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Abstract

Objective: To investigate the effects and potential mechanism of action of shikonin (SHK) on the
development of ovarian follicles and female germline stem cells (FGSCs).

Methods: Female Kunming adult mice were administered SHK (0, 20 and 50 mg/kg) by oral
gavage. Cultures of FGSCs were treated with SHK 32 pmol/l for 24 h. The ovarian index in mouse
ovaries was calculated. Numbers of primordial, primary and atretic follicles were counted.
Germline stem cell markers and apoptosis were examined. Levels of glutathione (GSH), super-
oxide dismutase (SOD) and reactive oxygen species (ROS) were measured.

Results: Both doses of SHK significantly decreased the ovarian index, the numbers of primordial
follicles, primary follicles and antral follicles in mice. SHK significantly increased the numbers of
atretic follicles and atretic corpora lutea. SHK promoted apoptosis in vivo and in vitro. SHK
significantly decreased the levels of the germline stem cell markers. SHK significantly lowered
GSH levels and the activity of SOD in the peripheral blood from mice, whereas SHK significantly
elevated cellular ROS content in FGSCs.

Conclusions: These current results suggested that follicular development and FGSCs were
suppressed by SHK through the induction of apoptosis and oxidative stress might be involved
in this pathological process.
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Introduction

Shikonin (SHK) is a naphthoquinone com-
pound extracted from the dried roots of
Lithospermum erythrorhizon, a commonly
used Chinese herbal medicine.' SHK and its
derivatives have various pharmacological
effects, such as immune surveillance,?
oxidative equilibrium regulation®* and
anti-inflammatory  actions.”  Recently,
SHK was shown to have robust anti-
tumorigenic effects on colon cancer,® lung
cancer’ and other tumours in vitro.* '

In contrast, several studies reported
some deleterious effects of SHK on the
reproductive system.'' "> For example, in
male mice, SHK damaged the spermato-
genic epithelium, suppressed the process of
spermatogenesis and impaired reproductive
capacity through oestrogen receptor 1
(alpha) (Esrl) gene downregulation. In
female mice, SHK inhibited the expression
of oestrogen and attenuated its bioactivities
through the regulation of oestrogen recep-
tor o/NQOI signaling."""® In addition,
SHK has pleiotropic effects on termination
of pregnancy and infertility.'> SHK caused
the levels of various hormones to become
ineffective, interfered with the growth of
the uterus and ovulation, as well as disrupt-
ing the blood supply to the developing
embryo."> Although SHK may be toxic to
ovarian functions, a comprehensive investi-
gation regarding the impact of SHK on fol-
licular development is lacking. This current
study was designed to investigate how SHK
administration regulates the development
of ovarian follicles.

Female germline stem cells (FGSCs)
maintain the female reproductive functions
and FGSCs have been extensively studied
during the stages of oogenesis.'® The ability
to isolate FGSCs and study their prolifera-
tion enables the understanding of neo-
oogenesis and ovarian recession.'” This
current study explored whether SHK con-
trols the proliferation, differentiation and
apoptosis of FGSCs. The imbalance
between FGSCs and the stem-cell niche
caused by oxidative stress contributes to
ovarian recession.'® In addition, oxidative
stress impairs the stem-cell niche and indu-
ces follicular atresia.'®!” The bioactivity of
superoxide dismutase (SOD) and glutathi-
one (GSH) counteracts the oxidative cyto-
toxicity induced by reactive oxygen species
(ROS).1¢ 1

To investigate the possible mechanism
underlying the effects of SHK on ovarian
follicular development and FGSCs, this
current study measured the GSH concen-
tration and the activity of SOD in the
peripheral blood of mice. The levels of
ROS in FGSCs treated with SHK were
also measured.

Materials and methods

Animals

This study was conducted in the Key
Laboratory of Reproductive Physiology and
Pathology of Jiangxi Province, Nanchang
University, Nanchang, Jiangxi Province,
China and conformed to the National
Research Council Guide for Care and Use
of Laboratory Animals.® All animal
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procedures followed the Institutional
Animal Care and Use Committee rules and
regulations.?® All procedures involving mice
were approved by the Animal and Ethical
Committee of Nanchang University,
Nanchang, Jiangxi Province, China.

Seven-week-old Kunming female mice
were purchased from Jiangxi University of
Traditional Chinese Medicine, Nanchang,
Jiangxi Province, China and were housed
under a 12-h light/12-h dark circle at 23°C
with free access to food and water until they
reached 2 months of age. Mice were ran-
domly divided into three groups, five in
each group. SHK (Meilunbio, Shanghali,
China) powder was dissolved in a 10%
sodium carboxymethylcellulose (CMC-Na)
solution. The three groups were treated as
follows: (i) the control group was adminis-
tered 10% CMC-Na via oral gavage and
the administered volume was lower than
2% of the total body weight; (ii) the low-
dose group was administered 20mg/kg
SHK in CMC-Na via oral gavage; (iii) the
high-dose group was administered 50 mg/kg
SHK in CMC-Na via oral gavage. Two
doses were given with an interval of
3 days between the two doses. Tissues and
blood samples were collected 7 days after
the last oral gavage.

Culture of FGSCs in vitro

The isolation, culture and proliferation of
FGSCs were performed as described previ-
ously.?>?! The ingredients of the tissue cul-
ture medium are listed in Table 1. Sandos
inbred mice embryo-derived thioguanine-
resistant, ouabain-resistant cells were used
as the feeder cell line.

Ovarian weight and body weight

Ovaries were dissected under aseptic condi-
tions and the ovaries were rinsed with 0.01
M phosphate-buffered saline (PBS, pH 7.4;
Thermo Fisher, Shanghai, China). The
organ coefficient was measured after com-
plete drying of the ovaries as described pre-
viously.?*?* Weight was measured using a
precision electronic balance (Shimadzu,
Fujian, Japan). The following formula was
used to calculate the ovarian index: ovarian
index (%) = ovarian weight (g)/mouse body
weight (g) x 100.

Ovarian follicle quantification

Mice were sacrificed by cervical dislocation
after blood collection. Ovaries were fixed in
4%  paraformaldehyde overnight and
embedded in paraffin.®® Tissues were

Table I. The ingredients used in the tissue culture medium for the culture of female germline stem cells.

Reagent Supplier

Volume

Non-essential amino acids, 100x
Fetal bovine serum

Thermo Fisher Scientific, Rockford, IL, USA
Invitrogen, Carlsbad, CA, USA I ml

100 pl

Sodium pyruvate Sangon, Shanghai, China 100 pl
L-glutamine Ameresco, Framingham, MA, USA 100 pl
Leukaemia inhibitory factor Sigma-Aldrich, St Louis, MO, USA 2l
Epidermal growth factor Sigma-Aldrich, St Louis, MO, USA Il

Basic fibroblast growth factor Sigma-Aldrich, St Louis, MO, USA (T}

Glial cell-derived neurotrophic factor Sigma-Aldrich, St Louis, MO, USA Il
Mercaptoethanol Sigma-Aldrich, St Louis, MO, USA 0.07 pl
Penicillin, 12 mg/ml Sigma-Aldrich, St Louis, MO, USA oul
Minimum essential medium-o. GIBCO® Cell Culture, Carlsbad, CA, USA To bring the

total volume
up to 10ml
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sectioned into S5-um sections and stained
with haematoxylin and eosin. Images were
obtained using an optical microscope
(Olympus BX; Olympus, Tokyo, Japan).
Quantification was performed as previously
described.®?° The criteria for follicular
classification for each structure was as fol-
lows: (i) primordial follicles were located in
the superficial cortex, small in size and large
in number. There was a layer of flat follicle
cells around the oocyte; (ii) the primary fol-
licle develops from the primordial follicle,
which is larger than the primordial follicle
and gradually penetrates into the deep
cortex. The follicle cells surrounding the
oocyte become multiple layers; (iii) the
diameter of antral follicles was relatively
large in clinical practice and the diameter
can reach about 0.2 mm. Liquid is formed
between granular cells to form a cavity; (iv)
an atretic follicle is a type of degenerative
follicles. The detachment of granulosa cells
from the follicular basement membrane or
the atrophy of granulosa cells will cause fol-
licular atresia. After the follicle is atretic,
fibrous connective tissue replaces the folli-
cle; (v) atretic corpora lutea forms from
atretic ovarian follicles and its granular
cells undergo degeneration and destruction.
The inner capsular cells undergo hypertro-
phy and change to form a luteal-like
structure.

Immunohistochemistry and
immunofluorescence

After dewaxing and rehydration, 5-pm
thick paraffin sections were used for immu-
nohistochemistry (IHC) and immunofluo-
rescence (IF) according to a previous
study.”” For IF, paraffin sections were
stained on a Dako Autostainer (Dako,
Carpinteria, CA, USA) with a primary
rabbit polyclonal antibody and an anti-
rabbit secondary antibody (details below).
For IHC, paraffin sections were stained on
a Ventana Benchmark XT autostainer

(Ventana Medical Systems, Tucson, AZ,
USA). Antigen retrieval was performed
with Ventana Cell Conditioner 1 (Ventana
Medical Systems) for 30 min. Sections were
then incubated with the primary rabbit
polyclonal antibody at 37°C for 32min.
The primary antibodies used in this study
were as follows: MVH (ab27591; Abcam,
Shanghai, China) at a 1:100 dilution
and OCT4 (11263-1-AP; Proteintech,
Rosemont, IL, USA) at a 1:200 dilution.
The proprictary Ventana anti-rabbit
secondary antibody was then applied, fol-
lowed by the diaminobenzidine solution
(CAS91952; MERDK, Shanghai, China)
used for the staining and chromogenic reac-
tions. All of the images were examined under
a NIKON Eclipse 80i microscope (Beijing
Rongxing Guangheng Technology, Beijing,
China).

TUNEL assay

The terminal deoxynucleotidyl transferase-
mediated dUTP  nick-end labelling
(TUNEL) assay was performed using a
TransDetect In Situ Fluorescein TUNEL
Cell Apoptosis Detection Kit (TransGen
Biotech, Beijing, China). 2-(4-amidino-
phenyl)-6-indolecarbamidine dihydrochlor-
ide (DAPI) was used to counterstain the
tissue sections and FGSCs. After washing
three-times with 0.01M PBS (pH 7.4),
images were obtained using a fluorescence
microscope (XSP-BM-13C; Olympus).

Quantitative polymerase chain reaction

Total RNA was extracted from ovaries
using TRIzol® reagent (Thermo Fisher
Scientific, Rockford, IL, USA) according
to the manufacturer’s instructions.”® For
the ovaries from the control group, 2-3
ovaries were required to extract sufficient
total RNA. For the ovaries from the two
experimental groups, 4-6 ovaries were
required to extract enough RNA.
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Approximately 2 pg RNA was used to syn-
thesize ¢cDNA using a PrimeScript® RT
reagent Kit (TaKaRa Bio, Shiga, Japan).
The amplification was performed on an
ABI7000 PCR instrument (Applied
Biosystems, Foster City, CA, USA). The
cycling programme involved preliminary
denaturation at 50°C for 2min and at
95°C for 2min, followed by 40 cycles of
denaturation at 95°C for 155, annealing at
60°C for 60 s, followed by a final cooling
step at 4°C.*° The primers required for
PCR are listed in Table 2. The reaction
was carried out in a 20-pul volume contain-
ing 2 ul cDNA and other materials accord-
ing to the manufacturer’s instructions.
B-actin was used as the internal reference
gene. This process was repeated indepen-
dently at least in triplicate to achieve good
reproducibility. The relative levels of MVH
and OCT4 mRNA were compared with
those of B-actin and calculated using the
2AAC€ . method. The Cr value used for
these calculations was the mean of the trip-
licate for each reaction.

Cell proliferation assay

The viability of FGSCs in vitro was mea-
sured using the TransDetect Cell Counting
Kit (CCK) (TransGen Biotech). A cell sus-
pension was inoculated into a 96-well plate.
After adding the 10% CCK solution, the
cells were incubated in the dark for 4h in
a cell incubator (Sanyo, Hong Kong,
China). The absorbance of the culture
plate at 450nm was measured using a

BioTek microplate reader (Bio-Rad,

Hercules, CA, USA).

Measurement of GSH and SOD

The concentration of GSH in the peripheral
blood of mice was measured using a GSH
enzyme-linked  immunosorbent  assay
(ELISA) (Elabscience, WuHan, China).
The activity of SOD was detected using a
Total  Superoxide Dismutase (SOD)
Colorimetric Assay Kit (WST-1 method;
Elabscience) according to the manufac-
turer’s instructions. The minimum detect-
able concentrations were 0.94 ug/ml for
GSH and 0.2U/ml for SOD. Intra- and
interassay coefficients of variation for all
ELISAs were <6% and <5%, respectively.

ROS detection in cells

The levels of ROS were measured using a
ROS Assay Kit according to the manufac-
turer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).
2,7-Dichlorodi-hydrofluorescein  diacetate
was added to the culture medium at
10 uM/1. The FGSCs were incubated at
37°C for 1h and were then digested using
trypsin. Cells were collected after centrifu-
gation at 1000 g for 10min at 4°C in a
refrigerated high-speed centrifuge (Sorvall
Stratos; Thermo Scientific, Shanghai,
China ). Fluorescence was detected using a
fluorescence microscope (XSP-BM-13C;
Olympus).

Table 2. The sequences of primers used for quantitative real-time polymerase chain reaction.

Gene Forward primer (5'-3') Reverse primer (5'-3')

fB-actin CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG

Mouse vasa GTGTATTATTGTAGCACCAACTCG CACCCTTGTACTATCTGTCGAACT
homolog

Octamer-blinding
protein-4

AGCTGCTGAAGCAGAAGAGG

GGTTCTCATTGTTGTCGGCT
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Statistical analyses

All statistical analyses were performed
using GraphPad Prism 5 (Graphpad
Software Inc., San Diego, CA, USA). All
data were obtained from at least three sep-
arate experiments. Comparisons between
experimental groups were analysed using
unpaired Student’s z-test. A P-value < 0.05
was considered statistically significant.

Results

After weighing each mouse and its ovaries
in the control, 20 mg/kg and 50 mg/kg SHK
treated groups, the ovarian indices of each
group were calculated. The ovary-to-body
weight ratio (ovarian index) is a straightfor-
ward method that is widely used to describe
ovarian functions and the occurrence of

(@) (b)

Control

—_—
()
—

The number of follicles

Figure I.

ovarian atrophy.”® SHK significantly
decreased ovarian indices in both the
20mg/kg (P <0.001) and 50 mg/kg groups
(P <0.001), with significantly greater effects
observed following 50mg/kg administra-
tion compared with 20 mg/kg (P <0.001)
(Figure 1a). At the histological level, SHK
disrupted ovarian structures (Figure 1Db).
To quantify the structural changes, the
number of primordial follicles, primary fol-
licles, antral follicles, atretic corpora lutea
and atretic follicles were counted. SHK
induced a reduction in the numbers of pri-
mordial follicles, primary follicles and
antral follicles, with a more significant
effect in the 50mg/kg group (P <0.001;
Figure 1c). In contrast, the number of
atretic follicles and atretic corpora lutea
was increased significantly after SHK
administration compared with the control

22¢ B Control

B3 SHK20ma/kg
E3 SHKS0mg/kg

#Ea

&
& qb'ﬁ “'ﬁi ﬁ‘*f

The effects of shikonin (SHK) on ovarian structure and phenotype (n =5): (a) Ovarian indices of

the control, 20 mg/kg and 50 mg/kg SHK treated groups. Data presented as mean + SD. ##P < 0.001,
unpaired Student’s t-test; (b) The histological phenotype of control- and SHK-treated mouse ovary sections
stained with haematoxylin and eosin. Scale bar 200 um. PrimoF, primordial follicles; PF, primary follicles; AF,
antral follicles; AtrF, atretic follicles; ACL, atretic corpora lutea; (c) The number of various ovarian follicles
and atretic corpora lutea in the control, 20 mg/kg and 50 mg/kg SHK treated groups. Data presented as
mean =+ SD. #P < 0.05, P < 0.001, unpaired Student’s t-test. The colour version of this figure is available at:

http://imr.sagepub.com.
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Merge (b)

Figure 2. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling apoptosis assay of
shikonin (SHK)-treated mouse ovaries. The cell nuclei are stained with 2-(4-amidinophenyl)-6-indolecar-
bamidine dihydrochloride (blue fluorescence) and the green fluorescent signals indicate apoptosis: (a) the
intensity of apoptosis signals in the control, 20 mg/kg and 50 mg/kg SHK treated groups. Scale bar 100 pum;
(b) The corresponding apoptotic rate in the control, 20 mg/kg and 50 mg/kg SHK treated groups. Data
presented as mean = SD. P < 0.01, ##P < 0.001, unpaired Student’s t-test. The colour version of this figure

is available at: http://imr.sagepub.com.

group (P <0.001; Figure 1c). The differen-
ces in each of these five follicle types
between the 20 mg/kg and 50 mg/kg SHK
treated groups were significant (P <0.001).

The levels of apoptosis in ovarian tissue
sections were measured using TUNEL
staining. The results showed that apoptosis
occurred in the control group (Figure 2a).
SHK administration significantly increased
apoptosis at both concentrations compared
with the control group (P <0.001 for both
comparisons; Figure 2b). The difference in
the apoptotic rate between the 20mg/kg
and 50mg/kg SHK treated groups was
also significant (P <0.01).

Previous studies have indicated that
FGSCs are mainly located in the ovarian
surface epithelium (OSE).*>** MVH is spe-
cifically expressed in all germ cell lineages
and serves as a specific marker of reproduc-
tive cells.*'*? OCT4 is specifically expressed
in pluripotent stem cells.**** As a result,

MVH and OCT4 were selected as the germ-
line stem cell markers in the culture of
FGSCs.” There was a concentration-
dependent decrease in MVH and OCT4
mRNA levels as measured by PCR
(Figure 3a). Significantly lower levels of
MVH and OCT4 mRNA occurred in the
S0mg/kg SHK treated group compared
with the control (P <0.001) and 20 mg/kg
SHK treated groups (P<0.001). The
mRNA transcription changes were con-
firmed using IHC (Figure 3b) and IF
(Figure 3c), with 20 and 50mg/kg SHK
suppressing the levels of MVH and OCT4
in FGSCs.

The effects of SHK (0, 4, 8, 16, 32 and
64 umol/l SHK) at 0, 24, 48 and 72 h on the
viability of FGSCs was measured using a
CCK kit. The 32 umol/l dose for 24h sig-
nificantly affected cell viability compared
with the control group (P <0.05; Figure
4), so it was chosen for subsequent
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Figure 3. The levels of mouse vasa homolog (MVH) and octamer-blinding protein-4 (OCT4) in female
germline stem cells: (a) quantitative real-time polymerase chain reaction analysis in the control, 20 mg/kg and
50 mg/kg shikonin (SHK) treated groups. Data presented as mean + SD. *P < 0.01; ¥#P < 0.001, unpaired
Student’s t-test; (b) immunohistochemical analysis in the control, 20 mg/kg and 50 mg/kg SHK treated groups.
Scale bar 100 um; (c) immunofluorescence analysis in the control, 20 mg/kg and 50 mg/kg SHK treated
groups. Scale bar 20 pm. OCT is labelled green and MVH is labelled red. Staining of nuclei with 2-(4-ami-
dinophenyl)-6-indolecarbamidine dihydrochloride (blue fluorescence) was also applied to each sample. The
colour version of this figure is available at: http://imr.sagepub.com.
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Figure 4. The effects of shikonin (SHK) treatment for 0—72 h at various concentrations on the viability
of female germline stem cells in vitro. The 32 pmol/l SHK-treated group at 24 h demonstrated the most
significant difference in cell viability compared with the control group (P < 0.05); unpaired Student’s t-test.
The colour version of this figure is available at: http://imr.sagepub.com.
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experiments using FGSCs. Consistent with
the in vivo results, TUNEL assays showed a
significant increase in apoptotic cells after
SHK treatment (P < 0.001; Figure 5).
Peripheral blood was collected from mice
in order to measure the levels of GSH and

Tunel

Control

(32 "nw]m . . .

SOD. The 50mg/kg SHK treated group
had significantly lower GSH content and
suppressed SOD activity compared with
the control and 20mg/kg SHK treated
groups (P<0.001 for all comparisons;
Figure 6).

Merge b)

bl bt
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The apoptotic rate (%)
=
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Figure 5. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling apoptosis assay of
shikonin (SHK)-treated female germline stem cells in vitro. The cell nuclei are stained with 2-(4-amidino-
phenyl)-6-indolecarbamidine dihydrochloride (blue fluorescence) and the green fluorescent signals indicate
apoptosis: (a) the intensity of apoptosis signals in the control group and the 32 pmol/l SHK group treated for
24 h. Scale bar 50 um; (b) The corresponding apoptotic rate in the control group and the 32 umol/l SHK
group treated for 24 h. Data presented as mean & SD. ##P < 0.001, unpaired Student’s t-test. The colour
version of this figure is available at: http://imr.sagepub.com.
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Figure 6. The changes in glutathione (GSH) and superoxide dismutase (SOD) levels in the peripheral blood
of shikonin (SHK)-treated mice: (A) concentration of GSH in the control, 20 mg/kg and 50 mg/kg SHK

treated groups. Data presented as mean & SD. ##P < 0.01, ##P < 0.001, unpaired Student’s t-test; (B) con-
centration of SOD in the control, 20 mg/kg and 50 mg/kg SHK treated groups. Data presented as mean =+ SD.

#p < 0.01, ¥#P < 0.001, unpaired Student’s t-test.
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The accumulation of ROS is the leading
cause of oxidate stress.>> The ROS concer-
tation in FGSCs were measured after SHK
treatment at 32 pumol/l dose for 24h and
compared with ROS concentration at base-
line in the control group (Figure 7).
Treatment with SHK 32 pmol/l for 24h
caused a significant increase ROS levels in
FGSCs compared with the control group
(P<0.001).

Discussion

Shikonin is a commonly used anti-
tumorigenic medicine because of its apopto-
sis enhancing effects.® SHK is a novel
immunosuppressant that is effective in a
variety of diseases and clinical transplanta-
tion.**3” Previous reports using histological
approaches demonstrated that SHK nega-
tively regulated metabolic rates, hormone
levels and reproductive functions.'''?
However, the effects of SHK on ovarian
follicular development and FGSCs and the
underlying molecular mechanisms remain
largely unclear.

(a) Control

Bright filed

Fluorescence filed

The present study investigated the effects
of SHK in oocyte development. These cur-
rent results showed that SHK exhibited a
dose-dependent effect on decreasing ovari-
an index, primordial follicles, primary fol-
licles and antral follicles. SHK upregulated
the numbers of atretic follicles and atretic
corpora lutea. TUNEL methodology dem-
onstrated that 50 mg/kg SHK significantly
induced apoptosis, contributing to the
blunted ovarian development and function-
al decline. In addition, SHK interrupts the
endocrine system including the pituitary
gland—ovary axis by interfering with the
bioactivities of related hormones, such as
follicle stimulating hormone, which subse-
quentially inhibits the maturation and ovu-
lation of follicles in all grades.'"* This
current study has identified a dose of
SHK (50 mg/kg) that can effectively inhibit
ovarian follicular development and repro-
ductive functions in mice. This current
study is the first comprehensive study on
the biosafety of SHK during the develop-
ment of ovarian follicles, providing an
insight into drug safety in future female
applications.

SHK (32 pmol) (b)

-

o
&

The proportion of ROS content{ %)
2

Figure 7. The concentration of reactive oxygen species (ROS) in shikonin (SHK)-treated female germline
stem cells in vitro. The concentration of ROS is directly related to the intensity of the green fluorescent

signals: (a) ROS in the control group and the 32 pmol/l SHK group treated for 24 h. Scale bar 50 pm; (b) The
proportion of ROS in the control group and the 32 umol/l SHK group treated for 24 h. Data presented as
mean =+ SD. ##P < 0.001, unpaired Student’s t-test. The colour version of this figure is available at: http:/imr.

sagepub.com.
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As a consequence of the apparent scarci-
ty of FGSCs in ovaries,®® it is difficult to
access their response to drugs including
SHK under regular laboratory conditions.
In order to understand how SHK impacts
on FGSCs and to provide future FGSC-
related therapeutic approaches to restore
ovarian function, this current study used
the germline stem cell markers MVH and
OCT4;*** which were suppressed in the
presence of SHK. The decline of MVH
and OCT4 may suggest that FGSCs were
disordered in vivo. Furthermore, SHK
induced apoptosis in FGSCs in vitro.
These adverse effects of SHK on FGSCs
in vivo and in vitro may provide pharmaco-
logical antagonists to restore ovarian func-
tion in humans.

In order to study the mechanisms of
SHK on ovaries and FGSCs, this current
study measured the levels of molecules
related to oxidative stress. The concentra-
tion of GSH and the activity of SOD were
decreased by SHK in a dose-dependent
manner in vivo. The content of ROS in
FGSCs in vitro was significantly increased
after SHK exposure. These important intra-
cellular antioxidant molecules, GSH and
SOD, are responsible for the elimination
of ROS.*** A previous study reported
that SHK was able to control the expres-
sion of SOD and the content of GSH.*!
Consistent with this, these current results
suggest that the reproductive-inhibitory
effects induced by SHK might be brought
about by interfering with the nonenzymatic
or enzymatic antioxidant systems. SHK-
induced increased oxidative stress might
subsequentially damage the ovarian micro-
environment in an irreversible manner,
resulting in ovarian follicular death and
atrophy, leading to the formation of degen-
erative corpora lutea. Future manipulation
of these factors related to oxidative stress
might increase the FGSC life span and
reduce apoptosis.

In conclusion, this present study uncov-
ered a novel mechanism by which SHK
might induce infertility during SHK anti-
tumorigenic application, which should be
considered when using this drug in the clinic.
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