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Abstract: Polycystic ovarian syndrome (PCOS), with a prevalence of 5-8%, is the most common endocrine disorder
in women of reproductive age. Although cryptotanshinone (CRY) has been shown to effectively reverse reproductive
disturbances, it remains poorly understood whether it can be used to treat PCOS. Here we used an established rat
model of PCOS. Prepubertal female Sprague-Dawley rats were subcutaneously injected with dehydroepiandros-
terone (DHEA) 60 mg/kg/day for 3 weeks. Those in the DHEA group were given normal saline, while the CRY group
was given 27 mg/kg by gastrogavage for 3 weeks. DHEA-treated rats had irregular estrous cycles and significantly
increased ovarian weight compared to control rats (P < 0.05), and 3 weeks of treatment with CRY in DHEA-treated
rats significantly decreased ovarian weight (P < 0.05). CRY decreased the levels of testosterone, estradiol, and |u-
teinizing hormone (LH) as well as the LH/follicle stimulating hormone ratio (P < 0.05). CRY decreased inhibin B and
follistatin mMRNA and protein expression but upregulated activin AmRNA and protein expression in the ovarian tissue
of rats with PCOS (P < 0.05). These results suggest that CRY treatment could reverse reproductive disturbances in

rats with PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is the most
common endocrine-metabolic dysfunction cau-
sing infertility in 3-10% of reproductive-aged
women [1]. PCOS prevents follicles within the
ovary from producing and releasing mature
eggs. This results in polycystic ovaries, infertili-
ty and hormonal imbalances. Neuroendocrine
abnormalities are reflected by an imbalance in
gonadotropin secretion characterized by ele-
vated levels of luteinizing hormone (LH) and
low levels of follicle-stimulating hormone (FSH)
[2]. The basic clinical and pathological feat-
ures of PCOS are chronic persistent anovula-
tion and hyperandrogenism, bilateral cystic en-
largement of the ovaries, and significantly in-
creased androgen levels with relatively insuffi-
cient estradiol in the peripheral blood [3]. Many
studies have found that hyperandrogenism is
the primary manifestation of PCOS, and this

excess androgen exposure appears to be the
cause of the PCOS morphology. Local ovarian
hyperandrogenism is caused by abnormalities
in enzymatic activity or in the expression of
ovarian granular cell layer PA50arom and theca
cell P450c17a [4].

Inhibins A and B are peptides produced in the
ovary that can regulate pituitary FSH secretion
by an endocrine mechanism and ovarian ste-
roidogenesis. Activins A and B stimulate FSH
secretion by the pituitary, stimulate follicular
development and function, and inhibit thecal
cell androgen production. Follistatin is known
to inhibit FSH secretion and regulate folliculo-
genesis and ovarian steroidogenesis, primarily
by modulating activin activity. Accordingly, in-
creases in follistatin may arrest follicular devel-
opment and increase ovarian androgen produ-
ction, both of which are fundamental in PCOS
[5-7].
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Cryptotanshinone reverses reproductive disturbances

Salvia miltiorrhiza Bunge has been often pre-
scribed for cardiovascular disorders, and some
endocrine metabolic diseases such as diabe-
tes. Cryptotanshinone, traditionally known as
tanshinone, was originally isolated from the
dried roots of Salvia miltiorrhiza Bunge. CRY
is the main and active component of Salvia
miltiorrhiza Bunge and previous studies have
shown that it can effectively ameliorate an-
drogen excess and insulin resistance in a PC-
OS rat model induced by dehydroepiandros-
terone (DHEA) [8, 9].

Here we aimed to test the hypothesis that
CRY reverses reproductive disturbances in rats
with DHEA-induced PCOS. We also examined
the effects of CRY on ovarian quotiety, repro-
ductive hormone levels, and gene expression
related to inhibin B, activin A, and follistatin in
rat ovarian tissues. In addition, the estrous cy-
cle changes and protein expression levels in
ovarian tissues involved in sex steroidogene-
sis were investigated.

Materials and methods
Animals

A total of 30 adult Sprague-Dawley female
rats (age 21 days weighing 35-40 g) were sup-
plied by Shanghai Laboratory Animal Center
of Chinese Academy of Sciences (animal licen-
se no. SCXK-Shanghai 02569). The rats were
housed in standard cages at a constant tem-
perature of 22 + 2°C and humidity of 55 + 5%
and allowed free access to food and water with
a 12-hour light/dark cycle. All protocols were
conducted in accordance with the Guidance
Suggestions for the Care and Use of Labora-
tory Animals, formulated by the Ministry of
Science and Technology of China.

Agents

CRY (> 98% pure) was purchased from Shang-
hai Yuanye Biological Technology Co., Ltd. (Sh-
anghai, China). DHEA was purchased from Sig-
ma (no. 723266). Sesame oil was purchased
from Sigma (no. 1612404).

Establishment of animal model of PCOS and
treatments

The PCOS rat model was prepared by a modi-

fied method as described previously [10, 11]. At
21 days of age, the rats were subcutaneously

2448

injected with DHEA 60 mg/kg/day (dissolved
into 0.2 mL of sesame oil) to induce PCOS,
while the control group was subcutaneously
injected with sesame oil 0.2 mL/day only. DH-
EA-induced rats were injected for 3 weeks,
after which time the vaginal exfoliated cytolo-
gy was examined for 10 continuous days. The
successful PCOS model rats were selected
and randomly divided into two groups: DHEA,
given normal saline; and CRY, given equal vol-
ume of CRY (27 mg/kg) orally. Both groups
were subjected to administration once daily
between 9:00 and 10:00 A.M. for 3 weeks.

Vaginal cytology

Estrous cycle stage was determined using
vaginal smears. The animals were subjected
to vaginal cytology examinations daily starting
from 3 weeks of age until the end of the study.
One drop of the vaginal lavage was placed on
a glass slide and air-dried. The smears were
stained with methylene blue [12]. Estrous cy-
clicity was evaluated as the percentage of the
time in each phase (diestrous, proestrous, es-
trous, and metestrous) 1 week after the start
of the treatment.

Determination of serum FSH, LH, T, P, E,, in-
hibin B, activin A and follistatin

At the end of the study, blood samples were
collected and centrifuged at 3,000 rpm (1,500
x g) for 15 min to obtain serum. Serum FSH,
LH, T, P, E2, inhibin B, activin A and follistatin
levels were measured by a rat enzyme-link-
ed immunosorbent assay kit according to the
manufacturer’s instructions. Absorbance was
measured at 450 nm.

Measurement of mRNA expression in rat ovar-
ian tissues

At the end of the study, all rats were killed
by rapid decapitation. The brains were dissect-
ed on ice and the prefrontal cortexes were
quickly isolated by dissection and immediate-
ly stored at -80°C for determination of bio-
chemical measurements. The total RNA was
isolated using Trizol (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruc-
tions, and the concentration was determined
using a BioPhotometer (Eppendorf, Hamburg,
Germany). Complementary DNA was synthe-
sized from 2.5 pg of total RNA using a Prime-
Script RT reagent kit (TaKaRa, Dalian, China).
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Table 1. Sequences of primer pairs for quantitative real-time PCR

Gene name Forward primer sequences [5’-3’] Reverse primer sequences [5-3] Length
Inhibin B GAACCAGAGGAGGAAGATGTC CCAGATGATAGCACCAGAAGA 260
Activin A AAGTTGGCGTTCGCCGTCTTT CACAGGTCCACATCAACACTG 813
Follistatin AGTCCAGTACCAAGGCAGATGT GGTCACACAGTAGGCATTATTGG 618
B-actin CTGAGAGGGAAATCGTGCGT CCACAGGATTCCATACCCAAGA 208
A 300+ malized to B-actin. The primers were design-
ed by Oligo Perfect™ Designer (Invitrogen, see
= * Table 1). Fold changes in gene expression were
EE» 2004 estimated using the CT comparative method
=) normalizing [-actin CT values and relative to
2 — control samples as follows: ACt = Ct assayed
F 1004 samples-Ct B-actin; AACt = ACt-ACt control;
g fold difference = 2:24cT,
0 Measurement of protein expression in rat ovar-
Control DHEA DHEA+CRY fan tissues
B 400+ . . ;
The rat brains were rinsed with cold phosph-
ate buffered saline and then scraped into ice-
&) 3001 cold lysis buffer with protease and phospha-
% — tase Inhibitor Cocktail (Roche, Meylan, France).
g 200+ The protein concentration was assessed us-
z ing a BCA protein assay (Pierce, Rockford, IL,
@ 1004 USA). An equal amount of protein was separat-
ed using 4-20% sodium dodecyl sulfate-poly-
0 . acrylamide gel electrophoresis and transferr-
Control DHEA DHEA+CRY ed to polyvinylidene fluoride membranes (Hy-
c 12- bond; Amersham, Arlington Heights, IL, USA).
. The blots were incubated with the appropriate
2 0o * antibodies, including anti-inhibin B, anti-activin
e A, and anti-follistatin (Santa Cruz Biotechno-
E’ — logy, Santa Cruz, CA, USA). The signals were de-
S 067 tected using Super Signal Immobilon Western
c Chemiluminescent HRP Substrate (Millipore,
% 0.3+ France) and quantified by densitometry using
3 an image analysis system (Bio-Tanon, Shang-
0.0 : hai, China). The data were normalized using [3-
Control DHEA DHEA+CRY actin to ensure equal loading and are express-

Figure 1. The effects of CRY on (A) ovarian weight,
(B) body weight and (C) ovaries quotiety in rats with
DHEA-induced PCOS in the following groups: control,
DHEA and DHEA + CRY group. Ovaries Quotiety =
ovarian weight/body weight (mg/100 g). The data
are expressed as the mean + SEM. "P < 0.05 versus
control, #P < 0.05 versus DHEA.

Real-time polymerase chain reaction was per-
formed in triplicate and detected by a SYBR
Premix Ex Tag™ Kit (TaKaRa) using a Light Cy-
cler 2.0 System (Roche, Basel, Switzerland).
The relative mRNA expression levels were nor-
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ed as a ratio of the experimental group to the
control group.

Statistical analysis

All values are presented as mean * stand-
ard error of the mean. The differences among
multiple groups were compared using one-way
analysis of variance (ANOVA). Individual differ-
ences derived from the one-way ANOVA were
analyzed using the Bonferroni post hoc test
after demonstrating significant intergroup dif-
ferences using ANOVA. Values of P < 0.05 were
considered significant.
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Figure 2. Estrous cycle pattern in the three groups. Vaginal cytology was done every day starting at 3 weeks of life till
the end of the study. Data presented are from the last week of the study. The figure shows pattern of three represen-
tative rats in each group including control, DHEA and DHEA + CRY. Estrous cyclicity was evaluated as the percentage
of the time in each phase. P: proestrus; E: estrus; M: metestrus; and D: diestrus.

Results

Effects of CRY on ovarian quotiety in rats with
PCOS

The ovaries were heavier in DHEA rats than in
controls (190.1 + 8.2 mg vs. 150.3 + 6.9 mg,
P < 0.05). The average ovarian weight of the
CRY rats was significantly lower than that of
the DHEA rats (160.7 + 10.4 mg, P < 0.05) (Fig-
ure 1A). The average body weight of the DHEA
rats (275.2 + 10.2 g) was significantly higher
than that of the control (223.2 + 12.1 g, P <
0.05) and CRY rats (252.5 + 9.4 g, P < 0.05)
(Figure 1B). The average ovarian quotiety of
the DHEA rats (0.78 + 0.04 mg/g) was signifi-
cantly increased compared to that of the con-
trol rats (0.63 + 0.03 mg/g, P < 0.05), but sta-
tistically decreased compared to that of the
DHEA rats (0.64 + 0.05 mg/g, P < 0.05) (Figure
1C).
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Effects of CRY on estrous cycle in rats with
PCOS

The control rats had a normal estrous cycle
of 4-5 days. Rats exposed to DHEA were acy-
clic, and leukocytes were predominant in their
vaginal smears, indicating pseudo-diestrous.
On the other hand, after 3 weeks of CRY treat-
ment, DHEA-exposed rats showed changed es-
trous cycles in which three animals per group
were in the estrous phase at least once during
a 6-day period, whereas only one animal in the
DHEA group was in estrous during the same
period (Figure 2).

Effects of cryptotanshinone on serum levels of
B, T, E,, FSH and LH in rats with PCOS

Circulating progesterone concentrations did

not differ among the control, DHEA, and CRY
groups (P > 0.05) (Figure 3A). The circulating T
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Figure 3. A-F. Serum progesterone, testosterone, estradiol, LH, FSH and LH/FSH ratio in each group including con-
trol, DHEA and DHEA + CRY. Testosterone and estradiol level was higher in DHEA group than in controls. CRY group
decreased testosterone and estradiol to concentrations than those in DHEA group. LH levels were higher and FSH
levels were lower, resulting in a higher LH/FSH ratio, in rats exposed to DHEA than in controls. CRY group decreased
LH and increased FSH in DHEA, while LH/FSH ratio was lower in CRY group than in DHEA group. The data are ex-
pressed as the mean + SEM. P < 0.05 versus control, *P < 0.05 versus DHEA.

and E, levels were higher in DHEA-exposed
rats than in controls (P < 0.05) (Figure 3B, 3C).
Treatment with CRY decreased circulating T
and E, levels to concentrations than those in
the DHEA group (P < 0.05). Circulating LH le-
vels were higher and FSH levels were lower, re-
sulting in a higher LH/FSH ratio, in rats expos-
ed to DHEA than in controls (P < 0.05) (Figure
3D-F). CRY decreased LH and increased FSH
in DHEA rats (P < 0.05). Further, the LH/FSH
ratio was lower in the CRY group than in the
DHEA group (P < 0.05).
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Effects of CRY on serum concentration of
inhibin B, activin A, and follistatin in rats with
PCOS

The serum concentrations of inhibin B, acti-
vin A, and follistatin are presented in Figure 4.
Rats exposed to DHEA had significantly reduc-
ed activin A concentrations compared to those
in the control group (P < 0.05), while the serum
levels of inhibin B and follistatin significantly
increased in comparison to control group (P <
0.05). The chronic administration of CRY signifi-

Am J Transl Res 2017;9(5):2447-2456
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Figure 4. A-C. Serum inhibin B, activin A and follistatin
concentrations assayed by ELISA in each group in-
cluding control, DHEA and DHEA + CRY. Rats exposed
to DHEA reduced significant activin A, while inhibin B
and follistatin significant increased in comparison to
control group. DHEA + CRY group increased activin A,
while significantly decreased inhibin B and follistatin
compared with DHEA group. The data are expressed
as the mean + SEM. "P < 0.05 versus control, #P <
0.05 versus DHEA.

cantly increased serum activin A levels relative
to those in the DHEA group (P < 0.05). CRY sig-
nificantly decreased serum inhibin B and fol-
listatin levels compared to those in the DHEA
group (P < 0.05).

Effects of CRY on mRNA expressions of inhibin
B, activin A, and follistatin in the ovaries of
rats with PCOS

As shown in Figure 5, inhibin B and follistatin
mMRNA expressions in rat ovaries of the DH-
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EA group increased significantly compared to
those in the control group (P < 0.05), while
inhibin B and follistatin mRNA expressions in
ovaries of the CRY group were significantly de-
creased comparison to those in the DHEA
group (P < 0.05). These results indicate that
CRY decreased inhibin B and follistatin mRNA
expressions in rat ovarian tissues.

Activin A mRNA expression decreased signifi-
cantly in rat ovaries of the DHEA group com-
pared with that in the control group (P < 0.05),
while activin A mRNA expression was signifi-
cantly increased in the ovaries of the CRY group
compared to the DHEA group (P < 0.05). These
results indicate that CRY increased the activin
A expression in rat ovarian tissues.

Effects of CRY on protein expression of inhibin
B, activin A, and follistatin in the ovaries of
rats with PCOS

As shown in Figure 6, inhibin B and follistatin
protein expressions increased significantly in
the rat ovaries in the DHEA group compared
to those in the control group (P < 0.05), while
inhibin B and follistatin protein expressions
were significantly decreased in ovaries of the
CRY group compared to those in ovaries of the
DHEA group (P < 0.05). These results indicate
that CRY decreased inhibin B and follistatin
expressions in rat ovarian tissues.

Activin A protein expression decreased signifi-
cantly in rat ovaries of the DHEA group com-
pared to that in rat ovaries of the control group
(P < 0.05), while activin A protein expression
was significantly increased in ovaries of rats
in the CRY group compared to those in the
DHEA group (P < 0.05). These results indicate
that CRY increased activin A expression in rat
ovarian tissues.

Discussion

PCOS is a common endocrine disorder charac-
terized by typical ovarian morphology, follicular
arrest, anovulation, and hyperandrogenism. PC-
OS is difficult to treat because of its complex
etiology and pathogenesis as well as its hete-
rogeneous or polymorphic clinical manifesta-
tions. The treatment effects suggest that re-
gulating abnormal androgen and/or estrogen
is an effective method of treating PCOS [13].

In recent years, clinical studies have demon-
strated the effectiveness of Salvia miltiorrhiza

Am J Transl Res 2017;9(5):2447-2456
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Figure 5. The genes expression of ovarian tissues an-
alyzed by real-time PCR. The effects of CRY on inhibin
B, activin A and follistatin mRNA expression in rats
with DHEA-induced PCOS in the following groups:
control, DHEA and DHEA + CRY group. The expres-
sion of inhibin B mRNA (2.63 + 0.23), and follistatin
mRNA (3.77 £ 0.29) in DHEA group was increased
significantly, while activin A mRNA (0.59 + 0.17) was
decreased significantly than in the control group
(1.00 £ 0.00). After drug intervention, the expression
of inhibin B mRNA (1.64 + 0.31) and follistatin mRNA
(1.35 + 0.34) was statistically decreased, while ac-
tivin AmRNA (1.17 + 0.21) was increased significant-
ly. The data are expressed as the mean + SEM. "P <
0.05 versus control, *P < 0.05 versus DHEA.

Bunge treatment for PCOS. It is a member of
the genus Salvia of the mint family, known as
Danshen in Chinese. As one of the best-known
Chinese traditional herbs, its root has been
clinically used for more than 2000 years. CRY,
a lipophilic diterpenoid, was originally isolated
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from the dried roots of Salvia miltiorrhiza Bunge
and is its main and active component [14, 15].
Pharmacological studies revealed that CRY has
anti-coronary heart disease, anti-bacterial, and
anti-inflammatory activity [16]. CRY has recent-
ly been used to treat endocrine metabolic dis-
eases. Kim et al. reported that it could reverse
the disturbances in prenatally androgenized
rats. Huang et al. showed that it could improve
androgen excess and insulin resistance in a
PCOS rat model induced by DHEA [17-19].

Here we successfully prepared a PCOS rat
model by subcutaneously injecting DHEA, an
exogenous androgen. The rat model recapitu-
lated the reproductive and metabolic features
of human PCOS, including increased body wei-
ght and ovarian quotiety. After the CRY inter-
vention, ovarian weight, body weight, and ovar-
ian quotiety of the PCOS model rats had im-
proved. In addition, the irregular estrous cycles
of the model rats were obviously restored. Im-
proved estrous cyclicity was found in the CRY
group in which four to five rats per group were
in the estrous phase at least once during a
6-day period, although it must be noted that
they did not have regular cycles. One possible
explanation for the improved cyclicity is that
decreased sympathetic activity will directly im-
pact the ovaries and affect the sex steroid
synthesis pathways. Even more noteworthy is
that the serum biochemical indicators includ-
ing P, T, E,, LH, and LH/FSH were significantly
reversed, a finding that is consistent with previ-
ous research results [20, 21].

Studies have shown that inhibins, activins, and
follistatin play very important roles in the on-
set of ovarian dysfunction, particularly in PCOS.
Inhibins are primarily produced by the gonads
and the placenta and have been initially char-
acterized by their ability to exert negative feed-
back on pituitary FSH synthesis and release
[22]. Inhibins are also produced in the ovary
and can regulate pituitary FSH secretion by an
endocrine mechanism and ovarian steroido-
genesis. Hillier et al. reported that increased
inhibin levels could suppress circulating FSH
concentrations and increase LH-stimulated an-
drogen production [23]. Inhibins are dimeric gly-
coproteins that consist of an a-subunit cova-
lently joined by disulfide links to the B, (inhibin
A) or B (inhibin B) subunit. In addition to these
mature bioactive forms, inhibins exist in the cir-
culation as both unprocessed or partially pro-

Am J Transl Res 2017;9(5):2447-2456
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Figure 6. The protein expression of ovarian tissues
was analyzed by western blot. The effects of CRY
on inhibin B, activin A and follistatin protein expres-
sion in rats with DHEA-induced PCOS in the follow-
ing groups: control, DHEA and DHEA + CRY group.
As is shown above, the expression of inhibin B and
follistatin significantly increased in DHEA group than
that of control group, while in DHEA + CRY group were
decreased according to statistics. The expression of
activin A significantly decreased in DHEA group than
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that of control group, while in DHEA + CRY group
were increased according to statistics. The data are
expressed as the mean + SEM. P < 0.05 versus con-
trol, P < 0.05 versus DHEA.

cessed high molecular weight forms and free o
subunits [24]. Pigny et al. demonstrated that
serum inhibin B levels are obviously increased
in patients with PCOS. In women with PCOS and
normal controls, serum inhibin B and E, levels
exhibit similar and simultaneous dose-respon-
siveness to FSH stimulation. During recovery
from ovarian suppression, basal and stimulat-
ed inhibin B release appears to be restored ear-
lier than E, release in women with PCOS [25].

Follistatin is a monomeric glycosylated poly-
peptide chain that was isolated from follicular
fluid according to its ability to inhibit pituitary
FSH secretion. It also can bind activin, a protein
also found in the ovary that is partly respon-
sible for follicular growth [26]. It is known to
inhibit FSH secretion and regulate folliculogen-
esis and ovarian steroidogenesis, primarily by
modulating activin activity [27]. Accordingly, in-
creases in follistatin may arrest follicular devel-
opment and increase ovarian androgen produc-
tion, both of which are fundamental in PCOS
[28].

Activins A and B belong to the transforming
growth factor-B superfamily. They share 65%
homology and overlapping biological activities
but display some divergent functions due to
differential expression and receptor utilization
and affinities [29]. Activin A is produced by fol-
licles in culture and has been proposed to pro-
mote the proliferation of granulosa cells, en-
hance FSH receptor expression, decrease LH-
induced androgen production, increase pitu-
itary FSH secretion, and generally promote fol-
licle growth [30]. Norman et al. recently pub-
lished their findings that a decreased activin
concentration or functional activity as well as
an increased follistatin concentration might en-
courage characteristic features of PCOS [31].

Our study confirmed that the mRNA and protein
expression levels of inhibin B and follistatin
were higher in the DHEA-induced PCOS rats
than in control group rats; on the contrary, the
MRNA and protein expression levels of activin A
were significantly lower than those of the con-
trol group consistent with previous research
results [32]. We found that CRY could increase
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the mRNA and protein expression levels of ac-
tivin A in model rats, while those of inhibin B
and follistatin were decreased. The above re-
sults showed that the mechanism of CRY in the
treatment of PCOS not only corrects the sex
steroid synthesis disorder but also adjusts the
MRNA and protein expression levels of activin
A, inhibin B, and follistatin in rats.

Conclusions

We have shown that 3-week CRY treatment can
reverse the reproductive and metabolic distur-
bances in DHEA-induced PCOS rats by down-
regulating inhibin B and follistatin expressions
and may indirectly increase activin A expres-
sion. Therefore, it could be a potential thera-
peutic agent for treating PCOS.
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