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Article history: Phytoestrogens are plant-derived estrogen-like compounds that are increasingly used for
Received 8 March 2014 their suggested health promoting properties, even by healthy, young women. However,
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Available online 8 July 2014 study, naringenin (NAR), 8-prenylnaringenin (8-PN), genistein (GEN), coumestrol (COU),

quercetin (QUE) and resveratrol (RSV) up-regulated steroidogenic acute regulatory protein
(StaR) mRNA levels in KGN human granulosa-like tumor cells. Most of the phytoestrogens
Keywords: tested also increased CYP19A1 (aromatase) mRNA levels via activation of ovary-specific .3
Phytoestrogens and II promoters. Yet, only NAR (3 and 10 wM), COU (10 and 30 wM) and QUE (10 pM)

gs;\i'icaer:ipeciﬁc CYP19A1 promoters also statistically significantly induced aromatase activity in KGN cells after 24 h. 8-PN,
CYP19 aromatase inhibitor letrozole and estrogen receptor antagonist ICI 182,780 concentration-
Cell migration dependently inhibited aromatase activity with ICsy values of 8 nM, 10nM and 72 nM,
Tumor progression respectively. Co-exposure with ICI 182,780 (0.1 M) statistically significantly attenuated

the induction of aromatase activity by QUE and COU, but not NAR. Cell cycle status and pro-
liferation of KGN cells were not affected by any of the phytoestrogens tested. Nonetheless,
the migration of KGN cells was significantly reduced with approximately 30% by COU, RSV
and QUE and 46% by GEN at 10 uM, but not NAR and 8-PN. Our results indicate that phy-
toestrogens can affect various pathways in granulosa-like cells in vitro at concentrations
that can be found in plasma upon supplement intake. This implies that phytoestrogens may
interfere with ovarian function and caution is in place regarding the use of supplements
with high contents of phytoestrogens.
© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Phytoestrogens are naturally occurring plant com-
pounds that are omnipresent in our daily diet. Over the

* Corresponding author at: Endocrine Toxicology Research Group, past years, phytoestrogens have attracted much attention
Institute for Risk Assessment Sciences (IRAS), Faculty of Veterinary due to their estrogenic or anti-estrogenic properties and
Medicine, Utrecht University, Yalelaan 104, 3584 CM Utrecht, The their potential use as alternatives for hormone replace-
Netherlands. Tel.: +31 30 2533570; fax: +31 30 2535077. . .

E-mail addresses: K.A.Solak@uu.nl, Kamilaalicjasolak@gmail.com ment therapy n postmenopausal women. In addition,
(K.A. Solak). supplements that contain high levels of phytoestrogens are

http://dx.doi.org/10.1016/j.toxrep.2014.06.006
2214-7500/© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/3.0/).


dx.doi.org/10.1016/j.toxrep.2014.06.006
http://www.sciencedirect.com/science/journal/22147500
http://www.elsevier.com/locate/toxrep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxrep.2014.06.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/3.0/
mailto:K.A.Solak@uu.nl
mailto:Kamilaalicjasolak@gmail.com
dx.doi.org/10.1016/j.toxrep.2014.06.006
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

K.A. Solak et al. / Toxicology Reports 1 (2014) 360-372 361

commercially available for breast enhancement and relieve
of menstrual complaints. Phytoestrogens are diverse plant-
derived group of compounds and they consist of several
groups of different chemical classes classified according
to their chemical structure including flavanoids, coumes-
tans and lignans. Most flavanoids are present in plants in
the conjugated glycoside forms and can be readily hydrol-
ysed by gastrointestinal bacteria to biologically active
aglycones [1]. There is considerable interest in whether
human exposure to phytoestrogens has any health risks
or benefits due to the increase of nutritional and phar-
maceutical use of dietary phytoestrogenic compounds
[2,3]. Epidemiologic evidence mainly based on Asian
population studies, supports a protective effect of high
phytoestrogen diets to reduce the incidence of certain
hormone-responsive cancers, such as breast and prostate
cancer. Contrary, there have been concerns that phytoes-
trogens, through their estrogenic properties, may increase
the risk of recurrence or stimulate the growth of exist-
ing tumors. In addition, numerous in vivo and in vitro
studies have demonstrated altered ovarian function and
changes in the developing female reproductive system fol-
lowing exposure to phytoestrogens in laboratory animal
studies [4-6]. Phytoestrogens were able to affect female
reproductive function by modulating the female cycles
that in turn resulted in infertility in animals [7,8] and
humans [9,10]. In humans, the prevalence of precocious
puberty was significantly higher in Korean girls with high
serum isoflavone levels [11]. Despite the numerous stud-
ies, the molecular mechanisms underlying the adverse
effects of phytoestrogens on ovarian function still remain
elusive.

It is well known that phytoestrogens may disrupt
endocrine-dependent processes by acting as estrogen
receptor (ER) agonists or antagonist due to their bi-
phenolic structure required for ligand-receptor associa-
tion. Phytoestrogens can bind weakly to ERs, typically
with affinities that are 1000 times less than that of 173-
estradiol (E2) [12]. ERB receptor is a classical steroid
receptor predominantly expressed in granulosa cells. In
contrast, ERa proteinis expressed at low levels in granulosa
cells [13]. Several phytoestrogens are selective estrogen
receptor modulators that have greater affinity for ER[
than ERa [14]. In addition to classical estrogen recep-
tors, phytoestrogens were shown to be ligands for the
non-classical estrogen receptor G-protein coupled pro-
tein receptor 1 GPER1 [15]. Moreover, it has become clear
that phytoestrogens can exert endocrine disrupting prop-
erties by inhibiting key steroidogenic enzymes. During
puberty, E2 that is synthesized and secreted by granulosa
cells in the ovaries, modulates the structure and func-
tion of female estrogen-sensitive tissues and contributes to
maintaining a proper menstrual cycle pattern and female
sexual behavior. Ovarian steroidogenesis is initiated by the
delivery of cholesterol from cytosol into the mitochon-
dria by the steroidogenic acute regulatory protein (StAR)
[16,17]. The final step in estrogen synthesis is catalyzed
by aromatase (CYP19A1), which converts androgens into
estrogens. Human CYP19A1 comprises of ten exons includ-
ing exons II-X that encode the aromatase protein and
3’-untranslated region of the mRNA. Alternative first exons

encode unique 5'-untranslated regions of the aromatase
mRNA transcripts in different estrogen-producing tissues
[18,19]. Aromatase transcripts in gonads, brain, adipose
and placenta contain different first exons (I, If, 1.4/1.3
and L1, respectively) and the expression of CYP19A1 in
each of these organs is controlled by alternatively spliced
tissue-specific promoters regulated by distinct signaling
pathways in a hormone-specific manner [19-23]. In ovar-
ian granulosa cells, aromatase expression is FSH-driven and
is regulated via the ovary-specific PIl promoter [21]. Many
studies with various models have shown the inhibitory
effects of phytoestrogens on aromatase activity [24-29],
while other phytoestrogens induce aromatase activity
[30,31].

The aim of our work was to study the effects of several
potent phytoestrogens that are frequently used in dietary
supplements as possible modulators of ovarian function
and cellular behavior in vitro. It should be noted that many
phytoestrogens are omnipresent in our daily diet, albeit at
much lower concentrations than can be found in dietary
supplements. The data from these studies were used to
assess the potential risk for ovarian dysfunction in humans
upon high intake levels of phytoestrogens including narin-
genin (NAR), 8-prenylnaringenin (8-PN), genistein (GEN),
coumestrol (COU), quercetin (QUE) and resveratrol (RSV)
(for chemical structures see supplementary data Fig. S1).
These phytoestrogens were selected for their previously
reported induction (GEN and QUE) [30,31] or inhibition
(NAR and 8-PN) [29-31] and/or their reported effects on
ovarian tumor cell behavior (RSV, GEN, QUE, COU) [32-34].
In our study, we used the KGN granulosa-like tumor cell
line of human origin. KGN cells were previously shown
to maintain many of the physiological features of normal
human granulosa cells, including steroidogenesis [35] and
secretion of estrogens [36,37]. We show here that KGN
cells display the ovarian-specific PII/1.3-driven aromatase
expression, similarly to normal granulosa cells surrounding
the preovulatory follicle. KGN cells have also been reported
to express both ERs [38]. Moreover, several studies have
demonstrated that KGN cells respond similarly to primary
human granulosa cells upon stimulation with, e.g. FSH
[39-41]. Therefore, this cell line is an excellent and appli-
cable in vitro model to study effects on human granulosa
cell functioning. Here, the action of the selected phytoes-
trogens on ovarian steroidogenic enzymes such as StAR and
CYP19A1 and its promoter-specific expression was inves-
tigated. Phytoestrogens have also been shown to affect a
wide array of intracellular signaling mechanisms that are
important for regulating cell cycle progression. Therefore,
we investigated to which extent phytoestrogens influence
the metastatic properties of KGN cells by performing a
wound healing assay. Finally, expression of several impor-
tant genes involved in cell progression and/or death, were
studied. We chose to study gene expression of VEGF, a crit-
ical inducer of tumor angiogenesis and SIRT1, regulator of
cellular lifespan and tumor promoter in mammary epithe-
lial cells [32,42]. Moreover, gene expression of MMP9, a
prerequisite for enhanced cell migration, and CADHERIN
E, adhesion-activated signaling receptor, were evaluated.
The data from these in vitro studies were compared with
reported human plasma levels to assess the potential risk
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for ovarian dysfunction in humans upon high intake levels
of phytoestrogens.

Supplementary Fig. S1 related to this arti-
cle can be found, in the online version, at
doi:10.1016/j.toxrep.2014.06.006.

2. Material and methods
2.1. Cell culture

The KGN granulosa-like tumor cells (kindly provided
by Riken Biosource Center, Tsukuba, Japan) were cul-
tured in supplemented with 10% FBS (Invitrogen-Gibco)
phenol red-free DMEM/F12 (Invitrogen-Gibco), 100 U/ml
penicillin, 100 pg/ml streptomycin (Invitrogen-Gibco) in
an atmosphere of 5% CO,/95% air at 37 °C. KGN cells were
subcultured 1:2 once a week. For all experimental con-
ditions, media were replaced with 5% steroid free Serum
dextran/charcoal (Hyclone; Invitrogen-Gibco), 100 U/ml
penicillin, 100 pg/ml streptomycin (Invitrogen-Gibco) and
KGN cells were grown for next 4 days before treatments.

2.2. Chemicals and reagents

Estradiol (E2), NAR, 8-PN and dexamethasone (DEX)
were dissolved in ethanol. GEN, COU, QUE, RSV, ICI
182,780 and Prostaglandin E2 (PGE2) were dissolved
in dimethyl sulfoxide (DMSO). 5-Bromo-2-deoxyuridine
(BrdU)was dissolved in Phosphate buffered saline (PBS). All
compounds were purchased from Sigma-Aldrich Co. (Zwi-
jndrecht, The Netherlands), unless indicated otherwise.
BrdU was purchased from Euro-diagnostics bv, Apeldoorn,
the Netherlands. The concentration of each solvent was set
as 0.1% of the culture medium.

2.3. Cytotoxicity assay

Cell viability was determined according to Deni-
zot and Lang [43] by measuring the capacity of
KGN cells to reduce MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) to formazan by the
mitochondrial enzyme succinate dehydrogenase. Briefly,
KGN cells (0.1 x106) were plated in 24 well plates
in assay medium and then incubated for 1.5h with
MTT at 37°C. After that time, the formed blue colored
formazan was extracted by adding 1mL of isopropanol
at room temperature (RT). Absorbance was measured
spectrophotometrically at an absorbance wavelength of
595 nm (POLARstar Galaxy, BMG Labtech GmbH, Orten-
berg, Germany).

2.4. Quantitative real time polymerase chain reaction
(RT-PCR)

Gene expression studies were performed in KGN cells.
Briefly, KGN cells (2.5 x 10° cells) were seeded in 12-well
plates in assay phenol red-free DMEM/F12 medium. Cells
were exposed to NAR and 8-PN at 3 uM; GEN, COU, QUE
and RSV at 10 uM for 24 h. PGE2 (0.1 wM), a potent sti-
mulator of steroidogenic genes such as StAR and CYP19A1
of ovarian-related aromatase [44] was used as a positive

control for aromatase induction. Total RNA was har-
vested from the KGN cells by phenol-chloroform extraction
using RNA Instapure (Eurogenetic, Liege, Belgium). Purity
and concentration of the RNA samples were determined
spectrophotometrically at an absorbance wavelength of
260/280 nm and 230/260 nm. Complementary DNA (cDNA)
was synthesized using iScript cDNA Synthesis Kit, accord-
ing to the manufacturer’s instructions (Biorad, Veenendaal,
the Netherlands). Obtained cDNA was diluted 10 times and
stored at —20°C until further analysis. The qRT-PCR was
performed using CFX Manager (Biorad, Veenendaal, the
Netherlands). PCR reaction was initiated by heating at 95 °C
for 3 min, then followed by 40 cycles with denaturation at
95°C for 155, annealing/extension at 60°C for 45s. After
eachrunamelt curve was performed to ensure that primer-
dimers and other non-specific products were omitted. A
negative control sample (non-RT) was included in each
run. The primers for B-Actin, 1.3, PII, .4, Vascular Endothe-
lial Growth Factor (VEGF) have been described previously
[45,46]. All primer pairs used in the qRT-PCRs are listed
in Table 1. The primers were designed using Primer-BLAST
of National Center for Biotechnology Information (NCBI)
and then checked with BLAST (nucleotide nonredundant
database) to confirm specificity. The S-Actin gene expres-
sion was not affected by tested phytoestrogens, thus it was
used as housekeeping gene in the present study.

2.5. Aromatase (CYP19A1) activity

CYP19A1 (aromatase) activity was determined in KGN
cells after a 24-h exposure using the tritiated water-release
method of Lephart and Simpson [47] with minor modifica-
tion by Sanderson et al. [48]. Briefly, KGN cells (0.1 x 10%)
were seeded onto 24 well plates in assay medium. CYP19A1
activity was measured as the amount of tritiated water
formed after the conversion of the CYP19A1 enzyme’s sub-
strate [18—3H)-androstenedione. PGE2 (0.1 M), was used
as a positive control for aromatase catalytic activation.

2.6. Protein extraction and western blot analysis

KGN cells (6 x 10%) were washed once with warm PBS,
then trypsinized. Cells were centrifuged and 250 pL of
PBS was added to each cell pellet. Cells were lysed using
adopted freeze-thaw lysis method using liquid-Nitrogen
and 37°C water bath by alternatively incubating at least
3 times The total protein concentration of lysates was
quantified using he Lowry assay [49]. 30 ug of cell pro-
tein and protein standards were fractionated by SDS-PAGE
(10%), electrophoretically transferred onto polyvinylidene
fluoride (pvdf) membrane and probed for 1h at RT
with a primary rabbit monoclonal antibody recommended
for detection of human CYP19A1, dilution factor 1:1000
(Abcam). After washing, the membranes were incubated
for another 1h at RT with a secondary polyclonal goat
anti-rabbit antibody conjugated to the enzyme horseradish
peroxidase (HRP), dilution factor 1:1000 (Abcam). Protein
bands were visualized by chemiluminescence using Bio-
Rad Clarity™ western ECL substrate kit. Precision Plus
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Table 1
Primers used for qRT-PCR.

Gene name Forward primer Reverse primer PCR product [bp]
B-Actin? AAACTACCTTCAACTCCATC ATGATCTTGATCTTCATTGT 163
L3 GCTGCAATTCAAGCCAAAAG GCACGATGCTGGTGATGTTATA 187
PI TCTGTCCCTTTGATTTCCACAG GCACGATGCTGGTGATGTTATA 112
14 GGCTCCAAGTAGAACGTGACCAACTG CAGCCCAAGTTTGCTGCCGAA 475
CYP19A1 TTGGGCTGCAGTGCATCGGT CCGGGGCCTGACAGAGCTTTCATA 109
StAR TGGCAGTACATGTGCACAAAGCAG CTGCTTGTTCTGTGGTGTTGCTGT 94
SIRT1 TCTGGCATGTCCCACTATCA GCAGATTAGTAGGCGGCTTG 152
CADHERIN E TGGACCGAGAGAGTTTCCCT CCCTTGTACGTGGTGGGATT 148
MMP9 GGCTCCTGGCACACGCCTTT TGGAACCACGACGCCCTTGC 101
VGEF ATCACGAAGTGGTGAAGTTC TGCTGTAGGAAGCTCATCTC 265

2 Gene used as reference normalizer gene.

Protein™ Standards were used at the 10-250kDa range
as the markers (Bio-Rad Laboratories, Inc.).

2.7. Wound healing assay

The wound-healing assay was described previously [50]
and was used to determine whether KGN cell motility
could be affected by diverse phytoestrogens. KGN cells
(0.7 x 108) were cultured in 12-well cell plates until conflu-
ency. Wounds were made by scratching the cellular layer
with a 100 L pipette tip in the middle of the well. After
washing away the cell debris, assay medium with tested
phytoestrogens was added to the culture. Zero hour pic-
tures (0h-control) were taken for each wound with an
Olympus U-CMAD3 camera. Cells were incubated for 8 and
24 h and then another picture for each wound was taken.
The wound area was measured with an Image J 1.47c soft-
ware (National Institutes of Health, USA).

2.8. BRAU staining

KGN cells (0.7 x 106) were cultured in 12-well cell
plates until confluent. BrdU (10 wM) was added to cul-
ture medium for 1 h. When added to culture medium, BrdU
(10 wM) is incorporated into the DNA of cells that are in the
S-phase of the cell cycle [51]. Then, KGN cells were fixed in
ice-cold methanol for 20 min at 37 °C. Immunocytochem-
ical detection of BrDU labled DNA was performed using
undiluted anti-BrDU and peroxidase-conjugated Rabbit-
anti-mouse Ig (RAM-PO, dilution factor: 1:40) for 90 and
60 min, respectively.

2.9. Cell cycle analysis

Cell cycle analysis was determined according to proto-
col described by Sangjun et al. [52]. KGN cells (0.25 x 106)
were plated onto 12-well plates and further cultured with
phytoestrogens for 24 h. Cells were then trypsinized, fixed
and permeabilized with 70% ethanol for at least 30 min at
4°C. KGN cells were then labeled with propidium iodide
for 10 min at room temperature (RT). The samples were
used for flow cytometry (FACS, Calibur, Becton Dickinson)
to determine the cell cycle distribution of the KGN cells. The
flow cytometry data was analyzed using Flowjoj software
(Tree Star, Inc., USA).

2.10. Data analysis and statistics

All experiments were performed at least three times and
within each independent experiment each concentration
was tested in duplicate (aromatase activity) or triplicate.
The results are displayed as the mean of replicates of each
experiment with standard deviation (SD). Statistical anal-
ysis of difference of the means between vehicle-treated
control (either Ethanol (0.1%) or DMSO (0.1%) or com-
bination of both)-treated cells was determined using a
two-tailed unpaired Students’ t-test or a one-way ANOVA
and post hoc Dunnett’s test. Calculations are performed
using GraphPad Prism 6.01 (GraphPad Software Inc., San
Diego, USA). Differences were considered statistically sig-
nificant with P<0.05.

3. Results
3.1. MTT cytotoxicity assay

None of the tested compounds was cytotoxic at the
highest concentration tested, except for GEN (30 wM) and
COU (30 M) (supplementary data Fig. S2B). At the highest
concentrations tested, GEN and COU reduced cell viability
by 20 and 15%, respectively when compared to vehicle-
treated control cells. In the subsequent experiments with
KGN cells, non-cytotoxic concentrations of phytoestrogens
were used.

Supplementary Fig. S2 related to this article can
be found, in the online version, at doi:10.1016/
j.toxrep.2014.06.006.

3.2. Modulation of aromatase in KGN cells

3.2.1. Aromatase (CYP19A1) gene expression

Aromatase (CYP19A1) expressed in granulosa cells sur-
rounding the developing oocyte in the ovary, is responsible
for conversion of androgens into estrogens. CYP19A1 mRNA
levels in KGN cells statistically significantly increased
by 2.3, 1.9 and 3.2-fold after a 24-h exposure to 8-PN
(3 M), GEN (10 M) and QUE (10 wM). No changes in
CYP19A1 mRNA levels were seen in NAR (3 uM), COU
(10 M) and RSV (10 wM) treated-KGN cells (Fig. 1A). A
24-h exposure to PGE2 (0.1 wM) increased CYP19A1 mRNA
by approximately 7-fold compared with vehicle-treated
control cells (Fig. 1A). Using qRT-PCR, we showed that
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Fig. 1. Gene expression in KGN cells after a 24-h exposure to various
phytoestrogens. (A) CYP19A1 mRNA levels. Significant up-regulation of
CYP19A1 mRNA after exposure to 8-PN (3 wM), GEN (10 wM) and QUE
(10 wM). PGE2 (0.1 M) was used as a positive control. (B) Promoter P1.3-
and PlI-specific expression of CYP19A1 mRNA. Significant up-regulation
of PI.3 and PII - driven CYP19A1 mRNA after exposure to 8-PN (3 uM),
GEN (10 M) and QUE (10 wM). PGE2 (0.1 M) was used as a positive
control. Data are expressed as fold-change compared with expression
in vehicle-control treated cells. Bars represent mean +SD of three inde-
pendent experiments that were performed in triplicate (N=3). * and #
significantly from relevant solvent vehicle control Ethanol (0.1%) or DMSO
(0.1%)-treated cells, respectively. P<0.05.

aromatase expression in KGN cells was promoter II (PII)
and 1.3-driven, as expected based on its ovarian origin.
Expression of both PII- and I.3-driven CYP19A1 was sta-
tistically significantly up-regulated by PGE2 (0.1 .M) after
24 h and increased 3.5- and 4-fold for 1.3 and PII, respec-
tively (Fig. 1B). Neither promoter .4 norI.1-driven CYP19A1
expression was detected in KGN cells (data not shown).
Also, DEX (0.1 M), a potent inducer of promoter l.4-
driven transcription of CYP19A1 did not induce aromatase
gene expression and activity (data not shown). Based on
these data, we tested the effects of phytoestrogens only
on PIlI/1.3-driven CYP19A1 gene expression. Among the
phytoestrogens tested, QUE (10 M) was the most potent
activator of PL3 and PlI-driven CYP19A1 (3.5- and 3-fold
induction, respectively). Also 8-PN and GEN statistically
significantly up-regulated PII/PL3-driven CYP19A1 expres-
sion. 8-PN (3 wM) significantly up-regulated CYP19A1 via
promoters 1.3 and II by 1.8- and 2-fold, respectively. GEN
(10 wM) had more potent effects toward activation of PL3
promoter than PII, with a statistically significantly increase

of .3 promoter-driven CYP19A1 mRNA to about 2-fold com-
pared with vehicle-treated control cells. Neither NAR nor
COU and RSV affected promoter-specific mRNA expression
of CYP19A1. Taken together, the results demonstrated sti-
mulatory effects of diverse phytoestrogens on promoter .3
and II-driven mRNA of CYP19A1 in KGN cells.

3.2.2. Aromatase CYP19A1 enzyme activity and
expression

The known inducer of ovarian-type aromatase PGE2
(0.1 M) statistically significantly induced aromatase
activity up to 315% compared with vehicle-treated control
cells (data not shown). In contrast, the known spe-
cific CYP19A1 enzyme inhibitor letrozole concentration-
dependently inhibited CYP19A1 activity in KGN cells (ICsq
value of 10nM; Fig. 2A). Of all tested phytoestrogens,
only 8-PN inhibited aromatase activity (ICsg value of
8nM; Fig. 2B). COU and NAR concentration-dependently
increased aromatase activity to approximately 155% at
non-cytotoxic concentrations of 10 WM when compared
to vehicle-treated control cells (Fig. 2B and C). Appar-
ent ECsg values for induction of aromatase activity were
10 and 1.3 wM for COU and NAR, respectively. QUE was
the most potent CYP19A1 activator with an ECsy value
of 4.7 M and a maximum induction of 210% at 10 wM.
Notably, there was a sharp and significant decline in aro-
matase activity after QUE exposure at 30 uM (Fig. 2C).
This decline was not due to cytotoxicity (supplementary
data Fig. S2B). The phytoestrogens GEN and RSV did not
affect CYP19A1 activity at any of the tested concentrations
(Fig. 2C). Because of the differential effects of phytoestro-
gens on CYP19A1 gene expression and aromatase activity,
CYP19A1 protein expression was determined by western
blot. A slight increase in protein level of CYP19A1 was
observed by PGE2 (0.1 wM) and COU (10 pM)-treated KGN
cells after 24 h. However, no changes at CYP19A1 protein
level were observed after 24-h exposure to 8-PN (3 wM),
GEN (10 M) and QUE (10 wM) (supplementary data Fig.
S3).

Supplementary Fig. S3 related to this article can
be found, in the online version, at doi:10.1016/
j.toxrep.2014.06.006.

Phytoestrogens are suggested to exert their effects
mainly via estrogen receptors. Therefore, we studied the
potential involvement of estrogen receptor a (ERa) in the
activation of aromatase by non-cytotoxic concentrations
of NAR, COU and QUE. Exposure to E2 (0.001-0.1 uM)
did not have a statistically significant effect on CYP19A1
activity (data not shown). However, the known pure
ERa antagonist ICI 182,780 concentration-dependently
reduced aromatase activity (ICsg value of 72 nM; Fig. 2A).
Moreover, co-exposure with ICI 182,780 (0.1 wM) and COU
(10 M) or QUE (10 M), but not NAR (3 wM), statistically
significantly decreased aromatase activity in KGN cells
when compared to COU or QUE exposed cells alone (Fig. 3).

3.3. Steroidogenic acute regulatory protein mRNA levels
are up-regulated by diverse phytoestrogens

Phytoestrogen-mediated effects on StAR mRNA expres-
sion were determined in KGN cells. Results showed
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Fig. 2. Aromatase activity in KGN cells. (A) Concentration-dependent
inhibition curve of Letrozole and ICI 182,780. (B) 24 h-exposure to dif-
ferent concentrations of NAR and 8-PN. (C) Effects of COU, GEN, RSV and
QUE at diverse concentrations on aromatase activity. Data are expressed
as % of aromatase activity compared with 100% of aromatase activity in
vehicle control treated cells. The experiments were performed in dupli-
cates and repeated three or four times (N=3; N=4). * and/or * significantly
different from relevant solvent vehicle control Ethanol (0.1%) or DMSO
(0.1%)-treated cells, respectively. P<0.05.

that StAR mRNA levels were statistically significantly up-
regulated after a 24 h-exposure to 8-PN (2.3-fold), 10 uM
COU (1.9 fold), 10 uM QUE (2.2-fold), and 10 wM RSV (2-
fold) (Fig. 4). Also 0.1 wM PGE2 up-regulated StAR mRNA
by approximately 2.5-fold (Fig. 4).

3.4. Phytoestrogens do not impair cell cycle but affect cell
migration

A wound-healing assay was performed to determine
the effect of phytoestrogens on KGN cell migration. To
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Fig. 3. Aromatase activity in KGN cells exposed to ICI (0.1 wM), NAR
(3 M), COU (10 M) and QUE (10 wM). Striped bars present a co-exposure
of ICI (0.1 wM) with tested phytoestrogens. Data are expressed as % of
aromatase activity compared with 100% of aromatase activity in vehicle-
control treated cells. The experiments were performed in duplicates and
repeated three or four times (N=3; N=4). * or * significantly different
from relevant solvent vehicle control Ethanol (0.1%) and/or DMSO (0.1%)-
treated cells, respectively. *# significantly different from COU (10 M) or
QUE (10 wM)-exposed cells. P<0.05.
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Fig. 4. StAR mRNA expression in KGN cells after a 24-h exposure to
diverse phytoestrogens. Data are expressed as fold-change compared with
expression in vehicle-control treated cells. Bars represent mean+SD of
three independent experiments that were performed in triplicate (N=3).
*and * significantly different from relevant solvent vehicle control Ethanol
(0.1%) or DMSO (0.1%)-treated cells, respectively. P<0.05.

determine the migratory properties of KGN cells, wound
healing was assessed at 0, 8 and 24h after inflicting
the wound. In vehicle-treated KGN cells, the wound area
was 89%+6 and 40%+2 after 8 and 24h, respectively,
compared with the initial wound area. Based on this, a 24 h-
time point was chosen to evaluate possible inhibition or
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Fig. 5. Effects of phytoestrogens on KGN cell migration. (A) The examples of pictures of wound-healing assay at time O h and after 24 h-exposure of KGN
cells to different phytoestrogens. Magnification 4x. (B) Graphical presentation of wound-healing assay. Data are shown as fold-change compared with
vehicle-control treated cells. Bars represent mean+SD of three independent experiments that were performed in triplicate (N=3). * or # significantly
different from relevant solvent vehicle control Ethanol (0.1%) or DMSO (0.1%)-treated cells, respectively. P<0.05.

induction of phytoestrogens on KGN cell migration. The
phytoestrogens tested decreased migration of KGN cells
after a 24 h-exposure (Fig. 5A and B). GEN (10 uM) exerted
the most pronounced effect on cell mobility and statisti-
cally significantly inhibited migration of KGN cells to 46%
compared with vehicle-treated control cells. The phytoes-
trogens COU (10 wM), QUE (10 wM) and RSV (10 pM), but
not NAR (3 wM) and 8-PN (3 wM), decreased cell migra-
tion to about 25-30% compared to vehicle-treated control
cells after 24 h (Fig. 5A and B). To ensure that the observed
changes on migration were not due to the proliferative
effects of phytoestrogens, routine BrdU labeling of prolif-
erating cells was employed and KGN cells were analyzed
after a 24-h treatment with the tested phytoestrogens. No
changes in cell proliferation of KGN cells were detected
upon exposure to the tested phytoestrogens (data not
shown). Moreover, cell cycle analysis by flow cytometry did
not reveal any significant changes in distribution in phase S,
G1 and G2 of KGN cells (supplementary data Fig. S4). These

results clearly indicate that phytoestrogens did not affect
KGN cell proliferation nor cell cycle distribution after 24 h.

Supplementary Fig. S4 related to this article can
be found, in the online version, at doi:10.1016/
j-toxrep.2014.06.006.

3.5. Marginal effects of phytoestrogens on mRNA levels of
genes implicated with tumor growth and progression

To investigate potential molecular mechanisms behind
the inhibition of migration of KGN cells, expression of sev-
eral genes that are important in tumor progression was
determined. Only GEN (10 wM) statistically significantly
up-regulated VEGF gene expression up to 1.5-fold com-
pared with vehicle-treated control cells (supplementary
dataFig. S5A). 8-PN (3 wM) caused a statistically significant
1.9-fold induction of SIRT1 gene expression (supplemen-
tary data Fig. S5A). None of the tested phytoestrogens
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statistically significantly affected MMP9 and CADHERIN E
mRNA levels (supplementary data Fig. S5B).

Supplementary Fig. S5 related to this article can
be found, in the online version, at doi:10.1016/
j-.toxrep.2014.06.006.

4. Discussion

Phytoestrogens are plant-derived estrogen-like com-
pounds that are increasingly used for their suggested
health promoting properties, even by healthy, young
women. However, scientific concerns exist regarding
potential adverse effects on female reproduction. Here,
we show that some phytoestrogens can modulate
ovarian-specific aromatase expression and activity. Also,
some phytoestrogens affected migration of human KGN
granulosa-like tumor cells.

This study is the first to describe the presence and acti-
vation of the ovary-specific promoters Il and 1.3 in KGN
cells. Within the ovary, aromatase expression is mediated
primarily by gonadotropin receptors and the cyclic-AMP
dependent signaling pathway, which finally contributes to
an interaction and activation of the cyclic AMP response
element binding protein (CREB) and steroidogenic factor
1 (SF-1) with proximal promoter Il and 1.3 [53]. Interest-
ingly, it is well-known that the activation of promoters
1.3 and II is a critical step for abnormal expression of
aromatase levels and local estrogen biosynthesis in tumor-
bearing breast tissues [54]. Both promoters 1.3 and II
are located closely to each other (215 base pair dis-
tance length) and are uniformly up-regulated by PGE2
via a cAMP-PKA-dependent pathway [55]. It has been
well documented that in ovarian granulosa cells, CYP19A1
expression is regulated primarily by promoter II [56,57].
We showed that PGE2 (0.1 wM) significantly up-regulated
mRNA of both .3 and II promoter-driven CYP19A1 and
increased aromatase activity up to 350% when compared
to vehicle-treated control cells. Similarly to PGE2, QUE
(10 wM) induced CYP19A1 expression via 1.3 and II promo-
ters in KGN cells and increased CYP19A1 activity up to 3
fold after a 24-h exposure. Similarly, QUE (10 and 30 M)
was found to increase 1.3 and II-specific aromatase trans-
cripts to approximately 2.6- and 2-fold after 24 h exposure
in human adrenal H295R cells [31]. However, in a pri-
mary culture of human granulosa-luteal cells, QUE (10 M)
reduced CYP19A1 mRNA expression in a concentration-
dependent manner after an exposure period of 48 h [28].
The same inhibitory effect of QUE upon aromatase activ-
ity was observed in human placental microsomes [58].
Interestingly, in the present study, QUE appeared to exert
dual effects on aromatase at non-cytotoxic concentrations,
where it stimulated aromatase activity up to 10 wuM and
inhibited its activity at 30 WM. This type of non-monotonic
aromatase activity curve after exposure to QUE was also
observed in human adrenal H295R cells [31]. In the study of
Sanderson et al., the concentration of 30 wM QUE increased
aromatase activity to approximately 4-fold, where after
there was a sharp decline in aromatase activity. However,
in that study the decline in aromatase activity was con-
comitant with an increase in cytotoxicity of QUE at 100 uM
[31]. QUE did not cause a significant effect on estrogen

production in primary cultures of human granulosa-luteal
cells [59]. Also differential effects of GEN on aromatase reg-
ulation have been reported in gonadal cells. In our study,
aromatase activity and protein expression remained unal-
tered in the presence of 10 wM of GEN. Edmunds et al. and
Myllymaki et al. reported an increase of aromatase activity
in human endometrial stromal cells and immature rat ovar-
ian follicles after exposure to GEN [60,61]. In contrast, Rice
et al. demonstrated that the CYP19A1 mRNA transcripts
and aromatase activity were reduced in human granulosa-
luteal cells after exposure to 10 and 50 uM GEN [28]. In
the present study, GEN (10 M) significantly up-regulated
CYP19A1 expression, which was mostly PL.3-driven. Ye et al.
showed a concentration-dependent induction of mRNA
expression of both promoters I.3 and I CYP19A1 transcripts
in human HepG2 cells after exposure to 10 wM GEN [62].
In human adrenal H295R cells, PIl and to a lesser extent the
1.3 promoter-driven CYP19A1 transcripts were increased by
GEN at 10 uM [31].

Some dietary flavanones have previously been shown to
possess strong aromatase-inhibitory effects [29], nonethe-
less, their effects on the transcriptional regulation of
CYP19A1 and its promoter regions at mRNA level, remain
unknown. In our study, 8-PN (3 wM) but not NAR
(3 M) increased mRNA levels of both PII and I.3-driven
CYP19A1 in KGN cells up to 1.8- and 2-fold, respec-
tively. Consistently, 8-PN up-regulated CYP19A1 mRNA
transcripts, although CYP19A1 activity was concentration-
dependently inhibited (ICsg value of 8 nM). Yet, no change
at protein level of CYP19A1 was detected after a 24-h expo-
sure to 8-PN. This implies that 8-PN acts as a catalytic
inhibitor of aromatase activity and that the 8-prenyl group
isinvolved in inhibition of aromatase activity. It is interest-
ing to note that the ICsq values for inhibition of aromatase
activity by 8-PN and letrozole were in the same range.
Similarly, the strong inhibitory effects of 8-PN (IC5q value
of 100nM) on aromatase activity was previously demon-
strated by Duursen et al. in human adrenal H295R cells
[63]. Further studies will need to be performed to show the
nature of the aromatase inhibitory actions of 8-PN. Inter-
estingly, our study demonstrated, that in contrast to 8-PN
(3 M), NAR (3 wM) stimulated CYP19A1 activity but not
at mRNA level. Also COU (10 wM) and RSV (10 wM) did
not affect CYP19A1 mRNA levels. COU has previously been
shown to be a weak competitive inhibitor of aromatase
enzyme activity in human preadipocytes [24]. In addition,
the previous studies showed that RSV (50 wM) inhibited
the transactivation of aromatase promoters .3 and II in
SK-BR-3 cells and it inhibited (ICsy value of 25 uM) aro-
matase activity in MCF-7 cells [64]. Further research on
phytoestrogen QUE, NAR, COU-induced aromatase activ-
ity is needed to confirm a direct involvement of CREB1 on
CYP191A modulation. The seemingly contradictory results
regarding modulation of aromatase activity upon expo-
sure to phytoestrogens could be due the use of different
in vitro models. As extensively described above, human
aromatase is regulated in a highly tissue-specific man-
ner. This implies that cells from different origins might
respond differently to phytoestrogens. Our studies were
performed using the human KGN cell line, which has previ-
ously been shown to be an excellent and applicable in vitro
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model to study effects on human granulosa cell function-
ing. Further studies should be performed to confirm the
effects on human granulosa cells and could include pri-
mary human granulosa cells, however, be believe this is
beyond the scope of our study. Also, different experimen-
tal set-up, i.e. medium types, solvent used and exposure
times, can contribute greatly to the observed effects. The
enzymes of P450 family are highly stable proteins with
half-life of 24-42 h [65]. In contrast, the half-life of mRNA
has been reported to range from 10 to 30 h depending on
tissue investigated [66,67]. The lack of correlation between
mRNA and protein levels of CYP19A1 after 24h in our
study most likely reflect the different half-lives of mRNA
and the aromatase protein. Moreover, study of Shozu et al.
provided evidence of other non-genomic modes of post-
transcriptional regulation of aromatase via modulation of
mitogen-activated protein kinase (MAPK) pathways [68].
Bearing in mind that phytoestrogens were shown to mod-
ulate several kinase signaling pathways including MAPK
and/or Akt/protein kinase B (PKB) [69,70], direct regu-
lation of aromatase activity by phytoestrogens without
detectable changes at mRNA or protein levels may occur.
Further research is needed to elucidate the modulation of
aromatase activity via these mechanisms by plant-derived
compounds. In the present study, we also demonstrated
that phytoestrogens can induce Steroidogenic acute regu-
latory protein (StAR) mRNA levels in ganulosa KGN cells.
StAR plays a crucial role in regulation of steroidogenesis
by transporting steroid from cytosol into the mitochon-
dria [16,17]. All tested phytoestrogens, except NAR and
GEN, statistically significantly increased StAR mRNA lev-
els up to 2-fold. To date, only several studies reported
phytoestrogen-mediated effects on StAR gene and protein
expression in granulosa cells. Chen et al. reported that
RSV and GEN inhibited mouse Star mRNA, whereas QUE
induced Star mRNA levels in murine MA-10 Leydig cells
[71]. 8-PN has been shown to exert age-dependent effects
on steroidogenesis by up-regulating mRNA levels of Star in
progenitor and immature but not adult types of rat Leydig
cells [72]. Similarly to our results, StAR mRNA levels were
significantly up-regulated by 100 wM RSV in rat granulosa
cells after 24 h [32].

Many phytoestrogens, including RSV, GEN and QUE,
have been shown to bind to both ERa and/or ERf and
induce the transcription of estrogen-responsive target
genes [73,12,74]. Yet, despite of the structural similar-
ity with E2, relative binding affinities of phytoestrogens
for the ERa are at least 1000-10000 times lower com-
pared to E2 and generally show stronger binding affinity
for the ERB [12]. An exception here is 8-PN. It is well-
known, that NAR possess a higher relative estrogenic
potency (REP) toward ERB than ERa [75,76]. Prenyla-
tion at the 8-position of NAR increases estrogenicity [75]
and 8-PN has been described to possess a higher rela-
tive estrogenic potency (REP) in activation of ERa (10-2)
than ERB (3.9 x 103) [76]. Because of the known interac-
tion of phytoestrogens with ERs and the observed effects on
aromatase, we investigated whether phytoestrogens can
alter aromatase expression via ER-mediated pathways. We
investigated whether the known antiestrogen ICI 182,780
possess modulatory effects upon aromatase. ICI 182,780

has been shown to disrupt the nucleocytoplasmic shutt-
ling of ERa that results in nuclear exclusion of the ER
and the increase of its turnover and protein degradation
[77]. The present study shows that exposure to ICI 182,780
resulted in a concentration-dependent inhibition of aro-
matase activity in KGN cells. Our results are in agreement
with others, who also observed a concentration-dependent
decrease of aromatase activity after ICI 182,780 treatment
in MCF-7 cells, human fibroblasts and trophoblast cells
[78-80]. The inhibitory mechanism of ICI 182, 780 upon
aromatase remains unknown. However, it was demon-
strated that inhibition of aromatase activity by ICI 182,780
is not via interaction with the ER, since the aromatase activ-
ity was also suppressed in ER-negative cells after exposure
to ICI 182,780 [78]. This concurs with our findings that
E2 alone did not affect aromatase activity in KGN cells.
In our study, co-exposure of KGN cells to ICI 182,780
(0.1 wM) together with COU (10 wM), QUE (10 pM) statis-
tically significantly decreased aromatase activity by 46%
and 73%, respectively, when compared to COU and QUE
alone. Interestingly, NAR (3 pwM)-mediated stimulation of
aromatase activity was not attenuated by ICI 182,780 co-
treatment, suggesting that the effects of NAR on aromatase
is not mediated by ERa signaling pathways. It would be
toxicologically relevant to further explore the mechanism
behind the role of ERs in granulosa cells and modulation
of aromatase activity and gene expression by phytoestro-
gens. KGN cells have been shown to express ERa, ER[3 but
also estrogen-related receptor GPER1 [81]. Recent research
has highlighted the cross-talk of both genomic and non-
genomic activities of ERs. Here, we have only performed
studies with a selective ERa inhibitor, but future studies
could include the roles of ER3 and estrogen-related recep-
tor GPER1 as well. However, this was beyond the scope of
our study.

Inhibition of E2 biosynthesis by selective blockade of
the aromatase enzyme has become an established method
of hormonal treatment in estrogen-dependent malignant
conditions of ER-positive breast cancers. Granulosa cell
tumors (GCT) are hormonally sensitive and characterize
with excretion of high levels of aromatase activity and fre-
quently secrete estrogens [82]. Treatment of women with
GCT has been positively correlated with the responses to
hormonal manipulations with aromatase inhibitors [83].
The interest in the potential benefits of diets high in phy-
toestrogens has increased, especially with regard to cancer
chemoprevention. Yet, despite intense investigation, many
studies give inconclusive answers whether phytoestro-
gens are suitable as cancer chemopreventive agents. In
this study, we show that the tested phytoestrogens can
affect migration of human KGN granulosa-like tumor cells
as assessed by a wound healing assay. Similarly, another
study described that RSV (IC5q of 18.8 wM) and QUE (ICsg
of 37.5 wM) inhibited the migration of vascular endothelial
cells in a concentration-dependent manner [84]. It is well
known that neovascularization is a crucial factor in tumor
growth, invasion, and metastasis [85,86]. In line with this,
QUE was shown to decrease VEGF secretion by myeloblas-
tic leukemia cells NB4 [87] and possess inhibitory effects
on proliferation, migration and tube formation of endothe-
lial cells in vitro [84]. Also GEN was shown to potently
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inhibit VEGF production and suppress ovarian cancer cell
metastasis in vitro [88]. Yet, in our study, only 10 uM GEN
caused an up-regulation of VEGF mRNA expression. Data
from previous studies demonstrated that GEN can also
reduce expression of SIRT1. In the present study, SIRT1 gene
expression was only significantly up-regulated by 8-PN.
Also, gene expression of CADHERIN E and MMP9 were not
affected in KGN cells exposed to tested phytoestrogens.
These data show that the tested phytoestrogens reduced
KGN cell migration, which is in line with the proposed can-
cer preventive actions of phytoestrogens. However, found
no molecular pathways that could explain the inhibition of
migration of KGN cells in this study and cell cycle status and
proliferation were unaltered in our experimental set-up.

Upon normal dietary intake of isoflavones, the pre-
dominant group of phytoestrogens in Western countries,
typically reach blood levels that are in the nanomolar
range [89]. However, with vegan and vegetarian diets that
are rich in isoflavones, plasma isoflavone concentrations
are reported to easily reach micromolar concentrations,
depending on the phytoestrogen nature and the food
source [90].

Several studies have described high peak plasma lev-
els of phytoestrogen in humans upon dietary intake of
phytoestrogens. For example, mean peak plasma levels of
QUE were 0.30 and 0.74 wM after consumption of apples
(325 M) or onions (225 wM of QUE), respectively [91].
Similarly, 6 h after ingestion of 60 g of baked soybean pow-
der containing 112 pumol GEN, a mean peak plasma level
of 2.44 £ 0.65 pmol GEN/L was detected [92]. With regard
to RSV, total plasma levels of RSV were found to reach
1.33+0.3 wmol/Land 1.72 £ 0.1 pwmol/Lafter white and red
wine intake, respectively [93]. Also, peak plasma concen-
trations of NAR of 6.0 + 5.4 umol/L were found in humans
upon an ingestion of grapefruit juice (8 ml/kg body weight)
[94]. Beside dietary intake, many phytoestrogens are also
readily available as dietary supplements that can contain
daily dosages up to 1200mg of QUE, GEN or 8-PN for
example [63,95], which are several orders of magnitude
higher than the dietary intake described above. It has been
demonstrated that the bioavailability of soy isoflavones
is higher after ingestion of soy-based supplements than
after soy-rich food [96]. Several studies described peak
plasma levels upon a high single oral dose of phytoestro-
gens. For example, a kinetic study with healthy women
showed 8-PN peak plasma concentrations up to 220 nM
after a single oral dose of 750mg 8-PN [97]. Here, we
described that 8-PN inhibited aromatase activity with an
ICsq value of 8 nM, suggesting that our effect concentration
is 1-2 orders of magnitude lower than reported human
plasma levels for 8-PN. Still, a key obstacle in human
risk assessment of phytoestrogen-containing supplements
lies in the lack of human relevant pharmacokinetic data.
Individual differences in gut microflora, (renal) clearance,
genetic polymorphisms in metabolizing enzymes, differ-
ences in supplementation dose and type of phytoestrogen
source all contribute to disparate plasma levels of phytoes-
trogens that have been reported in humans. Furthermore,
the lack of the correlation of plasma levels with tissue con-
centrations, e.g. in the ovary hampers proper human risk
assessment of phytoestrogens. In the present study, the

final concentrations of tested phytoestrogens were in the
micromolar range, which is in the same order of magnitude
as generally reported plasma levels upon intake of these
phytoestrogens with dietary supplements. However, sup-
plements are typically taken on a daily basis, which leads
to prolonged high systemic exposure to these bioactive
compounds. The complexity of phytoestrogen actions is
increased by the fact that these compounds are frequently
present as mixtures of several dietary components that
can affect multiple signaling pathways or the same path-
ways resulting in additive, synergistic or opposing effects.
Based on the effect concentrations from our study and the
reported human plasma levels, we conclude that it is not
unlikely that adverse effects on ovarian function can occur
after intake of high doses of phytoestrogens via dietary sup-
plements. Yet, for better human risk assessment of these
compounds, understanding the pharmacokinetics and the
combined effects of phytoestrogens on steroidogenic pro-
cesses is crucial and needs to be addressed further.

5. Conclusion

Our study shows that some phytoestrogens can mod-
ulate promoter II and L3-driven aromatase in KGN
granulosa-like tumor cells, which could lead to altered
ovarian estrogen production. Most strikingly were the
effects of 8-PN that displayed even a more potent inhibition
of aromatase activity than the therapeutic compound letro-
zole, while simultaneously it induced CYP19 mRNA levels.
We also showed that most phytoestrogens reduced KGN
cell migration. Our study indicates that the use of dietary
supplements with high contents of phytoestrogens may
interfere with normal female ovarian function and that
caution is in place when taking these supplements.
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