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Abstract

Background: Diabetes mellitus (DM)-related complications are important health problems worldwide. The underly-
ing mechanisms for diabetic male subfertility/infertility are considerably complicated and need to be unveiled for
therapeutic intervention. Melatonin treatment was investigated to assess the beneficial effects on injured steroido-
genic function in DM due to its regulatory roles in mitochondria and autophagy.

Methods: Diabetic hyperglycaemia was induced in rats injected with streptozotocin (STZ, 55 mg/kg/d) or simulated
in TM3 Leydig cell line cultured with medium containing 30 mM D-glucose. Then, diabetic rats or the TM3 cells under
high glucose were treated with melatonin. The diabetic rats were randomly divided into diabetes mellitus group (DM
group), insulin treatment group (DM 4+ INS group) and melatonin treatment group (DM + MT group). The TM3 Leydig
cells were divided into a normal glucose control group (NG group), a high glucose treatment group (HG group), and
a melatonin treatment group (HG + MT group). Then, Sirt1 (silent mating type information regulation 2 homologue) 1
expression was knocked down by siRNA.

Results: The results showed that hyperglycaemia induced a decline in steroidogenesis, accompanied by autophagy
defects, mitochondrial dysfunction and oxidative stress, in rats in the DM group or TM3 Leydig cells in the HG

group. Furthermore, reduced SIRT1 expression levels and hyperacetylation were found in Leydig cells of DM group.
Melatonin treatment ameliorated hyperglycaemia-induced impairment of Leydig cell function with simultaneous
stimulation of 5-adenosine monophosphate activated protein kinase (AMPK)/SIRT1 activity and the expression of
autophagy-related genes. With regards to mitochondrial function, it promoted mitochondrial biogenesis with ele-
vated PGC-1a, NRF1 and mtTFA, improved mitochondrial morphology, increased BNIP3L-related mitophagy and allevi-
ated oxidative stress. Further results revealed that knockdown of Sirt1 in Leydig cells prevented the protective effects
provided by melatonin against high glucose treatment, and interestingly, neutralization of reactive oxygen species
(ROS) by N-acetyl-L-cysteine pretreatment abolished the stimulatory effect of melatonin on AMPK/SIRT1 activity in
Leydig cells and prevented the induction of autophagy and mitochondrial biogenesis in the context of high glucose,
indicating that modulation of SIRT1 pathway by melatonin was closely linked to ROS levels and oxidative stress.
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Conclusions: These findings suggest that SIRT1 pathway plays essential roles in the pleiotropic actions of melatonin
on Leydig cells and in the prevention of hyperglycaemia-induced steroidogenic dysfunction. The stimulatory action of
melatonin on SIRT1 pathway is related to oxidative stress and its antioxidant property. Our data provide new evidence
for the relationship of melatonin and SIRT1 pathway in the context of hyperglycaemia, and melatonin as a combina-
tion therapy may be useful to combat DM-related complications, especially male reproductive system injury.
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Introduction

Diabetes mellitus (DM) is one of the most common dis-
eases characterized by hyperglycaemia, and many people
suffer from DM-related complications, including male
infertility and sexual dysfunction [1]. The underlying
pathological mechanisms of diabetic male reproductive
injury include dysregulation of the hypothalamic-pitu-
itary—gonadal (HPG) axis, increased DNA damage, oxi-
dative stress, increased endoplasmic reticulum stress and
impaired mitochondrial function [1, 2]. Multiple altera-
tions in the reproductive function of male diabetic
patients have been observed, including a decline in sperm
parameters and testosterone levels [3]. At present, due to
an increasing number of adolescents and men of repro-
ductive age affected by DM [4], intensive investigation of
the molecular mechanisms and therapy for diabetic male
reproductive injury is warranted.

Testosterone is synthesized mainly in Leydig cells,
which have rather high autophagic activity [5]. Autophagy
is involved in testosterone synthesis by promoting the
uptake of cholesterol, the raw material to produce testos-
terone [6]. However, under hyperglycaemic conditions,
increased glucose oxidation overburdens mitochondria,
resulting in electron leakage and increased reactive oxy-
gen species (ROS) production, which irreversibly oxidizes
DNA and cellular biomolecules and is detrimental to sper-
matogenesis [1, 7]. ROS can act as inducers of autophagy
to remove damaged biomolecules and even organelles,
such as dysfunctional mitochondria [8]. Because mito-
chondria are important sites for testosterone synthesis,
mitochondrial dysfunction will affect testosterone synthe-
sis [9]. Therefore, mitochondria are ideal targets for drug
development to ameliorate DM-induced male reproduc-
tive function impairment, particularly the decline in tes-
tosterone levels.

Melatonin (N-acetyl-5-methoxytryptamine), the main
hormone secreted by the pineal gland involved in energy
balance maintenance, mitochondrial homeostasis and
many other physiological processes [10], is also secreted
by reproductive organs, such as the ovary and testis [11],
indicating its potential role in reproductive activities.
Melatonin is believed to be involved in male reproduction
by modulating steroid hormone secretion and spermato-
genic cell proliferation and protecting the testis against

hyperthermia, environmental toxins, and drug-induced
damage [11]. In the testes of diabetic mice, melatonin can
alleviate Leydig cell apoptosis [12]. Moreover, melatonin,
as an antioxidant, is targeted to mitochondria [10] and
preserves mitochondrial function in type 1 diabetic rats
with myocardial ischaemia/reperfusion injury [13], and by
activating SIRT1/PGC-1alpha pathway, it even improves
mitochondrial function in cadmium-induced hepato-
toxicity [14]. Silent information regulator 1 (SIRT1), a
nicotinamide adenine dinucleotide (NAD™)-dependent
deacetylase, plays a key role in many metabolic and physi-
ological processes, such as insulin resistance, oxidative
stress, ageing and energy balance [15]. SIRT1 is a positive
regulator of autophagy [16], and it promotes mitochon-
drial biogenesis through deacetylation and activation of
PGC-1a, a master regulator of mitochondrial biogenesis
that coactivates the nuclear respiratory factors (NRF1 and
NRF2), which induce the transcription of genes involved
in mitochondrial biogenesis [17].

Exogenous melatonin treatment in cell lines, rodent
models, and diabetic patients has shown a potent effect
in alleviating DM-related complications, such as dia-
betic cardiovascular disorders, neuropathy, retinopa-
thy, and nephropathy [18]. In addition, melatonin is
closely associated with male reproductive function,
especially in the testis, because melatonin receptor is
expressed in testicular cells and Leydig cells are sen-
sitive to melatonin [19]. It is not yet well established
from the existing data whether melatonin treatment
is beneficial for reproductive function in male DM
patients and how it can act to rehabilitate impaired
steroidogenesis [20, 21]. Here, we demonstrate that
melatonin mitigates hyperglycaemia-induced impair-
ment of the steroidogenic function of Leydig cells both
in vivo and in vitro with simultaneous activation of
SIRT1 pathway. SIRT1 is required for the protective
effect of melatonin on steroidogenesis in high glucose
conditions, and the stimulation of AMPK/SIRT1 activ-
ity by melatonin is dependent on ROS levels. Our data
provide new evidence for the relationship between mel-
atonin and SIRT1 pathway in the context of hypergly-
caemia, which functions to promote steroidogenesis by
coordinating mitochondrial biogenesis, mitophagy and
redox signalling.
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Materials and methods

Reagents

Melatonin was obtained from Selleckchem (USA).
D-Glucose was obtained from Sigma-Aldrich (St. Louis,
MO, USA). NAC (N-acetyl-L-cysteine) was purchased
from Beyotime Biotechnology (Shanghai, China). The pri-
mary antibodies against STAR, P450, AMPK, P-AMPK,
COXIV, Cytc, NRF1, Beclin-1, ATG7, ATG12, ATG5
and LC3 were obtained from Cell Signaling Technology
(Beverly, MA, USA); 3B-HSD, SIRT1, mtTFA, ATPB,
PGCl1-a and acetyl-Lysine were purchased from Abcam
Biotechnology (Cambridge, MA, USA); BNIP3L, SOD2
and Tubulin 1-a were obtained from Beyotime Biotech-
nology (Shanghai, China); and LXR, GPX4, GPX5 and
Actin were purchased from Proteintech Group (Wuhan,
China). The goat anti-rabbit and goat anti-mouse second-
ary antibodies were purchased from Zhongshan Gold
Bridge Biotechnology Co. Ltd. (Beijing, China). Alexa
Fluor 488 donkey anti-mouse Immunoglobulin G (IgG)
(H+L), MitoTracker™ Green FM and MitoSOX"" Red
Mitochondrial Superoxide Indicator were obtained from
Invitrogen (Carlsbad, CA, USA). The goat anti-mouse
IgG/Alexa Fluor/594 were purchased from Zhongshan
Gold Bridge Biotechnology Co. Ltd. (Beijing, China).
Membrane and Cytosol Protein Extraction Kit, Cell
Mitochondria Isolation Kit, Reactive Oxygen Species
Assay Kit and Mitochondrial membrane potential assay
kit with JC-1 were obtained from Beyotime Biotechnol-
ogy (Shanghai, China).

Establishment of type 1 diabetic model

Type 1 diabetic model was established as described pre-
viously [13]. Briefly, two-month-old Sprague—Dawley
(SD) rats were intraperitoneally injected with streptozo-
tocin (STZ, 55 mg/kg/d). Rats with fasting blood glucose
greater than or equal to 16.7 mmol/L were identified as
diabetic. These diabetic rats were randomly divided into
three groups. One group was set as diabetes mellitus
group (DM group) without any additional treatment. The
second and third groups of diabetic rats that were treated
respectively with insulin (subcutaneous injection, 1 unit/
day) and melatonin (intraperitoneal injection, 10 mg/
kg/d) for sixteen weeks were set as insulin treatment
group (DM +INS group) and melatonin treatment group
(DM +MT group), using the DM +INS group as posi-
tive control. Another group of normal rats without any
treatment was set as control group (Con group). Then,
body weight and fasting blood glucose were measured
once a week for 21 weeks. All experimental and surgi-
cal procedures were approved by the Experimental Ani-
mal Ethics Committee of Anhui Medical University (No.
LLSC20200006).
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Histological analysis

Rat testis tissue was collected and fixed in 4% para-
formaldehyde solution. The samples were dehydrated in
ethanol at different concentrations. After clearing with
dimethylbenzene, the samples were embedded in paraffin
blocks. The blocks were cut into continuous sections with
5 um thickness for future use. For immunohistochemical
staining, after the sections were dewaxed and rehydrated,
they were heated in a microwave in citrate buffer solution
for antigen retrieval. After resuming to room tempera-
ture, the sections were rinsed with PBS and incubated
overnight with the primary antibody at 4 °C. The next
day, the samples were incubated with secondary antibody
for 1 h at room temperature, washed with PBS, stained
with 3,3’-diaminobenzidine (DAB), restained with hae-
matoxylin, sealed, and observed under a light microscope
(Nikon, Eclipse 80i, Japan) and photographed.

Electron microscopy

The testicular tissues of SD rats in each group were placed
immediately into 2.5% glutaraldehyde fixation solution at
4 °C according to routine steps, then fixed with 1% osmic
acid after PBS washing, embedded, and ultrathin sections
were prepared. After double staining with uranyl acetate
and lead citrate, the ultrastructural changes in testicular
tissues in each group were observed in Hitachi HT7700
electron microscope and photographed.

Cell culture

TM3 mouse Leydig cell line purchased from American
Type Culture Collection (ATCC) Cell Bank of the Chi-
nese Academy of Sciences was cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 medium supple-
mented with 10% foetal bovine serum (FBS). TM3 cells of
normal glucose control group (NG group) and high glu-
cose treatment group (HG group) were treated respec-
tively with 5.5 mM and 30 mM D-glucose (Sigma, USA)
for 48 h; an HG group treated with melatonin (Selleck-
Chem, USA) for 6 h at a concentration of 100 pM was
set as the high glucose and melatonin treatment group
(HG+MT group). An HG+MT group of TM3 cells
whose Sirtl expression was knocked down by siRNA was
set as HG+MT +siSirtl group (siSirtl group). Another
HG+MT group of TM3 cells was treated with ROS
inhibitor N-acetyl-L-cysteine (NAC) for 48 h at a concen-
tration of 5 pM with 30 mM D-glucose (HG+MT + NAC

group).

Western blot analysis

Total proteins were extracted with radioimmunopre-
cipitation assay (RIPA) lysis buffer containing 1 mM
phenylmethyl sulfonyl fluoride (PMSF), and the protein
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concentration was measured with a bicinchoninic acid
(BCA) protein assay kit. Nucleoprotein extraction kits
(Beyotime, Shanghai, China) were used to extract nuclear
proteins, and mitochondrial proteins were also extracted
using a mitochondrial extraction kit (Beyotime, Shang-
hai, China). Proteins were separated by 6—15% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to PVDF membranes.
After blocking with 10% milk for one to two hours, the
membrane and primary antibody were incubated over-
night at 4 °C. After washing with tris-buffered saline with
Tween 20 (TBST), the membrane and secondary anti-
body were incubated together at room temperature for
one to two hours. Protein bands were imaged using elec-
trochemiluminescence (ECL) luminescent solution.

Reactive oxygen species (ROS) detection

The levels of intracellular ROS production were observed
by the fluorescent dye dichlorodihydrofluorescein dihy-
drate (DCFH-DA). Cells were inoculated in a 6-well
plate at an appropriate density, treated and incubated
in DMEM/F12 serum-free medium containing 10 pM
DCFH-DA for 30 min in the dark at 37 °C. After wash-
ing with PBS, a positive fluorescence microscope (Nikon,
Eclipse 80i, Japan) was used to observe and take pictures.

Mitochondrial membrane potential measurement

A mitochondrial membrane potential assay kit with JC-1
fluorescent probe was used to detect changes in the cel-
lular mitochondrial membrane potential in TM3 cells.
When the cell fusion rate reached 70-80%, 10 uM of JC-1
staining solution was added to TM3 cell culture dishes
in different treatment groups and incubated at 37 °C for
20 min with protection from light. Then the cells were
washed twice with JC-1 staining buffer (1X), and follow-
ing pre-warmed PBS buffer. The results were observed
and photographed under a laser confocal microscope
(Leica, TCS SP5, Germany).

Evaluation of mitochondrial morphology

Cells were cultured in a dish at an appropriate density and
incubated in DMEM/F12 serum-free culture medium
containing 100 nM MitoTracker " Green FM (Invitrogen,
USA) for 30 min in the dark at 37 °C. The dye solution
was replaced with fresh preheated culture medium, and
the cells were observed and photographed under a laser
confocal microscope (Leica, TCS SP5, Germany) to ana-
lyse the morphology of mitochondria in TM3 cells under
different treatment conditions.

Detection of mitochondrial ROS
Cells in a 6-well plate at an appropriate density were
sequentially incubated in Hanks’ balanced salt solution
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(HBSS) containing 5 pM MitoSOX" Red mitochon-
drial superoxide indicator (Invitrogen, USA) for 10 min
at 37 °C, washed gently with PBS three times, preserved
in preheated HBSS, observed and photographed under
a positive fluorescence microscope (Nikon, Eclipse 80i,
Japan).

Immunofluorescence staining

Cells were cultured on slides, treated, fixed in 4% para-
formaldehyde solution for 15 min, permeated with 0.2%
Triton X-100 for 10 min, sealed at room temperature
for 1 h with 2% bovine serum albumin (BSA), and then
incubated overnight with primary antibody at 4 °C. After
secondary antibody incubation for one to two hours in
the dark at room temperature, nuclei were dyed with
diamidino-2-phenylindole (DAPI) for 10 min. The slides
were sealed with anti-quenching agent and observed
under a positive fluorescence microscope (Nikon, Eclipse
80i, Japan) or laser confocal microscope (Leica, TCS SP5,
Germany). The fluorescence intensity was analysed using
Image-Pro Plus 6.0 software (Media Cybernetics).

MDC staining

Cells were seeded into a 6-well plate at an appropriate
density and incubated in PBS containing 3.5 mM monod-
ansylcadaverine (MDC) (Sigma, USA) for 20 min in the
dark at 37 °C. After washing gently in PBS three times,
the cells were observed under a laser confocal micro-
scope (Leica, TCS SP5, Germany) and photographed.

SiRNA knockdown

Sirtl siRNA was used to knock down Sirtl in TM3 cells.
Specific Sirtl siRNAs and mismatched oligonucleotides
in the control group were purchased from GenePharma
(Shanghai, China). The Sirtl siRNA sequence was GCA
CUAAUUCCAAGUUCUATT (sense) and UAGAAC
UUGGAAUUAGUGCTT (antisense). The experiment
was carried out according to the instructions. In short,
the liposomes Lipo3000 and Opti-MEM were mixed,
and then the specific siRNA was mixed with Opti-MEM,
adjusting the concentration of siRNA to 1 uM. Finally,
these two mixtures were also mixed. After standing for
20 min, the mixture was added to the culture dish and
cultured for 72 h. Cellular proteins were extracted for
Western blot detection, or the cells were used for immu-
nofluorescence staining.

Statistical analysis

Grey values for Western blot and the average fluores-
cence intensity of the pictures were measured by Image]
software. All data are presented as the mean =+ standard
error (SE). All measured data were subjected to one-way
analysis of variance (ANOVA) followed by Bonferroni
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post hoc test with GraphPad Prism software version 6.07.
P<0.05 was considered statistically significant.

Results

Diabetic hyperglycaemia-induced decline in testosterone
production and the beneficial effects of melatonin
treatment

Type 1 diabetes mellitus model was successfully estab-
lished in rats. Based on our previously published work
[22], changes in blood glucose levels and body weight
after melatonin treatment were examined. Unlike the
insulin treatment group, the blood glucose level (Fig. 1A)
and body weight (Fig. 1B) of rats in the DM+ MT group
did not show obvious changes compared with the DM
group, indicating that melatonin treatment did not affect
the blood glucose level and body weight of the rats. To
test the effect of diabetic hyperglycaemia on testosterone
production and whether melatonin helps improve tes-
tosterone production, the expression levels of steroido-
genic acute regulatory protein (StAR), 33-hydroxysteroid
dehydrogenase (3p-HSD) and P450scc in rat testicu-
lar tissue were detected (Fig. 1C and D). Western blot
results revealed that the expression of all three proteins
decreased significantly in the DM group, but both mela-
tonin and insulin treatment reversed their expression.
In addition, Western blot results further showed that in
TM3 cells, the expression levels of StAR, 33-HSD and
P450scc in the HG+ MT group increased in comparison
with the HG group (Fig. 1E and F). Immunohistochemi-
cal staining of rat testis tissue also suggested that 33-HSD
expression in the DM+ MT group increased in com-
parison with the DM group (Fig. 1G). Electron microg-
raphy showed that mitochondria degenerated obviously
in the DM group and was significantly recovered in the
DM +INS and DM+ MT groups (Fig. 1H). These data
demonstrate that although melatonin did not decrease
the blood glucose level, it ameliorated the high glucose-
induced impairment of Leydig cell steroidogenesis.

Melatonin prevented mitochondrial dysfunction induced
by hyperglycaemia via simultaneous stimulation of AMPK/
SIRT1 activity

To explore the mechanism by which melatonin pro-
tects steroidogenic function against hyperglycaemia,
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the expression of SIRT1 and AMPK in rat testes was
detected. Western blot results showed that the pro-
tein levels of both SIRT1 and AMPK decreased in the
DM group, but they were upregulated in the DM+ MT
group and DM +INS group (Fig. 2A). Because mito-
chondrion is the main site of testosterone synthesis, we
further detected the expression of mitochondrial tran-
scription factor A (mtTFA), ATP synthase subunit beta
(ATPB), cytochrome c oxidase subunit IV (COXIV) and
cytochrome ¢ (Cytc), important proteins that fulfil nor-
mal mitochondrial function, in rat testes and found that
the expression of mtTFA, ATPB and COXIV increased
significantly in the DM+ MT group compared with the
DM group (Fig. 2B). These expression levels were in
accordance with the results in Leydig cell line TM3 cells
(Fig. 2C). Acetylation detection of total proteins in TM3
cells found that the acetylation level of the proteins in the
HG group increased compared to the acetylation level of
the proteins in the Con group, and the acetylation level in
the HG+MT group was lower than the acetylation level
in the HG group (Fig. 2D), which indicates that protein
acetylation modification may be involved in the damage
caused by high levels of glucose and the protective mech-
anism of melatonin. These results demonstrated that
mitochondrial function was impaired in DM testes and
TM3 cells under high glucose, but after melatonin treat-
ment, SIRT1 pathway was activated, and mitochondrial
function was considerably recovered.

Further Western blot results showed that compared
with the HG group, although there was no increase in
the protein levels of nuclear SIRT1 and its downstream
peroxisome proliferator-activated receptor gamma coac-
tivator lalpha (PGC-1a) in the HG + MT group (Fig. 2E),
cytoplasmic SIRT1 and PGC-la increased (Fig. 2F).
Notably, nuclear respiratory factor 1 (NRF1) protein lev-
els in the nucleus increased significantly in the HG+MT
group (Fig. 2E). Fluorescent JC-1 detection revealed that
mitochondrial membrane potential (MMP) decreased in
the HG group, and JC-1 aggregates were reformed in the
HG + MT group, indicating the restoration of MMP after
melatonin treatment (Fig. 2G and J). MitoTracker Green
dyes, used as mitochondrial morphology probes, are
sequestered by mitochondria with normal function. Eval-
uation by MitoTracker probes showed that there were

(See figure on next page.)

Fig. 1 Melatonin alleviated diabetic hyperglycemia-induced impairment of testosterone synthesis in Leydig cells. A Changes in blood glucose
level of SD rats. B Body weight changes of SD rats. C-D Protein expression level detection of StAR, 33-HSD and P450scc in testicular tissues of rats in
each group by Western blot and the statistical graph of gray value analysis; E-F Protein expression level detection of 33-HSD and P450 in TM3 cells
by Western blot and gray value analysis. G Immunohistochemical staining of rat testis. Arrow indicates Leydig cells labelled by 33-HSD antibody. H
Ultrastructure of Leydig cells in rat testis. Triangle indicates normal mitochondria, long arrow indicates autophagosomes, and short arrow indicates
damaged mitochondria. Con, control group; DM, diabetes mellitus group; DM+ INS, insulin treatment group of diabetic rats; DM 4+ MT, melatonin
treatment group of diabetic rats; NG, normal glucose control group; HG, high glucose treatment group; HG + MT, high glucose and melatonin
treatment group; D-F, Data are expressed as fold change relative to Con. *, P<0.05; #, P<0.01. Bar: G, 50 um; H, 2 um
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more spheroid-shaped mitochondria with decreased
fluorescence in the HG group, indicating more damaged
and fragmented mitochondria under high glucose con-
ditions (Fig. 2H and K). MitoSOX detection found that
the production of mitochondrial reactive oxygen species
(mtROS) in TM3 cells increased in the HG group but
was reduced by melatonin treatment to almost normal
levels (Fig. 2I and L), also indicating that melatonin pre-
vented mitochondrial dysfunction caused by high levels
of glucose. These results demonstrated that melatonin
activated SIRT1/PGC-1a/NRF1 signalling pathway, thus
promoting the restoration of mitochondrial function.

Melatonin stimulated autophagy and BNIP3L-related
mitophagy under high glucose conditions

Because autophagy mediates steroidogenesis regula-
tion and Leydig cells show high autophagic activity [23],
we detected the expression levels of autophagy-related
proteins in rat testes (Fig. 3A) and TM3 cells (Fig. 3B).
Western blot results revealed that the protein levels of
Beclin-1, Atgl2, and LC3 II decreased significantly in the
testes of the DM group, and they were reversed to nearly
normal levels after melatonin treatment (Fig. 3A). The
results were similar for Atg7 and LC3 II/I in TM3 cells
under high glucose conditions (Fig. 3B). Further detec-
tion by MDC also showed that autophagosome forma-
tion in TM3 cells decreased in the HG group, and this
decrease was reversed by melatonin treatment (Fig. 3D
and E). The mitophagy level in TM3 cells was assessed
by Western blotting detection of the mitophagy recep-
tor BCL2/adenovirus E1B interacting protein 3-like
(BNIP3L/NIX) (Fig. 3C) and immunofluorescent colo-
calization of the mitochondrial marker COXIV and the
autophagy marker LC3 (Fig. 3F-I). The results indicated
that mitophagy activity decreased under high glucose
conditions, but this decrease was reversed by melatonin
treatment. Generally, these results demonstrated that
hyperglycaemia decreased autophagy and mitophagy
in rat testes of the DM group and TM3 cells, which is
closely related to testosterone synthesis, and underlined
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the mechanism by which melatonin protects steroido-
genesis against high levels of glucose.

Sirt1 knockdown abolished the protective effect

of melatonin against hyperglycaemia-induced collapse

of steroidogenesis

To further confirm the role of SIRT1 pathway in the pro-
tective effect of melatonin treatment on steroidogenesis
impaired by high glucose, we knocked down the expres-
sion of Sirtl in TM3 cells, followed by HG and mela-
tonin treatment. Western blot results showed that after
Sirtl knockdown, the protein levels of StAR, 33-HSD and
P450scc decreased significantly compared with the pro-
tein levels in the HG+MT group (Fig. 4A), indicating a
decline in steroidogenesis induced by Sirtl knockdown.
In addition, the protein level of liver X receptor a (LXR-
a), which activates genes involved in cholesterol trans-
port and metabolism, was also downregulated after Sirtl
knockdown (Fig. 4B). In accordance with this result, Oil
red O staining showed that lipid droplets were reduced in
TM3 cells after Sirtl knockdown in comparison with the
HG+MT group (Fig. 4C). These results demonstrated
that Sirtl knockdown mitigated the protective effect of
melatonin against hyperglycaemia-induced impairments
in testosterone synthesis.

Sirt1 knockdown weakens the protective effect

of melatonin on mitochondrial function

To confirm that SIRT1 pathway is essential for melatonin
to regulate mitochondrial function, the expression of
Sirtl in TM3 cells was knocked down, followed by HG
and melatonin treatment. Western blot results showed
that after Sirtl knockdown, the levels of the mitochon-
drial functional proteins ATPB, mtTFA, COXIV and
CytC significantly reduced, compared with those levels in
the HG+ MT group (Fig. 5A). Moreover, mitochondrial
morphology was detected by MitoTracker probes (Fig. 5B
and D), and mitochondrial ROS were assessed by Mito-
SOX (Fig. 5C and E). These results showed that elongated
tubular-shaped mitochondria reduced significantly and

(See figure on next page.)

relative to NG. *, P<0.05; #, P<0.01. Bar: G-H, 15 um; I, 50 ypm

Fig. 2 Effects of melatonin on AMPK/SIRT1 pathway dysregulation and mitochondrial dysfunction induced by high glucose. A The expression
levels of SIRT1 and AMPK in rat testicular tissue detected by Western blot and the statistical graph of gray value analysis. B The expression levels

of mitochondrial function-related proteins (mtTFA, ATPB and COXIV) in rat testicular tissue were detected by Western blot and their gray values
were analyzed. C The expression levels of SIRT1, AMPK and mitochondrial function-related proteins in TM3 cells detected by Western blot and the
statistical graphs of gray value analysis. D Acetylation level of total proteins in TM3 cells of each group was detected. E-F Protein levels of SIRT1,
PGC-Ta and NRF1 in cytoplasm and nucleus of TM3 cells were detected by Western blot and gray values of the protein bands were analyzed. G
and J Mitochondrial membrane potential detection of TM3 cells by JC-1 probe and the ratio of J-aggregates to monomer (green fluorescence)
was statistically analyzed. H and K Detection of the number and morphology of mitochondria in TM3 cells by MitoTracker and the percentage of
cells with mitochondrial fragmentation (n=150) was statistically analyzed. I and L Detection of mitochondrial reactive oxygen species in TM3 cells
by MitoSOX and average fluorescence intensity analysis. Con, control group; DM, diabetes mellitus group; DM + INS, insulin treatment group of
diabetic rats; DM + MT, melatonin treatment group of diabetic rats; NG, normal glucose control group; HG, high glucose treatment group; HG + MT,
high glucose and melatonin treatment group; A-B, Data are expressed as fold change relative to Con; C, E-F, Data are expressed as fold change
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mtROS levels increased in the Sirtl knockdown group,
compared with the HG+ MT group. The results above
demonstrated that SIRT1 pathway was essential for mela-
tonin to ameliorate mitochondrial dysfunction caused by
high glucose.

Sirt1 knockdown blocks the regulation of melatonin

on autophagy and mitophagy

To validate the role of SIRT1 in the regulation of
autophagy and mitophagy after melatonin treatment,
Sirtl was knocked down by siRNA in TM3 cells, and then
the cells were treated with HG and melatonin. After Sirtl
knockdown, the levels of AMPK and phosphorylated
AMPK (p-AMPK) decreased (Fig. 6A), and autophagy-
related proteins such as Beclin-1, Atg7, Agt5 and LC3 II
were downregulated significantly in TM3 cells (Fig. 6B),
compared with the HG+MT group. In addition, the
immunofluorescence colocalization of the autophagy
marker LC3 respectively with the mitochondrial marker
COXI1V (Fig. 6C-F) and the mitophagy marker BNIP3L
(Fig. 6G-]) further demonstrated that mitophagy activ-
ity in TM3 cells was attenuated after Sirtl knockdown.
Moreover, downregulated BNIP3L was confirmed
by Western blotting in TM3 cell, compared with the
HG+MT group (Fig. 6K). These results demonstrated
that melatonin regulated autophagy and mitophagy activ-
ity via SIRT1 pathway in the context of high glucose.

Stimulation of SIRT1 pathway by melatonin is closely
linked to ROS levels and oxidative stress

The antioxidant enzymes glutathione peroxidase 4
(GPX4), glutathione peroxidase 5 (GPX5) and superox-
ide dismutase 2 (SOD2) were detected by Western blot-
ting, and ROS were assessed. Melatonin increased the
antioxidant GPX4 level and reduced the ROS level in the
HG+ MT group compared with the HG group (Fig. 7A-
B), and the ROS level in the HG group was much higher
than the ROS level in the NG group (Fig. 7B), indicating
that high glucose induced oxidative stress and that mela-
tonin treatment effectively mitigated oxidative stress.
SIRT1 knockdown significantly blocked the upregula-
tion of GPX4 levels induced by melatonin (Fig. 7A). To
determine whether the activation of SIRT1 pathway and
autophagy by melatonin treatment is mediated by ROS
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signalling, the ROS inhibitor N-acetyl-L-cysteine (NAC)
was used to pretreat cells under high glucose conditions
prior to melatonin treatment. Melatonin prevented the
decline in the protein levels of SIRT1, p-AMPK, mtTFA
and LC3 II in the HG+MT group, compared with the
HG group (Fig. 7C). Pretreatment with the ROS inhibi-
tor NAC suppressed melatonin-induced upregula-
tion of SIRT1, p-AMPK, mtTFA and LC3 II in the
HG+MT +NAC group, compared with the HG+ MT
group (Fig. 7C), indicating that increased ROS mediated
the regulation of melatonin on mitochondrial biogenesis
and autophagy and, most interestingly, the stimulation of
SIRT1. These results demonstrated that the antioxidant
activities of melatonin are closely interconnected with
SIRT1 upregulation and its actions on autophagy and
mitochondrial function.

Discussion

DM is a well-known risk factor for male infertility.
Although the functions of melatonin in many physiologi-
cal and pathological processes have been widely investi-
gated, its therapeutic role in DM-related complications
has not been completely explained. Here, we report that
although melatonin does not change glycaemic levels,
consistent with other report [24], it mitigates the impair-
ment in steroidogenesis caused by hyperglycaemia in
rat testes through activation of SIRT1 pathway, result-
ing in enhanced mitochondrial function, autophagy and
mitophagy activity as well as mitigated oxidative stress.
Our data revealed that in DM rat testes and mouse Ley-
dig cell line TM3 cells under high glucose, testosterone
production, SIRT1 expression, mitochondrial function
and autophagic activity decreased significantly; however,
depression of all these aspects was reversed by melatonin
treatment, which was independent of its impact on blood
glucose levels [24]. Furthermore, the protective effects of
melatonin treatment were partially prevented after Sirtl
knockdown in TM3 cells, indicating that the pleiotropic
actions of melatonin were closely dependent on SIRT1
pathway under high glucose conditions.

SIRT1, a member of the conserved NAD"-dependent
deacetylase family, plays a key role in cellular metabo-
lism. SIRT1 functions to regulate metabolic health by
deacetylating many target proteins [25]. Our results

(See figure on next page.)

Fig. 3 Melatonin prevented high glucose-induced decrease in autophagy and mitophagy. A Western blot was used to detect the expression levels
of autophagy-related proteins in rat testicular tissue, and gray values were analyzed. B The expression levels of autophagy-related genes in TM3 cells
detected by Western blot and statistical analysis of their gray values. C The expression levels of BNIP3L in total protein and mitochondrial protein

of TM3 cells was detected by Western blot. D&E Autophagosome formation in TM3 cells was detected by MDC (monodansylcadaverine) staining
and their fluorescence intensity was statistically analyzed. F-I. Immunofluorescent co-staining of COXIV and LC3 antibodies to detect mitophagy

in TM3 cells and statistical analysis of mitophagy (randomly counting 150 cells). Con, control group; DM, diabetes mellitus group; DM+ INS, insulin
treatment group of diabetic rats; DM 4 MT, melatonin treatment group of diabetic rats; NG, normal glucose control group; HG, high glucose
treatment group; HG + MT, high glucose and melatonin treatment group; A, Data are expressed as fold change relative to Con; B-C, Data are
expressed as fold change relative to NG. *, P<0.05; #, P<0.01. Bar: D, 20 um; F, 100 um
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found that the level of SIRT1 decreased in DM rat tes-
tes and TM3 cells under high glucose, consistent with a
previous report [26], but melatonin treatment stimulated
SIRT1 levels. Sirtl knockdown partially abolished the
protective effect of melatonin on high glucose-induced
impairment of testosterone synthesis, further demon-
strating that melatonin exerts its effect via SIRT1 path-
way, and treatment with high glucose and melatonin
together induced the simultaneous alteration of protein
acetylation levels in TM3 cells. SIRT1 has been reported
to contain two nuclear localization signals and two
nuclear export signals, which enable it to shuttle between
the nucleus and cytoplasm, and cytoplasmic SIRT1
inhibits cell migration and invasion in ovarian carcinoma

[27]. In our study, Western blot analyses indicated both
cytoplasmic and nuclear localization of SIRT1 in TM3
cells. Melatonin treatment stimulated cytosolic SIRT1
in a more significant way, although SIRT1 is considered
predominantly located in the nucleus [28, 29]. SIRT1 has
been reported to deacetylate mitochondrial SIRT3, which
deacetylates and regulates many mitochondrial proteins
[30], indicating that under high glucose conditions, cyto-
plasmic SIRT1 may have an important role in the pro-
tective effect of melatonin on steroidogenesis. Previous
studies revealed that SIRT1 phosphorylation by AMPK
leads to deacetylation and activation of PGC-1«, which
coactivates NRF1 [31]. Other researchers reported that
both AMPK phosphorylation and SIRT1 deacetylation
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can directly activate PGC-1a, which acts as a master reg-
ulator of mitochondrial biogenesis [32]. The expression
of nuclear-encoded mitochondrial proteins is predomi-
nantly controlled by NRF1 and NRF2. Mitochondrial
transcription factor A (mTFA) mediates mitochondrial
DNA transcription and replication through regulation of
NRF1/2 [17]. Our results revealed that melatonin treat-
ment activated AMPK/SIRT1 pathway, with stimulation
of NRF1, mtTFA and mitochondrial functional proteins

such as ATPB, Cytc and COXIV. The fact that melatonin
targets mitochondrial biogenesis via AMPK/SIRT1 path-
way may explain many of the beneficial effects of mela-
tonin on Leydig cell function in DM.

Energized and polarized mitochondria are required
for testosterone synthesis in Leydig cells. The state of
mitochondria may be involved in regulating steroido-
genesis and is closely linked to the transfer of choles-
terol into mitochondria, which is the rate-limiting step
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of testosterone synthesis [33]. The tight coordination of
mitochondrial biogenesis and mitophagy functions to
regulate mitochondrial turnover and preserve mitochon-
drial function [34, 35]. In Leydig cells, autophagy also
mediates cholesterol trafficking, thus controlling steroid
hormone production [6]. SIRT1 deacetylates the nuclear
receptor LXR, which is a major regulator of whole-body
cholesterol and lipid homeostasis [6, 36]. Our results
showed that DM and melatonin treatment impacted
LXR levels and lipid droplets in testicular tissues or TM3
cells. High glucose decreased autophagy in the testes of
the DM group or TM3 cells, but this effect was reversed
by melatonin treatment. The modulation of autophagy
by melatonin is partially dependent on SIRT1. SIRT1
knockdown partially abolished the stimulatory effects of
melatonin on the expression of autophagy-related pro-
teins such as Beclin-1, Atg7, Agt5 and LC3 II. SIRT1 is an
important positive regulator of autophagy and mediates
the expression of many autophagy-related genes [37].
The mitophagy receptor BNIP3L, also named Nix, binds
to LC3/GABARAP proteins, which function to remove
damaged mitochondria [38]. The protein level of BNIP3L
was also upregulated by melatonin treatment, consist-
ent with the immunofluorescence analysis of mitophagy.
Thus, melatonin modulates autophagy and mitophagy
via SIRT1, thereby maintaining mitochondrial function,
which is essential for mitochondrial steroidogenesis, and
transportation of cholesterol, the raw material for steroid
production.

Consistent with other reports [39], mitochondrial
morphology was also improved by melatonin treat-
ment in the context of high glucose. Mitochondria are
highly dynamic organelles constantly undergoing two
opposite processes of fusion and fission. Studies have
proven that nutrient excess is a stimulus that leads to
fragmented mitochondrial networks mediated mainly
by fission, and fragmentation/fission is considered
detrimental to mitochondrial function, whereas fused
networks are thought to be beneficial, which seems to
improve mitochondrial function and produce fewer
ROS [35, 39]. Our work revealed that under high glu-
cose conditions, mitochondrial dynamics transformed
towards fragmentation, ROS levels increased, and
mitophagy activity abated significantly. Excessive fis-
sion and depressed mitophagy dramatically mediated
mitochondrial dysfunction, including reduced expres-
sion of mitochondrial function-associated proteins,
decreased MMP and increased ROS levels, in accord-
ance with a previous report [40]. We also found that
treatment with melatonin improved mitophagy, facili-
tated mitochondrial fusion and decreased ROS produc-
tion, and Sirtl knockdown partially prevented these
beneficial effects provided by melanin treatment in a
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high glucose context. Recently, melatonin has been
shown to prevent Drpl-mediated mitochondrial fission
through SIRT1-PGCla pathway, which contributes to
protection against diabetes-induced cardiac dysfunc-
tion [38]. In addition to mitochondrial dynamics, there
are various mitochondrial quality control mechanisms
interconnected and engaged in coordinating mito-
chondrial biogenesis and turnover, such as mitophagy
[41]. Our results demonstrated that under high glucose
conditions, melatonin and SIRT1 interact to regulate
mitochondrial dynamics and maintain mitochondrial
homeostasis, which benefits steroidogenesis in Leydig
cells.

Melatonin provides protection against hyperglycaemia-
induced impairments in steroidogenesis, with simul-
taneous stimulation of SIRT1 pathway. However, the
underlying mechanisms by which melatonin upregulates
SIRT1 are not yet clear. In our study, melatonin treat-
ment reduced the excessive ROS and mtROS release
found under high glucose conditions and increased
antioxidant enzymes such as GPX4 to prevent oxidative
stress. Sirtl knockdown in TM3 cells partially abolished
the antioxidant activities of melatonin and its regulatory
roles in autophagy, mitophagy and mitochondrial biogen-
esis. Interestingly, pretreatment with the ROS inhibitor
NAC, which neutralizes ROS, eliminated the upregula-
tion of SIRT1, LC3 and mtTFA induced by melatonin
treatment. These data revealed that SIRT1 modulation by
melatonin may be related to its well-known antioxidant
actions, probably through the oxidative stress pathway.
Mitochondrial dysfunction results in an increase in ROS,
which in turn activate autophagy to remove oxidative
damage and mediate the pleiotropic actions of melatonin
[7, 42]. It is clear now that the role of SIRT1 in regulating
the redox environment is key for the cellular response to
oxidative stress. Melatonin and SIRT1 seem to interact to
regulate oxidative stress.

Nevertheless, our research has limitations. Since
hyperglycaemia is the main manifestation and pathologi-
cal factor of diabetes, in vitro culture medium supple-
mented with a high level of glucose is often used to study
the molecular mechanism related to diabetes. However,
the in vitro and in vivo regulation of glucose metabolism
is different, leading to some difficulties in explaining the
development of DM. The results obtained in experimen-
tal model animals may also be different from the mecha-
nisms in the human body [43]. In addition, melatonin is a
pleiotropic molecule regulating biorhythm and sleep, and
its effects on body metabolism are diverse and complex.
In this study, in vitro and in vivo research of melatonin
focused on its beneficial effects on steroidogenesis by tar-
geting diabetic manifestations such as mitochondrial dys-
function and oxidative stress, but many other questions,
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such as the appropriate dosage and timing of melatonin
intake to optimize the effect of melatonin, still need to be
considered in terms of its clinical application [18].

Conclusions

In summary, SIRT1 pathway is required for melatonin to
prevent hyperglycaemia-induced impairment of steroi-
dogenesis in Leydig cells. Under high glucose conditions,
melatonin upregulated the AMPK/SIRT1 activity to
improve mitochondrial biogenesis, autophagy, BNIP3L-
related mitophagy and mitochondrial dynamics. The
protective effects of melatonin on mitochondrial func-
tion benefit steroidogenic machinery in Leydig cells in
the context of hyperglycaemia. Stimulation of SIRT1 by
melatonin in DM may explain the pleiotropic functions
of melatonin in treating metabolic disorders. Moreo-
ver, modulation of SIRT1 by melatonin is dependent on
ROS levels and closely linked to its antioxidant actions.
Melatonin and SIRT1 may interact to coordinate mito-
chondrial biogenesis, mitophagy and redox signalling,
which is beneficial for the steroidogenic function of Ley-
dig cells in DM. Our data provide new evidence for the
relationship of melatonin and SIRT1 pathway in the con-
text of hyperglycaemia, and although melatonin did not
decrease blood glucose levels as insulin did, it may be
used as a supplement to combat diabetic complications
such as diabetic male reproductive impairment.
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