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Abstract: Melatonin confers protective effects on premature ovarian insufficiency (POl) induced by tripterygium
glycosides (TG) by reducing oxidative stress. Silent information regulator 1 (SIRT1) signaling is found to be associ-
ated with the physiology and pathology of ovary. We hypothesize that melatonin could protect POI via activating
SIRT1 signaling. The aim of this study was to investigate the protective effect of melatonin on POl and elucidate
its potential mechanisms. Mice were assigned to melatonin treatment with or without SIRT1 inhibitor Ex527 or
melatonin receptor antagonist luzindole (Luz) and then subjected to POIl. Melatonin conferred a protective effect by
improving estrous phase, ovarian and uterus mass and index, increasing ovarian follicles, corpus luteum and anti-
mullerian hormone (AMH), decreasing atresia follicles and follicle stimulating hormone (FSH). Melatonin treatment
also could reduce malondialdehyde (MDA) level, MDA5, Gp91r', Caspase3 and Bax expression, and increase total
antioxidant activity (TAC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and Bcl-2 expression by up-
regulating SIRT1 signaling. However, these protective effects were blocked by Ex527 and Luz, indicating that SIRT1
signaling and melatonin receptor might be specially involved in these effects. In summary, these findings suggest
that melatonin protects POI by reducing oxidative stress and apoptotic damage via activation of SIRT1 signaling in
a receptor-dependent manner.

Keywords: Premature ovarian insufficiency, melatonin, melatonin receptor, SIRT1 signaling pathway, oxidative

stress, apoptosis

Introduction

Primordial follicles are the basic units of germ
cells, which plays a vital role in female fertility.
Dysfunctional follicles could lead to some
reproductive issues like premature ovarian
insufficiency (POI). POI, generally irreversible,
which is diagnosed when primary or secondary
amenorrhea, elevated gonadotropins and sex
steroid hormone deficiency due to reduced
number of ovarian follicles are found in women
before 40 years old [1, 2]. Although numerous
studies have reported a variety of etiologies
and various adverse reactions of POIl, whose
mechanisms are still unclear [3-5]. Because of
poor feasibility of human studies, a mouse
model of POl induced by tripterygium glyco-
sides (TG) has been successfully established in
our previous study [6, 7]. It was found that oxi-

dative stress might be the potential cause
resulting in POl and melatonin could protect
ovarian structures and improve its endocrine
functions by reducing oxidative stress [8, 9].
However, the concrete molecular mechanisms
remain unknown, which needs further research.

Melatonin (N-acetyl-5-methoxytryptamine, Me-
), the main secrete hormone of pineal gland, is
a documented powerful free radical scavenger
and a broad-spectrum antioxidant. For repro-
ductive system, melatonin plays an important
role in the physiology and pathology of ovary
[10]. Tamura and colleagues reviewed previous
literatures, summarized new findings related to
beneficial effects of melatonin on reproductive
physiology and concluded that melatonin as a
free radical scavenger in the ovarian follicles
contributed to oocyte maturation, embryo
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development and luteinization of granulosa
cells [11, 12]. Interesting, recent studies dem-
onstrated that melatonin could ameliorate
myocardial ischemia-reperfusion injury, isch-
emic stroke, multiple sclerosis, early brain inju-
ry and acute kidney injury by reducing oxidative
stress and apoptotic damage via activation of
SIRT1 signaling [13-18]. However, in human
tumor cells, melatonin could exert antitumor
activity by inhibiting SIRT1 [19, 20], which
aroused our concerns.

SIRT1 is a conserved nicotinamide adenine
dinucleotide (NAD+)-dependent deacetylase,
exerts various biological effects in various
physiological conditions and diseases [13-20].
Strong experimental evidence supports the
notion that SIRT1 plays a crucial role in sensing
and modulating the cellular redox state thus
providing protective effects in cells and tissues
exposed to oxidative stressors in vitro and in
vivo [21]. The expression of SIRT1, located in
cytoplasm and nucleus, has been observed in
mammalian granulosa cells, oocytes, embryos
and human ovarian cell lines [21]. Zhao found
that SIRT1 was widely detected in non-apoptot-
ic granulosa cells of follicles, but significantly
decreased in the process of granulosa cell
apoptosis during follicular atresia in porcine
ovary [22]. Likewise, SIRT1 was downregulated
during aging, while the upregulation of SIRT1
signaling protected the mouse oocytes against
oxidative stress [23, 24]. In obesity rats, ovari-
an follicle development and follicle loss were
accelerated with decreased expression of
SIRT1 [25]. However, caloric restriction inhibit-
ed ovarian follicle development and follicle loss
through activating SIRT1 signaling and SIRT1
activator could improve the follicle reverse and
prolong the ovarian lifespan of diet-induced
obesity [26, 27]. On the contrary, the SIRT1
level was higher in polycystic ovarian syndrome
(PCOS) patients than the healthy controls,
which was opposite to another human study of
PCOS and the results of PCOS rats model and
premature ovarian failure (POF) [28-31].
However, no studies have focused on whether
and how melatonin affected SIRT1 and its tran-
scription factors such as forkhead box class O
3a (FoxO3a) and nuclear erythroid 2-related
factor 2 (Nrf2), and antioxidant enzyme heme
oxygenase-1 (Ho-1) to protect POI induced by
TG, which is what we want to elucidate.

Melatonin’s indirect anti-oxidative effects were
demonstrated to be receptor dependent either
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located in cell membrane or within the nucleus
[13, 14]. Therefore, this study was designed to
investigate whether and how melatonin attenu-
ated oxidative stress and apoptosis in POI via
SIRT1 signaling pathway in a receptor depen-
dent manner.

Materials and methods
Materials

The chemicals of TG, Mel, Ex527 and Luz were
purchased from FudanFuhua Pharmaceutical
CO., Ltd., (Shanghai, China), Sigma-Aldrich (St.
Louis, MO, USA), Selleck Chemicals (Houston,
TX, USA) and Santa Cruz (Paso Robles, CA,
USA), respectively. The ELISA kits for AMH, FSH,
MDA, SOD and GSH-Px were bought from Huayi
Biotechnology (Shanghai, China) and TAC from
Jiancheng Biotechnology (Nanjing, China). The
primary antibodies of MDA5 and Bcl-2 were
obtained from Abcam (Cambridge, UK), GSH-Px
from Lab frontier (Korea), Gp91P"*, SOD,
FoxO3a, Nrf2 and Ho-1 from Santa Cruz,
Caspase3, Bax and SIRT1 from Cell Signaling
Technology (CST, Beverly, MA, USA), and 3-actin
and GAPDH from Beyotime Biotechnology
(Shanghai, China). The goat anti-rabbit and rab-
bit anti-goat secondary antibodies, radio-immn-
uoprecipitation assay (RIPA), protease inhibiter
phenylmethaesulfonyl fluoride (PMSF) and the
BCA protein assay kit were also purchased from
Beyotime Biotechnology. The enhanced chemi-
luminescence (ECL) reagent and TRIzol reagent
were purchased from Merck Millipore of USA
and Invitrogen of USA, respectively. Prime-
Script™RT Master Mix (Perfect Real Time) and
SYBR® Premix Ex Taq Il (Perfect Real Time)
were obtained from Takara (Takara, Ostu,
Japan).

The preparation of TG and Mel was briefly
described in our previous studies [6, 9]. Ex527
and Luz were first dissolved in dimethyl sulfox-
ide (DMSO) and then diluted to the final con-
centration with sterile saline (the DMSO final
concentration <2%).

Animals

A total of 112 female Kunming mice (6 weeks
old) were obtained from the Department of
Laboratory Animal Science of Fudan University
(Shanghai, China). Every four mice were housed
in per wire cage and all the mice were kept
under standard laboratory conditions (12 h of
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light, 12 h of dark, 22-25°C) with a proper diet
chow and water ad libitum. The animal experi-
ments were approved by the Experimental
Animal Ethical Committee of Fudan University
(Approval No.: 2012-36, Approval Date: 20
February 2012, Shanghai, China).

Experimental groups and treatment

All experimental mice were acclimatized for the
first 4 days under standard laboratory condi-
tions before treatment. They were randomly
assigned to following experimental groups: (i)
NC group: normal mice receiving sterile saline
by oral from day 5 to day 42; (ii) TG group: nor-
mal mice receiving sterile saline by oral from
day 5 to day 7, then sterile saline by oral and TG
via subcutaneous injection from day 8 to day
42; (iii) Mel + TG group: normal mice receiving
Mel by oral from day 5 to day 7, then Mel by oral
and TG via subcutaneous injection from day 8
to day 42; (iv) Mel + Ex527 + TG group: normal
mice receiving Mel by oral and Ex527 injection
intraperitoneally from day 5 to day 7, then Mel
by oral, Ex527 injection intraperitoneally and
TG via subcutaneous injection from day 8 to
day 42; (v) Ex527 + TG group: normal mice
receiving Ex527 injection intraperitoneally from
day 5 to day 7, then Ex527 injection intraperito-
neally and TG via subcutaneous injection from
day 8 to day 42; (vi) Mel + Luz + TG group: nor-
mal mice receiving Mel by oral and Luz injection
intraperitoneally from day 5 to day 7, then Mel
by oral, Luz injection intraperitoneally and TG
via subcutaneous injection from day 8 to day
42; (vii) Luz + TG group: normal mice receiving
Luz injection intraperitoneally from day 5 to day
7, then Luz injection intraperitoneally and TG
via subcutaneous injection from day 8 to day
42. The administration dose of TG, Mel, Ex527
and Luz was 50 mg/kg/day, 20 mg/kg/day, 2.5
mg/kg/day and 1 mg/kg/day [6, 9, 13].

Body weight and estrous phase analysis

The body weight of mice was monitored twice
every week. Vaginal smears of mice were taken
during the last 21 days, whose cells were col-
lected via a sterile cotton swab moistened with
sterile saline and placed on a clean glass slide.
Then, the stages of vaginal smears were ana-
lyzed under the light microscope and assessed
based on vaginal cytology. The normal estrous
cycle is a 4 to 5-day and a cycle duration of >5
days or <4 days is considered as irregular [27].
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The abnormal rate of estrous cycle and normal
estrous frequency were evaluated.

Organ mass and index assessment

The ovarian and uterine mass and index were
determined according to previously described
[6].

Preparation of blood samples, ovarian homog-
enates and ovarian sections

In day 43, the blood samples of all mice were
collected and then the mice were sacrificed to
harvest the ovaries and uteruses for weight. Of
them, 8 left ovaries of each group were homog-
enized in ice-cold phosphate buffer solution
(PBS) to be homogenates at the final concen-
tration of 10%. Then, blood samples and ovari-
an homogenates were centrifuged at 3,000
rpm for 10 min to separate the supernatants,
which were collected and stored at -80°C for
further enzyme-linked immunosorbent assay
(ELISA) detection. Eight right ovaries were har-
vested after carefully isolating surrounding adi-
pose tissue and fascia and then fixed in 4%
paraformaldehyde at room temperature for 48
hours, flushed under running water for 3 hours,
then dehydrated through a series of concentra-
tions of ethanol, cleared in xylene and embed-
ded in paraffin. Ovarian sections of 4 ym were
prepared for hematoxylin and eosin (HE) stain-
ing and immunohistochemistry (IHC). Another 8
left and 8 right ovaries of each group were
stored at -80°C for western blot and quantita-
tive real-time PCR (gRT-PCR) analysis.

HE staining and follicle classification

All sections were deparaffinized in xylene,
hydrated with decreasing alcohol concentra-
tions, stained with HE, mounted and then
observed under a light microscope. Five repre-
sentative sections separated by a distance of
over 80 um from each ovary were selected for
follicle counting. Ovarian follicles were classi-
fied as follows [27]: primordial follicle, an oocyte
surrounded by one layer of flatted graunlosa
cells; primary follicle, an oocyte surrounded by
one layer of cuboidal graunlosa cells; second-
ary follicle, two or three layers of cuboidal gran-
ulose cells with no antral space; and antral fol-
licle, more than four layers of granulosa cells
with one or more independent antral spaces. In
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Table 1. Primers sequence of targeted genes

10% normal goat se-

Gene name Forward Reverse

rum for 30 min at room

Gp91Phex 5’-CCAGTGAAGATGTGTTCAGCT-3'  5’-GCACAGCCAGTAGAAGTAGA-3’
5’-AACATTCTCCCAGTTGATTAC-3’
5’-GCCGCCTTAGGAGTTGC-3’
5’-CGCCTCACAATAGCACCC -3’

SOD 5’-GAGCACGCTTACTACCTTC-3’
GSH-Px 5’-GCTCACCCGCTCTTTACC-3’
Caspase3 5-GGGTGCCTATTGTGAGGCG-3’

temperature. Afterwa-
rds, the sections were
separately incubated
with primary antibod-
ies against MDA5 (1:

Bax 5'-GTGAGCGGCTGCTTGTCT-3' 5'-GGTCCCGAAGTAGGAGAGGA-3' 300) and Caspase3
Bcl-2 5'-GCGGA AGTCA CCGAA ATG-3'  5'-AGGAC AGCGA TGGGA AAA-3’ (1:800) overnight at
SIRT1 5'-GCAACAGCATCTTGCCTGAT-3' 5'-GTGCTACTGGTCTCACTT-3’ 4°C, then placed for
Fox03a  5-CGGCTCACTTTGTCCCAGAT-3'  5-GCCGGATGGAGTTCTTCCA-3' 45 min at room tem-
Nrf2 5'-CAGTGCTCCTATGCGTGAA-3’ 5'-GCGGCTTGAATGTTTGTCT-3' perature. The sections

Ho-1 5’-TGACAGAAGAGGCTAAGACCG-3’  5'-AGTGAGGACCCACTGGAGGA-3’
B-actin 5’-CACTGCCGCATCCTCTTCCTC-3"  5’-CTCCTGCTTGCTGATCCACAT-3’
GAPDH 5’-GGCACAGTCAAGGCTGAGAATG-3' 5-ATGGTGGTGAAGACGCCAGTA-3

were rinsed with PBS,
and then secondary
antibodies were added
for 10 min. After wa-

SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; SIRT1, silent information regu-
lator 1; FoxO3a, forkhead box O 3a; Nrf2, nuclear erythroid 2-related factor 2; Ho-1, heme

oxygenase-1.

some cases, antral follicles had no antral space
in cross-section analysis, but were considered
as antral if they contained more than five gran-
ulosa cell layers. Atresia follicles contained at
least twenty apoptotic granulosa cells (defined
by theapoptotic bodies in the granulosa cell
layer), disorganized granulosa cells, a fragmen-
tation of the oocyte nucleus, or a degenerating
oocyte. In this paper, we counted numbers of
atresia follicles, primordial follicles, developing
follicles (primary, secondary and antral folli-
cles), and surviving follicles including primordial
and developing follicles.

ELISA quantification of AMH, FSH, MDA, TAC,
SOD and GSH-Px

Serum and ovarian homogenates supernatants
levels of AMH, FSH, MDA, TAC, SOD and GSH-Px
were spectrophotometrically measured by
ELISA. All the procedures were strictly done
according to the protocols of each kit.

IHC detection for MDA5 and Caspase3

The immunohistochemical analysis was used
to detect the expression of MDA5 and Caspase3
in the ovaries. All sections were incubated at
60°C for 1 h, deparaffinized in xylene and rehy-
drated in a graded series of ethanol routinely.
Antigen retrieval was performed in 0.01 M
citrate buffer (pH 6.0) and high microwave irra-
diation for 30 min. Endogenous peroxidase
activity was eliminated with 3% H,0O, for 10 min
and then non-specific binding was blocked with
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shed with PBS, all sec-
tions were incubated
with horseradish per-
oxidase (HRP) for 10
min at room temperature. Following, washed
sections were incubated with 3,3-diaminoben-
zidine (DAB) to visualize the final product and
counter-stained. Negative control was treated
by substituting PBS for a primary antibody.

Western blot analysis

The protein levels of MDAb, Gp91P"x SOD,
GSH-Px, Caspase3, Bax, Bcl-2, SIRT1, FoxO3a,
Nrf2 and Ho-1 in the ovaries were measured
using western blot. The ovaries were homoge-
nized in RIPA and PMSF on ice. The superna-
tants were collected for protein analysis after
centrifugation (12,000 rpm, 15 min at 4°C) and
then the BCA protein assay kit was used to
detect protein concentrations. The protein
samples were separated by SDS-PAGE and
transferred onto polyvinylidenedifluoride (PV-
DF) membranes. The membranes were blocked
in 5% fat free milk for 1 h at room temperature
and then overnight at 4°C incubated with pri-
mary antibodies (MDA5, 1:300; Gp91°rx,
1:500; SOD, 1:800; GSH-Px, 1:500; Caspase3,
1:800; Bax, 1:1000; Bcl-2, 1:1000; SIRT1,
1:1000; Fox0O3a, 1:200; Nrf2, 1:400 and Ho-1,
1:500) followed by the corresponding second-
ary antibodies for 1 h at room temperature. The
protein bands were visualized with ECL reagent.
The Quantity One software (Bio-Rad Labora-
tories Pty. Ltd) was used to analyze the band
intensities. B-actin and GAPDH were used as
the internal loading controls.

Am J Transl Res 2017;9(4):1580-1602
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Figure 1. Melatonin’s protective effects on premature ovarian insufficiency. A. Melatonin didn’t change body weight of mice. B. Melatonin significantly decreased
abnormal rate of estrous cycle and remarkably increased estrous frequency. C. Melatonin obviously increased ovarian and uterus mass and index. D. Melatonin ap-
parently increased surviving follicles, primordial follicles, developing follicles and corpus luteum, and decreased atresia follicles. E. Melatonin significantly reduced
ovarian homogenates AMH levels. Data were shown as mean + SEM or as ratio. *P<0.05, **P<0.01, ***P<0.001.
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Quantitative real-time PCR analysis

The transcript levels of Gp91°P", SOD, GSH-Px,
Caspase3, Bax, Bcl-2, SIRT1, FoxO3a, Nrf2 and
Ho-1 in the ovaries were analyzed by qRT-PCR.
Total RNA was extracted from the ovaries using
TRIzol reagent and operated as instructions.
Then, 2 ul of RNA was quantified spectrophoto-
metrically by measuring the absorbance at 260
nm and RNA purity was determined by deter-
mining the 260/280 nm absorbance ratio.
Total RNA (1 pg) was reverse transcribed into
complementary DNA (cDNA) using Prime-
ScriptMRT Master Mix (Perfect Real Time)
(Code No.: RRO36A). To quantify mRNA expres-
sion, an amount of cDNA equivalent to 20 ng of
total RNA was amplified using SYBR® Premix
ExTaq Il (Perfect Real Time) (Code No.: RR820A)
according to manufacturer’s instruction. The
primers of target gene were listed in Table 1,
which were designed using Primer Premier 6.0
software and were synthesized by Shanghai
BioTNT Biotechnology Co., Ltd. (Shanghai,
China). B-actin and GAPDH served as an inter-
nal standard. Relative quantification of the tar-
get gene expression levels was conducted
using the 244t method in which AACt = AE - AC,
AE = Ct__ - Ct or Ct, - Ct and AC =

exp B-actin

Ct . -Ct orCt, -Ct

con B-actin

GAPDH’
GAPDH"

Statistical analysis

The software of GraphPad Prism 5.0 (GraphPad
Software, Inc., San Diego, CA, USA) and SPSS
16.0 (SPSS Inc., Chicago, IL, USA) were used to
analyze data in this study. All data were
expressed as the mean + standard error of the
mean (SEM). The abnormal rate of estrous
cycle among groups was assessed by chi-
square test or Fisher’s exact test. Comparisons
of other data among multiple groups were
assessed by one-way analysis of variance
(ANOVA) followed by Bonferroni correction for
post hoc ttest and Kruskal-Wallis tests. A
P-value less than 0.05 was considered as sta-
tistical significance (P<0.05).

Results

All mice were alive at the end of the treatment,
and no tumors were found in all parts of the
body, but a little superficial abnormalities in the
abdomen. Compared with normal mice, the
mice with TG treatment seemed like a little thin
and appeared a little decreased physical
activity.
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Melatonin might exert protective effects on
POI by attenuating oxidative stress and apop-
tosis via activation of SIRT1 signaling

From Figure 1A, it was found that the body-
weight gains of mice in normal control (NC)
group, TG group and Mel + TG group were nor-
mal. Although the mean weight of the later two
groups was lower than normal control group,
melatonin didn’t increase the body weight of
mice with TG. However, melatonin significantly
decreased abnormal rate of estrous cycle and
increased estrous frequency and ovarian and
uterus mass and index (Figure 1B and 1C). For
ovarian follicles, the surviving follicles, primor-
dial follicles, developing follicles and corpus
luteum remarkably increased after the treat-
ment of melatonin, while the atresia follicles
obviously reduced (Figure 1D). Representative
images were shown in Supplementary Figure
1A. Compared to NC group, serum and ovarian
homogenates FSH levels were significantly
higher in TG group. Although no difference was
found after melatonin treatment, it displayed a
decreasing trend. It was also shown that TG sig-
nificantly reduced serum and ovarian homoge-
nates AMH levels, and the supplement of mela-
tonin could apparently increase AMH level or
have a rising trend at least (Figure 1E).

Figure 2 illustrated that TG administration sig-
nificantly increased oxidative stress and apop-
tosis. Clearly, the oxidative indexes of serum
and ovarian homogenates MDA levels and the
MDA5 and Gp91r" expression were higher in
TG group than NC group (Figure 2A and 2B).
Simultaneously, the anti-oxidative substrates
of serum and ovarian homogenates levels of
TAC, SOD and GSH-Px, and the protein and
mRNA expression of SOD and GSH-Px were
lower in TG group when compared to NC group
(Figure 2C-E). Also, it was found that TG tre-
mendously promoted the expression of the pro-
apoptotic indexes such as Caspase3 and Bax,
and inhibited the expression of anti-apoptotic
index of Bcl-2 (Figure 2F-H). However, these
alterations were significantly improved after
the treatment of melatonin (Figure 2). Re-
presentative immunohistochemical images
of MDA5 and Caspase3 were shown in

Supplementary Figure 1B and 1C.

The ovarian protein and mRNA levels of SIRT1
signaling pathway including SIRT1, FoxO3a,
Nrf2 and Ho-1 were measured and the results

Am J Transl Res 2017;9(4):1580-1602
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were summarized in Figure 3. Compared with
normal mice, the protein and mRNA levels of
SIRT1, FoxO3a, Nrf2 and Ho-1 significantly
decreased after the treatment of TG. While,
after receiving melatonin supplement, all these
indexes were significantly higher than those of
TG group except for the mRNA level of FoxO3a.

SIRT1 inhibitor Ex527 blocked melatonin’s pro-
tective effects on POI by aggravating oxidative
stress and apoptosis via inactivation of SIRT1
signaling

As shown in Figure 4, Ex527, a SIRT1 inhibitor,
significantly blocked SIRT1 signaling and
decreased the protein and mRNA expression of
SIRT1, FoxO3a, Nrf2 and Ho-1. They were close
to or lower than the levels of these indexes in
TG group.

Compared with Mel + TG group, the groups with
the supplement of Ex527 displayed an aggra-
vated oxidative and apoptotic damage, which
were demonstrated in Figure 5. First of all,
serum and ovarian homogenates levels of MDA,
the MDA5 and Gp91°r* expression of ovarian
tissues reflecting the indexes of oxidative dam-
age significantly increased (Figure 5A and 5B).
In addition, the anti-oxidative markers of serum
and ovarian homogenates levels of TAC, SOD
and GSH-Px, and the protein and mRNA levels
of SOD were decreased with a significant differ-
ence. However, the protein and mRNA levels of
GSH-Px were no different (Figure 5C-E).
Furthermore, it was found that Ex527 increased
the levels of Caspase3 and Bax, and decreased
the level of Bcl-2 (Figure 5F-H). At the same
time, when compared to TG group, only the pro-
tein level of MDAbS, ovarian homogenates level
of SOD, and the Caspase3 expression detected
by IHC in the groups with Ex527 were signifi-
cantly different (Figure 5A, 5D, 5F). Repre-
sentative immunohistochemical images of
MDA5 and Caspase3 were shown in Supple-

mentary Figure 2B and 2C.

The parameters demonstrating the effects of
Ex527 on POl were summarized in Figure 6. It
was found that the body weight of mice among
four groups was similar after the intervention of
Ex527 (Figure 6A). The abnormal rate of
estrous cycle showed an increasing trend in
Mel + Ex527 + TG group and were significantly
higher in Ex527 + TG group than that in Mel +
TG group, but they were no different from TG
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group (Figure 6B). However, the estrous fre-
quency and ovarian and uterus mass and index
after receiving Ex527 treatment decreased
with a trend or a significant difference com-
pared with those in Mel + TG group (Figure 6B
and 6C). Also, Ex527 could significantly weaken
melatonin’s protective effects on ovarian folli-
cles, with characteristics of reduced surviving
follicles, primordial follicles, developing follicles
and corpus luteum, and added atresia folli-
cles (Figure 6D). Representative images were
shown in Supplementary Figure 2A. Moreover,
serum and ovarian homogenates levels of FSH
and AMH in groups in the presence of Ex527
were significantly different from those in Mel +
TG group, but similar to TG group (Figure 6E).

Melatonin activated SIRT1 signaling pathway
in a receptor-dependent manner against pre-
mature ovarian insufficiency

Melatonin receptor antagonist luzindole sup-
pressed SIRT1 signaling pathway (Figure 7).
The protein and mRNA levels of SIRT1, Fox03a,
Nrf2 and Ho-1 in Mel + Luz + TG group and Luz
+ TG group were less than those in Mel + TG
group (Figure 7). Simultaneously, the protein
and mRNA levels of FoxO3a in Mel + Luz + TG
group and Luz + TG group were also significant-
ly lower than those in TG group (Figure 7C and
7D).

The serum MDA levels, the expression of MDAS
and the levels of Gp91P"* protein and mMRNA in
groups with Luz were remarkably higher than
those in Mel + TG group (Figure 8A and 8B).
However, no significant difference of ovarian
homogenates MDA levels was found (Figure
8B). On the contrary, serum and ovarian homog-
enates levels of TAC, SOD, GSH-Px, and the pro-
tein and mRNA levels of SOD in Mel + Luz + TG
group and Luz + TG group significantly de-
creased (Figure 8C-E), but the protein and
MRNA levels of GSH-Px were no different
(Figure 8E). Moreover, the pro-apoptotic index-
es of Caspase3 and Bax in groups with Luz
were also obviously higher than those in Mel +
TG group (Figure 8F and 8G), while the anti-
apoptotic index of Bcl-2 was apparently lower
(Figure 8H). Representative immunohistoche-
mical images of MDA5 and Caspase3 were

shown in Supplementary Figure 3B and 3C.

Just like the effects of Ex527, the effects of Luz
on body weight of mice among four groups were
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Figure 3. Melatonin significantly increased SIRT1 signaling pathway. A and B. Melatonin increased the protein and mRNA levels of SIRT1. C and D. Melatonin in-
creased the protein and mRNA levels of FoxO3a. E and F. Melatonin increased the protein and mRNA levels of Nrf2. G and H. Melatonin increased the protein and
mRNA levels of Ho-1. Data were shown as mean + SEM or as ratio. *P<0.05, **P<0.01, ***P<0.001.
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Figure 4. SIRT1 inhibitor Ex527 significantly reduced SIRT1 signaling pathway. A and B. Ex527 reduced the protein and mRNA levels of SIRT1. C and D. Ex527
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Figure 5. SIRT1 inhibitor Ex527 significantly aggravated oxida-
tive stress and apoptotic damage. A. Ex527 increased serum
and ovarian homogenates MDA level and MDA5 expression in
the ovaries. B. Ex527 increased the protein and mRNA expres-
sion of Gp91°', C. Ex527 reduced serum and ovarian homoge-
nates TAC levels. D. Ex527 decreased SOD expression. E. Ex527
reduced GSH-Px expression. F. Ex527 increased Caspase3
expression. G. Ex527 increased Bax expression. H. Ex527 de-
creased Bcl-2 expression. Data were shown as mean + SEM or
as ratio. *P<0.05, **P<0.01, ***P<0.001.
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also no different in the same day (Figure 9A).
The abnormal rate of estrous cycle was signifi-
cantly higher in groups receiving Luz treatment
than that in Mel + TG group (Figure 9B).
Similarity, the estrous frequency and ovarian
and uterus mass and index after the supple-
ment of Luz decreased with a trend or a signifi-
cant difference compared to those in Mel + TG
group (Figure 9B and 9C). Luz also presented
an inhibition on ovarian structures, whose typi-
cal characterizes were reduced surviving folli-
cles, primordial follicles, developing follicles,
corpus luteum and increased atresia follicles
compared to Mel + TG group (Figure 9D).
Representative images were shown in
Supplementary Figure 3A. For serum and ovar-
ian homogenates FSH levels, only serum FSH
level in Mel + Luz + TG group was higher than
that in Mel + TG group, whereas others within
the groups were no different. However, the lev-
els of serum and ovarian homogenates AMH in
groups with Luz were significantly decreased
compared to Mel + TG group (Figure 9E).

Discussion

In the present study, the major findings showed
that melatonin could exert protective effects on
POI induced by TG by activating SIRT1 signal-
ing, thus reducing oxidative stress and apop-
totic damage. Simultaneously, it was found that
melatonin’s protective effects on the ovaries
might be, at least in part, mediated by melato-
nin receptor. As far as we know, this is the first
study depicting the vital role of SIRT1 signaling
pathway and its involvement in melatonin
receptor signaling pathway in melatonin’s pro-
tective effects on POL.

Melatonin has been shown to be highly effec-
tive in reducing oxidative damage in all parts of
every cell, whose efficacy derives from its abili-
ty to directly scavenge a majority of free radi-
cals and to function as an indirect antioxidant
[15]. Previous studies have confirmed that mel-
atonin as a free radical scavenger in the ovari-
an follicles could contribute to oocyte matura-
tion, embryo development and luteinization of
granulosa cells [11, 12]. It was also found that
melatonin exerted protective effect on prema-
ture ovarian insufficiency induced by tripterygi-
um glycosides in our previous study [9]. In the
current report, we also observed that melato-
nin conferred a protective effect on POl by
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improving estrous phase, ovarian and uterus
mass and index, increasing ovarian follicles
and corpus luteum, decreasing atresia follicles,
and ameliorating ovarian endocrine and reverse
functions with decreased FSH level and
increased AMH level, which was similar to previ-
ous reports [6, 7, 9, 32].

SIRT1, a member of the class Il group of his-
tone deacetylases, participants in a wide vari-
ety of cellular functions like oxidative stress,
apoptosis, aging, DNA repair and cell cycle reg-
ulation, whose activity is dependent on the
ratio of NAD+ to NADH in the cell [13, 14]. It not
only deacetylates histones, but also has a wide
range of non-histone substrates, such as the
forkhead box class O (FoxO) family, p53 and
nuclear factor kB (NF-kB), etc. FoxO3a is known
as an important substrate of SIRT1, and Nrf2
are the downstream transcription factor of
SIRT1. Published papers reported that SIRT1
regulation of antioxidant genes was dependent
on the formation of a FoxO3a/PGC-1a complex
[33], and melatonin prevented cisplatin-
induced primordial follicle loss via suppression
of PTEN/AKT/FOX03a pathway activation in the
mouse ovary [34]. Hsu and colleagues con-
firmed that SIRT1 protects against myocardial
ischemia-reperfusion injury by upregulating
antioxidants and downregulating pro-apoptotic
molecules through the activation of Fox01, as
well as decreasing oxidative stress [35]. Nrf2
played a key role in the antioxidant response by
regulating the transcription of a battery of
detoxification and antioxidant enzymes to
defend against oxidative stress [36]. Some
reports also demonstrated that Nrf2 translo-
cates into the nucleus and its signaling is pro-
voked, which further activates downstream
cytoprotective genes and upregulates Ho-1
[37].

Activation of SIRT1 by melatonin was reported
in many conditions. Previous studies demon-
strated that melatonin treatment attenuated
myocardial ischemia-reperfusion injury through
activation of SIRT1 signaling [13]. Recently, it
was reported that melatonin also activated
SIRT1 exhibiting possible benefit effects on
aging and related diseases [38]. In addition,
melatonin can act as a SIRT1 inducer in neuro-
nal primary cultures from neonatal rat cerebel-
lum to exert a neuroprotective effect [39]. For
human peripheral blood mononuclear cells,

Am J Transl Res 2017;9(4):1580-1602
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melatonin could act as an antioxidant in hydro-
gen peroxide-induced oxidative stress [40], and
for mesenchymal stem cells, melatonin re-
versed H,0,-induced premature senescene
[41]. However, contrasting findings were report-
ed in cancer and inflammatory responses
induced by oxidative stress. Previous studies
showed that melatonin exerted antitumor
effect in human osteosarcoma cells, promoted
hepatic macrosteatosis partially converted to
microsteatosis and reduced the proliferative
potential of prostate cancer cells by inhibiting
SIRT1 expression [19, 20, 42]. In hydrogen per-
oxide-stimulated human chondrocytes and rab-
bit osteoarthritis model, Lim et al. [43] demon-
strated that melatonin decreased hydrogen
peroxide-induced SIRT1 mRNA and protein
expression, thus exerting cytoprotective and
anti-inflammatory effects. These previous re-
searches implied that melatonin might exert
quite different effects on SIRT1 depending on
different pathological conditions and tissues.

In type 2 diabetic rats, reduced SIRT1 exacer-
bated myocardial ischemia-reperfusion injury,
and melatonin ameliorated reperfusion-indu-
ced oxidative stress via activation of SIRT1 sig-
naling, thus reducing myocardial ischemia-
reperfusion damage and improving cardiac
function [14]. Numerous evidences showed the
protective effects of SIRT1 by reducing oxida-
tive stress on the physiology and pathology of
the ovary, especially for endometriosis, PCOS
and POI [11, 12, 21]. FoxO3a transcript factor
was regulated by SIRT1 in many conditions
involved in oxidative stress damage [33, 34].
Nrf2 was also reported to play a critical role in
the antioxidant response against oxidative
stress and when Nrf2 translocated into the
nucleus, which provoked its signaling and fur-
ther activated Ho-1 [36, 37].

In this study, we investigated the oxidative
stress, SIRT1, FoxO3a, Nrf2 and Ho-1 in POI
induced by TG treated with or without melato-
nin. The results showed that melatonin treat-
ment reduced oxidative stress by decreasing
MDA level, MDA5 and Gp91P* expression, and
increasing TAC, SOD and GSH-Px levels, which
were similar to our previous study [9]. Also,
decreased SIRT1, FoxO3a, Nrf2 and Ho-1 pro-
tein and mRNA expression in POl were attenu-
ated after the supplement of melatonin.
However, Ex527 blocked the protective effects
of melatonin on oxidative stress by inhibiting

1599

the expression of SIRT1 and FoxO3a, which was
similar to the melatonin’s protective effect
against myocardial ischemia-reperfusion injury
by reducing oxidative stress via activation of
SIRT1 signaling, while it was abolished by
Ex527 [13]. These results suggested that the
protection of melatonin involved the activation
of SIRT1 signaling, and melatonin-induced
SIRT1 signaling activation might promote anti-
oxidative stress damage in POI.

It was also demonstrated that melatonin atten-
uated cerebral ischemia-reperfusion injury in
ischemic-stroke mice by reducing mitochondri-
al dysfunction through the activation of SIRT1
signaling associated with a reduction in the
pro-apoptotic factor Bax, and an increase in the
anti-apoptotic factor Bcl-2 [15]. Furthermore,
the effects of melatonin treatment on the
expression of SIRT1 were also reported to be
abolished by Ex527 accompanied by increasing
Bcl-2 and decreasing Bax and Caspase3 in
myocardial ischemia-reperfusion injury [13]. In
the current study, we also found that the pro-
tein and mRNA levels of Bax and Caspase3 sig-
nificantly increased and Bcl-2 decreased in
POI, which was attenuated by melatonin. As
expected, Ex527 abolished melatonin’s anti-
apoptotic effect. Taken together, these data
suggested that melatonin confers protective
effects against MI/R injury via SIRT1 signaling,
thus alleviating oxidative stress and reducing
apoptosis. However, the reduced apoptosis
caused by melatonin is associated with
decreased oxidative stress or the activation of
SIRT1 signaling pathway remains unclear,
which should be interpreted in further research.

So far, melatonin receptor (Mella and Mellb)
has been identified as both membrane and
nuclear (receptor belonging to the retinoid Z
receptor/retinoid-related receptor). Studies
have indicated that the direct free radical scav-
enging actions of melatonin are receptor inde-
pendent, but the indirect anti-oxidative func-
tions may well be mediated by receptor, either
located in the membrane of cells or within the
nucleus [13]. In addition, melatonin receptor
was found to be located in the ovary. Evidence
has been presented for involvement of the mel-
atonin receptor in cardioprotection: the recep-
tor blockers luzindole and n-acetyl-tryptamine
abolished the actions of melatonin [13]. In this
study, in order to investigate the SIRT1 activa-
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tion of melatonin, we introduced the melatonin
receptor blocker, luzindole. It was found that
blockade of melatonin receptor by luzindole sig-
nificantly downregulated SIRT1 signaling
expression, thus aggravating oxidative stress
and apoptosis in POIl. This was also supported
by previous studies reporting that melatonin
reduced oxidative stress and apoptotic damage
in a melatonin receptor-dependent manner.
These findings suggested that melatonin pro-
tected POI via activation of SIRT1 signaling
pathway in a melatonin receptor-dependent
manner.

However, some issues in this study have not
been resolved. Whether oxidative stress or
downregulated SIRT1 signaling are the main
mechanisms resulting in increased apoptosis
or not, which couldn't be answered here.
Moreover, whether apoptosis also plays a sig-
nificant role in oxidative stress, which also
needs further research. Furthermore, it is
known that Mella and Mellb receptor conduct
different signaling pathway in different tissues.
Therefore, additional studies are needed to elu-
cidate the specific role of them on SIRT1 signal-
ing. Last but not the least, the melatonin recep-
tor blocker remarkably weakened its effect on
SIRT1 signaling. However, whether the altera-
tions of SIRT1 signaling could affect the mela-
tonin receptor expression, which should be
interpreted in further studies.

In summary, our findings suggest that melato-
nin could exert an obviously protective effect
on premature ovarian insufficiency induced by
tripterygium glycosides by reducing oxidative
stress and apoptotic damage, which mainly
contributes to the activation of SIRT1 signaling
pathway in a melatonin receptor-dependent
manner. These data indicated that melatonin
might be a promising candidate for the treat-
ment of premature ovarian insufficiency.
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Supplementary Figure 1. Melatonin improved ovarian structures, reduced MDA5 and Caspase3 expression. A. Rep-
resentative images of HE staining for ovarian histomorphology (original magnification 100x). B. Representative
images of IHC results of MDAS in the ovaries (original magnification 100x) and reduced mean density of MDAbS. C.

Representative images of IHC results of Caspase3 in the ovaries (original magnification 100x) and decreased mean
density of Caspase3.
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Supplementary Figure 2. SIRT1 inhibitor ExX527 blocked melatonin’s protective effects on ovarian structures, and
increased MDA5S and Caspase3 expression. A. Representative images of HE staining for ovarian histomorphology
(original magnification 100x%). B. Representative images of IHC results of MDA5 in the ovaries (original magnification

100x) and increased mean density of MDA5. C. Representative images of IHC results of Caspase3 in the ovaries
(original magnification 100%) and increased mean density of Caspase3.



Melatonin and premature ovarian insufficiency: role of SIRT1

A Ovarian structures

Mel+TG Mel+Luz+TG Luz+TG

C Caspase3
TG Mel+TG Mel+Luz+TG Luz+TG

Supplementary Figure 3. Melatonin receptor antagonist luzindole blocked melatonin’s protective effects on ovarian
structures, and increased MDA5 and Caspase3 expression. A. Representative images of HE staining for ovarian his-
tomorphology (original magnification 100x). B. Representative images of IHC results of MDAS in the ovaries (original
maghnification 100x) and increased mean density of MDAS. C. Representative images of IHC results of Caspase3 in
the ovaries (original magnification 100x) and increased mean density of Caspase3.



