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Abstract

Endocrine disruption is the modification of the endocrine system causing harmful effects in healthy subjects or their
offspring. Physiological endocrine hormones act at very low plasma concentrations, and certain chemicals known as en-
docrine disrupting compounds (EDCs) are suspected of modifying endocrine function at similarly low concentrations.
In our review we focus mainly on the structural classes of organic synthetic environmental endocrine disruptors and
their common structural elements that enable them to interact with estrogen signalling. EDCs can affect estrogenic sig-
nalling directly through interaction with estrogen receptors (ERs) or indirectly through transcription factors such as the
aryl hydrocarbon receptor (AhR) or by modulation of critical metabolic enzymes engaged in estrogen biosynthesis and
metabolism. However, some structural elements can also pose a great risk of cytotoxicity and genotoxicity, especially

after biotransformation to reactive metabolites.
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tive metabolites

1. Introduction

Most structural classes of synthetic endocrine di-
srupting compounds (EDCs) affect physiological estrogen
signalling and are therefore called estrogenic endocrine
disruptors, or xeno-estrogens. EDCs can modify genomic
and non-genomic estrogen receptor activity through direct
interaction with estrogen receptors (ERs). EDCs can also
interact with other targets involved in estrogen signalling.
They can act as ligands for transcription factors such as
the aryl hydrocarbon receptor (AhR) and by modulation
of metabolic enzymes that are essential for normal estro-
gen synthesis and metabolism.!

Xeno-estrogens belong to a number of chemical
classes that display a broad range of structural diversity.
Many structure-activity relationships (SARs) have been
studied in which activity was measured using a validated
rat uterine cytosol ER competitive binding assay and whe-
re the focus was on identification of structural commona-
lities between diverse ER ligands.? Only after discovering
crystal structures of ERo and ERP ligand binding do-
mains could binding properties and selectivity of ER li-
gands be properly determined.**

Synthetic estrogenic endocrine disruptors can be di-
vided into eight main structural classes: steroids, diethyl-
stilbestrol-like compounds, triphenylethylene derivatives,

diphenylmethanes, biphenyls and phenols, and two classes
of AhR ligands: polycyclic aromatic hydrocarbons and
dioxins (Table 1). For comparison, AhR binds a wide ar-
ray of structurally different hydrophobic ligands such as
polycyclic aromatic hydrocarbons (PAHs) (Figure 9) and
halogenated aromatic hydrocarbons (HAHs). Among the
high affinity AhR ligands are dioxins, primarily (TCDD),
a known EDC.

Involvement of AhR ligands in estrogen signalling is
a consequence of intertwined signalling pathways of AhR
and ERa (ERo binds to AhR-regulated genes and AhR
binds to ERa-regulated genes). AhR ligands 2,3,7,8-te-
trachlorodibenzo-p-dioxin (TCDD) and 3-methylcholant-
hrene (3-MC) although treated as equivalent compounds,
they have distinct effects. TCDD was shown to act solely
as antiestrogenic compound, while 3-MC exerts estroge-
nic properties depending on the cell type. Genomic study
from Swedenborg et al. was examining the transcriptional
effects of TCDD and 3-MC with regards to ER ligand
diethylstilbestrol (DES). All three ligands regulated sepa-
rate sets of genes, thereby inducing different signaling
pathways, with the exception of CYP1A1 and aldehyde
dehydrogenase 3A1 genes that were upregulated by both
3-MC and TCDD. It was showed that 3-MC and TCDD
control distinct gene expression and probably also have
different biological functions. Additionally, 3-MC had an
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Table 1. EDC structural classes and representative compounds

EDC structural class Representative compound

Steroids OH

ethynylestradiol

DES-like chemicals OH

Triphenylethylene |
derivatives

W
/

tamoxifen

Diphenylmethanes

Biphenyls Cl Cl

2’.3’,4’,5’—tetrachloro—4-biphenylol

ST

nonylphenol
Cl 6] Cl
TCDD

PAHs 0

benzo[a]anthracene

Phenols

Dioxins

impact on almost 700 genes, hypothesising that many dif-
ferent metabolites were generated in HepG2 cells. The re-
gulation pattern suggests that 3-MC and/or its metabolites
have estrogenic effects that are mediated only through
ERo..’ Antiestrogenic effect of TCDD were discovered by
Wormke et al. implicating nuclear localization of the Ah-
R, AhR-ERo interactions and finally proteasome-depen-

dent degradation of AhR and ERo.° Study of Palumbo et
al. showed that AhR agonists reduced vitellogenin synthe-
sis in fish and therefore have opposite effects than estro-
gen chemicals.” However, many EDCs act through multi-
ple mechanisms, as exemplified by compounds that bind
to multiple targets, for example ERs and AhRs such as
3-MC.

Some groups of chemicals also influence estrogen
synthesis and metabolism, e.g. triazine herbicides and
vinclozolin. Triazine herbicides and their metabolites in-
duce the activity and gene expression of the aromatase, al-
so known as the cytochrome oxidase, CYP19A1.3° Apart
from estrogenic effects, some EDCs are able to form reac-
tive metabolites that can induce oxidative DNA damage
and/or covalent binding to DNA. The role of estrogene
reactive metabolites in mammal carcinogenesis is descri-
bed in more detail in many review articles.'®'"'> The main
pathway leading to carcinogenesis is formation of the
catechol estrogen metabolites, especially 4-hydroxy E2.
4-Hydroxy E2 is the most carcinogenic causing DNA da-
mage, kidney tumors in Syrian hamster and uterine tu-
mors in CD-1 mice, what was reported by Newbold et
al."”> NADPH-dependent metabolic oxidation pathway of
E2 is well established and consists of the following steps:
1) 2- or/and 4- hydroxylation of E2, 2) subsequent oxida-
tion to semiquinones and ortho-quinones, 3) redox cy-
cling between the ortho-quinones and their semiquinones
generating radicals and 4) covalent binding of ortho-qui-
nones, especially of 4-hydroxy E2 to DNA.*'* However,
when it comes to the extent of 4-hydroxy E2 formation
with regards to 2-hydroxy E2 formation, studies on this
subject are not uniform. For example, Wilson et al. repor-
ted that 4-hydroxy E2 was a predominant metabolite in fe-
male ACI rats but on the other side Mesia-Vela et al. found
that the main metabolite formed from liver microsomes of
ACI rats was 2-hydroxy E2. ACI rat model is very useful,
since E2 induced tumours appear in a very short period at
low E2 concentrations.'>!® Authors suggest that the diffe-
rences could appear due to the possibility of different diet
of the laboratory animals or due to existence of other
4-hydroxy E2 formation pathways, meaning that extra he-
patic metabolism could play a more important role that
was thought before. It is also possible that, especially if
contaminated with almost ubiquitous TCDD could inf-
luence the metabolism of E2 in the same animal species.
In principle reactive intermediates could be formed di-
rectly by bioactivation of ingested EDCs or through EDC
induction of certain CYPs. For example, Beedanagari et
al. examined the induction of CYPIAI and CYPIBI genes
in human MCF-7 breast cancer cells by TCDD that are in-
volved in E2 hydroxylation.'” Spink et al. proposed the
scheme of hydroxylation reactions for E2 and for equine
estrogens, which are commonly used in estrogen replace-
ment therapy. Equine estrogens: equilin, equilenin and 8-
dehydroestrogene are structurally B-ring unsaturated es-
trogens. The slight difference in the metabolic behaviour
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to the E2 is due to the aromaticity of the steroid B ring that
favours C-4 hydroxilation by TCDD induced CYP1Al
and CYP1B1."® Wang et al. have developed a sensitive
LC-MS/MS method based on the knowledge that 4-hy-
droxy equine estrogens form their ortho-quinones, which
form stable DNA adducts. This method could provide a
good basis for developing a sensitive assay for monitoring
estrogen induced DNA damage.'” In human MCF-7 breast
cancer cells CYP1B1 predominantly catalyzes hydroxyla-
tion of E2 at the C-4 position, whereas CYP1A1 predomi-
nantly catalyzes 2-hydoxylation.'® It should be also men-
tioned that CYP 1Al and 1B1 are also involved in hy-
droxylation of PAHs that are consequently forming carci-
nogenic metabolites. Buters et al. monitored metabolism
of dibenzo-[a,l]pyrene that is a very strong carcinogen in
mouse skin and rat mammary glands and found that
CYP1BI is the most critical enzyme for formation of its
DNA reactive (-)-(11R,-12S,13S,14R)-dibenzol[a,l]pyre-
ne-11,12-dihydrodiol 13,14-epoxide metabolite.”’ Cova-
lent DNA-adducts of such bulky compounds are removed
successfully by cellular repair system, if not DNA adducts
can cause mutations of proto-oncogenes. Spencer et al.
studied the influence of dibenzo[a,l]pyrene adduct forma-
tion on carcinogenesis using nucleotide excision repair
+/— cell lines.”!

As we can see, majority of metabolic studies were
performed on compounds that are endogenous hormones
or synthetic compounds used in estrogen replacement the-
rapy. Undoubtedly, chronic, high-dose intake of estrogens
for relieving of menopausal symptoms means a highly sta-
tistically significant increase in development of breast can-
cer.?? However, it should be mentioned that contribution of
reactive metabolite formation to estrogen-induced carcino-
genesis is still not clear. The general and most widely re-
cognized mechanism of estrogen mediated carcinogenesis
is ER-mediated hormonal activity of ER ligands (as
growth factors), inducing uterine growth and malignant
genital tract changes.”® Mechanistically, hypothesis of es-
trogen induced carcinogenesis via metabolic activation
should be expanded to other classes of “orphan” P450s
that have bioactivation potential. Many P450s exist for
which functions are not fully explained and as such could
have important impact on estrogen bioactivation. Recently,
Wang et al. have identified the potential of an largely unk-
nown CYP2W1 to mediate bioactivation to reactive meta-
bolites from fluorinated 2-aryl-benzothiazole analogs.**
Future studies should also focus on other industrial EDCs
(eg. bisphenols) and their carcinogenic potential in terms
of estrogen activity and their metabolic profile.

2. Interaction of EDCs With ERs

2. 1. Structures and Features of ERs
ERo ligand-binding characteristics show little diffe-
rences among vertebrates.”>’ ER is a ligand-activated

transcriptional regulator and a member of the nuclear re-
ceptor superfamily. Its endogen ligand is an ovarian ste-
roid hormone E2. Two subtypes of ER are known, ERol
and ERP, which are coded by separate genes.”® Both pos-
sess three major functional domains: the N terminal A/B
domain, activation function-1 (AF-1) domain and the
DNA binding domain (DBD), which binds the receptor to
a DNA helix.?™!

ERa and ERP differ in two features: distribution in
the tissues and ligand binding characteristics. This could
explain the tissue selective actions of estrogens. ER con-
formational changes are induced after ligand binding, fol-
lowed by homodimerization. We should also mention the
fact that many cells express both ERa and ERf, which
can form either homo- or heterodimers (heterodimeriza-
tion).*> The homodimer binds to a specific estrogen res-
ponsive element (ERE), located in the promoter region of
the target gene. The role of heterodimerization and ERo/3
heterodimers still remains open but it is believed that they
regulate ERE, whereas ERP counteracts the stimulatory
effects of ERa through heterodimerization (reduced ERa-
mediated cell proliferation).*® ER agonists induce trans-
criptional activation through interaction with coactivators.
ER antagonists interact preferentially with corepressor
complexes.

Selective ER modulators (SERMs) are synthetic ER
ligands that act as ER agonists in certain tissues (bone, li-
ver and cardiovascular system), while in other tissues
(brain and breast) as ER antagonists.***® In uterus they
have mixed agonistic/antagonistic activity. SERMs are
chemically categorized into three structural classes: 1)
triphenylethylene 2) benzothiophene and 3) benzopyran
compounds. The prototype SERM compound from trip-
henylethylene class is tamoxifen and is still used for the
treatment of hormone-dependent breast cancer. The most
commonly used SERM today is raloxifene, chemically a
benzothiophene, which is indicated for prevention and
treatment of postmenopausal osteoporosis.’” Due to signi-
ficant presystemic clearance of raloxifene in vivo and po-
tential of forming electrophilic diquinone methides and
orho-quinones a lot of effort is made to chemically impro-
ve the basic structure. As result Liu et al. found that fluo-
ro-substituted desmethyl arzoxifene (4’F-DMA) has im-
proved metabolic profile and represent a safer alternative
of SERM.*® It is worth of noting that tamoxifen bioactiva-
tion remains controversial due to carbocation metabolic
formation and detection of its DNA adducts in endome-
trium, what coincides with increased incidence of prema-
lignant and malignant endometrial changes.*

Numerous steroidal and non-steroidal compounds
can bind to ERs. These compounds have a common phe-
nol group, which is responsible for ER binding, but they
contain different core structures. Available ER-ligand 3D
structures allow establishment of the structure-activity re-
lationship. ERs can also indirectly alter the expression of
genes without directly binding to DNA. This is possible
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when interaction with other promoter proteins occurs or
by the inhibition of certain transcription factors.***!

Rapid effects of E2 on a time scale of seconds to mi-
nutes could not be explained by genomic effects previ-
ously described. It is suggested that they are rather con-
ducted through different signalling pathways and are the-
refore termed non-genomic effects.*> The presence of
membrane impermeable estradiol-protein conjugates may
support these effects since membrane initiated estrogen
signalling has been reported, implicating the existence of
special ERs. In SK-BR-3 breast cancer cell lines that are
deficient in nuclear ERs, an orphan receptor, G-protein-
coupled ER (GPER; formerly known as GPR30), was dis-
covered.*** GPER was also found in MCF-7 cells, ma-
crophages, keratinocytes, brain cells and vascular
cells.*8

Non-genomic effects of E2 were studied on many
different cell models. Alyea et al. studied non-genomic es-
trogen effects on dopamine efflux via dopamine transpor-
ter on PC12 cell culture that contains three types of mem-
brane ERs (mERs): mERo, mER[ and GPER. Assay was
conducted through measuring the *H-dopamine efflux in
the presence of E2, estrone and estriol. Additionally, they
showed that for E2-mediated dopamine efflux the protein
kinase C and mitogen-activated protein kinases are invol-
ved and that the presence of intracellular Ca®* is requi-
red.* After discovery that platelets contain ERs, Moro et
al. studied E2-dependent signaling pathway in platelets.
Exposure to E2 leads to rapid phosphorylation of tyrosine
kinase Src in platelet membrane and thereby playing an
important role in regulating blood aggregation.’*>? Yu et
al. showed that non-genomic effects of E2 help preventing
the intestinal injury after traumatic bleeding due to resto-
ring the PI-3K activity, which may prevent neutrophil in-
filtration and consequent harmful intestinal inflamma-
tion.”

We should add to this the report on a novel, plasma
membrane associated ER with high affinity binding sites
named ERX.>*% Walsh et al. have demonstrated rapid
non-genomic effects of environmental estrogenic com-
pounds at nanomolar concentrations on intracellular con-
centrations of Ca*" which suggests the existence of an al-
ternative pathway.*

2. 2. Concept of EDC Binding to ER

Responses to estrogens and other ligands depend on
four main features of ERs: affinity, saturability, ligand
specificity and receptor distribution that is tissue specific.
Several intracellular pathways are regulated by liganded
or non-liganded ERs. Non-liganded ERs may be trans-
criptionally activated, for example, by selective phosp-
horylation of certain serine residues of ERo.?® Structu-
rally different natural and synthetic ER ligands trigger va-
rious conformations that interact with other transcription
factors in a different way. Sumbayev et al. screened 2,4-

dichlorodiphenyldichloroethylene (DDE) and 24 other
widely distributed pesticides in order to examine whether
they induce ER conformational changes. DDE and several
other pesticides (endosulfan, dieldrin, vinclozolin, ipro-
dione, paclobutrazol, fenarimol, prochloraz) were shown
to induce a previously unrecognized ER conformational
state, which has properties of both E2 (agonist) and 4-hy-
droxy-tamoxifen (partial antagonist) induced confirma-
tion. This means that pesticide liganded ERs are in equili-
brium between two states, one favouring co-regulator bin-
ding (agonist liganded receptor) and one preventing co-re-
gulator binding (partial antagonist liganded receptor).’’
High concentrations of hormones that are above the
physiological range may also bind to other hormone re-
ceptors. For example, E2 present at very high concentra-
tions can bind to androgen receptors.***®

In vivo physiological concentrations of endogenous
hormones are usually below the dissociation constant (K )
which makes such a system sensitive and effective with
respect to hormone concentration fluctuations.”®**- Dif-
ferent responses also require different E2 doses in the sa-
me cell systems (e.g. rat pituitary GH3 cells and MCF-7
cells).®*% In malignant conditions (e.g. MCF-7 cells) es-
trogen responsiveness is maintained for a sustained period
compared with physiological conditions.>*® In addition,
chemicals that are inducing growth of MCF-7 cells at lo-
wer concentrations can slow or completely stop their
growth because of acute toxicity (toxic concentrations).
These dual effects can have a wide interval: bisphenol A
and octylphenol ranging 1,000 to 100,000-fold and can re-
sult in excess of 100 million-fold for DES and E2.8626-7!

3. Aryl Hydrocarbon
Receptor (AhR)

AhR is a ligand-dependent transcription factor. Li-
gands such as TCDD (Table 1) and 3-MC bind to AhR,
and the following sequence of events occurs: transloca-
tion into the cell nucleus, dimerization with the AhR nuc-
lear translocator (ARNT) and the formation of AhR/
ARNT heterodimer complex, leading to gene transcrip-
tion. The AhR/ARNT heterodimer complex binds to the
following specific DNA recognition elements: the AhR
responsive element (AHRE), the xenobiotic response ele-
ment (XRE) or dioxin response element (DRE).”> Num-
bers of signalling pathways are cross-connected with the
AhR signalling. Observed anti-estrogenic effects after
AhR ligand binding are due to AhR/ERa crosstalk. There
is certain evidence that activated AhR induces binding of
ERa to AhR-regulated genes and that AhR binds to ERa-
regulated genes. Genes such as CYP/AI, CYPIBI and
TiPARP (poly-ADP ribose polymerase) are expressed as a
consequence of TCDD binding to AhR. The same genes
are also estrogen responsive (human breast cancer cells),
suggesting that AhR and ERs regulate the expression of

Schmidt and Peterlin MasSi¢: Organic Synthetic Environmental Endocrine Disruptors: ...

725



726

Acta Chim. Slov. 2012, 59, 722-738

common genes.” One of the consequences of AhR/ERo.
crosstalk is impaired DNA binding of inhibitory dioxin
response elements (iDREs) in promoter regions of some
E2 responsive genes. AhR agonists also mediate degrada-
tion of ERs through activation of the proteasome com-
plex, contributing to anti-estrogenic effects.”* AhR invol-
vement in ubiquitination was confirmed by the inhibition
of ER degradation with proteasome inhibitor MG-132.7
Polyubiquitination of ERa in the presence of AhR ligands
occurred when ubiquitin E1 and E2 ligases were supple-
mented in vitro.”>’°

Beside antiestrogenic effects, AhR ligands can also
have proestrogenic effects. AhR agonist, 3-MC, can acti-
vate ERs transcriptional activity (especially ERc) in Hep-
G2 or CV-1 cells. It is suggested that these cells are capab-
le of metabolizing parent 3-MC into compounds that act as
ER ligands. However, 3-MC itself is not an ER ligand.”’

4. Properties of Synthetic
Estrogenic EDCs

EDC:s are usually polar and hydrophilic with a low
octanol/water partition coefficient (Ky,). They also have
lower binding affinity to organic fractions of sludge or
suspended sediments than other persistent organic com-
pounds with higher K, that are capable of bioaccumula-
tion (PAHs, PCBs, or organochlorine pesticides).”s !

Solubility. Hydrophilic molecules (e.g. diphenyl-
methanes) have a tendency to accumulate in aqueous pha-
ses and are not distributed in the sediment, body fat or ad-
sorbed to particulate matter in waste water. Compounds
with low solubility in water (e.g. p,p’-DDT) are mainly
characterized by lipophilic structural fragments. They are
largely adsorbed to sediment or particulate matter and
tend to accumulate in biological systems, especially in
animal fat tissues (Table 2).%

Degradation. EDCs found in the environment are
prone to chemical and microbial degradation (e.g.
hydrolysis and photolysis). EDCs with half-lives longer
than 2 weeks, some even longer than six months, are con-
sidered to be the most persistent (e.g. DDT and PCBs in
natural waters).®> For comparison, BPA has a relatively
short biodegradation half-life, ranging from 2-6 days in
rivers and is therefore considered less persistent.*

Bioaccumulation. With the exception of DDT and
certain organometallic compounds, EDCs do not accumu-
late in biological systems significantly.®® Several active
ingredients of oral contraceptives can be traced in aquatic
species causing infertility. Active ingredient in birth con-
trol pills, ethynylestradiol, has been detected in wild fis-
hes, levonorgestrel, active ingredient in post-coital contra-
ception was found in fishes and mussels.* Interestingly,
plasma levels of levonorgestrel in fish even exceeded hu-
man therapeutic levels.*® Bioaccumulation in marine ani-
mals could present a serious treat for human health becau-
se they represent an important source of human nutrition.
Relations between ingestion of EDCs and their effects on
human cells are very complex and should be studied in
more detail (eg. different cell lines with EDCs mixtures).
Lasserre at al. studied effects of selected EDCs atrazine
and 2, 2°, 4, 4, 5, 5’-hexachlorobiphenyl on human
MCF-7 cells. Expression of many proteins involved in
oxidative stress, DNA repair, cell shape, spermatogenesis
were affected.”’

5. Structural Classes
of Estrogenic EDCs

Among the ER ligands there are several major ca-
tegories classified according to their chemical structural
characteristics (Table 1). Steroids can be divided in two
groups. One group has a phenolic A ring (e.g. E2,
ethynylestradiol), while the other one lacks a phenolic A
ring (e.g. norethynodrel) (Figure 1). Diethylstilbestrol
(DES)-like compounds feature two benzene rings separa-
ted by two carbons that are connected by a double bond
in DES derivatives (Figure 4), however hexestrol con-
tains only a single bond. Triphenylethylene derivatives
constitute a group of compounds with an additional
phenyl group attached to the ethylene bridge, a common
property of synthetic anti-estrogens. The Diphenylmet-
hane class includes diphenolalkanes (e.g. bisphenol A
and its analogs). Biphenyls are chemicals with two con-
nected phenyl rings that may or may not contain halo-
gens (chlorine or bromine). All compounds in the class
of phenols contain a single phenolic ring, most of them
also contain a long alkyl chain substituted at the para po-
sition (e.g. p-nonylphenol). In addition to ER ligands
two structural classes of AhR ligands are considered:
PAHs and dioxins (Figure 9).

Table 2. Comparison of water solubility and log K, of selected EDCs

Chemical class Example of compounds Solubility in water log Ky
Diphenylmethanes Bisphenol A 120 mg/L* % 3,32%
Steroids Ethynylestradiol 11,3 mg/L°# 3,67%
PAHs Benzol[a]pyrene 1,62 x 107 mg/L*# 6,14%
Diphenylmethanes p-p’-DDT 5,5 x 107 mg/L* % 6,91%

a—at25°C b-at27°C
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5. 1. Steroids

The most active natural estrogen is E2 (Figure 1), a
typical prototype for a steroidal compound that acts on
ERs and contains a hydrophobic core with two OH
groups. EDCs that bind to ERs are actually structural mi-
metics of endogenous E2. Crystal studies of E2 bound to
ER showed that the 3-OH and 17B-OH groups act as H-
bond donors and acceptors, respectively. Elimination or
modification of these two OH groups significantly redu-
ces ER binding affinity.>*3® The impact of elimination
and modification is more drastic at the 3-position than at
the 17B-position (Figure 1). Other steroidal hormones like
testosterone or progesterone do not bind to ER under
physiological conditions because they lack an aromatic
hydroxyl group. The precise distance between the 3- and
17B-OH groups of steroids and their spatial orientation
significantly impacts binding affinity. The optimal distan-
ce between the 3- and 17B-OH groups ranges from 9.7 to
12.3 A. For comparison the oxygen-oxygen distance in E2
is 10.9 A% Additionally, steric hindrance at the 70~ and
11B-position of the steroid backbone is also an important
feature. The volume of the ER binding pocket is about

a)
17p - Estradiol (100)
OH
HO
Ethynylestradiol (190)
b) OH
O

Norethynodrel (0,22)

Figure 1. Steroids (a) with and (b) without phenolic structure (ring
A); In each case the ratio of its binding affinity to that of E2 is ex-
pressed as a percentage given in parentheses.’

twice that of E2. Large unoccupied cavities at 7a- and
11B- positions of E2 allow bulky groups to fit in ERs. This
observation is of great importance for xenoestrogens such
as DES-like chemicals (Figure 4), diphenylmethanes (Fi-
gure 5), and biphenyls (Figure 7). For example, the bin-
ding affinities of DES, dimethylstilbestrol (DMS) and
4,4-dihydroxystilbene decrease with shortening of the
alkyl side chains that mimic the 7a- and 11f3- positioned
bulky groups. The addition of small substituents such as
11 B-chloromethyl, ethyl and vinyl groups to the 11 B-po-
sition usually increases ER binding affinity.>%%

Metabolism. The nature of E2 metabolism is enti-
rely oxidative (Figure 2). The most frequent hydroxyla-
tion site is C-2, which is followed by C-16 and C-4.7%-%
The least frequent sites are at C-6, C-7 and C-15. All the-
se hydroxylations are catalyzed by the specific cytochro-
me P450 with great stereospecificity, since hydroxylations
can occur o (below) or B (above) the plane of the steroid
backbone. Among the most common P450s that take part
in hydroxylations are CYP1A1 for C-2, CYP1B1 for C-4
and CYP3A4/5 for C-16.”* P450 polymorphic forms dif-
fer significantly in reaction rates from that of the major
isoform found in populations.®**

CYP1A1 2
HO 5
4 6
CYP1 B1T

Figure 2. The most common P450s that take part in C-2, C-4 and
C-16 hydroxylations of E2 in vitro®*®®

Enzyme catechol-O-methyltransferase (COMT) is
responsible for O-methylation and therefore inactivation
of catecholamine neurotransmitters with S-adenosyl-L-
methionine (SAM) as a cofactor. However, any compound
with a catechol structure is a potential substrate for
COMT. In vivo methylation of E2 at C-2, C-4 or less fre-
quently at C-3, results in metabolites with various activi-
ties. For example, 2-methoxyestradiol has minimal estro-
genic activity but very promising antitumor effects.”!%
Alternatively, the catechol structures in estrogenic com-
pounds are able to form electrophilic semiquinones and
quinones, which can react with glutathione (GSH) and ot-
her nucleophilic compounds. While the formation of GSH
conjugates in vivo may act as a detoxification mechanism,
the reaction of semiquinones with DNA leads to stable ad-
ducts in the case of the 2,3-catechols, but in the case of the
3,4-catechols depurination adducts are formed, increasing
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mutation rate.'”'"'% 160-OH-Estrone has ability to react
irreversibly to histones and ERs through the so called
Heyns rearrangement, contributing to continuous activa-
tion of estrogen signaling.'®1%

5. 2. Synthetic Non-steroidal Compounds

Synthetic non-steroidal estrogens retain phenolic
function, but have a remarkable range of structural motifs
in core regions that encompass the following possible frag-
ments: simple acyclic, variety of alicyclic systems and he-
terocycles. Efforts have been made to optimize ER ligand
structures to improve tissue selectivity, especially for the-
rapeutic purposes. For example bazedoxifene has impro-
ved tissue selectivity with little or no agonistic activity in
the uterus in comparison with other SERMs.'”” Synthetic
non-steroidal ER agonists have a common structural mo-
del and composition: (1) a core structure, (2) an essential

phenolic unit that should not be chemically altered to re-
tain optimal ER binding affinity,'”® (3) an optional second
aromatic group and (4) one or two optional substituents
— one of them could be aromatic (Figure 3). It should be
mentioned that ER antagonists and partial agonists contain
a polar group on the aromatic ring. To achieve high ER-
binding affinity, the peripheral groups (2—4) must display a
certain geometric arrangement.

Fink et al. have incorporated certain sub-structural
motifs into 1,2- and 1,3-azole systems that are outlined in
Figure 3. All heterocycles binding affinities to ER were
determined with competitive radiometric binding assay
using tritium [*H] labelled estradiol.'” They discovered
that the homodibenzyl structure is a common structural
element in non-steroidal ligands such as benzestrol and
raloxifene and can be substituted with sterically very si-
milar 3,5-diaryl-1,2pyrazoles or isoxazoles and 2,4-di-
aryl-1,3-imidazoles, thiazoles or oxazoles. The dibenzyl

COMMON STRUCTURAL MODEL OF SYNTHETIC NON-STEROIDAL ER LIGANDS
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2,4-Diaryl imidazoles (X=N)
2,4-Diaryl thiazoles (X=8)
2,4-Diaryl oxazoles (X=0)

HO

Dibenzyl structure

Hydroxytamoxifen

R

N:{1
oY
HO

4 5-Diaryl imidazoles (X=N)
4,5-Diaryl thiazoles (X=S)
4,5-Diaryl oxazoles (X=0)

Figure 3. Common structures found in ER ligands and proposed experimental analogues'®
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structure is a common structural element found in
hydroxytamoxifen that can be mimicked with various 4,5-
diaryl-1,3-azoles. The diazole N,N-systems (namely pyra-
zoles and imidazoles) can accommodate up to four perip-
heral substituents, whereas the N,O- and N, S-heterocycles
(oxazoles, isoxazoles and thiazoles) can have a maximum
of three attached substituents.'"”

Studies from Fink et al. are important in two ways.
First, they have confirmed the hypothesis that bulky core
structures contribute to ER binding affinity and second,
that simple heterocycles can effectively replace the com-
plex core structures of steroids retaining ER binding.

5. 2. 1. DES-like Chemicals

Diethylstilbestrol (DES, Figure 4) is one of the hig-
hest-affinity synthetic estrogens, with a relative binding

OH
P450 or peroxidase O
HO 0

Diethylstilbestrol (DES)

l P450

OH
(J
HO

OH 3-OH-DES

J P450 or peroxidase

OH O OH
O S ‘ P450 or peroxidase ‘ RS DNA
HO 0 N
0o 0

DES-3',4"-quinone

3'-OH-DES-semiquinone

JGSH

(0]
OH O
GO

Neoad

SG

Y
= j tautomerization

Diethylstilbestrol-4',4"-quinone (DQ)

affinity (RBA) of 400, compared to E2 with an RBA of
100. DES molecule seems to have an optimal spatial ar-
rangement for hydrophobic and H-bond interactions.” In
the case where the OH group is being methylated, ER bin-
ding affinity decreases due to loss of H-bonding capabi-
lity similar to E2. When both OH groups of DES are
methylated, the reduction ER binding affinity is even mo-
re significant. The two ethyl groups (bulky core groups)
increase ER binding activity of DES as significantly as its
phenolic OH groups. The two ethyl substituents increase
hydrophobicity, maintain rigidity and help to occupy the
ER binding pocket. Binding affinity decreases from DES
to dimethylstilbestrol and 4,4’-dihydroxystilbene. The
ethyl groups may contribute to ER binding. Both ethyl
groups resemble the 11B- and 7o-substituents of E2.%!%
DES was synthesized in the 1930s and was used as
an estrogen supplement, but it was banned in the USA af-

OH

HO
ZZ-Dienestrol (ZZ-DIEN)

OH
3'-OH-DES-6'-N7Gua

GSH conjugate of DES

Figure 4. In vitro and in vivo metabolism of DES by cytochrome P450 or peroxidase

110,114
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ter identification of its adverse carcinogenic effects. Mo-
reover, in utero exposure to DES leads to increased inci-
dence of cervical cancer in adult females that are exposed
to DES before birth.!'® The mechanism of the carcinoge-
nesis is still not known. One hypothesis suggest that reac-
tive metabolites of DES might play a role, since it is meta-
bolized to a number of reactive metabolites, including its
oxidative metabolite, diethylstilbestrol-4’,4’’-quinone
(DQ), catalysed by P450 or peroxidase. DQ is further me-
tabolized to a non-carcinogenic metabolite Z,Z-dienestrol
(ZZ-DIEN) (Figure 4).1-113 DES is also metabolized to
its catechol, 3’-OH-DES that intercalates into DNA and is
then enzymatically oxidized to its quinone which reacts
with DNA. The resulting compounds are depurinating ad-
ducts 3’~-OH-DES-6’-N3Ade and 3’-OH-DES-6’-N7Gua,
analogous to those formed by the natural estrogens.'™*

5. 2. 2. Triphenylethylene Derivatives

Triphenylethylenes act as anti-estrogens (ER anta-
gonists) and are chemically similar to DES but have an
additional phenyl group attached to the ethylene moiety.
In the case of ER antagonists and mixed agonist/antago-
nists, one of the substituents generally contains a basic or
polar function. The prototype of this group is tamoxifen,
which is used in breast cancer therapy.'%!%

Metabolism. Tamoxifen is a model substance for
the triphenylethylene derivatives and is extensively meta-
bolized by human liver enzymes to several primary and
secondary metabolites. CYP3A4/5 is the major P450 iso-
form responsible for the formation of N-desmethyltamo-
xifen. Formation of 4-hydroxytamoxifen or endoxifen is
mainly catalyzed by CYP2D6. Other P450 isoforms play
a less important role in tamoxifen metabolism. SULT1A1
has been proposed to form an sulphate of 4-hydroxytamo-
xifen thereby contributing to endoxifen clearance.''>!'"’

5. 2. 3. Diphenylmethanes

Diphenylmethanes are chemicals with two benzene
rings separated by one carbon atom that contain a 4-OH
substituent that is critical for binding to ERs. There are

Ri. R,

HO

Bisphenol A (R4=CHj and R,=CHs)
Bisphenol F (R;=H and R,=H)
Bisphenol AF (R;=CF; and R,=CF3)
Bisphenol B (R,=CH3 and R;=CH3;CH,)

OH

Figure 5. General formula of diphenolalkanes

three groups of diphenylmethanes: diphenolalkanes, ben-
zophenones and DDTs. Diphenolalkanes (bisphenols)
contain two phenol rings separated by one carbon atom;
their generic formula is depicted in Figure 5.

Bisphenols. The most widespread diphenolalkane is
bisphenol A (BPA), first synthesized in 1891 by A.P. Dia-
nin. BPA binds to ERB with an approximately 10-fold
higher affinity than to ERo.. BPA is used as monomer in
epoxy-phenol resin synthesis (canned food) and polycar-
bonate plastic (medical equipment) or as antioxidant in
PVC plastic. Two structural elements enable BPA to bind
to ERs: a) 4-OH group on the A-phenyl ring and b) a
hydrophobic moiety at the central C-atom. For example,
bisphenol F has lower affinity to ERs than BPA and bisp-
henol B. BPA has approximately 10,000 times weaker af-
finity for ERs than E2.'1811°

Metabolism. Glucuronidation of BPA is catalyzed
with UDP-glucuronosyltransferases (e.g. UGT2B1). The
resulting BPA glucuronide is completely without estroge-
nic activity. Part of BPA is also sulfated by phenol
sulphotransferases present in the liver (e.g. ST1A3). BPA
sulphate has diminished estrogenic activity.'?*"'** Besi-
des metabolic phase II reactions, there is strong evidence
to support the hypothesis that the metabolism of BPA in
the human liver involves an oxidative pathway and for-
mation of reactive metabolites (e.g. quinones, semiquino-
nes), catalysed mainly by P450s. Jaeg et al. studied BPA
metabolism using liver microsomes. Several metabolites
have since been discovered: isopropyl-hydroxyphenol,
BPA glutathione conjugate, glutathionyl-phenol, glutat-
hionyl-4-isopropylphenol and BPA dimers.'** The BPA
metabolite bisphenol-o-quinone was also identified and
could bind DNA in vitro and in vivo. From these results it
was suggested that covalent modification of DNA by in
vivo exposure to BPA may be a factor in the induction of
hepatotoxicity.'” Moreover, it was suggested that the es-
trogenicity of BPA is increased (two to five times)
through its biodegradation by rat liver S9 microsomal
and cytosolic fractions. The active estrogenic metabolite
was confirmed to be 4-methyl-2,4-bis(p-hydroxyp-
henyl)pent-1-ene (MBP). 126

Dichlorodiphenyltrichloroethanes (DDTs). Dich-
lorodiphenyltrichloroethane (DDT), dichlorodiphenyl-
dichloroethane (DDD) and dichlorodiphenyldichloroethy-
lene (DDE) isomers have structural frameworks similar to
that of BPA. The o,p’- isomers are active in binding, whi-
le p,p’-isomers are not. The ortho-chlorine of o,p’-iso-
mers mimics the steric 11B-substituent of E2 and increa-
ses structural rigidity, which favours ER binding. p,p’-
DDT is metabolized by rat liver microsomes to p,p’-DDD
and p,p’-DDE (Figure 6A). p,p’-DDE was also formed
from p,p’-DDD. 1-chloro-2,2-bis(4’-chlorophenyl)ethyle-
ne (p,p’-DDMU) metabolite is formed via dehydrochlori-
nation of p,p’-DDD.'? K, values for DDT (o’,p’-DDT:
5.65; p,p’-DDT: 5.50), DDD (o,p’-DDD: 4.87; p,p’-DDD:
4.82) and DDE (o,p’-DDE: 5.43; p,p’-DDE: 5.78) impli-
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Cl Cl
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Figure 6a. Reductive metabolism of p,p’-DDT in rat liver microsomes by Kitamura et a

1.]27

Cl ¢ Cl Cl ' Cl
Two step gemethylatiorl
~0 o~ HO OH

Methoxychlor

HPTE

Figure 6b. Kupfer et al. proposed a two step demethylation of methoxychlor by using liver microsomes.'*

cate that the higher K, values for DDT and DDE increa-
se bioaccumulation in the body fats, whereas DDD and
DDMU are mainly eliminated via the kidney.'?*'* The
pesticide methoxychlor represents a “safer” version of
DDT and also exerts estrogenic effects but is known to in-
duce the enzyme aromatase. It needs metabolic activation
for endocrine activity. The resulting active metabolite 2,2-
bis(p-hydroxyphenyl)-1,1,1-trichloroethane (HPTE) with
bisphenol structure can act as an ERo agonist. Although it
has many toxic endocrine effects (e.g. induction of utero-
trophic response, reduced mass of ovaries), it is still used
as a pesticide because of its faster metabolism and signifi-
cantly reduced likelihood of bioaccumulation (Figure
6B).130

5. 2. 4. Biphenyls

Biphenyls are divided into two types of compounds:
polychlorinated biphenyls (PCBs) and phenylphenols.’
PCBs hydroxylated on position 4 (4-OH-PCBs) are better
ER binders than non-hydroxylated PCBs, which is consi-
stent with observations in other chemical classes. With an
increasing number of chloro substitutions at the non-phe-
nolic ring, more electron withdrawal is found in the phe-
nolic ring. This results in higher pK, values and better H-
bond formation capabilities. 2°,3’,4°,5’-Tetrachloro-4-
biphenylol and 2’,5’-dichloro-4-biphenylol are the stron-
gest binders in the group (Figure 7)."*!!3

Cl Cl

Cl
2',3',4' 5'-tetrachloro-4-biphenylol
Cl

oY

Cl
2'.5'-dichloro-4-biphenylol

Figure 7. Structures of 4-OH-PCBs.

It is evident that PCB compounds with single or
multi-orthochlorine substitution patterns that restrict the
conformational flexibility of PCBs are among strongest
ER binders. From a chemical point of view, PCBs can
form rotational isomers since rotation around the central
bond is restricted. It was found that three or four ortho-
chlorine substituents are required to prevent racemization.
Two ortho-chlorine substitutions at the non-phenolic ring
also act as small steric substituents and mimic the 113-po-
sition of E2, leading to improved binding to ERs.'*
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Metabolism. Hydroxylated PCBs (OH-PCBs), or
polychlorobiphenylols, are the main PCB metabolites.
Hydroxy-PCBs are formed through arene oxides by P450.
OH-PCBs are polar compounds that are quickly elimina-
ted. Their reported concentrations in humans have been
10% to 20% of the PCB level. OH-PCBs can also be
found in the plasma of healthy pregnant women (study in
Netherlands). In addition to mentioned hydroxylation
reactions, bacterial metabolic reactions of PCBs are also
important, since they are responsible for the removal of
PCBs from the environment. Anaerobic dehalogenation of
highly chlorinated congeners in aquatic sediments is an
important process (Dehalococcoides ethenogenes and re-
lated organisms).'3+1%

ipso-
substitution

OH o)
N or
X OH o)

hydroquinone benzoquinone

OH
. X OH
ipso-
addition
o}
quinol

Figure 8a. P450 catalysed ipso-position reaction of para-substitu-
ted phenols'®

/©/\A/\/\/ IPSO-ADDITION _
HO

4-nonylphenol

5. 2. 5. Phenols

This class is divided into three types of compounds:
alkylphenols, parabens and alkyloxyphenols. The member
of this class having the highest binding affinity is nonylp-
henol (NP, Table 1).2 Length of the alkyl side chain at para
position has a large impact on binding activity. NP is a
mixture of isomers with differently branched nonyl side-
chain structures. A number of isomers are generated during
the synthesis (an isomeric mixture of p-nonylphenols), the
three main NP isomers being 2-(4-hydroxyphenyl)-nona-
ne, 3-(4-hydroxyphenyl)-nonane and 4-(4-hydroxyp-
henyl)-nonane. NP is most frequently used in the synthesis
of nonylphenol ethoxylates, which are components of non-
ionic detergents, antioxidants and oil additives.'?"'%

Metabolism. The ipso-position biotransformation
reaction of para-substituted phenols (para-substituent is
an electron donating alkyl group) is catalyzed by P450
with a quinol intermediate formed via an ipso-addition
reaction (Figure 8A).'* When a para-substituent is an
electron withdrawing group: halogen, methoxy, nitro,
cyano and substituents with carbonyl groups (e.g. acetyl,
carboxyl, or benzoyl), a hydroquinone or benzoquinone
formation is followed. Estrone and E2 also contain a para-
alkylphenol substituent and form quinols through P450
ipso-addition. Ohe et al. confirmed quinol formation from
estrone and E2 by CYP1A1, CYP2B6 and CYP2EI ac-
companied by 10B-hydroxylation.'"*® Estrogens that un-
dergo ipso-addition lose their ER-binding activity. An
example of para-substituted phenol is NP, that undergoes
an ipso-addition reaction catalyzed by P450, where it
forms a quinol intermediate. The benzyl position could al-
so be oxidated by P450, a factor giving rise to ipso-substi-
tution reaction (Figure 8B).'*

HO CgHyo

(0]

4-hydroxy-4-nonylcyclohexa-2,5-dienone

0o OH

CgHq7 CeH17

/Q/VW\/BENZYL-OXIDATION .
HO HO

4-nonylphenol

Figure 8b. P450 catalysed metabolic pathway of nonylphenol'*

HO

4'-hydroxynonanophenone  1-hydroxynonylphenol
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o
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6. AhR Ligands

Studies on the AhR, also known as the dioxin recep-
tor, and its ligands began about 50 years ago when drug-
metabolizing enzymes were found to be induced by PAHs
such as 3-methylchoranthrene (3MC) and TCDD (Figure
9).” The AhR was originally identified as a ligand activa-
ted transcription factor involved in induction of the xeno-
biotic-metabolizing cytochrome CYP1AIl. It is known
that compounds that bind and activate the AhR are
hydrophobic molecules (e.g. synthetic PAHs and HAHs).
Many agonists are planar compounds and coplanarity is
one of the most important determinants affecting the affi-
nity of the AhR for its ligand.” Much attention is given to
the intrinsic functions of AhR and its natural or endoge-
nous ligands. Nguyen et al. described different structural
types of compounds that act like endogenous activators of
AhRs such as indigo and indirubin, equilenin (an equin
estrogen), arachidonic acid metabolites (e.g. PGG2 and li-
poxin A4), heme metabolites (e.g. bilirubin and biliruver-
din), tryptophan derivatives (e.g. tryptamine, indole-3-
acetic acid (IAA)), UV photoproducts of tryptophan (e.g.
6-formylindolo[3,2-b]carbazole (FICZ)) and AhR ago-
nists derived from dietary sources (e.g. indolo[3,2-b]car-
bazole (ICZ) and 3,3’-diindolylmethane (DIM)).”>!*! In-
terestingly, it has been found that harmine and its main
metabolite, harmol (B-carboline compounds) significantly
inhibit the induction of CYP1A1 by AhRs agonist dioxin.
Several AhR antagonists have shown promising results
against several carcinogen-activating agents.'*?

6. 1. Chlorinated Aromatic Hydrocarbons

TCDD is a prototype compound of chlorinated aro-
matic hydrocarbons causing a large number of toxic ef-
fects: immunotoxicity (strong lymphoid atrophy), cance-
rogenesis, teratogenesis, skin disorders (chloracne) and
infertility. Chlorinated aromatics hydrocarbons are chemi-
cally stable compounds with a great bioaccumulation and
sorption potential.'*® In the sections above we already
described TCDD as a potent AhR-dependent inhibitor of
estrogen activity, whereas PCBs exert pro-estrogenic acti-
Vity.

6. 1. 1. Dioxins

Dioxins are a common generic name for polychlori-
nated dibenzodioxins (PCDDs) and polychlorinated di-
benzofuranes (PCDFs), a group of toxic organic contami-
nants (Figure 9). They are not produced for commercial
purposes, but are generated as byproducts in the produc-
tion of chlorophenols, herbicides (chlorophenoxy acids),
and PCBs. Other sources are the paper industry (chlorine
bleaching), automobile exhaust (leaded fuel), burning
household and industrial waste and the manufacture of
PCBs.'* Most research has been carried out on a repre-

sentative compound TCDD. Toxicity of PCBs, PCDFs
and PCDDs correlates with AhR binding affinity. 3D
QSAR studies revealed that sterically favoured regions
are present near the 2, 3, 7 and 8 positions of TCDD (this
is also the case for PCDFs). However, bulky groups in the
medial position (1,4-dioxane ring) of the second benzene
ring are particularly unfavourable for binding. When re-
gions near the 2,3 position in TCDD and PCDF are substi-
tuted by electronegative halogen molecules the activity
increases, but on the medial position of the ring a positive
charge is favoured. The first benzene ring makes a greater
contribution to the hydrophobic interaction with AhRs
than the second benzene ring.'¥’

6. 1. 2. PAHs

PAHSs constitute a major class of environmental or-
ganic pollutants. Incomplete combustion of any organic
fuel (coal, diesel, gasoline, or biomass) can result in the
formation of PAHs. Five PAHs, benz[a]anthracene, ben-
zo[a]pyrene, benzo[b]fluoranthene, dibenz[a,h]anthrace-
ne and indeno[l,2,3-c,d]pyrene, are known human carci-
nogens (Figure 9).'4

Several QSARs studies have been conducted to exa-
mine the influence of molecular structure on biodegrada-
tion rates, photo-induced toxicity and mutagenicity of
PAHs in human cells. Shape, electronic energy and substi-
tution have been determined as significant factors. PAHs
are known to bind to AhRs. However, several 4- and 5-ring
polycyclic PAHs, heterocyclic PAHs and their hydroxy de-
rivatives were examined to determine their ability to inte-
ract with ERo and ERP. It was determined that only com-
pounds with a hydroxy group were able to compete with
H-labelled E2 for binding to glutathione-S-transferase,
human ERq, the D, E, and F domain fusion protein or to
the full-length human ERp. PAH structures are homogene-
ous, but their carcinogenic effects are diverse, ranging
from highly active to inactive. Dipple et al. proposed a
classification into four classes according to their power:
inactive, slight, moderate and high.'*’'*® A consistent ex-
planation for the carcinogenic action of many PAHs was
given by the so-called K-L-M-“bay region” theory.
Schmidt et al. hypothesized that the carcinogenicity of
PAHs is related to the distribution of m-electrons.'* For
example PAHs with high m-electron density in the L-re-
gion are strong carcinogens. Pullman et al. pointed out the
coupling of high m-electron density in the K-region and
low density in the L-region to be a determining factor for
high carcinogenicity.'**!>! Jerina et al. have found that sta-
bilization of the “bay region” cation is relevant for carcino-
genicity.'>? Thus, the diolepoxide formed at the “bay re-
gion” was established as the main factor responsible for
the toxic action, since it is believed to react directly with a
nucleic acid base and give rise to cancer.'#6:153-15

Metabolism. It is well known that, in vivo, the me-
tabolic processes of PAHs lead to reactive, electrophilic
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Figure 9. Structures of PCDDs, PCDFs and five PAHs that are known human carcinogens

intermediates that can initiate cancer. In the commonly
accepted chemical carcinogenesis, a PAH is converted in
a stepwise process, by three metabolizing enzymes to a
reactive diolepoxide which then intercalates rapidly with
the deoxyguanosines or deoxyadenosines in DNA. The
first and essential step in DNA adduct formation is a non-
covalent interaction of PAH with DNA. The study of such
interactions is of great importance in understanding the
detailed mechanism of PAH carcinogenesis. Benzo-
[a]pyrene, a lead compound for PAHs, is transformed to
different arenoxides. Studies of carcinogenicity have re-
vealed that the 7,8-epoxid and 7,8-dihydrodiol forms are
proximity mutagens and that 7,8-diol-9,10-epoxid is a po-
werful, ultimate carcinogen.lss"y’

7. Conclusions and Future
Perspectives

Development in the field of estrogenic compounds
has evolved significantly from the first synthetic hormo-
nes and their use in contraceptives, through aromatase in-
hibitors used in cancer therapy, and selective estrogen re-
ceptor modulators used in hormone replacement therapy,
cancer and osteoporosis treatment. Conversely, toxicolo-

gists are facing the problem of characterizing EDCs in the
environment (mainly industrial chemicals) that present
health risks for the population in the form of hormone di-
sruption that affects reproduction and growth. There are a
multitude of endocrine disrupters that have widely var-
ying effects and are present in a variety of environments.
The persistence of EEDCs in the aquatic environment is
governed by biodegradation, sunlight photolysis and other
abiotic transformations like hydrolysis. Once they reach
surface waters, they can be transformed, mainly via bio-
or photo-degradation, or they can be adsorbed onto sus-
pended particles in the aquatic environment. Sorption of
hydrophobic contaminants at the particle water interface
is one of the most important processes that control their
distribution in aquatic environments. A major issue, in
terms of metabolism, is the uncertain fate of EDCs
through ingestion of food. The increased duration of EDC
exposure represents a major risk factor for breast cancer.
The underlying mechanisms in the susceptibility of breast
tissue to the carcinogenic effect of estrogens remain unc-
lear. It has been shown that estrogen metabolism under
normal physiological conditions leads to formation of
reactive oxygen species (ROS) playing important roles in
cell transformation, cell cycle, migration and invasion
(breast cancer). The redox cycling of hydroxylated estro-
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gens and their ROS production is especially impor-
tant."”1*® However, it may be suggested that unintended
exogenous intake of estrogens (EDCs) could lead to ex-
cessive formation of ROS, causing oxidative stress and
tissue damage. The many examples given here of EDCs
forming various oxidized species emphasizes the need for
more extensive studies of their oxidative metabolisms.
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Motnje endokrinega sistema pomenijo tiste spremembe v delovanju endokrinega sistema, ki povzrocijo Skodljive ucin-
ki pri zdravih ljudeh ali njihovih potomcih. Fiziolo$ki endokrini hormoni delujejo v zelo nizkih plazemskih koncentra-
cijah, medtem ko se za dolocene kemijske spojine, poznane kot endokrini motilci (EDCs), prav tako predvideva spre-
memba endokrine funkcije pri podobno nizkih koncentracijah. V preglednem ¢lanku smo se osredotocili predvsem na
pregled strukturnih razredov organskih sinteznih okoljskih endokrinih motilcev ter na njihove skupne strukturne ele-
mente, ki jim omogocajo interakcijo z estrogenim signaliziranjem. Endokrini motilci lahko vplivajo na estrogeno signa-
liziranje neposredno preko interakcije z estrogenimi receptorji (ERs) ali posredno preko transkripcijskih faktorjev kot je
receptor za aromatske ogljikovodike (AhR) ali preko modulacije kriti¢nih encimov, ki sodelujejo pri biosintezi in pre-
snovi estrogenov. Nekateri strukturni elementi hormonskih motilcev predstavljajo tveganje za citotoksi¢no in genotok-
si¢no delovanje, predvsem preko bioaktivacije v reaktivne metabolite.
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