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Abstract
Varicocele (VCL) has been shown to induce severe oxidative stress in the testicular tissue resulting in 35% of males with 
primary infertility. To compare the exacerbating impacts of varicose on oxidative DNA damage and homeostatic antioxidant 
reactions in the seminiferous tubules (ST), enclosed and far from varicose vessels. Thirty mature Wistar rats were divided 
into control and VCL-induced groups. To approve VCL, the testicular diameters, volume, and blood circulation were meas-
ured using B-mode and Doppler ultrasonography. Next, to confirm oxidative stress (OS), the global homeostatic antioxidant 
biomarkers were evaluated. Moreover, the OS-induced oxidative DNA damage and homeostatic antioxidant reactions were 
compared between STs nearby and far from varicose vessels. Finally, to clarify the DNA damage-induced impact on the cell 
cycle progression, the global and local expressions of Cyclin D1, Cdk4, and p21 were examined. The VCL-induced group 
exhibited diminished global antioxidant status (marked with TAC, GPX, SOD, and CAT) and UNG and MPG expression 
levels. Moreover, the cross-sections of the VCL group represented a prominent reduction in the UNG, MPG, Cyclin D1, and 
cdk4, and upregulation in the p21 expression levels, more prominently in the STs nearby varicose vessels. Concerning severe 
oxidative DNA damage and intensive molecular changes in the STs nearby the varicose vessels, they can be considered the 
main cause of oxidative DNA damage in enclosed tubules. Thus, the varicose-mediated oxidative DNA damage negatively 
impacts the cell cycle progression in the tubules more intensively in the subcapsular area.
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Introduction

During the last decades, infertility has become a public 
health issue, affecting more than 15% of couples during their 
reproductive age [1, 2]. Accordingly, 40–50% of infertili-
ties are attributed to male infertility problems [2–4]. Among 

various male infertility disorders, the varicocele (VCL) has 
been highlighted according to its high incidence of 35% 
in males with primary infertility. However, it dramatically 
increases to more than 80% in men with secondary infertility 
[5, 6]. Concerning the complexity of the left-sided vascu-
lature and a vertical entrance of blood to the renal vein at 
the right angle, the left-sided VCL is more common (80%) 
in men [7]. Thus, the VCL is determined by a pathological 
enlargement of the pampiniform plexus with twisted veins, 
caused by the turbulent blood flow and reverses pressure, 
leading to a retrograde blood flow-down, usually from the 
left spermatic vein [8]. Moreover, as another etiology of 
VCL, the absence and/or incomplete formation of valves in 
the left testicular vein, mainly at the pelvic and lumbar sites, 
is reported in 33–37% of patients [9]. Several experimen-
tal and clinical studies have shown the VCL-related patho-
physiology in testicular tissue, including decreased testicu-
lar endocrine status [10], heat [11], oxidative, nitrosative 
[12–14], and endoplasmic reticulum-related [15] stresses 
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as well as inflammation [16]. The VCL-induced oxidative 
stress (OS), due to its suppressive effects on the testicular 
antioxidant capacity [17], has been highlighted by different 
experimental and clinical trial studies, representing its del-
eterious effect on DNA, mRNA [18–20], lipids, and protein 
contents [19, 21, 22].

Cyclins, with 20 members in the family, are the most 
known cell cycle regulators, which coordinate with their 
special kinases (Cdks) in maintaining cell cycle machinery 
[23, 24]. Accordingly, pathological suppression of Cyc-
lins and Cdks expression and/or a disrupted Cyclins/Cdks 
complex formation inhibits the cell cycle progression by 
inducing cell division arrest [23, 25, 26]. The Cyclin D1, a 
member of the D family, in response to DNA damage under 
OS condition, controls the G1/S stages during the cell cycle 
[27] by switching the pathway in developing germ cells to 
the DNA repairmen process and/or apoptosis [28] through 
p21 and p53 proteins mediation [23]. The current signaling 
is revealed in the experimental VCL condition using rats, 
showing a diminished Cyclin D1 expression simultaneous 
with massive oxidative DNA damage as well as increased 
p21 expression in the testicles [19, 29]. Indeed, the p21 
(WAF1, CAP20, Cip1, and Sdi1), another critical cell cycle 
regulator after oxidative DNA damage, stops the cell cycle 
development by restricting cdk4 to block cdk4/Cyclin D1 
complex formation [23, 30]. Therefore, it can be concluded 
that the p21 and Cyclin D1-induced role has a role in mediat-
ing the severe oxidative DNA damage in the VCL condition.

As a central DNA repair process in the testicular tissue, 
the “Base Excision Repair (BER)” pathway plays an undeni-
able role in removing the DNA lesions in various circum-
stances such as OS [31]. The BER pathway is divided into 
different stages, including detection and cutting, incision, 
replacement, processing of DNA terminals, and sealing the 
DNA [32]. The DNA glycosylases carry out the cognition 
and excision of DNA lesions, which is an essential process 
to initiate the BER pathway. With respect to their specificity, 
each DNA glycosylase plays a particular role in the DNA 
repair process. For instance, uracil-DNA glycosylase (UNG) 
removes Uracil (U) DNA lesions raised from deamination of 
the cytosine or U misplace during DNA synthesis [33], while 
methylpurine DNA glycosylase (MPG), detects, removes, 
and ultimately repairs the DNA alkylated bases [34]. Thus, 
any disruption in the UNG and MPG-related interactions 
can significantly affect the DNA repairing machinery and 
enhance the mutatic legions transfer to the next generation.

Considering an expanded VCL-induced varicose forma-
tion in the vasculature network of testicles [10, 35] and the 
possible boosting effect of varicose on the OS induction 
[36], we divided the testicular cross-sections into two sub-
capsular and central zones, and investigated the changes in 
those seminiferous tubules around varicoses by comparing 
them to those with more distance. Consistent with this issue, 

first, the VCL-induced OS and DNA damage biomarkers, as 
well as histopathological changes in the testis, were aimed 
to be investigated. Second, the VCL-induced DNA dam-
age impact on cell cycle machinery, especially Cyclin D1/
p21 cooperation, was targeted. Finally, DNA repair enzyme 
activity, majorly focusing on the UNG and MPG enzymes 
(those playing a pivotal role in the DNA repairing system), 
and germ cell survival were investigated.

Method and Material

Chemicals

To perform the immunohistochemistry (IHC) staining, the 
primary antibodies for anti-UNG (Cat NO: E-AB-66016), 
anti-MPG (Elabsciences, USA, Cat NO: E-AB-60952), 
anti-8-Oxo-G (Elabsciences, USA, Cat No: E-AB-52306), 
anti-cyclin D1 (Elabsciences, USA, Cat No: E-AB-64003), 
Cdk-4 (Elabsciences, USA, Cat No: E-AB-52141), and 
anti-p21 (Elabsciences, USA, Cat No: E-AB-70068) were 
purchased from ElabSciences company branch in Turkey 
(Istanbul, Turkey). Additionally, Horseradish peroxidase-
labeled avidin–biotin complex (“HRP,” VectorLabs, Peter-
borough, UK) was assigned from Life-TebGen CO, (Teh-
ran, Iran). The commercial kites for glutathione peroxidase 
(GPX, Cat N: NS-15087), superoxide dismutase (SOD, Cat 
N: NS-15032), catalase (CAT, Cat N: NS-15052), and total 
antioxidant capacity (TAC, Cat N: NS-15012) were pur-
chased from Navand Salamat Company (Navand Salamat 
Co. Urmia, Iran). TUNEL (terminal deoxynucleotidyl trans-
ferase enzyme-mediated dUTP nick end labeling) assay kit 
(Roche, Cat NO: 11684817910, Germany) was purchased 
Setareye Pajohesh Asia Co. Other materials were standard 
commercial laboratory chemicals.

Animals and Groupings

To perform the current experimental original study, 30 
mature male Wistar rats (150 ± 20 g) were purchased from 
a laboratory animal house, Faculty of Veterinary Medicine, 
Urmia University. The animals were subdivided into the 
Control (No = 15) and experimental VCL-induced (No = 15) 
groups following two weeks of adaptation. During the exper-
imental period (4 months), all rats were kept in a standard 
condition by minimizing stress factors and ad libitum access 
to food (rat pellet) and water, based on the guidelines of 
Urmia University for research using animal models. All 
experimental protocols were evaluated and approved by the 
Faculty of Veterinary medicine’s ethical committee, Urmia 
University (Ethical Number: IR-UU-AEC-1779/DA/3). No 
surgical intervention was applied to the control group.
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VCL Induction

The experimental VCL was applied based on Turner’s 
method by partially ligating the left renal vein near the cau-
dal vena cava [37]. To induce deep anesthesia, after weigh-
ing the rats, an appropriate dose of ketamine (10 mg/kg) 
and xylazine (5 mg/kg, Alfasan, Woerden, The Netherland) 
were injected intraperitoneally, the abdominal midline was 
shaved, scrubbed, and an incision (3–5 cm) was applied on 
the midline. Next, the anatomical joining of spermatic and 
renal veins was identified and partially ligated by a 4–0 silk 
suture, which was previously tied around 0.8 mm round nee-
dle and renal vein before removal. Finally, the left spermatic 
vein’s expansion was rechecked, and the abdominal midline 
incision was closed by suturing the muscular and skin layers.

Ultrasonography Examination

At the end of the study (day 120), the testicular and vein 
diameters, blood flow pattern, and blood dynamicity of the 
testicular tissue (left and right testicles of the control and 
VCL induced animals) were examined by a Q9vet ultra-
sound machine (Chison Medical Imaging CO., LTD.) with 
a 10 MHz linear transducer (D7L40L), after general anesthe-
sia. A systematic examination of the longitudinal and trans-
verse planes and length, width, and height of each testis were 
examined by two-dimensional gray-scale ultrasonography, 
as previously described by al Kwon et al. [38]. The sub-
capsular vessels and veins and testicular parenchymal blood 
flow patterns, as well as pulls wave (PW), were examined by 
mid-sagittal plan Doppler ultrasonography with color mode.

Tissue Sampling

Subsequently, after sonography examination, the rats were 
euthanized by intraperitoneal ketamine and xylazine cocktail 
administration, and after weighing, the left testicular tissue 
was aseptically dissected out and weighed, as well. Then, 
the tissues were divided into half; one to store at − 70 °C 
for biochemical and RT-PCR analyses, and the other to fix 
in the formalin fixative solution (10%) for histopathological 
and IHC staining.

Biochemistry Examination

To approve the OS condition in the testicles, the enzy-
matic antioxidant status and the total antioxidant capacity 
(TAC) of the testicular tissue, as well as immunoreactiv-
ity of 8-oxodG (see next), were analyzed. For biochemi-
cal analyses, 20–30 mg of the tissue was homogenized in 
1000 µl of lysis buffer, centrifuged (9000 rpm, 15 min), 
and the supernatant was collected. For the CAT activity 
of testicular tissue, the reaction was performed in 300 µl 

containing 60 μl of supernatant and 240 µl from different 
reagents of the kit. After all stages of the test (according 
to the manufacturer’s instructions), the absorbance was 
immediately monitored at 550 nm. The CAT activity was 
calculated based on the formula (y = 0.0087x + 0.3244, 
R2 = 0.96) obtained from standards ODs and concentrations. 
The results are expressed as U/mg protein (CAT, Cat N: 
NS-15052, Navand Salamat Co. Urmia, Iran). For testicular 
GPX, the reaction was performed in 300 µl containing 40 μl 
of supernatant and 260 µl from different kit reagents. After 
all stages of the test (according to the manufacturer’s instruc-
tions), the absorbance was monitored at 340 nm, with two 
intervals of 5 min. The GPX activity was calculated based 
on the formula (y = 0.0083x + 0.06, R2 = 0.98) obtained 
from standards ODs and concentrations for NADPH con-
centration, continued to obtain GPX activity by using a 
formula based on NADPH concentration/ (∆ODs × sample 
volume) × dilution. The results are expressed as nmol/min/
ml (GPX, Cat N: NS-15087, Navand Salamat Co. Urmia, 
Iran). For testicular SOD, the reaction was performed in 
300 µl containing 50 μl of supernatant and 250 µl from dif-
ferent reagents of kit. After all stages of the test (accord-
ing to the instructions of the manufacturer), the absorbance 
was immediately monitored at 405 nm. The SOD activity 
was calculated on the basis of the formula (OD of sample/
OD of control). The results are expressed as U/mg protein 
(SOD, Cat N: NS-15032, Navand Salamat Co. Urmia, Iran). 
The total protein contents of samples were evaluated based 
on Lowry’s method [39]. For testicular TAC, the reaction 
was performed in 1000 µl reaction buffer containing 100 µl 
supernatant, 400 µl distilled water, 500 µl ABTS+ buffer 
(containing 100 µl ABTS + 800 µl distilled water + 100 µl 
potassium persulfate (10 ×) with the absorbance of 1.14). 
After incubation at room temperature (5 min), the absorb-
ance was monitored at 414 nm. The TAC level was calcu-
lated on the basis of the formula (y =  − 0.007x + 0.6505, 
R2 = 0.98) obtained from standards ODs and concentrations. 
The results are expressed as nmol/mg protein (TAC, Cat N: 
NS-15012, Navand Salamat Co. Urmia, Iran).

Histological Assessment

The fixated samples were routinely passaged in ascending 
alcohols (70%, 80%, 90%, and 98%), embedded, and cut 
(5–6 µm) by automatic rotary microtome (Historage, 2218, 
UK). The tissue sections were stained (Hematoxylin and 
Eosin staining, H&E) and prepared for histomorphometric 
evaluation. To approve the sonography results, the pres-
ence of varicose in the microvasculature’s of subcapsular 
and central zones was analyzed by evaluating the vascular 
diameter (compared to those in the control group). Moreo-
ver, to confirm the VCL condition, the edema in the inter-
stitial connective tissue, spermiogenesis index (SPI, the 
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seminiferous tubules with active spermiogenesis), Johnsen’s 
score (Table 1), the height of germinal epithelium, tubular 
diameter, and general histological changes were analyzed as 
previously described [10, 16]. All histomorphometric data 
were compared between the central and subcapsular zones.

Immunohistochemistry (IHC)

To analyze the effect of VCL on the BER enzymes (UNG 
and MPG) as well as proteins involving in the cell cycle pro-
cess (Cyclin D1, cdk4, and p21), and to compare the changes 
in the pattern of protein expression between subcapsular and 
central zones, the IHC staining was considered. The histo-
logical sections were cut and placed at 56 °C in a hot air oven 
(Venticell, MMM, Einrichtungen, Germany) for 25 min. 
Next, the samples were de-paraffinized in xylene (2 ×) and 
subsequently rehydrated through a series of graded alcohol 
concentrations (99%, 90%, 80%, 70%; each for 5 min). The 
antigen retrieval process was conducted by incubating the 
slides in a ten mM sodium citrate buffer (pH: 7.2), using a 
microwave device (720w for 3 min and 150 w 11 min). The 
endogenous peroxidases were blocked using 1.5% hydro-
gen peroxide in 1 × phosphate buffer (PBS, 20 min at room 
temperature). After washing (3 min in 1 × PBS), the slides 
were incubated in a superblock solution (SCYTEK Co, 
AA025, Utah, United States of America, LOT:43,961) for 
10 min. The control (no primary antibody) and experimental 
slides were incubated overnight at 4 °C, respectively, with 
the blocking solution alone or blocking solution with UNG 
(1:400), MPG (1:350), Cyclin D1 (1:300), cdk4 (1:350), 
and p21 (1:300). Subsequently, the slides were washed with 
1 × PBS and incubated with peroxidase/HRP conjugated 
Goat Anti-Rabbit IgG secondary antibody (1:500, Elab-
scienece, USA, Cat N: E-AB1003) for 60 min at room tem-
perature. Finally, the slides were incubated with a standard 
3,3′-Diaminobenzidine chromogen solution (DAB; Sigma, 
St. Louis MO) (5 min) to visualize the labeled proteins and 

then counterstained with hematoxylin (10 s). The MPG+, 
UNG+, Cyclin D1+, cdk4+, and p21+ cells were counted 
per seminiferous tubules with the same criteria located near 
the varicose vessels subcapsular and central zones and com-
pared between groups. Moreover, the pixel-based intensity 
of brown reactions, representing the labeled proteins in the 
germ cells, was assessed by software (Image J software, 
National Institutes of Health, USA) in the seminiferous 
tubules with the same criteria at 2530 µm × 2530 µm of a 
cross-section from each animal. For this purpose, 20-meg-
apixel images were prepared by the onboard camera (Zeiss, 
Cyber-Shot, Japan) and then, the mean of pixel-based inten-
sities, obtained form 3 images from cross-sections of each 
animal (in total 45 cross-sections/each group), were evalu-
ated, and finally, the mean ± SD of intensities was compared 
between groups.

TUNEL Staining and Apoptosis Index

To assess the effect of VCL on apoptosis index, the 
TUENL staining was conducted using a commercial in situ 
cell death detection kit (Roche, Germany, UNSPSC Code: 
12,352,200). The slides were prepared and rehydrated as 
previously described for IHC staining. The digestion step 
was initiated using an appropriate concentration of pro-
teinase K (10–20 µg mL−1 in 10 mM Tris/HCL, pH 7.4–8) 
for 15 min. The slides were washed with 1 × PBS (3 ×) 
and incubated (1 h) in the TUNEL solution (prepared as 
the manufacturing company recommended). After washing 
with 1 × PBS (3 ×), the slides were incubated in the POD-
convertor (30 min), and after that, covered with DAB solu-
tion (60 s). Subsequently, the slides were counterstained 
with hematoxylin. Finally, the apoptotic index was assessed 
[40] and compared between the testicular cross-section 
subcapsular and central zones. Moreover, similar to IHC 
slides, the pixel-based intensity of brown reactions (repre-
senting apoptosis) was analyzed in a 2350 µm × 2350 µm 
of tissue.

Immunofluorescence Staining of 8‑oxodG 
in Testicular Tissue

Frozen slides (8–10 µm) were prepared and immersed in 
chilled PBS (5 min). The nonspecific binding sites were 
blocked using ready to use superblock (Scytek laborato-
ries, USA, REF N:AAA025) solution (30 min). Then, the 
cross-sections were incubated overnight with the primary 
antibody specific for 8-oxodG (Genox Corporation, USA, 
Code N: MOG-020P diluted 1:100), at 4 °C. The blocking 
serum alone was considered for the control section. The sec-
tions were washed in PBS and incubated with fluorescent 
anti-mouse secondary antibody (IgG) conjugated to Alexa 
Fluor® 594 (Abcam, Uk, Cat N: ab150120) for 30 min at 

Table 1   Grading based on Johnsen’s score

Condition Score

No germ cells or Sertoli cells present 1
No germ cells present 2
Only spermatogonia present 3
Only a few spermatocytes present 4
No spermatozoa or spermatids present but many spermato-

cytes present
5

Only a few spermatids present 6
No spermatozoa but many spermatids present 7
Only a few spermatozoa present 8
Many spermatozoa present but disorganized spermatogenesis 9
Complete spermatogenesis 10
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room temperature. The cross-sections counterstained with 
4′,6-diamidino-2-phenylindole (DAPI) to stain nuclear DNA 
in blue.

RNA Isolation, cDNA Synthesis, and qRT‑PCR

The total mRNA content of samples was extracted using TRI-
ZOL-solution-based method [10], and the concentration and 
quality of the extracted mRNA were analyzed at 260 nm and 
260/280 = 1.8–2.0. The total mRNA content of 1 μg was used 
to synthesize the cDNA. For this purpose, a 20 μl reaction 
mixture containing 1 μl oligo (dT) primer, 4 μl of 5 × reaction 
buffer, 1 μl of RNAse inhibitor, 2 μl of dNTP mix (10 mM), 
1 μl of M-MuLVReverse Transcriptase, and stabilized RNA 
with distilled water according to the manufacturer’s protocol 
(Pars tous, Iran) was prepared. To run a real-time PCR reac-
tion, cDNA templates (0.5 μl containing 5–10 ng cDNA), 
1X SYBR GREEN master mix (10 μl; High ROX, Noavaran 
Teb-Beinolmelal, Iran), 0.6 μl of reverse, and 0.6 μl forward 
primers of each targeted genes were mixed with sufficient 
distilled water (the whole mixture was 20 μl). The PCR con-
dition was set as 95 °C (600 s), 95 °C (20 s), and 72 °C 
(60 s) for denaturation (one cycle), annealing and elongation 
(45 cycles) stages, respectively. Finally, one cycle (600 s at 
72 °C) was considered for the elongation. The sequences of 
the primers are presented in Table 2. Each sample had three 
repetitions, and analysis was normalized with the GAPDH 
threshold cycle (CT) values. The fold change was calculated 
by the equation: 2− (Ct target − Ct GAPDH).

Photography, Imaging, and Design

The fluorescent photomicrographs (8-oxo-dG) were prepared 
using a fluorescent microscope (Nikon, Japan), equipped 
with an optical-sectioning device and on-board camera 
(SONY, Zeiss, Cyber-Shot, Japan). Two different filters, 
DsRed (Ex 538–562 nm, Em 570–640 nm) and DAPI (Ex 
335–383 nm, Em 420–470), were considered in analyzing 
and imaging the fluorescent-stained slides. The Adobe Pho-
toshop CC software (Version 2018) was used to present the 
result section’s images. Moreover, light microscopy photo-
micrographs were captured by a SONY on-board camera 
(Zeiss, Cyber-Shot, Japan).

Statistical Analysis

Kolmogorov–Smirnov and Levene’s tests were used to test 
the results normality and homogeneity, respectively. All 
quantitative results regarding the ultrasonography, histopa-
thology, and molecular findings were statistically analyzed 
using one way ANOVA with appropriate post hoc (Tur-
key’s multiple comparison test) and Bartlett’s tests. The 
SPSS software (version 11.00, California, USA) was used 
to test the correlation and regression between data. Finally, 
the p-value (p < 0.05) was considered a value for statisti-
cally significant differences and all data were presented as 
mean ± SD.

Results

Confirmation of VCL in the Testicular Tissue

First of all, we found a remarkable failure in the testicular 
blood circulation representing a remarkable varicose gen-
eration in the subcapsular and central microvasculature 
at Doppler ultrasonography examination before euthaniz-
ing the rats. Moreover, the VCL-induced rats showed a 
significant reduction in the testicular sizes (Table 3) and 
testicular weight relative to total body weight compared 
to the control group (Fig. 1A–E). To approve the varicose 
and appropriate VCL induction in rats, the previously 
showed histological phenotypes [10, 21] in the experi-
mental VCL-induced testicles were rechecked histologi-
cally. We demonstrated expanded varicose in the capsu-
lar, sub-capsular, and central microvasculature (Fig. 2A, 
2B), intensive edema in the connective tissue (Fig. 2C), 
increased vascular diameter (Fig.  2D), deformed and 
atrophied seminiferous tubules, an increased percent-
age of seminiferous tubules with germ cell dissociation 
(Fig. 2E), and a significant reduction in the germinal 
epithelium height (Fig. 2F). All mentioned histological 
alterations were revealed in both sub-capsular and cen-
tral areas, while the changes were found more evident 
in the sub-capsular area compared to the central zone. 
In contrast, no histopathological changes were demon-
strated in the cross-sections of the control group. To make 
these findings more precise, the potency of seminifer-
ous tubules in progressing germ cell differentiation and 

Table 2   The primers nucleotide sequences and annulling temperatures used in qRT-PCR

Primer 5′-forward-3′ 5′-reverse-3′ Annulling T Size

MPG CAT​TTC​TGG​GAC​AGG​TTC​TTGTC​ TGC​CTC​AGT​CTC​CAC​AAT​GC 47 °C 152
UNG CAG​TGT​CCA​AAG​ACC​AGT​TCCA​ AGG​ATG​AAC​AAA​ACC​ATC​GATGT​ 45 °C 212
GAPH CTG​CAC​CAC​CAA​CTG​CTT​ GCC​ATC​CAC​AGT​CTT​CTG​ 58 °C 185
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spermiogenesis was assessed by analyzing the percentage 
of tubules with positive TDI and SPI (in both central and 
sub-capsular portions) as well as evaluating the general 
Johnsen’s score in a cross-section. Similar to other find-
ings, a remarkable (p < 0.05) reduction in the percentage 
of tubules with positive TDI and SPI and a decreased 
Johnsen’ score were revealed in the VCL-induced group 
(Fig. 2G, 2H, 2I).

VCL Diminished Testicular TAC and Enzymatic 
Antioxidant Status and Amplified the Apoptosis 
Index

To show the effect of VCL on testicular antioxidant sta-
tus, the testicular TAC and the activities of GPX, SOD, 
and CAT were analyzed. The VCL-induced group showed 
a remarkable (p < 0.05) reduction in the TAC level and 
GPX, SOD, and CAT activities compared to the control 
rats (Fig. 3A–D). Based on these findings, the VCL could 
significantly (p < 0.05) suppress the testicular antioxidant 
status. To confirm the oxidative-induced damage and com-
pare the subcapsular and central zones for the severity and 
portion of VCL-induced ROS, the 8-oxodG staining was 
considered. Observations showed a significant increment 
in the immunoreactivity of 8-oxo-dG (a marker for oxida-
tive DNA damage) in the cross-sections of VCL-induced 
testicles, which was more evident in the subcapsular area. 
As a substantial finding, the most immunoreactivities were 
revealed in the seminiferous tubules located close to the 
varicose vessels (Fig. 4A, 4B, 4C). Simultaneously, with 
increased immunoreactivity of 8-oxo-dG, the apoptotic 
index increased in the seminiferous tubules close to the 

varicose vessels. Moreover, the subcapsular zone showed 
a higher apoptosis index than the central area (Fig. 4D, 
4E, 4F).

VCL Decreased the BER Enzyme Level

The rats in the VCL-induced group exhibited a signifi-
cant reduction in the mRNA levels of the UNG and MPG 
enzymes (Fig. 5A). However, to assess UNG and MPG’s 
protein levels and compare the difference between sub-cap-
sular and central zones in expressing UNG and MPG, the 
IHC staining was conducted. The results about cell count 
and software analysis showed a significant (p < 0.05) reduc-
tion in the UNG+ and MPG+ cell count/seminiferous tubule 
as well as pixel-based intensity/2350 µm × 2350 µm of the 
tissue (Fig. 5B, 5C, 5D, 5E). The tubules nearby to the vari-
cose veins represented intensive changes.

Varicocele Enhanced p21 and Inhibited Cyclin D1/
cdk4 Complex

Considering the crosstalk between the oxidative DNA 
damage and Cyclin D1, cdk4, and p21 expression, the 
distribution of Cyclin D1+, Cdk4+, and p21+ cells in the 
seminiferous tubules nearby to the varicose vessels in the 
sub-capsular and central areas of testicular cross-section 
were investigated using IHC staining. Cross-sections of 
the VCL-induced group exhibited a remarkable (p < 0.05) 
increment in the p21+ cell number/seminiferous tubule in 
both subcapsular and central zones, which was revealed evi-
dent in the sub-capsular area (Fig. 6A, 6B, 6C). However, 
the seminiferous tubules at the same regions represented a 
remarkable (p < 0.05) reduction in the numbers of cdk4+ 

Table 3   Ultrasonography results

According difference in left and right testicular blood flow, the blood flow was evaluated in left testicular 
tissue. V.D, vascular diameters. All the results are presented in centimeter (cm)

Right testis Left testis

Width Length Height Volume V.D Width Length Height Volume V.D Flow

Control 1 1.25 1.83 1.05 1.26 0.08 1.28 1.84 1.06 1.31 0.1 10.27
Control 2 1.17 2.35 1.28 1.84 0.1 1.11 2.38 1.09 1.51 0.12 7.38
Control 3 0.99 2.06 0.95 1.01 0.05 1.06 2.1 1.06 1.24 0.08 7.31
Control 4 1.03 1.85 0.96 0.95 0.05 1.19 1.87 0.96 1.12 0.07 5.59
Control 5 1.14 2.1 1.2 1.40 0.09 1.2 1.95 1.14 1.4 0.09 9.38
VCL 1 1.11 1.93 1.16 1.3 0.1 0.92 1.97 0.99 0.94 0.17 1.01
VCL 2 0.95 1.48 1.28 0.94 0.12 0.95 1.42 0.8 0.57 0.14 1.7
VCL 3 0.94 1.99 0.96 0.94 0.09 0.93 1.27 1.11 0.69 0.13 1.49
VCL 4 1.26 1.95 1.17 1.51 0.14 0.99 2.17 1.01 1.14 0.15 1.97
VCL 5 0.94 2.06 1.28 1.3 0.11 1.04 2.35 0.95 1.22 0.17 2.49
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and Cyclin D1+/seminiferous tubules nearby to the varicose 
vessels (Fig. 6D). Comparing two portions of one cross-
section in the VCL-induced group revealed lower cdk4+ and 
Cyclin D1+ cells in the subcapsular zone compared to the 
central area. Moreover, the pixel-based intensity analysis 
concerning the p21, Cyclin D1, and cdk4 proteins was con-
sidered. A remarkable increment in the p21-related, as well 
as a significant reduction in the Cyclin D1-and cdk4-related 
SUM intensities, were revealed in the VCL-induced group 
(Fig. 6E, 6F, 6G).

Discussion

The VCL has been shown as the leading cause of male infer-
tility. Despite a large number of scholarly articles, it still 
elicits debate among scientists and andrologists for almost a 
century. However, to date, contracted blood dynamicity and 
massive varicose in the testicular microvasculature as well as 
pampiniform plexus, due to absence and/or incomplete valve 
generation in the spermatic vein, have revealed explicitly 
in the testicular tissue of VCL patients [3, 9]. More ani-
mal model studies [16, 17, 22] and clinical demonstrations 
[18, 41–43] have shown multi-factorial etiology, including 
a significant reduction in the testicular antioxidant and endo-
crine statuses, as well as supra-physiologic cytokine surge 
in both testicles and semen. Despite all these researches, 
it remains to be revealed whether VCL-induced varicose 
homogenously affects the testicular tissue or whether the 
seminiferous tubules nearby dominant varicose vessels are 
differentially affected from those in distance. Moreover, 
based on this possibility, it should be illustrated that macro-
molecules’ homoeostatic expressions/reactions are changed 
in the tubules nearby varicose expansion or systematically in 
all testicular tissue. Therefore, the molecular and biochemi-
cal alterations are investigated in the present study, albeit 
by more focusing on the distance of tubules from varicose 
vessels and comparing the changes between the sub-capsular 
(with more dominant varicose) and central (with the lower 
expansion of varicose) areas. Since we believe that the sur-
vived tubules with more distance from varicose vessels may 
respond to the medication and surgical interventions (vari-
cocelectomy) more prominently.

As a preliminary and fundamental finding, the animals 
in the VCL-induced group showed a significant reduction 
in the blood velocity, reflecting the presence of dominant 
varicose in the left-side testicles microcirculation. In ani-
mal models and even in patients with VCL [44], because of 
anatomical complexity and testicular vessels’ small size, it is 
hard to distinguish the blood velocity between sub-capsular 

and central areas. However, analyzing varicose as well as 
the vascular diameter in the histopathological slides most 
probably can reflect diminished blood velocity [45]. Thus, 
the histological cross-sections were prepared, and we found 
an intensive vascular dilation simultaneous with progressive 
varicose, which was revealed to be more evident in the sub-
capsular zone. So far, in corroboration with previous studies 
using animal models [46] and clinical findings [47], a sig-
nificant impairment in blood velocity, and as new findings, 
more evident changes in the sub-capsular area were revealed 
in the current study. Moreover, distinguished histological 
and molecular changes were revealed in the seminiferous 
tubules nearby varicose vessels, implying a positive corre-
lation between varicose, its intensity or expansion, and the 
spermatogenesis failure.

As mentioned above, among different VCL-induced 
etiologies, oxidative stress has been highlighted due to its 
direct impacts on testicular germ and somatic cells as well 
as their lipid, protein, and RNA and DNA contents [10, 17, 
19]. However, all scholarly articles have explored the oxida-
tive stress in the testicles with VCL, regardless of analyz-
ing the varicose vessels as primitive sources of ROS and/or 
the possible correlation between varicose severity and ROS 
amount. Therefore, to show this correlation, the immunore-
activity of 8-oxo-dG as a sensitive marker for ROS-induced 
DNA damages [48, 49] was investigated. The cross-sections 
of VCL-induced testicles exhibited a significant increment 
in the 8-oxo-dG immunoreactivity, mainly in seminiferous 
tubules nearby the varicose vessels, more prominently in the 
sub-capsular area. Given that the DNA adduct, 8-oxo-dG, is 
formed following the OH radical interaction with the DNA 
guanine base [49, 50], this finding most likely indicates 
higher ROS generation nearby varicose vessels and/or at 
least in the current study, which represents a possible corre-
lation between varicose intensity and ROS amount, because 
the expanded microvasculature and an increased vascular 
diameter simultaneous with significantly higher 8-oxo-dG 
immunoreactivity have been revealed in the sub-capsular 
area. However, it should not be forgotten that the molecular 
protective system’s capability in repairing oxidative DNA 
damage is as crucial as oxidative DNA damage. Although 
several pathways are involved in the DNA repairing system, 
the oxidative DNA damage is repaired primarily by the BER 
pathway using the mono-functional DNA glycosylases MPG 
and UNG [32, 51]. Moreover, it should not be forgotten that 
the endogenous antioxidant enzymes (GPX, SOD, and cata-
lase) play a crucial role before and/or alongside the BER 
system to protect the DNA content against ROS [52]. Thus, 
both of these systems were analyzed by local and global 
investigating the BER enzyme-related changes (using IHC 
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and qRT-PCR) and evaluating global testicular GPX, SOD, 
and catalase activities along with the testicular TAC level. 
A remarkable reduction in the mRNA levels of MPG and 

UNG was revealed in VCL-induced groups. Moreover, the 
seminiferous tubules nearby the varicose vessels exhibited 
a significant reduction in MPG+ and UNG+ cell distribu-
tion than those with more distance, suggesting low protein 
expression of these enzymes close to the expanded varicose. 
At the same time, the global TAC, GPX, SOD, and catalase 
levels decreased in the VCL-induced testicles representing a 
significant failure in the antioxidant defense system. Indeed, 
the supra-physiologic generation of ROS in the VCL condi-
tion has been shown to suppress the antioxidant status of tes-
ticular tissue [42, 53], while here we found that, in addition 
to failed global testicular antioxidant status, the BER inter-
mediated repairing system is significantly suppressed, which 
in turn can intensify the ROS-induced DNA damage in the 

Fig. 1   A Schematic photomicrograph of the testicular cross-section in 
a sonographic panel: varicose vessels are marked in blue, and the ves-
sels with normal blood dynamicity are marked in red; B testicular and 
testicular/total body weight gains; C in comparison to the right-hand 
side and those from control animal, a significant reduction in the size 
of left-hand side testicle of varicocele (VCL)-induced rats is observ-
able in the longitudinal ultrasonogram in the first panel as well as the 
magnified transverse section in the second panel; D Color Doppler 
ultrasonogram is showing a prominent increment in the vessel size 
and number in the left-hand side testicle of VCL-induced rat; and E 
software analyses of red (artery) and blue colors (vein) in both right 
and left-side testicles in both control and VCL-induced rats

◂

Fig. 2   A Cross-sections of testicular tissue in control and varicocele 
(VCL)-induced groups: note capsule (Cap), intact subcapsular vessels 
(SV), and seminiferous tubules in the subcapsular area (SST) in the 
control group, which are significantly changed in the VCL-induced 
group. See massive varicose vessels (VV), edema €, germ cell dis-
sociation (GCD), and hyalinization (H) of germ cells in the semi-
niferous tubules of the subcapsular area in the cross-sections from 
VCL-induced rat. The cross-section from the VCL-induced group 
exhibits varicose vessel (VV) and massive germ cell dissociation in 
the tubule nearby the varicose vessels in the central zone, H&E stain-
ing; B schematic view of testicular cross-section; representing the 
varicose vessels, damaged (D. SF) and normal seminiferous tubules, 

C interstitial tissue edema (0: no edema; 1: faint edema; 2: moderate 
edema; 3: moderate edema; 4: moderate to severe; 5: severe edema), 
D vascular diameter, E percentage of seminiferous tubules with ger-
minal cell dissociation, F germinal epithelium height, G seminiferous 
tubules diameter, H percentage of seminiferous tubules with positive 
spermiogenesis index, and I Johnsen’s score; all data are presented in 
mean ± SD, (n = 15/each group). Letters are presenting statistically 
significant (p < 0.05) differences between subcapsular (SC) areas of 
control and VCL groups; * and ** are presenting the significant dif-
ferences (p < 0.05) between central zones of control and VCL group, 
and # is presenting significant differences (p < 0.05) between subcap-
sular and central zones in each group
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testicular cellularity. Concerning the BER pathway’s role in 
repairing the oxidative DNA damage as well as minimizing 
the number of potential mutations on DNA after oxidative 
damage [54–56], we can suggest that VCL by suppressing 
the UNG and MPG glycosylases expression can boost the 
nucleophilic DNA bases oxidation leading to base loss and/
or strand breaks. In line with this suggestion, as mentioned 
above, we found an increased 8-oxo-dG reactivity represent-
ing guanine oxidation as well as elevated late apoptotic cells, 
exhibiting VCL-induced DNA strand break. Moreover, given 
the symmetry of decreased BER enzyme expression and an 
explicit increment in the DNA damage (marked by TUNEL), 
mainly in the tubes nearby varicose vessels, these vessels 
seem to be one of the most important causes of BER system 
failure. They can also intensify the ROS-related damages 
due to low blood dynamicity and velocity, leading to failed 
exportation of the ROS and toxic defecations produced by 
the damaged cells.

However, any DNA damage, regardless of the underlying 
cause(s), activates the proliferative germ cells' cycle control 
system [28, 29]. Among several proteins controlling this sys-
tem, the p21, as a potent Cyclin-dependent kinase inhibitor 
(CKI), plays a vital role in stopping the cell cycle stages in 
mitotic G1 to S phases [23]. Following DNA damage, the 
p21 interacts with cdk4 and stops the Cyclin D1/cdk4 com-
plex formation from holding the cycle development. Inline, it 
initiates the DNA repairing machinery and/or p53-dependent 
apoptosis pathway [29, 43]. The VCL-induced rats exhibited 
a remarkable increment in p21 expression, prominently in 
the seminiferous tubules nearby the varicose vessels. More 

intensive reactions were revealed in the tubules located in 
the sub-capsular area, which were presenting higher apop-
totic cells simultaneous with p21 overexpression. In contrast, 
a significant reduction in the Cyclin D1+ and cdk-4+ was 
revealed in the same tubules. Given the increased apoptosis 
in the tubules exhibiting an elevated expression of p21 and 
the symmetry of this situation with an expanded varicose, 
we can conclude that a remarkable increment in the p21 
expression might boost the p53-dependent apoptosis more 
intensively in the tubules nearby varicose vessels. Since, 
Cyclin D1/cdk4 complex plays a crucial role in cell cycle 
progression, and considering the pro-inhibitory role of p21 
in Cyclin D1/cdk4 complex formation, it can be suggested 
that a diminished expression of Cyclin D1 and cdk4 simul-
taneous with p21/cdk4 over interaction could significantly 
suppress the spermatogenesis, mainly in tubules nearby the 
varicose vessels and much more evident in the sub-capsular 
area compared to the central portion.

Conclusion

The present study showed that, at least in rat models, the 
severity and expansion of varicose vessels in the sub-capsu-
lar area are higher compared to the central area. Moreover, 
the oxidative stress-associated histological and molecular 
changes are more prominently detectable in the seminifer-
ous tubules nearby the varicose vessels. Accordingly, the 
tubules nearby the varicose vessels represent significantly 
higher oxidative DNA damage and p21 as well as lower 

Fig. 3   A Testicular total anti-
oxidant (TAC), B glutathione 
peroxidase (GPX), (C) catalase, 
(D) superoxide dismutase 
(SOD) in control and varicocele 
groups; all data are presented in 
mean ± SD, (n = 15/each group). 
Letters are presenting statisti-
cally significant (p < 0.05) 
differences between control and 
varicocele groups



2411Reproductive Sciences (2023) 30:2401–2415	

1 3

Cyclin D1 and cdk4 expression compared to those tubules 
with more distance. Based on these findings, we suggest that 
in a long-term VCL condition, there might be much more 

hope to see the ameliorative effects of antioxidant and/or 
surgical therapies in the central portion, because we suppose 
that the varicose vessels, due to their inability to appropriate 

Fig. 4   A Schematic photomi-
crograph of a testicular cross-
section from varicocele (VCL) 
group: positive immunoreac-
tions for 8-oxodG and apoptotic 
cells are presented in green and 
black spots, respectively. The 
seminiferous tubules close to 
varicose vessels are presenting 
massive 8-oxodG+ and apop-
totic spots. The tubules located 
in the subcapsular area are 
presenting higher positive spots 
versus those in the central zone; 
B immunofluorescent staining 
of 8-oxo-dG: the positive reac-
tions are shown with arrow-
heads; C software analysis for 
red fluorescent-stained pixels/
total pixels in 2350 × 2350 µm 
of tissue, representing positive 
8-oxodG immunoreactivity. 
Note an increased 8-oxo-dG 
immunoreactivity in both 
subcapsular and central zones in 
the varicocele group com-
pared to the cross-sections of 
the control group; D TUNEL 
staining: note an increased 
population of apoptotic germ 
and somatic cells (head arrows) 
nearby varicose vessel (VV) 
in the varicocele group, €;  E 
software analysis for brown-
stained pixels/total pixels in 
2350 × 2350 µm of tissue, repre-
senting apoptotic cells; F mean 
apoptosis index in different 
groups, all data are presented in 
mean ± SD, (n = 15/each group). 
Letters are presenting statisti-
cally significant (p < 0.05) 
differences between subcapsular 
(SC) areas of control and VCL 
groups; * and ** are present-
ing the significant differences 
(p < 0.05) between central zones 
of control and VCL group, 
and # is presenting significant 
differences (p < 0.05) between 
subcapsular and central zones in 
each group
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exportation of oxidants and defecations, are the main source 
of ROS generation and effectiveness.

Study Limitations and Clinical Applications

The current study is shedding a new light into testicular 
histopathology evaluation post VCL-induction in rat mod-
els, however, using stereological histopathology method 

may improve the findings. Moreover, evaluating more 
DNA repairmen involved enzymes, including nucleotide 
excision repair (NER)–associated enzymes, can improve 
our understanding of the DNA repair mechanisms in tes-
tis during VCL-induced condition. Additionally, evaluat-
ing these enzymes alterations post-VCL therapy, whether 
varicocelectomy or medical therapy, may elucidate more 
clinical expected outcomes. As the clinical application, we 
should mention that the current study is providing a new 

Fig. 5   A mRNA levels of uracil-DNA glycosylase (UNG) and meth-
ylpurine DNA glycosylase (MPG) in different groups; B schematic 
photomicrograph representing a decreased distribution of UNG+ and 
MPG+ cells in the damaged seminiferous tubules nearby varicose 
vessels, more evidently in the subcapsular area; C cross-sections of 
seminiferous tubules (UNG and MPG immunohistochemical stain-
ing): See decreased UNG+ and MPG+ cells in the tubules (head 
arrows) nearby the varicose vessels (VV) in both subcapsular and 
central zones of the varicocele (VCL)-induced group; D higher mag-
nifications of seminiferous tubules: see varicose vessels in the vari-
cocele group and higher numbers of UNG+ and MPG+ cells in the 
tubules from control group; E mean numbers of UNG+ and MPG+ 

cells per one seminiferous tubule with same criteria; F software anal-
ysis for brown-stained pixels/total pixels in 2350 × 2350 µm of tissue, 
representing positive UNG and MPG-stained cells. The graphs are 
representing lower reactivity in both subcapsular and central zones 
of VCL-induced group, which is more prominent in the subcapsular 
area. All data are presented in mean ± SD, (n = 15/each group). Sec-
tion A: Letters are presenting statistically significant (p < 0.05) dif-
ferences between control and varicocele groups; Section E: Letters 
are presenting statistically significant (p < 0.05) differences between 
subcapsular (SC) areas of control and VCL groups; * and ** are pre-
senting the significant differences (p < 0.05) between central zones of 
control and VCL group
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foundation for expected area to observe primary recovery 
portion in testis post varicocelectomy. Moreover, in case of 
non-obstructive azoospermia patients, in which the varico-
celectomy surgery is not an option according to 2020 AUA/
ASRM guideline, and assisted reproductive technology 
(ART) based on testicular sperm extraction (TESE) is the 
treatment approach. Thus, the current study and furthermore 
studies in line may provide a new approach based on testis 
vascular positions to increase the chance of retrieving high 
quality sperms from VCL patient’s testicular tissue.
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p21+ cells in the damaged seminiferous tubules nearby varicose ves-

sels, more evidently in the subcapsular area; D mean numbers of 
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