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Abstract

Background
Testosterone is an important steroid hormone that is indispensable for male sexual development and the
reproductive system. Leydig cells (LCs), where autophagy extremely active, reside in the testicular
interstitium and are the major sites of testosterone production. However, the ultrastructural characteristics
and the functional role of autophagy in LCs of livestock remain unknown. This study was to investigate
the role of autophagy in LCs testosterone synthesis of dairy goats at juvenile, pubertal, and adult stages.

Results
In the present study, morphological results showed that the steroidogenic activity and ultrastructure of the
LCs were altered with increasing age. Serum luteinizing hormone and testosterone levels were
signi�cantly elevated with sexual maturation. Organelles involved in testosterone synthesis, e.g., smooth
endoplasmic reticulum, mitochondria, and lipid droplets, were abundantly distributed within the
cytoplasm of LCs in adult testes. However, further studies demonstrated that selective autophagy
(including lipophagy and mitophagy) did not participate in the synthesis of testosterone in LCs. In
contrast, the autophagy activity was enhanced in the testes at puberty and adulthood compared to that at
the juvenile stage. Moreover, a number of different autophagosomes, including phagophores and
autolysosomes, were observed within the cytoplasm of LCs.

Conclusions
Together, our results reveal that macroautophagy is involved in testosterone synthesis mainly through
degrading mitochondria and endoplasmic reticulum in the LCs of dairy goats.

Background
The adult male testis has two important roles within reproduction and physiology, the production of
spermatozoa and the secretion of sexual steroids [1]. Spermatogenesis is an extremely complex process
that occurs within the seminiferous tubules of the testis. However, Leydig cells (LCs), residing in the
testicular interstitium, are the primary location of androgen hormone production [2]. As an important male
hormone, testosterone is essential for male sexual development and characteristic maintenance [3].
Serum de�ciency of testosterone usually causes male sexual dysfunction and reduced reproductive
capacity [4]. Moreover, studies have shown that late-onset hypogonadism symptoms, including erectile
dysfunction, diabetes, decrease in bone mineral density, cardiovascular disease, and sleep disturbance,
are associated with testosterone decrease in serum [5–7]. During the development of mammals from
infancy to adulthood, there are four distinct development stages of LCs, including stem LCs, progenitor
LCs, immature LCs, and adult LCs [8]. Testosterone production gradually increases to high levels with the
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development of the adult LCs from stem cells of the neonatal testis. Once formed, the adult LCs rarely
turn over or die [2].

Current understanding of LC function and its regulation has showed that declines in testosterone
production occur with aging and diseases, resulting in hypogonadism and accompanying metabolic
changes [2]. In aged rat LCs, autophagy de�ciency is indicated to be related to steroidogenic decline [9].
Till date, growing evidence supports the notion that autophagy plays an important role in regulating
testosterone synthesis in LCs. This process is initiated in progenitor LCs, peaks in adult LCs, and
attenuates in aged LCs [10–13]. It is well established that the production of testosterone in LCs is
dependent on luteinizing hormone (LH) stimulation through the hypothalamic-pituitary-testicular axis
[14]. Several enzymes are involved in the production of testosterone in LCs, such as the steroidogenic
acute regulatory protein (StAR), cholesterol side-chain cleavage enzyme (P450scc), and 3β-
hydroxysteroid dehydrogenase (3β-HSD) [15]. The functional forms of StAR and P450scc are localized in
the mitochondrial membrane, and their function is closely related to cholesterol transport. Furthermore,
the StAR protein is an important and rate-limiting enzyme in the regulation of testosterone biosynthesis
[16]. As steroidogenic cells are capable of storing only very small amounts of hormone, rapid hormone
synthesis requires the mobilization of the precursor cholesterol [17]. Recent studies have identi�ed that
intracellular lipid droplets are an important source of free cholesterol, and lipophagy contributes to
testosterone biosynthesis in rodent LCs [18, 19].

Autophagy is an intracellular lysosomal degradation pathway that eliminates organelles and proteins.
The degradation of autophagosome contents is an energy-providing and recycling process [20]. The
microtubule-associated protein light chain 3 (LC3) and sequestosome 1 (p62, SQSTM1) biomarkers are
widely used for monitoring autophagy [21]. ATG7 is an important member of the autophagy-related gene
family that encodes the E1-like enzymes, which facilitate both LC3 and other ATGs [22]. The LC is
characterized by large amounts of smooth endoplasmic reticulum and mitochondria, mainly contributing
to testosterone biosynthesis. Previous studies have demonstrated that autophagy is extremely active in
LCs [13, 23]. Most of these studies were performed on human or rodent LCs; however, the role of
autophagy in livestock LCs remains largely unknown. The dairy goat (Capra hircus) is one of the most
economically useful domestic animals in China. As an important breeding animal, it is necessary to study
the regulation mechanism of reproductive capacity in males. The objectives of the current study were to
analyze the morphological characteristics of LCs during postpartum development and to explore the role
of autophagy in testosterone biosynthesis in dairy goats.

Methods

Animals
The dairy goat is one of the most economically useful animals widely distributed in the Shaanxi Province
of China. In the present study, we used dairy goats of different ages to represent three major
developmental stages of the testes: 3 months of age (juvenile), 6 months of age (puberty), and 24
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months of age (adult). A total of nine dairy goats were used in this experiment. After anaesthetization of
the dairy goats by intramuscular administration of pentobarbital sodium, samples of the testes were
collected immediately and �xed for further analysis.

Chemical Reagents
The following antibodies and reagents were used: Oil red O solution (Sigma, O0625), rabbit 3β-HSD
antibody (ABclonal, A19266), rabbit ATG 7 antibody (ABclonal, A0691), Alexa Fluor 488 conjugated rabbit
anti-LC3 antibody (CST, 13082), rabbit anti-LC3A/B (CST, 12741), rabbit anti-SQSTM1/p62 (CST, 5114),
rabbit anti-PINK1 antibody (ABclonal, A11435), rabbit anti-Parkin antibody (ABclonal, A0968), rabbit anti-
β-actin (Bioworld, AP0060), BODIPY 493/503 (Invitrogen, D3922), Anti-rabbit secondary antibody (Alexa
Fluor® 594 Conjugate) and Anti-rabbit secondary antibody (Alexa Fluor® 488 Conjugate) were purchased
from Cell Signaling Technology. Goat Testosterone Elisa Kit (Shanghai Enzyme Link Biotechnology Co.,
Ltd. China). Goat Luteinizing Hormone (LH) Elisa Kit (Shanghai Enzyme Link Biotechnology Co., Ltd.
China). DAB kit (Boster Bio-Technology, Wuhan, China).

Light microscopy
The dairy goat testes samples were �xed in 10% neutral buffered formalin (v/v) overnight, and then the
samples were embedded in para�n and sectioned serially (5 µm). The sample sections were stained with
hematoxylin and eosin for observation by light microscopy (Olympus DP73, Tokyo, Japan).

Oil red O staining
Tissue sections were collected from frozen samples of the testes of dairy goats. The frozen sections were
washed with phosphate-buffered saline (PBS), �xed with 4% formaldehyde for 10 min, and stained with
fresh Oil red O solution (Oil O-saturated solution in isopropanol:water, 3:2) for 15 min. Then, the sections
were washed with 60% isopropanol (v/v) to remove background staining. Finally, stained frozen sections
of the testes were imaged using light microscopy (Olympus DP73, Tokyo, Japan).

Immunohistochemistry (IHC)
The tissue sections of the testes were depara�nized in xylene and rehydrated in a graded series of
alcohol. After washing brie�y in PBS solution, the sections were placed in 3% hydrogen peroxide for 10
min to eliminate endogenous peroxidase activity. The sections were then boiled for 15 min in sodium
citrate buffer for antigen retrieval. The sections were chilled at room temperature and then blocked with
5% bovine serum albumin. The sections were incubated with primary antibodies (3β-HSD antibody or
ATG7 antibody) overnight at 4°C. After washing with PBS three times for 5 min each, the sections were
incubated with the secondary antibody diluted at 1:200 for 1 h at room temperature. The sections were
washed thrice with PBS, and the positive reaction was visualized using a DAB kit. The sections incubated
with PBS alone served as the negative control.

Immuno�uorescence staining
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Sections of the frozen testes of dairy goats were �xed and then incubated overnight at 4°C with Alexa
Fluor 488-conjugated rabbit anti-LC3 antibody. After washing with PBS three times for 5 min each, the
testes sections were stained with DAPI to highlight the nuclei. Stained sections were observed using
�uorescent microscopy. For the immuno�uorescence double-labeling, the frozen testes sections were
incubated overnight at 4°C with rabbit anti-LC3A/B antibody. The sections were then incubated with the
corresponding �uorescent secondary antibody for 1 h at 37°C. After washing thrice with PBS, the sections
were stained with BODIPY 493/503 for 15 min. The stained sections were observed under a confocal
microscope.

Transmission electron microscopy (TEM)
The testes tissue samples from dairy goats were �xed in 2.5% (v/v) glutaraldehyde in PBS (4°C, pH 7.4)
for 24 h. After rinsing in PBS, the samples were �xed in 1% (w/v) osmium tetroxide for 1 h at 37°C and
washed again with PBS. Subsequently, the testes samples were dehydrated in ascending concentrations
of alcohol, in�ltrated with a propylene oxide-Araldite mixture (50% propylene oxide: Araldite), and then
embedded in Araldite. Ultrathin sections (50 nm) were �rst stained with uranyl acetate, and then stained
with lead citrate. The electron micrographs were obtained using a transmission electron microscope
(Hitachi H-7650, Japan).

Hormone assay
After the dairy goats were anesthetized, blood was collected via jugular vein puncture. Serum was
isolated by centrifugation at 1200 × g for 20 min and stored at -80°C until analysis. The concentrations of
testosterone and LH in the serum were determined in duplicate using an enzyme-linked immunosorbent
assay (ELISA) kit according to the manufacturer’s instructions.

Quantitative polymerase chain reactions analyses (qPCR)
Total RNA was extracted from the testes samples of the dairy goats using the Trizol reagent according to
the manufacturer’s instructions. After the RNA concentration was measured, cDNA was synthesized using
the Prime Script reverse transcription reagent kit (Takara Bio Inc.). qPCR was performed using a Light
Cycler detection system (Roche), and the samples for qPCR were prepared using SYBR green super mix
(Bio-Rad Laboratories). All values were normalized to those of β-actin to balance potential irregularities in
the RNA concentration. The 2−ΔΔCt method was used to calculate fold changes in gene expression
(Table 1).
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Table 1
The qPCR primer sequences used in the present study.

Gene Name Primers

Forward Reverse

StAR GGAAGGGATGCCAGTCACAAGATG CTGCGAGAGGACCTGATTGATGATG

CYP11A1 CAGGCTGAATGTTTGGTTTGGAAGAAG AGGAGGAGGAGAGGAGGAAGTAGG

3β-HSD CTATGTTGGCAATGTGGC ATCTCGCTGAGCTTTCTTAT

17β1-HSD GATCCCTGGGTCAAGTAGGAAATGC AGGTGCGTATATGTGTGCTCAGTTG

β-actin CTGAGCGCAAGTACTCCGTGT GCATTTGCGGTGGACGAT

Western blotting
The testes samples were harvested from the goats at different development stages and homogenized in
cold RIPA-like buffer (Sigma) and supplemented with a protein inhibitor on ice. The homogenates were
centrifuged at 12,000 × g for 15 min, and the protein concentrations were determined using a protein
assay from Bio-Rad Laboratories. The lysates containing equal amounts of proteins were separated on a
10% gradient SDS-PAGE gel and transferred onto a PVDF membrane. Nonspeci�c binding was blocked
using 5% nonfat milk in Tris-buffered saline with Tween 20 (TBST) for 1 h at room temperature. Next, the
membranes were incubated overnight at 4°C with primary antibodies and β-actin antibody. After washing
with TBST three times for 5 min each, the membranes were incubated with peroxidase-linked secondary
antibody for 1 h at room temperature. Protein bands were scanned using an ECL detection system
(Vazyme Biotech, China) and immunoreactive bands were quanti�ed using Quantity One software (Bio-
Rad Laboratories).

Statistical analysis
All data are presented as the means ± SEM. The statistical signi�cance of the difference between the
mean values for the different groups was measured by ANOVA with the Multiple Comparison Test using
GraphPad Prism 7.0 software. All the quanti�cation data were repeated triply and the data were
considered signi�cant when the p-value was less than 0.05 (*) or 0.01 (**).

Results

Characteristics of LCs in dairy goats of different ages
In the present study, the testes of the dairy goats at three different ages were analyzed: juvenile (3 months
of age), puberty (6 months of age), and adult (24 months of age). During the juvenile stage (Fig. 1A and
D), testicular spermatogenesis did not occur. The seminiferous epithelium was thin and mainly
comprised of spermatogonia. Clusters of LCs could be observed in the interstitial spaces between
seminiferous tubules and were usually arranged around blood vessels of varying diameters. At puberty
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(Fig. 1B and E) and adulthood (Fig. 1C and F), spermatogenesis was active, and the seminiferous tubules
were lined with a continuous germinal epithelium consisting of mainly developing germ cells. With sexual
maturation, the diameter and area of the seminiferous tubules increased noticeable (Fig. 1-Data1).
Conversely, a marked decrease in the number of LCs was observed in the longitudinal section of testicular
tissue at the adult stage compared with that at the juvenile stage (Fig. 1-Data2). Furthermore, IHC
analysis was performed to detect the expression of 3β-HSD, a key enzyme involved in the biosynthesis of
steroid hormones, in the testes of the dairy goats (Fig. 1H-J). The immunopositive reaction of 3β-HSD
mainly appeared in the cytoplasm of LC close to the nucleus. Its weak to moderate labeling was observed
from the juvenile (Fig. 1H and K) to pubertal (Fig. 1I and L) stages, whereas moderate to intense
immunosignals occurred in the testes at the adult stage (Fig. 1J and M, Data3). Moreover, some
immunopositive signals of 3β-HSD were adjacent to the surface of the seminiferous tubule at the adult
stage of the dairy goat (Fig. 1M).

The hypothalamic-pituitary axis is integrally involved in the regulation of testicular testosterone
production. The LH secreted by the pituitary is essential for regulating the levels of the proteins and
enzymes involved in steroidogenesis in LCs. In the present study, ELISA results showed that serum levels
of LH in dairy goats increased with age (Fig. 2-Data1). The highest value was found at the adult stage.
There was also an increase in serum testosterone levels with age of the dairy goats (Fig. 2-Data2).
Differences among the different age groups were signi�cant (p < 0.01). Consistent with these results, the
mRNA levels of proteins and enzymes associated with steroidogenesis were signi�cantly higher at the
adult stage than at the juvenile stage (Fig. 2-Data3). Oil red O staining results indicated a small amount
of lipid droplets within the LCs at the juvenile stage, whereas a large amount of lipid droplets was
observed at the pubertal and adult stages (Fig. 2A ~ C, Data4). Moreover, TEM was used to observe the
ultrastructural characteristics of LCs. Results showed that the LCs displayed a round eccentric nucleus
with prominent nucleoli at the juvenile stage (Fig. 2D). At the perinuclear cytoplasm, the vesicular
endoplasmic reticulum was dispersed and in contact with the mitochondria; in addition, several lipid
droplets were scattered in the cytoplasm (Fig. 2G). At the pubertal and adult stages (Fig. 2E and F), the LC
nucleus appeared in an oval shape with irregular membranes. The diameter of the nucleus decreased
with the age of dairy goats (Fig. 2-Data5). However, strikingly, the predominant organelles (smooth
endoplasmic reticulum, mitochondria, and lipid droplets) were abundantly dispersed in the LC cytoplasm
(Fig. 2H and I). Especially, the number and size of lipid droplets within LCs were markedly increased at the
adult stage (Fig. 2-Data6 and Data7).

Lipophagy is not involved in testosterone synthesis in the
LCs of dairy goats
The biosynthesis of steroid hormones starts from the common precursor, free cholesterol, which can be
synthesized de novo from acetate and stored in lipid droplets, or originate from LC membranes. As
indicated above, there were numerous lipid droplets in LCs of the adult dairy goats. Therefore, we
speculated that autophagy might be involved in testosterone synthesis via lipid metabolism in LCs. To
test this hypothesis, we examined the expression of ATG7 in the testes of dairy goats of different ages.
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The IHC results showed that the immunopositive reaction of ATG7 mainly appeared in the cytoplasm of
LCs (Fig. 3A-D). Furthermore, intense immunosignals were observed at the pubertal and adult stages
(Fig. 3-Data1). The immuno�uorescence analysis of LC3 also showed increases in punctate
immunosignals (representing autophagosomes) in LCs at both puberty and adulthood (Fig. 3F-K).
However, further analysis using confocal microscopy indicated that the majority of LC3-II puncta were
unassociated with lipid droplets in the LCs (Fig. 3L-T). Consistent with the results of confocal microscopy,
TEM results showed the disappearance of the phagophore (pre-autophagosome) around the lipid droplet,
and the structure of the lipophagic vesicle in the LC was rarely observed (Fig. 3U-W). Based on these
results, we conclude that autophagy is highly active in pubertal and adult LCs of the diary goat, whereas
lipophagy is not involved in steroidogenesis.

Macroautophagy might regulate steroidogenesis in LCs of
dairy goats
The levels of autophagy markers (ATG7, LC3, and p62/SQSTM1) of LCs were analyzed using western
blotting. Consistent with the IHC results, the relative protein level of ATG7 was high in adult testes
(Fig. 4A, Data1). Autophagy activity was assessed by measuring LC3 conservation and p62 degradation.
Western blot analysis detected markedly higher LC3-II conversion in the pubertal and adult testes than in
the juvenile testes (Fig. 4A, Data2). Moreover, a dramatically elevated degradation of p62 was also
observed (Fig. 4A, Data3). To further investigate whether mitophagy is involved in steroidogenesis in LCs,
we assessed the protein levels of Parkin and Pink1 (speci�c markers of mitophagy) in the testes of the
dairy goats at different ages. Immunoblotting results showed the relative low protein levels of the two
markers of mitophagy in the testes all age groups (Fig. 4A, Data4). Additionally, the autophagosomes
were further con�rmed by TEM. The autophagosomes, that typically have a double membrane, were
easily detected in LC at puberty and adulthood (Fig. 4B). After sequestration of portions of the cytoplasm,
the content of the autophagosomes and its bordering membrane remained morphologically unchanged,
and sometimes, the sequestered mitochondrion and endoplasmic reticulum were easily recognized
(Fig. 4B-c and f). Degradative autolysosomes, typically with one limiting membrane, were also observed
in LCs (Fig. 4B-e). Thus, these results suggest that macroautophagy in LCs of dairy goats might be
involved in the synthesis of testosterone.

Discussion
The steroid-secreting LC regulates the development and activity of the male reproductive tract and
external sex characteristics and enhances spermatogenesis in the seminiferous tubules [24, 25]. In
mammals, the LCs progressively improve their capacity to synthesize testosterone during development
and differentiation from stem LCs to the adult LCs, with production peaking in the adult LCs [2]. In the
adult testes, LCs show morphological characteristics such as abundant smooth endoplasmic reticulum,
numerous mitochondria, and a variable number of lipid droplets [26]. However, most of the research to
data has been on mouse LCs, whereas the ultrastructural characteristics and the mechanism of
testosterone synthesis in livestock LCs have not been well elucidated. In the current study, we used dairy
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goats as experimental animals to observe the ultrastructure of LCs at different ages. Our results
suggested that the number and area of LCs in each longitudinal testicular section decreased from the
juvenile to adult stages. The positive reaction of 3β-HSD mainly appeared in the cytoplasm of LCs and
close to the nucleus. Its weak to moderate reaction was observed from the juvenile to pubertal testes,
whereas intense immunopositive signals were present in adult testes. Moreover, TEM results indicated
that at the juvenile stage, the LCs displayed a round eccentric nucleus, and the vesicular endoplasmic
reticulum and several mitochondria were present in the cytoplasm. At the pubertal and adult stages, the
nucleus of the LC showed an oval shape with irregular membranes. Well-developed smooth endoplasmic
reticulum and mitochondria were abundantly dispersed in the cytoplasm, and numerous lipid droplets
were also observed. All the morphological alterations observed in the present study could be related to an
enhancement of testosterone synthesis with sexual maturation in dairy goat LCs. The production of
testosterone in LCs is dependent on LH stimulation through the hypothalamic-pituitary-testicular axis [14].
In the current study, ELISA results showed an obvious increase in serum levels of LH at the pubertal and
adult stages compared with that at the juvenile stage. Responding to the LH stimulation, the serum levels
of testosterone and the mRNA levels of related enzymes were also increased considerably. Wing and
Ewing [27] reported that in response to LH infused into the testes, testosterone could be synthesized at
high levels for several hours. A positive correlation was observed between the ability of LCs to produce
testosterone and the content of smooth endoplasmic reticulum [28]. Thus, it could be suggested that LH
regulates not only the ability of steroidogenesis but also LC ultrastructure.

Intracellular free cholesterol serves as the initial substrate for testosterone synthesis, and it is usually
stored in cytoplasmic lipid droplets in the form of cholesterol esters in LCs [25, 29]. In hepatocytes, the
participation of autophagy in cellular lipid droplets metabolism has been indicated [30]. Previous studies
have reported that lipophagy contributes to testosterone biosynthesis in LCs [18, 31]. However, Gao et al.,
[12] reported that in autophagy-de�cient LCs, the content of cellular lipid droplets clearly decreased
compared with that in the control group. Their further investigations indicated a novel functional role for
autophagy in cholesterol uptake. Nevertheless, LCs indeed exhibit higher levels of autophagy than other
cells [13]. In order to investigate the potential roles of autophagy in testosterone synthesis by LCs of the
dairy goat, we observed the correlation between LC3 and lipid droplets. In this study, confocal microscopy
analyses and TEM results showed that lipid droplets were not enveloped by autophagosomes. Moreover,
immunoblotting detected low levels of Parkin and PINK1 in the adult testes of dairy goats. Thus, the
above results indicate that selective autophagy (including lipophagy and mitophagy) was not involved in
the synthesis of testosterone in LCs of dairy goats. As an important intracellular lysosomal degradation
pathway, autophagy can eliminate organelles and proteins to produce basal metabolic substances, which
are then exported back to the cytoplasm for fresh synthesis of macromolecules [32]. The results of
immuno�uorescence and immunoblotting demonstrated that the levels of speci�c autophagic markers
were higher in the LCs at the pubertal and adult stages compared with that at the juvenile stage.
Furthermore, autophagosomes (mainly mitochondria and endoplasmic reticulum cargos) were observed
under TEM in the pubertal and adult testes. Therefore, it is suggested that the increased levels of
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testosterone synthesis are in line with the alteration of macroautophagy activity in the development of
dairy goat LCs.

Conclusions
In conclusion, at different stages of development, the LCs of the dairy goat, Capra hircus, showed obvious
morphological characteristics including steroidogenic activity (active 3β-HSD), well-developed smooth
endoplasmic reticulum, dynamic mitochondria, and lipid droplets. All these morphological changes in LCs
were closely related to the ability for testosterone synthesis. Moreover, our present study provides new
evidence on the involvement of autophagy in the synthesis of testosterone. This study indicates that
macro-autophagy regulates testosterone synthesis in LCs mainly through the breakdown of mitochondria
and endoplasmic reticulum in adult dairy goats.
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Figure 1

Light micrographs of testes tissue from the dairy goats at different ages. The testes tissue sections in
juvenile (A), pubertal (B), and adult (C) stages, H&E staining. (D, E, and F) The higher magni�cation
pictures of the corresponding black rectangle in upper panel, respectively. Immunohistochemistry of 3β-
HSD in the testes at the juvenile (H), pubertal (I), and adult (J) stages. (K, L, and M) The higher
magni�cation pictures of the corresponding black rectangle in upper panel, respectively. The
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quanti�cation of the average diameter of seminiferous tubules (Data 1) and the number of LCs per
cluster (Data 2) based on light micrographs. Data 3. The relative mean positive intensity of 3β-HSD in the
testes at different stages. Each value represents the mean ± SEM, *p < 0.05, **p < 0.01. ST: seminiferous
tubules; Lu: lumen; Curved arrow: spermatogonia; Black arrow: Leydig cells; Black arrowhead: capillary;
Scale bar: A, B, C, H, I, and J = 100 μm; D, E, F, K, L, and M = 50 μm.

Figure 2
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Ultrastructural analysis of LCs from the diary goats at different development stages. Lipid droplets were
observed in LCs at the juvenile (A), pubertal (B), and adult (C) stages by Oil red O staining. ST:
seminiferous tubules; Lu: lumen; Black arrow: Leydig cells; Scale bar: A, B, and C = 50 μm. Serum levels of
LH (Data 1) and testosterone (Data 2) were analyzed using ELISA kit. The relative expressions of target
genes involved in testosterone synthesis were detected using qPCR (Data 3). The average intensity of Oil
red O staining in LCs based on Light micrographs (Data 4). Ultrastructural pictures of LCs at the juvenile
(D), pubertal (E), and adult (F) stages. (G, H, and I) The higher magni�cation of the corresponding blue
rectangle in upper panel, respectively. The histogram represents the quanti�cation of nucleus diameter
(Data 5), lipid droplets number within LC (Data 6), and lipid droplets size (Data 7), based on TEM pictures,
respectively. N: nucleus; LD: lipid droplet; Mi: mitochondria; sER: smooth endoplasmic reticulum; Scale
bar: D, E, and F = 2.0 μm; G, H, and I = 1.0 μm; Each value represents the mean ± SEM, *p < 0.05, **p <
0.01.
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Figure 3

Lipophagy is not involved in testosterone synthesis in the LCs of dairy goats. Immunohistochemistry of
ATG7 in the testes at the juvenile (A), pubertal (B), and adult (C) stages. D: negative control. Data 1: The
mean positive intensity of ATG7 in testes. Each value represents the mean ± SEM, *p < 0.05, **p < 0.01.
ST: seminiferous tubules; Lu: lumen; Black arrow: Leydig cells; Scale bar = 50 μm. Immuno�uorescent
analysis showed the expression of LC3 in the testes at the juvenile (F and G), pubertal (H and I), and adult
(J and K) stages. White arrow: Leydig cells; Scale bar = 50 μm. The colocalization of LC3 and lipid droplet
(BODIPY 493/503) was analyzed using confocal microscopy in the testes at the juvenile (L, M and N),
pubertal (O, P and Q), and adult (R, S and T) stages. White arrow: Leydig cells; Curved white arrow: there
was no co-localization between LC3 and lipid droplet. Scale bar = 10 μm. The ultrastructures of lipid
droplets within Leydig cell at the juvenile (U), pubertal (V), and adult (W) stages. LD: lipid droplet; Mi:
mitochondria; sER: smooth endoplasmic reticulum; Scale bar U, V, and W = 200 nm.
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Figure 4

Macroautophagy might regulate testosterone synthesis in LCs of dairy goats. A: Western blot analysis
was performed to measure the expression of proteins involved in autophagy. β-actin was utilized as a
loading control. The histogram represents quanti�cation of proteins levels of ATG7 (Data 1), LC3 (Data
2), p62 (Data 3), Parkin and PINK1 (Data 4), respectively. Each value represents the mean ± SEM, *p <
0.05, **p < 0.01. B: Electron micrographs of autophagosomes within Leydig cells at the pubertal (a-c) and
adult (d-f) stages. N: nucleus; Mi: mitochondria; LD: lipid droplet; White curved arrow: phagophore (pre-
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autophagosome); AVi: autophagic vacuoles (autophagosome); AVd: autolysosome; Black arrow:
autophagosomes mainly encase endoplasmic reticulum; White arrow: autophagosomes mainly encase
mitochondria; Blue arrow: autophagosomes mainly encase mitochondria and endoplasmic reticulum;
Scale bar a, b, d, and e = 500 nm; c and f = 200 nm.


