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Abstract

Estrogens are a broad class of compounds which exert many physiological effects. In addition to
gonadal and peripheral endogenous estrogen production, humans can be exposed to exogenous
estrogenic compounds (xenoestrogens) from medicinal, dietary and environmental sources. These
compounds can exert effects similar to that of 17pg-estradiol (E2) through estrogen receptor
(ER)-mediated mechanisms, or via ER-independent pathways. Although estrogens are used for a
number of medical purposes such as birth control and for hormone replacement therapy (HRT) in the
treatment of post-menopausal symptoms, studies have found adverse health effects from their use.
Increased risk of stroke and invasive breast cancer are associated with medicinal estrogen use. As an
alternative to HRT, diets rich in phytoestrogens are used by many women. Even though
phytoestrogen consumption is associated with reduced risk of hormone-dependent cancers and
antioxidant properties, concerns about adverse effects, such as endocrine disruption, cannot be
dismissed. Widespread use of chemicals with estrogenic properties in agriculture and industry has
resulted in endocrine disruption in wildlife populations although the impact on human health is still
in debate. In general, the ranking order of estrogen equivalent factors compared to E2 is medicinal
estrogens > phytoestrogens > environmental estrogens. Serum concentrations of estrogens vary among
populations depending on choice of diet, use of medicinal estrogens, and environmental exposure.
Thus, determination of total exposure levels (i.e. E2 equivalent concentration) is complex and can
vary greatly within a larger population.
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Existence of a variety of estrogens

Estrogens are a broad class of compounds which exert many physiological effects. Included
in this group are endogenous sex steroid hormones such as the potent 178-estradiol (E2),
which has a major role in secondary sex organ development, behavior, and fertility. E2 is
produced primarily by the ovarian follicle in pre-menopausal women. In post-menopausal
women, low levels of the endogenous estrogens E2, estrone (El), and the biologically
inactive estrone sulfate are produced peripherally [1].

In addition to endogenous production, humans can be exposed to a variety of exogenous
estrogens (xenoestrogens) via medical treatment, dietary consumption, and environmental
exposure. Medicinal estrogens are used for many purposes including birth control,
reduction of post-menopausal symptoms, and treatment of endometrial cancer [2].
The synthetic estrogen ethinyl estradiol is used in the majority of oral contraceptives [3].
Other estrogens used medically are equilin, equilenin, 17a- and 17g-dihydroequilin
(Table I). Hormone replacement therapy (HRT) for post-menopausal symptoms is one of
the most prevalent uses of medicinal estrogens. Estrogenic compounds used in HRT can
include natural sources such as conjugated equine estrogens extracted from the urine of
pregnant mares and synthetic estrogens. At least 10 estrogens have been identified in
conjugated equine estrogens including E2, 17«-estradiol, E1, equilenin, and equilin [4].

Other natural occurring sources of estrogenic chemicals are plants and microbes.
The phytoestrogens are a broad group of plant-derived or microbial compounds that are
structurally or functionally similar to E2. Examples include genistein and coumestrol which
have agonistic effects to E2 [5]. Phytoestrogens are non-steroidal compounds which exert a
number of estrogenic effects [5,6]. The exact mechanism(s) by which phytoestrogens exert
effects similar to E2 has not been elucidated.

Another source of estrogenic compounds to which humans are exposed is industrial or
agricultural activity. Endocrine-disrupting chemicals (EDCs) are defined as ‘“‘exogenous
agents that interfere with the production, release, transportation, binding, action, or
elimination of the natural hormones in the body responsible for the maintenance of
homeostasis and the regulation of the developmental processes” [7]. According to the above
definition, EDCs may interfere with physiological functions of a variety of hormones such as
estrogens, androgens, or thyroid hormones. In this article we focus on the environmental
chemicals that possess activity of E2, namely estrogenic endocrine-disrupting chemicals
(EEDC:s). Polychlorinated biphenyls (PCBs) are one such class of compounds. PCBs were
used in the manufacturing of electrical equipment, and have since been linked to adverse
reproductive effects [8]. It has been proposed that excess exposure to estrogens may lead to
endocrine disruption, which has been manifested in numerous wildlife studies [9,10].
Whether EEDCs cause adverse effects in humans is still debated.

Estrogen synthesis, metabolism, and physiological function

The hypothalamic-pituitary-gonadal axis controls the gonadal production and release of
estrogens (Figure 1). Possible targets of exogenous estrogens thus include the hypotha-
lamic-pituitary-gonadal axis, E2 synthesis, metabolism, secretion, transport, and signal
transduction. Estrogen’s primary source in normally cycling adult women is the ovarian
follicle which secretes varying levels of E2 depending on the phase of the menstrual
cycle [11]. Release of gonadotrophin-releasing hormone (GnRH) by the hypothalamus
stimulates the anterior pituitary to produce two hormones, follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) [12]. In response to LLH, follicular



143

Human exposure to estrogens

€€1°0 660°0 ‘€80°0 ‘9%0°0

LYT°0 ‘TL0°0 ‘T€0°0

PH1°0 ©0C1°0 ‘¢60°0

L'L

LTI

¢cl

(X1) 1°0 °S£0°0 “S0°0 SLE0°0 °5TO°0

1°0 SZ0°0 ‘SO0 ‘ST0°0

10 S£0°0 S0°0

ST'T ‘6°0 ‘(x2) §29°0 ‘€0

(*2) $29°0

T 6T'T ‘670 “(*2) S29°0 ‘€0

[OIpeIISS [AUNpNg-0L T
[OTPENSH-4 LT

[orpensg-¢ L1
uruaIbaoIpAyrp-g L1

pue -0/ 1 ‘urua[mba
‘[o1peIsa-g L1 ‘s19[qe1
unrewxd ur punoj
suagoI1sd paie3n(uo)
JuoI1a1s9801dAX0IpIW
‘urrewaid ur punojy
suogomsa paledn(uo)
[O1pensd-¢ LT pue 0.1
urmbaoIpAyrp-4/ L1
pue -0, 1 ‘urnbs ‘Quonsyg

(yored [ewISpsueIl) o I[[AIA
(391q81) GerEUD

(yored [eurropsuen) ,eIOlY

(391981) Gunsaua)

(191q81) Gordurarg

(91q81) GurrewaI ]

(;_Tw Su) [943] WnIeg

(8wr) Jrqerear a8eso(

sSua801189 Jo sadA T,

(w10y) Jweu pueig

2002 AInC 0T T0:TZ v [lunoooy sfeuinor 1ad] :Ag papeojumoq

"[121-911] Uwnjoo  [949] WIS, UL SI9QUINU
J1 01 puodsa1Iod UWNod  J[qe[IeA. A8BSO(J,, Ul SI2QqUINU PAZOI[el] ‘ewse[d Ul SUONBIIUIIUOD 21B1IS-APBIS Y1 PUB SUIF0IISI [RUIDIPAW JO 2Insodxy ‘T J[qe],



Downloaded By: [CDL Journals Account] At: 21:01 10 July 2007

144 Y.-W Huang et al.

“44 Hypothalamus |
u4’| Anterior pituitary |

| Granulosa cells | | Thecal cells |

v \ v
Estrogens | | Androgens |

Figure 1. Estrogen metabolism is under the control of the hypothalamic-pituitary-gonadal axis.

thecal cells produce the androgens testosterone and androstenedione which are precursors
to estrogen synthesis [12]. Androstenedione and testosterone diffuse into follicular
granulosa cells, where FSH stimulates these cells to aromatize the two androgens to the
estrogenic steroids estrone and estradiol, respectively [12-14]. 17p-Hydroxysteroid
dehydrogenase and aromatase catalyze conversion of androgens to estrogens. Within the
granulosa cells of pre-ovulatory follicles, higher levels of the enzyme aromatase which
converts androgens to estrogens are present than thecal cells [13]. During the luteal phase
of the ovarian cycle, the corpus luteum of primates secretes estrogens. This two-cell model
of estrogen synthesis with thecal cells of the corpus luteum producing androgens that are
aromatized to estrogens by granulosa-derived cells is supported by steroidogenic enzyme
localization [15].

Following menopause, most endogenous estrogens are produced by conversion of
androstenedione, secreted by the adrenal cortex, to estrone by peripheral tissues [16].
The most abundant circulating estrogens in post-menopausal women are estrone and the
inactive sulfate-conjugated form, estrone sulfate. Peripherally, estrone sulfate can be
converted by steroid (estrone) sulfatase to the biologically active estrone [1].

Mechanisms of estrogenic effects

Compounds may exert their estrogenic activities via estrogen receptor (ER)-independent or
dependent mechanisms. Two forms of human ERs (ERa and ERB) have been identified
[17-22]. These two receptors encoded by two different genes (ESR1 and ESR2) have
distinct tissue expression patterns [23]. For both receptors, many mRNA splice variants
exist with differing affinities to the same compound [24]. For a comprehensive review on
ERs and human diseases, readers are referred to other review papers [25,26].

Figure 2 depicts the classical ER-mediated signaling pathway. The binding of E2 or other
estrogenic ligands to the ER causes a conformational change in ER protein structure
and dissociation of the heat shock protein 90 (hsp90). The ligand-receptor complex then
undergoes homodimerization and the resulting homodimer complex binds to estrogen
response element (ERE) of the genes that are estrogen-inducible. Once bound to ERE, the
ER homodimer may induce or inhibit gene expression; consequently, homeostasis of an
organism might be altered.
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Figure 2. Estrogen receptor-dependent mechanism of action of estrogenic chemicals. “L’> denotes
endogenous or environmental ligands. Details are described in the text.

In addition to the classical mechanism, estrogens can act either through the ER located
in or adjacent to the plasma membrane, or through non-ER membrane-associated
estrogen-binding proteins. These non-genomic actions contribute to rapid effects of
estrogens by activating the mitogen-activated protein kinase (MAPK) and the phospho-
inosital 3-kinase signal pathway, stimulating adenylate cyclase activity and cAMP
production, and mobilizing intracellular calcium [27-39].

In addition to acting via non-ER membrane-associated estrogen-binding proteins,
estrogenic chemicals may also exert physiological functions via other ER-independent
pathways or by alterations of cellular and extra-cellular components. For instance, 2-chloro-
s-triazine herbicides such as atrazine, simazine, and propazine are capable of inducing
aromatase (CYP19) which converts androgens to estrogens [40]. Another indirect
mechanism is competition among environmental chemicals for steroid hormone binding
globulins, which alters cellular availability of a specific chemical. Figure 3 further illustrates
multifaceted interactions which include metabolic pathways, steroidogenesis, ligand
transport, and receptor crosstalks. These factors need to be taken into account when one
tries to characterize mechanisms of action of exogenous estrogens.

Routes of exposure and bioavailability of estrogens

Humans can be exposed to natural or synthetic estrogens from many sources. For example,
synthetic estrogens from industry or agriculture may enter into the environment via point or
non-point source discharges, or incidental spills resulting in contamination of ground water
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Figure 3. Crosstalks among several physiological pathways and mechanisms of actions complicate
prediction of risk assessment for estrogens.

and drinking water. In addition, phytoestrogens are included in the staple diet of some
cultures. Therefore, humans may contact natural and synthetic estrogenic chemicals via
dietary consumption or contamination, medicinal and personal care product administra-
tion, and environmental exposure. These three sources of estrogens are further described
as follows.

Medicinal products containing estrogenic chemicals

Medicinal estrogens are used for a number of purposes. Estrogens, in combination with
progestin, are used for birth control and treatment of endometriosis [2]. Estrogens can be
administered orally in tablet form or by a newer method of transdermal patches. Medicinal
estrogens are also used to treat post-menopausal conditions such as vasomotor symptoms,
vaginal atrophy and dryness, and osteoporosis. Vasomotor symptoms associated with
menopause include hot flashes and night sweats. For moderate to severe menopausal
vasomotor symptoms, HRT decreases the frequency and severity of symptoms [41].
Estrogens are also important in bone deposition and are required to maintain adequate
bone density [42]. Studies have found that an additional benefit of HRT is the reduction
of risk of skeletal fractures [43].

The dosage of medicinal estrogen prescribed varies with a patient’s needs. Table I lists
commonly prescribed estrogens, available dosages, and steady-state concentrations in serum.
These estrogens are either synthetic chemicals or extracts from animals such as conjugated
equine estrogens (Premarin®) from horse urine. Serum medicinal estrogen concentrations
range between 0.032 and 12.3ngmL~'. Our statistical analysis indicated that serum
steady state concentrations of individual medicinal estrogens significantly correlates with
their respective dosages (R®*=0.89). In general, the order of the estrogenic potency,
measured as cell proliferation, is 17a-ethinyl estradiol = E2 > estriol > estrone (Table II).
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Table II. Relative receptor binding affinity and gene expression among phytoestrogens, medicinal
estrogens, and environmental estrogens. E2 was used as the comparative standard (100% receptor
binding affinity and transactivation ECs, ratio, cell proliferation equivalence factor=1).

Cell proliferation

Receptor Transactivation equivalence

Chemicals binding RBA? (%) ECs, ratio® (%)  factor® (x107°)
Phytochemicals
Isoflavone

Formononetin - 0.0486 -

Daidzein - 0.0052 110 [122]

Biochanin A - 0.0618 12 [123]

Genistein 0.46 0.0773 260 [122]
Flavonoid

Quercetin wb - 1 [60]

Kaempferol - - 70 [122]

Luteolin - - 59 [122]

Apigenin - - 150 [122]

Naringenin wb 0.0003 77 [122]

Phloretin - - 25 [122]
Coumestan

Coumestrol 0.81 0.0156 10 [124]
Resorcylic acid lactones

a-Zearalenol 48 12.180 10% [125]

B-Zearalenol 13 1.3571 -

Zearalenone 9.3 - 10% [124]
Lignans

Enterolactone - - 1 [126]

Enterodiol - - 0.1 [126]
Medicinal estrogens/antiestrogens

17a-Ethynyl estradiol 127 - 10° [124]

Estrone 45 - 10% [124]

Estriol 28 - 10° [124]

Tamoxifen 11 - 10 [124]
Environmental chemicals

DDT and metabolites - - 1 [124]

Bisphenol A 0.0080 0.0035 10% [127]

0,p-DDT, p,p/-DDT wb wi 1 [125]

PCBs, OH-PCBs, Aroclor mixtures nb? wid 1-102 [124]

*Relative binding affinity (RBA) = (IC5c E2/IC5, compound) x 100. Experiments were carried out
using a human recombinant ER-o (GST-hERa«def) [128,129]. wb = weak binder, nb = non-binder.
®Isoflavones were tested with a yeast estrogen screen system [130]. Other ECs, values were
determined using a human recombinant ER-« (GST-hERadef) and a luciferase reporter gene [129].
wi=weak inducer.

°Equivalence factors were relative comparisons against E2.

9Data from [131,132].

Although medicinal estrogens may provide health benefits, studies have also reported that
these compounds can cause adverse biological effects. In the classic example of
diethylstilbestrol (DES) which was given to women to prevent spontaneous abortions in
the United States from the late 1940s until 1971, prenatal exposure to DES caused negative
health effects in offspring. Daughters born to these women had increased risk of vaginal
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clear cell carcinoma and a higher proportion of adverse reproductive outcomes for first
pregnancies [44,45]. More recently, evidence supports use of estrogens and increased
endometrial cancer risk [46]. Preliminary analysis from the long-term Women’s Health
Initiative studies reported increased risks of myocardial infarction, stroke, invasive breast
cancer, pulmonary emboli, and deep vein thrombosis in post-menopausal women during
5 years of treatment with conjugated equine estrogens combined with medroxyprogesterone
acetate [43]. Whether the medical benefits outweigh the risks is still under rigorous
investigation. Subjective and personal factors will also influence a woman’s decision to use
medicinal estrogens.

Dietary consumption of phytoestrogens

Phytoestrogens can occur naturally in the diet or be consumed as dietary supplements.
Sources of phytoestrogens include soybeans, clover, alfalfa sprouts, oilseeds, whole grains,
fruits, and vegetables. Phytoestrogen consumption is associated with positive effects on total
blood cholesterol and low density lipoprotein, cholesterol levels [47]. Studies have also
found an association between phytoestrogen intake and induction of apoptosis, antioxidant
effects, and inhibition of DNA topoisomerase [47-54].

Evidence from epidemiological studies on humans and laboratory experiments on
mammalian species indicate that consumption of phytoestrogen-rich food is correlated with
a number of health benefits including reductions in breast cancer risk, osteoporosis,
menopausal discomfort, cardiovascular disorders, and bone diseases [55]. For instance,
ipriflavone (a phytoestrogen derivative) and coumestrol have both demonstrated protection
against bone density loss in post-menopausal women [42]. Because known health risks such
as increased breast cancer risk and stroke are associated with the use of medicinal estrogens,
and the effects of long-term treatment with these compounds are also unknown, women
may elect to take natural alternatives to conventional HRT [43]. However, studies relating
to menopausal vasomotor symptoms and phytoestrogens are inconclusive. Relief of hot
flashes and vaginal dryness by women including soy and flaxseed in their diet has been
reported [55]. At this time, sufficient clinical evidence is not available to determine if soy
foods or isoflavone supplements affect menopause-associated vasomotor symptoms [41].
Evidence for the estrogenic effects of phytoestrogens is supported by experiments with
aromatase knockout mice (ArKO) which lack the ability to convert androgens to estrogens.
Adverse reproductive effects such as ovarian follicular abnormalities and decreased
spermatogenesis in ArKO mice fed phytoestrogen rich diets were attenuated compared to
ArKO mice on a phytoestrogen free diet [5,56].

Epidemiological evidence suggests that hormone-dependent cancers, such as breast and
prostate cancers, are statistically less prevalent in Asian countries than in the USA and
Western Europe [55]. Greater consumption of phytoestrogen-containing foods, such as soy,
by Asians is thought to be a reason for this difference. The mechanisms by which
phytoestrogens could exert a chemopreventive influence are multiple and not clearly
understood. Animal studies have demonstrated that neonatal exposure to the phytoestrogen
genistein may protect against chemically induced tumor multiplicity [57,58]. Other studies
have found a decrease in tumor multiplicity associated with a diet of soy protein containing
isoflavones [59]. Additionally, genistein has also been shown to inhibit angiogenesis and
proliferation of endothelial cells [55]. Antioxidant effects of phytoestrogens may also be
related to the anticarcinogenic affects of these plant-derived compounds [53]. Studies with
MCF-7 human breast cancer cells suggest that the antiproliferative effects of flavonoids are
independent of ER mechanisms [60]. Flavones and isoflavones are competitive inhibitors
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Table III. Estimated dietary exposure (mgday !) to environmental estrogens and phytoestrogens in different
countries.

USA New Zealand UK Japan
Chemicals (mean + SD) (ranges) (mean + SD) (mean + SD)
Daidzein 0.289+2.104 0.87-1.2 0.314-0.405 16.4+7.5
Genistein 0.338+£2.119 1.2-1.9 0.389-0.499 31.3+14.4
Total isoflavones 0.760 + 4.345" 2.07-3.1° 0.718-1.041° 47.74
Secoisolariciresinol 0.622 4+0.357 - - -
Enterolactone - 0.19-0.28 - -
Matairesinol 0.0234+0.019 - - -
Enterodiol - 0.1-0.16 - -
Total lignans 0.6454+0.363 0.29-0.44° - -
Total environmental 0.0025°¢ 0.0036-0.0073° - -

estrogenic chemicals®

#Post-menopausal women in the Framingham Offspring Study [133].

PRanges of the averages from different genders and age groups [134].

“Data were from the VENUS database [135].

c']apanese women [136].

“Major estrogenic pesticides include DDT and metabolites, dieldrin, endosulfan, and p,p’-methoxychlor [137].

of cytochrome p450 aromatase, the enzyme complex responsible for converting androgens
to estrogens resulting in lowering of estrogen levels in peripheral and/or cancer cells [61].
Consequently, they may play a protective role as antipromotional compounds during
growth of estrogen-dependent cancers [62].

Although most of the mechanisms of action of the above biological effects still remain
largely unknown, studies have shown that phytoestrogens are involved in estrogen
metabolism pathway, sex hormone binding globulin regulation, and cell cycle alteration
[63—-68]. For instance, phytoestrogens (e.g., flavonoids, coumarins, coumestans) influence
reductive and oxidative activities of 17p-hydroxysteroid dehydrogenase type 5 and
17B-hydroxysteroid dehydrogenase type 1, which result in altered estrogen metabolism
pathway [69,70].

Tables IIT and IV summarize the estimated dietary intake of environmental estrogens and
phytoestrogens and their serum levels for populations in the USA, New Zealand, UK, and
Japan. As indicated in the tables, the Japanese population is exposed to high phytoestrogen
levels. Average dietary intakes of total isoflavones in the USA, New Zealand, and the UK
are between 1 and 3 mgday~'. On the other hand, intake of isoflavones in Japanese women
can be as high as 47.7 mgday'. This is not surprising because the traditional Japanese diet
contains significant amounts of legume products. Overall, the intake and serum
phytoestrogen concentrations are highly variable within and among populations.
Additional studies should address the lack of estimated dietary exposure and serum levels
of lignans in the UK and Japan to allow more accurate comparison of phytoestrogen
consumption and serum concentrations. Infants who are fed soy-based formulas because of
either lactose or milk protein intolerance constitute another population with high
phytoestrogen exposure [71,72]. Total isoflavones serum concentrations of 4-month old
infants fed soy-based formula can be 100 times higher than infants fed with milk-based
formula (981 wvs. 9.4ngmL™') [72]. Post-menopausal women who elect to take
phytoestrogen-containing products as a ‘“‘natural alternative’ to HRT are a third population
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Table IV. Levels (ngmL ™) of phytoestrogens and environmental estrogens detected in human serum or plasma.

Chemicals USA® New Zealand® UK® Japan
Daidzein nd-162 (3.9) 28.4-30.1 0.1-44.8 (2.0) 71.8, 62.7
Equol nd-8.2 (LOD) - nd-8.0 (0.2) 23.7,13.8
Genistein nd-203 (4.7) 83.1-110 nd-159.7 (4.1) 133.1, 135.6
Total isoflavones nd-373.2 (8.6) 111.5-140.1 nd-212.5 209.6, 231.1
Enterolactone nd-112 (3.6) 5.4-7.0 nd—388.1 (3.8) 9.72, 6.77
Matairesinol nd-3.3 (LOD) - - -
Enterodiol nd-19 (1.8) 0.46 nd-8.1 (0.4) -
Total lignans nd-134.3 (5.4) 0.46-5.7 nd-396.2 9.72, 6.77
Total environmental estrogenic chemicals 2.39-6.85°¢ 0.06-0.44 0.01-13.39f -

Ranges are given followed by means in parentheses. nd =not detectable.
#The Third National Health and Nutrition Examination Survey from 1988-1994 [138].
®New Zealand males [134].
“Subjects from the European Prospective Investigation of Cancer and Nutrition-Norfolk Study (1993-1997) UK
females [139].
Means were taken from males and females, and placed in the order of 3, ¢ [140].
°DDT and metabolites, aldrin, dieldrin, and p,p’-methoxychlor in the control subjects of the Long Island Breast
Cancer Study Project [141]. The ranges of the data were within one standard deviation.
DDT and metabolites from volunteers age 18 and over [142].

with high exposure to phytoestrogens [73]. Total isoflavone levels of 32 commercially
available supplements are variable with a range from 2.3 to 48.8 mgday ' [74].

Although phytoestrogens may have physiological benefits, concerns exist about possible
adverse biological effects, namely endocrine disruption. In the past, it has been proposed
that development of infants might be affected by consumption of estrogenic compounds
in the milk. No epidemiological evidence has substantiated effects of soy-based formula
on growth rate, age to reach menarche, or infertility for infant populations who consumed
soy-based formula [71]. Although phytoestrogens such as genistein possessed high affinity
to both mouse and human ERs, mice exposed to genistein at human consumption levels did
not experience adverse effects on sperm quality [75]. Still, additional studies need to be
conducted to gain further understanding regarding the possible effects of phytoestrogens on
reproductive functions. These studies are crucial because of the complexity of the signal
transduction pathways, tissue-specific responses, and the involvement of a variety of genes
which possess ERE in the promotion region (Figures 2 and 3).

Environmental estrogenic chemicals

Environmental estrogens include herbicides and pesticides from residential and agricultural
runoff and industrial chemicals from the manufacture of paper, paint, and plastic products
[76—-82]. Many commonly used pesticides such as the triazines and pyrethroids demonstrate
estrogenic properties [83,84]. In fact, a review of 48 EDCs found that estrogenic
effects were demonstrated predominately in pesticides [85]. Exposure to environmental
estrogens has been associated with abnormalities in reproductive organs and malformations
in wildlife [9,76,86]. Studies have shown that male fish held in treated sewage effluents
exhibit increased levels of vitellogenin, an indication of exposure to estrogens [87-90].
Environmental estrogens such as alkylphenol polyethoxylates (APEOs) were commonly
present in many streams in Europe, and male fish held downstream of sewage treatment
plants or treated with environmentally relevant concentrations of APEOs exhibited
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increased levels of vitellogenin or modified gonadosomatic indices [89-93]. Transport of
estrogenic PCBs to the Arctic region via air and ocean currents has led to bioaccumulation,
resulting in increases in progesterone levels in females [94]. This prevalence of estrogenic
compounds and evidence of endocrine disruption in wildlife prompted the US Congress to
make amendments to the Food Quality Protection Act (PL 104-170) and the Safe Drinking
Water Act (PL 104-182) in 1996, requiring the US Environmental Protection Agency
(USEPA) to screen and test for chemicals that might mimic activities of estrogen. The
Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC), an advisory
group to the USEPA, was formed to provide recommendations to comply with
congressional mandates. To date, voluminous studies on endocrine disruption have been
conducted in laboratory and field.

Humans may be exposed to environmental estrogens via food and water consumption,
inhalation, or direct skin contact. In general, the exposure levels of environmental
estrogens and their serum concentrations were lower than those of phytoestrogens
(Tables III and IV). No human health benefits have been reported from exposure to
environmental estrogens. Whether exposure to environmental estrogens is associated with
cancer incidence or other adverse effects on human health is debated. For instance,
two studies found an association between triazine exposure and estrogen-dependent cancers
[84,95]. In contrast, a review of eight epidemiologic studies concluded that there was
limited support for an association between atrazine exposure and several cancers [96].

To assess the risk of human exposure to environmental estrogens, many studies have been
conducted with surrogate mammalian species. Comparisons among studies are difficult to
make due to the variations in species or strains tested, exposure duration, and toxic end
points. Nevertheless, a number of studies have demonstrated that estrogenic chemicals are
capable of eliciting a wide spectrum of adverse effects including reduced ovarian and uterine
weights, delayed or early vaginal opening, disrupted or irregular estrous cyclicity, reduced
fecundity, and suppressed LLH secretion [79,97-100]. These results confirm the general
thought that critical developmental stages of urogenital tract n-utero and during early
post-natal life are particularly sensitive to hormonal disruption. In humans, the
consumption of rice contaminated with PCBs in the late 1970s by pregnant Taiwanese
women demonstrated the effects of these compounds on pre-natal development. Boys
exposed pre-natally to PCBs and their heat degradation products exhibited significantly
elevated levels of E2 when compared with controls. At puberty, the exposed boys had
decreases in serum testosterone and increases in serum FSH levels [101]. Several factors
need to be considered when comparisons are made between animal data and human
exposure risk. First, most of the laboratory studies were conducted with a single chemical or
dosages that were typically much higher than environmental exposure levels. The response
pattern of high dosages might be different from that of environmentally relevant dosages
due to intricate physiological, pharmacokinetic, and pharmacodynamic processes. Second,
environmental exposure usually involves multiple chemicals that might act via a variety of
signal transduction pathways and these pathways might crosstalk with each other. A third
factor to consider is that agonists and antagonists may co-exist in a mixture and biological
effects by the mixture may be synergistic, additive, or attenuated. For instance,
tetrachlorodibenzo-p-dioxin (TCDD) is considered antiestrogenic and in many cases it
coexists with polychlorinated bisphenols (PCBs) and other compounds of weak
estrogenicity [102-104]. Additionally, species-dependent sensitivity of animal models and
toxic end points relevant to human health need to be taken into consideration when data is
to be used for risk assessment. Thus, extrapolation of these data to assess human exposure
risk becomes difficult and complicated.
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Issues and considerations related to calculation of mass and potency balance

One may attempt to calculate the respective total EEQs (17p-estradiol equivalent
concentration) of medicinal, dietary, and environmental estrogens to evaluate the degree
of exposure by summing the EEQs of each individual chemical. An equation to calculate
total (EEQ) for each category of estrogens has been proposed as follows [105].

Total EEQ = ) ({SCj} x EF))

SC,;=serum concentration of chemical i, whereas EF;=equivalent factor of chemical 7
relative to E2 in cell proliferation.

A variety of issues and difficulties immediately arise in this simplified model. A deficiency
of data that can be used to calculate EEQs exists. Although Table II is probably the most
comprehensive list of EF; from cell proliferation assays, thousands of suspected estrogenic
chemicals remain untested. Even though cell proliferation tests are highly sensitive,
accurate, and generate data that is more available than receptor binding and gene
expression tests data, a calculation model built upon it may be oversimplified. Cell
proliferation tests do not take into account the pharmacokinetics and pharmadynamics of
chemicals. Thus, it is desirable to include more physiological and toxicological end points
from whole animal studies to make it more relevant in assessing the impacts on human
health. Another difficulty encountered at the present is that most of the estrogens’ steady-
state serum concentrations are relatively unknown, as evident in Table IV. An intensive
search of the literature only produced a few of the concentrations which had been tested
because of medical or nutritional interest. All these reasons make an accurate prediction of
human exposure to these three categories of estrogens impossible at this stage.

Although difficulties exist in quantitative determination of EEQs, the trends in exposure to
these three categories of estrogens are not difficult to observe. In general, the EFs of medicinal
estrogens are high, ranging from 1 to 100% in comparison with E2. On the other hand,
except for bisphenol A, the EFs of phytoestrogens and environmental chemicals are relatively
low, ranging from 0.00001 to 0.03%, in comparison with E2. The general ranking order
of EFs is medicinal estrogens > phytoestrogens > environmental estrogens. Prescribed
medicinal estrogen exposure in women should be similar in the four countries. Total
isoflavone exposure is highest in Japan followed by New Zealand, with much lower exposures
in the USA and UK, according to the best available data. In general, due to the very low
estrogenicity based upon cell proliferation data and their low serum concentrations, the
predictive EEQ for environmental estrogens should be considered the lowest among these
three categories, assuming most of the untested chemicals possess relatively low biological
activities. However, the predictive low EEQ of environmental estrogens should not be
interpreted to imply that these compounds have a negligible impact on human health,
and continued surveillance of health effects of environmental estrogens is critical.

Future research areas

The future research for environmental estrogens has been described in previous sections.
Here we focus on research need in medicinal and dietary estrogens. The use of medicinal
estrogens to alleviate post-menopausal symptoms must be considered in light of results of
the Women’s Health Initiative trial. Reduced risk of osteoporosis and dementia and relief of
post-menopausal symptoms associated with HRT must be weighed against the increased
risk of stroke, coronary heart disease, venous thromboembolism, and breast cancer found in
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the Women’s Health Initiative study [43,106]. Additionally, using only estrogens in
HRT increases the risk of endometrial cancer [46]. The relationship between cardiovascular
disease and HRT was one of the least expected findings of the Women’s Health Initiative
trial. Prior to the study, HRT was thought to provide a protective effect for coronary
heart disease. Instead, the relative risk of coronary heart disease for women taking
HRT was increased [43]. Because risk factors for coronary heart disease such as
hypertension, elevated plasma cholesterol, and elevated triglycerides, increase with
menopause [107], preventing coronary heart disease in post-menopausal women is an
urgently needed research focus. The results of the Women’s Health Initiative study must be
reconciled with other studies to understand the health outcomes of medicinal estrogens
for post-menopausal women. FElucidating the relationship between medicinal estrogens
and health effects in post-menopausal women must be the primary objective for
future investigation.

An additional research focus for medicinal estrogens is the development of pharmaceu-
ticals that provide the benefits of HRT without the adverse affects. Furthermore,
determining the dosages and durations of HRT which provide the most health benefits
with the fewest risks is an area of continuous investigation. Thus, development of new
regimens of HRT is an area of intense basic/clinical research. At the present, tibolone,
a synthetic chemical with estrogenic, progestogenic, and androgenic properties, provides
relief of vasomotor symptoms and prevention and treatment of osteoporosis, but whether
it provides the same risks as other regimens of HRT has not been determined [43,46].
Another compound, raloxifene, is a member of the Selective Estrogen Receptor Modulator
(SERMs) class of drugs which can have either agonistic or antagonistic affects on ERs.
Acting as antiestrogen in the breast, raloxifene causes a reduction in breast cancer
incidence, and prevents osteoporotic vertebral fractures but not hip fracture and does
not relieve vasomotor symptoms [43]. Tamoxifen, a SERM, acts as an antiestrogen in
ER-positive cells and is used as an adjuvant to prevent breast cancer reoccurrence in
patients [108]. Letrozole (Femara®), an aromatase inhibitor is used in a wide range of
breast cancer settings. Letrozole has greater efficacy than tamoxifen in randomized clinical
trials in post-menopausal women with hormone-responsive early-stage breast cancer
[109,110]. Assessing the health effects of HRT regimens like tibolone and raloxifene or a
combination of medicinal estrogens is a continuing research need. Medicinal estrogens
can be given to women having severe menopausal symptoms while for milder symptoms
phytoestrogens (i.e., isoflavones) can be an alternative [106].

Another area of needed research concerns the health effects of dietary estrogens.
The increased risk of breast and prostate cancers among Asian immigrants in the US was
assumed to be related to cancer-causing agents such as fats in the western diet. However,
the Nurses’ Health Study did not substantiate this hypothesis [111,112]. Recent attention
has been directed to the study of cancer-preventing constituents in the oriental diet.
Messina et al. found that approximately two-thirds of the reported studies (16/27)
correlated soy intake with a reduction of cancer risk [113]. Studies have indicated that
isoflavones such as genistein and daidzein in soy products are correlated with health benefits
such as reduced cancer incidence [55]. However, a recent study showed no significant
difference in reduction of tumor multiplicity in adult female rats (all approximately at 50%
level) between soy protein isolate depleted of isoflavones (genistein and daidzein) and soy
protein isolate containing normal levels of isoflavones [59]. This suggested that some
unknown factors in soy protein isolate may be as important as isoflavones in suppressing
DMBA-induced mammary carcinogenesis. Additional studies are needed to identify and
characterize the unknown factors. It has also long been hypothesized that exposure to
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phytoestrogens in early life may have long-term health benefits for hormone-dependent
diseases, although specific mechanisms of action are still largely unknown [114,115].
Accordingly, the hormonal and non-hormonal roles and the cancer-preventing constitu-
ent(s) in complex soy constituents deserve further investigation. Due to the possibility of
self administration of large doses, studies on possible adverse effects by phytoestrogens need
to be continued to ensure safety of dietary supplements.

Acknowledgments

The authors would like to thank Dr Christian Abnet at the National Institutes of Health for
commenting on the manuscript. We are indebted to the cDNA Center and Environmental
Research Center for Emerging Contaminants at the University of Missouri-Rolla for
providing financial resources for this writing.

References

1. Nakamura Y, Miki Y, Suzuki T, Nakata T, Darnel AD, Moriya T, Tazawa C, Saito H, Ishibashi T,
Takahashi S, Yamada S, et al. Steroid sulfatase and estrogen sulfotransferase in the atherosclerotic human
aorta. Am. J. Pathol. 2003;163:1329-1339.

2. Candiani M. Current guidelines for treatment of endometriosis without laparoscopy. Drugs Today
2005;41(Suppl A):11-15.

3. Yuzpe AA. Oral contraception: Trends over time. J. Reprod. Med. 2002;47:967-973.

4. Zhao L, Brinton RD. Select estrogens within the complex formulation of conjugated equine
estrogens (Premarin) are protective against neurodegenerative insults: Implications for a composition
of estrogen therapy to promote neuronal function and prevent Alzheimer’s disease. BMC Neurosci.
2006;7:24.

5. Robertson KM, O’Donnell L, Simpson ER, Jones ME. The phenotype of the aromatase knockout
mouse reveals dietary phytoestrogens impact significantly on testis function. Endocrinology
2002;143:2913-2921.

6. Low YL, Taylor JI, Grace PB, Dowsett M, Scollen S, Dunning AM, Mulligan AA, Welch AA, Luben RN,
Khaw KT, Day NE, et al. Phytoestrogen exposure correlation with plasma estradiol in postmenopausal
women in European Prospective Investigation of Cancer and Nutrition-Norfolk may involve diet-gene
interactions. Cancer Epidemiol. Biomar. 2005;14:213-220.

7. Kavlock RJ, Daston GP, DeRosa C, Fenner-Crisp P, Gray LE, Kaattari S, Lucier G, Luster M, Mac M],
Maczka C, Miller R, et al. Research needs for risk assessment of health and environmental effects
of endocrine disruptors: A report of the US. EPA-sponsored workshop. Environ. Health Perspect.
1996;104:715-740.

8. DeCastro BR, Korrick SA, Spengler JD, Soto AM. Estrogenic activity of polychlorinated biphenyls present in
human tissue and the environment. Environ. Sci. Technol. 2006;40:2819-2825.

9. Guillette LJ Jr, Gross TS, Masson GR, Matter JM, Percival HF, Woodward AR. Developmental
abnormalities of the gonad and abnormal sex hormone concentrations in juvenile alligators from
contaminated and control lakes in Florida. Environ. Health Perspect. 1994;102:680-688.

10. Hayes T, Haston K, Tsui M, Hoang A, Haeffele C, Vonk A. Atrazine-induced hermaphroditism at 0.1 ppb
in American leopard frogs (Rana pipiens): Laboratory and field evidence. Environ. Health Perspect.
2003;111:568-575.

11. Sherman BM, Korenman SG. Hormonal characteristics of the human menstrual cycle throughout
reproductive life. J. Clin. Invest. 1975;55:699-706.

12. Rhoades RA, Pflanzer RG. Human physiology. 2nd ed. Philadelphia: Saunders HBJ; 1991.

13. Corbin CJ, Moran FM, Vidal JD, Ford JJ, Wise T, Mapes SM, Njar VC, Brodie AM, Conley A]J. Biochemical
assessment of limits to estrogen synthesis in porcine follicles. Biol. Reprod. 2003;69:390-397.

14. Widmaier EP, Raff H, Strang KT. Human physiology. 10th ed. New York: McGraw-Hill; 2004. pp 668—694.



Downloaded By: [CDL Journals Account] At: 21:01 10 July 2007

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Human exposure to estrogens 155

Sanders SL, Stouffer RL. Localization of steroidogenic enzymes in macaque luteal tissue during the menstrual
cycle and simulated early pregnancy: Immunohistochemical evidence supporting the two-cell model for
estrogen production in the primate corpus luteum. Biol. Reprod. 1997;56:1077-1087.

Kuller LH, Cauley JA, Lucas L, Cummings S, Browner WS. Sex steroid hormones, bone mineral density, and
risk of breast cancer. Environ. Health Perspect. 1997;105(Suppl 3):593-599.

Andersen HR, Vinggaard AM, Rasmussen TH, Gjermandsen IM, Bonefeld-Jorgensen EC. Effects of
currently used pesticides in assays for estrogenicity, androgenicity, and aromatase activity in wvitro.
Toxicol. Appl. Pharm. 2002;179:1-12.

Green S, Walter P, Kumar V, Krust A, Bornert JM, Argos P, Chambon P. Human oestrogen receptor cDNA:
Sequence, expression and homology to v-erb-A. Nature 1986a;320:134—-139.

Green S, Walter P, Greene G, Krust A, Goffin C, Jensen E, Scrace G, Waterfield M, Chambon P. Cloning of
the human oestrogen receptor cDNA. J. Steroid Biochem. 1986b;24:77-83.

Greene GL, Gilna P, Waterfield M, Baker A, Hort Y, Shine J. Sequence and expression of human estrogen
receptor complementary DNA. Science 1986;231:1150-1153.

Mosselman S, Polman J, Dijkema R. ER beta: Identification and characterization of a novel human estrogen
receptor. FEBS Lett. 1996;392:49-53.

Walter P, Green S, Greene G, Krust A, Bornert JM, Jeltsch JM, Staub A, Jensen E, Scrace G, Waterfield M,
et al. Cloning of the human estrogen receptor cDNA. Proc. Natl. Acad. Sci. USA 1985;82:7889-7893.
Mueller SO, Korach KS. Estrogen receptors and endocrine diseases: Lessons from estrogen receptor
knockout mice. Curr. Opin. Pharmacol. 2001;1:613-619.

Barkhem T, Carlsson B, Nilsson Y, Enmark E, Gustafsson ], Nilsson S. Differential response of estrogen
receptor alpha and estrogen receptor beta to partial estrogen agonists/antagonists. Mol. Pharmacol.
1998;54:105-112.

Deroo BJ, Korach KS. Estrogen receptors and human disease. J. Clin. Invest. 2006;116:561-570.

Herynk MH, Fuqua SA. Estrogen receptor mutations in human disease. Endocr. Rev. 2004;25:869-898.
Aronica SM, Kraus WL, Katzenellenbogen BS. Estrogen action via the cAMP signaling pathway:
Stimulation of adenylate cyclase and cAMP-regulated gene transcription. Proc. Natl. Acade. Sci. USA
1994;91:8517-8521.

Castoria G, Migliaccio A, Bilancio A, Di Domenico M, de Falco A, Lombardi M, Fiorentino R, Varricchio L,
Barone MV, Auricchio F. PI3-kinase in concert with Src promotes the S-phase entry of oestradiol-stimulated
MCEF-7 cells. Embo. J. 2001;20:6050-6059.

Chambliss KL, Shaul PW. Rapid activation of endothelial NO synthase by estrogen: Evidence for a steroid
receptor fast-action complex (SRFC) in caveolae. Steroids 2002;67:413-419.

Chambliss KL, Yuhanna IS, Mineo C, Liu P, German Z, Sherman TS, Mendelsohn ME, Anderson RG,
Shaul PW. Estrogen receptor alpha and endothelial nitric oxide synthase are organized into a functional
signaling module in caveolae. Circ. Res. 2000;87:E44-E52.

Chen Z, Yuhanna IS, Galcheva-Gargova Z, Karas RH, Mendelsohn ME, Shaul PW. Estrogen receptor alpha
mediates the nongenomic activation of endothelial nitric oxide synthase by estrogen. ]J. Clin. Invest.
1999;103:401-406.

Endoh H, Sasaki H, Maruyama K, Takeyama K, Waga I, Shimizu T, Kato S, Kawashima H. Rapid activation
of MAP kinase by estrogen in the bone cell line. Biochem. Biophys. Res. Commun. 1997;235:99-102.
Improta-Brears T, Whorton AR, Codazzi F, York JD, Meyer T, McDonnell DP. Estrogen-induced activation
of mitogen-activated protein kinase requires mobilization of intracellular calcium. Proc. Natl. Acad. Sci. USA
1999;96:4686—-4691.

Jessop HL, Sjoberg M, Cheng MZ, Zaman G, Wheeler-Jones CP, Lanyon LE. Mechanical strain and
estrogen activate estrogen receptor alpha in bone cells. J. Bone Min. Res. 2001;16:1045-1055.

Kim HP, Lee JY, Jeong JK, Bae SW, Lee HK, Jo I. Nongenomic stimulation of nitric oxide release by estrogen
is mediated by estrogen receptor alpha localized in caveolae. Biochem. Biophys. Res. Commun.
1999;263:257-262.

Marino M, Acconcia F, Bresciani F, Weisz A, Trentalance A. Distinct nongenomic signal transduction
pathways controlled by 17beta-estradiol regulate DNA synthesis and cyclin D(1) gene transcription in HepG2
cells. Mol. Biol. Cell. 2002;13:3720-3729.

Migliaccio A, Di Domenico M, Castoria G, de Falco A, Bontempo P, Nola E, Auricchio F.
Tyrosine kinase/p21ras/MAP-kinase pathway activation by estradiol-receptor complex in MCF-7 cells.
EMBO ]J. 1996;15:1292-1300.

Razandi M, Pedram A, Greene GL, Levin ER. Cell membrane and nuclear estrogen receptors (ERs) originate
from a single transcript: Studies of ERalpha and ERbeta expressed in Chinese hamster ovary cells.
Mol. Endocrinol. 1999;13:307-319.



Downloaded By: [CDL Journals Account] At: 21:01 10 July 2007

156 Y.-W Huang et al.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Watters JJ, Campbell JS, Cunningham M], Krebs EG, Dorsa DM. Rapid membrane effects of steroids in
neuroblastoma cells: Effects of estrogen on mitogen activated protein kinase signalling cascade and c-fos
immediate early gene transcription. Endocrinology 1997;138:4030-4033.

Sanderson JT, Seinen W, Giesy JP, van den Berg M. 2-Chloro-s-triazine herbicides induce aromatase
(CYP19) activity in H295R human adrenocortical carcinoma cells: A novel mechanism for estrogenicity?
Toxicol. Sci. 2000;54:121-127.

North American Menopause Society. Treatment of menopause-associated vasomotor symptoms: Position
statement of The North American Menopause Society. Menopause 2004;11:11-33.

Whitten PL, Patisaul HB. Cross-species and interassay comparisons of phytoestrogen action. Environ. Health
Perspect. 2001;109(Suppl. 1):5-20.

Stevenson JC. Hormone replacement therapy: Review, update, and remaining questions after the Women’s
Health Initiative Study. Current Osteoporosis Reports 2004;2:12-16.

Herbst AL, Anderson D. Clear cell adenocarcinoma of the vagina and cervix secondary to intrauterine
exposure to diethylstilbestrol. Semin. Surg. Oncol. 1990;6:343-346.

Herbst AL, Hubby MM, Azizi F, Makii MM. Reproductive and gynecologic surgical experience in
diethylstilbestrol-exposed daughters. Am. J. Obstet. Gynecol. 1981;141:1019-1028.

Beral V, Bull D, Reeves G. Endometrial cancer and hormone-replacement therapy in the Million Women
Study. Lancet 2005;365:1543-1551.

Tikkanen MJ, Adlercreutz H. Dietary soy-derived isoflavone phytoestrogens. Could they have a role in
coronary heart disease prevention? Biochem. Pharmacol. 2000;60:1-5.

Anderson JW, Johnstone BM, Cook-Newell ME. Meta-analysis of the effects of soy protein intake on serum
lipids. N. Engl. Med. J. 1995;333:276-282.

Constantinou A, Kiguchi K, Huberman E. Induction of differentiation and DNA strand breakage in human
HIL-60 and K-562 leukemia cells by genistein. Cancer Res. 1990;50:2618-2624.

Harper A, Kerr DJ, Gescher A, Chipman JK. Antioxidant effects of isoflavonoids and lignans, and protection
against DNA oxidation. Free Radic. Res. 1999;31:149-160.

Pietinen P, Stumpf K, Mannisto S, Kataja V, Uusitupa M, Adlercreutz H. Serum enterolactone
and risk of breast cancer: A case-control study in eastern Finland. Cancer Epidemiol. Biomar. 2001;10:
339-344.

Tanimura M, Kobuchi H, Utsumi T, Yoshioka T, Kataoka S, Fujita Y, Utsumi K. Neutrophil priming by
granulocyte colony stimulating factor and its modulation by protein kinase inhibitors. Biochem. Pharmacol.
1992;44:1045-1052.

Wei H, Bowen R, Cai Q, Barnes S, Wang Y. Antioxidant and antipromotional effects of the soybean
isoflavone genistein. Proc. Soc. Exp. Biol. Med. 1995;208:124-130.

Yanagihara K, Ito A, Toge T, Numoto M. Antiproliferative effects of isoflavones on human cancer cell lines
established from the gastrointestinal tract. Cancer Res. 1993;53:5815-5821.

Adlercreutz H, Mazur W. Phyto-oestrogens and Western diseases. Ann. Med. 1997;29:95-120.

Britt KL, Drummond AE, Dyson M, Wreford NG, Jones ME, Simpson ER, Findlay JK. The ovarian
phenotype of the aromatase knockout (ArKO) mouse. J. Steroid Biochem. Mol. Biol. 2001;79:181-185.
Barnes S, Peterson G, Coward L. Rationale for the use of genistein-containing soy matrices in
chemoprevention trials for breast and prostate cancer. J. Cell. Biochem. Suppl. 1995;22:181-187.
Lamartiniere CA, Moore ], Holland M, Barnes S. Neonatal genistein chemoprevents mammary cancer.
Proc. Soc. Exp. Biol. Med. 1995;208:120-123.

Constantinou Al, Lantvit D, Hawthorne M, Xu X, van Breemen RB, Pezzuto JM. Chemopreventive effects
of soy protein and purified soy isoflavones on DMBA-induced mammary tumors in female Sprague-Dawley
rats. Nutr. Cancer 2001;41:75-81.

Le Bail JC, Varnat F, Nicolas JC, Habrioux G. Estrogenic and antiproliferative activities on MCF-7 human
breast cancer cells by flavonoids. Cancer Lett. 1998;130:209-216.

Kao YC, Zhou C, Sherman M, Laughton CA, Chen S. Molecular basis of the inhibition of human aromatase
(estrogen synthetase) by flavone and isoflavone phytoestrogens: A site-directed mutagenesis study. Environ.
Health Perspect. 1998;106:85-92.

Adlercreutz H, Bannwart C, Wahala K, Makela T, Brunow G, Hase T, Arosemena PJ, Kellis Jr JT,
Vickery LE. Inhibition of human aromatase by mammalian lignans and isoflavonoid phytoestrogens.
J. Steroid. Biochem. Mol. Biol. 1993;44:147-153.

Adlercreutz H, Hockerstedt K, Bannwart C, Hamalainen E, Fortsis T, Bloigu S. Association between dietary
fiber, urinary excretion of lignans and isoflavonic phytoestrogens, and plasma non-protein bound sex
hormones in relation to breast cancer. In: Bresciani F, et al, editors. Progress in cancer. Research and therapy:
Hormones and cancer. Vol. 35. New York: Raven Press; 1988. pp 409-412.



Downloaded By: [CDL Journals Account] At: 21:01 10 July 2007

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Human exposure to estrogens 157

Adlercreutz H, Hockerstedt K, Bannwart C, Bloigu S, Hamalainen E, Fotsis T, Ollus A. Effect of
dietary components, including lignans and phytoestrogens, on enterohepatic circulation and liver
metabolism of estrogens and on sex hormone binding globulin (SHBG). J. Steroid. Biochem.
1987;27:1135-1144.

Kanatani Y, Kasukabe T, Hozumi M, Motoyoshi K, Nagata N, Honma Y. Genistein exhibits preferential
cytotoxicity to a leukemogenic variant but induces differentiation of a non-leukemogenic variant of the mouse
monocytic leukemia Mm cell line. Leuk. Res. 1993;17:847-853.

Matsukawa Y, Marui N, Sakai T, Satomi Y, Yoshida M, Matsumoto K, Nishino H, Aoike A. Genistein
arrests cell cycle progression at G2-M. Cancer Res. 1993;53:1328-1331.

Spinozzi F, Pagliacci MC, Migliorati G, Moraca R, Grignani F, Riccardi C, Nicoletti I. The natural tyrosine
kinase inhibitor genistein produces cell cycle arrest and apoptosis in Jurkat T-leukemia cells. Leuk. Res.
1994;18:431-439.

Traganos F, Ardelt B, Halko N, Bruno S, Darzynkiewicz Z. Effects of genistein on the growth and cell cycle
progression of normal human lymphocytes and human leukemic MOLT-4 and HL-60 cells. Cancer Res.
1992;52:6200-6208.

Krazeisen A, Breitling R, Moller G, Adamski J. Phytoestrogens inhibit human 17beta-hydroxysteroid
dehydrogenase type 5. Mol. Cell. Endocrinol. 2001;171:151-162.

Maikeld S, Poutanen M, Lehtimaki J, Kostian ML, Santti R, Vihko R. Estrogen-specific 17 beta-
hydroxysteroid oxidoreductase type 1 (EC. 1.1.1.62) as a possible target for the action of phytoestrogens.
Proc. Soc. Exp. Biol. Med. 1995;208:51-59.

Klein KO. Isoflavones, soy-based infant formulas, and relevance to endocrine function. Nutr. Rev.
1998;56:193-204.

Setchell KDR, Zimmer-Nechemias L, Cai J, Houbi JE. Exposure of infants to phytoestrogens from soy-based
infant formula. Lancet 1997;350:23-27.

This P, De La Rochefordiere A, Clough K, Fourquet A, Magdelenat H. Breast Cancer Group of the Institut.
Phytoestrogens after breast cancer. Endocr.-Relat. Cancer 2001;8:129-134.

Setchell KD, Brown NM, Desai P, Zimmer-Nechemias L, Wolfe BE, Brashear WT, Kirschner AS, Cassidy A,
Heubi JE. Bioavailability of pure isoflavones in healthy humans and analysis of commercial soy isoflavone
supplements. J. Nutr. 2001;131:13625-13758S.

Fielden MR, Samy SM, Chou KC, Zacharewski TR. Effect of human dietary exposure levels of genistein
during gestation and lactation on long-term reproductive development and sperm quality in mice.
Food Chem. Toxicol. 2003;41:447-454.

Colborn T, vom Saal FS, Soto AM. Developmental effects of endocrine-disrupting chemicals in wildlife and
humans. Environ. Health Perspect. 1993;101:378-384.

Daughton CG, Ternes TA. Pharmaceuticals and personal care products in the environment: Agents of subtle
change? Environ. Health Perspect. 1999;107(Suppl 6):907-938.

Dube M, MacLatchy DL. Endocrine responses of Fundulus heteroclitus to effluent from a bleached-kraft pulp
mill before and after installation of reverse osmosis treatment of a waste stream. Environ. Toxicol. Chem.
2000;19:2788-2796.

Garey J, Wolff MS. Estrogenic and antiprogestagenic activities of pyrethroid insecticides. Biochem. Biophys.
Res. Commun. 1998;251:855-859.

Ternes TA, Kreckel P, Mueller ]J. Behaviour and occurrence of estrogens in municipal
sewage treatment plantS — II. Aerobic batch experiments with activated sludge. Sci. Total Environ.
1999a;225:91-99.

Ternes TA, Stumpf M, Mueller J, Haberer K, Wilken RD, Servos M. Behavior and occurrence of estrogens in
municipal sewage treatment plants — I. Investigations in Germany, Canada and Brazil. Sci. Total Environ.
1999b;225:81-90.

Tyler CR, Beresford N, van der Woning M, Sumpter JP, Thorpe K. Metabolism and environmental
degradation of pyrethroid insecticides produce compounds with endocrine activities. Environ. Toxicol. Chem.
2000;19:801-809.

Chen H, Xiao J, Hu G, Zhou ], Xiao H, Wang X. Estrogenicity of organophosphorus and pyrethroid
pesticides. J. Toxicol. Environ. Health A 2002;65:1419-1435.

Donna A, Crosignani P, Robutti F, Betta PG, Bocca R, Mariani N, Ferrario F, Fissi R, Berrino F. Triazine
herbicides and ovarian epithelial neoplasms. Scand. J. Work, Environ. Health 1989;15:47-53.

Choi SM, Yoo SD, Lee BM. Toxicological characteristics of endocrine-disrupting chemicals: Developmental
toxicity, carcinogenicity, and mutagenicity. J. Toxicol. Environ. Health B 2004;7:1-24.

Fry DM, Toone CK, Speich SM, Peard R]. Sex ratio skew and breeding patterns of gulls; demographic and
toxicological considerations. Stud. Avian Biol. 1987;10:26-43.



Downloaded By: [CDL Journals Account] At: 21:01 10 July 2007

158

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.
97.

98.

99.

100.

101.
102.

103.

104.

105.
106.
107.

108.

Y.-W Huang et al.

Folmar LC, Denslow ND, Rao V, Chow M, Crain DA, Enblom J, Marcino J, Guilette L]. Vitellogenin
induction and reduced serum testosterone concentrations in feral male carp (Cyprinus carpio) captured near a
major metropolitan sewage treatment plant. Environ. Health Perspect. 1996;104:1096-1101.

Harries JE, Huang J.-W, Phillips JR, Hunter LD. A survey of estrogenic activity in United Kingdom inland
waters. Environ. Toxicol. Chem. 1996;15:1993-2002.

Harries JE, Janbakhsh A, Jobling S, Matthiessen P, Sumpter JP, Tyler CR. Estrogenic potency
of effluent from two sewage treatment works in the United Kingdom. Environ. Toxicol. Chem.
1999;18:932-937.

Harries JE, Sheahan DA, Jobling S, Matthiessen P, Neall P, Sumpter JP, Tylor T, Zaman N. Estrogenic
activity in five United Kingdom rivers detected by measurement of vitellogenesis in caged male trout.
Environ. Health Perspect. 1997;16:534-542.

Ashfield L, Pottinger TG, Sumpter JP. Exposure of female juvenile rainbow trout to alkylphenolic
compounds results in modifications to growth and ovosomatic index. Environ. Toxicol. Chem.
1998;17:679-686.

Blackburn MA, Kirby S], Waldock M]J. Concentrations of alkylphenol polyethoxylates entering UK
estuaries. Mar. Pollut. Bull. 1999;38:109-118.

Sheahan DA, Brighty GC, Daniel M, Kirby SJ, Hurst MR, Kennedy J, Morris S, Routledge EJ, Sumpter JP,
Waldock M]J. Estrogenic activity measured in a sewage treatment works treating industrial inputs
containing high concentrations of alkylphenolic compounds — a case study. Environ. Toxicol. Chem.
2002;21:507-514.

Ropstad E, Oskam IC, Lyche JL, Larsen HJ, Lie E, Haave M, Dahl E, Wiger R, Skaare JU. Endocrine
disruption induced by organochlorines (OCs): Field studies and experimental models. J. Toxicol. Environ.
Health A 2006;69:53-76.

Kettles MK, Browning SR, Prince TS, Horstman SW. Triazine herbicide exposure and breast cancer
incidence: An ecologic study of Kentucky counties. Environ. Health Perspect. 1997;105:1222-1227.
Neuberger JS. Atrazine and/or triazine herbicides exposure and cancer: An epidemiologic review. J.
Agromed. 1996;3:9-30.

Cooper RL, Stoker TE, Goldman JM, Parrish MB, Tyrey L. Effect of atrazine on ovarian function in the rat.
Reprod. Toxicol. 1996;10:257-264.

Eldridge JC, Fleenor-Heyser DG, Extrom PC, Wetzel LT, Breckenridge CB, Gillis JH, Luempert III LG,
Stevens JT. Short-term effects of chlorotriazines on estrus in female Sprague-Dawley and Fischer 344 rats.
J. Toxicol. Environ. Health 1994;43:155-167.

Evans NP, North T, Dye S, Sweeney T. Differential effects of the endocrine-disrupting compounds
bisphenol-A and octylphenol on gonadotropin secretion, in prepubertal ewe lambs. Domest. Anim.
Endocrin. 2004;26:61-73.

Gray LE, Ostby ], Ferrell JM, Rehnberg G, Linder R, Cooper RL, Goldman ], Slott V, Laskey ]J.
A dose-response analysis of methoxychlor-induced alterations of reproductive development and function in
the rat. Fundam. Appl. Toxicol. 1989;12:92-108.

Hsu PC, Lai TJ, Guo NW, Lambert GH, Leon Guo Y. Serum hormones in boys prenatally exposed to
polychlorinated biphenyls and dibenzofurans. J. Toxicol. Environ. Health A 2005;68:1447-1456.

Bitman J, Cecil HC. Estrogenic activity of DDT analogs and polychlorinated biphenyls. J. Agric. Food
Chem. 1970;18:1108-1112.

Fielden MR, Chen I, Chittim B, Safe SH, Zacharewski TR. Examination of the estrogenicity of
2,4,6,2,6-pentachlorobiphenyl (PCB 104), its hydroxylated metabolite 2,4,6,2,6-pentachloro-4-biphenylol
(HO-PCB 104), and a further chlorinated derivative 2,4,6,2,4,6-hexachlorobiphenyl. Environ. Health
Perspect. 1997;105:1238-1248.

White TE, Rucci G, Liu Z, Gasiewicz TA. Weanling female Sprague-Dawley rats are not sensitive to the
antiestrogenic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicol. Appl. Pharm.
1995;133:313-320.

Safe SH. Environmental and dietary estrogens and human health: Is there a problem? Environ. Health
Perspect. 1995;103:346-351.

Prelevic GM, Kocjan T, Markou A. Hormone replacement therapy in postmenopausal women.
Miner. Endocrinol. 2005;30:27-36.

Schneider D, Hsia J. Coronary heart disease prevention in menopausal women. Expert Opin. Pharmacother.
2005;6:695-705.

Tovey S, Dunne B, Witton CJ, Forsyth A, Cooke TG, Bartlett JM. Can molecular markers predict
when to implement treatment with aromatase inhibitors in invasive breast cancer? Clin. Cancer Res.
2005;11:4835-4842.



Downloaded By: [CDL Journals Account] At: 21:01 10 July 2007

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Human exposure to estrogens 159

Dunn C, Keam S]J. Letrozole: A pharmacoeconomic review of its use in postmenopausal women with
breast cancer. Pharmacoeconomics 2006;24:495-517.

Kaufmann M, Rody A. Extended breast cancer treatment with an aromatase inhibitor (Letrozole) after
tamoxifen: Why, who and how long? Eur. J. Obstet. Gynecol. Reprod. Biol. 2006;126:146—154.

. Willett WC, Stampfer M], Colditz GA, Rosner BA, Hennekens CH, Speizer FE. Dietary fat and the risk

of breast cancer. New Engl. J. Med. 1987;316:22-28.

Willett WC, Hunter DJ, Stampfer M], Colditz G, Manson JE, Spiegelman D, Rosner B, Hennekens CH,
Speizer FE. Dietary fat and fiber in relation to risk of breast cancer. An 8-year follow-up. JAMA
1992;268:2037-2044.

Messina MJ, Persky V, Setchell KD. Barnes S. Soy intake and cancer risk: A review of the iz vitro and in vivo
data. Nutr. Cancer 1994;21:113-131.

Colditz GA, Frazier AL. Models of breast cancer show that risk is set by events of early life: Prevention
efforts must shift focus. Cancer Epidemiol. Biomar. Prev. 1995;4:567-571.

Setchell KD, Zimmer-Nechemias L, Cai J, Heubi JE. Isoflavone content of infant formulas and the
metabolic fate of these phytoestrogens in early life. Am. J. Clin. Nutr. 1998;68:1453S-14618S.

US Food and Drug Administration. 1999. Cenestin label [Online]. Available by http://www.fda.gov/cder/foi/
label/1999/209921bl.pdf

US Food and Drug Administration. 2003a. Prempro label [Online]. Available by http:/www.fda.gov/cder/
foi/label/2004/020527S0340351bl.pdf

US Food and Drug Administration. 2003b. Premarin lable [Online]. Available by http://www.fda.gov/cder/
foi/label/2003/04782s1291bl.pdf

US Food and Drug Administration. 2004. Vivelle label [Online]. Available by http://www.fda.gov/cder/foi/
label/2004/20323s1r017,025,030 vivelle 1bl.pdf

US Food and Drug Administration. 2005a. Climara label [Online]. Available by http://www.fda.gov/cder/foi/
label/2005/021258s0031bl.pdf

US Food and Drug Administration. 2005b. Alora label [Online]. Available by http://www.fda.gov/cder/foi/
label/2005/020655s01 11bl.pdf

Breinholt V, Larsen JC. Detection of weak estrogenic flavonoids using a recombinant yeast strain and a
modified MCF7 cell proliferation assay. Chem. Res. Toxicology 1998;11:622-629.

Mayr U, Butsch A, Schneider S. Validation of two in virro test systems for estrogenic activities with
zearalenone, phytoestrogens and cereal extracts. Toxicology 1992;74:135-149.

Soto AM, Sonnenschein C, Chung HL, Fernandez MF, Olea N, Serrano FO. The E-screen assay as a tool
to identify estrogens: An update on estrogenic environmental pollutants. Environ. Health Perspect.
1995;103(Suppl 7):113-122.

Soto AM, Lin T-M, Justicia H, Silvia RM, Sonnenschein C. An “in culture’ bioassay to assess the
estrogenicity of xenobiotics (E-screen). Adv. Mod. Environ. Toxicol. 1992;21:295-309.

Welshons WV, Murphy CS, Koch R, Calaf G, Jordan VC. Stimulation of breast cancer cells iz vitro by
the environmental estrogen enterolactone and the phytoestrogen equol. Breast Cancer Res. Treat.
1987;10:169-175.

Steinmetz R, Brown NG, Allen DL, Bigsby RM, Ben-Jonathan N. The environmental estrogen bisphenol A
stimulates prolactin release i vitro and in vivo. Endocrinology 1997;138:1780-1786.

Matthews J, Celius T, Halgren R, Zacharewski T. Differential estrogen receptor binding of estrogenic
substances: A species comparison. J. Steroid Biochem. 2000;74:223-234.

Matthews ]JB, Fertuck KC, Celius T, Huang YW, Fong CR, Zacharewski T. Ability of structurally diverse
natural products and synthetic chemicals to induce gene expression mediated by estrogen receptors from
various species. J. Steroid Biochem. 2002;82:181-194.

Beck V, Unterrieder E, Krenn L, Kubelka W, Jungbauer A. Comparison of hormonal activity (estrogen,
androgen and progestin) of standardized extracts for large scale use in hormone replacement therapy.
J. Steroid Biochem. Mol. Biol. 2003;84:259-268.

Kannan N, Tanabe S, Ono M, Tatsukawa R. Critical evaluation of polychlorinated biphenyl toxicity in
terrestrial and marine mammals: Increasing impact of non-ortho and mono-ortho coplanar polychlorinated
biphenyls from land to ocean. Arch. Environ. Contam. Toxicol. 1989;18:850-857.

Matthews ], Zacharewski T. Differential binding affinities of PCBs, HO-PCBs, and aroclors with
recombinant human, rainbow trout (Onchorhynkiss mykiss), and green anole (Anolis carolinensis) estrogen
receptors, using a semi-high throughput competitive binding assay. Toxicol. Sci. 2000;53:326-339.

de Kleijn MJ, van der Schouw YT, Wilson PW, Adlercreutz H, Mazur W, Grobbee DE, Jacques PF.
Intake of dietary phytoestrogens is low in postmenopausal women in the United States: The Framingham
study (1-4). J. Nutr. 2001;131:1826-1832.



Downloaded By: [CDL Journals Account] At: 21:01 10 July 2007

160
134.

135.

136.

137.
138.

139.

140.

141.

142.

Y.-W Huang et al.

Thomson BM, Cressey PJ, Shaw IC. Dietary exposure to xenoestrogens in New Zealand. J. Environ. Monit.
2003;5:229-235.

van Erp-Baart MA, Brants HA, Kiely M, Mulligan A, Turrini A, Sermoneta C, Kilkkinen A, Valsta LM.
Isoflavone intake in four different European countries: The VENUS approach. Br. J. Nutr.
2003;89(Suppl 1):25-30.

Arai Y, Uehara M, Sato Y, Kimira M, Eboshida A, Adlercreutz H, Watanabe S. Comparison of isoflavones
among dietary intake, plasma concentration and urinary excretion for accurate estimation of phytoestrogen
intake. J. Epidemiol. 2000;10:127-135.

Winter CK. Dietary pesticide risk assessment. Rev. Environ. Contam. Toxicol. 1992;127:23—-67.
Valentin-Blasini L, Blount BC, Caudill SP, Needham LL. Urinary and serum concentrations of seven
phytoestrogens in a human reference population subset. J. Expo. Anal. Environ. Epidemiol.
2003;13:276-282.

Grace PB, Taylor JI, Low YL, Luben RN, Mulligan AA, Botting NP, Dowsett M, Welch AA, Khaw KT,
Wareham NJ, Day NE, et al. Phytoestrogen concentrations in serum and spot urine as biomarkers for dietary
phytoestrogen intake and their relation to breast cancer risk in European prospective investigation of cancer
and nutrition-norfolk. Cancer Epidemiol. Biomar. 2004;13:698-708.

Morton MS, Arisaka O, Miyake N, Morgan LD, Evans BA. Phytoestrogen concentrations in serum from
Japanese men and women over forty years of age. J. Nutr. 2002;132:3168-3171.

Gammon MD, Wolff MS, Neugut Al, Eng SM, Teitelbaum SL, Britton JA. Environmental toxins and
breast cancer on Long Island. II. Organochlorine compound levels in blood. Cancer Epidemiol. Biomar.
2002;11:686-697.

Thomas GO, Wilkinson M, Hodson S, Jones KC. Organohalogen chemicals in human blood from the
United Kingdom. Environ. Pollut. 2006;141:30—41.



