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Abstract Cryptorchidism-caused adult infertility is a common component of idiopathic rea-
sons for male infertility. Retinoic acid (RA) has a vital effect on the spermatogenesis process.
Here, we found that the expression of c-Kit, Stra8, and Sycp3 could be up-regulated via the
activation of retinoic acid receptor a (RARa) after RA supplementation in neonatal cryptorchid
infertile rats. We also demonstrated that the protein expression of PI3K, p-Akt/pan-Akt, and p-
mTOR/mTOR was higher in cryptorchid than in normal testes, and could be suppressed with RA
in vivo. After RA treatment in infertile cryptorchid testis in vivo, the levels of the autophagy
proteins LC3 and Beclin1 increased and those of P62 decreased. Biotin tracer indicated that
the permeability of blood-testis barrier (BTB) in cryptorchid rats decreased after RA adminis-
tration. Additionally, after blocking the RARa with AR7 (an RARa antagonist) in testicle culture
in vitro, we observed that compared with normal testes, the PI3K-Akt-mTOR signaling pathway
and the autophagy pathway was increased and decreased, respectively, which were coincident
with cryptorchisd testes in vivo. Additionally, the appropriate concentrations of RA treatment
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could depress the PI3K-Akt-mTOR signaling pathway and improve the autophagy pathway. The
results confirmed that RA can rehabilitate BTB function and drive key protein levels in sper-
matogonial differentiation through depressing the PI3K-Akt-mTOR signaling pathway via RARa.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Infertility affects almost 70 million couples, with 50%
caused by male reproduction problems.1 The majority of
infertile men (>45%) are diagnosed with idiopathic rea-
sons, including reproductive system diseases in children.
Cryptorchidism is a representative condition.2 Male
infertility may be caused by childhood reproductive dis-
eases. This etiology of infertility often comes to the
urologist’s attention. Cryptorchid children are more likely
to become infertile in adulthood, and about 10% of infer-
tile men report a history of cryptorchidism or orchidopexy.
Nearly 90% of men with untreated bilateral cryptorchidism
will suffer azoospermia as seen with long-term follow
up,3,4 this is a serious threat to human reproductive
health. Finding a way to reestablish the spermatogenesis
function of these cryptorchidism patients is extremely
urgent.

It is known that the transformation of gonocytes into
adult dark (AD) spermatogonia during the first year is
crucial for male fertility.5 In undescended testes, testic-
ular biopsy results indicate that the process of gonocyte
transfer into AD spermatogonia is blocked.6,7 In addition,
in cryptorchid testes, dysfunction of Sertoli and Leydig
cells causes spermatogenic microenvironment distur-
bances and the initiation of meiosis. The detailed mech-
anism of spermatogenesis is complex. Researchers have
suggested that retinoic acid (RA) deficiency could cause
reproductive abnormalities and disorders of the sper-
matogenic process, which would indicate that RA is crucial
for normal spermatogenesis.8,9 Additionally, RA is suffi-
cient for inducing the differentiation of leptotene/zygo-
tene spermatocytes from cultured mouse spermatogonial
stem cells and is crucial in the initiation of meiosis by
stimulating retinoic acid gene 8 (Stra8).10 In our previous
study, we found that RA concentration is lower in rats with
cryptorchidism. The spermatogenesis-blocking process in
cryptorchidism is consistent with the spermatogenesis
failure process in the RA-deletion model. Hence, we hy-
pothesize that administration of exogenous RA to young
rats with cryptorchidism during the spermatogenic critical
period could ameliorate the spermatogenic damage pro-
cess in adults.

RA binds retinoic acid receptors (RARs) to function in its
biological role in testes. RARs is composed of three sub-
types (a, b, and g).11 RARa is indispensable for normal
spermatogenesis. Mice with an RARa-/- null mutation
exhibit defects in spermatogenesis and loss of proper germ
cell organization, with a phenotype similar to RA or vitamin
A deficient testes.12 In RARa knockout testes, the differ-
entiation of spermatogonial stem cells is disrupted, and this
phenotype is also presented in cryptorchidism.13 It was
discovered in a recent pilot study that RA treatment could
reprogram human dysfunctional sperm metabolism toward
capacitation status, and that RA has the function to control
the cell junctional physiology in Sertoli cells.14 Thus, the
aim of this study is to verify whether the RARa signaling
pathway could restart spermatogonial stem cell differen-
tiation in cryptorchidism.

Autophagy is a self-degradative process, acting on various
conditions of cellular stress, such as starvation, hyperther-
mia, and cytotoxic injuries to allow the cell to adapt to
changing environments. Uncontrolled activation of auto-
phagy can promote cell death.15 In the progress of sper-
matogenesis, autophagy has been shown to regulate germ
cell maturation.16,17 It has been reported that autophagy is
abnormal in sperm cells from patients with cryptorchid his-
tory.18 Regulating autophagy may be a suitable way to
improve sperm quality in men with cryptorchidism.

Mammalian target of rapamycin (mTOR) is a conserved
kinase that interacts with autophagy pathways to regulate
different cellular processes, including spermatogonial
development. Orderly spermatogonial differentiation is
blocked when mTOR is inhibited with rapamycin in neonatal
pups, and Kit and spermatogenesis and oogenesis specific
basic helix-loop-helix (SOHLH) (two differentiation markers)
genes are also degenerated.19mTORmediates the expression
of c-Kit and Nanos2 for spermatogonial stem cell renewal. In
an acute promyelocytic leukemia model, RA has been
demonstrated to promote autophagy level and restore GOS2
(G0/G1 switch 2, a direct retinoic acid target gene) gene
expression, which promotes autophagy.20 However, the
mechanisms of correlation between RA and mTOR-mediated
autophagy in the spermatogonium differentiation process in
cryptorchidism-induced infertility have not been described.

In a previous study, we have demonstrated that the
concentration of RA in cryptorchidism-induced infertility rat
testes was decreased, and sperm quality could be partially
improved with restoration of the blood-testis barrier after
exogenous RA administration in cryptorchidism.21 Thus, the
objective of this study was to investigate the mechanism by
which RA improves spermatogenesis in cryptorchidism.
Materials and methods

Animals and treatments

Female Sprague-Dawley rats (250-300 g) from the Experi-
mental Animal Center of Chongqing Medical University
(SCXK 2018-0003) were housed in the Animal Center of
Chongqing Children’s Hospital (SYXK 2017-0012). All of the
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animals had free access to food and tap water and were
housed in a pathogen-free environment (12-h light/12-h
dark; 25 � 2 �C; humidity 55 � 5%). The females were
paired with males overnight and checked for a vaginal
sperm plug in the morning, which was designated as em-
bryonic day (ED) 0.5. The animal experiments were
approved by the Experimental Animal Committee of
Chongqing Medical University (license number: 2017-0001).

All of the pregnant female rats were randomly appor-
tioned to three groups (n Z 10, each): normal control,
treated with flutamide only (Flu-only), and treated with Flu
and RA (Flu þ RA). The control rats were injected daily with
1 mL/kg/d corn oil by hypodermic needle at ED12.5 to
ED19.5. The Flu-only group was injected daily with 25 mg/
kg/d flutamide (with corn oil as the carrier) at ED 12.5�ED
20.5 to induce cryptorchidism in the male fetuses (the
model). The Flu þ RA group received the same treatment as
the Flu group, but in addition the male offspring cubs were
injected with all-trans RA (RA, R2625, Sigma) at 1 mg/kg
from postnatal birth day (PND) 1 to PND 10. The incidence
of cryptorchidism was detected at PND20. For investigating
the effect of RA supplementation at different time periods
on cryptorchidism, the RA was administered between PND
1e10, PND 20e30, and PND 50e60. Rats were euthanized
by CO2 asphyxiation and cervical dislocation, and the testes
were stored at �80 �C until use. All of the regents are listed
in Table S1.

Pathway prediction with bioinformatics analysis

We investigated the potential key pathway in RA induction
of the stem cell differentiation process. The
gene expression profile data of GSE34279 was obtained
from the Gene Expression Omnibus (GEO) database of
the National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/gds) for prediction. The data were
described in mouse embryonic stem cells (mES), which were
induced by RA. The differentially expressed genes (DEGs)
were screened and obtained using the cutoffs of fold
change > 2 and adj. P < 0.001. The first 200 DEGs (Table S2)
were uploaded in DIVID6.7 website (https://david.ncifcrf.
gov/) for gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment prediction
analysis.

Western blot

The proteins of the testes were extracted with radio-
immunoprecipitation assay (RIPA, Beyotime) buffer contain-
ing phenylmethanesulfonyl fluoride (PMSF), and centrifuged
at 4 �C at 12,000 rpm for 20 min. Protein concentrations were
measured using the bicinchoninic acid method (BCA, Beyo-
time). Total protein was diluted with 1/4 volume loading
buffer and boiled 10 min to fully denature it before loading
onto a 10% SDS-PAGE gel. Proteins were transferred to a pol-
yvinylidene difluoride membrane (Millipore, USA). Tris-
buffered saline Tween solution (TBST) with 5% non-fat milk
was used to block the nonspecific protein binding at room
temperature for 1 h. The primary antibodies were serially
added, incubated at 4 �C overnight, and washed in TBST
3 � , 10 min each time; the corresponding secondary
antibody (1:5000) was added for 1 h at room tempera-
ture. Finally, bands were detected with a chemilumines-
cent reaction (Millipore), and image collection and
densitometry analysis were performed using Image Lab6.0.0

analysis software. The levels were relative to the reference
b-actin.

Immunofluorescence analysis

Four-micron-thick sections obtained as described above
were deparaffinized, rehydrated, and retrieved with anti-
gen. Slides were dipped in 3% H2O2 (Keshi, China) for 20 min
and 0.5% bovine serum albumin (ZSGB-BIO) for 1 h. Sections
were incubated serially in the primary antibody overnight
at 4 �C, and then the corresponding fluorescein-conjugated
secondary antibody for 2 h at room temperature in the
dark.

Nuclei were stained with 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI) or Hoechst 33342 (Life Technologies)
for 30 min. Images were processed using NIS Elements Basic
Research software (Nikon, USA).

BTB integrity assay

The permeability of the BTB was assessed by a biotin tracer.
Procedures were conducted as previously described.22

Briefly, PND 60 rats from different groups (n Z 4, each
group) were anesthetized and injected with 40 mL of 10 mg/
mL EZ-Link SulfoeNHSeLC-Biotin (Pierce Biotechnology,
Rockford, IL, USA), which was dissolved in PBS containing
1 mM CaCl2, into the interstitium of cryptorchid testes in
the Flu-only group and the Flu þ RA group. The testes were
dissected and removed after 30 min, and then frozen in
liquid nitrogen. Next, 10-mm frozen sections were prepared
and fixed with 4% paraformaldehyde (PFA) plus 5% bovine
serum albumin for 30 min, and incubated with anti-
streptavidin antibody (4 mg/mL in PBS, Alexa Fluor 488
streptavidin conjugate) for 1 h. Finally, slides were washed
in PBS and mounted with DAPI. Images of the seminiferous
tubules were acquired on a DM4000B microscope (Leica) at
a 400 � magnification.

Testicle tissue cultures

To detect the effect of RA on the PI3K-Akt-mTOR pathway
in vitro, testicle tissue cultures were performed as previ-
ously described.23 The brief process was conducted as fol-
lows: small pieces (cut into ~3 mm � 3 mm) of testis were
isolated from 7-day-old normal male Sprague-Dawley rats
(obtained from the Experimental Animal Center of
Chongqing Medical University), and cultured in Dulbecco’s
Modified Eagle’s Medium/F-12 (DMEM/F-12, Gibco, USA)
mixed with 10% KnockOut Serum Replacement specific for
tissue culture (KSR, Gibco, USA). Cultures were incubated
in a humidified atmosphere of 95% air and 5% CO2 (vol/vol)
at 34 �C. The testicular tissue was cultured 1 w to establish
a steady state, and the medium was changed twice per
week. To determine a suitable concentration of AR7 (an
RARa antagonist) and RA, AR7 was added to the medium at
10, 20, and 50 mmol/L. Then, RA was added at 1, 10, or
50 mmol/L into the medium with the varying AR7
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concentrations. Testicular tissue was collected after
culturing with these media for 24, 48, or 72 h.

Protein-protein interaction (PPI) network

We investigated the interaction of all proteins in this study
to validate our assumptions about the mechanism. All of
the detected proteins in this study were uploaded to
STRING11.0 (https://string-db.org/) with multiple proteins
with official names. The central proteins between axes
were considered critical proteins.

Statistical analysis

All of the experiments were replicated at least three times
with different samples. Data were analyzed with SPSS13.0

(Chicago, USA) and are presented as mean � standard
error. All graphs were plotted using GraphPad Prism7.0 (San
Diego, California, USA). Statistical analyses were deter-
mined using one-way analysis of variance (ANOVA) and then
Tukey’s post-hoc test. An ANOVA P-value < 0.05 was
considered to be statistically significant.

Results

Spermatogenesis pivotal markers and RARa change
associated with RA treatment

Spermatogonia differentiation and spermatocyte meiosis
protein levels were determined by immunofluorescence
and Western blot analysis. Compared with the normal
Figure 1 RA may promote the expression of spermatogenesis
Representative images of the germ cell (MVH) and Aal-A1 transforma
(Stra8) (B) with immunofluorescence. Blue represents the cell nucle
of spermatogenesis markers by Western blot (n Z 5) (C). Quantitati
blot (n Z 6) (D). The y-axis represents the target protein value rel
estimate from three independent experiments. * Compared with t
control group, the levels of c-Kit, Sycp3, and Stra8 were
significantly lower in the Flu-only group (Fig. 1AeC). How-
ever, these proteins were significantly higher in the
Flu þ RA group compared with the Flu-only group. The
expression of MVH had no statistical differences in different
groups (Fig. 1A, C). At PND 60, the protein expression levels
of Stra8 and Sycp3 were higher when RA was administrated
between PND 1-10 and PND 50-60. Nevertheless, those
protein levels had no significant differences between the
RA (50-60) group and the Flu-only group detected at PND 70
(Fig. S1). RARa was vital for Aal-A1 transformation and
normal spermatogenesis, which were also blocked in
cryptorchid animals. Quantitative analysis of RARa with
Western blotting indicated that the level of RARa protein
was lower in the Flu group. In contrast, the RARa level was
higher after RA administration (Fig. 1D).

Potential signaling pathways associated with RA
treatment in stem cell translation

KEGG analysis with DAVID Bioinformatics Resources tools
showed that top enrichment pathways were in cancers, and
PI3K-Akt was the one of the most significantly changed
pathways when mES cells were treated with RA for
differentiation (Fig. 2A). The PI3K-Akt pathway plays an
important role in regulating metabolism, cell growth, pro-
liferation, and differentiation. mTOR plays an important
role in the maintenance and differentiation of SSCs, regu-
lating the redox balance and metabolic activity of Sertoli
cells. mTOR could be regulated by the PI3K-Akt signaling
pathway. Ten genes in the PI3K-Akt pathways were pre-
sented in Figure S2. Thus, we deduced that the PI3K-Akt-
markers via RARa in PND30 cryptorchidism-infertility testis.
tion protein markers (c-Kit) (A), and meiosis initiation proteins
us, red represents corresponding protein. Quantitative analysis
ve analysis the protein expression of RARa in vivo with Western
ative to b-actin. Error bars represent mean � standard error of
he normal control and Flu þ RA groups; P < 0.05.

https://string-db.org/


Figure 2 RA could depress the activation of PI3K-Akt-mTOR signaling pathway caused by cryptorchidism-infertility testis at
PND60 in vivo. The KEGG pathway analysis of GSE34279 (A). PI3K-Akt signaling pathway is one of the most interrelated pathway
(Red box). Quantitative analysis the protein expression of PI3K, pan-Akt, p-Akt, mTOR and p-mTOR in vivo with Western-blot
(n Z 5) (B). The y-axis represents the target protein value relative to b-actin. Error bars represent mean � standard error of
estimate from three independent experiments. * Compared with the normal control and Flu þ RA groups; P < 0.05.
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mTOR signaling pathway might play a pivotal role in the RA-
mediated stem cell differentiation process.

Response of PI3K-Akt-mTOR pathway key markers
after RA treatment

In the Flu-only group, the protein levels of PI3k, p-Akt/pan-
Akt, and p-mTOR/mTOR were activated compared with the
normal control group. These protein levels were signifi-
cantly lower after administration with RA compared with
the Flu-only group, and the p-Akt/pan-Akt level also
significantly up-regulated compared with the normal con-
trol group (Fig. 2B).

Autophagy-related protein expression levels in vivo

Autophagy is crucial to keep steady the processes of sper-
matogonial stem cell transformation and sustained sper-
matogenesis. This process is downstream of the PI3K-Akt-
mTOR pathway. Hence, we examined autophagy level in
testis. Immunofluorescence analysis indicated that the
signals of LC3 a/b and Beclin 1 were lower in the Flu-only
group, and increased to the normal standard after RA
treatment. The expression of P62 (also known as SQSTM1, a
substrate during autophagic degradation) was higher in the
Flu group compared with the normal control and Flu þ RA
groups (Fig. 3AeC). As shown in Figure 3D, the expression of
LC3 a/b and Beclin1 are markedly reduced in the Flu-only
group compared with the control group. In addition, the
level of P62 protein was higher in the Flu-only group when
compared with the normal control and Flu þ RA groups
(Fig. 3D).

BTB permeability analysis in PND60 rat testes

Because the integrity of BTB is a prerequisite of meiosis, we
assessed BTB permeability in vivo using biotin as the tracer.
In normal testes, the biotin signal was not detected in the
seminiferous lumen. However, the biotin tracer permeated
through the BTB into the tubule lumen for an obviously
greater distance, indicating that BTB integrity was dis-
rupted in the Flu-only group. As expected, the BTB function
was improved after treatment with RA in cryptorchid testis,
as there was less biotin signal in the tubules of the Flu þ RA
group compared with the Flu-only group (Fig. 4).

Confirmation of AR7 (RARa antagonist) and RA
concentration in testicular tissue culture system

We aimed to verify that expression levels of PI3K-Akt-
mTOR pathway proteins change in RA-treated testis
in vitro, as in a previous study.24 Therefore, we used three
concentrations of AR7 (10, 20, and 50 mmol/L) and deter-
mined with the expression of Stra8 (a gene stimulated
directly by RA) protein at 24, 48, or 72 h after intervention.
As shown in Figure 5, the optimal condition is to use AR7 at
20 mmol/L for 48 h. Then, doses of RA at 1, 10, or 50 mmol/
L were added into medium with AR7 at 20 mmol/L.
Detection with Western blot at 24, 48, and 72 h for the
level of Stra8 showed that this protein was most obviously
improved with RA at 10 mmol/L for 48 h (Fig. 5B, D).
Consequently, in the following experiments, the inter-
vention conditions for AR7 and RA were selected as
20 mmol/L and 10 mmol/L, respectively, and the treatment
time was 48 h (Fig. 5C, D).

PI3K-Akt-mTOR signaling pathway changes after
AR7 or RA treatment

AR7 was used to determine whether RA regulated the PI3K-
Akt-mTOR signaling pathway through RARa. As expected,
the protein expression levels of key markers in the PI3K-
Akt-mTOR pathway (PI3k, p-Akt/pan-Akt, and p-mTOR/
mTOR) were significantly higher when compared with the
normal control group and the AR7 þ RA group. The phe-
nomenon was similar in Flu-induced cryptorchid testes.



Figure 3 RA associated with normalized levels of autophagy proteins in PND30 testes. Representative images of the autophagy
proteins (white arrows) with immunofluorescence revealing the autophagy level increased after RA treatment in vivo of the testis.
Blue represents the cell nucleus, red represents autophagy-relate protein level LC3 a/b (A), Beclin (B) and P62 (C) (nZ 3). Western
blot used for quantitative analysis of autophagy level in vivo (D) (n Z 5). The y-axis represents the target protein value relative to
b-actin. Error bars represent mean � standard error of estimate from three independent experiments. * Compared with the normal
control and Flu þ RA groups; P < 0.05.

Figure 4 Biotin tracer detects for BTB permeability in PND60
rats. Representative images depict the BTB permeability in
different groups (n Z 4). Red represents the signal of biotin
tracer. Blue represents the cell nucleus. PND60 testis treated
with CrCl3 group conducted as a positive control group.
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After 10 mmol/L RA treatment for 48 h, the protein levels of
PI3k, p-Akt/pan-Akt, and p-mTOR/mTOR had decreased
and were close to those of the normal control group
(Fig. 5E).
Changes in autophagy markers are associated with
AR7 and RA intervention in vitro

To study whether the change of autophagy after RARa
antagonist treatment was in accordance with cryptorchid
testis, the level of autophagy was evaluated with LC3 a/b,
Beclin1, and P62 by Western blot. After AR7 treatment, the
protein levels of LC3 a/b and Beclin1 were decreased, and
the P62 protein level was increased. In contrast, these
protein levels approached normal when RARa was restored
with RA treatment in vitro (Fig. 5F).
Key proteins in present study with PPI network
validation

A PPI network was obtained with all proteins in this study.
As shown in Figure 6A, RARa, mTOR, and c-Kit locate at the
center in this network’s axes. Thus, the PPI network sup-
ported our hypothesis retrospectively, demonstrating that
RA may influence the expression of spermatogenic-related
proteins through mTOR-related pathways via RARa in a
cryptorchidism-damaged model of infertility.



Figure 5 Blocking RARa with AR7 for detecting the effect of RA on PI3K-Akt-mTOR pathway and autophagy with testicle culture
in vitro. 20 mmol/L AR7 for 48h (A, C) and RA 10 mmol/L for 48h (B, D) are selected as proper intervention condition with the protein
level change of Stra8 by Western blot in vitro. The y-axis represents the target protein value relative to b-actin in all histogram (B,
D) The proteins level of PI3K, pan-Akt, p-Akt, mTOR, and p-mTOR are quantitative analysis with Western blot after corresponding
AR7 and RA treatment (E). Quantitative analysis of autophagy level is evaluated by the expression of Beclin1, LC3 a/b and P62 with
Western blot in vitro (F). The y-axis represents the target protein value relative to b-actin in all histogram. Error bars represent
mean � standard error of estimate from three independent experiments. * Compared with the normal control and Flu þ RA groups;
P < 0.05.
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Discussion

It is well known that RA is, indeed, necessary for normal
spermatogonial differentiation. However, the effect of RA on
the processes of reproductive malformations and abnormal
spermatogenesis still leaves many questions in our under-
standing. Thus, we provide the first evidence to introduce
the importance of RA in spermatogonial differentiation in a
cryptorchidism-induced animal model, which acted as a
representative of reproductive-malformation-caused infer-
tility. Our data suggest that RA may play a crucial role in
regulating the autophagy level in cryptorchidism-related
infertility through a suppressed PI3K-Akt-mTOR signaling
pathway, via binding to RARa and restoring BTB function,
finally partially reconstructing spermatogenesis.
In normal testis, RA is secreted by spermatogonia stem
cells (SSCs) after birth, while cryptorchidism can lead to a
deficient pool of stem cells.25,26 We also found that RA
concentration was decreased in cryptorchid rat testes in a
previous study.21 The response of spermatogonia to RA may
depend on RAR binding to RXR to form an RAR/RXR hetero-
dimer, which activates downstream target genes, including
c-Kit, Sycp3, and Stra8.24 Therefore, RARa is necessary for
the first wave of spermatogonia differentiation in SSCs. This
process is basic for keeping spermatogenesis continuous.8,27

Combining this study with our previous study, we found the
activation of RARa was inhibited, caused by RA intrinsic
deficiency in cryptorchidism-infertile rats. In addition, we
found that markers of spermatogonia differentiation and
spermatocyte meiosis were significantly decreased in



Figure 6 Test the hypothetical mechanism with PPI network. RARa, mTOR and c-Kit locate at axis center considered as crucial
proteins in this PPI network constituting with all protein in this study (A). Schematic representation of the mechanism in this study
(B). We show that spermatogenesis markers is lower in cryptorchidism-infertiltiy testis, and partial restoration after treatment
with RA 1 mg/kg in neonatal rats in vivo. RA may increase the abnormality autophagy level in cryptorchidism-infertility testis
through PI3K-Akt-mTOR pathway via RARa. This mechanism is also confirmation after blocking RARa and intervention with RA with
testicle culture in vitro.
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cryptorchid testes, and these marker levels were restored
after RA supplementation. Consistent with our findings,
administration with RA improved mouse spermatocytes’ in-
duction efficiency in an RA/pup Sertoli cell-based in vitro
model.25 One clinical trial showed oral RA improved sperm
count in 19 infertile males.14 In future studies, we need to
find the proper time period of RA treatment for cryptorchi-
dism to give some reliable data for clinical practice.

In different periods of administration with RA in cryptor-
chid testes, we found that RA has little efficiency on sper-
matogenesis when supplemented during the post-pubescent
period (PND 30) in cryptorchid infertile rats. There seems to
be almost identical effects when RA supplementation occurs
between PND 50-60 and the neonatal period. However, our
follow-up results showed that this effect could not be further
observed when detecting after 10 days (PND 70), although RA
was administrated between PND 50 and PND 60. Other
studies also mention that in neonatal testicular tubules, a
pulsed concentration of RA leads to spermatogonia differ-
entiation in a precise and repetitive manner, so that sperm
could be produced continuously in adult testes.28,29 Addi-
tionally, we find that supplementing exogenous RA may only
cause a transient improvement of spermatogenesis in adult
cryptorchidism-infertility pathological states. This result is
consistent with a recent study, in which exposure to Vitamin
A also could lead to high RA concentration in adult testicle,
but the dose was not sufficient to affect spermatogenesis.30

Another study reports that RA exposure in adult testes
increased the expression CYP26A1 (an enzyme that degrades
RA), and could not continuously stimulate spermatogenesis.31

Therefore, we deduced that exogenous RA supplementation
may drive the entire abnormal undifferentiated germ cell
population into a regular differentiation pathway in neonatal
cryptorchid rats, but not in adult. The earlier the treatment
for cryptorchidism, the better the curative effect. This is also
agreed on by urologists.

However, how RA improves spermatogenesis is still un-
known. The BTB is the key factor to guard the spermato-
genesis process. Thus, after confirmation that the
expression of RARa was improved in the RA treatment
group, BTB functional analysis was performed. Biotin
tracing analysis indicated that the permeability of the BTB
was increased in Flu-induced cryptorchidism tests and
could be ameliorated with RA. Hasegawa et al also found
that if there was negative RARa expression in Sertoli cells,
BTB formation would be disrupted.32 A recent study re-
ported that blocking RA signaling not only presented with a
loss of advanced germ cells but also increased the perme-
ability of the BTB.11 In the present cryptorchidism-
infertility model, the changes in spermatogonia differenti-
ation and meiosis markers are improved with BTB perme-
ability amelioration. With the cyclical changes of the BTB,
the spermatogenesis process can continuously happen. We
believe the role of RA in BTB integrity is related to the
mTOR pathway.33 In cryptorchidic testes, we found p-mTOR
was up-regulated. mTOR plays a crucial role in BTB integ-
rity. Several reports have shown that mTORC1 promotes the
restructuring of the BTB, leaving the BTB “leaky”34,35;
whereas mTORC2 promotes BTB integrity, making the BTB
“tighter”.36 The imbalance of mTORC1 and mTORC2 must
lead to BTB disruption and spermatogenesis dysfunction.
Thus, restoration of BTB function may become a goal in the
treatment of cryptorchidism, although the detailed mech-
anism still needs to be investigated.

We aimed to find the signaling pathways by which RA
improves spermatogenesis in cryptorchidism. The data of
RA inducing the mouse embryonic stem cell differentiation
process were analyzed. The KEGG pathway analysis results
showed that the PI3K-Akt signaling pathway may act in a
crucial role in RA intervention in mouse embryonic
stem cell differentiation. Then, we found that the protein
levels of PI3K, p-Akt, and p-mTOR were activated in
cryptorchidism-induced infertile testes and in RARa
antagonist treatment. RA effectively modified these key
markers of the PI3K-Akt-mTOR pathway, so they approach
the normal levels in vivo and in vitro. There is also evidence
that RA could induce efficient translation of c-Kit mRNA
along with the PI3K/Akt/mTOR pathway, promoting the
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spermatogonia-forming process.37 Similarly, in a liver
ischemia and reperfusion injury study, RA bound to RARa,
promoting autophagy through decreasing p-Akt expres-
sion.38 Jonathan et al reported that RA may induce KIT gene
expression through activation of PI3K/Akt/mTOR pathway
in testicular tissue.39 Other studies on nasopharyngeal
carcinoma, acute promyelocytic leukemia, and neuroblas-
toma have all reported that RA plays an important role in
autophagy by inhibiting PI3K/Akt/mTOR signaling pathway.
Studies on peripheral blood B cells have shown that RA
plays an immunomodulatory role by inducing and activating
IgG production, increasing LC3A/B protein expression,
decreasing P62 protein expression, and increasing auto-
phagy levels.40e42 We hypothesized that the PI3K-Akt-mTOR
pathway exists in several states in different models.
Cryptorchidism is a disease state. Our results were consis-
tent with the previous studies in other tissues, so we
speculated that RA could play a role in balancing the level
of autophagy in testicular tissue.

An mTOR-related autophagy level is not only known as
being downstream of PI3K/Akt/mTOR pathway but also
regulate the balance between spermatogonial stem cell
self-renewal and differentiation.43 In this study, combined
in vivo and in vitro results showed that the protein levels of
Beclin1 and LC3 a/b were decreased. The level of P62 was
increased in cryptorchidism-induced infertility or after
RARa antagonist treatment. The protein levels of Beclin1
and LC3 a/b were higher, and P62 was lower after RA
supplementation. In a spinal cord injury model, RA admin-
istration could prevent disruption of the blood�spinal
barrier via the activation of autophagic flux and the inhi-
bition of ER stress-induced cell apoptosis.44 While cultured
samples without any other factors for more than one week
could confirm the molecular mechanism in vitro, this may a
limitation of present study. Based on these results, correct
abnormal autophagy levels in testes may become the aim of
drug treatment for treating cryptorchidism.

In summary, we find that RA could restore key protein
levels of spermatogonial differentiation and cause recovery
of the permeability of the BTB in cryptorchidism-induced
infertility. This effect is partially attributed to the suppres-
sion of the PI3K/Akt/mTOR signaling pathway through RARa,
thereby maintaining the changes of autophagy so they
approach the normal standard. This study provides a novel
insight into the treatment of adult infertility caused by
childhood reproductive disease, especially cryptorchidism.
However, advanced applications in cryptorchid children still
need further clinical trial support, and the detailed mecha-
nism of RA in autophagy also requires investigation withmore
methods and under different conditions.
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