications. Additional, these issues affect the most aerobically poised organs such as heart
and kidneys or organs exposed to higher concentrations of the drug for example liver. Recently
using mitochondria as a biosensor for determination safety of drug development has in-
creased. The reasons are as follows: A) in general, mitochondria control many of the pro-death
and anti-death cell signals; B) a number of reports describe an association between patients
receiving medication and effects on mitochondrial metabolism 3) drug safety has become a
priority of many pharmaceutical companies [4].

It is quite obvious that mitochondria are key elements of cell life which several well known
drugs induce toxic effects on them in several non-target and target organs. As soon as possible
by improvement of preliminary drug safety assessment the possibility of drug toxic reactions
during clinical practice will be avoided. Depending on the targeted organ, severe in vitro
mitochondrial impairment may be sufficient to ban an efficient drug in the market or prevent-
ing a promising drug candidate from further clinical trials. Drug companies now have a new
dilemma, which is to realize how much of the evaluated mitochondrial toxicity is a key
predictor of the drug pharmacological or adverse effects. Pharmaceutical suppliers have also
now a difficult problem which is to know how much of the supposedly mitochondrial
impairment is a component of the therapeutic effect. On the other hand, it may be a tough
choice to remove dispensing drugs showing a certain degree of mitochondrial toxicity in
vitro evaluations but with a very unique significant therapeutic effect. Despite showing
mitochondrial toxicity, sometimes pharmaceutical companies may decide to push the lead
candidate molecule forward for further in vivo assays in order to also clarify ways of reducing
adverse mitochondrial toxicity [3]. Some pharmacological strategies could be used to decrease
mitochondrial toxicity. For example in the cardiac toxicity of doxorubicin (DOX), One
possibility is to improve drug targeting, decreasing the amount of drug that reach non-target
organs. One successful example of this strategy is the use of pegylated liposomal DOX, which
has a quite different pharmacokinetic profile including an increased circulation time and a
decreased volume of distribution [34]. Another strategy is the co-administration of protective
agents, one example of which being the preventive role of the beta-blocker carvedilol on DOX
induced cardiac mitochondrial impairment.
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Hepatic Toxicity Renal Toxicity Cardiovascular Toxicity
- Metformin - Cysplatin - Lidocaine
- Valproic acid - Gentamicin - Doxorubicin (DOX)
- Ketoconazole - Doxorubicin (DOX) - Celecoxib
- Isoniazid - Cyclosporin A - Sorafenib
- Nefazodone - Statins - Bupivacaine
- Lamivudine - Ifosfamide - Diclofenac
- Divalproex Sodium - Tenofovi - Daunorubicin
- Tenofovir - Ibuprofen
- Didanosine - Piroxicam
- Tamoxifen - Thiazolidinediones
- Nevirapine - Indomethacin
- Zidovudine (AZT) - Rosiglitazone
- Stavudine - Atenolol
- Flutamide -Nucleoside reverse transcriptase
- Abacavir inhibitors (NRTTs)
- Phenoformin - Meloxicam
- Zalcitabine - Pioglitazone
- Sulindac

- Zidovudine (AZT)
- Idarubicin

- Piroxicam

- Mefenamic acid

- Daunorubicin

Table 2. Examples of Drugs with Black Box Warnings for Mitochondrial Toxicity

Refining of the different methodologies results into higher achievement in the isolation of
functional mitochondria from different organs, which can be used in further mechanistic
studies to identify tissue-specific drug-induced mitochondrial toxicity. Nevertheless, studies
with isolated mitochondria lack the complexity associated with experiments in intact cells,
isolated organs or even in vivo studies. But the use of isolated mitochondrial fractions helps
determining precise sites of action of the molecule on mitochondria. If everything works OK,
the accurate drug safety assessment would correlate data in isolated mitochondria with data
collected in intact cells and in vivo (figure 3).One important issue in this discussion includes
what can be gained by using mitochondria as a biosensor to search drug safety. One particular
example was nefazodone, an anti-depressant. This drug was withdrawn from the market in
2004, following several clinical reports of serious liver toxicity [35]. Would the use of mito-
chondria as cost effective accelerated biosensors of drug safety helped in avoiding the entry
of the drug in the market? The answer is, maybe so. Dykensef al. demonstrated that nefazodone
is highly toxic to isolated liver mitochondria, human hepatocytes and HepG2 cells, showing
an obvious cytotoxicity even when cell lines were used. [36] If an initial assessment of
mitochondrial toxicity for nefazodone had been done, it is very unlikely that the drug would
have been pushed forward for further clinical trials.
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Figure 3. Basic scheme of the drug development process involving mitochondria as an important marker for drug-in-
duced toxicity. The thickness of each arrow exemplifies the number of different molecules in each evaluation stage.
Drug toxicity on mitochondria is proposed as the bottleneck step in decision-making [3].

Itis now apparent that mitochondrial toxicology has become an area of interest to the industry,
since a primary assessment of mitochondrial toxicity of a range of compounds can be per-
formed in a fast and relatively inexpensive way, avoiding some later human toxicity problems
that may arise during subsequent testing stages or even during clinical use. Some companies
will focus more on investigating direct drug-induced mitochondrial dysfunction, others will
rather measure drug-induced alterations in mitochondrial-relevant genes. Whatever the

chosen strategy is, the final outcome is the prediction of drug safety based on a mitochondrial
end-point.
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1. Introduction

Forensic toxicology can be defined as the discipline of studiying under a forensic profile the
pathologies induced by xenobiotics. This term comprehends all substances of exogenous origin
that do not have a physiological role in the biochemical processes of the organism. Xenobiotics
are poisons, drugs, drugs of abuse, toxins, pesticides, chemicals and agrochemicals, doping
substances and, in part, food supplements.

The following application areas will be discussed: poisoning; alcohol, drugs and driving;
workplace drug testing (WDT); doping-antidoping.

2. Poisoning

In the field of forensic toxicology, concepts of poisoning and adverse reaction are encompassed
in the concept of intoxication according to a unitary criteriological vision; always oriented at
resolving a fundamental query concerning the nexus between the action of one or more
xenobiotics and the functional and/or morphological harm on the organism until its death.
Substances considered poisons are those capable of causing damage even in low doses. Even
drugs, and in any case all xenobiotics, can exert a poisonous action for an absolute overdose,
for pharmacokinetic-pharmacodynamic synergies or for endogenous or exogenous factors.

The classification of poisons in Forensic Toxicology is traditionally dependent on the basis of
chemico-physical characteristics of substances and on the consequent possibility of extractions
from biological fluids with a method specific for classes. Therefore they have six groups: 1)
poisons in a gaseous or vaporous state that when inhaled cause intoxication (carbon monoxide,
hydrogen sulphide, ethylic ether, chloroform, etc.); 2) poisons in a liquid state prone to volatility
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(benzene and derivatives, glycols, aldehydes, essential oils of some plants, etc); 3) acids and
strong bases (hydrochloric, sulphuric and nitric acids, sodium or potassium hydrate, etc.); 4)
inorganic anions (permanganates, chromates); 5) metals o salts of metals (arsenic, thallium,
mercury, lead); 6) non volatile organic compounds of acidic, neutral or basic nature (the most of
drugs of synthesis, alkaloids, narcotics, insecticides, agrochemicals etc.). It must be considered,
however, that some toxins and many drugs, with a polypeptidic (for example insulin) or
protein structure (for example erythropoietin), have physical and analytical chemical pecu-
liarities that do render their extraction and analysis and also their classification more complex.

Inmany cases, poisoning represents an unknown event that can be demonstrated only through
a balanced criteriology for obtaining a differential diagnoses, often inopportunely overlooked
in the number of tests to be executed in cases of unexpected death. All of this leads to an
underestimation of poisoning incidence in the field of so-called medico-legal pathologies.
Included in this field are drug related deaths (DRD), a widely investigated and delineated
phenomenon in terms of incidence, prevalence and social impact. The multiplicity of patho-
logical factors that contribute to its cause is demonstrated by a complex definition elaborated
by a German study group [1], according to which DRD term groups deaths due to “accidental
or intentional overdoses, long term drug abuse, suicide associated to toxic dependency, lethal accidents
influenced by the use of drugs”. DRD is a pathological epiphenomenon reductively denominated
an “overdose” or “adverse reaction”, originating from variable physiopathological pharma-
cotoxicological and immunological mechanisms, whose genesis has not found and cannot find
a comprehensive explanation in a morphological or chemical-toxicological cause, considered
in isolation.

The phenomenon also assumes particular connotations in relation to the quali-quantitative
heterogeneity of active drugs, the peculiarity of pre-existent psychophysical conditions, the
unpredictability of pharmacotoxicological interactions from poly-drug abuse, capable of
inducing a sometimes exponential increase of the risk of lethal adverse reactions.

Post-mortem diagnosis of acute and/or chronic intoxication is a paradigmatic example of the
necessity to correlate circumstantial, clinical (documentary, anamnestic, objective), necroscop-
ic (autoptic, histologic, immunohistochemical, microbiological, thanatochemical) and chemi-
cal toxicological data, obtained following an accurate methodological approach; the gathered
data must successively be the object of an evaluative forensic toxicological criteriology. In this
view the existence of standardised methodological protocols finds its reason, applied to the
resolution of cases where an acute or chronic intoxication of forensic concern is suspected. The
necessity of uniform autoptic procedures has been expressed in Recommendation N. 99 of the
Committee of Ministers of the Council of Europe, relative to the harmonisation of the rules
concerning the legal medical autopsy [2].

The circumstantial data draw on the spatio-temporal circumstances of the presumed “contact”
with the toxicant; they can derive from police investigations, testimonial depositions, technical
inspections, site inspection reports, etc., and are for example the insurgence of pathological
phenomenon or of death following the ingestion of foods or beverages, or contact with
chemical substances, or the retrieval of pharmaceutical provisions or paraphernalia in the
location where a corpse is discovered.



Forensic Toxicology
http://dx.doi.org/10.5772/60445

The clinical data refer to sanitary documentation that is examined to evidence any general or
local disorder, in order to outline the objective symptoms characterizing an intoxication. In
this view an appropriate toxicological evaluation needs a profound knowledge of the spectrum
of biological effects of a specific chemical substance, of the intensity of individual effects
dependent on the dose (dose-effect relationship) and on the frequency or probability of the
appearance of a dose-dependent effect in a determined population (dose-response relationship).

The anatomopathological data are intended to reveal morphological modifications, patho-
gnomonic and not, of the organs and systems of the deceased for suspected (acute or chronic)
intoxication. In this field the medico-legal literature is lacking thorough studies, extended to
all the organs and to the diverse modes of poisoning. In some cases, a macro and microscopic
observation can enable identification of toxic-related harmfulness, also non-specific, apt to
explain the death or direct the chemical-toxicological investigation. The examinations must
include observance of cadaveric phenomena to capture changes in the normal coloration of
hypostatic stains, detection of changes in rigidity and evolution of putrefactive phenomena,
external examination (presence of jaundice, alterations in cutaneous appendages) and autopsy.
A complete evaluation of macroscopic investigations, integrated by the optic and electronic
microscope analyses, as well as by specific immunohistochemical techniques, may enable
comprehension of the ethiopathogenesis and physiopathogenesis of the intoxication. In
particular, it is important to examine the whole encephalon and the heart [3], as well as
anatomical organs and structures sometimes undervalued, such as the carotid body, bone
tissue and sexual organs. Examination of the carotid body provides indications as to possible
alterations resulting from chronic hypoxic states and abuse of opiates [4]; bone tissue, as to
alterations of bone marrow due to toxic or neoplastic diseases; sexual organs, as to testicular
atrophy attributable to chronic exposure to steroid hormones; the lymphonodal stations to
distinguish hypertrophy of an infective, inflammatory or neoplastic origin.

The anatomo-pathological findings allow, therefore, to addressinvestigations in two directions:

a. To exclude acute intoxication as the principal cause of death when a natural organ
pathology capable of inducing death by itself (e.g. acute myocardial infarction, cerebral
haemorrhage from a ruptured aneurysm, pulmonary thromboembolism, etc.) is evi-
denced.

b. To strengthen and then confirm the hypothesis of acute lethal intoxication when there is
evidence of anatomical lesions characteristic or suggestive of an acute fatal intoxication,
also in light of documented clinical and laboratory findings.

The chemical-toxicological data are needed for the qualitative and quantitative demonstration
of the presence of the toxicant in the biological fluids and in the tissues collected during the
clinical or necroscopic ascertainment.

Retrieval of toxic substances in the living or dead body constitutes, in general, the most
important criterion, often decisive to the diagnosis.

The chemical-toxicological analysis should be articulated according to two directions:
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e general unknown research, when it arouses suspicion of intoxication, but the substance is
ignored;

* specific research, when circumstantial and/or clinical documentary evidences consent to
hypothesise an exposure to specific substances.

Autopsy sampling must include the encephalon, liver, kidneys, lungs, cardiac and peripheral
blood, gastric content, bile, urine, head or body hair, and even bone. The samples collected
must be stored in separated containers and filled as much as possible to minimise evaporation
of volatile substances and the oxidation of drugs. The blood sample for quantitative analyses
must be drawn from the femoral vein as this site is less exposed to post mortem alterations of
concentrations of xenobiotics. Blood samples from different periferic sites and from the cardiac
cavity, left and right, are useful for revealing the possible variation of the concentration of
xenobiotics in the post-mortal period. In subjects who fall victim to fires, blood should be taken
from vessels in regions spared by the fire, as the diffusion of carbon monoxide has been
observed in literature. Specimens taken from different sites must be stored in different
containers [5]. Urine can be taken before or during autopsy. The cerebrospinal fluid can be
drawn, preferentially, by a suboccipital puncture or even aspirated from ventricles after the
removal of the cranium. The gastric and intestinal content must be described in a detailed
manner. Possible remains of drug tablets must be preserved in a separate container. In case
subcutaneous or intravenous injection of drugs is suspected, a cutaneous sample should be
taken from the site of injection and a cutaneous control sample from another region [5]. As to
keratin matrices, they must preferably be natural hair cut from the posterior vertex of the head,
where a lower variability of drug concentration is described [5]. The hair should be preserved
at room temperature since freezing leads to a reduction of concentration. In a corpse, it is
strongly advisable to take the hair sample before autopsy to avoid contamination with
biological fluids, which cannot be completely removed by washings. Alternatively, sampling
of pubic or axillary hairs, or nails, preferably taken from the feet, can be useful. However, nails
contain lower concentrations of xenobiotics compared to hair.

In cases of corpses in an advanced state of decomposition it is necessary to collect larvae of
diptera and other arthropods found on the body to perform entomotoxicological analyses,
aimed at determining in the larvae the presence of xenobiotics originally present in the dead
body fluids/tissues. Since living larvae rapidly metabolize the xenobiotics after removal from
the corpse, they must be rapidly frozen and analysed as soon as possible. In addition, to avoid
environmental contamination, the larvae must be washed before the analyses [6]. Itis necessary
to underline that, although larvae are useful as qualitative toxicological specimens, they seem
to provide limited information of quantitive nature. Moreover the absence of xenobiotics in
the larvae does not necessarily imply the absence of xenobiotics in their “food” source [6].

The toxicological analyses must encompass both qualitative and quantitative determinations,
employing advanced technologies, using validated methods, foreseeing obligatory analyses of
confirmation with certified reference standard of the xenobiotics identified. In general, two
types of extraction procedures are foreseeable to separate and concentrate analytes from
endogenous compounds: the liquid/liquid and the solid/liquid. The instrumental analyses will
use advanced technologies able to separate analytes in the gaseous or liquid phase (gas
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chromatography, GC, or liquid chromatography, LC) and to identify them through specific
detectors such as UV, IR, FID, fluorescence, mass spectrometry and multiple mass spectrome-
try (GC-MS, HPLC-MS, MS/MS, etc). Particularly, the use of high or low resolution mass
spectrometry coupled with chromotographic technique is considered the gold standard of
analytical techniques. It will also be necessary to determine concentration ratios of parenchyma-
haematic, urinary-haematic, parent/metabolite compound, in order to perform a correct
assessment of results from the historic, biological and statistical epidemiological points of view.

The laboratory of Forensic Toxicology has the primary task of assuring the accuracy of the
results through processes of controls of the analytical and organizational quality. The organ-
izational or logistic quality assurance implies the adoption of a protocol intended to preserve
the chain of custody of biological specimens from the sampling, through analyses and
reporting. Particular attention must be paid to the preservation procedures of the biological
samples, both “in short term” (2°-4°C in the refrigerator) and "in long term" (freezer at a
maximum temperature of -18°C/-20°C).

The analytical quality assurance must be achieved through the validation of methods, applying
principles of selectivity, specificity, precision, accuracy and linearity. The analytical method
must also be characterized by its LOD (limit of detection) and by its LOQ (limit of quantifica-
tion). It is also necessary that the “cut-off “of the method be declared, an arbitrary measure
that is adopted in order to discriminate between the results to be considered negative and the
results to be considered positive. The cut-off is not therefore just a technical-analytical measure,
but is also determined according to the specific diagnostic objective. The "purpose" of the
research and the "aim" of the analytical element greatly influence and condition the choice of
"cut off” values. Finally, it is important to remember that every analytical procedure must
distinguish and appropriately use screening methods and methods of confirmation. The
concept of the "confirmation" in Forensic Toxicology is indispensable, and the confirmation
technique must necessarily be based on different analytical principals and/or chemical-
physical characteristics from the screening procedure.

However, a positive or negative chemical-toxicological report is not sufficient proof to affirm
or exclude a death by intoxication. In the first case, for example, one might identify an
insufficient concentration of the toxin, arising from accidental contact or environmental
contamination. A second possible explanation can be found, for example, in the method of
analysis used (high limit of detection and intrinsic limitations of the analytical technique can
give an apparently negative result), or in the transformation of the toxicant in metabolites or
in its elimination from the organism.

For a further exemplification, the qualitative detection of a poison in the gastrointestinal tract
is not sufficient evidence to establish that the substance was the cause of death. It is necessary
to demonstrate that it has been absorbed and carried through general circulation, unto the
organs where it has exercised its possibly lethal effect.

Similarly, the results of the urine tests are often of little significance in determining the
physiopathological effects of the toxic substance, since they only allow proof that the toxic was
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present in the victim’s body some time before death. The physiopathological effects of the
majority of the xenobiotics only correlates, in fact, with their blood concentration.

The laboratory plays a crucial role in the forensic toxicological diagnostic when a correct
methodology is adopted in sampling procedures and the choice of specimen to be analysed,
and when interpretation of the results is well integrated with the data acquired through other
types of research.

Once the ascertainment is completed in all its stages, an evaluation phase is undertaken, in
which the results of different types of tests must be comparatively and critically evaluated.

Identification of intoxication as a cause of medico-legal relevance can emerge in terms of
certainty or probability, which is in turn distinguished in statistical and logical probability.

In toxicology there are not often general scientific laws, of universal or statistical epidemio-
logical coverage, which make it possible to verify or rule out exposure to toxic substances as
a cause of medico- legal relevance. It follows that one must usually have recourse to the process
of rational credibility, according to the best science and experience, on the basis of what is
known regarding the ethio-pathogenesis of disease from toxic origin. In the appendix, the
characteristics of the most common drugs of abuse, responsible of acute or chronic intoxication,
are shortly summarized according to The National Institute of Drugs of Abuse (NIDA).

3. Alcohol, drugs and driving

The studies of “Man-Machine Interaction” [7], evaluating the complex of actions and abilities
required to drive motor vehicles and complex machinery (such as industrial), demonstrate that
alcohol, drugs and medication influence the psychosensorial and psychomotor functions
underlying such skills.

The effects of acute intake of ethyl alcohol vary depending on the levels of ethanolemia (in
mg%mlL o g/L) and the characteristics of the subject. Alcohol caninduce sedation and reduction
of anxiety, dyslalia, ataxia, impaired judgement and disinhibition. Alcohol has psycho-
behavioural effects linearly correlated to its blood concentration. The 50 mg%mL limit, fixed
by most driving codes as the limit for drunk driving, is not predictive of the disabling effects
of lower concentrations, more evident in the adolescent and elderly population. In any case,
the multiplication of risk by 3, 10 and 40 times applies when haematic concentrations exceed
80, 100 and 150 mg%mL, respectively. Driving with levels greater than 150 mg%mL substan-
tiate the identification of alcohol abuse or dependency problems, in need of social-rehabilita-
tive intervention. In Table 1 is a summary of the dysfunctions correlating to values of blood
alcohol concentration (BAC) derived from clinical observation and studies on man-machine
interaction.

Knowledge of the above described effects and the observation in a real or simulated driving
test, allow for the following conclusions. Alcohol consumption determines a deterioration in
one’s driving ability through an increase in speed, loss of awareness, impaired visual function
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and attention, wavering about the lane markings, slowing down of reaction time for “breaking
and steering”, overestimation of “collision” time, inadequate risk assessment [8,9]. Scarce
experience, age, alcohol tolerance are factors enhancing alcohol related driving incapacity.

BAC
DYSFUNCTIONS
mg%mL
20 Insecurity; initial slowing down of the reaction time to a visible stimulus
30 Initial reduction in the sense of depth of field (stereo optometric)
20 Reduction in the corneal reflex; impoverished capacity to drive at a
constant speed
50 Incapacity to drive in 25-30% of drivers, reduction in lateral visual
perception, mild impairment of judgment
65 Initial alteration of balance
80-120 Reduction in the adaptability to darkness; impairment of ocular-motory
coordination
120-200 Reduction in reaction times; initial diplopia; evident inebriation; serious
disturbance to balance; inability to judge distances
200-300 Disorientation, mental confusion, diplopia, unstable walk
300-400 Incapacity of remaining stood up straight, state of bewilderment
>400 Coma, anesthesia, areflexia

Table 1. Values of BAC and correlation with driving dysfunctions

The central nervous system is affected not only by the acute effects of ethanol abuse, but also
from chronic intake. A significant percentage of alcohol dependents are affected by dementia,
cerebellar degeneration, peripheral miopathies and neuropathies.

Incapacity to drive caused by Cannabis indica (marijuana and hashish), varies according to the
dose of active ingredient taken, not excluding the accidental consumer. Alterations of per-
formance are reported for values of tetrahydrocannabinol (THC, the active principle of
Cannabis) comprised between 2 and 5 ng/ml [10]. THC leads to an increase in systolic pressure
and cardiac frequency, conjunctival hyperemia, difficulty with nocturnal vision and focusing
on objects, above all if in motion, reduction in awareness, distortions of space and time, delayed
reactions to stimuli, anxiety, paranoia, panic attacks, motor coordination deficit and impaired
judgement with a greater propensity for “risk taking” [11]. These effects, especially expressive
with speed and “wavering” of the car (as demonstrated by real driving tests), are accentuated
by and also affect reaction times when cannabis is consumed in combination with alcohol [8],
as well as together with other psychoactive substances. The effects of cannabinoids are also
found in chronic consumers in the long term.
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All hallucinogens, of natural origin (mescaline, psilocine, psilocybine, etc.) or of synthesis
(LSD, derivatives and analogues) induce driving incapacity, seriously altering all the sensitive,
neurocognitive, and psychomotor functions, at any dose, either in a state of tolerance or
intolerance. The hallucinogenic effects, which start from 15 minutes to 1 hour after ingestion,
determine the increase of arterial pressure and of body temperature, as well as spatial-temporal
distortion and depersonalisation, often leading to suicide attempts.

Cocaine and amphetamines are the most prevalent disabling psycho-stimulants, which,
though causing a “HIGH” stage and initial improvement of certain psycho-motory functions
(reaction time, attention, awareness), cause an incapacity by altering risk perception [12,13].
The initial stimulating effects are soon substituted by tremors, hypertension, tachycardia and,
in the case of amphetamines, increase in body temperature and manifestation of epileptic
convulsions. In the “'DOWN” phase, debilitating effects follow such as depression, irritability,
fatigue and anxiety attacks. The down phase can occur a early as 45 minutes after ingestion
and has a duration of 2-4 days. As for amphetamine derivatives (e.g. ecstasy) physical and
behavioural effects manifest after just a few minutes of ingestion, and protract up to six hours.
Such effects, due to a generalized stimulation of the central nervous system, include: euphoria,
hyperexcitability, nervousness, tachycardia, insomnia, anorexia, bruxism and mydriasis.
Paradoxically, such effects are accompanied by a sense of wellbeing and relaxation and some
ameliorative psychological effects. Among the chronic effects are deficits in cognitive functions
(memory loss, difficulty concentrating and learning) and psychotic flashbacks. For both
hallucinogens and psycho-stimulants drugs, studies of man-machine interaction demonstrate:
an increase in dynamic variations of the motor vehicle, both in a lateral and longitudinal
(waving) direction; maintenance of high speed; notable reduction of safety distances; reduced
reaction to sound and visual stimuli (mydriasis). The above-mentioned effects, indicators of a
considerable risk of road crashes and accidents [14], are accentuated or favoured by the
combined intake of ethylic alcohol or the increase in drug dose (lateral undulations, increase
in speed and reaction times).

The role of natural opiates, Methadone and Buprenorphine in the determination of road accidents
is still debated. The verified effects on the incapacity to drive correlate to mood changes,
reduced motor coordination, drowsiness, slower psychomotor coordination and pupillary
constriction. Withdrawal symptoms and frequent association with other psychoactive
substances take on considerable importance, particularly with ethyl alcohol. For some authors
Methadone Maintenance Treatment is thought to impede capacity to drive, until psychic
stabilisation (> 1 year) and secure absence of the co-use of other psychoactive substances.
Buprenorphine in healthy subjects increases reaction time in a laboratory test but not in a
simulation driving test.

Studies that have evaluated all medications employed in heroine dependence therapy have
shown that the parameters of competence (deviation from the lateral standard position, speed
and capacity to steer round a bend, reaction to stimuli), do not present a difference in treated
patients vs controls, except in the case of combined intake of ethylic alcohol [15].

Gamma hydroxybutyrate (GHB), a natural constituent of diverse systems and apparatus of
the human organism, also a drug used in anaesthesiology therapy and in the treatment of
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alcohol dependence, is the object of abuse for its euphoric, sedative and anabolic effects. Other
effects deriving from GHB intake include: disorientation, slowness to react, agitation, inability
to focus attention, impaired coordination and balance, tremors, drowsiness, unconsciousness.
Given the capacity of GHB to induce sedation, the possibility of determining incapacity to
drive motor vehicles becomes evident. It produces collateral effects characterized by nausea,
vomiting, drowsiness, vertigo, bradycardia and respiratory depression, coma. Association
with alcohol exponentially increases the above described effects [16].

As far as medicinal drugs are concerned, there is an ample difference between the effects of
psychotropic medicines belonging to the same therapeutic class.

Among Antidepressants, Barbiturates, Benzodiazepines, Hypnotics and Neuroleptics, are disabling
medicines and medicines for which the conclusions are not definitive. Also among Anxiolot-
ics and Antihistamines coexist disabling drugs and drugs free from effects.

In particular, psychopharmacological studies of man-machine interactions (real and
simulated driving test, laboratory test) have identified: drugs that induce an incapacity to
drive; drugs that determine a positive effect on the capacity to drive; drugs that do not
determine any effect [17].

An analytical systematic research in the field of Alcohol, Drugs and Driving poses particular
problems regarding: correct blood sampling, which requires skin disinfection with an alcohol
free liquid and blood drawing with a vacutainer vial containing suitable preservatives and
anticoagulants; urine sampling, carried out under visual control; use of a chain of custody that
documents time, place and personnel engaged in collection and transfer of samples; written
consensus to sample collection and analysis given by the subject suspected of DUI, when
considered by statuary laws; analytical procedures to be adopted; conservation of specimens
in case of possible contestation.

Analytical procedures for the determination of BAC must be in headspace gas-chromatogra-
phy with a suitable specific detector, whereas the determination of ethanol by enzymatic
methods in serum or urine is not suitable for a report of medico-legal value.

The range of substances that must be determined qualitatively and quantitatively is wide, and
includes both scheduled and prescription drugs (e.g. benzodiazepines, Z drugs), depending
on specific Country legislation. It is thus necessary to have more validated methods available,
both in GC-MS and LC-MS, and adequate reference standards. In the evaluation phase, only
concentrations identified in the blood may be related to the state of impairment, although there
is no univocal approach: in some Countries, threshold values are given by law (blood cut-off)
to determine riving impairment, in other Countries no values are set and every concentration
is considered impairing (zero tolerance).

For the use of oral fluid as the biological fluid for road side DUI controls, the following
problems arise: absence of standardized procedure for sample taking; frequent paucity of
specimen compared to conventional matrices (e.g. blood) with consequent limitations of multi-
class analyses and counter analyses; greater concentration of active compounds than their
metabolites, detectable at low concentrations if not sometimes absent; variability of the
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relationship between salivary and blood concentrations, depending on the variability of the
salivary pH, in turn dependent on the speed of saliva production; the possibility of oral
contamination as a result of endonasal or inhalatory intake (smoking) of a substance, with a
consequent increase of the salivary concentration, independent of the blood concentration.

In light of such criticality, analyses on saliva specimen introduce prospects of controversy
connected to analytical, kinetic and evaluative problems.

4. Workplace Drug Testing (WDT)

The problem with the consumption of psychoactive substances in the workplace has been the
object of multiple studies, characterized by investigations on diverse populations of workers
(deceased or hurt in a work related injury or subjects recruited with random criteria or for a
toxicological control duty) and different methodologies of research (survey, chemical-
toxicological analyses on biological matrices, integrated approach) [18]. Despite the limitations
of comparative interpretation, the results of the highlighted studies reveal that:

* cannabis is generally the most diffuse narcotic substance in workers subject to random and
mandatory checks;

* alcohol, opiates and cannabis are the most frequently detected substances in injured and
deceased workers subject to sporadic toxicological checks.

Given that such evidence does not patently allow for establishing the significance of the role
of psychoactive substances, in the genesis of accidents at work, the need to implement
systematic, international and national studies, including comparative analysis of anamnestic/
cathamnestic, clinical/autoptic and chemical-toxicological data, extended to multiple biologi-
cal matrices (blood, urine and hair), exists.

There are guidelines elaborated by International Scientific Societies and statuary legislations
that provide instructions for authorized laboratories to perform toxicological analyses in the
work place frame. Such indications regard: the method of specimen collection and analysis;
interpretation of results, also dependent on predetermined cut-off statutory values; internal
and external monitoring of analytical quality; the manner of reporting.

Organization of toxicological controls on workers presumes therefore the application of
uniform and standardised toxicological assessment, aimed at safeguarding the security of
work places, also through acquisition of scientific epidemiological evidence.

5. Doping

Doping urges for an institutional and collective attention as an underground phenomenon in
rapid growth in the sporting world and social reality. Changing and refinement of substances
and doping methods, their growing pharmacodynamic effectiveness, lacking or problematic
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detectability of substances with ergogenic purposes (so called food supplements), widespread
and clandestine commercialization of drugs, and the volume of annual trade, all signify a state
of emergency.

In this context, death caused by doping is an event routinely reported by high level sporting
competitions [19]. The scarcity of data deduced from international literature and the lack of
institutional systems of epidemiological monitoring does not permit reliable estimates of the
size of the phenomenon, even and above all with reference to amateur sporting activity. The
intrinsic dangerousness of all doping practices, as well as the remarkable heterogeneity of
protocols investigating an athlete’s sudden death, contribute to the problem. The risk of death
related to use of doping substances and practices is mainly associated to anabolics and
stimulants, followed by erythropoietic stimulating drugs, growth hormones and diuretics [20].

However, paucity of epidemiological data relative to doping consumption and correlating
cases of deaths, cannot define the real size of the phenomenon, which is certainly underesti-
mated. The use of doping seems to be accepted by the sporting community, also because of
the underestimation of the related dangers.

The inability to define the real danger is reflected in the failure to alert institutions, entrusted
with the implementation of preventative, informative and repressive educational interven-
tions.

To dam difficulties associated with the growing abundance of doping substances, laboratories
must exchange their experiences and rational adjustment of procedures is needed in a process
of constant renewal, in technology and analytical procedures. The renewal must involve use
of systems of greater sensitivity and analytical accuracy, as well as larger systematic screenings
to incorporate new banned substances in real time.

6. Conclusion

Activity in the field of Forensic Toxicology is identified with the detection, identification and
quantification of xenobiotics in biological and non biological matter. A synopsis of such analytical
phases leads to the interpretation of results through a rigorous evaluative criteriology in relation
to different regulatory areas.

The two main areas where the analysis of biological material applies are «forensic Toxicology
of the dead» and «forensic Toxicology of the living person».

Forensic Toxicology of the dead is devoted to determine the presence of xenobiotics in liquids
and tissues and evaluate the possible causal or concausal role in the determination and
dynamics of the death.

Forensic Toxicology of the living person is committed to determine the presence of xenobiotics
in the biological specimen (blood, urine, air inhaled, hair, etc.) and in evaluating the possible
causal or concausal role of incapacity and/or deviations in behaviour (see suitability to drive,
WDT, doping, etc.), or rather harm to the person.
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Obligation in the above-mentioned areas is complex because of «pre-analytical» and «analyt-
ical» variables. Among the pre-analytical variables are: quantity of dose ingested, frequency
and means of ingestion, interval between intake and sample taking, the sample collection
procedure, the interval between sample taking and analysis.

Among the analytical variables are: elevated number of analytes, large variety of chemical
structures, of volatility, functional groups, hydrophilic/lipophilic ratios, values of pK, or pK,;
wide ranges of concentration in liquids and biological tissues, dependent on dose intake; the
way the specimens are stored; the possible lack of pharmacokinetic and pharmacodynamic
studies; the diversity of biological matrices and potential analytical interferences produced by
exogenous, endogenic and putrefactive substances.

The complexity of those variables ensures that every analysis may be given as an individual case
for which there are no rules applicable to all xenobiotics and all situations.

With the diffusion of environmental toxins and the clandestine drug market, the forensic
toxicology laboratory is also committed to the analysis of non-biological material. In this
context, Forensic Toxicology can provide to institutions and society information and aware-
ness on the appearance of new drugs; identification of the major channels of drug distribution
in the local and national black market; identification of the means adopted by traffickers to
bypass systems of control; information on substances used in the cutting or treatment of the
drug; suggestions for timely legislative adaptations.

With the main objective of providing scientifically based evidence, the complexity of all the
above outlined roles of forensic toxicology entails the need for the adoption of quality
assurance systems, ascertainement methodologies and evaluation criteriologies.

7. Addendum

7.1. Principal drugs of abuse

7.1.1. Nicotine

Alakloid from Nicotiana tabacum; found in cigarettes, cigars, and smokeless tobacco (snuff, spit
tobacco, chew); it can be smoked, snorted, chewed

Acute Effects - Increased blood pressure and heart rate

Health Risks - Chronic lung disease; cardiovascular disease; stroke; cancers of the mouth,
pharynx, larynx, esophagus, stomach, pancreas, cervix, kidney, bladder, and acute myeloid
leukemia; adverse pregnancy outcomes; addiction

7.1.2. Ethanol

Alcohol, ethyl alchol, produced by sugar fermentation; found in liquor, beer, and wine; orally
ingested (swallowed)
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Acute Effects - In low doses, euphoria, mild stimulation, relaxation, lowered inhibitions; in
higher doses, drowsiness, slurred speech, nausea, emotional volatility, loss of coordination,
visual distortions, impaired memory, sexual dysfunction, loss of consciousness

Health Risks - Increased risk of injuries, violence, fetal damage (in pregnant women);
depression; neurologic deficits; hypertension; liver and heart disease; addiction; fatal over-
dose.

7.1.3. Tetraydrocannabinol

Active principle of Cannabis; found in marijuana or hashish or hash oil or hemp; smoked or
swallowed.

Scheduled drug.

Acute Effects — Euphoria; relaxation; slowed reaction time; distorted sensory perception;
impaired balance and coordination; increased heart rate and appetite; impaired learning,
memory; anxiety; panic attacks; psychosis

Health Risks - Cough, frequent respiratory infections; possible mental health decline;
addiction

7.2. Opioids

Alkaloids from Papaverum Somniferum; found in opium (Morphine, Codeine) or derived
from opium by chemical synthesis (Heroin) or chemically synthesized (Naloxone, Oxycodone,
Oxymorphone etc); Heroin (diacetylmorphine) can be injected, smoked, snorted; Opium can
be swallowed or smoked; scheduled drugs.

Acute Effects - Euphoria; drowsiness; impaired coordination; dizziness; confusion; nausea;
sedation; feeling of heaviness in the body; slowed or arrested breathing

Health Risks - Constipation; endocarditis; hepatitis; HIV; addiction; fatal overdose

7.2.1. Stimulants

Alkaloids found in Coca leaves (Cocaine) or chemically synthesized (amphetamines and
methamphetamines, methylenedioxyamphetamines, methylenedioxyamphe-tamines,
amphetamine-like compounds, phenethylamine derivatives); Cocaine can be snorted, smoked,
injected; Amphetamine derivatives can be swallowed, snorted, smoked, injected; scheduled
drugs.

Acute Effects - Increased heart rate, blood pressure, body temperature, metabolism; feelings
of exhilaration; increased energy, mental alertness; tremors; reduced appetite; irritability;
anxiety; panic; paranoia; violent behavior; psychosis. for MDMA - Mild hallucinogenic effects;
increased tactile sensitivity; empathic feelings; lowered inhibition; anxiety; chills; sweating;
teeth clenching; muscle cramping

97
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Health Risks - Weight loss, insomnia, sleep disturbances; cardiac or cardiovascular compli-
cations; depressions; stroke; seizures; addiction. for MDMA - Sleep disturbances; depression;
impaired memory; hyperthermia; addiction.

Also, for cocaine — Nasal damage from snorting

Also, for methamphetamine — Severe dental problems

7.2.2. Dissociative drugs

Synthetic drugs: Ketamine (injected, snorted, smoked); Phencyclidine (PC) and analogs
(swallowed, smoked, injected). Naturally occurring: salvinorine from Salvia divinorum
(chewed, swallowed, smoked).

Acute Effects - Feelings of being separate from one’s body and environment; impaired motor
function

Also, for ketamine - Analgesia; impaired memory; delirium; respiratory depression and arrest;
death

Also, for PCP and analogs - Analgesia; psychosis; aggression; violence; slurred speech; loss
of coordination; hallucinations

Health Risks - Anxiety; tremors; numbness; memory loss; nausea

7.2.3. Hallucinogens

Synthetic drugs: Lysergic acid diethylamide (LSD, swallowed, absorbed through mouth
tissues).

Naturally occurring: Mescaline, from the peyote cactus (Lophophora williamsii), the San
Pedro cactus (Echinopsis pachanoi) and in the Peruvian torch (Echinopsis peruviana),
(swallowed, smoked); Psilocybin, from mushrooms of genus Psilocybe, such as P. azurescens,
P. semilanceata, and P. cyanescens, and from about a dozen other genera (swallowed).

Acute Effects - Altered states of perception and feeling; hallucinations; nausea

Also, for LSD - Increased body temperature, heart rate, blood pressure; loss of appetite;
sweating; sleeplessness; numbness, dizziness, weakness, tremors; impulsive behavior; rapid
shifts in emotion

Also, for Mescaline - Increased body temperature, heart rate, blood pressure; loss of appetite;
sweating; sleeplessness; numbness, dizziness, weakness, tremors; impulsive behavior; rapid
shifts in emotion

Also, for Psilocybin - Nervousness; paranoia; panic

Health Risks, for LSD - Flashbacks, Hallucinogen Persisting, Perception Disorder
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7.2.4. Anabolic steroids

inhalants
Acute Effects, for Anabolic steroids - No intoxication effects.

for Inhalants (varies by chemical) - Stimulation; loss of inhibition; headache; nausea or
vomiting; slurred speech; loss of motor coordination; wheezing

Health Risks, for Anabolic steroids - Hypertension; blood clotting and cholesterol changes;
liver cysts; hostility and aggression; acne; in adolescents—premature stoppage of growth; in
males — prostate cancer, reduced sperm production, shrunken testicles, breast enlargement; in
females—menstrual irregularities, development of beard and other masculine characteristics

for Inhalants - Cramps; muscle weakness; depression; memory impairment; damage to
cardiovascular and nervous systems; unconsciousness; sudden death.
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1. Introduction

Poisoning is one of the leading causes of mortality and morbidity in many countries. In 1955,
poisoning was the most common cause of death in patients aged between 35 and 44 years [1].
Tramadol was first manufactured in Germany in 1970 to relieve post-surgical and chronic pains
[2]. It is currently the most commonly prescribed opioid in the world [3]. According to the
Australian studies, tramadol use has increased almost 10 times between 1998 and 2004 [4].

Although tramadol is very commonly prescribed, it should be administered with the consid-
eration of the risk to benefit ratio [5]. Tramadol is one of the most common causes of poisoning
in adult male patients with the previous history of drug addiction and psychological problems
and suicide is the most common motivation for its use in this group of the patients [1,3,6-8].
The aim of this review is to evaluate all possible clinical manifestations and life-threatening
signs/symptoms of tramadol poisoning.

2. Pharmacology

Tramadol is a synthetic analogue of codeine with central effects [2,6,9-13]. It is not an opioid
derivative or non steroidal anti-inflammatory (NSAID) medication. Actually, tramadol has
low affinity for opioid receptors [14,15] and has a hydrochloride structure (Figure 1) [1,16].

Tramadol is used as a racemic mixture in the treatments [15]. This mixture is a 1:1 ratio of two
enantiomers with synergistic analgesic effects [17]. The (+) and (-) enantiomers weakly connect
to mu opioid receptors [18]. Enantiomer (+) is the opioid part but increases serotonin release
and inhibits its re-uptake, as well. Enantiomer (-) is a noradrenaline re-uptake inhibitor [17-19].
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Figure 1. Tramadol structure

Most of the analgesic effects of tramadol are likely secondary to its monoaminergic central
pathways [3,10,20]. Tramadol acts through some different pathways including:

a. Affecting mu receptors causing the opioid-like effects;

b. Affecting noradrenergic pathways causing inhibition of norepinephrine reuptake in
central nervous system (CNS);

c. Affecting serotonergic pathways causing inhibition of serotonin reuptake in the CNS;

d. Affecting GABAergic pathways causing increased GABA neurotransmitter in the brain
[2,8,13,17,21,22].

Tramadol is currently available as tablets, oral drops, solution for injection, and suppository
[8] with the oral rout being the most common rout of its administration. Tramadol has a high
volume of distribution (3 L/kg) [3,7]. Bioavailability of an oral dose of tramadol is 75% which
can reach almost 100% with a programmed schedule [7]. The common therapeutic dose of
tramadol is 50 to 100 mg (50 mg oral, 50-100 mg intramuscular [IM], and/or100 mg rectal; 1.5
mg/kg/day in a 60-kg patient) three to four times a day. Doses higher than 400 mg/day are
generally not necessary [8,17,23]. However, evaluation of five rheumatologic disorder patients
over 65 years of age revealed that a daily tramadol dose of 300 to 1200 mg was needed for them
to relieve their pain [24].

Analgesic effects of tramadol are dose-related. The relation between serum level and analgesic
effectis not the same among different people. It is estimated that the normal therapeutic serum
level of tramadol and its metabolite are 0.1 to 0.3 mg/L and 0.03 to 0.04 mg/L, respectively
[3,25-27]. According to the information from International Association of Forensic Toxicolo-
gists, therapeutic, toxic, and fatal levels of tramadol in adults are 0.1-0.8 mg/L, 1-2 mg/L, and
over 2 mg/L, respectively [26]. Tramadol is completely and rapidly absorbed after oral use.
Sustained-release tablets affect within 12 hours and their serum level peaks at 4-9 hours
postingestion [6]. In the mice, tramadol is more available and effective at the final phase of the
darkness and most of the mortalities happen at the mid phase of the darkness; such an effect
has not been detected in human volunteers [28,29].
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In postmortem evaluations using gas chromatography, tramadol level is at the most in heart,
liver, peripheral blood, urine, kidney, lung, spleen, bile, and brain without any distribution
into the muscles [6,25,30].

Tramadol is generally metabolized through N-demethylation, O-demethylation, glucuroni-
dation, and/or sulfation. Metabolization of tramadol is performed by cytochrome P450
enzymes. CYP2D6 is responsible for O-demethylation while N-demethylation is done by
CY2B6 and CY3A4 [6,31,32]. Tramadol can be used in renal failure although decreased doses
are recommended in renal problems and liver cirrhosis [33].

In a study on six alpacas (some kind of camel), the half-life of all three metabolites of tramadol
(O-, N-, and Di-desmethyltramadol) was reported to be more than the parent drug [34]. The
main metabolite (O-desmethyltramadol) has a 200-time affinity for mu receptors and its
analgesic effect is twice the parent medication, as well [2,15,26].

3. Tramadol toxicity

Tramadol is considered to be a safe drug. However, mortality has been reported with its use
[35,36]. Toxicity can happen accidentally. Patients with the previous history of addiction are
at extreme danger for such toxicity and according to FDA warnings, tramadol administration
should be performed cautiously in these patients [6,37].

Toxicity of tramadol can be predicted by P450 polymorphism [38,39]. Few studies have shown
the difference in the postsurgical analgesic serum levels of tramadol among people which is
probably due to the genetic polymorphism in the activity of CYP2D6 [40,41]. Diversity in the
response depends on the CYP2D6 genotype. Ultra-rapid metabolizers have a higher risk of
tramadol toxicity with higher plasma levels of O-desmethyltramadol. They experience higher
analgesic effects and nausea in comparison to the group who are extensive metabolizers [38].

4. Epidemiology of tramadol toxicity

Most of the tramadol-intoxicated patients are male (63% to 89.3%) [3,21,37,42-48] and single
[1,8,21]. However, in few studies, female patients were more (55% to 59%) [49,50]. Most of the
patients were in their 3" decade of life. This is while the age range of the patients was reported
to be between 5-week-old and 87-year-old in different studies [1,3,8,37,44,45,47-51]. Patients
generally ingested tramadol [6,8,45,52]. Almost 51.9% to 98.7% of the patients had intentionally
overdosed on tramadol; 27.8% to 29.6%, 0.87% to 3.7%, and 0.2% to 7.4% had recreationally,
accidentally, or medically overdosed on tramadol, respectively [1,3,6,8,23,45].

In a recent study, university students with the previous history of cigarette smoking and
consumption of addicting opioids were more prone to abuse tramadol [24]. In another study,
22.2% of the hospitalized patients had a history of admission due to tramadol overdose [3]. It
has been said that in almost 90%, 7.9%, and 2.1% of the tramadol toxicities, poisoning is due
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to acute, chronic, and acute on chronic overdoses [3]. Most of the patients refer within the first
6 hours postingestion [21,45,49] with a hospitalization period of 15 minutes to 21 days [8,21].
Signs/symptoms of toxicity recover within 24 hours and almost 42% of the patients will need
ICU admission [49,50,53].

5. Biologic characteristics

Tramadol is used as the first-line treatment in musculoskeletal pains [15,54-57] and as an
alternative treatment in osteoarthritis (OA) patients in whom NSAIDs are contraindicated or
those with resistant pain to oral analgesics [58].

Tramadol analgesic effects are due to the inhibition of norepinephrine and serotonin reuptake
as well as agonism of mu receptors which cause blockage of the pain impulses in the spinal
cord [7,56,59]. Direct administration of tramadol on the sciatic nerve can reduce the amplitude
and speed of spinal somatosensory evoked potential in the rats emphasizing the analgesic
effects of tramadol on the peripheral nerves [60].

In tramadol-induced anesthesia, the patient become conscious rapidly, has amnesia during
the surgery, and experiences few side effects [61]. Controlled release of tramadol through
polyhydroxybutyrate (PHB) microspheres is also available which induces longer anesthesia
after epidural use in comparison with tramadol alone [62].

According to a study performed on the rats, tramadol reinforces the immune system by
increasing phagocytosis. Use of tramadol is therefore favored as an analgesic in immune-
compromised patients [63].

6. Side effects and clinical/paraclinical findings

Tramadol is an analgesic with less side effects in comparison with other opioids [64]. It has the
least gastrointestinal and renal toxicities [65]. Drug screening for opioids is generally negative
in the patients with tramadol overdose [66].

In overdose, lethargy, nausea, tachycardia, agitation, seizure, coma, hypotension, hyperten-
sion, respiratory depression, dysuria, constipation, dizziness, facial paresthesia, ataxia,
headache, edema, movement disorders, perspiration, blurred vision, hallucination, itching,
vertigo, palpitation, hypo- and hyper-reflexia, diplopia, multi-organ failure, acute liver failure
due to fulminant liver necrosis, renal failure, and urine retention have been reported [8,17,23,
48-51,64,67,68]. Dizziness, nausea, constipation, vertigo, and headache are the most common
symptoms [57,69,70]. Miosis is not as common as that in toxicities with other opioids and is
detected in up to one-thirds of the patients probably due to serotonin and norepinephrine
reuptake inhibition [71].
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7. CNS manifestations of tramadol toxicity

The CNS manifestations are of the most common signs/symptoms of tramadol overdose
ranging from CNS depression to lethargy and deep coma [6]. O-desmethyltramadol impairs
consciousness and causes electrocardiographic (ECG) changes and seizure [44]. n a study by
Spiller et al, significant neurologic toxicity was seen in tramadol overdose [49] which was
mainly due to the monoamines reuptake inhibition [3,72].

In sub-acute and chronic toxicities, clinical manifestations are mostly behavioral disorders and
seizure and may occur with doses of 25mg/kg or higher [17]. Seizure is an important problem
in tramadol toxicity with its frequency being reported between 8% and 14% in different social
studies and 15% to 55.3% in hospital studies. Most of the patients experience only one episode
of seizure [44,47, 49,50]. Seizure is more common in young males (mean age of 22 — 39.5 y)
[8,23,43,44,52]; however, some studies reported no significant difference in the frequency of
seizure between different genders [3,47,72,73].

Seizure happens in less than 1% of the patients with therapeutic levels [23,74]. It seems that
tramadol causes seizure in a dose-dependent manner [3,21,23] while some other studies have
not confirmed this [43,44,75]. The least tramadol amount that has resulted in seizure is 100 mg.
Tramadol neurotoxicity generally occurs within the first 24 hours postingestion (mainly in the
first 6 hours) and seizures are usually tonic-clinic [3,6-8,11,21,23,50,75-78]. Status epilepticus
has also been reported [6,11,59,76]. This shows that tramadol can cause seizure at both
therapeutic and toxic levels [43,52,77,79].

Brain computed tomography (CT) of the tramadol-intoxicated patients has often been reported
to be normal [43,77]. Kiinig and assistants reported two cases of fluctuating dizziness and
cognitive problems due to long-term treatment with tramadol who recovered with cessation
of the drug [80]. In a study performed to evaluate the risk of idiopathic seizure in tramadol
users, only 17 cases of idiopathic seizure were found among 10917 patients, all of whom, used
tramadol in combination with some other medication; it, therefore, is difficult to relate their
seizure to tramadol use [71]. Seizure is less frequent in the patients who use tramadol with
benzodiazepines. Psychological and somatic complications (hepatitis C and liver injury) were
detected in those who had seized. Ethanol can reduce the seizure threshold in tramadol use.
Seizure is also more common in younger patients who have abused tramadol for a long period
of time [23].

Background seizing disorders, medications causing seizure, ethanol withdrawal, CNS
depressants, or head injury can affect seizure occurrence in tramadol overdose, as well [45].
Mydriasis and tachycardia can accompany with a higher risk of seizure [44].

In a cohort study comparing 9218 tramadol users and 37232 non-users, less than 1% of the
users experienced seizure after the first use. Risk of seizure was 2-to 6-fold in the patients who
had background diseases or consumed other medications. The risk was also higher in those
between 25 and 54 years of age, those who use tramadol for more than 4 times, or those with
the history of alcohol abuse, infarction, or head injury [74].
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In another study on 97 patients with seizure, electroencephalographic (EEG) evaluations
were normal in seven and isolated sharp slow-wave feature of EEG was seen in one patients.
Brain CT was normal in all and magnetic resonance imaging (MRI) was normal in five
patients [77]. Tramadol-induced seizure can cause trauma, intra-articular dislocation, and
tongue laceration [67,81,82].

In a study on 70 rats, it was revealed that tramadol could inhibit electron transfer cycle (ETC),
cause ATP depletion, and disrupt the mitochondrial integrity. Apoptosis may also happen due
to tramadol use [83]. In the neonates, tramadol can trigger pentylenetetrazole-induced seizure
in an age-dependant manner causing fewer seizures in the neonatal period and more seizures
after the lactating period [84].

Administration of tramadol hydrochloride to a zebrafish caused abnormal behaviors,
reduced activity, and reduced brain and body weight. In the zebrafish brain, functional
cytoskeletal proteins engaged in the energy metabolism had changed due to tramadol.
Lower levels of ATP synthetase, creatine kinase, pyruvate dehydrogenase, kinase, and
aldolase C could be due to the impaired production of energy because of tramadol. Weak
regulation of the proteins engaged in the oxidative stress, mitochondrial functional
abnormalities, and impaired production and destruction of the proteins represented the
neurotoxicity of tramadol (Table 1) [85].

Authors Publication Number of Cause of Sex Co- Dosage
year patients  ingestion administration

or comorbidity

Raigeret al. 2012 1 Prescribed  Female History of 100 mg IV
[139] by physician seizure
Petramfar et al.[140] 2010 106 Prescribed  96% M  History of 50-1500 mg IV or
by physician epilepsy in oral
in 18.9% 13.2%, abuse of
Abuse in antidepressant in
81.1% 5.8%, alcohol in
5.8%, opiate in
23.3%
Mehrpour M 2005 2 Prescribed F/M _ 100 mg IV
[141] by physician

Table 1. Studies on tramadol-induced seizures

8. Cardiopulmonary effects of tramadol

Acute pulmonary hypertension and right heart failure are the uncommon presentations
reported in a young tramadol-overdosed patient [86]. Cardiopulmonary arrest was reported
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in some cases that had ingested more than 5 g of tramadol [8]. Higher doses of tramadol can
block sodium channels and cause Brugada pattern in the ECG [11,47] which can be accompa-
nied by ventricular dysrhythmias including ventricular fibrillation [11]. In a study on 479
tramadol-poisoned patients, up to 73% of the patients had ECG changes due to blockage of
the sodium channels. Almost one-thirds of the patients had terminal 40 msec frontal plane axis
deviation and one-fourth had QT prolongation (more than 0.44 sec) [47]. Some cases of right
heart failure, resistant shock, asystole, hypotension (especially systolic), and sinus tachycardia
have also been recorded [6,35,44,49]. Hypertension has also been reported. The least tramadol
dose that has resulted in hypertension and agitation is 500 mg [49].

Eleven suspected cases of tramadol-related angioedema have been reported from Sweden.
Involvement of the mouth/pharynx and upper respiratory system can progress to acute
respiratory distress and airway obstruction [87]. Tramadol causes respiratory depression with
less frequency in comparison with other opioids [28,57,88]. Renal failure is a probable risk
factor for respiratory depression [28,89]. Tramadol overdose can cause respiratory depression;
but in therapeutic oral doses, it does not cause respiratory complications. In a study on IV
administration of 50 to 75 mg of tramadol, no significant changes were detected in the
respiratory rate, respiratory volume per minute, and arterial PaO2 [90].

9. Hepatic system

Sixteen cases of non-fatal hepatobiliary dysfunction due to tramadol ingestion have been
reported [74]. Tramadol has caused centrilobular congestion and focal necrosis of the liver cells
and minimal vacuolization in the kidney tubular cells of the rats. No changes were detected
in the lactate dehydrogenase, blood urea nitrogen (BUN), aspartate aminotransferase (AST),
and malondialdehyde (MDA); however, alanine aminotransferase (ALT) increased signifi-
cantly showing the possible hepatotoxicity of tramadol [91]. It was shown that acute or chronic
toxicity did not affect liver weight or cause histopathological changes in its tissue [17,92].

In the rats, mu receptor activation increases glucose use or decreases the liver gluconeogenesis
which results in the low levels of plasma glucose in diabetic rats [88,93]. It has been shown
that tramadol improves the peripheral metabolism of glucose by central activation of the mu
receptors. Therefore, central and peripheral metabolisms of glucose unite and cause hypogly-
cemia. It has also been suggested that tramadol changes the liver glucose output regulated by
other organs (likely CNS) [93].

10. Gastrointestinal system

Although tramadol is fairly tolerated after ingestion, nausea and vomiting may happen in 14%
to 75 % of the cases after its oral use [8,49]. Some patients discontinue tramadol consumption
because of nausea and vomiting. It has been shown that slow titration decreases the frequency
of tramadol discontinuation due to these complications [94].
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11. Carcinogenic effects

In long-term studies on rats and mice, no tramadol-attributed carcinogenic changes were
detected. Histopathologic evaluations showed increased risk of hepatic adenoma in the males
and non dose-related pulmonary adenoma in females. No specific mutations or chromosomal
impairments were detected in rats, mice, or hamsters due to tramadol use. In skin and eye
tests, tramadol had weak corrosive effects on the white rabbits’ eyes but no irritating changes
on their skin [2]. Oral administration of tramadol was reported to have no carcinogenic effects
on the mice and rats. No mutations or increased risk of gene toxicity were detected in human-
beings, either [17].

Tramadol can cause urinary retention because of opioid agonistic effects that can increase the
tonicity of the bladder sphincter [68]. Also, it was shown to have hazardous effects on the
growth, survival, and reproduction system of Daphnia Magna with the most effects on the
latter. Long-term exposures decreased expression of the vtg gene which is an important
biomarker in the reproduction of the oviparous animals [64,95].

In a study by Matthiesen et al, low dose of tramadol had no effect on the fertility, giving birth,
and lactation of the rats and had no teratogenic effects on the fetus [17]. These results are
howeverin contrast to the results withdrawn by Bornas who mentioned that laboratory studies
had confirmed the teratogenic effects of tramadol on the animals. Tramadol and M1 metabolite
can cross the placenta easily because of their low molecular weights [55].

12. Biochemical findings of tramadol

Bleeding time (BT), clotting time (CT), prothrombin time, partial thromboplastin time, and
body temperature were not affected by tramadol [17]. But, leukocytosis has been reported [44].
Tramadol overdose may result in increased creatine phosphokinase (CPK) which may be seen
with or without seizure and can be accompanied by acute renal failure (Table 2) [13].

Authors Publication Number Sex Co- Mortality Findings Dosage or

year of administration or concentration

patients comorbidity
Afshari and 2009 Case male _ _ Seizure, confusion, 4000 mg
Ghooshkhanehee report miosis, dramatic
[14] rise of CPK, LDH,
Cr
Eizadi -Mood 2011 186 Male=76.6%  Addiction history  1.1% CNS depression in  Mean dosage of
etal. [21] in 41%, psychotic 57%, bradypneain  2006+7466 mg
disorder in 30.4%, 18%, tachycardia in

cardiac disease in



Tramadol Poisoning
http://dx.doi.org/10.5772/60439

Authors Publication Number Sex Co- Mortality Findings Dosage or
year of administration or concentration
patients comorbidity
15%, renal disease 25%, hypertension
and epilepsy in few in 6%
patients
Talaie 2009 132 Male=73.5% _ Seizure in 46.2% 100-4000 mg
et al. [43]
Hassanian- 2012 525 Male=70.1%  History of 2.68% Seizure in 46.1% Mean dose of
Moghaddam et al. addiction In 16.4% Apnea in 3.6% 1358.4+1071.8 mg
[45]
Nasif et al. [142] 2010 Case female _ _ Headache, 500 mg
report dizziness, nausea,
drowsiness, visual
hallucinations
Khan et al. [143] 2010 Case male _ _ Rhabdomyolysis, 1000 mg
report ARF
El-Hussuna etal. 2010 Case female _ _ Loss of 3750 mg
[144] report consciousness,
hypothermia,
tachycardia, atrial
fibrillation in ECG,
hyperamylasemia
Ahmadi et al. [145] 2012 1023 Male=78.5%  26.6% with history  0.97% Seizure in 41.8% of ~ Most of patients
of addiction patients less than 5000
21.6% with mg
coingested drugs
(specially
benzodiazepines)
Pothiawalaetal. 2011 Case female _ _ Sinus tachycardia ~ Cr=4 mg/L
[146] report Dose=700 mg
Taromsari et al. 2012 306 Male=83% Not mentioned 0.003% Seizure in 20.3%, Mean dose
[147] agitation in 25.2%  746+453mg
prolonged PT in

18.3%, increased
ALT in 5.6%,

hypotension in

10.5%, Mydriasis in
8.2%, apnea in 2.3%
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Authors Publication Number Sex Co- Mortality Findings Dosage or
year of administration or concentration
patients comorbidity
Elkalioubie etal. 2011 Case female _ _ Hypoglycemia 4500 mg
[148] report hypothermia, renal

and liver failure,
cardiac arrest,

coagulopathy

Table 2. Studies on patients with tramadol poisoning

13. Serotonin syndrome

Serotonin syndrome (SS) is a potentially fatal syndrome due to increased synthesis, decreased
metabolism, increased release, and reuptake inhibition of serotonin or direct agonism at the
serotonin receptors [5,53]. This syndrome is often due to complex interactions between the
consumed medications. Three key clinical features of this syndrome include:

1. Neuromuscular hyperactivity (tremor, clonus, myoclonus, hyper-reflexia, stiffness,
impaired coordination).

2. Autonomic hyperactivity (profuse sweating, fever, tachycardia, tachypnea, chills, nausea,
diarrhea, vomiting).

3. Mental status changes (agitation, confusion, restlessness, hypomania and/or visual or
auditory hallucinations).

The exact rate of SS is unclear but is generally not expected to occur in more than 5% of the
hospitalized patients [5,44,53,96-98]. The (+) enantiomer of tramadol inhibits re-absorption of
serotonin [99]. Usually, SS happens after tramadol overdose or its concurrent use with other
medications especially antidepressants; however, it may happen even after a single therapeutic
dose of tramadol [5,98,100].

Patients who consume mono amine oxidase (MAO) inhibitors are at the risk of development
of S5 [66,101]. SS has been reported after concurrent use of tramadol with serotonin reuptake
inhibitors (SSRIs), venlafaxine, atypical antipsychotics, fluoxetine, sertraline, paroxetine,
citalopram, fluvoxamine, moclobemide, clomipramine, mirtazapine, and tricyclic antidepres-
sants [5,7,53,97,102].

In patients who develop lethargy, hypotension, hypoxia, agitation, tachycardia, hypertension,
confusion, hyperthermia, or hyper-reflexia, diagnosis of SS should be borne in mind
[7,101,103]. Treatment is conservative and includes cessation of the culpable medication as
well as administration of the antiserotonergics (ciproheptadine, metisergide, propranolol, and
chlorpromazine). Clinical manifestations recover within 24 hours except in those who have
consumed medications with longer half-lives [5,53,97]. Up to 42% of the patients may need
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ICU admission [48,53]. Pretreatment with chlordiazepoxide may prevent tramadol-induced
SS [48].

14. Drug interactions

Opioids metabolized by CYP450 (including tramadol) may induce many drug-drug interac-
tions [104]. In an Australian study, unwanted drug interactions were evaluated in 46859
patients who consumed antidepressants. In 8.1% of the patients who had experienced such
complications, the most common consumed medication was tramadol (3.6%). As previously
clarified, tramadol is similar to venlafaxine in structure and is believed to have antidepressant
effects. Venlafaxine can even cause false positive results for tramadol in urine tests [5]. Co-
administration of tramadol and antidepressants especially TCAs, SSRIs, venlafaxine, bupro-
pion, and phenothiazines should be performed cautiously because of the increased risk of
seizure [6,25,72]. Hallucinations and SShave been reported after co-administration of tramadol
and SSRIs [87]. Concurrent administration of tramadol and NSAIDs can result in gastrointes-
tinal hemorrhages due to severe platelet inhibition [105]. Fatal toxicities have been reported
after tramadol-TCA overdoses [106]. It has been shown that tramadol-related mortality is more
common after co-ingestion of benzodiazepines [8,26]. Co-administration of tramadol and CNS
depressants, TCAs, and MAO inhibitors are therefore contraindicated [23]. Tramadol can also
interact with antitumor medications. For instance, tramadol decreases the efficacy of cisplatin
by affecting gap junctions [107]. In a case report, combination of paroxetine, dosulepin, and
tramadol caused hallucination which improved after cessation of the medications [108].

15. Tramadol-related mortalities

Fatalities have been reported after tramadol overdose or its co-ingestion with other medica-
tions. Inmost cases, death occurred after ingestion of high doses within 24 hours post-ingestion
with really high blood levels [70]. However, death due to tramadol overdose is rare and
consists up to 1% of the hospitalized cases [1,10,44,88]. Blood levels of tramadol have been
between 0.03 to 134 mg/L in different fatal cases [26,32,109,110].

The most common mechanisms of death after tramadol overdose are cardio-respiratory
depression, resistant shock, asystole, and liver failure [111]. Apnea may increase the risk of
tramadol intoxication-related deaths [45]. Fatal toxicity of tramadol has been reported after
co-administration of other medications including propranolol, trazodone, ethanol, and
especially CNS depressants including benzodiazepines, barbiturates, and serotonergic drugs
[88]. M1/M2 (ODT/NDT) metabolite ratio of higher than one in biologic liquids and organs
represents more sudden deaths while M1/M2 < 1 shows that death will occur at later stages
after the tramadol use [32,112]. In fatal cases of tramadol, femoral blood samples are the best
since they have the least redistribution changes after death [113]. Tramadol may remain
undetected in muscle samples after death due to its overdose [114].
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16. Miscellaneous side effects

Mannocchi and assistants reported a case of death due to tramadol and propofol due to
advanced severe dyspnea [115]. A report showed nine deaths due to consumption of krypton
(a plant material containing ODT and mitragynine) in whom the concentration of ODT was
between 0.4 to 4.3 pg/g [116]. Another study reported death due o tramadol because of
respiratory depression accompanying GABA A and GABA B1 alphal over-expression in the
ambiguus nucleus and medulla oblongata solitary. (Table 3) [117].

Author Publication Number ofCause of Cause of death Co-administration Dosage or
year patients  ingestion or comorbidity concentration(C)
Barbera et 2013 Case Suicide Respiratory Carbamazepine C=61.83 mg/l
al. [32] report depression and
cardiac arrest
De Decker 2007 Case Intentional ~ Asystole and Munchausen’s C=8 mg/L
etal. [88] report overdose multiple organ syndrome,
failure benzodiazepine

Solarino et 2009 Case Suicide Cardiorespiratory ~ Nicotine, C=6.6 mg/L
al. [149] report failure diphenhydramine
Ripple et al. 2000 Case Prescribing ~ Seizure activity Alcohol, C=0.7 mg/L
[150] report multiple venlafaxine,

drugs trazodone,

quetiapine, lithium,
acetaminophen

Gheshlaghi 2009 Case Suicide Cardiopulmonary _ Dose=1000 mg
etal. [151] report arrest
Hékkinen et 2012 117 Accidental in Not mentioned Other opioids Median concentration of
al. [152] 54.8% detected in 18.8% 5.3 mg/L

Suicide in Benzodiazepines in

31.3% 85.5% and alcohol in

Unclear 14.5%

13.9%
Randall and 2014 127 Suicidein ~ Mostly multi organ Other drug/ C=1.85-88.8 mg/L
Crane et al. 38% or liver failure and medicine in 49%,
[153] Accidental in aspiration alcohol in 36%

27% pneumonia

Unknown in
35%

Table 3. Studies on deaths related to tramadol poisoning
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17. Toxicity in children

Accidental ingestion of tramadol is well tolerated by children [50,71,111]. Side effects of
tramadol seem to be more common but milder in children. Vomiting is especially common in
them [118]. Riedel and Stockhausen reported that tramadol could cross the blood brain barrier
(BBB) in children and suppress the brain [119]. Rectal administration of tramadol resulted in
severe CNS depression in a 5-week-old infant which was explained to be due to the decreased
kinetic elimination and increased permeability of the BBB [51]. Mazor et al. reported two cases
of tramadol toxicity with abnormal neurological findings (both seizures and seizure-like
activities) in children [9]. Seizure has been reported after accidental ingestion of 4 mg/kg of
tramadol in children [23].

Short-term use of tramadol in lactating mother is not dangerous [120] and the risk of neonatal
dependency is low.

Tramadol can cause SS without the effect of any other medication while in the adults the risk
is increased if a SSRI is also taken [40]. In an 8-month-old infant with SS, the cause of hospital
presentation was epistaxis. Sinus tachycardia, hyperthermia, hypertension, agitation, drows-
iness, and hyper-reflexia of the lower extremities occurred within the first 24 hours after
ingestion of 200 mg of tramadol. Neurologic and cardiovascular effects recovered in two days.
The infant was discharged after five days in good condition [121].

18. Treatment

Treatment should focus on conservative approaches including maintenance of airway,
breathing, and circulation, oxygen therapy, fluid resuscitation, and diazepam administration
to control agitation and seizure [6,14,36]. Patients should be monitored for increased CPK and
possible acute renal failure that may happen within the next two days [6,14]. Hemodialysis
should be considered in cases with acute renal failure and severe creatinine increase [14]. They
may need intubation and ICU admission. Gastrointestinal decontamination should be
performed in the patients who have referred within the first two hours post-ingestion and have
no contraindications [8,49,50].

In severe toxicities due to ingestion of large amounts of sustained-release drug, multiple dose
activated charcoal should be considered if no contraindication exists [6,122]. In cases with
resistant shock or asystole, extracorporeal methods may be needed [6,35]. Treatment of liver
failure is conservative, as well, and urgent liver transplantation is not feasible in many cases
[18]. Intubation/ventilation and administration of naloxone are the treatments for tramadol-
induced apnea [45]. In severe cases who have not even seized, experimental therapy with
diazepam can be performed which can be of help in mild undiagnosed SS [6,44]. Treatment of
SSin also conservative and includes withdrawal of the culpable drug and external cooling. Up
to 42% of the patients may need ICU and most of them recover within 12-24 hours [70].

In a clinical study on 122 patients, naloxone administration could induce seizure in tramadol-
intoxicated patients [75]. Therefore, naloxone should not routinely be administered to treat
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decreased level of consciousness in tramadol toxicity unless respiratory depression has
developed [21,45]. Seizures due to tramadol do not respond to naloxone but improve with
administration of benzodiazepines. Naloxone can be considered for treatment of post-seizure
complaints [123].

Shadnia et al suggested that because of the low risk of multiple seizures in tramadol toxicity,
anticonvulsant treatment should not be routinely given even in those with initial seizures [52].
Stoops et al evaluated naltrexone and showed that it could reverse the opioid-induced effects
such as miosis; but, increased the serotonergic and adrenergic effects such as mydriasis [56].

Intravenous lipid emulsion (ILE) can reduce mortality due to acute toxicity of tramadol in
rabbits, but increasing the ILE dose may cause reverse effects. In a study on 30 rabbis, ILE
reduced tramadol-induced tachycardia when administered within 30 minutes of poisoning
and showed positive effects on normalizing mean arterial pressure and diastolic blood
pressure but it did not have major effect on systolic blood pressure. Intralipid also prevented
tramadol-related seizures in low doses and reduced the frequency of increased CPK with
higher doses [124].

19. Dependency and withdrawal

Although tramadol has less side effects, addicting capacity, and respiratory depression power
in comparison with other opioids, many cases of dependency, abuse, intentional overdose, or
poisoning have been reported following its use [20,27,48,56,70,113,125,126]. Tramadol with-
drawal lasts longer compared with other opioids [111]. Where ultrarapid metabolizers are high
in number, people are expected to have a higher risk of dependency to tramadol [127].

Tramadol is as potent as heroin to cause euphoria [2,55,112]. Withdrawal occurs after rapid
abrupt discontinuation of tramadol with clinical manifestations including abdominal cramps,
anxiety, skeletal pain, depression, diarrhea, goose flesh, insomnia, lacrimation, nausea,
restlessness, rhinorrhea, and sweating. The manifestations may sometimes be atypical and
include hallucination, paranoia, panic attack, confusion, and atypical sensational experiences
such as paresthesia, itching, tingling, delusion, depersonalization, derealization, and tinnitus
[22,55].

Tramadol dependency happens faster in those who abuse it with other analgesics or ethanol
[55]. Clinical therapeutic doses of tramadol may affect psychomotor and physiologic capacities
of the patients who recreationally abuse it [128].

Tramadol abuse in pregnancy may cause preterm labor and withdrawal manifestations in the
newborn baby depending on the age of pregnancy, time elapsed since the beginning of
tramadol use, dose of tramadol, CYP450 D2 polymorphism, development of the liver conju-
gation, and renal function of both mother and baby. Attempts have been performed to treat
this syndrome in neonates using clonidine alone or in combination with the thin opioid
tinctures, chloral hydrate, benzodiazepines, and methadone [55]. In a study on patients with
chronic non-cancer pain, it was shown that the frequency of abuse and dependency on
tramadol and NSAIDs were the same and significantly less than hydrocodone [129].
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20. Conclusion

Weak opioids such as tramadol can be used in the treatment of reumatologic pains after
development of complications following use of NSAIDs or if they are unable to alleviate the
patients” pain [130]. It is less dangerous to the organs in comparison with selective and
nonselective NSAIDs and very powerful in the treatment of chronic pains [131]. Tramadol can
also be used in moderate to severe toothaches alone or in combination with acetaminophen or
codeine [132,133]. In opioid-addicted patients, tramadol can be used for the treatment of
withdrawal pain [68]. Tramadol in combination with paracetamol has a fair efficacy, immunity,
and acceptance rate by the patients without development of dependency syndrome
[131,134,135].

Complications can be decreased by adding tramadol to the controlled medications [136].
Monitoring of the liver function especially when the maximum daily doses are given is
mandatory. Also, because of drug-drug interactions and differences in the individual metab-
olism and the chance of dependency, tramadol administration should be controlled by the
treating physician. If the patient is an opioid-addict, tramadol should not be administered
unless absolutely indicated [137,138].
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Additional information is available at the end of the chapter
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1. Introduction

Recent years have brought a new awareness about the potential deleterious environmental
impacts of a multiplicity of anthropogenic substances. We have now reached a scientific/
technological standpoint that allows the prediction of most likely effects posed by large groups
of substances, including pharmaceutical drugs, and their effects on exposed biota. However,
as is the case of pharmaceutical drugs, scarce are the studies and unequivocal data that
establish a direct linkage between their environmental presence and dispersal, and toxicity in
exposed organisms. Several drawbacks are systematically invoked by detractors of the issue
of pharmaceutical contamination when considering this issue, from the unmistakable low
levels in which drug residues are found, to the absence of effects caused by metabolites being
excreted from biologic systems. However, one cannot discard the evidences: drug residues are
present in most environmental matrices, including the particular case of the aquatic compart-
ment; the number of drugs, their metabolites and degradation products detected in these
environmental matrices is alarmingly high, and never stopped increasing since their first
detections; some of these drugs are not characterized in terms of toxicity towards the majority
of exposed organisms, and their toxic outcomes are unpredictable; the use, release and
presence of these substances will not end, or be decreased in a near future, a factor that should,
at least, work as an additional stimulus for the development of research into this field.

Therapeutic agents, both human and veterinary, are modern commodities that make part of
the developed society. These chemicals are usually developed to fulfil a series of criteria,
mainly effectiveness, safety, comfort of use, therapeutic success, and low incidence of side
effects. However, the issue of environmental fate of these molecules has only recently been
raised, and the main approach established in international guidelines (e.g. European Medi-
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cines Agency, EMA) takes only in consideration the expected levels in which these compounds
may occur in the aquatic compartment. Thus, a consensual precautionary principle was
adopted, considering only the levels of dispersion, based on estimates of consumption, that
drugs may undergone. No specific guidelines or testing protocols were ever developed to
analyse the biological effects of pharmaceuticals in the environment, and efforts devoted so
far to this problematic have always relied on the quest, validation and proposal of more
accurate and reliable analytical methodologies. However, rather than quantifying the presence
or levels of drugs in the environment, an integrative approach that characterizes their toxic
effects on multiple components of the ecosystem is now much required. Only with results from
a comprehensive, well-suited battery of multi-species biotests, complemented by a systematic
survey of published data, it will be possible to answer to the big question: are drugs in the
environment real threats to biological systems, or overrated innocuous chemicals?

The main drawback of studying the potential deleterious effects of drugs in the environment
is the type of compound that one might expect to find. Considering that a rough estimate of
the number of distinct substances presently in use in Europe is around 3000, it is possible to
sustain the complexity of this task. Taking into consideration that a considerable number of
these substances share a similar pharmacology/toxicology, we can reduce this number surely
to a certain hundreds; however, being metabolised and excreted, the formation of metabolites
and degradation products will increase again the number of substances that one can find in
the wild. An additional factor to consider is the absence of toxicity data for the majority of
metabolites and degradation products. For all the given reasons, the ecotoxicological profile
of most therapeutic drugs is largely unknown, and a large effort must be devoted to the
proposal, validation and use of a comprehensive set of biomarker tools. This effort will be
mandatory to diagnose exposure to pharmaceuticals for a vast number of species, and to
predict the magnitude of the threat posed by pharmaceutical compounds to non-target
organisms.

Even if this approach is satisfactorily followed, the discrepancy of experimental data can be
another factor to consider. For some drugs, a considerable amount of scientific data is now
available, which should facilitate the interpretation of their ecotoxicological profiles and risks.
However, this is not always a simple and immediate task to perform. In fact, for some drugs,
the already compiled information is sparse, contradictory and based on erroneous assump-
tions, making extremely difficult the interpretation of data. This is the case of paracetamol, as
shown by Nunes et al. [1]. According to this study, the toxicity of paracetamol is highly
variable, even among species of the same phylogeny; however, this situation is even more
complicated if one considers the variations of magnitude in responses obtained with standar-
dized bioassays.

More than being an exhaustive attempt to establish a comprehensive review of what has been
done in recent years regarding the diagnostic of effects of drugs in the wild, the present chapter
intends to summarize the new evidences showing that therapeutic drugs and their residues/
metabolites can indeed work as environmental pollutants, and may constitute additional
sources of chemical stress to already polluted areas. It is also our intention to show the linkage
between exposures to low, almost vestigial, levels of pollutants, and the most significant
biological deleterious effects, in several biological models, mainly from the aquatic environ-



How to Answer the Question — Are Drugs Real Threats to Biological Systems or Overrated Innocuous Chemicals?
http://dx.doi.org/10.5772/59886

ment. Both field and laboratory studies will serve as case studies of particular importance to
demonstrate that pharmaceuticals, despite their almost negligible concentrations, can be of
environmental concern for sensitive key elements of the ecosystem. On the other hand, one of
the main purposes of this review is the establishment of key guidelines, for the development,
implementation and validation of toxicological biomarker tools to assess the subtle effects
elicited by pharmaceuticals.

The issue of pharmaceuticals as contaminants has been a hot topic in environmental sciences
for more than two decades [2]. However, this is not a novel issue, and early studies conducted
during the mid 70s already showed the presence of significant amounts of clofibric acid (the
pharmacologically active metabolite of several fibrates that explains their activity as lipid
lowering agents), in water from the sewage systems of a North American town, Kansas City
[3]. This same compound was again found in water quality monitoring studies, initially aimed
to quantify pesticide residues, in Germany [4], almost twenty years after their initial detection.
This apparent coincidence meant that compounds such as clofibric acid might have a general
and ubiquitous presence, being highly dispersed among water compartments [5]. This was
then confirmed by subsequent studies, showing that the dispersion of these pharmaceutical
substances was not limited in any way to sewage or even freshwater, since it could also be
detected in the North Sea. Clofibric acid has an undisputable historical importance, that was
not followed by the confirmation of its (eco)toxicogical significance [7, 8]; nevertheless, and
from a merely retrospective analysis, its detection in several water samples was a major event
that served as basis for a new area of environmental toxicology, devoted to the study of the
presence and effects of therapeutic drugs in the environment.

Given the enormous body of evidence that was compiled since the mid 90s to the present day,
from studies involving all possible aquatic matrices (freshwater, sea water, sewage effluents,
drinking water, groundwater) it is almost impossible not to consider the issue of drugs and
their ecotoxicological effects one of the most challenging scenarios for years to come. Conse-
quently, the presence of pharmaceutical residues in the wild is nowadays a matter of interest,
among the scientific community and the general public[1, 9, 10, 11]. This interest derives from
the intrinsic features that these compound possess. Pharmaceuticals are biologically active,
capable of exerting effects in a large number of organisms, even when in extremely low
concentrations. Drugs are widely used and dispersed, being ubiquitously found in the aquatic
environment, as a result of the overall low degradation efficiency of sewage treatment plants;
drugs are present in surface water, groundwater, and even oceans; furthermore, these
substances are refractory to biological degradation or can assume other forms after metabolism
[2, 9, 12], largely toxicologically uncharacterised especially for wild organisms. An adequate
lipophylicity allows drugs to be slightly water soluble, but readily absorbed by living organ-
isms [8, 13]. Aquatic organisms are by far more exposed to pharmaceutical residues. The
deleterious impact of specific therapeutic compounds on aquatic organisms has already been
shown to occur, even under real scenarios of contamination [13, 14, 15].

Drugs reach the aquatic compartment mainly via sewage systems. The use of pharmaceutical
drugs requires its ultimate elimination from the patients’ organisms, which results in its
presence in the sewage treatment system, when it is present [2]. In modern western societies,
sewage treatment plants (STPs) are common and generally efficient. However, the purpose of
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conventional STPs is reducing the amount of organic pollution, and not the elimination of
often-recalcitrant compounds such as drugs. This results frequently in extremely low removal
rates in STPs when it concerns to pharmaceuticals [16], requiring the implementation of novel
and usually expensive technologies. This results in the continuous release of drugs an their
metabolites into the receiving waters. Given that the amount introduced into the wild generally
equals the sum of drug that is naturally degraded by natural pathways, it is possible to sustain
that pharmaceuticals are environmentally pseudopersistent [17, 18]. Other alternative routes
can also explain the presence of pharmaceuticals in the aquatic compartment, but in a lesser
extent, such as release from manufacturing industries, and leachates from landfills [19].
Despite the existence of distinct routes by which pharmaceutical substances reach water
bodies, it is important to stress that the majority of the residues result from human use and
release, and from the inefficacy of treatments systems. Consequently, the issue of aquatic
contamination by drugs is intrinsically connected to the personal use made by human
consumers, which cannotbe stopped or prevented, even if more advanced solutions to mitigate
the presence of drugs are developed and implemented.

As a consequence of human use, several classes of drugs are routinely detected and quantified
in the most varied water matrices. The most prominent classes of drugs found in the wild
include non steroidal anti-inflammatories, antibiotics, anticonvulsants, antidepressants and
oral contraceptives, which are systematically reported in monitoring surveys [20, 21] of the
aquatic environment. However, this corresponds to a genericassumption and the reality shows
that almost all substances (or their metabolites/degradation products) used in human thera-
peutics can be virtually detected, mainly in sewage or even in receiving waters. It is also
noteworthy to observe that representatives of all these pharmacotherapeutic classes co-occur,
simultaneously, in the same sample or matrix. Despite co-occurring in extremely low amounts,
usually ranging from the ng to the pl per litre, it is not possible to discard the possibility of
exertion of effects, mediated or not by the same receptors activated during human therapy.
This poses important challenges, not only in analytical terms (which are out of the scope of
this chapter), but especially in terms of the toxicological deleterious outcomes resulting from
exposure to such complex mixtures, in individual terms (altered physiology of exposed
organisms) and to the ecosystem [22]. Given these main topics, the major scientific question
addressed here can be described as an interconnected two-tier approach: do pharmaceutical
drugs, or metabolites/residues, exert deleterious effects in wildlife? If so, what is the type of
effects to be expected, and what the extent to be considered? To answer these two issues, it
will be necessary to adopt new strategies to surpass the usual difficulties in obtaining responses
or measurable biological effects. Until the present day, few studies clearly showed the
relationship between realistic conditions of exposure and deleterious effects caused by
pharmaceuticals in non-target organisms. Considering the most frequently adopted toxico-
logical endpoints (e.g. death, growth impairment) and the levels, concentrations or dosages
required to elicit such effects, it is possible to state that traditional approaches are not suited,
for most cases, to address the effects of drugs in aquatic organisms. Thus, it is mandatory to
selectan additional set of tools that may address the issues initially raised, and constitute future
testing guidelines for pharmaceuticals in the wild. The combination of standardized methods,
well-established analytical techniques, and new biochemical strategies (including gene
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expression/epigenetics) might result in the establishment of a link between the low levels of
exposure and biological responses in non target, environmentally exposed biota.

2. Effects to be expected from drug exposure

It is impossible to predict the effects of drugs in the wild, given their sheer number and the
possible interactions among them in the wild. The mere quantity of different drugs in use in
modern human therapeutics is overwhelming, and prevents the establishment of any plausible
prediction in terms of toxicity of complex mixtures, such as urban effluents. The human use
of pharmaceutical drugs in the European Union is vast, and approximately 3000 distinct
substances are used, including substances from different pharmaco-therapeutic classes such
as anti-inflammatories, 3-blockers, oral contraceptives, blood lipid regulators, antibiotics and
others [23]. This is a brief, albeit comprehensive summary of the therapeutic classes one can
find in the aquatic compartment, from an empirical perspective of only considering classes of
drugs that are used in extremely high amounts. However, this is a criterion that is not exempt
of drawbacks or criticisms, since the mentioned classes, those that are used and dispersed in
the highest amounts, are not necessarily representative of drugs with the highest biological or
toxicological activity. For instance, cytostatic or anticancer drugs are extremely active and
biologically aggressive, despite not being extensively used [24]; however, these substances are
among the most active environmental drugs [25]. It is thus extremely difficult to prioritise
substances only based on simple criteria of use and consumption; more difficult is the task to
develop and validate markers of toxicological interest to be used in routine analysis.

Furthermore, the presence of an even larger number of metabolites [26], and products of
degradation by natural or anthropogenic means (photodegradation, hydrolysis, microbial
degradation, chemical treatment processes at STPs, chemical reaction among drug residues
and with other substances) implies the need to include the possibility of toxicological interac-
tions among all compounds that may be present in a given environmental (especially water)
sample; these interactions, that may result in increased toxicological activity, has been already
shown to be a possibility in the wild [27, 28]. It is not just a matter of selecting a biological
response, but to choose the one most likely to respond to this vast group of compounds, in a
specific organism that may be successfully analysed, both in field surveys and in laboratory-
based bioassays. It is not just feasible to study all pharmaceutical compounds, on all putative
model organisms.

3. Typology of toxic effects elicited by drugs and its relation with
pharmacology

The toxicity of pharmaceutical drugs in exposed aquatic biota is frequently determined by
their intrinsic pharmacology and toxicology, and outcomes that are already described for other
species are also possible to occur in aquatic organisms [29]. Additionally, other toxic effects
may not derive at all from the known pharmacology of these substances, and can indeed result
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from specific biochemical and physiological pathways that are over-stimulated in highly
responsive species. Thus, it is possible to expect a wide range of toxic effects, which difficult
the process of selection of adequate and responsive toxicological endpoints to be observed and
studied, both in monitoring and in laboratory based assays.

Despite the multiplicity of effects drugs can cause on non-target aquatic organisms, the
selection of a marker of toxicity is sometimes extremely difficult. It is impossible to select a
single biomarker that will be equally responsive to all drugs, considering the diversity of
pharmacological mechanisms involved in the activities of such a large number of substances.
Consequently, it must be emphasized that a thorough process of selection of adequate markers
of toxicity is mandatory. However, the quest for a putative toxic effect of a drug can be directly
connected to its mode of action, in pure pharmacological terms. This was the case of anticho-
linesterasic compounds of therapeutic use, such as pyridostigmine and neostigmine, as shown
by Rocha et al. [30]. This study showed that the most likely effects of environmental contam-
ination by these two substances could be related to cholinesterasic impairment, a key factor
encompassing other effects at the individual and population level, such as reduced feeding
behaviour and decrease offspring production. However, this study was not followed by other
successful attempts to establish relationships between drug exposure and potential ecotoxi-
cological effects, and very scarce is the number of published papers that point this possibility.
The study conducted by Rodrigues et al. [15] evidenced that the same drug, pyridostigmine,
could elicit similar results in the fish species Lepomis gibbosus, in terms of cholinesterasic
inhibition; however, this pattern of response was not reflected by behavioural modifications,
despite the occurrence of neurotoxicity. Drugs can act by pathways that are also shared by
other classes of compounds, which share with drugs the same aquatic matrix. Cholinesterasic
inhibition was again the target of the study by Nunes et al. [31], when studying the combination
effects of a pharmaceutical drug, pyridostigmine, and two common environmental contami-
nants (the metal copper, and the organophosphate pesticide chlorfenvinphos), well known for
their ability to impair cholinesterasic activity of exposed aquatic organisms. This study showed
that the combination of the three compounds, even for realistic levels, could result in a
toxicological outcome that constitutes the exacerbation of the pharmacological pathway
activated by the drug pyridostigmine.

The environmental effects of other substances of therapeutic use are also related with their
intrinsic effects. One of the most thoroughly characterized examples is the one of antibiotics.
By being discharged into the aquatic environment, often maintaining intact their pharmaco-
logical properties, antibiotics still exert their effects on wild bacterial species [32]. This favours
the selection of resistant strains, by means of dispersing resistance genes among susceptible
bacteria. This phenomenon has been extensively characterized, and derives from the anthro-
pogenic pressure exerted by human residues containing drugs that are released into the
environment, favouring the dispersion of ancient natural genes that encode resistance
mechanisms [33, 34]. To address the issue of antibiotic presence and effects in the environment,
namely those that can increase gene transfer among bacterial strains, a common strategy is to
analyse where these genes can be found, especially in the water compartment, which is the
most vulnerable to this issue. The review by Zhang et al. [35] summarizes the efforts recently
devoted to the development of new methodologies to characterize the dissemination of
resistance genes in the wild following antibiotic release from human activities. It is thus
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possible to conclude that the mere analysis of genes encoding resistance factors can be
considered an effective tool to analyse the effects of antibiotics in the wild.

Effects of other drugs can involve alterations in the regulation of the endocrine system. The
use of synthetic oral contraceptives, glucorticoids and others is one of the main causes for the
ubiquitous presence of these classes in most aquatic matrices, where they maintain their
biological effects [36]. Some of these compounds have already been demonstrated to exert
potential endocrine effects in exposed wildlife, even in the ranges of concentrations in which
they were found [37]. Despite their present levels of contamination, which are indisputably
low, the large use and liberation of these compounds into the aquatic compartment will not
exempt this endocrine disrupting substances from exerting deleterious effects on exposed
biota, as reviewed by Runnalls et al. [38]. In fact, the effects caused by this class of compounds
have already been documented, especially in terms of development, metamorphosis, and
sexual dimorphism, in amphibians [39], fish [40, 41], molluscs [42], and also crustaceans [43].
It is not surprising that these compounds, even after excretion, maintain their initial pharma-
cological properties. However, effects elicited are well distinct from those caused in humans,
and can include feminization and significant alterations in individual features and population
structures, which constitutes a major effect in ecological terms. So, it is possible to conclude
that the assessment of endocrine disrupting effects is another valid example on how to use the
pharmacological properties of a given class of chemical drugs to search for their effects in the
environment. The study conducted by Velasco-Santamaria et al. [44] evidenced that the
presence of such compounds in the wild can also be potentiated by the concomitant presence
of other substances with similar pharmacological properties and therapeutic use. The synthetic
oestrogen ethinylestradiol can exertincreased toxic endocrine effects in the presence of another
endocrine active pharmaceutical, such as trenbolone, in the marine fish species Zoarces
viviparous.

4. Mortality, growth impairment an other classic tools

Despite their traditional use for the toxicity assessment of a large number of substances,
mortality and growth impairment endpoints have been extensively used to describe the
toxicity of pharmaceutical substances towards wild biota. In fact, more than reflecting real
scenarios of contamination, the validity of calculating and interpreting mortality data relies
on the establishment of sublethal toxicity criteria and to analyse in comparative terms, the
ecotoxicity of substances that act by unknown (or largely uncharacterised) mechanisms of toxic
action. In fact, LCs, values of pharmaceutical drugs are well suited to establish rankings of
ecotoxicity among very distinct compounds, and these criteria are straightforward to imple-
ment and interpret. However, these endpoints are not a first choice if one requires the
establishment of complex mechanisms, or even effects at extremely low levels, which are likely
to cause alterations other than death, immobilization, or impairment of the population growth.
These responses are not fine tuned alterations, and may be seen as blunt tools for toxicity
characterization, with poor of even null ecological relevance.

The number of ecotoxicity studies analysing lethality or growth impairment is thus consider-
able. The study published by Carlsson et al. [45], showed that antiparasitic drugs could exert
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extreme toxicity, when compared to antibiotics, thus threatening the survival of zebrafish
embryos. The crustacean species Daphnia magna was very sensitive to the antidepressant
sertraline, as shown by Minagh et al. [46]; this compound was capable of inducing strong
alterations in the population of this crustacean species, after 21 days of exposure. Population
changes were also observed after chronically exposing D. magna to the compounds testosterone
and 4-hydroxyandrostenedione, even for ecologically relevant levels [47], reinforcing the
possibility of exertion of deleterious effects in the wild. Another crustacean, namely Neocaridina
denticulate, demonstrated to be extremely sensitive in terms of lethality to a combination of
pharmaceutical drugs (paracetamol and ibuprofen) commonly found in the aquatic environ-
ment [48]. The ecotoxicological effects of mefenamic acid on D. magna and Moina macrocopa
were evaluated by Collard et al. [49]. This study showed that lethal effects were not likely to
occur for already reported levels of this compound; however, the chronic exposure to this
compound showed that changes in reproduction are possible, especially in the case of M.
macrocopa.

On the other hand, the absence of potential risk posed by the presence of clofibric acid was
evidenced by the study by Nunes et al. [50] and by Emblidge and DeLorenzo [51], in multi-
species assessments that focused on mortality and growth impairment as toxicity endpoints.
Similarly, the work by Ferreira et al. [52] evidenced the absence of potential lethal effects posed
by antibiotics (oxytetracycline and florfenicol) on the crustacean species Artemia parthenogene-
tica. Despite not exerting lethal effects, several combinations of pharmaceutical drugs (includ-
ing an ecologically relevant mixture) were capable of causing significant alterations in
zebrafish embryos, as shown by Madureira et al. [53]. The antibiotic oxytetracycline was shown
to be reasonably safe towards the fish species Labeo rohita, since the lethal levels were well
above concentrations that are not likely to be found in the wild, as shown by Ambili et al. [54].

Growth of autothrophic organisms is another endpoint likely to respond to exposure to human
use drugs; the study conducted by Berninger et al. [55] showed the refractivity of the aquatic
plant species Lemna minor to the drug diphenhydramine. Somewhat similarly, the work
conducted by Nunes et al. [56] evidenced the occurrence of an oxidative-based response of
two species of the genus Lemna (L. minor and L. gibba) elicited by the drug paracetamol, which
resulted in significant growth alterations. On the other hand, the study conducted by Ferreira
et al. [52] presented evidences concerning the toxicity of the antibiotics oxytetracycline and
florfenicol on the microalgae species Tetraselmis chuii.

5. The quest for new biomarker tools: Oxidative stress

As seen before, the transformation of a pharmacological effect into a biomarker, can thus work
asareliable indicator of exposure of wild organisms to several classes of pharmaceutical drugs.
Despite the presented evidences, describing successful cases in which the pharmacology of a
drug (or a group of drugs) may also be used to study its toxicity, the majority of therapeutic
drugs do not exert effects that can be interpreted as reliable environmental biomarkers. There
are two major drawbacks of this approach: the first reason is related with the levels in which
these substances are found, and the second most important, is the absence of a counterpart
response in wild organisms of the response elicited in human patients.
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Toxicity is a matter of dose, and can be generally described by a dose-response relationship.
Assuming that these compounds are found in extremely low levels, the exertion of a clear toxic
response (e.g. death, immobilization, impairment of reproduction) is not always possible. It is
thus important to know in detail the mechanisms by which the drugs not only exert their
pharmacological activities, but also those involved in adverse effects, metabolism and
detoxification processes, and other accessory or side-effects that the drugs may cause. Only by
means of knowing these fundaments of pharmacology and toxicology it is possible to select
biomarkers that will respond satisfactorily at extremely low levels of exposure. Given the
extremely low levels in which drugs are found in the aquatic compartment, effects are
sometimes minor and negligible, or may even be considered null or absent if an adequately
responsive biomarker is not employed. This can be a real challenge for ecotoxicologists, since
specific biomarkers, others than the main pharmacological effect, that signal a biological
alteration following an exposure to drugs in concentrations between the ng/l to pg/l are not
abundant.

On the other hand, drugs are designed to be safe for human patients, and it is possible to
suggest that this somewhat harmless nature can also prevent drugs from causing extreme
toxicity in other organisms. However, drugs can indeed cause multiple effects, which do not
occur by activation of specific single receptors, but reflect major changes in the homeostasis of
exposed organisms. The presence of pharmaceutical compounds can cause changes at many
different levels, including in the redox cycle of exposed organisms; these may cause the
formation of reactive chemical species, capable of inducing damages to biological structures.
Therefore, the quantification of oxidative stress biomarkers is important to evaluate the redox
status of the exposed organisms. Several studies have already shown that, even for realistic
levels of contamination, some compounds can exert pro-oxidative effects, measurable mostly
in terms of modification of the antioxidant defence mechanism of exposed aquatic organisms;
in many cases, membrane lipid peroxidation is a likely outcome of oxidative damage, and this
event can be also quantified [8, 13, 56, 57, 58, 59]. The exertion of oxidative stress is a factor to
consider when evaluating long term, thus realistic, exposures. Considering that exposure to
anthropogenic therapeutic drugs can occur during a significant portion of the entire life cycle
of a given organism, it is not possible to exclude the occurrence of cumulative processes ending
up in irreversible conditions. In fact, oxidative stress, if sustained for long period, can also be
the cause of genotoxicity. Data from the literature sustain the exertion of deleterious effects of
specific pharmaceutical compounds, including genotoxicity on fish [60], and in crustaceans
(e.g. D. magna) [61, 62]. Consequently, it is possible to use oxidative stress not only as an
indicator of exposure to a broad series of compounds, but also as a predictor of other subse-
quent effects, that may derive from oxidative alterations and damages.

The extended knowledge concerning the metabolic pathways required for the bioactivation
or detoxification of therapeutic compounds can also function as a valid source of analytic tools
for the assessment of effects. The activation by over-expression of metabolic enzymes, involved
in the detoxification of pharmaceuticals, is a probable event whenever a biological system is
challenged by exposure to drugs in the wild. Among metabolic enzymes prone to over-
expression, one can identify mainly those involved in the direct metabolism of drugs. The
activities of phase I metabolic enzymes, for example (such as cytochrome P450), and phase II
metabolic reactions (namely isoenzymes glutathione-S-transferases, GSTs), can also be
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increased in aquatic organisms by exposure to pharmaceutical drugs [7, 8, 13]. Being routinely
quantified in modern ecotoxicological laboratories, the activities of such enzymes are intrins-
ically interesting to quantify not only the level of exposure to drugs, but also the likely
consequences of drug exposure. This may be justified since these enzymatic forms are not only
involved in the bioactivation/detoxification of drugs, but do also participate in numerous
endogenous processes, which can be altered following an environmentally drug-induced
chemical insult. The broad spectrum of these analytical tools is also a factor to consider, being
highly unspecific, effects both phase I and II metabolic enzymes can indeed respond to a
multiplicity of therapeutic classes.

6. Alternative tools to assess the environmental effects of drugs: Toxicity,
pharmacology and other effects

Several toxicity assessment projects have relied in the development and validation of new tools
to quantify the extent of the toxic response. As previously stated, known pharmacological
properties can serve as a comprehensive source of biomarkers to be used in ecotoxicity
assessments. However, some of the responses of wild organisms to drugs may be based on
physiological mechanisms that are not directly related (activated or impaired) following
patterns included in the pharmacology of pharmaceutical substances. Some of these responses
are purely paradoxical, while others are only the reflex of the activation of mechanisms and
receptors in wild organisms that were never studied and/or identified in common experimen-
tal models.

This is the case of behavioural alterations in several wild organisms. The work by Berninger
et al. [55] showed that the fish species Pimephales promelas was highly sensitive to the anti-
histaminic drug diphenhydramine in terms of feeding behaviour. The feeding behaviour was
also modulated after exposure of the fish Perca fluviatilis to the antidepressant sertraline, as
evidenced by Hedgespeth et al. [63]. Behaviour is also a trait that can be significantly changed
after exposure to pharmaceuticals, both in fish [64], and in crustacean species [65]. Strong
behavioural alterations were also reported by Nunes et al. [13] after the exposure of the fish
Gambusia holbrooki to the neuroactive compound diazepam, with impairment of the swimming
capability. An opposite pattern has been presented by crustacean species, which seem not to
be equally responsive to pharmaceutical drugs. As evidenced by Nieto et al [66], the food
ingestion behaviour of the freshwater crustacean Atyaephyra desmarestii was not affected by
ecologically relevant levels of several therapeutic drugs, such as diclofenac, ibuprofen, and
carbamazepine. Food ingestion was also affected following exposure of Xenopus laevis to
fluoxetine, as demonstrated by Conners et al. [67], thus conditioning the development of this
organism during its early life stages. Antidepressants that exert their therapeutic activity
through the selective inhibition of serotonin reuptake are likely to be adequate candidates to
alter the behaviour of a large number of aquatic organisms, considering that the most promi-
nent pathway involved in their activity is highly conserved. According to the editorial by Ford
[68], specific compounds including sertraline and fluoxetine, can dramatically alter the feeding
behaviour profile of a large number of aquatic organisms, from fish to crustaceans.
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The endocrine disrupting effects of several human use drugs has been the subject of research
for several years, and quite a few studies report the occurrence of significant effects caused by
drugs (e.g. anti-inflammatories) on fish [69]. Endocrine disruptive effects caused by pharma-
ceuticals are not exclusive to fish, since invertebrates, such as crustaceans, are also prone to be
affected in their endocrine functions by exposure to pharmaceutical drugs, as reviewed by
Hutchinson [70]. Neuroendocrine effects are another aspect of this issue. Considering that a
large number of pharmaceutical drugs act by altering the expression and effects of biological
compounds of high physiological importance (e.g. neuropeptides, neurotransmitters, or
neurohormones), it is with no surprise that similar mechanisms can be impaired in non-target
species environmentaly exposed to these same drugs. The consequences are not only so far
uncharacterised, but also, unpredictable. Consequences to be expected will naturally include
alterations in the physiology of exposed wildlife, affecting behavioural traits, or the hormonal
homeostasis, which are of fundamental importance to the organisms and to the ecosystem. It
is thus expectable to observe impairments at several levels, such as reproduction, develop-
ment, growth, response to chemical aggression or other sources of stress [71, 72]. The neuro-
endocrine effects of specific compounds, such as sertraline, were shown by Conners et al. [67]
in tadpoles of the species Xenopus laevis. This antidepressant substance caused significant
developmental impairments during the early life stages of this organism, which occurred for
ecologically relevant levels. Another antidepressant drug, such as fluoxetine, was also capable
of inducing strong alterations in the reproductive physiology of the fish species, Carassius
auratus. Another antidepressant, mianserin, was also related to estrogenic activity in fish (Danio
rerio) by inducing molecular biomarkers of estrogenicity (such as vitellogeninl and zona
pellucida proteins), as evidenced by van der Ven et al. [73]. The study conducted by Mennigen
etal. [74]concluded that exposure to relevant levels of this substance could alter the expression
and release of several physiological hormones, thus compromising the sexual behaviour of
this fish species. Therapeutic drugs such as paracetamol and lincomycin are also involved in
endocrine disruption effects. The study conducted by Kim et al. [75] showed that these two
pharmaceuticals could affect the steroidogenic pathway and increase estrogenicity, in crusta-
ceans (D. magna and Moina macrocopa), but also in fish (Oryzias latipes). These effects were
translated into a significant reduction in juvenile survival of fish, and on a significant increase
in the vitellogenin levels in male fish. Other substances, such as furosemide and several fibrates
(e.g. bezafibrate, fenofibrate and gemfibrozil) can also exert this type of endocrine effects.
According to the data obtained by Isidori et al. [76], these substances were shown to activate
the human estrogenic receptor a, thus favouring estrogenic responses in wild organisms.
Mefenamic acid is another example of an endocrine compound whose pharmacology in most
experimental organisms does not include this aspect. However, the data compiled by Collard
etal. [49] showed its involvement in endocrine effects in fish (D. rerio), evidenced by alterations
in vitellogenin and its mRNA expression, overexpression of genes of the hypothalamus-
pituitary—gonad axis, and histological changes in ovaries of exposed females.

Epigenetic effects can also derive from the environmentally-driven impact of specific com-
pounds; exposure to persistent organic pollutants (including pharmaceuticals) or endocrine
disrupting chemicals are examples of classes of chemicals that have been related to alterations
in epigenetic marks, including in fish and cladocerans (Vandegehuchte and Janssen, 2011) [77].
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Several published papers refer that deleterious effects of transient chemical exposure (namely,
via environment) of D. magna can result in the transference to nonexposed generations through
epigenetic inheritance [78, 79, 80], which is a decisive factor to link ecotoxicological effects
observed at the levels of communities to alterations at the ecosystem levels [81]. The effects of
chemical pollutants on the epigenetics of fish is also significant, as shown by the screening of
pollution resistance of north American fish species [82]. Alteration of gene expression is also
another factor to consider after environmental exposure to chemical stressors; several papers
show the responsiveness of aquatic organisms to environmental pharmaceuticals, demon-
strating the validity of this approach [83, 84].

Specific drugs, not anticholinesterasic by nature, can also impair neurotransmission, by
cholinesterasic inhibition [85]. One of the most significant examples is the one represented by
zinc pyrithione. According to the work developed by Sdnchez-Bayoa and Goka [86], this anti-
dandruff compound is extremely toxic to several aquatic organisms, including the crustacean
D. magna. Despite being photodegradable, recent studies show that zinc pyrithione may exert
important toxic effects on aquatic organisms (e.g. Paracentrotus lividus and Mytilus edulis), even
at extremely low levels [87]. Effects of zinc pyrithione are not restricted to invertebrates, since
fish species are also extremely sensitive to the presence of this compound [88]. The products
of degradation of zinc pyrithione can be of great environmental concern per se, since the effects
of such compounds on several marine organisms are well known. The toxicity of zinc pyri-
thione has been documented for organisms such as the algae species Skeletonema costatum, the
crustacean Tigriopus japonicus, and the fish Pagrus major [89]. The mechanism of toxic action of
zinc pyrithione metabolites includes AChE inhibition, as shown by Mochida et al. [90].

The energy metabolism of wild organisms is a putative target for pharmaceutical toxicity. As
shown by Mennigen et al. [91], exposure to the drug fluoxetine could result in significant
alterations in the fish species Carassius auratus, namely in terms of energy metabolism. Low
levels of exposure were causative of anorectic effects, while higher levels could directly
compromise the hepatic glucose metabolism, by means of depressing the activity of the
gluconeogenic enzyme fructose-1,6-bisphosphatase. Chronic exposure of marine mussels
(Mytilus sp.) to two therapeutic drugs, genfibrozil and diclofenac, showed the interference of
these substances on several parameters, including energy metabolism features [92]. The
respiratory activity of exposed organisms is another function that can be altered after exposure
to anthropogenic compounds, which interfere with metabolic pathways used by organisms to
obtain energy (anaerobiosis vs. aerobiosis) [7]. This study evidenced the roles of both clofibrate
and clofibric acid, hypolipidemic fibrates used in human therapeutics, in the increase in muscle
lactate dehydrogenase activity, thus favouring the less energetically efficient anaerobiotic
pathway.

7. Future directions: A combination of tools

From the previous sections, it was made clear that it is extremely difficult to search and define
without any shadow of doubt the biological effects to be expected from a large number of
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extremely different chemical substances, exerted on a vast multiplicity of organisms. Not only
are the substances very different per se, thus exerting distinct effects, but also the organisms
can have alternative pathways and receptors that make them more or less prone to the exertion
of those same effects. It is not possible always to rely on the well-described human pharma-
cology, despite the large number of studies that sustain the most common effects, since humans
are not environmentally exposed to the majority of these substances or to their residues.
However, some of the effects are shared both by humans and by other organisms in the wild,
a decisive factor when one tries to select an adequate tool to quantify an effect elicited by a
pharmaceutical drug in the environment.

The present scenario shows us that we are halfway between the total lack of data concerning
pharmaceutical effects in the wild, and a full and comprehensive knowledge about their faith
and ultimate consequences. A large effort has been undertaken and toxicity of several
pharmaceutical classes is nowadays already characterized in a vast number of organisms.
Despite the validity of this effort, other pharmaceutical classes are not fully understood in their
interaction with biota, thus requiring the development of additional attempts until a definite
light is shed on this issue. Presently, environmental scientists dealing with this issue still have
to face a significant array of drawbacks, from the simple lack of data for some drugs/organisms,
unpredictability of data and, of the biological responses in somewhat exotic species, con-
founding factors that already occur for other studies, but whose influence is exponentially
increased in this specific area, lack of analytical tools, such as biomarkers with enough
sensitivity to face the extremely low levels found in the wild and that are able to understand
highly subtle biological responses, lack of test protocols or species well adapted to be used in
ecotoxicological testing under conditions of brackish water, tropical or artic climates, or
extreme environments, in which drugs are also likely to occur.

Despite not being the core of this chapter, the quantification of the levels of pharmaceutical
drugs in the wild, especially in the aquatic environment, is crucial. It is important to know in
detail the compounds that may exist (or co-exist) in the same matrix, since these compounds
are important to select an analytical tool/biomarker that will allow the prediction of biological
effects. It is also of fundamental importance to know which are the most representative
compounds (or pharmacotherapeutic classes) in a given sample also to establish causal
relationships between their levels and the extent of the observed biological response. Only
with a complimentary approach comprising hydrology, water analytical chemistry and
biological assessment of effects it will be possible to fully characterize the impact of drugs on
the wildlife.

The typology of exposure is also a matter of concern. From the previously mentioned studies,
two main types of exposure were adopted in the majority of studies: acute (short-term) and
chronic (long term). The use of short-term exposure periods is somewhat neglected, but this
is not a totally invalid strategy. Despite not having the relevance of a long period of exposure,
which reflects the most likely conditions of exposure in the wild, short exposure periods are
also of extreme importance, and must be included in bioassays for the assessment of the effects
of pharmaceutical drug. Acute assays are important since they allow researchers to test the
responsiveness of a specific test species towards a given drugs, Acute exposure can also be of
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importance to define rankings of comparative toxicity for several substances, independently
from their mode of action and toxicity. Data from acute tests can also be useful to determine
ranges of concentrations representing sublethal levels to which organisms may be exposed.
Finally, the entire set of information potentially gathered from this type of test may serve to
prioritise compounds to be studied under chronic conditions of exposure. However, and if one
considers the need to increase the ecological relevance of data obtained from ecotoxicity tests,
chronic assays are likely to represent a more credible simulation of what happens in the wild.
Organisms are frequently subjected to contamination during considerable periods of their
entire life cycle, or may even contact with chemical pollution of anthropogenic origin for
different generations. It is thus important to prioritise a testing strategy that simulates these
conditions, and the most adopted type of bioassay, despite its inherent difficulties, is the
chronic exposure. Chronic exposures can more easily mimic real events, occurring under
realistic low levels of contaminants, and can consequently increase the ecological relevance of
the obtained data. Furthermore, the selection of chronic exposures can permit the proposal of
multispecies assessments (e.g. mesocosms), which are obviously advantageous if one intends
to simulate real environmental conditions. On the other hand, multispecies assessments are a
valid approach, since the sensitivity of distinct organisms towards pharmaceuticals is fre-
quently very diverse.

From the majority of the cited studies, it is possible to conclude that a biomarker-based
approach is valid to obtain information regarding specific pathways involved in the toxic
response. This does not necessarily imply that more traditional approaches (including
mortality, or growth/population effects) are fully inadequate to assess the ecotoxicological
effects of drugs. Nevertheless, the low levels of exposure make difficult the exertion of such
effects, and the resultant toxicity often occurs by impairment of specific, subtler, biochemical
pathways. It is thus important to analyse the sub-individual level, and more biomarkers must
be proposed and fully validated. Effects at the molecular level, including enzymes, must be
interpreted as signalling tools for effect or damage in biological systems. Given their overall
importance, specific pathways must be primary sources of analytical tools. It is possible to
suggest that novel biomarkers can derive from analysis of the enzymatic machinery involved
in the energetic metabolism, gene expression and epigenetics, and damage (e.g. of oxidative
nature) repair. These will be the most likely biomarkers of contamination of the future.

The next step will be transposing laboratory biomarker-based assays, with a combination of
chronic-acute exposure of multiple species to other alternative models, namely under field
conditions. It is now mandatory to propose new test species, well adapted to conditions that
do not represent standard settings: species from tropical/polar (or otherwise extreme) regions
must be analysed following the above-described strategy, and their use for ecotoxicological
purposes validated. This will be of crucial importance to transfer bioassays from the laboratory
to the field, increasing the validity of data and of the conclusions drawn.

Finally, a last step will combine the simultaneous analysis of complex mixtures of drugs.
Frequently, environmental matrices are contaminated by a large number of distinct pharma-
ceuticals; any analytical procedure based on the quantification of effects caused by a single
chemical will always be unsatisfactory, and will underestimate the actual toxicity of complex
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but realistic mixtures. To avoid this underestimation, it will be of the uttermost importance to
know the general interaction profiles that may occur for a large number of test species, caused
not by isolated single compounds, but by the main representatives of known therapeutic
classes: not being possible to test the potential interactions occurring by the simultaneous
presence of hundreds or even thousands of compounds in the same matrix, a more systematic
approach may involve the definition and characterization of putative biological relations of
pharmacotherapeutic classes among each other.

8. The effects of drugs in the wild

Despite the considerable number of cited research articles so far, the present chapter would
not be satisfactorily summarized without a critical evaluation of the potential ecological
damages posed by pharmaceutical residues. The major drawbacks for the analysis of effects
caused by pharmaceuticals are also the most important defence against their risks: their
extremely low levels. Being present in residual amounts, sometimes below the ng/l range, the
majority of drugs do not attain levels capable of exerting effects. However, the simultaneous
presence of compounds that act via a similar pathway may favour the exertion of effects. Still,
few are the examples of substances for which this behaviour has been described. Despite the
lack of reported effects, and the impossibility so far of establishing a direct, unequivocal
relationship between pharmaceutical exposure and deleterious effects in wildlife, an increas-
ing number of studies has brought the issue of ecological relevance of data to the discussion.
By testing already reported levels of contaminants, some researchers have already claimed
having demonstrated the putative effects of drugs in exposed organisms that are also likely to
occur in the wild. This has been the case of several fibrates [7], synthetic hormones [93],
ivermectin [94], paracetamol [1, 57, 59], ibuprofen [95], neostigmine and pyridostigmine [15,
30, 31], fluoxetine and other antidepressants [93, 96]. However, the majority of studies
published so far do not demonstrate this intrinsic association between pharmaceuticals
contamination and deleterious effects. Nevertheless, research studies on this matter have
clearly demonstrated the responsiveness of a large number of species towards drugs, evi-
dencing the potential for toxic effects if a threshold level is attained and surpassed. This is of
the uttermost importance, since it clearly shows that some of the highly conserved pathways
used and activated by pharmaceutical drugs in humans, are also present in a significant
number of wild organisms; this increases the possibility of biological-chemical interaction,
with sometimes totally unpredicted overall effects. The protection created against the effects
of human drugs by their low levels can thus be simply temporary, considering the ever-
increasing amount of drugs and their residues in the wild.

9. Conclusions

The need to understand the potential effects of a large number of biologically active substances
in the wild, has driven researchers to the development of new assessment methodologies.
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Unlike other substances with human origin, pharmaceutical drugs are active, and may pose
significant risks even after their elimination and for long periods. Being excreted in extremely
high amounts and on a daily basis, such substances are pseudopersistent and recalcitrant. Not
even the implementation of dedicated sewage treatment systems endured to reduce the global
amounts of drugs entering especially the aquatic environment. Consequently, the presence of
such substances is now a global reality, needing to be dully characterized. Non-target species
are the most likely and vulnerable targets for the exertion of deleterious effects. The study of
putative toxic effects requires the development, implementation and validation of novel
analytic tools, specifically devoted to the particularities of drug contamination. From the
revised literature, it is possible to anticipate that ecotoxicological analysis, in the future, will
require the combination of distinct tools, on a complementary basis. The tools to be used in
the future will not only respond to extremely low levels of contamination, but will include
signalling responses well suited to diagnose exposure to specific classes of drugs. Despite not
being entirely adapted to the issue of contamination by low levels of pharmaceutical drugs,
standardized bioassays can be a valuable tool, if complemented with adequate molecular and
subindividual endpoints. Being impossible to characterize the entire set of toxic responses
elicited by single, individual compounds, it will be important to know the most important
toxic responses of common pharmacotherapeutic classes, to allow the prediction of potential
interactions. The use of multispecies assessments will also be important, since the sensitivity
towards specific compounds is not necessarily comparable among distinct test organisms.
Long-term studies, favouring phenomena of bioaccumulation during important periods of the
organisms’ life cycles will allow knowing in detail the potential endocrine effects elicited by
specific compounds. Behaviour is another feature likely to be altered after pharmaceuticals
exposure, thus requiring the development of new testing methodologies to address this issue.
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1. Introduction

Water is vital to life and thus its availability and quality has increasingly been the object of
intense concern and disputes by multiple agents that include from people directly relying on
ecological services, or simply living in impacted zones, to influential non-governmental
environmental organizations and regulatory governmental authorities. The scientific com-
munity has increasingly intervened, particularly through the production of sound diagnostic
and mechanistic data and also prognostic models, which fundamentally rely on both chemical
and biological environmental monitoring. Despite the global increasing of pollution and its
impacts, it appears that there is an uncontrollable expansion of anthropogenic activities,
mainly in countries where there are no strict environmental policies. Therefore, pollution
continues to negatively affect the quality of water and, in consequence, the vast ecosystems
associated with it. Presently, it is estimated that hundreds of new chemicals with harmful
potential are recorded daily in the CAS® (Chemical Abstracts Service, http://www.cas.org/
cashome). Thus, the subject "Water Quality" has been the target of many reflections, particu-
larly in Europe, where in general, all state members of the European Union (EU) have shown
their concern about the near future possibility of water shortages, for all, both in quantity and
quality [1]. Related to this aspect, it is also recognized as of major importance the need to protect
biodiversity and natural ecosystems; an example of such recognition is depicted in the 2012
European Parliament resolution on the “EU Biodiversity Strategy 2020” [2].
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In line with the referred intentions, at the beginning of the millennium the EU adopted
legislation — the EU “Water Framework Directive” (WFD) [3] — that was considered very
innovative at the time. The WFD called for a comprehensive and integrated approach of water
protection and management, having as its ultimate goal that all European waters (continental
surface waters, transitional waters, coastal waters and groundwaters) reached good chemical
and ecological status within a 15 years period, since the date of publication of that directive.
To achieve these requirements, temporal incremental goals were established amongst all EU
states to ensure the success of this program. Thus, it was decided inter alia to: (i) apply all
necessary measures to avoid the damage of superficial water bodies; (ii) impose fines on
violators responsible for deteriorating the status of surface water bodies; (iii) achieve good
ecological and chemical status for all artificial or heavily modified water bodies; (iv) progres-
sively reduce the pollution of priority compounds, some of these focused in this Chapter, by
limiting their emissions, their discharge and/or runoff into the environment.

However, as the water situation in each EU state was different and unique, since 2000 and up
to the present, it has been necessary to make adjustments to overcome this aspect. Indeed, just
one year after the WFD 2000/60/EC publication, this directive was updated [4]. In the renovated
document (2455/2001/EC), among other measures, it was published a list containing thirty-
three harmful compounds which presence in surface waters should be limited or at least/
reduced under limit values [4]. Among these compounds stands out the persistent organic
pollutants (POPs), such as, pesticides, polycyclic aromatic hydrocarbons and alkylphenols.
Later, the number of harmful compounds were expanded up to forty five and additional
environmental quality standards were included in (2008/105/EC) [5]. Nonetheless, because
further toxicity details each pollutant are becoming known, the number of compounds in the
WED list tends to increase. In this vein, the current directive 2013/39/EU integrates new
substances in its watch lists [6]. Among those are EDCs such as the extremely potent 17f3-
oestradiol (E,) and 17a-ethinylestradiol (EE,), as discussed in this Chapter.

2. Estrogenic endocrine disrupting compounds in surface waters

Accordingly to the National Institute of Environmental Health Sciences (USA), endocrine
disrupting compounds are natural or man-made compounds that may mimic or interfere with
the function of hormones in the body, producing a variety of adverse effects over the repro-
ductive, the neurological and the immune systems of humans and both domestic and wild
animals [7]. In the case of EDCs with oestrogenic activity, these substances can act: (i) on the
hypothalamus, inhibiting the release of gonadotropin releasing hormones [8]; (i) on the
pituitary, inhibiting the release of gonadotropins [8]; (iif) on the gonads, interfering with the
production of steroid hormones, namely E, [9]; (iv) on the circulation of endogenous hormones,
as these compounds have the ability to bind to the same plasmatic carriers [8]; (v) on the same
cellular receptors used by the endogenous hormones causing important structural changes
[10]. In males of various fish species, situations of ovotestis, i.e., presence of oocytes in testes,
were reported in polluted systems that include some in Portugal [11].
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Here, it is exposed the environmental concentrations of sixteen oestrogenic EDCs, which were
chosen taking in account the following features: (i) in vivo and in vitro potency, such as the
natural oestrogens and EE, [12]; (if) abundance in terms of incidence and concentration), such
as bisphenol A and the alkylphenols (and their ethoxylates) [13, 14], and (iii) the ubiquitous,
but paradoxically less studied, phytoestrogens [14, 15].

2.1. Oestrogens

2.1.1. Main characteristics and environmental origins

Both natural and synthetic oestrogens, including oestrone (E,), E, and EE, (Figure 1) may
induce, even in low (ng/L) concentrations, from mild to extremely harmful effects over the
endocrine system [16]. In particular, these compounds have been associated with the occur-
rence of endocrine disorders such as those over the reproductive system of a wide range of
species, including molluscs, crustaceans, fish, birds and mammals [17-22]. Another disruption
effect observed in animals, collected from waters containing high levels of oestrogenic
contamination, is the decrease of their immune system responses disorders [23]; this phenom-
enon also seems to occur when humans are exposed to the same type of EDCs [24, 25]. These
observations, together with the abovementioned facts, justified the recent incorporation of
these compounds in the WFD watching lists [6]. In this sense, and in order to be aware about
the concentrations of E,, E, and EE, in surface waters, studies were initiated to monitor their
presence and appraise their temporal evolution. It is known that the primary sources of these
three EDCs are their excretion by urine and faeces [26]. So, these compounds reach the rivers,
estuaries and coastlines either through the discharge of effluents coming from sewage
treatment plants (STPs) — or directly from sewages (hence untreated) that deliver their content
into waterways.

Class Example Chemical strueture Origin

Qestrone
(E)
Natnral Urine and facces excretion
oestrogens [26].
17B-Crestradiol
(Ez)
: 17a- <=CH  Urine and faeces of women
Synthetic . . . N
cestrogens Ethinylestradiol consuming birth
8 (EEz) | control pills [26].

Figure 1. Natural and synthetic oestrogens included (E, and EE,) or to be included (E,;) in the watch list of compounds
under surveillance by the WFD [6].
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Although the concentrations of the referred EDCs are typically in the order of few ng/L (Table
1), it has been experimentally proven that such amounts are potentially harmful [12]. For
example, just 4 ng/L of E, resulted in the formation of ovofestis in male Japanese medaka
(Oryzias latipes) [27]. Also the male mummichog (Fundulus heteroclitus) exposed to 100 ng/L of
EE, showed a large increase in the gonadosomatic index, decrease in testosterone production
and liver synthesis of vitellogenin [28].

2.1.2. Oestrogens in surface waters

The highest concentrations of E; in surface waters were reported in Japan (Tama River) [29],
Taiwan (Shui-Dan River) [30] and, China (Pearl Rivers) [31, 32] where its levels ranged
from78.7 ng/L to 85.6 ng/L. The highest amounts of E, were measured in Italy (Venice Lagoon),
Japan (Tama River) and Taiwan (Shui-Dan River) where its levels ranged from12 ng/L to175
ng/L. Finally the highest levels of EE, were found in Spain (Ebre River) [33], China (Pearl
Rivers) [31, 32] and Italy (Venice Lagoon) [34] where its levels ranged from 34 to 130 ng/L.
From the in vivo and in vitro experiments referred in section 3.1.1., among many other, it is
concluded that those levels are environmental conditions for the occurrence of endocrine
disrupting events. In north/central Europe, the surface water concentrations of these com-
pounds are typically lower than those described in Asia and Brazil (Table 1). Even so, signif-
icant biological impacts associated with pollution were detected in Europe. For example, roach
(Rutilus rutilus) and gudgeon (Gobio gobio) males caught in rivers and estuaries of the United
Kingdom showed high occurrence of ovotestis [35-38]. In Portugal, in the early 2000s, ovotes-
tis was observed in flounder (Platichthys flesus) and mullets (Mugil cephalus) caught from Douro
estuary [11]. However, as it can be seen from Table 1, at that time no information existed about
the degree of oestrogenic contamination in Iberian western Atlantic coast surface waters - this
led to our integrated studies shown in this Chapter, which first data were published in 2009

(Table 2).

EDC Sampling area Concentration (ng/L) References
Estuarine and coastal waters, The Netherlands 01 - 34 [26]
Scheldt Estuary, Belgium — The Netherlands ND - 10.0 [39]
The Netherlands (surface water) <030 - 7.2 [40]
Rivers in Germany 0.10 - 4.1 [41]
Coastal area of Baltic Sea, Germany 0.08 - 0.54 [42]
Seine River, France 1.0 - 32 [43]

E, Tiber River, Italy 50 - 12 [44]
Venice Lagoon, Italy <120 - 10 [34]
Ebro River, Spain ND - 49 [56]
Llobregat River, Spain <LOD - 22 [45]
Llobregat River, Spain 0.82 - 581 [46]
Thermaikos Gulf, Nothern Aegean Sea, Greece <LOD [47]
Buyukcekme watershed, Istambul, Turkey 140 - 5.74 [48]
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EDC Sampling area Concentration (ng/L) References
Acushnet Estuary, USA 073 - 1.20 [49]
South Florida, USA 0.88 - 5.20 [50]
Brazilian surface water ND - 39 [51]
Tama River, Japan 64 - 856 [29]
Dan-Shui River, Taiwan 224 - 66.2 [30]
Yellow River, China ND - 15.6 [52]
Pearl rivers, South China ND - 787 [31, 32]
Yangtze River estuary, China ND - 143 [53]
Songhua River, Northern China ND - 3.05 [54]
Tamagawa River, Japan 34 - 6.6 [55]
Estuarine and coastal waters, The Netherlands 03 - 55 [26]
Scheldt Estuary, Belgium - The Netherlands ND [39]
The Netherlands (surface water) <08 - 1.0 [40]
Rivers in Germany 0.15 - 2.0 [41]
Coastal area of Baltic Sea, Germany ND [42]
Seine River, France 1.0 - 32 [43]
Tiber River, Italy 20 - 6.0 [44]
Ebro River, Spain ND - 19 [56]
Llobregat River, Spain ND [46]
Thermaikos Gulf, Nothern Aegean Sea, Greece ND [47]

E, Buyukcekme watershed, Istambul, Turkey 1.10 - 539 [48]
Acushnet Estuary, USA 0.56 - 0.83 [49]
South Florida, USA ND - 1.80 [50]
Brazilian surface water ND - 73 [51]
Tama River, Japan 05 - 12 [29]
Dan-Shui River, Taiwan 14 - 339 [30]
Yellow River, China ND - 23 [52]
Pearl rivers, South China ND - 7.72 [32]
Yangtze River estuary, China ND - 14 [53]
Songhua River, Northern China ND - 1.16 [54]
Tamagawa River, Japan 06 - 1.0 [55]
Estuarine and coastal waters, The Netherlands 01 - 43 [26]
Scheldt Estuary, Belgium — The Netherlands ND [39]
The Netherlands (surface water) <03 - 04 [40]

FE: Rivers in Germany 01 - 5.1 [41]
Coastal area of Baltic Sea, Germany ND - 179 [42]

Seine River, France 1.0 - 4.0 [43]
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EDC Sampling area Concentration (ng/L) References
Ebro River, Spain 30 - 130 [33]
Ebro River, Spain ND [56]
Llobregat River, Spain ND [46]
Tiber River, Italy ND - 1.0 [44]
Venice Lagoon, Italy <1.0 34 [34]
Thermaikos Gulf, Nothern Aegean Sea, Greece ND [47]
Buyukcekme watershed, Istambul, Turkey 11.7 - 140 [48]
Acushnet Estuary, USA 3.01 - 4.67 [49]
South Florida, USA NA [50]
Brazilian surface water ND - 25 [51]
Tama River, Japan < 0.20 [29]
Dan-Shui River, Taiwan 753 - 274 [30]
Yellow River, China NA [52]
Pearl rivers, South China ND - 534 [31, 32]
Songhua River, Northern China ND [54]
Yangtze River estuary, China ND - 0.11 [53]

NA: Not Available. ND: Not Detected. LOD: Limit of Detection.

Table 1. Concentrations of oestrogens in surface waters (minimum-maximum) measured in surface waters worldwide.

2.1.3. Oestrogens in surface waters from the west Iberian coast (Portugal)

Being Portugal one of the EU members that signed the commitment with the European
Commission (EC) to accomplish the directives referred in the WFD document, systematic
efforts have been made by our research group to develop and validate methods adequate to
the measurement of EDCs in complex environmental matrices (seawater, estuarine and river
waters). Also, a complementary effort has been dedicated to both gather all monitoring data
and address their potential risk. In this sense, the evaluations done in Portuguese surface
waters warned about risks of environmental impacts of oestrogens and can assist the compe-
tent authorities to take measures to prevent and clean up these habitats from having EDCs,
either by eliminating or at least put them at concentrations below those know to be able to
promote biological adverse effects.

The results revealed that the average amounts of oestrogens in Portuguese superficial waters
were = 6 ng/L for E; and = 10 ng/L for E, and EE,. These concentrations, accordingly with the
in vivo studies referred previously (section 3.1.1.) are not only able of causing disruptive effects
in aquatic animals, but also even induce negative impacts in human health [25, 57]. The
findings become additionally relevant in view of the fact that these habitats are commonly
used by residents and/or tourists, both for recreational and fishing purposes.

Analyzing the values of Table 2, and concerning the concentrations of all evaluated oestrogens,
it concluded that habitats we studied so far have chemical quality deficiencies. Table 2 also
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points that each analysed geographical zone had quite diverse minimum-maximal amounts.
This fact corresponds to spatial differences among sampling sites, in line with the presence/
absence of STPs effluents and domestic discharges in the sampled areas. The last inference is
directly correlated with the data obtained in the latest national census, which revealed a high
number of houses (over 17,000) without any sort of connection to sewers [58]. Beyond this,
there is also an additional factor that is the huge number of tourists that seasonally arrive to
several studied zones located in both west and south of the Iberian Peninsula [59, 60]. Due to
drastic increases of the number of inhabitants, that may rise up to 50%, mainly in summer the
concentration of oestrogens in surface waters raised significantly, causing seasonal damages
inlocal biota. So, it becomes clear that the physicochemical parameters typically used to assess
the quality of surface waters (i.e., temperature, pH, dissolved O,, nitrites, nitrates and phos-
phates) are not sufficient to guarantee the protection of both environmental and human health.

Comparing the values compiled in Tables 1 and 2 it is concluded that, in general, the levels of
oestrogens tend to be higher in the west Iberian Peninsula than in the rest of central/north
Europe. In fact, in average, these substances in the current study area are almost similar to
those measured in many Asian countries. Despite this, it is exalted the positive efforts of
remediation conducted in some Portuguese environments, such as those produced in the Ave
River, considered in the past as one of the most polluted of Europe [61]. There are also
commendable the important efforts occurred in the Douro River estuary [62]. In fact, since our
first monitoring studies in the last estuary it was possible to observe that the surface waters
collected in 2005 [63] contained significantly higher amounts of oestrogens than those collected
in 2009, a fact that demonstrates an important improvement of water quality [62]. Unfortu-
nately, because there are no other data prior to 2005, with regard to the levels of E;, E, and
EE, in other Portuguese aquatic systems it is not possible yet to establish with certainty, trend
lines relating to a progressive decrease in the concentrations of these EDCs in Portuguese
surface waters. In spite of this, other important data provided by our studies demonstrate that:
(i) several areas commonly seen as "pristine” (e.g., the Mira River) contain high levels of those
oestrogens (unpublished data); (ii) there is an underestimation of the efficacy of the STPs, which
at times are not adequately dimensioned, namely for coping with seasonal/touristic influxes;
(iif) currents from both Atlantic Ocean and/or estuaries can channel pollutants, such as these
oestrogens, towards protected areas (e.g., the natural reserve of the Sado River estuary) [59].
From Table 1 it is observed that also in Spain, particularly in the Ebro River for EE, [33, 56],
there are efforts that seem to have been effective in reducing the environmental amounts of
these EDCs.

The data repertoire summarized in Table 2 for E,, E,, and EE, is one of more systematic ones
available in the international literature about the oestrogenic status of a particular European
country. This information, which can be viewed as a benchmark for the concentrations of
oestrogens in Portuguese waters, makes it possible to everybody to monitor the effectiveness
of the implementation of measures that may lead to the reduction of environmental levels of
those EDCs along the time.
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EDC  Sampling area Concentration (ng/L) References
Lima River estuary and Atlantic coast of Viana-Castelo 4.6 - 363 [64]
Ave River estuary and Atlantic coast of Vila-Conde 05 - 72 [61]
Leca River estuary and Atlantic coast of Porto 49 - 104 [65]
Douro River estuary <15 - 113 [63]
Douro River estuary and Atlantic coast of Porto 15 - 46 [62]

E, Mondego River estuary <5.0 [66]
Mondego River and its estuary 1.0 - 146 [67]
Tagus River and its estuary =2 - = Unpublished
Sado River and its estuary 1.0 - 9.8 [59]
Mira River and its estuary =3 - =12 Unpublished
Ria Formosa 1.0 - 20 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 24 - 244 [64]
Ave River estuary and Atlantic coast of Vila-Conde 1.6 - 94 [61]
Leca River estuary and Atlantic coast of Porto 33 - 59 [65]
Douro River estuary <7.0 [63]
Douro River estuary and Atlantic coast of Porto 54 - 85 [62]

E, Mondego River estuary <3.0 [66]
Mondego River and its estuary 15 - 184 [67]
Tagus River and its estuary =3 - =20 Unpublished
Sado River and its estuary 1.2 - 10.8 [59]
Mira River and its estuary ~4 - =62 Unpublished
Ria Formosa 1.3 - 101 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 03 - 194 [64]
Ave River estuary and Atlantic coast of Vila-Conde 03 - 204 [61]
Leca River estuary and Atlantic coast of Porto 21 - 44 [65]
Douro River estuary 18 - 102 [63]
Douro River estuary and Atlantic coast of Porto <13 - 45 [62]

EE, Mondego River estuary <12 [66]
Mondego River and its estuary 03 - 113 [67]
Tagus River and its estuary =4 - =20 Unpublished
Sado River and its estuary 1.1 - 32 [59]
Mira River and its estuary ~4 - =67 Unpublished
Ria Formosa 12.1 - 25.0 [60]

Table 2. Concentrations (minimum-maximum) of natural and pharmaceutical oestrogens in Portuguese surface

waters.
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2.2. Industrial and household products

2.2.1. Main characteristics and environmental origins

There are industrial and household compounds prone to promote oestrogenic effects in
wildlife and humans [68-70]. Some of these EDCs are compounds such as phenols (bisphenol
A, BPA) and alkylphenols (APs) — viz. octylphenols (OPs) and nonylphenols (NPs) — and
their ethoxylates (APEOs) (Figure 2).
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Figure 2. Industrial and household products included in the list of compounds under surveillance by the WFD (Euro-
pean 2013).

Although the disruptive activity of these compounds is much lower than that of natural and
synthetic oestrogens, as they may reach levels in the order of tens to hundreds of ug/L they
can became harmful for aquatic fauna. Because of this, and despite great controversy between
diverse agents, these compounds become subjected to strict laws that included both APs and
APEOQOs, in the group of "priority substances in the field of water policy 2455/2001/EC" [4].
Presently, the WFD established that the concentration of NPs in surface waters should not
exceed 2 pg/L [6].
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BPA origin in the environment comes from the fact that it is the monomer of the polycarbonate
(plastic) used in an huge variety of domestic stuffs and as an intermediate in the synthesis of
epoxy resins, flame retardants and many other products [71]. In spite of its vast usage,
controversial opinions do exist among those calling for its banning and those that devaluate
the BPA toxic effects in realistic scenarios. The February 2007 study “Toxic Baby Bottle’s”, by
the Environment California Research and Policy Center [72], showed that even small amounts
of BPA may be one cause of diseases, including breast cancer, prostatic hyperplasia, diabetes,
obesity, and hyperactivity disorders involving the immune system. Infertility and early
puberty are also among the possible effects caused by BPA, and all of them are associated with
the compound’s ability to deregulate the endocrine system.

The APEOs sources in the environment are due to their commonly usage as non-ionic
surfactant compounds and dispersants [14, 73]. Due to these properties APEOs are being used
in detergents and additives of pesticide formulations. Currently, these applications are
prohibited in the EU [4] as these compounds are known to readily degrade, in both aerobic
and anaerobic conditions, into APs that are more toxic compounds than APEOs (Figure 3). In
spite of the APs toxicity, it is known that their lifetime is not long, since they usually degrade
in about 10 to 15 hours after sunlight exposure [74]. Thus, it is concluded that the ubiquitous
presence of APs in surface waters implies the continuous entrance of APEOs in the environ-

ment [60].
H OH

0 H, H, 0 :
Y G T /O/
H, H, — H, >

R " R :
Alkylphenol Ethoxylate Alkylphenol Monoethoxylate Alkylphenol
(AP,EO n=0-20) (AP,EOQ) (AP)

Figure 3. Summarized degradation mechanism of APEOs in the environment adapted from Warhurst [75].

The endocrine disrupting activity of APEOs and (especially) that of APs, whether they are
octylphenols (4-OP and 4-t-OP) or nonylphenols (4-NP and 4-n-NP) is derived from the
existence of similarities between the structure of these compounds and that of E, (Figure 4) [76].

(a) (b)
. /@6:\5 )

Figure 4. Comparison between the chemical structures of E, (a) and 4-NP (b).
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Assuch, APs may induce oestrogenic effects using the same paths described in Section 3. These
effects were proved, for example, after in vivo exposures of male rainbow trout (Oncorhynchus
mykiss) to 30 ug/L of 4-OP, and of male Japanese medaka (O. latipes) to 30 ug/L of 4-NP, eliciting,
respectively, an inhibition of the testicular growth and hermaphroditism [27, 77, 78]. Alas, as
it is possible to purchase in EU countries imported products containing APEOs — see an
interesting record in "APEOs Investigation Report" [79] — these EDCs continue to exist in
European surface waters.

Currently, we theorize that the most likely source of APEOs in the aquatic systems is the
discharge of wastewater effluents from STPs, nevertheless not neglecting the possible leaching
caused by the runoff of these EDCs from landfills and agricultural areas (as APEOs are
emulsifiers in some pesticide formulations).

2.2.2. BPA, APEOs and APs in surface waters

Table 3 shows an overview of BPA, APEOs and APs in estuaries and rivers worldwide. In line
with the broad use of these EDCs it is observed that, at least up to 2005, their concentrations
in surface waters were in the order of pg/L. For instance, ten years ago BPA reached concen-
trations of 5.0 pg/L in several German rivers [80] and the alkylphenols, 4-OP and 4-NP, levels
attained 26 to 37 ug/L in several Spanish rivers and estuaries [81]. In line with these observa-
tions, it could be hypothesized that if there was not the pressure exerted by the program set
out by the WFD, together with the directive 76/769/EEC [82] that established restrictions on
the marketing and use of NPs and NPEOs, the current environmental content of these EDCs
in European surface waters would probably be worse than that found nowadays. It is impor-
tant to stress that the last directive advocates the banishment of NP and NPEOs in formulations
when their levels are equal or higher than 0.1% by mass. This measure leaded to a decrease in
the use of NPEOs or even their deliberate discontinuity in Europe (case of Germany) and,
consequently, the number of studies that accompanied the temporal evolution of these
compounds began decreasing. This aspect increases the difficulty to assess the actual amounts
of APEOs and APs in European surface waters, being assumed that their usage was deprecated;
a presumption that is not entirely correct, as we have been witnessing.

As shown in Table 3, the levels of APs in several EU countries continue to show potential
toxicity (<0.5-37,300 ng/L). This poses obstacles to the compliance defined by WFD, since it
seems impossible to achieve concentrations of <100 ng/L for the OPs and, <300 ng/L for NPs,
in all EU states up to 2015. However, it is possible to observe that recent studies revealed that
there is positive effort towards the reduction of the global amounts of both APs and BPA in
all European countries. So, presently, and also accordingly to the compilation in Table 3, it is
observed that in general the levels of APs and BPA are generally higher in Asia and South
America than those measured in the EU.

In opposition, and with the exception of the two works [83, 84], before 2005 there were virtually
no data about the levels of these EDCs in the west Iberian Peninsula, inc. Portuguese surface
waters. These observations leaded to the creation of regular monitoring programs for these
compounds, in order to make a general assessment of the situation in various locations and,
when possible, monitor their evolution in time. Such temporal results are central to define if
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the implementation of WFD policies are being successful in the field, alone or together and
correlated with biologic outputs (e.g., biomarkers data). The efforts done in the last decade for
evaluating BPA, APEOs and APs pollution in Portuguese surface waters from estuaries, rivers

and coastal waters are compiled in Table 4.

EDC Sampling area Concentration (ng/L) References
Gulf of Gdansk, Poland 269 - 481 [85]
Estuaries and rivers, The Netherlands <8.8 - 1,000 [40]
German Rivers 05 - 14 [86]
Elbe River and its tributaries, Germany 3.8 - 920 [80]
Coastal area of Baltic Sea, Germany ND - 57 [42]
Baden-Wiirttemberg Rivers, Germany <50 - 272 [87]
Glatt River, Switzerland 9.0 - 76 [88]
Sussex River, England <53 - 10 [89]
Ebro River, Spain 10 - 20 [33]
Ebro River, Spain ND - 61 [56]
Llobregat, Cardener, Anoia, Riera de Rubi River, Spain <90 - 2,970 [81]
Venice Lagoon, Italy <1.0 - 145 [34]

BPA Thermaikos Gulf, Nothern Aegean Sea, Greece 10.6 - 52.3 [47]
New Orleans Waters,USA 09 - 158 [90]
South Florida, USA 48 - 32 [50]
Brazilian surface water 25 - 84 [51]
Coastal waters of Shenzhen, China 112 - 776.6 [91]
Dianchi Lake, China 35 - 1,081 [92]
Liao River, China 123 - 1165 [52]
Songhua River, Northern China 824 - 263 [54]
Pearl rivers, South China 435 - 1,390 [31, 32]
Yangtze River estuary, China 0.98 - 438 [53]
River waters of South Korea and seven Asian countries 3.0 - 100 [93]
Tama River, Japan 48 - 763 [29]
Coastal waters, Singapore ND - 2470 [94]
Gulf of Gdansk, Poland <5.0 - 659 [85]
Estuaries and rivers, The Netherlands <50 - 6,300 [40]

s German Rivers 08 - 54 [86]

Baden-Wiirttemberg River, Germany <20 - 189 [87]



Estrogenic Compounds in Estuarine and Coastal Water Environments of the Iberian Western Atlantic Coast...
http://dx.doi.org/10.5772/59885

EDC Sampling area Concentration (ng/L) References
Elbe River and its tributaries, Germany <0.5 - 5.0 [80]
Ombrone River, Italy 33 - 8 [95]
Glatt River, Switzerland 6.0 - 22 [88]
Sussex River, England 26 - 25 [89]
Ebro River, Spain 20 - 70 [33]
Ebro River, Spain 29 - 53 [56]
Llobregat, Cardener, Anoia, Riera de Rubi Spain <90 - 21,900 [81]
Thermaikos Gulf, Nothern Aegean Sea, Greece 1.7 - 182 [47]
Danube River, Hungary 1.6 - 178 [96]
Back River, Chesapeake Bay, USA <0.3 [97]
Brazilian surface water ND [51]
Dianchi Lake, China 20 - 73 [92]
Liao River, China 23 - 132 [52]
Songhua River, Northern China 1.54 - 458 [54]
Yellow River, China 14.66 - 17.72 [98]
Tama River, Japan 69 - 819 [29]
Gulf of Gdansk, Poland 129 - 1329 [85]
The Netherlands (surface water) <110 - 4,100 [40]
Baden-Wiirttemberg Rivers, Germany ND - 458 [87]
Elbe River and its tributaries, Germany 0.06 - 2,970 [80]
Rivers in Germany 6.7 - 134 [41]
Glatt River, Switzerland 68 - 326 [88]
Ombrone River, Italy <2 [95]
Venice Lagoon, Italy <0.05 - 211 [34]

NPs Ebro River, Spain ND [33]
Ebro River, Spain ND- 15 [56]
Llobregat, Cardener, Anoia, Riera de Rubi, Spain <150- 37,300 [81]
Thermaikos Gulf, Nothern Aegean Sea, Greece 22- 201 [47]
Danube River, Hungary 8.0 - 428 [96]
Brazilian surface water ND [51]
Back River, Chesapeake Bay, USA 140 - 200 [97]
Buenos Aires rivers, Argentina 100 - 7,000 [99]
Dianchi Lake, China 5 - 57 [92]
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EDC Sampling area Concentration (ng/L) References
Liao River, China 112 - 900.7 [52]
Songhua River, Northern China (4-t-NP) 106 - 344 [54]
Songhua River, Northern China (4-n-NP) 035 - 3.77 [54]
Area of Chongging, China 100 - 7,300 [100]
Pearl River, China 36 - 33,000 [31]
Tama River, Japan 51.6 - 147.0 [29]
River waters of South Korea and 7 Asian Countries <LOD - 2,097 [93]

The Netherlands (surface water) <160 - 1,700 [40]
Elbe River and its tributaries, Germany 06 - 96 [80]
Seine River, France 55 - 63 [101]
Ombrone River, Italy (4-t-OP,EO) <94 [95]

OPEOs Ombrone River, Italy (4-t-OP,EO) 6 - 34 [95]

Ebro River, Spain (OP,EO) 1.7 - 83 [56]
Thermaikos Gulf, Greece (OP,EO) <4 - 95 [47]
Thermaikos Gulf, Greece (OP,EO) <4 - 117 [47]
Estuaries and rivers, USA 7 - 400 [102]
Back River, Chesapeake Bay, USA (OP,EO) <0.2 [97]
Back River, Chesapeake Bay, USA (OP,EO) <0.02 [97]
The Netherlands (surface water) <180 - 8,700 [40]
Elbe River and its tributaries, Germany <05 - 124 [80]
Seine River, France (NP,EO) 9 - 11 [101]
Ombrone River, Italy (4-t-NP,EO) <122 [95]
Ombrone River, Italy (4-t-NP,EO) 9 - 35 [95]
Ebro River, Spain (NP,EO) 94 - 275 [56]
NPEOs Thermaikos Gulf, Greece (NP,EO) 152 - 270 [47]
Thermaikos Gulf, Greece (NP,EO) 14.6 - 346 [47]
Estuaries and rivers, USA 220 - 1,050 [102]
Back River, Chesapeake Bay, USA (NP,EO) <02 - 67 [97]
Back River, Chesapeake Bay, USA (NP,EO) 12 - 57 [97]
Buenos Aires, Argentina (NP,EO) 100 - 9,200 [99]
Buenos Aires, Argentina (NP,EO) 100 - 5,400 [99]
Songhua River, Northeastern China (NP,EO) 89 - 385 [54]
Songhua River, Northeastern China (NP,EO) 19.6 - 321 [54]
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EDC Sampling area Concentration (ng/L) References
Dianchi Lake, China (NP,EO) 54 - 1,942 [92]
Dianchi Lake, China (NP,EO) 98 - 2,074 [92]

ND: Not Detected. LOD: Limit of Detection.

Table 3. Concentrations (minimum-maximum) of industrial and household products in surface waters worldwide.

2.2.3. BPA, APEOs and APs in west Iberian Peninsula surface waters

Recent studies revealed that surface waters taken from Portuguese aquatic environments show
average concentrations of 650 ng/L for BPA, 1,000 ng/L for APEOs and 360 ng/L for APs (Table
4). Comparing such data with those reported in other countries (Table 3) it is observed that in
Portugal the global amounts of these compounds are still quite high. Nevertheless, it is
important to note that the values measured before/during 2005 [63, 66, 83, 84], namely for BPA
and APs, are significantly higher than those measured in 2010-2011. Thus, and assuming that
these results represent the wider reality of the west Iberian Peninsula, it seems that good efforts
are being done to reduce the levels of industrial and household pollution (Table 4). In spite of
this, Table 4 shows that APEOs exist in amounts that are still approximately one hundred fold
higher than those recommended by the European legislation. These observations may be due
to the presence of several textile industries and also large agricultural fields located near the
sampling areas (Table 4); it should be noticed that several pesticide formulations use APEOs
as dispersants. However, since similar amounts of APEOs were found in the Spanish and Greek
waters [68, 69] it is possible that these EDCs are still being used, and therefore constitute a
global problem of coastal areas.

EDC Sampling area Concentration (ng/L) References
Lima River estuary and Atlantic coast of Viana-Castelo 19 - 357 [64]
Ave River estuary and Atlantic coast of Vila-Conde 79 - 5218 [61]
Lega River estuary and Atlantic coast of Porto 30.6 - 624 [65]
Douro River estuary <80 - 10,700 [63]
Douro River estuary and Atlantic coast of Porto 204 - 314.0 [62]
Mondego River estuary <6.6 - 880 [66]
Mondego River and its estuary 85 - 184.6 [67]

BA Tagus River estuary =13 - =320 Unpublished
Sado River estuary 73 - 28 [103]
Sado River estuary 122 - 289 [59]
Mira River and its estuary =7 - =360 Unpublished
Ria Formosa 65 - 717 [60]
Portuguese rivers and estuaries 200 - 4,000 [83]
Portuguese rivers and estuaries 0.2 - 5,000 [84]

4-OpP Lima River estuary and Atlantic coast of Viana-Castelo 62 - 86.5 [64]
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EDC Sampling area Concentration (ng/L) References
Ave River estuary and Atlantic coast of Vila-Conde 06 - 83 [61]
Leca River estuary and Atlantic coast of Porto 27.0 - 68.3 [65]
Douro River estuary and Atlantic coast of Porto < 35 [62]
Mondego River and its estuary 0.7 - 1,279 [67]
Tagus River and its estuary =6 - =150 Unpublished
Sado River estuary 28 - 278 [59]
Mira River and its estuary =6 - =28 Unpublished
Ria Formosa 35 - 85 [60]
Portuguese rivers and estuaries 0.1 - 30,000 [84]
Lima River estuary and Atlantic coast of Viana-Castelo 5.7 - 105.0 [64]
Ave River estuary and Atlantic coast of Vila-Conde 1.3 - 254 [61]
Leca River estuary and Atlantic coast of Porto 79 - 60.0 [65]
Douro River estuary and Atlantic coast of Porto 51 - 306 [62]
4-t-OP Mondego River and its estuary 30 - 27,502 [67]
Tagus River and its estuary =2 - =71 Unpublished
Sado River and its estuary 114 - 220 [59]
Mira River and its estuary =4 - =27 Unpublished
Ria Formosa 43 - 409 [60]
Lima River estuary and Atlantic coast of V. Castelo 30 - 354 [64]
Ave River estuary and Atlantic coast of V. Conde 03 - 16.8 [61]
Leca River estuary and Atlantic coast of Porto (north) 28.8 - 63.5 [65]
Douro River estuary and Atlantic coast of Porto 33 - 116.0 [62]
4-n-NP  Mondego River and its estuary 20.8 - 2,770 [67]
Tagus River and its estuary =1 - =41 Unpublished
Sado River estuary 26 - 273 [59]
Mira River and its estuary =2 - =33 Unpublished
Ria Formosa 34 - 146 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 39 - 649.8 [64]
Ave River estuary and Atlantic coast of Vila-Conde 433 - 1549 [61]
Douro River estuary and Atlantic coast of Porto 882 - 170.0 [62]
Mondego River and its estuary 80.6 - 1,003 [67]
Tagus River and its estuary =200 - =1,600 Unpublished
NP Sado River estuary 129.2 - 2399 [59]
Mira River and its estuary =52 - =289 Unpublished
Ria Formosa 122 - 546.6 [60]
Portuguese rivers and estuaries 200 - 30,000 [83]
Portuguese rivers and estuaries 0.3 - 25,000 [84]
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EDC Sampling area Concentration (ng/L) References
Lima River estuary and Atlantic coast of Viana-Castelo 8.8 - 125.0 [64]
Ave River estuary and Atlantic coast of Vila-Conde 23 - 317 [61]
Lega River estuary and Atlantic coast of Porto 20.8 - 729 [65]
Douro River estuary and Atlantic coast of Porto 33.0 - 60.0 [62]
OP.EO Mondego River and its estuary 10.7 - 2,337 [67]
Tagus River and its estuary =6 - =142 Unpublished
Sado River estuary 13.0 - 1094 [59]
Mira River and its estuary =9 - =63 Unpublished
Ria Formosa 69 - 356 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 215 - 374.0 [64]
Ave River estuary and Atlantic coast of Vila-Conde 441 - 208.7 [61]
Leca River estuary and Atlantic coast of Porto 29.7 - 2132 [65]
Douro River estuary and Atlantic coast of Porto 100.0 - 424.0 [62]
OP,EO Mondego River and its estuary 215 - 2,330 [67]
Tagus River and its estuary =4 - =67 Unpublished
Sado River and its estuary 60.0 - 384.2 [59]
Mira River and its estuary =4 - =43 Unpublished
Ria Formosa 46.5 - 182.1 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 449 - 259.1 [64]
Ave River estuary and Atlantic coast of Vila-Conde 299 - 2278 [61]
Leca River estuary and Atlantic coast of Porto 1156 - 9233 [65]
Douro River estuary and Atlantic coast of Porto 101.0 - 354.0 [62]
NP,EO  Mondego River and its estuary 954 - 7,79 [67]
Tagus River and its estuary =15 - =340 Unpublished
Sado River and its estuary 60.0 - 3114 [59]
Mira River and its estuary =14 - =816 Unpublished
Ria Formosa 414 - 2789 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 473 - 467.0 [64]
Ave River estuary and Atlantic coast of Vila-Conde 142.6 - 750.6 [61]
Leca River estuary and Atlantic coast of Porto 7231 - 2,132 [65]
Douro River estuary and Atlantic coast of Porto 212.0 - 1,148 [62]
NP,EO Mondego River and its estuary 1185 - 18,327 [67]
Tagus River and its estuary ~40 - =300 Unpublished
Sado River and its estuary 167.0 - 1,096 [59]
Mira River and its estuary =111 - =3,600 Unpublished
Ria Formosa 491 - 779.7 [60]

Table 4. Concentrations (minimum-maximum) of industrial and household products in Portuguese surface waters.
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2.3. Naturally occurring compounds present in plants

2.3.1. Phytoestrogens, characteristics and their environmental origin

Accordingly to the U.S. Food Standards Agency [104], phytoestrogens are "any compound of
vegetable origin, or their(s) metabolite(s) with structural similarities to E,, which results in
their ability to mimic or block the action of the endogenous sexual hormone in Man". Phy-
toestrogens fall into two classes: (i) flavonoids; and (ii) non-flavonoids. The flavonoids are
subdivided into the three subclasses: (i) isoflavones (Figure 5); (ii) coumestans; and (ii)
prenylflavonoids. The non-flavonoids include the lignans [104].

Isoflavone Chemical structure Origin
OH
OH O
Daizein
(DAID) O ]
HO O
o OH Natural: Leachates from
L. the decomposition of
Genistein (GEN) | vascular plants (either
HO o living in the margins or in

the waters of rivers,
estuaries or coastal areas)

OCH:
OH O 8 [14, 15].
Biochanin A
(BIO-A) O | Industrial: Debris from
HO 1o) industrial processes [105].

H

o OCHj3

Formononetin
(FORM) O ]

HO (@)

Figure 5. Phytoestrogens with potential oestrogenic activity.

In this Chapter it is focused the group of isoflavones, which include compounds such as
daidzein (DAID), genistein (GEN), biochanin A (BIO-A) and formononetin (FORM), due to
their structural resemblance with E,. Although not steroids, isoflavones exhibit high affinity
for oestrogen receptors. In fact, both in vivo and in vitro studies have demonstrated their ability
to induce abnormal liver synthesis of vitellogenin in male goldfish (Carassius auratus) and in
rainbow trout (O. mykiss) [106-108], and the triggering of hermaphroditism in fish, such as the
Japanese medaka (O. latipes) exposed to 1,000 ug/L of GEN [15]. Thus, although these com-
pounds have not been included yet in the list of substances under the supervision by the WED,
but because their global levels in superficial waters can easily reach levels 1,000 times higher
than those of E,, i.e., in the order of ug/L or even mg/L, it is plausible to think that phytoes-
trogens may induce effects equivalent to those described for E, in spite of having a much lower
potency [109]. Despite this, there are not many studies dedicated to the evaluation of these
EDCs in surface waters. Also, little information exists about their origins and persistence.
Presently, the main source of phytoestrogens in the aquatic environment is attributed either



Estrogenic Compounds in Estuarine and Coastal Water Environments of the Iberian Western Atlantic Coast...
http://dx.doi.org/10.5772/59885

to the presence of the seagrass Zostera noltii, and/or to the leaching from the margins where
plants rich in these compounds may exist, e.g., Typha spp., Phragmites communis, Juncus
acutus, Fuirena pubescens, Carex riparia and Carex hispida, Cladium mariscus, Callitriche stagnalis
and Potamogeton spp., Trifolium spp. and Papilionaceae [110-112].

Other equally important source of phytoestrogens in surface waters is their disposal as a result
of industrial processes — especially in food processing industries and paper mills [105]. So, as
the water levels of these compounds can quickly mount up to mg/L, it is possible that they
exert in the wilderness the disruptive biological effects attributed to them [112-114]. Nonethe-
less, if the levels of these EDCs do not surpass ng/L and, in the absence of other potentially
stressful compounds, it is most likely that phytoestrogens are harmless [115].

2.3.2. Phytoestrogens in surface waters

Comparatively to the other EDCs, the evaluation of phytoestrogens in aquatic environments,
particularly in surface waters of estuaries or rivers, in less studied than the other EDCs referred
in this Chapter. This is an important gap in the current knowledge since one the possible origins
of these compounds is the natural aquatic flora, which generally is very developed in areas
where the organic load is high and prone for eutrophication [116], which is a banal occurrence
worldwide. In Table 5 it is shown a collection of studies done in several continents, and the
data reveal that the highest concentrations of DAID (42,900 ng/L) and GEN (143,000 n/L) were
found in Asia, in the Japanese Kanzaki River. In contrast, the highest amounts of FORM (157
ng/L) and BIO-A (59.4 ng/L) were measured in Europe, at various locations in Switzerland.

EDC Sampling area Concentration (ng/L) References
Tiber River, Italy 20 - 30 [44]
Glatt, Toss, Swiss Midlands, Switzerland ND - 315 [117]
Surface waters, Switzerland Detected [118]
Drainage waters, Switzerland 50 - 30 [118]
Rhine River, Germany < 10 [119]
Several rivers, lowa, USA 105 - 41 [120]
Lake Vadnais and Metro Plant effluent channel, USA 1.6 - 18 [115]

DAID Straight Lake, USA ND [115]
Several Rivers, Brazil 362 - 276 [121]
Waters from Mullet Creek, Australia 30 - 70 [122]
Macquarie Rivulet River, Australia 14 - 33 122]

Mullet Creek water, Australia 20 - 12 122]
Toolijooa surface dam (water), Australia ND - 120 122]
Kanzaki River, Japan LOD - 42,900 123]

[
[
[
[
Zhangcun River, China ND - 1,490 [124]
[44
[
[
[
[

Tiber River, Italy 40 - 70
Glatt, Toss, Swiss Midlands, Switzerland ND - 242
GEN Surface waters, Switzerland ND

=

Drainage waters, Switzerland Detected - 14

Several rivers, lowa, USA ND - 8.0 120]
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EDC Sampling area Concentration (ng/L) References
Waters from Upper Midwest (USA) 14 - 16 [115]
Straight Lake, USA ND [115]
Several Rivers, Brazil 396 - 336 [122]
Waters from Mullet Creek, Australia ND - 1.0 [122]
Macquarie Rivulet River, Australia 1.0 - 80 [122]
Toolijooa surface dam (water), Australia 1.0 - 20 [122]
Yeongsan and Seomjin Rivers, Korea ND - 07 [93]
Salut, Malaysia ND [93]
Khong River, Thailand ND [93]
Long Xuyen city, Vietham 15 - 24 [93]
Siem Reap, Cambodia 44 [93]
Fenhe, China 36 - 50 [93]
Zhangcun River, China ND - 2,650 [124]
Kanzaki River (Japan) LOD - 143,000 [123]
Tiber River, Ttaly ND [44]
Glatt, Toss, Swiss Midlands, Switzerland ND - 217 [117]
Surface waters, Switzerland Detected - 21 [118]
Drainage waters, Switzerland 44 - 157 [118]

FORM Several rivers, lowa, USA 53 - 135 [120]
Straight Lake, USA ND [115]
Lake Vadnais, USA 09 - 11 [115]
Macquarie Rivulet River, Australia ND - 20 [122]
Waters from Mullet Creek, Australia ND - 1.0 [122]
Toolijooa surface dam (water), Australia ND - 35 [122]
Tiber River, Italy 1.0 - 3.0 [44]
Glatt, Toss, Swiss Midlands, Switzerland ND - 594 [117]
Surface waters, Switzerland Detected - 12 [118]
Drainage waters, Switzerland 7 - 22 [118]

BIO-A Several rivers, lowa, USA 1.7 - 56 [120]
Lake Vadnais and Metro Plant effluent channel, USA ND - 11 [115]
Straight Lake, USA ND [115]
Waters from Mullet Creek, Australia ND - 0.1 [122]
Macquarie Rivulet River, Australia ND - 1.0 [122]
Toolijooa surface dam (water), Australia ND - 40 [122]

ND: Not Detected. LOD: Limit of Detection.

Table 5. Concentrations (minimum-maximum) of phytoestrogens in surface waters worldwide.

2.3.3. Phytoestrogens in Portuguese surface waters

Concerning the Iberian peninsula west Atlantic coast, it was found that surface waters from
the Rivers Douro (ca., 19 pg/L BIO-A), Mondego (ca., 5.5 ug/L of FORM and 12 ug/L DAID)
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and Tagus (ca., from 10 p/L) were those holding the higher amounts of phytoestrogens (Table
6). As in these habitats there were occasions when the concentrations of the isoflavones were

more than 1,000 times higher than those measured for oestrogens (mainly in spring and
summer), it is supposed that those compounds may contribute significantly to endocrine
disrupting phenomena occurring in those ecosystems. So, although the phytoestrogens are

much less active than oestrogens (E,) their very high concentrations make them worth studying

and relevant in monitoring programs.

EDC Sampling area Concentration (ng/L) References
Lima River estuary and Atlantic coast of Viana-Castelo 29 - 785 [64]
Ave River estuary and Atlantic coast of Vila-Conde 77 - 743 [61]
Douro River estuary <10 - 888 [62]
Douro River estuary and Atlantic coast of Porto 6.7 - 242 [63]
Mondego River estuary <8.0 - 526 [66]
DAID Mondego River and its estuary 529 - 11,945 [67]
Tagus River estuary =4 - =20 Unpublished
Sado River estuary 84 - 160 [103]
Sado River and its estuary 34 - 323 [59]
Mira River and its estuary =5 - =40 Unpublished
Ria Formosa 46 - 140 [60]
Lima River estuary and Atlantic coast of Viana- Castelo 185 - 120.3 [64]
Ave River estuary and Atlantic coast of Vila-Conde 36.6 - 682.3 [61]
Douro River estuary <32 - 197 [62]
Douro River estuary and Atlantic coast of Porto 16.6 - 137.8 [63]
Mondego River estuary <26 - 507 [66]
GEN Mondego River and its estuary 1279 - 5,093 [67]
Tagus River and its estuary =5 - =4,500 Unpublished
Sado River and its estuary 8.6 - 100 [103]
Sado River and its estuary 245 - 1134 [59]
Mira River and its estuary =3 - =47 Unpublished
Ria Formosa 404.8 - 1,158 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 90.0 - 801.0 [64]
Ave River estuary and Atlantic coast of Vila-Conde 83.0 - 3623 [61]
Douro River estuary and Atlantic coast of Porto 68 - 341 [63]
FORM Mondego River and its estuary 258 - 5495 [67]
Tagus River and its estuary =3 - = Unpublished
Sado River and its estuary 4234 - 2,605 [59]
Mira River and its estuary =3 - =91 Unpublished
Ria Formosa 186.3 - 1,041 [60]
Lima River estuary and Atlantic coast of Viana-Castelo 235 - 350.0 [64]
BIO-A Ave River estuary and Atlantic coast of Vila-Conde 99.0 - 398.1 [61]
Douro River estuary <12 - 191 [62]
Douro River estuary and Atlantic coast of Porto 7284 - 19,091 [63]
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EDC Sampling area Concentration (ng/L) References
Mondego River estuary <84 - 60 [66]
Mondego River and its estuary 50.1 - 590.0 [67]
Tagus River and its estuary =6 - =85 Unpublished
Sado River and its estuary 10 - 30 [103]
BIO-A Sado River and its estuary 130.8 - 8445 [59]
Mira River and its estuary =5 - =460 Unpublished
Ria Formosa 912 - 2614 [60]

Table 6. Concentrations (minimum-maximum) of phytoestrogens measured in Portuguese surface waters.

3. Individual compounds versus total estrogenic load and its endocrine
disruption potential

To better understand and predict the effect of the measured concentrations of all EDCs
compiled in this Chapter, in terms of action strength and consequent endocrine disrupting
effects, the oestrogenic potency of each compound was estimated relative to that of the
standard reference oestrogen, the EE,, the most potent environmental oestrogen at this date.
Thus, the average levels of each analysed EDC at every studied area in the west of the Iberian
Peninsula were all converted in EE, equivalents (EE,,,). The use of these units facilitates the
interpretation of the data. The EL,,, estimates of the estrogenic potential of the sixteen EDCs
referred in this Chapter followed the next formula [125]:

EE,,=CxF

Here, C concerns to the measured concentration of a given EDC and F refers to the EE,
equivalency factor, as determined from in vitro assays [125]. Although this type of interpreta-
tion is very useful, the C may vary with the assay and it does not exempt the in vivo testing.

Interpreting the results presented here, in light of that normalization, and joining the EDCs by
groups (i.e., oestrogens, APs + BPA, APEOs and phytoestrogens) it can be deduced that before
2005 the Portuguese surface waters taken from the rivers Douro, Mondego and Sado exhibited
values of EE,,, that "hovered" between 24 and 198 ng/L, being the Douro River estuary the
habitat with the highest oestrogen load (Table 7). After 2005, possibly due to the application
of some of the regulations proposed by WEFD, it was observed a significant decrease of the
EE, in the Douro River estuary surface waters, which displayed values that stand in 12
ng/L, even considering a larger spectrum of analysed EDCs. For the Mondego and Sado Rivers
it is also observed that even analysing almost the twice number of EDCs, the data obtained
from surface waters in 2005 [66, 103] had similar EE,,, (24 ng/L) than those observed in waters
from the same sampling areas in 2010-2011. Besides, from the analysis of Table 7 it is also
possible to observe which group of compounds contribute the most to the final values of EE,,,
Thus, it is concluded that by order of importance the compounds that contribute the most for
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the EE,,, values in the Portuguese surface waters were: (i) oestrogens; (ii) phytoestrogens; (iii)
APs+BPA; and (iv) APEOs. So, both oestrogens and phytoestrogens are important "key points"
to consider when the purpose of achieving good water quality by 2015 is the main goal of the
European Environment Agency (EEA). Overall, it is proposed herein that an improvement of
the sewerage system could surely promote reduction of the concentration of oestrogens and
eutrophication. In addition, it is also suggested that the authorities should equate ways to
reduce impacts caused by the use of products containing APEOs, e.g., by regulating their
imports.

. EE,,, (ng/L) Total
Sampling areas

Oestrogens APs+BPA APEOs  Phytoestrogens (ng/L)
Lima River [64] 18 0.5 0.000 13 32
Ave River [61] 9.0 0.4 0.001 12 22
Lega River [65] 10 0.01 0.000 NA 10
Douro River [63] 192 0.25 NA 5.1 198
Douro River [62] 9.0 0.45 0.002 2.9 12
Mondego River [66] 16 0.04 NA 9.0° 25
Mondego River [67] 12 2.0 0.004 58 72
Tagus River Unpublished =11 =1 =0 =43 55
Sado River [103] 16 0.005 NA 8.7 25
Sado River [59] 9.2 0.6 0.001 12 22
Mira River Unpublished =52 =1 =0 = 54
Ria Formosa [60] 24 0.8 0.001 28 52

Data not available (NA) or (') summations containing different number of analysed EDCs.

Table 7. Estimation of the estrogenic potential of several Portuguese surface waters.

4. Status of waters in the European Union and in Portugal

Since the beginning of the implementation of the WFD, the EC was aware that it would not be
an easy task to attain the proposed quality goals stated in all EU member states within a limited
period of time — 15 years [3]. Therefore, although strict targets ought to be accomplished in
all states, it was considered some temporal flexibility to completely achieve the main goals, as
it was considered that each nation has its own environmental (and social) characteristics. In
this vein, a 2007 report from the EC revealed that nineteen EU states still showed significant
weaknesses in the implementation of the WFD and, called attention to the risk of the purposes
set for 2015 may not be met. Therefore, in order to coerce the accomplishment of the WFD
requirements, the EC appointed the EEA as a periodic gauge which role has been the evaluation
of the water quality in each country that assumed to apply the WFD. In this context, during
the last evaluation by the EEA, Portugal was identified as having not yet implemented a plan
for the management of all national watersheds (Judgment from 21 June 2012 in Case C-223/11,
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Portugal) [126]. As this task was considered essential for the implementation of various articles
defined in the WFD, including the Article 8 that aims the implementation of standards for
water monitoring, Portugal together with others (Spain, Greece and Luxembourg) were
condemned by the Court of Justice of the European Community. Besides this occurrence, in
2013 the WFD published a list of other, most common, defaults recorded in many states [127]:
(i) existence of severe gaps in the levels of chemical pollutants from anthropogenic origins in
surface waters; (if) 60% of groundwater resources in cities were over-exploitation; (iii) 25% of
the groundwater was polluted; (iv) 47% of the surface waters showed bad ecological status;
and (v) 50% of the wetlands showed extinction risks of indigenous species. Considering the
first item of this list, it is demonstrated the need of implement chemical monitoring programs
for all states involved in the implementation of the WFD. As a corollary, we do emphasize
herein the relevance of the regular chemical monitoring and the implementation of strategies
for reducing the levels of the EDCs referred in this Chapter.

5. Impact of natural and xenoestrogenic compounds in human health

Estimating with certainty the contribution of aquatic environmental pollution — namely by
the above mentioned EDCs — to the burden of disease in humans is extremely difficult and
consequently quite polemic [10, 128]. This fact comes from the difficulty to measure and link
exposures with the health disorders that may occur in humans, as these are not in regular
contact with “oestrogenic waters” as aquatic animals. However, the consumption of contami-
nated drinking water and/or seafood together with some other sporadic contact between
humans and contaminated waters, e.g., during recreational activities either in sea or fluvial
beaches [60, 64], may change some preconception about this issue. In fact, and despite the
confounding variables, recent studies have linked the presence of environmental natural
oestrogens, phytoestrogens and xenoestrogens with the development of a range of disorders
that go from immune deficiencies, birth defects, chronic endocrine diseases to cancer (Table 8).

During the last decade researchers devoted to both environmental health and human oncology
have shown an increasing interest in the environmental impacts of EDCs over human health
as the chemical structures of some of these chemicals, namely those refereed in this work,
resemble that of E, which is a molecule that evolution maintained conserved amongst different
species [10]. This means that, alike fishes and other aquatic animals, the distribution of
oestrogen receptors in mammalian/human tissues is so wide that the presence of these EDCs
are able to interfere with the orchestration of an important number of pathways, some of which,
are close related with the development of cancer [129-132]. Besides, in both fish and mammals
high levels of oestrogens induce the production of reactive oxygen species causing hypome-
thylation and microsatellite instability [133, 134]; these phenomena, which is an early step in
the process of carcinogenesis, cause DNA adducts and other genetic damages, seen, e.g., by
the emergence of micronuclei, a fact that was observed by our group in fish caught in areas
described here as having high estrogenic loads [135].
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EDCs Human health disorders References

Immune deficiencies [23, 24]
Opvarian Cancer [136]

E, E, and EE,
Cancer in children and adolescent [137]
Abnormal prostate development [138]
Breast Cancer [10, 139]
Human reproduction [140]
Reproductive development [141]

BPA and APs
Premature puberty and endometriosis development [142]
Fetal development [143]
Defects in human male germ cells [144]
Breast cancer [145]
Hypospadias [146]

Phytoestrogens Puberty disorders [147]

Masculine infertility [148]
Endocrine modulation [149, 150]

Table 8. Examples of some disorders promoted by the EDCs focused in this Chapter.

Some epidemiologic studies also support the correlation between oestrogenic EDCs and cancer
as, it was found that in Europe childhood cancer incidence is having an annual increase of 1%
[137]. This worrying result it is also associated with a rising trend of other cancer types such
as the soft tissue sarcoma, brain tumours, germ-cell tumours, lymphomas, renal cancers,
leukaemia, breast cancer and lung cancer in women [10, 151, 152]. These occurrences are much
preoccupant and alert all society to the possible risk that these compounds can pose for public
health.

6. Conclusion and perspectives

As demonstrated in this Chapter, with regard to the xenobiotics that can act as oestrogens there
is still much to do in both Portugal and other countries in order to reduce this type of chemical
pollution in the surface waters from rivers, estuaries and coastal areas. Thus it would be very
useful to conceive national monitoring plans, coordinated in time and space (location of the
areas under evaluation), using not only chemical methods but also biological tools (e.g., via
the usage of biomarkers). This type of plans, involving and networking public and private
agents, would make it possible to assess risks and if measures of prevention and remediation
that are being promoted on the ground produce, the desired effects, namely as required by the
implementation of the WFD. With regard to research activities done in the west Iberian
Peninsula, we seek to continue developing projects that allow the diagnosis of the aquatic
systems, not only focusing the attention in the type of EDCs discussed here but also in others
judged relevant, such as emerging pharmaceutical compounds, PAHs, PCBs and pesticides —
some data are already published concerning these compounds [153-159]. Introduction of
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passive sampling methods should be pursued too, to get time-integrated characterizations. In
parallel, we also view as utterly important to contribute with knowledge about the mechanisms
of action that underlie the disruptive effects in aquatic organisms, as illustrated in works we
co-authored [160-169]. At last, it is very relevant to reinforce the efforts to investigate cause-
effect associations related with potential long term risks of drinking (inc. tape) waters conta-
minated with estrogenic compounds, both by monitoring the types and quantities of
compounds [170] and by epidemiological approaches [171].
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1. Introduction

Pesticides constitute any substance or mixture of substances intended for preventing, destroy-
ing, repelling, or mitigating any pest. They can also serve as plant regulators, defoliants, or
dessicants [1].

Chemicals have long been used to control pests. Sumerians already employed sulfur com-
pounds to control insects and mites 4500 years ago. Pyrethrum, a compound derived from the
dried flowers of Chrysanthemum cinerariaefolium, has been applied as an insecticide for over
2000 years. Salt or sea water has been used to control weeds. Inorganic substances, such as
sodium chlorate and sulfuric acid, or organic chemicals derived from natural sources were
widely employed in pest control until the 1940s [2].

During World War II (1939-1945), the development of pesticides increased, because it was
urgent to enhance food production and to find potential chemical warfare agents [3]. Conse-
quently, the1940s witnessed a marked growth in synthetic pesticides like DDT, aldrin, dieldrin,
endrin, parathion, and 2,4-D. In the 1950s, the application of pesticides in agriculture was
considered advantageous, and no concern about the potential risks of these chemicals to the
environment and the human health existed [2].

In 1962, Rachel Carson published the book “Silent Spring”, in which she mentioned problems
that could arise from the indiscriminate use of pesticides. This book inspired widespread
concern about the impact of pesticides on the human health and the environment. In 1967,
Ratcliffe [4] noted increased incidence of raptor nests with broken eggs in the United Kingdom.
This author showed that the sharp decline in eggshell thickness coincided with the beginning
of the widespread use of DDT in agriculture (1945-1946). In the 1970s, pest resistance emerged
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which, combined with influence of the book “Silent Spring”, and accumulated evidence on the
effects of pesticides, culminated in banning of the use of DDT in the United States in 1972.
Thereafter, other countries discontinued the use of DDT, as well [5].

The 1970s and 1980s saw the introduction of more selective pesticides. In the 1990s, research
activities concentrated on finding new members of existing pesticides that were even more
selective. Besides, pesticides with new chemical groups emerged. During this period, safer
chemicals arose. In addition, Integrated Pest Management (IPM) systems, came into play —
these systems used crop production methods that attracted predators or parasites that attacked
pests and timed pesticide applications to coincide with the most susceptible period of the pest’s
life cycle, thereby reducing the amount of applied pesticides [2].

However, IPM or related methods did not eliminate the need for pesticides. These chemicals
ensure the production of adequate quantities of high quality pest-free crops, which is impor-
tant for food supply, prevents human diseases transmitted by insect or rodent vectors, and
positively impacts public health [6].

The best pesticide policies need to reconcile environmental concerns with economic realities
— pest management is mandatory, and farmers must survive economically. A number of
studies have described the problems that not using pesticides would cause. Without pesticides,
food production would be lower, and larger cultivated farm areas would be necessary to
produce the same amount of food, which would impact the wildlife habitat. More frequent
cultivation of the fields would be increase soil loss due to erosion, too. Knutson et al. [7] have
pictured the U.S. society without pesticides: agricultural production would decrease, food
prices would rise, farmers would be less competitive in global markets, and U.S. exports would
drop, leading to many job losses [8].

Despite their benefits, pesticides can be hazardous to both humans and the environment.
Countless chemicals are environmentally stable, prone to bioaccumulation, and toxic [6].
Because some pesticides can persist in the environment, they can remain there for years.
Environmental contamination or occupational use can expose the general population to
pesticides residues, including physical and biological degradation products present in the air,
water, and food [9].

Less than 1% of the total amount of pesticides applied for weed and pest control reach the
target pests. A large quantity of pesticides is lost via spray drift, off-target deposition, run-off,
and photodegradation, for instance, which can have undesirable effects on some species,
communities, or ecosystems as a whole, as well as on the humans [10]. Another relevant factor
is that low concentrations of many chemicals may not elicit acute detectable effects in organ-
isms, but they may induce other damage, like genetic disorders and physiological alterations,
which reduce life span in the long run [11].

There are various ways to group pesticides, including classification based on the pests they
control. Some example, insecticides combat insect growth or survival, herbicides act against
plants, weeds, and grasses, rodenticides tight against rats and other rodents, avicides act
against bird populations, fungicides attack fungi, and nematicides combat nematodes [12]. The



Impact of Pesticides on Environmental and Human Health
http://dx.doi.org/10.5772/59710

global pesticide market divided according to the type of pesticide is as follows: 42.48%
herbicides, 25.57% insecticides, 24.19% fungicides, and 7.76% other types of pesticides [13].

Pesticides grouping can also rely on their chemical structure. Organophosphorus (chlorpyrifos
and diazinon), carbamates (carbaryl and aldicarb), organochlorine (DDT and aldrin), pyreth-
rins and pyrethroids (cyfluthrin and cypermethrin), benzoic acids (dicamba), triazines
(atrazine and simazine), phenoxyacetic derivatives (2,4-D), dipyridyl derivatives (diquat and
paraquat), glycine derivatives (glyphosate), and dithiocarbamates (maneb and ziram) [12].

Pesticides that bear similar chemical structures exhibit similar mechanism of toxicity and
physicochemical properties, as well as comparable fate and transport properties. This chapter
will deal with pesticides according to their chemical group. Pesticides belonging to different
chemical classes but which have similar toxic effects, such as the ability to induce oxidative
stress and act as endocrine disrupters will be treated as well.

2. Physical and chemical properties and stages of intoxication

2.1. Organophosphorus

Organic compounds containing phosphorus, the so called organophosphorus compounds
(OP), have found application as pesticides and war gases since their synthesis, in 1937 [14]. OP
contain carbon and derive from phosphorous acid. Their primary structure may vary depend-
ing on whether they bear sulfur (S) or oxygen (O) double binds. X is a group of the general
structure that separates when the compound binds to acetylcholinesterase (AChE). On the
basis of the variations in their general structure, it is possible to subdivide these compounds
into phosphates, phosphorothioates, phosphoramidates, and phosphonate, for example. The
structural difference between these compounds results in peculiar characteristics regarding
OP metabolism and toxicity. Some representatives of this class of pesticides are Diazinon,
Malathion, and Paration [15].

The skin, conjunctiva, gastrointestinal tract, and lungs rapidly absorb most OP compounds.
Cytochrome P,5, isozymes metabolize these chemicals in the liver, which sometimes gener-
ates metabolites that are more toxic than the parent compounds [16]. One example is the oxon
form, which may bind to cholinesterase or undergo hydrolysis to a dialkyl phosphate and a
hydrolyzed organic moiety specific to the pesticide [14]. Most OP are polar and hence water
soluble. Their metabolites arise 12 to 48 h after exposure. However, a few compounds, such as
dichlofenthion, possess high partition coefficients, which culminates in long-lasting symp-
toms [17].

These pesticides can reversibly or irreversibly stablish covalent bonds with the serine residue
in the active site of acetyl cholinesterase, to prevent the natural function of this enzyme in the
catabolism of neurotransmitters [14]. The formation of complexes between acetylcholinester-
ase enzymes and organophosphates leads to phosphorylation and deactivation, and the
neurotransmitter acetylcholine consequently accumulates in the synaptic cleft. The accumu-
lation of large amounts of acetylcholine stimulates and exhausts cholinergic synapses due to
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the excessive cholinergic activity produced by these agents [18]. The cholinesterase-bound
phosphate group can lose the o,0-dialkyl groups or undergo hydrolysis, to regenerate the
active enzyme. This process occurs not only in insects, but also in humans and the wildlife [14].

The main symptoms of pesticides intoxication can be differentiated into syndromes like the
muscarinic syndrome, in which the action of acetylcholine on the smooth muscle, heart, and
exocrine glands increases bronchial secretion, tearing, and sweating; disrupts the gastrointes-
tinal tone to cause nausea, vomiting, and diarrhea; and elicits urinary incontinence, broncho-
spasm, miosis, and bradycardia. Another example is the nicotine syndrome, in which
acetylcholine accumulates at the motor nerve endings in the autonomic ganglia and causes
tremors, spasms, hypertonicity, hyperreflexia, paralysis, or muscle weakness and stimulates
the sympathetic autonomic ganglia, to promote tachycardia, pallor, hyperglycemia, and
hypertension. Additional effects on the central nervous system (CNS) include anxiety,
headache, dizziness, ataxia, sleep and memory disorders seizures, tremors, respiratory
depression, and coma. Some OP still have teratogenic potential and mutagenic effects.
Laboratory diagnosis of this syndrome involves determination of cholinesterase activity [19].

To treat poisoning with OP, it is necessary to maintain vital functions and assess cholinesterase
levels in the red cells and pseudocholinesterase levels in the plasma, before therapy. It is
important to avoid the use of parasympathomimetic agents, which may increase the anticho-
linesterase activity. Treatment should start with atropine, which acts as a competitive mus-
carinic anticholinergic agent, together with pralidoxime, until complete control of the
symptoms. After atropinization, administration of furosemide prevents pulmonary conges-
tion, whereas administration of benzodiazepines controls seizures [20].

2.2. Carbamates

Carbamates insecticides produce clinical signs and symptoms of cholinergic excess that
resemble the signs elicited by organophosphate toxicity, except that the effects are more
reversible and less severe [14]. The mechanisms underlying carbamates poisoning involve
carbamylation of the active site of acetylcholinesterase, which inactivate this essential enzyme
in the nervous system of humans and other animal species [21]. The reaction of carbamates
with acetylcholinesterase is similar to the reaction of OP with the same enzyme. However,
reactivation of the carbamylated enzyme by hydrolysis is faster as compared with reactivation
of the phosphorylated enzyme, with reversal of inhibition typically occurring half an hour or
less after exposure [22]. Nevertheless, reports on cases of neuropathy after poisoning exist [23].

Organisms readily absorb carbamates through the lungs, gastrointestinal tract, and skin.
Fortunately, carbamates poorly penetrate the blood-brain barrier. Therefore, they affect brain
cholinesterases activity minimally and promote fewer CNS symptoms as compared with
organophosphates. In addition, the spontaneous in vivo hydrolysis of the carbamate-choli-
nesterase complex contributes to less severe and less enduring symptoms.

The main symptoms of carbamates intoxication are miosis, salivation, sweating, tearing,
rhinorrhea, behavioral change, abdominal pain, vomiting, diarrhea, urinary incontinence,
bronchospasm, dyspnea, hypoxemia, bradycardia, bronchial secretions, pulmonary edema,
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respiratory failure, drop in body temperature, incoordination, lip tingling, tremors, and
seizures. Less common symptoms include muscle spasms, twitching, muscle weakness
(including respiratory muscles), paralysis, tachycardia, and hypertension [24].

The treatment of carbamates intoxication includes maintenance of vital functions. It is crucial
to avoid the use of parasympathomimetic agents, because they may increase the anticholines-
terase activity. Treatment should start with atropine, followed by administration of furose-
mide, only if necessary. If poisoning is due to pure carbamates only, it is not necessary to
administrate pralidoxime, except in cases that these carbamates are associated with OPs [15].

2.3. Organochlorines

Organochlorine is used mainly as insecticides. Human body burden due to organochlorine
pesticides results from the universal presence of these contaminants in the environment. This
constitutes a major public health concern; indeed, organochlorines have been linked with
cancer, asthma, diabetes, and growth disorders in children [25]. Organochlorine pesticides
include cyclodienes, hexachlorocyclohexane isomers, and DDT and its analogues (e.g., DDE,
methoxyclor, and dicofol) [14].

Exposure to organochlorines occurs via ingestion of contaminated food or water, inhalation
of vapor, and absorption through the skin. Occupational and other domiciliary exposures are
also possible. Dietary exposure results in bioaccumulation of these chemicals in the human
body [26].

Organochlorines have similar structure — they all contain a cyclodiene ring. The lungs,
gastrointestinal tract, and skin can absorb all these compounds. In addition, although the
organism absorbs approximately 10% of the applied dose, lipid solvents increase dermal
penetration [15], thereby raising the risk of intoxication in the case of workers who apply these
products in crops without proper protective equipment.

The accumulation of organochlorine compounds is a result of their chemical structure and
their physical properties such as polarity and solubility. These fat-soluble compounds persist
in both the body and the environment. Consequently, researchers and regulatory agencies
have banned several organochlorines [14].

The main symptoms of organichlorines intoxication are dizziness, headache, anorexia, nausea,
vomiting, malaise, dermatitis, diarrhea, apprehension, excitement, irritability, gait disorders,
excessive sweating, altered reflexes, muscle weakness, tremors, spasms, mental confusion,
anxiety, seizures, coma, and death. The carcinogenicity of this class of compound is assigned
to polychlorocyclodiene compounds that form epoxides during their biotransformation.
Because organochlorines have long half-life, these levels in the serum constitute a marker of
exposure to these pesticides [15].

To treat organochlorines intoxication, it is necessary to maintain the vital functions, administer
diazepam and phenobarbital by slow injection, to control seizures, and to monitor the airways
closely. Lorazepam constitutes an alternative to diazepam. Ion exchange resins can also be
administered orally. Arrhythmias that damage the myocardium rarely occur. Lidocaine is the
treatment of choice [27].
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2.4. Pyrethrins and pyrethroids

Pyrethrins and pyrethroids function mainly as iseticides. Pyrethrins are natural compounds
originating from the plant Chrysanthemum cinerariaefolium. They comprise active agents
(pyrethrins I-VI), but pyrethrins I and II are the most active. These compounds decompose
rapidly in the presence of light, but synthetic production of pyrethroids around 1950 overcame
some disadvantages of natural pyrethrins [15].

Crude pyrethrum is a dermal and respiratory allergen, probably due it is to non-insecticidal
ingredients. Contact dermatitis and allergic respiratory reactions (rhinitis and asthma) have
occurred after exposure to this compound [28].

Both pyrethrins and pyrethroids bear an acid moiety, a central ester bond, and an alcohol
moiety in their structure. This class of compounds typically exists as stereoisomers (trans and
cis) for a total of eight different stereoenantiomers. In adittion, they comprise two main groups,
Type I and Type II, which bear a cyano group in the alpha position or not, respectively [29].

After absorption, rapid pyrethroids distribution occurs in the organism. Therein, these
compounds undergo biotransformation via two mechanisms: hydrolysis of the ester linkage
by carboxylesterases and oxidation of the alcohol moiety by cytochromes P, [30]. Pyrethroids
exert the same mechanism of action in insects and mammals. Both pyrethrins and pyrethroids
have insecticide potential because they can disrupt the muscular system and alter the normal
functioning of voltage-dependent sodium channels. Sodium channels play an important role
in the cell-to-cell communication, which is vital for the function of more excitable cells involved
in the action potential that the excitable cells can propagate in the CNS. Pyrethroids bind to
the a-subunit of the sodium channel that is left open for a longer time, to increase membrane
permeability to sodium. Consequently, these compounds cause paralysis, especially in flying
insects, known as knockdown. The specific interaction of pyrethroids with the sodium channel
shows both the activation and inactivation properties of the sodium channel, making the
hyperexcited cells [31]. After interaction of moderate levels of pyrethroids with the sodium
channel, the cell can continue to operate in an abnormal state of hyperexcitability. The
amplitude of the sodium current remains unchanged until the level of hyperexcitability
overwhelms the maintenance of the activity of the sodium channel. This culminates in
depolarization and blocks conduction of the action potential until the situation in the cell
becomes unsustainable [31].

The toxicodynamics of pyrethroids may also include other mechanisms such as antagonism
of gamma-aminobutyric acid (GABA), stimulation of chloride channels modulated by
protein kinase, modulation of nicotinic cholinergic transmission, increased release of
noradrenaline, and deregulation of calcium homeostasis. Authors have also proposed
that pyrethroids act on the voltage-sensitive chloride channels as well as on the voltage-
dependent calcium channels [31].

Diagnosis can be difficult because acute pyrethroid poisoning can be mistaken for OP intoxi-
cation. Pyrethroid poisoning symptoms are: tremors, spasms, incoordination, prostration,
drooling, irregular movements of the limbs, tonic and clonic convulsions, and hypersensitivity
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to stimuli. It can also cause skin irritation and tingling due to hyperactivity of cutaneous
sensory nerve fibers. Eye miosis also occurs due to exposure [32].

Because exposure to pyrethroids does not usually prompt systemic effects, most patients only
require decontamination of the skin and eyes, besides basic maintenance of the vital functions.
Paresthesia usually subsides within 12-24 h, which dismisses direct treatment. If severe skin
irritation occurs, application of DL-a-tocopherol acetate (Vitamin E) should alternate this
problem. Gastric lavage is discarded in case of ingestion, because solvents present in many
formulations may increase the risk of aspiration pneumonia. Ingestion of a potentially toxic
amount requires administration of activated charcoal within one hour of the event [32].

2.5. Triazines

Triazines are effective and inexpensive compounds that have found application as herbicides.
They combat a wide spectrum of weeds by inhibiting photosynthesis and the electron transport
chain in plants. Physiological and molecular changes due to accumulation of these compounds
in organisms remain unclear. Human exposure to triazines has been associated with carcino-
genicity and endocrine disruption, but these effects are still debatable [33]. The chemical
structures of triazine herbicides correspond to permutations of the alkyl substituted 2,4-
diamines of chlorotriazine [14].

After absorption, these compounds undergo conjugation with glutathione or simply dealky-
lation. The chlorine group of the triazine structure is replaced with the free-SH group of
glutathione, the terminal peptide is cleaved, and the cysteine moiety is N-acetylated. The
mercapturate residues and the dealkylation metabolites are subsequently excreted in the urine
[14]. Triazines have low acute oral and dermal toxicity. Chronic toxicity studies have primarily
indicated reduced body weight gain [16].

Atrazine is the often most studied triazine herbicide. Authors have investigated their carci-
nogenic potential in mice and rats. Tumor incidence did not augment in mice, whereas atrazine
appeared to increase the incidence of mammary carcinoma in Sprague-Dawley rats [34, 35].

Reports of human poisoning by this class of compounds are rare. When they happen, irritation
at the site of contamination such as the skin, eyes, nose, and TGI occurs. Triazines may be
carcinogenic and teratogenic, but there is still no evidence that this is really the case. Contam-
ination with atrazine may also cause sensory motor polyneuropathy [15, 33].

Because exposure to triazines usually causes local irritation, in most cases it is only necessary
to decontaminate the site exposed to the substance, besides offering basic life support [15].

2.6. Phenoxy derivatives

The structures of phenoxy derivatives bear an aliphatic carboxylic acid moiety attached to a
chloride or methyl-substituted aromatic ring. The commonest phenoxy herbicides are 2,4-
dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). A combi-
nation of these two herbicides in equal proportions affords Agent Orange, a product applied
in the jungles of Vietnam, Laos, and Cambodia during the Vietham War. Manufacture of
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phenoxy herbicides often requires co-formulation with ioxynil and/or bromoxynil, which are
generally more toxic than the herbicides. Moreover, other more toxic substances can emerge
during the fabrication of some of these herbicides at excessively high temperatures, such as at
chlorinated dibenzo dioxin and chlorinated dibenzo furan [36]. Because 2,4,5-T contains the
highly toxic and persistent 2,3,7,8-tetrachlorodibenzeno-p-dioxin along with other chlorinated
dioxins and furans, regulatory agencies have banned it for most applications [14].

Phenoxy salts and esters rapidly dissociate or hydrolyze in vivo, so the toxicity of the derivative
will depend mainly on the acid form of the pesticide. Individuals and species vary substantially
in terms of phenoxy herbicides elimination. The biological half-life of herbicides in humans
reportedly varies from 12 to 72 h [36], but long half-lives occur at large doses and after
prolonged exposure [28].

The gastrointestinal tract absorbs phenoxy derivatives. The lungs absorb them less, their
cutaneous absorption is minimal, and fat does not store them. Phenoxy derivatives
exhibit a variety of mechanisms of toxicity including dose-dependent cell membrane
damage, uncoupling of oxidative phosphorylation, and disruption of acetylcoenzyme A
metabolism [36]. Phenoxy acids and esters are moderately irritating to the skin, eyes,
and the respiratory, gastrointestinal, and mucous membranes. Their toxicity on the CNS
is dose-dependent. These derivatives disrupt the blood-brain barrier and the neuronal
membrane transport mechanisms, and damage to the intracellular membrane results in
uncoupling of oxidative phosphorylation [36]. In addition, prolonged inhalation of these
herbicides may cause burning sensation in the nasopharynx and dizziness. Some recent
studies have examined female exposure to herbicides and assessed effects such as
spontaneous abortion, birth defects, and infertility, among others [28].

Intoxication by this class of compounds is uncommon, but when they occur they can cause
serious sequelae. The main symptoms are nausea, dizziness, vomiting, burning in the mouth,
constipation, abdominal pain, numbness, diarrhea, gastrointestinal bleeding, gastrointestinal
fluid loss, vasodilation and/or direct toxicity due to grafting hypotension, ECG alterations like
ventricular or supraventricular tachycardia and, on rare occasions, sinus bradycardia. In more
severe cases, agitation, confusion, weakness, paralysis, coma, and death by ventricular
fibrillation can occur, and chances of survival are small. Other disrupted functions comprise
changes in the NCS [36]. Some compounds of this class (e.g., 2,4,5-T) can also produce
carcinogenic and teratogenic effects as well as hepatotoxicity. As for metabolic acidosis, clinical
signs such as hyperthermia (due to uncoupling of oxidative phosphorylation), renal failure,
increased aspartate aminotransferase and alanine and lactate dehydrogenase, thrombocyto-
penia, hemolytic anemia, and hypocalcemia activities can arise [36].

In general, treatment of phenoxy derivatives poisoning includes maintenance of the vital
functions. If the poisoning is due to ingestion, administration of activated charcoal is necessary
for adsorption of the compounds, provided that intoxication occurred within an hour. Systemic
poisoning calls for hemodialysis, but other effective purification methods exist, like alkalini-
zation of the urine flow and increase of urine volume to facilitate excretion. To control seizures,
administration of benzodiazepines is mandatory [36].
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2.7. Dipyridyl derivatives

The dipyridyl compounds paraquat and diquat are non-selective contact herbicides that have
found wide application in agriculture and industries. They help to control weeds. However,
these compounds are highly toxic and managing poisoning with these substances requires a
great skill and knowledge of proper management procedures [28].

Paraquat (1,1-dimethyl-4,4’-dipyridylium) is a dipyridylium quaternary ammonium com-
pound related to diquat and morfamquat. The latter product is the least toxic but also the least
effective herbicide [15]. Their biotransformation produces free radicals, with consequent lipid
peroxidation and cell injury [37].

Paraquat causes aggressive tissue damage in the lungs, kidney, and liver. The major target
organ of paraquat poisoning is the lung, which consists of the most lethal and the least treatable
manifestation of toxicity. Reactive oxygen species (ROS) play a crucial role in paraquat induced
pulmonary injury, characterized by edema hemorrhage and hypoxemia, as well as infiltration
of inflammatory cells [28, 38].

The other representative of this class is diquat (1,1’-ethylene-2,2"-bipyridilium), which causes
fewer poisoning events than paraquat, the reason why reports on human toxicity and animal
experimental data are less extensive for diquat than paraquat. The mechanisms of paraquat
and diquat toxicity are similar: radicals destroy lipid membranes. After absorption, diquat
does not selectively concentrate in the lung tissue, but it exerts severe toxic effects on the CNS,
an event that is not typical in the case of paraquat [28]. The kidney is the main excretory
pathway for absorbed diquat. Renal damage is therefore an important feature of diquat
poisoning [15, 28].

A very interesting action against poisoning by diquat and paraquat is the addition of an emetic
agent in their formulations, wherein the additive acts rapidly in the body and causes the
individual to regurgitate the pesticide before it performs its toxic action [38 - 40]. The main
poisoning symptoms are dehydration resulting from vomiting. The high oxidative stress
elicited by these herbicides causes necrosis in the gastrointestinal tract, kidney tubules, liver,
and lung; in the latter case, respiratory failure and pulmonary fibrosis may occur. Ingestion of
large amounts of these compounds leads to death within two to three weeks, a result of acute
renal failure, hepatitis, and especially respiratory failure caused by pulmonary inflammation
and fibrosis. In addition to the systemic effects, these compounds are very harmful to the skin
and may cause severe burns [38, 41].

The treatment of poisoning with dipyridyl derivatives includes maintenance of the vital
functions, minimization of the absorption of the compound more cathartic (activated charcoal),
acceleration of excretion (forced diuresis, hemodialysis, or hemoperfusion), abatement of the
effects on the affected tissue, and fluid replacement. Topical lesions should be treated with
topical silver sulfadiazine, combined with systemic antibiotics [41]. An addition method to
recognize paraquat poisoning is to test the urine with sodium dithionite [42].
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2.8. Glycine derivatives

Two representatives of this class are glyphosate (N-phosphonomethyl glycine) and glufosinate
(N-phosphonomethyl homoalanine), marketed primarily as the isopropylamine salt (glypho-
sate) or ammonium salt (glufosinate). Both substances are broad-spectrum nonselective
systemic herbicides with application in for post-emergent control of annual and perennial
plants. Although both compounds contain a P=O moiety, they are not organophosphates, but
organophosphonates, and they do not inhibit AChE [36].

Glyphosate, which contains phosphorus, is a herbicide used in 75% of all the genetically
modified crops (GMCs), which tolerate high concentrations of this compound [36, 43].
Glyphosate inhibits an enzyme in the biosynthesis of tryptophan, phenylalanine, and tyrosine,
present in plants, fungi, and bacteria, but not in animals or humans. [44]. However, according
to literature reports, glyphosate can enter living organisms, including humans, where it exerts
various toxic effects [45].

One pathway of glyphosate metabolism involves formation of aminomethylphosphonic acid
(AMPA) by action of glyphosate oxidoreductase; AMPA is also the metabolite that emerges
in humans [36]. Knowledge of the toxicokinetics of glyphosate derives mainly from animal
studies and the similar patterns of absorption, metabolism, and eliminations in humans [46].
Rats absorb only 30% glyphosate after oral administration [36]. Glyphosate plasma concen-
trations peak at 1-2 h, and declined thereafter, with distributions to the intestine, colon, kidney,
and bones [47].

The mechanisms of toxicity of glyphosate formulations are complicated [36]. The most widely
used glyphosate product is Roundup®, formulated as a concentrate containing 41% glypho-
sate [16]. Some in vitro studies have suggested that, at high concentrations of glyphosate, its
metabolites and impurities may reduce acetylcholinesterase (AChE) activity [48], although no
evidence for significant AChE inhibition in mammals in vivo exists [36]. A study published in
the Archives of Toxicology by Koller and colleagues showed increased in nuclear aberrations
after exposure to glyphosate concentrations between 10 and 20 mg/L, which indicated DNA
damage [49]. In adition, in vitro tests using isolated rat liver mitochondria showed that
glyphosate uncoupled the electron transport chain [50].

Glufosinate inhibits the synthesis of glutamine in plants, and plant death occurs as a conse-
quence of the increased ammonia levels [16]. Glufosinate supress the activity of glutamine
synthetase and glutamate decarboxylase, reducing glutamic acid levels and elicits various
types of moderate-to-severe CNS toxicities [51]. Given the differences in the biochemical and
metabolic pathways of plants and mammals, glufosinate ammonium formulations are
minimally toxic to humans [52]. However, ingestion of the undiluted form can cause grave
outcomes such as seizures, respiratory arrest, coma, and disturbance of consciousness, which
appear after a latent period of 4 — 60 h [53]. No work has reported that this compound induces
genotoxic or carcinogenic effects or that impacts reproduction and fertilization [16].

The effects of this class of compounds range from irritation upon local contact (skin,
GI), to hypotension, development of acute renal failure with oliguria, and severe hypoxia
and death [54].
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The treatment of glycine derivatives poisoning includes maintenance of the vital functions.
Hemodialysis is crucial to reduce the amount of toxins normally excreted by the kidney,
thereby preventing the impacts on this organ [54].

2.9. Dithiocarbamates

Dithiocarbamates comprise two groups: [1] dimethyldithiocarbamate and [2] ethylenebisdi-
thiocarbamate, depending on which metal cation is present in the chemical structure. The
nomenclature of various compounds of this class is related to the association of the metal
cations; e. g., maneb (manganese), and zineb and ziram (zinc) [16, 50].

The slow absorption of these compounds means that they have low acute oral and dermal
toxicity. On the other hand, chronic exposure to dithiocarbamates leads to adverse effects due
to contact with dithiocarbamate acid or metal ligand [16].

The metabolite that arises from dithiocarbamates biotransformation is ethylenethiourea (ETU),
which induces thyroid cancer and modifies thyroid hormones. Moreover, dithiocarbamates
and disulfiram have similar structures, and both can inhibit acetaldehyde dehydrogenase, the
enzyme that converts acetaldehyde into acetic acid [55].

Although these products are little toxicity to humans, they are potential precursors of ethyle-
nethiourea, which has carcinogenic and teratogenic action.

There is no specific treatment for poisoning with this class of compounds, so only maintenance
of vital functions and minimization of their absorption (activated charcoal) are necessary.

2.10. Others

Others classes of pesticides exist, including the chloroacetanilide commonly used in agricul-
ture. A number of chloroacetanilides, like alachlor, acetochlor, metolachlor, and propachlor
are carcinogenic [56]. The metabolism of chloroacetanilides most likely proceeds via conjuga-
tion with glutathione, as judged from the amount of glutathione-related metabolites in the
urine of rats treated with these herbicides. [57]. However, the predicted differences between
humans and rats in terms of disposition together with the lower rates of alachlor metabolism
in human nasal microsomes have led scientists to question the human relevance of chloroa-
cetanilide olfactory carcinogenicity [58].

Benzimidazoles are another important class of pesticides. They are commonly used as
veterinary medicines (anthelmintics) and pesticides. They inhibit microtubule formation when
they bind to free 3-tubulin monomers at the colchicine-binding site [59].

Regarding new technologies, nanopesticides or nanoplant protection products represent an
emerging technological development. In relation to pesticide use, these technologies could
offer a range of benefits including increased efficacy and durability, and they use of smaller
amounts of active ingredients [60]. Nanopesticides “involve either very small particles of a
pesticide active ingredient (ai) or other small engineered structures with useful pesticidal
properties” [61]. Nanoformulations combine several surfactants, polymers (organic), and
metal nanoparticles (inorganic) in the nanometer size range [62].
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Recently, some studies have reported on the nanomaterial-induced perturbation of different
cell death pathways. In the majority of the cases, the key to understanding the toxicity of
nanomaterials is that their smaller size as compared with cells and cellular organelles allows
them to penetrate these basic biological structures and disrupt their normal function [63]. Thus,
advances in research into the mechanism of action of nanopesticides will allow better predic-
tion of the consequences of human exposure to these materials.

All these compounds are among more than 1000 active ingredients that are marketed as
insecticide, herbicide, and fungicide. However, with the news pest resistance and need to
hygienic controls the quantities of the formulations have been increased constantly [64].

Ass seen above, pesticides currently used over the world are numerous and have various
chemical and physico-chemical properties [21]. Nevertheless, is already known that long-term
contact to pesticides can harm human life and can disturb the function of different organs in
the body, including nervous, endocrine, immune, reproductive, renal, cardiovascular,
respiratory systems, and chronic diseases, including cancer, Parkinson, Alzheimer, multiple
sclerosis, diabetes [64].

3. Pesticides and oxidative stress

Interest in the toxicological aspects of oxidative stress has grown in recent years. Many
researchers have focused on the mechanistic aspect of oxidative damage and cellular responses
in biological systems, mainly in the case of pesticides, because oxidative stress is a condition
that stems from exposure to various classes of these compounds.

Oxidative stress occurs when the rate of reactive species production exceeds the rate of reactive
species decomposition in antioxidant systems, which culminates in increased oxidative
damage in different cellular targets [72]. Reactive species comprise substances that do not
necessarily have unpaired electrons but are very reactive due to their instability [73]. Free
radicals are atoms, molecules, or ions with unpaired electrons on an otherwise open shell
configuration are examples of reactive species. Their electrons are usually highly reactive
[74].

Oxygen and nitrogen free radicals play an essential role in the physiological control of cell
function in biological systems. Living cells continuously produce these radicals [73]. In aerobic
organisms, several basic cellular metabolic processes induce production of reactive oxygen
species (ROS) within cells. Cellular respiration involves reduction of molecular oxygen (O,) to
water during oxidative phosphorylation in the electron transport chain, to generate reactive,
partially reduced intermediates such as the superoxide anion radical (O2"), hydrogen peroxide
(H,0,), and the hydroxyl radical (HO) [75]. Around 5% of these ROS originate from electron
transport chain processes and can damage cellular components [76]. Moreover, several
enzymes produce ROS, thereby constituting a second source of ROS synthesis in cells [77].

Regulated ROS production is higher in organisms, and maintenance of redox homeostasis is
essential for the physiological health [78]. Living organisms have developed adequate

209



210 Toxicology Studies - Cells, Drugs and Environment

enzymatic and nonenzymatic antioxidant mechanisms to protect cellular components from
oxidative damage [79].

Exposure to some xenobiotics, especially toxic chemical pollutants, such as pesticides, may
produce an imbalance between endogenous antioxidants and ROS, with subsequent decrease
in antioxidant defenses to trigger oxidative stress in biological systems, damage to tissues,
inflammation, degenerative diseases, and aging [79]. As mentioned previously, many classes
of pesticides induce oxidative stress, through several different mechanisms. They may affect
the redox cycle by donating electrons to or withdrawing electrons from cell components.
During metabolism, they may deplete glutathione (endogenous antioxidant) or even inactivate
other endogenous antioxidants [74]. In short, oxidative stress can take place either through
overproduction of free radicals or alteration in antioxidant mechanisms [80]. Increased
concentration of plasma and red blood cell thiobarbituric acid reactive substances (TBARs),
changes in the antioxidant status, and altered activities of cellular enzymes such as superoxide
dismutase (SOD) and catalase (CAT) indicated higher oxidative stress in pesticides sprayers.
Hence, many researchers have associated exposure to pesticides with oxidative stress [81].

Several works have described oxidative stress induction after exposure to organophosphorus
insecticides. The stress is a result of intracellular Ca™ influx, which leads to cholinergic
hyperactivity and activates proteolytic enzymes and nitric oxide synthase, which in turn
generates free radicals [74]. Fenitrothion, a phosphorothioate, has been linked to histopatho-
logical effects on the liver and kidneys and cytotoxic effects on the lungs. These effects originate
from ROS generation via pesticide metabolism by P450 or via high-energy consumption
coupled with inhibition of oxidative phosphorylation [82]. Moreover, hydrocarbon insecti-
cides chlorinated like DDT can induce oxidative stress after metabolic activation by CYP,5, [80].

Synthetic pyrethroids are less persistent and less toxic to mammals and birds. Deltamethrin is
one of the pyrethroids that has found wide acceptability. Nevertheless, this pyrethroid has
effects on the nervous, respiratory, and hematological systems in fish, and it displays tumor-
igenicity in rodents [80]. All these effects are due to oxidative stress; they impact various
antioxidants [83].

A classic example of oxidative stress induction among pesticides is the action of dipyridyls
such as paraquat. This compound enters the redox cycle and constantly generates ROS such
as the superoxide anion and the hydroxyl and peroxyl radicals [74]. ROS play a crucial role in
the development of paraquat-induced pulmonary injury [38]. The basic mechanism of
oxidative stress in this class is simple: the dipyridyl initiates a cyclic oxidation/reduction
process. First, they undergo one-electron reduction by NADPH to form free radicals. The latter
donate their electron to O, to give a superoxide radical. Upon NADPH exhaustion, to
superoxides react to produce hydroxyl free radicals and other reactive species that lead to
oxidative stress and consequent cell death [80]. The free radicals react with lipids in cell
membranes, to start a destructive process known as lipid peroxidation. The lung is the organ
that is mostly involved in this case [38]. Other compounds, like dithiocarbamates mainly
inhibit antioxidant enzymes, such as SOD and catalase [84].
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Pesticides can induce free radical formation by altering the way that cell organelles, like
mitochondria operate. Rotenone, an insecticide of the class of rotenoids, strengthens the case
for complex I inhibition — rotenone specifically binds to complex I, to inhibit the electron flow
through the respiratory chain. Deficiencies in the mitochondrial respiratory chain diminish
ATP synthesis and produce ROS, which culminates in oxidative stress, mitochondrial depo-
larization, and initiation of cell death processes [16, 75].

In this context, many studies in human or animals have evidenced that pesticides exert their
toxic action in the body via oxidative stress induction both upon acute and chronic exposure.

4. Pesticides and endocrine disruption

The endocrine system refers to glands located in several areas of the body. Glands release some
hormones that enter the circulation and act on specific “target” organs. If an event disrupts the
endocrine system, some organs will not receive the correct amount of hormones and might
not function properly or even function wrongly. In this context, low levels of some pesticides
in the environment can impair the endocrine system [85].

Besides their primary action as pesticides, organophosphorus, carbamates, and organochlor-
ines can act as endocrine disruptors and affect the function of hormones by blocking, mim-
icking, displacing, or acting to subvert their natural roles in living species. DDT and its
metabolites are among the most famous endocrine disruptors. DDT was widely used in the
1950s and 1960s, and it is still allowed in some countries. Its proven estrogenic action can affect
the reproductive system of mammals and birds [86].

In vitro and in vivo studies have shown that pyretroids also act as endocrine disruptors, but
their effects only arise at relatively high levels [87]. Atrazine, a triazine herbicide, may also
exert endocrine-disrupting effects on amphibians [5].

5. Pesticides and human health

Many workers and residents, especially in the rural sector, are in contact with pesticides on a
daily basis, so they are at high risk of poisoning by these compounds. This exposure can cause
neuropsychiatric sequelae (mood disorders, depression, and anxiety), because many pesti-
cides underlie changes in the function (e.g., cholinergic crisis) of the central, peripheral, and
autonomic nervous system, which are often followed by suicide attempts. In addition to being
causative agents of neuropsychiatric disorders that might culminate in suicide, these effects
may lead to the use of pesticides as a weapon [88].

According to data released by the World Health Organization (WHO) [89], suicide by pesti-
cides is common in many Asian and Latin American countries. Pesticides are often poorly
controlled and widely available, particularly in countries of low and middle income [42]. The
first epidemiological reports of suicides involving pesticides appeared in the beginning of the
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1990s. Currently, homicides and suicides involving pesticides have raised the concern of many
organizations and governments as, depression and suicide clearly correlate with high exposure
to pesticides. This concern has motivated and still motivates many studies into how and why
exposure to pesticide occurs; researchers have also caught methods to solve this serious social
problem [88].

Detoxification measures after poisoning are crucial, no matter whether exposure was inten-
tional, accidental, or occupational. Recognition of poisoning is easy when the patient knows
which pesticide he/she was exposed to or when symptoms are typical. However, poisoning
may be unclear if the patient has generalized symptoms. Therefore, along with the procedures
to terminate contamination, an investigation with family members and the people present at
the time of contamination, and information on patient care should exist. These individual will
be questioned, about the way in which the patient was exposed to the contaminant and about
the possibility of simultaneous intoxication with other poisons [27]. Along with these recog-
nition steps the analytical detection of pesticides is mandatory.

Decontamination methods must be combined with care and maintenance of vital signs and
administration of antidotes. It is important to bear in mind that new cases of contamination
may appear. Furthermore, professionals as well as other patients staying in the same ward as
the contaminated individuals must wear protective equipment until decontamination and
treatment are complete [27].

Methods exist to decontaminate patients poisoned via gastrointestinal tract. Gastric lavage is
extremely invasive and aggressive to the body, so it is indicated only in potentially fatal cases.
The cathartic method, which elicits bowel movement to force excretion of the pesticide, is not
suitable when poisoning induces diarrhea. Administration of adsorbents is an alternative —
adsorbents can bind to the toxic agent, to form a stable compound. This compound is not
absorbed by the gastrointestinal tract and is subsequently excreted with the feces. This method
is commonly performed in conjunction with the cathartic method. The most usual adsorbent
is activated charcoal, but it does not adsorb all pesticides. Finally, the syrup ipeac, a medicinal
plant, can help to induce vomit. However, this procedure is contraindicated in the case of
ingestion of hydrocarbons or corrosive substances [27, 28].

In the case of dermal exposure, it is necessary to start the decontamination process by placing
the patient under a shower and using soap and water to remove the chemicals from the skin,
hair, nails, ear canals, and other possibly contaminated body parts. If contact occurs by the
ocular route, it is essential to rinse the eyes with plenty of clean water. All the materials and
clothes used by the patient at the time of intoxication, like clothes and shoes, should be
removed. In cases of large contamination, it is crucial to consider the need to decontaminate
all the people who work in the emergency system [27, 28].

Because hundreds of pesticides compositions exist, we will focus on the clinical profile and
treatment of pesticides that cause major poisoning, in terms of quantity and severity of cases.
In general, treatment aims to override the mechanism of action of the toxic pesticides, and
many possibilities exist (Table 2).
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Pharmacological antagonism - competes with pesticides for the target site

Physiological antagonism - reversal of a physiological effect of the pesticide

Changing distribution to tissues — e.g., competition with membrane pumps

Modification of biochemical pathways - interferes with the biochemical response of the pesticide

Chelation of a pesticide to disable it

Treatment of pathological response to tissue injury caused by pesticides

Table 2. Methods used to override the mechanism of toxic action of pesticides [39].

An example of suicide attempt has been the case of a man aged 22 who tried to kill himself by
drinking a solution of paraquat (50 mL). He underwent gastric lavage and received activated
charcoal. Later, he was discharged. However, the treatment did not suffice — four days later,
the man returned to the hospital with sore throat, dysphagia, retrosternal pain, hemoptysis,
and blistering and ulceration of the mouth and tongue. Biochemical tests revealed elevated
creatinine levels, leukocytosis, hyponatremia, and metabolic acidosis. Because the effect had
become systemic, the patient had to undergo hemodialysis and immunosuppressive therapy
(cyclophosphamide, methylprednisolone, and dexamethasone). The patient did not improve
and presented hemoptysis. Examination of the thoracic region detected localized alveolar
infiltrate, pulmonary opacities, pneumomediastinum, pneumothorax, and subcutaneous
emphysema. The patient's condition worsened, and he -underwent the same immunosup-
pressive therapy again. The patient recovered gradually; he was discharged after four weeks.
After four months, he was working again. His lungs did not return to perfect condition — the
man still this place crackles in the lower lung fields, universally distributed wheezing and
pleural friction in the right hemithorax, and dyspnea after physical exertion [40].

An example of homicide involving pesticides is the case of a 52-year-old entrepreneur that was
killed by injections of poison in his abdomen, conducted by their business rivals. Soon after
he was attacked, the man was taken to a private clinic to receive primary treatment, and later
he was taken to a hospital, where hours later he was pronounced dead. The body was sent to
the morgue for post-mortem examination. Necropsy revealed distended abdomen and two
punctures by needles in this region; necrotic changes appeared in the tissue around these two
holes. Analysis of the organs revealed congested and edematous brain and lungs, as well as
congested stomach with hemorrhagic spots. The toxicological analysis report described the
presence of organochlorine pesticides in the region of the piercings and all viscera. This
suggested that the man died due to cerebral and pulmonary edema after organochlorine
poisoning [90].

Apart from intentional exposure to pesticides, cases of accidental poisoning occur frequently.
A Latin American man (66 years old), who had a history of diabetes mellitus (type 2), hyper-
tension, and alcohol abuse, was admitted to the emergency department unconscious, reaching
a score of 5 in the Glasgow Coma Scale; he also presented hypotension (blood pressure 87/45
mmHg), sweating, and hypoxia. On the basis of reports by his wife, she had accidentally mixed
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Roundap in his alcohol, and he had ingested between 350 and 500 mL of rum Roundup. About
two hours after ingestion, she found him with altered mental status, non-bilious vomiting, and
difficulty to wake, but he did not present bleeding. Biochemical analysis revealed high hypoxia
and lactic acidosis as well as AG and high osmolar gap. First care included intubation,
ventilation, and fluid bolus with 2 L of normal saline and 1 L of sodium bicarbonate. His
condition worsened, and he rapidly went into shock (blood pressure 66/43 mmHg), with acute
renal failure, hyperkalemia, leukocytosis, and worsening lactic acidosis. On the basis of these
results, health professionals administered high dose of Levophed (Hospira, Lake Forest,
Illinois) and vasopressin to provide pressure support and continuous veno-venous hemofil-
tration. After 24 h, the patient’s conditions improved. Treatment was discontinued, and renal
and cerebral functions were fully recovered [91].

Finally, cases of poisoning due to occupational exposure exist. Some pesticides can cause
topical damage when they come in contact with the skin, as in the case of two farm workers
admitted to the hospital in great pain due to extensive chemical burns in the perineal and
scrotal regions, caused by Ducatalon (a dipyridyl herbicide containing a mixture of diquat and
paraquat). The men suffered burns due to a leak in the equipment they used to spray the
herbicide. Lesions reduced upon topical treatment with silver sulfadiazine associated with
systemic administration of antibiotics. Fortunately, in a few days, the damaged skin recovered
without scars. After replacement of the faulty equipment, no more injuries occurred [41].

6. Pesticides and environmental health

Pesticides reach the environment primarily during preparation and application. Application
can take place via different techniques, depending on factors such as the formulation type, the
controlled pest and, the application timing. In agriculture, it is possible to apply pesticides to
the crop or to the soil. Liquids sprays are commonly used in crops; for example, boom sprayers,
tunnel sprayers, or aerial application. Systemic pesticides can also be employed. As for soils,
pesticides can be applied as granules, injected as a fumigant, or sprayed onto the soil surface,
which is possibly followed by pesticide incorporation into the soil top layer. Seeds are
sometimes treated with pesticides prior to planting. [92].

After application, pesticides can be taken up by target organisms, degraded, or transported to
the groundwater; they can also enter the surface water bodies, volatilize to atmosphere, or
reach non-target organisms by ingestion, for example. The physical and chemical properties
of the pesticide, soil, site conditions, and management practices influence the behavior and
fate of pesticides [93].

Concerning the physical and chemical properties of pesticides, their solubility determines their
transport in surface runoff and their leaching to groundwater. The higher the solubility, the
greater the carrying and leaching. The partition coefficient also affects the behavior of pesti-
cides, and many chemicals do not leach because soil particles adsorb them.
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Adsorption depends on the chemical and also on the soil type. The volatility of pesticides
indicates their tendency to become a gas; the higher the volatility (high vapor pressure), the
larger their loss to the atmosphere. Environmental conditions such as temperature and
humidity impact volatility, which can occur from soil, plants, or surface water, and may
continue for several days or weeks after pesticide application. In the atmosphere, the chemicals
can be transported over long distances. Subsequent atmospheric deposition can contribute to
surface water pollution. Finally, the degradation of pesticides that also determines the behavior
and fate of these compounds in the environment. Degradation (their brake down into other
chemical forms) can occur by photodecomposition, microorganisms, and a variety of chemical
and physical reactions. Pesticides with low biodegradation are called persistent, they can
remain in the environment for a long time [94, 95].

Soil properties can also affect the movement of pesticides. In relation to the soil texture, coarse-
textured sands and gravels have high infiltration capacities, and water tends to percolate
through the soil and reach groundwater. Fine-textured soils such as clays generally have low
infiltration capacities, so water tends to run off, reaching streams and lakes. Moreover, soil
containing more clay in its composition bears larger surface area to adsorb pesticides. Regard-
ing permeability, highly permeable soils allow water to more easily. This water may contain
dissolved pesticides, which will reach groundwater. Texture influences soil permeability.
Ultimately, soils with high organic matter content can adsorb pesticides and retain water with
dissolved chemicals. Moreover, these soils possess a larger population of microorganisms that
can degrade the pesticides [93, 94].

The site conditions that can determine pesticide behavior in the environment are depth until
the groundwater, geological conditions, topography, and climate. In the case of shallow
groundwater, the soil filters smaller amount of water with chemicals and adsorbs and degrades
lower quantities of pesticides, so contamination is a major concern. Regarding the geological
conditions, the presence of wells, sinkholes, and highly permeable materials, such as gravel
deposits, facilitates groundwater contamination. On the other hand, the existence of drainage
ditches, streams, ponds, and lakes increases the probability that rainfall or irrigation runoff
will contaminate surface water. In relation to topography, flat landscapes, areas with closed
drainage systems where water drains toward the center of a basin, and especially sinkhole
areas, are more susceptible to groundwater contamination. As for climate, large rainfall or
irrigation may culminate in large amounts of water percolating through the soil, to reach
groundwater. Rainfall can also carry pesticides to surface waters, contaminating rivers, lakes,
and seas, and taking these chemicals to distant places [94].

Finally, management practices can affect the movement of pesticides. With respect to the
application methods, pesticides injected or incorporated into the soil are more available for
leaching and reaching groundwater, whereas pesticides sprayed onto crops are more suscep-
tible to volatilization and surface runoff, reaching surface waters and the atmosphere.
Concerning the application rates and timing, the use of larger amounts of a pesticide during
are rainfall or irrigation facilitates the assess of the chemical to groundwater. With respect to
handling practices, correct storage and disposal of the pesticides containers impact environ-
mental contamination [94].
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The fact that a contaminant is present in the environment does not necessarily mean that it
will reach an organism. The contaminant and the organism must overlap in time and space
for exposure to occur. Contact can be dermal or oral or even via inhalation, gills, and, more
rarely, injection [5].

Once pesticides reach non-target organisms, they may undergo biotransformation via
reactions like hydrolysis, oxidation, reduction, or conjugation catalyzed by liver enzymes.
Biotransformation is an effort of the organism to detoxify and eliminate xenobiotics, but this
process can also produce metabolites that are more toxic than their parent compound, a
phenomenon called bioactivation. An example of bioactivation is the biotransformation of
DDT, which is not highly toxic to birds, into DDE, which causes thinning of eggshells because
it disrupts calcium metabolism [5].

In organisms, the absorption of a pesticide with high lipid solubility and low elimination rate
can lead to bioaccumulation of this chemical in the fatty tissue, and the final concentration of
the chemical in the organism will be higher than its concentration in the environment [96].
When the bioaccumulated chemical passes from lower to higher trophic levels through the
food chain, successively greater pesticide concentrations emerge in animals of higher trophic
level. This phenomena is called biomagnification. The offspring of top predators can also
become contaminated, mainly in the case of marine mammals, because they can consume milk
with extremely high fat and pesticides content [5].

Application of pesticide involves not only the active ingredient but also the whole formulation.
Therefore, the environment and the human are exposed to both the active and inertingredients.
Although inert ingredients have no pesticidal activity, facilitate application of the pesticides —
they enhance the active compound penetration into the target organism as well as the toxic
action. Hence, the inert ingredients raise the formulation toxicity even in non-target organisms
[35]. One example is the formulation of glyphosate, which is an active ingredient. It contributes
a little to the total toxicity of the formulated product, particularly in the case of aquatic
organisms, which are more sensitive to surface-active substances [97].

The categorization of pesticides commonly relies on their persistence in the environment.
Organochlorine pesticides are persistent, whereas organophosphates, carbamates, phenoxya-
cid derivatives, chloroacetanilides, pyrethroids, and others are non-persistent. Compared with
persistent pesticides, non-persistent chemicals have much shorter environmental half-lives
and do not tend to bioaccumulate. Nevertheless, because of the heavy agricultural use of these
chemicals, exists concern about their presence in the environment [14].

The non-persistent pesticides organophosphorus and carbamates act on acetylcholinesterase.
The presence of this enzyme in insects, birds, fish, and all mammals allows these pesticides to
reach both target and non-target organisms. [98]. Pesticides such as organophosphorus and
carbamates can affect numerous teleost behaviors [99]. The pesticides that inhibit acetylcholi-
nesterase are polar and water soluble. Moreover, their metabolism in the body is fast, and their
degradation in the environment is relatively rapid. Therefore, organophosphorus and
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carbamates do not tend to bioaccumulate in aquatic species. However, the accumulation of
these compounds in fish and invertebrates was reported long ago [100].

Organophosphorus compounds do not persist in the environment. However, their large-scale
use and their decomposition rates in the environment cause these compounds to accumulate
in soils, from where they subsequently enter groundwater and rivers [101]. A recent study
detected the organothiophosphate insecticide chlorpyrifos in air and seawater in the Arctic,
which demonstrated the long-range transport of this chemical [102]. Diazinon, another
organophosphorus compound, frequently occurs in point sources (wastewater treatment plant
effuent) and non-point sources (storm water runoff) in urban and agricultural areas. This
pesticide is extremely toxic to birds and the aquatic life [103].

Organophosphorus compounds are acutely toxic, broad-spectrum pesticides. In the environ-
ment, secondary poisoning can occur when predators consume animals poisoned by these
chemicals. Examples of contamination by organophosphorus are numerous. In Argentina in
1995-1996, approximately 6000 wintering Swainson’s hawks (Buteo swainsoni) became
poisoned after they fed on grasshoppers sprayed with the organophosphorus insecticide
monocrotophos [5].

An example of carbamate contamination occurred with the pesticide, aldicarb, which polluted
groundwater in the United States. Other carbamates such as carbaryl and its degradation
product 1-naphthol have emerged in surface waters. The metabolite 1-naphtol is more toxic
than its parent compound, and it has arisen in India [104]. Methomy], carbaryl and carbofuran,
commonly used carbamates, have appeared in the aquatic environment [105].Carbofuran has
commonly been associated with wildlife pesticide poisoning events when applied in the
granular form. Apparently, birds mistake them for seeds [5].

Organochlorines have long environmental half-lives and tend to bioaccumulate and biomag-
nify in organisms. A series of evaporation and deposition steps as well as migration of animals
containing bioaccumulated organochlorines can transport these compounds through the
environment, carrying it to animals in higher levels of the food chain. These persistent
chemicals thus occur thousands of miles away from their origin [14]. The properties of
organochlorines like aldrin and dieldrin result in direct mortality of predatory birds, such as
sparrow hawks and kestrels [5]. These chemicals have intensive use in agricultural and
industrial activities, so they emerge across the world, including the deserted plateau and the
polar zone [106]. The organochlorine chlorothalonil is a fungicide that has arisen in seawater
and air in the Arctic as well as in snow cores in Arctic Canada. Endolsulfan, an organochlorine
insecticide, has appeared in animals from Greenland like marine fish and mammals [102].

Despite the ban on many organochlorine compounds in the 1970s, some countries still
fabricate and use chemicals such as DDT to control vector disease [98]. Other coun-
tries have replaced organochlorines with the less persistent and more effective organo-
phosphorus compounds [107].

Pyrethrins and Pyrethroids are non-persistent pesticides used worldwide as insecticides in
agriculture, forestry, households, public health and stored products [108]. Therefore, urban
and peri-urban populations are potentially chronically exposed to these compounds [87].
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Pyrethrins and Pyrethroids act on sodium channels in the nervous system of numerous phyla,
such as arthropods and chordates [87]. Pyrethrins and Pyrethroids present low acute toxicity
to mammals and birds and constitute one of the safest insecticides to man. However, at low
concentrations these chemicals are acutely toxic to a wide range of aquatic organisms and
insects [108].

Pyrethrins are natural compounds extracted from chrysanthemum flowers; pyrethroids are
synthetic compounds whose structure resembles the structure of pyrethrins [87]. Light
degrades these chemicals. Modification of pyrethroids over the years has enhanced their
insecticidal activity and persistence in the environment [109]. Compared with pyrethrins,
pyrethroids are more stable under light [108], which incurs increased environmental risks
associated with their use [5]. Pyrethrins and Pyrethroids display high selectivity and easy
degradability in the environment as compared with other pesticides, been a favored replace-
ment for organophosphorus compounds [110].

Pyrethroids strongly adsorb to soil particles, but they can move in runoff with soil particles
and reach sediments, consequently entering aquatic ecosystems and affecting aquatic organ-
isms like invertebrates and fish [108]. Fish are highly sensitive to pyrethrin and pyrethroid
products, and contamination of lakes, streams, ponds, or any aquatic habitat is a concern [109].
Moreover, some formulations contain additional insecticides, insect repellents, and solvents
such as alcohol and petroleum, which increase pesticide toxicity [109].

Triazines basically consist of herbicide compounds, are relatively persistent and migrate easily
through the soil into surface and ground waters [111]. In soil, they undergo degradation mainly
in a microbial action, but the role of photodegradation is still significant [112]. Residues of
triazines have emerged in soil, surface waters, and groundwater in areas where the application
of agrochemicals has taken place [111].

Herbicides are often benign with regard to impacts on animals; however, these compounds
can have toxic effects at concentrations found in the environment [5]. Furthermore,
indiscriminate use of this herbicide, careless handling, accidental spillage, or discharge
of untreated effluents into natural water ways can harm the fish population and other
aquatic organisms and may contribute to long-term effects in the environment. Atrazine,
a triazine herbicide, is one of the most often detected pesticides in streams, rivers,
ponds, reservoirs, and groundwater [113].

Phenoxy derivatives basically consist of compounds with herbicide action. They are soluble
in water and can pollute surface and ground waters. Phenoxy derivatives display moderate
toxicity, but some chlorinated metabolites can be toxic to human and aquatic organisms [114].
In addition, the metabolites may have mutagenic and carcinogenic properties. 2,4-D and
MCPA, which are also phenoxy herbicides, can undergo degradation by biotic and abiotic
mechanisms. However, these processes may not suffice to reduce the concentrations of
chlorinated phenoxy derivatives on many sites [115].

Regarding dipyridyl derivatives, the best-known compounds are diquat and paraquat,
developed as herbicides and desiccants. Diquat is water soluble and persistent in the aquatic
system. However, it can bind to soil, which reduces its mobility in the environment. Although
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herbicides are usually little toxic to animals, diquat is toxic to some aquatic organisms [116].
Soil adsorbs paraquat, which presents its leaching to ground water; soil microorganisms and
photolysis degrade this herbicide [117]. The herbicide glyophosate bears glycine, which
adsorbs to soil, undergoes degradation by bacteria, and has low potential for runoff. However,
is it highly water soluble and emerges in surface waters. Glyphosate is little toxic to mammals,
but the surfactants present in some formulations rise the toxicity of this chemical. Hence, some
formulations, mainly those intended for aquatic vegetation control, can kill amphibians [5].
Many authors have demonstrated that glyphosate formulations can cause genetic damage in
fish [97].

Dithiocarbamates (DTC) function mainly as fungicides that protect crops, but they also work
as rodent repellents [118]. The intensive use of dithiocarbamates in agriculture often contam-
inates water bodies [119]. Ziram, one of the best-known dithiocarbamates, is toxic to aquatic
organisms [120].

Other examples of chemical classes of pesticides exist. Alachlor and metolachlor belong to the
group of chloroacetanilides. These herbicides and their degradation products have arisen in
surface and groundwater [121]. Diuron, a urea derivative, can pollute freshwaters by leaching
through the soil. It has appeared in marinas and coastal areas [122]. Additionally, trifluralin,
a dinitroanilin, has emerged in Arctic air and seawater [102].

Therefore, a huge amount and variety of pesticides exist in the environment. Many chemicals
that exist at low concentrations may not cause acute detectable effects in organisms, but they
may induce other kinds of damage, like genetic disorders and physiological alterations that,
in the long run, reduce the organisms life span [11].

7. Methods to detect pesticides

A wide range of methodologies exist to identify possible exposure to pesticides. When
identification is necessary due to poisoning of a patient attended in the clinic, the general
procedures include anamnesis, physical examination, evaluation of clinical signs, and diag-
nostic and toxicological analysis. If the investigation aims to qualify and/or quantify a possible
pesticide, it is generally necessary to collect a sample and analyze it for the presence of
pesticides and/or metabolites in biological samples (blood, liver, stomach contents) and/or the
environment (air, water, ground). Selection of the test will depend on the purpose of the
analysis. It is also essential to consider the financial costs of a method. Simpler tests are still
important, — apart from been inexpensive, many offer high sensitivity, specificity, precision,
and accuracy, all of which are factors that are crucial for reliable analysis [123, 124].

Prior to analyzes pesticides samples analysts have to go through similar steps: definitions of
the analytical problem (target analyte and its properties), choice of detection methods (immu-
noassays spectrometry), sampling (how to collect and store the sample), sample preparation
(solubilization, extraction, concentration, and separation), calibration (qualification and/or
quantification of the analyte), calculation and evaluation of the results, and actions to complete
the analysis [125].
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Sample storage for long periods should ensure that no sample degradation or external
contamination occurs. Well-sealed containers stored under refrigeration and protected from
light are mandatory. To avoid any type of external interference during analysis, none of the
employed materials should modify or degrade the pesticide in the sample. The analysis of
pesticides, mainly in water, ambient air, and soil sediments, often requires a purification step
to clean the sample and pre-concentrate the analytes, to improve the quality of the analytical
results. The extraction process is a key analytical step — it extracts the desirable compounds for
further separation and characterization. Liquid-liquid extraction, and pre-concentration
procedures, such as solid-phase extraction and solid-phase microextraction, are the most
commonly used methods, but other extraction methods are also applicable depending on the
objective [126]. Extraction of residues from the sample matrix demands appropriate solvents
for maximum extraction efficiency and minimal co-extraction of interfering substances. The
extraction solvents must be highly pure. Blank tests help to prove that the matrix does not
interfere in the analyzes. After extraction, a purification step removes the interfering substance
with minimal loss of the analyte. The final solution should include an appropriate solvent for
analyte determination by the selected method [127].

Below is a didactic description of the main separations and detection methods.

7.1. Physicochemical methods

Gas chromatography (GC), Liquid Chromatography (LC), and Capillary Electrophoresis (CE)
constitute physicochemical separation methods.

When the analyzed pesticide is volatile or semi-volatile, GC still is the method of choice: it
offers higher resolution and lower detection limits. GC is usually associated with multiple
detectors whose choice will depend on the characteristics of the target analytes. GC is based
on sample volatilization and introduction into a chromatographic column coated or packed
with a solid or liquid stationary phase. A gaseous mobile phase elutes the analyte; this phase
isinert, and does not interact with the analyte. The carrier gases should be pure and chemically
inert, too, and the choice will depend on the detector. The commonest carrier gases are helium,
argon, nitrogen, carbon dioxide, and hydrogen [128].

LC has emerged as a great separation tool. It allows for effective separation of nonvolatile and
thermally unstable pesticides that are incompatible with GC. During LC, extracts pass through
multiple adsorbent columns that can discriminate between the components of the matrix and
target analyte. The degree of selectivity will vary according to the adsorbent present in the
column (alumina, silica gel, or Florisil), mesh size, and activity levels. Columns can be used
separately or in combination [129].

CE is a powerful tool to separate and identify a wide range of molecules. EC provides high
resolution, and large separation efficiency. It requires small sample size and low solvent
consumption analyzes is faster and operational coats are low [130].

An ideal detector should ensure adequate sensitivity, good stability and reproducibility, and
linear response to various concentrations of the analytes. It should also operate in a wide range
of temperature, have reduced response time (independent of the flow), and be easy to handle.
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The detector response should be equivalent for all the analytes or selective to certain classes
of compounds. Ultimately, the detector should not destroy the sample. Unfortunately, a switch
that exhibits all these characteristics does not exist, so it is necessary to select the detector
according to the desired goal [128].

Several types of detectors are commercially available. They can come coupled to the separation
device. These detectors use photometric or fluorimetric methods, thermal conductivity, diode
array detection, electrons capture, atomic absorption, or pesticides mass/charge evaluation.
The latter method is currently in evidence due because it is highly sensitive, offers autonomy,
and performs a variety of functions. Electron capture and mass spectrometry are the most often
used to detect pesticides.

The electron capture detector (ECD) is usually employed to search for organic pesticides,
because it is highly sensitive and selective toward molecules containing electronegative
functional groups. It also detects masses in the order of pictograms and can analyze traces of
pesticides. However, ED cannot detect compounds with low electron affinity. Its excellent
properties are useful for analysis of pesticides in both the environmental area and hospitals.
A detector called uECD is also available in the market. It is advantageous over ECD in term
of sensitivity, stability, and robustness [131].

Mass spectrometry (MS) is based on the ionization, acceleration, and separation of the
generated molecules and ions according their mass/charge (m/z) ratio. This Provides a typical
spectrum that gives the relative mass abundance of the different ionic species as a function of
m/z so, which permits unambiguous identification of molecules. Mass spectrometry is a
confirmation technique that is less subject to misunderstanding. Nevertheless, it has a
drawback — it destroys the analyte [132].

As mentioned previously, the choice of method will depend on the case. LC-MS and GC-MS
are the methods that generally separate and detect pesticides most suitable. These methods
play a very important role in the analysis of pesticides and related compounds and are
applicable in several areas like environmental analysis, food safety, and occupational toxicol-
ogy, among others. Because they can serve various purposes, these methods also help to detect
compounds in different samples, such as water, soil, sediment, sludge, vegetables and fruits,
and animals and humans tissues and fluids [124, 126]. Obviously, method will based on the
needs and characteristics of the target pesticide, and each sample will have their own features,
which will depend on their physicochemical properties.

7.2. Biological

Chemical analysis of isolated compounds is commonly used to monitor environmental
pollution, but such analyses can be limited and expensive and cannot indicate the
biological effects. In contrast, biological tests indicate the toxicity of a ride range of
compounds or environmental samples, and are therefore essential to determine the
environmental impacts of the presence of these chemicals [133]. Immunoassays and
biosensors are methods related to the biological factor. Immunoassays are a powerful
tool in clinical laboratories and one of the most widely applied analytical techniques.
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The reagents kits and the equipment necessary to perform immunoassays are commer-
cially available and rely on fluorescent, chemiluminescent or other detection methods.
Immunoassays can detect a wide range of compounds including drugs, proteins, and
hormones; they can also identify and quantify the presence of pesticides residues in
various samples such as natural water, food, and blood, among others [129].

Regarding biosensors, organisms such as Drosophila melanogaster fly species may aid the
detection of pesticides in food samples and other matrixes such as water, soil, plants, and
animal tissue. This test model is advantageous, because these insects have low tolerance to
toxic substances with insecticidal character, besides being experimental models of easy
creation, manipulation, and maintenance. In addition, they require few financial resources and
can remain under laboratory conditions. However, this method only serves to detect the
presence of pesticides, but it cannot identify the detected compound. Therefore, after using
this probe, the analyst has to employ a chromatographic, for example, to identify the group of
pesticides in that sample [123].

8. Summary of important points and perspectives

The chapter begins with an introduction about pesticides, citing the Second World War and
the publication of the book "Silent Spring" by Rachel Carson. Even in the introduction, it is
mentioned the Integrated Pest Management (IPM) and the risks and benefits of pesticides use.

Subsequently, the chapter presents the topic "physicochemical properties and stages of
intoxication." This topic cites the physicochemical properties, the exposure, toxicokinet-
ic, toxicodynamic and clinical phase of organophosphorous, carbamates, organochlor-
ines, pyrethrins and pyrethroids, triazines, phenoxy derivatives, dipyridyl derivatives,
glycine derivatives, dithiocarbamates, and others. In the latter group, the nanopesti-
cides are mentioned.

The chapter also discusses the pesticides as inducers of oxidative stress and endocrine
disruptors action of two important issues. Beyond, adress three topics differences: pestidas
and human health, pesticides and environmental health, and methods of detection of these
compounds. In the first, there are examples of intoxication from occupational, accidental and
intentional exposure, besides decontamination methods. The second topic shows how a
pesticide reaches the environment, and how it behaves. In other words, if hits the water, soil,
and / or are biodegraded. Finally, the third topic addresses methods of detection of pesticides.
Gas chromatography (GC), Liquid Chromatography (LC), and Capillary Electrophoresis (CE)
constitute physicochemical methods. Immunoassays and biosensors are methods related to
the biological factor.

Currently, there is a pursuit of a sustainable society, generating huge concern for human health
just like the environment, this occurs due to action/persistence of pesticides in the environ-
ment, as well as its toxic effects to humans and other living beings. This pursuit for a healthier
society tries to combat the toxic effects of pesticides, as they have caused a large reduction in
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biodiversity (mainly insects pollinators), and affect humans causing genetic mutations,
Mutagenicity and carcinogenicity, reproductive damages as well as disturbances behavioral
(depression and suicides). Faced with this problem, many governments have sought to
measures to limit access to these compounds, aimed at protecting human and environmental
health, such as work done by the governments of India, Western Samoa and Finland, which
restricted access to pesticides and reduced cases of suicides in their countries [42, 134].

This concern can also be viewed on the growing interest of researchers and regulatory agencies
regarding research related to biopesticides and biological control of pests, also seeking the
quality of environmental and human health mainly in the near future [135].
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