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Introduction: Varicocele is a dilatation of the internal spermatic vein and it is generally recognized as one cause of male infertility. 
This study aimed to analyze the roles of activating transcription factor 6 (ATF-6) in experimental varicocele-induced epididymal 
epithelial cells.
Methods: Experimental left varicocele was established in rats through partial left renal vein ligation. At 8 weeks after surgery, the left 
epididymal damage was observed using H&E and TUNEL staining. The expressions of neutral α-glucosidase (NAG), ATF-6, tumor 
necrosis factor (TNF)-α, and phospho-nuclear factor (p-NF)-κB p65 (S536) in the left epididymis were measured by immunohisto-
chemistry. ATF-6 silence in rat epididymal epithelial cells was established by ATF-6 siRNA transfection. The cells were treated with 
hypoxia for 24 h, and cell viability was measured by CCK-8, levels of NAG, TNF-α, and interleukin (IL)-8 in cells were measured by 
ELISA, levels of p-NF-κB p65 (S536)/NF-κB p65 protein in cells were measured by Western blotting.
Results: The results showed that the experimental left varicocele induced hypertrophy and apoptosis of epididymal epithelial cells 
(p<0.05), and decreased the expressions of NAG in the epididymal epithelial cells compared with the sham-operated control rats 
(p<0.01). Meanwhile, the expressions of ATF-6, TNF-α, and p-NF-κB p65 (S536) were increased in the epididymal epithelial cells 
after the experimental left varicocele compared with the sham-operated control rats (p<0.05). In the hypoxia-treated cells, ATF-6 
silence increased the cell viability and decreased the levels of TNF-α, IL-8, and p-NF-κB p65 (S536) compared with the control cells 
(p<0.05).
Discussion: The ATF-6 pathway was activated in a rat’s left varicocele-induced epididymal damage. Inhibition of the ATF-6 pathway 
might be a possible novel therapeutic approach for left varicocele-induced epididymal damage.
Keywords: epididymal neutral α-glucosidase, hypoxia, left varicocele, nuclear factor-kappa B p65, NF-κB p65

Introduction
Varicocele is an abnormal dilatation, elongation, and tortuosity of the pampiniform plexus veins of the spermatic cord, 
occurring on the left side.1,2 It is generally reported that varicocele is present in 15% of the general male population and 
accounts for about 35% of men with primary infertility, and 70–85% of men with secondary infertility, making it the 
most common cause of male infertility.1,3 Various surgical techniques, including different types of open varicocelectomy 
and minimally invasive techniques, such as microsurgical, microscopic laparoscopic, laparoscopic or robotic varicoce-
lectomy, can be used to treat varicocele with high success rates.4 Removal of varicocele in mature men improves semen 
parameters in over 50% of men, or if treated in adolescence, in over 80% of adolescents.5 However, over 60% of couples 
with infertility and varicocele do not have spontaneous pregnancy within a year after varicocelectomy, and one factor 
contributing to this outcome may be epididymal damage.6 Therefore, varicocele-induced epididymal damage is an 
important issue in male infertility.

Journal of Inflammation Research 2024:17 7261–7274                                                     7261
© 2024 Jin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress

Open Access Full Text Article

Received: 30 April 2024
Accepted: 30 September 2024
Published: 13 October 2024

http://orcid.org/0009-0000-5098-7606
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Epididymis is a key organ for sperm maturation and fertilization capacity, and it is responsible for sperm storage and 
transport.7 It has been reported that the varicocele can induce cell apoptosis in the epididymal epithelium,6 degeneration 
of the epididymal epithelium,8 and decrease the secretion of epididymal neutral α-glucosidase (NAG).9 The levels of 
NAG are almost exclusively in the epididymis and are useful for epididymal function, mainly localized in the apical 
cytoplasm.9,10 It has been shown that varicocele-mediated infertility is the result of the synergy of genetic and other 
molecular factors, such as scrotal hyperthermia, hypoxia, inflammation, endocrine disorders, and oxidative stress.2,11 

However, most studies examining the association between varicocele and fertility are principally focused on the damage 
to the testis. In fact, the epididymal dysfunction is associated with varicocele-related male infertility. The mechanisms of 
pathophysiology of varicocele-induced epididymis are needed to be elucidated.

As known, varicocele is frequently accompanied by an accumulation of unfolded or misfolded proteins, indicating 
impaired endoplasmic reticulum (ER) function.12 In a rat varicocele testis model, ER stress and unfolded protein 
response (UPR) occurred in the testis as evidenced by the engagement of the IRE1/JNK/XBP1s pathway and caspase- 
3-mediated apoptosis.11 The ER stress is a protective response to restore protein homeostasis by activating the UPR. 
However, severe and/or persistently high ER stress can trigger cell apoptosis through multiple inflammatory pathways, 
such as the PI3K-Akt pathway, nuclear factor (NF)-κB pathway, and nod-like receptor family pyrin domain containing 3 
(NLRP3) inflammasome.13,14 Activating transcription factor 6 (ATF-6) is a transduction molecule in the downstream 
signal pathway of UPR, that can combine with the ER stress response element (ERSE) to regulate the homeostasis of ER 
and maintain cell functions.15 In inflammatory diseases, the ATF-6 expressions increased and promoted the secretions of 
inflammatory cytokines and ER stress-mediated apoptosis.16–18 However, the ATF-6 expression in the varicocele-induced 
epididymal dysfunction has not been reported. Exploring the implications of ATF-6 in varicocele-induced epididymal 
dysfunction is crucial for developing potential therapeutic interventions.

In this study, a rat model of left varicocele was established by partial left renal vein ligation. The expressions of ATF- 
6, TNF-α, and phospho-NF-κB p65 (S536) were observed in the varicocele-induced epididymis. In rat epididymal 
epithelial cells, cells were treated with hypoxia to mimic varicocele-induced epididymis in vitro, and the roles of ATF-6 
silence in inflammation were observed in the hypoxia-stimulated cells.

Materials and Methods
Sample Size Calculation
The sample size was calculated using G*Power 3.1 software (Franz, Universitat Kiel, Germany). With power of 70%, 
0.05 level of statistical significance, and effect size of 0.6, total sample size was calculated to be 11. Twelve animals were 
used in this study.

Animals and Animal Group
Twelve adult male Sprague-Dawley rats (250–300 g, 7 weeks) were purchased from Ji’nan Pengyue Laboratory Animal 
Breeding Co., Ltd. (Shandong, China) and maintained under a controlled environment at 20–22°C, with 45–55% 
humidity, and a 12-hour light-dark cycle. All rats were fed water and standard rodent feed. Animals were randomly 
divided into the experimental varicocele group (n=6) and the sham-operated control group (n=6).

Experimental Left Varicocele
It should be noted that individual variation is one of the major difficulties of the study of venous anatomy in both humans 
and laboratory animals. In comparison with the naturally occurring left varicocele in humans, the rat experimental left 
varicocele causes a redistribution of blood flow from a route primarily out the spermatic vein to routes leading to the iliac 
vein, and the redistribution is similar but not identical.19 In this study, experimental left varicocele was established 
through partial left renal vein ligation.20 The rats were anesthetized by a 2% pentobarbital sodium (#P3761, Sigma- 
Aldrich, Shanghai, China) injection, and explored the left renal vein. The left renal vein and a parallel 0.85 mm metal 
probe were tied using a 4/0 silk ligature (#N180918, Fosun Pharma, Shanghai, China). After removing the probe, an 
approximate 50% decrease in renal vein diameter was produced. The incision was then closed. Sham-operated (control) 
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rats were subjected to the same laparotomy but without renal vein ligation. Animals of the two groups were then housed 
under controlled lighting and temperature conditions.

Sample Collection
At 8 weeks following surgery, all rats were sacrificed by intraperitoneal injection of 100 mg/kg pentobarbital sodium 
(#P3761, Sigma-Aldrich, Shanghai, China). The left epididymis was isolated by excising the efferent ducts and vas 
deferens and fixed in 2.5% glutaraldehyde (#G849973, Macklin, Shandong, China) for 24 h.

Histological Observation Using Hematoxylin-Eosin (H&E) Staining and Terminal- 
Deoxynucleotidyl Transferase-Mediated Nick End Labeling (TUNEL) Staining
H&E Staining
According to the H&E staining procedures,21 the fixed tissues were treated with gradient ethanol (80%, 90%, 95%, 
100%) for 120 min each time at room temperature. Then, the tissues were embedded in paraffin and cut into paraffin 
sections (4 µm). The sections were dewaxed with xylene twice (5 min each time) and hydrated with gradient ethanol 
(100%, 90%, 80%, 70%) for 2 min each time at room temperature. After washing with water for 5 min, the sections 
were stained with hematoxylin (#C0105S, Beyotime, China) for 10 min at room temperature. After washing with 
water, the sections were differentiated with 1% acid alcohol for the 20s. After washing, the sections were stained 
with eosin (#C0105S, Beyotime, China) for 1 min. After washing, the sections were treated with gradient ethanol 
(70%, 80%, 90%, 100%) for 20s each time and xylene twice for 5 min each time at room temperature. The sections 
were sealed with neutral gum and observed by ×200 magnification under a light microscope (#DM3000, Leica, 
Germany).

TUNEL Staining
According to the TUNEL apoptosis detection kit instructions (#Alexa Fluor 488, Yeasen, Shanghai, China), the paraffin 
sections (4 µm) were soaked in xylene for 5 min, and soaked in gradient ethanol (100%, 5 min; 90%, 3 min; 80%, 
3 min; 70%, 3 min). After washing with phosphate buffer saline (PBS, #P787575, Macklin, Shandong, China) for 3 min, 
the sections were cultured with 20 µg/mL Proteinase K (#ST533, Beyotime, Shanghai, China) for 20 min at room 
temperature. After washing with PBS twice, the sections were cultured with 1× equilibration buffer for 20 min and TdT 
buffer (#D7092S, Beyotime, Shanghai, China) for 60 min at room temperature. After washing with PBS twice, the 
sections were treated with gradient ethanol (90%, 95%, 100%) for 2 min each time and xylene twice for 3 min each time 
at room temperature. The sections were sealed with neutral gum and the numbers of TUNEL-positive cells were 
observed by ×200 magnification under a light microscope (#DM3000, Leica, Germany).

Immunohistochemistry Analysis of NAG, ATF-6, TNF-α and p-NF-κB p65 Expressions
According to the immunohistochemistry staining procedures,22 the paraffin sections (4 µm) were dewaxed with 
xylene twice (5 min each time) and hydrated with gradient ethanol (100%, 90%, 80%, 70%) for 2 min each time at 
room temperature. Then, the sections were soaked in Proteinase K solution for 6 min at room temperature. After 
washing with PBS twice, the sections were cultured with 3% H2O2 for 15 min at room temperature. After washing 
with PBS twice, the sections were respectively incubated with primary antibodies (Table 1) overnight at 4°C. After 
washing with PBS twice, the sections were incubated with the HRP anti-rabbit IgG antibody (1:1000, #ab288151, 
Abcam, Shanghai, China) for 30 min at 37°C. After washing with PBS twice, the sections were stained with 
diaminobenzidine (DAB, #AR1022, Boster, Shanghai, China) for 2 min and hematoxylin for 3 min at 37°C. After 
washing, the sections were dehydrated with gradient ethanol (90%, 95%, 100%) for 2 min each time and cleared with 
xylene twice for 3 min each time at room temperature. Finally, the sections were sealed with neutral gum. The results 
were observed by ×200 magnification under a light microscope (#DM3000, Leica, Germany). The positive expression 
was marked by a brown color and the positive staining area (%) was analyzed using ImageJ software (National 
Institutes of Health, USA).
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Cells and Cell Culture
Rat epididymal epithelial cells (#CP-R335, Procell Life Science & Technology Co., Ltd, China) were identified with pan- 
cytokeratin (PCK, #ab215838, Abcam, Shanghai, China) immunofluorescence (≥90%). The cells were cultured at 37°C 
with 5% CO2 using the medium (#CM-R335, Procell, China) containing fetal bovine serum (FBS), epidermal growth 
factor (EGF), hydrocortisone, adrenaline, thyroid hormone, insulin, transferrin, selenium solution, penicillin, streptomy-
cin. At about 70% confluency, the cells (2×105 per well) were used for experiments.

Cell Transfection and Cell Group
The cells (2×105 per well) were cultured in a 24-well plate and transfected with 1 µg small interfering RNA (siRNA) 
targeting ATF-6 or control siRNA (GenePharma Co., Ltd, Shanghai, China) for 24 h using Lipofectamine 3000 
(#L3000150, Invitrogen, Shanghai, China). Briefly, the dilute Lipofectamine™ 3000 reagents (25 µL × 2) were added 
to Opti-MEM™ medium (0.75 and 1.5 µL, 2 tubes). The master mix of siRNA (1 µg) was diluted in Opti-MEM™ 
medium (50 µL) and was mixed with P3000™ reagent (2 µL). Then, the diluted siRNA was added to each tube of diluted 
Lipofectamine™ 3000 reagents (1:1 ratio) for 12 min at room temperature. The cells were incubated with the siRNA- 
lipid complex for 24 h at 37°C with 5% CO2. The sequence of ATF-6 siRNA is 5′-CCCUCAUUAACACGACAGATT-3′.

The cells were divided into three groups, the control group, the control siRNA group, and the ATF-6 siRNA group. 
Three repeats per group in each experiment.

Assessment of ATF-6 siRNA Transfection Using Western Blotting, Cell Counting Kit-8 
(CCK-8) and NAG Activity Assay
Western Blotting
The expressions of proteins were measured by Western blotting.23 Protein extraction was carried out from cells using 
a lysis buffer, and the protein concentrations were determined by the Bicinchoninic Acid method (#P0012, Beyotime, 
China). The collected proteins were separated by 12% gel electrophoresis (#P0690, Beyotime, China) and transferred to 
polyvinylidene fluoride (PVDF) membranes (#FFP70, Beyotime, China). After blocking with 5% milk for 60 min, the 
membranes were incubated with primary antibodies at 4°C overnight. The antibodies included rabbit polyclonal to ATF-6 
(0.5 µg/mL, #ab37149, Abcam, Shanghai, China), rabbit polyclonal to p-NF-κB p65 (S536) (1:2000, #ab86299, Abcam), 
rabbit polyclonal to NF-κB p65 (0.5 µg/mL, #ab16502, Abcam) and rabbit polyclonal to β-action (1:2000, #ab8227, 
Abcam). After washing with PBST (10 min each time) three times, the membranes were incubated with the secondary 
antibody, HRP anti-rabbit IgG antibody (1:2000, #ab288151, Abcam) for 120 min at 37°C. After washing with PBST 
three times, the membranes were visualized using the enhanced ECL chemiluminescent substrate kit (#3622ES60, 
Yeasen, Shanghai, China). The gray of proteins was performed using ImageJ software (National Institutes of Health, 
USA). The relative expression of the protein was normalized using β-action.

CCK-8
The cell viability was measured using a CCK-8 kit (#C0038, Beyotime, Shanghai, China). According to the kit 
instructions, 10 µL of cells (2×103 per well) were cultured with 10 µL of CCK-8 for 2 h at 37°C with 5% CO2. The 
absorbance was measured at 450 nm using a microplate reader (#Varioskan ALF, Thermo Scientific, China).

Table 1 Information of Primary Antibodies

Antibody Host Code Dilution Source

NAG Rabbit ab133720 1:2000 Abcam, Shanghai, China
ATF-6 Rabbit ab37149 5 µg/mL Abcam, Shanghai, China

TNF-α Rabbit ab6671 1:800 Abcam, Shanghai, China

Phospho(p)-NF-κB p65 (S536) Rabbit ab86299 1:800 Abcam, Shanghai, China

Abbreviations: NAG, neutral α-glucosidase; ATF-6, activating transcription factor 6; TNF-α, tumor necrosis 
factor-α; NF-κB, nuclear factor-kappa B.
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NAG Activity Assay
According to the α-glucosidase activity assay kit instructions (#BC2550, Solarbio Science & Technology Co., Ltd, 
Beijing, China), the cells were collected by centrifugation (500 g, 10 min) using a centrifuge (#Sorvall ST4 plus, Thermo 
Scientific, China), and crushed in 1 mL of extraction solution using ultrasonic (power 200W, 3s) for 30 times. After 
centrifugation (15,000 g, 20 min, 4°C), the supernatants were collected and measured at 400 nm using a microplate 
reader (#Varioskan ALF, Thermo Scientific, China).

Hypoxia Cell Model and Cell Group
Several mechanisms have been proposed to explain the pathophysiology of varicocele, likely scrotal hyperthermia, 
hypoxia, reflux of renal and adrenal metabolites, and hormonal imbalances.2 Here, cells were treated with hypoxia to 
mimic varicocele-induced epididymis in vitro. The cells were cultured at 37°C with 5% CO2, 2% O2, and 93% N2 for 24 
h.24 The control cells were cultured at 37°C with 5% CO2 for 24 h.

The cells were divided into four groups, the control group, the ATF-6 siRNA group, the hypoxia control group, and 
the hypoxia plus ATF-6 siRNA group. Three repeats per group in each experiment.

Assessment of ATF-6 Silence Under Hypoxia Using CCK-8, NAG Activity Assay, 
Enzyme-Linked Immunosorbent Assay (ELISA), and Western Blotting
CCK-8, NAG Activity Assay, and Western Blotting
As described in the above-mentioned methods, CCK-8 measured the cell viability, α-glucosidase activity assay measured 
the NAG levels, and Western blotting measured the levels of p-NF-κB p65/NF-κB p65 protein.

Elisa
The levels of TNF-α and interleukin (IL)-8 in supernatants of cells were measured using ELISA. According to the 
rat TNF-α ELISA kit (#PT516, Beyotime, Shanghai, China) and rat IL-8 ELISA kit (#SEKR-0071, Solarbio 
Science & Technology Co., Ltd, Beijing, China) instructions, the supernatants of cells were collected by centrifu-
gation (500 g, 10 min) using a centrifuge (#Sorvall ST4 plus, Thermo Scientific, China), and the collected 
supernatants were cultured with biotinylated antibody for 60 min and streptavidin for 20 min at 25°C. Then, the 
samples were cultured with 3.3′,5,5′-tetramethylbenzidine (TMB) for 20 min at 25°C before the addition of the stop 
solution. The results were measured at 450 nm using a microplate reader (#Varioskan ALF, Thermo Scientific, 
China).

Statistics Analysis
The statistics analysis was performed by the GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, USA). The 
normal distribution of data was tested by the Shapiro–Wilk test, and the results were shown as mean ± standard deviation. 
The t-test was used to compare significance between two groups, and ANOVA with post hoc Tukey’s test was used to 
compare significance among multiple groups. A p-value of < 0.05 was considered as significant.

Results
Epididymal Damage Was Induced by Experimental Left Varicocele
The experimental left varicocele in rats was established through partial left renal vein ligation (Figure 1A). At 8 weeks 
after surgery, the rats were sacrificed and the left epididymal morphology was observed by H&E staining (Figure 1B). 
Compared with the control group, the epithelial cell thickness (red arrows) significantly increased in the caput (p=0.027), 
corpus (p=0.017), and cauda (p=0.026) after the experimental left varicocele (Figure 1C). Meanwhile, the apoptosis of 
epididymal endothelial cells (red arrows) in the left epididymis was observed by TUNEL staining (Figure 1D). Compared 
with the control group, the cell apoptosis significantly increased in the caput (p=0.005), corpus (p=0.001), and cauda 
(p=0.004) after the experimental left varicocele (Figure 1E). The results showed that experimental left varicocele induced 
damage to the epididymal endothelial cells.
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Experimental Left Varicocele Destroyed Epididymal Function and Increased ATF-6 
Expression in Epididymal Endothelial Cells
The epididymal function was assessed by measuring the NAG levels, and the expressions of NAG in the 
epididymal endothelial cells (black arrows) were observed by immunohistochemistry (Figure 2A). Compared 
with the control group, the NAG levels were significantly decreased in the caput (p=0.008), corpus (p=0.003), 
and cauda (p=0.004) after the experimental left varicocele (Figure 2B). The ATF-6 expressions in the epididymal 
endothelial cells (black arrows) were also observed by immunohistochemistry (Figure 2C). However, the ATF-6 

Figure 1 Effects of experimental left varicocele on the epididymal damage. (A) Images of the animal experiment. (B) H&E staining, Scale = 100 µm. (C) Epididymal cell 
thickness. (D) TUNEL staining, Scale = 100 µm. (E) Numbers of TUNEL+ cells. Red arrows: hypertrophy of endothelial cells; apoptosis of endothelial cells. *P<0.05; 
**P<0.01.
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expressions were significantly increased in the caput (p=0.006), corpus (p=0.015), and cauda (p=0.025) after the 
experimental left varicocele when compared to the control group (Figure 2D). The results showed that the 
experimental left varicocele destroyed the epididymal function and activated the ATF-6 pathway in the epididymal 
endothelial cells.

Experimental Left Varicocele Induced Inflammation in Epididymal Endothelial Cells
The inflammation in the epididymal endothelial cells was assessed by measuring the expressions of TNF-α and p-NF-κB 
p65 (S536), and their expressions were observed by immunohistochemistry. Compared with the control group, the TNF-α 
expression in the epididymal endothelial cells (Figure 3A, black arrows) was significantly increased in the caput 
(p=0.015), corpus (p=0.020), and cauda (p=0.013) after the experimental left varicocele (Figure 3B). The p-NF-κB 
p65 (S536) expression in the epididymal endothelial cells (Figure 3C, black arrows) was also significantly increased in 
the caput (p=0.001), corpus (p=0.001), and cauda (p=0.019) after the experimental left varicocele compared with the 
control group (Figure 3D). The results showed that the experimental left varicocele induced inflammation in the 
epididymal endothelial cells.

Figure 2 Effects of experimental left varicocele on the expressions of NAG and ATF-6 in the epididymis. (A) The expressions of NAG were observed by immunohis-
tochemistry. Scale = 100 µm. Black arrows: positive expressions of NAG. (B) The area of NAG expression was analyzed using ImageJ software. (C) The expressions of ATF- 
6were observed by immunohistochemistry. Scale = 100 µm. Black arrows: positive expressions of ATF-6. (D) The area of ATF-6 expression was analyzed using ImageJ 
software. *P<0.05; **P<0.01.
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ATF-6 Silence Did Not Affect Epididymal Cell Function
The rat epididymal endothelial cells were identified with PCK immunofluorescence (>90%, Figure 4A). To further 
analyze the roles of ATF-6 in the epididymal endothelial cells, ATF-6 silence was established in the epididymal 
endothelial cells by ATF-6 siRNA transfection. The expressions of ATF-6 protein were observed by Western blotting 
(Figure 4B), and the ATF-6 siRNA transfection significantly decreased the expressions of ATF-6 protein compared with 
the control siRNA transfection (p=0.000). Moreover, there was no significance in the cell viability (Figure 4C, p=0.576) 
and NAG level (Figure 4D, p=0.909) among groups.

ATF-6 Silence Improved Hypoxia-Induced Damage in Epididymal Epithelial Cells
The control cells and ATF-6 siRNA-transfected cells were treated with hypoxia to confirm the roles of ATF-6 in the 
hypoxia-induced epididymal epithelial cells. Compared with the control group, the cell viability (Figure 5A, p=0.000) 
and NAG levels (Figure 5B, p=0.000) were significantly decreased after hypoxia treatment. Meanwhile, the cell viability 
(p=0.002) and NAG levels (p=0.010) in the ATF-6 siRNA group were significantly decreased after the hypoxia 
treatment. However, under hypoxia treatment, the ATF-6 siRNA transfection significantly increased the cell viability 
(p=0.000) and NAG levels (p=0.041) compared with the control cells. The levels of TNF-α (Figure 5C) and IL-8 
(Figure 5D) in the cells were also measured using ELISA. Compared with the control group, the levels of TNF-α 

Figure 3 Effects of experimental left varicocele on the expressions of TNF-α and p-NF-κB p65 (S536) in the epididymis. The expressions of TNF-α (A) and p-NF-κB p65 (S536) 
(C) were observed by immunohistochemistry. Scale = 100 µm. Black arrows: positive expressions of TNF-α and p-NF-κB p65 (S536). The area of TNF-α expression (B) and 
p-NF-κB p65 (S536) expression (D) was analyzed using ImageJ software. *P<0.05; **P<0.01.
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Figure 4 Effects of ATF-6 silence on cell viability and NAG level in the epididymal endothelial cells. (A) The cells were identified with PCK immunofluorescence (Scale = 50 µm). 
(B) The ATF-6 protein expressions were measured by Western blotting. The gray of protein was analyzed using ImageJ software and the relative expression of proteins was 
normalized by β-actin. (C) Cell viability was measured by CCK-8. (D) NAG levels were measured by α-glucosidase activity assay kit. ns: no significance; **P<0.01.
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(p=0.000) and IL-8 (p=0.000) were significantly increased after hypoxia treatment. The levels of TNF-α (p=0.000) and 
IL-8 (p=0.001) in the ATF-6 siRNA group were also significantly increased after hypoxia treatment. However, under 
hypoxia treatment, the ATF-6 siRNA transfection significantly decreased the levels of TNF-α (p=0.002) and IL-8 
(p=0.011) compared with the control cells.

Moreover, the expressions of p-NF-κB p65 (S536) /NF-κB p65 protein (Figure 6A) were measured by Western 
blotting, and hypoxia treatment significantly increased expressions of p-NF-κB p65 (S536) /NF-κB p65 protein compared 
with the control group (p=0.000) or ATF-6 siRNA group (p=0.000). However, under hypoxia treatment, the ATF-6 
siRNA transfection significantly decreased the expressions of p-NF-κB p65 (S536) /NF-κB p65 protein compared with 
the control cells (p=0.000). These results showed that ATF-6 silence improved the inflammation in the hypoxia-treated 
epididymal epithelial cells.

Figure 5 Effects of ATF-6 silence on the epididymal endothelial cells under hypoxia condition. The control cells and ATF-6 siRNA-transfected cells were treated with 
hypoxia for 24 h. (A) Cell viability was measured by CCK-8 kit. (B) Levels of NAG were measured by α-glucosidase activity assay kit. Levels of TNF-α (C) and IL-8 (D) in the 
supernatants were measured by ELISA kit. *P<0.05, **P<0.01.
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Discussion
The epididymis is divided into the caput, corpus, and cauda epididymis in laboratory rodents.7,25 In this study, the 
experimental left varicocele induced left epididymal dysfunction by inducing cell apoptosis and inflammation and 
increased the ATF-6 expression in the left epididymis. Moreover, the ATF-6 mediated the hypoxia-induced inflammation 
in epididymal epithelial cells (Figure 6B).

The caput epididymis supports sperm maturation, and the cauda epididymis plays a role in sperm storage. The 
enzyme NAG is a functional epididymal marker in humans, originating almost exclusively from the epididymis.25 Many 
studies have demonstrated that the epididymal structures and functions are influenced by varicocele.9,26 The varicocele 
results in the decrease of sperm parameters, significant histological damage, and high levels of oxidative stress and 
apoptosis in the epididymis. Consistent with these findings, our study showed that the left varicocele induced epididymal 
damage by decreasing the NAG levels and increasing the cell apoptosis in the epididymis. Importantly, the left varicocele 
induced the expressions of ATF-6, TNF-α and p-NF-κB p65 (S536) increased in the epididymis, indicating that ATF- 
6-mediated inflammation played a vital role in the left varicocele-induced epididymal damage.

ATF-6, a transduction molecule in the downstream signal pathway of UPR, mediates ER stress. Under basal 
conditions, the ATF-6 pathway is inactive by binding to the ER protein chaperone BiP/GRP78. During the ER stress, 
increased protein load in the ER triggers the BiP/GRP78 dissociation from the UPR sensors, resulting in the ATF-6 

Figure 6 Effects of ATF-6 silence on the expressions of p-NF-κB p65(S536) /NF-κB p65 protein in the epididymal endothelial cells under hypoxia condition. (A) Expressions 
of p-NF-κB p65 (S536) /NF-κB p65 protein were measured by Western blotting. The gray of protein was analyzed using ImageJ software and the relative expression of 
proteins was normalized by β-actin. (B) A diagram of this study. ATF-6 mediated inflammation in experimental varicocele-induced epididymal epithelial cells. **P<0.01.
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pathway activation.16,27 Activation of the ATF-6 pathway can increase the secretion of inflammatory cytokines in 
response to ER stress.14 In a rat varicocele testis model, ER stress and unfolded protein response occurred in the testis 
as evidenced by the engagement of the IRE1/JNK/XBP1s pathway and caspase-3-mediated apoptosis.11 Consistent with 
previous findings, this study found the ATF-6 pathway was activated in the experimental left varicocele-induced 
epididymis. Moreover, the inflammatory cytokines, TNF-α and p-NF-κB p65 (S536), were significantly increased in 
the varicocele-induced epididymis.

NF-κB transcription factors, including five members named p65 (RELA), RELB, REL, NF-κB1(p105/p50), and NF- 
κB2 (p/100/p52), play central roles in coordinating immune and inflammation responses.28–30 All five members form 
homo- or heterodimers, among which p65/p50 is the most common one. Inflammatory cytokines can activate the NF-κB 
pathway, resulting in the p65/p50 complexes release and free to translocate to the nucleus.28 As an inflammatory 
cytokine, TNF-α can bind to its receptor TNF-R1 to activate the NF-κB pathway.29,30 Moreover, the ATF-6 mediates 
the NF-κB pathway in intestinal epithelial cells upon endoplasmic reticulum stress.16 To confirm that ATF-6 mediates the 
inflammation in the left varicocele-induced epididymal damage, we established ATF-6 silence in rat epididymal 
endothelial cells and treated the cells with hypoxia. As known, hypoxia is one of the mechanisms of varicocele 
injury.31 The results showed that the ATF-6 silence improved the hypoxia-induced inflammation by suppressing the 
TNF-α, IL-8, and p-NF-κB p65 (S536)/NF-κB p65 expression. These results indicated that the ATF-6-mediated 
inflammation participated in the varicocele-induced epididymis injury. Inhibition of the ATF-6 pathway might be 
a possible novel therapeutic approach for the left varicocele-induced epididymal damage.

However, many limitations of this study were not neglected. Many potential confounding factors, such as variations 
in rats handling or differences in individual responses to the induced varicocele, could influence the results. Besides, 
individual variation is one of the major difficulties of the study of venous anatomy in both humans and laboratory 
animals. There are currently several hypotheses related to the impairment of spermatogenesis seen in patients with 
varicocele, but it appears to be multifactorial with no single disturbance able to completely explain the mechanism of 
impairment.32 The animal model is critical to researchers investigating the pathophysiology of varicocele. This study 
only explained the ATF-6 mediated inflammation in experimental varicocele-induced epididymal damage but did not 
explore the underlying mechanisms in detail. It is known that ATF-6 may activate other signaling pathways, such as 
autophagy,33 metabolic changes,34 and immune infiltration.35 It is necessary to elucidate the cross-talks that occur 
among ATF-6-mediated pathways in the experimental left varicocele. Moreover, other potential pathways could also 
contribute to inflammation in varicocele-induced epididymal damage, such as oxidative damage,36 PI3K/Akt pathway,6 

and DNA damage.37 Other mechanisms are equally important to characterize the varicocele-induced epididymal 
damage.

Conclusions
This study demonstrated that the ATF-6 mediated inflammation in a rat left varicocele-induced epididymal damage, and 
the ATF-6 silence suppressed the hypoxia-induced inflammation in epididymal epithelial cells. Inhibition of the ATF-6 
pathway might be a possible novel therapeutic approach for the left varicocele-induced epididymal damage. While the 
study discusses the basic science aspects, it could go further in exploring the potential clinical implications. The data of 
this study provide a fertile ground for future explorations.
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