MOLECULAR MEDICINE REPORTS 22: 4061-4069, 2020

Hydrogen sulfide is a regulator of mammary gland
development in prepubescent female mice
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Abstract. The present study aimed to investigate the effects of
exogenous H,S on mammary gland development in pubescent
mice and to explore the underlying mechanism. The mouse
mammary epithelial cell line HC11, along with C57BL/6J mice,
were treated with different concentrations of sodium hydrosul-
fide (NaHS), which is a donor of H,S. The HC11 cell viability,
pubescent mammary gland development, and the involve-
ment of proliferative proteins and pathways were assessed by
CCK-8 assay, EdU assay, whole mount staining, H&E staining,
western blotting and reverse transcription-quantitative PCR.
Both in vitro and in vivo, a low concentration of NaHS (100 uM
in vitro; 9 mg/kg in vivo) significantly promoted the viability
of HC11 cells and the development of mammary glands
by increasing the expression of the proliferative markers
cyclin D1/3 and proliferating cell nuclear antigen. However,
a high concentration of NaHS (1,000 M in vitro; 18 mg/kg
in vivo) inhibited HCI11 cell viability, mammary gland devel-
opment and the expression levels of proteins involved in
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proliferation. Subsequent experiments revealed that NaHS
regulated the phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt)-mammalian target of rapamycin (mTOR)
signaling pathway during this process. In vivo, intraperitoneal
injection of low concentration NaHS (9 mg/kg) activated the
PI3K/Akt-mTOR pathway in mammary glands of pubescent
mice, increased the secretion of insulin-like growth factor 1
(IGF-1) and estradiol (E2), and then stimulated mammary
gland ductal development. Whereas a high concentration of
NaHS (18 mg/kg) elicited the opposite effects to those of
low-dose NaHS. In conclusion, the present study demonstrated
that exogenous H,S supplied by NaHS may exert bidirectional
effects on mammary gland ductal development; promoting
ductal development at a low concentration and inhibiting it at
a high concentration. The effects of H,S may occur via the
intracellular PI3K/Akt-mTOR signaling pathway, or by regula-
tion of the secretion of IGF-1 and E2.

Introduction

The mammary gland is specific to mammals, and serves to
produce milk as a source of nutrition and immune factors for
offspring (1). Periodic changes in the structure and function
of the mammary gland occur throughout the life of female
mammals; ductal development occurs primarily in puberty
and is vital for pregnancy and lactation (2,3). Ductal elonga-
tion occurs rapidly at the onset of puberty and terminal end
buds are repositioned to the ductal termini and invade through
the fat pad to form the ductal tree (4). The ductal system is the
result of the concerted actions of growth hormones, estrogen
and insulin-like growth factor 1 (IGF-1) (5,6). Puberty is also
the developmental point where diet has the most profound
influence on ductal development (7,8). For example, either
protein- (9) or energy-based (10,11) diets can adversely affect
mammary gland development.

Notably, environmental factors, such as heat stress (12) or
H,S (13), have been reported to exhibit restrictive effects on
the development of the mammary gland duct. Furthermore,
the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signaling pathway has an important role in mammary gland
development (10) and in cell proliferation by regulating the
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expression of proteins that mediate G,-phase to S-phase transi-
tion in the cell cycle (5). Additionally, the mammalian target
of rapamycin (mTOR) signaling pathway has been reported to
participate in the regulation of mammary gland biochemical
changes (14), milk protein synthesis in bovine mammary
epithelial cells (15), and cell proliferation of bovine mammary
epithelial cells and porcine mammary gland epithelial
cells (13,16).

In the cell cycle, cyclin D and cyclin E are required
for transition from the G, phase to the S phase. During the
S phase, cyclin A has been reported to be involved in the initia-
tion and completion of DNA replication (17). Proliferating cell
nuclear antigen (PCNA) is considered an essential component
for DNA replication (18). In addition, p21 is regarded as a
potent, tight-binding inhibitor of cyclin-dependent kinase (19).
It had been reported that different fatty acids may regulate the
proliferation of HC11 cells and mammary gland development
of pubescent mice through modulating the protein and gene
expression levels of cyclin D1 and p21 (10,20,21).

Our previous study examined the effects of the endogenous
signaling molecule H,S on the proliferation of mammary
cells in culture. It was demonstrated that proliferation of
porcine mammary epithelial cells cultured with the H,S
donor sodium hydrosulfide (NaHS) at 10 puM was stimula-
tory, whereas proliferation of cells cultured at 600 uM NaHS
was inhibitory (13). H,S is a gaseous signaling molecule
that is synthesized in vivo and influences normal cellular
physiological processes, including cellular proliferation and
differentiation (22,23), cytoprotection (24), and protection
of the cardiovascular or nervous system (25). H,S has been
reported to be a regulator of numerous signaling pathways,
including the ERK1/2 (26), JAK/STAT (27), Nrf2 (28),
mTOR (29) and PI3K/Akt (30) signaling pathways. In addi-
tion, our previous study revealed that H,S affected cultured
mammary cell proliferation by regulating the phosphoryla-
tion of key factors involved in mammary gland development
in animals via the PI3K/Akt-mTOR signaling pathway (13).
Thus, the present study was designed to investigate the effects
of exogenous H,S, provided by NaHS, on the mammary devel-
opment of pubescent mice. Furthermore, the contributions of
the intracellular PI3K/Akt-mTOR signaling pathway, IGF-1
and estradiol (E2) in this process were investigated.

Materials and methods

Reagents. NaHS was obtained from Sigma-Aldrich; Merck
KGaA. RPMI-1640 medium, high glucose (HG)-DMEM
and fetal bovine serum (FBS) were purchased from Gibco;
Thermo Fisher Scientific, Inc. Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo Molecular Technologies, Inc.
Cell-Light EdU in vitro kit was purchased from Guangzhou
Ribobio Co. Ltd. Cyclin D1 was identified using a rabbit mono-
clonal antibody against cyclin D1 (cat. no.2922S; Cell Signaling
Technology, Inc.), PCNA was identified using a mouse mono-
clonal antibody against PCNA (cat. no. 2586; Cell Signaling
Technology, Inc.), p21 was targeted using a rabbit monoclonal
antibody against p21 (cat. no. 2947; Cell Signaling Technology,
Inc.), phosphorylated (p)-Akts..47; and Akt were targeted with
rabbit monoclonal antibodies against p-Akts...;; and Akt
(cat. nos. 4060 and 4691; Cell Signaling Technology, Inc.),
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p-mTORG.,,.4s and mTOR were targeted with rabbit monoclonal
antibodies against p-mTORg,,,4s and mTOR (cat. nos. 5536
and 2983; Cell Signaling Technology, Inc.), p-PI3K 505 Was
targeted with a goat polyclonal antibody against p-PI3Ky,s5os
(cat. no. sc-12929; Santa Cruz Biotechnology, Inc.), PI3K
was targeted with a rabbit polyclonal antibody against PI3K
(cat. no. bs-0128R; BIOSS), p-JAK2y,1507/1yr100s and B-actin
were targeted with rabbit polyclonal antibodies against p-JAK2
1yri0071yri00s aNd B-actin (cat. nos. bs-2485R and bs-0061R;
BIOSS), p-STATS51,,4, Was targeted with a rabbit monoclonal
antibody against p-STATS5qy,4, (cat. no. ab32364; Abcam),
JAK?2 was targeted with a rabbit monoclonal antibody against
JAK?2 (cat. no. 3230; Cell Signaling Technology, Inc.), STATS
was targeted with a rabbit polyclonal antibody against STATS
(cat. no. 9363S; Cell Signaling Technology Inc.) and IGF-1
was targeted with a rabbit monoclonal antibody against IGF-1
(cat. no. 28530-1-AP; ProteinTech Group, Inc.). Primary anti-
bodies Cyclin DI, p21, p-Aktg,473, Akt, p-mTORg,,, 445, MTOR,
PI3K, p-JAK 2y 1007/1yr1008» JAK2, p-STATS 1y 604, STATS, IGF-1
and P-actin were conjugated with goat anti-rabbit secondary
antibody (cat. no. bs-0295G; BIOSS), PCNA was conjugated
with goat anti-mouse secondary antibody (cat. no. bs-0296G;
BIOSS) and p-PI3K 505 Was conjugated with donkey anti-goat
secondary antibody (cat. no. bs-0294D; BIOSS).

Cell preparation and culture. Due to the convenience of
obtaining materials in the laboratory, pig primary cell
culture was chosen instead of the previously used mice
studies. Sow ovaries were obtained from Foshan Food Co.
Ltd. Meat United Processing Factory and primary granu-
losa cells (GCs) were isolated as previously described (31).
Briefly, follicles with a glossy appearance that lacked a
corpus luteum and appeared normal were placed in PBS
containing 1X penicillin-streptomycin (pen/strep) and trans-
ported to the laboratory quickly for isolation. The follicular
fluid was extracted by superficial insertion of a 1-ml sterile
syringe into ovarian antral follicles, and follicular fluid was
centrifuged at 105 x g at 4°C for 6 min in a centrifuge tube
containing 5 ml HG-DMEM. The cells were cultured with
HG-DMEM/10% FBS and 1% pen/strep. The cells obtained
from 10 pairs of ovaries were seeded in a flask at 37°C for
24 h in an atmosphere containing 5% CO,. Adherent cells
were cultured in fresh medium. When cells reached 90%
confluence, they were passaged using 0.25% trypsin for
subsequent experiments.

The mouse mammary epithelial cell line HC11
(cat.no. SCSP-5037; The Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences) were maintained in
RPMI-1640 supplemented with 10% FBS and pen/strep
at 37°C with 5% CO, for 24 h. The liver cancer cell line HepG2
(cat. no HB-8065; American Type Culture Collection) was
maintained in HG-DMEM supplemented with 10% FBS and
pen/strep at 37°C with 5% CO, for 24 h.

Cell treatments. HC11 cells in RPMI-1640 supplemented
with 10% FBS and pen/strep were cultured in the presence
of NaHS at 0, 25, 50, 100, 250, 500, 750 or 1,000 M for
4 days at 37°C. HepG2 cells (4x10°/well) and GCs (1x10%/well)
were separately inoculated in 6-well plates, and cultured in
HG-DMEM supplemented with 10% FBS and pen/strep,
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followed by treatment with 0, 10, 100 or 600 M NaHS
at 37°C for 24 h.

Cell viability was assessed with HCI11 cells in 96-well
plates at a density of 8x10° cells/well in replicates of eight. The
cells were cultured in RPMI-1640 medium in the presence or
absence of NaHS for 4 days. Cell viability was measured using
CCK-8 assay, according to the manufacturer's protocol, and
the absorbance was measured at 450 nm.

In addition, cells were cultured in a similar manner and
EdU incorporation was used to assess number of EdU-positive
cells, as described previously (10). Briefly, 8x10° HCI11 cells
were treated with NaHS for 4 days and exposed to EdU for
2 h at 37°C. Subsequently, the plate was processed using 4%
paraformaldehyde for 30 min at 25°C and the Cell-Light EQU
in vitro kit containing the nuclear dye Hoechst 33342 was
used, according to the manufacturer's protocol. Images of the
cells were captured using a Nikon Eclipse Ti-s fluorescent
microscope (Nikon Corporation).

Animals and samples. The animal experiments performed in the
present study were approved by the Ethics Committee of South
China Agricultural University (approval no. SYXK2014-0136).
Care of all animals and procedures at South China Agricultural
University were confirmed to ‘The Instructive Notions with
Respect to Caring for Laboratory Animals’ issued by the
Ministry of Science and Technology of the People's Republic of
China, and were approved by the Animal Subjects Committee
of South China Agricultural University (Guangzhou, China).
A total of 48 C57BL/6 female mice (3 weeks old, 15+0.08 g)
were purchased from Guangdong Medical Laboratory Animal
Center and acclimated for 1 week in laboratory housing prior
to the experiments. The mice were divided into four groups:
i) Control, which received intraperitoneal injections of saline;
ii) intraperitoneal injections of 3 mg/kg NaHS; iii) intra-
peritoneal injections of 9 mg/kg NaHS; and iv) intraperitoneal
injections of 18 mg/kg NaHS. All intraperitoneal injections
were administered every 2 days for 4 weeks. The mice were
housed at 25+1°C under a 12 h light/dark cycle and 60%
humidity, with ad libitum access to food and water. At the end
of the experiments, the animals were euthanized with CO,.
Animals were placed into chambers and a flow rate of 16%
chamber volume/min was used until the mouse was uncon-
scious. Gas flow was maintained for at least 1 min following
apparent clinical death. Death was verified by the absence of a
heartbeat, performing cervical dislocation and by perforating
the diaphragm. Blood samples were collected from the orbital
sinus after euthanasia and serum was separated by centrifuga-
tion at 1,500 x g for 20 min prior to storage at -20°C. The fourth
pairs of mammary glands were excised and used as samples for
subsequent experiments. The mammary samples were weighed
immediately. The right side of the sample, as well as the livers,
were stored at -80°C for later analyses. The left side of the
sample was collected and stained with whole mount and H&E
as described previously (10) and was quantified as described
previously (32). Livers were homogenized according to previ-
ously described methods (33).

Reverse transcription-quantitative PCR (RT-gPCR). mRNA
expression levels of cyclin D1, PCNA and cyclin D3 were
measured using RT-qPCR, according to previously described
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methods (34). Briefly, total RNA was extracted from HC11
cells and mammary gland samples using an RNA extraction
kit (Guangzhou Magen Biotechnology Co. Ltd., according
to the manufacturer's protocol. Subsequently, cDNA was
synthesized from 2 ug total RNA using the M-MLV Reverse
Transcriptase (Promega Corporation) and random primers
oligo-(dT)18 (cat. no. 3806; Takara Biotechnology Co., Ltd.),
according to the manufacturer's instructions. [3-actin was used
as a candidate housekeeping gene. RT-qPCR was carried out
on an Mx3005p instrument (Stratagene; Agilent Technologies,
Inc.,) using SYBR® Green Real-time PCR Master Mix reagents
(Toyobo Life Science). The thermocycling conditions were as
follows: 15 sec at 95°C for denaturing, 15 sec at 55-62°C for
annealing and 40 sec at 72°C for extension (40 cycles). In the
last cycle, the conditions were as follows: 60 sec at 95°C for
denaturing, 30 sec at 55-62°C for annealing and 30 sec at 95°C
for extension. Primer sequences with their respective PCR
fragment lengths are presented in Table I.

Western blot analysis. Expression levels of total and phos-
phorylated proteins were assessed by western blot analysis,
according to previously described methods (10). Proteins from
HCI11 cells and mammary glands were extracted with RIPA
lysis buffer (Shanghai BestBio Co. Ltd.) containing 1 mM
PMSF (cat. no. PO100; Beijing Solarbio Science & Technology
Co. Ltd.). Protein concentration was determined using a BCA
protein assays (cat. no. 23225; Thermo Fisher Scientific, Inc.).
Equivalent amounts of protein (20 pg) were separated by 10%
SDS PAGE and the samples were transferred onto nitrocellu-
lose membranes (BioRad Laboratories, Inc.). Membranes were
then subjected to immunoblotting with rabbit anti-cyclin D1
(1:2,000), mouse anti-PCNA (1:2,000), rabbit anti-p21
(1:2,000), rabbit anti-Akt (1:2,000), rabbit anti-p-Aktge.7
(1:2,000), rabbit anti-PI3K (1:2,000), goat anti-p-PI3Ky,s0s
(1:800), rabbit anti-mTOR (1:2,000), rabbit anti-p-mTOR
sernaag (1:2,000), rabbit anti-IGF-1 (1:1,000), rabbit anti-JAK2
(1:1,000), rabbit anti-p-JAK?2 (1:1,000), rabbit anti-STATS
(1:1,000), rabbit anti-p-STATS (1:1,000) and rabbit anti-f-actin
(1:1,000) diluted in 0.05% TBS-Tween-20 (TBST) overnight
at 4°C, followed by incubation at room temperature for 1 h
with donkey anti-goat, goat anti-rabbit and goat anti-mouse
(1:10,000) secondary antibodies diluted in TBST, as required.
Western blots were visualized using Super Signal West Pico
Chemiluminescence substrate (Thermo Fisher Scientific, Inc.)
and semi-quantified with ImagelJ software (version 1.4.3.67;
National Institutes of Health).

Radioimmunoassay. The IGF-1 and E2 radioimmunoassay
kits (cat. nos. RF6 and RG6) were purchased from Jiuding
Medical Biological Engineering Co., Ltd. Mice serum and
cell culture supernatant IGF-1 and E2 concentrations were
measured by GC-1200 Gamma RIA counter (Anhui Zhongke
Zhongjia Scientific Instruments, Co., Ltd.) according to the
manufacturer's recommendation.

Statistical analysis. Data are presented as the mean + standard
error of the mean. One-way ANOVA with a Dunnett's post
hoc test were applied for statistical analyses of the data using
Sigma Plot 12.5 software (Systat Software, Inc.). P<0.05 was
considered to indicate a statistically significant difference.
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Table I. Primer sequences used for reverse transcription-quantitative PCR.

Gene Forward (5'-3") Reverse (5'-3") Amplification length (bp)
Cyclin D1 CTGAAGGCTCGCGGAATAAAA GAGGTCTTTACGGATGTCAACG 142
Cyclin D3 CGAGCCTCCTACTTCCAGTG GGACAGGTAGCGATCCAGGT 150
PCNA TTTGAGGCACGCCTGATCC GGAGACGTGAGACGAGTCCAT 135
[-actin GGTCATCACTATTGGCAACGAG TGATCTCCTTCTGCATCCTGT 131
bp, base pairs; PCNA, proliferating cell nuclear antigen.
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Figure 1. Effects of NaHS on HC11 cell viability and the PI3K/Akt-mTOR signaling pathway. HC11 cells were cultured with the indicated concentrations
of NaHS for 4 days. Cell viability was evaluated by (A) CCK-8 assay and (B) EdU incorporation. Blue indicated nuclei and green indicated EdU-positive.
(C) Analysis of the percentage of EdU-positive cells. (D) Western blot analysis of HC11 cell extracts following exposure to 0, 100 and 1,000 zM NaHS for
4 days. Blots were developed using antibodies raised against cyclin D1, PCNA, p21, p-PI3K, p-Akt, p-mTOR, PI3K, Akt and mTOR. f-actin was used as
loading control. (E) Intensities of the western blot bands were semi-quantified and presented as the mean + standard error of the mean of three replicates.
(F) Reverse transcription-quantitative PCR analysis of the indicated genes expressed in HC11 cells exposed to NaHS. mRNA expression levels are expressed
relative to the internal control gene B-actin. "P<0.05, “P<0.01 vs. control group. NaHS, sodium hydrosulfide; PCNA, proliferating cell nuclear antigen;
p-, phosphorylated; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin.

Results

In vitro effects of NaHS on cell viability. HC11 cells were
treated with different concentrations (0, 25, 50, 100, 250,
500, 750 or 1,000 gM) of the H,S donor NaHS for 4 days to
determine the concentration that enhanced viability. It was
identified that treatment with either 50 or 100 M NaHS signif-
icantly promoted HC11 cell viability, whereas treatment with
1,000 M significantly inhibited viability (Fig. 1A). This result

was also reflected by the increased number of EdU-positive
cells exposed to NaHS at 100 uM, whereas the propor-
tion of these cells was significantly decreased at 1,000 yuM
(Fig. 1B and C). Furthermore, cyclin D1 and PCNA protein
expression levels were significantly increased, whereas p21
expression levels were significantly reduced in cells treated
with 100 M NaHS compared with the untreated controls.
By contrast, when treated with 1,000 pM NaHS, the opposite
effects were observed on cyclin D1, PCNA and p21 expression
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Figure 2. Exogenous H,S regulates mammary ductal growth of prepubescent mice. C57BL/6 female mice were exposed to NaHS for 4 weeks at the indicated
doses (n=12/group). Representative images of (A) whole mount and (B) H&E staining of the fourth pair of mouse mammary glands. The arrow indicates TEBs.
Quantification of (C) TEB and (D) ductal branches (n=6). "P<0.05 vs. control group. NaHS, sodium hydrosulfide; TEB, terminal end buds.

levels (Fig. 1D and E). Corroborating these results, the mRNA
expression levels of PCNA, cyclin D3 and cyclin D1 were
significantly increased by 100 xM NaHS, whereas 1,000 uM
NaHS resulted in the opposite effect (Fig. 1F).

The effects of NaHS treatment on the signaling pathways
associated with proliferation were also examined. It was
demonstrated that 100 xM NaHS activated in the phosphory-
lation of mTOR, PI3K and Akt, whereas 1,000 xuM NaHS
significantly inhibited the phosphorylation of these proteins
compared with the untreated control (Fig. 1D and E).

In vivo effects of NaHS on prepubescent mammary develop-
ment. Prepubescent female mice were exposed to differing
treatment concentrations of NaHS via intraperitoneal injec-
tion and ductal development was examined over 4 weeks.
The number of ductal branches observed in whole mounts of
mammary tissue samples was significantly increased in the
mice that received 9 mg/kg NaHS, whereas opposing results
were seen in the mice treated with 18 mg/kg. The lowest level
of NaHS used (3 mg/kg) did not result in a significant differ-
ence (Fig. 2A and C). Similar to the results of whole mount
staining, H&E staining of mammary tissues demonstrated
that the number of terminal end buds was also significantly
increased at 9 mg/kg NaHS, decreased at 18 mg/kg, and was
not significantly affected at 3 mg/kg NaHS compared with in
the control group (Fig. 2B and D). Notably, when the expres-
sion levels of mammary gland developmental proteins were

examined in the prepubescent mice, treatment with 3 and
9 mg/kg NaHS significantly promoted PCNA and cyclin D1
expression, as well as the phosphorylation of mTOR, PI3K
and Akt compared with in the control group. By contrast,
18 mg/kg NaHS significantly inhibited cyclin D1 and PCNA
expression, as well as the phosphorylation of PI3K, Akt and
mTOR (Fig. 3A and B). The mRNA expression levels of
PCNA and cyclin D1 were also enhanced following treatment
with 9 mg/kg NaHS (Fig. 3C).

H,S affects IGF-1 production. The expression levels of
IGF-1 were subsequently detected in the serum and livers of
H,S-treated animals, which revealed that the amount of IGF-1
in the serum was significantly increased by exposure to 9 mg/kg
NaHS, whereas the levels were significantly reduced with
18 mg/kg NaHS (Fig. 4A). In addition, IGF-1 expression, and
the phosphorylation of JAK2 and STATS5, were significantly
increased in liver tissues of the mice treated with 3 or 9 mg/kg
NaHS compared with in the control group. By contrast, a
dose of 18 mg/kg NaHS significantly inhibited IGF-1 expres-
sion, and JAK2 and STATS phosphorylation (Fig. 4B and C).
Furthermore, the mRNA expression levels of IGF-1 were
significantly higher in the livers of the 9 mg/kg-treated mice
compared with the untreated controls (Fig. 4D).

IGF-1 is mainly synthesized and secreted by the liver (35);
therefore, the present study used HepG2 as a model to study
whether exogenous H,S affected the development of the
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Figure 3. Exogenous H,S modulates mammary gland development. Mice were exposed to NaHS and tissue samples were processed after 4 weeks of exposure
(n=4). (A) Western blot analysis of the indicated proteins in tissue samples. (B) Semi-quantification of western blotting. (C) mRNA expression levels of PCNA,
cyclin D1 and cyclin D3 from total RNA extracted from mammary glands (n=6). ‘P<0.05, “P<0.01 vs. control group. NaHS, sodium hydrosulfide; PCNA,
proliferating cell nuclear antigen; p-, phosphorylated; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin.
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Figure 4. Effects of exogenous H,S on the secretion and expression of IGF-1. Mice were exposed to NaHS for 4 weeks. (A) Serum IGF levels. (B) Western blot
analysis of the indicated proteins in total mouse liver extracts (n=4). (C) Densitometric analysis of the western blots. (D) mRNA expression levels of IGF-1 in
liver samples (n=6). (E) Western blot analysis of IGF-1 in HepG2 cells treated with 0, 10, 100 and 600 ¥M NaHS for 24 h (n=3). (F) Densitometric analysis
of IGF-1 protein expression levels. (G) IGF-1 levels in the culture medium of HepG2 cells exposed to the indicated concentrations of NaHS for 24 h. "P<0.05,
“P<0.01 vs. control group. NaHS, sodium hydrosulfide; IGF-1, insulin-like growth factor 1; p-, phosphorylated.
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Figure 5. Effects of exogenous H,S on E2 secretion. Mice were treated with NaHS for 4 weeks. (A) Serum E2 levels in mice in the indicated treatment groups.
(B) E2 levels in primary cultures of sow ovarian GCs treated with 0, 10, 100 and 600 xM NaHS for 24 h. "P<0.05, “P<0.01 vs. control group. E2, estradiol;

NaHS, sodium hydrosulfide; GCs, granulosa cells.

mammary gland through the synthesis and secretion of IGF-1.
Consequently, the liver-associated effects of NaHS on IGF-1
expression were examined using the HepG2 cell line, which
was treated with 0, 10, 100 or 600 xM NaHS for 24 h. No
significant effects of NaHS on IGF-1 protein expression
levels in HepG2 cell extracts were observed (Fig. 4E and F).
However, significantly increased levels of IGF-1 were identi-
fied in the cell culture medium following treatment with either
10 or 100 pM NaHS, whereas the expression levels of IGF-1
were significantly decreased in the 600 yM NaHS-treated
group (Fig. 4G).

H.S affects E2 production.E2 is akey regulator of the advance-
ment to puberty in mammals (36). Therefore, the present
study examined whether serum E2 levels were altered in mice
treated with exogenous NaHS. NaHS administered at 9 mg/kg
significantly increased the content of E2 in the serum of mice,
whereas 18 mg/kg NaHS significantly reduced E2 levels
(Fig. 5A). To examine this in more detail, primary cultures of
sow ovarian GCs exposed to NaHS for 24 h were analyzed.
Notably, E2 levels in cells treated with 10 and 100 uM NaHS
were significantly increased, whereas the expression levels of
E2 were significantly decreased by treatment with 1,000 xM
NaHS (Fig. 5B).

Discussion

The present study demonstrated that H,S had a major effect
on mammary gland development in prepubescent female
mice. Under the current additional dose condition, 9 mg/kg
of NaHS that promoted the ductal and terminal end buds
branch numbers in prepubescent mice were verified, which
was also associated with enhanced viability of cultured HC11
cells. In line with the present results, it has previously been
reported that H,S exerts biphasic effects on the proliferation of
porcine mammary epithelial cells (PMECsSs) (13). The different
doses of NaHS shown to exert effects among the present and

other studies may be due to the use of different cell types and
culturing times. H,S is a gaseous messenger molecule that
has been implicated in various physiological and pathological
processes in mammalian organs, including the brain (37),
liver (38), heart (39) and other organs (40,41). However, under-
standing the effect of H,S on mammary gland hyperplasia
requires further studies.

In order to determine the regulatory function of H,S on
HCI11 cell proliferation and mammary ductal growth, the
expression levels of proliferative marker genes, including
cyclin D1/D3 and PCNA were detected. Accordingly, markers
of cell proliferation, including cyclin D1/D3 and PCNA, were
enhanced by the optimal levels of H,S. Cyclin D family of
proteins is critical for the G, to S transition (17), and PCNA is
an associated factor known to be necessary for control of DNA
replication during the S phase (42). Cyclin D1, cyclin D3 and
PCNA modulate mammary gland development and mammary
epithelial cell proliferation (10,13,20). The present study
revealed that lower doses (100 M) of NaHS increased cyclin
D1, cyclin D3 and PCNA mRNA expression levels; however,
these were decreased when higher doses of NaHS were used
(1,000 uM). Furthermore, the number of cells in the S phase
was increased following treatment with low concentrations of
NaHS, and was decreased by high concentrations. These data
suggested that H,S may be a regulator of mammary ductal
growth.

The PI3K/Akt-mTOR pathway is crucial for the regulation
of proliferation of numerous cell types, such as PMECs (13),
breast cancer cells (43) and human osteoblast-like cells (44).
In addition, PI3K/Akt-mTOR phosphorylation has previously
been associated with mammary gland development (10,20,45).
The results of the present study are consistent with these obser-
vations, which confirms that PI3K/Akt-mTOR signaling may
be involved in H,S-indued modulation of HC11 cell viability
and mammary gland development.

IGF-1 and E2 are both known to be critical for mammary
ductal development (46). Growth hormones promote cell
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proliferation by inducing the expression of IGF-1 in the liver
and mammary glands. Notably, IGF1 and E2 secreted by the
ovary induce epithelial cell proliferation (47). A previous
study demonstrated that IGF-1 activated the PI3K/Akt
signaling pathway via its receptor and induced epithelial cell
proliferation (48). Notably, these factors can also be directly
controlled by dietary additions of lauric acid to increase IGF-1
and E2, which promotes mammary gland development (10),
and stearic acid to decrease IGF-1 and E2, which inhibits
terminal end buds and ductal branches (42). These data are
consistent with the present results where intraperitoneal injec-
tion of low concentrations of NaHS (9 mg/kg) was shown to
increase serum IGF-1 and E2 levels, and stimulate mammary
gland ductal development. By contrast, a high concentration of
NaHS (18 mg/kg) elicited the opposite effects. The expression
of IGF-1 in livers of mice exposed to NaHS also agreed with
the findings for serum expression levels. Notably, HepG2 and
primary cultures of ovarian GCs served as models for IGF-1
and E2 secretion in response to NaHS.

In conclusion, the current results demonstrated that
exogenous H,S was able to advance mammary gland ductal
development in prepubescent female mice via PI3K/Akt-mTOR
signaling, and through secretion of IGF-1 and E2. These results
may be beneficial for the application of H,S in promoting or
suppressing mammary gland development.
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