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Abstract

While flavonoids have been studied extensively for estrogen receptor activity, they have not been well studied for their ability to
modify progesterone receptor (PR) and glucocorticoid receptor (GR) signaling. Three flavonoid compounds, tangeretin,
wogonin, and baicalein, were selected for testing for PR and GR activity based on their structural similarity to known
phytoprogesterone-like compounds. Each compound was docked in the binding pocket of PR and GR. Of these compounds,
baicalein was predicted to be most likely to bind to both receptors. A fluorescence polarization competitive binding assay for PR
and GR confirmed that baicalein binds to both the PR and GR with ICs, values of 15.30 pM and 19.26 puM, respectively. In
Ishikawa PR-B and T47D cells, baicalein acted as a PR antagonist in a hormone response element (HRE) luciferase (Luc) assay.
In OVCARS cells, which only express GR, baicalein was a GR agonist via an HRE/Luc assay and induced GR target genes,
FKBPS5 and GILZ. RU486, a PR and GR antagonist, abrogated baicalein’s activity in OVCARS cells, confirming baicalein’s
activity is mediated through the GR. In vivo, baicalein administered intraperitoneally to female mice twice a week for 4 weeks ata
dose of 25 mg/kg induced the GR target gene GILZ in the reproductive tract, which was blocked by RU486. In summary,
baicalein has PR antagonist and GR agonist activity in vitro and demonstrates GR agonist activity in the uterus in vivo.
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Introduction

Progesterone is a steroid hormone that plays a role in the
regulation of hormone-dependent cancers [1]. Progesterone
affects many of the reproductive tissues, including the breast,
endometrium, and ovary. In the uterus, progesterone counter-
acts the proliferative effect of estrogen on the endometrial
epithelium [1]. Due to this function, progesterone is used clin-
ically for the treatment of endometrial cancer and is also
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shown to protect against the development of endometrial can-
cer in women on high-dose progestins [2, 3]. Progesterone is
not orally bioavailable, so synthetic forms of progesterone,
termed progestins, are prescribed to women for uterine fi-
broids, endometriosis, and endometrial cancer [4, 5].
Women who consume oral contraceptives that contain proges-
tins or have multiple pregnancies due to high progesterone
levels have an overall decreased risk of ovarian cancer [6,
7]. Progesterone binds to the progesterone receptor (PR),
which is a part of the nuclear receptor family and has structural
similarity to the androgen, glucocorticoid, and mineralocorti-
coid receptors [8]. Ligands for the PR can have promiscuous
binding for the androgen receptor (AR) and the glucocorticoid
receptor (GR), which leads to side effects of cardiovascular
disease, stroke, water retention, and weight gain [9, 10]. There
is a need to identify orally available progesterone-like com-
pounds with reduced side effect profiles that could potentially
be used in the treatment and prevention of gynecological
diseases.

Botanical dietary supplements are becoming increasingly
popular. In 2018, $8.8 billion was spent on botanical dietary
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supplement sales [11]. Women are turning to botanical sup-
plements to alleviate their menopausal symptoms, PMS, dys-
menorrhea, infertility, and other gynecological ailments [12,
13]. Steroid receptor ligands have been identified in herbal
supplements with the most well characterized of these catego-
rized as phytoestrogens [12]. Phytoestrogens are plant com-
pounds that can be structurally similar and/or act functionally
similar to estrogens usually by binding to the estrogen recep-
tor and triggering its transcriptional activation [14]. Botanical
dietary supplements that contain phytoestrogenic compounds
have been proposed for use in the treatment of various gyne-
cological ailments, including PMS and menopausal symptoms
in the USA [12].

Botanical dietary supplements are usually a mixture of
compounds, and there is increasing evidence that botanical
dietary supplements contain phytosteroidal compounds other
than phytoestrogens [15]. Recent studies have shown that
there are compounds in botanical dietary supplements that
mitigate uterine proliferative effects of phytoestrogens [16,
17]. These compounds that counteract the effect of
phytoestrogens have been determined in part to be
phytoprogestins, plant compounds that can bind to the proges-
terone receptor and trigger transcriptional action. The proges-
togenic activity of two such compounds, apigenin and
kaempferol, has been characterized in vitro and in vivo [16,
17]. Both apigenin and kaempferol are flavonoids that are
found in a variety of botanicals, fruits, and vegetables [16,
18]. Most notably, apigenin and kaempferol were able to
block proliferation induced by genistein, a phytoestrogen, in
ovariectomized rats, indicating that they are behaving similar-
ly to progesterone. Supplements that contain both
phytoestrogens and phytoprogestins would be safer in the
uterus as they are less likely to stimulate endometrial epithelial
proliferation [16, 17].

In addition to the progestogenic activity of botanicals, in-
teraction of botanical compounds with GR is also of interest,
since many synthetic ligands bind both receptors. GR is a
ubiquitous receptor that acts like a transcription factor once
bound to ligand [19]. One of the main functions of GR is
immunosuppression and reducing inflammation [19], and
many botanical supplements are used to reduce inflammation
or have traditional use for inflammatory conditions [20-22].
Botanicals used to reduce inflammation have not been exten-
sively studied for their ability to interact with and activate GR
[23, 24]. Understanding the glucocorticoid activity of botani-
cals could help us understand their anti-inflammatory mecha-
nism and explain their traditional use.

To identify compounds that have activity by signaling
through PR, a literature search was performed for compounds
that were similar in structure to characterized phytoprogestins,
apigenin, and kaempferol [16, 17]. Three flavonoid com-
pounds were selected: tangeretin, wogonin, and baicalein.
These three compounds were also tested for their
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phytocorticoid activity, as many ligands can bind to both re-
ceptors. Of the compounds tested, baicalein was found to be a
PR antagonist and a GR agonist and induce GR signaling
in vitro and in vivo.

Material and Methods
Cell Culture and Small Molecules

Ishikawa cells stably expressing PR-B under the control
of CMV [25] were graciously donated by Dr. Leen J.
Blok, Department of Obstetrics and Gynecology,
Erasmus, Medical Center, Rotterdam, The Netherlands.
Ishikawa PR-B cells were maintained in phenol red free
DMEM/F12 media (11039-021, Invitrogen) and supple-
mented with 5% charcoal dextran stripped FBS, and se-
lection antibiotics (500 pg/mL G418 and 250 pg/mL
hygromycin). Expression of PR was validated by western
blot (Supplementary Fig. 1A). T47D cells were purchased
from ATCC and maintained in RPMI 1640 (MT10040CYV,
Corning) supplemented with 10% FBS, 2.25 g/500 mL of
glucose, 2 mM L-glutamine (25030081, Thermo
Scientific, Waltham MA), 1% sodium pyruvate
(11360070, Thermo Scientific, Waltham, MA), 0.75 g/
500 mL of sodium bicarbonate, 1.19 g/500 mL of
HEPES, 0.2 units/mL of insulin (700112P, Gemini Bio-
products, West Sacramento, CA), and 1% penicillin/strep-
tomycin. OVCARS cells were maintained in MEM media
(11095098, Thermo Scientific, Waltham, MA) supple-
mented with 10% FBS, 2 mM L-glutamine, 1% non-
essential amino acids (11140050, Thermo Scientific,
Waltham, MA), 1% sodium pyruvate (11360070,
Thermo Scientific, Waltham, MA), and 1% penicillin/
streptomycin. MDA-MB-231 cells were purchased from
ATCC and maintained in DMEM media (1155065,
Thermo Scientific, Waltham, MA) supplemented with
5% FBS and 1% penicillin/streptomycin. T47D,
OVCARS, and MDA-MB-231 cells were plated in
steroid-free media, which lacked phenol red and contained
double charcoal-stripped FBS, 24 or 48 h before begin-
ning any experiment. All cells were maintained in a hu-
mified incubator at 37 °C and 5% CO,. All cells were
validated by STR analysis.

Progesterone (P0130-25G, Sigma Aldrich, St. Louis, MO),
RU486 (10006317, Cayman Chemical, Ann Arbor, MI),
baicalein (70610, Cayman Chemical, Ann Arbor, MI), 17§3-
estradiol (10006315, Cayman Chemical, Ann Arbor, MI),
tangeretin (10009911, Cayman Chemical, Ann Arbor, MI),
wogonin (14248, Cayman Chemical, Ann Arbor, MI), and
dexamethasone (11015, Cayman Chemical, Ann Arbor, MI)
were dissolved in DMSO at x 1000 final concentration to
ensure 0.1% DMSO in media.



HORM CANC (2020) 11:97-110

99

HRE Luc Assay

Transcriptional activity was measured using a plasmid ex-
pressing the thymidine kinase promoter with two steroid re-
sponse elements (ACAAGA half site) that bind PR and GR
[26] as previously described [18]. To measure hormone re-
sponse element/luciferase (HRE/Luc), Ishikawa PR-B
(40,000 per well), T47D (50,000 per well), OVCARS
(15,000 per well), or MDA-MB-231 cells (40,000 per well)
were plated in 24-well plates. After 24 h, the luciferase con-
struct and a {3-galactosidase construct under the control of a
CMV promoter was transfected into Ishikawa PR-B,
OVCARS, MDA-MB-231 (200 ng/well of HRE/Luc and
100 ng/well of [3-galactosidase), or T47D cells (100 ng/well
of HRE/Luc and 100 ng/well of (3-galactosidase).
Transfections were carried out with LT1 transfection reagent
per the manufacturer’s instructions (MIR 2304, Mirus Bio,
Madison, WI). Following 24 h treatments with pure com-
pounds, 110 pL lysis buffer was added to each well and cells
were frozen at — 80 °C. Luciferase activity in relative Iumi-
nance units (RLU) was measured on a synergy BioTek plate
reader. The first six determinations of RLU were averaged for
each well. Luciferase activity was normalized to f3-
galactosidase and then normalized to vehicle control for each
experiment [16].

Molecular Modeling of Baicalein, Tangeretin,
Wogonin with the Progesterone Receptor,
and Glucocorticoid Receptor

For the docking analyses with PR, chain A of the crystal
structure 1 A28 was used as the receptor, which was prepared
by MGLTools [27] to add polar hydrogen and charges. The
3D structures of baicalein, tangeretin, and wogonin were sim-
ilarly prepared for docking by MGLTools [27]. A rectangular
box (18 x 16 x 18 A%) centered around the C8 carbon of the
progesterone ligand in 1A28 defined the region that the li-
gands could explore within the static receptor structure, which
included essentially all of the progesterone binding site. Initial
docking indicated that the relatively bulky tangeretin exhibit-
ed rather limited access to the progesterone binding site; thus,
residues within 5 A of the bound progesterone were allowed
to be flexible for docking all three ligands. An expanded rect-
angular box (25 x25x25 A%) to accommodate all flexible
residues was centered around the progesterone C8 carbon
for flexible residue docking. For GR, chain A of the 3E7C
crystal structure of the receptor complexed with the agonist
GSK866 was used as the receptor, and similarly prepared by
MGLTools to add polar hydrogen and charges. A rectangular
box of (16 x 16 x 18 A%) centered around the N2 atom of the
bound GSK866 was used for the ligand exploration region.
The more open GR binding site did not hinder docking of any
the ligands, making the addition of flexibility unnecessary. All

ligands were docked against the respective receptor structures
using the Autodock vina program [28]. Figures were prepared
with USCF Chimera [29] from the Computer Graphics
Laboratory, University of California, San Francisco (support-
ed by NIH P41 RR-01081).

Western Blotting

T47D cells (400,000 per well) were plated in 6-well plates in
RPMI 1640 phenol red-free media supplemented with 10%
charcoal-stripped FBS for 24 h. Cells were treated for 24 h and
lysed in buffer containing RIPA, a phosphatase inhibitor, and a
protease inhibitor. BCA was performed to determine protein
concentration. Protein lysate (25 pg) was run on SDS-PAGE
gels by electrophoresis and transferred to a nitrocellulose
membrane. Membranes were blocked with 5% milk in
TBST and probed with PR, GR, or 3-actin overnight at 4 °C
(Supplementary Table 1). The next day, membranes were in-
cubated with anti-rabbit secondary antibody (Cell Signaling
no. 7074S) and developed with SuperSignal West Femto
Substrate (34095, Thermo Scientific, Rockford, IL). Images
were captured with a FluorChem C (Protein Simple, San Jose,
CA). [16].

Progesterone Receptor Fluorescence Polarization
Competitive Binding Assay

The PolarScreen™ progesterone receptor fluorescence polar-
ization competitor assay kit, green, was purchased from
A15905, Life Technologies, Inc. Carlsbad, CA. The proges-
terone receptor ligand-binding domain (amino acids 675-933)
fused to GST (PR-LBD-GST; 654 nM), a fluorescently tagged
PR ligand (fluoromone green PL; 6.5 nM), and either proges-
terone or baicalein was incubated in PR screening buffer with
1 M dithiothreitol (DTT) in a total volume of 80 uL for 2 h at
room temperature as described previously [18]. Each sample
was analyzed in triplicate using a Synergy Neo2 Hybrid
Multi-Mode Reader (Biotek, Winooski, VT). An average of
three samples containing only buffer and PR-LBD-GST with
no fluorescent PL was used as the blank to eliminate back-
ground signal from the protein or buffer. A sample with no
competitor was used to determine 100% binding capacity of
the PR-LBD-GST for the fluorescently tagged PR ligand.

Glucocorticoid Receptor Fluorescence Polarization
Competitive Binding Assay

The PolarScreen™ glucocorticoid receptor fluorescence po-
larization competitor assay kit, red, was purchased from
A15898, Life Technologies, Inc. Carlsbad, CA. Full-length
glucocorticoid receptor (2585 nM), a fluorescently tagged
GR ligand (fluoromone GS red (1.4 nM)), GR-stabilizing pep-
tide, and either dexamethasone or baicalein were incubated in
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GR screening buffer with | M DTT in a total volume of 80 uL
for 2 h at room temperature. Each sample was analyzed in
triplicate using a SpectraMax i3x with an FP-Rhodamine
module plate reader (Molecular Devices, San Jose, CA). An
average of three samples containing only buffer and full-
length GR with the stabilizing peptide and no fluoromone
GS was used as the blank to eliminate background signal from
the protein or buffer. A sample with no competitor was used to
determine 100% binding capacity of the GR for the fluores-
cently tagged GR ligand.

Quantitative PCR

Quantitative PCR (qPCR) was used to examine the induc-
tion of the glucocorticoid target genes glucocorticoid-
induced leucine zipper (GILZ) and FK506 binding protein
5 (FKBP5S) after treatment. Primer sequences are found in
Supplementary Table 2. OVCARS and MDA-MB-231
were used to measure glucocorticoid target gene expres-
sion. OVCARS (200,000 cells/well in 6 well plate) and
MDA-MB-231 (1 million cells/10 cm plate) were plated
in phenol red-free media. OVCARS and MDA-MB-231
cells were plated in phenol red-free media for 48 h and
then treated with pure compounds for 6 h. The cells were
washed with PBS and lysed with Trizol (Ambion™,
15596018, Thermo Scientific, Waltham, MA) and stored
at — 80 °C until extracted for RNA. RNA extraction was
performed using Trizol and chloroform with isopropanol
precipitation followed by ethanol washes and DNAse I
step as previously described [18]. iScript™ complementa-
ry DNA synthesis kit (1708841, Bio-Rad, Hercules, CA)
and SYBR green (Applied Biosystems™, A25780,
Thermo Scientific, Waltham, MA) were used according
to manufacturer’s instructions. qPCR measurements were
performed using the CFX Connect Real-Time PCR
Detection System (Bio-Rad, Hercules, CA). Samples were
normalized to 18s.

Proliferation Assay

T47D cells (1000 cells per well) were seeded onto a 96-
well plate. Cells were allowed to attach for 20 to 24 h.
After cells attached, a day 0 plate was collected.
Baicalein, progesterone, estradiol, or RU486 were added
at indicated concentrations on the remaining plate. Plates
were collected at day 9. Half of the media was replaced
on day 4 for the day 9 plate. On day of collection, media
was removed, and cells were fixed with 20% trichloroace-
tic acid (TCA). Proliferation was measured by
sulforhodamine B (SRB) as previously described [30].
Fold proliferation values were normalized to day 0.
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Animal Study

Female (age 6—8 weeks) athymic nude mice were random-
ly assigned into six different treatment groups with five
mice per group. Treatments consisted of intraperitoneal
injections of vehicle, 0.1 mg/kg dexamethasone,
25 mg/kg baicalein, 15 mg/kg RU486, 0.1 mg/kg dexa-
methasone + 15 mg/kg RU486, and 25 mg/kg baicalein +
15 mg/kg RU486. Dexamethasone, baicalein, and RU486
were dissolved in 10% DMSO and 90% sesame oil to form
an emulsion. Due to baicalein and RU486 separating from
the emulsion, treatments were vortexed for each injection
for each animal. Treatments were administered twice a
week for about 4 weeks. On the last day of treatment,
animals were euthanized by humane means approximately
3 h after the treatment was administered. Reproductive
tracts were excised and fixed in 4% paraformaldehyde
(PFA) for immunohistochemical analysis. The other half
of the reproductive tracts were frozen to be used for
qPCR analysis. All protocols were approved by
University of Illinois at Chicago Animal Care and Use
Committee and the Association for the Assessment and
Accreditation of Laboratory Animal Care.

RNA Extraction and qPCR of Animal Tissues

RNA was extracted from the reproductive tracts using RNeasy
Mini Kit (no. 74104, Qiagen, Hilden, Germany) following the
manufacturer’s instructions. The reproductive tracts were ho-
mogenized using Zirconia beads (no. NC0450473, Thermo
Scientific, Waltham, MA) in 600 uL Buffer RLT and Mini
BeadBeater. After RNA was extracted from the reproductive
tracts, complementary DNA (cDNA) was made using
iScript™ complementary DNA synthesis kit (1708841, Bio-
Rad, Hercules, CA) according to the manufacturer’s instruc-
tions. qPCR was performed for GILZ (Supplementary
Table 2). SYBR green (Applied Biosystems™, A25780,
Thermo Scientific, Waltham, MA) was used according to the
manufacturer’s instructions. qPCR measurements were per-
formed using the CFX Connect Real-Time PCR Detection
System (Bio-Rad, Hercules, CA). Samples were normalized
to 18s.

Statistical Analysis

All data is represented by the mean + SEM and replicated at
least three times. The data was analyzed by a one-way
ANOVA followed by Dunnett’s or Tukey’s post hoc analysis
or Student’s 7 test comparing each treatment to a control group
as indicated. P < 0.05 was considered significant. All analyses
were conducted in Prism version 8.2.0.
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Results

Baicalein Is Predicted to Bind to the Progesterone
Receptor

Based on their structural similarity to the characterized
phytoprogestin compounds (apigenin and kaempferol),
tangeretin, wogonin, and baicalein were modeled in the bind-
ing pocket of PR to determine if they could be predicted to
bind to the PR [16-18] (Fig. la, b). In addition to structural
similarity, a literature search for tangeretin, wogonin, and
baicalein suggested they may possess hormone receptor-
mediated activity based on changes to breast cancer cell pro-
liferation and migration [31-39]. Molecular docking studies
showed that the top nine docking poses for all three com-
pounds were within the approximate envelope of the native
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Fig. 1 Baicalein is predicted to bind to PR with little conformational
specificity. a Structures of known phytoprogestin compounds, apigenin
and kaempferol. b Structures of tangeretin, wogonin, and baicalein which
were screened for progestogenic activity. c—e Molecular docking of
tangeretin, wogonin, and baicalein with PR, crystal structure PDB
ID:1a28. ¢ Top-ranked docking pose for tangeretin with PR, showing
side chains of PR residues within 3.5 A of tangeretin. PR residues
include Tyr890, Leu797, Met801, Arg766, Met759, GIn725, Leu718,

ligand (progesterone). This indicates that all three compounds
would likely bind to approximately the same site as proges-
terone. The Autodock estimated binding free energy for the
top scoring ligand poses was similar for all three ligands for
each receptor (—9.1 to —9.9 kcal/mol). The methoxy side
chains of tangeretin are bulky and show constrained docking
poses in the PR (Fig. 1¢). Both wogonin and baicalein showed
little conformational specificity for the PR. The top two poses
for wogonin were flipped both horizontally and vertically
(Fig. 1d). The top two poses for baicalein were rotated by
nearly 180° around the vertical axis (Fig. le). The added
methoxy group of wogonin compared to baicalein provides
some modest conformational restriction that is significantly
accentuated in tangeretin, where all the hydroxyl groups are
methylated. The added conformational bulk of the five
methoxy groups in tangeretin results in highly constrained

OH

OH O

Baicalein

:ﬁ;au A
R\GR 894.A
<

Leu719, and Met909. d Top-ranked docking pose for wogonin with
PR, showing side chains of PR residues within 3.5 A of wogonin. PR
residues include Val760, Met801, Leu797, Tyr890, Asn719, Leu718,
GIn725, Thr894, and Gly722. e Top-ranked docking pose for baicalein
with PR, showing side chains of PR residues within 3.5 A of Baicalein.
PR residues include Met801, Leu797, Phe794, Asn719, Leu718, GIn725,
Thr890, and Thr894
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binding for tangeretin in PR. Overall, this suggests that
baicalein and wogonin bind to PR primarily through relatively
non-specific hydrophobic interactions that allow the ligands to
assume a variety of potential binding poses, and with no po-
tential hydrogen bonds observed that could constrain binding
poses.

Expression of PR and GR in Ishikawa, T47D, OVCARS5,
and MDA-MB-231 Cells

Ligands for PR are often ligands for other steroid receptors,
particularly GR [26]. Western blotting was used to identify
cell models that expressed PR or GR (Supplementary
Fig. 1a). A variant of the Ishikawa cells, which are an endo-
metrial cancer cell line that expresses no PR (Ishikawa null)
and negligible GR, was engineered to express PR-B [25]. PR
expression in Ishikawa PR-B cells was validated via western
blot (Supplementary Fig. 1a). T47D is a breast cancer cell line
that was shown to have high expression of both PR isoforms,
PR-B and PR-A, and low levels of GR. The ovarian cancer
cell line, OVCARS, and the triple-negative breast cancer cell
line, MDA-MB-231, did not express PR but both express GR
(Supplementary Fig. 1a, b). Interestingly, Ishikawa PR-B ex-
presses high levels of GR (Supplementary Fig. 1b).

Baicalein Is a Progesterone Receptor Antagonist

Tangeretin, wogonin, and baicalein were each modeled to
have some poses that should bind to the PR, with
baicalein potentially being a better PR ligand than the
other two compounds. To determine if tangeretin,
wogonin, and baicalein have PR activity, a hormone re-
sponse element (HRE)/luciferase (Luc) assay was per-
formed in Ishikawa PR-B cells. Since progesterone binds
exclusively to PR, the assay determined whether
tangeretin, wogonin, and baicalein were progesterone-
like compounds. Tangeretin did not induce basal lucifer-
ase activity by itself at the indicated concentrations, nor
did it antagonize progesterone (100 nM) (Fig. 2a, b).
Similarly, wogonin did not induce basal luciferase activity
by itself or antagonize progesterone (100 nM) (Fig. 2c, d).
Baicalein did not induce basal luciferase activity by itself
(Fig. le), but when combined with progesterone
(100 nM), baicalein antagonized progesterone activity at
5and 10 uM (P <0.05 and P <0.01 respectively, Fig. 1f).
Baicalein was the only compound to have significant
progesterone-like activity. Therefore, a fluorescence po-
larization competitive binding assay was conducted.
Progesterone bound to PR with an ICsq of 1.2 uM in
the competitive binding assay. The competitive binding
assay confirmed the docking studies that baicalein bound
to PR with an ICsy of 15.30 uM. (Fig. 2g).
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Baicalein Acted as a Progesterone Receptor
Antagonist with No Effect on Breast Cancer Cell
Proliferation

T47D cells are a breast cancer cell line that endogenously
expresses PR-B, PR-A, and low levels of GR, and they were
used to confirm that baicalein antagonized PR activity.
Baicalein by itself did not induce luciferase activity and actu-
ally reduced basal luciferase activity in T47D cells at 5 and
10 uM (P < 0.001, Fig. 3a). In combination with progesterone
(100 nM), baicalein (5 and 10 M) antagonized progesterone
luciferase activity (P<0.05 and P<0.01, Fig. 3b). Upon
binding to PR, progesterone is known to stimulate degradation
of PR after transcriptional activation of target genes as part of
a negative feedback loop [1]. To determine if baicalein in-
duced degradation of PR, a western blot was performed using
T47D cells. Baicalein did not induce degradation of PR at any
of the doses tested, unlike the positive control, progesterone
(100 nM) (Fig. 3¢, d). Next, qPCR was performed in T47D
cells for the PR gene, TRIM22. Progesterone (100 nM) in-
duced TRIM22 20-fold, and this effect was blocked by the
antagonist RU486 (1 uM). Baicalein (10 uM) induced
TRIM22 2-fold and when combined with 100 nM progester-
one, baicalein was not able to significantly repress
progesterone-induced expression of TRIM22 (Fig. 3e). Next,
baicalein’s capacity to affect proliferation of T47D cells was
investigated. Baicalein has previously been shown to inhibit
proliferation of MCF7 breast cancer cells in the absence and
presence of estradiol [35, 38]. Baicalein did not have an effect
on proliferation in T47D cells over 9 days (Fig. 3f). 173-
estradiol (E2) induces proliferation of T47D cells at 1 and
10 nM (P < 0.05, Supplementary Fig. 2a). High-dose proges-
terone (10 uM) inhibits proliferation of T47D cells, but low
doses did not significantly inhibit T47D cells (P <0.05,
Supplementary Fig. 2b). When E2 (1 nM) and progesterone
were combined, progesterone inhibited E2-induced prolifera-
tion of T47D cells in a dose-dependent manner (P < 0.05, Fig.
3g). Baicalein was combined with E2 (1 nM) to determine if it
could behave like a progestin and inhibit E2-induced prolifer-
ation of T47D cells. Baicalein did not inhibit E2-induced pro-
liferation of T47D cells (Fig. 3h).

Baicalein Acts as a Glucocorticoid Agonist

Synthetic PR ligands often typically bind to GR. To determine
if baicalein, wogonin, and tangeretin also bound to the GR,
molecular docking studies were performed with the three
compounds in the binding pocket of the GR. The top nine
docking poses for all three ligands were within the approxi-
mate envelope of the native ligand (GSK866), indicating that
they all bind in approximately the same site as GSK866. The
Autodock estimated binding-free energies for the top-scoring
ligand poses were similar for all three ligands (— 8.4 to —
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Fig.2 Baicalein is a PR antagonist in Ishikawa PR-B cells. a HRE/Luc of
tangeretin alone. b HRE/Luc of tangeretin with 100 nM progesterone
(P4). ¢ HRE/Luc of wogonin alone. d HRE/Luc of wogonin with
100 nM P4. e HRE/Luc of baicalein alone. f HRE/Luc of baicalein with

8.9 kcal/mol). Tangeretin also showed conformational restric-
tion for the GR due to its bulky methoxy groups, with the top
docking poses maintaining the same basic orientation and on-
ly displaced by approximately the width of the one aromatic
ring. Tangeretin potentially forms one hydrogen bond in the
GR binding site. (Fig. 4a). Wogonin exhibits fewer stabilizing
interactions with the GR binding site than tangeretin, as no
potential hydrogen bonds are observed with wogonin in the
GR binding site. The added methoxy group for wogonin ap-
pears to restrict binding with the top docking poses flipped
horizontally and only partially displaced vertically (Fig. 4b).
Baicalein exhibits more stabilizing interactions in the GR
binding site, as more hydrogen bonds are able to form with
baicalein in the GR binding site. Baicalein shows essentially
no binding site conformational specificity, with the top two
docking poses inverted and displaced vertically almost the full
length of the molecule (Fig. 4c).

To confirm the GR activity of the compounds, a luciferase
assay was performed in OVCARS cells, which express GR
but not PR (Supplementary Fig. 1). Tangeretin (10 puM)

100 nM P4. g Fluorescence polarization competitive binding assay for the
PR with progesterone and baicalein. N>3. Data represent mean + SEM.
Significantly different from 0 uM or control. *P < 0.05; **P < 0.01. Bars
without common letter are significantly different. ““P<0.05

induced luciferase activity 1.5-fold (P <0.05, Fig. 4d). In
combination with 100 nM dexamethasone, tangeretin
(10 uM) induced luciferase activity 7-fold (P <0.05, Fig.
4e). Wogonin did not induce luciferase activity, nor did it
antagonize dexamethasone-induced luciferase activity (Fig.
4f, g). Baicalein (5 and 10 uM) significantly induced basal
luciferase activity 2- and 4-fold, respectively (P <0.05 and
P <0.001; Fig. 4h). Baicalein was combined with the gluco-
corticoid agonist, dexamethasone, to determine if baicalein
acted as an antagonist. Baicalein (5 and 10 uM) reduced
dexamethasone-induced luciferase activity from 12-fold to
7-fold. This indicates that baicalein is acting as a partial ago-
nist in OVCARS cells (Fig. 4i). Of these compounds,
baicalein induced the most GR activity. The GR activity of
baicalein was evaluated in another cell line, MDA-MB-231,
which does not contain PR but does contain GR
(Supplementary Fig. 1a-b). Baicalein (5 and 10 uM) induced
luciferase activity in MDA-MB-231 cells 4- and 7-fold, re-
spectively (P<0.01 and P<0.001, Supplementary Fig. 3a).
Baicalein also reduced dexamethasone-induced luciferase
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Fig. 3 Baicalein is a PR antagonist in T47D cells without reducing T47D
cell proliferation. a HRE/Luciferase activity of baicalein alone. b HRE/
Luciferase activity of baicalein in combination with 100 nM P4. ¢
Representative western blot for PR-B and PR-A levels in T47D cells
treated with 100 nM P4 or baicalein for 24 h. d Densitometry of total
PR levels in T47D cells after P4 or baicalein treatment. e qPCR of
TRIM22 in T47D cells after treatment with P4 (100 nM), RU486
(1 uM) and baicalein (10 uM) as indicated. f Proliferation of T47D
cells after treatment with P4 or baicalein. g Proliferation of T47D cells
after treatment with E2 and P4 as indicated. h Proliferation of T47D cells
after treatment with E2 and baicalein as indicated. N>3. Data represent
mean = SEM. Significantly different from 0 M or Control. *P <0.05;
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activity from 12-fold to 7-fold in MDA-MB-231 cells
(Supplementary Fig. 3b), suggesting baicalein is acting as a
partial agonist.

Baicalein Binds to the Glucocorticoid Receptor
and Induces Glucocorticoid Receptor Responsive
Genes

To determine if baicalein could bind to the GR, a fluores-
cence polarization competitive binding assay for the GR
was performed. Dexamethasone bound to GR with an
ICs0 of 0.07 uM. Baicalein bound to the GR with an ICsg
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of 19.26 uM (Fig. 5a). Baicalein induced HRE/Luc activity
(Fig. 4h) in OVCARS cells, which lack PR and only ex-
press GR. To confirm whether baicalein’s luciferase activ-
ity is mediated through the GR, RU486 was combined with
baicalein. In OVCARS cells, RU486 (1 uM) blocked dexa-
methasone luciferase induction (P < 0.05, Fig. 5b). RU486
(I uM) also blocked baicalein’s luciferase induction
(P <0.05 Fig. 5¢). This, along with the fluorescence polar-
ization assay, confirms that baicalein mediates its effect in
OVCARS through the GR. Next, qPCR was performed for
GR-responsive genes GILZ and FKBPS in OVCARS and
MDA-MB-231 cells to further verify the GR agonist activ-
ity of baicalein. Dexamethasone (30 nM) induced GILZ
40-fold in OVCARS cells, and this effect was abrogated
by RU486 (P <0.001 Fig. 5d). Baicalein (10 uM) induced
GILZ 25-fold in OVCARS cells, and the induction was
inhibited by RU486 (P<0.01 Fig. 5e). A similar effect
was shown for the gene FKBPS5. Dexamethasone (30 nM)
induced FKBP5 10-fold, and RU486 blocked dexametha-
sone’s induction of FKBP5 (P <0.05, Fig. 5f). Baicalein
(10 uM) induced FKBPS5 expression 25-fold, and RU486
blocked baicalein’s induction of FKBPS (P < 0.01 Fig. 5g).
In MDA-MB-231 cells, dexamethasone (30 nM) induced
GILZ 25-fold (P <0.01, Supplementary Fig. 3c). Baicalein
(5 uM) induced GILZ 3-fold (P <0.05, Supplementary
Fig. 3d). For FKBPS5, dexamethasone (30 nM) induced
FKBP5 4-fold (P<0.01, Supplementary Fig. 3e).
Baicalein (5 and 10 uM) did not significantly induce
FKBPS in MDA-MB-231 cells (Supplementary Fig. 31).

Next, baicalein’s ability to affect proliferation in OVCARS
cells was investigated. Dexamethasone (100 nM) was found
to reduce proliferation of OVCARS cells over 4 days
(P <0.05, Fig. 5h). Baicalein (10 uM) was also able to reduce
proliferation of OVCARS cells over 4 days (P <0.01, Fig.
5h). To determine if the ability of baicalein to reduce prolifer-
ation of OVCARS cells was through the GR, RU486 (1 uM)
was combined with baicalein (10 uM). RU486 was not able to
reverse the anti-proliferative effects of baicalein, indicating
that baicalein’s anti-proliferative effect in OVCARS cells is
likely independent of GR (P <0.05, Fig. 5i).

Baicalein Induces Expression of the GR Target Gene
GILZ in Vivo

Female nude mice (30 mice total) were treated with com-
pounds dissolved in 10% DMSO and 90% sesame oil twice
per week for 4 weeks, which was tolerated by the animals. The
reproductive tracts were collected 3 h after the last injection
and used to determine if baicalein could induce GR signaling
in vivo. qPCR was performed for the GR-responsive gene
GILZ. Dexamethasone (0.1 mg/kg) induced GILZ 6-fold,
which was blocked by the antagonist RU486 (15 mg/kg)
(P<0.05, Fig. 6a). Baicalein (25 mg/kg) induced GILZ 3-
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Fig. 4 Baicalein is a glucocorticoid agonist in OVCARS. a—¢ Molecular
docking of tangeretin, wogonin, and baicalein with GR, crystal structure
PDB ID:3e7c. a Top-ranked docking pose for tangeretin with GR,
showing side chains of GR residues within 3.5 A of tangeretin. GR
residues include Cys736, Gln642, Phe623, GIn570, and Asn564.
Potential hydrogen bond interactions are shown as dashed lines. b Top-
ranked docking pose for wogonin with GR, showing side chains of GR
residues within 4.0 A of wogonin. GR residues include Cys736, GIn642,
Phe623, and Asn564. ¢ Top-ranked docking pose for baicalein with GR,

fold and RU486 (15 mg/kg) blocked baicalein’s induction of
GILZ (P <0.05, Fig. 6b). Baicalein activated expression of a
glucocorticoid target gene in vivo which was blocked by the
inhibitor, RU486.

Discussion

Baicalein is a flavonoid from Scutellaria baicalensis (Chinese
skullcap) that was shown in this report to have both PR and
GR activity. Baicalein acts as a PR antagonist and as a GR
agonist. Baicalein binds to both receptors with little confor-
mational specificity and with roughly the same binding affin-
ity for both receptors. Baicalein does not induce PR degrada-
tion nor does it affect proliferation of T47D breast cancer cells

with 100 nM Dexamethasone

showing side chains of GR residues within 3.5 A of baicalein. GR
residues include Thr780, Cys736, Tyr735, GIn642, Phe623, Leu563,
and Phe749. Potential hydrogen bond interactions are shown as dashed
lines. d—i HRE/Luc of tangeretin (d, e), wogonin (f, g), and baicalein (h, i)
in OVCAR 5 cells alone or in combination with 100 nM dexamethasone.
N >3. Data represent mean + SEM. Significantly different from 0 uM or
control. *P<0.05; **P<0.01; ***P<(0.001. Bars without common
letter are significantly different *°P < 0.05

alone or in combination with E2. GR genes are upregulated by
baicalein in vitro and in vivo. The dual activity of baicalein on
the PR and GR could be promising for patients who have
inflammatory gynecological diseases that need to be treated
with a progestin antagonist, as baicalein could confer both
benefits: reducing inflammation through the GR and function-
ing as a PR antagonist. However, patients that would benefit
from a PR and GR agonist might see negative effects from
blocking PR action.

The synthetic progestins medroxyprogesterone acetate
and norethisterone acetate were found to have high relative
binding affinity for the PR, AR, and GR [9, 40].
Progesterone agonists medroxyprogesterone acetate,
norethisterone acetate, and levonorgestrel have both PR
agonist and GR agonist activities. The PR antagonists
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Fig. 5 Baicalein binds to GR and induces GR responsive genes. a
Fluorescence polarization competitive binding assay for the GR with
dexamethasone and baicalein. b HRE/Luc in OVCARS cells with
100 nM dexamethasone (Dex) and 1 uM RU486. ¢ HRE/Luc in
OVCARS cells with 10 uM baicalein and 1 pM RU486. d qPCR of
GILZ in OVCARS cells treated with 30 nM dexamethasone or 1 uM
RUA486 for 6 h. e qPCR of GILZ in OVCARS cells treated with 10 pM
baicalein or 1 uM RU486 for 6 h. f qPCR of FKBP5 in OVCARS cells

RU486, onapristone, and ulipristal acetate have GR antag-
onist activity. Intriguingly, baicalein seems to exhibit PR
antagonist action in cells that have both PR and GR, but
when PR is absent, GR activation was found. This type of
activity could be beneficial for women who have gyneco-
logical diseases that involve inflammation and are treated
with progestin antagonists, examples of which include
uterine fibroids and endometriosis [41, 42]. Uterine fi-
broids and endometriosis have inflammatory signatures
which contribute to the pain that many women experience
with these conditions [43, 44]. Baicalein has potential to
help women with uterine fibroids and endometriosis, as a
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after treatment with baicalein and RU486 as indicated. N >3. Data
represent mean = SEM. Significantly different from 0 uM or control.
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PR antagonist to reduce the uterine proliferation and as a
GR agonist to reduce inflammation.

Tangeretin, wogonin, and baicalein were all modeled in the
binding site of PR and GR, with baicalein predicted to have
better binding to both receptors due to less constrained bind-
ing poses. The added methoxy groups on wogonin and
tangeretin caused the ligands to have constrained binding with
both PR and GR. Even though wogonin has no GR activity,
previous studies have demonstrated that wogonin has immu-
nosuppressive effects but does not affect the anti-
inflammatory effect of dexamethasone [45]. Baicalein has
no methoxy groups on its structure allowing it to bind to both
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Fig. 6 Baicalein induces GILZ in vivo. qPCR of GILZ from RNA
extracted from the uterus of mice treated with dexamethasone, RU486,
baicalein, dexamethasone + RU486, and baicalein + RU486. a qPCR of
GILZ with dexamethasone (0.1 mg/kg), RU486 (15 mg/kg), and
dexamethasone (0.1 mg/kg) + RU486 (15 mg/kg) treated mice. b gPCR

receptors without constrained binding and assume a variety of
binding poses. This was further seen in the in vitro luciferase
data, as baicalein was the only compound to have PR-
mediated luciferase induction. For the GR, baicalein exhibited
agonist activity and tangeretin showed additive activity. GR
has a larger binding pocket than PR, which reduces
tangeretin’s conformational restriction. Unlike for the PR,
the GR binding pocket can be expanded to allow ligands to
bind, which would allow for bulkier, more functionalized li-
gands like tangeretin to bind [46]. Few botanical compounds
have been studied for their activity on GR. Compound A
comes from the plant Salsola tuberculatiformis Botschantzev
and is a selective glucocorticoid receptor modulator [24].
Ginseng is another botanical supplement that contains com-
pounds that have potential GR activity [47, 48]. Here, we have
a third plant-derived compound, baicalein, which binds to the
GR and induces GR signaling. It is possible that there are
many other botanical supplements that bind to the GR and
exert anti-inflammatory properties through the GR. As the
sales of herbal supplements increase every year, so do the
sales of supplements that claim to modulate the immune sys-
tem [11]. Understanding whether these supplements and the
main compounds within them are activating the GR is impor-
tant for patients who routinely take them.

Baicalein has PR antagonist activity and GR agonist activ-
ity in cell lines that only express one of the receptors. In
Ishikawa PR-B, a cell line that contains both PR and GR,
baicalein behaves as a PR antagonist and does not demon-
strate GR agonist activity. By itself, baicalein does not induce
luciferase, indicating that it is not demonstrating GR agonist
activity. Baicalein binds with about the same binding affinity

b GILZ

Fold Change

of GILZ with baicalein (25 mg/kg), RU486 (15 mg/kg), and baicalein
(25 mg/kg) + RU486 (15 mg/kg) treated mice. N>3. Data represent mean
+ SEM. Significantly different from 0 uM or control. Bars without
common letter are significantly different “°P < 0.05

for both receptors. This occurrence in a cell line that contains
both receptors could be due to the coactivators that are
expressed in Ishikawa PR-B cells. There are coactivators that
preferentially bind to GR and coactivators that preferentially
bind to PR. Steroid receptor coactivator 1 (SRC-1) and SRC-2
are examples of coactivators that bind to either GR or PR.
SRC-1 mainly binds to PR and SRC-2 mainly binds to GR
[49]. 1t is possible that in Ishikawa PR-B cells, there is higher
expression of SRC-1 than SRC-2, so that when baicalein
binds, only PR is being activated and therefore only the PR
antagonist activity of baicalein is being expressed. Crosstalk
between PR and GR is not well studied and may provide
specific signaling in tissue expressing both receptors. Further
studies elucidating PR and GR crosstalk could be useful since
many PR ligands are known to bind to GR.

GR is a ubiquitous receptor that is found in many cell lines,
and many of the cell models used here contained GR.
Fluorescence polarization assays confirmed that baicalein
bound to both PR and GR and that the induction of GR target
genes by baicalein occurred through the GR. RU486 was used
to confirm baicalein’s activity was mediated by GR. RU486
significantly blocked the induction of luciferase and GR target
genes by baicalein indicating that baicalein exerted its effects
through GR. The GR activity of baicalein was assessed in cell
lines that only contained GR. To further confirm the PR ac-
tivity, T47D cells were used, which express low amounts of
GR. Only high amounts of glucocorticoids induce luciferase
activity of T47D cells, as only 10 uM dexamethasone induced
T47D luciferase activity (data not shown). This indicates that
T47D cells do not respond well to glucocorticoids, so that the
activity observed in T47D cells is likely mediated by the PR.
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Baicalein was not able to antagonize progesterone at an en-
dogenous gene promoter, TRIM22, in T47D cells (Fig. 3e).
Ogara et al. has demonstrated that liganded and unliganded
GR can have an antagonistic effect on PR on some promoters
in T47D cells [50]. It is possible that baicalein is not having an
antagonistic effect on the endogenous gene promoter in T47D
cells because there is not enough of the GR for baicalein to
elicit its antagonistic effect at this gene promoter. Only one
cell model that was used had high amounts of both receptors
(Ishikawa PR-B), and the activity that was seen in that model
was further confirmed through other cell models. Ishikawa
null is the parental cell line that Ishikawa PR-B cells were
made from. Ishikawa null lost expression of PR and also does
not have GR (Supplementary Fig. 1b) [22]. Since Ishikawa
PR-B cells do contain GR, it is possible that the Ishikawa null
cells used for the western blot validation of the steroid recep-
tors have also lost expression of GR. At the time the Ishikawa
null cells were engineered to express PR, they also could have
had GR, but over time, they lost their GR expression.

Baicalein is a major component and one of the bioactive
flavonoids of Scutellaria baicalensis (Chinese skullcap).
Baicalein represents 5.19-14.24% of Chinese skullcap ex-
tracts, and previous studies have shown it to have anti-
cancer and anti-inflammatory activities [51-57]. Due to its
more hydrophilic structure, baicalein can be taken orally.
Studies have shown that baicalein is rapidly metabolized by
the liver and stomach into its glucuronide form, baicalin. The
maximum plasma concentrations of baicalein are achieved
between 0.75 and 3 h, depending on the orally administered
dose [58]. In a multiple dose study where baicalein was ad-
ministered to patients twice a day every day for 10 days, it was
found that baicalein did not accumulate in the body and was
mainly excreted as a metabolite in urine and feces [59].
Animal studies have shown that baicalein is mainly converted
to its metabolite, baicalin, in the liver and stomach through
glucuronidation and that this metabolite is mainly in systemic
circulation [60, 61]. Since baicalein can be taken orally, the
safety is important. Baicalein has been found to exert mini-
mum adverse effects when administered twice daily with in-
creasing doses indicating that it is relatively safe and has low
toxicity [59]. There are no reported side effects with
Scutellaria baicalensis that are similar to glucocorticoid ther-
apy side effects [62, 63]. This indicates that Chinese skullcap
could potentially be a rather safe glucocorticoid-like extract,
although more studies would need to be conducted.

In conclusion, baicalein is a PR antagonist and a GR ago-
nist. Baicalein binds to both receptors with approximately the
same binding affinity and is predicted to bind with little con-
formational specificity to both receptors. Baicalein does not
affect breast cancer cell proliferation and induces GR target
genes in vitro and in vivo. Furthermore, baicalein’s PR antag-
onist and GR agonist activity could be relevant for women
who have gynecological diseases and inflammatory
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symptoms, as baicalein could signal through the PR and GR.
Considering the overlap between PR and GR signaling evi-
denced here by baicalein, more research is warranted sur-
rounding botanical supplements and their binding to the GR,
since many previously discovered ligands for PR and AR may
also bind to GR.
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