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Abstract

Leydig cells play a critical role in male reproductive physiology, and their dysfunction is usu-

ally associated with male infertility. Melatonin has an important protective and regulatory role

in these cells. However, the lack of suitable animal models impedes us from addressing the

impact of endogenous melatonin on these cells. In the current study, by using arylalkylamine

N-acetyltransferase (AANAT ) overexpression transgenic sheep and AANAT knockout mice, we

confirmed the regulatory effects of endogenously occurring melatonin on Leydig cells as well

as its beneficial effects on male reproductive performance. The results showed that the endoge-

nously elevated melatonin level was correlated with decreased Leydig cell apoptosis, increased

testosterone production, and improved quality of sperm in melatonin-enriched transgenic mam-

mals. Signal transduction analysis indicated that melatonin targeted the mitochondrial apoptotic

Bax/Bcl2 pathway and thus suppressed Leydig cell apoptosis. In addition, melatonin upregulated

the expression of testosterone synthesis-related genes of Steroidogenic Acute Regulatory Protein

(StAR), Steroidogenic factor 1 (SF1), and Transcription factor GATA-4 (Gata4) in Leydig cells. This

action was primarily mediated by the melatonin nuclear receptor RAR-related orphan receptor

alpha (RORα) since blockade of this receptor suppressed the effect of melatonin on testosterone

synthesis. All of these actions of melatonin cause Leydig cells to generate more testosterone,

which is necessary for spermatogenesis in mammals. In contrast, AANAT knockout animals have

dysfunctional Leydig cells and reduced reproductive performance.
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Introduction

Androgen promotes male growth and development, regulates male
reproductive performance and maintains male secondary sexual
characteristics. Testosterone—a typical androgen—is essential for
spermatogenesis in the testes [1]. Loss of testosterone and/or its
receptors leads to male infertility because of disrupted meiosis in
spermatogenesis [2, 3]. About 95% of testosterone is produced by
Leydig cells in the testes of mammals [4, 5]. Thus, testicular local
levels of testosterone are 25–125 times higher than that in serum of
mammals, including rodents and humans [6]. Testosterone directly
acts on testicular tissues and is also delivered to other organs or cells
via blood circulation. The primary functions of this hormone are to
stimulate the development of the male reproductive organs, maintain
male secondary sexual characteristics, and, most importantly, to
promote spermatogenesis. Insufficient amounts of or dysfunctional
Leydig cells will result in testosterone deficiency and cause androgen
deficiency-related disorders in males [7–9].

Melatonin (N-acetyl-5-methoxytryptamine, MT) is a pleiotropic
molecule that exhibits multiple physiological functions. These
include circadian rhythm regulation, free radical detoxification,
immunoenhancement, reproductive modulation, and other pharma-
cological effects [2, 3, 10–13]. There are profound regulatory effects
on Leydig cells promoted by exogenously administering melatonin.

To test the potential effects of endogenously produced melatonin
on these cells, melatonin-enriched, or melatonin-deficient genetic
animal models have been constructed by AANAT (arylalkylamine
N-acetyltransferase) gene overexpression or knockout in the
respective species. AANAT is the rate-limiting enzyme for melatonin
biosynthesis in organisms [14, 15]. Many studies have confirmed
that AANAT overexpression significantly improves melatonin
production in animals or even in plants and microorganisms
[16–18]; moreover, it was found in our previous study that
AANAT overexpression sheep also have a circadian rhythm [17].
However, to our knowledge, no study has addressed the effects
of endogenously produced melatonin on Leydig cells or male
reproductive performance. Thus, this effect is the main purpose
of our study.

Melatonin is associated with testosterone secretion from Leydig
cells and affects the proliferation and energy metabolism of Sertoli
cells. As a potent antioxidant [19], melatonin protects against testicu-
lar oxidative stress and germ cell apoptosis induced by cadmium and
fluoride [20], nicotine [21], and busulfan [22] and restores testicular
function to synthesize testosterone [23–25]. It has been reported that
the melatonin level in semen is associated with oligospermia and
azoospermia, and a decrease in the seminal level of melatonin results
in abnormal spermatogenesis and male infertility [26].
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Table 1. Primers for sgRNA template amplification

Primer Primer sequence(5′–3′)

T7 + sgRNA1-F TAATACGACTCACTATACAAGTAGAGGGGACAGGTACGTTTTAGAGCTAGAAATAGC
T7 + sgRNA2-F TAATACGACTCACTATACGGATCTCATCCAAGTAGAGGTTTTAGAGCTAGAAATAGC
T7 + sgRNA3-F TAATACGACTCACTATACTCAATCTCAAACGCACTGGGTTTTAGAGCTAGAAATAGC
Common-R AAAAAAAGCACCGACTCGGTGCCAC

Table 2. Primers for mutation site detection

Position Primer sequence(5′–3′) Tm (◦C) Product size (bp)

sgRNA-1/2 Forward: CCAGCCTTCCTTCTTGGGTAT 60 415
Reverse: AGGTCTTTACGGATGTCAACG

sgRNA-3 Forward: CGGCACTTCCTAACCCTGTGT 60 722
Reverse: TCCACAGGAGGACAGAGCCC

Table 3. Primers used for qRT-PCR

Genes Primer sequence(5′–3′) Tm(◦C) Product size (bp)

β-Actin Forward: CCAGCCTTCCTTCTTGGGTAT 60 93
Reverse: AGGTCTTTACGGATGTCAACG

Aanat Forward: CGGCACTTCCTAACCCTGTGT 60 214
Reverse: TCCACAGGAGGACAGAGCCC

StAR Forward:AACTCACTTGGCTGCTCAGTATTG 60 101
Reverse: CAGGTGGTTGGCGAACTCTATC

SF1 Forward: GGAGCGGCACACCCTTATTA 60 246
Reverse: CCAACTTTCCCTTCTTTCACT

Gata4 Forward: GGGATTCAAACCAGAAAACG 60 198
Reverse: GCTGTGCCCATAGTGAGATG

Interestingly, melatonin and testosterone share similar circadian
rhythms, which are lower during the day and higher at night [27,
28]. There are also several inconsistent reports showing that exoge-
nously supplied melatonin inhibits the secretion of testosterone and
reduces male reproductive performance [29–31]. These differences
may be caused by variable melatonin delivery time schedules and
doses since exogenous melatonin supplementation may disrupt the
normal circadian rhythm and jeopardize reproductive performance.
Keeping this in mind, we believe that the regulatory effects of
endogenously produced melatonin should be more consistent than
those of exogenously added melatonin on testosterone production
and male reproduction because of its regular circadian pattern. Thus,
in this study, we focused on the effects of endogenously occurring
melatonin on Leydig cells and male reproductive performance by
using genetically modified animal models to overexpress or to knock
out the AANAT gene to modify endogenous melatonin levels.

Materials and methods

Ethic statement

All the animal experiments were approved by the institution’s ethics
committee and were carried out in accordance with the principles
and procedures of the Chinese Association for Laboratory Animal
Sciences.

Animals

The male adult Dorper (Ovis aries) sheep study was conducted at
the experimental facilities of the Institute of Animal Husbandry
and Veterinary, Academy of Agricultural Sciences of Tianjin. The

AANAT overexpression transgenic Dorper sheep were generated by
pronuclear injection combined with embryo transplantation. The
detailed methods were reported by Ma et al. [17].

The mouse study was performed at China Agricultural Uni-
versity. Male mice (8–10 weeks old) were purchased from Vital
River Laboratories Co. Ltd. (Beijing, China). Mice were housed
under temperature-controlled conditions (22–26◦C) and a light/dark
cycle of 12/12 h and had access to food and water ad libitum.
BALB/c mice were used for the MT1 (Melatonin Receptor 1A)- and
MT2 (Melatonin Receptor 1B)-deficient studies, and ICR mice were
used for the AANAT knockout (KO) study. All animal experiments
and treatments were approved and supervised by the Animal Wel-
fare Committee of China Agricultural University (Permit Number:
XK662).

Generation of AANAT-deficient mice

The sgRNA syntheses were as follows: three gRNAs were designed
using clustered regularly interspaced short palindromic repeats
(CRISPR). MIT, and the sequences of sgRNAs are listed in Table 1.
The T7 promoter was added to the small guide RNA (sgRNA)
template by PCR amplification of the pSpCas9(BB)-2A-Puro
(PX459) V2.0 vector using the primers listed in Table 1. The T7-
sgRNA PCR product was purified and used as the template for
in vitro transcription (IVT) using the Maxiscript shortscript Kit
T7 (Ambion), and the sgRNAs were purified using the MEGA
clear kit (Life Technologies) and eluted in RNase-free water. To
target AANAT, a solution consisting of sgRNAs (50 ng/μL each)
and Cas9 protein [NEB (M0646T)] (100 ng/μL) was prepared and
microinjected into the nucleus and cytoplasm of ICR mouse zygotes.
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Figure 1. Effects of AANAT overexpression on hormone levels and semen quality in rams. (A) Serum melatonin, testosterone, and serotonin levels in WT (n = 6)

and AANAT transgenic rams (n = 7), serum samples all collected at 8:00 am; (B) The representative photo of the sperm screenshots (each white point represents

a sperm in the black background); (C) Ejaculation volume, sperm density, and survival rate of WT (n = 7) and Trans rams (n = 7). Trans: AANAT overexpression

transgenic rams, WT: wild type. Data are expressed as the mean ± SEM. ∗ P < 0.05; ∗∗ P < 0.01 vs respective controls.

Microinjected embryos were cultured overnight, and those that had
divided into 2-cell embryos were introduced into the oviduct of
pseudopregnant foster mothers. Pups were screened by PCR and
Sanger sequencing to detect the modified AANAT with the primers
listed in Table 2.

Sequence analysis of the AANAT gene of ICR mice revealed that
the gene contained a total of four exons. After removal of the 5′-
UTR, the translation initiation codon ATG of the gene located on the
second exon and one-third of the coding sequence (CDS) region was
selected as the sgRNA design segment, and then three sgRNAs were
designed using http://crispr.mit.edu/online website (Supplementary

Figure S1A). To verify further the accuracy of its base sequence,
six wild-type ICR mice were selected for template amplification and
sequence alignment. The band size was 415 bp of amplified product
(Supplementary Figure S1B). There were no SNP mutations in the
sgRNA loci of wild-type mice (Supplementary Table S1 and Figure
S2).

Hormone analysis

As we measured previously, the melatonin level at 4:00 am in the
transgenic sheep was significantly higher than that in WT sheep
[17]. The serum in the current study was collected at 8:00 am, and
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Figure 2. Microstructures of ram sperm under a transmission electron microscope. (A) Sperm, (B) sperm head, (C) head and neck joint, (D) middle sperm, and

(E) sperm cross section. WT: wild type, Trans: AANAT overexpression transgenic rams. No significant differences were observed in these parameters.

the concentrations of melatonin, testosterone, 5-hydroxytryptamine
(5-HT), follicle stimulating hormone (FSH), luteinizing hormone
(LH), estrogen, leptin, FT4, and insulin were measured with the
method described below: melatonin was measured by radioimmune
assay (RIA, BAR-3900, LDN, Germany), testosterone was mea-
sured by enzyme-linked immunosorbent assay (ELISA, A02PZB,
BNIBT, China), 5-hydroxytryptamine (5-HT) was measured by RIA
(BAR8900, LDN, Germany), follicle-stimulating hormone (FSH)
was measured by ELISA (FS046F, Calbiotech, USA), luteinizing
hormone (LH) was measured by ELISA (LH049F, Calbiotech, USA),
estrogen was measured by ELISA (KAP0621, Diasource, Belgium),
leptin was measured by ELISA (KMC2281, eBioscience, USA), and
FT4 was measured by ELISA (A04PZB, China). In brief, blood was
collected from the cervical or caudal vein, and after clotting, serum
was obtained by centrifugation at 5000 rpm for 10 min and stored at
−20◦C. We ground the testes on ice, added 100 μL cold PBS to dilute
them, and then centrifuged them at 5000 rpm for 10 min to detect
testosterone levels. The measurement of these hormones was carried
out by Beijing North Institute of Biological Technology (http://www.
bnibt.com/).

Immunohistochemistry and H&E staining

The testicular tissue was fixed in 4% paraformaldehyde (P1110,
Sigma-Aldrich). The samples were dehydrated and embedded in
paraffin and sliced. Then, the samples were processed into xylene,
xylene and alcohol (1:1 by volume), ethanol gradient solutions
(90, 80, and 50%), and water for 5 min to complete dewaxing
and hydration. The slices were immersed in a citric acid-disodium
hydrogen phosphate buffer solution and heated for 2 min by boiling.
After cooling, the slices were treated with 30% hydrogen peroxide
in the dark for 15 min and washed with PBS and incubated with
anti-AANAT antibody (1:100 dilution, ab3505, Abcam, Cambridge,
MA) and anti-ASMT antibody (1:100 dilution, sc-367687, Santa
Cruz) overnight at 4◦C. Sections were then washed and incubated
with biotinylated rabbit anti-goat IgG (1:200 dilution; GB23303;

Servicebio, Beijing, China) for 2 h at room temperature. ABC Com-
plex (Vector Laboratories, Burlingame, USA) was then added to
the samples and kept at room temperature for 2 h, and peroxidase
activity was detected by using diaminobenzidine (Sigma-Aldrich, St
Louis, MO, USA) staining for < 30 s. PBS as a substitute for the
primary antibody served as the negative control. The sections were
then counterstained with hematoxylin, dehydrated, and covered with
coverslips. Moreover, other slices were prepared for hematoxylin and
eosin (H&E) staining. The images were taken by an ordinary optical
microscope (Olympus microscope CX41, Olympus, Japan). The
objective lens had a magnification of 40X, the numerical aperture
was 0.65, and the working distance was ∼0.56 mm.

Immunofluorescence staining

The cells were washed twice with PBS, fixed with 4% paraformalde-
hyde (P1110, Sigma-Aldrich) for 1 h, and washed again with PBS.
Then, the cells were permeabilized in Triton X-100 (93 443, Sigma-
Aldrich) and blocked with 1% bovine serum albumin (BSA, A3311,
Sigma-Aldrich) for 1 h. After incubation with an antibody against
3β-HSD (sc-515120, Santa Cruz) at 4◦C overnight, the cells were
washed three times with PBS followed by incubation with a goat anti-
mouse secondary antibody (1:200, ab150113, Abcam) and DAPI
(1:1000, D9542, Sigma-Aldrich) for 1 h. Cover slides with the
fixed cells were examined using a confocal microscope (SP2; Leica,
Germany).

Sperm collection and kinetic analysis

Semen was collected from 7 AANAT transgenic and 7 WT rams
(>3 years of age) via artificial vaginal intervention. Mouse sperm
were collected from the left epididymal tail of 8 AANAT KO mice
and 6 wild-type (WT) mice. Immediately after collection, the sperm
volumes of rams were measured. After 1000 times dilution, sperm
density, and motility parameters of both the rams and mice were esti-
mated using a Makler counting chamber and Sperm Class Analyzer
software (SCA®; Microptic, Barcelona, Spain) as reported by García
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Figure 3. Generation and genotype identification of two strains of AANAT

KO mice. (A) Images of F0 AANAT KO mice (upper panel) and the wild-

type band (415 bp) and mutant band (275 bp) (lower panel). (B) Sequencing

analysis of two AANAT KO mouse lines of exon 3. (C) #1 line F1 generation

expansion and genotype identification. Two bands in the red box indicate

#1 line heterozygotes. (D) #1 line F2 generation expansion and genotype

identification; the red mark indicates #1knockout homozygotes. (E) Two strain

KO mouse AANAT protein sequences; the red box indicates the stop codon.

(F) Constructed #1 line AANAT protein structure compared with the wild-type

AANAT protein structure. M: Marker, WT: wild type.

Álvarez et al. [32]. The measurements of spermatozoa were adjusted
to ram or mouse, and at least six fields for each sample were ana-
lyzed. The survival rate, sperm density, and other kinematic param-
eters were statistically evaluated for each sample. These parameters
included linearity (LIN; %), average swing amplitude (ALH; μm),
average linear motion speed (μm/s), and average moving angle, which
are valuable parameters to reflect hyperactivated motility [33–35].

Isolation and treatment of Leydig cells

Leydig cells were isolated as described below. Briefly, the testes
were removed and washed three times with PBS; subsequently, the
testes were decapsulated and incubated with 1-mg/mL collagenase
IV (C5138, Sigma-Aldrich) in DMEM/F12 (A4192001, Gibco) con-
taining 5% FBS (10 270, Gibco) and shaken for 15 min at 200 rpm
and 37◦C. Then, DMEM/F12 was added to stop the action of

collagenase IV. The seminiferous tubules were separated from the
interstitial cells by gravity sedimentation. The cells were collected by
centrifugation (300 g for 6 min) and subsequently resuspended in
2 mL DMEM/F12 containing 5% FBS. To obtain purified Leydig
cells, this suspension was loaded on top of discontinuous Percoll
(P4937, Sigma-Aldrich) dissolved in HBSS (14 175 103, Gibco) and
centrifuged at 800 g at 4◦C for 30 min. Leydig cells were primarily
distributed in fractions of 50–60%. Subsequently, the Leydig cells
in the 50–60% fractions were carefully collected, washed with PBS,
and centrifuged at 500 g for 5 min. The purity of Leydig cells
was determined by immunofluorescence staining using a 3β-HSD
antibody. These purified Leydig cells were cultured in DMEM/F12
supplemented with 15% FBS, 100-U/mL penicillin, and 100-μg/mL
streptomycin (15 070 063, Gibco) at 35◦C with 5% CO2.

Real-time quantitative PCR analysis

Total RNA was extracted using TRIzol reagent (Invitrogen Inc.,
Carlsbad, CA, USA). RNA samples where both 260/280 and 260/230
ratios equaled two or more were used in reverse transcription.
Reverse transcription was carried out by using the PrimeScriptTM
RT reagent Kit with Genome DNA Eraser (Takara Bio Inc., Dalian,
China). The qPCR reaction procedure was as follows: Real-time
quantitative PCRs were run using a QuantiFast SYBR Green PCR
Kit on a Bio-Rad CFX Manager Machine (Bio-Rad, Hercules, CA,
USA). Real-time qPCR reactions consisted of SYBR Green (5 μL),
forward and reverse primers (30 μM and 1 μL), and template cDNA
(4 μL) was added up to a total volume of 10 μL. No-DNA template
controls were also run with each primer to confirm the absence of
contamination. The procedure was as follows: 95◦C for 10 min;
35 cycles of 95◦C for 10 s and 60◦C for 15 s; melting curve from
65 to 95◦C, increasing in an increment of 0.5◦C every 5 s. After each
PCR run, melting curve analysis was performed to confirm that a
single specific product was generated. Normalization was performed
using the housekeeping gene β-actin as a control. Relative mRNA
expression was calculated by the 2−��Ct method. Primer sequences
are listed in Table 3.

Electron microscopy

Briefly, sperm were washed twice in PBS and pelleted in 2.5%
glutaraldehyde (G5882, Sigma-Aldrich) for 24 h. Then, following
several rinses with PBS, sperm were postfixed in 1% octyl acetate
osmium tetroxide (365 092, Sigma-Aldrich) for 2 h. Sperm were
dehydrated in a graded series of ethanol and embedded in epoxy
resin (755 877, Sigma-Aldrich). Ultrathin sections were mounted on
nickel grids. Sections were examined under an H-7500 microscope
(JEOL Ltd., Hitach, Tokyo, Japan) to identify the structure.

Apoptotic analysis of Leydig cells by flow cytometry

analysis

Leydig cells were centrifuged at 1000 g for 5 min and resuspended
in 200 μL of Annexin V binding buffer using a kit (Beyotime,
China). Annexin V-FITC conjugate (to stain apoptotic cells) and
propidium iodide (to stain the DNA of dead or dying cells) were
added as recommended by the manufacturer. Samples were then
examined using a Fortessa flow cytometer (Becton Dickinson, UK),
and > 10 000 labeled cells were analyzed per experiment. The
apoptosis rate was calculated using the following equation: (number
of cells in the right lower quadrant)/(total number of cells). Early
apoptotic cells were labeled with the Annexin V-FITC conjugate
alone. Normal cells showed no labeling with either propidium iodide
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Figure 4. Effects of AANAT KO on reproductive performance and general physiological parameters in male mice. (A) Litter size after mating with 14-week-old

WT (n = 20) and AANAT KO (n = 20) mice. (B) Offspring sex ratio. (C) Pregnancy rate of female mouse after mating. (D) Spleen, liver, heart, and epididymis

weights. (E) Epididymis fat weight. (F) Testis weight (n = 14 of WT, n = 10 of AANAT KO). (G) Litter size of ICR female mice (8 weeks old) after mating with

12-month-old WT (n = 5) and AANAT KO (n = 4) male mice; (H) Newborn weight after mating with 12-month-old WT (n = 5) and AANAT KO (n = 4) male mice.

Data are expressed as the mean ± SEM, “∗” P < 0.05; “∗∗” P < 0.01 vs the respective control.

or Annexin V-FITC. Necrotic cells were labeled with both propidium
iodide and Annexin V-FITC.

Western blot analysis

The tissue samples were lysed by RIPA lysis buffer, and protease
inhibitors (Beyotime, China) were added. The samples were
maintained with constant agitation for 10 min at 4◦C and
subsequently heated at 100◦C for 10 min. The proteins were
then separated by SDS-PAGE (12% acrylamide running gel) and
transferred to a polyvinylidene difluoride (PVDF) membrane
(CWBiotech, Beijing, China). Nonspecific binding to the membrane
was blocked with 5% nonfat milk in TBST at 37◦C for 2 h.
Membranes were then incubated with primary antibodies (GAPDH:
CST, 5174, 1:1000 dilution; BAX: CST, 14 796, 1:1500 dilution; Bcl-
2: Servicebio, GB13458, 1:1500 dilution; P53: Abclonal, A19585,
1:1000 dilution; cleaved-caspase 3: Proteintech, 19677-1-AP, 1:1000
dilution; and StAR: CST, 8449, 1:1000 dilution) at 4◦C, overnight,
followed by incubation with horseradish peroxidase-conjugated
secondary antibody (Goat anti Rabbit IgG: Biodragon-immunotech,
BF03008, 1:5000 dilution; Goat anti-Mouse IgG: CWBiotech,

CW0102, 1:5000 dilution) at 37◦C for another 1 h. Finally, the
membranes were washed in TBST and the immunoblot bands were
visualized with an ECL kit (Beyotime, China), and read using a
chemiluminescence system (Thermo Scientific, Waltham, MA, USA).

Statistical analysis

The data are expressed as the mean value ± standard error of the
mean (SEM). The data were analyzed using univariate analysis of
variance (ANOVA) followed by Duncan’s test and the unpaired, two-
tailed T-test using SPSS 18.0 statistical software (SPSS Inc. Chicago,
USA). A P-value < 0.05 was considered significant. Statistical analy-
ses were performed using GraphPad Prism (GraphPad Software lnc.,
San Diego, CA, USA).

Results

Effect of AANAT overexpression on semen quality and

serum hormone levels in Dorper sheep

The serum level of melatonin in AANAT-overexpressing Dor-
per rams was significantly higher than that in wild-type rams
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Figure 5. Expression of AANAT and HIOMT in mouse testes and the effects of AANAT KO on testicular cells and sperm morphology in male mice. AANAT and

HIOMT immunostaining of mouse testes (6 months old), and the staining was more intense in Leydig cells (black arrows). (B) Effects of AANAT KO on testicular

cells. (C) Effects of AANAT KO on sperm morphology. The scale bar of A and B is 2 μm; the scale bar of C and D is 200 nm; and the scale bar of E is 100 nm. (D)

Effects of AANAT KO on the relative mRNA level of the melatonin receptor. WT: wild type mice; KO: AANAT knockout mice.

(293.72 ± 69.91 vs 77.62 ± 24.69 pg/mL, P < 0.05), indicating that
overexpression of AANAT (OE) elevates endogenous melatonin
production. The testosterone level in the OE rams was also
significantly higher than that in the wild-type rams (5.2 ± 0.85
vs 2.5 ± 0.74 ng/mL, P < 0.05). However, the serotonin (5-HT)
level was not modified by OE (Figure 1A).

The semen was collected manually by mounting the estrus
ewes, the original semen was diluted 1000 times, and the quality
was analyzed (Figure 1B). The results showed that the ejaculation
volume of the OE rams was higher than that of the WT rams
(1.1 ± 0.20 vs 0.8 ± 0.11 mL, P > 0.05), and sperm density was
also higher in the OE rams than in the wild-type rams (63.9 ± 7.14
vs 45.4 ± 6.26 × 109/mL, P = 0.076, Figure 1C). The survival rate
of sperm in the OE rams was significantly higher than that of the
WT rams (70.8 ± 1.15 vs 57.8 ± 3.84%, P < 0.01, Figure 1C).
Therefore, the overall quality of semen in the AANAT transgenic
sheep was significantly higher than that of the WT sheep.

Effects of OE on sperm microstructure in rams

The sperm microstructures exhibited no significant differences
between the AANAT OE and the WT rams under a transmission
electron microscope. The acrosome structures were clear, and the
mitochondrial structures were normal without vacuolization in both
groups (Figure 2). It seems that AANAT OE in rams does not directly
affect the microstructures of sperm.

Generation and identification of AANAT KO ICR mice

We first detected the mutation rate in blastocysts with different
strategies. Injection of sgRNA1 and Cas9 protein into pronuclear
embryos showed a 30.77% (4/13) mutation rate, while sgRNA2 and
Cas9 showed a 54.55% (12/22) mutation rate. When we tried to use
sgRNA1 combined with the sgRNA2 and Cas9 proteins, the muta-
tion rate reached 66.67 (22/33) (Supplementary Figure S3). When
the embryos developed to the 2-cell stage, they were transplanted
to the fallopian tubes. A total of 40 embryos were transplanted
to 2 recipients, and 7 F0 mice were generated for each recipient
(Figure 3A), with a birth rate of 35% (14/40). Sequencing analysis
showed that 12 mice had AANAT mutations, and the efficiency of
gene editing was ∼86% (12/14).

Genotype analysis revealed that most of the mutation types
were base deletions, while 2–1# and 2–2# were fragment insertions.
Then, two strains were selected for subsequent studies. They were
designated as 1# and 3# lines. For line #1, a total of 140 bp was
deleted of which 10 bp was located in the intron and the other
130 bp was in the exon; line #3 had one base substitution and 5 bp
base deletion in the coding region (Figure 3B). For line #1, 12 F1
offspring were generated, 8 of which were heterozygous (Figure 3C).
In the F2 generation, the homozygous line #1 was successfully
obtained (Figure 3D). The homozygous line #3 was obtained in the
same way as line #1. The amino acid sequences of the two strains
were analyzed, and stop codons were introduced in advance at
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Figure 6. Effect of AANAT KO on parameters of sperm quality in mice. KO: AANAT KO mice (n = 8), WT: wild-type mice (n = 6). Six replications of each sample

were analyzed. Data are expressed as the mean ± SEM, “∗” P < 0.05; “∗∗” P < 0.01, respectively, vs the respective control.

amino acids 62–65 (Figure 3E). The functional superfamily domain
is predominantly located between amino acids 45–175. This result
suggested that the catalytic function of AANAT in these two lines
was jeopardized. The AANAT protein structure of line #1 was
constructed by using http://www.sbg.bio.ic.ac.uk/phyre2/htmL/pa
ge.cgi?id=index website (Figure 3F).

Reproductive performance of the AANAT KO male

mice

Knockout and WT male mice (14 weeks old, ICR) were simultane-
ously mated with WT female mice (8 weeks old, ICR). The results
showed that the litter size in the KO group was significantly smaller
than that of the WT group (10.5 ± 0.58 vs 12.4 ± 0.57, P < 0.05,
Figure 4A), but there was no significant difference in the sex ratio
of the offspring (P > 0.05, Figure 4B) or pregnancy rate between
the groups. The AANAT KO mice had similar liver, spleen, heart,
and epididymis weights as the WT mice (P > 0.05, Figure 4D) but
had significantly increased epididymal fat weights (0.36 ± 0.03 vs
0.27 ± 0.02, P < 0.05, Figure 4E) and reduced testicular weights
(0.12 ± 0.004 vs 0.13 ± 0.003, P < 0.05, Figure 4F) compared
with the WT mice. To explore whether AANAT deficiency could
influence male fertility in aging mice, we used AANAT KO and

WT male mice (12 months old, ICR) to mate with WT female mice
(8 weeks old, ICR). The litter size in aging KO mice was significantly
smaller than that of the WT mice (11.0 ± 0.41 vs 15.2 ± 0.66), while
there was no significant difference in newborn weight (Figure 4G
and H).

Effect of AANAT KO on testicular and sperm

morphology

First, we found that the melatonin synthetases AANAT and HIOMT
were expressed in testicular cells and mainly in Leydig cells, indicat-
ing that local melatonin could be produced by the testes (Figure 5A).
However, there were no obvious differences among all cell types of
testes after AANAT KO (Figure 5B). The results also showed that
the AANAT KO mice had a limited impact on the general sperm
microstructures compared with the WT mice. The subcellular struc-
tures of the sperm, including mitochondria and middle and cross sec-
tions of sperm, were not significantly different between the AANAT
KO mice and the WT mice (Figure 5C). Moreover, there were no
significant differences in the mRNA levels of the melatonin mem-
brane receptors MT1 and MT2 or the orphan receptor RAR-related
orphan receptor alpha (RORα) between the KO and WT groups
(Figure 5D).
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Figure 7. Effect of AANAT KO on reproductive-related hormones in male mice. WT: wild-type mice (n = 15), KO: AANAT KO mice (n = 13). “∗” P < 0.05;

“∗∗”, P < 0.01 vs respective controls.

Effect of AANAT KO on parameters of sperm quality in

male mice

The results showed that the sperm survival rate (80.6 ± 1.13%
vs 85.1 ± 2.02%, P < 0.01), sperm density (185.2 ± 20.59 vs
336.0 ± 120.96 × 106, P < 0.01), and sperm linear movement
ability, except for the angle of motion, in the AANAT KO males
were significantly reduced compared with those in the WT males,
indicating that sperm quality in the KO mice was impeded compared
with that in the WT mice (Figure 6).

Effect of AANAT KO on serum hormones in male mice

The results showed that AANAT KO significantly reduced the serum
melatonin (124.4 ± 21.30 vs 217.2 ± 16.94 pg/mL, P < 0.01,
Figure 7) compared with the WT. The serum testosterone and intrat-
esticular testosterone in the KO mice were significantly reduced
(0.18 ± 0.04 vs 0.70 ± 0.22 ng/mL, P < 0.01. 33.70 ± 5.48 vs
65.25 ± 7.02 ng/mL, P < 0.01, respectively, compared with the
WT mice. In addition, the serum LH level in the KO mice was also
significantly reduced (2586.23 ± 102.99 vs 2135.12 ± 97.76 pg/mL,

P < 0.01) in the KO mice compared with the WT mice. No significant
differences between the groups were detected for other hormones,
including estrogen, FSH, insulin, thyroxine, leptin, and serotonin
(Figure 7).

Effect of AANAT KO on Leydig cell apoptosis

The isolated Leydig cells were cultured, and their purity was in
excess of 90% as evaluated by 3β-HSD as a marker (Figure 8A).
The apoptotic Leydig cells in the KO group were significantly
higher than those in the WT group (P < 0.01, Figure 8B).
The protein levels of P53, BAX, and cleaved Caspase3 were
significantly increased, while Bcl-2 expression was significantly
decreased in the KO mice compared with the WT mice (P < 0.01,
Figure 8C).

The potential associations of melatonin, testosterone,

and RORα

Leydig cells obtained from the wild-type mice were incubated
with the melatonin membrane receptor antagonist luzindole or the
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Figure 8. Effects of AANAT KO on Leydig cells apoptosis. (A) Green fluorescence indicates Leydig cells stained with 3β-HSD primary antibody, blue fluorescence

indicates nuclei of Leydig cells stained with DAPI. (B) The ratio of apoptotic Leydig cells to normal cells in the upper right corner. (C) Expression levels of

apoptosis-related protein. “∗∗” P < 0.01 vs the respective control.

nuclear RORα receptor antagonist SR1001. SR1001 significantly
downregulated the expression of testosterone synthesis-related genes
(StAR, GATA4, and SF1) and StAR protein (Figure 9B). In addition,
luzindole also downregulated the expression of StAR and SF1 but
had less effect than SR1001. Moreover, we used MT1 and MT2 KO
mice (6 months old, BALB/c) to detect their serum testosterone levels
to determine whether MT1 or MT2 has an effect on testosterone

synthesis. The results showed that testosterone levels in the MT1−/−

mice were lower than those in the WT and the MT2−/− mice, but this
alteration failed to reach a significant difference (Figure 9D). Leydig
cells isolated from the AANAT KO male mice were incubated with
melatonin and the RORα agonist CGP52608. The results showed
that melatonin and CGP52608 supplementation both increased the
expression level of testosterone synthesis-related genes (Figure 9C).
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Figure 9. Effects of melatonin on the expression of testosterone synthesis-related genes in Leydig cells. (A) AANAT and StAR expression levels in Leydig cells

between the WT and AANAT KO groups. (B) Effects of luzindole and SR1001 on testosterone synthesis-related genes and proteins. (C) Effects of melatonin and

CGP52608 on testosterone synthesis-related genes and proteins in Leydig cells with AANAT KO. MT: melatonin 10−7 M. (D) Serum testosterone levels in WT

(n = 5), MT1−/− (n = 5) and MT2−/− (n = 5) mice at the age of 6 months. Data are expressed as the mean ± SEM, AANAT−/−: AANAT KO mice; MT1−/−: MT1

KO mice; MT2−/−: MT2 KO mice. “∗” P < 0.05; “∗∗” P < 0.01 vs the respective control.

Discussion

Melatonin, as a ubiquitously presented molecule in organisms, acts
on cells, tissues, and organs to exert a spectrum of functions. These
include antioxidative anti-inflammatory activities, circadian rhythm
regulation, immunoenhancement, and anti-aging effects [10, 12, 13,
19, 36–39]. Accumulated evidence also indicates that melatonin
has important roles in mammalian reproduction. For example, in
females, melatonin promotes ovulation [40, 41], oocyte maturation
[42, 43], and fertilization [44, 45]. These functions also apply to male
reproduction, where melatonin regulates spermatogenesis, improves
sperm quality and prevents sperm damage from heat stress [46, 47].
However, most of these studies focused on the treatment effects of
melatonin supplementation [24, 25, 29, 48, 49]. Several studies have
explored endogenous melatonin deficiency in male reproductive
physiology with the surgical removal of the pineal gland [50, 51].
In addition to the pineal gland, other tissues, organs, and cells also

synthesize melatonin [52, 53]. For example, because of the large
area, many cell types and large number of microorganisms, the
gastrointestinal tract is considered the greatest source of melatonin
synthesis in the body [54, 55]. Additionally, the reproductive systems
have the capacity to synthesize melatonin [41, 56]. In the current
study, the melatonin synthetic enzymes AANAT and HIOMT were
detected in mouse testes and were mainly located in Leydig cells.
Moreover, melatonin membrane receptors and nuclear receptors
were also detected in the testes and ovaries [57, 58]. All evidence
indicates that the reproductive system has the capacity to synthesize
melatonin and has melatonin receptors. This melatonergic system in
male reproductive organs plays an important role in their reproduc-
tive physiology. Melatonin administration showed great protective
effects on male and female reproductive performance as mentioned
above. To estimate the roles of endogenously produced melatonin
in male reproduction, it appears that genetic modification of the
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Figure 10. Summary of the potential mechanisms of endogenously occurring melatonin on male reproductive activity.

melatonin synthetic pathway is the best way to address this impor-
tant issue. Thus, in the current study, the gene of the rate-limiting
enzyme for melatonin synthesis, AANAT, was targeted. The AANAT
overexpression transgenic sheep were used for the functional gain
study. Since large animals are not suitable to expand the detailed
mechanistic study because of ethical and cost-effective issues, the
mice were selected for loss function analysis. These mice were used
for the AANAT KO study with CRISPR/Cas9 technology for the first
time. The results confirmed that the OE animals had significantly
higher melatonin levels and the KO animals had significantly lower
melatonin levels than the WT animals.

The results revealed that endogenously elevated melatonin in the
OE sheep significantly reduced apoptosis in Leydig cells, increased
testosterone levels and improved the quality of sperm. The testes are
the most important reproductive organs, and testosterone synthesis
mainly occurs in the Leydig cells of the testes [59, 60]. It has been
reported that the apoptosis of Leydig cells severely damages the
functions of the testes, leading to male infertility [61, 62]. The
antiapoptotic effects of melatonin have been demonstrated in various
cell types and different mechanisms; for example, in granulosa cells,
melatonin is mediated by its MT1 and MT2 receptors [31, 32], and
in mouse Leydig cells, inhibiting oxidative damage or suppressing the
RORα/p53 signaling pathway is the main mechanism [63]. Consis-
tent with these reports, we observed that AANAT KO significantly
increased the apoptosis of Leydig cells by increasing the protein levels
of Bax, cleaved caspase 3 and P53 while reducing Bcl-2 levels. The

data support that endogenous melatonin prevents Leydig cells from
undergoing apoptosis through the p53 pathway.

In addition, it is well documented that the melatonin membrane
and nuclear receptors participate in the regulation of male repro-
duction [25, 57, 63]. Melatonin membrane receptors in mammals
mainly include MT1 and MT2, which are G protein-coupled recep-
tors. Their activation reduces intracellular cAMP levels as a second
messenger transmitting melatonin signals. Blocking MT1/MT2 with
luzindole in an in vitro study downregulated the expression of
steroid hormone-related genes, and the MT1 KO mice (6 months old)
had lower testosterone levels than the WT mice. Melatonin nuclear
receptors include retinoic acid-related orphan receptor (ROR/RZR),
which are transcription factors. Melatonin can bind to RORα [25]
to upregulate the expression of steroid hormone-related genes and
therefore to increase the synthesis of steroid hormones, including
testosterone [57]. Our results showed that melatonin upregulated
the expression of GATA4, SF1, and StAR, which are essential for
testosterone synthesis in Leydig cells. This action of melatonin was
mainly mediated by the nuclear receptor since blocking the RORα

suppressed the effect of melatonin on testosterone synthesis, and
a weak effect was observed by blocking the melatonin membrane
receptors.

In conclusion, we have identified that both melatonin synthetic
enzymes and melatonin membrane receptors are present in the testes
of mice. This outcome indicates the importance of the melaton-
ergic system in male reproduction. To test the potential effects of
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endogenously produced melatonin on Leydig cells and reproduc-
tive performance, the AANAT OE and KO animal models were
constructed. The results clearly showed the beneficial effects of
melatonin on male reproduction. Mechanistically, melatonin reduces
Leydig cell apoptosis and upregulates steroid hormone synthesis
genes in these cells by mainly targeting its nuclear receptor RORα

(Figure 10). All of these actions of melatonin cause the Leydig cells
to generate more testosterone and to promote spermatogenesis in
mammals.
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