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Abstract

Apigenin is a flavonoid with well-documented anti-cancer properties; however, its mechanisms of action are still unclear. We
previously identified apigenin as a potential phytoprogestin, a natural product with a chemical scaffold that interacts with the
progesterone receptor (PR). Our objective was to characterize the ability of apigenin to interact with PR through molecular
docking studies, in vitro activity assays, and the ability of apigenin to elicit progestin-like effects in vivo. Molecular docking
confirmed that apigenin could interact with PR, though with lower affinity than progesterone due to fewer van der Waals
interactions. In Ishikawa cells stably expressing PR-B, apigenin significantly increased progesterone response element/
luciferase (PRE/Luc) activity at 5 and 10 uM, but not in the parental Ishikawa cells that lack PR expression. In the presence
of 100 nM of progesterone, 10 uM apigenin reduced PRE/Luc activity, indicative of mixed agonist activity. Apigenin also
triggered degradation of PR in Ishikawa PR-B cells as measured by western blot. Apigenin reduced proliferation of Ishikawa
cells, but through a PR-independent mechanism. In contrast, apigenin and progesterone both stimulated proliferation of T47D
cells, an effect blocked by RU486. Apigenin activated other nuclear receptors evidenced by increased luciferase activity in MDA-
MB-231 cells, which are PR negative. In vivo, apigenin blocked the genistein-stimulated increase in uterine epithelial cell height;
stimulated endometrial expression of Hand2, a transcription factor stimulated by PR, and significantly reduced genistein-induced
proliferation. In summary, apigenin is a phytoprogestin, with mixed agonist activity that demonstrates activity in vivo by
hindering estrogen receptor-mediated uterine proliferation.

Introduction

Apigenin is present in many fruits, vegetables, teas, and herbal
supplements [1]. The use of herbal supplements is increasing in
the general population [2] and is even higher among cancer
patients [3, 4]. Therefore, interest in the role of apigenin
(4',5,7,-trihydroxyflavone) in cancer prevention and treatment
has been increasing [5, 6]. Multiple studies have found an in-
verse correlation between flavone intake, of which apigenin is
the most common, and a woman’s risk of breast cancer [7, §]. In
addition, apigenin has been shown to reduce the proliferation or
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increase apoptosis in numerous cancer cell lines [9—-11].
However, the mechanisms of action for apigenin are still unclear.

In vitro apigenin has repeatedly been shown to inhibit the
growth of breast cancer cell lines, an effect generally attributed
to the ability of apigenin to interact with the estrogen receptor
(ER) [12]. However, apigenin is a weak phytoestrogen, with
relative binding affinities of 0.3 and 6% for estrogen receptor
(ER) a and ERJ3, respectively [13]. Apigenin reduced prolif-
eration in anti-estrogen-resistant MCF7 cell lines [11], and the
estrogen antagonist ICI 182,780 did not reduce the incidence
of apoptosis in prostate cancer cell lines (PWR-1E and PC-3)
treated with apigenin [9]. In vivo apigenin slowed the growth
of medroxyprogesterone acetate (MPA)-stimulated mammary
tumors in mice perhaps hinting that it was able to block pro-
gesterone or androgen-like action typically induced by MPA
[10, 14]. All of these data suggest that apigenin has effects
independent of the estrogen receptor.

Apigenin has limited bioavailability, but is more available
than other common flavonoids, such as quercetin and luteolin
[15]. Apigenin was shown to reach steady state concentrations
in the plasma of mice after 5 days on a diet with 1.1 mmol
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apigenin/kg [16], and radio-labeled apigenin could be detect-
ed up to 9 days after a single oral administration in rats [17].
Apigenin is primarily metabolized by glucuronidation and
sulfation reactions, resulting in the majority of excretion oc-
curring in the urine [17, 18]. In tumor studies, apigenin re-
duced the growth of malignant mesothelioma tumors after
intraperitoneal treatment [19]. Oral gavage of apigenin slowed
the growth of prostate cancer PC-3 cells [20] and reduced the
number of implantation sites in mice [21]. Thus, apigenin
reaches sufficient concentrations to have effects in vivo.

Progesterone plays a key role in development of breast and
gynecological cancers [22]. The progesterone receptor (PR)
has been used as a marker of ER activity, but increasing evi-
dence suggests that PR signaling is also a key in the patho-
genesis of breast cancer [23]. The Women’s Health Initiative
(WHI) found that women who used hormone replacement
therapy (HRT) containing both estrogen and progestin had
increased risk of developing breast cancer relative to estrogen
only HRT [24]. In endometrial and ovarian cancer, expression
of PR is associated with longer overall survival [25, 26]. PR
has been shown to regulate the expression of numerous genes
associated with invasion and aggressiveness of endometrial
cancer, and advanced endometrial cancer showed a loss of
PR immunostaining [27]. In ovarian cancer, progesterone in-
duced necroptosis in p53 defective cells [28]. Interestingly,
different progestins differ in their PR-mediated biological ef-
fects. A recent meta-analysis found that women taking an
HRT-containing synthetic progestins had an increased risk of
breast cancer relative to women using progesterone [29]. The
increased risk of breast cancer from HRT may be due to the
fact that the synthetic progestins commonly used in HRT also
activate the androgen and glucocorticoid receptors (AR and
GR, respectively) [30].

While many flavonoids are known to interact with ER, it is
also clear that some flavonoids can interact with PR [31].
Kaempferol activated a progesterone response element/
luciferase (PRE/Luc) construct, was predicted to bind in the
ligand binding domain of the progesterone receptor (PR) via
computer modeling, and countered the effects of the phyto-
estrogen genistein in the uteri of rats [32, 33]. Apigenin
blocked MPA-stimulated growth of mammary tumors in mice
[10, 34] and reduced the MPA -stimulated secretion of VEGF
from T47D and BT-474 cells [14], indicating that apigenin
interferes with normal progestin signaling. We previously
found that apigenin activated a progesterone response
element/luciferase (PRE/Luc) construct in T47D cells [32],
indicating that apigenin may interact directly with the PR.
However, the effects of apigenin were not further character-
ized in that study. Therefore, our objectives were to determine
if apigenin interacts with PR directly, to characterize
apigenin’s agonist and antagonist effects for PR in a variety
of progesterone sensitive cell lines, and to determine if
apigenin acts as a progestin in vivo.
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Material and Methods

Molecular Modeling of Apigenin and Progesterone
with the Progesterone Receptor (PR)

Molecular Docking for Apigenin

Since there is no crystal structure for the human PR-
apigenin complex, molecular docking was performed to
predict the binding mode for apigenin with human PR.
The Protein Preparation Wizard in Schrodinger Suite
Release 2016-1 (www.schrodinger.com) was used to
optimize the crystal structure of the human PR in
complex with progesterone (PDB code 1A28 [35]). All
hydrogens were added to the receptor and restrained
minimization was first performed on those added
hydrogens, and then, the root-mean-square deviation
(RMSD) of heavy atoms was converged to less than 0.
30 A with the OPLS3 force field. The 3D structure of
apigenin was created by LigPrep (Schrodinger Release
2016-1: ligprep, version 3.7). The OPLS3 force field was
applied for ligand geometric optimization with all possible
ionization and tautomeric forms created at pH 7.4 by EPIK
(Schrodinger Release 2016-1: Epik, version 3.5) [36].
Default values were utilized for other parameters for pro-
tein and ligand preparations. Molecular dockings were per-
formed using GOLD v5.2.2 [37] with the above prepared
protein and apigenin. The active site for human PR was
defined as being within 6 A around progesterone in the
crystal complex of 1A28.pdb. The best scoring pose for
apigenin was selected for analysis.

Molecular Dynamics (MD) Simulations for the Crystal
Complex of PR with Progesterone and the Docked
Complex of PR with Apigenin, and Determination

of Binding Affinities by Molecular Mechanics -
Poisson-Boltzmann Surface Area Method (MM-PBSA)

MD Simulations Restrained electrostatic potential (RESP)
atomic partial charges were assigned to apigenin and pro-
gesterone with geometry optimization, and the electrostatic
potential calculations were performed using HF/6-31G*
and Gaussian 09 in the R.E.D. online server [38]. The
Amber FF14SB force field and the general AMBER force
field (GAFF) parameters were assigned to the human PR
and to apigenin and progesterone; a 10 A octahedral TIP3P
water molecule box was added to each of the complex
systems along with Cl-counter-ions to neutralize the sys-
tem. Then, both systems were subjected to 3 ns MD simu-
lations by Amberl4 with the PMEMD program [38]. The
systems were first minimized using 10,000 steps of
steepest descent minimization followed by another
10,000 steps of conjugate gradient minimization. After
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heating from 0 to 300 K over 100 ps, the systems were
equilibrated over 100 ps at constant pressure (1 bar) and
temperature (300 K). Then, 3 ns NPT production runs were
respectively performed at 300 K and 1 bar for each of the
two systems. The atomic coordinates were saved every
2.5 ps. During the MD simulation, all bonds involving
hydrogen atoms were constrained to their equilibrium dis-
tance using the SHAKE algorithm [39], and a time step of
2 fs was adopted.

MM-PBSA Calculations for Binding Free Energy Calculations
MM-PBSA was used to calculate the binding affinity for pro-
gesterone and apigenin to human PR respectively based on the
3 ns MD simulations. In the MM-PBSA scheme, the binding
free energy (AGy;ng) is computed using the following Eq. 1:

AGping = AEygw + AEge + AGpol + AGnonpolfTAS (1)

AE qws AEge, AGpol, and AGpnpo1 Were calculated accord-
ing to widely used methods [40—42]. The contribution of the
entropy change to the binding affinity (— TAS) was estimated
by a computationally simple and efficient approach recently
proposed by Duan et al. based on the fluctuations of protein-
ligand interaction energies [43].

Cell Culture and Small Molecules

Ishikawa [44] cells stably expressing either PR-A or PR-B
under the control of CMV were graciously donated by Dr.
Leen J Blok, Department of Obstetrics and Gynecology,
Erasmus Medical Center, Rotterdam, The Netherlands.
Ishikawa cells were maintained in phenol red-free
DMEM/F12, 5% charcoal-stripped FBS, and selection antibi-
otic (500 pg/ml G418 or 250 pg/ml hygromycin). Correct
expression of PR was validated by western blot
(Supplementary Fig. S1A). T47D cells were maintained in
RPMI 1640 (11-835-030, Thermo Scientific, Waltham, MA)
supplemented with 10% FBS, 4.5 g of glucose/l, and penicil-
lin/streptomycin. MDA-MB-231 cells were maintained in
DMEM/F-12 media (11330-032, Invitrogen) supplemented
with 5% FBS, 20 ng/ml insulin (700112P, Gemini Bio-prod-
ucts, West Sacramento, CA), 2 mM L-glutamine, and penicil-
lin/streptomycin. T47D and MDA-MB-231 cells were plated
in steroid-free media 24 h before beginning any experiment,
which lacked phenol red and used double charcoal-stripped
FBS. All cells were maintained in a humidified incubator at
37 °C and 5% CO, and passed at confluence.

Progesterone (P0130-25G, Sigma Aldrich, St. Louis,
MO), RU486 (10006317, Cayman Chemical, Ann Arbor,
MI), apigenin (A-002, INDOFINE Chemical Company,
Hillsborough, NJ), and MPA (46412, Sigma Aldrich)
were dissolved in DMSO at x 1000 before being added
to media.

Progesterone and Androgen Response Element (PRE and ARE)
Luciferase (Luc) Assay

Transcriptional activity was measured with a plasmid con-
struct containing a thymidine kinase promoter with two ste-
roid response elements (ACAAGA half site) that bind PR,
GR, and AR [45] as previously described [32]. To measure
PRE/Luc, 40,000 Ishikawa cells per well were plated in 24
well plates. The next day, cells were transfected with 200 ng/
well of the luciferase construct and 100 ng/well of a construct
containing (3-galactosidase under the control of CMV. For
activation of AR or GR Luc, the same construct was
transfected into MDA-MB-231 cells which express AR and
GR. Transfections were carried out with LT1 transfection re-
agent per the manufacturer’s instructions (MIR 2304, Mirus
Bio, Madison, WI). Cells were treated with pure compounds
at indicated concentrations. Twenty-four hours later, lysis
buffer was added to each well and cells were frozen at —
80 °C. Luciferase activity was measured on a synergy
BioTek plate reader. The first six determinations of relative
luminance units (RLU) were averaged for each well.
Luciferase activity was normalized to 3-galactosidase and
then normalized to vehicle control for each experiment.

Proliferation Assay

One thousand Ishikawa or T47D cells per well were seeded
onto a 96-well plate. Two hours later, a day 0 plate was col-
lected. Compounds (apigenin, RU486, or progesterone) were
added at indicated concentrations on the remaining plates. For
Ishikawa cells, a second plate was collected on day 7. For
T47D cells, plates were collected on days 3, 6, 9, and 12.
Half of the media was replaced at day 6 for day 9 and 12
plates. At collection, media was removed and cells were fixed
with 20% tricholoroacetic acid (TCA). Proliferation was mea-
sured by sulforhodamine B (SRB) staining as previously de-
scribed [46]. Values were normalized to day O.

Western Blots

Ishikawa PR-B cells were treated with indicated concentra-
tions of apigenin for 24 h on a 6-well plate. Cells were col-
lected in RIPA lysis buffer containing protease and phospha-
tase inhibitors. Twenty-five micrograms of protein was sepa-
rated on SDS-PAGE cells by electrophoresis and transferred
to a nitrocellulose membrane [32]. Membranes were blocked
for 1 h and probed overnight for AR, GR, PR, « tublin, or f3
actin (Supplementary Table 1). The next day, membranes
were washed with TBS-T incubated with anti-rabbit second-
ary antibody and developed with SuperSignal West Femto
Substrate (34095, Thermo Scientific, Rockford IL). Images
were captured with a FluorChem C (Protein Simple, San
Jose, CA).
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Animal Study

Ovariectomized (OVX) Sprague Dawley rats (Harlan
Laboratories, Madison, WI) were used for this study.
Twenty-four animals (eight per treatment) were housed at
21 °C in 12-h light:12-h dark cycles and were fed 7% corn
diet (Harlan Laboratories, Madison, WI) devoid of
phytoestrogens. At least 2 weeks post OVX animals were
treated by oral gavage with DMSO/corn oil mixture for eight
consecutive days. Treatments consisted of oral gavage of corn
0il/DMSO (control), or vehicle supplemented with 5.625 mg/
animal/day of apigenin, 5.625 mg/animal/day genistein, or
both compounds together. These doses were based on genis-
tein intake in a previous study [47] and had been used previ-
ously by our laboratory to study kaempferol [33]. Twenty-four
hours after last treatment, animals were euthanized by humane
means and uteri were excised and fixed in 4% paraformalde-
hyde (PFA) for immunohistochemical analysis. All animal
studies were approved by the UIC Institutional Animal Care
and Use Committee.

Hematoxylin and eosin (H&E) and immunohistochemical
staining for PR, Hand2, and Ki67 was carried out as previous-
ly described [33]. Reproductive tracts were fixed in 4% para-
formaldehyde, embedded in paraffin, and sectioned at 5 um.
Sections were deparaffinized, rehydrated, probed with prima-
ry antibody (Supplementary Table 1) ov ernight, washed,
blocked, and probed with secondary antibody (1:200 biotinyl-
ated anti-rabbit; BA-1000, Vector Laboratory, Burlingame,
CA) for 30 min. Slides were developed with 3,3'diaminoben-
zidine (SK-4100, Vector Laboratories, Burlingame, CA),
counterstained with hematoxylin, and mounted. Images were
captured at x40 or x 100 with a Nikon Eclipse E600
microscope.

Statistical Analysis

All data is represented by the mean+ SEM and replicated at
least three times. The data was analyzed by a one-way or two-
way ANOVA followed by Dunnett’s post hoc analysis com-
paring each treatment to a control group as indicated. P < 0.05
was considered significant. All analyses were conducted in
Prism version 7.0a.

Results

Molecular Modeling of Apigenin
with the Progesterone Receptor

Previous studies suggest that apigenin alters progestin signal-
ing [10, 14], potentially by interacting directly with the PR
[32]. To test this hypothesis, the binding of apigenin and pro-
gesterone to the human PR was compared via molecular

@ Springer

docking. Docking predicts that the 4'-OH of apigenin should
form H bonds with Q725 and R766, and the 7-OH should
form an H bond with the backbone of L715 as well as some
van der Waals interactions with L718, L721, M759, L763, and
F778 (Fig. 1a). Progesterone had similar interactions as
apigenin (Fig. 1b), also forming H bonds with Q725 and
R766 and van der Waals interactions with L718, N719,
M759, L797, M801, C891, Y890, and M909 in the predicted
crystal complex.

Both apigenin and progesterone were stable during the
3 ns MD simulations (Supplementary Fig. 1) with the
RMSD less than 1 A with respect to their initial conforma-
tion before MD simulation. However, much tighter binding
was found for the native ligand of progesterone based on
the MM-PBSA binding free energy calculation (Table 1).
The van der Waals interactions contributed more to the
predicted progesterone binding (—52.9 kcal/mol) to its re-
ceptor than the apigenin binding (—39.1 kcal/mol).
Although the electrostatic interactions attribute more to
apigenin binding (— 30.0 kcal/mol), the electrostatic energy
from solvation balanced this contribution. With a similar
nonpolar solvation free energy (— 3.8 kcal/mol for proges-
terone and — 3.1 kcal/mol for apigenin) and entropy con-
tributions (9.1 kcal/mol for progesterone and 9.9 kcal/mol
for apigenin), the predicted binding affinity is stronger for
progesterone (— 31.6 kcal/mol) than apigenin (— 15.5 kcal/
mol), most of which comes from van der Waals difference
between them. These results suggest that apigenin can
readily bind to the PR, but at lower affinity than the native
progesterone ligand. This agrees with our early report that
apigenin bound to the progesterone receptor with an ICsq
of 1.0 uM [32].

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

Synthetic ligands that activate PR typically also activate AR
and GR, making it difficult to isolate the effect of a compound
to a specific nuclear receptor. Therefore, we screened several
cell lines using western blotting to determine PR, AR, and GR
expression. Ishikawa cells are an endometrial adenocarcinoma
cell line that does not express PR [44, 48, 49]. Therefore, we
used Ishikawa cells engineered to stably express PR-A, PR-B,
or neither receptor (PR null) [44, 49]. Western blot revealed
very high PR-A and PR-B expression in T47D cells. Ishikawa
PR-B cells expressed both PR-A and PR-B due to processing
of the PR-B transcript. Ishikawa PR-A cells expressed only
PR-A, while Ishikawa null and MDA-MD-231 cells lacked
detectable PR. MDA-MD-231 and T47D cells expressed
higher levels of AR-A and AR-B. Ishikawa and MDA-MB-
231 cells expressed moderate levels of GR. T47D expressed
very low levels of GR (Supplementary Fig. 2), while Ishikawa
null was positive for GR.
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A Apigenin
o 3

Fig. 1 Modeling of apigenin (left) and progesterone (right) to the proges-
terone receptor. a—b H bonds (green lines) and van der Waals (red lines)

Apigenin Has Mixed Agonist Effects

Apigenin had no effect on PRE/Luc activity in either Ishikawa
null or PR-A (Fig. 2a). In contrast, 5 and 10 uM of apigenin
increased PRE/Luc activity approximately 20-fold in
Ishikawa PR-B cells (P <0.0001; Fig. 2b). RU486 (which
inhibits PR, GR, and AR) completely abrogated the effect of

B Progesterone

Asn7;Q9(<E SH, Leu797 giyl"yrS%

Met909

between apigenin (a) and progesterone (b) with the progesterone receptor
by LigPlot" [65]

apigenin in Ishikawa PR-B cells (Fig. 2¢). Confirming that
apigenin specifically activates PR and not GR, apigenin had
no effect on the parental Ishikawa cell line that lacks PR ex-
pression but retains GR (Fig. 2d). In the presence of 100 nM of
progesterone, 10 uM of apigenin reduced the PRE/Luc activ-
ity induced by progesterone by 43% (P < 0.05, Fig. 2e), indi-
cating that apigenin is a mixed agonist for PR in these cells.
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Table 1 The energy component

for binding free energy of AE, g * AEq ” AGpq ¢ AGonpol ¢ - AGing ©

AGMM-PBSA (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) TAS  (kcal/mol)
Progesterone  —52.9 -21.5 37.5 -3.8 9.1 -31.6
Apigenin -39.1 -30.0 46.8 -3.1 9.9 —15.5

*van der Waals contribution

® Electrostatic energy

¢Polar solvation free energy

¢ Nonpolar solvation free energy

¢Binding free energy

Confirming that apigenin interacts directly with the progester-
one receptor to trigger ubiquitin-dependent degradation,
apigenin induced a significant reduction in PR-B protein
levels at concentrations >1 uM in Ishikawa PR-B cells
(P<0.05; Fig. 2f and densitometry in Supplementary Fig.
S3A). These data all support that apigenin directly binds PR
and alters transcriptional regulation.

Apigenin Reduced Proliferation of Ishikawa Cells
Independently of PR

Progesterone typically represses the growth of endometrial
cancer; therefore, the ability of apigenin and progesterone

to reduce Ishikawa PR-B cell proliferation was tested.
Interestingly, progesterone (0.01-10 uM) had no effect
on proliferation (Fig. 3a), even though the highest concen-
tration of apigenin (10 uM) reduced proliferation of
Ishikawa PR-B cells (P <0.01; Fig. 3b). The inability of
progesterone to repress proliferation suggested that the ef-
fect of apigenin in Ishikawa PR-B cells was PR-indepen-
dent. In confirmation, 10 uM of apigenin also suppressed
proliferation of Ishikawa null cells (Fig. 3¢). To determine
if AR or GR was mediating the effect of apigenin on
Ishikawa cells, we tested the ability of RU486, which in-
hibits AR, GR, and PR. However, RU486 was unable to
block the anti-proliferative effects of apigenin (Fig. 3d).
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Fig. 2 Apigenin activates PR-B in Ishikawa cells. a—e Luciferase activity
in Ishikawa cells stably expressing PR-A (a), PR-B (b, ¢, and e), PR null

(d) transfected with a PRE/Luc construct and treated with a apigenin

>

progesterone, or RU486 as indicated. f Representative western blot for
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PR-B levels in Ishikawa PR-B cells treated with apigenin for 24 h. n>3.
Significantly different from 0 uM or control, *P <0.05, **P <0.01.
#EEEP <0.0001
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Fig. 3 Apigenin reduces proliferation of Ishikawa cells independently of
progesterone receptor. a—b Proliferation of Ishikawa PR-B cells in re-
sponse to progesterone (a) or apigenin (b). ¢ Proliferation of Ishikawa
null cells treated with apigenin. d Proliferation of Ishikawa PR-B cells

Finally, we tested for a potential interaction between pro-
gesterone and apigenin. But in the presence of 10 uM of
progesterone, apigenin has similar effects as before, reduc-
ing proliferation of Ishikawa PR-B cells at 10 uM
(P<0.05; Fig. 3e). These results confirm that the effect
of apigenin on Ishikawa cell proliferation was PR-indepen-
dent, perhaps through inhibition of AKT signaling or pro-
duction of reactive oxygen species (ROS) [6, 9].

Apigenin Stimulates Proliferation of T47D Cells
Through PR

As the effects of apigenin on proliferation of Ishikawa cells
were not mediated by PR, the ability of apigenin to alter
proliferation of T47D cells was tested, which endogenous-
ly express high levels of PR and very low levels of GR
(Supplementary Fig. 2). T47D cells were treated with
apigenin (0.01-10 uM) or progesterone (0.001-10 pM)
and allowed to proliferate for 12 days. Progesterone had
a biphasic effect where concentrations ranging from
0.001-1 uM of progesterone significantly increased prolif-
eration by day 12 (P<0.05), but 10 uM had no effect
(Fig. 4a). Apigenin demonstrated a similar pattern; howev-
er, >1 uM of apigenin was required to significantly in-
crease proliferation of T47D cells (0.05; Fig. 4b). To con-
firm that PR mediated the effect, RU486 (1 uM) was added

treated with apigenin and Ru486 as indicated. e Proliferation of Ishikawa
PR-B cells treated with apigenin in the presence of progesterone. n > 3.
Significantly different from 0 uM or control, *P<0.05, **P<0.01.
#EEEP < (0.0001

and completely blocked the proliferative effect of both
0.001 uM of progesterone and 1 uM of apigenin (Fig. 4c¢).

Apigenin also Activates the Androgen Receptor (AR)

Natural and synthetic compounds that interact with the PR
also frequently interact with AR and GR [50, 51]. To de-
termine if apigenin interacted with other nuclear receptors,
Luc activity was measured in MDA-MB-231 cells, which
express AR and GR but not PR (Supplementary Fig. 2).
When treated with apigenin alone, 5 and 10 uM of
apigenin increased luciferase activity by approximately
75% (P<0.01; Fig. 5a). To determine if apigenin
interacted with a ligand for GR and AR, MDA-MB-231
cells were treated with a dose-response of apigenin in the
presence of 1 uM of MPA (which activates PR, GR, and
AR). MPA (1 uM) by itself increased luciferase activity 3-
fold over DMSO treated cells. Interestingly, apigenin had
an apparently additive effect, with 5 and 10 uM of
apigenin in combination with 1 uM of MPA approximately
doubling Luc activity over Luc activity due to MPA treat-
ment alone control (Fig. 5b). These results indicate that
apigenin also activates other steroid receptors, in addition
to PR. However, since there was no induction of Luc in
Ishikawa null cells that only express GR, the effect in
MDA-MB-231 is most likely due to AR.
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Fig.4 Apigenin stimulates proliferation of T47D cells through the PR. a—
b Proliferation of T47D cells over 12 days in response to progesterone (a)
or apigenin (b). ¢ Proliferation of T47D cells treated with progesterone
(0.01 uM), apigenin (1 uM), or RU486 (I uM) as indicated. n>3.
Significantly different from 0 uM or control, *P<0.05, **P <0.01,
#%P <0.001, ****P <0.0001
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Apigenin Demonstrated Progestin-Like Effects
in the Uterus

The results thus far indicated that apigenin acted a
phytoprogestin in vitro. To confirm that apigenin had
progestin-like effect in vivo, the ovariectomized rat model
was tested [33]. Genistein is a well-established phytoestro-
gen [47], and it was used in combination with apigenin to
determine if apigenin could block the estrogenic effects of
genistein in the uterus. Genistein was also chosen due to its
common presence in botanical formulations used for
women’s health [52]. Rats were treated via oral gavage
for 8 days with vehicle, genistein, apigenin, or genistein
+ apigenin as indicated [33]. No treatment had any effect
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Fig. 6 Apigenin acts as a phytoprogestin in the rat uterus. a Daily body
weights of rats treated with vehicle (control), genistein (phytoestrogen),
apigenin (phytoprogestin), or apigenin + genistein for 8 days. b Uterine
weights of rats treated as indicated. ¢ Height of the uterine luminal
epithelial after treatment. d Representative H&E images of the
endometrium in rats treated as indicated for 7 days (x 100). e

on body weight over the 8-day treatment period (Fig. 6a).
Genistein and genistein + apigenin treatments significantly
increased uterine weight over control (P <0.05). Apigenin
tended to increase uterine weight, but this did not reach
statistical significance (P =0.08; Fig. 6b), which was sim-
ilar to the effects we previously reported with kaempferol
[33]. Genistein also increased epithelial cell height by
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Representative images of Ki67 immunostaining intensity in the uterine
endometrium after 7 days of treatment. f Proliferative index (percent Ki67
positive) of the uterine epithelial. h Ki67 score in the ovarian stroma of rat
treated as indicated. n <4. Significantly different from control, *P < 0.05,
**P<0.01. Bars without common letter are significantly different *
‘P <0.05. scale bar=25 um

45%, (P <0.05), a well-established effect of estrogens on
the uterine epithelium [53]. Apigenin alone had no effect
on epithelial cell height, and when given together, apigenin
completely abrogated the effect of genistein on epithelia
height (Fig. 6¢, d).

Uterine proliferation was analyzed with Ki67 immuno-
staining. In untreated rats, 2.9% of epithelial cells were
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positive for Ki67. Genistein dramatically increased Ki67
immunoreactivity in the epithelium (23.17%, P <0.05).
Ki67 staining in apigenin treated rats was similar to control
(6.5%). In apigenin treated rats, 12.32% of epithelia were
positive for Ki67, which was significantly higher than con-
trol, but also less than genistein treatment (P < 0.05;
Fig. 6e—f). Treatment with phytosteroids significantly al-
tered (P < 0.05) Ki67 immunostaining in the uterine stro-
ma, with 100% of control rats have undetectable Ki67
staining and 75% of genistein-treated rats having strong
immunostaining and 25% have low immunostaining. In
genistein + apigenin-treated rats, 50% had weak staining
in the ovary stroma and 50% had no immunostaining.

Next expression of Hand2, a transcription factor stimu-
lated by progestins in the uterus [54] was analyzed. Hand2
was undetectable in the uteri of untreated rats, and genis-
tein induced a small increase in immunostaining scattered
throughout the endometrium. Supporting that apigenin is a
phytoprogestin, apigenin induced a prominent increase in
Hand2 expression in the uterine epithelial, with lighter
staining in the endometrial stroma. Staining was dramati-
cally reduced in the rat tissue from genistein combined
with apigenin treatment relative to apigenin treatment
alone (Fig. 7 top). Our previous results showed that
apigenin reduced PR-B levels in Ishikawa PR-B cells;
therefore, IHC for PR levels were performed.
Immunostaining showed high PR levels in the uterine ep-
ithelial and in the sub-epithelial stroma of the control ani-
mals. No treatment had an observable effect on PR levels
or distribution (Fig. 7 bottom). Collectively, these results
show that apigenin is an orally available phytoprogestin
that can counter the effects of phytoestrogens in the uterus
as well as induce expression of known PR targets.
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Fig.7 Apigenin induces Hand2 expression in the uterus but does not alter
levels of the progesterone receptor. Immunohistochemistry for Hand2
(top) and progesterone receptor (bottom) in the uteri of rats treated with
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Discussion

Flavonoids are found in many foods and herbal supplements,
with Americans consuming an estimated 189.7 mg/day [55].
There is an inverse relationship between intake of dietary fla-
vonoids and a woman’s risk of epithelial cancer [56]. Among
post-menopausal women, intake of flavonoids and flavones
was associated with lower risk of breast cancer [8] and high
flavonone intake tended to be associated with lower ovarian
cancer risk [57]. These data suggest that flavonoids are poten-
tially chemopreventive; however, their mechanisms of action
remain an area of intense research. Apigenin is a flavone, a
subclass of flavonoids, and is widely considered a phytoestro-
gen, though it has much lower potency than other
phytoestrogens such as genistein and 8-prenylnaringenin
[13]. The current research shows that apigenin is also a
phytoprogestin, with mixed agonist effects. This agrees with
previous studies showing that apigenin blocked MPA-
stimulated growth of breast cancer [10, 14, 34]. Thus, one
mechanism of action responsible for apigenin’s biological ac-
tivity is altered PR signaling.

In vivo, apigenin is metabolized quickly into luteolin and to
a lesser extent scutellarein and isoscutellarein [18]. Luteolin,
as an apigenin metabolite, is also a phytoprogestin [58], po-
tentially extending the biology activity of apigenin in vivo.
Furthermore, people exposed to apigenin through diet or herb-
al supplements are also exposed to a wide range of flavonoids
including apigenin, luteolin, and kaempferol, which all have
phytoprogestin activity [32, 33, 58, 59]. Luteolin was shown
to be a PR antagonist and did not cause PR downregulation
[34]. Similarly, luteolin reduced medroxyprogesterone acetate
(MPA)-induced alkaline phosphatase in T47D cells [58], and
it reduced MPA-stimulated VEGF secretion from T47D and
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vehicle (control) genistein, apigenin, or genistein + apigenin as indicated.
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BT-474 cells [59]. Kaempferol did not increase uterine weight
in vivo, inhibited uterine epithelial proliferation, and induced
Hand2 protein expression [33]. Combined with the well-
established phytoestrogens present in these same foods and
supplements [52], there is potential for complex changes to
steroid signaling [31].

Immunohistochemistry indicated that apigenin increased
Hand2 expression in the uterine endometrium, further sug-
gesting that apigenin is a phytoprogestin. Hand2 is a transcrip-
tion factor that is well established to be stimulated by PR in the
uterus [54]. Specifically, Li et al. [54] showed that Hand2
mediated the anti-proliferative effects of progesterone in the
endometrium. This agrees with the current results that
apigenin induced Hand2 expression and reduced the prolifer-
ative effect of genistein.

The fact that the flavones apigenin, kaempferol, and
luteolin are all phytoprogestins [32, 33, 58], the flavanone
naringenin and the isoflavone genistein and daidzein lack pro-
gestogenic activity [32] suggests an important structure/
activity relationship. In flavones (apigenin, kaempferol, and
luteolin), the B benzene ring is attached at the two carbons of
the heterocyclic ring. In contrast, in isoflavones (genistein and
daidzein), the B benzene ring is at the 3-carbon position. In
daidzein, the B ring is attached at the 2-carbon position, but
the lack of a double bond in the heterocyclic ring, relative to
flavones, alters the stereochemistry at the 2-carbon position.
This agrees with our molecular docking model of apigenin,
which indicated that the B benzene ring contributed to PR
binding through van der Waals interaction with Phe778 and
hydrogen bonding with GIn725 and Arg776. The altered po-
sition of the B ring in isoflavones and flavanones would likely
lead to loss of those interactions, though a more detailed anal-
ysis is necessary to confirm these potential changes.

Interestingly, apigenin increased luciferase in Ishikawa PR-
B cells (with express both PR-A and PR-B) but did not in-
crease PRE/Luc activity in PR-A cells. Given that both recep-
tors are encoded by the same gene and hence have identical
ligand binding domains (LBDs), apigenin likely binds to both
receptors equally. PR activity is extensively controlled by
phosphorylation, which differs between the receptor due to
the extra N-terminal segment of the receptor. For example,
phosphorylation at S294 (which is present in PR-A but typi-
cally not phosphorylated in intact cells) is important in con-
trolling PR transcriptional activity [60, 61]. PR-B may be
more active than PR-A on the simple PR promoter present
in our PRE/Luc construct.

Apigenin displayed mixed agonist activity for PR, but has
agonist activity for AR in MBA-MD-231 cells, increasing
ARE/Luc activity in the presence of MPA. The reason for this
difference is unclear but could be due to differences in how
apigenin interacts with each steroid receptor or how each re-
ceptor recruits co-factors. In either case, the difference could
be important in vivo if apigenin inhibits PR activity while

increasing AR activity. For example, progesterone is well
known to inhibit proliferation of endometrial cancer cells
[44], but increasing evidence suggests that AR signaling con-
tributes to endometrial cancer [62]. This suggests apigenin
may have conflicting effects in some cancers.

Apigenin reduced proliferation of endometrial cells
(Ishikawa) independently of PR. Apigenin could potentially
be inhibiting AKT. Apigenin reduced levels of phospho-AKT
in prostate and breast cancer cells [63, 64]. Another potential
mechanism for reduced proliferation is via reactive oxygen
species (ROS) production. Apigenin increased ROS produc-
tion and stimulated mitochondria-mediated cell death in pros-
tate cells [9]. Thus, apigenin may exhibit a multi-pronged
effect on the proliferation of cancer cells, targeting PR,
AKT, and ROS. Disrupting multiple pathways could be im-
portant in cancers that become resistant to PR-targeted therapy
[27].

In conclusion, the naturally occurring flavonoid apigenin is
a phytoprogestin with mixed agonist activity. Apigenin stim-
ulated PRE/Luc activity in Ishikawa cells and stimulated pro-
liferation of T47D cells through PR. Furthermore, apigenin
exerted progestin-like effects in vivo such as reduced induced
Hand?2 expression in the uterus. These progestogenic effects
likely contribute to the anti-cancer effects seen in diets high in
flavonoids and the anti-cancer properties of apigenin in cul-
ture. Researchers should consider PR as a potential mediator
when studying the effects of apigenin in the future. More
research is needed to understand the effects of complex com-
binations of flavonoids that someone on a diet high in flavo-
noids or taking herbal supplements would be exposed to.
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