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Disruption of anchoring junctions in the testes
of experimental varicocele rats
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Abstract. Varicocele is a common disease of the male
reproductive system and is the main cause of male infertility;
however, the pathological mechanisms of varicocele remain
unclear. The anchoring junctions (AJs) in the testies are located
between Sertoli cells, or between Sertoli cells and germ cells.
Intact and functional AJs are crucial for spermatogenesis. In
the present study, the histomorphology, ultrastructure of AJ,
cell cycle, expression of AJ structural proteins, and the level
of AlJ-associated signaling molecules were investigated in the
left testes of experimental varicocele rats at 8 and 12 weeks
after surgery. The results revealed that varicocele induced
the loss of premature germ cells from the seminiferous
epithelium. Furthermore, the results of the present study also
revealed damage to the AJ ultrastructure, disorientation of the
spermatid head, deregulation of the cell cycle, downregulation
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of AJ structural proteins, enhanced phosphorylation of focal
adhesion kinase (FAK) at Tyr**” and its downstream adapter
Src at Tyr*'%, and activation of the extracellular signal-regulated
protein kinase 1 (ERK1) signaling pathway. Thus, the present
study demonstrated that varicocele disrupted the structure and
function of AlJs in the left testes of rats, and that enhancement
of FAK phosphorylation may contribute to AJ damage by
activating ERK1 signaling, disrupting actin-based filament
networks, and altering the balance of the apical ectoplasmic
specialization-blood testis barrier functional axis. These
findings provide important insights into the pathological
mechanisms through which varicocele contributes to male
infertility and could help to identify new therapeutic targets
for varicocele.

Introduction

There are two types of testis-specific cell-cell actin-based
anchoring junctions (AlJs) observed in the seminiferous
epithelium, i.e., apical ectoplasmic specialization (ES) and
basal ES (1). The apical ES exists between the interface of
Sertoli cells and the step 8-19 spermatids in the adluminal
compartment of the epithelium, using the cadherin/catenin,
nectin/afadin,and integrin/laminin adhesion protein complexes
as structural and functional units (2). Furthermore, the
apical ES functions as the only anchoring installation to
maintain spermatid polarity, provide the necessary nutrients
and hormonal support for spermatids, and take part in
signal transduction during spermiogenesis (3-5). The basal
ES is located between Sertoli cells, and between Sertoli
cells and spermatocytes in the basal compartment of the
epithelium (6,7); the former basal ES forms the blood-testis
barrier (BTB) combined with tight junctions (TJs) and gap
junctions, which build a specialized microenvironmental
and immune barrier for spermatogenesis and permit the
timely transit of preleptotene and leptotene spermatocytes at
stage VIII. The dynamics of AJs can be regulated by several
Al-associated signaling molecules, including focal adhesion
kinase (FAK), Src, Csk, cytokeratin 2, P120°", small GTPases
(e.g., RhoB, Racl and Cdc42) and cytokines, by affecting the
phosphorylation status of AJ-associated structural protein
complexes, the organization of the actin-based filament
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network, and the activation of signaling pathways related to
actin polymerization and cell adhesion (6,8-12). Additionally,
activation of the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathways
is involved in the disruption of AlJs, likely via alterations to
the organization of the actin filament-based cytoskeleton in
the testes (13,14). As a tight functional and structural link
between TJs and Als, the effectors of TJ dynamics are also
important putative modulators of AJ dynamics (e.g., hormones
and cytokines), acting in a direct or indirect manner.

FAK is a nonreceptor protein tyrosine kinase that is
linked to occludin/zonula occludens-1 and integrin/laminin
protein complexes, forming a functional unit at TJ and AJ
sites, respectively, in the seminiferous epithelium (14,15).
In addition, FAK is involved in the regulation of AJ and TJ
dynamics by switching its specific phosphorylated form (e.g.,
p-FAK-Tyr*”’, p-FAK-Tyr*"” and p-FAK-Tyr*’), which shows
different localizations and functions in the seminiferous
epithelium in vivo and in vitro (5,16-19). For example, at the
TJ site in vitro, p-FAK-Tyr*” and p-FAK-Tyr*"” work as an
integrated component protein to regulate TJs, with the former
promoting assembly and the latter facilitating disassembly
of TJs by regulating the activation of actin-related protein
(Arp) 2/3 (19). At the apical ES in vivo, p-FAK-Tyr*" and
p-FAK-Tyr*7 are predominantly localized at the concave and
convex sides of the spermatid heads in stage VII to early stage
VIII, respectively. The former interacts with Arp 2/3, and the
latter associates with a6f1-integrin, forming a functional unit
during spermiation (8,19). In addition, p-FAK-Tyr*” is the
only phosphorylated form of FAK that provides a combined
binding site for various signaling molecules, such as the Src
homology domain 2 (SH2) (20) and PI3K (21), demonstrating
involvement in integrin-initiated signaling pathways at the
plasma membrane and various biological events.

Varicocele is the primary cause of male infertility and
can be described as excessive dilatation of the spermatic
vein. However, the mechanisms through which varicocele
contributes to male infertility are remain unclear, and to the
best of our knowledge, effective treatments have not yet been
reported (22-26). In 1981, an experimental varicocele model
was established through partial ligation of the left kidney
vein (26). In addition, damage to the BTB, dysfunction of
the neuroendocrine system, increased temperature, hypoxia,
accumulation of metabolites and toxicants, and oxidative
pressure are also involved in the pathological mechanisms of
varicocele (27,28). However, to the best of our knowledge, the
disruption of AJs and the corresponding mechanisms induced
by varicocele have not yet been reported.

Therefore, the present study evaluated the characteristics and
changes to AJs in an experimental model of varicocele in rats.
We aimed to identify new targets for the prevention and treat-
ment of varicocele and for the improvement of male fertility.

Materials and methods

Reagents. The main reagents used in the present study were
as follows: Propidium iodide (PI)/RNase Staining Buffer
(BD Biosciences), horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (cat. no. A0208; Beyotime Institute of
Biotechnology), HRP-conjugated goat anti-mouse IgG (cat.

no. IH-0031; Dingguo Changsheng Biotechnology Co., Ltd.),
radioimmunoprecipitation lysis buffer (RIPA; Beyotime
Institute of Biotechnology), phenylmethanesulfonyl fluoride
(PMSF; Beyotime Institute of Biotechnology), prestained
protein ladder (Thermo Fisher Scientific, Inc.), polyvinylidene
difluoride (PVDF) membranes (EMD Millipore), enhanced
chemiluminescence reagent (ECL; Beyotime Institute of
Biotechnology), and Enhanced BCA Protein Assay Kit
(Beyotime Institute of Biotechnology), bovine serum albumin
(cat. no. ST023; Beyotime Institute of Biotechnology). The
primary antibodies and working dilutions are presented in
Table I.

Animals and surgical procedure. A total of 60 male
Sprague-Dawley rats (age, 6-7 weeks), weighing 200+20 g, were
equally and randomly divided into four groups: i) The sham group
for 8 weeks (Sham for 8 weeks); ii) the sham group for 12 weeks
(Sham for 12 weeks); iii) the experimental varicocele group for
8 weeks (VC for 8 weeks); iv) and the experimental varicocele
group for 12 weeks (VC for 12 weeks). Prior to surgery, all rats
were housed in normal atmosphere (N,, 78%; O,, 21%; CO,,
0.03%) and specific pathogen-free controlled environmental
conditions, with a 12-h day/night cycle, a temperature of
~23°C, a humidity of 40-70% and free access to standard
rat food and water. As presented in Fig. 1, after 12 h fasting,
the left renal vein of animals in the experimental varicocele
model groups underwent partial ligation under anesthesia
using 30 mg/kg sodium pentobarbital through intraperitoneal
injection to establish the experimental left varicocele, as
previously described (24), and the surgery lasted for ~10 min.
Rats in the sham group underwent the same operation without
the left vein ligation. Rats were housed alone following surgery,
and were fully recovered after ~7 days. The penicillin was used
to prevent infection via injection into the abdomen post-surgery.
At 8 and 12 weeks after the operation, rats were sacrificed via
cervical dislocation after being anesthetized using 30 mg/kg
sodium pentobarbital via intraperitoneal injection to gain fresh
left testicular tissue. Animals in the experimental varicocele
model group who exhibited atrophic left kidney, or those that
did not show vascular dilation, were excluded from subsequent
experiments. A total of 30 rats that underwent surgery exhibited
left vascular dilation without left kidney atrophying and were
used to perform the subsequent experiment. The success rate
of experimental varicocele model establishment in the present
study was 100%, and no animals died during the procedures.
All animals were bred and maintained at the Laboratory
Animal Center of Fujian Medical University (Fuzhou, Fujian,
China). Rats were originally obtained from the National Seed
Center of Experimental Rodent Animals (Beijing, China). The
experimental procedures were performed in accordance with
the Guidelines for the Care and Use of Laboratory Animals
approved by Fujian Medical University (Animal Approval
Committee no. #SYXK-2012-0001).

Hematoxylin and eosin (H&E) staining. At 8 and 12 weeks after
the operation, six animals from each group were anesthetized
using 30 mg/kg sodium pentobarbital via intraperitoneal
injection followed by cervical dislocation to obtain the left
testes after cardiac perfusion using 500 ml saline (0.9% sodium
chloride) and 500 ml 10% formalin sequentially. The left testes
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Table I. Primary antibodies used in the western blot analysis.
Antibody Supplier Cat. no. Dilution
Rabbit anti-N-cadherin Elabscience Biotechnology, Inc. ENT2988 1:500
Rabbit anti-E-cadherin Elabscience Biotechnology, Inc. ENT1454 1:200
Rabbit anti-a-catenin Elabscience Biotechnology, Inc. ENTO0669 1:500
Rabbit anti-[3-catenin Beijing Biosynthesis Biotechnology Co., Ltd. bs-1165R 1:200
Rabbit anti-y-catenin Beijing Biosynthesis Biotechnology, Co., Ltd. bs-6990R 1:200
Rabbit anti-FAK Cell Signaling Technology, Inc. 3285 1:500
Rabbit anti-Phospho-FAK-Tyr*’ Cell Signaling Technology, Inc. 8556 1:500
Rabbit anti-Src Cell Signaling Technology, Inc. 2108 1:1,000
Rabbit anti-phospho-Src-Tyr*'¢ Cell Signaling Technology, Inc. 6943 1:1,000
Rabbit anti-ERK1/2 Cell Signaling Technology, Inc. 9102 1:1,000
Rabbit anti-phospho-ERK1/2 Cell Signaling Technology, Inc. 9101 1:1,000
[-actin mouse monoclonal antibody Beyotime Institute of Biotechnology AF0003 1:1,000

FAK , focal adhesion kinase; ERK1, extracellular signal-regulated protein kinase 1.

Figure 1. Establishment of experimental varicocele. (A-C) The procedure for left renal vein ligation with a 0.8 mm diameter needle and a 3-0 silk suture.

(D) Varicose spermatic vein induced by experimental varicocele after 12 weeks.

were then removed and placed in 10% formalin solution for
24 h for post fixation. Next, the fixed left testicular tissues were
embedded in paraffin, cut into 5-uM-thick sections, set on
poly-L-lysine-coated slides, stained with H&E, and observed
using a light microscope at different magnifications (x100,
x400 and x1,000) (29). The percentage of tubules containing

deciduous immature germ cells was calculated by counting the
positive tubules out of 50 seminiferous tubules from five to ten
randomly selected fields for each sample.

Flow cytometry analysis. Dissociation of left testicular tissues
was performed as previously described to obtain a single cell
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Figure 2. H&E staining of the left testes. Representative H&E images of the left testes of rats at different magnifications. Sham group for the (A) 8 and
(B) 12 weeks, and the experimental varicocele group for the (C) 8 and (D) 12 weeks. The magnification of images is as follows: (a) x100, (b) x400 and
(c) x1,000. These results are representative of six rats from each group. The black arrowheads in in C and D indicate the immature germ cells shedding from
the seminiferous epithelium to the cavity. (E) The percentages of seminiferous tubules containing deciduous immature germ cells in the sham group and
experimental VC group. The data are presented as the mean + SD (n=6). "P<0.05 vs. the sham group for 8 weeks; “P<0.05 vs. the sham group for 12 weeks;

“P<0.05. H&E, hematoxylin and eosin; VC, varicocele.

suspension for the flow cytometry analysis (30). Briefly, ~10 mg
left testicular tissue from the six rats in each group was cut and
removed in precooled phosphate-buffered saline (PBS) to remove
the tunica albuginea and visible vessels. The tissue was then
placed in 1 ml digestion medium (1 mg/ml collagenase, 1 mg/ml
hyaluronidase and 1 mg/ml DNAse I in Dulbecco's modified
Eagle's medium/F12) and minced with McPherson-Vannas
scissors carefully until there were no obvious visible tissue
masses. Next, the tissue digestion suspension was incubated at
37°C for 30 min with gentle rotation, followed by filtration with
a 300-mesh nylon net to obtain a single-cell suspension. The
suspension was centrifuged to collect single cells at 1,500 x g for
4 min at 4°C. The cells were then washed with PBS three times,
followed by the addition of 1 ml 75% alcohol and incubation for
12 h at 4°C to fix the cells. Next, the 75% alcohol was removed
via centrifugation at 1,500 x g for 5 min at 4°C, followed by

washing the cells with PBS three times to remove any remaining
alcohol. Lastly, 500 pl PI/RNase Staining Buffer was added to
each sample, and the reaction mixture was incubated at 37°C
for 15 min in the dark. The cell cycle was analyzed using a
flow cytometer (NovoCyte; Agilent Technologies, Inc.) with
a 488-nm excitation laser and 575/26-nm bandpass filters for
collection. NovoExpress 1.0.2 software (Agilent Technologies,
Inc.) was used to analysis the data.

Transmission electron microscopy. Testicular tissue
was obtained and cut into small pieces (2x2 mm). The
tissues were then immersed in 3% glutaraldehyde/1.5%
paraformaldehyde/0.1 M PBS (pH 7.2) for at least 2 h at 4°C.
After washing with 0.1 M PBS (pH 7.2) in triplicate, tissues
were fixed in 1% osmium/1.5% potassium ferrocyanide for
1.5 h at 4°C, followed by washing with 0.1 M PBS (p 7.2) in
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triplicate. The tissues were then dehydrated using 50% alcohol
for 10 min, 70% alcohol saturated uranium acetate solution for
12 h, 90% alcohol for 10 min, 90% alcohol/10% acetone for
10 min, 90% acetone/10% alcohol for 10 min and 100% acetone
for 10 min. All dehydration procedures were performed at
4°C. The tissues were placed in 50% acetone/50% epoxy resin
(618/E-51) for 1.5 h at 35°C and 100% epoxy resin (618/E-51)
for 3 h at 35°C. Subsequently, the tissues were embedded
in epoxy resin (618/E-51) for 12 h at 35°C, 12 h at 45°C and
3 days for 60°C. The sections (70-80 nm) were stained using
2% uranium acetate for 5 min and lead citrate for 5 min,
both at room temperature, followed by washing with double
distilled water in triplicate. The ultrastructure of the testis was
observed using a transmission electron microscope (EM208
model; Philips Medical Systems, Inc.) with assistance from the
laboratory staff of Fujian Medical University (Fuzhou, Fujian,
China) trained in electron microscopy.

Western blot analysis. A total of 1 ml RIPA lysis buffer with
10 u1 PMSF and 10 ul phosphatase inhibitor cocktail was
added to 100 mg left testicular tissues to extract total protein
on ice. The concentration of total protein was measured using
Enhanced BCA Protein Assays. Proteins (40 ug per lane)
were then separated via 8% SDS-PAGE. A molecular weight
loading marker (2 pl) was used to determine the relative
molecular weights of the proteins. The proteins on the gel
were transferred to PVDF membranes, and the membranes
were then blocked in 5% bovine serum albumin for 2 h at 4°C,
followed by incubation with the specific primary antibodies
listed in Table I at 37°C for at least 12 h. The membranes were
then incubated with the corresponding horseradish perox-
idase-conjugated goat anti-rabbit IgG and goat anti-mouse
IgG secondary antibodies (1:1,000) for 2 h at 4°C. Finally,
the specific protein bands were detected using ECL reagent,
and images were captured using a biological imaging system.
ImagelJ software (ImageJ 1.46r; National Institutes of Health)
was used to calculate densitometry.

Statistical analysis. All experimental images were obtained
from at least three rats in each group independently, and
representative images were selected and exhibited in this
article. The experimental data obtained from at least six rats
in each group were analyzed with SPSS software (version 21.0;
SPSS, Inc.) and presented as the mean + standard deviation
(SD). One-way analysis of variance (AVOVA) followed by the
Tukey post hoc test was used to analyze the significance of
differences between groups. P<0.05 was considered to indicate
a statistically significant difference.

Results

Morphology of the left testes. Representative H&E staining
images are presented in Fig. 2. The seminiferous epithelium
morphology of the testes from the experimental varicocele
group was disrupted at 8 (Fig. 2C) and 12 weeks (Fig. 2D)
compared with that in the sham group at 8 (Fig. 2A) and
12 weeks (Fig. 2B), respectively. Disorganization of germ
cells, atrophy of seminiferous tubules, excessive space in
the testis mesenchyme, reduced numbers of germ cells and
mature sperm, and shedding of immature germ cells (black

arrowheads in Fig. 2C and D) in the cavity were observed at
different stages in the experimental varicocele group. The
percentage of tubules containing deciduous immature germ
cells is presented in Fig. 2E. The results demonstrated that
the experimental varicocele caused a loss of immature germ
cells compared with that in the sham group (P<0.05). The
percentage was higher in the experimental varicocele group at
12 weeks than at 8 weeks (P<0.05).

The ultrastructure of apical ES in the left testes was
observed using transmission electron microscopy (Fig. 3). In
the sham group at 8 (Fig. 3A) and 12 weeks (Fig. 3B), the heads
of elongating spermatids (black asterisk in Fig. 3A and B) were
oriented towards the basement membrane, and the elongating
spermatids were tightly attached to Sertoli cells via the apical
ES. The apical ES in the normal rat testis (Fig. 3A and B)
was characterized by a testis-specific structure, which was
only observed in Sertoli cells. The actin filament bundles
(black arrowhead) were sandwiched between the endoplasmic
reticulum (ER) and the Sertoli cell membrane. In contrast, in
rat testes in the experimental varicocele groups at 8 (Fig. 3C)
and 12 weeks (Fig. 3D) following surgery, the structure of the
apical ES was disrupted, and the elongating spermatids showed
loss of orientation toward the basement membrane (black
asterisk in Fig. 3C and D). Furthermore, the actin filament
bundles (black arrowhead in Fig. 3C and D) and ER, important
component structures of the apical ES, were disorganized or
even absent from their proper position.

Dysregulation of cell cycle in left testicular cells from
experimental varicocele rats. As presented in Fig. 4E, the
experimental varicocele resulted in deregulation of the
cell cycle in the left testes. The percentages of cells in the
G, and G,/M phases in the experimental varicocele group
(Fig. 4C and D) were lower than those in the sham group
(Fig. 4A and B; P<0.05) and the percentage of cells in the
S phase in the experimental varicocele group was higher than
that in the sham group (P<0.05).

Expression of AJ component proteins in the left testes of
rats. The expression levels of AJ structural proteins, i.e.,
N-cadherin, E-cadherin, a-catenin, 3-catenin and y-catenin,
were analyzed using western blotting (Fig. 5A). The results
(Fig. 5B) indicated that the varicocele resulted in a decrease in
the expression of AJ structural proteins (P<0.05).

Changes in FAK phosphorylation and ERK signal activa-
tion. The levels of FAK, p-FAK-Tyr*’, Src, p-Src-Tyr*'®,
ERK1/2 and p-ERK1/2 were analyzed using western blotting
(Fig. 6A and B). The experimental varicocele increased the
levels of p-FAK-Tyr*”?, p-Src-Tyr*'® and p-ERK1 (P<0.05).

Discussion

During spermatogenesis, germ cells differentiate from the
spermatogonium to mature spermatids and must undergo a
series of complicated biological processes (31). The AJs between
Sertoli cells and germ cells function as anchors and supply
nutrients, and also provide an important platform for signal
transduction involved in the cell cycle, seminiferous epithelium
cycle, cell differentiation and cell communication (6). Notably,
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Figure 3. Ultrastructure of apical ES in the left testes. Sham group for the (A) 8 and (B) 12 weeks, and the experimental varicocele group for the (C) 8 and
(D) 12 weeks. The normal apical ES is shown in A and B on the sides of Sertoli cells, as typified by orderly actin filament bundles (black arrowhead)
sandwiched between the ER and Sertoli cell membrane. The heads of elongating spermatids in the sham group (black asterisks in A and B) maintained their
orientations and pointed towards the basement membrane of seminiferous tubules. The structure of the apical ES in C and D was damaged, as shown by the
misorientation of elongating spermatid heads (black asterisk) and the disorganization and loss of actin filament bundles (black arrowhead) and the ER. These
results are representative of three rats from each group. ES, ectoplasmic specialization; ER, endoplasmic reticulum; Nu, nucleus; AC, acrosome.

the germ cells must move through the TJ to enter into the
adluminal compartment from the basal compartment and
finally undergo spermiation (6). Therefore, the AJs existing
between Sertoli cells and germ cells are not stable and undergo
extensive and consistent assembling and disassembling,
leading to an increased sensitivity to microenvironmental
change, external stimuli and toxicants (6). The varicocele is a
common disease of the male reproductive system and the main
cause of male infertility; however, the specific underlying
mechanisms have not yet been identified (32). The present
study revealed that varicocele caused loss of premature germ
cells from the seminiferous epithelium, damage to the AJ
ultrastructure, disorientation of spermatid heads, dysregulation
of the cell cycle and downregulation of AJ structural proteins
(N-cadherin, E-cadherin, a-catenin, B-catenin and y-catenin).
Taken together, these results supported the disruption of
Als directly or indirectly in the left testes after induction of
experimental varicocele. These data provide insights into
the pathophysiology of varicocele and will be useful for the

development of new treatments and diagnostic techniques for
the disease.

Activation of the MAPK and PI3K/AKT signaling
pathways is involved in the disruption of AJs and TJs, likely
by perturbing the bundling of actin at AJ or TJ sites. This
mechanism has been extensively studied with regard to
reproductive toxicology induced by various environmental
toxicants (e.g., cadmium and bisphenol A) and the effect
of cytokines [e.g., transforming growth factor (TGF)-p3
and tumor necrosis factor (TNF)-a] on spermatogenesis
in vivo and in vitro. The administration of specific inhibitors
targeting the MAPK and PI3K/AKT signaling pathways
could delay or block toxicant-induced BTB disruption and
immature germ cell loss from the epithelium (13,14,33-38).
Over the last decade, studies have shown that the ERK
signaling pathway plays a crucial role in actin polymerization
and cell adhesion (39-41). Furthermore, ERK regulates the
phosphorylation of myosin light-chain kinase and directly
affects its biological activity (42). Therefore, the dynamics
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Figure 4. Dysregulation of the cell cycle in left testicular cells. Sham group for the (A) 8 and (B) 12 weeks, and the experimental varicocele group for the
(C) 8 and (D) 12 weeks. (E) Percentages of cells in G, S and G,/M phases in the different groups. The data are presented as the mean + SD (n=6). "P<0.05 vs.

sham group for 8 weeks; "P<0.05 vs. sham group for 12 weeks. VC, varicocele.

of actin-based AlJs are closely associated with the activation
of ERK. The results of the present study demonstrated that
varicocele increased the phosphorylation of ERK1, indicating
that the ERK signaling pathway was activated in the left testes
of rats in the experimental varicocele model; this may be
associated with the disruption of AlJs, the loss of immature
germ cells and disorders of the cell cycle. Furthermore,
experimental varicocele increased the levels of p-FAK-Tyr*"’
in the left testes of rats. This is the only phosphorylated form
of FAK and provides a combined site for binding of various
signaling molecules, such as the SH2 domains of Src (20)
and PI3K (21), which are involved in integrin-initiated
signaling pathways at the plasma membrane. Varicocele also
increased levels of p-Src-Tyr*', which is the active form of

Src and the most important signaling molecule downstream of
p-FAK-Tyr*, in the left testes of experimental rats.

Due to the importance of FAK in the regulation of AJ
dynamics and its various biological activities in other epithelial
tissues or cell migration, the results of the present study
suggested that activation of the ERK signaling pathway may
be stimulated, at least in part, by increased phosphorylation of
FAK at Tyr’®” and through three putative pathways involving
integrins. Specifically, following autophosphorylation of
FAK-Tyr™” at apical ES sites, p-FAK-Tyr**’ recruits Src (20)
to form the activated FAK-Src complex, and then recruits and
activates the p130Cas (Crk-associated substrate)/Crk complex.
The latter utilizes Ras to activate the Raf-1/MEK/ERK signaling
pathway (43). Alternatively, the activated FAK/Src complex
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Figure 6. Expression of AJ-associated signaling molecules. (A) Immunoblot analysis of AJ-associated signaling molecules. (B) Summary of immunoblotting
results. The levels of FAK, p-FAK-Tyr*”, Src, p-Src-Tyr*"®, ERK1/2 and p-ERK1/2 were investigated using western blotting. The data are presented as the
mean + SD (n=3). "P<0.05 vs. the sham group for 8 weeks; “P<0.05 vs. the sham group for 12 weeks; ns, not significant; AJ, anchoring junction; p, phosphorylated;
VC, varicocele; FAK, focal adhesion kinase; ERK, extracellular signal-regulated protein kinase.

phosphorylates FAK at Tyr®®, and p-FAK-Tyr*® then recruits
Grb2,partly contributing tothe activation of the Raf-1/MEK/ERK
signaling pathway (39). Finally, p-FAK-Tyr*’ at the apical
ES sequentially interacts with PI3K p85a and PI3K pl110;
the complex then recruits and activates Akt, resulting in the
activation of the PI3K/Akt signaling cascade (44). In addition,
Akt can phosphorylate p21-activated kinase (PAK). Activation
of PAK results in the phosphorylation of Raf-1 and activation of
the Raf-1/MEK/ERK signaling pathway (45). In addition, our

previous study showed that experimental varicocele increased
TGF-p3 and TNF-a levels in the left testes of rats, which
may also contribute to the activation of the MAPK signaling
pathway (46).

FAK is a non-receptor protein tyrosine kinase that is highly
expressed at the apical ES and BTB in the testes and is an
important regulator of TJ and AJ dynamics (7). Distribution
of different forms of phosphorylated FAK (e.g., p-FAK-Tyr*”’
and p-FAK-Tyr*"’) is spatial and temporal at particular sites in
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specific stages of the epithelium cycle, suggesting an intimate
connection with cell junction dynamics. Notably, p-FAK-Tyr**’
is the only autophosphorylated form of FAK. In a number of
other epithelial tissues, FAK is the main component of focal
adhesion complexes, which act as anchoring devices between
the cells and matrix. After being activated by integrin or growth
factor receptors, Tyr*”’ is autophosphorylated and mediates
signal transduction to the actin-based cytoskeleton or activates
signaling pathways by interacting with downstream signaling
molecules, such as related kinases, adaptor proteins, guanine
nucleotide exchanging factors and small GTPases (e.g., Ras, Rac
and Rho) (47). In the present study, increased phosphorylation of
FAK at Tyr’”” in the testes of rats with experimental varicocele
may have disrupted AJs through mechanisms other than
mediating the activation of ERK1 signaling, as aforementioned.
For example, FAK regulates the polymerization of actin
mediated by Arp 2/3, which is realized by preventing the
nuclear translocation of Arp 2/3 activator [namely, the neuronal
Wiskott-Aldrich syndrome protein (N-WASP)] by increasing
FAK-mediated phosphorylation and activating Arp 2/3 through
direct interaction between the FAK 4.1/ezrin/radixin/moesin
domain and Arp 3 (19). In addition, the direct interaction between
FAK and Arp3 is negatively regulated by p-FAK-Tyr**7 (19),
leading to disorganization of actin polymerization, followed by
disruption of AJs and TJs (48-50). In contrast, the apical ES and
BTB may work as a functional unit, namely, the apical ES-BTB
functional axis, due to the opening of TJs, which permits
preleptotene and leptotene spermatocytes to cross the BTB, and
the degeneration of apical ES during spermiation both occur
during stage VIII of the seminiferous epithelium cycle (51). In
addition, the association between apical ES and BTB may occur
as a result of the recycling of p-FAK-Tyr*?’. After the release of
mature spermatids at stage VIII, p-FAK-Tyr*” at the apical ES
is transferred to the cytoplasm, and high levels of p-FAK-Tyr**’
in the cytoplasm may induce the opening of the BTB (19). In
the present study, increased levels of p-FAK-Tyr*” in the left
testes of rats with experimental varicocele may have altered the
balance between the apical ES-BTB functional axis, resulting in
disruption of the AJ.

Regulation of cell junction (e.g., TJ, apical ES and basal
ES) dynamics in the testis is a complicated biological process
that involves the transduction of multiple signaling molecules
and is not yet fully understood. Disruption of AJs in the left
testes of rats with experimental varicocele may be the primary
or secondary damage induced by varicocele. Further studies
are required in order to assess the other inducers and elucidate
the specific mechanisms. In addition, the exact mechanisms
inducing FAK-Tyr*” phosphorylation, ERK activation and AJ
structural protein downregulation are unclear. Nevertheless, the
loss of premature germ cells and enhancement of p-FAK-Tyr**’
levels in the model used in the present study suggested that
protein kinase inhibitors of FAK-Tyr**” or inhibitors of the ERK
signaling pathway could be used in the treatment of varicocele
to prevent the loss of premature spermatids and improve fertility.
Furthermore, the results of the present study also implied
that FAK-Tyr*’ phosphorylation could be used to prevent the
formation of mature spermatids for male contraception.

In summary, varicocele resulted in disruption of the
structure and function of AJs in the left testes of rats. To a
certain extent, the increased p-FAK-Tyr**’ levels may have

contributed to AJ damage, potentially by activating the ERK1
signaling pathway, disturbing the actin-based filament network
and disrupting the balance of the apical ES-BTB functional
axis, which is crucial for understanding the pathological
mechanisms of varicocele that contribute to male infertility
and for identifying new therapeutic targets for varicocele.
Nevertheless, due to the sophisticated structure and function
of AJ, the complicated pathological mechanisms of varicocele,
as well as the limitation that all the results were gained from
the in vivo study, the upregulated p-FAK-Tyr**’ levels and
the activation of ERK1 signaling pathway were perhaps not
directly and necessarily associated with the disruption of
Als in experimental rat testes, and at least were not the only
inducements. Future studies will be designed and performed
that include both in vitro and in vivo experiments in order to
verify the exact mechanism and investigate these hypotheses.
For example, utilizing the Sertoli cells and germ cells co-culture
system, then increasing or decreasing FAK phosphorylation at
Tyr**’, or activating or inhibiting the ERK1 signaling pathway
to evaluate the structure and function of AJs.
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