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CHAPTER 1

Review of the Literature

1.1. Introduction

Nutraceuticals are a billion dollar industry because the public is more inclined to use
natural (herbal) medicine than conventional drugs, as it is believed to have fewer side-effects than
synthetic drugs.! Unfortunately in the nutraceutical industry, health claims are frequently not
supported by the necessary standardisation, safety, quality and efficacy data, as this is not
currently required by law. Fortunately this is changing as many countries, including South Africa,
are considering altering their legislation pertaining to health claims made for functional foods and

. 2:3:4
nutraceuticals.”™

In addition to formulation standardisation, safety and quality assurance, a more
thorough understanding of the biological mechanism of action of nutraceuticals and the active
compound(s) involved, as well as their efficacy will become a prerequisite for the marketing and
associated health claims of new nutraceuticals.

The popular usage of phytoestrogens as an alternative or complimentary herbal treatment
in particular has grown in recent years as they are thought to protect against cardiovascular
disease, osteoporosis, and a range of hormone dependent cancers and to alleviate menopausal

SGTESIGILIZE - phidemiological  evidence furthermore supports the usage of

symptoms.
phytoestrogens for hormone related conditions. The incidence of breast, endometrial, and prostate
cancer, as well as cardiovascular disease, is notably lower in Asian countries as compared to
Western populations.'*'> This phenomenon is mainly attributed to the Asian diet, especially the
high intake of soy, although genetic differences could also have an effect. The fact that second-
generation Asian emigrants to the West, who consume a more Western diet, have an increased
occurrence of breast cancer as compared to their parents would, however, suggest that the Asian
diet does play a more significant role in the prevention of certain cancers.'® The isoflavone,
genistein, present in high abundance in soy, is thought to be one of the key compounds
responsible for the low incidence of hormonally induced cancer in the Asian population.'’
Because of the fear of cancer and personal preferences many patients do seek natural alternatives
to conventional medicines. In addition, recent reports of increased occurrence of breast cancer

and other health risks in menopausal women associated with using conventional hormone

replacement therapy (HRT) have gained wide public interest. The two Women’s Health Initiative



(WHI) studies, involving clinical trials of menopausal women using HRT, had to be terminated
prematurely due to a number of risks associated with HRT."®!® An increased incidence of breast
cancer and cardiovascular disease was associated with the estrogen plus progestin treatment,
while the occurrence of stroke was found to increase with an estrogen alone treatment.'®!
Concerns related to the side-effects of conventional HRT has thus given additional impetus to the
use of alternative medicines, as well as sparking renewed scientific investigation into genistein
and similar plant phenolic compounds. Caution concerning the health benefits of phytoestrogens
should, however, be exercised as the results of smaller clinical trial studies investigating the
effectiveness of phytoestrogens for mostly hormone dependent cancers and menopausal
symptoms have not been unequivocally positive and as yet no large scale clinical studies have
been conducted.”™ Despite this caveat numerous phytoestrogens are already available as
nutraceuticals.” These include the ever-popular soy, red clover and black cohosh preparations, all
of which contain flavonoids thought to be responsible for their biological effects.?!%19%324

The putative health promoting effects of phytoestrogens have been attributed to a variety
of biological processes and mechanisms. The best known mechanism involves that of
phytoestrogens mimicking endogenous estrogens through binding to the estrogen receptor (ER)
and thereby mediating a weak estrogenic effect. Additionally, they can also bind to other
hormone receptors, have antioxidant activity, modulate or interact with steroidogenic and
detoxifying enzymes, inhibit angiogenesis, modulate apoptosis and inhibit protein

25:26:27:28:2930 76 ynderstand the mechanisms whereby phytoestrogens are able to mediate

kinases.
an estrogenic effect one must firstly understand the role of endogenous estrogens found in the
human body. This chapter will thus discuss the literature pertaining to estrogen signalling
pathways, followed by an overview of phytoestrogens and their pleiotropic functions in health
and disease.

Cyclopia or honeybush, which is part of the rich fynbos kingdom found in the Western
Cape, is traditionally consumed as a fragrant herbal infusion and is marketed as such. Honeybush

31;32

tea has a low tannin content and contains no caffeine. The xanthone, mangiferin, and the

flavanone, hesperidin, are the major phenolic compounds present in Cyclopia®. Honeybush has
been identified as having putative phytoestrogenic activity through anecdotal evidence as well as

34;35

through its phenolic composition. Formononetin, naringenin and eriodictyol present in C.

intermedia and luteolin present in both C. intermedia and C. subternata®**® have for example



been shown to have phytoestrogenic activity.*®*”~*

The honeybush tea industry is still a relatively
young industry with commercial plantations only recently being established (Personal
communication, Dr E Joubert, 2004) to replace or supplement harvesting from the wild. This is
especially important when considering phytoestrogens present in harvested plant material, as

39;40;41;42

conditions and treatments of plants affect their phenolic composition. Honeybush tea has

already been shown to have numerous other biological properties such as antioxidant and

444546 and evidence of phytoestrogenic activity in Cyclopia spp. would

antimutagenic activity
substantially increase and expand the range of its functional food status and usage. In addition, it
could be important to the future of the industry as concentrated Cyclopia extracts rich in
phytoestrogens could be made available to the public as a uniquely South African nutraceutical.
As the thesis aims to investigate the phytoestrogenic activity of Cyclopia the most commonly
used assays and techniques used to evaluate estrogenicity will be discussed in this chapter, as will

be Cyclopia, both in general and as a possible source of phytoestrogens. Finally, the literature will

be summarised within the context of the aims of the thesis.

1.2. Estrogen and estrogen signalling

Estrogen, a steroid hormone, is mostly known for its role in regulating female
reproductive activity and is most commonly known as the female sex hormone. However,
estrogens are responsible for numerous key functions in growth and differentiation in both sexes.
They exert their physiological role in various target tissues, such as the male and female
reproductive tracts and the skeletal and cardiovascular systems.47 Estrogens have a protective
effect against osteoporosis, coronary heart disease, and Alzheimer’s disease. They do, however,
also negatively influence diseases such as breast, endometrial, ovarian and prostate cancer.*® This
steroid hormone has the ability to affect the rate of cell proliferation, which in turn is
hypothesised to increase the amount of errors during deoxyribonucleic acid (DNA) replication,
which has been implicated in hormone dependent cancers.® Estrogens therefore have widespread
reproductive and non-reproductive actions both in health and disease.

Estrogens occur naturally in the female body as 17-B-estradiol (E,), estrone (E;), and
estriol (E3) (Figure 1). All are C;g steroids and are derived from cholesterol. E, is the most potent

of these hormones as it has the highest affinity for the estrogen receptors (ERs). In women, E, is



predominantly produced in the theca and granulosa cells of the ovaries and the luteinized
derivatives of these cells in response to the pituitary hormones, luteinizing hormone (LH) and
follicle stimulating hormone (FSH). Aromatization of testosterone is the final step in the
production of E,, which also takes place in the adipose and nervous tissue, muscle and the Leydig
cells of the testes.® E, is primarily produced in the liver as a metabolite of E, although
aromatization of androstenedione, secreted by the adrenal gland, in adipose tissue also contributes
to production. The third estrogen, Es, is the principle estrogen produced in the placenta during
pregnancy. In non-pregnant women the main source of Ej is the liver metabolism of E, E,
production rates are at its highest in the pre-ovulatory phase and are lowest before menstruation.
Depletion of the ovarian follicles during the onset of the perimenopausal phase leads to a steady
decline in ovarian E; production. Thus after menopause E; levels drop considerably as the ovaries
ceases to produce E,. The adrenal gland, however, continues making androstenedione, the

immediate precursor to E;, which is then the predominant estrogen in post-menopausal women.™

OH @)
HO HO
17-B-estradiol estrone
OH
OH

HO

estriol

Figure 1: Chemical structures of the endogenous estrogens: 17-B-estradiol (E,), estrone
(E)) and estriol (E3).



1.2.1 Bioavailability of estrogens and SHBG

Like all steroids, estrogens are highly lipid soluble and are able, after synthesis, to diffuse
through cell membranes into the bloodstream. In the bloodstream the majority of estrogens are
bound to sex hormone binding globulin (SHBG) or albumin with only about 2% of estrogens
present in the plasma unbound. SHBG, also known as testosterone-estrogen binding globulin
(TeBG) or sex binding protein (SBP), is a 93.4 kDa glycoprotein synthesized by liver cells and

. . . . 1:52
contains 373 amino acid residues.’’?

This protein is able to bind endogenous sex hormones with
high affinity with between 40-70% of estrogens and androgens bound to the SHBG in humans.™
Dihydroxytestosterone has the highest affinity for SHBG, followed by testosterone and E,. The
binding equilibrium constant of E, is equal to 4 nM for human SHBG and 80 nM for rabbit
SHBG.™

SHBG is thought to influence the bioavailability of sex hormones as it regulates the
plasma concentration of unbound or free steroids. Only free (unbound) estrogens are biologically
active and are able to diffuse through the cell membrane into target cells.”””® SHBG is thus
traditionally thought of as regulating the concentration of free or unbound steroids by acting as a
reservoir and subsequently influencing the equilibrium between free and bound steroids,
important in estrogen signalling. Furthermore, by acting as a reservoir SHBG is also considered to
protect circulating sex hormones from degradation and excretion.’’

The role of SHBG as carrier and regulator of free sex steroid concentrations, commonly
referred to as the free hormone hypothesis, has been challenged as it has been suggested that if
only unbound steroid is available to mediate a biological response, this would imply that all
tissues would be exposed to similar concentrations of steroid.”® In addition, as SHBG
concentration in plasma is quite substantial, not enough steroid would be available for maximal
induction.”® Thus the function of the SHBG may be more complex and it has been proposed that

SHBG-bound steroid is available to mediate a biological response.”®”’

The discovery of plasma
membrane SHBG receptors, present on hormone sensitive tissue, lends support to the idea that
SHBG may have additional regulatory functions such as directing steroids to their target cells as
only unliganded SHBG is able to bind to these receptors.®”®! In addition, the subsequent binding
of ligands to the SHBG-membrane receptor complex induces intracellular effects such as an

60;62;63

increase in intracellular cyclic adenosine monophosphate (cAMP) and inhibits E,-induced

proliferation of MCF-7 breast cancer cells.* A recent paper has shown that pre-incubation of



SHBG with MCF-7 cells causes inhibition of the anti-apoptotic effect of E, by preventing the E,-
induced phosphorylation of extracellular regulated kinase (ERK)-1/-2, a member of the mitogen-
activated protein kinase (MAPK) family that mediates the anti-apoptotic effect of E, in breast
cancer cells, without affecting nuclear ER-mediated transcription.”” Numerous factors, which
include SHBG concentration, the binding affinities and concentrations of various steroids for
SHBG, and most importantly the number of steroids or compounds, both endogenous and
exogenous that compete for binding to the SHBG influence the equilibrium of free vs. bound
steroids. Thus it is important to determine whether exogenous steroid-like compounds are able to
bind to SHBG and compete with endogenous steroids as this could influence endogenous steroid
concentrations, by affecting metabolic clearance rates, and subsequent biological activity, by
affecting free or unbound concentrations of endogenous steroids. Similarly, compounds, which
are able to modulate the concentration of SHBG levels, can influence the equilibrium of free vs.
bound steroids by affecting the amount of biologically active steroids.®® Therefore SHBG plays an

important role in the subsequent molecular function of estrogen signalling.

1.2.2. Molecular mechanism of estrogen signalling

Estrogen is able to elicit a biological response essentially through four signalling
mechanisms as depicted schematically in Figure 2. They are (1) the classical pathway of estrogen
signalling, which in short entails ligand binding to the ER, which in turn interacts with the
estrogen response element (ERE) situated in the promoter region of estrogen responsive genes,
(2) the ERE independent pathway, (3) the ligand independent pathway, and lastly (4) the non-
genomic pathway. Although these pathways differ from each other mechanistically, they are all

essential for estrogenic signalling and more than likely to act synergistically.®”:®



pretein-kinase
cascades

Figure 2: The numerous pathways through which estrogens and the ERs are able to mediate a
biological response: (1) Classical ER pathway, (2) ERE-independent pathway, (3) ligand-
independent pathway and (4) non-genomic pathway.”” Abbreviations: GF-R: Growth factor
receptor; GF: Growth factor; TF: Transcription factor; ER: Estrogen receptor; P:
phosphorylated; E;: 17-B—estradiol; eNOS: endothelial nitric oxide synthatase.

1.2.2.1. The classical estrogen signalling pathway

The classical estrogen signalling pathway (Figure 2) depends on the ligand bound ER
interacting directly with the promoters of estrogen responsive genes, which results in an
estrogenic response.

The biological effects of estrogens are mainly mediated through the two ERs, ERa and
ERB. These two receptors are members of the steroid receptor family, together with the
glucocorticoid receptor, androgen receptor, mineralocorticoid receptor, and the progesterone
receptor (PR). The steroid receptor family is part of the nuclear receptor superfamily.®*’® The
steroid receptors are ligand-dependent transcription factors and can translocate between the
nucleus and cytosol where they are chaperoned by heat shock proteins until they are activated
through binding of an appropriate ligand. On ligand binding the receptors undergo a
conformational change, which results in the translocation of the receptor-ligand complex to the

nucleus if the receptor is cytoplasmic. The ER, unlike the other steroid receptors is already mainly



present in the nucleus even in the absence of ligand.”' The activated ligand bound receptor can
then dimerize and bind to specific DNA response elements, the ERE. The ERE, which is 13 base
pairs long, consists of two identical sequences arranged as palindromic inverted repeats with a 3
base pair spacing of variable bases. The consensus sequence of the ERE is 5’-
GGTCAnnnTGACC-3’72, however, most EREs present in the human genome are non-consensus
sequences. The ERE sequence differ from other steroid receptor response elements, allowing only
the ER to recognise it. These response elements are Cis-acting enhancers located within the
promoter region of target genes. Receptors bound to DNA are able to recruit general transcription
machinery either directly or indirectly via co-factor proteins. The expression of the downstream
target genes could then either be positively or negatively affected.”” The two ER subtypes present
are essential for an estrogen response Via the classical signalling pathway and will be discussed in

more detail.

1.2.2.1.1. Structure and functional domains of the ER subtypes

The ERa subtype was first cloned in 1986 whereas the ERB was only identified ten
years later in rat prostate’, human testes’®, and in mouse ovary.”’ Two distinct genes situated on
different chromosomes encode each receptor subtype. The human ERa is located on chromosome
6", whereas ERP is situated on chromosome 14”°. The human ERa gene, ESR1, is 140 kb long
and contains 8 exons and 7 introns and the hERa protein contains 595 amino acids (66.2
kDa).”**#! The gene for the human ERpB, ESR2, is only 40 kb long, but also consists of 8 exons
and 7 introns, while the protein consists of 530 amino acids (59.2 kDa), which is thus shorter than

the ERo subtype protein.”®"!

The two ERs, do share a high degree of homology in certain
domains regardless of being encoded on different genes and therefore translating into different
proteins (Figure 3).

The two ER subtypes are highly homologous in the DNA- and ligand-binding domains.®'
The DNA-binding domain (DBD) is the most conserved region in all the steroid receptors. It is
situated centrally and is responsible for interacting with DNA, i.e. the ERE in the case of the ERs.
It contains two zinc finger motifs, involved in specific DNA-binding and receptor dimerization.

The proximal box, or P-box as it is known, a motif situated within the DBD, is critical for

receptor-DNA recognition and specificity. The P-box, similar in both ER subtypes, consists of six

10



amino acids, CEGCKA, at the C-terminal of the first Zn ﬁnger.70 The DBD also contains the
motif called the dimerization-box or D-box situated at the N-terminal half of the second Zn
finger, which assists in stabilizing the receptor-DNA complex after dimerization. The DBD is
greatly conserved between the two ER subtypes, having 97% amino acid similarity and thus, both

receptors recognize and bind to the same DNA response elements (EREs).

1 185 251 355 540 595
NHD DBI| Hinge LED F hERa
{ 45 148 214 304 500 530

16 |97| 30 59 18 h ERp

Figure 3: Comparison of the amino acid sequences of the two human ER subtypes. The
separate functional domains are identified within the ERa diagram while the numbers within
the ERP diagram show the sequence homology as a percentage. The numbers shown above the
diagrams of the receptors represent the position of the amino acids. Abbreviations: NHD: N-
terminal domain; DBD: DNA-binding domain; LBD: ligand-binding domain.®'

The ligand-binding domain (LBD) is situated at the carboxy-terminal end of the receptor
and is to some extent conserved between the two ER subtypes, with 59% amino acid homology.
Both ER subtypes are able to bind E, with similar affinity, however, this does not hold for all
ligands. Phytoestrogens, for example, bind to both ERs, but with a higher affinity to the ERf
subtype.® This selectivity is a result of the different amino acid compositions of the LBDs in ERa.
and ERB. The LBD is important not only for ligand binding as its name suggests, but also for
receptor dimerization, nuclear translocation and interaction with transcriptional co-regulators. The
LBD also contains the transcription activation-function-2 (AF-2) site. The AF-2 site contains a
highly conserved C-terminal amphipatic a-helix, helix H12. This helix is important for ligand
recognition and binding and subsequent recruitment of co-activators, and is present in both ER

838 Binding of both agonist and antagonist ligands induces a conformational change of

subtypes.
the ER. The conformational change induced by agonist allows for the recruitment of co-
regulators, while binding of antagonists results in a conformational change where HI2 is

positioned in such a manner that it is unable to interact with co-regulators.”” %4
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The N-terminal is less conserved between the two ER subtypes. This domain contains a
transcription activation-function-1 (AF-1) site. The AF-1 is important for site-specific
phosphorylation and is involved in ligand-independent activity of the receptor (discussed in
section 1.2.2.3). It is, however, promoter and cell specific.* The AF-1 and AF-2 regions act
synergistically to recruit various co-regulator proteins to the DNA-ER complex to induce full
activation of transcription®®, furthermore, only partial activation of transcription via ER is

observed when only the AF-1 region in involved in recruitment of co-activators.®’

1.2.2.1.2. Mechanism of action and functions of the ER subtypes

As transcription factors both ER subtypes are capable of stimulating transcription of ER
target genes in a similar manner through binding to the classical ERE followed by the recruitment
of co-regulators. This is not surprising as they are highly homologous in the DBD (section
1.2.2.1.1) and thus expected to recognise the same DNA sequences. ERa, however, usually
exhibits higher ERE transactivation activity than ERB in many cell types.****° The level of
transcriptional activation via the ERp is dependent on the cellular and promoter context and the
type of ligand.”' Although some ligands have different binding specificity for the two ER
subtypes, the natural ligand, E,, appears to have a similar affinity for both ERs (Table 3) while
phytoestrogens preferentially bind to the ERB.*

The induction of gene transcription is dependent on ER dimerization. The ER subtypes are
able to form functional heterodimers in cells that contain both subtypes such as the mouse
mammary gland®** with heterodimers pre-dominating over the homodimers.”* The
heterodimers bind to the consensus ERE sequence with similar affinity to that of the ERa
homodimers and with greater affinity than that of the ERp homodimers.”* Additionally, it has
been demonstrated that when co-expressed, ER exercises an inhibitory effect on ERo. mediated

transcriptional activation.**”

It has been suggested that the antagonistic effect of ER} on ERa
and its lower transactivation activity is due to differences in the transactivation regions of the two
subtypes.”® The N-terminal AF-1 region of ERP is transcriptionally weaker than that of ERa,

which could suggest its repressive action”"'

, and when removed, the transcriptional activity of
ERP increases® further substantiating its repressive role. It has been proposed that when both ER

subtypes are co-expressed in cells, the net estrogen responsiveness of these cells is dependent on
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the ERo:ERp ratio.* Hence, to summarize, ERB appears to reduce gene transcription up-
regulated by ERa probably through preferential formation of ERo:ERP heterodimers. These
heterodimers compete effectively with ERa homodimers in binding to DNA and display a lower
transactivation potential than the ERa. homodimers.” These findings are substantiated by in vivo
studies.

By comparing gene expression levels, using DNA microarray analysis, of wild type mice
with o ERKO (ERa knockout) mice, it was shown that ERf3 reduces the overall gene expression
in bone and liver tissue in the presence of ERa.”” In the absence of ERa., i.e. «ERKO mice, ERP
can fulfil the role of ERa, although gene transcription is not as high as in wild type mice, which
express both ER subtypes.”” However, not all pathways are compensated for by ERp in the
absence of ERa.”® Although physiologically the o ERKO mice of both sexes are infertile and
estrogen insensitive, certain pathways in the o ERKO mice remain intact.”” In contrast to the
oERKO mice, BERKO mice remain fertile although the females do have some limitations in
ovarian function.'” Some phenotypes in these mice were less pronounced than expected e.g. the
testes in the BERKO and the bone tissue of both a ERKO and BERKO mice. These results suggest
that the two ER subtypes can compensate for each other to a certain extent.

In cells or tissue, which co-express both ER subtypes the expression levels of the ER
subtypes have been found to be altered in certain tumour types. Healthy human mammary tissue
predominantly expresses ERf mRNA while most ER-positive breast tumours express increased
ratios of ERa:ER.'”"'%* This phenomenon was also observed in ovarian cancer cells as
compared to normal tissue.'”® This further substantiates the need for investigation into compounds
such as phytoestrogens, which bind with a higher affinity to ERB than ERa, to modulate the

proliferative effect of ERa in estrogen-dependent cancers.

1.2.2.1.3. Tissue distribution of the ER subtypes

Though some functional domains are highly conserved between the two ER subtypes and
therefore exhibit similar roles, the ER subtypes also have distinctive functions in estrogen action
as discussed above. Tissue localization studies showed different distribution patterns for the ER
subtypes (Figure 4). A study conducted examining the distribution of the ER subtypes in rats

revealed that the ERa is expressed mainly in the uterus, testis, pituitary, kidney, epididymis, and
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adrenals, whereas ERP is expressed mainly in the prostate, lung, bladder, and brain.'® They do,

however, have some overlapping tissue distributions such as the ovaries, mammary gland,

75,76;104

epididymis, thyroid, adrenal, and bone. Tissue distribution in humans is demonstrated in

Figure 4. As discussed earlier (section 1.2.2.1.2) ER subtype levels tend to change with the
development of tumour growth.'®!
Expression in the same tissue might, however, not indicate that they are co-expressed in

105 : . 92
Nevertheless, it does not exclude co-expression as neurons -~ and the

the same cell type.
epithelial cells of the mammary gland'® have been shown to co-express both ER subtypes. The
time of expression may also differ as in the case of the uterus and pituitary gland where ERp is

expressed during development and ERa. is only expressed in mature tissue.'®

Brain ER[;

3 ' Uterus ERa./p)
! /E_h.ra_ryr ERa/p

i

Prostate ER[ Bladder ERJ}
___,..--"""-P

Testes ERo

Bone ERp

of

Figure 4: The tissue distribution of the ER subtypes in humans. A simplified diagram as per
Setchell and Cassidy.'"”
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1.2.2.2. ERE-independent genomic actions of the ER

A wide variety of genes regulated by estrogens do not contain an ERE or ERE-like
sequence in their promoter regions. The ER can still regulate gene expression independently from
the ERE. Firstly, without direct DNA binding, depicted as pathway (2) (Figure 2) or secondly, by
binding to other DNA response elements. In pathway (2) ligand-bound ER is able to interact with
other transcription factors via protein-protein interactions thereby regulating gene transcription
without DNA binding (also called a tethering mechanism). The second ERE-independent
mechanism, however, does not involve protein-protein interaction. The ER binds to response
elements other than the ERE. The mechanism involved is similar to that of ERE recognition,
except a different response element is involved. The following section will discuss both the
tethering mechanism and recognition of a DNA response element other than the ERE.

The ER through protein-protein interactions with other transcription factors can mediate
gene transcription. These transcription factors include nuclear factor kB (NF-xB), Fos-Jun and
steroidogenic factor 1 (SF-1) that directly recognise and interact with their specific DNA
sequences. Transcription factor NF-xB, amongst others, is responsible for interleukin-6 (IL-6)
expression. Interaction of the ER with NF-kB inhibits the expression of IL-6 with ERf
demonstrated to be more potent in its repression of NF-kB than ERa.'® Similarly, the ER is able,
through protein-protein interactions, to interact with Fos and Jun, two transcription factors that
recognises activating protein-1 (AP-1) binding sites. However, at these sites ERa transactivates,
while ERJ inhibits transcription. It was suggested that because ER[} contains a weaker AF-1
domain it is unable to activate gene transcription of genes that contain an AP-1 responsive
element in their promoter region in the presence of an agonist. In fact, E; when bound to the
ERP, acts as an antagonist when positioned at AP-1- binding sites. The ERP, however, in the
presence of an antiestrogen, such as ICI 164,384, is able to activate transcription.'” Such AP-1
activation by the traditional ER antagonist was suggested to be an AF-1- and AF-2 independent
mechanism that only requires an intact DBD''"" again highlighting the diverse physiological
actions of the ER subtypes. In addition, the ERs have also recently been shown to interact with

111

the SF-1 transcription factor. " Genes activated by an ER-SF1 complex in the presence of E,

include the low-density lipoprotein (LDL)-receptor, c-Fos, and cyclin D genes and depends on the
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ER subtype, ligand, and cell type. " The ER subtypes have therefore been shown to interact with

other transcription factors and do therefore not act via DNA interactions alone.'**!%%!!!

The ER subtypes are also able to interact with DNA response elements other than the ERE
although the same mechanism applies. The liganded-ER complex is able to bind directly to the
antioxidant response element (ARE). The ARE is a cis-acting DNA element situated in the
promoter region of some of the phase II detoxifying enzymes such as the glutathione-S-
transferases (GSTs) and quinone reductase (QR). The phase II detoxifying enzymes protect the
cells from oxidative damage by conjugation or reduction of reactive species, metabolites of the
phase I enzymes, which are members of the P450 superfamily. In COS-1 cells E; and genistein
repress gene transcription through both ERo and ER[, while the antiestrogen, ICI 182,780,
induces transcription of ARE regulated genes through both ER subtypes with ERP being a
stronger inducer of the ARE.""? Selective ER modulators (SERMs) such as tamoxifen, however,
show receptor subtype selectivity by activating via ERP, while transrepressing via ERf. Although
ARE mediated activity via endogenous estrogens appears to be highly dependent on the cell

'3 administration of E to mice also decreased phase II detoxifying enzyme activity in the

type
uterus, which confirms endogenous estrogen activity on AREs in vivo.'"® The interaction of the
ER subtypes with the ARE will subsequently affect the oxidative levels of cells or tissues and one
would expect that ligands preferentially activating via the ERf} would have an important role to
play in protecting cells from oxidative damage and consequent cancer formation.

In summary, E, genomic signalling includes both DNA-protein interactions and protein-
protein interactions (tethering mechanism). Not only are the ER subtypes able to recognize the
ERE they are also able to interact with the ARE with ER[} being a stronger activator of gene
expression in the latter case but not in the former. The ER subtypes are also able to regulate gene
transcription through tethering by binding to other transcription factors such as NF-kB, Fos-Jun,
and SF-1. ERp is more potent than ERa in repressing gene transcription via NF-kB whereas via
Fos-Jun it inhibits AP-1 induced gene transcription while ERa induces transcription. The
responses of the ER subtypes in both mechanisms seem to differ and are an important avenue for

future investigation.
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1.2.2.3. Ligand-independent actions of the ER

The ERs can be activated in the absence of ligand by means of phosphorylation through
cellular signals such as growth factors, neurotransmitters, cyclins and protein kinase activating

114

agents , which in turn are able to cross talk with other signalling pathways (pathway 3, Figure

2).

' and epidermal growth factor

The growth factors, insulin-like growth factor-I (IGF-I)
(EGF)'"*!1%17 ‘have been shown to activate the ER in the absence of ligand. Both growth factors
were shown to induce protein kinases, which subsequently activated the ER through

115;116

phosphorylation. It was shown that EGF activates the ER in the absence of ligand through

the MAPK pathway''*!'’, which directly phosphorylates Ser''® positioned at the N terminal of the

118y : . .
%) is necessary for the activation of

ER. Phosphorylation of the serine residue at position 118 (Ser
AF-1 and the N terminal transcriptional AF-1 is required for the activation of unliganded ER by
the EGF.""*!!" Specifically, EGF was shown to mimic the actions of estrogen in that the ER was
able to translocate to the nucleus whereby it induced uterine DNA synthesis in overiectomized
mice.''® In addition, it has been shown that in the presence of E, the transactivational response is
greater than that achieved in the absence of ligand suggesting that both ligand independent and
ligand dependent activation can concur.''” Serine residues in ERP similarly can also be
phosphorylated via the MAPK pathway.'"’

Similarly, the neurotransmitter dopamine, and Cyclin A induce ER dependent
transcription in the absence of ligand through phosphorylation.'**!?"'** Cyclin D1, expression of
which is regulated by E,, also induces ligand-independent ER activation; however, this occurs
independently of phosphorylation.'”® Ligand-independent activation of the ER can also occur via
cAMP. An increase in cAMP activates protein kinase A (PKA) and ER activation via the AF-2 is
thought to be dependent on PKA.'"” This is rather interesting as the AF-2 region is thought to be
the classical ligand dependent activation region.'**

To summarise, activation of the ERs in the absence of ligand does occur, which results in
increased expression of ER targeted genes. Phosphorylation appears to be the main mechanism of

ligand-independent activation identified to date (Table 1).

17



Table 1: Summary of mechanisms of ligand independent activation of ERs

Activator Mechanism
Peptide Growth Factors:
IGF-I'"? Activates second messenger systems e.g.
EGF'" MAPK that cause phosphorylation of ERs
Neurotransmitters:
Dopamine' > Might be phosphorylation, the exact

mechanism is yet unsure

Cyclins:

cyclin-D1'# Does not require phosphorylation

cyclin-A'* Activates the ER through phosphorylation
of the AF-1 domain

Other:

MAPK ' Phosphorylation

cAMP! 57 Phosphorylation of the AF-2 domain

1.2.2.4. Non-genomic effects of estrogens

The classical estrogen-dependent pathway (1.2.2.1), which involves ligand-binding to the
ER, dimerization, binding to the ERE, and the recruitment of co-factors in addition to chromatin
remodelling takes minutes or even hours to induce transcription of a target gene that will in effect
deliver a biological response.'* Similarly, the ERE-independent (1.2.2.2) and ligand-independent
actions of the ER (1.2.2.3) require transcriptional activation and mRNA translation and the
subsequent biological response occurs over a period of time. The time frame of these
transcriptional pathways thus does not explain the rapid biological effects induced by
estrogens.’”'*'?® Hence, estrogens are also involved in non-transcriptional, non-genomic
mediated biological responses that are independent of transcriptional activation by the nuclear
ERs but may be mediated by membrane bound receptors (Figure 5). Estrogen can stimulate
signalling pathways or cascades that recruit second messengers such as calcium and nitric oxide.
Receptors involved include receptor tyrosine kinases [e.g. epidermal growth factor receptor
(EGF-R) and insulin-like growth factor receptor (IGF-R)] and G-protein coupled receptors
(GPCR) that activate several protein kinases [e.g. phosphatidylinositol-3' kinase (PI3K), MAPK
family members, serine-theorine kinase (Akt) and protein kinases (PKA and PKC, respectively)].

This phenomenon is believed to be responsible for the rapid cellular activities of estrogen in cell
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types such as breast cancer and bone cells.'” Activation of these signalling pathways set of a
cascade of events, which could intertwine with other signalling pathways including other ER-
mediated pathways, which makes this rapid biological response of estrogen quite complex and

125
vast.

The non-genomic effects of estrogen will thus only be discussed briefly as it is beyond the
scope of this thesis. Receptors located in or close to the plasma membrane are expected to
mediate the rapid biological effects of estrogen, whether the classical ERs or other receptors is
still a matter of controversy, and will be elaborated on. The identification of a membrane ER is,
however, thought to be an important contributor to understanding the non-genomic effects of E.
The non-transcriptional ER signalling is still very much a mystery and under investigation,
however, some signalling pathways have been identified as being related to the non-genomic
signalling of the ERs and two, relating to cell proliferation and vasodilatation, will be very briefly
discussed. Cell proliferation is crucial in the spread of cancer and vasodilatation is critical in
cardiovascular disease.

The steroid hormone E, was shown to elicit a biological effect at the membrane when it
was demonstrated that an impermeable conjugated E, (E,-BSA) activates the MAPK kinase and
induces phosphorylation and subsequent activation of both ERK-1 and ERK-2 in the neuronal cell
line SK-N-SH.'*” A membrane bound ER has been identified by numerous groups, however, with
conflicting results as to its origin. Some studies hypothesise that the nuclear ER subtypes locate to

128;129

the membrane and behave like membrane receptors. In support of this hypothesis it has been

shown that antibodies raised to the ERa react with the membrane situated receptor suggesting
structural similarity'?® while a subsequent study showed that the membrane ER and nuclear ER
are transcribed from the same mRNA and have the same molecular weight when the ER subtypes

129
In

complementary DNA (cDNA) is transfected into Chinese hamster ovary (CHO) cells.
addition, either ER subtype transfected into CHO cells can localize to the membrane where it can
activate MAPK or increase cAMP levels.”” The ER specific antagonist, ICI 182,780, has also
been shown to inhibit the E; induced nitric oxide intracellular pathway thus substantiating a link

130

between the nuclear ER and membrane ERs *". However, numerous studies disagree with the

hypothesis that the nuclear ERs are related to the membrane bound ER'?"1%1%

as the ability of E,
to potentiate kainite-induced currents in hippocampal CA1 neurons was not affected in ERa
knock-out mice nor did the co-treatment with the antagonist, ICI 182,780, which would eliminate

residual ERP activity, reduce the response'*. Recently, GPR30, a membrane bound receptor with
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a high affinity for E,, thought to be unrelated to the nuclear ERs, has been identified. The GPR30
is a GPCR capable of activating adenylyl cyclase activity upon E, binding.'**

The induction of cell proliferation by E; is a well-known biological response that is even
exploited to identify new estrogens.'” Cell proliferation entails activation of a wide variety of
signalling pathways, which involve the ER-E, complex. For example, the ERa-E; complex
activates the ERK/MAPK and PI3K/AKT, which are involved in cellular growth and cell death
prevention. Interestingly and in contrast to ERa, the ERB-E, complex is responsible for the rapid
induction of phosphorylation of the p38/MAPK, which sets of a cascade of reactions to induce
cell apoptosis. The ERB-E, complex does not interact with the signalling pathways induced by the
ERa-E, complex, which are involved in preventing cell apoptosis and promotion of cell
growth."*® Additionally, E, decreases MAP kinase phosphatase 1 activity, which in turn leads to
an increase in ERK activity in breast cancer cells and as previously mentioned up regulation of
ERK activity activates MAPK with downstream activation of cell proliferation."*’ In addition to
indirectly activating MAPK through ERK activation the E,-ER complex is also able to activate
MAPK directly.'**

A rapid onset of vasodilatation occurs when endothelial cells are stimulated with E; and is
not dependent on gene expression. The stimulation with E, leads to the activation of endothelial
nitric oxide synthase (eNOS), which in turn leads to a cascade of cellular activity. The activation
of eNOS activity results in nitric oxide release in a Ca®’ dependent manner'”” and is mediated by
the PI3K/Akt signalling pathway. The E;-ERq complex has been shown to interact with the p85a
regulatory subunit of PI3K. This in turn would lead to the downstream activation of eNOS
through the phosphorylation of Akt. ERp is also able to mediate a rapid non-genomic increase in
eNOS activation in response to E,, however, ER[ is unable to interact with the p85a regulatory
subunit of PI3K.'"*® As ERP does not activate the PI3-kinase/Akt pathway it was suggested that it
induces eNOS activation through a MAPK pathway.'"** Nitric oxide is responsible for the
relaxation of vascular smooth muscle cells and although ERP may play a role, the activation of

eNOS by E, is mainly mediated by ERa situated in the plasma membrane.'*
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Figure 5: Selected nuclear and non-nuclear activities of ERo ~°. Abbreviations:
endothelial nitric oxide synthase (eNOS), nitric oxide (NO), phosphatidylinositol-3'
kinase (PI3K), 2-son of sevenless (Sos), growth factor receptor binding protein 2
(Grb2), G protein coupled receptor (GPCR), protein kinase A (PKA), protein kinase C
(PKC), extracellular-regulated kinases 1 and 2 (ERK-1/-2), c-Jun N-terminal kinase
(JNK), 38-kDa isoform of MAPK (p38), and estrogen response element (ERE), Src
homology/collagen (Shc), receptor tyrosine kinase (RTK), Src is a tyrosine kinase; Ras
is a GTP-binding protein.

Table 2: A brief summary table of some of the non-
genomic actions of estrogen as per Karen J. Ho and
James K. Liao.'”

Recruitment of second messengers calcium and
nitric oxide
Receptor Tyrosine kinases

e EGF-R
e IGF-R
e GPCR
Protein kinases
e PI3K
o Akt
e MAPK
o PKA and PKC
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As clearly indicated in Figure 6, genomic and non-genomic pathways involving the ERs
can converge through signal transduction pathways. The activation of protein-kinase cascades by
membrane ER-E, complexes leads to phosphorylation of numerous transcription factors and
nuclear ERs themselves. ER phosphorylated by non-genomic signalling is believed to enhance

and complement the classical ER mediated pathway.®”’

1.2.3. The role of estrogens in cancer formation

The numerous pathways estrogens can follow to mediate a biological response are
complex, especially if one would consider cross talk with other pathways. Accordingly, there are
numerous suggested pathways whereby estrogen is responsible for estrogen-dependent cancers.
As discussed above (1.2.2.4) estrogen itself is able to act as a mitogenic agent in certain cell types
by inducing cell proliferation and cell differentiation through activation of certain estrogen
responsive genes such as cyclin D-1, tumour necrosis factor o (TNFa), and cathepsin D.'*!
Hyperproliferation is associated with genomic instability. It has been suggested that as E,
increases the rate of cell proliferation it forces the cells to rapidly pass through the cell cycle
bypassing set checkpoints within the cell cycle increasing the risk of DNA mutations.* In
addition, proliferation is enhanced by a decrease in apoptosis. E; has been shown to inhibit
apoptosis in a rapid non-genomic manner through activation of ERK.'*

Further mechanisms involve production of mutagenic compounds during the metabolism
of estrogen or repression of cellular systems involved in the inactivation of mutagenic
compounds. The metabolism of E, to 4-hydroxyestradiol has for example been reported to be
responsible for estrogen-induced cancers.'* More recently E, was found to have a repressive

action on the ARE.'"

It was demonstrated that gene expression of GST and QR, phase II
detoxification enzymes, is repressed at physiological concentrations of E; (10 nM).'"> Both GST
and QR are driven by an ARE containing promoter. These enzymes are responsible for
metabolising the metabolic products of phase I enzymes, which are able to induce DNA damage
and mutations. Thus the body’s internal defence mechanism against the carcinogenic metabolites
of phase I enzymes are the phase II detoxification enzymes, which through conjugation or
reduction reactions are able to protect against oxidative damage.'**

In summary, estrogen plays a role in cancer formation and progression through both ER-

dependent (genomic and non-genomic) and ER-independent mechanisms. The exact process is

22



still elusive as numerous signalling pathways and genomic responses are involved. One
concluding factor, however, does exist and that is that estrogens are associated with disease, both
as a causative (e.g. breast cancer) and preventative (e.g. osteoporosis) agent. No-one is more
affected by the good and bad of estrogens than menopausal women as both risk and prevention of
disease come into play. Safer alternatives for hormone replacement theraphy (HRT) are essential
and need more attention so that menopausal women can have peace of mind. Alternative HRTs
such as the plant derived estrogen mimics known as phytoestrogens need further investigation

and will be discussed in the following section.

1.3. Phytoestrogens

Phytoestrogens are non-steroidal phenolic compounds derived from plants, which are able
to interact directly with the ER subtypes. They are able to compete with E, for binding to both
ERs and to act as both agonist or antagonist depending on the cell or tissue type, the ER subtypes

714145 pesearch into these non-

present, or the presence or absence of endogenous estrogens.
steroidal compounds is becoming increasingly popular especially when discussing alternatives to

HRT and protection against hormone-induced cancers.'*'*>*!'*¢ Their biological roles in plants
149

2

vary and include pigmentation'*’, protection against UV-B radiation'*) antioxidant
antimicrobial”’ and antifungal”'. Phytoestrogens can be divided into six main categories
according to Miksicek'*?: coumestans, resorcylic acid lactones, isoflavones, flavones, flavanones
and chalcones (Figure 7). Most authors, however, use the main classification of phytoestrogens as
isoflavones, coumestans and lignans as these are the most researched.'*®'** Scientific research to
date has mostly focused on the soy isoflavone, genistein, because of epidemiological studies,
which have shown that Asian populations have fewer incidences of hormone-related cancers as
compared to the West and that this phenomenon has been contributed to by the high soy intake of

14;154

Asian populations. However, other plant phenolic compounds with phytoestrogenic activity

deserve more attention and in addition the fact that a single plant could contain more than one
type of phytoestrogen also warrants further investigation.

Phytoestrogens are able to activate the ER subtypes through binding to the receptors and
as a result are able to mediate an estrogenic response.* In addition phytoestrogens are also known

to act independently of the ER through activation or inhibition of certain enzymes™'>,
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modulation of endogenous estrogens levels'>, and by scavenging free radicals'®. Furthermore,
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similarly to endogenous estrogen, phytoestrogens are also able to bind to SHBG and only when
unbound is capable of entering the cell through passive diffusion.'””"**!>* However, because most
flavonoids occur in the form of glycosides, they have to be firstly metabolised to become more
biologically active. Therefore in the following section, the bioavailability of phytoestrogens will
firstly be discussed followed by the ER-dependent and ER-independent activity of
phytoestrogens. Numerous plants have already been identified as having phytoestrogenic activity
and some would be briefly mentioned within the context of clinical usage as will phytoestrogenic

supplements available to the public.

1.3.1. Bioavailability of phytoestrogens

The bioavailability of phytoestrogens is important, as they must be present in a form that
is easily absorbed by the body and available to the cell, as it is only then that they are able to be

10" Chemically, phytoestrogens are low molecular weight hydrophobic

biologically active.
compounds, which affects their water solubility. However, phytoestrogens are most commonly
introduced into the body as glycoside conjugates (B-glucosides, malonylglucosides,
acetylglucosides) (Figure 8).'”” The glycosides are more water-soluble, but are biologically less
active, as they are less readily absorbed and unable to passively diffuse across the cell
membrane.'® For example, Setchell et al.'®" showed that isoflavone glycosides are not absorbed

intact across the enterocyte and that removal of the sugar is essential for the phenolic compound

to become biologically active.
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Figure 6: Schematic diagram of genomic (tethering and direct DNA interaction) and non-genomic actions of the ERs as illustrated
by Bjornstrom and Sjoberg.®”’
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Basic flavonoid structure
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Figure 7: The basic chemical structures of the six main types of phytoestrogens together with the
basic flavonoid structure.'*?

The removal of the sugar residue occurs through enzymatic conversion by glucosidases

present in the small intestine mucosal cells and the gut microflora.'®”'®* Hydrolysis of the

glycoside results in the formation of the more biologically active aglycone that can be absorbed in

the gut. In plants, for example, the inactive glycoside genistin is mainly present and only becomes

activated when the sugar residue is removed, and genistein is formed. The aglycones can be

absorbed and may be further metabolised or not depending on the intestinal environment. Further
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metabolism could entail demethylation, sulfation, glucuronidation or a combination of these either
in the intestine or liver.'® Formononetin, for example, is demethylated to form daidzein, which is
reduced to equol that has a higher estrogenic activity than the parent compound, formononetin.'®?
The metabolism and absorption of phytoestrogens vary between individuals as the deconjugation
of the glycoside is highly dependent on the composition of the intestinal flora and the mucosal
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cells, the time spent in the intestine, redox potential and dietary factors.” All these factors may

thus contribute to the variability of phytoestrogen effects in humans. For example, it was found

that not all humans can produce equol from daidzein.*

| Metabolic fabe of soybean soflavones in human:s '
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Figure 8: Simplified schematic representation of the metabolism of some common isoflavones
in humans and animals.'”’

Metabolism of glycosides is not the only process involved in the bio-availability of
phytoestrogens. They can also be sequestred by SHBG. Phytoestrogens have been shown to bind
to the SHBG"7**!*° which can influence its bioavailability as similar to endogenous estrogens,
only unbound or free phytoestrogens are available to diffuse through the cell membrane.
Genistein and naringenin were both reported to have affinity constants for human SHBG equal to
6.3 x 10° L.mol'and 8.1 x 10° L.mol™ respectively.””® Although 3 orders of magnitude lower than
that for E, they are able to displace endogenous E, from SHBG and to modulate SHBG levels as
will be discussed under ER-independent mechanisms of phytoestrogens. It has been suggested

that binding to SHBG could, like for the endogenous sex steroids, regulate free bioactive fraction
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of phytoestrogens, protect them against further metabolism and subsequent excretion, and target
them to responsive cells via the SHBG receptor.'” Bioavailability of phytoestrogens is important
and both the metabolism of the glycosides and the transport of the biologically active compounds
by SHBG to the target tissues are essential for phytoestrogens to be able to exert their biological
effect.

1.3.2. Biological effects of phytoestrogens

The beneficial health-effects of phytoestrogens have been noted in numerous

epidemiological studies and clinical trials.'®

Their estrogenic activity is demonstrated by the
mere fact that they are capable of interacting with the ERs and activate downstream effectors. In
addition, scientific evidence would suggest that interacting with the ERs is not their only mode of

action. Phytoestrogens are also able to act as antioxidants'*®

, able to inhibit a wide variety of
enzymes™, and reduce levels of LDL, cholesterol and triglycerides.'® These pleiotropic effects
combined are likely to contribute to the favourable health-effects of phytoestrogens and will be

discussed under ER-dependent and —independent mechanisms.

1.3.2.1. ER dependent

Numerous studies have shown that phytoestrogens are able to compete with E, for binding
to the ER subtypes, where after they able to mediate a biological response similar to that
described as the classical genomic estrogenic effect (1.2.2.1). The classical genomic estrogenic
pathway entails the following: on binding of the ligand to the ER a cascade of events are initiated
that include dissociation of heat shock proteins, dimerization of the ERs, recognition of an ERE
situated in the promoter region of estrogen responsive genes, and finally the activation or
repression of an estrogen targeted gene. The mechanism is similar for either exogenous or
endogenous estrogens. However, unlike E, which binds with similar affinity to both ER subtypes,
phytoestrogens preferentially bind to the ERB (Table 3).** In addition, it has been demonstrated
that although phytoestrogens were able to compete with E, for binding to both ER subtypes the
relative binding affinities were all lower than that of E, (Table 3) which allows for the further
classification of these plant phenolic compounds as weak estrogens.*”'""1®® The relative binding

affinity (RBA) determined by Mueller et al.'®” for E, with both ER subtypes were set to 100%
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which gave RBAs for genistein of 1% and 31% for ERa and ERp, respectively. Coumestrol
showed slightly higher RBAs of 12% and 77% for ERa and ERB, respectively.'®” Similarly,
Muthyala et al.'®*also showed that genistein has much lower RBAs for the ER subtypes than
E,'®® Both studies, however, showed that all phytoestrogens investigated had a higher RBA for
the ERP subtype, therefore supporting the trend observed in Table 3.'67:'¢®

Despite much lower binding affinities for the ER subtypes, phytoestrogens are able to
regulate estrogen dependent genes through reacting with EREs (Table 4). The phytoestrogens,
genistein, coumestrol and equol, for example, were shown to preferentially induce transcription
via the ERP with higher efficacy (fold induction) and potency (ECso, ligand concentration

yielding half-maximal activation) values.'®’

Their relative potencies (with ECsy for E, set as
100%) were also higher for ERP than for ERa with genistein and coumestrol showing relative
potencies for ERP of 73% and 63%, respectively. Resveratrol and enterolactone, in contrast, had

very low relative potencies for both ER subtypes ranging from 0.09 to 0.02%."

In addition,
although weaker agonists than E,, due to their lower potency values, genistein, coumestrol, equol
and resveratrol induced maximal fold induction similar to that of E, for both ER subtypes and
were defined as full agonists.**'®” Similarly, An et al.'®® demonstrated that the phytoestrogens,
genistein, daidzein and biochanin A, preferentially activated transcription via ERB. However,
unlike the previous study mentioned, genistein was unable to induce a maximal response via ERa
although, like in the previous study, both genistein and daidzein were full agonists via ERp.'®
The differences seen by these two independent studies could be due to the different cell types
used or the different promoter reporter constructs containing different numbers of ERE repeats or
different ERE sequences. Nevertheless, both showed that, similar to E,, phytoestrogens were able
to transactivate, albeit not to the same extent, via both ER subtypes. In addition, An et al. showed
that genistein, daidzein and biochanin A, were able to repress the transcriptional response of a
TNFa induced promoter via ER but not via ERa., although E, was able to repress transcription
via both ER subtypes.'® Thus both studies mentioned as well as the data contained in Table 4,
substantiate the fact that phytoestrogens not only preferentially bind to ER[3 but also preferentially
induce or repress transcription via ERp. Interestingly, Pike et al.** when investigating the crystal

structure of the LBD of ERP found that the conformational change induced by genistein was

similar to that induced by antagonists, raloxifene, which differed from the agonist induced
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conformation. This does not appear to explain the induction of transcription via ERB by
phytoestrogens nor their lack of antagonism in most cases.**'”'® Some phytoestrogens,
however, have been shown to have antagonist activity via the ER subtypes. Zearalenone and
resveratrol, for example, show antagonist activity at high doses via both the ERa and ERf

167

subtypes. ' Nonetheless, phytoestrogens in the main appear to have not only a higher binding

affinity for ER, but they also preferentially transactivate via ER.
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Figure 9: Structures of some common phytoestrogens and the endogenous ER ligand, E,, listed
in Tables 3 and 4.

The more effective transactivation of phytoestrogens through ERP has been ascribed to
more effective co-activator recruitment. Phytoestrogens have been shown to selectively recruit co-
regulators to ERB and not ERa, which would suggest that phytoestrogens would induce more
effective ERB-mediated transcription, unlike E, which is able to recruit co-regulators to both ER
subtypes.'® Genistein in its interaction with ERB was able to induce a conformational change in
the receptor so that the AF-2 domain was able to recruit co-regulators. This further substantiates
the higher transcriptional activation observed with ERf3 and would suggest that the generally
higher binding affinity of phytoestrogens for ERP allows a conformational change of the receptor,

which favours the recruitment of co-regulators.
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Table 3: Estrogen receptor subtypes binding constants of common phytoestrogens (Figure 6).

Assay system

Test compounds

competitor relative to E,
required to give 50% inhibition
of specific binding of *H-E,'*

E, Genistein Coumestrol Formononetin Luteolin Naringenin Daidzein Equol
hERo: hERou: hERa: hERo:
Purified hERc. and hERB used | ® “RBA =100% e RBA=1% e RBA=12% e RBA=0.3%
for competition binding assays | ® "ICso=4.3 nM o ICs5=0.3uM e ICs0=15nM o ICso=1.5uM
against fluorescein labelled E, hERB: hERB: hERB: hERB:
(1 nM)'” o RBA=100% e RBA=31% e RBA=77% o RBA =3%
[ IC5(] =5.7nM [ ICs(] =15nM . IC50 =3.6 nM L4 IC50 =02 HM
Saturation binding analysis hERo: I:ZRO;B A=4 ERo: ERau: -
with solubilised h}uman ) e °Kd=005-0.1 0M e 1Cy=145nM e RBA=<00] e RBA=0.01
receptor & 3 nM "H-E; using ERB:
. . hERp: ERB: ERB:
gel filtration for sepa_ragtzlon of e Kd=0.05-0.1nM e RBA=87 e RBA=<00l e RBA=0.11
free and bound steroid’ e ICy=84nM e ICs50=590 nM
hERau: hERau: hERa: hERo:
Purified full-length hERo and e RBA =100% e RBA=0.017% e RBA=0.01% e RBA =0.20%
hERb used for competition e ‘Ki=0.2nM e Ki=1200nM ¢ Ki=2000 nM e Ki=100 nM
binding studies with 10 nM *H- | hERp: hERS: hERf: hERB:
E,'® o RBA=100% o RBA=74% o RBA=0.04% o RBA =1.60%
o Ki=0.5nM o Ki=6.7nM o Ki= 1300 nM e Ki=31nM
Pure human recombinant ERoc | hERa: hERa: }.IER?C' — 104 hERa:
or ERP in competition ER o ICs50=0.0065 uM o IC5=0.3puM M i o ICso=17 pM
birll%ing assay with 400 nM *H- | hERB: hERf: EER[S hER(:
E» e 1Cs50=0.0024 uM o 1C5=0.018 uM o ICs=60 uM e ICso=12uM
Non-radioactive ELISA based
assay using 1 nM E>-BSA and ICsp = 50 nM ICso =40 nM ICsp=10 pM 1Cs0 = ICso=0.3 pM ICso=0.1 pM
0.5 uM
10 pm hERp
Competitive binding assay hERo: hERa: I.IERIO(L: — 104 hERa:
with pure human recombinant o IC5=0.021 uM o IC50=0.30 uM M 30 o IC5=17 uM
ERa and3 ERBI(7(I).5 pmol) and hERf: hERf: EERB' hERB:
400 nM H'E2 [ ICs(] =0.015 },lM [ 1C5(] =0.020 },lM . IC50 —60 },LM L] IC50 =1.20 HM
Cell extracts of COS-7 cells
expressing hER and 10 mM
H-E, was used. RBA was
expressed as the concentration RBA =100% RBA =0.4% RBA=13.3% RBA =0.1%

*RBA values were calculated by 100 x ICs (E;) / ICs (test compound), with E, set at 100.

°ICsp value is the ligand concentration yielding 50% inhibition of binding of E to ER.
°Kd or dissociation constant was calculated as the free concentration of radioligand at half-maximal specific binding

9Ki or equilibrium binding competition constant values was calculated from the Kd of E,: (Kd (E,)/RBA x 100
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Table 4: Transactivation potencies (ECsys) and efficacies (maximal fold induction) of common phytoestrogens (Figure 6)

Assay system

Test compounds

E, Genistein Coumestrol Formononetin Naringenin Daidzein Equol
hERa: hERa: hERa: hERa:
A yeast transactivation e “ECsp=0.41nM e ECs50=09puM e ECs5o=2.0uM e ECs5=10.0 uM
system transfected with hER o “Efficacy= 100% e Efficacy = 107% e Efficacy =76% e Efficacy =14%
and a B-galactosidase hER: hER: hER: hERp:
reporter plasmid'” e ECs5=0.160M e ECsy=42nM e ECs=15pM e ECs5=0.96mM

e Efficacy = 100%

e Efficacy = 95%

Efficacy =77%

e Efficacy =129%

Transactivation assay in hERa: hERa: hERo:: hERa:
transfected HEC-1 c}ellls with | ¢ FECs0=0021nM * ECs5=80nM ¢ ECs5=250nM e ECs=200nM
either hERa or hERB'® hER: hER: hER@: hERB:
e EC5=0.11nM e EC50=66nM e ECs =100 nM e ECs=74nM
Transactivation study using
zl;;rtnae’;;llcnkgu:}r?e agEé{ and F Gal4-hERadef: Gal4-hERadef: Gal4-hERaodef: Gal4-hERadef:
domains transfected into * ECyu=95M * ECy=40M * ECy=61M e EC5=30M
MCF-7 cells'”
Transactivation assay in . . )
transfected HepG2 cells. rERa: _ rERa: _ tERa: B
Cells were transfected with * ECy=032nM; o ECo=34nM e EC50=390nM
rERo and rERB TERB: TERB: rERB:
respectively'” e ECy=15nM e ECy=49nM e EC50=87nM
Stably transfected
BG1Luc4E, were used for
;};:;;agfsf;fg‘l’{ml activation g = 0,0023 ng/ml ECs0 = 0.19 pg/ml ECso=1.22pg/ml  ECs=0.52 pg/ml

Unfortunately the source of
ER is not mentioned'”*

Co-transfected HeLa cells
with wild type recombinant

ER and ERE reporter ECs0=0.01 nM ECso =90 nM ECsp=15nM ECso =300 nM ECso =90 nM

construct'*?

Transactivation assay with Ishikawa cells:

Ishikawa and MCF-7 cells Ishikawa cells: e Fold induction = Ishikawa cells: Ishikawa cells:

co-transfected Only fold e "Fold induction= 3.5 35 e Fold induction = 1.1 e Fold induction = 1.1

induction was established MCEF-7 cells: MCEF-7 cells: MCEF-7 cells: MCEF-7 cells:

with test compounds tested at | e  Fold induction = 4.3 e Fold induction = e Fold induction = 1.2 e Fold induction = 1.6

100 nM'"! 4.0

Transactivation assay with hERo: hERo: hERo: hERo:
Ishikawa-hERa and o  ECs5=100% o ECs0=0.8% e ECs5=8% e ECs5=1%
Ishikawa-hERf (stably hER: hER: hERp: hER(:
transfected)'®”. e  ECso=100% o ECs5=73% o  ECs5)=64% e ECs50=5%
Transactivation assay in . . .

transfected U937 cells. Cells hER: hER: hER:

were transfected with hERou
and hERB respectively'®

e EC50=0.13nM

e ECs5=55nM

e ECs50=50uM

"ECs, (potency) value is the value required to produce half maximal induction

“Efficacy or maximal fold i

induced by test
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Apart from acting through EREs, phytoestrogens furthermore, have been shown to
interact, through the ERs, with the ARE. Unlike E, which represses the expression of ARE driven
genes, phytoestrogens induce the transcription of the phase II detoxification enzymes. As
mentioned previously an ARE is situated in the promoter region of the GST and QR genes, both
phase II detoxification enzymes. It has been demonstrated that genistein, biochanin A and
resveratrol, interact with the ARE when bound to the ER and induces expression of QR*®. QR
reduces quinones and similar compounds thereby protecting cells from reactive oxygen species.
Transcriptional induction of the QR gene via the ERa was not as effective as that observed with
ERP. The authors hypothesise that the protective effects of phytoestrogens against DNA damage
caused by mutagens are partially mediated by binding to the ERP and inducing the expression of
phase II detoxifying enzymes. Notably, however, was that the response was specific for a
particular phytoestrogen and not all phytoestrogens induced a similar response. Only resveratrol
and biochanin A were effective in protecting MCF-7 cells against estrogen-induced oxidative
damage through inducing QR expression. Genistein was shown to be more protective in the
absence of ERP than resveratrol, an indication that the protective effects against oxidative DNA
damage via ERp is dependent on a particular phytoestrogen.

Within this context it is clear that not all phytoestrogens activate the ER subtypes with the
same magnitude (Table 4). As phytoestrogens are able to induce different responses it would
suggest that the structure of an individual phytoestrogen is important. A particular structure would
induce a specific conformational change within a particular ER subtype and this would affect the
recruitment of co-regulators. The structural requirements for phytoestrogenic activity would
suggest that the diphenolic structure common to all flavonoids (Figure 7 ring A and B and Figure
9) is essential for estrogenic activity with at least one hydroxyl group present on each of the
aromatic rings. Additionally, flavonoids with hydroxyl groups present at positions 4’ and 7, such
as genistein and naringenin (Figure 9) are almost certainly phytoestrogens. If the number of
hydroxyl groups exceeds four estrogenic activity is eliminated.'”>'’® Furthermore, methoxy
groups situated at the 4° or 7 positions, as in formononetin (Figure 9), seem to decrease or even

diminish binding of the flavonoid to the ER.!”

Phytoestrogens are also referred to as natural
SERMs due to the fact that they have different binding affinities for the ER subtypes and evoke
different responses in different tissues and cell types. Similarly, they are also able to mediate a

biological response independently of the ER subtypes that could further explain the different
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responses obtained in different cell and tissue types, which will be discussed in the following

section.

1.3.2.2. ER independent

Although most focus has been on the weak ER agonist and antagonist activity of
phytoestrogens, it must be remembered phytoestrogens are pleiotropic in nature. The biological
responses they induce can also be mediated independently from the ER, some of which can
indirectly influence estrogenic activity. The following section will discuss some of the ER-
independent mechanisms of phytoestrogens such as the inhibition of enzymes involved in
estrogen metabolism, the inhibition of protein tyrosine kinase and topoisomerase II, as well as the
antioxidant activity of phytoestrogens and their possible role in angiogenesis.

Endogenous estrogen synthesis and metabolism are dependent on numerous steriogenic
enzymes some depicted in Figure 10. Phytoestrogens are able to have an effect on estrogen
hormone metabolism by influencing the levels of some of these enzymes. Flavonoids, such as
naringenin and formononetin, but not genistein, were shown to be aromatase inhibitors at low
concentrations in one study.” Others were, however, unable to confirm the inhibitory effect of

. 155
formononetin

while a recent study showed that genistein is, a weak inhibitor of aromatase,
contradicting earlier evidence.'”® Aromatase is the enzyme responsible for the conversion of
testosterone to E, and androstenedione to E; thus inhibition of aromatase would result in a
lowering of estrogen levels. Furthermore, naringenin, coumestrol, genistein, daidzein, biochanin
A and to a lesser extent formononetin are able to inhibit 17p-hydroxysteroid dehydrogenase
(17p—HSD)'>, which catalyses the reversible conversion of E; to the more potent E,.

In addition, coumestrol but not genistein can influence endogenous estrogen levels by
repressing FSH and LH.'” Coumestrol was found to repress the pulsatile secretion of LH in
addition to the LH response to exogenous gonadotrophin-releasing hormone (GnRH). This
response was blocked when rats where co-treated with the ER antagonist, ICI 182,780, thus
establishing that the response is via the ER and should technically not be discussed under the ER-
independent mechanism of phytoestrogens. However, as inhibition of LH indirectly influences
estrogen levels it is more appropriate to discuss it here. Levels of endogenous estrogens are

mainly controlled by the secretion of GnRH from the hypothalamus. GnRH further activates the
pituitary gland to increase secretion of the gonadotrophins, FSH and LH. LH and FSH are
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responsible for the maturation of the ova that allows for the conversion of testosterone to E; by
aromatase. When a sufficient concentration of E; has been reached, a negative feedback effect is
exerted on the hypothalamus, which inhibits further secretion of GnRH. Thus phytoestrogens can
decrease effective estrogen levels by reducing the total levels of endogenous estrogens by
inhibiting the stimulus for synthesis (LH) and synthesis itself (aromatase and 173-HSD). For most
postmenopausal women E, concentrations decrease significantly as production and secretion is
not primarily via the ovaries anymore and E, is generated mainly from dehydroepiandrosterone
(DHEA) and androstenedione produced in the adrenal gland resulting in much lower
concentrations.®® In addition, estrogens are also made bioavailable through the release of
biologically active E; from estrone sulfates by steroid sulfatase. Genistein, daidzein,
formononetin, luteolin, and to a lesser extent naringenin, are able to inhibit sulfotransferases
responsible for the reconjugation or sulphation of free endogenous E;.'"' The authors
hypothesized that phytoestrogens may be able to increase endogenous estrogen levels, which
could be associated with a risk in estrogen dependent cancers.'®' They supported their theory with
a study that linked low sulfotransferase concentration or high steroid sulfatase concentration to
poor prognosis for disease progression'** and concluded that high doses of phytoestrogens could
lead to an increase concentration of endogenous estrogens, which could be detrimental.'®" The
fact that no changes in estrogen levels were found in postmenopausal women taking high doses of
phytoestrogens could suggest that the net effect of phytoestrogens on E, levels is negligible'™.
However, another study found a negative correlation between phytoestrogen levels and plasma
estrogen levels that was mainly ascribed to a group of women that have a polymorphism in their
ERa gene (ESR1).'™ Thus effects on endogenous estrogen levels may be influenced by diet-gene

interactions and effects would not be the same in all women.
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Figure 10: Diagram of the bio-synthesis of E, and E, from circulating steroids.'® Abbreviation:
3B-HSD, 3B-hydroxysteroid dehydrogenase; 173-HSD, 17p-hydroxysteroid dehydrogenase; ER,
estrogen receptor; DHEA, dehydroepiandrosterone

Phytoestrogens besides potentially influencing the total amount of endogenous estrogen
present can also decrease the bioavailability of endogenous estrogens through the stimulation of
SHBG from the liver. Genistein was shown to increase SHBG secretion from HepG2 (liver cells)

cells in vitro'3%13¢

with in vivo data obtained from 20 postmenopausal women taking 30 mg soy
milk for 10 weeks supporting this result. A significant increase in SHBG levels was found
especially in those women with initial low SHBG concentrations.'®” An increase in SHBG levels
would increase the amount of bound estrogen and less endogenous estrogen would be available to
mediate a biological response as only the free, unbound fraction of estrogen can diffuse through

1.3

the membrane and enter a cell.”” However, if phytoestrogens themselves bound to SHBG it could

also serve as a reservoir by reducing their metabolic clearance rate as was proposed for

55;188

steroids or could result in displacement of endogenous steroids from SHBG, increasing their

free concentration.'® Naringenin, coumestrol and to a lesser extent, genistein, are indeed able to
bind to the SHBG as determined with competitive binding assays with radiolabelled E,."""*’
Binding resulted in displacement of the endogenous steroid, E,. At 100 uM naringenin and
genistein were shown to increase non-SHBG bound E, by 46 and 11%, respectively'” while in

another study at 200 uM naringenin and genistein displaced E; by 49 and 58%, respectively."’
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Thus phytoestrogens through binding to and displacing endogenous estrogens, by stimulating the
secretion of SHBG, and by inhibiting steriodogenic enzymes involved in estrogen biosynthesis
are able to influence the bioavailability of endogenous estrogens. They, however, also mediate
biological responses independently from estrogens.

Genistein, for example, has been shown to have a biphasic effect on the cellular
proliferation of MCF-7 breast cancer cells.”” At low concentrations genistein induces cell
proliferation that is dependent on the ER, while at high concentrations genistein is able to inhibit

146

cell proliferation of MCF-7 cells, which is believed to be independent of the ER."™ Furthermore,

genistein has been shown to inhibit cell proliferation of both ER positive and ER negative cells.'”
These results would suggest that not all effects of phytoestrogens are mediated via the ER
subtypes and that phytoestrogens are also able to exert biological effects independently from the
ERs. These could include effects such as the inhibition or induction of other signalling pathways
and antioxidant activity as will be briefly discussed.

As early as 1987 the inhibitory action of genistein on protein tyrosine kinase was
established and it was shown that genistein was able to interact with the catalytic domain of
tyrosine kinases.”® In addition, genistein can suppress insulin induced tyrosine kinase activity

resulting in the suppression of cell proliferation of MCF-7 cells.'”

As protein tyrosine kinase
activation is associated with cell proliferation, inhibition could be important in preventing
cancer.'*® The antiproliferative effect of genistein at high concentrations could also be aided by its
ability to inhibit both topoisomerase II and angiogenesis."”'"'** Genistein can also stimulate eNOS
through a PKA-dependent pathway not inhibited by an ER antagonist'”” and increase intracellular
cAMP, independently of the ER subtypes, in vascular endothelial cells which the authors suggest
could have a protective function in vascular function.'”> Coumestrol was also shown to induce
phosphorylation of ERK-1 and ERK-2 via membrane ERo in a pituitary tumour cell line
GH3/B6/F10."#'> ERK and cAMP both are thought to be involved in numerous cellular
activities including cell proliferation.'”® Phytoestrogens are therefore also capable of mediating
biological responses through interacting with other cell signalling pathways besides the ER
pathways. However, the pleiotropic nature of phytoestrogen action does not end with genomic or
non-genomic signalling. Phytoestrogens are also commonly referred to as antioxidants.'®’

Due to their polyphenolic structure and the presence of hydroxyl groups, phytoestrogens

198

are also able to act as antioxidants. They are able to scavenge free radicals ~ in addition to their
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ability to induce the expression of phase II detoxifying enzymes.”® Furthermore, phytoestrogens
are also able to inhibit the oxidation of LDL, which is also attributed to their antioxidant
activity.'®® One of the purported advantages of HRT is that estrogen can decrease the levels of
LDL cholesterol and total cholesterol by increasing LDL-receptor activity thereby removing LDL
from plasmalgg. Phytoestrogens such as biochanin A, formononetin, daidzein, enterolactone,
enterodiol, and coumestrol, are able to increase LDL receptor activity in HepG2 cells.'®® The
response evoked by coumestrol, a coumestan found in alfalfa, was similar to that of E,. Thus both
the estrogenic (increase in LDL receptor levels) and antioxidant (inhibits oxidation of LDL)
activity of phytoestrogens could, in concert, have an effect on the increase of LDL receptor
activity resulting in the removal of LDL from plasma.

In summary, it is safe to assume that the biological responses evoked by phytoestrogens
are complex in including not only ER-dependent, but also ER-independent mechanisms and that
these mechanisms require further study for full elucidation. One important issue that has become
clear is that not all phytoestrogens display similar activities, and that each individual phenolic
plant compound potentially evokes a different response that is difficult to predict. Nevertheless
they are all capable of binding to the ER subtypes, which is by definition their common feature,
and thus are of great interest in pharmacology especially as pertaining to conditions involving
estrogen hormones. These conditions will be discussed in the next section under the clinical

effects of phytoestrogens.

1.3.3. Clinical effects of phytoestrogens

As described previously, phytoestrogens can mediate a biological response through both
ER-dependent and ER-independent mechanisms each of which are complex systems. These
biological properties coupled to epidemiological data on the health promoting effects of
phytoestrogens have sparked renewed interest in clinical applications.'*** Although no large-
scale clinical trials have been conducted, results from smaller pilot studies are promising.
Clinically phytoestrogens are believed to help alleviate menopausal symptoms, decrease the risk
of certain types of cancer e.g. breast and prostate, and decrease the likelihood of osteoporosis and

14;146;165;176

cardiovascular disease. The clinical effects of dietary phytoestrogens as relating to

these conditions will be discussed as will be the effects of some plant extracts currently available.
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1.3.3.1. Menopausal symptoms

The onset of menopause is ascribed to increasingly lower concentrations of E,, which may
be due the decrease in ova present in the aging ovaries or to the surgical removal of both ovaries.
The conversions of androgens to estrogens in fat cells supply postmenopausal women with some
estrogen although concentrations are much lower than that of menstruating women.””' General
menopausal symptoms during the early onset of menopause include irregular menstrual cycle, hot
flushes, headaches, dizziness, hypoglycaemic symptoms, atrophic vaginitis or thinning and drying
of the vaginal wall, bloating of the upper abdomen, urinary tract infections, insomnia, depression

2 For many women HRT alleviates these symptoms thus improving quality of life. In

and fatigue.
addition, long-term usage of HRT has been credited with protecting against osteoporosis and
cardiovascular disease.”****® This will be discussed in sections 1.3.3.3 and 1.3.3.4, respectively.
HRT formulations currently available include conjugated equine estrogens either alone (for
women who have had a hysterectomy) or in conjunction with progestins, such as
medroxyprogesterone, or human estrogens (E;, E, and Es) in a ratio naturally found in the body
along with progesterone.””’ Many women, however, do not tolerate conventional HRT or are
concerned about side effects and thus seek alternative treatments such as phytoestrogens.

The treatment of menopausal symptoms, especially hot flushes, by phytoestrogens is
contentious with some clinical studies finding no evidence that dietary phytoestrogens improve

29 Many studies did not

menopausal symptoms, whereas others have found it to be effective.
include a placebo, which makes it difficult to interpret results. To complicate matters,
epidemiological studies have shown fewer complaints of menopausal symptoms by Asian women
who have a diet rich in isoflavones.®’ Nevertheless, there are several studies, which showed
phytoestrogen intake to be associated with either the reduction of hot flushes or a decrease in the
severity. In a double-blind placebo-controlled trial with 104 postmenopausal women 76 mg
isoflavones daily had no effect on vaginal dryness but did reduce the number of hot flushes by
45% as compared to 30% in the placebo group.’” Similarly, in comparing hot flushes of 145
postmenopausal women on either a diet high in phytoestrogens or on one containing less
phytoestrogens, it was found that the diet high in phytoestrogens was effective in decreasing hot
flushes by 50% over a 12 week period and it also improved vaginal dryness, contrary to the

205;206

findings of the previous study. The results are, however, difficult to interpret as this study

was not conducted as a placebo-controlled trial and the placebo response could have an effect on
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hot flushes. Furthermore, a randomized double-blind placebo-controlled study investigating the
efficiency of a red clover dietary supplement found a significant decrease in hot flushes compared
to that of the placebo group. '° Although the abovementioned studies suggest that phytoestrogens
may be useful in the reduction of menopausal symptoms several double-blind, placebo-controlled

207208 In a three

studies found isoflavonoids to be insufficient in alleviating menopausal symptoms
month double-blind placebo trial consisting of 94 postmenopausal women, 44 women randomised
to using 118 mg isoflavones per day reported no climacteric symptom reduction, however,
vaginal dryness did improve. 2> A similar result was found in another randomized double-blind
study conducted for 24 weeks with 69 women 24 of which were on an isoflavone rich diet (80.4
mg per day), 24 on a isoflavone poor diet (4.4 mg per day) and 21 women on a whey protein
control diet.”” Cornwell et al.'® in reviewing a number of clinical and epidemiological studies
recently stated that there is a lack of clinical evidence demonstrating the effectiveness of
phytoestrogens in reducing menopausal symptoms as only 4 out of 17 published studies reported
relief of menopausal symptoms.

Although there are contradictory results regarding the effectiveness of using
phytoestrogens to alleviate menopausal symptoms, the use of alternative treatments by consumers
are becoming increasingly popular.' This is mainly due to the public’s concern of the risks
involved in using conventional HRT, which include increased risk of stroke, breast cancer and
endometrial cancer.'™” However, none of the clinical studies investigating the effects of
phytoestrogens on menopausal women comes close to the size of the studies done by WHI and

the NIH Million Women study'®'*?'’ nor have they focussed specifically on side-effects

evaluation.

1.3.3.2. Cancer

211

The cancer causing properties of estrogen is well known.” " The carcinogenic activity of

estrogens could be through the stimulation of cell proliferation as hyper-proliferation could very

211

likely increase genetic mutations.” In addition, the metabolism of estrogen generates free

oxygen radicals and quinines that could produce unstable DNA adducts, which could result in

: . 211;212;213
genetic mutations.”

The effects of estrogen metabolism could be exacerbated by the fact
that E,, as previously described, is not only unable to induce phase II detoxifying enzymes but in

fact down regulates these enzymes.''? Epidemiological studies have shown that Asian women
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have a lower incidence of breast cancer than women in Western popula‘[ions.zom14;215 This has
been attributed to the high intake of soy in their diet, which contains high concentrations of
phytoestrogens such as genistein and daidzein.'* The effect of phytoestrogens on cancer is
complex and yet to be fully understood. Although a diet rich in phytoestrogens suggests a
protective effect against the occurrence of hormone dependent cancers, the manner in which
phytoestrogens elicit such a protective effect is still unclear. The favourable effects observed by
phytoestrogens could be via a wide variety of mechanisms, which could include both ER-
dependent and ER-independent mechanisms.

Phytoestrogens are able to protect against hormone-dependent cancers by decreasing the
bioavailable endogenous estrogen levels through inhibition of aromatase®, the finale enzyme in
estrogen synthesis, and through the stimulation of SHBG levels, the plasma binding protein

185186 o
’ In addition,

regulating the free concentrations of estrogen in the bloodstream.
phytoestrogens can also act as antioxidants' and induce ARE regulated genes such as phase II
detoxifying enzymes®® thus inhibiting DNA damage from oxidative challenge.

Numerous in vitro studies have shown that genistein has a biphasic effect on cell
proliferation, with stimulation at low concentrations and inhibition of cell proliferation at much

- L 25216217
higher concentrations.””" >

More than likely ER-dependent and ER-independent pathways are
involved with possible crosstalk. Cell growth at low concentrations is thought to be mediated
through interaction with ERa., while inhibition of cell proliferation is thought to be via signalling
pathways that do not require ER and are involved with the specific arrest of the cell cycle more

30;190 and

specifically the G2/M phase of the cell cycle.”'® Inhibition of protein tyrosine kinase
topoisomerase II'°' appears to be important for the anti-proliferative effect of phytoestrogens
mediated through ER-independent mechanisms. The collective preferential binding of
phytoestrogens to the ER3, which is thought to regulate of ERa induced activity, could also be a
protective mechanism of phytoestrogens against estrogen induced cancers.**2'¥2202!  Ag
previously discussed, they bind preferentially to ER[, although they have weak agonist activity
when bound to the ERa.™

Additionally, phytoestrogens have also been shown to inhibit angiogenesis.”’
Angiogenesis is simply the formation of new capillaries allowing for blood supply and thus
nutrients to a particular site such as the endometrium or placenta. This vital mechanism, however,

also affects growth and spread of tumours as it provides nutrients to tumours thus supporting
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growth. E, has been shown to induce angiogenesis by increasing the expression of vascular

endothelial growth factor (VEGF) an essential angiogenic stimulus and vital in wound healing.**?

However, phytoestrogens such as genistein and luteolin were found to inhibit angiogenesis.*’
Numerous animal studies have shown that phytoestrogens do protect animals from

223;224;225
prostate and mammary cancer.””"""

Exposure of Lobund—Wistar rats to genistein from
conception to necropsy at 11 months protected the rats from induced prostate invasive
adenocarcinomas, in a dose-dependent manner.”** Similarly, in Sprague-Dawley rats, which were
either chemically induced to develop prostate cancer or genetically modified to develop prostate
cancer, a diet rich in genistein inhibited the development of invasive prostate adenocarcinomas in
a dose-dependent manner by regulating specific sex steroid receptors and growth factor signalling
pathways.””> In the same study, Sprague-Dawley rats fed a genistein rich diet showed a decrease
in the number of induced mammary tumours both in prepubertal and combined prepubertal and
adult genistein treatments. However, genistein was not able to protect rats treated after prenatal-
or adult-only treatments. It was concluded that the time of exposure to genistein was important for
mammary cancer chemoprevention with the adolescent period probably being most important in
humans.?” This was supported by the fact that EGF receptor, a tyrosine kinase, was shown to be
up regulated during early postnatal life, associated with proliferation and differentiation of breast
tissue, but down regulated at day 50, which was associated with reduced susceptibility to
chemically induced carcinogenesis.””> To sum up, Adlercreutz reviewed the significance of a
phytoestrogen rich diet and its role in the prevention of breast cancer and concluded that a soy-
rich diet is slightly protective against the occurrence of breast cancer and that it would be most

effective if exposure occurred from an early stage i.e. puberty.**

1.3.3.3. Osteoporosis

Osteoporosis is a chronic disease affecting numerous post-menopausal women. The cause
of this disease is a lack of bone formation by osteoblasts coupled to an increase in bone resorption
by osteoclasts that result in diminished bone density that could increase the risk of fractures.'** E,

27 and thus estrogen therapy is believed

has been shown to inhibit bone resorption by osteoclasts
to protect against the occurrence of osteoporosis in women. Additionally, excessive production of
the cytokine, TNF-a, after menopause in believed to cause osteoporosis and as ER[ represses the

expression of the TNF-a gene this may contribute to the protective mechanism mediated by
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estrogens.”® As mentioned previously (1.3.2.1.1), phytoestrogens have been demonstrated to be

more effective in inducing transcriptional repression than activation'®

and its preference for
binding to ERPB could be a molecular mechanism through which phytoestrogens can protect
against osteoporosis.

The protective mechanism of action of phytoestrogens on postmenopausal osteoporosis
has been intensely studied in vitro and in animal models. Phytoestrogens have been shown to
inhibit osteoclast differentiation via an ER-independent protective mechanism that includes the

inhibition of tyrosine kinase and toposiomerase I1.**’

A double-blind placebo-controlled clinical
trial involving 66 postmenopausal women showed that the women had an increase in bone density
and in bone mineral content when treated daily with a dose of 90 mg of isoflavones for six
months.'? Similarly, a randomized placebo-controlled study investigating the effect of 144 mg
isoflavonoids on bone resorption and bone formation in 55 postmenopausal women with a history
of breast cancer concluded that isoflavonoid intake inhibited bone resorption thus protecting
against osteoporosis'>. An intensive review comparing results from numerous in vitro and in vivo
(both animal and human) studies concluded that phytoestrogens do have a protective effect on
bone formation and thus osteoporosis over a long period of usage.”” Similarly, comparison of 15
clinical studies on the effect of dietary phytoestrogens found that 11 gave positive results in

sustaining bone density and thus protecting against osteoporosis.'®

1.3.3.4. Cardiovascular disease

Estrogens protect against cardiovascular disease and it is well known that with the onset of
menopause, women are vulnerable to cardiovascular disease.””> HRT is believed to protect
women against cardiovascular disease®”, however, it was found that HRT does not protect
women against cardiovascular disease.'® These finding were questioned in a recent report
suggesting that HRT initiated at the onset of menopause could decrease the risk of developing
cardiovascular disease over time.

Both ER-independent and ER-dependent mechanisms are involved in this protective
feature of estrogen, which include altering serum lipid concentrations, coagulation and
fibrinolytic systems, antioxidant activity and the production of vasoactive molecules such as nitric
oxide and prostaglandins.**” Estrogens are also able to inhibit atherosclerosis, which is a causative

agent of cardiovascular disease.’”> Phytoestrogens are thought to be able to exert a similar
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protective mechanism as estrogen. Similar to estrogens, phytoestrogens are able to decrease LDL
concentrations.”'

The Framingham study, which involved 939 postmenopausal women, compared
phytoestrogen intake with various parameters that could influence cardiovascular disease.'' A
food questionnaire together with a medical examination formed part of the study. The authors
concluded that a correlation does exist between dietary intake of phytoestrogens and a lower risk
of cardiovascular disease. However, a randomized control study with healthy men and
postmenopausal women found that an isoflavonoid supplementation did not alter serum lipid
concentrations in humans.”* The discrepancy between these two studies could be due to fact that
both men and women were investigated in the second study whereas in the first study only
postmenopausal women were investigated. In addition, the sample size of the Framingham study
(939 women) greatly outnumbers that of the second study (59 participants of which only 13 were
women).

The wide discrepancies within clinical studies investigating the effects of phytoestrogens
not only in cardiovascular disease but also in cancer and osteoporosis, and for menopausal
symptoms need to be investigated further. One major concern is the number of people
participating in a study, as an effective conclusion cannot be drawn when the sample size is very
small. In addition, placebo controls must always accompany such clinical trials to control for the
placebo effect. Despite the fact that conclusive evidence of the protective action of phytoestrogens
against diseases such as osteoporosis, cancer and cardiovascular disease has not been provided,

herbal remedies containing phytoestrogens are already available to the public.

1.3.4. Plant extracts shown to have phytoestrogenic activity

There are a number of plant extracts shown to have phytoestrogenic activity (Table 5).
Most in-depth research has concentrated on Glycine max or soybean as epidemiological studies
would suggest that a diet high in soy and soy products does protect against certain cancers.'*'>
Genistein and daidzein are the most abundant phytoestrogens in soybean.'” In recent years,
however, investigations of other plant sources of phytoestrogens have become increasingly
popular and some of these will be briefly discussed.

Leguminosae plants, to which soybeans belong, are known to contain high levels of

14;233 A

phytoestrogens. study investigating other not so well known leguminosae plants found that
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many plants belonging to the Leguminosae family could be a source of phytoestrogens.”*
Although soybeans are the most well known, other leguminosae plants with phytoestrogenic
activity include Trifolium pretense (red clover), and Medicago sativa (alfalfa sprout) both of
which are also rich in genistein and daidzein. Red clover was first thought to contain hormone-
disturbing compounds when in the 1940’s it was noticed that sheep that grazed mainly on
subterranean clover in Australia became infertile.>*” Subsequently, biochanin A, formononetin,
genistein and daidzein were shown to be the main phytoestrogenic components of red clover.'’* In
contrast alfalfa sprouts contains coumestrol, apigenin, luteolin and quercetin all of which are

known phytoestrogens.**®

The concentration of coumestrol and apigenin, however, differs
depending on the stage of the plants development i.e. vegetative vs flowering stages.”*
Coumestrol is known as a potent phytoestrogen exhibiting strong estrogen agonist activity.*
Despite containing coumestrol, alfalfa sprout extracts were shown to have the lowest binding
affinity for ERf, when compared to six other leguminosae plants, and had very low binding
affinity for ERa. It was nonetheless able to significantly induce MCF-7 cell proliferation at the
highest concentration tested.”’ Although soybean, red clover and alfalfa sprouts are thought of as
the plants with the highest phytoestrogenic activity a comparative study of seven leguminosae
plants identified kudzu root (Pueraria lobata) as having higher estrogenic activity than these
plants as it had the highest binding affinity for ER3 and was the only plant extract to display
significant binding to the ERa. Similarly, it was more effective than all the others in inducing
MCEF-7 cell proliferation. **’ Similarly to red clover it also contains genistein, daidzein, biochanin

2
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A and formononetin, in addition to coumestrol™" substantiating again the strong phytoestrogenic

activity of coumestrol.*

Common alcoholic beverages also contain phytoestrogens as they were shown by means
of in vitro assays to have estrogenic activity. Resveratrol, commonly found in grapes, is able to
bind, and subsequently activate the ER of MCF-7 cells.”® It was also shown to induce cell
proliferation of T74D breast cancer cells.”*® In addition, red wine extracts were shown to have
agonist activity with both ER subtypes with a higher activity with ERB.>** Hops (Humulus
lupulus), primarily used as a preservative and flavouring agent in beer, has phytoestrogen

20241 1t contains a potent phytoestrogen, 8-prenylnaringenin. Similar to other

activity.
phytoestrogens, 8-prenylnaringenin was shown to have a stronger binding affinity for ERP than

ERa.**" A comparative study investigating plant extracts of red clover and hops determined the
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binding potencies of the two plant extracts and found that the ECs, values for binding to ERa and
ERP was 15 pg/ml and 27 pg/ml, respectively, for the hops extracts, and 18 pg/ml and 2 pg/ml,
respectively, for the red clover extracts.'”' Additionally, both extracts were able to induce ERE
reporter expression in both MCF-7 and Ishikawa cells, induce PR mRNA expression levels in
both cell lines, and were also able to induce alkaline phosphatase activity in Ishikawa cells.'”
These findings suggest that not only is soybean or red clover sources of phytoestrogens, but also
to consider that other plants and plant based products like wine and beer deserve similar attention.

Cabbage, for example, was shown to induce MCF-7 cell proliferation, bind to the ER
(lamb uterus) and induce transcriptional transactivation through both ERa and ERB.242 Ginkgo
biloba was also shown to bind to both ER subtypes with preferential binding to ER} and was able
to induce MCF-7 cell proliferation and pS2 mRNA levels.** Liu et al.'”® evaluated numerous
plant extracts for the possible treatment of menopausal symptoms using a wide variety of in vitro
screening assays. Some plant extracts that portrayed estrogenic activity included licorice
(Glycyrrhiza glabra), ginseng (Panax ginseng), hops (Humulus lupulus) and chasteberry (Vitex

agnus-castus) as well as red clover (Trifolium pratense).'”

This again substantiates that not only
soybean needs to be investigated for phytoestrogenic activity but that other plants need to be
recognised and investigated, such as Moghania philippinensis, a herb found in southwestern
China, and black cohosh (Cimicifuga racemosa). Roots of the Moghania philippinensis herb both
induced MCF-7 cell proliferation and B-galactosidase activity in a yeast two-hybrid assay.***
Black cohosh (Cimicifuga racemosa) extract on the other hand although shown to compete with
radiolabelled E, for binding to cytosolic ER prepared from both porcine uteri and human

.19 also showed that black cohosh

endometrium?®. Similarly, the comparative study of Liu et a
did not display any binding affinity for the human recombinant ER subtypes. Black cohosh
contains none of the common phytoestrogens>* such as isoflavones, flavonoids or coumestans,
which may explain these results. Nonetheless, black cohosh extracts are commercially available
for use in alleviating menopausal symptoms.

Plant extracts that have significant estrogenic activity are becoming increasingly popular

as an alternative for the treatment of menopausal symptoms.
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Table 5: Plant extracts evaluated for estrogenic activity and the assays used to determine
estrogenicity

Plant extract Assay used
ER binding assays: both ER subtypes'’'**'; Rat uterine cytosol**’
Humulus lupulus ERE reporter gene assays in either Ishikawa, MCF-7'"" and yeast cells*"'
(hops, Cannabaceae) PR mRNA expression level determination'”!

Alkaline phosphatase induction'”'**

ER binding assays: both ER subtypes'"'

Trifolium pratense ERE reporter gene assays in both Ishikawa, MCF-7'"" and yeast cells
(red clover, Fabaceae) PR mRNA expression level determination'”!

Alkaline phosphatase induction'”'

MCE-7 cell proliferation assay***

Uterotrophic assay”**

172

Nll‘lcl)ﬁ hai?:?nsis Antiestrogen assay: cell proliferation of MCF-7 cells co-treated with E,
?Fabl::llzeae) and various concentrations of extracts®**

Bone turnover assay”**

B-galactosidase activity in a Yeast Two-Hybrid Assay***
ER binding assays: both ER subtypes**

Ginkgo biloba MCE-7 cell proliferation assay**

pS2 mRNA expression level determination®*’

ER binding assays: ER present in lamb uterus**
Cabbage (Cruciferae) MCE-7 cell proliferation assay***

pS2 mRNA expression level determination®*?

Cimicifuga racemosa ER binding assays: both ER subtypes24
(black cohosh)

ER competitive binding assays™ '
Glycine max (soybean) MCEF-7 cell proliferation assay*>’

Reporter gene assay in MCF-7 cells™’

ER competitive binding assays”’
MCE-7 cell proliferation assay*’’
Reporter gene assay in MCF-7 cells

Medicago sativa

(alfalfa sprout) 237

ER competitive binding assays™’
MCE-7 cell proliferation assay*’
Reporter gene assay in MCF-7 cells
Yeast transactivation assay”™"

Wine extracts Reporter gene assay in transiently transfected CHO cells
MCE-7 cell proliferation assay>

Pueraria lobata

(kudzu root) 237

239

1.3.5. Phytoestrogenic products available to the public

A soy isoflavone extract Phyto Soya™, which contains genistin (glycoside form of
genistein) and daidzin (glycoside form of daidzein), was shown to be effective in reducing hot
flushes in a double-blind, randomized, placebo-controlled study with 75 patients. Randomly
chosen women with complaints of hot flushes were allowed to take 70 mg of soy isoflavone
extracts or placebo for 4 months. Patients already reported a 61% reduction in hot flushes at week

16.%
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Menoflavon™ and Promensil™ are registered standardised red clover (Trifolium
pratense) products that contain concentrated amounts of isoflavones. The recommended daily
dose is 40 and 40-80 mg isoflavone, respectively, and suggested usage is for the alleviation of
menopausal symptoms such as hot flushes.*’** Standardised red clover Menoflavon™ extracts
were shown to display typical phytoestrogenic activity through binding preferentially to ERP in a
recombinant yeast based system.'’*

Black cohosh (Cimicifuga racemosa) is also already available as an alternative to HRT
under the registered name of Klimadynon®.** Although black cohosh extracts were unable to
increase uterotrophic weight, a common indicator of estrogenic activity in rats, its estrogenic
effects were comparable to that of conjugated estrogens in the hypothalamus, bone and in the
vagina®®, highlighting the SERM activities of phytoestrogens.

The biological responses mediated by phytoestrogens are not yet fully understood with
much contradictory evidence regarding health benefits. However, what is clear is that their effect
is pleiotropic and that not all phytoestrogens are able to elicit the same responses (Tables 3 and
4). Epidemiological studies nevertheless do suggest that they have a protective effect.
Lamartiniere postulates that early exposure to phytoestrogens is critical for the protective
biological response mediated by phytoestrogens.”*® This theory is supported by studies
investigating and comparing breast cancer incidence amongst first- and second-generation Asian
emigrants to the West.? Additionally, there has been no major large scale study, comparable to
that of the WHI studies on traditional HRT, to establish health benefits and examine any side-
effects of phytoestrogens for the treatment of hormone dependent cancers or menopausal
symptoms. This is important as previously mentioned clinical trials evaluating phytoestrogens for
the treatment of hormone dependent cancers and menopausal symptoms have not been
unequivocally positive. Nevertheless, phytoestrogenic products claiming to alleviate menopausal
symptoms are already available on the market.

Most phytoestrogenic products are, like the majority of herbal medicines, available
without prescription from a doctor and usage is solely dependent on the individual’s preference.
The general public is thought to be more inclined towards natural products as they are believed to
have less side-effects than conventional synthetic drugs.' Specifically as pertaining to
phytoestrogens, concerns over safety following the fact that conventional HRT has been found to

18;19

increase the risk of certain cancers coupled to the evidence of epidemiological studies also
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plays a major role in the public’s perception of the effectiveness of a flavonoid rich diet.
Unfortunately, there is a limited scientific basis for the effectiveness of many nutraceuticals as
health claims are not by law required to be substantiated, nor is risk assessment or even quality
control and standardisation relating to formulation. However, countries have and are changing
legistration with respect to the nutraceutical and functional food industry, as less and less health
claims without scientific research are allowed.** In South Africa only medicinal claims for
products registered with the Medicines Control Council are allowed. Currently, nutraceuticals are
being considered for classification as a class of medicine (according to a draft regulation to the
Medicines and Related Substances Control Act, which was published in the South African
Government Gazette of 16 July 2004). Consequently, this would require substantiation of health
claims through scientific research and clinical trials and product standardisation to ensure that
each batch is identical and that the amount of active compounds, such as plant polyphenols,
present is consistent from batch to batch, a difficult task considering that the concentration of
plant polyphenols present in plants often depends on the growth conditions such as environmental

stress and time of harvesting.

1.4. Techniques used to measure phytoestrogenic activity

Currently there are a number of experimental methods used to identify potential
phytoestrogens most of which are molecular techniques as estrogen mediates its effect on a
molecular level. The most commonly used in vitro methods include ER binding assays, reporter
gene assays, cell proliferation assays, analysis of changes in gene expression, mRNA and protein
expression, which are estrogen dependent. Also in Vivo techniques are applied to evaluate
estrogenicity of possible phytoestrogens. In 2000 the American Environmental Protection Agency
proposed a two-tiered test system for the screening of endocrine disrupters, under which
phytoestrogens are also grouped. The first test system or Tier 1 basically only identifies through
both in vitro and in vivo screening methods substances or compounds able to bind to the estrogen,
androgen or thyroid hormone receptors. This is followed by the second test system or Tier 2 that
only consists of in vivo assays examining the compounds identified in the first test system, which
causes unfavourable effects in animals. The effects are identified and followed by the

identification of a quantitative relationship between the dose and the adverse effect.”*®
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As previously described, estrogen enters the cell and binds to the ERs, that sets off a chain
of events. All experimental methods used to measure the estrogenicity of a compound basically
exploits one or more of these events, measuring endpoints involving either specific steps in the
molecular mechanism of estrogens or subsequent cellular or organism responses (Figure 11).
Upon ligand binding to the ER, the ER-ligand complex dimerizes and recognises an ERE situated
in the promoter regions of target genes and recruits cell-specific co-activators. Binding to the ERE
results in either activation or inhibition of gene transcription of estrogen-targeted genes. Gene
transcription and translation, results in a cascade of events such as cell proliferation and the
expression or repression of certain enzymes. Thus the in vitro or in vivo techniques employed to

investigate estrogenicity targets one or more responses or actions in the “estrogen pathway”.

\\mmy

Response
Rusponse
E-Screen
5 Enzyme-Activity
1‘% S~ gene 4
\mlﬂﬁTgAnmIﬁAECT tranacription
ER/ERE Binding -
Nucleus _+* Cylosol

Figure 11: The different endpoints that can be measured to determine estrogenicity.**

1.4.1. In vitro techniques used to determine estrogenicity of putative

phytoestrogens
There are numerous in Vitro techniques used to determine whether plant phenolic

compounds have phytoestrogenic activity. All techniques would generally include the endogenous
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hormone E, as reference compound. The most frequently used in vitro techniques used are ER
binding studies, transactivation assays and cell proliferation assays. Within each group of assays
there also exist variations. For example for ER-binding studies ERa and/or ER3 may be used,
ERs may be from divergent sources such as recombinant, transfected or endogenous, and assays
systems may differ. Seldom, if ever, only one technique is employed, as assays differ in
sensitivity and limited information is obtained from only one assay. As a result binding studies,
for example, which only identify ligand binding to the ER subtypes and cannot discriminate
between agonistic or antagonistic activity, are commonly accompanied by transactivation studies
or cell proliferation studies. Other techniques that will also be discussed include measuring the
levels of estrogen dependent proteins or mRNA levels inducible by estrogens. All these methods

not only identify new phytoestrogens but also give an idea of their potency relative to that of E,.

1.4.1.1. Estrogen receptor binding assays

Estrogens, entering a cell from the bloodstream, mediate their biological effects by means
of binding to the ERs. As binding to the ER initiates biological responses induced by estrogens,
this assay is generally the first assay used for the identification of possible phytoestrogens.”* A
common definition of phytoestrogens in the literature is plant phenolic compounds with a
structural similarity to E, that are able to bind to the ERs.!46

The ER-binding assay simply measures the specific interaction of possible phytoestrogens
with the ERs. It provides a quantitative measurement of estrogenic activity at receptor level and
allows comparison of activity relative to that of E,. It is a relatively easy in vitro assay to perform
and more importantly it allows for selection of ER subtype (phytoestrogens bind preferentially to
the ERP) and thus makes possible discrimination between binding affinities to the different ER

subtypes. Binding assays used include saturation and competitive binding assays, with the latter

more commonly used.
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Figure 12: A schematic representation of a competitive binding curve. The binding affinity of a
putative phytoestrogen is represented as an ICsy value. The ICsy value is the concentration of
phytoestrogen required to inhibit 50% of radiolabelled E, binding.

Competitive binding assays conventionally make use of radiolabelled E, that competes
with increasing concentrations of unlabelled ligand for binding to the ER. The radiolabelled E,
concentration is kept constant. Binding affinity is normally expressed as the concentration of
phytoestrogen required to inhibit E, binding by 50% (ECs or ICsg) (Figure 12). For comparison
between different types of assays binding affinity is often expressed relative to that of E,. The
RBA for a phytoestrogen is calculated as the fraction or percentage of the ICs, for E,.

RBA =1ICsg (E2)/ICs (test compound) x 100

Not all competitive binding assays are, however, the same, as the source of ER commonly
differs. Binding assays can be performed in either whole cells expressing the required ER
subtypes, with purified or recombinant ERs, or in cytosolic extracts of cells or tissues.

Ovariectomized rat or mouse uteri are commonly used as a source for ERs for tissue
specific binding assays. The uteri are homogenized and cytosolic preparations are used. Although
one is able to investigate ER binding in a specific tissue the species difference is a disadvantage.
For example, it has been shown that the phytoestrogens, genistein and coumestrol, have different

affinities for recombinant human ERa than for the mouse ER uterine cytosol.”" In addition, the
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tissue used may express both ER subtypes, often not at the same levels, which further complicates
the interpretation of results especially when using cytosolic preparations

Recombinant ERs used in competitive binding assays are helpful and extremely useful as
this allows for selection between the ERa and ERP, important as proliferation of estrogen

219:221251 pecombinant ERs in

dependent cancers is believed to be mediated via the ERa subtype.
addition allows for choice between species (rat vs human). However, variations in the ER subtype
and variants i.e. full length ER vs only the LBD used in assays from different laboratories makes
it difficult to compare RBA for a single phytoestrogen (Table 3).

The whole cell binding assay, although time consuming, with duration of up to five days
(in our case), does offer the advantage of being in an intact cellular environment. Whole cell
binding assays using MCF-7 breast cancer cells or other cell lines, which expresse endogenous
ER, need not be transfected but limit options as to the ER subtype as both ERa and ERf are

expressed in MCF-7 cells.*>

However, cell lines, which do not endogenously express ERs,
present the option of discriminating between RBAs for the two ER subtypes through transfection
of either cDNA.

Recently, an alternative to using radiolabelled E, as competitor in competitive binding

253 The fluorescence labelled E, has a

assays has been developed and is commercially available.
high affinity for purified recombinant human ERs and commercial assay kits using recombinant
ERs are available. Although a more artificial system it is a high-throughput system, which
especially when screening for a great number of phytoestrogens is especially useful.

Binding experiments whether whole cell, cytosolic, or using purified receptor simply
measure the affinity of phytoestrogens for the ERs. It, however, does not provide an indication of
receptor activation nor does it differentiate agonists from antagonists. Thus once a phytoestrogen

has been identified as binding to the ER subsequent in vitro or in vivo assays are required to

establish an estrogenic response.

1.4.1.2. Reporter gene assay or transactivation assays

The reporter gene assay is an indirect measurement of estrogenic activity whereby the
expression of a reporter gene construct under the promotional control of an ERE is measured and
quantified.** A recombinant assay with a simple design, it usually relies on a selected

mammalian cell line or yeast strain being transfected with an expression plasmid containing the
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ER cDNA if the cell line is lacking endogenous ER, together with a promoter-reporter construct
plasmid consisting of an ERE-containing promoter cDNA linked to a reporter construct such as

luciferase or chloramphenicol acetyltransferase (CAT) or in yeast systems, [-galactosidase

(Figure 13).
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Figure 13: Simplified schematic diagram of the reporter gene assay.

Binding of a ligand to the ER will result in the ER-ligand complex binding to the ERE
followed by the formation of a gene product, normally an enzyme, in a dose dependent manner
that is easily measurable and quantified**® The gene product is dependent on the ER-ligand
complex interacting with the ERE and in the absence of ligand or receptor should not be
activated. The reporter gene assay consequently not only measures ER-ERE interaction and thus
transcription but it is also dependent on ER-ligand binding. This in vitro method is widely used to
measure ligand induced ER-mediated gene transcriptional activation or inhibition.'*>** Unlike
receptor binding assays the reporter gene assay can identify whether phytoestrogens will mediate
a biological response through acting either as an ER (full) agonist, partial agonist, weak agonist or
antagonist (Figure 14). The degree of activation comparable to that of a reference agonist, such as
E,, determines whether a phytoestrogen would be defined as a weak agonist, partial agonist or
agonist. A weak agonist generally has a much higher ECsy value than the reference agonist and a
partial agonist even at the highest concentration examined does not reach maximal activation seen
with the reference agonist. An antagonist is a ligand that, in a dose response manner, inhibits the

transcription of the reporter gene in the presence of a known agonist like E, (Figure 14).
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Figure 14: A schematic representation of dose response curves of different types of agonists
and an antagonist.

The reporter gene assay is a very versatile screening method in that either mammalian or

yeast cells can be used.**

Because some cell lines do not express endogenous ER either ERa or
ERp or functional ER domains can be transfected into these cell lines. The promoter region of the
reporter gene can also contain the entire promoter region of an ER specific target gene or any
consensus or nonconsensus EREs.**

The potency of a phytoestrogen can be measured and quantified using this recombinant
cell based assay. Specifically, the ECsy values or potency values can be determined and compared
relative to the ECso value of E,.2* The potency or ECsy value is basically the concentration of
ligand that induces a response halfway between the maximum response and the baseline (Figure
15). Similarly, the efficacy values can be measured, quantified, and compared to that of E,. The
efficacy value is the maximal response induced by the ligand (Figure 15). Relative potency and
efficacy may also be calculated to compare between different types of assays and is normally
calculated as a percentage or fraction of the ECsy or maximal induction, respectively, induced by

a reference compound such as E,.

Relative potency = ECsg (E,)/ ECs (test compound) X 100

Relative efficacy = efficacy (test compound)/efficacy (E;) x 100
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Figure 15: A schematic representation of a sigmoidal dose response curve of a common
transactivation result. The potency (ECs value) and the efficacy values are indicated.

Use of either mammalian or yeast systems does, similarly to binding assays, complicate
comparison between studies. Factors that could explain the differences in yeast systems Vs
mammalian assays include differences in cell wall permeability, differences in receptor levels,
and metabolic capabilities of the two different cell types.”*® Even the use of different mammalian
cell lines and reporter assays complicates comparison. According to the National Health Institute
(NIH, United States of America) cell lines most commonly used in reporter assays, are HEK293,
HEC-1, HeLa, HepG2, and MCF-7 cell lines while those used less frequently include CHO, BG-
1, COS-1, ELT3, MDA-MB-231, T47D, and Ishikawa cell lines. In addition to using different
cell lines, the source of the ERE and type of plasmid or reporter differs and can influence the
measured estrogenic activity of a compound.”*® Consequently, potency and efficacy values
obtained from different transactivation systems used depend on numerous factors like
experimental conditions, ER concentrations, and response element used. Recently various in vitro
assays for use in screening of compounds for estrogenicity were compared.”>* The most
interesting result was the comparison of two stably transfected cell lines, MVLN (a breast cancer
cell line stably expressing an estrogen regulated luciferase gene driven by an ERE in front of the
vitellogenin-tyrosin-kinase-promoter) and HGELN (a cell line derived from the HeLa cells stably
cotransfected with a plasmid conferring resistance to neomycin, pl7m5-BGlob-Luc and the

chimeric receptor expression plasmid GAL4-ER. Although there was a good correlation (R =
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0.9993) between the potencies values calculated from the reporter gene assays using the MVLN
and HGELN cells, the ECsy values obtained with the MVLN cells were much lower. Thus the
MVLN luciferase reporter gene assay was more sensitive to stimulation by estrogens than the
HGELN luciferase reporter gene assay. Cell type and reporter construct thus played a definite
role in determining the potencies of the various compounds tested.

Despite the fact that different cell lines, reporter constructs, and receptor types are used that
complicates comparison of results from different laboratories the reporter gene assay is still the

most widely used assay because of its accuracy and sensitivity.

1.4.1.3. Analysis of estrogen induced mRNA and protein expression

Cell lines or tissues expressing endogenous estrogen sensitive genes can also be used to
measure phytoestrogens for estrogenicity. This method allows for investigation of tissue or cell
specific activation of estrogen responsive genes. Estrogenic activity is measured by quantifying
mRNA or protein expression using either real-time polymerase chain reaction (PCR) or Northern-
blot for quantification of mRNA or Western blot or activity assays for quantification of protein
levels. A variety of estrogen regulated genes or proteins can be measured using these techniques.

Estrogen regulated genes that have been used as bio-markers are pS2, a protein present in breast

255 256;257

cancer and in MCF-7 cells”™”, the PR, present in breast tissue and in the uterus and cathepsin
D expressed in the MCE-7 breast cancer cells.™® All these proteins are up regulated by estrogen
and thus can be used as bio-markers to identify possible phytoestrogens. Monitoring the mRNA
and protein expression in the absence or presence of E, can also distinguish agonist from
antagonists.

As an extension of measuring protein levels the activity of estrogen sensitive enzymes can
also be measured. Alkaline phosphatase activity can be stimulated by estrogen and is easily
measured in the human endometrial Ishikawa cell line.”> This assay measures the physiological
response of estrogens and can also be used to distinguish agonists from antagonists. The alkaline
phosphatase assay is an easy and simple screening method for phytoestrogens and as a high
throughput screening assay it is effective in identifying the presence of phytoestrogens in plant
extracts.*®

A new and innovative method to screen for estrogen-induced genes is DNA microarray

analysis.”®' As estrogen is involved in numerous biological effects in the human body, this
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technique allows one to simultaneously monitor the response of a wide variety of estrogen
responsive genes in the presence of the compound of interest (phytoestrogen) in comparison to
the natural ligand. DNA microarray analysis has been used to measure the response of a wide
variety of phytoestrogens (13 in total) on 172 estrogen responsive genes in comparison to the

response of the natural ligand E,.>*

1.4.1.4. Cell proliferation assays

““an estrogen is a substance that can elicit the mitotic stimulation of the
tissues of the female genital tract; therefore, measuring cell
proliferation is of key importance in assessing estrogenicity. To
determine whether chemical “X” is an estrogen, one must test its
ability to induce proliferation of estrogen-responsive target cells, even
though not all estrogen responses or target tissues respond with
proliferation.”

Roy Hertz (1985)

Cell proliferation is the most popular test system for the measurement of estrogenicity of
putative phytoestrogens and other compounds thought to have estrogenic activity.”*’ A relatively
easy assay to perform, it is a downstream effect of estrogen. This classical assay measures one of
the physiological outcomes of estrogens and depends highly on estrogen-sensitive ER-positive
cell lines, which proliferate when stimulated by estrogens or estrogen-like compounds. According
to the NIH the MCF-7 breast cancer cell line is the most commonly used cell line, although the
T47-D breast cancer cells and BG-1 cell line are also frequently used to measure proliferation.*®
The estrogen insensitive cell line, MDA-MB-231, which does not proliferate in response to E,, is
generally used as a negative control for estrogenic activity. Numerous methods are used to
measure the end point of the assay, cell proliferation. These include methods such as colometric

37;190;263;264;265;266

or spectrophotometric assays using metabolizable dyes or determining protein

267 268;269

content™’, counting cells or nuclei with a Coulter counter or hemocytometer and measuring

2 The use of the DNA precursor, “H-thymidine, to

radiolabelled thymidine incorporation.
measure cell proliferation, however, is time consuming and the handling of a radiolabelled

substance involves risks. The MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium

58



bromide) assay is a colometric assay, which is relatively simple and easy to perform and is
dependent on the cellular reduction of MTT to a blue formazan product by the mitochondrial
succinate dehydrogenase of viable cells.”’! The formazan product is quantified

2"l Phytoestrogens and plant extracts have, however, been

spectrophotometrically at 570 nm.
found to interfere with the MTT tetrazolium reduction and adequate washing of the cell is
advisable before the addition of the MTT solution.””* Another colometric assay commonly used to
measure cell proliferation is the sulforhodamine B (SRB) assay, which uses SRB, to stain
trichloroacetic acid fixed cells. The water-soluble anionic SRB dye binds electrostatically to the
basic amino acids of cellular proteins and colour formation provides an estimate of the total
cellular protein that is related to the cell number.**” The main advantage of using a colometric
assay is the lack of using a radioisotope whereas counting of cells with a Coulter counter is fast
and accurate but requires specialised equipment.

Cell proliferation is generally measured in response to increasing concentrations of test
compound, which makes it possible to determine efficacy and potency from the dose response
curve and to distinguish agonists from antagonists. However, it is advisable that cell proliferative
assays be accompanied by ER binding studies or that proliferative induction by phytoestrogens is
conducted in the presence of a known ER antagonist, such as ICI 182,780. This will establish
whether the response, proliferative or antiproliferative, is via binding to the ERs as cell
proliferation can occur independently from the ERs as has been reported for phytoestrogens.””

A simple assay in design, cell lines do differ in their response to estrogens and assays in
each cell line should therefore be optimized as to specific conditions and requirements. Variants
do exist of the most commonly used MCF-7 cell line, such as the MCF-7-BOS (sometimes called
BUS), BB, and BB104 sublines.”’* All these variants do differ in their response to estrogenic
compounds, both in their potency and efficacy parameters and this should be taken into account

266 Unfortunately, some authors do not

when comparing potencies obtained from the literature.
define the subtype of MCF-7 cells used, which makes comparison difficult.

The cell proliferation assays also do not distinguish between the ER subtypes as it is
executed in cell lines, which normally contain both ER subtypes. Practical limitations include the
relatively long incubation periods and the modest response although potencies measured are

relatively high.””> Nevertheless, cell proliferative assays were found to be a consistent and valid

test system for the physiological response of estrogens.**
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Table 6: Summary of the most commonly used in vitro assays for the
measurement of estrogenicity

In vitro assay

Competitive ER binding assays

e  Rat uteri cytosolic ER binding system®’®

e Mouse uteri cytosolic ER binding system”>

e Purified recombinant ERg!04168:170:241:243:277

Reporter gene assays

Mammalian based assays

e Endogenously expressed ERs*’

e  Stably transfected cell lines®'7! 74234278

e  Transiently transfected cell lines'***"’
Yeast based assays
e  Tranfected cells37

Protein or mRNA expression
82170;243
PR170; 265;270

e  Alkaline phosphatase activity'"****

Cell proliferation assays
- = 70977970
° MCF-7 Cell hneZ17,242,37,243,270,277.27)

1.4.2. In vivo measurements for estrogenicity

Both mammalian and non-mammalian in Vivo assays can be used to investigate possible
phytoestrogens. As no in vivo assays were used in evaluating estrogenic potential in this thesis
only the most commonly used assay, the uterotropic assay, will be discussed.

The rodent uterotropic assay is the most extensively used in vivo assay used to determine
estrogenicity of possible estrogenic compounds.®* It resembles a true living system and takes into
account absorption and metabolism of estrogenic compounds. This assay measures uterine growth
in response to estrogenic compounds such as phytoestrogens. The uterotropic assay uses either
ovariectomized, immature intact, or hyposectomized female rats or mice to ensure the absence of
endogenous estrogen production, which will guarantee that all results measured would be from
the estrogenic potential of the administrated phytoestrogens.”®® Administration of the
phytoestrogens are either orally or subcutaneous. The uterine weight is expressed as either wet
weight or dry weight. Potencies can be determined using this in vivo assay although to obtain a
complete dose response is extremely time consuming and expensive and it would be difficult to
screen a large amount of putative phytoestrogens. In contrast to in vitro assays that are much less

time consuming and are inexpensive. It is important to note that the uterine weight assay only
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measures the estrogenic effect in one tissue type and that the compound investigated could exert
an estrogenic effect on selective tissue(s), which would be difficult if not impossible to identify
with this type of assay. Investigation of vaginal opening after the immature rodents are sacrificed
often accompanies the uterotropic assay. A premature vaginal opening would suggest and
strengthen positive increases in uterine weight, however, it has been found that premature vaginal
opening is not as sensitive as an increase in uterine weight and that the route of administration of
E; also has an effect on the vaginal opening”™'. Numerous other endpoints, such as morphological,
histological, molecular, and biochemical end points are becoming integrated into the classical
uterotrophic assay.”*’ As the uterotropic assay only measures uterine weight increase, the
inclusion of other endpoints would increase the sensitivity of the uterotrophic assay and extend
measurements of target organ or tissue selectivity. The target organ would thus not necessarily
only include the uterus and vagina but the mammary gland, liver and bone tissue, the
cardiovascular system, and the brain could all be investigated as additional endpoints.”** The
measurement of the expression of estrogen inducible genes is common in determining the
estrogenic potential of compounds in vitro. For example, PR expression levels in the mammary
gland or uterus is sensitive to estrogen levels and PR mRNA or protein expression levels have
also been measured in vivo through Northern-blot or real time PCR analysis,
immunohistochemistry or Western-blot analysis.**

A study comparing the behaviour of various phytoestrogens in the in vitro transactivation
assay with the in vivo uterotropic assay incorporating additional endpoints such as the uterine
epithelial cell height and gland formation, and expression levels of the estrogen sensitive
lactoferrin protein present in the epithelial cells was conducted.'”* All phytoestrogens assayed,
except for taxifolin, were able to induce transcription through the ER in vitro. The in vivo results
were of much interest as some compounds, such as daidzein and naringenin, were unable to
induce an increase in uterine wet weight although they tested positive for estrogenicity at other
endpoints measured such as an increase in gland number and induction of a transcriptional
response. This study underlines the complexity of screening for phytoestrogens especially when
one considers that in vivo screening methods involve tissue sensitivity and selectivity and that

signalling pathways activated may differ for each phytoestrogen tested.
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1.4.3. Analytical screening methods

Analytical screening methods are usually employed to assist with the identification of
known phytoestrogens in a complex mixture such as plant extracts. Analytical methods available
for the determination of phytoestrogens can be separated into two groups: methods involving
chromatographic separation such as high-performance liquid chromatography (HPLC) and those
that do not depend on chromatographic separation such as UV spectroscopy and

. 282
1mmunoassays. 8

1.4.3.1. Chromatographic screening methods

Chromatographic methods in fact does not screen or identify potentially novel
phytoestrogens but rather identifies and quantifies known active phytoestrogens >*2.
Chromatographic screening methods are therefore commonly used to identify known
phytoestrogens present in plant extracts through separation. The separation of phytoestrogens
within a mixture by chromatography and the choice of a particular method depend on the
sensitivity required and the complexity of the extracts or compounds of interest. Methods include

gas chromatography-mass spectrometry, HPLC and liquid chromatography-mass spectrometry.

1.4.3.2. Non-chromatographic methods

Non-chromatographic methods available for the detection of phytoestrogens include
immunoassays and spectroscopic methods to identify known phytoestrogens in mixtures
according to Wang et al.”®. The immunoassays are specific, high throughput, and inexpensive but
rely on the production of specific antibodies targeted at known phytoestrogens. The selectivity of
the spectroscopic methods has been questioned and needs to be combined with chromatographic

separation when working with plant extracts.**

1.4.4. Comparison of different methods

Estrogenicity test results obtained with different testing methods or more importantly with
the same method but by different laboratories can and more than likely do differ significantly

(Tables 3 and 4).>*® This makes it extremely difficult to compare binding parameters and potency
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and efficacy values for induction obtained from various sources as these are dependent on the test
system itself and the conditions under which it was conducted. Regardless, these methods form an
essential part of determining the estrogenic potential of plant polyphenols and comparisons of the
effectiveness and reliability of methods and standardisation of procedures are required.”*® A study
comparing various in Vitro assays in the testing of an assortment of compounds for estrogenic
activity was conducted.”* Specifically, results from (i) two luciferase reporter gene assays using
the stably transfected cell lines, MVLN (breast cancer cell line stably expressing an estrogen
regulated luciferase gene driven by an ERE in front of the vitellogenin-tyrosin-kinase-promoter)
and HGELN (derived from the HeLa cells stably cotransfected with a plasmid conferring
resistance to neomycin, pl7m5-BGlob-Luc and the chimeric receptor expression plasmid GAL4-
ER), (i) the proliferative assay (E-screen) with MCF-7 cells, and (iii) competitive binding assays
of recombinant ERa and ERf, were compared. In comparing the potencies determined for E, the
authors found that the sensitivity of the assays decreased in the order: MVLN-cells = E-Screen >
HGELN-cells >> binding to recombinant ER-a or ER[3. In addition, there was a good correlation
between the ECsy values obtained with transactivation assays using tissue culture (all in the pM
range) and the competitive binding assays (ECsy values in the nM-range) even though the source
of ER is different, however, the correlation was lower than the correlation of potencies obtained
with the transactivation assays and the cell proliferative assay. Thus the authors concluded that
the various in Vitro test systems investigated (reporter gene assays, receptor binding assays and
cell proliferative assays) are all suitable for the determining estrogenic capability although they
differ in sensitivity.?*

In addition, a study comparing the behaviour of eight phytoestrogens in different in vitro
assay systems using only the MCF-7 breast cancer cells has been conducted.” By comparing
ER-binding, estrogen-responsive reporter gene transcription, and cell proliferation in the same
cell line it was possible to make direct comparisons of potencies obtained due to assay type
excluding cell specific confounders. The reporter gene activation and cell proliferative assays
showed no difference in rank order of potencies obtained for the phytoestrogens tested, however,
the ER binding study did not correlate well with the other in vitro assays for all compounds. This
agrees with the results of the previous study. Whole cell binding assays were not used but rather
cytosolic preparations that may reflect differences in the fate of the ligand within the cell, which

could be influenced by cellular uptake and/or metabolic processes.

63



When comparing in vitro transactivation assays in mammalian and yeast systems and in
vivo assays for measuring the estrogenic activity of various compounds it was found that the
stably transfected MCF-7 cells line, MVLN cells, were more sensitive (3-15 times depending on
the compound tested) than the yeast reporter gene assay. In addition, there was a small difference
between the potencies measured in the in vitro assays and the in vivo assay measuring vitilogen
induction in a zebrafish system.***

Generally then there seems to be a good correlation between assay systems compared
especially in the rank order of potencies. However, the degree of sensitivity between the assays
does differ with selective promoter reporter assays and the proliferative E-Screen appearing to be
most sensitive. Identification of phytoestrogens that by definition are weak estrogens would
require a sensitive screening assay and thus choice of assay is important. There are a wide variety
of phytoestrogen screening methods available. The choice and combination of different
techniques in an individual research laboratory depends mainly on cost and throughput needs.
However, from the comparisons of various techniques discussed here it is clear that not all
phytoestrogens act in a similar manner, which is an extremely important consideration when
considering results from in vivo screening assays as tissue selectivity of phytoestrogens has been
established. 7 Also, even though phytoestrogens by definition are able to bind to the ER subtypes,
ER binding studies alone do not suffice if the biological responses induced by a particular
phytoestrogen are of interest, although it is a good indicator that the phytoestrogen might have
estrogenic or anti-estrogenic activity. Thus, although determination of phytoestrogen binding is
essential to be able to define a particular phytoestrogen as a ligand for the receptor it should be
followed by an assay determining agonist or antagonist activity. An effective test strategy would
be binding assays combined with either transactivation or cell proliferation assays. To further
validate findings one could measure the mRNA levels of estrogen responsive genes such as pS2.
If plant extracts are investigated, it would be constructive and interesting to identify the active
compound(s) thus activity-guided fractionation through HPLC analysis could be useful. However,
binding assays and some form of measurement of estrogenic activity either through
transactivation experiments or cell proliferation assays should be sufficient for screening of

putative phytoestrogens.
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1.5. Honeybush (Cyclopia)

The genus Cyclopia belonging to the Fabaceae family is indigenous to South Africa and
part of the bio-diverse fynbos kingdom. It is predominantly found in the coastal region of the
Western and Eastern Cape Provinces with ca. 24 species growing wild, each within specific
growth regions.”® The woody shrub is a leguminosae similar to soy bean (Glycine max), alfalfa
sprout (Medicago sativa), and red clover (Trifolium pratense). The leaf shape and size differ
between species with some species having a needle-like to elongated leaf while others have a
broader leaf. With its small trifoliate leaves Cyclopia is easily recognizable during spring when its
prominent yellow flowers bloom. Traditionally the plant was only harvested for the manufacture
of a herbal tea during the flowering season to facilitate recognition in the wild. Because of its
honey scented yellow flowers and the sweet, honey-like aroma that develops during the
traditional manufacturing process, Cyclopia are more commonly known and referred too as
honeybush. The leaves, stems, and flowers of honeybush are traditionally used to manufacture a
herbal tea. Presently, Cyclopia genistoides (kustee), C. subternata (vleitee), C. intermedia
(bergtee), and to a lesser extent C. sessiliflora (Heidelbergtee) are available commercially to the
public. Cyclopia subternata is available either as fermented- or unfermented (green) tea (Personal
communication, Dr E Joubert, 2004) and can be seen on the shelves of local supermarkets. This
herbal infusion is caffeine free and has a very low tannin content which makes it ideal for

g . . 31
consumers avoiding stimulants such as caffeine.

1.5.1. Adding value to honeybush tea and nutraceutical products

Anecdotal evidence would suggest that honeybush is a diuretic, able to stimulate milk
production in lactating woman, and prevent ulcers.”*® Additionally, honeybush has been used to
treat infants with colic and as a cough syrup for treatment of lung infections.”®” Honeybush is not

only an enjoyable beverage, but it also serves as a functional health tea as it was identified as

43;44 44;45

having in vitro antioxidant and antimutagenic activity. Flavonoids found in honeybush
were shown to act as antioxidants in scavenging the synthetic 2,2’-azinobis (3-
ethylbenzothiazoline-6-sulphonate) radical cation, reducing a ferric-tripyridyltriazine complex
and inhibiting Fe*" induced lipid peroxidation in in vitro assay systems. ** They were shown to

donate an electron accompanied by a hydrogen nucleus from the OH group attached to their
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phenolic rings to a free radical thus stabilizing and inactivating the damaging radical. These
phenolic compounds are also thought to reduce the frequency of spontaneous or induced
mutations against 2-acetylaminofluerene and aflatoxin B; induced mutagenesis in the in vitro
Salmonella mutagenicity assay®, which could lead to cancer chemoprevention. These health
protective mechanisms add additional nutritional value to honeybush tea with both antioxidant
and antimutagenic activity important in cancer chemoprevention and could be used to further
popularise honeybush tea with the public. Additionally, further marketing in the ever-popular
nutraceutical industry could concentrate on health products containing concentrated honeybush

extracts.

1.5.2. Polyphenols present in honeybush

The xanthone, mangiferin, and the flavanone, hesperidin, were found to be the major
phenolic compounds present in unfermented C. genistoides, C. sessiliflora, C. subternata and C.
intermedia.** This agrees with a previous study reporting that the major phenolic compounds
present in Cyclopia species are mangiferin, hesperetin, and isosakuranetin. *> In addition, the
coumestans, medicagol, flemichapparin and sophoracoumestan, the flavanones, hesperidin,
naringenin, and eriodictyol, the xanthone, isomangiferin, a flavone, luteolin, and the isoflavones,
formononetin, afrormosin, pseudobaptigen, fujikinetin, and calycosin, were identified as being
present in fermented C. intermedia.** Phenolic compounds found to be present in unfermented C.
subternata were an isoflavone, orobol, a flavanol, epigallocatechin 3-O-gallate, a flavan
glycoside, a kaempferol glycoside, the flavones, luteolin and scolymoside, and the flavanones,
hesperidin, hesperetin, narirutin, and eriocitrin.”®® Comparison between the C. intermedia and C.
subternata indicates that there exists up to an 80% difference in their phenolic composition with
luteolin, mangiferin, and hesperidin the only identified phenolic compounds present in both.***

The flavonoids, formononetin, naringenin, and luteolin, present in Cyclopia have been
described as weak estrogens acting via the ERs*® and anecdotal evidence (J. Nortje, Kouga, 1996;
personal communication) would suggest that honeybush tea alleviates menopausal symptoms.
Together these facts were the spur for the present study investigating the phytoestrogenic

potential of Cyclopia.
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1.5.3. Putative phytoestrogens in Cyclopia

Plants often contain a variety of different phytoestrogens. Four phenolic compounds
present in Cyclopia, formononetin, naringenin, eriodictyol and luteolin have been shown to have
estrogenic activity.**>® These flavonoids together with other commercially available plant
polyphenols, i.e. eriocitrin, narirutin, hesperidin, hesperetin, and the xanthone, mangiferin, present
in Cyclopia, were chosen in the present study as possible marker compounds for phytoestrogenic
activity in the honeybush species. Eriocitrin and narirutin are structurally related to naringenin
and eriodictyol, while mangiferin, hesperidin and hesperetin were included as they are the most
abundant phenolic compounds present in honeybush and thus require investigation as to potential
phytoestrogenic activity. The biological properties of all polyphenols selected for investigation

will be briefly discussed.

1.5.3.1. Formononetin

Formononetin, an isoflavone and 4’-O-methyl derivative of daidzein, displays weak
phytoestrogenic activity through binding to the ER.’®**" Daidzein, shown to have a stronger
estrogenic activity than formononetin can be further metabolized to equol, a potent
phytoestrogen.'® In addition, formononetin, like E,_can up regulate the LDL receptor in HepG2
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cells.
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1.5.3.2. Naringenin and narirutin

Naringenin, a flavanone, is most commonly found in citrus fruit, as such or in its

290

glycosidic form (naringin or narirutin). The aglycone is almost insoluble in water.” Hydrolysis

of the glycosides, naringin or narirutin, is required for absorption from the small intestine.
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Conjugated forms can form either in the small intestine or liver.'”” Naringenin can thus be further
metabolised in the liver by hepatic enzymes with the major metabolite being eriodictyol, which
will be discussed later in this section.*”

It has been suggested that because of the lipophilic nature of naringenin, accumulation in
adipose tissue can occur and therefore very high concentrations can be reached within the
organism.””” Naringenin is commonly referred to as a phytoestrogen as it competes with E, for

binding to both ER subtypes®**°
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and induces transcription via the ER (the ER subtype was not
identified by the authors).

Not only has naringenin been shown to have estrogenic activity it can also act as an
antiestrogen in the presence of E, by repressing estrogen induced cell proliferation of MCF-7
cells.””® The naringenin derivative 8-prenylnaringenin common in hops (Humulus lupulus) is a
potent phytoestrogen.”*’ Naringenin also affects endogenous E, levels as, unlike genistein, it was

shown to be a potent aromatase inhibitor.”

naringenin narirutin

1.5.3.3. Hesperetin and hesperidin

Hesperidin, a flavanone glycoside, is most commonly found in citrus*°, and is abundantly
in honeybush. *** Its aglycone, hesperetin, is structurally related to naringenin and eriodictyol.
Hesperetin and hesperidin, due to their lipophyllic nature, is almost insoluble in water.>**
Hesperetin does not bind to the ER, although it belongs to the same group (flavanone) as
naringenin, which is able to interact with the ERs.*' A single hydroxyl group at the 4’ position of
the B-ring (Figure 7) is hypothesized to be the one of the main features required for estrogenicity
of a compound.'>* The 4-methoxy group at this very important position in hesperetin is likely to
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influence its binding to the ER.""" Even though hesperetin is unable to bind to the ERs, it is
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effective in inhibiting cell proliferation of ER negative human breast cancer cells and its activity
in this regard is comparable to that of naringenin.”* It would thus appear that hesperetin interacts
in an ER-independent manner with signal transduction pathways involved in cell cycle
progression.

Hesperidin is a potential anti-inflammatory agent and is associated with anti-
atherosclerotic activity.”® It is also able to lower cholesterol levels and prevents bone loss in
ovariectomized mice by decreasing the osteoclast number without affecting the uterus.'’” In
addition, hesperidin has antioxidant activity and is believed to decrease the risk of cardiovascular

disease, since it decreases the levels of plasma and hepatic cholesterol and triglycerides.*”*
OMe
OMe
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hesperetin hesperidin

1.5.3.4. Eriodictyol and eriocitrin

Eriodictyol, a flavanone and antioxidant®* is commonly found in lemons. Eriocitrin, a 8-
rutinoside, is metabolised in vivo to eriodictyol, methylated eriodictyol, 3,4-
dihydroxyhydrocinnamic acid, and their conjugates.” Eriodictyol has been shown to have weak
estrogenic activity through stimulating MCF-7 breast cancer cell proliferation and inducing
transcription of an ERE containing promoter via the ER in a yeast based assay (subtype not

specified). *’* Eriodictyol has also been shown to act as an antioxidant.

OH OH
HO 0] O O-rutinosyl O O
OH OH O

eriodictyol eriocitrin
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1.5.3.5. Luteolin

Luteolin, a flavone, is a primary yellow pigment present in flowers and has been

historically used as a dye. Its medicinal properties include antimutagenicity®”®

297;298

, antioxidant

300 It

activity , anti-inflammatory properties™” and the ability to act as a hypoglycemic agent.

has anticarcinogenic potential due to its ability to inhibit the effects of EGF and protein tyrosine

kinase.*"!

In terms of estrogenic potential, luteolin is both estrogenic and antiestrogenic as it
inhibits E,-induced cell proliferation of MCF-7 breast cancer cells, acts as a weak estrogen
through the induction of cell proliferation of MCF-7 cells, and increases uterine wet weight in

immature 21-day old female rats.*’27%3%

In addition to inhibition of breast cancer proliferation
luteolin inhibits growth of the cancer cells P388, OVCAR-3, SF-295, A498, NCI-H460, KM20L2
and SK-MEL-5 cells.*” It is cytotoxic to MCF-7 and MDA-MB-231 cells**® and can inhibit

. . i 27:304
angiogenesis which is vital for tumour growth.””

luteolin

1.5.3.6. Mangiferin

Mangiferin, a xanthone, is well characterized for its antioxidant and anti-inflammatory

3% 1t is the most abundant phenolic compound found in Cyclopia** and has no known

properties.
phytoestrogenic activity. Mangiferin is ineffective as an antimutagen®, but it increases the
expression of tumour growth factor B genes, which is reported to be of interest for treatment in
cancer prevention and coronary heart disease.’”> Mangiferin is able to decrease expression levels
of inducible nitric oxide synthase and TNF-a genes, which would explain its anti-inflammatory

action. 20330
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R OH
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mangiferin R,=2-3-D-glucopyranosyl

1.6. Conclusion and Aim of thesis

Phytoestrogens are plant polyphenols able to mediate a weak estrogenic or antiestrogenic
response.' #'*%!1> Endogenous estrogens have a wide range of biological responses mediated
mainly via the classical ER dependent pathway.'** In addition to the classical estrogen signalling
pathway, which is dependent on the ER and involves binding to an ERE in the promoter of
inducible genes, other signalling pathways also exist. Briefly, in addition to the classical ER
dependent pathway there is also an ERE independent pathway, a ligand independent pathway and
a non-genomic or non-nuclear pathway. All these pathways can potentially cross-talk with one
another. Similarly, to the endogenous ligand, phytoestrogens can also induce biological responses
employing a wide variety of pathways. Therefore, phytoestrogens could potentially mediate a
wide variety of responses not all necessarily estrogenic.

Phytoestrogens are also preferential ERB binders®” and, because ERP modulates the

9721922021 " are of biological interest. In addition, the recent HRT

proliferative activity of ERa
scare has created great interest in developing new, alternative treatments for HRT with
phytoestrogens considered as an attractive natural option.'®

However, conflicting results of clinical studies examining the protective effects of
phytoestrogens, especially concerning breast cancer and menopausal symptoms, should be
considered and deserves further attention.’”> On the other hand, to our knowledge, no side
effects have been reported for the use of phytoestrogens though this may be due to the fact that
no large and extensive studies, similar in scope to the WHI study, have been conducted to

evaluate the potential side-effects of phytoestrogens. Epidemiological studies do, however,

suggest that the soy rich diet in Asian countries provides some sort of health protection as the

71



occurrence of hormone-dependent cancers, such as breast and prostate cancer, are much less as
is the incidence of menopausal symptoms.'#2°%=%7

Although most phytoestrogen research has focussed almost solely on soy and the
isoflavone, genistein, numerous other plants warrant investigation and research on these is
slowly trickling through. Anecdotal evidence, together with the presence of the known
phytoestrogens, luteolin, naringenin, eriodictyol and formononetin, in Cyclopia spp.***’
suggests that an investigation into the potential phytoestrogenic activity of Cyclopia is
warranted. Thus, in the present study, extracts from four commercially available Cyclopia
species, C. genistoides, C. subternata, C. sessiliflora and C. intermedia, were initially screened
for estrogenicity by means of binding studies to the ER subtypes, hERa and hER (Chapter 2).
This determined the species with the highest estrogenicity for further in-depth investigation.
After the identification of the most active species, C. genistoides, full competitive dose
response binding studies to both ER subtypes as well as transactivation studies with hER[3 only
were chosen to establish whether C. genistoides extracts are able to compete with “H-E, for
binding to the ER subtypes and if through binding they could activate hERP and thus induce
transcription (Chapter 3). Cell proliferative assays in both MCF-7 BUS and MDA-MB-231
cells were chosen to measure a more complex estrogenic endpoint, cell proliferation (Chapter
3). Cell proliferation can also, like transactivation assays, distinguish agonists from antagonists,
which binding assays cannot do.

In addition to the extracts investigated, commercially available plant polyphenols
known to be present in C. intermedia and C. subternata were also screened for phytoestrogenic
activity (Chapters 2 and 3). Again, screening of these compounds was by means of ER binding
assays with both ER subtypes investigated. The polyphenols with affinity for both ER subtypes
were chosen for further in-depth studies similar to that of the extracts. Mangiferin was included
in all in-depth studies as this polyphenol occurs in high concentrations in all Cyclopia species
tested. **

Finally, SHBG binding studies of the extracts and commercially available polyphenols
were also performed to determine the degree of binding to the SHBG protein. Binding of
extracts and polyphenols to the SHBG (Chapter 3) could decrease the excretion of these plant

compounds and extracts thus increasing their availability to mediate a biological response.
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Establishing that Cyclopia spp. have phytoestrogenic activity could be beneficial as not
only would it be adding nutritional value to the currently available herbal infusion, known as
honeybush tea, but it could also precipitate the development of a local South African
nutraceutical. New research opportunities would be made possible as per identifying the active
compounds, examining the extent of the phytoestrogenic activity (in vitro vs in vivo), and
finally enriched fractions of Cyclopia extracts could be made available to the public as a
nutraceutical. Thus the findings pertaining to the experimental work of this thesis and their
implications will also be generally discussed in Chapter 4.

The experimental results have been written in the form of publications and thus
inevitably repetition of information will occur. We trust that the reader will not find this tedious
but rather useful in recapping the rather complex field of estrogen signalling and phytoestrogen
activity. Data from this study has been presented in part at several national conferences and at

the end of the thesis a list of conference abstracts may be found.

73



1.7. References

(D

2)

3)

(4)

)

(6)

(7

®)

©)

Eisenberg, D.M.; Davis, R.B.; Ettner, S.L.; Appel, S.; Wilkey, S.; Van Rompay, M. and
Kessler, R. C. Trends in Alternative Medicine Use in the United States, 1990-1997:
Results of a Follow-Up National Survey. JAMA 1998, 280, 1569-1575.

Zeisel, S.H. Health Regulation of “Nutraceuticals”. Science 1999, 285, 1853-1855.

Fitzpatrick, K.C. Regulatory Issues Related to Functional Foods and Natural Health
Products in Canada: Possible Implications for Manufacturers of Conjugated Linoleic

Acid. Am J Clin Nutr 2004, 79, 1217S-1220S.

Storey, M.L. Regulatory Issues of Functional Foods, Feeds, and Nutraceuticals. Vet Clin
North Am Small Anim Pract 2004, 34, 329-338.

Kronenberg, F. and Fugh-Berman, A. Complementary and Alternative Medicine for
Menopausal Symptoms:A Review of Randomized, Controlled Trials. Ann Intern Med
2002, 137, 805-813.

Piersen, C. Phytoestrogens in Botanical Dietary Supplements: Implications for Cancer.

Integr Cancer Therapies 2003, 2, 120-138.

Brzezinski, A. and Debi, A. Phytoestrogens: the "Natural" Selective Estrogen Receptor
Modulators? Eur J Obstet Gynecol Reprod Biol 1999, 85, 47-51.

Punyahotra, S. and Dennerstein, L. Menopausal Experiences of Thai Women. Part 2: The

Cultural Context. Maturitas 1997, 26, 9-14.

Punyahotra, S.; Dennerstein, L. and Lehert, P. Menopausal Experiences of Thai Women.

Part 1: Symptoms and Their Correlates. Maturitas 1997, 26, 1-7.

74



(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

van de Weijer, P.H. and Barentsen, R. Isoflavones From Red Clover (Promensil)
Significantly Reduce Menopausal Hot Flush Symptoms Compared With Placebo.
Maturitas 2002, 42, 187-193.

de Kleijn, M.J.J.; van der Schouw, Y.T.; Wilson, P.W.F.; Grobbee, D.E. and Jacques, P.F.
Dietary Intake of Phytoestrogens Is Associated With a Favorable Metabolic

Cardiovascular Risk Profile in Postmenopausal U.S. Women: The Framingham Study. J

Nutr 2002, 132, 276-282.

Potter, S.M.; Baum, J.A.; Teng, H.; Stillman, R.J.; Shay, N.F. and Erdman, J.W. Soy
Protein and Isoflavones: Their Effects on Blood Lipids and Bone Density in

Postmenopausal Women. Am J Clin Nutr 1998, 68, 1375S-1379.

Nikander, E.; Metsa-Heikkila, M.; Ylikorkala, O. and Tiitinen, A. Effects of
Phytoestrogens on Bone Turnover in Postmenopausal Women With a History of Breast

Cancer. J Clin Endocrinol Metab 2004, 89, 1207-1212.

Tham, D.M.; Gardner, C.D. and Haskell, W.L. Potential Health Benefits of Dietary
Phytoestrogens: A Review of the Clinical, Epidemiological, and Mechanistic Evidence. J

Clin Endocrinol Metab 1998, 83, 2223-2235.

Morton, M.S.; Arisaka, O.; Miyake, N.; Morgan, L.D. and Evans, B.A.J. Phytoestrogen
Concentrations in Serum From Japanese Men and Women Over Forty Years of Age. J

Nutr 2002, 132, 3168-3171.

Pineda, M.D.; White, E.; Kristal, A.R. and Taylor, V. Asian Breast Cancer Survival in the
US: a Comparison Between Asian Immigrants, US-Born Asian Americans and

Caucasians. Int J Epidemiol 2001, 30, 976-982.

Dixon, R.A. and Ferreira, D. Genistein. Phytochemistry 2002, 60, 205-211.

75



(18)

(19)

(20)

1)

(22)

(23)

(24)

(25)

(26)

Writing Group for the Women's Health Initiative Investigators Risks and Benefits of
Estrogen Plus Progestin in Healthy Postmenopausal Women: Principal Results From the

Women's Health Initiative Randomized Controlled Trial. JAMA 2002, 288, 321-333.

The Women's Health Initiative Steering Committee Effects of Conjugated Equine
Estrogen in Postmenopausal Women With Hysterectomy: The Women's Health Initiative

Randomized Controlled Trial. JAMA 2004, 291, 1701-1712.

Philp, H.A. Hot Flashes--a Review of the Literature on Alternative and Complementary
Treatment Approaches. Altern Med Rev 2003, 8, 284-302.

Faure, E.D.; Chantre, P. and Mares, P. Effects of a Standardized Soy Extract on Hot
Flushes: a Multicenter, Double-Blind, Randomized, Placebo-Controlled Study.
Menopause 2002, 9, 329-334.

www.]amiesonvitamins.com/product item.asp?UPCCode=2618.

www.promensil.com

Jarry, H.; Metten, M.; Spengler, B.; Christoffel, V. and Wuttke, W. In Vitro Effects of the
Cimicifuga Racemosa Extract BNO 1055. Maturitas 2003, 44 Suppl 1, S31-S38.

Almstrup, K.; Ferndndez, M.F.; Petersen, J.H.; Olea, N.; Skakkebaek, N.E.; Leffers, H.
Dual Effects of Phytoestrogens Result in U-Shaped Dose-Response Curves. Environ
Health Perspect 2002, 110, 743-748.

Bianco, N.R.; Chaplin, L.J. and Montano, M.M. Differential Induction of Quinone
Reductase by Phytoestrogens and Protection Against Oestrogen-Induced DNA Damage.
Biochem J 2005, 385, 279-287.

76



(27)

(28)

(29)

(30)

(1)

(32)

(33)

(34)

(35)

Fotsis, T.; Pepper, M.S.; Aktas, E.; Breit, S.; Rasku, S.; Adlercreutz, H.; Wahala, K.;
Montesano, R. and Schweigerer, L. Flavonoids, Dietary-Derived Inhibitors of Cell
Proliferation and in Vitro Angiogenesis. Cancer Res 1997, 57, 2916-2921.

Jarred, R.A.; Keikha, M.; Dowling, C.; McPherson, S.J.; Clare, A.M.; Husband, A.J.;
Pedersen, J.S.; Frydenberg, M. and Risbridger, G.P. Induction of Apoptosis in Low to
Moderate-Grade Human Prostate Carcinoma by Red Clover-Derived Dietary Isoflavones.

Cancer Epidemiol Biomarkers Prev 2002, 11, 1689-1696.

Schmidt, S.; Michna, H. and Diel, P. Combinatory Effects of Phytoestrogens and 17[Ss]-
Estradiol on Proliferation and Apoptosis in MCF-7 Breast Cancer Cells. J Steroid
Biochem Mol Biol 2005, 94, 445-449.

Akiyama, T.; Ishida, J.; Nakagawa, S.; Ogawara, H.; Watanabe, S.; Itoh, N.; Shibuya, M.
and Fukami, Y. Genistein, a Specific Inhibitor of Tyrosine-Specific Protein Kinases. J

Biol Chem 1987, 262, 5592-5595.

Terblanch, S.E. Report on Honeybush tea. 1982, University of Port Elizabeth South
Africa.

Greenish, H.G. Cape Tea; 1881; pp 549-551.

De Nysschen, A.M.; Van Wyk, B.E.; Van Heerden, F.R. and Schutte, A.L. The Major
Phenolic Compounds in the Leaves of Cyclopia Species (Honeybush Tea). Biochem
System Ecol 1996, 24, 243-246.

Ferreira, D.; Kamara, B.I.; Brandt, E.V. and Joubert, E. Phenolic Compounds From
Cyclopia intermedia (Honeybush Tea). 1. J Agric Food Chem 1998, 46, 3406-3410.

Kamara, B.I.; Brand, D.J.; Brandt, E.V. and Joubert, E. Phenolic Metabolites From
Honeybush Tea (Cyclopia subternata). J Agric Food Chem 2004, 52, 5391-5395.

77



(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

Han, D.H.; Denison, M.S.; Tachibana, H. and Yamada, K. Relationship Between Estrogen
Receptor-Binding and Estrogenic Activities of Environmental Estrogens and Suppression

by Flavonoids. Biosci Biotechnol Biochem 2002, 66, 1479-1487.

Breinholt, V. and Larsen, J.C. Detection of Weak Estrogenic Flavonoids Using a
Recombinant Yeast Strain and a Modified MCF-7 Cell Proliferation Assay. Chem Res
Toxicol 1998, 11, 622-629.

Lee, S.J.; Chung, H.Y.; Maier, C.G.A.; Wood, A.R.; Dixon, R.A. and Mabry, T.J.
Estrogenic Flavonoids From Artemisia Vulgaris L. J Agric Food Chem 1998, 46, 3325-
3329.

Mackerness, S.A.H. Effects of UV-B Radiation on Plants: Gene Expression and Signal
Transduction Pathways. In In Plant Responses to Environmental Stress.; 1999
Smallwood, M. F., Calvert, C. M., Eds.; BIOS Scientific Publishers Ltd.: Oxford, UK,.

Swinny, E.E. and Ryan, K.G Red Clover Trifolium Pratense L. Phytoestrogens: UV-B
Radiation Increases Isoflavone Yield, and Postharvest Drying Methods Change the
Glucoside Conjugate Profiles. J Agric Food Chem 2005, 53, 8273-8278.

Lee, S.J.; Kim, S.H.; Kim, J.T.; Han, S.J.; Jung, M.Y.; Chung, .M. and Ahn, J.K.
Variation in Isoflavone of Soybean Cultivars With Location and Storage Duration. J Agric

Food Chem 2003, 51, 3382-33809.

Wang, S.Y. and Lin, H.S. Compost As a Soil Supplement Increases the Level of
Antioxidant Compounds and Oxygen Radical Absorbance Capacity in Strawberries. J

Agric Food Chem 2003, 51, 6844-6850.

Hubbe, M.E. Evaluation of antioxidant and free radical scavenging activities of

honeybush tea (Cyclopia). 2000, MSc Thesis, University of Stellenbosch, Stellenbosch.

78



(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51

Richards, E.S. Antioxidant and antimutagenic activities of Cyclopia species and activity-
guided fractionation of C. intermedia. 2003, MSc Thesis, University of Stellenbosch,
Stellenbosch.

Marnewick, J.L.; Gelderblom, W.C. and Joubert, E. An Investigation on the
Antimutagenic Properties of South African Herbal Teas. Mutat Res 2000, 471, 157-166.

Marnewick, J.L; Batenburg, W.; Swart, P.; Joubert, E.; Swanevelder, S. and Gelderblom,
W.C.A. Ex Vivo Modulation of Chemical-Induced Mutagenesis by Subcellular Liver
Fractions of Rats Treated With Rooibos (Aspalathus Linearis) Tea, Honeybush (Cyclopia
Intermedia) Tea, As Well As Green and Black (Camellia Sinensis) Teas. Mutat Res 2004,
558, 145-154.

McDonnell, D.P.; Wijayaratne, A.; Chang, C.Y. and Norris, J. D. Elucidation of the
Molecular Mechanism of Action of Selective Estrogen Receptor Modulatorsl. Amer J
Cardiol 2002, 90, F35-F43.

Conneely, O.M. Perspective: Female Steroid Hormone Action. Endocrinology 2001, 142,
2194-2199.

Stopper, H.; Schmitt, E.; Gregor, C.; Mueller, S.O. and Fischer, W.H. Increased Cell
Proliferation Is Associated With Genomic Instability: Elevated Micronuclei Frequencies

in Estradiol-Treated Human Ovarian Cancer Cells. Mutagenesis 2003, 18, 243-247.

Gruber, C.J.; Tschugguel, W.; Schneeberger, C. and Huber, J.C. Production and Actions
of Estrogens. N Engl J Med 2002, 346, 340-352.

Petra, P.H. The Plasma Sex Steroid Binding Protein (SBP or SHBG). A Critical Review
of Recent Developments on the Structure, Molecular Biology and Function. J Steroid

Biochem Mol Biol 1991, 40, 735-753.

79



(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

Walsh, K.A.; Kumar, S.; Takio, K.; Titani, K.; Hayes, R. and Petra, P.H. Amino Acid
Sequence of the Sex Steroid Binding Protein of Human Blood Plasma. Biochemistry
1986, 25, 7584-7590.

Dunn, J.F.; Nisula, B.C. and Rodbard, D. Transport of Steroid Hormones: Binding of 21
Endogenous Steroids to Both Testosterone-Binding Globulin and Corticosteroid-Binding
Globulin in Human Plasma. J Clin Endocrinol Metab 1981, 53, 58-68.

Mickelson, K.E. and Petra, P. H. Purification and Characterization of the Sex Steroid-
Binding Protein of Rabbit Serum. Comparison With the Human Protein. J Biol Chem
1978, 253, 5293-5298.

Siiteri, P.K.; Murai, J.T.; Hammond, G.L.; Nisker, J.A.; Raymoure, W.J. and Kuhn, R W.
The Serum Transport of Steroid Hormones. Recent Prog Horm Res 1982, 38, 457-510.

Mendel, C.M. The Free Hormone Hypothesis: a Physiologically Based Mathematical
Model. Endocr Rev 1989, 10, 232-274.

Westphal U Steriod-Protein Interactions Vol 2. Monograph on Endocrinology 1986, 27.

Pardridge, W.M. Selective Delivery of Sex Steroid Hormones to Tissues in Vivo by
Albumin and by Sex Hormone-Binding Globulin. Ann NY Acad Sci 1988, 538, 173-192.

Nakhla, A.M.; Khan, M.S. and Rosner, W. Biologically Active Steroids Activate
Receptor-Bound Human Sex Hormone- Binding Globulin to Cause LNCaP Cells to
Accumulate Adenosine 3',5'- Monophosphate. J Clin Endocrinol Metab 1990, 71, 398-
404.

Fortunati, N. Sex Hormone-Binding Globulin: Not Only a Transport Protein. What News
Is Around the Corner? J Endocrinol Invest 1999, 22, 223-234.

80



(61)

(62)

(63)

(64)

(65)

(66)

(67)

Porto, C.S.; Musto, N.A.; Bardin, C.W. and Gunsalus, G.L. Binding of an Extracellular
Steroid-Binding Globulin to Membranes and Soluble Receptors From Human Breast

Cancer Cells (MCF-7 Cells). Endocrinology 1992, 130, 2931-2936.

Kahn, S.M.; Hryb, D.J.; Nakhla, A.M.; Romas, N.A. and Rosner, W. Sex Hormone-
Binding Globulin Is Synthesized in Target Cells. J Endocrinol 2002, 175, 113-120.

Fissore, F.; Fortunati, N.; Comba, A.; Fazzari, A.; Gaidano, G.; Berta, L. and Frairia, R.
The Receptor-Mediated Action of Sex Steroid Binding Protein (SBP, SHBG):
Accumulation of CAMP in MCF-7 Cells Under SBP and Estradiol Treatment. Steroids
1994, 59, 661-667.

Fortunati, N.; Fissore, F.; Comba, A.; Becchis, M.; Catalano, M. G.; Fazzari, A.; Berta, L.
and Frairia, R. Sex Steroid-Binding Protein and Its Membrane Receptor in Estrogen-
Dependent Breast Cancer: Biological and Pathophysiological Impact. Horm Res 1996, 45,
202-206.

Catalano, M.G.; Frairia, R.; Boccuzzi, G. and Fortunati, N. Sex Hormone-Binding
Globulin Antagonizes the Anti-Apoptotic Effect of Estradiol in Breast Cancer Cells. Mol
Cell Endocrinol 2005, 230, 31-37.

Kalme, T.; Koistinen, H.; Loukovaara, M.; Koistinen, R. and Leinonen, P. Comparative
Studies on the Regulation of Insulin-Like Growth Factor-Binding Protein-1 (IGFBP-1)
and Sex Hormone-Binding Globulin (SHBG) Production by Insulin and Insulin-Like
Growth Factors in Human Hepatoma Cells. J Steroid Biochem Mol Biol 2003, 86, 197-
200.

Bjornstrom, L. and Sjoberg, M. Mechanisms of Estrogen Receptor Signaling:

Convergence of Genomic and Nongenomic Actions on Target Genes. Mol Endocrinol

2005, 19, 833-842.

81



(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

Yamakawa, K. and Arita, J. Cross-Talk Between the Estrogen Receptor-, Protein Kinase
A-, and Mitogen-Activated Protein Kinase-Mediated Signaling Pathways in the
Regulation of Lactotroph Proliferation in Primary Culture. J Steroid Biochem Mol Biol
2004, 88, 123-130.

Mangelsdorf, D.J.; Thummel, C.; Beato, M.; Herrlich, P.; Schutz, G.; Umesono, K.;
Blumberg, B.; Kastner, P.; Mark, M.; Chambon, P. and Evans, R.M. The Nuclear
Receptor Superfamily: the Second Decade. Cell 1995, 83, 835-839.

Pettersson, K. and Gustafsson, J.A. Role of Estrogen Receptor Beta in Estrogen Action.
Annu Rev Physiol 2001, 63, 165-192.

Picard, D.; Kumar, V.; Chambon, P. and Yamamoto, K.R. Signal Transduction by Steroid
Hormones: Nuclear Localization Is Differentially Regulated in Estrogen and

Glucocorticoid Receptors. Cell Regulation 1990, 1, 291-299.

Gruber, C.J.; Gruber, D.M.; Gruber, .LM.; Wieser, F. and Huber, J.C. Anatomy of the
Estrogen Response Element. Trends Endocrinol Metab 2004, 15, 73-78.

Frasor, J.; Danes, J.M.; Komm, B.; Chang, K.C.; Lyttle, C.R. and Katzenellenbogen, B.S.
Profiling of Estrogen Up- and Down-Regulated Gene Expression in Human Breast Cancer

Cells: Insights into Gene Networks and Pathways Underlying Estrogenic Control of
Proliferation and Cell Phenotype. Endocrinology 2003, 144, 4562-4574.

Greene, G.L.; Gilna, P.; Waterfield, M.; Baker, A.; Hort, Y. and Shine, J. Sequence and
Expression of Human Estrogen Receptor Complementary DNA. Science 1986, 231, 1150-
1154.

Kuiper, G.G.; Enmark, E.; Pelto-Huikko, M.; Nilsson, S. and Gustafsson, J.A. Cloning of
a Novel Estrogen Receptor Expressed in Rat Prostate and Ovary. PNAS 1996, 93, 5925-
5930.

82



(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

Mosselman, S.; Polman, J. and Dijkema, R. ER Beta: Identification and Characterization

of a Novel Human Estrogen Receptor. FEBS Lett 1996, 392, 49-53.

Tremblay, G.B.; Tremblay, A.; Copeland, N.G.; Gilbert, D.J.; Jenkins, N.A.; Labrie, F.
and Giguere, V. Cloning, Chromosomal Localization, and Functional Analysis of the

Murine Estrogen Receptor-Beta. Mol Endocrinol 1997, 11, 353-365.

Menasce, L.P.; White, G.R.M.; Harrison, C.J. and Boyle, J.M. Localization of the
Estrogen Receptor Locus (ESR) to Chromosome 6q25.1 by FISH and a Simple Post-FISH
Banding Technique. Genomics 1993, 17, 263-265.

Enmark, E.; Pelto-Huikko, M.; Grandien, K.; Lagercrantz, S.; Lagercrantz, J.; Fried, G.;
Nordenskjold, M. and Gustafsson, J.A. Human Estrogen Receptor-Beta-Gene Structure,
Chromosomal Localization, and Expression Pattern. J Clin Endocrinol Metab 1997, 82,
4258-4265.

Green, S.; Walter, P.; Kumar, V.; Krust, A.; Bornert, J. M.; Argos, P. and Chambon, P.
Human Oestrogen Receptor CDNA: Sequence, Expression and Homology to V-Erb-A.
Nature 1986, 320, 134-139.

Gustafsson, J.A. Estrogen Receptor Beta--a New Dimension in Estrogen Mechanism of

Action. J Endo 1999, 163, 379-383.

Kuiper, G.G.J.M.; Lemmen, J.G.; Carlsson, B.; Corton, J.C.; Safe, S.H.; van der Saag,
P.T.; van der Burg, B. and Gustafsson, J.A. Interaction of Estrogenic Chemicals and

Phytoestrogens With Estrogen Receptor-Beta. Endocrinology 1998, 139, 4252-4263.

Brzozowski, A.M.; Pike, A.C.W.; Dauter, Z.; Hubbard, R.E.; Bonn, T.; Engstrom, O.;
Ohman, L.; Greene, G.L.; Gustafsson, J.A. and Carlquist, M. Molecular Basis of Agonism
and Antagonism in the Oestrogen Receptor. Nature 1997, 389, 753-758.

83



(84)

(85)

(86)

(87)

(88)

(89)

(90)

Pike, A.C.; Brzozowski, A.M.; Hubbard, R.E.; Bonn, T.; Thorsell, A.G.; Engstrom, A.;
Ljunggren, J.; Gustafsson, J.A. and Carlquist, M. Structure of the Ligand-Binding Domain

of Oestrogen Receptor Beta in the Presence of a Partial Agonist and a Full Antagonist.

EMBO J 1999, 18, 4608-4618.

Kobayashi, Y.; Kitamoto, T.; Masuhiro, Y.; Watanabe, M.; Kase, T.; Metzger, D.;
Yanagisawa, J.; Kato, S. P300 Mediates Functional Synergism Between AF-1 and AF-2
of Estrogen Receptor Alpha and Beta by Interacting Directly With the N-Terminal A/B
Domains. J Biol Chem 2000, 275, 15645-15651.

Benecke, A.; Chambon, P. and Gronemeyer H. Synergy Between Estrogen Receptor
Alpha Activation Functions AF1 and AF2 Mediated by Transcription Intermediary Factor
TIF2. EMBO Rep 2000, 1, 151-157.

Tzukerman, M.T.; Esty, A.; Santiso-Mere, D.; Danielian, P.; Parker, M.G.; Stein, R.B.;
Pike, J.W. and McDonnell, D.P. Human Estrogen Receptor Transactivational Capacity Is
Determined by Both Cellular and Promoter Context and Mediated by Two Functionally
Distinct Intramolecular Regions. Mol Endocrinol 1994, 8, 21-30.

Cowley, S.M. and Parker, M.G. A Comparison of Transcriptional Activation by ER Alpha
and ER Beta. J Steroid Biochem. Mol Biol 1999, 69, 165-175.

Hall, J.M. and McDonnell, D.P. The Estrogen Receptor-Beta-Isoform (ER-Beta) of the
Human Estrogen Receptor Modulates ER-Alpha Transcriptional Activity and Is a Key
Regulator of the Cellular Response to Estrogens and Antiestrogens. Endocrinology 1999,
140, 5566-5578.

Delaunay, F.; Pettersson, K.; Tujague, M. and Gustafsson, J.A. Functional Differences
Between the Amino-Terminal Domains of Estrogen Receptors Alpha and Beta. Mol

Pharmacol 2000, 58, 584-590.

84



O

(92)

(93)

(94)

(95)

(96)

97)

(98)

Mclnerney, E.M.; Weis, K.E.; Sun, J.; Mosselman, S. and Katzenellenbogen, B.S.
Transcription Activation by the Human Estrogen Receptor Subtype Beta (ER-Beta)
Studied With ER-Beta and ER-Alpha} Receptor Chimeras. Endocrinology 1998, 139,
4513-4522.

Pettersson, K.; Grandien, K.; Kuiper, G.G. and Gustafsson, J.A. Mouse Estrogen Receptor
Beta Forms Estrogen Response Element-Binding Heterodimers With Estrogen Receptor

Alpha. Mol Endocrinol 1997, 11, 1486-1496.

Saji, S.; Jensen, E.V.; Nilsson, S.; Rylander, T.; Warner, M. and Gustafsson, J.A.
Estrogen Receptors Alpha and Beta in the Rodent Mammary Gland. PNAS 2000, 97, 337-
342.

Cowley, S.M.; Hoare, S.; Mosselman, S. and Parker, M.G. Estrogen Receptors Alpha
Aand Beta AForm Heterodimers on DNA. J Biol Chem 1997, 272, 19858-19862.

Liu, M.M.; Albanese, C.; Anderson, C.M.; Hilty, K.; Webb, P.; Uht, R.M.; Price, R.H.,
Pestell, R.G. and Kushner, P.J. Opposing Action of Estrogen Receptors Alpha and Beta
on Cyclin D1 Gene Expression. J Biol Chem 2002, 277, 24353-24360.

Pettersson, K.;Delaunay, F. and Gustafsson, J.A. Estrogen Receptor Acts As a Dominant

Regulator of Estrogen Signaling. Oncogene 2000, 19, 4970-4978.

Lindberg, M.K.; Moverare, S.; Skrtic, S.; Gao, H.; Dahlman-Wright, K.; Gustafsson, J.A.
and Ohlsson, C. Estrogen Receptor (ER)-Beta Reduces ER-Alpha-Regulated Gene
Transcription, Supporting a "Ying Yang" Relationship Between ER-Alpha and ER-Beta
in Mice. Mol Endocrinol 2003, 17, 203-208.

Couse, J.F.; Bunch, D.O.; Lindzey, J.; Schomberg, D.W. and Korach, K.S. Prevention of
the Polycystic Ovarian Phenotype and Characterization of Ovulatory Capacity in the
Estrogen Receptor-Alpha Knockout Mouse. Endocrinology 1999, 140, 5855-5865.

85



(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

Eddy, E.M.; Washburn, T.F.; Bunch, D.O.; Goulding, E.H.; Gladen, B.C.; Lubahn, D.B.
and Korach, K.S. Targeted Disruption of the Estrogen Receptor Gene in Male Mice
Causes Alteration of Spermatogenesis and Infertility. Endocrinology 1996, 137, 4796-
4805.

Krege, J.H.; Hodgin, J.B.; Couse, J.F.; Enmark, E.; Warner, M.; Mahler, J.F.; Sar, M.;
Korach, K.S.; Gustafsson, J.A. and Smithies, O. Generation and Reproductive Phenotypes
of Mice Lacking Estrogen Receptor Beta. PNAS 1998, 95, 15677-15682.

Speirs, V.; Parkes, A.T.; Kerin, M.J.; Walton, D.S.; Carleton, P.J.; Fox, J.N. and Atkin,
S.L. Coexpression of Estrogen Receptor-Alpha and Beta: Poor Prognostic Factors in

Human Breast Cancer? Cancer Res 1999, 59, 525-528.

Speirs, V.; Malone, C.; Walton, D.S.; Kerin, M.J. and Atkin, S.L. Increased Expression of
Estrogen Receptor-Beta mRNA in Tamoxifen-Resistant Breast Cancer Patients. Cancer
Res 1999, 59, 5421-5424.

Pujol, P.; Rey, J.M.; Nirde, P.; Roger, P.; Gastaldi, M.; Laffargue, F.; Rochefort, H. and
Maudelonde, T. Differential Expression of Estrogen Receptor-Alpha and -Beta Messenger
RNAs As a Potential Marker of Ovarian Carcinogenesis. Cancer Res 1998, 58, 5367-
5373.

Kuiper, G.G.; Carlsson, B.; Grandien, K.; Enmark, E.; Haggblad, J.; Nilsson, S. and
Gustafsson, J.A. Comparison of the Ligand Binding Specificity and Transcript Tissue
Distribution of Estrogen Receptors Alpha and Beta. Endocrinology 1997, 138, 863-870.

Speirs, V.; Skliris, G.P.; Burdall, S.E. and Carder, P.J. Distinct Expression Patterns of ER-
Alpha and ER-Beta in Normal Human Mammary Gland. J Clin Pathol 2002, 55, 371-374.

Nishihara, E.; Nagayama, Y.; Inoue, S.; Hiroi, H.; Muramatsu, M.; Yamashita, S. and
Koji, T. Ontogenetic Changes in the Expression of Estrogen Receptor-Alpha and Beta in

86



(107)

(108)

(109)

(110)

(111)

(112)

(113)

Rat Pituitary Gland Detected by Immunohistochemistry. Endocrinology 2000, 141, 615-
620.

Setchell, K.D. and Cassidy, A. Dietary Isoflavones: Biological Effects and Relevance to
Human Health. J Nutr 1999, 129, 758S-767S.

Stein, B.; Yang, M.X. Repression of the Interleukin-6 Promoter by Estrogen Receptor Is
Mediated by NF-Kappa B and C/EBP Beta. Mol Cell Biol 1995, 15, 4971-4979.

Paech, K.; Webb, P.; Kuiper, G.G.; Nilsson, S.; Gustafsson, J.A.; Kushner, P.J. and
Scanlan, T.S. Differential Ligand Activation of Estrogen Receptors ER-Alpha and ER at
AP1 Sites. Science 1997, 277, 1508-1510.

Webb, P.; Nguyen, P.; Valentine, C.; Lopez, G.N.; Kwok, G.R.; Mclnerney, E.;
Katzenellenbogen, B.S.; Enmark, E.; Gustafsson, J.A.; Nilsson, S. and Kushner, P.J. The
Estrogen Receptor Enhances AP-1 Activity by Two Distinct Mechanisms With Different
Requirements for Receptor Transactivation Functions. Mol Endocrinol 1999, 13, 1672-
1685.

DeNardo, D.G.; Kim, H.T.; Hilsenbeck, S.; Cuba, V.; Tsimelzon, A. and Brown, P.H.
Global Gene Expression Analysis of Estrogen Receptor Transcription Factor Cross Talk
in Breast Cancer: Identification of Estrogen-Induced/Activator Protein-1-Dependent

Genes. Mol Endocrinol 2005, 19, 362-378.

Montano, M.M. and Katzenellenbogen, B.S. The Quinone Reductase Gene: A Unique
Estrogen Receptor-Regulated Gene That Is Activated Byaantiestrogens. PNAS 1997, 94,
2581-2586.

Ansell, P.J.; Espinosa-Nicholas, C.; Curran, E.M.; Judy, B.M.; Philips, B.J.; Hannink, M.
and Lubahn, D.B. In Vitro and in Vivo Regulation of Antioxidant Response Element-

Dependent Gene Expression by Estrogens. Endocrinology 2004, 145, 311-317.

87



(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)

Bunone, G.; Briand, P.A.; Miksicek, R.J. and Picard, D. Activation of the Unliganded
Estrogen Receptor by EGF Involves the MAP Kinase Pathway and Direct
Phosphorylation. EMBO J 1996, 15, 2174-2183.

Aronica, S.M. and Katzenellenbogen, B.S. Stimulation of Estrogen Receptor-Mediated
Transcription and Alteration in the Phosphorylation State of the Rat Uterine Estrogen
Receptor by Estrogen, Cyclic Adenosine Monophosphate, and Insulin-Like Growth
Factor-I. Mol Endocrinol 1993, 7, 743-752.

Kato, S.; Endoh, H.; Masuhiro, Y.; Kitamoto, T.; Uchiyama, S.; Sasaki, H.; Masushige,
S.; Gotoh, Y.; Nishida, E.; Kawashima, H.; Metzger, D. and Chambon, P. Activation of
the Estrogen Receptor Through Phosphorylation by Mitogen-Activated Protein Kinase.
Science 1995, 270, 1491-1494.

El Tanani, M.K.K. and Green, C.D. Two Separate Mechanisms for Ligand-Independent
Activation of the Estrogen Receptor. Mol Endocrinol 1997, 11, 928-937.

Ignar-Trowbridge, D.M.; Nelson, K.G.; Bidwell, M.C.; Curtis, S.W.; Washburn, T.F.;
McLachlan, J.A. and Korach, K.S. Coupling of Dual Signaling Pathways: Epidermal
Growth Factor Action Involves the Estrogen Receptor. PNAS 1992, 89, 4658-4662.

Tremblay, A.; Tremblay, G.B.; Labrie, F. and Giguere, V. Ligand-Independent
Recruitment of SRC-1 to Estrogen Receptor Beta Through Phosphorylation of Activation
Function AF-1. Mol Cell 1999, 3, 513-519.

Power, R.F.; Mani, S.K.; Codina, J.; Conneely, O.M.; O'Malley, B.W. Dopaminergic and
Ligand-Independent Activation of Steroid Hormone Receptors. Science 1991, 254, 1636-
1639.

Neuman, E.; Ladha, M. H.; Lin, N.; Upton, T. M.; Miller, S. J.; DiRenzo, J.; Pestell, R.
G.; Hinds, P. W.; Dowdy, S. F.; Brown, M. and Ewen, M. E. Cyclin D1 Stimulation of

88



(122)

(123)

(124)

(125)

(126)

(127)

(128)

Estrogen Receptor Transcriptional Activity Independent of Cdk4. Mol Cell Biol 1997, 17,
5338-5347.

Trowbridge, J.M.; Rogatsky, I. and Garabedian, M.J. Regulation of Estrogen Receptor
Transcriptional Enhancement by the Cyclin A/Cdk2acomplex. PNAS 1997, 94, 10132-
10137.

Zwijsen, R.M.; Wientjens, E.; Klompmaker, R.; van der Sman, J.; Bernards, R. and
Michalides, R.J. CDK-Independent Activation of Estrogen Receptor by Cyclin D1. Cell
1997, 88, 405-415.

Nilsson, S.; Makela, S.; Treuter, E.; Tujague, M.; Thomsen, J.; Andersson, G.; Enmark,
E.; Pettersson, K.; Warner, M. and Gustafsson, J.A. Mechanisms of Estrogen Action.

Physiol Rev 2001, 81, 1535-1565.

Ho, K.J. and Liao, J.K. Nonnuclear Actions of Estrogen. Arterioscler Thromb Vasc Biol
2002, 22, 1952-1961.

Losel, R.M.; Falkenstein, E.; Feuring, M.; Schultz, A.; Tiallmann, H.C.; Rossol-Haseroth,
K. and Wehling, M. Nongenomic Steroid Action: Controversies, Questions, and Answers.

Physiol Rev 2003, 83, 965-1016.

Watters, J.J.; Campbell, J.S.; Cunningham, M.J.; Krebs, E.G. and Dorsa, D.M. 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.

Norfleet, A.M.; Clarke, C.H.; Gamethch, B.A.H.I. and Watson, C.S. Antibodies to the
Estrogen Receptor-Alpha Modulate Rapid Prolactin Release From Rat Pituitary Tumor
Cells Through Plasma Membrane Estrogen Receptors. FASEB J 2000, 14, 157-165.

89



(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

Razandi, M.; Pedram, A.; Greene, G.L. and Levin, E.R. Cell Membrane and Nuclear
Estrogen Receptors (ERs) Originate From a Single Transcript: Studies of ER-Alpha and
ER-Beta Expressed in Chinese Hamster Ovary Cells. Mol Endocrinol 1999, 13, 307-319.

Pyo Kim, H.; Young Lee, J.; Kim Jeong, J.; Won Bae, S.; Kyu Lee, H. and Jo, L
Nongenomic Stimulation of Nitric Oxide Release by Estrogen Is Mediated by Estrogen
Receptor-Alpha Localized in Caveolae. Biochem Biophys Res Comm 1999, 263, 257-262.

Nadal, A.; Ropero, A. B.; Laribi, O.; Maillet, M.; Fuentes, E. and Soria, B. Nongenomic
Actions of Estrogens and Xenoestrogens by Binding at a Plasma Membrane Receptor
Unrelated to Estrogen Receptor Alpha and Estrogen Receptor Beta. PNAS 2000, 97,
11603-11608.

Gu, Q.; Korach, K.S. and Moss, R.L. Rapid Action of 17-B-Estradiol on Kainate-Induced
Currents in Hippocampal Neurons Lacking Intracellular Estrogen Receptors.

Endocrinology 1999, 140, 660-666.

Benten, W.P.; Stephan, C.; Lieberherr, M. and Wunderlich, F. Estradiol Signaling Via
Sequestrable Surface Receptors. Endocrinology 2001, 142, 1669-1677.

Thomas, P.; Pang, Y.; Filardo, E.J. and Dong, J. Identity of an Estrogen Membrane
Receptor Coupled to a G Protein in Human Breast Cancer Cells. Endocrinology 2005,
146, 624-632.

Korach, K.S. and McLachlan, J.A. Techniques for Detection of Estrogenicity. Environ
Health Perspect 1995, 103 Suppl 7, 5-8.

Acconcia, F.; Totta, P.; Ogawa, S.; Cardillo, 1.; Inoue, S.; Leone, S.; Trentalance, A.;
Muramatsu, M. and Marino, M. Survival Versus Apoptotic 17-B-Estradiol Effect: Role of
ER Alpha and ER Beta Activated Non-Genomic Signaling. J Cell Physiol 2005, 203, 193-
201.

90



(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

Razandi, M.; Pedram, A.; Rosen, E.M. and Levin, E.R. BRCA1 Inhibits Membrane
Estrogen and Growth Factor Receptor Signaling to Cell Proliferation in Breast Cancer.

Mol Cell Biol 2004, 24, 5900-5913.

Improta-Brears, T.; Whorton, A.R.; Codazzi, F.; York, J.D.; Meyer, T. and McDonnell,
D.P. Estrogen-Induced Activation of Mitogen-Activated Protein Kinase Requires

Mobilization of Intracellular Calcium. PNAS 1999, 96, 4686-4691.

Goetz, R.M.; Thatte, H.S.; Prabhakar, P.; Cho, M.R.; Michel, T. and Golan, D.E.
Estradiol Induces the Calcium-Dependent Translocation of Endothelial Nitric Oxide

Synthase. PNAS 1999, 96, 2788-2793.

Simoncini, T.; Hafezi-Moghadam, A.; Brazil, D.P.; Ley, K.; Chin, W.W. and Liao, J.K.
Interaction of Oestrogen Receptor With the Regulatory Subunit of Phosphatidylinositol-3-
OH Kinase. Nature 2000, 407, 538-541.

Nicholson, R.I.; McClelland, R.A.; Robertson, J.F. and Gee, J.M. Involvement of Steroid
Hormone and Growth Factor Cross-Talk in Endocrine Response in Breast Cancer. Endocr

Relat Cancer 1999, 6, 373-387.

Razandi, M.; Pedram, A.; Levin, E.R. Plasma Membrane Estrogen Receptors Signal to
Antiapoptosis in Breast Cancer. Mol Endocrinol 2000, 14, 1434-1447.

Cavalieri, E.; Frenkel, K.; Liehr, J.G.; Rogan, E. and Roy, D. Estrogens As Endogenous
Genotoxic Agents--DNA Adducts and Mutations. J Natl Cancer Inst Monogr 2000, 27,
75-93.

Liska, D.J. The Detoxification Enzyme Systems. Altern Med Rev 1998, 3, 187-198.

Wuttke, W.; Jarry, H.; Becker, T.; Schultens, A.; Christoffel, V.; Gorkow, C. and
Seidlova-Wuttke, D. Phytoestrogens: Endocrine Disrupters or Replacement for Hormone

Replacement Therapy? Maturitas 2003, 44, S9-S20.

91



(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

Magee, P.J. and Rowland, I.R. Phyto-Oestrogens, Their Mechanism of Action: Current
Evidence for a Role in Breast and Prostate Cancer. Br J Nutr 2004, 91, 513-531.

Koes, R.; Verweij, W. and Quattrocchio, F. Flavonoids: a Colorful Model for the
Regulation and Evolution of Biochemical Pathways. Trends in Plant Science 2005, 10,
236-242.

Kootstra, A. Protection From UV-B-Induced DNA Damage by Flavonoids. Plant Mol
Biol 1994, 26, 771-774.

Van Acker, S.A.B.E.; Van Den Berg, D.; Tromp, M.N.J.L.; Griffioen, D.H.; Van
Bennekom, W.P. and Van Der Vijgh, W.J.F.; Bast, A. Structural Aspects of Antioxidant
Activity of Flavonoids. Free Radical Biol Med 1996, 20, 331-342.

Tereschuk, M.L.; Riera, M.V.Q.; Castro, G.R. and Abdala, L.R. Antimicrobial Activity of
Flavonoids From Leaves of Tagetes Minuta. J Ethnopharmacol 1997, 56, 227-232.

Rocha, A.D.; de Oliveira, A.B.; de Souza Filho. J.D.; Lombardi, J.A. and Braga, F.C.
Antifungal Constituents of Clytostoma Ramentaceum and Mansoa Hirsuta. Phytother Res
2004, 18, 463-467.

Miksicek, R.J. Interaction of Naturally Occurring Nonsteroidal Estrogens With Expressed
Recombinant Human Estrogen Receptor. J Steroid Biochem Mol Biol 1994, 49, 153-160.

Murkies, A.L.; Wilcox, G. and Davis, S.R. Phytoestrogens. J Clin Endocrinol Metab
1998, 83, 297-303.

Althuis, M.D.; Dozier, J.M.; Anderson, W.F.; Devesa, S.S. and Brinton, L.A. Global
Trends in Breast Cancer Incidence and Mortality 1973-1997. Int J Epidemiol 2005, 34,
405-412.

92



(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

Le Bail, J.C.; Champavier, Y.; Chulia, A.J. and Habrioux, G. Effects of Phytoestrogens on
Aromatase, 3 and 17B-Hydroxysteroid Dehydrogenase Activities and Human Breast
Cancer Cells. Life Sci 2000, 66, 1281-1291.

Tikkanen, M.J.; Wahala, K.; Ojala, S.; Vihma, V. and Adlercreutz, H. Effect of Soybean
Phytoestrogen Intake on Low Density Lipoprotein Oxidationaresistance. PNAS 1998, 95,
3106-3110.

Hodgert, J.H.; Zacharewski, T.R. and Hammond, G.L. Interactions Between Human
Plasma Sex Hormone-Binding Globulin and Xenobiotic Ligands. J Steroid Biochem Mol
Biol 2000, 75, 167-176.

Martin, M.E.; Haourigui, M.; Pelissero, C.; Benassayag, C.; Nunez, E.A. Interactions
Between Phytoestrogens and Human Sex Steroid Binding Protein. Life Sci 1996, 58, 429-
436.

Dechaud, H.; Ravard, C.; Claustrat, F.; de la Perriere, A.B. and Pugeat, M. Xenoestrogen
Interaction With Human Sex Hormone-Binding Globulin (hRSHBG). Steroids 1999, 64,
328-334.

Scalbert, A. and Williamson, G. Dietary Intake and Bioavailability of Polyphenols. J Nutr
2000, 130, 2073S-2085S.

Setchell, K.D.; Brown, N.M.; Zimmer-Nechemias, L.; Brashear, W.T.; Wolfe, B.E.;
Kirschner, A.S. and Heubi, J.E. Evidence for Lack of Absorption of Soy Isoflavone
Glycosides in Humans, Supporting the Crucial Role of Intestinal Metabolism for

Bioavailability. Am J Clin Nutr 2002, 76, 447-453.

Setchell, K.D.; Zimmer-Nechemias, L.; Cai, J. and Heubi, J.E. Isoflavone Content of
Infant Formulas and the Metabolic Fate of These Phytoestrogens in Early Life. Am J Clin
Nutr 1998, 68, 1453S-1461.

93



(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

Ibarreta, D.; Daxenberger, A. and Meyer, H.H. Possible Health Impact of Phytoestrogens
and Xenoestrogens in Food. APMIS Suppl 2001, S402-S425.

Knight, D. C.; Eden, J. A. Phytoestrogens -- a Short Review. Maturitas 1995, 22, 167-
175.

Cornwell, T.; Cohick, W.; Raskin, I. Dietary Phytoestrogens and Health. Phytochemistry
2004, 65, 995-1016.

Owen, A.J.; Abbey, M. and Roach, P.D. Regulation of Low-Density Lipoprotein Receptor
Activity by Estrogens and Phytoestrogens in a HepG2 Cell Model. Ann Nutr Metab 2004,
48, 269-275.

Mueller, S.O.; Simon, S.; Chae, K.; Metzler, M. and Korach, K. S. Phytoestrogens and
Their Human Metabolites Show Distinct Agonistic and Antagonistic Properties on
Estrogen Receptor-Alpha (ER-Alpha) and ER-Beta in Human Cells. Toxicol Sci 2004, 80,
14-25.

Muthyala, R.S.; Ju, Y.H.; Sheng, S.; Williams, L.D.; Doerge, D.R.; Katzenellenbogen,
B.S.; Helferich, W.G. and Katzenellenbogen, J.A. Equol, a Natural Estrogenic Metabolite
From Soy Isoflavones: Convenient Preparation and Resolution of R- and S-Equols and
Their Differing Binding and Biological Activity Through Estrogen Receptors Alpha and
Beta. Bioorg Med Chem 2004, 12, 1559-1567.

An, J.; Tzagarakis-Foster, C.; Scharschmidt, T.C.; Lomri, N. and Leitman, D.C. Estrogen
Receptor Beta -Selective Transcriptional Activity and Recruitment of Coregulators by

Phytoestrogens. J Biol Chem 2001, 276, 17808-17814.

Liu, J.; Burdette, J.E.; Xu, H.; Gu, C.; van Breemen, R.B.; Bhat, K.P.; Booth, N.;
Constantinou, A.l; Pezzuto, J.M.; Fong, H.H.; Farnsworth, N.R. and Bolton, J.L.
Evaluation of Estrogenic Activity of Plant Extracts for the Potential Treatment of

Menopausal Symptoms. J Agric Food Chem 2001, 49, 2472-2479.

94



(171)

(172)

(173)

(174)

(175)

(176)

(177)

(178)

Overk, C.R.; Yao, P.; Chadwick, L.R.; Nikolic, D.; Sun, Y.; Cuendet, M.A.; Deng, Y.;
Hedayat, A.S.; Pauli, G.F.; Farnsworth, N.R.; van Breemen, R.B. and Bolton, J.L.
Comparison of the in Vitro Estrogenic Activities of Compounds From Hops (Humulus
Lupulus) and Red Clover (Trifolium Pratense). J Agric Food Chem 2005, 53, 6246-6253.

Dornstauder, E.; Jisa, E.; Unterrieder, 1.; Krenn, L.; Kubelka, W. and Jungbauer, A.
Estrogenic Activity of Two Standardized Red Clover Extracts (Menoflavon(R)) Intended
for Large Scale Use in Hormone Replacement Therapy. J Steroid Biochem Mol Biol 2001,
78, 67-75.

Casanova, M.; You, L.; Gaido, K.W.; Archibeque-Engle, S.; Janszen, D.B. and Heck,H.
A. Developmental Effects of Dietary Phytoestrogens in Sprague-Dawley Rats and

Interactions of Genistein and Daidzein With Rat Estrogen Receptors Alpha and Beta in
Vitro. Toxicol Sci 1999, 51, 236-244.

Jefferson, W.N.; Padilla-Banks, E.; Clark, G. and Newbold, R.R. Assessing Estrogenic
Activity of Phytochemicals Using Transcriptional Activation and Immature Mouse

Uterotrophic Responses. J Chromatography B 2002, 777, 179-189.

Miksicek, R.J. Estrogenic Flavonoids: Structural Requirements for Biological Activity.

Proc Soc Exp Biol Med 1995, 208, 44-50.

Rosenberg Zand, R.S.; Jenkins, D.J.A. and Diamandis, E.P. Flavonoids and Steroid
Hormone-Dependent Cancers. J Chromatography B 2002, 777, 219-232.

Chiba, H.; Uehara, M.; Wu, J.; Wang, X.; Masuyama, R.; Suzuki, K.; Kanazawa, K. and
Ishimi, Y. Hesperidin, a Citrus Flavonoid, Inhibits Bone Loss and Decreases Serum and

Hepatic Lipids in Ovariectomized Mice. J Nutr 2003, 133, 1892-1897.

Lacey, M.; Bohday, J.; Fonseka, S.M.R.; Ullah, A.I. and Whitehead, S.A. Dose-Response
Effects of Phytoestrogens on the Activity and Expression of 3p-Hydroxysteroid

95



(179)

(180)

(181)

(182)

(183)

(184)

Dehydrogenase and Aromatase in Human Granulosa-Luteal Cells. J Steroid Biochem Mol
Biol 2005, 96, 279-286.

McGarvey, C.; Cates, P.S.; Brooks, A.N.; Swanson, I.A.; Milligan, S.R.; Coen, C.W. and
O'Byrne, K.T. Phytoestrogens and Gonadotropin-Releasing Hormone Pulse Generator
Activity and Pituitary Luteinizing Hormone Release in the Rat. Endocrinology 2001, 142,
1202-1208.

Kirk, C.J.; Harris, R.M.; Wood, D.M.; Waring, R.H. and Hughes, P.J. Do Dietary
Phytoestrogens Influence Susceptibility to Hormone-Dependent Cancer by Disrupting the
Metabolism of Endogenous Oestrogens? Biochem Soc Trans 2001, 29, 209-216.

Harris, R.M.; Wood, D.M.; Bottomley, L.; Blagg, S.; Owen, K.; Hughes, P.J.; Waring,
R.H. and Kirk, C.J. Phytoestrogens Are Potent Inhibitors of Estrogen Sulfation:
Implications for Breast Cancer Risk and Treatment. J Clin Endocrinol Metab 2004, 89,
1779-1787.

Suzuki, T.; Nakata, T.; Miki, Y.; Kaneko, C.; Moriya, T.; Ishida, T.; Akinaga, S.;
Hirakawa, H.; Kimura, M.; Sasano, H. Estrogen Sulfotransferase and Steroid Sulfatase in

Human Breast Carcinoma. Cancer Res 2003, 63, 2762-2770.

Nikander, E.; Kilkkinen, A.; Metsa-Heikkila, M.; Adlercreutz, H.; Pietinen, P.; Tiitinen,
A. and Ylikorkala, O. A Randomized Placebo-Controlled Crossover Trial With

Phytoestrogens in Treatment of Menopause in Breast Cancer Patients. Obstet Gynecol
2003, 101, 1213-1220.

Low, Y.L.; Taylor, J.I.; Grace, P.B.; Dowsett, M.; Scollen, S.; Dunning, A.M.; Mulligan,
A.A.; Welch, A.A.; Luben, R.N.; Khaw, K.T.; Day, N.E.; Wareham, N.J. and Bingham,
S.A. 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 Biomarkers Prev 2005, 14, 213-220.

96



(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

Loukovaara, M.; Carson, M.; Palotie, A. and Adlercreutz, H. Regulation of Sex Hormone-
Binding Globulin Production by Isoflavonoids and Patterns of Isoflavonoid Conjugation

in HepG2 Cell Cultures. Steroids 1995, 60, 656-661.

Mousavi, Y. and Adlercreutz, H. Genistein Is an Effective Stimulator of Sex Hormone-
Binding Globulin Production in Hepatocarcinoma Human Liver Cancer Cells and

Suppresses Proliferation of These Cells in Culture. Steroids 1993, 58, 301-304.

Pino, A.M.; Valladares, L.E.; Palma, M.A.; Mancilla, A.M.; Yanez, M. and Albala, C.
Dietary Isoflavones Affect Sex Hormone-Binding Globulin Levels in Postmenopausal

Women. J Clin. Endocrinol Metab 2000, 85, 2797-2800.

Plymate, S.R.; Namkung, P.C.; Metej, L.A. and Petra, P.H. Direct Effect of Plasma Sex
Hormone Binding Globulin (SHBG) on the Metabolic Clearance Rate of 17 Beta-
Estradiol in the Primate. J Steroid Biochem 1990, 36, 311-317.

Wang, C. and Kurzer, M.S. Phytoestrogen Concentration Determines Effects on DNA
Synthesis in Human Breast Cancer Cells. Nutr Cancer 1997, 28, 236-247.

Pagliacci, M.C.; Smacchia, M.; Migliorati, G.; Grignani, F.; Riccardi, C.; Nicoletti, I.
Growth-Inhibitory Effects of the Natural Phyto-Oestrogen Genistein in MCF-7 Human
Breast Cancer Cells. Eur J Cancer 1994, 30A, 1675-1682.

Kaufmann, W.K. Human Topoisomerase II Function, Tyrosine Phosphorylation and Cell

Cycle Checkpoints. Proc Soc Exp Biol Med 1998, 217, 327-334.
Fotsis, T.; Pepper, M.; Adlercreutz, H.; Fleischmann, G.; Hase, T.; Montesano, R. and

Schweigerer, L. Genistein, a Dietary-Derived Inhibitor of in Vitro Angiogenesis. PNAS
1993, 90, 2690-2694.

97



(193)

(194)

(195)

(196)

(197)

(198)

(199)

(200)

Liu, D.; Jiang, H. and Grange, R.W. Genistein Activates the 3'5'-Cyclic Adenosine
Monophosphate Signaling Pathway in Vascular Endothelial Cells and Protects
Endothelial Barrier Function. Endocrinology 2005, 146, 1312-1320.

Bulayeva, N.N. and Watson, C.S. Xenoestrogen-Induced ERK-1 and ERK-2 Activation
Via Multiple Membrane-Initiated Signaling Pathways. Environ Health Perspect 2004,
112, 1481-1487.

Watson, C.S.; Bulayeva, N.N.; Wozniak, A.L. and Finnerty, C.C. Signaling From the
Membrane Via Membrane Estrogen Receptor-Alpha: Estrogens, Xenoestrogens, and

Phytoestrogens. Steroids 2005, 70, 364-371.

Stork, P.J.S. and Schmitt, J.M. Crosstalk Between CAMP and MAP Kinase Signaling in
the Regulation of Cell Proliferation. Trends in Cell Biology 2002, 12, 258-266.

Mitchell, J.H.; Gardner, P.T.; McPhail, D.B.; Morrice, P.C.; Collins, A.R. and Duthie,
G.G. Antioxidant Efficacy of Phytoestrogens in Chemical and Biological Model Systems.
Arch Biochem Biophysics 1998, 360, 142-148.

Foti, P.; Erba, D.; Riso, P.; Spadafranca, A.; Criscuoli, F. and Testolin, G. Comparison
Between Daidzein and Genistein Antioxidant Activity in Primary and Cancer

Lymphocytes. Arch Biochem Biophysics 2005, 433, 421-427.

Abbey, M.; Owen, A.; Suzakawa, M.; Roach, P. and Nestel, P.J. Effects of Menopause
and Hormone Replacement Therapy on Plasma Lipids, Lipoproteins and LDL-Receptor
Activity. Maturitas 1999, 33, 259-269.

Beck, V.; Rohr, U. and Jungbauer, A. Phytoestrogens Derived From Red Clover: an
Alternative to Estrogen Replacement Therapy? J Steroid Biochem Mol Biol 2005, 94,
499-518.

98



(201)

(202)

(203)

(204)

(205)

(206)

(207)

(208)

(209)

Pizzorno L; Pizzorno, J.J.E. and Murray M Menopause. Nat Med Instruc Patients 2002,
209-214.

Wroblewski Lissin, L. and Cooke, J.P. Phytoestrogens and Cardiovascular Health. J Amer
Col Cardiol 2000, 35, 1403-1410.

Grodstein, F.; Stampfer, M.J.; Manson, J.E.; Colditz, G.A.; Willett, W.C.; Rosner, B.;
Speizer, F.E. and Hennekens, C.H. Postmenopausal Estrogen and Progestin Use and the

Risk of Cardiovascular Disease. N Engl J Med 1996, 335, 453-461.

Ewies, A.A. Phytoestrogens in the Management of the Menopause: Up-to-Date. Obstet
Gynecol Surv 2002, 57, 306-313.

Albertazzi, P. and Purdie, D.W. The Nature and Utility of the Phytoestrogens: a Review
of the Evidence. Maturitas 2002, 42, 173-185.

Brzezinski, A.; Adlercreutz, H.; Shaoul, R.; Rosler, A.; Shmueli, A.; Tanos, V. and
Schenker, J.G. Short-Term Effects of Phytoestrogen-Rich Diet on Postmenopausal
Women. Menopause 1997, 4, 89-94.

Tice, J.A.; Ettinger, B.; Ensrud, K.; Wallace, R.; Blackwell, T. and Cummings, S.R.
Phytoestrogen Supplements for the Treatment of Hot Flashes: the Isoflavone Clover

Extract (ICE) Study: a Randomized Controlled Trial. JAMA 2003, 290, 207-214.

Burke, G.L.; Legault, C.; Anthony, M.; Bland, D.R.; Morgan, T.M.; Naughton, M.J.;
Leggett, K.; Washburn, S.A. and Vitolins, M.Z. Soy Protein and Isoflavone Effects on

Vasomotor Symptoms in Peri- and Postmenopausal Women: the Soy Estrogen Alternative

Study. Menopause 2003, 10, 147-153.

St Germain, A.; Peterson, C.T.; Robinson, J.G. and Alekel, D.L. Isoflavone-Rich or
Isoflavone-Poor Soy Protein Does Not Reduce Menopausal Symptoms During 24 Weeks
of Treatment. Menopause 2001, 8, 17-26.

99



(210)

211)

(212)

(213)

(214)

(215)

(216)

(217)

(218)

Million Women Study, C. Breast Cancer and Hormone-Replacement Therapy in the

Million Women Study. Lancet 2003, 362, 419-427.

Lichr, J.G. Is Estradiol a Genotoxic Mutagenic Carcinogen? Endocr Rev 2000, 21, 40-54.

Cavalieri, E.L.; Stack, D.E.; Devanesan, P.D.; Todorovic, R.; Dwivedy, I.; Higginbotham,
S.; Johansson, S.L.; Patil, K.D.; Gross, M.L.; Gooden, J.K.; Ramanathan, R.; Cerny, R. L.
and Rogan, E. G. Molecular Origin of Cancer: Catechol Estrogen-3,4-Quinones As
Endogenous Tumorainitiators. PNAS 1997, 94, 10937-10942.

Mobley, J.A. and Brueggemeier, R.W. Estrogen Receptor-Mediated Regulation of
Oxidative Stress and DNA Damage in Breast Cancer. Carcinogenesis 2004, 25, 3-9.

Adlercreutz, H. and Mazur, W. Phyto-Oestrogens and Western Diseases. Ann Med 1997,
29, 95-120.

Adlercreutz, H. Phytoestrogens: Epidemiology and a Possible Role in Cancer Protection.

Environ Health Perspect 1995, 103 Suppl 7, 103-112.

Zava, D.T. and Duwe, G. Estrogenic and Antiproliferative Properties of Genistein and

Other Flavonoids in Human Breast Cancer Cells in Vitro. Nutr Cancer 1997, 27, 31-40.

Le Bail, J.C.; Nicolas, J.C.; Habrioux, G. and Varnat, F. Estrogenic and Antiproliferative
Activities on MCF-7 Human Breast Cancer Cells by Flavonoids. Cancer Lett 1998, 130,
209-216.

Oki, T.; Sowa, Y.; Hirose, T.; Takagaki, N.; Horinaka, M.; Nakanishi, R.; Yasuda, C.;
Yoshida, T.; Kanazawa, M. and Satomi, Y. Genistein Induces Gadd45 Gene and G2/M
Cell Cycle Arrest in the DU145 Human Prostate Cancer Cell Line. FEBS Letters 2004,
577, 55-59.

100



(219)

(220)

(221)

(222)

(223)

(224)

(225)

(226)

(227)

Strom, A.; Hartman, J.; Foster, J.S.; Kietz, S.; Wimalasena, J. and Gustafsson, J.A.
Estrogen Receptor-Beta Inhibits 173-Estradiol-Stimulated Proliferation of the Breast
Cancer Cell Line T47D. PNAS 2004, 101, 1566-1571.

Lazennec, G.; Bresson, D.; Lucas, A.; Chauveau, C. and Vignon, F. ER-Beta Inhibits
Proliferation and Invasion of Breast Cancer Cells. Endocrinology 2001, 142, 4120-4130.

Paruthiyil, S.; Parmar, H.; Kerekatte, V.; Cunha, G.R.; Firestone, G.L. and Leitman, D.C.
Estrogen Receptor {Beta} Inhibits Human Breast Cancer Cell Proliferation and Tumor

Formation by Causing a G2 Cell Cycle Arrest. Cancer Res 2004, 64, 423-428.

Losordo, D.W. and Isner, J.JM. Estrogen and Angiogenesis: A Review. Arterioscler
Thromb Vasc Biol 2001, 21, 6-12.

Lamartiniere, C.A.; Murrill, W.B.; Manzolillo, P.A.; Zhang, J.X.; Barnes, S.; Zhang, X.;
Wei, H. and Brown, N.M. Genistein Alters the Ontogeny of Mammary Gland

Development and Protects Against Chemically-Induced Mammary Cancer in Rats. Proc
Soc Exp Biol Med 1998, 217, 358-364.

Wang, J.; Eltoum, L.LE. and Lamartiniere, C.A. Dietary Genistein Suppresses Chemically
Induced Prostate Cancer in Lobund-Wistar Rats. Cancer Lett 2002, 186, 11-18.

Lamartiniere, C.A.; Cotroneo, M.S.; Fritz, W.A.; Wang, J.; Mentor-Marcel, R. and
Elgavish, A. Genistein Chemoprevention: Timing and Mechanisms of Action in Murine

Mammary and Prostate. J Nutr 2002, 132, 552S-555S.

Adlercreutz, H. Phytoestrogens and Breast Cancer. J Steroid Biochem Mol Biol 2002, 83,
113-118.

Kameda, T.; Mano, H.; Yuasa, T.; Mori, Y.; Miyazawa, K.; Shiokawa, M.; Nakamaru, Y ;
Hiroi, E.; Hiura, K.; Kameda, A.; Yang, N.N.; Hakeda, Y. and Kumegawa, M. Estrogen

101



(228)

(229)

(230)

(231)

(232)

(233)

(234)

(235)

(236)

Inhibits Bone Resorption by Directly Inducing Apoptosis of the Bone-Resorbing
Osteoclasts. J Exp Med 1997, 186, 489-495.

Pfeilschifter, J.; Koditz, R.; Pfohl, M. and Schatz, H. Changes in Proinflammatory
Cytokine Activity After Menopause. Endocr Rev 2002, 23, 90-119.

Setchell, K.D. and Lydeking-Olsen, E. Dietary Phytoestrogens and Their Effect on Bone:
Evidence From in Vitro and in Vivo, Human Observational, and Dietary Intervention

Studies. Am J Clin Nutr 2003, 78, 593S-609.

Mendelsohn, M.E. and Karas, R.H. The Protective Effects of Estrogen on the
Cardiovascular System. N Engl J Med 1999, 340, 1801-1811.

Anderson, T.J.; Meredith, .T.; Yeung, A.C.; Frei, B.; Selwyn, A.P. and Ganz, P. The
Effect of Cholesterol-Lowering and Antioxidant Therapy on Endothelium-Dependent
Coronary Vasomotion. N Engl J Med 1995, 332, 488-493.

Hodgson, J.M.; Puddey, 1.B.; Beilin, L.J.; Mori, T.A. and Croft, K.D. Supplementation
With Isoflavonoid Phytoestrogens Does Not Alter Serum Lipid Concentrations: A
Randomized Controlled Trial in Humans. J Nutr 1998, 128, 728-732.

Mazur, W. Phytoestrogen Content in Foods. Baillieres Clin Endocrinol Metab 1998, 12,
729-742.

Yoo, HH.; Kim, T.; Ahn, S.; Kim, Y.J.; Kim, H.Y.; Piao, X.L. and Park, J.H. Evaluation
of the Estrogenic Activity of Leguminosae Plants. Biol Pharm Bull 2005, 28, 538-540.

Cos, P.; De Bruyne, T.; Apers, S.; Berghe, D.V.; Pieters, L. and Vlietinck, A.
Phytoestrogens: Recent Developments. Planta Medica 2003, 589-599.

Seguin, P.; Zheng, W. and Souleimanov, A. Alfalfa Phytoestrogen Content: Impact of
Plant Maturity and Herbage Components. J Agronomy Crop Sci 2004, 190, 211-217.

102



(237)

(238)

(239)

(240)

(241)

(242)

(243)

Boue, S.M.; Wiese, T.E.; Nehls, S.; Burow, M.E.; Elliott, S.; Carter-Wientjes, C.H.; Shih,
B.Y.; McLachlan, J.A. and Cleveland, T.E. Evaluation of the Estrogenic Effects of
Legume Extracts Containing Phytoestrogens. J Agric Food Chem 2003, 51, 2193-2199.

Gehm, B.D.; McAndrews, J.M.; Chien, P.Y. and Jameson, J.L. Resveratrol, a
Polyphenolic Compound Found in Grapes and Wine, Is an Agonist for the
Estrogenareceptor. PNAS 1997, 94, 14138-14143.

Klinge, C.M.; Risinger, K.E.; Watts, M.B.; Beck, V.; Eder, R. and Jungbauer, A.
Estrogenic Activity in White and Red Wine Extracts. J Agric Food Chem. 2003, 51, 1850-
1857.

Milligan, S.R.; Kalita, J.C.; Heyerick, A.; Rong, H.; De Cooman, L. and De Keukeleire,
D. Identification of a Potent Phytoestrogen in Hops (Humulus Lupulus L.) and Beer. J
Clin Endocrinol Metab 1999, 84, 2249.

Milligan, S.R.; Kalita, J.C.; Pocock, V.; Van De Kauter, V.; Stevens, J.F.; Deinzer, M.L.;
Rong, H. and De Keukeleire, D. The Endocrine Activities of 8-Prenylnaringenin and
Related Hop (Humulus Lupulus L.) Flavonoids. J Clin Endocrinol Metab 2000, 85, 4912-
4915.

Ju, Y.H.; Carlson, K.E.; Sun, J.; Pathak, D.; Katzenellenbogen, B.S.; Katzenellenbogen,
J.A. and Helferich, W.G. Estrogenic Effects of Extracts From Cabbage, Fermented
Cabbage, and Acidified Brussels Sprouts on Growth and Gene Expression of Estrogen-
Dependent Human Breast Cancer (MCF-7) Cells. J Agric Food Chem 2000, 48, 4628-
4634.

Oh, S.M. and Chung, K.H. Estrogenic Activities of Ginkgo Biloba Extracts. Life Sci 2004,
74, 1325-1335.

103



(244)

(245)

(246)

(247)

(248)

(249)

(250)

(251)

Ahn, E.M.; Nakamura, N.; Akao, T.; Nishihara, T. and Hattori, M. Estrogenic and
Antiestrogenic Activities of the Roots of Moghania Philippinensis and Their Constituents.

Biol Pharm Bull 2004, 27, 548-553.

Viereck, V.; Emons, G. and Wuttke, W. Black Cohosh: Just Another Phytoestrogen? Tren
Endo Metabol 2005, 16, 214-221.

Lamartiniere, C.A. Protection Against Breast Cancer With Genistein: a Component of

Soy. Am J Clin Nutr 2000, 71, 1705S-1707.

Stanford, J.L.; Herrinton, L.J.; Schwartz, S.M. and Weiss, N.S. Breast Cancer Incidence
in Asian Migrants to the United States and Their Descendants. Epidemiology 1995, 6,
181-183.

Interagency Coordinating Committee on the Validation of Alternative Methods
(ICCVAM) National Toxicology Program (NTP) Interagency Center for the Evaluation of
Alternative Toxicological Methods (NICEATM). Evaluation of In Vitro Test Methods for
Detecting Potential Endocrine Disruptors: Estrogen Receptor and Androgen Receptor
Binding and Transcriptional Activation Assays. NIH Publication 03-4503. 2005. National
Institute of Environmental Health Sciences National Institutes of Health U.S. Public

Health Service Department of Health and Human Services.

Mueller, S.O. Overview of in Vitro Tools to Assess the Estrogenic and Antiestrogenic

Activity of Phytoestrogens. J Chromatography B 2002, 777, 155-165.

Fang, H.; Tong, W.; Perkins, R.; Soto, A.M.; Prechtl, N.V. and Sheehan, D.M.
Quantitative Comparisons of in Vitro Assays for Estrogenic Activities. Environ Health
Perspect 2000, 108, 723-729.

Hayashi, S.I.; Eguchi, H.; Tanimoto, K.; Yoshida, T.; Omoto, Y.; Inoue, A.; Yoshida, N.
and Yamaguchi, Y. The Expression and Function of Estrogen Receptor Alpha and Beta in

104



(252)

(253)

(254)

(255)

(256)

(257)

(258)

Human Breast Cancer and Its Clinical Application. Endocr Relat Cancer 2003, 10, 193-
202.

Dotzlaq, H.; Leygue, E.; Watson, P.H. and Murphy, L.C. Expression of Estrogen
Receptor-Beta in Human Breast Tumors. J Clin Endocrinol Metab 1997, 82, 2371-2374.

Bovee, T.F.H.; Helsdingen, R.J.R.; Rietjens, LM.C.M.; Keijer, J. and Hoogenboom,
R.L.A.P. Rapid Yeast Estrogen Bioassays Stably Expressing Human Estrogen Receptors-
Alpha and Beta, and Green Fluorescent Protein: a Comparison of Different Compounds

With Both Receptor Types. J Steroid Biochem Mol Biol 2004, 91, 99-109.

Gutendorf, B. and Westendorf, J. Comparison of an Array of in Vitro Assays for the
Assessment of the Estrogenic Potential of Natural and Synthetic Estrogens,

Phytoestrogens and Xenoestrogens. Toxicology 2001, 166, 79-89.

Brown, A.M.C.; Jeltsch, J.M.; Roberts, M. and Chambon, P. Activation of PS2 Gene
Transcription Is a Primary Response to Estrogen in the Human Breast Cancer Cell Line

MCEF-7. PNAS 1984, 81, 6344-6348.

Petz, L.N.; Ziegler, Y.S.; Loven, M.A. and Nardulli, A.M. Estrogen Receptor-Alpha and
Activating Protein-1 Mediate Estrogen Responsiveness of the Progesterone Receptor

Gene in MCF-7 Breast Cancer Cells. Endocrinology 2002, 143, 4583-4591.

Weihua, Z.; Saji, S.; Makinen, S.; Cheng, G.; Jensen, E. V.; Warner, M. and Gustafsson,
J.A. Estrogen Receptor (ER) Beta, a Modulator of ERalpha in the Uterus. PNAS 2000, 97,
5936-5941.

Westley, B.R. and May, F.E. Oestrogen Regulates Cathepsin D mRNA Levels in
Oestrogen Responsive Human Breast Cancer Cells. Nucl Acids Res 1987, 15, 3773-
37786.

105



(259)

(260)

(261)

(262)

(263)

(264)

(265)

(266)

Littlefield, B.A.; Gurpide, E.; Markiewicz, L.; McKinley, B. and Hochberg, R.B.A
Simple and Sensitive Microtiter Plate Estrogen Bioassay Based on Stimulation of

Alkaline Phosphatase in Ishikawa Cells: Estrogenic Action of Delta 5 Adrenal Steroids.
Endocrinology 1990, 127, 2757-2762.

Markiewicz, L.; Garey, J. and Adlercreutz, H.; Gurpide, E. In Vitro Bioassays of Non-
Steroidal Phytoestrogens. J Steroid Biochem Mol Biol 1993, 45, 399-405.

Wang, D.Y.; Fulthorpe, R.; Liss, S.N. and Edwards, E.A. Identification of Estrogen-
Responsive Genes by Complementary Deoxyribonucleic Acid Microarray and
Characterization of a Novel Early Estrogen-Induced Gene: EEIG1. Mol Endocrinol 2004,
18, 402-411.

Ise, R.; Han, D.; Takahashi, Y.; Terasaka, S.; Inoue, A.; Tanji, M. and Kiyama, R.
Expression Profiling of the Estrogen Responsive Genes in Response to Phytoestrogens

Using a Customized DNA Microarray. FEBS Letters 2005, 579, 1732-1740.

Morito, K.; Hirose, T.; Kinjo, J.; Hirakawa, T.; Okawa, M; Nohara, T.; Ogawa S; Inoue S;
Muramatsu, M. and Masamune, Y. Interaction of Phytoestrogens With Estrogen

Receptors a and B. Biol Pharm Bull 2001, 24, 351-356.

So, F.V.; Guthrie, N.; Chambers, A.F. and Carroll, K. K. Inhibition of Proliferation of
Estrogen Receptor-Positive MCF-7 Human Breast Cancer Cells by Flavonoids in the
Presence and Absence of Excess Estrogen. Cancer Lett 1997, 112, 127-133.

Wang, Z.Q. and Lou, Y.J. Proliferation-Stimulating Effects of Icaritin and
Desmethylicaritin in MCF-7 Cells. Eur J Pharmacol 2004, 504, 147-153.

Payne, J.; Jones, C.; Lakhani, S. and Kortenkamp, A. Improving the Reproducibility of
the MCF-7 Cell Proliferation Assay for the Detection of Xenoestrogens. Sci Total Environ
2000, 248, 51-62.

106



(267)

(268)

(269)

(270)

271)

(272)

(273)

(274)

Papazisis, K.T.; Geromichalos, G.D.; Dimitriadis, K.A. and Kortsaris, A.H. Optimization
of the Sulforhodamine B Colorimetric Assay. J Immunol Methods 1997, 208, 151-158.

Diel, P.; OIff, S.; Schmidt, S. and Michna, H. Effects of the Environmental Estrogens
Bisphenol A, O,p&Prime;-DDT, P-Tert-Octylphenol and Coumestrol on Apoptosis
Induction, Cell Proliferation and the Expression of Estrogen Sensitive Molecular
Parameters in the Human Breast Cancer Cell Line MCF-7. J Steroid Biochem Mol Biol
2002, 80, 61-70.

Rowlands, J.C.; Berhow, M.A. and Badger, T.M. Estrogenic and Antiproliferative
Properties of Soy Sapogenols in Human Breast Cancer Cells in Vitro. Food Chem Toxicol
2002, 40, 1767-1774.

Ruh, M.F.; Zacharewski, T.; Connor, K.; Howell, J.; Chen, I. and Safe, S. Naringenin: A
Weakly Estrogenic Bioflavonoid That Exhibits Antiestrogenic Activity. Biochem
Pharmacol 1995, 50, 1485-1493.

Rhodes, R. CellTiter 96® Non-Radioactive Cell Proliferation Assays and CytoTox 96®
Non-Radioactive Cytotoxicity Assay. Promega Notes Magazine 1996, 59, 50-51.

Bruggisser, R.; Jundt, G.; Schaffner, W.; Tullberg-Reinert, H. and von Daeniken K
Interference of Plant Extracts, Phytoestrogens and Antioxidants With the MTT
Tetrazolium Assay. Planta Med 2002, 68, 445-448.

Collins-Burow, B.M.; Duong, B.N.; McLachlan, J.A. and Burow, M.E. Estrogenic and
Antiestrogenic Activities of Flavonoid Phytochemicals Through Estrogen Receptor

Binding-Dependent and -Independent Mechanisms. Nutr Cancer 2000, 38, 229-244.

Villalobos, M.; Olea, N.; Brotons, J.A.; Olea-Serrano, M.F.; Ruiz de Almodovar, J.M. and
Pedraza, V. The E-Screen Assay: a Comparison of Different MCF7 Cell Stocks. Environ
Health Perspect 1995, 103, 844-850.

107



(275)

(276)

(277)

(278)

(279)

(280)

(281)

(282)

Zacharewski, T. In Vitro Bioassays for Assessing Estrogenic Substances .Environ Sci.
Technol 1997, 31, 613-623.

Blair, R.M.; Fang, H.; Branham, W.S.; Hass, B.S.; Dial, S.L.; Moland, C.L.; Tong, W.;
Shi, L.; Perkins, R. and Sheehan, D.M. The Estrogen Receptor Relative Binding Affinities
of 188 Natural and Xenochemicals: Structural Diversity of Ligands. Toxicol Sci 2000, 54,
138-153.

Schmitt, E.; Dekant, W. and Stopper, H. Assaying the Estrogenicity of Phytoestrogens in
Cells of Different Estrogen Sensitive Tissues. Toxicol In Vitro 2001, 15, 433-439.

Zierau, O.; Hamann, J.; Tischer, S.; Schwab, P.; Metz, P.; Vollmer, G.; Gutzeit, H.O. and
Scholz, S. Naringenin-Type Flavonoids Show Different Estrogenic Effects in Mammalian

and Teleost Test Systems. Biochem Biophysical Res Comm 2005, 326, 909-916.

Han, D.; Tachibana, H. and Yamada, K. Inhibition of Environmental Estrogen-Induced
Proliferation of Human Breast Carcinoma MCF-7 Cells by Flavonoids. In Vitro Cell Dev
Biol Anim 2001, 37, 275-282.

Diel, P.; Schmidt, S. and Vollmer, G. In Vivo Test Systems for the Quantitative and
Qualitative Analysis of the Biological Activity of Phytoestrogens. J Chromatography B
2002, 777, 191-202.

Odum, J.; Lefevre, P.A.; Tittensor, S.; Paton, D.; Routledge, E.J.; Beresford, N.A.;
Sumpter, J.P. and Ashby, J. The Rodent Uterotrophic Assay: Critical Protocol Features,

Studies With Nonyl Phenols, and Comparison With a Yeast Estrogenicity Assay. Regul
Toxicol Pharmacol 1997, 25, 176-188.

Wang, C.C.; Prasain, J.K. and Barnes, S. Review of the Methods Used in the
Determination of Phytoestrogens. J Chromatography B 2002, 777, 3-28.

108



(283)

(284)

(285)

(286)

(287)

(288)

(289)

(290)

(291)

(292)

Matsumura, A.; Ghosh, A.; Pope, G.S. and Darbre, P.D. Comparative Study of
Oestrogenic Properties of Eight Phytoestrogens in MCF7 Human Breast Cancer Cells. J
Steroid Biochem Mol Biol 2005, 94, 431-443.

Van den Belt, K.; Berckmans, P.; Vangenechten, C.; Verheyen, R. and Witters, H.
Comparative Study on the in Vitro/in Vivo Estrogenic Potencies of 17-B-Estradiol,

Estrone, 17a-Ethynylestradiol and Nonylphenol. Aquatic Toxicology 2004, 66, 183-195.

Kies, P. Revision of the Genus Cyclopia and Notes on Some Other Sources of Bush Tea.

Bothalia 1951, 6, 161-176.

Watt, J.M; and Breyer-Brandwijk, M.G. The Medicinal and Poisonous Plants of Southern
Africa; London: E & S Livingstone: 1932; pp 70.

Rood, B. Uit Die Veldapteek; Cape Town: Tafelberg-uitgewers Beperk: 1994; pp 51.

Kamara, B.1.; Brandt, E.V.; Ferreira, D. and Joubert, E. Polyphenols From Honeybush
Tea (Cyclopia intermedia). J Agric Food Chem 2003, 51, 3874-3879.

Branham, W.S.; Dial, S.L.; Moland, C.L.; Hass, B.S.; Blair, R.M.; Fang, H.; Shi, L.;
Tong, W.; Perkins, R.G. and Sheehan, D.M. Phytoestrogens and Mycoestrogens Bind to
the Rat Uterine Estrogen Receptor. J Nutr 2002, 132, 658-664.

Wilcox, L.J.; Borradaile, N.M. and Huff, M.W. Antiatherogenic Properties of Naringenin,
a Citrus Flavonoid. Cardio Drug Rev 1999, 17, 160-178.

Zava, D.T.; Blen, M. and Duwe, G. Estrogenic Activity of Natural and Synthetic
Estrogens in Human Breast Cancer Cells in Culture. Environ Health Perspect 1997, 105
Suppl 3, 637-645.

Guthrie, N. and Carroll, K.K. Inhibition of Mammary Cancer by Citrus Flavonoids. Adv
Exp Med Biol 1998, 439, 227-236.

109



(293)

(294)

(295)

(296)

(297)

(298)

(299)

(300)

Bok, S.H.; Lee, S.H.; Park, Y.B.; Bae, K.H.; Son, K.H.; Jeong, T.S. and Choi, M.S.
Plasma and Hepatic Cholesterol and Hepatic Activities of 3-Hydroxy-3-Methyl-Glutaryl-
CoA Reductase and Acyl CoA: Cholesterol Transferase Are Lower in Rats Fed Citrus
Peel Extract or a Mixture of Citrus Bioflavonoids. J Nutr 1999, 129, 1182-1185.

Areias, F.M.; Rego, A.C.; Oliveira, C.R. and Seabra, R.M. Antioxidant Effect of
Flavonoids After Ascorbate/Fe2+-Induced Oxidative Stress in Cultured Retinal Cells.
Biochem Pharmacol 2001, 62, 111-118.

Miyake, Y.; Yamamoto, K. and Osawa, T. Metabolism of Antioxidant in Lemon Fruit

(Citrus Limon.) by Human Intestinal Bacteria. J Agric Food Chem 1997, 45, 3738-3742.

Choi, J.S.; Park, K.Y.; Moon, S.H.; Rhee, S.H. and Young, H.S. Antimutagenic Effect of
Plant Flavonoids in the Salmonella Assay System. Arch Pharm Res 1994, 17, 71-75.

Carraway, R.E.; Hassan, S. and Cochrane, D. E. Polyphenolic Antioxidants Mimic the
Effects of 1,4-Dihydropyridines on Neurotensin Receptor Function in PC3 Cells. J
Pharmacol Exp Ther 2004, 309, 92-101.

Hsu, H.F.; Houng, J.Y.; Chang, C.L.; Wu, C.C.; Chang, F.R. and Wu, Y.C. Antioxidant
Activity, Cytotoxicity, and DNA Information of Glossogyne Tenuifolia. J Agric Food
Chem 2005, 53, 6117-6125.

Kim, J.S. and Jobin, C. The Flavonoid Luteolin Prevents Lipopolysaccharide-Induced
NF-?B Signalling and Gene Expression by Blocking 1?B Kinase Activity in Intestinal
Epithelial Cells and Bone-Marrow Derived Dendritic Cells. Immunology 2005, 115, 375-
387.

Lee, L.T.; Huang, Y.T.; Hwang, J.J.; Lee, A.Y.; Ke, F.C.; Huang, C.J.; Kandaswami, C.;
Lee, P.P. and Lee, M.T. Transinactivation of the Epidermal Growth Factor Receptor
Tyrosine Kinase and Focal Adhesion Kinase Phosphorylation by Dietary Flavonoids:

110



(301)

(302)

(303)

(304)

(305)

(306)

(307)

Effect on Invasive Potential of Human Carcinoma Cells. Biochem Pharmacol 2004, 67,
2103-2114.

Huang, Y.T.; Hwang, J.J.; Lee, P.P.; Ke, F.C.; Huang, J.H.; Huang, C.J.; Kandaswami,
C.; Middleton, E.J. and Lee, M.T. Effects of Luteolin and Quercetin, Inhibitors of
Tyrosine Kinase, on Cell Growth and Metastasis-Associated Properties in A431 Cells
Overexpressing Epidermal Growth Factor Receptor. Br J Pharmacol 1999, 128, 999-
1010.

Markaverich, B.M.; Roberts, R.R.; Alejandro, M.A.; Johnson, G.A.; Middleditch, B.S.
and Clark, J.H. Bioflavonoid Interaction With Rat Uterine Type II Binding Sites and Cell
Growth Inhibition. J Steroid Biochem 1988, 30, 71-78.

Pettit, G.R.; Hoard, M.S.; Doubek, D.L.; Schmidt, J.M.; Pettit, R.K.; Tackett, L.P. and
Chapuis, J.C. Antineoplastic Agents 338. The Cancer Cell Growth Inhibitory.
Constituents of Terminalia Arjuna (Combretaceae). J Ethnopharmacol 1996, 53, 57-63.

Bagli, E.; Stefaniotou, M.; Morbidelli, L.; Ziche, M.; Psillas, K.; Murphy, C. and Fotsis,
T. Luteolin Inhibits Vascular Endothelial Growth Factor-Induced Angiogenesis;
Inhibition of Endothelial Cell Survival and Proliferation by Targeting
Phosphatidylinositol 3'-Kinase Activity. Cancer Res 2004, 64, 7936-7946.

Leiro, J.M.; Alvarez, E.; Arranz, J.A.; Siso, I.G. and Orallo, F. In Vitro Effects of
Mangiferin on Superoxide Concentrations and Expression of the Inducible Nitric Oxide
Synthase, Tumour Necrosis Factor-[Alpha] and Transforming Growth Factor-[Beta]

Genes. Biochem Pharmacol 2003, 65, 1361-1371.
Garrido, G.; Gonzalez, D.; Lemus, Y.; Garcia, D.; Lodeiro, L.; Quintero, G.; Delporte, C.;
Nunez-Selles, A.J. and Delgado, R. In Vivo and in Vitro Anti-Inflammatory Activity of

Mangifera Indica L. Extract (VIMANG(R)). Pharmacol Res 2004, 50, 143-149.

Adlercreutz, H. Phyto-Oestrogens and Cancer. Lancet Oncol 2002, 3, 364-373.

111



CHAPTER 2

Screening of four Cyclopia (honeybush) species for putative
phytoestrogenic activity through estrogen receptor binding assays

2.1. Abstract

Phytoestrogens are plant polyphenols, which are able to mediate an estrogenic effect
through binding to the estrogen receptor (ER) subtypes, ERo and ERfB. Four commercially
available Cyclopia (honeybush) species, C. intermedia, C. subternata C. genistoides, and
C. sessiliflora, together with nine commercially available polyphenols present in some or all of
the species, were screened for phytoestrogenic activity, using a competitive whole cell ER
binding assay. Only naringenin, formononetin and luteolin were able to significantly displace
tritiated E, from hERa, while luteolin, naringenin, formononetin, eriodictyol, narirutin and
eriocitrin bound to hERP. Mangiferin, hesperidin and hesperetin did not bind to hERa and hER.
To our knowledge this is the first time that binding of eriodictyol, eriocitrin and narirutin to the
hER[P was shown. Furthermore, both aqueous and methanol extracts from three independent
harvestings of each Cyclopia species were screened. The results suggest that C. genistoides and
C. subternata display significant phytoestrogenic activity and that methanol extracts from
“unfermented” plant material generally display greater activity. Great variation does, however,
exist within a species, with one C. genistoides harvesting (Gen P104) significantly (P < 0.01)
displacing tritiated E, from both ER subtypes, while the other C. genistoides harvestings either
only significantly (P < 0.01) displaced tritiated E, from hER[ (Gen P105) only, or were unable to
significantly displace tritiated E, from either ER subtype (Gen P122).

2.2. Introduction

The genus Cyclopia comprising ca. 24 species, is part of the rich fynbos plant kingdom of
the Western Cape.' Cyclopia intermedia, C. subternata, C. genistoides and to a lesser extent
C. sessiliflora, are the four species commercially processed. Cyclopia is traditionally consumed

as a caffeine-free herbal tea, which has a very sweet distinct flavour and aroma, and is more
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commonly known as honeybush tea. Traditionally only “fermented” honeybush tea was available,
but the “unfermented” (green) tea has recently been introduced to the public. The fermentation
(oxidation) step during processing, which is necessary for development of the characteristic
sensory properties, reduces the total phenolic content of the plant material >

Several studies investigating the chemical composition of Cyclopia reported that
mangiferin, a xanthone, and the flavanone, hesperidin are the major compounds present.***”
Ferreira et al.* investigated the phenolic composition of fermented C. intermedia, and found
amongst others, the isoflavone, formononetin; the xanthone, mangiferin; flavanones, naringenin,
eriodictyol, hesperetin, and hesperidin; the coumestans, medicagol, flemichapparin, and
sopharacoumestan B; and a flavone, luteolin.* A subsequent study involving unfermented
C. subternata revealed a phenolic composition that also included luteolin, mangiferin and
hesperidin, but with the additional presence of the flavanones, narirutin and eriocitrin amongst
others, which were not present in C. intermedia.’

Recently, honeybush tea has been identified as having antioxidant and antimutagenic
activity, which is thought to be due to its phenolic composition®® The phenolic compounds
present in Cyclopia, however, may have additional biological activities. For example,
formononetin, naringenin and eriodictyol present in C. intermedia* and luteolin present in both

C. intermedia and C. subternata®’ are known to have weak estrogenic effects.”**

Phenolic plant
compounds able to mediate an estrogenic effect, are commonly referred to as phytoestrogens.
Phytoestrogens are believed to alleviate menopausal symptoms and to protect against

10:1E12 prant extracts of Cimicifuga racemosa (black

cardiovascular disease and osteoporosis.
cohosh)" and Trifolium pratense (red clover)'* are already commercially available in western
countries for the treatment of menopausal symptoms, with red clover containing the
phytoestrogens biochanin A, formononetin, genistein and daidzein."

The public is more inclined towards natural product use that they believe have fewer side-
effects than synthetic drugs.'® Their perceptions, as related specifically to phytoestrogens, are
supported by both epidemiological studies and recent reports of health risks associated with
conventional medicine. Epidemiological studies have shown that the incidence of breast cancer
and endometrial cancer is much lower in Asian than Western populations'’ and that this

phenomenon is associated with the traditional Asian diet, which consist mainly of soy.'® A very

well known and intensively studied phytoestrogen, the isoflavone, genistein, present in soybean,
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was isolated and identified as the major contributor to these findings."” Two clinical trial studies,
involving hormone replacement therapy (HRT), by the Women’s Health Initiative, had to be
prematurely terminated due to a number of health risks.***' The estrogen plus progestin treatment
increased risk of breast cancer and cardiovascular disease, while estrogen alone was found to
increase the occurrence of stroke. Alternatives to traditional HRT being investigated thus include
phytoestrogens. Phytoestrogens are believed to minimize the risks associated with HRT, while
retaining the health benefits and even protecting against hormone related cancers. Although these

beliefs are supported by the literature*>>"*

some studies suggest that phytoestrogens may not be
effective in alleviating menopausal symptoms.” Despite this caveat phytoestrogens are in
demand by the public and new plant sources of phytoestrogens are continually investigated for
exploitation by the nutraceutical industry.

Estrogens are responsible for numerous physiological effects especially in reproductive
tissues. Better known for its function in females, it is also essential for the normal development
and reproductive physiology in males.”® Positive physiological effects include maintaining or
increasing bone density”’ and protecting against cardiovascular disease.”* However, because of its
stimulating effect on growth and proliferation of certain cells it is a risk factor for breast and

2939 Estrogen signalling is mainly mediated via the estrogen receptors (ERs)

endometrial cancer.
to which estrogens bind. The ERs are members of the nuclear receptor superfamily, more
specifically the steroid hormone receptor family, and are mostly known as ligand-activated
transcription factors. Binding of the ligand to the ER induces a conformational change and
dissociation of heat shock proteins. This is followed by dimerization and binding to the classical
estrogen response element (ERE) whereby it is able to mediate a biological response.”!

Two ER subtypes, namely estrogen receptor-alpha (ERa)* and estrogen receptor-beta
(ERPB)*, have been identified. The two ER subtypes are homologous, especially in the DNA
binding domain (DBD) with 95% amino acid homology and to a lesser extent, 58% homology, at
the C-terminal ligand binding domain.** The ERa has a broader expression pattern compared to
ERB. They do, however, have some overlapping tissue distributions.”*?*>*

Both ER subtypes are capable of stimulating transcription of ER target genes. The degree
of E, activation (fold induction) through ERP in many cell types is, however, lower than that of

ERa. Physiologically, ERP decreases the overall sensitivity to E, in ERo mediated gene

transcription, and is believed to be the natural cellular protective mechanism against over-

114



proliferation of cells that could lead to cancer formation.***’** Compounds that bind with a
higher affinity to ERP than ERa, are thus of great interest pharmacologically, as ERa induced
hyper-proliferation of estrogen-dependent cancer cells may be constrained by ERP.
Phytoestrogens, which could be a natural alternative or supplement for the treatment of
menopausal women, have been shown to preferentially bind to the ERpB.”

In this study, selected commercially available polyphenols present in Cyclopia as well as
extracts of the four most commonly available Cyclopia spp., i.e. C. genistoides, C. subternata,
C. sessiliflora and C. intermedia, were investigated by evaluating their interaction with both ER
subtypes (ERa and ER). The polyphenols were screened for use as possible marker compounds
of estrogenicity in Cyclopia, while the extracts of the Cyclopia spp. were screened to identify the
species with the highest estrogenicity. Both aqueous extracts, from fermented and unfermented
Cyclopia plant material, and methanol extracts, from unfermented Cyclopia plant material, were
tested. It was also thought necessary to investigate three different harvestings of each species to
eliminate false negatives and to include variations due to growth conditions and/or genetic
variation as this could influence the amount of phenolic compounds present in the plant material.
Phenolic compounds are especially known to occur at high concentrations in plants that are under
stress.*”*! Binding to the ER subtypes was chosen as a screening assay, because binding to the
receptor would constitute the first step in the signal transduction pathway mediating an estrogenic

effect.

2.3. Materials and Methods

Test compounds used

Test compounds used in this study included 17-B-estradiol (1, 3, 5(10)-estratriene),
genistein (4', 5, 7-trihydroxyisoflavone), mangiferin (2-B-D-glucopyranosyl-1,3,6,7-tetrahydroxy-
9H-xanthene-9-one), hesperetin (5,7,3’-dihydroxy-4’-methoxyflavanone), hesperidin (5,3’-
dihydroxy-4’methoxy-7-O-rutinosylflavanone), and naringenin (5,7,4’-trihydroxy-flavanone) and
were purchased from Sigma-Aldrich, South Africa. Luteolin (5,7,3’,4’-tetrahydroxyflavone),
formononetin (7-hydroxy-4’-methoxyisoflavone), eriodictyol (5,7,3’,4’-tetrahydroxyflavanone),

narirutin (naringenin-7-O-rutinoside), and eriocitrin (eriodictyol-7-O-rutinoside) were purchased
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from Extrasynthese, France. The aqueous extracts of Cyclopia spp. were prepared by
E.S. Richards and kindly provided by Dr. E. Joubert, ARC Infruitec-Nietvoorbij. Radiolabelled
ligand, 2,4,6,7-"H-17-B-estradiol, (specific activity 87.0 Ci/mmol, counting efficiency of 46% in

our system) was purchased from Amersham, South Africa.

Plant material

Various species of Cyclopia were harvested as described in Tables 1 and 2. Harvested
plant material (Table 1) was processed according to the standard processing method for
fermented and unfermented tea.** Briefly, for the aqueous extracts, the leaves and stems were cut
into small pieces using a modified fodder cutter. The shredded plant material was moistened with
deionised water to ca. 60% moisture content, after which fermentation at 70°C for 60 hours,
followed by drying at 40°C for 12 hours to ca. 10% moisture content took place. Unfermented
material was dried directly after shredding at 40°C for 12 hours. The dried plant material was
then sieved with an Endecott test sieve (2 mm). The plant material (<2 mm) was pulverized with
a Retsch rotary mill (1 mm sieve) and stored in plastic containers at room temperature. The plant
material for the preparation of the methanol extracts (Table 2) was dried whole at 40°C until dry
where after it was pulverized with a Retsch rotary mill (I mm sieve) and stored in plastic

containers at room temperature.

Aqueous extract preparation

Aqueous extracts were prepared by E.S. Richards.” Briefly, 100 g of pulverized processed
(fermented and unfermented) plant material from three randomly chosen independent harvestings
of C. intermedia, C. subternata, C. genistoides and C. sessiliflora (Table 1) were steeped in 1 L
freshly boiled deionised water for 5 minutes while stirring. Extracts were then filtered through a
Buchner filter using 125 um Polymon mesh cloth to remove most of the plant material followed
by further filtration through Whatman No. 4 filter paper for the removal of finer particles. The
filtrate was stored at -20°C before freeze-drying. The dried aqueous extracts, after freeze-drying,

were stored at room temperature in sealed glass vials, covered with aluminium foil, in desiccators
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kept in the dark. Yield of extract was determined by calculating the mass (g) of dry aqueous
extract (DAE) per 100 g of initial processed plant material.

Methanol extract preparation

Methanol extracts of unfermented Cyclopia species namely, C. intermedia, C. subternata,
C. sessiliflora, and C. genistoides were prepared. Extracts were made of three randomly chosen
independent harvestings of each species (Table 2). The plant material used was not the same as
that used for the preparation of the aqueous extracts.

Dried, pulverized unfermented plant material (25 g) was placed in a 250 ml Erlenmeyer
flask with 50 ml dichloromethane (UNIV AR, Merck, South Africa). The plant material was
allowed to stir continually for 20 hours at room temperature after which it was removed by
filtering through Whatman No. 4 filter paper and the filtrate was discarded. Extraction with
dichloromethane was repeated three times. This preliminary extraction procedure was to remove
the chlorophyll and some of the non-polar components. Dichloromethane extraction was followed
by addition of 50 ml methanol (Pro-analysi GR, Merck, South Africa) to the air-dried plant
material and again this was allowed to stir continually for 20 hours. Methanol extraction was
performed twice, the methanol extracts were pooled with a small volume of water added and
evaporated under vacuum on a rotary evaporator before freeze-drying. Freeze-dried methanol
extracts were ground with a mortar and pestle in a darkened room until a fine homogenous
powder was formed. The powders were stored in screw cap glass vials, covered with aluminium
foil, and placed in vacuum-sealed desiccators in the dark at room temperature. All glassware used
during the extraction process was covered with aluminium foil to protect the extracts from light at
all times. Yield of extract was determined by calculating the mass (g) of dry methanol extract

(DME) per 100 g of initial processed plant material.

Determination of total polyphenol content of aqueous and methanol extracts

The total polyphenol content of the DAE and DME was quantified colorimetrically in
triplicate and expressed as g gallic acid equivalents per 100 g of extract. The method of Singleton
and Rossi was adapted for use in flat-bottomed 96 well plates (B & M Scientific, South Africa).*’
Briefly, 20 ul of sample [gallic acid standards (0.01-0.1 mg/ml) from Sigma-Aldrich, or DAE and
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DME (0.25 mg/ml)] were allowed to react with 100 ul 10% (v/v) Folin-Ciocalteau reagent
(Merck, South Africa) in the presence of 80 ul 7.5% (w/v) NayCOs at 37°C for 2 hours.
Absorbance was measured at 620 nm using a microtiter plate reader, recorded, and g gallic acid
equivalents obtained from the standard curve. Total polyphenol content was calculated as g gallic

acid equivalents per 100 g of freeze-dried extract.
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Table 1: Details of Cyclopia spp. plant material harvested and used for the preparation of aqueous extracts.

Species Processing Harvesting* Area harvested Date qf
harvesting
Gen 1G Koksrivier, Pearly Beach 15 March 2001
Unfermented Gen 2G Koksrivier, Pearly Beach 15 March 2001
C. genistoides Gen 3G Koksrivier, Pearly Beach 15 March 2001
West Coast
type Gen IF Koksrivier, Pearly Beach 15 March 2001
Fermented Gen 2F Koksrivier, Pearly Beach 15 March 2001
Gen 3F Koksrivier, Pearly Beach 15 March 2001
Sub 1G Waboomskraal, Outeniqua (3-yr-old plantation) 10 February 1999
Unfermented Sub 3G Waboomskraal, Outeniqua (3-yr-old plantation) 10 February 1999
Sub 15G Du Toitskloof 01 October 1998
C. subternata
Sub 8F Waboomskraal, Outeniqua (3-yr-old plantation) 10 February 1999
Fermented Sub 10F Waboomskraal, Outeniqua (2-yr-old plantation) 17 October 1999
Sub 13F Waboomskraal, Outeniqua (2-yr-old plantation) 17 October 1999
Sess 2G Helderfontein, Stellenbosch (experimental plantation) | 15 February 2001
Unfermented Sess 3G Helderfontein, Stellenbosch (experimental plantation) | 15 February 2001
. Sess 4G Helderfontein, Stellenbosch (experimental plantation) | 15 February 2001
C. sessiliflora
Sess 4F Helderfontein, Stellenbosch (experimental plantation) | 15 February 2001
Fermented Sess 6F Helderfontein, Stellenbosch (experimental plantation) | 15 February 2001
Sess 7F Helderfontein, Stellenbosch (experimental plantation) | 15 February 2001
Int 1G Haarlem (wild harvested) 10 March 2000
Unfermented Int 2G Haarlem (wild harvested) 10 March 2000
. ) Int 5G Haarlem (wild harvested) 10 March 2000
C. intermedia
Int 2F Haarlem (wild harvested) 10 March 2000
Fermented Int 3F Haarlem (wild harvested) 10 March 2000
Int 4F Haarlem (wild harvested) 10 March 2000

*The abbreviations used for the harvestings are also used for the aqueous extracts prepared from these
harvestings. Although some harvestings were done on the same day and on the same plantation

different numbers indicate that they were harvested from different plants or group of plants.

119




Table 2: Details of Cyclopia spp. plant material harvested and used for the preparation of
methanol extracts.

Species Harvesting* Area harvested Date of harvesting
Gen P104 Koksrivier, Pearly Beach 15 March 2001
C. genistoides
West Coast Gen P105 Koksrivier, Pearly Beach 28 March 2001
type
Gen P122 Koksrivier, Pearly Beach 31 March 2003
Sub P118 Helderfontein, Stellenbosch 28 February 2003
C. subternata Sub P111 Helderfontein, Stellenbosch 5 March 2001
Sub PY1 Bien Donne, Simondium 1 March 2000
Sess P108 Helderfontein, Stellenbosch 14 November 2001
C. sessiliflora [ Sess P118 Helderfontein, Stellenbosch 28 February 2003
Sess P69 Bien Donne, Simondium 1 March 2000
Int P111 Helderfontein, Stellenbosch 14 January 2002
C. intermedia Int PX1 Bien Donne, Simondium January 2000
Int P125 Helderfontein, Stellenbosch 19 February 2001

*The abbreviations used for the harvestings are also used for the methanol extracts prepared from
these harvestings. Although some harvestings were done on the same plantation they were done
at different times.
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High-performance liquid chromatography (HPLC) analysis of Cyclopia extracts

The quantification of specific phenolic compounds in DAE prepared from unfermented
and fermented Cyclopia spp. plant material and DME prepared from unfermented Cyclopia spp.
plant material was performed by reverse-phase HPLC as described by Joubert et al.** and kindly
done by C. Malherbe. The HPLC system (Merck Hitachi, LaChrom system, Merck, Germany)
consisted of a solvent pump (LC-7100), autosampler (L-7200), UV detector (L-7450), diode array
detector (DAD) (L-7450), interface (D-7000) and a D-7000 HPLC system manager version 4.1
for system control and data acquisition and analysis. Solvents were degassed in-line with a
Phenomenex Degasser Model DG-4400 (Separations, South Africa). The Phenomenex RP/Cig
Spum Jour Guard column, Phenomenex Synergy MAX-RP 80A column (C,, reverse-phase with
TMS end-capping, 4um; 150 x 4.6 mm ID) and the Phenomenex Luna Phenyl-hexyl column (150
mm x 4.6 mm; 3 micron) were purchased from Separations, South Africa. Only Int P125 was
separated on the Luna Phenyl-hexyl column.

Stock solutions (ca. 4 mg/ml) dissolved in water for DAE and DMSO for DME were
prepared from the DAE and DME of the different species. The stock solutions were filtered
through a 25 mm 0.45 pm Millipore Millex-HV Hydrophilic PVDF syringe filter (Microsep,
South Africa) directly into a HPLC sample vial for injection (10 pl) in duplicate, without further
dilution. Separations were carried out at 30°C with the temperature maintained by a column oven.
Tentative peak identity was determined by means of retention time and comparison to UV spectra
of external HPLC standards. Quantification at 280 nm of compounds was based on peak area,
obtained with valley-to-valley integration, using external standards. Quantities were expressed as
a percentage of the dried extracts. The concentration ranges of external standards were based on

the expected levels of compounds in dried extracts.
Cell culture conditions

African green monkey kidney fibroblast (COS-1) cells (ATCC, United States of America)
were cultured in 175 cm’® culture flasks (Greiner Bio-One International, Austria) in Dulbecco’s
modified Eagle’s medium (DMEM) from Sigma-Aldrich, South Africa, supplemented with 10%
(v/v) fetal calf serum (FCS) from Highveld Biologicals, South Africa, and penicillin (100 IU/ml)
and streptomycin (100 pl/ml) (penicillin- streptomycin) from Gibco-BRL Life Technologies,
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United Kingdom. The cells were maintained in a cell incubator at a humidified atmosphere of
97% relative humidity and 5% CO, at 37°C. COS-1 cells were plated at a density of 2 x 10’ cells
per well into 12 well plates (Nunc, Denmark) or 2 x 10° cells per 10 cm tissue culture dish (Nunc,
Denmark). Cells were allowed to adhere and were therefore incubated for 24 hours before

transfecting.
Transient transfections

Twenty-four hours after plating COS-1 cells were transiently transfected with expression
vectors for one of the ER subtypes, pcDNA3-hERa (D. Harnish, Womens’s Health Research
Institute, Wyeth-Ayerst Research, Radnor, United States of America) or pSG5-hERp (F. Gannon,
European Molecular Biology, Laboratory Heidelberg, Germany), a constitutively expressed
expression vector for B-galactosidase, pPCMV-PBgal (Stratagene, United States of America), and a
filler vector, empty pGL2-basic (Promega Corp, United States of America), using the DEAE-
Dextran transfection method* adapted as described. For association and homologous competitive
binding assays, 12-well plates were used and the following transfection protocol was followed.
Briefly, 495 pl, DMEM pre-heated to 37°C and containing 0.1 mM chloroquine (Sigma-Aldrich,
South Africa) (stock solution 100 mM) and 300 ng DNA (36 ng receptor, 18 ng [-galactosidase
expression vector and 246 ng filler vector) was prepared per well. To this mixture, 5 ul DEAE-
Dextran (Sigma-Aldrich, South Africa) solution (stock solution 10 mg/ml) was added to give a
final concentration of 0.1 mg/ml. The transfection medium (500 pl per well) was added to each
well and cells were incubated for 1 hour at 37°C in a humidified incubator, followed by removal
of transfection medium and washing of cells with pre-heated 10% DMSO/PBS. Finally,
transiently transfected cells were incubated at 37°C overnight in DMEM supplemented with 10%
FCS and 1% penicillin-streptomycin mixture.

For screening of polyphenols and dried extracts, COS-1 cells were transfected in 10 cm
tissue culture dishes. Briefly, 4.95 ml DMEM pre-heated to 37°C and containing 0.1 mM
chloroquine and 6 pg DNA (720 ng receptor, 480 ng B-galactosidase expression vector and 4.8
pg filler vector) was prepared to which 50 pul DEAE-Dextran solution was added (final
concentration of 0.1 mg/ml). The transfection medium, 5 ml, was added and COS-1 cells were

incubated for 1 hour at 37°C in a humidified incubator, followed by removal of transfection
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medium and washing of cells with pre-heated 10% DMSO/PBS. Finally, transiently transfected
cells were incubated at 37°C overnight in DMEM supplemented with 10% FCS and 1%
penicillin-streptomycin mixture.

The following day transiently transfected cells were trypsinized, pooled and plated at a
density of 2 x 10> cells per well into 12 well plates and incubated for 24 hours in at 37°C in a

humidified incubator.

Whole cell binding assays

On the day of whole cell assay (day three for association and homologous competitive ER
binding and day four for screening of polyphenols and extracts) transiently transfected COS-1
cells were washed three times with 500 pl PBS (pre-heated at 37°C) to remove any endogenous
estrogen-like compounds present in the culture medium.

This was followed by a two-hour incubation of the transfected cells with 1 nM
radiolabelled estradiol ("H-E,) and various unlabeled competitors, i.e. extracts or polyphenols in
DMEM without phenol red, FCS or antibiotics. All unlabeled competitors, except for the aqueous
extracts, were dissolved in absolute ethanol (Merck, South Africa) and subsequently added to the
culture medium, giving final concentrations of the commercially available phenolic compounds
and methanol extracts of 10° M and 1.5 pg/ml, respectively, with the final concentration of
ethanol not exceeding 0.1% (w/w). The aqueous extracts were dissolved directly into the culture
medium at a concentration of 1.5 pg/ml. All assays included a negative control, which was in the
presence of 0.1% ethanol, as well as positive controls, which consisted of incubations with E,
(10> M) and genistein (10> M).

After the 2-hour incubation period the cells were immediately placed on ice and further
work was done at 4°C to ensure that the ligand remained bound to the receptor. Cells were
washed three times with 1 ml ice-cold 0.2% bovine serum albumin/PBS (bovine serum albumin
from Roche Applied Science, South Africa), with an interval of 15 minutes between washes to
remove free ligand. Cells were lysed with 50 pl lysis buffer (Tropix Inc., United States of
America) per well. For effective lysis, plates were placed on a shaker for approximately 15
minutes and thereafter allowed to freeze at -20°C. The same general protocol for whole cell

binding was followed for the association (Figure 3) and homologous (Figure 4) competitive
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binding experiments with a few modifications. For the association experiments transfected COS-
1 cells were incubated at various time points with DMEM without phenol red containing 1nM
*H-E, and either 10° M E, or 0.1% DMSO. For homologous competitive binding assays,
transiently transfected COS-1 cells were incubated for 2 hours with 1nM *H-E, and increasing
concentrations of E».

On thawing of samples, 5 pl lysate was used for protein determination. Protein
concentrations were determined using the Bradford protein assay method.* Protein
concentrations were used to normalise radioactivity readings for plating efficiency (screening of
polyphenols and dry extracts).

For association and homologous competitive ER binding -Galactosidase Relative light
units (RLU’s) were used to normalise radioactivity readings for transfection efficiency. On
thawing of samples 5 pl lysate was used to determine [-galactosidase activity using the
chemiluminescent Galacto-Star™ reporter gene assay system for mammalian cells (Tropix Inc.,
United States of America). RLU’s were measured using a luminometer (Labsystems Luminoskan
luminometer, Global Medical Instrumentation Inc., United States of America).

Another 50 pl of lysis buffer was added to the remaining lysate in the wells and this was
quantitatively transferred to scintillation vials to which 3 ml scintillation fluid (Quickszint FLOW
2; Zinsser Analytic, United Kingdom) was added.

Radioactivity of the all assay samples was determined by recording the counts per minute
(CPM) for each measurement using a Beta-scintillation counter (Beckman scintillation counter

LS 3801, Beckman, South Africa).

Data manipulation and statistical analysis

The GraphPad Prism® version 4.00 for Windows (GraphPad Software, USA) was used
for graphical representations and statistical analysis. One-way ANOVA and Dunnett’s multiple
comparison's test as post-test or paired two-tailed t-tests were used for statistical analysis.
P-values are represented as follows: P < 0.05 by *, P <0.01 by **, and P < 0.001 by ***. For all
experiments, unless otherwise indicated, the error bars represent the SEM of three independent
experiments, where each point was determined in triplicate. Pearson correlations (two-tailed)

were done and are expressed as Pearson correlation coefficient (r).
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2.4. Results

2.4.1. Determination of extract yield and total polyphenol content of aqueous and methanol
extracts

The results of DAE and DME yields and their total polyphenol content are presented in
Table 3. The extract yield across all species was significantly (P < 0.05) higher for unfermented
plant material compared to fermented plant material in aqueous extracts. When comparing the
extraction solvents across all species for unfermented plant material, aqueous extraction gave
significantly (P < 0.01) higher yields of soluble solids than methanol extraction. A similar pattern
was observed when each species was considered separately with extract yield highest for DAE
from unfermented plant material, followed by DAE from fermented plant material, and with
DME from unfermented plant material giving the lowest yields.

On comparing the total polyphenol content of the DAE within species, DAE from
unfermented plant material had a significantly (P < 0.001) higher total polyphenol content than
DAE from fermented plant material for all species. The same pattern was observed when
comparing across all species. Within species the total polyphenol content of the DME from
unfermented plant material was significantly lower (P < 0.01) than that for DAE of unfermented
plant material from C. genistoides, and C. subternata, but not from C. intermedia and
C. sessiliflora. However, when comparing across all species there was no significant difference
between the DAE and DME from unfermented plant material. In terms of solvent, DME yields
were significantly lower for all species while the total polyphenol content was only lower for
C. genistoides and C. subternata.

Extract yield and total polyphenol content did not correlate with the DAE (Pearson r =
0.3416) and the DME (Pearson r = 0.2796) from unfermented plant material. However, DAE
yield from fermented plant material did correlate with total polyphenol content (Pearson r =

0.9145) (Figure 1).
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Table 3: Extract yield” and total polyphenol content” of aqueous and methanol Cyclopia spp. extracts.

DAE - from unfermented plant material® DAE - from fermented plant material® DME - from unfermented plant material®
Species Harvesting Extract yield | TPP® content Harvesting Extract yield TPP content | . = fing Extract yield TPP content
(%) (%) (%) (%0) (%) (%0)
Gen 1G 39.52 29.14 Gen 1F 35.5 21.82 Gen P104 13.35 22.31
L Gen 2G 38.84 30.54 Gen 2F 34.29 21.83 Gen P105 13.41 21.99
C. genistoides Gen 3G 39.89 3028 Gen 3F 36.75 2233 Gen P122 18.94 25.02
Average 39.42 29.99 35.51** 21.99%** 15.23%%** 23.11%*
Sub 1G 39.79 33.24 Sub 8F 21.09 19.21 Sub P118 13.02 22.17
C. subternata Sub 3G 39.69 32.44 Sub 10F 23.7 18.42 Sub P111 8.14 23.75
Sub 15G 30.62 31.93 Sub 13F 20.77 17.47 Sub PY1 14.02 23.16
Average 36.7 32.53 21.85%* 18.37*** 11.73** 22.03***
Sess 2G 31.85 29.10 Sess 4F 22.18 16.32 Sess P108 12.83 29.12
C. sessiliflora Sess 3G 33.25 29.78 Sess 6F 23.5 17.68 Sess P118 14.77 32.76
Sess 4G 32.01 29.96 Sess 7F 23.16 19.79 Sess P69 16.01 28.93
Average 32.37 29.62 22,95%** 17.93%*%* 14.54 %% 30.17™
Int1G 26.75 30.53 Int 2F 16.89 17.15 Int P111 12.83 22.93
Int 2G 2543 29.43 Int 3F 16.31 16.06 Int PX1 15.92 25.61
C. Intermedia Int 5G 29.1 30.55 Int 4F - No data Int P125 16.93 30.69
available available
Average 27.09 30.17 16.60%* 16.61%** 15.23%* 26.41"
ACr;’VSZrZI;‘ZC‘eS 33.9 30.58 24.23" 18.72% 14.18" 25.70™

*Yield = g freeze-dried extract per 100 g dried pulverized plant material.

"Total polyphenol content = g gallic acid equivalents per 100 g of freeze-dried extract.

°All aqueous extracts were prepared by E.S. Richards?® from fermented and unfermented plant material as described in Materials and Methods.

4All methanol extracts were prepared from unfermented plant material as described in Materials and Methods.

°TPP abbreviation for total polyphenol.

The statistical analyses were done using two-tailed t-tests and comparing extract yields (and total polyphenol content) within each species (unpaired) and across all species (paired). Within each species the
extract or TPP content was compared to the extract or TPP content of unfermented DAE (*P < 0.05, ** P < 0.01, ***P < 0.001, ns = non significant). For comparison across species, the across species average of
fermented DAE and unfermented DME was compared to the across species average of unfermented DAE (“P < 0.05, *P < 0.01, **P < 0.001, ns = non significant).
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2.4.2. Binding to ER subtypes

Phytoestrogens have been shown to compete with E, for binding to both ERs.****** By
transiently transfecting COS-1 cells with either hERa or hERP it would be possible to determine
whether the commercially available polyphenols known to be present in Cyclopia®® and the DAE
and DME bind to the ER subtypes. Optimization and validation of the whole cell binding assay

were carried out before screening of extracts and polyphenols.

2.4.2.1.0ptimisation of whole cell ER-binding assay

COS-1 cells do not endogenously express ERa or ERB.* This is clearly shown in Figure
2, whereby whole cell binding of cells transfected with empty vector confirmed the lack of
receptor expressed. It is therefore essential to transiently transfect these mammalian cells with
plasmid DNA expressing either ER subtype to evaluate binding to ER. It is also clear from Figure
2 that the hERP is expressed at a higher level than ERo with 1820 fmol of *H-E, binding to
ERB per well while only 889 fmol of *H-E, binds to ERa. per well. This difference may be due to
the different expression vectors used for ERa and ER3. We also determined inter- and intra-assay
variability. The coefficient of variation (CV) calculated within each individual experiment was
under 10% with an average CV of 2.3% for hERo and 6.0% for hERP. The coefficient of
variation for hERa binding experiments performed in triplicate and repeated thrice was only
10%, whereas the coefficient of variation for hRERP binding was 23%.

There is a presumption that for competitive ligand binding experiments equilibrium has
been achieved, thus determining the time to reach binding equilibrium to the receptor is important
in order to interpret results accurately. Thus before screening for putative phytoestrogenic activity
of polyphenols and Cyclopia extracts commenced, the incubation time for equilibrium to be
reached with 1nM *H-E; had to be determined. Equilibrium for hERa-E, binding was reached at
approximately 60 minutes with a halflife (t,,) at 9.3 minutes (Figure 3A). Binding equilibrium for
hER, however, is already reached at approximately 40 minutes with a ty, equal to 6.5 minutes
(Figure 3B). For the present study it was decided to use a two-hour incubation period to ensure
that equilibrium had been reached for both ER subtypes.

After determining the equilibrium time homologous competitive binding experiments

were carried out to determine Kd values of E, for both receptor subtypes. The Kd values
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calculated for hERa and hERf were 0.2 nM and 1.6 nM, respectively. The CV for the Kd was
5.9% and 3.6% for hERa and hER, respectively, for three independent experiments done in
triplicate. From the specific binding (SB) determined in the absence of cold ligand the amount of
receptor levels for hERa and for hER[} was calculated (SB = Bmax[L]/Kd + [L]) to be 1165 fmol
and 1677 tmol, respectively.
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Figure 2: Total binding of *H-E, (1 nM) in COS-1 cells transfected either with
hERa (pcDNA3-hERa), hERB (pSGShERf) or empty vector (pGL2-basic) as
assayed by whole cell binding. Incubation time was two hours.
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Figure 3: Association or equilibrium-binding experiments where COS-1
cells transiently transfected with either (A) hERa or (B) hERP were
incubated with 1 nM *H-E, for various times until receptor-ligand binding
had reached equilibrium. Specific binding (SB) was calculated by
subtracting the non-specific binding from the total binding. One phase
exponential association curve-fit from GraphPad Prism™ was used to
calculate ty;. Y-axis: SB (CPM)/Ymax (CPM) x 100.
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Figure 4: Homologous competitive binding curve for COS-1 cells transiently
transfected with either (A) hERa or (B) hERP. A representative curve of each
ER subtype is shown whereby transfected COS-1 cells were incubated in the
presence of 1 nM SH-E, and increasing concentrations of unlabelled E, for 2
hours. Curve fit was done by means of non-linear regression, homologous
competitive binding curve with one class of binding sites using GraphPad
Prism to determine Kd and Bmax.
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2.4.2.2. Binding of commercially available phenolic compounds present in Cyclopia spp.

The ability of the polyphenols, formononetin, luteolin, naringenin, narirutin, eriodictyol,
eriocitrin, hesperetin, hesperidin and mangiferin, present in Cyclopia®” (Figure 5), to bind to the ER
subtypes were investigated by the competitive whole cell receptor binding assay. The compounds
displacing the highest percentage of tritiated E, could then serve as marker compounds for future
studies investigating the phytoestrogenic activity of honeybush.

All polyphenols investigated at a concentration of 10° M were able to significantly (P < 0.01)
displace tritiated E, from hERP, except for mangiferin, hesperidin, and hesperetin (Figure 6B and
Table 4). Naringenin, luteolin and formononetin were able to displace more than 50% of tritiated E,
from hERB. More known for its antimutagenic and antioxidant properties™®, luteolin was able to
displace 92% of the radiolabelled E, from hERP and compared well with genistein that displaced
95% (Table 4). Eriodictyol displaced 44% tritiated E, while both eriocitrin and narirutin were able to
displace 28% tritiated E, from hER.

Affinity of the polyphenols for hERa was significantly less, with eriodictyol, narirutin and
eriocitrin, hesperidin, hesperetin and mangiferin unable to significantly displace tritiated E, from
hERa. Although naringenin, formononetin and even luteolin were able to compete with radiolabelled
E, for binding to both ER subtypes, the extent of their displacement of radiolabelled E, from hERa
was greatly less (Table 4) with only luteolin displacing more than 50% of the tritiated E, from hERa.
In addition, the phytoestrogen control, genistein, also displayed a slightly higher displacement from
hERp. Despite this, interestingly enough the order of ability to displace labelled E, from the ER
subtypes was similar for both receptor subtypes: E, > genistein > luteolin > naringenin >

formononetin (only for ERfB: > eriodictyol > eriocitrin = narirutin).
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Flavanones Isoflavones

naringenin R, =R,=R,=R,=H formononetin R =R,=R,=H, R,=Me R;
eriodictyol R,=R,=R,=H, R ,=OH genistein R,=R,=OH, R,=R,=H
hesperetin R,=R,=H, R,=Me, R,=OH

hesperidin R,=H, R,=rutinosyl, R,=Me, R,= OH

narirutin R,=R,=R, = H, R,=rutinosyl

eriocitrin R ;=R,=H, R =rutinosyl, R,=OH

OR,

HO 0 OH
R, OH
OH (0]
Flavone Xanthone
luteolin R,=H mangiferin R,=2-B-D-glucopyranosyl

CH OH

HO

Natural hormone
17-B-estradiol

Figure 5: Chemical structures of the polyphenols and E, investigated in this study.
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Figure 6: Commercially available phenolic compounds present in Cyclopia together with
genistein and unlabelled E, were tested at 10° M for displacement of 1 nM *H-E, from (A)
hERa or (B) hER expressed in COS-1 cells. Genistein and 17--estradiol (E,) are used as
positive controls. Control represents total binding of 1 nM *H-E; to the ER subtypes and is
set at 100%. For statistical analysis one-way ANOVA was used with Dunnett's multiple
comparison's post test comparing binding to control. P-values are represented as follows: P
< 0.05 by * and P <0.01 by **.




Table 4: Summary of percentage “H-E, displaced from ER subtypes by the polyphenols present in
Cyclopia

Test compounds Percentage Of(i/fol)-Ez displaced®
(10° M)
hERa hERp
B>’ 100 100
Genistein” 89 95
Luteolin 61 9
Naringenin 24 20
Formononetin 22 53
Eriodictyol s 14
Eriocitrin s o3
Narirutin s -8
Hesperidin o -
Hesperetin g/ -
Mangiferin s "

“Percentage “H-E, displaced calculated from 10> M E; set at 100% displacement.
°E, and genistein were used as positive controls.
‘ns = Did not significantly displace *H-E; from ER receptor subtype.
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2.4.2.3. Binding of DAE from Cyclopia

DAE from Cyclopia assayed represents not only three harvestings of each species, but
also fermented and unfermented plant material (Table 1). All extracts were assayed for binding to
ER subtypes at a concentration of 1.5 pg/ml.

The DAE of fermented and unfermented Cyclopia spp portrayed no significant binding
affinity for hERa (Figure 7 and Table 5), although both the natural ligand E, and the
phytoestrogen, genistein, displaced tritiated E; to a significant degree. The same trend was not
observed when binding to hER was investigated (Figure 8 and Table 5). Although the DAE of
unfermented and fermented C. sessiliflora and C. intermedia were unable to significantly displace
1 nM labelled E, from either ER subtype (Figure 7B and Figure 8B; Table 5), C. genistoides and
C. subternata were notably more consistent in binding to the hERp (Figure 8A and Table 5),
even though neither species were able to significantly displace tritiated labelled E, from
hERa (Figure 7A and Table 5). Two harvestings each from the unfermented and fermented
C. genistoides DAE significantly displaced (P < 0.05) radiolabelled E, from hERf. In contrast,
only two unfermented C. subternata DAE were able to bind significantly (P < 0.05) to hERf
(Figure 8A).
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Figure 7: Percentage binding of 1 nM *H-E, to hERa , expressed in COS-1 cells, by DAE of (A)
C. genistoides and C. subternata (fermented and unfermented) and (B) C. sessiliflora and
C. intermedia (fermented and unfermented) at a concentration of 1.5 pg/ml. As positive controls
17-B-estradiol (E,) and genistein were used at 10~ M. Control represents total binding of 1 nM
’H-E, to hERa set at 100%. For statistical analysis one-way ANOVA was used with Dunnet's
multiple comparison's post test comparing binding to control. P-values are represented as follows:
P <0.05 by * and P <0.01 and by **.
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Figure 8: Percentage binding of *H-E, to hERP, expressed in COS-1 cells, by DAE of (A)
C. genistoides and C. subternata (fermented and unfermented) and (B) C. sessiliflora and
C. intermedia (fermented and unfermented) at a concentration of 1.5 pug/ml. As positive controls
17-B-estradiol (E;) and genistein were used at 10~ M. Control represents total binding of 1 nM
*H-E, to hERP set at 100%. For statistical analysis one-way ANOVA was used with Dunnet's

multiple comparison's post test comparing binding to control. P-values are represented as follows:
P <0.05 by * and P <0.01 by **.
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2.4.2.4. Binding of DME from Cyclopia

Screening of the various DME (Table 2) for binding to the estrogen receptor was assayed
in a similar manner as for the DAE. However, based on the results of the aqueous extracts, only
unfermented plant material was investigated for ER binding ability. All extracts were assayed at a
concentration of 1.5 ug/ml.

In this study unfermented DME of C. intermedia and C. sessiliflora showed no significant
binding affinity for either ERs (Figure 9). This agrees with the results obtained for the DAE of
C. intermedia and C. sessiliflora (Tabel 5).

Similarly to the DAE investigated, some methanol extracts of C. genistoides and
C. subternata were able to compete with tritiated E, for binding to the hER. One C. genistoides
extract (Gen P104) was able to displace the highest percentage tritiated E, (Figure 9 and Table 5)
from both hERa and hERp while the DAE of fermented and unfermented C. genistoides were
only able to bind to hERB. A similar pattern was observed for C. subternata in that a DME
(Sub P118) bound to both ER subtypes, while DAE bound only to hER(. Cyclopia genistoides
portrayed the highest displacement of tritiated E; and the highest incidence of binding (two out of
three harvestings) to ERP. Although this may be interpreted as less variation in estrogenicity
between different harvestings from C. genistoides caution should be exercised, as the sample size

was small (Figure 9 and Table 5).
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Figure 9: Percentage binding of *H-E; to (A) hERa and (B) hERP expressed in COS-1 cells, by
binding of DME of unfermented Cyclopia species at a concentration of 1.5 ug/ml. As positive
controls 17-B-estradiol (E,) and genistein were used at 10~ M. Control represents total binding of
1 nM *H-E, to hERp set at 100%. For statistical analysis one-way ANOVA was used with
Dunnet's multiple comparison's post test comparing binding to control. P-values are represented
as follows: P <0.05 by * and P <0.01 by **.

140




Table 5: Summary of percentage *H-E, displaced from ER subtypes by both aqueous (DAE) and methanol (DME) Cyclopia
extracts.

Extracts screened: Percentage Displacement of 1nM *H-E, (%)*
hERq hERp
DAE: C. genistoides
Gen 1G NB® NB
Gen 2G NB 34k
Gen 3G NB 48%*
Gen 1F NB 35%
Gen 2F 1 NB
Gen 3F NB 52%*
DME: C. genistoides
Gen P104 T4 70%*
Gen P105 9 34%*
Gen P122 12 NB
DAE: C. subternata
Sub 1G NB NB
Sub 3G NB 27%*
Sub 15G 36 33%
Sub 8F NB 19
Sub 10F NB 11
Sub 13F NB NB
DME: C. subternata
Sub P118 43%* 69%*
Sub P111 7 5
Sub PY1 NB 6
DAE: C. sessiliflora
Sess 2G NB 2
Sess 3G 5 17
Sess 4G NB 0.2
Sess 4F 7 NB
Sess 6F 19 40
Sess 7F 16 7.26
DME: C. sessiliflora
Sess P108 NB NB
Sess P118 NB 2
Sess P69 NB NB
DAE: C. intermedia
Int 1G NB 2
Int 2G NB NB
Int 5G NB 28
Int 2F 2 NB
Int 3F 13 5
Int 4F 12 NB
DME: C. intermedia
Int P111 NB NB
Int PX1 NB 10
Int P125 3 3
Genistein 10° M (2.702 x 10~ mg/ml) 76%* 91
17-B-estradiol (2.724 x 107 mg/ml) 100%* 100%*

*DAE and DME were tested at a concentration of 1.5 ug/ml. The positive controls 17-B-estradiol and genistein were both assayed at 10° M (E,
2.724 x 10° mg/ml; genistein: 2.702 x 10~ mg/ml). The total percentage of *H-E, displaced by E, was set at 100% displacement and all other
displacements calculated relative to this.

NB = non-binder extracts were unable to displace *H-E, from ER subtype.

* and **These extracts or compounds significantly (*P < 0.05 and **P<0.01) displaced *H-E, from the indicated ER subtype.
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2.4.3. HPLC analysis of DAE of fermented and unfermented Cyclopia spp. and DME of
unfermented Cyclopia spp.

The extracts prepared from Cyclopia spp (Table 3) were analysed by HPLC to quantify
the polyphenols, luteolin, formononetin, naringenin, eriodictyol, eriocitrin, narirutin, hesperidin,
hesperetin and mangiferin (Figure 5), previously shown to be present in Cyclopia*”. Mangiferin
and hesperidin were ubiquitously present in all species, whether fermented or unfermented, and
all extracts, whether DAE or DME (Tables 6 and 7). Mangiferin, a xanthone, was present at the
highest concentration in most extracts analysed followed by the flavanone, hesperidin. The only
known polyphenols with binding affinity for the ER} (Table 4) that were detected during the
HPLC analysis were eriocitrin and narirutin, however, they were, in most cases, only present in
trace amounts as compared to mangiferin and hesperidin. Luteolin, formononetin, naringenin and
eriodictyol, all shown to bind to ERP (Table 4), were not detected by HPLC analysis under the
conditions used. The HPLC profile (Figure 10) did, however, show unidentified peaks, which
deserves further investigation as to their identity. These peaks may contain more than one

compound that was eluted at the same time (Personal communication, Dr E Joubert, 2005).

2.4.4. Correlations

As phytoestrogens are polyphenols the correlation between total polyphenol content and
binding to hERa or hER} was determined (Figure 11). There was, however, no significant
correlation between percentage total polyphenol content and binding to hERa or hER for any of
the extracts. Eriocitrin and narirutin were the only known compounds detected in the extracts that
were able to compete with *H-E, for binding to the hERB. The amount of eriocitrin (Figure 12A)
or narirutin (Figure 12B) present in each extract was correlated with the percentage “H-E,
displaced from ER[. There was no significant correlation between the binding observed for these
extracts and the amount of erioctrin or narirutin present. As the amounts of eriocitrin and
narirutin present in the extracts did not correlate with binding to the ER3 we hypothesised that
unknown polyphenols in Cyclopia extracts might be responsible for binding to the receptor. Two
sizeable unknown peaks, retention times on HPLC of 4.4 and 6.7 minutes, respectively, were
observed (Figure 10) and correlations between these and the percentage *H-E, displaced from
ER was done (Figure 13). No correlation between the amounts of these unidentified compounds

present in the various dry extracts and binding to the hER subtype was, however, found.
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Table 6: Phenolic content, as determined by HPLC, of the dry aqueous extracts (DAE) of unfermented and fermented plant material from Cyclopia spp.

Percentage of soluble solids”

Species Harvesting
Mangiferin Hesperidin Hesperetin Eriocitrin Narirutin Luteolin Formononetin Naringenin Eriodictyol
Gen 1G 10.040 £ 0.11° 1.010 £ 0.00 nd® 0.175+0.01 nd nd nd nd nd
Gen 2G 8.880+0.07 1.005+0.01 nd 0.165+0.01 nd nd nd nd nd
C. genistoides Gen 3G 10.04 £ 0.11 1.004 £ 0.01 nd 0.169 + 0.00 nd nd nd nd nd
Gen IF 3.910+0.03 0.460 £ 0.00 0.01 £0.00 nd nd nd nd nd nd
Gen 2F 2.975+0.01 0.445+0.01 0.01 £0.00 nd nd nd nd nd nd
Gen 3F 5.845 £ 0.02 0.475+0.01 nd nd nd nd nd nd nd
Sub 1G 1.855+0.01 0.730 +0.01 nd 0.455+0.01 0.040 + 0.00 nd nd nd nd
Sub 3G 1.025 +£0.02 0.460 + 0.00 nd 0.395+0.01 0.040 £ 0.00 nd nd nd nd
. +0. E +0. . +0. . +0.

C. subternata Sub 15G 1.270£0.01 0.390 £ 0.00 nd 0.405+0.01 0.030 £ 0.00 nd nd nd nd
Sub 8F 0.105+0.01 0.365 +0.01 nd 0.290+ 0.00 0.040 + 0.00 nd nd nd nd
Sub 10F 0.070 = 0.00 0.180 £ 0.00 nd 0.380 + 0.00 0.050 £ 0.00 nd nd nd nd
Sub 13F 0.090 + 0.00 0.380 + 0.00 nd 0.190 + 0.01 0.040 + 0.00 nd nd nd nd
Sess 1G 3.875+£0.09 0.515+0.01 nd 0.285 +0.01 0.030 £ 0.00 nd nd nd nd
Sess 2G 4.205 +0.09 0.560 + 0.00 nd 0.300+ 0.00 0.030 + 0.00 nd nd nd nd
. Sess 4G 4.240£0.08 0.525 +0.04 nd 0.265 +0.01 0.025+0.01 nd nd nd nd

C. sessiliflora
Sess 4F 0.180 + 0.00 0.485+0.01 nd 0.100 += 0.00 0.020 + 0.00 nd nd nd nd
Sess 7F 0.215+0.01 0.400 £ 0.00 nd 0.155+0.01 0.010 =0.00 nd nd nd nd
Sess 6F 0.250 + 0.00 0.430 £ 0.00 nd 0.200 = 0.00 0.025 £0.01 nd nd nd nd
Int 1G 1.815+£0.05 1.130 £ 0.03 0.020 +0.00 nd 0.030 £ 0.00 nd nd nd nd
Int 2G 2.085+0.01 1.140 £ 0.00 0.030 + 0.00 nd 0.025+0.01 nd nd nd nd
. . Int 5G 3.300+0.01 1.085 +0.01 0.010 +0.00 nd 0.065 +0.01 nd nd nd nd

C. intermedia
Int 2F 0.200 + 0.00 0.525+0.01 0.060 + 0.00 nd 0.010 £ 0.00 nd nd nd nd
Int 3F 0.240 + 0.00 0.455+0.01 0.100 + 0.00 nd 0.020 + 0.00 nd nd nd nd
Int 4F 0.245 + 0.01 0.23 +£0.00 0.090 + 0.00 nd 0.010 £ 0.00 nd nd nd nd

*Quantities were expressed as a percentage of the extract i.e. g per 100g extract.

®Values represent the means (% of DAE) + SD of two determinations.
‘nd = Not detected.
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Table 7: Phenolic content, as determined by HPLC, of the dry methanol extracts (DME) of unfermented plant material from Cyclopia spp.

Percentage of soluble solids®

. Harvesting
Species s
Mangiferin Hesperidin  Hesperetin Eriocitrin Narirutin Luteolin Formononetin Naringenin Eriodictyol

Gen P104 2.77 +£0.012° 1.22 £ 0.002 nd® 0.19+0.003 0.35+£0.004 nd nd nd nd

C.
genistoides Gen P105 2.71 £0.005 1.21 £0.003 nd 0.19 £0.008 0.35+0.010 nd nd nd nd
Gen P122 2.28 +£0.036 1.21+£0.011 nd 0.22 +0.003 0.31 +£0.000 nd nd nd nd
Sub P118 4.25 +0.000 1.14 £0.000 nd 0.92 +£0.007 0.04 +0.000 nd nd nd nd

C.
subternata Sub P111 3.26+0.001 0.69 +0.002 nd 0.65+0.001 0.03+0.010 nd nd nd nd
Sub PY1 1.705 +0.021 1.63 £0.021 nd 1.90+0.014 0.09 +£0.007 nd nd nd nd
Sess P108 3.69 +£0.002 0.88+0.014 nd 0.45 + 0.002 0.03 +0.003 nd nd nd nd

C.
sessiliflora Sess P118 428 £0.015 1.16 £ 0.008 nd 0.36 £0.016 0.05+0.000 nd nd nd nd
Sess P69 4.61 +£0.042 1.22 +0.019 nd 0.50+0.028 0.06 +£0.002 nd nd nd nd
Int P111 3.90+0.020 1.28 £ 0.007 nd 0.21 £0.001 0.23 £0.000 nd nd nd nd

C.
intermedia Int P X1 521+0.014 1.53 £0.002 nd 0.21 £0.001 0.22 £0.002 nd nd nd nd
Int P125¢ 7.04 +0.057 2.34 +£0.050 nd 0.63 £0.007 0.10 £ 0.000 nd nd nd nd

*Quantities were expressed as a percentage of the extract i.e. g per 100g extract.

"Values represent the means (% of DME) + SD of two determinations.

“Not detected.

Harvesting was analysed on Luna phenyl-hexyl column, which did not separate eriocitrin effectively thus results are over expressed.
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Figure 10: Examples of typical HPLC chromatogram profiles of Cyclopia spp.
Polyphenols quantified and shown on profile are: (a) mangiferin, (b) eriocitrin, (c)
narirutin and (d) hesperidin.
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Figure 11: Correlation between percentage tritiated E, displaced from hERq (=) and
hERf (A) and percentage total polyphenol content (TPP) of (A) DAE from unfermented
plant material, (B) DAE from fermented plant material and (C) DME from unfermented
plant material. All correlations are not significant. Pearson correlations (two-tailed) were
done using GraphPad Prism™.,
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Figure 12: Correlation between the percentage tritiated E, displaced from hERf by
all the extracts investigated and (A) amount of eriocitrin present; (B) amount of
narirutin present as quantified by reversed phase HPLC. Pearson correlations (two-
tailed) were done using GraphPad Prism™,
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Figure 13: Correlation between the percentages tritiated E, displaced from the ER
subtypes, hERa (=) and hERB (A), by the unfermented Cyclopia spp. DME and
the percentage area under the peak of unknown HPLC peaks at (A) a retention time
of 4.4 minutes and (B) a retention time of 6.7 minutes. Pearson correlations (two-
tailed) were done using GraphPad Prism™,
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2.5. Discussion

Epidemiological studies propose that the low occurrence of certain cancers as well as less
severe or no menopausal symptoms in women from Asian countries are due to the intake of
flavonoids, especially soy flavonoids, present in the diet of these individuals.'”'® The phenolic
compounds are thought to mediate their effect by acting as weak estrogens. In contrast,
menopausal women using traditional HRT are believed to have a higher likelihood for the
occurrence of breast cancer.”

Alternative therapies for HRT are thus being researched, as conventional HRT is not
protecting menopausal women from certain conditions such as cardiovascular disease, as were
previously thought.22 In addition, consumers are inclined to prefer natural alternatives, which they
consider to have fewer side-effects.'® Plant flavonoids, such as those present in an Asian diet, are
already marketed and available to women for use as an alternative or supplement to conventional
HRT. These phenolic compounds or phytoestrogens are believed to alleviate menopausal
symptoms and protect against estrogen-dependent cancers.'%'"!?

Honeybush that belongs to the Fabaceae (legume) plant family is a possible source of
phytoestrogens. The identification of known phytoestrogens, naringenin, luteolin, eriodictyol and
formononetin™® in C. intermedia’ and anecdotal communication from a woman in the Langkloof
who drinks a herbal infusion prepared from Cyclopia to alleviate menopausal symptoms
(Personal communication to E. Joubert by J. Nortje, Kouga, 1996) led to this investigation.
Scientific evidence supporting honeybush tea as a supplement to alleviate menopausal symptoms,
could add value to this aromatic herbal infusion as it is already shown to be antimutagenic and
having antioxidant properties.*®

Several of the polyphenols present in the Cyclopia spp. were screened for phytoestrogenic
activity to serve as marker compounds for future experimental studies on the phytoestrogenic
activity of honeybush. In addition, the four commercially available honeybush tea varieties,
C. genistoides, C. subternata, C. sessiliflora and C. intermedia, were screened, through whole
cell competitive receptor binding assays, to ascertain which Cyclopia spp. contained the highest
putative phytoestrogenic activity.

As the plant extraction procedure is rather tedious and time consuming, a high extract
yield is considered an advantage and aimed for. Additionally, the solvent used is also important

for selective extraction and better extraction of flavonoids. In comparing the extract yield within a
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species (paired two-tailed t-test) and across all species (unpaired two-tailed t-test) (Table 3) there
was a significant difference between unfermented and fermented DAE yield (P < 0.05) and total
polyphenol content (P < 0.01). Furthermore, in comparing the extract yield of unfermented DME
within a species and across all species with the unfermented DAE there was a significant
difference (P < 0.01). However, for the total polyphenol content the pattern differs with no
significant difference between DME and DAE from unfermented Cyclopia across species.
Caution should, however, be exercised in evaluating these differences in extraction yield and total
polyphenol content. Although extracts were prepared from the same species they were not always
prepared from the same harvesting or area and these may contribute to variation. The plants were
not monoclonal as they were propagated from seedlings and large genetic variation is to be
expected. It is still interesting, however, that extracts of unfermented samples do give higher yield
and total polyphenol content compared to similar fermented samples.

Binding to the ER is the first interaction in the molecular pathway of the estrogen-
mediated biological response. By using COS-1 cells, which do not endogenously express ER
(Figure 2), selective transient transfection with either hERo or hER[, made distinguishing
binding affinity of the compound or extract for a specific ER subtype possible.

It was essential to optimise and validate the whole cell binding assay before screening of
polyphenols and Cyclopia extracts commenced. The time for binding equilibrium to be reached
had to be determined. The two subtypes did not reach binding equilibrium at the same time
(Figure 3), with hERP binding reaching equilibrium faster. This was expected, as the expression
levels of hERP in COS-1 cells were higher than those for hERa (Figure 2). For convenience sake
and to keep experimental conditions consistent, it was decided to standardise the incubation time
for both hERa and hERP at 2 hours. The Kd values obtained from the literature in many cases
show little difference between the affinity of the natural ligand E, for the ER subtypes. For
example, Kuiper et al.** determined with competitive binding that the Ki for hERo. and hER is
0.13 nM and 0.12 nM, respectively, while with saturation binding®® Kd values between 0.05-0.1
nM were obtained for both hERa and hERP. These literature values compare well with the Kd
values of 0.2 nM (hERa) and 1.6 nM (hERp) determined in this study. It does, however, appear
that E, had a higher affinity for the hERa in our system. This has also been shown by some
investigators, for example, Sun et al.”® showed that binding affinities for hERo. and hERp were

0.3nM and 0.9nM, respectively, using competitive binding.
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Having established the validity of the whole cell binding assay selected flavonoids,
available commercially and present in Cyclopia®®, were investigated for binding to ER subtypes,
since flavonoids have been shown to display ER binding. Specifically, naringenin formononetin,
eriodictyol and luteolin, known phytoestrogens, and narirutin, eriocitrin, hesperidin and

4;51

hesperetin, identified to be present in C. intermedia®' and C. subternata’, were screened at a

concentration of 10°M for binding to the ER subtypes. Mangiferin, a xanthone, was also included
in the investigation as it is present in high concentrations in all Cyclopia spp.****!

Naringenin, formononetin and luteolin bound to both ERa and ERf, with an order of
displacement of luteolin > naringenin > formononetin. Similar to results of the present study,

others have shown that luteolin binds to ERB’, that naringenin binds to ERp™’

and weakly to
ERa**?, and that formononetin binds to ERB and weakly to ERa..*” To our knowledge binding of
luteolin to hERa has not previously been investigated. Others have shown that naringenin has a
higher binding affinity for ERp than luteolin’, which was not supported by data from the present
study. However, full dose response curves were not investigated and therefore the results are not
fully comparable to the ICsq values determined by Han et al.” Similarly to Han et al., the present
study showed that naringenin was able to displace more tritiated E, from hERP than
formononetin. Again it is important to note that for the present study a full dose response was not
investigated and compounds were only tested at 10° M. Of the other polyphenols tested the
flavanones narirutin, eriocitrin, and eriodictyol only bound to the ERp, while the flavanones,
hesperidin and hesperetin, like mangiferin, a xanthone, did not bind to either ER subtype.
Hesperetin has previously been shown to have no binding affinity for the endogenously expressed
ER in MCF-7 cells.” To our knowledge this is the first time it has been shown that eriodictyol,
narirutin, and eriocitrin are able to displace radiolabelled E, from hERp (Figure 6B). Eriodictyol
has, however, previously been shown to have weak estrogenic activity in stimulating both MCF-7
cell proliferation and transcriptional induction of an ERE containing promoter.*” A comparative
study by Miksicek™ with various plant flavonoids suggests that flavonoids with hydroxyl groups
at positions 4’ and 7 are more than likely estrogenic, while if the number of hydroxyl groups
exceeds 4 estrogenic activity is reduced.”® This appeared to hold true for naringenin,
formononetin, luteolin, and eriodictyol investigated in this study. Although hesperetin contains a
hydroxyl group at postion 7 the methoxy group at the 4’-position is likely to prevent hesperetin

from binding to the ER.> A similar argument would thus also be relevant for its glycoside,
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hesperidin. The methoxy group at the 4’-position, however, does not prevent formononetin from
binding to the ER subtypes.’” However, formononetin is not only a isoflavone, with the B-ring in
position 3, but the unsaturated C2-C3 bond imparts planarity.

Phytoestrogens have been shown to have a higher affinity for ERP than for ERa®® which
was also demonstrated in this study. The plant polyphenols tested, including the control genistein,
all preferentially displaced tritiated E, from hERP (Table 4). The ERp is suggested to be a
negative regulator of ERa activity and compounds with selective ER affinity are sought, as it is
believed that they could be used for the treatment for estrogen dependent cancers resulting from
ERa action.”®’ The literature would suggest that ERB activity could protect against excessive
proliferation of cancerous cells mediated by ERa.>**’ This phenomenon could be the reason why
phytoestrogens are considered an alternative to conventional HRT as it could still protect against
osteoporosis and reduce cardiovascular disease, without inducing estrogen-dependent cancers.

Similar to the results with the commercially available polyphenols we found that binding
of Cyclopia extracts to ER was more significant than to ERa (Table 5). None of the DAE bound
significantly to ERa and only one out of three DME from C. genistoides and C. subternata each
bound significantly to ERa. Binding to ERf of C. genistoides extracts surpassed that of all other
extracts with two out of three harvestings giving significant displacement for all extracts (DAE
from fermented and unfermented plant material and DME from unfermented plant material). Of
the other Cyclopia spp only extracts from unfermented C. subternata (two out of three for DAE
and one out of three for DME) gave significant binding to hERB. Only two extracts, both DME,
from C. genistoides and C. subternata, showed significant displacement from both ERa and ER.
Extracts from C. intermedia did not bind significantly to either ER subtype, which was
unexpected due to the presence of isoflavones and coumestans in this genus.* Poor extraction of
aglycones due to low solubility in water, losses during cleanup with dichloromethane for
subsequent methanol extraction or initial low quantities of flavonoids present in the plant material
could explain the inability of C. intermedia to displace tritiated E, from both ER subtypes.

Although the average total polyphenol content of unfermented DAE was significantly
higher than both fermented DAE and unfermented DME when compared within species, ER
binding was not correlated with the total polyphenol content (Figure 11). This was to be expected
as the Folin-Ciocalteau assay only measures the presence and number of hydroxyl groups, which

would suggest that the structural requirements of the polyphenols is more important in
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determining estrogenic effects than the number of hydroxyl groups. In fact Miksicek™, in
comparing a wide variety of polyphenols, found that the diaryl ring structure common to all
flavonoids and at least one hydroxyl group present on each of the aromatic rings are essential for
estrogenic activity. Richards showed a significant (P < 0.0001) correlation between the total
polyphenol content and the antioxidant activity of Cyclopia spp., but not for antimutagenicity.”
This difference in correlation results was attributed to the differences in the requirements of the
polyphenols where the number of hydroxyl groups is important for antioxidant activity, but the
structure of a polyphenol determines antimutagenicity.’

Furthermore, despite the decrease in total polyphenol content of the plant material® and
subsequently of their extracts with fermentation (Table 3), both unfermented and fermented DAE
of C. genistoides were able to bind to the hERP (Figure 8), suggesting that the active
compound(s) in C. genistoides is not highly susceptible to oxidation and thus retained during
fermentation. Fermentation did, however, have an effect on binding of C. subternata extracts, as
only unfermented DAE were able to bind significantly to hER. In this case, loss of the active
compound(s) with oxidation is indicated, also suggesting that the active compound(s) differs
from that of C. gensitoides. These findings indicted that fermentation appears not to have such a
clear-cut effect on ER binding and identification of the active compound(s) is necessary to
understand the effect of fermentation on the binding of ER subtypes by different species.

The quantification of phenolic compounds present in DAE and DME (Tables 6 and 7) was
carried out in an attempt to provide a chemical basis for the observed intra- en inter-species
differences. However, the results also did not explain the significant binding to the ER subtypes
by some extracts. The two major compounds, mangiferin and hesperidin, did not bind to either
ER subtype. The known phytoestrogens, formononetin, luteolin, eriodictyol, and naringenin were
not detected in any of the extracts (aqueous or methanol), while eriocitrin and narirutin, which
bound to hERJ, and would contribute to binding of some extracts, were present only in trace
amounts. It would be expected that the compounds that have binding affinity for the ER subtypes
would be present in higher amounts in the active species such as C. genistoides and
C. subternata, or in extracts such as Gen 104 and Sub P118, which were able to significantly
compete for binding to both ER subtypes. This, however, was not the case with Gen 104, which
bound significantly to both ER subtypes, containing similar amounts of eriocitrin and narirutin as

Int P111 that did not bind to either ER subtype (Table 7). The lack of correlation between the
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amount of eriocitrin and narirutin present in the extracts examined and the displacement of E,
further confirmed that the low levels of eriocitrin and narirutin cannot be responsible for the
binding activity observed in the extracts (Figure 12). This would suggest that unidentified
polyphenols present in the extracts are mainly responsible for the binding activity. Correlations
between two large unidentified HPLC peaks and ER binding of DME were done, but
unfortunately did not suggest that these peaks contribute to the binding activity of the Cyclopia
extracts (Figure 13). However, HPLC separation was not optimized for separation of the peaks,
and several compounds, some with activity and others without activity, could have co-eluted.
This matter needs further investigation.

This study would suggest that not only is honeybush a source of phytoestrogens, but that
both aqueous and methanol extracts preferentially bind to the hERp. In another study conducted
with methanol extracts of the roots of Maghania philippinsis also from the same plant family,
Fabacea, it was shown that these extracts induced proliferation of the human breast cancer cell
line MCF-7.% Further in-depth studies with Cyclopia are therefore important to ascertain if the
phytoestrogens present in Cyclopia display relevant potency in mediating estrogenic or possibly
antiestrogenic effects and these should include proliferative assays in human breast cancer cells.
These assays are essential as receptor-binding studies do not differentiate between agonists and
antagonists.

A high degree of variability in ER binding even within the same species is noticeable
from our results. For example, DME from C. genistoides, showed binding to both ER subtypes
(Gen P104), only to ERB (Gen P105), or to neither subtype (Gen P122) (Table 5). All three
harvestings were from the same plantation (Table 2), but were collected on different dates and not
necessarily from the same plants. One explanation may be that Gen P104 was harvested during a
low-rainfall season in contrast to the other two harvestings (Personal communication,
Dr. E. Joubert, 2004). This may contribute to the higher estrogenicity (78% E, displaced from
hERP) of this particular harvesting, as plants under stress tend to produce more secondary
metabolites i.e. polyphenols, as a protective mechanism.** However, neither the total polyphenol
content nor HPLC data supports this. Another explanation may be that as the Cyclopia industry is
relatively new, there are large geno- and phenotype differences within one species and even
within one plantation (Personal communication, Dr. E. Joubert, 2005). Additionally, the

phytoestrogens previously identified to be present in C. intermedia and C. subternata, were not
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detected in either the DAE or DME of these species in the present study. This variability was also
previously shown by van der Merwe®' who examined the same DAE used in the present study.
The variability, both in ER binding ability and content of specific polyphenols does, however,
also highlight the importance of testing for the estrogenicity of individual harvestings as no
blanket claims can at this stage be made concerning estrogenic activity of individual Cyclopia
species. Nevertheless, our results do suggest that future in-depth studies should concentrate on
investigating the estrogenicity of C. genistoides, which was shown to have the most consistent
phytoestrogenic activity. It is also important to identify the specific compounds responsible for
the phytoestrogenic activity in Cyclopia as clearly the polyphenols thought to contribute to
estrogenicity are not present in sufficient quantities to explain the binding found with the extracts.
In addition, it may, at this stage within the industry, be more worthwhile to concentrate on
producing a nutraceutical product with enhanced estrogenic activity from Cyclopia harvestings
shown to have initial high levels of estrogenicity than to endorse blanket statements concerning
estrogenic activity in honeybush tea. This also highlights the necessity of a rapid screening
method to ensure that the plant material used for preparation of extracts displays the required

activity.
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CHAPTER 3
Evaluation of the phytoestrogenic activity of Cyclopia genistoides
extracts and relevant polyphenols

3.1. Abstract

Cyclopia genistoides, used to prepare honeybush tea, had previously been identified to
bind to the ER subtypes, however, no further information concerning its estrogenic activity is
available. Unfermented C. genistoides methanol extracts and selected polyphenols were thus
evaluated for phytoestrogenic activity by comparing (i) potency (ICs) and binding affinity (Kj) in
whole cell competitive binding assays to both hERa and hERP, (ii) potency (ECso) and efficacy
(fold induction) in ERE containing promoter reporter studies and proliferation assays in MCF-7-
BUS and MDA-MB-231 cells, and (iii) displacement of *H-E, from human SHBG. One
harvesting of C. genistoides (P104) and all polyphenols tested, except mangiferin, bound to both
ER subtypes. P104, as well as formononetin and naringenin had ECs, values for ERa, but not for
ERp, similar to that of the soy isoflavone, genistein, although significantly lower than E,. All the
polyphenols that bound, except formononetin, had a higher K; for ERpB. In contrast, P104 and E,
displayed a higher K; for ERa. All the C. genistoides extracts could transactivate ERE containing
promoter reporters with potencies and efficacies similar to that of genistein and E,, while in the
MCF-7-BUS proliferation assay all extracts, except P122, had potencies and efficacies similar to
that of genistein, although the potencies were significantly lower than that of E,. In contrast the
potencies, but not efficacies, of the polyphenols luteolin, formononetin and naringenin were
significantly lower than that of E, in the ERE containing promoter reporter studies and in the
MCF-7-BUS proliferation assays. Luteolin and naringenin similarly had significantly lower
potencies than genistein in the ERE containing promoter reporter studies, but not in the MCF-7-
BUS proliferation assays. Proliferation of MCF-7-BUS cells induced by C. genistoides extracts
and polyphenols was ER-dependent as the ER antagonist, ICI 182,780, reversed proliferation.
Physiologically more relevant, C. genistoides extracts antagonised E, induced MCF-7-BUS cell
proliferation. Furthermore, C. genistoides extracts, with the exception of P122, were able to
induce cell proliferation of the estrogen insensitive MDA-MB-231 breast cancer cell line,

suggesting that the extracts used in the present study are able to induce ER-dependent and ER-
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independent cell proliferation. Binding to SHBG by C. genistoides extracts was also
demonstrated. The various in vitro assays used in the present study to evaluate the estrogenic
potential of unfermented C. genistoides methanol extracts and Cyclopia polyphenols, clearly

showed that these extracts and compounds display phytoestrogenic activity.

3.2. Introduction

Phytoestrogens are non-steroidal plant polyphenolic compounds able to mediate weak
estrogenic or anti-estrogenic activity.'? Most research investigating phytoestrogens has
concentrated on soybean and the isoflavone, genistein, a well-documented phytoestrogen
abundantly present in soy.” Epidemiological studies suggest that an Asian diet rich in soy is
protective against hormone-induced cancers such as breast and prostate cancer, while neonatal
administration of genistein protects rats against chemically induced tumours.***”® In addition,
phytoestrogens, such as those found in the Asian diet, are thought to be useful for the treatment of
menopausal symptoms and to protect postmenopausal women against cardiovascular disease and
osteoporosis, without the risks associated with traditional hormone replacement therapy
(HRT). 1 OHHIZIREL fawever, some studies have failed to show significant alleviation of
menopausal symptoms, such as hot flushes, while other studies, though showing some efficacy,

161718 Recently, the

suggest that phytoestrogen treatment is not as effective as traditional HRT.
safety of long term use of traditional HRT has been questioned by several studies.'”?**! This and
the general increase in popularity of natural medicine have lend impetus to the search for and
investigation into alternative treatments involving menopausal symptoms.*

The biological responses to estrogen are mediated mainly via the estrogen receptor (ER)
subtypes, ERa and ERB.> The ERs are ligand-activated transcription factors and members of the
nuclear receptor superfamily, more specifically the steroid hormone receptor family.***> On
activation they dissociate from heat shock proteins and undergo a conformational change, which
allows them to dimerize and bind to specific DNA sites termed estrogen response elements
(EREs) situated in the promoter region of estrogen responsive genes thereby activating or
inhibiting transcription.”> Phytoestrogens are able to compete with 17-B-estradiol (E») for binding
to the ER subtypes and are able to act as either agonist or antagonist when bound to the ERs.?**’
Phytoestrogens generally bind to the ER subtypes with a much lower affinity than E; and display,

unlike E, a higher affinity for ERP than ERo..”** Phytoestrogens have been shown to induce

165



transactivation via both ER subtypes™, with an increased transcriptional response through ER.
They are, however, less potent than E; via both ER subtypes.”***

Estrogens are responsible for a wide variety of physiological responses in both females
and males, however, most notably are the effect on cell proliferation and cell differentiation of a
number of tissues.’® Hyper-proliferation can cause or enhance the spread of cancer.’’ The ERp
subtype is believed to be a negative modulator of ERa mediated activity as it has been
demonstrated to inhibit transactivation and cell proliferation when co-expressed with
ERa.*#?¥**% ERP is thus believed to be the natural cellular protective mechanism against
excessive cell proliferation mediated by ERa, and numerous studies concentrate on compounds,
such as phytoestrogens, which are able to distinguish between the two ER subtypes with
preferential binding to ERB.**

Estrogens circulating in the blood are transported primarily bound to serum albumin or the
glycoprotein, sex hormone-binding globulin (SHBG).*® Only unbound estrogens are able to

. . : 37;38
diffuse across the cell membrane and mediate an estrogenic response.’”

It has been suggested
that phytoestrogens may alter the concentration of unbound or biologically active endogenous
estrogens, by either binding to SHBG and displacing bound estrogens thus increasing the
unbound estrogen concentrations, but also increasing the metabolic clearance rate of estrogens or
by stimulating SHBG synthesis by the liver, thereby reducing the unbound endogenous estrogen
concentrations.” It is thus clear that phytoestrogens not only have a direct effect on estrogen
signalling through binding to the ER subtypes, but also an indirect effect through altering the
concentrations of biologically active estrogens.

Cyclopia genistoides, a woody fynbos shrub, together with C. subternata, C. intermedia
and to a lesser extent C. sessiliflora, are commercially available as the fragrant caffeine-free
honeybush tea.** Honeybush tea has already been identified as having both antioxidant and
antimutagenic activity, which adds value to this herbal infusion.*’** The presence of the known
phytoestrogens, formononetin, eriodictyol and naringenin, in C. intermedia®® and luteolin in both

C. intermedia and C. subternata®*

plus anecdotal evidence (Personal communication to
Dr. E. Joubert by J. Nortje, 1996) that honeybush tea helps alleviate menopausal symptoms led to
the investigation of putative phytoestrogenic activity in Cyclopia spp. A previous study, which
screened different extracts from the four commercially available species for estrogenic activity

through binding to the ER subtypes, identified methanol extracts from C. genistoides as
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consistently having the highest binding affinity for both ER subtypes. In the present study
methanol extracts from C. genistoides (Table 1) as well as known polyphenols present in
Cyclopia spp, which were shown to either bind to both ER subtypes (luteolin, formononetin, and
naringenin) or present at very high concentrations such as mangiferin, were further investigated
(Figure 1). Although useful as an initial screening technique, binding to the ER subtypes alone
does not distinguish agonist from antagonist activity and thus the present study extends the initial
investigation by including a number of other in vitro assays such as the transactivation of an

ERE-containing promoter reporter construct, cell proliferation of two breast cancer cells, and

binding to SHBG.

Table 1A: Details of C. genistoides plant material harvested and used for the preparation of
unfermented C. genistoides methanol extracts.

Species Harvesting® Area harvested Date qf
harvesting
Gen P104 Koksrivier, Pearly Beach 15 March 2001
C. genistoides
(West Coast Gen P105 Koksrivier, Pearly Beach 28 March 2001
type)
Gen P122 Koksrivier, Pearly Beach 31 March 2003

* The abbreviations used for the harvestings are also used for the dry methanol extracts (DME) prepared from these harvestings. Although all
harvestings were done on the same plantation they were done at different times. Two extracts were prepared of each harvesting.

Table 1B: Extract yield® and total polyphenol (TPP) content® of DME from
unfermented C. genistoides.

Harvesting Extract yield (%) TPP content (%)
Gen O°P104 13.35 22.31
Gen N* P104 16.93 23.53
Gen O P105 13.41 21.99
Gen N P105 16.28 23.89
Gen O P122 18.94 25.02
Gen N P122 16.43 24.87

*Yield = g freeze-dried extract per 100 g dried pulverized plant material
"TPP content = g gallic acid equivalents per 100 g of freeze-dried extract
°First methanol extract of the same harvesting

4Second methanol extract of the same harvesting (prepared at a later stage).
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Figure 1: Chemical structures of the plant polyphenols investigated together with that of E,.

168




3.3. Materials and methods

Test compounds used

Test compounds used in this study included 17-B-estradiol (1, 3, 5(10)-estratriene),
genistein (4', 5, 7-trihydroxyisoflavone), mangiferin (2-B-D-glucopyranosyl-1,3,6,7-tetrahydroxy-
9H-xanthene-9-one) and naringenin (5,7,4’-trihydroxyflavanone) that were purchased from
Sigma-Aldrich, South Africa. Luteolin (5,7,3°,4’-tetrahydroxyflavone) and formononetin (7-
hydroxy-4’-methoxyisoflavone) were purchased from Extrasynthese, France. Radiolabelled
ligand, *H-17-B-estradiol (2,4,6,7-"H estradiol, specific activity 87.0 Ci/mmol, counting

efficiency 46% in our system) was purchased from Amersham, South Africa.

Plant material

Cyclopia genistoides plants were chosen randomly and several bushes were harvested on
each occasion. The harvested plant material (Table 1A) was dried according the standard
procedure for unfermented tea,” except that the plant material, comprising stems and leaves, was
dried whole at 40°C, where after it was pulverized with a Retsch rotary mill (1 mm sieve) and

stored in plastic containers at room temperature.

Dried methanol extract (DME) preparation

Two methanol extracts of unfermented C. genistoides were prepared from each of three
independent harvestings. The extraction was repeated to compare different methanol extractions
of the same plant material (Table 1B). Briefly, dried pulverized unfermented plant material (25 g)
was placed in a 250 ml Erlenmeyer flask with 50 ml dichloromethane (UNIV AR, Merck,
South Africa). The plant material was allowed to stir continually for 20 hours at room
temperature after which it was recovered by filtering through Whatman No. 4 filter paper and the
filtrate was discarded. Extraction with dichloromethane was repeated three times after which the
plant material was air-dried in a fume cabinet. This preliminary extraction procedure was to
remove chlorophyll. Dichloromethane extraction was followed by addition of 50 ml methanol
(Pro-analysi GR, Merck, South Africa) to the air-dried plant material and again this was allowed

to stir continually for 20 hours. Methanol extraction was performed twice. The methanol extracts
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were pooled, a small volume of deionised water was added, and evaporated under vacuum on a
rotary evaporator before freeze-drying. Freeze-dried methanol extracts were ground with a mortar
and pestle in a darkened room, until a fine homogenous powder was obtained. The methanol
extracts were stored in screw cap glass vials, covered with aluminium foil, and placed in vacuum-
sealed desiccators in the dark at room temperature. All glassware used during the extraction
process was covered with aluminium foil to protect the extracts from light at all times. Yield of
extract was determined by calculating the mass (g) of dry methanol extract (DME) per 100 g of

initial processed plant material (Table 1B).

Cell culture conditions

African green monkey kidney fibroblast (COS-1) cells (ATCC, United States of America)
and estrogen insensitive MDA-MB-231 cells* (a kind gift from G. Haegemann, University of
Gent, Belgium) were cultured in 175 cm” culture flasks (Greiner Bio-One International, Austria)
in Dulbecco’s modified Eagle’s medium (DMEM) from Sigma-Aldrich, South Africa,
supplemented with 10% (v/v) fetal calf serum (FCS) from Highveld Biologicals, South Africa,
and a penicillin (100 IU/ml) and streptomycin (100 pl/ml) mixture (penicillin-streptomycin) from
Gibco-BRL Life Technologies, United Kingdom. The ERa and ERP positive MCF-7-BUS
cells46, (a kind gift from A. Soto, Tufts University, Boston, Massachusetts, United States of
America) were maintained in DMEM supplemented with 5% (v/v) heat inactivated FCS, but
without antibiotics in 175 cm? culture flasks (Nunc, Denmark). All cells were maintained in a

humidified cell incubator set at 97% relative humidity and 5% CO, at 37°C.

Transient transfections and whole cell binding assays in COS-1 cells

COS-1 cells were plated at a density of 2 x 10° cells per 10 cm tissue culture dish (Nunc,
Denmark) and incubated for 24 hours before transfecting to allow full adherence.

Twenty-four hours after plating COS-1 cells were transiently transfected with expression
vectors for the ER subtypes, pcDNA3-hERa (D. Harnish, Womens’s Health Research Institute,
Wyeth-Ayerst Research, Radnor, United States of America) or pSGS5-hERB (F. Gannon,
European Molecular Biology Laboratory, Heidelberg, Germany) and a filler vector, pGL2-basic
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(Promega Corp., United States of America). Two different transfections methods were used to
transfect the ER subtypes. The Fugene6™ (Roche Applied Science, South Africa) transfection
reagent was used for the hERa transfections and the DEAE-Dextran transfection method for
hERp transfections.

The total DNA transfected for both transfection protocols was 6 pg/10 cm dish that
consisted of 0.72 pg receptor and 5.28 pug empty vector.

The Fugene6™ transfection protocol, used for ERa, was per manufacturer’s instructions.
Briefly, Fugene6™ reagent (12 pul) was allowed to react with 6 ug DNA in the presence of 188 ul
DMEM for 30 minutes, which was then added to the cells and incubated for 24 hours.

The DEAE-Dextran transfection method was used for hER[ transfections: The
transfection medium with a final volume of 5 ml per 10 cm dish consisted of DMEM, pre-heated
to 37°C, 0.1 mM chloroquine (Sigma-Aldrich, South Africa) (stock solution 100 mM), 6 ng DNA
and finally 0.1 mg/ml DEAE-Dextran (Sigma-Aldrich, South Africa) solution (stock solution 10
mg/ml). The transfection medium was added to the 10 cm dish and cells were incubated for 1
hour at 37°C in a humidified incubator (97% relative humidity) with 5% CO,. After removal of
the transfection medium the cells were shocked with 10 ml pre-heated 10% DMSO-PBS for not
less than two minutes, but not more than 10 minutes. Finally, transiently transfected cells were
incubated at 37°C overnight in DMEM supplemented with 10% FCS and 1% penicillin-
streptomycin mixture.

The following day the transfected COS-1 cells were trypsinized, pooled and counted. The
cells were replated into 24-well tissue culture plates (Nunc, Denmark) at a density of 5 x10*
cells/well and incubated for 24 hours. The next day the cells were washed three times with 500 pl
PBS/well (pre-heated at 37°C) to remove any endogenous estrogen-like compounds present in the
culture medium.

This was followed by a two-hour incubation of the transfected cells with 1 nM
radiolabelled estradiol ("H-E,) and various concentrations of unlabeled competitors, i.e. extracts
and polyphenols, in DMEM without phenol red and FCS. All unlabeled competitors were
dissolved in DMSO (Merck, South Africa) and added to the culture medium that the final
concentrations of DMSO did not exceed 0.1% (v/v). All assays included a total binding point,

which was in the presence of 0.1% DMSO only, and E; and genistein as positive controls.
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After the three-hour incubation period the cells were immediately placed on ice and
further work was done at 4°C to ensure that the ligand remained bound to the receptor. Cells were
washed three times with 1 ml 0.2% bovine serum albumin-PBS (bovine serum albumin from
Roche Applied Science, South Africa) with an interval of 15 minutes between washes to remove
free ligand. Cells were then lysed with 50 pl lysis buffer (0.2% (v/v) triton, 10% (v/v) glycerol,
2.8% (v/v) Tris-phosphate-EDTA and 1.44 mM EDTA) per well. For effective lysis, plates were
placed on a shaker for approximately 15 minutes and thereafter allowed to freeze at -20°C.

On thawing of samples, 5 pl lysate was used for protein determination. Protein
concentrations were determined using the Bradford protein assay method.*” Another 50 ul of lysis
buffer was added to the remaining lysate in the wells and this was transferred to scintillation vials
to which 3 ml scintillation fluid (Quickszint FLOW 2; Zinsser Analytic, United Kingdom) was
added. Radioactivity of the assay samples was determined by recording the counts per minute
(CPM) for each sample using a Beta-scintillation counter (Beckman scintillation counter LS
3801, Beckman, South Africa). The protein concentrations were used to normalise radioactivity
readings and results are expressed as percentage of normalised control with total binding (in
presence of 0.1% DMSO) taken as 100%. All binding experiments also included a control for
ligand depletion. The ligand depletion for all whole cell ER binding experiments was less than

10%.

Transient transfections and ERE-containing promoter reporter assays in COS-1 cells

For the ERE-containing promoter reporter assays only hERf} was investigated. COS-1
cells were plated at a density of 2 x10° cells/10 cm dish and were incubated for 24 hours allowing
the cells to adhere. The cells were transfected the following day using the Fugene6™ reagent.
The total DNA transfected per 10 cm dish was 9.6 pg consisting of 0.8 ug hERP expression
plasmid (pSG5-hERp), 8 ug ERE-containing promoter reporter construct (ERE.vit2.luc, a kind
gift from K. Korach, National Institute of Environmental Health Science, United States of
America) and 0.8 pg pCMV-B-galactosidase (Stratagene, United States of America) for
normalization of transfection efficiency. The Fugene6™ protocol was as per manufacturer’s

instructions. Briefly, 19.2 ul of Fugene6™ reagent was allowed to react with 9.6 ug DNA in the
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presence of 300.8 ul DMEM for 30 minutes which was then added to the cells and incubated for
24 hours.

The following day cells were trypsinized, pooled and replated at a density of 5 x 10* cells
per well into 24-well tissue culture plates and incubated for 24 hours. The cells were then induced
with various concentrations of polyphenol compounds or methanol extracts (dissolved in DMSO)
such that the final concentration of DMSO did not exceed 0.1% (v/v). All assays included a
negative control, which consisted of 0.1% (v/v) DMSO only, and E, and genistein as positive
controls. After the 24-hour induction period the medium was aspirated, 50 pul of lysis buffer
(Tropic Inc, United States of America) added and cells frozen at -20°C overnight.

Luciferase assay reagent (Promega Corp., United States of America) was used to quantify
luciferase activity in accordance with the manufacturer’s instructions. Briefly, 10 ul cell lysate
was allowed to react with 50 pl luciferase assay reagent. The relative light units (RLU’s) were
measured using the Veritas luminometer (Turner Biosystems, Unites States of America). A
further 5 ul cell lysate for each sample was used to measure [3-galactosidase activity with the -
galactosidase chemiluminescent Galacto-Star™ reporter gene assay system for mammalian cells
(Tropix Inc., Unites States of America). Luciferase RLU’s were normalized with B-galactosidase
readings and results expressed as normalised fold induction with negative controls (0.1% DMSO)

taken as 1.

MTT cell proliferation assay

A solution of 5 mg/ml MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) (Sigma-Aldrich, South Africa) prepared in PBS was filter sterilized and kept at 4°C in
the dark. Metabolically active cells reduce the soluble yellow MTT tetrazolium salt to an
insoluble purple formazan precipitate that can be solubilized and quantified
spectrophotometrically.

The breast cancer cells, MCF-7 BUS and MDA-MB-231, were plated at a density of 2
500 cells/well in 96 well plates and incubated for 24 hours allowing the cells to adhere. The cells
were then washed with 200 ul PBS, pre-warmed to 37°C, followed by addition of DMEM pre-
warmed to 37°C without phenol red, but supplemented with 5% charcoal stripped FCS (Highveld

Biologicals, South Africa) and 1% penicillin-streptomycin mixture. The cells were then incubated
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72 hours at 37°C and 97% relative humidity in 5% CO,. This allowed steroid starving of the cells
as both FCS and DMEM with phenol red is estrogenic and might influence the assay. On day five
the medium was aspirated and cells were induced with increasing concentrations of test
compounds or methanol extracts, dissolved in DMSO and prepared in DMEM without phenol
red, but supplemented with 5% charcoal stripped FCS and 1% penicillin-streptomycin mixture,
such that the final concentration of DMSO did not exceed 0.1% (v/v). Cells were then incubated
for 48 hours where after the colorimetric MTT assay was preformed. All assays included a
negative control, which consisted of 0.1% (v/v) DMSO only, and E; and genistein as positive
controls.

Co-treatment by both E, (10 M) and the polyphenols (10 M except for genistein which
was tested at 107 M) or methanol extracts (9.8 pg/ml) was investigated. In addition, induction
with test compounds and methanol extracts was investigated in the presence of 1nM ER
antagonist, ICI 182,780 (Tocris, United Kingdom).

The MTT assay entails that five hours before the end of the incubation period the assay
medium is changed to unsupplemented DMEM without phenol red where after 20 pl of MTT
solution (5 mg/ml) is added to each well. Cells were incubated for five hours at 37°C, the
medium was then removed and 200 pl solubilization solution (DMSO) was added to each well.
The DMSO was pipetted up and down in the well to dissolve crystals until a uniform purple
colour had formed. The plate was then placed in a 37°C incubator for 5 min and absorbance read
at 540 nm in a micotiter plate reader (Titertek™ Multiskan Plus, Titertek Instruments Inc., United
States of America). Results are expressed as fold induction with negative controls (0.1% DMSO)

taken as 1.

Competitive SHBG binding assay

Displacement of 20 nM *H-E, by test compounds and methanol extracts from SHBG was
determined by the competitive SHBG binding assay as adapted from the method used by
Hammond and Lihteenmiki.*® Pooled human pregnancy serum with a SHBG concentration of
408.6 nM was diluted (1:100) with dextran coated charcoal (DCC). Briefly, 20 pl pregnancy
serum was added to 2 ml (DCC) slurry together with 20 pM cortisol and incubated through

shaking at room temperature for 30 min to remove any endogenous steroids. Following
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centrifugation (Sigma 113 centrifuge, Sigma-Aldrich, South Africa) at 5000 g at room
temperature, the supernatant was collected and 100 pl diluted serum was added to 100 pl each of
unlabelled E,, polyphenols, methanol extracts and DMSO vehicle only (negative control) as
competitors. This was followed by the addition of 100 pl PBS containing 60 nM *H-E,, which
was allowed to incubate for one hour at room temperature followed by 15 minutes incubation in
an ice-water bath kept at 4°C. The unbound *H-E, was then removed by incubating with 750 ul
ice cold DCC slurry for 10 minutes followed by centrifugation at 3000 g for 3 minutes at 4°C.
The supernatant was quickly decanted, and a constant volume (750 pl) added to scintillation vials
containing 3 ml scintillation fluid (Quickszint FLOW 2; Zinsser Analytic, United Kingdom).
Radioactivity (CPM) was read on a Scintillation counter (Beckman scintillation counter LS 3801,
Beckman, South Africa).

The DCC slurry was prepared as follows: 1.25 g of activated charcoal Norit CA1 (Sigma-
Aldrich, South Africa) was added to 0.125 g of dextran with average molecular weight of 73 090
(Sigma-Aldrich, South Africa) and dissolved in 500 ml of 0.02% gelatin-PBS mixture to prepare
the DCC slurry. This mixture was stirred for eight hours at room temperature followed by further
stirring at 4°C overnight, where after the DCC was kept at 4°C until used in the assay.

All polyphenols and E, were investigated at 10° M and the methanol extracts were
investigated at 9.8 pg/ml. The competitors were dissolved in DMSO and prepared in PBS so that
the DMSO concentration did not exceed 0.1% (v/v). Results are expressed as the percentage 20
nM *H-E, displaced from SHBG. The total bound, i.e. in the presence of vehicle (DMSO) only,
represents 0% SH-E, displaced from the SHBG.

Data manipulation and statistical analysis

The GraphPad Prism® version 4.00 for Windows (GraphPad Software, San Diego
California USA) was used for graphical representations and statistical analysis. One-way
ANOVA and Dunnett’s multiple comparisons’ test as post-test were used for statistical analysis.
P-values are represented as follows: P < 0.05 by *, P < 0.01 by **, and P < 0.001 by ***. Non-
linear regression and one site competition curve fitting were used to graph the data from the
whole cell binding assays and to determine ECsy values. The relative binding affinity (RBA) is
expressed relative to that of E; (100%) and was calculated as follows: 100 x ECsg (E;) / ECs (test
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compound). The K; values were determined from the equation by Cheng and Prusoff.* Non-
linear regression and sigmoidal dose response curve fitting were used to graph the data from the
ERE-containing promoter reporter and proliferation experiments and to determine fold induction
and ECs. Pearson correlations (two-tailed) were done and are expressed as Pearson correlation
coefficient (r). For all experiments, unless otherwise indicated, the error bars represent the SEM

of three independent experiments, where each point was determined in triplicate.

3.4. Results

3.4.1. Binding to ER subtypes

Whole cell binding assays were used to determine the binding potency (ICsp), relative
binding affinity (RBA) and affinity (K;) of the polyphenols, luteolin, formononetin, naringenin
and mangiferin (Figure 2 and Table 2) and the ICsy and RBA of the duplicate methanol extracts
of three independent randomly chosen harvestings of unfermented C. genistoides to the ER
subtypes, ERa and ER (Figure 3 and Table 3). COS-1 cells, which do not endogenously express
the ER subtypes®’, were transiently transfected with either hERo. or hERp expression plasmids
thereby allowing for discrimination between binding affinities to the two ER subtypes.

The binding assays were done both to compare and evaluate the potency (ICsp) of
compounds and extracts with that of the two standards, E,, the endogenous hormone, and
genistein, an example of a well-known phytoestrogen, and to evaluate the binding affinities (K;)
for the two ER subtypes. Both the ICs value, a measure of the competitor’s potency in competing
for the receptor with 3H—Ez, and the RBA, calculated from the ICsy values determined such that
the affinity of E, for both ER subtypes is equated to 100%, were determined. This manner of
expressing binding affinities is useful in comparing binding potencies relative to a standard
compound, such as E, within the same assay. The /o ratio of the RBAs as a measure of
preference for the ERP relative to E, was also calculated. Because ICs values are determined by
three factors, i.e. the affinity of the competitor for the receptor, the concentration of the
radioligand, and the affinity of the radioligand for the receptor, it is not a true measure of the
ligand’s affinity and thus the K; values or binding equilibrium dissociation constants of the
various polyphenols were determined from the Kd values of E, for the ER subtypes. The K; value

is an absolute binding affinity value that allows for comparison of binding affinities of ligands to
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different ER subtypes. The P/a ratio of the K; values was also calculated as a measure of the

absolute, and not relative to E,, preference for the ER.

3.4.1.1. Competitive binding of various polyphenols and E, to the ER subtypes

The polyphenols, luteolin, formononetin, naringenin and mangiferin, together with the
known phytoestrogen, genistein, and the natural ligand, E,, were investigated for binding to the
ER subtypes (Figure 2). All polyphenols were able to bind to both ER subtypes, except for the
xanthone, mangiferin.

The natural ligand, E; was able to fully displace *H-E, from both hERo and hERP with K;
values of 0.37 nM (CV=5.44%) and 1.17 nM (CV=5.01%), respectively. This is comparable to

most K; values in the literature that are in the nM range%;28

, although slightly higher than values
obtained from Muthyala®', which were 0.2 nM and 0.5 nM, respectively, for ERa and ERp. The
slightly higher Kd values obtained in the present study could be due to the source of ER
expression plasmids for ER subtype used in the present study versus purified hER subtypes used
in other studies, or the assay conditions themselves, i.e. whole cell binding assay in the present
study versus in vitro binding studies in other studies.”®"’

also showed that E, has a higher binding affinity for hERo than hERp. **

The present study, like previous studies,

Genistein, luteolin, formononetin and naringenin were unable to fully displace *H-E; from
hERa. However, ICsp, RBA and and K; values (Table 2) could be determined for all polyphenols
investigated, except for mangiferin that did not displace *H-E, from hERa at the concentrations
tested. The order of potency for hERa (ICsy values) was: E; (1.39 nM) >> formononetin
(0.15 uM) > genistein (0.19 uM) > naringenin (1.44 uM) > luteolin (52.5 uM). All ICsy values
determined for hERa binding were significantly (P < 0.05) different from those of E,. However,
the ICso value for genistein was not significantly (P > 0.05) different from that of formononetin
and naringenin. This contrasts with a previous study by Branham et al.”> that defined
formononetin as a slight binder as they were unable to determine an ICsy value for binding to the
rERa. ** Luteolin was only able to displace *H-E; at 10° M and due to solubility could not be

tested at a higher concentration. Generally, all polyphenols bound to ERa displayed very weak
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binding as compared to E; with RBA values ranging from 0.93% for formononetin to 0.003% for
luteolin.

In contrast to results with the hERa., genistein was able to fully displace *H-E, from the
hERP. Similarly to results with the hERa the polyphenols luteolin, formononetin and naringenin
were, however, also not able to fully displace *H-E, from hERpB and mangiferin was unable to
compete with *H-E, for binding to hERpB (Figure 2). Again the ICso, RBA and K; values were
determined (Table 2) with the order of potency (ICso) for hER[ being: E, (1.97 nM) > genistein
(1.99 nM) >> luteolin (0.49 uM) > formononetin (0.55 uM) > naringenin (0.56 uM). All
polyphenol ICs, values for binding to hER[, except for genistein, were significantly (P < 0.01)
different from E,. Similarly, all polyphenols were significantly (P < 0.01) less potent than
genistein. The ICsy values of 0.45 and 0.56 uM determined for luteolin and naringenin,
respectively, are in a similar range to those previously determined by others.”*>® Similarly to
results with hERa binding, all polyphenols bound to ER[, but except for genistein, displayed
weak binding as compared to E; with RBA values ranging from 0.89 for naringenin to 0.26 for
luteolin. In the present study, genistein binds to hERf (K of 1.01 nM) with almost the same
affinity as E, (K; of 1.17 nM), similarly to what was shown by Morito et al. *’

All the polyphenols that bound, except formononetin, had a higher binding affinity for the
hER, in contrast to E, that had a slightly higher affinity for ERa. Genistein, especially, has a
very high binding affinity (K; value = 1.01 nM) for hERp, and showed a strong preference for

this subtype (K p/o. ratio = 42.7), as also previously shown by others. 26453

Luteolin, similarly,
greatly preferred binding to hER (K B/a ratio = 31.3), despite having a relatively low binding
affinity (K; value = 0.39 uM) for the hERP. Naringenin, similarly to genistein and luteolin,
displayed a higher binding affinity (K;) for hERP than hERa (K B/a ratio = 2.5) albeit to a lesser
extent than that shown by genistein (K; /o ratio = 42.7) and luteolin (K; B/a ratio = 31.3).
Formononetin, similarly to E,, has a slight binding preference (K; /o ratio = 0.25) for hERa.

54;55

This, however, is contrary to what others have shown and differs to what is found for most

phytoestrogens. 22!
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3.4.1.2. Competitive binding of unfermented C. genistoides methanol extracts to the ER

subtypes

Together with polyphenols present in Cyclopia unfermented C. genistoides methanol
extracts were also investigated for binding to the ER subtypes (Figure 3). Binding by the natural
ligand, E, and the known phytoestrogen, genistein, was included for comparison. The methanol
extracts, even though from the same species, portrayed large variations in binding to the ER
subtypes with only the extracts from the P104 harvesting (first and second extracts) able to
significantly compete with *H-E, for binding to the ER subtypes (Figure 3). The ICsq values of
the new methanol extract from the P104 harvesting (N P104) for the hERa and hER[3 were 2.08 x
10* mg/ml and 1.27 x 10" mg/ml, respectively. The first (older) methanol extract from the P104
harvesting (O P104), although also able to compete with *H-E, for binding to both ER subtypes,
displayed a lower potency than N P104 with ICs values of 5.89 x 10™ mg/ml and 2.29 x 10™
mg/ml for the hERa and hER, respectively. The binding potencies measured for hERa for
C. genistoides extracts, N P104, O P104 and genistein is significantly different (P > 0.01) from E,
with only O P104 significantly different (P > 0.01) from genistein. For binding to hERp (Table
3), the ICsy values calculated for both E, and genistein were significantly (P <0.01) lower than
those of C. genistoides extracts, N P104 and O P104. Although N P104 in comparison to O P104,
has higher potencies for both ER subtypes they were not significantly (P > 0.05) different from

each other (statistical data not shown).

In contrast to most of the polyphenols investigated, formononetin and mangiferin
excluded, P104 had a higher RBA and a stronger preference (RBA /o ratio = 0.003 and 0.006
for N P104 and O P104, respectively) for the ERa subtype. Other plant extracts such as red wine,
Ginkgo biloba, kudzu root and red clover extracts, have been shown to have binding affinity for
both ER subtypes, but with a higher binding affinity for ERB.**>® It was therefore not

expected that the C. genistoides methanol extracts would preferentially bind to the ERa.
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Figure 2: Competitive binding curves of various polyphenols and E, with (A) hERa and (B)
hERP expressed in COS-1 cells. Transiently transfected COS-1 cells were incubated with 1 nM
*H-E, in the absence and presence of increasing concentrations of polyphenols or E,. Results
shown are of at least three independent experiments performed in triplicate.
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Table 2: Summary of ER competitive binding results for E, and polyphenols.

a b o d

Test 1Cs0 RBA" (%) Bla K; Bl
compounds of of K;°
RBA® !

hERa hERB hERa  hERB hERa hERB

E, 1.39 nM (2.50)" 1.97 nM (3.46) 100 100 1 0.37 nM (5.44) 1.170M (5.01) | 03
Genistein 0.19uM (3.79)**'  1.99 nM (3.80) 073 9899 | 1356 | 43.1nM (8.99) 1.01 nM (4.98) | 42.7
Luteolin 52.5 UM (27.85)%*  0.49 uM (3.07)%* | 0.003 040 | 146.67 | 12.20 uM (25.61)**  0.39 uM (8.79)** | 31.3
Formononetin | 0.15 uM (4.59)**  0.55 uM (0.45)*** | 093 036 | 0387 | 34.51nM (9.51)*  0.14 uM (7.52)** | 0.25

Naringenin 1.44 M (8.33)**  0.56 uM (2.88)** # | 0.097 035 | 3.61 | 027 uM (0.79)%*  0.11 uM (10.46)** | 2.5

Mangiferin NB® NB NB NB NB NB NB NB

*[Cs value is the ligand concentration displacing *H-E, binding by 50% and is derived from non-linear curve fitting, one site competition binding and are given as the mean (CV).
The IC5y and CV (coefficient of variation) values are calculated from the log ICs values from at least three independent experiments.
PRBA or relative binding affinity is expressed relative to that of E, (100%) and was calculated as follows; 100 x ECs, (E,) / ECs, (test compound).
B/ ratio of RBA or K is such that the ratio is > 1 for compounds having a higher affinity for hRERpB than hERa, < 1 if compounds have a higher binding affinity for hERo than

hERP and equal to 1 for compounds having a similar affinity for both ER subtypes. The 3/a ratio of RBA is calculated by RBA hERB/RBA hERa and the (/o ratio of K is

calculated by K; hERa/ K; hERp.

dKi values were determined from the K, of E;. The K, values of E, for hRERa and hERP were 0.37 nM + 0.38 and 1.17 nM + 0.18, respectively

°NB= non binder; compound was unable to displace *H-E, from the ER.

'Statistically different from E, with * representing P < 0.05, ** representing P < 0.01 and *** representing P < 0.001.
EStatistically different from Genistein with * representing P < 0.05, b representing P < 0.01 an

d###
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Figure 3: Competitive binding curves of unfermented C. genistoides methanol extracts
and E, with (A) hERa and (B) hER expressed in COS-1 cells. Transiently transfected
COS-1 cells were incubated with 1 nM *H-E, in the absence and presence of increasing
concentrations of C. genistoides methanol extracts, genistein or E;. Results shown are
of at least three independent experiments performed in triplicate.
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Table 3: Summary of ER competitive binding results for E,, polyphenols and C. genistoides DME.

b
Test compounds and ICso (mg/ml)’ RBA™ (%) B/o
C. genistoides DME of RBA®
hERq. hERB hERa. hERP

E, 3.68 x 107 (3.63)"™ 729 x 107 (4.74) 100 100 1
Genistein 423 x 107 (37.32)** " 9.04 x 107 (1.23) 0.73 98.99 136.3
Luteolin 1.50 x 107 (4.88)** * 1.40 x 107 (3.07)%* * 0.003 0.40 86.7
Formononetin 4.12 x 107 (4.59)** 1.53 x 107 (0.45)%* 0.93 0.36 0.66
Naringenin 3.92 x 107(8.33)** 1.53 x 107 (2.88)** * 0.097 0.35 7.4
Mangiferin NB° NB NB NB NB
N P104 2.08 x 107 (4.88)** * 1.27x 107" (26.28)%* * 0.18 0.0006 0.003
O P104 5.89 x 10 (18.07)** * 229 x 107" (19.24)%* 0.05 0.0003 0.006
N P105 NB NB NB' NB NB
O P105 NB NB NB NB NB
N P122 NB NB NB NB NB
O P122 NB NB NB NB NB

“ICs value is the ligand concentration displacing *H-E, binding by 50% and is derived from non-linear curve fitting one site competition binding and is given as
the mean (CV). The ICsy and CV (coefficient of variation) values are calculated from the log ICs, values from at least three independent experiments.

PRBA or relative binding affinity is expressed relative to that of E, (100%) and was calculated as follows; 100 x ECs, (E,) / ECs (test compound).

B/a. ratio of RBA > 1 for compounds or extracts having a higher affinity for hERf than hERa, < 1 compounds or extracts have a higher binding affinity for
hERa than hERP and equal to 1 for compounds or extracts having a similar affinity for both ER subtypes. The B/a ratio of RBA is calculated by

RBA hERB/RBA hERa.

dStatistically different from Genistein with * representing P < 0.05, * representing P < 0.01 and " representing P < 0.001.

'Statistically different from E, with * representing P < 0.05, ** representing P < 0.01 and *** representing P < 0.001.

*NB = non-binder polyphenols or extracts were unable to displace *H-E, from ER subtype
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3.4.2. Transactivation of an ERE-containing promoter reporter construct via the hERp

Binding to the ER subtypes alone cannot determine whether a ligand is an agonist, and
thus whether the ER is activated to induce a biological response through binding to the ERE.
ERE-containing promoter reporter assays are useful to determine both, (i) whether
phytoestrogens are able to transactivate via an ERE-containing promoter reporter construct and,
(i1) to compare efficacy (fold induction) and potency (ECsp) with known estrogens such as E; and
the phytoestrogen genistein. COS-1 cells were transiently co-transfected with hER[3 and an ERE-
containing promoter reporter construct and treated with increasing concentrations of polyphenols,

unfermented C. genistoides methanol extracts and E, to investigate transactivation.

3.4.2.1. ERE-containing promoter reporter assays for various polyphenols and E,

All the polyphenols investigated, except mangiferin, were able to induce the ERE-
containing promoter reporter gene via the hERB (Figure 4). The order of potency of E, and the
polyphenols was: E, (0.51 nM) > genistein (3.92 nM) >> formononetin (0.16 uM) > naringenin
(0.39 uM) > luteolin (12.33 uM) (Table 4). The potency of E, was significantly (P < 0.01) higher
than that of the polyphenols, except genistein, while the potency of genistein, however, was
significantly different (P < 0.05) from that of luteolin and naringenin, but not formononetin.

The transactivational efficacy of the various polyphenols did not differ significantly
(P > 0.05) from each other or from that of E, and genistein (Table 4). The order of efficacy for
the various polyphenols and E, was as follows: luteolin (3.69 fold) > naringenin (2.99 fold) >
genistein (2.76 fold) > E, (2.34 fold) > formononetin (2.20 fold).

Although, both E, and genistein, in contrast to the Cyclopia polyphenols tested, displayed
a relatively high potency for both binding and ERE-containing promoter reporter assays via
hERP, the transactivational efficacy was approximately similar for all polyphenols and E,

(P> 0.05).
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3.4.2.2. ERE-containing promoter reporter assay for unfermented C. genistoides methanol

extracts, genistein and E;

The unfermented methanol extracts were able to induce the ERE-containing promoter
reporter construct via the hERP (Figure 5) despite the fact that only the extracts from the P104
harvesting were able to displace *H-E, from ERpB (Figure 3). The order of potency (ECso) of Es,
genistein and extracts was as follows: E, (2.62 x 107 mg/ml) > genistein (2.12 x 10® mg/ml) >
O P122 (2.48 x 10 mg/ml) > N P105 (9.20 x 10° mg/ml) > O P104 (1.18 x 10 mg/ml) >
NP104 (1.51 x 10° mg/ml) > O P105 (2.93x 10° mg/ml) > NP122 (6.90 x 10”° mg/ml)
(Table 5). Potencies of extracts were not significantly (P > 0.05) different from E,, except for
N P104 and O P105, while none of the extracts were significantly different from genistein. The
order of efficacy or maximal fold induction was: genistein (2.58 fold) > O P105 (2.53 fold) >
N P104 (2.44 fold) > O P104 (2.39 fold) > E, (2.22 fold) > O P122 (1.94 fold) > N P122 (1.90
fold) > N P105 (1.63 fold). The efficacy of the extracts was not significantly different (P > 0.05)

from genistein and E,.
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Figure 4: Transactivation of an ERE-containing promoter reporter construct
(ERE.vit2.Luc) by hERP in the presence of increasing concentrations of various
polyphenols. All experiments were performed with E, (natural ligand) and genistein
(known phytoestrogen) as positive controls. Both luciferase and B-galactosidase activity
were assayed with luciferase relative light units (RLU’s) normalised with B-galactosidase
RLU’s. Results shown are of at least three independent experiments performed in
triplicate.
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Table 4: Potency (ECso) and efficacy (maximal fold induction) values as determined for various
polyphenols and E, from transactivation of an ERE-containing promoter reporter gene construct
via hERp.

Test Potency Efficacy
(ECso)* (maximal fold induction)
compounds
hERB

E, 0.51 nM (4.99)° 2.34 (6.48)
Genistein 3.92 nM (4.93) 2.76 (17.18)
Luteolin 12.33 puM (38.69)**¢ 3.69 (48.22)
Formononetin 0.16 uM (5.53)** 2.20 (18.42)
Naringenin 0.38 uM (4.68)** * 2.99 (33.94)
Mangiferin N/A° N/A

*ECs values calculated from the log ECs, values of three independent experiments given as the mean CV.

°CV (coefficient of variation) calculated from the log ECs of at least three independent experiments performed in
triplicate.

“Statistically different from E, where ** represents P < 0.01.

dStatistically different from Genistein with * representing P < 0.05, ™ representing P < 0.01 and “* representing

P <0.001

“N/A - test compound did not induce the ERE-containing promoter reporter gene construct via the hERp.

3.5-
m £,

3.0< A Genistein
E 2.5+ v NP104

2.0- « OPI104
£ 1.5- N P105

OP105

2 1.0+

: A NPI122

0.5= v OP122

0.0 ] | ] ] ] v

-12.5 -10.0 -7.5 -5.0 -2.5 0.0

Log mg/ml

Figure 5: Transactivation of an ERE-containing promoter reporter construct (ERE.vit2.Luc) by
hERPB in the presence of increasing concentrations of unfermented C. genistoides methanol
extracts. All experiments were performed with E, (natural ligand) and genistein (known
phytoestrogen) as positive controls. Both luciferase and B-galactosidase activity were assayed with
luciferase relative light units (RLU’s) normalised with B-galactosidase RLU’s. Results shown are
of at least three independent experiments performed in triplicate.
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Table S: Potency (ECsy) and efficacy (maximal fold induction) values as determined for
unfermented C. genistoides methanol extracts, genistein and E, from transactivation of an
ERE-containing promoter reporter construct via hER.

Test compounds P?tency a . Efﬁca?y .
and extracts (ECspin mg/ml) (maximal fold induction)
hERp

E, 2.62x 107 (4.35)° 222 (12.18)
Genistein 2.12x10°(5.53) 2.58 (24.25)

N P104 1.51 x 10° (22.60)*¢ 2.44 (36.78)

O P104 1.18 x 107 (21.36) 239 (21.11)

N P105 9.20 x 107 (12.31) 1.63 (3.25)

O P105 2.93 x 107 (22.66)* 2.53 (62.77)

N P122 6.90 x 10° (0.21) 1.90 (20.52)

O P122 2.48 x 107 (0.59) 1.94 (27.49)

*ECs values calculated from the log ECs, values of three independent experiments given as the mean CV.
°CV or coefficient of variation calculated from the log ECs, of at least three independent experiments
performed in triplicate.

“Statistically different from E, where * represents P < 0.05.

3.4.3. Proliferation of breast cancer cells

The measurement of cell proliferation is a common method of measuring estrogenic
activity and often called the E-screen.” It is, however, a more complex endpoint to measure than
transactivation of a reporter gene. Cell proliferation entails an array of signalling pathways,
growth regulators, and genes involved in the stimulation of proliferation or the inhibition of
apoptosis.”” MCF-7 human breast cancer cells respond to estrogen stimulation by proliferating,
with the MCE-7-BUS stock being more sensitive to estrogen than other stocks of MCF-7 cells.®!
Whereas MCF-7 cells contain both ER subtypes another breast cancer cell line, MDA-MB-231,
contains no ERs.®*%

The various polyphenols and unfermented C. genistoides methanol extracts together with
genistein and E, were investigated to determine whether they were able to induce cell
proliferation of MCF-7-BUS and MDA-MB-231. Steroid starved MCF-7-BUS and MDA-MB-
231 cells were treated with increasing concentrations of E,, polyphenols or extracts for 48 hours,
where after the degree of proliferation was determined (colorimetric MTT assay). Polyphenols or

extracts were compared in terms of potency (ECsp) and efficacy (fold induction) determined from

the dose response curves generated. Furthermore, to establish whether induced cell proliferation
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was ER dependent, cells were co-treated with an ER antagonist, ICI 182,780. In addition, the
effect of the polyphenols or C. genistoides extracts on E, induced proliferation was investigated.
Physiologically more relevant, this would establish how the polyphenols and extracts would react

in the presence of the endogenous ligand.

3.4.3.1. Proliferation of MCF-7-BUS and MDA-MB-231 breast cancer cells in the presence
of polyphenols and E;

All polyphenols investigated were able to induce cell proliferation in a dose dependent
manner, except mangiferin, which only induced cell proliferation at the highest concentration
(10 M) used (Figure 6). The order of potency for the cell proliferation of the MCF-7-BUS cells
was as follows: E, (0.40 pM) >> naringenin (0.12 nM) > genistein (0.28 nM) > luteolin
(8.89 nM) > formononetin (55.08 nM) > mangiferin (0.74 uM) (Table 7). All the potencies of the
polyphenols were significantly different (P < 0.05) from that of E, (Table 7) when mangiferin
was excluded from the statistical analysis. Mangiferin was excluded due to the very high CV.
The potency of genistein, however, was not significantly (P > 0.05) different from that of any of
the other polyphenols.

The order of efficacy for the cell proliferation of the MCF-7-BUS cells was: E, (2.25
fold) > genistein (2.09 fold) > naringenin (2.08 fold) > mangiferin (1.72 fold) > formononetin
(1.38 fold) > luteolin (1.26 fold) (Table 6). None of the efficacy values determined for the
polyphenols were significantly (P > 0.05) different from that of E, or genistein except for luteolin
and formononetin (P < 0.01).

The polyphenols acted as weak agonists in the cell proliferation assay with potencies
(ECsp) 1000 to 10 000 times less than that of E,, although efficacies (fold induction) were in the
same range. The ECsy values determined for E, and genistein compared well with that of
Bentrem et al.®*, who reported ECso values of 3 pM and 3 nM, respectively, for the two
compounds. However, in another study ECs, values for genistein, naringenin and luteolin were
found to be between 100-1000 fold less than the ECs values determined in the present study.65

The literature is not in agreement on the agonist effect of naringenin on cell proliferation
as some, like the present study, report proliferation® while others do not.®”®® It has, however,

been shown to act as a weak estrogen by inducing transactivation of ERE driven genes in vitro.®®
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Neither the polyphenols nor E, were able to induce significant proliferation of the MDA-
MB-231 cells (Figure 7). The MDA-MB-231 cells are well known for their unresponsiveness to

cell proliferation when stimulated by estrogens.“;69
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Figure 6: Cell proliferation of MCF-7-BUS cells treated with increasing concentrations
of polyphenols for 48 hours after which the colorimetric MTT assay was used to measure
cell proliferation. All experiments were performed with E, (natural ligand) and genistein
(known phytoestrogen) as positive controls. Results shown are representative of one
experiment performed in triplicate.

Table 6: Potency (ECsp) and efficacy (maximal fold induction) values determined for various
polyphenols and E, from cell proliferation assays in MCF-7-BUS cells.

Test compounds Potency Efficacy
(ECsp)* (maximal fold induction)
E, 0.40 pM (1.71)*" 2.25(6.74)
Genistein 0.28 nM (9.32)*¢ 2.09 (4.17)
Luteolin 8.89 nM (15.77)** 1.26 (2.52)%* *
Formononetin 55.08 nM (14.90)** 1.38 (4.15)%* *
Naringenin 0.12 nM (1.60)* 2.08 (4.15)
Mangiferin 0.74 uM (31.07)** 1.72 (3.44)

*ECs values calculated from the log ECs, values of three independent experiments given as the mean CV.
°CV or coefficient of variation calculated from the log ECs, of at least three independent experiments performed

in triplicate.

“Statistically different from E, where * represents P < 0.05 and ** represents P < 0.01. Mangiferin was excluded
from statistical analysis of other polyphenols due to its high CV.
IStatistically different from Genistein with * representing P < 0.05, * representing P < 0.01 and *** representing

P <0.001
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Figure 7: Cell proliferation of MDA-MB-231 cells treated with increasing
concentrations of polyphenols for 48 hours after which the colorimetric MTT assay
was used to measure cell proliferation. All experiments were performed with E,
(natural ligand) and genistein (known phytoestrogen) as positive controls. Results
shown are representative of one experiment performed in triplicate.

3.4.3.2. Proliferation of MCF-7-BUS and MDA-MB-231 breast cancer cells in the presence

of unfermented C. genistoides methanol extracts and E,

Methanol extracts from harvestings P104 and P105 were able to induce cell proliferation
of both human breast cancer cells, whereas methanol extracts from harvesting P122 were unable
to induce proliferation of either of the two cell lines tested (Figures 8 and 9).

The potency of the extracts in MCF-7-BUS cells (Table 7) were all significantly
(P <0.01) lower than that of E, with only O P104 and O P105 having a significantly (P < 0.05)
lower potency than genistein. The rank order of potency (Table 6) was as follows: E; (2.79 x 10
' mg/ml) >> genistein (1.02 x 10® mg/ml) > N P104 (1.98 x 10 mg/ml) N P105 (6.52 x 10°
mg/ml) > O P104 (1.34 x 10 mg/ml) > O P105 (1.47 x 10™* mg/ml). P122 was unable to induce
cell proliferation of MCF-7-BUS cells in a dose dependent manner and thus ECsy values could
not be determined (Figure 8). In addition, only the efficacy of the P122 extracts was significantly
(P < 0.05) lower than that of E,. The efficacy of genistein, however, was also significantly
(P <0.05) different from that of O P104 and O P105. The rank order of efficacy (Table 7) was as
follows: genistein (2.35 fold) > O P104 (2.17 fold) > E, (2.14 fold) > N P104 (2.07 fold) > N
P105 (1.82 fold) > O P105 (1.50 fold) > O P122 (1.15 fold) > N P122 (1.13 fold).
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Similar to results with MCF-7-BUS cells P104 and P105 were able to induce, albeit to a
lesser extent, cell proliferation of the estrogen insensitive MDA-MB-231 cell line (Figure 9).
However, P122, E, and genistein were unable to induce proliferation. The rank order of potency
(Table 8) was as follows: O P104 (1.39 x 10" mg/ml) > N P105 (2.62 x 10" mg/ml) > O P105
(2.79 x 10" mg/ml) > N P104 (2.47 x 10° mg/ml). The potency values calculated for the
harvestings are not significantly (P> 0.05) different from each other (statistical data not shown).
The rank order of efficacy (Table 8) was as follows: N P105 (1.81) > N P104 (1.62) > O P104
(1.59) > O P105 (1.38). None of the efficacies were significantly different from each other.
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Figure 8: Cell proliferation of MCF-7-BUS cells treated with increasing concentrations
of unfermented C. genistoides methanol extracts for 48 hours after which the
colorimetric MTT assay was used to measure cell proliferation. All experiments were
performed with E, (natural ligand) and genistein (known phytoestrogen) as positive
controls. Results shown are representative of one experiment performed in triplicate.
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Table 7: Potency (ECsp) and efficacy (maximal fold induction) values determined for
unfermented C. genistoides methanol extracts, genistein and E, from cell proliferation assays in
MCEF-7-BUS cells.

Test compounds & Potency Efficacy
extracts (ECs¢in mg/ml)* (maximal fold induction)

E, 2.79 x 1071 (2.92)"# 2.14 (8.46)

Gen 1.02 x 10 (7.56)**¢ 2.35 (10.57)

N P104 1.98 x 10 (7.34)** 2.07 (17.05)

O P104 1.34 x 107 (17.64)** * 2.17 (18.21)

N P105 6.52 x 107 (25.71)** 1.82 (31.08)

O P105 1.47 x 107 (2.45)** * 1.50 (13.37)

N P122 N/AS 1.13 (12.19)%* *

O P122 N/A 1.15 (17.69)* *

*ECs values calculated from the log ECs, values of three independent experiments given as the mean CV.

°CV or coefficient of variation calculated from the log ECs, of at least three independent experiments performed
in triplicate.

‘Statistically different from Genistein with * representing P <0.05, and * representing P < 0.01.

dStatistically different from E, with * representing P < 0.05 and ** representing P < 0.01.

“N/A not applicable as it could not be determined
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Figure 9: Cell proliferation of MDA-MB-231 cells treated with increasing concentrations of
unfermented C. genistoides methanol extracts for 48 hours after which the colorimetric MTT
assay was used to measure cell proliferation. All experiments were performed with E, (natural
ligand) and genistein (known phytoestrogen) as positive controls. Results shown are
representative of one experiment performed in triplicate.
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Table 8: Potency (ECsp) and efficacy (maximal fold induction) values determined for
unfermented C. genistoides methanol extracts, genistein and E, from cell proliferation
assays in MDA-MB-231 cells.

E:Ii:pounds Potency a . Effica?y .
and extracts (ECsp in mg/ml) (maximal fold induction)
E, N/AP 1.07 (10.30)

Gen N/A 1.08 (2.42)

N P104 2.47x 107 (2.66)° 1.62 (19.31)

O P104 1.39x 107 (18.87) 1.59 (25.56)

N P105 2.62x 10" (16.81) 1.81 (32.24)

O P105 279 x 10" (17.23) 1.38 (35.85)

N P122 N/A 1.24 (17.80)

O P122 N/A 0.92 (29.21)

*ECs values calculated from the log ECs, values of three independent experiments given as the mean
CV.

°N/A not applicable as it could not be determined
‘CV (coefficient of variation) calculated from the log ECs of at least three independent experiments
performed in triplicate.

3.3.4.3. Investigating whether cell proliferation of MCF-7-BUS and MDA-MB-231 cells are
ER-dependent

The cell proliferation assay measures a response induced by estrogens, but does not
directly reveal the mechanism involved, i.e. ER-dependent or ER-independent. Thus by co-
treating cells with an ER antagonist one could determine if the response measured is via the ER.
MCF-7-BUS and MDA-MB-231 cells were co-treated with 1 nM ER antagonist (ICI 182,780)
together with 10 puM polyphenols or 9.8 pg/ml methanol extract from unfermented
C. genistoides, respectively (Figures 10 and 11). Genistein, however, was investigated at 0.1 uM
and E, at InM as they induce maximum response at this concentration.

In MCF-7 BUS cells co-treatment with 1 nM ER antagonist, ICI 182,780, reduced the
response induced by all polyphenols (Figure 10A), extracts (Figure 11A) and E; to that of the
level of the control suggesting that the proliferation response in these cells is ER-dependent as
has been previously suggested.®”’" Similarly, in the MDA-MB-231 cells, ICI 182,780 reduced
the minimal induction by all the polyphenols (Figure 10B) and E, to that of the level of the
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control. Induction by the extracts in MDA-MB-231 cells, however, was only partially reversed by
ICI 182,780 in the case of P104 and P105, while in the case of P122 the antagonist appeared to
stimulate induction (Figure 11B). Although the results in MDA-MB-231 cells were not
statistically significant, which may simply be due to the very small induction elicited by the
compounds and extracts, the consistent pattern of reduction of proliferation in the presence of
antagonist as seen for the polyphenols, E; and some extracts (P104 and P105) does suggest that
the minimal induction may be due in part to low levels of ER. Although MDA-MB-231 cells are

. . .o 66:69
generally considered to be estrogen insensitive’

, some authors have shown the presence of
ERP mRNA*®, which may be indicative of low levels of protein. The fact that full reversal of
induction was not seen with P104 and P105 may in addition, suggest that ER-independent
mechanisms contribute to proliferation in these cells. The stimulation of proliferation seen during
co-treatment of MDA-MB-231 cells with P122 and the antagonist is difficult to explain but may

be indicative of ER-independent mechanisms.

3.4.3.4. Effect of polyphenols and unfermented C. genistoides methanol extracts on the E,
induced proliferation of MCF-7-BUS and MDA-MB-231 cells

E, significantly (P < 0.01) induced proliferation in MCF-7-BUS cells. This proliferation
was prevented by co-treatment with all the polyphenols, except mangiferin and formononetin
(Figure 12A). Genistein, luteolin, and naringenin therefore antagonised E, induced proliferation
and appear to act as antiestrogens in the presence of 1 nM E,. The antiestrogenic activity of
naringenin and luteolin in the presence of E; has also previously been demonstrated by others.
66:6871 Both formononetin and mangiferin were unable to significantly (P > 0.05) antagonise E,
induced cell proliferation. In MDA-MB-231 cells no antagonistic activity of the polyphenols
were observed (Figure 12B), which may be ascribed to the low induction by all compounds.

All the unfermented C. genistoides methanol extracts, except N P122, were able to
significantly (P < 0.05) antagonise E, induced cell proliferation of MCF-7-BUS cells (Figure
13A). However, in MDA-MB-231 cells none of the methanol extracts were able to significantly
antagonise E, induced proliferation, which may once again be ascribed to the low induction of

proliferation by E, in these cells.
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Figure 10: Cell proliferation of (A) MCF-7-BUS and (B) MDA-MB-231 breast cancer
cells. Co-treatment with ER antagonist, ICI 182,780, identifies if induced response is ER-
dependent. All compounds were tested at 10 uM except for E, and genistein (Gen),
which were investigated at 1 nM and 0.1 uM, respectively. The control represents vehicle
(DMSO) only. Statistical analysis (i) compared cell proliferation induced by compounds
with that of the control (uninduced) using one-way ANOVA with Dunnet’s multiple
comparison’s post test (*P < 0.05; ** P < 0.01) or (ii) compared induction by a specific
compound in the absence and presence of the ER antagonist using two-tailed t-tests (# =
P < 0.05; ns = P > 0.05 or not significantly different). Abbreviations: genistein (Gen),
luteolin (Lut), formononetin (Form), naringenin (Nar), and mangiferin (Mang).
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Figure 11: Cell proliferation of (A) MCF-7-BUS and (B) MDA-MB-231 breast
cancer cells. Co-treatment with ER antagonist, ICI 182,780, identifies if induced
response is ER dependent. All extracts were investigated at 9.8 pg/ml E, and
genistein (Gen) at 1 nM and 10 uM, respectively. Genistein was included as an
example of a phytoestrogen. The control represents vehicle (DMSO) only.
Statistical analysis (i) compared cell proliferation induced by compounds with
that of the control (uninduced) using one-way ANOVA with Dunnet’s multiple
comparison’s post test (¥*P < 0.05; ** P < 0.01) or (ii) compared induction by a
specific compound in the absence and presence of the ER antagonist using two-
tailed t-tests (# = P < 0.05; ns = P > 0.05 or not significantly different).
Abbreviations: genistein (Gen)

196



[A
ns
3-
S Il
T 1 ns = ns ok
. = b — 1/
g7 24 e T b b
2 5 = b T
2 E o L a = a
5 o I
=2 4.2 ks
=4 e B E A TN TA AN -
h §§ ﬁ 99999
G ) ) ) ) )
0060\ o 6@0 XQ;» V& % & 0‘& Y é‘p‘ < & @6’&0 & Qﬂ
(@) OQ? Vo Qe‘ é‘b’ @QQ
E "
ns ns
1.5+ 1
) a a a
a a ] a
AN
=
g W 1.0T ¥ bl £2%% 'y' -
TF | B 2
= o e e %
=7 il /
2+ OS] B Z
ﬁﬁ o 55559 /
& NV
0.0-L5E s =2 .
> $
‘&e 0‘& X@» < XQ;» @@@a v
00 sp‘ QQQ
QO é @‘P‘

Figure 12: Effect of polyphenols on E, (1nM) induced proliferation of (A) MCF-
7-BUS and (B) MDA-MB-231 breast cancer cells. All polyphenols were tested at
10 uM except for genistein, which was investigated at 0.1 uM. The control
represents vehicle (DMSO) only. Statistical analysis (i) compared cell
proliferation induced by compounds with that of the control (uninduced) using
one-way ANOVA with Dunnet’s multiple comparison’s post test (*P < 0.05; **
(P < 0.01), (i1) compared induction by a specific compound in the absence and
presence of 1 nM E, using two-tailed t-tests (# = P < 0.05; ns = P > 0.05 or not
significantly different) or (iii) compared all columns with each other using two-
tailed t-tests. Columns represented with the same letter are not significantly (P >
0.05) different from each other. Abbreviations: genistein (Gen), luteolin (Lut),
formononetin (Form), naringenin (Nar), and mangiferin (Mang).
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Figure 13: Effect of C. genistoides DME on E, (1nM) induced proliferation of (A) MCF-
7-BUS and (B) MDA-MB-231 cells. All extracts were investigated at 9.8 png/ml, while E,
and genistein (Gen) were investigated at 1 nM and 10 uM, respectively. Genistein was
included as an example of a phytoestrogen. The control represents vehicle (DMSO) only.
Statistical analysis (i) compared cell proliferation induced by DME with that of the
control (uninduced) using one-way ANOVA with Dunnet’s multiple comparison’s post
test (*P < 0.05; ** P < 0.01), (ii) compared induction by a specific DME in the absence
and presence of 1 nM E, using two-tailed t-tests (# = P < 0.05; ns = P > 0.05 or not
significantly different) or (iii) compared all columns with each other using two-tailed t-
tests. Columns represented with the same letter are not significantly (P > 0.05) different
from each other. Abbreviations: genistein (Gen)
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3.4.4. Binding to SHBG and displacement of E,

SHBG is considered important in regulating the amount of biologically available sex-
steroids such as E, and testosterone.’® Binding of various polyphenols and unfermented
C. genistoides methanol extracts to SHBG was investigated using human pregnancy serum.
Binding to SHBG would imply that phytoestrogens could be transported in the bloodstream to
target tissues and would thus also be protected from metabolism and subsequent secretion as was
proposed for the endogenous estrogen.”” In addition, displacement of endogenous steroids, like
E,, from SHBG would result in an increase in the amount of free steriod, but also an increase in
the metabolic clearance of this steroid.””=

The percentage 20 nM *H-E, displaced from SHBG by the polyphenols (Figure 14A) and
unfermented C. genistoides methanol extracts (Figure 14B) was significant (P < 0.05), except in
the case of mangiferin. The order of displacement for E, and the polyphenols was as follows: E,
(62.56 £+ 6.72%) > naringenin (46.24 + 5.65%) > genistein (38.77 + 4.25%) > luteolin (35.95 +
7.16%) > formononetin (35.77 + 6.94%) > mangiferin (19.74 £ 6.17%). Displacement by
naringenin, which was higher than that of genistein, was not significantly different from that of
E,, similar to what was found by others.”

The order of displacement by the extracts was as follows: E; (52.19 + 2.90%) > N P104
(37.06 + 3.70%) > O P122 (35.60 + 2.46%) > genistein (33.86 £ 5.69%) > N P105 (32.86 +
7.11%) > N P122 (30.71 + 4.09) > O P104 (29.55 + 0.88%) > O P105 (29.29 + 6.8%). N P104
and O P122 were as effective as E, in competing with *H-E, for binding to the SHBG (statistical
data not shown).

These findings would suggest that the polyphenols, mangiferin excluded, and
unfermented C. genistoides methanol extracts investigated are ligands for SHBG and displace

significant amounts of E.
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Figure 14: Competitive binding of (A) polyphenols and (B) C. genistoides methanol
extracts to SHBG in DCC stripped human pregnancy serum incubated with 20 nM *H-
E,. Polyphenols and E, were used at a concentration of 10° M and the extracts at a
concentration of 9.8 pg/ml. The control in both represents vehicle (DMSO) only. For
statistical analysis one-way ANOVA was used with Dunnet’s multiple comparison’s post
test comparing percentage “H-E, displaced to control. P-values are represented as
follows: P <0.05 by *, P <0.01 by **.
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3.4.5. Correlation between select parameters measured for polyphenols in the different in
vitro assays

During this study several in vitro assays to measure estrogenicity were preformed. To
evaluate if binding to the ER receptors would show a relationship with some of the assays
measuring biological response we correlated (i) log ICsy values obtained with ER} in whole cell
ER binding assays with log ECs values from the ERE-containing promoter reporter gene assays
via the hERp and (ii) log ICsy values obtained with both ER subtypes in whole cell ER binding
assays with log ECsy values from cell proliferation assays with MCF-7-BUS cells. There was a
significant correlation (P = 0.0378; Pearson r = 0.899) between the whole cell ERJ} binding
assays and the ERE-containing promoter reporter gene assays Vvia the hER (Figure 15A), but
interestingly enough no significant correlation between log ICsy values obtained with ER
subtypes with log ECsy values from cell proliferation assays with MCF-7-BUS cells (Figure
15B). There was, however, a significantly negative correlation (P = 0.0238; Pearson r = -0.926)
between log ECs of cell proliferation of MCF-7-BUS cells and SHBG binding (Figure 15C).
This could have some biological relevance as SHBG receptors are present on the cell surface of
MCE-7 breast cancer cells’* and have been shown to modulate proliferation.”””® In contrast, there
was no significant (P > 0.05) correlation between hERa and hERP binding (Figure 15D), the
ERE-containing promoter reporter assay Vvia the hERP and cell proliferation of MCF-7-BUS
(Figure 15E), or SHBG binding and binding to both ER subtypes (Figure 15F).
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Figure 15: Correlations between select parameters from various in vitro assays used to measure
phytoestrogenic activity of E, and polyphenols. Pearson correlations (two-tailed) were done using GraphPad
Prism™,

202



Table 9: Summary of select parameters determined for polyphenols in assays for measurement of estrogenicity.

Competitive binding assays

ERE-containing
promoter reporter

MCEF-7-BUS cell

reporter construct

Test ICs50? assays . . SHBG-binding
compounds ECs,” pro}lzlg;azlon (% displacement)
hERa, hERB hERB
E, 1.39 nM** 1.97 nM 0.51 nM 0.40 pM* 62.56
Genistein 0.19 uM**" 1.99 nM 3.92 nM 0.28 nM* 38.77
Luteolin 52.5 pME 0.49 pM** 12.33 pM*# 8.89 nM** 35.95
Formononetin | 0.15 pM** 0.55 pM** 0.16 uM** 55.08 nM** 35.77
Naringenin 1.44 uM** 0.56 uM** * 0.38 uM** * 1.09 nM* 46.24
Did not induce the ERE-
Mangiferin NB#® NB containing promoter 0.74 pM** 19.74

"Refer to Table 2 for parameters on how calculated
PRefer to Table 4 for parameters on how calculated
“Refer to Table 6 form parameters on how calculated

dRefer to text on how calculated (pg 175)

“Statistically different from Genistein with * representing P < 0.05, * representing P < 0.01 and " representing P < 0.001
'Statistically different from E, with * representing P < 0.05, ** representing P < 0.01 and *** representing P < 0.001.
NB = non-binder; polyphenols were unable to displace *H-E, from ER subtype
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Table 10: Summary of select parameters determined for polyphenols unfermented C. genistoides DME in assays for estrogenicity.

ERE-containing

Test Competitive binding assays MCF-7-BUS cell SHBG-binding
com d IC ml) promoter reporter assays . . o
pounds 50 (mg/ml) b proliferation assays (%

ECsy (mg/ml) ¢ . d
and extracts - hERD hERD ECs) (mg/ml) displacement)
E, 3.68 x 1077 7.29% 107 2.62x 107 2.79 x 1071 52.19
Genistein 423 x 107% 9.04x 107 2.12x10° 1.02 x 1070 33.86
Luteolin 1.50 x 1072 # 1.40 x 107 # 3.52 x 107+ 2.54 x 107°%* 35.95
Formononetin 4.12 x 107%* 1.53 x 1074* 4.42 x 107%%* 1.52 x 107™%* 35.77
Naringenin 3.92 x 107+ 1.53 x 107 s # 1.05 x 107 * 3.27 x 10™* 46.24

Did not induce the ERE-
Mangiferin NB' NB containing promoter reporter 3.13 x 1074 19.74
construct
N P104 2.08 x 1074x # 1.27 x 1075 # 1.51 x 107 %¢ 1.98 x 1070 37.06
O P104 5.89 x 107+ # 220 x 107 #* # 1.18x 107 1.34 x 1074 # 29.55
N P105 NB NB 920x 10° 6.52 x 1070%* 32.86
0 P105 NB NB 2.93x 107 * 1.47 x 1074 * 29.29
N P122 NB NB 6.90x 107 Did not cause proliferation 30.71
O P122 NB NB 2.48x10° Did not cause proliferation 35.60

“Refer to Table 2 and Table 3 for parameters on how calculated
PRefer to Table 4 and Table 5 for parameters on how calculated
“Refer to Table 6 and Table 7 for parameters on how calculated
dRefer to text on how calculated (pgl75)
*Statistically different from Genistein with * representing P < 0.05, * representing P < 0.01 and *** representing P < 0.001

'Statistically different from E, with * representing P < 0.05, ** representing P < 0.01 and *** representing P < 0.001.

ENB = non-binder; polyphenols or extracts were unable to displace *H-E, from ER subtype
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3.5. Discussion

Investigation into phytoestrogens as an alternative to conventional HRT is becoming
increasingly popular, particularly research pertaining to the phytoestrogen found in soy, genistein,
has increased significantly over the last few years.”’ Interest has been further motivated by the
premature termination of two WHI clinical trials, which found numerous health risks, such as an
increased occurrence of breast cancer and strokes, associated with conventional HRT usage.”!
The ideal estrogen for use in relieving menopausal symptoms, both short and long-term, should
be potent enough to promote bone formation and protect against cardiovascular disease, but not

- 5,78,79;80
potent enough to induce estrogen-related cancers.™ ™"

Epidemiological studies have shown
that Asian populations have lower incidences of breast and prostate cancer, which is believed to
be related to the Asian diet.*” A high consumption of soy in eastern countries is thought to
mediate the observed protective effects against hormone-induced cancers.*>*® Genistein, an
isoflavone, is thought to be the etiological agent responsible, as it has been shown to act as a mild

estrogen through binding to the ER subtypes.’”

Most studies on phytoestrogens have
concentrated almost solely on genistein and its mechanism of action despite the fact that
numerous other plants contain phenolic compounds similar in structure to the natural hormone
E,.* The presence of the phytoestrogens, formononetin, naringenin, eriodictyol and luteolin, in
Cyclopia, coupled to anecdotal evidence of its use for the treatment of menopausal symptoms,
has led to the investigation of phytoestrogenic activity in Cyclopia as a potential source of
phytoestrogens indigenous to South Africa.****

A previous study (Chapter 2) identified C. genistoides, amongst the four species of
Cyclopia tested, as the most consistent in demonstrating phytoestrogenic activity through binding
to the ER subtypes. Thus C. genistoides was chosen for further in-depth study. Similarly, luteolin,
formononetin, naringenin and mangiferin were chosen as plant polyphenols previously shown to

be present in Cyclopia species, *****+%!

although only mangiferin is present in detectable quantities
in the specific extracts investigated in the present study. All polyphenols, except for mangiferin,
were chosen for their ability to bind to both ER subtypes (Chapter 2). Mangiferin was chosen as it
is the most abundant polyphenol present in honeybush.®"***

Binding of the ligand to the ER subtypes, ERa and ER, initiates a cascade of events that
transduces an estrogenic response. The ER-ligand complex recognizes EREs in the promoters of

estrogen responsive genes, which induce the transcription of such genes. Furthermore, estrogen is
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responsible for a complex array of events, some of which are responsible for cell proliferation of
certain estrogen sensitive cells.”” All these mechanisms or events can be used to identify
phytoestrogens. Thus binding to the ER subtypes, transactivation of an ERE, and induction of cell
proliferation are all endpoints used to identify and evaluate potential phytoestrogens.””** In the
present study these endpoints were used to establish and evaluate the estrogenicity of selected
Cyclopia polyphenols and methanol extracts from unfermented C. genistoides and to compare
their estrogenicity with that of the known phytoestrogen, genistein, and the natural ligand, E,.

The C. genistoides extracts all transactivated an ERE-containing promoter reporter
construct in COS-1 cells transfected with ERf}, while in proliferation studies in MCF-7 cells (E-
screen) all but one harvesting, P122, induced proliferation with a potency similar to that of
genistein despite the fact that only one harvesting, P104, bound to the ER (Table 3 & 10). These
results established that certain extracts of C. genistoides have estrogenic activity. In addition, the
results suggest that there may be differences in the sensitivity of the screening assays used with
the order of sensitivity being: transactivation of an ERE > MCF-7 cell proliferation > binding to
ER subtypes. An examination of the potencies obtained with the different assays, however,
suggests that the order of sensitivity may actually be reversed for the first two assays (Table 9 and
Table 10). For E, for example, the order of potencies is: MCF-7 cell proliferation (0.40 pM) >
transactivation of an ERE (0.51 nM) > binding to ER subtypes (1.39 nM for ERa and 1.97 nM
for ERp). Although this does not hold for all the compounds and extracts evaluated, generally the
MCEF-7 cell proliferation assay does appear to be the most sensitive of the assays used.

Two attributes of phytoestrogens, weak estrogenicity and preference for ER[3, have been
linked to their beneficial health effects. Both attributes are to be discussed here as they pertain to
the results obtained with C. genistoides extracts. To facilitate evaluation we will also compare

8485 and beneficial

activities with that of E,, the endogenous estrogen linked to both adverse
health effects™, and genistein, a well-studied phytoestrogen.’

It has been suggested that the weak estrogenic potential of phytoestrogens may contribute
to health promoting effects such as protecting against the onset of osteoporosis, cardiovascular

3777986 The unfermented C. genistoides methanol

disease and certain hormone dependent cancers.
extracts and the polyphenols tested were consistently less potent than E, (Table 10). In binding
studies to ER subtypes extracts and polyphenols were from 10 to 10° times less potent (ICs

values) than E; in binding to ERa and ERp. In the ERE-containing promoter reporter and
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proliferation studies, respectively, potencies (ECso values) were up to 10* and 10° times lower
than that of E;, (Tables 9 and 10).
The ERJ is believed to be a modulator of ERa activity as it inhibits proliferation of breast

cancer cells and immature rat uterus.”>*"**

It has been shown, in ERa containing T47D breast
cancer cells, that ER inhibits E; induced cell proliferation if the cells are transfected with ERp to
such an extent that the mRNA levels of the two ER subtypes were equal.” These findings would
suggest that either ER has an anti-proliferative effect on breast cancer cells or it quenches ERa
activity.”™ Competitive binding with both ER subtypes was investigated as numerous studies

have shown that phytoestrogens bind preferentially to the ERp.262%>1>

The present study did
indeed demonstrate that the phytoestrogens, genistein, luteolin and naringenin, but not
formononetin, bind with a higher affinity to the ER[} subtype (Table 2 & 9) confirming results by
others.’®*"* Not only did all polyphenols, except mangiferin, bind to ERP they also induced the
ERE-containing promoter reporter gene via ERf3 and cell proliferation of MCF-7-BUS cells. Of
the three harvestings of C. genistoides tested, only one, P104, bound to the ER subtypes. Unlike
the phytoestrogens, however, it bound, preferentially to the ERP, like E, (Table 3 & 10). Despite
binding preferentially to the ERa and binding to the ER with a potency significantly (P < 0.001)
lower than that of either E, or genistein, P104 was able to transactivate an ERE-containing
reporter promoter via ER with a potency similar to that of E, and genistein and to induce MCF-7
cell proliferation with a potency similar to that of genistein but significantly (P < 0.01) lower than
that of E, (Table 8 & 10). In addition, although P105 and P122 were unable to compete with *H-
E, for binding to hERf, both extracts were able to induce the ERE-containing promoter reporter
via the hER, and P105 was able to induce proliferation. These results seem to suggest that the C.
genistoides extracts are disproportionably effective in activating the ERB. Further evidence for
the activity of the extracts through ERP comes from their ability to antagonise E, induced cell
proliferation of MCF-7-BUS cells (Figure 13A), also seen with the polyphenols, genistein,
luteolin and naringenin (Figure 12A). Although definitive proof for differential activation of ERa
and ERP by extracts is lacking results to date appear to support the hypothesis. The ERE-
containing promoter reporter studies via the ERa could, however, have nicely complemented the
binding of polyphenols and C. genistoides extracts to hERo as well as shedding light on the

preferential activation of the ER[3, and should be considered. Polyphenols and extracts, which are
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able to act preferentially via ERP could be of physiological importance as this could play a role in
the prevention of excessive cell proliferation which is associated with cancer formation.’' Further
evaluation and elucidation of mechanism of action of the polyphenols and extracts come from the
studies with the ER antagonist, ICI 182,780, the estrogen insensitive cell line, MDA-MB-231,
and SHBG binding.

The induction of cell proliferation in MCF-7-BUS cells by all the polyphenols was
antagonised by ICI 182,780 (Figure 10A), while none of the polyphenols, like E,, were able to
induce significant cell proliferation of MDA-MB-231 cells (Figure 7). This suggests that the
proliferative action of the polyphenols, like that of E,, is ER-dependent. In contrast, MCF-7 cell
proliferation induced by the extracts was only partially, though significantly, reversed by ICI
182,780 (Figure 11A), while all of the extracts, except P122, could induce cell proliferation in the
MDA-MB-231 cells (Figure 9), which could not be effectively blocked with the ER antagonist
(Figure 11B). This suggests that in addition to an ER-dependent mechanism of action, the
extracts may also display an ER-independent mechanism of action. Confirmation of this would,
however, require further study and future studies should investigate both ER-dependent and ER-
independent cell proliferation in more detail to identify the signal transduction pathways
involved.

In addition to measuring and validating phytoestrogenic activity, SHBG binding was also
measured. All the polyphenols, except mangiferin, were able to significantly (P < 0.01) compete
with *H-E, for binding to SHBG. Furthermore, the unfermented C. genistoides methanol extracts
were able to significantly (P < 0.05) displace *H-E, from SHBG. Binding to SHBG would imply
that the plant phenolic compounds and extracts can be transported in the bloodstream through
binding to SHBG, which would consequently decrease metabolic clearance rate and subsequent
excretion as was proposed for endogenous estrogens.”’™ For future studies, it would be
interesting to investigate whether extracts of C. genistoides and relevant polyphenols would
increase the secretion of SHBG from liver cells as it has been shown that phytoestrogens can
increase the synthesis of SHBG, """ and an increase in the concentration of SHBG would affect
the amount of biologically free steroid.>”**

Investigations into the estrogenic activity of other plant extracts have yielded results
similar to those found in the present study. Kudzu root, soybean, red clover and alfalfa sprout, all

legumes, like Cyclopia, displayed agonist activity through the ERE-containing promoter reporter
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assays by activating both ERo. and ER, with preferential activation of ERB observed.”™ In
addition, several plant extracts have been shown to induce cell proliferation of estrogen sensitive
MCF-7 cells. Moghania philippinensis, which like Cyclopia is a Fabaceae, was shown to be
active in the cell proliferation assay at concentrations of 1pg/ml and 10 pg/ml.** Kudzu root, red
clover, alfalfa sprout and soybean could also induce MCF-7 cell proliferation.”® Additionally,
Ginkgo biloba extracts were shown to induce proliferation of MCF-7 cells that is ER-dependent

3758 The Ginkgo biloba extracts could,

as the response could be blocked with an ER antagonist.
however, not induce cell proliferation of MDA-MB-231 cells.”’ On the other hand, methanol
extracts from M. philipinensis have previously been shown to antagonise MCF-7 cell
proliferation induced by 107 M or 10™° M E,.”

To summarise, the present study showed that the polyphenols, luteolin, formononetin and
naringenin, present in Cyclopia spp. and some methanol extracts from C. genistoides are
estrogenic in vitro through binding to both ER subtypes, inducing the ERE-containing promoter
reporter via the ER subtype, and by inducing cell proliferation of the estrogen sensitive MCF-7-
BUS cells (Tables 8 & 10). Proliferation of the estrogen-insensitive MDA-MB-231 cell line was,
however, only stimulated by extracts (Figure 9). Mangiferin is one of the major constituents of
Cyclopia spp., and although OH-groups are present at positions 7 and 4’ (structural requirements
for phytoestrogenic activity)’ the xanthone structure does differ from that of the basic flavonoid
structure, which would explain the inability of mangiferin to display any significant
phytoestrogenic activity. Thus, despite being one of the polyphenols present at high
concentrations in Cyclopia spp., mangiferin is not an appropriate compound for enrichment for
nutraceutical usage intended for the phytoestrogen market, as it clearly did not portray adequate
phytoestrogenic activity. To conclude, although the present study showed that C. genistoides is a
potential source of phytoestrogens, caution should, however, be exercised as variation within the
species does exist. Methanol extracts from only one harvesting (P104) was able to displace *H-E,
from the ER subtypes and methanol extracts of only two harvestings (P104 and P105) were able
to induce proliferation of the MCF-7-BUS cells, while all three unfermented C. genistoides
methanol extracts (P104, P105 and P122) portrayed estrogenicity through induction of the ERE-
containing promoter reporter via ERB. The variations in estrogenicity may be ascribed to

polyclonal plant material and stress factors such as temperature and soil requirements.’*
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Therefore each individual batch of plant material available at this stage in the industry would

probably have to be screened if it is to be used to prepare a nutraceutical.
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CHAPTER 4

General discussion and conclusion

The premature termination of two WHI studies sparked a debate on the safety of
traditional HRT as numerous risks were shown to be associated with conventional HRT.'*%%
New alternative therapies are being investigated to replace or complement conventional HRT.*
Natural or herbal remedies have been used for centuries and are still popular in a modern
lifestyle. More importantly, a plant-based diet is more than often associated with a healthier
individual. Epidemiological studies commonly compare the low incidence of hormone-dependent
cancer in the Asian population to that of their Western counterparts.”® The soy isoflavone,
genistein, which is found in the Asian diet and frequently consumed, has been identified as the
plant compound responsible for this phenomenon.” Genistein and structurally similar flavonoids,
commonly referred to as phytoestrogens, are able to mimic endogenous estrogen through binding
to the ER subtypes.'™'" They are also able to compete with endogenous estrogens for binding to
the ER subtypes and inhibiting the natural ligand, thereby acting as anti-estrogens.'’
Phytoestrogens are pleiotropic in nature and thus capable of acting through numerous

mechanisms.' "'

These plant compounds are becoming increasingly popular as alternative
treatments for menopausal symptoms and already several products are available to the public
(Chapter 1). Nutraceuticals is becoming increasingly well accepted amongst consumers, resulting
in a lucrative industry with huge potential for herbal remedies."

Cyclopia, more commonly known as honeybush, is enjoyed as a fragrant herbal infusion
(beverage) and is available to the consumer as honeybush tea. Cyclopia has been shown to have

both antioxidant and antimutagenic activity.'*'>"'¢!7

However, as indicated by both studies, its
antioxidant and antimutagenic activity is minor compared to that of the more popular and well-
known rooibos tea.'® Qualitative analysis of the polyphenols present in C. intermedia and

18;19

C. subternata have identified the known phytoestrogens, formononetin, naringenin,

eriodictyol and luteolin.***'*

This together with anecdotal evidence as to the effectiveness of
honeybush in alleviating menopausal symptoms may place honeybush in another league, separate
from rooibos, with respect to health-promoting claims and economic potential as a nutraceutical.
Before this potential beneficial property of Cyclopia could be exploited, investigation into its

putative phytoestrogenic activity is required. Therefore, the main aim of this thesis was to
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identify whether Cyclopia has phytoestrogenic activity. Phytoestrogenic activity can be assessed
by in vitro methods such as ER binding, reporter gene assays and cellular proliferation in
comparison to activity of the endogenous ligand E, and other well-know phytoestrogens such as
genistein. From these methods a rank order of estrogenic potency can be established.

The study was two-tiered in its investigation and will be briefly summarised. Firstly, the
four commercially available Cyclopia species, C. genistoides, C. sessiliflora, C. subternata and
C. intermedia, together with nine commercially available phenolic compounds present in
Cyclopia were examined for estrogenic activity through binding to the two ER subtypes, ERa
and ERp (Chapter 2). The purpose of including the known phytoestrogens, formononetin,
naringenin, eriodictyol and luteolin was to confirm their estrogenicity in the assay system used,
while the other polyphenols were either major compounds, and therefore of importance, if
estrogenicity could be established, or minor compounds, but of the flavanone type, suggesting
that they could potentially exhibit estrogenic activity and thus be classified as phytoestrogens. In
addition, they could serve as marker compounds when Cyclopia extracts are investigated for
phytoestrogenic activity. The flavanone, naringenin, the isoflavone, formononetin and the
flavone, luteolin were the only compounds able to compete with tritiated E, for binding to both
ER subtypes. Naringenin and formononetin were previously shown to compete with E, for
binding to both ER subtypes'’, whereas luteolin has not been previously investigated for binding
to ERa, but has been shown to compete with E, for binding to the ERP subtype.”® The
flavanones, eriodictyol, narirutin and eriocitrin, were only able to compete for binding to the
hERP. Eriodictyol has been previously shown to be a weak phytoestrogen through cell
proliferation and reporter gene assays (ER not specified).”’"** Narirutin and eriocitrin, to our
knowledge, have not been previously investigated for phytoestrogenic activity and are shown in
this study for the first time to bind to the hERP. Both aqueous and methanol extracts were
prepared and investigated, which allowed for comparison of extract solvent as extraction
selectivity may differ due to solubility of compounds. Additionally, aqueous extracts of both
fermented and unfermented plant material were examined. Again this allowed for the comparison
of processed plant material (fermented) with that of unprocessed (unfermented) plant material.
However, the main aim of investigating ER subtype binding of the four commercially available
Cyclopia species was to screen for the species with the highest estrogenic activity. This prepared

the ground for the second level of the study where the species identified to have the highest
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estrogenic activity would be intensively studied and evaluated for estrogenic activity by
determining potency and efficacy values (Chapter 3).

The first part of the study identified both C. genistoides and C. subternata as having
significant estrogenic activity with methanol extracts from unfermented plant material having
greater activity. It was evident that great variation within a species does exist as was found with
C. genistoides. Only one harvesting (Gen P104) was able to significantly (P < 0.001) compete
with tritiated E, for binding to both ER subtypes, whereas the other harvestings Gen P105 and
Gen P122 were either only able to displace tritiated E, from hERP or unable to displace
significantly from either ER subtype. Variation in the concentration of secondary metabolites
such as flavonoids, which are dependent on environmental factors such as temperature and soil

22425 in addition to location harvested®®, as well as genotype differences may

requirements
explain the disparity.

Thus, the preliminary screening results for phytoestrogenic activity of the four Cyclopia
species and the nine selected polyphenols identified methanol extracts of unfermented
C. genistoides and luteolin, formononetin and naringenin for further in-depth validation studies of
phytoestrogenic activity in the second part of this thesis. Additionally, mangiferin was included
as it is the polyphenol present in Cyclopia at the highest concentration although it displayed no
estrogenic activity through binding to the ER subtypes. Further studies were thus required to
confirm that mangiferin does not contribute to the phytoestrogenicity of Cyclopia spp.
Competitive binding to both ER subtypes, transactivation of an ERE-containing promoter
reporter construct via the hERp, and breast cancer cell proliferation dose response curves were
generated and SHBG binding assay conducted to determine efficacy and potency values or to
ascertain the biological response relative to vehicle (DMSO) control. Efficacy and potency
parameters were compared with those of E, and genistein to establish rank order of
phytoestrogenicity.

Selected unfermented C. genistoides methanol extracts displayed estrogenic activity in
binding to both ER subtypes, transactivating an ERE-containing promoter construct via the hER
and inducing cell proliferation of estrogen sensitive MCF-7-BUS breast cancer cells.
Furthermore, all the polyphenols tested, except for mangiferin, displayed estrogenicity. More
specifically, the polyphenols, except mangiferin, and only one C. genistoides extract (P104)

bound to both human ER subtypes with P104, formononetin and naringenin displaying similar
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potencies (ICsp) as genistein for the hERa, but not for hERP. Similar to genistein, all the
polyphenols that bound, except for formononetin, had a higher affinity (Kj) for the hERp. In
contrast P104 and formononetin, like E,, exhibited preference for the hERa. This was
disconcerting as a higher affinity for ER and preferential induction of this subtype are
hypothesized to be responsible for the health promoting effects of phytoestrogens.”” However,
despite this all the C. genistoides extracts (P104, P105 and P122) did activate the hERp to induce
transcription. Moreover all harvestings, except P122, were able to significantly induce
MCEF-7-BUS cell proliferation. Similarly, all the polyphenols that bound to the ER also
transactivated via ERB and induced cell proliferation. Mangiferin, which was chosen solely
because of its high concentration in Cyclopia, was consistent in displaying no significant
estrogenic activity, confirming its unsuitability as a marker compound for estrogenicity despite
high concentrations in Cyclopia.

Concerning the rank order of estrogenicity, comparison of potencies and efficacies with
those of E, and genistein revealed that all the extracts transactivated the hER with potencies and
efficacies comparable to that of E; and genistein. In the case of proliferation in MCF-7-BUS
cells, which contain both ERa and ER, all the extracts, except P122, displayed efficacies and
potencies similar to those of genistein, but potencies significantly (P < 0.001) lower that that
found for E,. This suggests that the C. genistoides extracts, despite displaying a preference for
ERa in binding assays, like genistein, preferentially induce through ERf.

Furthermore, acting via the ER was substantiated as cell proliferation induced by the
polyphenols and extracts was blocked in the presence of the ER antagonist, ICI 182,780.
Blocking was complete for the polyphenol-induced proliferation, but only partial for the extracts.
This result, coupled to the fact that the extracts, unlike the polyphenols, could induce proliferation
in the estrogen insensitive MDA-MB-231 cell line suggests that the phytoestrogens in the extracts
may act via both ER-dependent and ER-independent mechanisms in inducing cell proliferation.
More relevant clinically, in the presence of 1 nM E, all the C. genistoides extracts were able to
antagonise E, -induced proliferation of the MCF-7 breast cancer cell line. This phenomenon, also
seen with other phytoestrogensz&zg, has been ascribed to preferential induction of ERP, as
physiologically, ERP negatively modulates ERo action, including its ability to induce

30;31

proliferation. To further elucidate mechanism of action, binding to SHBG was evaluated. The

extracts bound to SHBG resulting in significant displacement of E,. This could have implications
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both for the biological half-life of the phytoestrogens in the extracts and in affecting the free
levels of the endogenous sex steroids.™

Despite the fact that the results obtained from the three assays used in the in-depth study
(Chapter 3) validated the rank order of estrogenicity of the extracts (P104 > P105 > P122) as
found in the original screening of the Cyclopia species (Chapter 2), some discrepancies between
the two studies were observed. Formononetin, for example, displayed a higher binding affinity
(Kj) for the ERa subtype (Chapter 3), which does not agree with previous results (Chapter 2),
showing that at 10 uM formononetin competed more strongly with *H-E, for binding to the hERp
than hERa.. A similar trend was also observed with P104. Additionally, P105 was initially shown
to significantly (P < 0.05) displace tritiated E, from the ER subtype (Chapter 2), a result that
could not be reproduced in the subsequent study (Chapter 3). These discrepancies could be due to
variations in the receptor levels between the two studies, which could influence the potencies of
the test compounds.”>* This highlights the fact that, although ER binding is the initial event of
estrogen signalling and is per definition an attribute of phytoestrogens, it may be less sensitive
than other screening assays in identifying potential compounds with estrogenic activity and may
return more false negatives. Indeed our current study suggests that both transactivation of
promoter reporter constructs and proliferation assays are more sensitive in identifying weak
estrogens.

However, as clearly indicated and stated in both studies (Chapters 2 and 3), there is
substantial variation in the estrogenic potential within species of Cyclopia. For example, all
C. genistoides extracts (P104, P105 and P122) transactivated, two (P104 and P105) induced
proliferation, and only one (P104) bound to the ER subtypes. This suggests a rank order of
estrogenicity of P104 > P105 > P122 and highlights the variations in responses induced by the
three harvestings. This variation within species is supported by the HPLC analysis of the specific
extracts used in the preliminary screening study (Chapter 2) that showed no detectable luteolin,
formononetin, naringenin or eriodictyol in any of the extracts despite the fact that previous

studies identified these polyphenols.lg;19

The fact that the known phytoestrogens, luteolin,
formononetin, naringenin and eriodictyol were not detected in the extracts used in the current
study, not only makes using these polyphenols as marker compounds difficult, it also suggests
that unknown polyphenolic compounds present in Cyclopia, awaiting identification, are

responsible for the estrogenic activity displayed. No blanket claims as to the proven estrogenicity
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of all preparations of honeybush tea should thus be made and individual batches of harvestings
would have to be tested to establish estrogenicity before nutraceutical production from the current
plant material available in the industry, is commenced.

Future studies thus would entail activity-guided fractionation of unfermented
C. genistoides methanol extracts to identify and isolate the estrogenically active compound(s) in
the extracts. In addition, plant variability should be studied to investigate factors contributing to
variability that may be managed to ensure a standardised product. Standardisation of a potent
extract would entail quantification of the active compound(s) within an extract and a routine,
high-throughput phytoestrogenic-screening assay would be required. Furthermore, the
development of a nutraceutical product from Cyclopia would require not only evaluation of its
phytoestrogenic potential and health effects, but also assessment of side-effects and toxicity.
Additionally, the molecular mechanism of action of the phytoestrogens in C. genistoides extracts
should be studied further as they seem to display activities that are both similar and different to
those of genistein.

The current study has established that Cyclopia, specifically C. genistoides extracts, has
phytoestrogenic potential and this together with future investigations would contribute to the
development of a uniquely South African phytoestrogen nutraceutical product from Cyclopia

aimed at women in search of alternatives to traditional HRT.
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Addendum A
Method development for investigating transactivation of an ERE containing
promoter reporter construct via hERa

Aim: To optimise a transactivation assay whereby an ERE containing promoter reporter construct

is activated via the hERa for evaluation of ERa mediated transactivation.

In Chapter 3 we evaluated the estrogenicity of unfermented C. genistoides methanol
extracts and selected polyphenols, by amongst others a transactivation assay in COS-1 cells
transiently transfected with ERf. As indicated in the Chapter it would have been informative to
compare transactivation with ERa, especially in the light of differential binding to ERa and ERf3
and the fact that we observed inhibition of E, induced proliferation in MCF-7 cells. It has been
suggested that E, induced proliferation is mediated by ERa while inhibition of proliferation by
phytoestrogens is via ERf.

We obtained significant transactivation by E,, the positive control, using hER (Figure 1).
However, when using the same conditions (cell number, amount of total DNA and ratios of

different constructs used) with hERa we were unable to get transactivation with E; (Figure 2).
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Figure 1: Representative of one experiment of transactivation
of ERE.vit2.luc via hERP by E, in a dose dependent manner.
COS-1 cells (2 x 10° cells/10 cm dish) were transfected with
9.6 ng DNA (0.8 ng hERp expression plasmid (pSG5-hERp), 8
ng ERE-containing promoter reporter contruct (ERE.vit2.luc)
and 0.8 pg pCMV-B-galactosidase).
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Figure 2: Representative of one experiment of transactivation of
ERE.vit2.luc via hERa by E; in a dose dependent manner. COS-1 cells
(2 x 10° cells/10 cm dish) were transfected with 9.6 pg DNA (0.8 pg
hERPB expression plasmid (pcDNA3-hERa), 8 pug ERE-containing
promoter reporter (ERE.vit2.luc) and 0.8 pg pCMV-B-galactosidase).

Numerous parameters were investigated to obtain a dose response curve similar to that of
hERP. The optimization for transactivation via the hERa was extensive and not all parameters
are showed, i.e. all the different amounts of DNA or ratio’s transfected. Parameters that were
investigated included (i) total DNA and ratios of reporter to receptor DNA transfected (Figure 3);
(i1) types of ERE driven promoters (Figure 4); (iii) cell lines (Figure 5); (iv) expression vectors
for the hERa (Figure 6); and (v) transfection medium (phenol red medium vs medium without
phenol red) (Figure 7). Firstly, if the difference between vehicle control and induction by 10° M
E; is compared (Figure 3), the induction of luciferase activity was only minimal at all the
different total DNA concentrations and different ratios of reporter to receptor investigated.
Similarly, minimal induction was induced, insufficient for obtaining full dose response curves
when different promoter reporter constructs (3XxERE.tata.luc and 2xERE.tk.luc) were investigated
(Figure 4) or when different cells (HepG2) were used (Figure 5). Dose response curves were
obtained when COS-1 cells were transfected with a different expression vector for hERa, pSG5-
hERa vs pcDNA3-hERa (Figure 6) or when transfections were done in medium without phenol
red (Figure 7). These results were, however, not reproducible and due to time constraints further

efforts to optimise the transactivation assay with hERa had to be terminated.
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Figure 3: Different ratios of reporter to receptor and amount of
total DNA used to transfect COS-1 (5 x 10° cells/well/ in 24
well plates). Control is 0.1% DMSO.
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Figure 4: COS-1 cells (5 x 10° cell/well/in 24 well plates) were
transfected with different types of ERE-containing promoter
reporter constructs at 300 ng total DNA, with 60% promoter
reporter construct, 33% hERa (pcDNA3-hERa) and 7%
normalized vector (pCMV-B-galactosidase). Control is 0.1%
DMSO vehicle.
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Figure 5: HepG2 cells (5 x 10* M cells/well/in 24 well plates) were transfected with
various amounts of total DNA and with different promoter reporter constructs (A)
2xERE.tk.luc (B) 3xERE.tata.luc together with hERa (pcDNA3-hERa) and
normalizing vector (pCMV-B-galactosidase). Control is 0.1% DMSO vehicle.
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Figure 6: Different expression vectors for hERa.. COS-1 cells were transfected with ERE.vit2.luc
and either pcDNA3-hERa or pSG5-hERa.. COS-1 cells (5 x 10° cells per well) were plated in 24

wells and transiently transfected with 300 ng DNA per well (6 ng ER expressing plasmid, 249 ng

ERE.vit2.luc, 9 ng normalising vector and 36 ng filler vector).

1.35
1.30 m DMEM(-PR) 24 well plate 5 x 10

}%{5) DMEM(+PR) 24 well plate 5 x 10

T 115

Z 1.10

= 1.05 1

E 1.00 V]

c_ﬁ 0.95 I n A 2 X
0.90 - T
0.85
0.80
0.75-% T T T T T

-14 -13 -12 -11 -10 9 -8 -7 -6 -5
LOG M

FOLD INDUCTION

Figure 7: COS-1 cells transfected with ERE.vit2.luc and pSG5-hERa. Transfection occurred
either in medium containing phenol red (+ PR) or without phenol red (-PR).
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Addendum B
Method development for cell proliferation assay

Aim: To set up and optimise a cell proliferation assay for both MCF-7-BUS and MDA-MB-231
breast cancer cells, which would allow for the evaluation of estrogenicity of various plant

polyphenols and unfermented C. genistoides methanol extracts.

The MCF-7-BUS cells were a kind gift from A Soto (Tufts University, Boston,
Massachusetts, United States of America) who also included a much appreciated detailed
protocol. These cells are reported to be extremely sensitive to E, ', however, when we followed
the given protocol this was not evident (Figure 1). None of the days assayed showed any cell
proliferation and from about day 3 onwards a decease in cell number was noticed. It was then
decided to steroid starve the MCF-7-BUS cells prior to induction by pre-incubating them for 3
days in medium without phenol red in an attempt to make them more sensitive to the induction by
E,, with the rationale being that as the cells were maintained in full medium down regulation of
ER may occur. In addition, after starving, cells were induced for different times (1-6 days). A full

dose response curve was obtained after 2 days incubation with E, (Figure 2).
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Figure 1: MCF-7-BUS cells were plated at a density of 2 500 cells per well in 96
well plates and the original cell proliferation protocol received from A.Soto was
executed on various days as indicated on graph.
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Figure 2: MCF-7-BUS cells were estrogen starved for 3 days followed by
induction with E, for indicated days.

240



Cell proliferation may be measured using different techniques. We investigated
two: MTT, which measures viable cells and SRB, which assays for total amount of
protein. In comparing quantification of proliferation by MTT with that obtained using

SRB (Figure 3) it was noted that the MTT assay gave a more reproducible result.
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Figure 3: Cell proliferation of MCF-7-BUS cells measured with (A) MTT or (B)
SRB.

In conclusion, it was decided on three days pre-incubation in medium without phenol red

followed by two days induction with test compounds or extracts and measurement with MTT.
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