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Abstract

Many botanicals used for women’s health contain estrogenic (iso)flavonoids. The literature
suggests that estrogen receptor beta (ERp) activity can counterbalance ERa.-mediated
proliferation, thus, providing a better safety profile. A structure-activity relationship study of
(iso)flavonoids was conducted to identify ERB-preferential structures, overall estrogenic activity,

"Correspondence: Dr. Birgit M. Dietz, Department of Pharmaceutical Sciences, University of Illinois at Chicago, 833 S. Wood Street,
M/C 781, Chicago, IL, 60612-7231; birgitd@uic.edu, Phone: 312-996-2358, Fax: 312-996-7107.

VCurrent address: School of Naturopathic Medicine, Bastyr University, 4106 Sorrento Valley Blvd, San Diego, CA. 92121 United
States.

TDeceased 5 March 2019

Notes
The authors declare no competing financial interests.

Associated content: Supporting information

Supporting information (SI) is available free of charge on the ACS Publication website

This Sl contains the gHNMR spectra and purity information of the analyzed (iso) flavonoids (S1); semi-preparative HPLC profiles for
the re-purification of select (iso)flavonoids (S2); DNA barcoding sequences obtained for the botanical sold as horny goat weed (S3);
percent composition (% w/w) of (iso)flavonoid per extract (S4); method for auto-hydrolysis of £. sagittatum (S5); calibration curve for
the quantitation of icaritin in £. sagittatum preparations (S6); HPLC-UV profile of £. sagittatum extracts (S7); HPLC-UV profile
crude methanol E£. sagittatum extract with/without spiked icariin (S8); HPLC-UV profile of enzymatic extract with/without spiked
icaritin standard (S9); LC-MS chromatogram of enzymatic extract confirming the identity of icaritin (S10); competitive Binding Assay
method validation with estradiol in ERa and ERP (S11); estrogenic functional assay method validation (S12); stability analysis of 8-
PA under bioassay conditions (S13); related references (S14). All the NMR data and calculation spreadsheets related to the purity
determination of the different (iso)flavonoids are made freely available via the Harvard Dataverse at https://doi.org/10.7910/DVN/
HNMYES.


https://doi.org/10.7910/DVN/HNMYE5
https://doi.org/10.7910/DVN/HNMYE5

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mbachu et al. Page 2

and ER subtype estrogenic activity of botanicals containing these (iso)flavonoids. Results showed
that flavonoids with prenylation on C8 position increased estrogenic activity. C8 Prenylated
flavonoids with C2-C3 wrsaturation resulted in increased ERP potency and selectivity (e.g., 8-
prenylapigenin (8-PA), ECsq (ERB): 0.0035 + 0.00040 uM), whereas 4”-methoxy or C3 hydroxy
groups reduced activity (e.g., icaritin, ECgg (ERB): 1.7 £ 0.70 uM). However, non-prenylated and
C2-C3 unsaturated isoflavonoids showed increased ERp estrogenic activity (e.g., genistein, ECsg
(ERp): 0.0022 + 0.0004 uM). Licorice (Glycyrrhiza inflata, (ECsg (ERa): 1.1 + 0.20; (ERp): 0.60
+ 0.20 pg/mL), containing 8-PA, and red clover (ECsg (ERa): 1.8 + 0.20; (ERB): 0.45 £ 0.10 pg/
mL), with genistein, showed ERB-preferential activity as opposed to hops (EC5¢ (ERa): 0.030 £
0.010; (ERp): 0.50 + 0.050 ug/mL) and Epimedium sagittatum (ECsq (ERa): 3.2 £ 0.20; (ERB):
2.5 £ 0.090 ug/mL), containing 8-prenylnaringenin and icaritin, respectively. Botanicals with
ERB-preferential flavonoids could plausibly contribute to ERB-protective benefits in menopausal
women.

Graphical Abstract

(b)__ _(d)
8 o on o )y (a): 0.16 £ 0.02 uM, (a)}+(b),(c): 0.010 + 0.007 uM
Hot 8 02l E Rf;{ (a)+(b): 0.0035 0.0004 uM, (a)+(b),(c),(d): 1.7 + 0.7 uM

(a)'%;jxé%n”;(c)  ECs0{c): 0.0022 +.0.0004 uM, ~(e)+(1: 0.30 + 0.003 uM
Flavonoid Ligand binding  Coactivator -
; affinity affinit Ra/p estrogenic
() . /—H\ [1] [2] 2 activity
\Ng) “PE @ PESa [3] e
HO>2 0.2 N P - _ ERp activity,
L BEBdH = WER s — = reduced risk *~
(e .53 W - 4 @ of carcinogenesis

L
OH

Isoflavonoid )RQYEH_E&@‘&@ T\l(

Keywords

Estrogen receptor alpha (ERa); estrogen receptor beta (ERB); (iso)flavonoids; phytoestrogens;
prenylation

Introduction

Botanicals have been used for a long time as spices in food and beverages as well as
ethnomedically because of the perceived health benefits they provide.l Additionally, the
release of the Women’s Health Initiative study (WHI) reports showed an increased risk of
breast cancer and toxicities associated with conventional hormone therapy of conjugated
equine estrogens and medroxyprogesterone.2 Since then, botanicals have increasingly
become an alternate choice in women’s health, including usage for the alleviation of
menopausal symptoms. This tendency is accentuated by the fact that botanicals are
generally perceived to be a safer option than conventional drugs.! Some of the most
frequently used botanicals for women’s health are (1) red clover aboveground parts
(Trifolium pratense L.), (2) hops strobuli (Humulus lupulus L.), (3) licorice roots/rhizomes
(Glyceyrrhizasp.), and (4) horny goat weed leaves (Epimedium species).! Red clover has
been reportedly used to treat respiratory ailments in traditional medicine, and today it is
contained in many botanical dietary supplements for the relief of menopausal complaints.3
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Hops have been traditionally utilized in beer brewing and as a sedative and nowadays for the
relief of menopausal symptoms. Licorice roots have been widely used as a sweetening
agent in food and beverages as well as medicinally for inflammation, respiratory problems,
and for the management of menopausal symptoms.! Three licorice species, which include
Glycyrrhiza inflata, to be referred to as “/nflatalicorice”, are used medicinally and are
covered in international pharmacopeias as a group rather than in single-species monographs.
4 Horny goat weed is the common name used for 50 different known species of Epimedium,
which include E£. sagittatum, E. grandifforum, and E. koreanum to cite a few widely studied
Epimedium species.® These Epimedium species are well known in Traditional Chinese
Medicine for natural hormone therapy, including the treatment of menstrual irregularities
and osteoporosis.® For the present studies, Epimedium sagittatum has been used for the
pharmacological analysis.

All four of the presented botanicals contain phytoestrogenic (iso)flavonoids as major
constituents and/or as biological significant phytoestrogens.! These compounds can function
similar to endogenous estrogens in humans. Spent hops contains the most potent ERa
agonistic phytoestrogen known to date, 8-prenylnaringenin (8-PN), whereas red clover is
known to contain the ER agonist genistein (GEN) and its precursor biochanin A.1
Alcoholic extracts from /nflata licorice showed preferential activity for ERpB over ERa and
contain the highest concentration of the ERp-preferential flavone, 8-prenylapigenin (8-PA),
in comparison to the remaining two approved medicinal species of licorice.# Lastly, £,
sagittatum contains glycosides of the major bioactive flavonol, icaritin (ICT), which is
metabolized to desmethylicaritin (DMI) /77 vivo.% Both ICT and DMI are reported to be
estrogenic.®

When these botanicals are consumed, the bioavailable phytoestrogenic flavonoids can
interact with the two known estrogen receptors (ER), ERa and ERp.” ERa expression is
predominant in female organs such as mammary gland, uterus, ovary (thecal cells), and
adipose tissue, while ERp is mainly present in the breast (predominantly epithelial cells),
ovary (granulosa cells), brain, as well as colon.”- 8 ERa activity drives cellular proliferation
in estrogen responsive tissues such as breast and uterus, and studies point to potential
increased risk of hormone—dependent cancers when selectively stimulated.” For example, 8-
PN, which is equipotent in both ER subtypes, has been shown to increase proliferative
activity in breast and uterine tissues in murine models.* 2 10 In contrast, ER activity is
reported to be antiproliferative, suppressing ERa-driven cellular proliferation, potentially
reducing the risk of carcinogenesis.” Recent research shows an increased interest in ERB-
selective ligands due to their potential antiproliferative properties and additional health
benefits.”: 8

The present structure activity relationship (SAR) study analyzed respective phytoestrogenic
(iso)flavonoids that are present in select botanicals and structurally similar ubiquitous
(iso)flavonoids: 8-PN, 8-PA, naringenin (NRG), apigenin (API), icaritin (ICT),
desmethylicaritin (DMI), kaempferol (KFL), GEN, dehydrogenistein (DGN), 8-
prenylgenistein (8-PG) (Scheme 1). 8-PN, 8-PA, DMI, ICT, and 8-PG exhibit site-specific
prenylation patterns, and all the tested (iso)flavonoids have other structural differences
(Scheme 1). The primary aim of this study was to determine how structural variations to the
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conserved (iso)flavonoid pharmacophore modulate ER-subtype selectivity — specifically
ERp-preferential activity — and overall ER activity. The overarching hypothesis was that
site-specific prenylation, (un)saturation, hydroxylation, and methylation can modulate ER-
subtype affinity and activity of (iso)flavonoids.

Additionally, the estrogenic activity of selected extracts containing the key bioactive
(iso)flavonoids — hops (8-PN), red clover (GEN), infiatalicorice (8-PA), and E. sagittatum
(ICT) — were also assessed. A related subaim was to determine whether the estrogenic
activity of the studied extracts correlates with the observed estrogenic behavior of their
respective identified bioactive (iso)flavonoids. This approach was intended to assess the
extent of the influence of these bioactive compounds on the overall estrogenicity of their
respective botanical extracts. Botanicals containing potent ERB-preferential (iso)flavonoids
may be able to provide the proposed ERpB-related protective benefits by counterbalancing
ERa proliferative activity /n vivo.

Materials and Methods

Chemicals and Reagents

General Experimental Procedures: All chemicals were purchased from Thermo Fisher
Scientific (Hanover Park, IL, USA) or Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine
serum (FBS) was acquired from Gemini Bio-Products (West Sacramento, CA, USA).

Phytoconstituents: 8-Prenylnaringenin (8-PN), naringenin (NRG), apigenin (API),
genistein (GEN), kaempferol (KFL) and icaritin (ICT) were acquired from Sigma-Aldrich
(St. Louis, MO, USA). Desmethylicaritin (DMI) was obtained from Santa Cruz
Biotechnology Inc. (Dallas, TX, USA); 8-Prenylapigenin (8-PA) and 8-Prenylgenistein (8-
PG) were obtained from Ryan Scientific Inc. (Mount Pleasant, SC, USA). Dehydrogenistein
(DGN) was obtained from TRC Canada (Toronto Research Chemicals Inc., Toronto,
Canada). The purity of the phytoconstituents was determined as described previously using
either the relative 100% or the absolute gHNMR method (supporting information for
compound purity, S1).11 All commercial compounds (API, ICT, KFL, DMI, GEN, DGN, 8-
PG) with a purity below 95% w/w or containing structurally related impurities were re-
purified by semi-preparative HPLC-UV prior to performing the biological assays
(supporting information, S2). Therefore, the final purity of all tested (iso)flavonoids was
higher than 95%, determined by quantitative 1H NMR (qHNMR).

Botanical Extract Preparation

Leaves from Epimedium sagittatum, (Sieb. & Zucc.) Maxim., Berberidaceae, sold as horny
goat weed were purchased from Starwest Botanicals (part # 20936551, lot# 60901). The
powder was analyzed by means of microscopic analyses, chemical profiling, and DNA
barcoding (supporting information, S3).

The chosen licorice species for this study was Glycyrrhiza inflata Batalin (Fabaceae),
collected in China (Kuga County, Xinjiang Province, People’s Republic of China) and
generously provided by Dr. Liang Zhao at Lanzhou Institute of Chemical Physics, CAS. G.
inflata was identified using macroscopic/microscopic analyses, chemical profiling, and DNA
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barcoding as previously described.1? While the DNA barcoding data for the three
Glycyrrhiza species are similar and require careful analysis of the nucleotide sequences at
the four standardized DNA loci (rbcL, matK, and psbA-trnH, and /TS), the most
discriminant DNA loci was found to be psbA-trnH and the matK marker within the G.
inflata genotype.12 This method unequivocally distinguished the G. inflata material (BC
711) from the other two Glycyrrhiza species.12 The powdered roots of G. inflata (licorice)
were extracted by hydro-alcoholic maceration and 8-PA content was determined by LC-MS
to be 0.168 + 0.014 % w/w as previously described (supporting information, S4).4

Red clover ( Trifolium pratense L., Fabaceae) standardized extract was prepared by
autohydrolysis using proprietary methods and manufactured by PureWorld Botanicals
(acquired by Naturex, Inc., South Hackensack, NJ).13 Biochanin A and GEN content
quantified by QM-gHNMR were 15.4 + 0.6 and 0.64 £ 0.04 % wi/w, respectively (supporting
information, S4).14

Hops (Humulus lupulus L., Cannabaceae) extract was prepared with ethanol at Hopsteiner
(New York, NY, USA) from spent hops.1® The contents (% w/w) of four markers,
xanthohumol (XH), isoxanthohumol (1X), 6-prenylnaringenin (6-PN), and 8-PN, in freshly
prepared extract samples were determined by HPLC-MS/MS to be 0.28 + 0.03 for 8-PN
(supporting information, S4), 1.22 + 0.09 for 6-PN, 1.11 + 0.07 for 1X, 33.2 + 2.8 for XH.
Desmethylxanthohumol (DMX) content was determined in freshly prepared samples to be
0.63 = 0.06 % wi/w. It is known to isomerize to 6-PN/8-PN (5.7:1) in solution with time.16

For the enzymatic hydrolysis of E. sagittatum, an auto-hydrolyzed extract (70.0 mg)
(supporting information, S5 and S7) was dissolved with 171.60 mg snailase in Milli-Q water
(2 mL) and stirred at 40°C. After four days, enzymatic activity was stopped by adding
methanol (2 mL). Aglycones were extracted with organic solvents (40 mL, hexanes,
chloroform, and ethyl acetate). A total of 18.2 mg of snailase-hydrolyzed extract, enriched in
icaritin, was obtained.1” The ICT concentration was determined to be 3.40 % w/w by HPLC-
UV (supporting information, S4-S10).

conditions

The ERa, endometrial carcinoma cells (Ishikawa) were provided by Dr. R. B. Hochberg
('Yale University, New Haven, CT). The MDA-MB-231/p41 breast carcinoma cell line,
stably transfected with ERB was a gift from Dr. Debra Tonetti (University of Illinois at
Chicago, Chicago, IL). Both cell lines were maintained as previously described* and
authenticated by short tandem repeat profile analysis. The cells were in accordance with the
Health Protection Agency Culture Collection in the UK (Ishikawa) and with ATCC (MDA-
MB-231).

ERa and ERB Competitive Binding assay

The protocol was used and validated for this analysis as previously described with minor
modifications (supporting information S11).18-20 Briefly, the reaction mixture consisting of
5 pL of compound in DMSO, 5 pL of purified full length human recombinant ERa or ERB
(Invitrogen Carlsbad, CA) diluted in ER binding buffer (3 nM), and 5 pL of “Hot Mix” (400
nM) was prepared fresh with 95 Ci/mmol [3H] estradiol (E,) diluted in 1:1 ethanol:ER

J Agric Food Chem. Author manuscript; available in PMC 2021 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mbachu et al. Page 6

binding buffer (NEN Life Science Products, Boston, MA, USA). [3H]-E, concentration of
20 nM was used as tracer in the reaction mixture in accordance with previously described
methods.18 Then, ER binding buffer (85 pL) was added and the mixture was incubated at
room temperature for 2 h. The test compounds did not exhibit solubility issues at the tested
concentrations. Hydroxyapatite (BioRad, Herculus, CA) slurry (HAPS, 100 pL) was added
to the reaction mixture while kept on ice for 15 min and vortexed every 5 min. A wash step
was repeated three times by adding 900 L of appropriate wash buffer for the respective
receptor subtype to the reaction mixture, then vortexing, centrifuging at 10,000 g at 4 °C for
1 min and decanting. The HAPS pellet with receptor-ligand complex was re-suspended in
200 pL of ethanol (200 proof) and added to scintillation tubes. Reaction tubes were further
rinsed with 200 L of ethanol and rinse was added to scintillation tubes. Cytoscint [(4 ml;
ICN (Costa Mesa, CA)] was added to the tube, and a Beckman LS 6500 liquid scintillation
counter (Schaumburg, IL) was used to count radioactivity. The % inhibition of [3H] E, was
calculated using equation (1):

[(dpmsample_ dpmb]ank)/ (dpmpmso — dpmplank) — 1] X100 = % sample )
binding

The % binding of sample was calculated by comparison with that of estradiol (50 nM). The
data obtained were the mean of three analytical replicates in triplicates. % Relative Binding
Affinity (RBA) values were calculated for each compound using equation (2) to quantitate
binding activity relative to 17 4-E,.10

% relative binding af finity (RBA) = [ICsq g2/ ICs0 (iso)flavonoid)| X 100 o)

RBA Bl/a values [(%RBA B of compound (A)] / [%RBA a. of compound (A)] were used to
express the measure of preferential interaction of each specific (iso)flavonoid for each ER
subtype (a or g).2!

Computational docking model

In silico docking analysis was performed to investigate the interactions of the (iso)flavonoids
with ERa and ERp. Binding sites of ERa and ERP bound to genistein were obtained from
Protein Data Bank (PDB ID: 1x7r and 1x7j, respectively) and uploaded to Molecular
Operating Environment (MOE; Chemical Computing Group, version 2016.0208). All
unnecessary water molecules were removed, and the structure was prepared using the quick
prep option in MOE. Compounds were docked with triangle matcher placement with
London dG scoring and induced fit refinement with GBVI/WSA dG scoring. The images are
shown with the docked compound in the molecular surface showing hydrophobicity and
lipophilicity of the binding site.

Time Resolved Fluorescence Energy Transfer (TR-FRET) assay in ERa and ERB

The following agonist mode TR-FRET assay protocol was adapted from established
procedures.?2: 23 For ERa-ligand recruitment assessment, (iso)flavonoids at varied
concentrations were incubated with 4 nM ERa—-417 (amino acids 304-554; C381,530S;
site-specifically labeled at C417 with biotin-maleimide), 1 nM streptavidin terbium chelate
(LanthaScreen® Th-Streptavidin; ThermoFisher Scientific catalog number: PVV3965), and
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100 nM steroid receptor coactivator 2 (SRC-2, residues 627-829; labeled nonspecifically
with 5-iodoacetamidofluorescein) in 80 uL of TR FRET buffer. For ERB-ligand recruitment
assessment, (iso)flavonoids at varied concentrations were incubated with 7 nM ERB-LBD
(labeled with GST), 5 nM terbium-anti-GST antibody and 250 nM steroid receptor
coactivator 2 (residues 627-829; labeled nonspecifically with 5-iodoacetamidofluorescein)
in 80 pL of TR FRET buffer. TR FRET buffer contained 20 mM Tris-HCI, 10% glycerol, 50
mM NacCl, 0.02% Nonidet® P 40 substitute at pH 7.5 with a DMSO concentration of 3%.
After a 1 hour incubation at RT for each respective ER subtype-ligand recruitment measure,
TR-FRET readings were taken on a Biotek Neo2 reader using the software Gen5 v. 3.02
using excitation band of 360/40 nm with a 100 us delay and a 500 ps collection time with
emission readings at 495/5 nm and 520/25 nm. Experiments were performed in triplicate
using Corning black, polystyrene, flat bottom, nonbinding surface area, 96-well half area
assay plates. Graphpad Prism v. 7.02 was used to generate best fit curves of the data (ratio of
emission at 520 nm/emission at 495 nm) to sigmoidal, 4PL, where X is log (concentration of
inhibitor).

Functional estrogenic activity assays

Statistics

Results

The protocol for the Estrogen-Responsive Alkaline Phosphatase assay in ERa endometrial
cancer cells (Ishikawa) used by Pisha and Pezzuto?* and ERB-ERE-luciferase induction
assay in ERp positive breast cancer cells (MDA-MB-231/B41 cells) were validated and used
as previously described (supporting information $12).4

Graph Pad Prism® 7.0 (GraphPad software, San Diego, CA) Macintosh version was used for
curve fitting (sigmoidal dose-response curve model with variable slope) and data analysis.

Competitive binding assays of (iso)flavonoids in ERa and ERB

Among the flavanones and flavones, 8-PN had the highest affinity (% RBA) for ERa,
followed by 8-PA. 8-PN showed greater affinity for ERa over ERp, while 8-PA
demonstrated the strongest binding affinity for ERP with preferential binding for ERP over
ERa (Table 1, Figure 1). APl and NRG had significantly weaker affinity for ERa. and ERP
than their prenylated congeners. The decreasing order of affinity for flavanones/flavones in
ERa was 8-PN > 8-PA>> NRG ~ API, while for ERp the order was 8-PA >> 8-PN >> API
> NRG (Table 1). The flavonols (DMI, KFL, ICT) showed significantly less overall ER
affinity than the corresponding flavone, 8-PA (Table 1, Figure 1). The low affinity for ERa
and ERp by DMI and KFL was similar to the non-prenylated flavonoids, API and NRG
(Table 1, Figure 1). However, all four flavonoids, APIl, NRG, DMI, and KFL, demonstrated
low, but preferential ERP affinity (Table 1, Figure 1). The 4" methoxylated ICT had
negligible binding affinity to ERa and ER (Table 1, Figure 1). All three isoflavonoids
(GEN, DGN, 8-PG) had significantly weaker affinity for ERa than for ERp. GEN had the
strongest affinity for ERp among the isoflavonoids (Table 1). The overall decreasing affinity
ranking order in ERa was GEN >> DGN =~ 8-PG and in ERB GEN > DGN > 8-PG,
demonstrating a pronounced decrease in affinity with isoflavonoid prenylation as in 8-PG
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(Table 1). 8-PN showed preferential affinity for ERa at RBA p/a of 0.3 (Table 1). In
contrast, 8-PA and GEN had ERp-preferential affinity with RBA p/a of 2.7 and 3.5,
respectively (Table 1). The 8-PN and GEN RBA B/a values were consistent with previous
publications.19: 18 Among all the (iso)flavonoids tested, 8-PA showed the strongest ERpB
binding affinity, while GEN showed the best overall ERB-preferential affinity (Table 1).

In silico computational models

The present findings are further explained by our /n silico docking results (Figure 2A & B),
in which the C8-prenyl group on 8-PN interacts with lipophilic regions in the ERa binding
pocket (Figure 2A). This interaction can provide stronger 8-PN binding to ERa., which in
part helps explain the more potent 1Csq values determined for 8-PN in comparison to its
non-prenylated counterpart, NRG (Table 1, Figure 1A,1C). In contrast, the prenyl group of
the isoflavonoid, 8-PG, interacts with hydrophilic regions in the ERB binding pocket (Figure
2B), leading to an unfavorable binding interaction, as opposed to the non-prenylated
counterpart, GEN, that exhibits strong potency in this ER subtype (Table 1, Figure 1G,1I).

(Iso)flavonoids-ER complex coactivator recruitment in ERa and ERB

The % Relative Recruitment Efficacy (RRE)?° reflects a measure of the efficacy of the
transcription factor, steroid receptor coactivator-2 (SRC-2), recruitment by each ER-ligand
complex. This assay comparatively assesses the affinity of each respective (iso)flavonoid-ER
complex for the SRC-2, relative to the affinity of the E,-ER complex reference. In ERa, 8-
PN had the strongest % RRE, followed by 8-PA. The order of % RRE readings in ERa for
flavanones and flavones were: 8-PN > 8-PA >> API ~ NRG (Table 1). In ERB, 8-PN and 8-
PA showed comparable activity, while API showed more activity than NRG (Table 1, Figure
3). Both 8-PN and 8-PA had greater activity than APl and NRG, giving an ERP % RRE
order of 8-PN ~ 8-PA > APl > NRG (Table 1, Figure 3). As observed in the ER-binding
assay, the flavonols, DMI, ICT, and KFL, exhibited weak overall results, but KFL showed
comparatively the highest activity in both ER subtypes. However, in comparison to 8-PA the
flavonols had significantly lower overall % RRE values (Table 1). Lastly, GEN exhibited the
highest % RRE in ERa and ERP among the isoflavonoids, followed by 8-PG and DGN
resulting in a ranking order of ERa: GEN > 8-PG > DGN and ERB: GEN > DGN >> 8-PG
(Table 1).

Comparative functional estrogenic activity of (iso)flavonoids

The functional activity of the (iso)flavonoids and select botanical extracts enriched in these
compounds was determined in alkaline phosphatase activity assay in ERa+ endometrial
carcinoma-(Ishikawa) cells and ERB-luciferase assay in ERB+ MDA-MB-231/B41 breast
cancer cells with validated methods (supporting information S12). Prenylation at C8 on the
A-ring of the flavonoids showed higher ERa and ERp functional activity as observed in 8-
PN, 8-PA, and DMI in comparison to their non-prenylated congeners, NRG, API, and KFL,
with the exception of the 4"-O-methylated, ICT (Scheme 1A, Table 2, Figure 4A - D).
However, prenylation at the same site on isoflavonoids, as in 8-PG, led to significantly lower
functional activity compared to GEN and DGN (Scheme 1B, Table 2, Figure 5).
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a) Flavanones and flavones.—The prenylated flavanone, 8-PN which has a saturated
C2-bond in the C-ring showed the highest ERa potency, followed by the prenylated flavone,
8-PA, with C2-C3 wursaturation at the same position. The order of potency observed in the
ERa assay is as follows: 8-PN > 8-PA >> NRG ~ API (Table 2, Figure 4A). However, 8-PA
demonstrated considerably higher ERp potency and was the most ERB-preferential over
ERa among the flavonoids in this assay, while 8-PN was equipotent in both subtypes. The
resulting ERp potency order was 8-PA ~ 8-PN >> NRG ~ API (Table 2, Figure 4B). While
NRG and API were the least estrogenic flavanone and flavone, respectively, both show some
preferential ERB potency (Table 2, Figure 4B).

b) Flavonols.—Similar to results from the ER-binding and FRET assay, C-ring
hydroxylation at C3, as seen in DMI, ICT, and KFL, reduced the overall estrogenic activity
of these compounds compared to 8-PA (Table 2, Figure 4C-D). Additional 4’C-O-
methylation, as observed in ICT, further reduced the estrogenic potency compared to the
non-methylated congener, DMI (Table 2, Figure 4C-D). In ERa the order of estrogenic
activity was 8-PA >> DMI > ICT > KFL (Table 2, Figure 4C). However, in ERpB, O-
methylation at the 4 position seemed to obscure the potentiating effect of C8 prenylation of
ICT, making the non-prenylated KFL more active than ICT for this ER subtype: 8-PA >
DMI > KFL >> ICT (Table 2, Figure 4D). In comparison to the tested flavonols, 8-PA also
showed the most ERB-preferential activity.

c) Isoflavonoids.—In contrast to what was observed with flavonoids, prenylation of
isoflavonoids resulted in a significant decrease of overall estrogenic efficacy and potency as
observed in 8-PG (Scheme 1B, Table 2, Figure 5A & B). Saturation at the C2-C3 position in
ring C also led to an overall reduction in estrogenic functional activity as observed for DGN
in comparison to GEN. The isoflavonoids were significantly less potent ERa ligands than
ERP ligands with an order of ERa potency with GEN ~ DGN ~ 8-PG, while showing a
more defined decreasing order of efficacy: GEN > DGN > 8-PG (Table 2, Figure 5A). In
ERB, GEN had the strongest potency as expected followed by DGN, with 8-PG showing the
lowest potency and efficacy relative to the former compounds: GEN >> DGN >> 8-PG
(Table 2, Figure 5B).

Functional estrogenic activity of extracts

The botanical extracts, each containing one of the studied flavonoids/flavonols (8-PN, 8-PA,
ICT) and isoflavonoids (GEN) as bioactive markers, were analyzed for their ERa and ERB
potency. The tested hops extract was generally equipotent in both ERa-(Ishikawa) and ERB
(MDA-MB-231/p41) cell-based assays. In addition, the hops extract displayed the highest
potency in the ERa assay compared to the other tested botanical extracts (Table 2, Figure 6).
Hops, red clover, and /nffata licorice extracts did show similar overall activity in ERP. Red
clover and /inffata licorice extracts both demonstrated some preferential potency for ERp
over ERa.. While red clover behaved as a full agonist in ERa and ERP, /nffata licorice
mainly demonstrated partial agonistic activity in ERa. However, /nflata licorice extract had
greater functional efficacy in ERB compared to ERa (Table 2, Figure 6). £. sagittatum
showed the least overall estrogenic activity, behaving as a partial agonist in ERa and ERp.
The order of functional activity of botanical extracts for ERa was: hops > inflata licorice >
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red clover >> E. sagittatum (Table 2, Figure 6). In the ERB assay the rank order was red
clover ~ hops ~ jnffatalicorice >> E. sagittatum (Table 2, Figure 6).

Discussion

ERa and ERp are co-expressed in various estrogen-sensitive tissues (e.g., mammary gland),
but the relative ratio of these ER subtypes varies depending on the tissue.25: 27 For example,
the uterus is reported to have a higher ERa to ERp ratio, while ERp is reported to be more
prominently expressed than ERa in normal mammary tissue.2%: 28 Therefore, the relative
ratio of ERB and ERa in a given tissue can influence the level of ERB-driven protection
from ERa-mediated estrogen carcinogenesis.25 Literature suggests a potential protective
role of ERp from carcinogenesis in normal cells. This is indicated by loss of ER expression
in early breast carcinogenesis such as ductal carcinomas, as well as its inverse relationship in
expression with Ki-67, a biomarker of cell proliferation.2® Literature also shows that in the
presence of E,, ERP activity increased /n vitro expression of p21 WAFL/cipl ‘5 tymor
suppressor cellular protein that inhibits cell cycle progression, and subsequently inhibited
the expression of the pro-proliferative proteins such as c-Myc and cyclin D1.39 In cells,
p21WAF1/Cipl s reported to bind and inhibit the activity of the proliferating cell nuclear
antigen (PCNA), responsible for DNA replication during cell proliferation.3!

The initial step in induction of estrogenic activity involve the binding of the compound to
the ER. Both of the ER subtypes contain polar binding residues in the ligand binding site
and these interact with the A- and D-ring of the endogenous ligand E, (Scheme 2).” These
specific regions contain amino acid residues crucial for ligand binding including arginine
and glutamic acid (A-ring pocket) and histidine (D-ring pocket), which interact with select
hydroxyl moieties on ligands, promoting receptor binding (Scheme 2, B.1 - B.3).” One of
the basic requirements for binding of a ligand to the ER is the presence of two optimally
positioned hydroxyl groups (or bio-isosteres in some cases), approximately 11A apart,
separated by a hydrophobic core.” This helps to form crucial hydrogen bonds with the
respective amino acids for adequate ligand-binding affinity for both ER subtypes as in the
case of E, (Scheme 2).7 However, binding affinity is ligand-dependent.?> A majority of
(iso)flavonoids used in our study generally harbor these structural characteristics and
consequently displayed estrogenic activity (Tables 1 & 2, Scheme 1). Certain features in
chemical structures such as planarity generally tend to favor ERp selectivity as observed in
the ERB agonist GEN, although this feature has some limitations.” 32 The ERP active site is
narrower than its counterpart, ERa..” As a result, planar (iso)flavonoids, such as GEN, are
able to fit into the active site with closer proximity to non-polar residues, thereby resulting in
stronger hydrophobic interactions with amino acids such as methionine (Met 336).” This is
one likely explanation for the increased preferential binding activity for ERp over ERa of
planar (iso)flavonoids (Table 1, Figure 1). However, some non-planar compounds such as
8p-vinyl estradiol can still display pronounced ERp selectivity due to ligand rigidity and
optimally positioned substituents.”

After the ligand has been bound to the ER, coregulators (e.g., SRC-2) are recruited to the
ligand-ER complex.2®> When complexed with the ER, the ligand structure also determines
the resulting conformation of the bound ER, which in turn uniquely determines the
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respective strength of coactivator recruitment activity.2> Consequently, two different ligands
with similar binding affinities can reflect different recruitment abilities, 2" resulting in their
respective functional biological activities. Literature suggests that binding affinity of a
compound and subsequent coactivator recruitment are closely associated to the resulting
biological response in the cell; however, there are some exceptions to this correlation.25: 33
Literature also shows that the SRC-2 coactivator has a moderately stronger affinity for ERa
over ERB.34 Collectively, this can explain the stronger TR-FRET assay readouts observed in
our ERa data compared to ERp (Table 1, Figure 3). In addition to SRC-2, there are two
other isoforms, SRC-1 and SRC-3, which have even stronger reported affinity for ERa over
ERP.34

In general, the current SAR results from the binding assays mirror observations from the
TR-FRET and functional estrogenic results in both ER subtypes (Table 1 & 2, Figure 1 - 5).
Flavanone and flavone prenylation at C8 showed increased ligand binding, elevated SRC-2
recruitment to the ligand-ER complex, and higher functional activity compared to the non-
prenylated congeners. In contrast, prenylation on the same site in isoflavonoids decreased
these estrogenic activities (Table 1 & 2). The computational studies provide additional
explanation for the observed estrogenic effects related to (iso)flavonoid prenylation. A
hydrophobic groove is formed in the binding pocket of ER when bound by prenylated
flavonoids similar to those tested in this study.32 This hydrophobic groove interacts with the
prenyl group on the A-ring of flavonoids like 8-PN, as shown in the computational docking
analysis (Figure 2A).32 The groove also likely envelops the prenyl group present on the C8
position of the A-ring of similar flavonoids such as 8-PA, stabilizing the compound in the
pocket (Figure 2).32 This may explain the greater affinity of the 8-prenylated flavonoids for
the ER and subsequent SRC-2 recruitment, as well as higher overall functional activity
compared to their non-prenylated counterparts, NRG and API (Table 1 & 2, Figure 1 - 4).32
These outcomes are consistent with previous publications.1? However, prenylation on C-6,
such as in 6-PN found in hops, leads to significantly lower functional estrogenic activity
compared to what was observed with 8-PN demonstrating the importance of the correct
positioning of the prenyl-group.1®

The presence of a C3 hydroxyl group in flavonols resulted in lower overall estrogenic
activity, (Table 1 & 2, Figure 1,3, & 4, Scheme 1A). However, the prenylated DMI had the
highest overall estrogenic functional activity compared to the B-ring 4”-O-methylated ICT
and non-prenylated KFL (Table 2, Figure 4C & 4D). Additionally, the functional potency of
the unprenylated KFL with a 4”-OH group was significantly stronger than the prenylated
and 4”-O-methylated ICT in ERpB (Scheme 1A, Table 2, Figure 4D). These results highlight
the important role of the B-ring 4"-OH group in these (iso)flavonoid-receptor interactions as
observed with KFL and ICT (Table 2, Figure 4D). This B-ring 4’-OH group mirrors the
activity of the C3-hydroxyl group on the endogenous ligand, E,, because both moieties form
hydrogen bonds with the same notable amino acid residues such as glutamic acid in the ER
active site during ligand binding (Scheme 2).7: 35 Interestingly, non-prenylated KFL showed
the highest overall SRC-2 recruitment activity compared to the prenylated congeners DMI
and ICT especially in ERa in the coactivator affinity studies (Table 1, Figure 3). Additional
comparative studies of coactivator recruitment, including ER conformations, by KFL and
other similar structures may be beneficial to further explain these observations.
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The isoflavonoid, 8-PG, and the flavone, 8-PA, are constitutional isomers. However, the B-
ring in 8-PG is attached to the C-3-position instead of the 2-position, as it is the case with 8-
PA (Scheme 1A and B). As a result, the B-ring in 8-PG will be positioned differently from
that of flavonoids such as 8-PA in the ligand binding site (Figure 2B). This can lead to
differences in binding affinity and activity (Figure 1 - 5). Interestingly, for isoflavonoids, the
functional effects of prenylation are mainly observed in differences in the efficacy in ERa
assays, while in ERp, these effects are reflected in both potency and efficacy (Table 2,
Figure 5). The reduction in estrogenic efficacy and potency that was observed for 8-PG as
compared to non-prenylated GEN correlated with results from past studies and was further
clarified in computational docking results (Figure 2B).36 API and GEN, which are also
constitutional isomers of each other (Scheme 1), also bind differentially to the ER subtypes
resulting in varying estrogenic activity (Table 2, Figure 4 & 5). While both compounds
showed preferential ERp activity, the isoflavone, GEN, was significantly more potent in
ERP (Figure 3 & 5). Similarly, in the ERp assay, 8-PA also showed much stronger potency
than the non-prenylated congener API, and comparable ERP potency and ERp-preferential
activity to GEN (Table 2, Figure 4 & 5).4

The literature reports that ERa tends to be more transcriptionally dominant than ERB3’ and,
therefore, the potential for ERa-dependent proliferation leading to increased risk of
mammary carcinogenesis could be concerning.” The present results show that 8-PA and
GEN have stronger binding affinity to ERB than to ERa and higher ERB-preferential
functional activity over ERa (Table 1 & 2, Figure 1, 4 & 5). Therefore, these compounds
can be of clinical benefit /n vivo, since sustained leverage towards ERp cellular activity by
these ERB-preferential (iso)flavonoids could contribute to counter-balancing ERa pro-
proliferative gene expression and maintain balanced overall activity in mammary tissue.
Further studies are warranted to substantiate this observation.

Our results also indicate that the estrogenic activity of the tested extracts mimicked the
potent/abundant bioactive (iso)flavonoids they contain. Prior studies have suggested 8-PN to
be mainly responsible for the estrogenic activity observed in hops.15: 19 Similar to 8-PN, the
studied hop extract was equipotent in both ER subtypes in functional assays (Table 2, Figure
5). The investigated red clover extract contains the potent isoflavonoid, GEN and its
precursor biochanin A, present at 0.64% w/w and 15.2% w/w, respectively.14 Literature
suggests that these two compounds contribute considerably to the observed estrogenic
activity of red clover extracts.1# 20 Although some ERp-preferential binding activity has
been reported for biochanin A in competitive ER ligand binding assays,2% much of its
reported in cell ERB-preferential estrogenic activity is likely due to its metabolism to GEN.1
Similarly, in the current results, the tested red clover extract showed some ERp-preferential
activity over ERa (Table 2, Figure 6). Likewise, 8-PA, present in an /nffata licorice extract at
0.17 % wiw, was also an ERp-preferential flavonoid (Table 2, Figure 4).% In addition, the
flavanone, liquiritigenin (LigF), present at 0.12 % w/w in this /nflata licorice extract has also
been demonstrated to have ERp preferential estrogenic activity.38 39 However, 8-PA
exhibited greater overall estrogenicity and a stronger ERp-potency than LigF with an ERa
ECsq for 8-PA of 0.050 pM (Table 2) and for LigF of 3.4 uM, as well as an ERp ECs for 8-
PA of 0.0035 pM (Table 2) and for LigF of 0.037 uM.# 40 The jnfiata licorice extract, like 8-
PA and LigF, displayed overall preferential activity for ERB over ERa (Table 2, Figure 6).
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Due to 8-PA’s higher estrogenic activity, 8-PA most likely had a greater contribution to the
estrogenic activity of /inflata licorice than LigF.

The considerable decrease in E; serum levels occurring during perimenopause may lead to
undesired symptoms.#L In clinical literature findings, isoflavones (e.g. genistein) from soy
botanicals have been reported to alleviate menopausal symptoms without evidence of
mammary tissue hyperproliferation, although these studies have known limitations.*2
Women that use soy, red clover, and /nflata licorice to alleviate menopausal symptoms may
benefit from the ERB-protective properties of their respective bioactive phytoestrogens,
GEN and 8-PA. The botanical extract obtained from E£. sagittatum had the lowest ERa and
ERB activity of all the extracts studied (Table 2, Figure 6). Epimedium species, including £.
sagittatum, contain different ICT oligo-glycosides, also known as icariins.> To mimic the
hydrolysis of the glycosides in the intestine /n7 vivo, the extract from E. sagittatum was
hydrolyzed prior to biological analysis yielding an extract enriched in aglycones, including
the weakly estrogenic ICT (Figure 4, S4 — S10). While DMI was only detected in traces in
the hydrolyzed extract, ICT is metabolized by P450 enzymes to the estrogenic metabolite,
DMI, (Scheme 1, Figure 4C & 4D) in vivo.*3 The estrogenic results with £, sagittatum may
mostly correlate with the effects observed with its weakly estrogenic major flavonol, ICT,
and to a certain degree with its metabolite DMI. The present findings suggest that the
estrogenic effects of the tested extracts could correlate with the order of activity of their
corresponding bioactive (iso)flavonoids: in ERa.: 8-PN/hops > 8-PA/inflata licorice ~ GEN /
red clover > DMI / E. sagittatum> ICT (Table 2); in ERB: GEN/red clover= 8-PA/inflata
licorice ~ 8-PN/spent hops >> DMI/E. sagittatum >> |CT/ E. sagittatum (Table 2).

Because prenylated flavonoids were described to form cyclization products under some
conditions,* the stability of 8-PA (10 uM), as a prototype of a prenylated (iso)flavonoid,
was analyzed in the alkaline phosphatase assay (estrogenic activity) in Ishikawa cells. After
24, 48, and 96 h of 8-PA incubation with Ishikawa cells, LC-MS/MS analysis of the media
revealed that no 8-PA cyclization products were observed (supporting information, S13).
This suggests that the bioactivity of 8-PA is due to the parent compound, 8-PA. As the other
analyzed prenylated (iso)flavonoids have similar chemical properties, no cyclization
products of these (iso)flavonoids are expected under the bioassay conditions. Therefore, the
bioactivity is likely due to the parent (iso)flavonoids.

Like all botanicals, the four study botanicals contain many other constituents, such as
various (iso)flavonoids, e.g., biochanin A and formononetin, in red clover,13 and other
flavonoids and chalcones, such as XH, in hops.#® In addition to the sweet tasting
triterpenoid, glycyrrhizic acid, a variety of flavonoids are characteristic compounds for
licorice.! Various flavonoids and lignins are also contained in £. sagittatum among other
compounds.®> However, the focus of the current investigation was to analyze the SAR in
respect to the ER-subtype activity of key (iso)flavonoids that have been described as major
and/or biologically significant phytoestrogens in these four botanicals. These (iso)flavonoids
were compared to ubiquitous (iso)flavonoids in food and plants, e.g. naringenin (Scheme 1).
The primary aim of this SAR study was to analyze the influence of C8-prenylation, C3-
hydroxy, C4’-methoxy groups, and C2-C3 (un)saturation on several endpoints: ERa./p-
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binding, (iso)flavonoid-ER complex coactivator (SRC-2) recruitment, and the overall ER-
subtype activity of these (iso)flavonoids.

The analyzed phytoestrogens can activate both ER targets (ERa and ERp), therefore,
inducing various cellular pathways (e.g., ERa.: relief of hot flashes, proliferation; ERp:
influence on memory, antiproliferation) leading to an overall “polypharmacological” effect.
15,46 Other constituents in the extract can also influence the specific phytoestrogen’s
activity. In line with this, the concentration of the selected bioactive (iso)flavonoid in the
extract, timing of supplementation, /n vivo pharmacokinetics, estrogenic potency, and how
their effect is influenced by the activity of other phytoconstituents in the extract, could
influence how much a selected bioactive flavonoid modulates the activity of the botanical
extract.:: 15 For example, existing reports show that hops neither increased nor decreased
uterine tissue weight, while its bioactive flavonoid 8-PN, in dietary concentrations, increased
uterine weight,! likely indicating ERa activity.?

8-PA and GEN showed ERB-preferential activity /7 vitro. Both compounds can contribute to
the properties of jnffatalicorice and red clover, respectively, to regulate ERa pathways, and
more notably provide ERp activity with its associated benefits when consumed to alleviate
menopausal symptoms. While the ERa activities of these extracts might offer favorable
health benefits including assistance in management of postmenopausal symptoms, their
ERp-preferential activity can potentially provide a reduced risk of adverse effects and help
maintain overall wellness. /n vivo studies on estrogenic effects of GEN and red clover
preparations have been reported;#” however, /n vivo estrogenic studies evaluating the effects
of 8-PA and /nfiata licorice are warranted based on the newly presented /n vitro data. Finally,
from the described SAR observations, potential estrogenic activity and related health
benefits of similar (iso)flavonoids and of botanicals containing these types of phytoestrogens
may be predicted.
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BDS Botanical Dietary Supplement
DMI Desmethylicaritin
DGN Dehydrogenistein
DPN 2,3 bis-diarylpropionitrile
ER estrogen receptor
GEN Genistein
HAPS Hydroxyapatite Slurry
ICT Icaritin
KFL Kaempferol
NRG Naringenin
PPT Propylpyrazole triol
8-PA 8-prenylapigenin
8-PN 8-prenylnaringenin
8-PG 8-prenylgenistein
RBA Relative Binding Affinity
RRE Relative Recruitment Efficacy
SAR Structure Activity Relationship
SRC steroid receptor coactivator
TR-FRET Time Resolved Fluorescence Energy Transfer
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Figure 1.
Competitive radioligand binding of flavanones, flavones (A - C), flavanols (D - F) and

isoflavonoids (G - I) as dose-response evaluations to assess affinity for ERa and ERp. Data
represent average + SEM (uM) from three independent determinations plus 1Csq values.
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A

Figure 2.
Computational modelling of ERa and ERp binding pocket. The green regions of the binding

pocket are lipophilic and contain non-polar residues, which interact favorably with a prenyl
group; the purple regions are hydrophilic with polar amino acid residue that interact
unfavorably with a prenyl group. (A) 8-PN (magenta) and NRG (yellow) are docked in the
binding pocket of ERa.. The prenyl group of 8-PN interacts with the lipophilic region of the
ERa pocket creating favorably binding conditions. (B) GEN (yellow) and 8-PG (magenta)
are docked in the ERp binding pocket. GEN binds well in the ERB pocket, while 8-PG
places its prenyl group in a hydrophilic region creating unfavorable binding conditions.
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Figure 3.

TR-FRET assessing coactivator transcription factor (SRC-2) recruitment by flavanones and
flavones (A and D), flavonols (B and E), as well as isoflavonoids (C and F) for ERa and
ERPB. The measure of respective ligand-ER recruitment efficacy is represented by A/D: the
normalized acceptor molecule emission signals (A) /normalized donor molecule emission
signal (D). Data represent average + SEM from two or three independent determinations.
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Figure 4.
Induction of estrogenic effects /n vitro by the flavanones/flavones (A and B) and flavonols

(C and D): (A, C) ERa, estrogen-dependent induction of alkaline phosphatase activity in
Ishikawa cells. ER, estrogen-dependent induction of ERE-luciferase activity in MDA-
MB-231/B41 cells. Data represent average + SEM from three independent determinations.
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Figure5.
Induction of estrogenic effects /n vitro by isoflavonoids: GEN, DGN, 8-PG. (A) Estrogen-

dependent induction of alkaline phosphatase activity in Ishikawa cells. (B) Estrogen-
dependent induction of ERE-luciferase activity in MDA-MB-231/p41 cells. Data represent
average + SEM from three independent determinations.
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Figure 6.

Induction of estrogenic effects /n vitro by botanical extracts enriched in target

Page 24

D)
""ER«
5 "Ez
O 50 © E. sag.
~N
w
s
® -14 10 8 6 -4
Log[M,glmI]
H)

(3]

3'ERR /J

14 12 10 8 -6 4
Log [M, g/mL]

% of E, cont

(iso)flavonoids: (A, E) hops, (B, F) red clover, (C, G) /inflatalicorice, and (D, H) £.
sagittatum. The panels A to D represent the ERa-dependent induction of alkaline
phosphatase activity in Ishikawa cells. The panels E to H represent the ERB-dependent
induction of ERE-luciferase activity in MDA-MB-231/B41 cells. Data represent average +

SEM from three independent determinations.
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Scheme 1.
(A) Estradiol, endogenous ligand; identified bioactive flavonoids present in hops, licorice

(mainly Glycyrrhiza inflata (Gl)), Epimedium species (e.9., £. sagittatum) sold as horny
goat weed, and present in ubiquitous plant sources as indicated. (B) Identified bioactive
isoflavonoids present in red clover/soy and lupin bean, as well as DGN, a biotransformed
metabolite of GEN.
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isoflavonoids

flavonols

flavones and flavanones

17p-estradiol (E,),

endogenous ligand

Tested flavonoid structures with putative ER binding interactions: (A.1) flavanone and
flavone structure with A-ring prenylation at 8 position (C8) and (un)saturation at C2-C3.
(A.2) flavonol structure with C3 hydroxyl group and B-4’ position for hydroxyl or methoxy
group (A.3) isoflavonoid structure with C8 prenylation and (un)saturation at C2-C3. The
open green arrow represents an increased ERp activity when the considered substitution is
present on the core flavonoid structure, whereas the open red arrow indicated a decreased
activity. (B.1) ER binding interactions of flavanones and flavones, (B.2) of flavonols, (B.3)
of isoflavonoids in relation to E,. Blue full-tailed arrows represent moieties with hydrogen
bond (H-bond) interactions with histidine residue in the ER binding site; magenta dash-
tailed arrows represent moieties with H-bond interactions with glutamic acid residues in ER
binding site.
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ERa and ERp (iso)flavonoid ER subtype and coactivator affinitya

Table 1.

Compounds ERa ERB RBA p/a.
% RBAP | % RREC | % RBAP | % RREC
17B-Estradiol 100 100 100 100 -—-
Flavanones, Flavones
8-PN 30 94.7 9 51.2 0.3
8-PA 18 43.2 48 47.2 2.7
NRG <0.002 12.6 0.05 23.0 -
API <0.002 15.4 0.6 32.8 -
Flavonols
DMI <0.002 9.1 0.5 16.6 -
ICT <0.002 10.2 <0.002 11.9 -
KFL <0.002 31.1 0.2 18.8 -
| soflavonoids
GEN 5.6 62.7 19.4 50.2 3.5
DGN <0.002 25.1 14 38.7 -
8-PG <0.002 335 0.9 17.2 -

aVaIues are expressed as the mean of at least three independent analytical determinations in triplicate. Method details for the ERa and ERB
competitive binding assay and for the (TR-FRET) assay are described in the Experimental Section.

b% relative binding affinity (RBA)= (IC50 E2/ IC50 (iso)flavonoid))*100,

D% relative recruitment efficacy (RRE) = (max FRET efficacy (iso)flavonoid) / max FRET efficacy £2)*100, E2 arbitrarily set at 100%.
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Table 2.

ERa- and ERB-dependent Estrogenic Effects of Extracts and (/so)FIavonoids.a

ERa ERP
Extracts’
ECsg Maximum efficacy ECg M aximum efficacy
Hops 0.030 £ 0.010 72+4.0 0.50 + 0.050 107 £8.0
Red clover 1.8+0.20 94 + 12 0.45+0.10 139+7.0
Inflatalicorice 1.1+0.20% 57 +6.0* 0.60 + 0.20* 80 + 10*
Epimedium sagittatum 3.2+0.20 53+5.0 2.5+0.090 53+ 0.60
Compounds® ECg M aximum efficacy ECso M aximum efficacy
17p-Estradiol 0.030 +0.00%4 100 + 10* 0030 +0.00%4 100 +4.0¢
Flavanones, Flavones
8-PN 0.0050 + 0.0010* 108 + 18* 0.0050 + 0.00050* 87 +9.04
8-PA 0.050 + 0.0060* 93 +7.0% 0.0035 + 0.00040* 104 +6.0*
NRG 3.7+0.50 69 £ 6.0 0.10 + 0.040 99+4.0
API 3.2+0.030 45+3.0 0.16 £ 0.020 118 £5.0
Flavonols
DMI 0.20 +0.020 67 +12 0.010 + 0.0070 90+11
ICT 1.6 +0.40 53+8.0 1.7+0.70 69 +4.0
KFL 51+4.0 36 £5.0 0.20 + 0.050 75+4.0
| soflavonoids
GEN 0.40 + 0.050 117+ 25 0.0022 + 0.0004 131+3.0
DGN 0.80+0.10 84+4.0 0.020 + 0.010 114 + 12
8-PG 0.50+0.20 49+10 0.30 + 0.0030 74+£7.0

a\/alues are expressed as the mean + SEM of at least three independent determinations in triplicate. ERa activity was determined in the estrogen-
responsive alkaline phosphatase assay using ERa positive Ishikawa cells. ERB-activity was determined using the ERE-luciferase induction assay in

ERP positive MDA-MB-231/B41 cells. Method details are described in the Experimental Section.

b .
Values are expressed in pg/mL for extracts.

c .
Values are expressed in pM for compounds.

dn M
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