EXPERIMENTAL AND THERAPEUTIC MEDICINE 17: 3501-3508, 2019

Tanshinone ITA attenuates estradiol-induced polycystic ovarian
syndrome in mice by ameliorating FSHR expression in the ovary
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Abstract. Tanshinone ITA (TSIIA) is a major component of
Salvia miltiorrhiza, a Chinese herb that exhibits a therapeutic
effect on polycystic ovary syndrome (PCOS). The present
study replicated PCOS via the neonatal treatment of estradiol
in mice. Estrous cycles, body and ovarian weight, serum levels
of testosterone and estradiol were determined. Histological
examination of ovaries was performed. The mRNA and
protein levels of aromatase luteinizing hormone receptor and
follicle-stimulating hormone (FSHR) in ovaries and granule
cells were assayed by reverse transcription-quantitative
polymerase chain reaction and western blotting, respectively.
TSITA was revealed to reverse all disorders induced by
estradiol treatment, including prolonged estrous cycles,
increased body and ovarian weight, increased atretic cyst-like
follicles and decreased corpus luteum, large antral follicles
and preovulatory follicles. These improvements in PCOS
as a result of TSITA treatment are likely due to the revised
testosterone/estradiol balance, as TSIIA reversed the decrease
in aromatase mRNA, the enzyme that converts androgen to
estrogen. As the expression of aromatase is regulated by the
FSH pathway, TSITA-mediated elevation in FSHR expression
may lead to the upregulation of aromatase. Therefore, TSIIA
revises the balance of androgen and estrogen by rescuing the
reduced expression of FSHR and aromatase, thus attenuating
murine PCOS. The current study aimed to further the
application of natural drugs in the treatment of PCOS to
confront the side effects of hormone drugs and expand the use
of TSIIA.
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Introduction

Polycystic ovarian syndrome (PCOS) is the most common
endocrine and metabolic disease in women, occurring
in ~15% at procreation age (1). Its characteristics include
hyperandrogenism, ovulation failure and polycystic ovarian
morphology (2), combined with multiple clinical symptoms
including menoxenia, acne, hirsutism, alopecia, central
obesity and infertility (3). PCOS, is a life-long disease, which
not only causes short-term problems, including infertility due
to anovulation, but also exhibits long-term metabolic issues
including obesity, insulin resistance, non-alcoholic fatty
liver disease, type 2 diabetes mellitus and cardiac vascular
disease (4), as well as hyperinsulinemia and estrogen depen-
dent cancer (5).

Hyperandrogenism, occasionally combined with
hypoestrogenism, is a classic diagnostic criterion for
PCOS, as excess androgen induces the dysfunction of the
hypothalamic-pituitary-ovarianaxis,whichisthe neurohormonal
system that regulates gonadal hormone balance, follicle
maturation and ovulation (6). Mainstream therapy including
hormonal therapy, antiandrogens and insulin-sensitizing drugs
used to reduce androgen levels is usually combined with oral
contraceptives (7). Among them, diane-35 (a combination of
ethinyl estradiol and cyproterone acetate) is commonly used to
treat PCOS (8).

However, diane-35 produces significant hormonal side
effects and negatively impacts triglyceride metabolism and
pancreatic function (9).

Salvia miltiorrhiza (S. miltiorrhiza), a Chinese herbal
medicine, has been used to treat PCOS. Components isolated
from S. miltiorrhiza, including cryptotanshinone, attenuate
PCOS by reversing dexamethasone-induced ovarian insulin
resistance in mice (10). However, whether other components
of S. miltiorrhiza have the capability to treat PCOS remains
unclear. Tanshinone ITA (TSIIA) is another primary component
of S. miltiorrhiza (11). Serving as an antioxidant, anti-inflam-
matory and immunomodulatory element, it is primarily used
to treat cardiovascular diseases (12). TSITA also inhibits
oxidative stress injury in neuronal cells to treat Alzheimer's
disease (13). The results of the present study confirmed the
therapeutic effect of TSIIA on PCOS induced by neonatal
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exposure to estradiol in mice by regulating follicle-stimulating
hormone (FSH) receptor (FSHR) expression in the ovary.

Materials and methods

Animals. Animal care and experiment procedures were
performed in accordance with the guidelines of and approved
by the Animal Care and Ethical Committee of Affiliated
Hospital of Nanjing University of Chinese Medicine (Nanjing,
China). A total of 57 female (C57B1/6]J x A/J) F1 (B6A)
5-day-old mice (weight, 4-5 g) purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China) were used in the current study. All mice were main-
tained in standard cages under a 12 h light/dark cycle at a
temperature of 22-24°C and a relative humidity of 55-65%,
with ad libitum access to food and water.

Experimental design and drug administration. Estradiol
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
dissolved in dimethyl sulfoxide and diluted with sesame oil
(BSZH Co. Ltd., Beijing, China), was subcutaneously injected
into 5-day-old female mice (PCOS mice, n=56) at a dose of
20 pug/day for 3 days (14). Vehicle of the same volume was
administrated to mice (control group, n=28). On the 56th
postnatal day, half PCOS mice (estradiol+TSIIA group, n=28)
received TSIIA (Nanjing Spring and Autumn Biological
Engineering Co. Ltd, Nanjing, China) for 4 weeks at a dose
of 100 mg/kg/day by gavage. The PCOS mice left (estradiol
group, n=28) and control mice received the same weight-based
volume of vehicle. Estrous cyclicity was determined during
the last 18 days prior to sacrifice. Thereafter, mice were
weighed (22-25 g) and sacrificed on the 96th postnatal day by
decapitation.

Assessment of estrous cycles. Estrous cycles were examined
daily at 0800-0900 h. The fluid obtained by vaginal lavage
with 0.9% saline was spotted thinly on a microscope slide.
Following air-drying, slides were stained with toluidine blue
(0.1%) at room temperature for 2 sec. According to the types
of vaginal epithelial cells present (leukocyte, nucleated and
cornified cells), diestrus, estrus and proestrus were identified
using light microscopy at magnification, x100 as previously
described (15).

Ovarian histology. Ovaries were excised from mice, fixed
in 4% paraformaldehyde at room temperature for 48 h,
dehydrated in ascending grades of ethanol and embedded in
paraffin in 5-um sections. Samples were then deparaffinized,
rehydrated and stained with hematoxylin and eosin (H&E)
for 3 and 0.5 min at room temperature, respectively. Follicles
were counted using a conventional light microscope (Olympus
DP70; Olympus Corporation, Tokyo, Japan) with x40
objective. The number of follicles (atretic cyst-like, large
antral and preovulatory follicles) were counted in every
sixth section (30 gm apart) and multiplied by 6 to provide
the total number of follicles in each ovary. Only follicles
containing an oocyte with a visible nucleus were counted to
avoid double counting. The classification of follicular stages
was made following the morphological criteria as described
previously (16,17). The number of corpora lutea was scored in
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a blinded fashion using one section per ovary and one ovary
per mouse (18).

Hormonal measurements. Serum was obtained when mice
were sacrificed following the determination of estrous cyclicity.
Levels of FSH, luteinizing hormone (LH), progesterone (P),
estradiol and testosterone (T) were quantified using ELISA
kits (cat. nos. EO830Mu, E0441Mu, E0459Mu, E0461Mu
and E0458Mu, respectively; Uscn Life Sciences, Inc., Wuhan,
China) according to the manufacturer's protocol.

Reverse transcription quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from murine ovary
tissue using a TRIzol reagent kit (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) according to the manu-
facturer's protocol. RNA (1 ug) was transcribed into cDNA
using a PrimeScript™ RT reagent kit (Takara Biotechnology
Co., Ltd., Dalian, China). qPCR reactions were performed
using a Light Cycler Fast Start DNA Master SYBR-Green I
kit and an ABI Prism 7300 Sequence Detection System
(Applied Biosystems; Thermo Fisher Scientific, Inc.) The
thermocycling conditions were as follows: 95°C for 3 min;
95°C for 15 sec; 60°C for 15 sec; 72°C for 1 min (35 cycles);
and 72°C for 10 min. The relative expression of genes was
determined using the 24%°9 method (19) with normalization
to 36B4 expression. The primer sequences were as follows:
LH receptor (LHR) forward, 5'-AATGAGTCCATCACG
CTGAAAC-3' and reverse, 5-CCTGCAATTTGGTGG
AAGAGA-3'"; FSHR forward, 5-CCTTGCTCCTGGTCT
CCTTG-3" and reverse, 5'-CTCGGTCACCTTGCTATC
TTG-3'"; aromatase forward, 5'-ATGTTCTTGGAAATG
CTGAACCC-3" and reverse, 5~ AGGACCTGGTATTGA
AGACGAG-3'; peroxisome proliferator-activated receptor vy
(PPARY) forward, 5-TTTTCCGAAGAACCATCCGATT-3'
and reverse, 5S'-"ATGGCATTGTGAGACATCCCC-3"; and
34B4 forward, 5'-~AAGCGCGTCCTGGCATTGTCT-3' and
reverse, 5'-CCGCAGGGGCAGCAGTGGT-3.

Isolation of granule cells. As described previously (20),
ovaries were isolated from mice and the large and transparent
follicles residing within were punctured to liberate granule
cells into the medium, Dulbecco's modified Eagle's medium
(DMEM )/nutrient mixture F-12 (F12; Gibco; Thermo Fisher
Scientific, Inc.). Granule cells were mixed and collected
via centrifugation at 100 x g at room temperature for
2 min. Cells were then suspended in DMEM/F12 complete
medium containing 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.) and seeded into 12-well plates at
3x10° cells/well for 48 h. Medium was changed every 24 h to
discard non-adherent granulosa cells and oocytes. Cells were
further cultured at 37°C for 24 h for further experimentation.

Western blotting. Granule cells were homogenized in ice-cold
lysis buffer [S0 mM Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM
EDTA, 1% Nonidet P-40, 10 mM Na,P,0,-10H,0, and
protein inhibitors including 100 mM NaF, 1 mM Na,;VO,,
1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin,
10 mg/ml leupeptin; all components purchased from Aladdin
Shanghai Biochemical Technology Co., Ltd., Shanghai,
China) and boiled at 95°C for 5 min in 5X loading buffer
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Figure 1. Effect of TSIIA on the disorder of the estrus cycle. (A) Estrus cycles of female mice were determined via toluidine blue staining of fluid obtained from
vaginal lavage. Control (n=8), Estradiol (n=8), Estradiol + TSIIA (n=8). (B) Estrus cycle lengths and stages, including proestrus, estrus, metestrus and diestrus
were counted. The data were presented as the mean + standard error of the mean. "P<0.05. TSITA, Tanshinone I1A.

[250 mM Tris-HCI (pH 6.8), 10% SDS, 0.5% bromophenol
blue, 50% glycerol, 5% mercaptoethanol; all components
purchased from Aladdin Shanghai Biochemical Technology
Co., Ltd.]. Protein concentration was assessed using a
bicinchoninic acid protein assay kit (Pierce; Thermo
Fisher Scientific, Inc.). Protein (25 pug) was separated by
10% SDS-PAGE and transferred to polyvinylidene difluoride
membranes. The membranes were incubated with rabbit
anti-FSHR antibodies (1:1,000; cat. no. KO02799P; Beijing
Solarbio Science and Technology Co., Ltd., Beijing, China),
anti-LHR antibodies (1:1,000; cat. no. sc-25828; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), anti-aromatase
antibodies (1:1,000; cat. no. PA1-21398; Invitrogen; Thermo
Fisher Scientific, Inc.) and mouse anti-B-actin (1:1,000;
cat. no. CBL171-I; EMD Millipore, Billerica, MA, USA)
at 4°C overnight. Membranes were then further incubated
with horseradish peroxidase-conjugated goat anti-rabbit
Immunoglobulin G (IgG; 1:5,000; cat. no. AP183P) or
goat anti-mouse IgG (1:5,000; cat. no. AP192P; both EMD
Millipore) for 2 h at room temperature. Membranes were
visualized using the Tanon-5200 Chemiluminescence Imager
(Tanon Science and Technology, Co., Ltd., Shanghai, China)
with an ECL Western blotting substrate (EMD Millipore).
Imagel version 1.48 (National Institutes of Health, Bethesda,
MA, USA) was used for the densitometry analysis of bands.

Cyclic adenosine monophosphate (cAMP) levels in granule
cells. Following culture for 24 h, non-adherent granule cells
were removed and adherent cells were treated with FSH
(100TU/1; Ningbo Second Hormone Factory, Ningbo, China) for
10 min at 37°C. Cells were then rinsed with cold PBS once and
lysed using 0.1 M hydrochloric acid for the protein concentra-
tion assay with total protein assay kit (cat. no. A045-4; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Whole
cell lysate was centrifuged at 10,000 x g at 4°C for 10 min
and the supernatant was used for cAMP measurement using
a cAMP ELISA kit (cat. no. 10R-2133; Fitzgerald Industries
International, North Acton, MA, USA). Total cAMP amount
was normalized to total protein amount in each sample to
calculate cAMP level in cells.

Statistical analysis. Data were expressed as the mean + standard
error of the mean. Data between groups were analyzed using
one-way analysis of variance followed by Dunn's multiple
comparisons test. P<0.05 was considered to indicate a statisti-
cally significant result.

Results

TSIIA attenuates estrous cycle disorder in mice with PCOS.
Normal control mice exhibited a regular estrous cycle of
5 days on average (Fig. 1A). The entire estrous cycle comprises
four phases, which includes proestrus, estrus, metestrus and
diestrus. Neonatal estradiol-treatment increased metestrus and
diestrus compared with control mice, which contributed to the
prolongation of the estrous cycle to ~9 days (Fig. 1A and B).
TSITA treatment significantly reduced entire estrous cycle,
metestrus and diestrus and led to a slight increase in the
estrous period (Fig. 1A and B).

Effects of TSIIA on ovarian morphology in mice with PCOS.
Body weight and ovary weight in each group were assayed
following sacrifice. The results revealed that neonatal
estradiol treatment increased body and ovarian weight in
mice (Fig. 2A and B). The increase in ovarian weight was
more pronounced than that of body weight, and the ratio of
ovary to body weight also significantly increased following
estradiol treatment (Fig. 2C). TSIIA treatment reversed the
estradiol-induced increase in body weight, ovary weight and
the ratio of ovary to body weight (Fig. 2A-C).

Pathological changes in murine ovaries were assessed
via H&E staining. In congruence with a previous study (14),
multiple enlarged follicles were observed in the ovaries of
estradiol-treated mice in the present study (Fig. 2D), which
mimicked PCOS. Neonatal estradiol-treatment reduced
the number of large antral follicles, preovulatory follicles
and corpus luteum, but increased the number of atretic
cyst-like follicles (Fig. 2D), which were also similar to
changes typically observed in PCOS (6). TSITA treatment
reversed the observed pathological change in the number of
follicles (Fig. 2D).
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Figure 2. Effect of TSIIA on pathological changes induced by estradiol treatment. (A) BW and (B) OW in each group were assayed in mice following sacrifice
at 12-weeks of age. Control (n=8), Estradiol (n=_8), Estradiol + TSIIA (n=8). (C) OW/BW ratio. (D) Ovarian tissue was stained with hematoxylin and eosin. The
number of atretic cyst-like follicles (red arrows), corpus luteums, large antral follicles and preovulatory follicles were counted. Scale bar, 500 ym. Data are
expressed as the mean * standard error of the mean. “P<0.05. TSITA, Tanshinone IIA; OW, ovarian weight, BW, body weight.

TSIIA regulates serum hormone levels in mice with PCOS.
Ovarian structure and function is primarily regulated by serum
hormones (6). Thus, levels of FSH, LH, estradiol, T and P in
murine serum were assayed. As presented in Fig. 3A-C, serum
levels of LH,FSH and the ratio of LH to FSH were not significantly
affected by neonatal estradiol-treatment nor by TSIIA. However,
serum estradiol was reduced and T levels were elevated following
neonatal estradiol treatment, which were each reversed when
further treated with TSITA (Fig. 3D and E). Serum P levels were
also reduced following neonatal estradiol-treatment, but TSITA
demonstrated no significant effect.

Effect of TSIIA on LHR, FSHR, aromatase and PPARYy
expression in the ovaries of mice with PCOS. Neonatal mice
treated with estradiol exhibited significantly lower mRNA
levels of aromatase, the key enzyme for the transferal of T to
estradiol in ovaries (21). However, mRNA levels of ovarian
aromatase recovered following TSITA treatment. FSHR, LHR
and PPARY function to regulate the expression of aromatase in
the ovary (22-24); however, only FSHR exhibited significantly
lower mRNA levels following neonatal estradiol treatment,
which was recovered by TSITA (Fig. 4A).

In ovarian granule cells (Fig. 4B-D) of neonatal
estradiol-treatment mice, western blot analysis revealed lower
FSHR and aromatase protein levels, which were improved
following TSIIA treatment (Fig. 4B).

The FSH-induced cAMP levels in granule cells isolated
from estradiol-treated mice were significantly lower than
that from control mice, whereas TSIIA treatment elevated
the granular cAMP level in estradiol-treated group similar to
control group (Fig. 4C).

The results also demonstrated that granular FSHR and
aromatase mRNA levels in estradiol treated group were
significantly lower than in the control group, but were reversed
following TSIIA treatment (Fig. 4D).

Discussion

The present study revealed the therapeutic effect of TSIIA, a
component isolated from Salvia miltiorrhiza,on murine PCOS
induced by the neonatal treatment of estradiol.

In a previous study (25), PCOS was successfully replicated
in mice via neonatal treatment with estradiol. This was
determined as mice exhibited a prolonged diestrus phase,
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Figure 3. Effect of TSIIA on serum hormones levels. Serum levels of (A) LH, (B) FSH, (C) the LH/FSH ratio, (D) estradiol, (E) testosterone and (F) proges-
terone were determined following modeling by estradiol and subsequent 4-week TSIIA treatment. Control (n=_8), Estradiol (n=8), Estradiol + TSIIA (n=8).
Data are expressed as the mean + standard error of the mean. “P<0.05. TSIIA, Tanshinone IIA; LH, luteinizing hormone; FSH, follicle stimulating hormone.

enlarged ovaries, a thickened theca layer, a decreased number
of corpus luteums and preovulatory follicles, an increased
number of atretic follicles and multiple cysts in ovaries, which
are characteristics similar to those in women with PCOS (19).
In the current study, estrus cycles were returned to normal
status following TSIIA treatment and this also reversed the
pathological change of murine ovaries with estradiol-induced
PCOS.

The alteration of granulosa cell hormonal equilibrium is
a cause of disturbed follicular development and maturation
that results in the premature arrest of follicular growth in
PCOS (26,27). Estrogen suppresses granulosa and luteal
cell apoptosis (28,29) and triggers the release of FSH and
LH, promoting follicle maturation and ovulation (30).
An excess of intraovarian androgen leads to follicular
atresia (28), as it activates primordial follicles via the
phosphatidylinositol-3-kinase/protein kinase B/Forkhead
box O3a pathway and inhibits growth differentiation factor
9 expression in oocytes, resulting in the arrest of preantral
follicle development (31).

In the present study, neonatal treatment of estradiol
decreased serum estradiol but increased serum T levels, which
may lead to pathological and functional changes in the ovary.
Thus, the therapeutic effect of TSIIA observed in the current
study may be the result of disordered estradiol and T, as other
hormones affecting follicle maturation, including LH, FSH
and P, were either not changed or not reversed following TSITA
therapy.

The hormonal balance between estrogen and androgen
is primarily sustained by the normal function of granulosa
cells, which contain a series of enzymes converting T to
estradiol. Disorder in the activity or expression of aromatase,
the key enzyme catalyzing the conversion of T to estradiol,
induces excessive androgen accumulation in serum (32). Thus,
aromatase mRNA levels of the ovaries and granule cells were
determined in the current study. It was demonstrated that they
were reduced by neonatal estradiol-treatment, but ameliorated
following TSITA therapy. This implies that TSIIA targets
the expression of aromatase to revise the T/estradiol balance
in mice.

The transcription of aromatase is regulated by the LH, FSH
and PPARYy pathways (22-24). LH and FSH mediate the down-
or upregulation of aromatase via LHR and FSHR, respectively.
Since the serum levels of LH and FSH were not affected by
neonatal estradiol treatment or TSITA in the current study, the
expression of LHR and FSHR should predict the transcription
of aromatase. FSHR mRNA levels were reduced by neonatal
estradiol treatment, which was then ameliorated by TSITA.
However, neither LHR nor PPARY expression was affected.
The results indicate that the downregulation of FSHR induced
PCOS in the present murine model and that TSITA exerted its
therapeutic effect by targeting FSHR expression. Furthermore,
the present study revealed that estradiol treatment reduced
FSHR and aromatase protein levels, thus inhibiting
FSH-induced cAMP elevation in granule cells isolated from
mice. TSITA treatment also ameliorated FSHR expression and
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an FSH induced cAMP increase. As a result, TSITA primarily
affected the ovarian expression of FSHR, which improved
ovarian function.

In summary, the present study revealed that PCOS induced
by neonatal exposure to estradiol in mice is attenuated by TSITA
treatment. The therapeutic effect of TSIIA is likely due to the
recovery of FSHR expression in the ovary, thus leading to

elevated serum levels of estradiol and T, an improvement in the
structure of ovaries and the attenuation of the disordered estrous
cycle. The current study revealed a novel monomer (TSITA),
which may be utilized to further the application of natural drugs
in the treatment of PCOS to reduce the side effects of hormone
drugs. However, the present study was limited by the lack of
a positive control group and intensive studies in granule cells.
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Further study is therefore required to assess the mechanism of
how TSIIA upregulates FSHR in granule cells.
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