1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Reprod Toxicol. Author manuscript; available in PMC 2017 December 01.

-, HHS Public Access
«

Published in final edited form as:
Reprod Toxicol. 2016 December ; 66: 107-114. doi:10.1016/j.reprotox.2016.10.004.

Effects of isoliquiritigenin on ovarian antral follicle growth and
steroidogenesis

Sharada Mahalingam?, Liying Gao?, Jacqueline Eisner2, William Helferich?, and Jodi A.
Flawsa"

Sharada Mahalingam: mahalin2@illinois.edu; Liying Gao: Igao@illinois.edu; Jacqueline Eisner: jeisner2@illinois.edu;
William Helferich: helferic@illinois.edu

aDepartment of Comparative Biosciences, College of Veterinary Medicine, University of lllinois,
2001 S. Lincoln Ave, Urbana, IL 61802, United States

bDepartment of Food Science and Human Nutrition, University of lllinois, 905 S. Goodwin,
Urbana, IL 61801, United States

Abstract

Isoliquiritigenin is a botanical estrogen used as a dietary supplement. Previous studies show that
other botanical estrogens affect ovarian estradiol synthesis, but isoliquiritigenin’s effects on the
ovary are unknown. Thus, this study tested the hypothesis that isoliquiritigenin inhibits ovarian
antral follicle growth and steroidogenesis. Antral follicles from CD-1 mice were cultured with
vehicle control (dimethyl sulfoxide; DMSO) or isoliquiritigenin (0.6 pM, 6 pM, 36 uM, and 100
uM) for 48-96h. During culture, follicle diameters were measured daily to assess follicle growth.
After culture, media were collected for hormone assays and follicles were collected for gene
expression analysis of steroidogenic enzymes. Isoliquiritigenin inhibited antral follicle growth and
altered estradiol, testosterone, and progesterone levels. Additionally, isoliquiritigenin altered the
MRNA levels of cytochrome P450 steroid 17-a-hydroxylase 1, aromatase, 17p-hydroxysteroid
dehydrogenase 1, and steroidogenic acute regulatory protein. These data indicate that exposure to
isoliquiritigenin inhibits growth and disrupts steroid production in antral follicles.
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1. Introduction

Phytoestrogens are phenolic compounds found in plants that can interact with estrogen
receptors and other targets in endogenous estrogen production and action [1]. Although
potential benefits have been identified with the use of phytoestrogens [2], their adverse
effects are less understood. Isoliquiritigenin is a flavonoid phytoestrogen extracted from the
roots of Glycyrrhiza, a type of licorice. The U.S. Food and Drug Administration (FDA)

"Corresponding author: jflaws@illinois.edu (J.A. Flaws).

Conflict of interest
None.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mahalingam et al.

Page 2

classifies licorice and licorice extracts/derivatives as generally recognized as safe (GRAS)
for use in foods (21 CFR 184.1408) and animal feeds (21 CFR 582.10; 582.20). They are
also FDA-approved for use in certain over-the-counter drugs (21CFR 310.528; 310.544;
310.545) [3]. Licorice is used as a flavoring agent in candy, gum, tobacco, toothpaste, cough
mixtures, herbal teas and other beverages. It is also frequently found in skin care products
[4]. Licorice has been used extensively in traditional Asian and European medicine to treat
conditions ranging from peptic ulcers, pharyngitis, and abdominal pain, to asthma, insomnia,
malaria, and other infections [5]. Licorice may also be effective in weight loss and metabolic
syndrome [5, 6]. Dietary supplements containing licorice are popular among women for
relief from symptoms associated with premenopausal syndrome and menopause [5, 7].

Isoliquiritigenin, one of the bioactive components of licorice, is often used as an anti-
inflammatory, antimicrobial, anti-diabetic, and anti-tussive agent [5, 8]. Moreover,
isoliquiritigenin has been found to inhibit growth and aromatase activity of breast cancer
cells and thus, has potential to be used as a chemotherapeutic agent in breast cancer [9-11].
It may also have potential utility as a therapy in other cancers, as it has been found to inhibit
mouse colon cancer and proliferation of prostate cancer cells [12, 13]. Isoliquiritigenin
reduces contraction in the mouse uterus, indicating that it may be useful for treating uterine
pain due to excessive contraction [14, 15]. Thus, exposure to isoliquiritigenin commonly
occurs through various licorice-containing foods and products, as well as through the
clinical use of isoliquiritigenin and licorice supplements for a wide variety of medical
conditions. Average daily human exposure to isoliquiritigenin through the diet and/or
supplements is estimated to be 1-2 mg/kg [6]. Chronic exposure is possible with high intake
of licorice-flavored tobacco and in individuals consuming licorice tablets or capsules as a
heath product [3]. The female population may be more likely to be exposed to
isoliquiritigenin, especially postmenopausal women seeking alternatives to traditional
hormone replacement therapy [6, 7].

Unfortunately, to our knowledge, the effects of isoliquiritigenin on the ovary have not been
published. Chemicals that target the ovary may disrupt ovarian function, resulting in
decreased fertility, reduced estradiol synthesis, and premature ovarian failure [16]. The ovary
contains numerous estrogen receptors and thus, it is an important target organ for
phytoestrogens such as isoliquiritigenin, which can bind to estrogen receptors [7, 17, 18].
This, coupled with the fact that isoliquiritigenin has broad clinical and commercial
applications, makes it imperative to understand how this botanical compound affects the
ovary. Additionally, understanding the effects of isoliquiritigenin on the ovary may have
applications in veterinary medicine for production animals that graze on Glycyrrhiza, and
might be compromising their reproductive value.

Thus, the present study examined the effects of isoliquiritigenin on ovarian antral follicles,
which are responsible for sex steroid production and further development into ovulatory
follicles. Specifically, the present study tested the hypothesis that isoliquiritigenin inhibits
antral follicle growth and sex steroid synthesis in the adult mouse ovary.
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2. Materials and methods

2.1. Animals

Adult, cycling, female CD-1 mice were purchased from Charles River Laboratories
(Wilmington, MA) and acclimatized for 24-72 h in the College of \Veterinary Medicine
Animal Facility at the University of Illinois at Urbana-Champaign. The mice were housed in
groups of four, in a controlled environment (22 + 1 °C, 12 h light-dark cycles) and provided
food and water ad /ibitum. All procedures involving animal care, euthanasia, and tissue
collection were approved by the Institutional Animal Use and Care Committee at the
University of Illinois at Urbana-Champaign.

2.2. Chemicals

Isoliquiritigenin (98% pure as ascertained by high-performance liquid chromatography) was
supplied by the Botanical Estrogen Research Center, University of Illinois at Urbana-
Champaign. Dimethylsulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) was used as the
vehicle to dissolve the isoliquiritigenin and to prepare treatment concentrations of 0.6 uM, 6
UM, 36 M, and 100 uM, which are approximately equivalent to /n vivo doses of 0.1 mg/kg,
1.6mg/kg, 9.6 mg/kg, and 26.6 mg/kg respectively. To our knowledge, data are not available
on the plasma isoliquiritigenin levels in women consuming licorice and licorice root
supplements or on the potential toxicity of isoliquiritigenin on the ovary. Taking into account
this paucity of information, a broad range of concentrations was chosen for the present
study. The doses of 0.6 uM and 6 UM fall within the range of estimated human exposure to
isoliquiritigenin (1-2 mg/kg) [6]. These doses are also representative of the plasma
isoflavone levels that have been found in humans for other phytoestrogens such as daidzein
and genistein [1, 19]. Previous studies have found genistein to be a toxicant for granulosa
cells at concentrations of 50 uM, while daidzein, another phytoestrogen, was not toxic at
dosages as high as 100 uM [20]. These varying results to different exposures of different
phytoestrogens warrant testing isoliquiritigenin at concentrations ranging from 0.6 uM to
100 pM. The isoliquiritigenin concentrations tested in the present study are also similar to
those used in previously published /in vitroand in vivo studies investigating its effects on
glioma cells, cervical cancer cells, and heart muscle [21-23].

2.3. Antral follicle culture

Adult, cycling, female CD-1 mice were euthanized on postnatal days (PND) 32-35, and
based on relative follicle size (225-400 um), antral follicles were manually isolated from the
ovaries and cleaned of interstitial tissue using watchmaker forceps. The age selection of the
mice in the current study is based on previous studies using the same follicle culture method
[24, 25]. Follicles were pooled from four to five different mice for each experiment, with
20-40 follicles obtained from each mouse. The follicles were individually plated in wells of
96-well tissue culture plates, so that each treatment group contained 10-18 follicles. The
different treatment groups (DMSO or vehicle control, isoliquiritigenin at 0.6 UM, 6 uM, 36
UM, and 100 uM) were prepared in supplemented a-MEM, containing 1% ITS (10ng/mL
insulin, 5.5 ng/mL transferrin, 5.5 ng/mL selenium, Sigma-Aldrich, St. Louis, MO), 100
U/mL penicillin (Sigma-Aldrich, St. Louis, MO), 100 mg/mL streptomycin (Sigma-Aldrich,
St. Louis, MO), 5 IU/mL human recombinant follicle-stimulating hormone (FSH; Dr. A. F.
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Parlow, National Hormone and Peptide Program, Harbor-UCLA Medical Center, Torrance,
CA), and 5% fetal calf serum (Atlanta Biologicals, Lawrenceville, GA) as described
previously [25]. Various stock concentrations of isoliquiritigenin (0.2, 2.05, 12.29, and 34.16
mg/mL) were prepared using DMSO, which allowed for an equal volume of each stock to be
added to the culture wells to control for vehicle concentration (0.75 pL per mL of medium).
This translated to final working concentrations of 0.15, 1.54, 9.22, and 25.62 g of
isoliquiritigenin per mL of culture medium, which is equivalent to 0.6 pM, 6 UM, 36 puM,
and 100 pM, respectively (molecular weight of isoliquiritigenin: 256.25 g/mol). The cultures
were carried out for total periods of 48, 72, and 96 h in an incubator supplying 5% CO, at
37 °C. The experimental endpoints of follicle growth, sex steroid hormone levels, and
mMRNA levels of selected regulators of steroidogenesis were evaluated at these time-points.
The cultures were performed for up to 96 h because previous studies indicate that non-
treated follicles and vehicle control (DMSO) follicles continue to grow and remain viable up
to 96 h without medium changes [25, 26].

2.4. Follicle growth analysis

The growth of antral follicles over time was assessed by measuring follicle diameters on
perpendicular axes at every 24 h time point, with an inverted microscope equipped with a
calibrated ocular micrometer. Follicles with diameters of 225-400 um were considered to be
antral follicles, which correlates with the histological appearance of these follicles [27]. The
individual diameters were averaged within treatment group for each 24 h interval, and the
average values were divided by the initial average measurement (0 h) of each of the
respective treatment groups to calculate the percent change in follicle diameter over time.
This percent change in antral follicle diameter was used for statistical analysis.

2.5. Hormone assays

After each 48, 72, and 96 h culture, medium from each well was collected and pooled
according to treatment group, and then subjected to enzyme linked immunosorbent assays
(ELISAS) for measuring the levels of progesterone, testosterone, and 17p-estradiol. These
sex steroid hormones were chosen because they are essential for normal female reproductive
function. The levels of these hormones were measured using ELISA kits purchased from
Diagnostics Research Group (DRG, Springfield, NJ) according to manufacturer’s
instructions. Samples were run in duplicate, and had inter-assay and intra-assay coefficients
of variability of less than 15%. Samples were diluted as needed to match the dynamic range
of each ELISA kit, and read with Multiskan Ascent software (Thermo Scientific). The mean
values for each sample were used for statistical analysis. Cross reactivity of isoliquiritigenin
was checked in all the assays, and when background was present, it was subtracted from
sample means before analysis. Cross reactivity of isoliquiritigenin was negligible in the
progesterone and testosterone assays, and less than 2% in the estradiol assay.

2.6. Quantitative real-time polymerase chain reaction

After every 48 and 96 h culture, antral follicles were pooled according to treatment group,
and then subjected to quantitative real-time polymerase chain reaction (QPCR) analysis.
Total RNA was extracted from the follicles using the RNeasy Micro Kit (Qiagen, Inc.,
Valencia, CA) and quantified with the Nanodrop spectrophotometer following
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manufacturer’s instructions. Subsequently, 100 ng total RNA per sample was reverse
transcribed to complementary DNA (cDNA) using the iScript RT kit (Bio-Rad Laboratories,
Inc., mHercules, CA) according to manufacturer’s protocol. gPCR was performed using the
CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA) and
accompanying CFX Manager Software as per manufacturer’s recommendations. The gPCR
reactions were run in duplicate with 1 uL. cDNA, 5 pmol gene specific primers (Integrated
DNA Technologies, Inc., Coralville, IA; Table 1), and 5 pL SsoFast EvaGreen Supermix
(Bio-Rad laboratories, Hercules, CA) for a final reaction volume of 10 pL. The primers and
the gPCR program protocol were validated previously [28]. Standard curves obtained from
serial dilutions of a combination of samples were used to calculate PCR efficiency. Beta-
actin (Actb) was used as a reference gene because its mMRNA level did not differ among the 5
treatment groups. The Pfaffl method for relative quantification was used to obtain expression
data, and the calculated relative fold changes were analyzed. The mRNAs of the
steroidogenic enzymes cytochrome P450 steroid 17-a-hydroxalase 1 (CYP17A1),
cytochrome P450 aromatase (CYP19A1), and 17B-hydroxysteroid dehydrogenase 1
(HSD17B1), as well as of the transport protein steroidogenic acute regulatory protein
(STAR) were tested because they are important regulators of steroid hormone production in
the ovary [29]. A summary of ovarian steroidogenesis can be found below.

2.7. Statistical analyses

3. Results

Data were expressed as means + standard error of the means (SEM), and analyzed using
SPSS statistical software (SPSS, Inc., Chicago, IL). Comparisons between experimental
groups were made using the Kruskal-Wallis test, followed by the Mann-Whitney test.
Statistical significance was assigned at p < 0.05.

3.1. Effect of isoliquiritigenin on antral follicle growth

Exposure of follicles to 36 and 100uM of isoliquiritigenin inhibited follicle growth from 24
h through 96 h of culture when compared to the vehicle control group (Fig. 1; n=4-11,p <
0.05). Additionally, exposure to 0.6 uM and 6 pM of isoliquiritigenin inhibited follicle
growth at 24 and 72 h, respectively (Fig. 1; n = 4-11, p < 0.05). However, the two lower
concentrations of isoliquiritigenin (0.6 pM and 6 pM) did not affect follicle growth at any
other time-point (Fig. 1).

3.2. Effect of isoliquiritigenin on sex steroid hormone levels

Follicles cultured with 100 uM of isoliquiritigenin showed decreased production of estradiol
and progesterone at 48, 72, and 96 h when compared to the vehicle control group (Figs. 2
and 4; n = 3-4, p < 0.05). Follicles cultured with 100 uM of isoliquiritigenin also showed
decreased production of testosterone at 48 and 96h when compared to vehicle control (Fig.
3; n = 3-4, p <0.05). Additionally, while isoliquiritigenin at 100 uM suppressed follicle
testosterone levels at 72 h, this decrease was not statistically significant (Fig. 3;n=3-4,p =
0.083). Follicles exposed to 36 uM of isoliquiritigenin showed decreased estradiol levels at
48, 72, and 96 h (Fig. 2; n = 3-4, p < 0.05), but increased progesterone levels at 72 h (Fig 4;
n = 3-4, p < 0.05). Further, exposure to 6 uM of isoliquiritigenin caused an increase in
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progesterone production in the follicles at 72 h when compared to control (Fig. 4; n=3-4, p
< 0.05). Isoliquiritigenin at 0.6 uM did not significantly affect hormone levels when
compared to DMSO (Figs. 2-4).

3.3. Effect of isoliquiritigenin on steroidogenic enzyme and transport protein mRNA levels

Exposure of follicles to 100 uM of isoliquiritigenin caused a decrease in the mRNA level of
Cypl7alat 96 h, and of Cyp19aland Hsd17b1 at both 48 and 96 h of culture (Fig. 5A-C; n
=3-4, p <0.05). It also caused a significant increase in the mRNA level of Starat 96 h (Fig.
5D; n = 3-4, p £ 0.05). Isoliquiritigenin at 36 UM significantly decreased Cyp19al mRNA
level at 96 h (Fig. 5B; n = 3—-4, p < 0.05). Further, exposure of follicles to 0.6 uM and 6 uM
of isoliquiritigenin did not affect the mRNA levels of Cyp17al, Cyp19al, Hsd17b1, or Star
when compared to control (Fig. 5A-D).

4. Discussion

We investigated the effects of isoliquiritigenin on growth and steroidogenesis of antral
follicles, which are crucial for normal female reproductive function. We observed that
exposure of mouse antral follicles to isoliquiritigenin inhibited their growth over 96 h of
culture and altered their production of the sex steroid hormones estradiol, testosterone, and
progesterone. Decreased mRNA levels of Cypl7al, Cyp19al, and Hsd17b1, along with
increased mRNA levels of Starin isoliquiritigenin-treated follicles suggest disruption of
upstream regulators of steroidogenesis as a factor in the altered sex steroid synthesis of these
follicles. These are novel findings on the actions of isoliquiritigenin on the ovary, and
warrant further investigation of the potential reproductive toxicity of this widely-used
phytoestrogen.

The in vitrofollicle culture system that we utilized for the present study enabled us to track
the growth of individual antral follicles over time, and thus easily observe the changes
brought about by exposure to isoliquiritigenin. This allowed us to study endpoints that
would be difficult to assess /7 vivo, such as follicle growth progression in response to
treatment. It also enabled us to determine whether isoliquiritigenin was directly toxic to
antral follicles. Further, using this /n vitro system more closely mimicked /n vivo conditions
than using isolated ovarian cells, as it evaluated the effects on intact antral follicles as a
whole unit, rather than isolated oocytes, granulosa cells, or theca cells. Although our /in vitro
model precludes the effects of absorption, distribution, and metabolism, it would
complement future /n vivo studies necessary for full understanding of isoliquiritigenin
toxicity.

Our data indicate that exposure of antral follicles to 0.6 uM of isoliquiritigenin initially
suppressed their growth at 24 h, but this effect did not persist beyond that time-point in
culture. We also found that isoliquiritigenin at 6 uM decreased follicle growth at a single
time-point in culture (/.e., 72 h). However, exposure to isoliquiritigenin at 36 and 100 pM
inhibited the growth of antral follicles beginning at 24 h, and persisted throughout 96 h of
culture. Normal development of antral follicles is necessary for adequate sex steroid
synthesis and the process of ovulation [30]. Although the effects of isoliquiritigenin on
ovarian follicle growth have not been reported, previous studies have shown the
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antiproliferative and cytotoxic effects of licorice root and isoliquiritigenin on human breast
cancer cells [11, 31-33]. One study found that isoliquiritigenin inhibited cancer cell
proliferation and induced apoptosis by deactivating the PI3K/Akt pathway involved in cell
cycle regulation [33]. Another study found that licorice root extract caused apoptosis of
MCF-7 breast cancer cells partly through induction of the pro-apoptotic factor Bax,
inhibition of Cdk 2and cyclin E, and induction of G1 cell cycle arrest [32]. Previous studies
with genistein, a commonly used phytoestrogen found in soy, showed that it could induce
atresia of rat follicles [34] and inhibit growth of mouse antral follicles via Caknla
upregulation [35]. Equol, a metabolite of the soy phytoestrogen daidzein, was found to
inhibit mouse antral follicle growth and increase follicle atresia [36]. The isoliquiritigenin-
induced inhibition of follicle growth in the present study may thus potentially be due to
disruption of cell cycle regulators causing cell cycle arrest, increased apoptosis causing
follicle atresia, or a combination of both. Although the goal of the current study was to
evaluate whether isoliquiritigenin affects antral follicle growth, future studies investigating
these plausible mechanisms in more detail will help determine the exact cause of the
observed follicle growth inhibition due to isoliquiritigenin exposure.

Ovarian antral follicles are a major source of sex steroid hormones, and we measured the
levels of estradiol and two of its main precursors, testosterone and progesterone. Normal
levels of estradiol, testosterone, and progesterone are required for proper functioning of the
reproductive system [37, 38]. Our data indicate that isoliquiritigenin at 36 and 100 uM
reduced the capacity of antral follicles to synthesize estradiol at 48, 72, and 96 h. Treatment
with 100 uM of isoliquiritigenin also reduced the production of testosterone, which is the
immediate metabolic precursor to estradiol. Further, while isoliquiritigenin at 100 uM
decreased follicle production of progesterone from 48 to 96 h, we found that
isoliquiritigenin at 6 and 36 UM increased progesterone levels at 72 h of culture. We would
like to note here that the high degree of variability in the testosterone levels may have made
it more difficult to be conclusive about low dose effects on this hormone.

The alterations in hormone levels in our study could partly be attributed to the lack of
normal follicle growth in response to isoliquiritigenin exposure. Adequate growth of antral
follicles with sufficient numbers of healthy theca and granulosa cells is necessary for
estradiol production [30, 39, 40]. Further, since estradiol is produced from precursor
hormones in the theca and granulosa cells of the follicles, an adequate level of the precursor
hormones is another prerequisite for normal estradiol synthesis [39]. Inhibition of growth as
early as 24 h, with continued inhibition at 48, 72, and 96 h of culture in follicles treated with
100 pM isoliquiritigenin could have resulted in decreased estradiol levels in this group. A
decrease in the levels of the precursor steroids, testosterone and progesterone from 48
through 96 h of culture may further have contributed to the low estradiol levels in the 100
UM treatment group. Similarly, follicle growth inhibition from 24 through 96 h in the 36 uM
treatment group could explain the decreased estradiol levels observed at 48, 72, and 96 h in
this group. The increased progesterone levels at 72 h in follicles treated with 36 uM
isoliquiritigenin may be a compensatory effect to maintain downstream hormones levels.
Although this compensatory increase in progesterone appears to help maintain normal levels
of testosterone, which is downstream of progesterone in the sex steroid synthesis pathway
(refer to Fig. 6), it does not appear sufficient to prevent low estradiol levels in the 36 uM
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treatment group. Similarly, the increase in progesterone at 72 h in the 6uM group could be a
compensatory response to growth inhibition at 72 h in this treatment group. This response
appears to be able to maintain normal levels of both testosterone and estradiol at this lower
dose.

Our results on hormone levels align to some extent with the observation that endocrine
disrupting chemicals often have different effects at different doses [41]. This is the first time,
to our knowledge, that the effects of isoliquiritigenin on ovarian sex steroid hormone levels
have been investigated. However, our findings are consistent with a few studies examining
the effects of other phytoestrogens on the levels of steroid hormones [35, 42—44]. For
instance, genistein was found to reduce estradiol and increase progesterone synthesis of
cultured mouse antral follicles [35]. It was also found to decrease estradiol levels in porcine
granulosa cells [44]. Equol was found to inhibit the production of estradiol, testosterone, and
progesterone by mouse antral follicles /n vitro [36]. Daily consumption of soy products
containing genistein and daidzein for one month reduced circulating plasma levels of
estradiol and progesterone in healthy, premenopausal women [42].

The production of sex steroid hormones in the theca and granulosa cells of the antral
follicles is brought about by several enzymes that convert cholesterol to estradiol. The
transfer of cholesterol into the mitochondria of these cells for the purpose of steroid
production is a rate-limiting step in the process. The present study examined the mRNA
levels of cytochrome P450 steroid 17-a-hydroxylase 1 (CYP17A1), cytochrome P450
aromatase (CYP19A1), and 17p-hydroxysteroid dehydrogenase 1 (HSD17B1), three of the
steroidogenic enzymes in this estradiol biosynthesis pathway. CYP17A1 converts
progesterone to androstenedione, as well as pregnenolone to dehydroepiandrosterone
(DHEA). CYP19AL1 converts testosterone to estradiol, as well as androstenedione to estrone.
HSD17B1 converts androstenedione to testosterone, as well as estrone to estradiol [29]. The
study also measured the mRNA level of steroidogenic acute regulatory protein (STAR),
which regulates the transport of cholesterol from the outer to the inner mitochondrial
membrane, where it can be further converted to the various sex steroid hormones in the
pathway [45]. Our data indicate that isoliquiritigenin at 100 pM decreased follicle mRNA
level of Cyp17a1 at 96h of culture, when compared to the vehicle control. It should be noted
that lower dose effects on Cypl7a1 mRNA may not be apparent in the present study due to
the variability observed in the levels of this enzyme. Further, the significance of decreased
Cypl17al mRNA due to the high dose is not immediately clear, and future studies are
warranted to determine whether androstenedione or DHEA levels are affected by the 100
UM dose of isoliquiritigenin. We found a decrease in the mRNA level of Cyp19a1 at both 48
and 96 h in the 100 uM treatment group. Additionally, isoliquiritigenin at 36 uM decreased
Cyp19al mRNA at 96 hours, with no changes seen at 48h. The downregulation of Cyp19al
is a likely factor in the reduced estradiol levels observed in the 36 and 100 pM treatment
groups, by hampering the conversion of testosterone to estradiol. Our data on the
downregulation of this enzyme are consistent with a previous study which found that
isoliquiritigenin could suppress the mRNA expression and activity of CYP19A1 in MCF-7
breast cancer cells as well as in an animal model of breast cancer [10]. The downregulation
of Hsd17b1 at 48 and 96 h by exposure to 100 uM isoliquiritigenin in the present study is
another probable cause of decreased estradiol and testosterone levels observed at this
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concentration. Reduced levels of this enzyme could have resulted in inadequate conversion
of estrone to estradiol and of androstenedione to testosterone. Interestingly, we found that
isoliquiritigenin at 100 pM upregulated the mRNA of Starat 96 h, when compared to
control. This could be an attempt to compensate for the depleted hormone levels observed
over 96 hours of culture in this treatment group. Future studies which examine the protein
levels and activity of the steroidogenic enzymes, as well as measure the levels of other
steroid hormones in the pathway will help to better understand the changes observed due to
isoliquiritigenin. Another possible mechanism to explain the reduced estradiol levels in our
study is that isoliquiritigenin increases estradiol metabolism in the antral follicles by
enhancing the expression of cytochrome P4501A1 (CYP1A1) and cytochrome P450 1B1
(CYP1B1). This is a likely alternative mechanism that should be investigated because a
previous study found that isoliquiritigenin stimulated the expression and activity of CYP1B1
in mammary epithelial cells [46].

Based on the data from the present study, we can conclude that inhibition of follicle growth
and perturbed expression of key regulators of steroidogenesis are both likely contributing
factors in the altered hormone levels of follicles exposed to 36 and 100 pM of
isoliquiritigenin. However, additional studies are required to evaluate whether cytotoxicity
and atresia of follicles at these doses could also be playing a role. Moreover, since ovarian
steroid synthesis and follicular growth are interdependent processes [30, 37], detailed time-
course studies would clarify if isoliquiritigenin causes follicle growth inhibition and/or
follicle death before disrupting steroidogenesis.

In conclusion, our results indicate that isoliquiritigenin inhibits the growth of mouse antral
follicles /n vitro, and disrupts their normal production of estradiol and its precursor
hormones, testosterone and progesterone. Our data also indicate that a decrease in mMRNA
level of steroidogenic enzymes is a likely factor in altered hormone production in
isoliquiritigenin-treated follicles. These findings are important because inhibition of follicle
growth and altered steroidogenesis due to isoliquiritigenin could pose a threat to
reproductive health and fertility. The lower doses of isoliquiritigenin used in the study (0.6
and 6 pM), which fall within the estimated general range of daily human exposure, affect
follicle growth and hormone production to a lesser extent than the higher doses (36 and 100
uM). However, the cumulative exposure to isoliquiritigenin may be greater in certain
populations, for example, those regularly consuming excessive amounts of candy, licorice-
flavored tobacco products, and isoliquiritigenin health supplements. Isoliquiritigenin is one
of the active components of licorice, and the use of licorice in the tobacco, food, and
pharmaceutical industries is significant. Additionally, isoliquiritigenin is widely consumed
as a dietary supplement for a variety of ailments, and research on its potential utility in
cancer therapy is on the rise. Thus, it is important to further evaluate the low-dose and high-
dose effects of isoliquiritigenin on the ovary, and how this impacts reproductive function /n
Vivo.
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Effect of isoliquiritigenin on follicle growth overtime. Antral follicles were isolated from
adult CD-1 mice and cultured with vehicle (DMSO) or isoliquiritigenin (ISL) for total
culture periods of 48, 72, and 96 h. Follicle diameters were measured every 24 h along
perpendicular axes and percent change in growth was determined over each total culture
period. The graph represents the means + SEM of percent change in follicle growth from 4
to 11 separate experiments. Asterisks (*) represent a significant difference between vehicle

control and isoliquiritigenin (p < 0.05).
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Fig. 2.

Efgfect of isoliquiritigenin on follicle estradiol production. Antral follicles were isolated from
adult CD-1 mice and cultured with vehicle (DMSO) or isoliquiritigenin (ISL) for 48, 72, and
96 h. Subsequently, media were pooled within experiment by treatment group and subjected
to enzyme-linked immunosorbent assays for estradiol. The graph represents the means +
SEM from 3 to 4 separate experiments. Asterisks (*) represent a significant difference
between vehicle control and isoliquiritigenin (p < 0.05).
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Fig. 3.

Ef%ect of isoliquiritigenin on follicle testosterone production. Antral follicles were isolated
from adult CD-1 mice and cultured with vehicle (DMSO) or isoliquiritigenin (ISL) for 48,
72, and 96 h. Subsequently, media were pooled within experiment by treatment group and
subjected to enzyme-linked immunosorbent assays for testosterone. The graph represents the
means + SEM from 3 to 4 separate experiments. Asterisks (*) represent a significant
difference between vehicle control and isoliquiritigenin (o < 0.05).
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Fig. 4.

Effect of isoliquiritigenin on follicle progesterone production. Antral follicles were isolated
from adult CD-1 mice and cultured with vehicle (DMSO) or isoliquiritigenin (1SL) for 48,
72, and 96 h. Subsequently, media were pooled within experiment by treatment group and
subjected to enzyme-linked immunosorbent assays for progesterone. The graph represents
the means + SEM from 3 to 4 separate experiments. Asterisks (*) represent a significant
difference between vehicle control and isoliquiritigenin (p < 0.05).
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Fig. 5.

Ef%ect of isoliquiritigenin on follicle mRNA level of regulators of steroidogenesis. Antral
follicles were isolated from adult CD-1 mice and cultured with vehicle (DMSO)
orisoliquiritigenin (ISL) for 48 and 96 h. Subsequently, follicles were pooled within
experiment by treatment group and subjected to quantitative polymerase chain reaction for
Cypl7al (panel A), Cyp19al (panel B), Hsd17b1 (panel C), and Star (panel D). Values were
normalized fo Actb. The graph represents the means + SEM from 3 to 4 separate
experiments. Asterisk (*) represents a significant difference between vehicle control and
isoliquiritigenin (p < 0.05).

Reprod Toxicol. Author manuscript; available in PMC 2017 December 01.

DMSO

ISL 0.6 ust
=I5L 6 pM
=ISL 36 uM
=ISL 100 UM

n=34
*p50.05

DMSO

ISL 0.6 pM
=ISL 6 pM
=ISL 36 uM
=ISL 100 uM

n=34
*p<0.05



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mahalingam et al.

Page 18

1SL 100 pM —=o 96hfs1an

=== )
Cholesterol

('Y]‘Il\[ﬂ

ISL 100 |.|.M Prennenolone

GhIn YP17 \|I &1[%1) B Aﬁ_I_SLIOOuM
J48h, 72h, 96h

[ DHEA | [ Progesterone l‘l?zhﬁ'SLG&% UM

[.\|)~n§ ('\'l‘l"\ll ISL 100 pM
ISL 100 uM gshﬁ.
\ndroateuedwne ISI. 100 pM

ISL 100 M 48h 95hll]'~.!)1 BI u( \mu\] hﬁISL%&mUMM

48h, 72h, 95hll Testosterone 1 }-'ﬂmlw

ISL 100 |.t ISL 100 pM
ISL 36 & 100 uMQk:Shl( YP19A1 Imm 74 48h, 96h”
ISL 36 & 100 Hm“h, 72h, 96h

Fig. 6.
Effect of isoliquiritigenin on follicle steroidogenesis. This schematic of the estradiol

biosynthesis pathway shows how estradiol is produced from cholesterol through the action
of steroidogenic enzymes in the ovarian antral follicle. The effects of different
concentrations of isoliquiritigenin (ISL) on the levels of progesterone, testosterone, and
estradiol, as well as the transport protein STAR and the enzymes CYP17A1, CYP19A1, and
HSD17B1 are summarized.
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Sequence of Primers used for gPCR.

Table 1

Page 19

Gene Name Gene symbol  Accession No.  Forward primer Reverse primer

Beta-actin Acth NM_007393 GGGCACAGTGTGGGTGAC CTGGCACCACACCTTCTAC
Cytochrome P450 steroid 17-a- Cypl7al NM_007809 CCAGGACCCAAGTGTGTTCT CCTGATACGAAGCACTTCTCG
hydroxylase 1

Cytochrome P450 aromatase Cypl9al NM_007810 CATGGTCCCGGAAACTGTGA GTAGTAGTTGCAGGCACTTC
17p-hydroxysteroid dehydrogenase 1~ Hsd17b1 NM_010475 ACTGTGCCAGCAAGTTTGCG AAGCGGTTCGTGGAGAAGTAG
Ste:o_idogenic acute regulatory Star NM_007810 CAGGGAGAGGTGGCTATGCA CCGTGTCTTTTCCAATCCTCTG
protein
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