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Abstract. Testicular torsion/detorsion causes severe tissue 
damage due to ischemia/reperfusion injury. The present study 
investigated the protective effect of erythropoietin and silde-
nafil against ischemia/reperfusion injury following unilateral 
testicular torsion/detorsion in adult rats. A total of 28 adult male 
rats were included, and were divided into the following groups: 
Group A (n=5), sham operated; groups B (n=5), C (n=5), D (n=5) 
and E (n=8), undergoing right testis torsion and detorsion after 
90 min. Group B received no drug treatment. Rats in the 
groups C and D received low‑dose (1,000 IU/kg) or high‑dose 
(3,000 IU/kg) erythropoietin, while those in group E received 
sildenafil (0.7 mg/kg), through intraperitoneal injection after 
60 min of torsion. The right testis was extracted 24 h after 
detorsion, and the tissue was subjected to histopathological 
examination and immunohistochemical assessment of cleaved 
caspase‑3 expression. Histological alterations and the quality of 
spermatogenesis were scored according to the Cosentino and 
the Johnsen scoring systems, respectively. The results demon-
strated normal testicular architecture in group A, while the 
other groups showed ischemic cellular damages, with the worst 
scores observed in group B. Groups D and E presented better 
scores compared with group C. Regarding the quality of sper-
matogenesis, the best scores were observed in group A, and the 
worst in group B. Groups C, D and E presented similar results, 
which were improved in comparison to group B, however, not 

compared to group A. Furthermore, cleaved caspase‑3 levels 
were lower in groups A, D and E, with equal results observed. 
Group C had higher levels of cleaved caspase‑3 compared with 
these groups, but lower than group B, which presented the 
highest cleaved caspase‑3 levels. In conclusion, erythropoietin 
and sildenafil protect testis from ischemia/reperfusion injury 
by decreasing cellular damage and attenuating apoptosis.

Introduction

Testicular torsion is caused by the rotation of the spermatic 
cord, initially resulting in the interruption of testicular venous 
flow and then of arterial flow, which consequently leads to 
ischemia of the testis (1-9). It is an emergent condition that 
mainly affects the pediatric and young adult male population 
and requires urgent surgical detorsion, since it may result in loss 
of the affected testicle if not treated promptly by surgery (1‑9). 
Significant ischemic damage of the testis occurs after 4‑8 h 
of torsion (2,3,6), and the salvage rates reduces as the interval 
between torsion and detorsion increases (1‑9), with rates of 90% 
after 6 h, 50% after 12 h and 10% after 24 h (1,3,7). Germ cell 
death is induced by testicular ischemia, and is mainly attrib-
uted to the reduction in oxygen supply relative to metabolic 
demands, accumulation of toxic metabolites and depletion of 
the stored cellular energy. The restoration of perfusion of the 
testis subsequent to detorsion leads to increased production 
of reactive oxygen species, which damage the DNA, proteins 
and lipids of testicular cells  (1,4,5,8,9). Reperfusion also 
results in the production of various proinflammatory cyto-
kines, including interleukin‑1β and tumor necrosis factor‑α, 
which cause recruitment of macrophages and neutrophils that 
infiltrate the testicular parenchyma (4,5,8,9). These pathophys-
iological changes cause apoptosis of germinal cells (4,8,9) and 
impair the function of Sertoli cells (9), leading to deterioration 
of spermatogenesis and testicular atrophy (1,4,5,9).

Erythropoietin and sildenafil are considered to protect 
against ischemia/reperfusion injury in various tissues and 
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organs (10,11). Erythropoietin is a glycoprotein that regu-
lates red cell production, and functions as a rescue factor 
of red cells by increasing their survival and inhibiting their 
apoptosis in vitro (12). Sildenafil is an inhibitor of phospho-
diesterase‑5 and is widely used as a new class vasoactive 
drug that has a powerful effect against ischemia/reperfusion 
injury in several tissues of different animal models (13,14). 
In a previous study by our group (15), the protective effect 
of intraperitoneal injection of erythropoietin and sildenafil 
in adult rats that underwent testicular torsion and detorsion 
was investigated and compared. The study demonstrated 
that both erythropoietin and sildenafil treatment resulted in 
milder histological changes as compared with the control, 
with sildenafil having a possibly enhanced action  (15). 
However, only low‑dose erythropoietin treatment was previ-
ously investigated. 

Thus, the present study aimed to investigated the protec-
tive role of low‑ and high‑dose erythropoietin, as well as of 
sildenafil, against ischemia/reperfusion injury after testicular 
torsion and detorsion in rats. In addition, the effects of 
erythropoietin and sildenafil on spermatogenesis and cell 
apoptosis in the rat testis were examined, which had not been 
investigated in our previous study.

Materials and methods

Animals. In the present study, 28 adult male Wistar Albino 
rats between 12 and 14 weeks of age were used. Their weight 
ranged between 250 and 300 g. The animals were provided 
by the Hellenic Pasteur Institute (Athens, Greece), and were 
acclimatized in our laboratory for 1 week before the onset of 
the experiment. The housing conditions were standardized 
to provide 12‑h light and dark cycles, temperature of 22±2˚C 
and relative humidity of 60%. All animals received analgesia 
with carprofen (0.08 ml/kg; Rimadyl; Zoetis Inc., Florham 
Park, NJ, USA) and chemoprophylaxis with enrofloxacin 
(10  mg/kg; Baytril; Bayer AG, Leverkusen, Germany) 
subcutaneously preoperatively. An intramuscular injection of 
ketamine (100 mg/kg; Institute of Pharmaceutical Research 
and Technology, Attica, Greece) and xylazine (5  mg/kg; 
Rompun; Bayer AG) was used for anesthesia in each animal. 
All rats breathed spontaneously during the surgical proce-
dures. The skin of their scrotum was shaved and scrubbed 
with Betadine (Lavipharm SA, Attica, Greece) solution. All 
procedures were performed under sterile conditions. The 
experimental protocols conformed to the ethical recom-
mendations of the European Union Directive 2010/63/EU for 
animal experiments, and were approved by the Veterinary 
Directorate of the Region of Attica and the Ethics Committee 
of the Medical School of the University of Athens (Athens, 
Greece). 

Torsion/detorsion animal model. A rat model of testicular 
torsion and detorsion was established in the present study. 
Briefly, a right vertical paramedian incision was made on 
the scrotum and the right testis was exposed. The testis was 
rotated 720˚ clockwise to perform torsion, then fixed on the 
internal spermatic fascia using 4/0 polyglycolic acid suture 
and placed back in its anatomical position. The scrotal 
incision was closed with 4/0 silk suture. After 90 min, the 

scrotum was reopened and the right testis was exposed, dero-
tated to its normal position and placed back in its anatomical 
position. The scrotum was closed again with 4/0 silk suture. 
All animals were sacrificed after 24 h from detorsion. The 
scrotum was reopened to extract the right testis, and the 
tissue was subjected to for histopathological and immunohis-
tochemical analyses.

Animal groups. The animals were randomly divided into five 
groups. Group A included 5 sham‑operated rats in which 
no torsion was performed. All the animals in the other 
four groups underwent all the stages of the aforementioned 
surgical procedure to establish a torsion/detorsion model. 
Group B included 5 rats, which received no drug treatment. 
Animals in groups C, D and E received an intraperitoneal 
drug injection after 60 minutes of torsion. Groups C and D 
included 5  rats each, and were administered a low dose 
(1,000 IU/kg) or high dose (3,000 IU/kg) of recombinant 
human erythropoietin was administered. Group E included 
8 rats that were administered sildenafil (0.7 mg/kg).

Drugs and doses. Recombinant human erythropoietin was 
used in the form of injections (Aranesp, Amgen, Holland). 
A dose of 1,000  IU/kg was injected intraperitoneally in 
the rats of group C (low‑dose erythropoietin group) and a 
dose of 3,000 IU/kg was injected intraperitoneally in the 
rats of group D (high‑dose erythropoietin group). Sildenafil 
in the form of commercially packed tablets (Viagra; Pfizer, 
Walton Oaks, UK) was also obtained. Each tablet contained 
100 mg of sildenafil. The tablets were grinded and dissolved 
in sterile 0.9%  w/v NaCl solution, forming a 20%  w/v 
sildenafil solution. A dose of 0.7 mg/kg was injected intra-
peritoneally in the rats of group E (sildenafil group). These 
doses of erythropoietin and sildenafil have been reported by 
previous studies (16‑22).

Histopathological analysis. The right testis of each animal 
was placed into 10% formalin solution immediately following 
its extraction, and tissue specimens were obtained from the 
testis of each animal. The specimens were then embedded 
in paraffin and cut into sections with thickness of 5 µm. 
Subsequently, hematoxylin and eosin staining of the sections 
was conducted, followed by examination with a light micro-
scope. As shown in Table I, the grading system proposed by 
Cosentino et al (23) was used to evaluate any histological 
changes in the testes that were caused by ischemia and reper-
fusion. Ischemia and reperfusion resulted in tissue damage 
with varying degrees of severity observed in different areas 
of the rat testis. Therefore, a different score was assigned to 
each testicular area, and the final Cosentino's grade for each 
testis was calculated by multiplying the grade of each area 
by the percentage of the total surface that it occupied. The 
presence of pyknotic nuclei surrounded by apoptotic bodies 
(debris) was defined as apoptosis, whereas the presence of 
disrupted cell membranes was defined as necrosis. 

Spermatogenesis in the tissue specimens of the testes was 
also evaluated according to the scoring system proposed by 
Johnsen (24), as described in Table II. Ischemia and reperfu-
sion resulted in alterations in spermatogenesis with different 
severity observed in different areas of each testis. Therefore, a 
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different score was assigned to each testicular different area, 
and the final Johnsen's score for each testis was determined 
by multiplying the grade of each area by the percentage of 
the total surface that it occupied. Histological changes and 
spermatogenesis scoring were assessed in random order by a 
pathologist blinded to the study groups.

Immunohistochemical analysis. Caspase‑3 is one of the 
proteins activated during cell apoptosis and necrosis (25‑28). 
The present study used this protein as a marker of cell death 
by assessing the immunoreactivity of cleaved caspase‑3. The 
percentage of positive cells was evaluated in five random 
areas from each section and the mean value was calculated 
for each animal. Immunohistochemistry was performed on 
paraffin‑embedded 5‑µm sections using the cleaved caspase‑3 
(Asp175; 5A1E) rabbit monoclonal antibody (1:300 dilution; 
Cell Signaling Technology, Inc., Danvers, MA, USA), using 
a two‑step peroxidase conjugated polymer technique (Dako 
Envision kit (Dako, Carpinteria, CA, USA). Briefly, the tissue 
sections were deparaffinized, rehydrated and treated with a 
hydrogen peroxide solution for 20 min. Antigen retrieval 
was performed by heating the slides in a microwave oven in 
Tris‑EDTA buffer (pH 9) for a total of 10 min. Subsequently, 
the sections were incubated overnight at 4˚C with the 
caspase‑3 antibody. Chromogenic detection was achieved 
by a diaminobenzidine substrate (BioGenex, San Ramon, 
CA, USA), which was applied for 5 min, followed by coun-
terstaining with Harris hematoxylin. Finally, the sections 
were dehydrated and coverslipped. Cleaved caspase‑3 immu-
noreactivity was assessed in random order by a pathologist 
blinded to the study groups.

Statistical analysis. Shapiro‑Wilk test was used for the assess-
ment of the normality of data distribution, while Levene's test 
was used to assess the homogeneity of variance. Analysis of 
variance with the Bonferroni correction was performed for 
comparisons among groups. Spearman's rank correlation 
coefficient was performed for the evaluation of correlation 
between quantitative parameters. SPSS version 22.0 (IBM 
SPSS, Amronk, NY, USA) was used for data analysis. The 
results were considered to be statistically significant when 
the P‑value was <0.05.

Results

Histological changes (Cosentino's score). Histological 
changes in the testicular tissue of rats in the study groups 
were assessed by Cosentino's score. Indicative histological 
images from each group are shown in Fig. 1. Histological 
examination of testes in group  A (sham‑operated rats) 
demonstrated normal testicular architecture with orderly 
arranged germinal cells. These features corresponded to 
grade  I according to Cosentino's scoring system, and all 
rats in group A had a total score of 1. By contrast, rats in 
group B (group subjected to torsion/detorsion of testis without 
pharmaceutical intervention; mean grade, 3.86; range, 3.6‑4) 
presented severe histological lesions in their testicular tissue. 
Specifically, the histological examination of testes revealed 
closely packed seminiferous tubules and coagulative necrosis 
of the germinal cells in the largest part of the sample, along 
with smaller areas characterized by apoptotic germinal cells 
and ill‑defined borders of seminiferous tubules. Rats in 
group C (torsion/detorsion of testis with administration of 
low‑dose erythropoietin; mean grade, 3.22; range, 2.95‑3.45) 
revealed moderate histological lesions in the greatest part of 
the testes. The tubule borders of seminiferous tubules were 
ill‑defined and the germinal cells appeared to be disor-
dered and sloughed with reduced size of pyknotic nuclei. 
However, there were large areas with more severe lesions 
characterized by closely packed seminiferous tubules and 
necrotic germinal cells, as well as small areas with milder 
lesions characterized by closely packed, but better defined, 
seminiferous tubules and non‑cohesive germinal cells. Rats 
in group D (torsion/detorsion of testis with administration of 
high‑dose erythropoietin; mean grade, 2.56; range, 2.4‑2.75) 
and group E (torsion/detorsion of testis with administration of 
sildenafil; mean grade, 2.67; range, 2.35‑2.85) revealed milder 
histological lesions in comparison with other groups. The 
greatest part of the testes revealed ill‑defined seminiferous 
tubules and disordered sloughed germinal cells with reduced 
size of pyknotic nuclei. There were also large areas with 

Table I. Histological grading system of testicular damage ob-
served in tissue samples, as proposed by Cosentino et al (23).

Grade	 Characteristics

I	 Normal testicular architecture with an orderly 
	 arrangement of germinal cells
II	 Injury showed less orderly, non‑cohesive germinal
	 cells and closely packed seminiferous tubules
III	 Injury exhibited disordered sloughed germinal 
	 cells, with reduced size of pyknotic nuclei and less
	 distinct seminiferous tubule borders
IV	 Injury exhibited seminiferous tubules that were 
	 closely packed with coagulative necrosis of the
	 germinal cells
 

Table II. Spermatogenesis scoring system observed in the 
testicular tissue of rats, as proposed by Johnsen (24).

Score	 Characteristics

10	 Complete spermatogenesis and normally organized
	 tubules
  9	 Numerous spermatozoa present, but the germinal 
	 epithelium is disorganized
  8	 Only a few spermatozoa present in the section
  7	 No spermatozoa, but numerous spermatids present
  6	 Only a few spermatids present
  5	 No spermatozoa or spermatids, but numerous 
	 spermatocytes present
  4	 Only a few spermatocytes present
  3	 Only spermatogonia present
  2	 No germ cells, but only Sertoli cells present
  1	 No germ cells and no Sertoli cells present
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less severe histological changes, having closely packed, but 
better defined, seminiferous tubules and disorderly arranged 
germinal cells.

Upon comparison of the grades observed in the five groups, 
statistically significant differences were identified among the 
groups. More specifically, Group A demonstrated significantly 
lower grade results than all the other groups (P<0.0001). By 
contrast, group B showed significantly higher grade results 
compared with all other groups  (P≤0.0001). In addition, 
group  C rats exhibited lower grades in comparison with 
group B (P=0.0001), but higher grades compared with the 
rest of the groups (P<0.0001). However, the Cosentino's scores 
of groups D and E were not significantly different (P>0.99). 
Furthermore, group  D and  E rats presented lower grades 
compared with groups B and C, whereas higher grades were 
observed compared with group A (all P≤0.0001). Lower grades 
indicated milder histological damage and higher grades indi-
cated more severe histological damage.

Spermatogenesis (Johnsen's score). Spermatogenesis was 
assessed histopathologically by Johnsen's score. Rats in 
group A (sham‑operated) exhibited normal or slightly affected 
spermatogenesis (mean score, 9.8). Specifically, 4 rats showed 
complete spermatogenesis and normally organized seminif-
erous tubules (Johnsen's score 10), while 1 rat showed presence 
of numerous spermatozoa, but with disorganized germinal 
epithelium (Johnsen's score 9). By contrast, rats in group B 
(torsion/detorsion of testis without pharmaceutical treatment) 
demonstrated severely damaged spermatogenesis (mean 
score, 3). Specifically, 3 rats had only spermatogonia present 
(Johnsen's score 3), 1 rat had only a few spermatocytes present 

(Johnsen's score 4) and 1 rat had no germ cells, but only Sertoli 
cells were present (Johnsen's score 2). Rats in groups C, D and E 
that were treated with erythropoietin or sildenafil showed only 
mildly damaged spermatogenesis. In group C (torsion/detor-
sion of testis with administration of low‑dose erythropoietin), 
3 rats had only a few spermatozoa present (Johnsen's score 8), 
1  rat presented numerous spermatozoa with disorganized 
germinal epithelium (Johnsen's score 9), and 1 rat had no sper-
matozoa, but numerous spermatids were present (Johnsen's 
score  7; mean score,  8). In group  D (torsion/detorsion of 
testis with administration of high‑dose erythropoietin), 3 rats 
showed the presence of numerous spermatozoa with disor-
ganized germinal epithelium (Johnsen's score 9), and 2 rats 
had only a few spermatozoa present (Johnsen's score 8; mean 
score, 8.6). Finally, in group E (torsion/detorsion of testis with 
administration of sildenafil), 4 rats showed the presence of 
numerous spermatozoa with disorganized germinal epithelium 
(Johnsen's score 9), while 4 rats had only a few spermatozoa 
present (Johnsen's score 8; mean score, 8.5).

Upon comparison of the scores among the five groups, 
certain statistically significant differences were identified. 
Group A exhibited higher Johnsen's scores in comparison with 
any other group (A vs. B, P<0.0001; A vs. C, P=0.001; A vs. D, 
P=0.038; A vs. E, P=0.008). On the contrary, group B showed 
lower scores compared with all other groups (all P<0.0001), 
indicating the most severe damage in spermatogenesis, because 
there was no pharmaceutical intervention. Finally, differences 
in Johnsen's score among groups C, D and E were not statisti-
cally significant (all P>0.99), indicating spermatogenesis of 
equal quality. These groups treated with erythropoietin or 
sildenafil presented higher Johnsen's scores compared with 

Figure 1. Histological images of hematoxylin and eosin staining of rat testicular tissues in the (A) sham‑operated, (B) torsion/detorsion without treatment, 
(C) torsion/detorsion + low‑dose erythropoietin,(D) torsion/detorsion + high‑dose erythropoietin, and (E) torsion/detorsion + sildenafil groups (original 
magnification, x100).

  A   B

  D

  C

  E
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group B (all P<0.0001), indicating better quality of spermato-
genesis, but lower scores compared with group A (C vs. A, 
P=0.001; D vs. A, P=0.038; E vs. A, P=0.008), indicating 
lower quality of spermatogenesis.

Cleaved caspase‑3 levels. Apoptosis in the rat testes was evalu-
ated by estimating the cleaved caspase‑3 expression. Indicative 
histological images from each group are shown in Fig. 2. The 
control testes in group A presented the lowest levels of cleaved 
caspase‑3 (mean percentage, 0.03%; range, 0‑0.06%). By contrast, 
group B presented the highest levels of cleaved caspase‑3 (mean 
percentage, 2.71%; range, 2.24‑3.22%), and thus increased 
apoptosis. Furthermore, testes from groups C, D and E that 
were treated with erythropoietin or sildenafil exhibited 
moderate percentages of cleaved caspase‑3 expression (group C: 
mean percentage, 1.124%; range, 0.4‑1.82%; group D: mean 
percentage, 0.2934%; range, 0.097‑0.64%; group  E: mean 
percentage, 0.355%; range, 0.06‑0.81%). Comparisons among the 
five groups revealed statistical significant differences regarding 
cleaved caspase‑3 levels. In particular, group B presented higher 
cleaved caspase‑3 levels compared with all the other groups 
(all P<0.0001), indicating the most severe histological damage. 
Group C presented lower cleaved caspase‑3 levels compared 
with group B (P<0.0001), indicating lower degree of apoptosis. 
However, this group exhibited higher cleaved caspase‑3 levels 
than groups A, D and E (C vs. A, P=0.001; C vs. D, P=0.01; 
C vs. E, P=0.008), indicating that the low‑dose erythropoietin 
treatment did not reduce apoptosis following torsion/detorsion 
to the same extend as the high‑dose erythropoietin or silde-
nafil treatments. By contrast, no significant differences were 
observed between the groups A, D and E concerning cleaved 
caspase‑3 expression (all P>0.99), indicating similar low levels 

of apoptosis in those treatment groups as in the sham‑operated 
group.

Correlations among Cosentino's score, Johnsen's score and 
cleaved caspase‑3 expression. A correlation analysis revealed 
that Cosentino's score, which depicts histological changes 
of the testis, was inversely correlated with Johnsen's score 
(r=‑0.908; P<0.0001), which depicts lesions in spermatogenesis. 
Furthermore, Cosentino's score was correlated with cleaved 
caspase‑3 expression (r=0.909; P<0.0001). Finally, Johnsen's 
score was inversely correlated with cleaved caspase‑3 produc-
tion (r=‑0.815; P<0.0001).

Discussion

Different pathogenic mechanisms are involved in acute 
testicular damage caused by torsion and detorsion, resulting 
in detrimental ischemia and reperfusion time‑related inju-
ries (4,5,7‑9). Ischemia induces oxidative stress and germ cell 
death attributed to the reduction in oxygen supply, depletion of 
cellular energy and accumulation of toxic metabolites (29). The 
reperfusion injury is characterized by increased production of 
reactive oxygen and nitrogen species, and cause peroxidation, 
which may lead to disorganization of the cell structure and 
function (29). Different therapeutic agents have been investi-
gated with the aim to reduce testicular ischemia/reperfusion 
injury. In particular, erythropoietin and sildenafil have been 
reported to reduce injury caused by ischemia/reperfusion in a 
variety of tissues and organs, including the spinal cord, kidney, 
liver, heart, lung, brain, intestine and retina in animals (10,11).

Erythropoietin is a multiple functional endogenous 
mediator regarded as a general tissue‑protective agent. The 

Figure 2. Histological images of immunohistochemical stain for cleaved caspase‑3 in the (A) sham‑operated, (B) torsion/detorsion without treatment, 
(C) torsion/detorsion + low‑dose erythropoietin,(D) torsion/detorsion + high‑dose erythropoietin, and (E) torsion/detorsion + sildenafil groups (original 
magnification, x400).

  A   B

  D

  C

  E
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anti‑inflammatory, anti‑oxidative and anti‑apoptotic prop-
erties of erythropoietin offer a protective effect against 
ischemia/reperfusion injury (10,30). Endothelial nitric oxide 
synthase, vascular endothelial growth factor, Bcl‑2 and 
nuclear factor kappa B are some of the several pathways that 
are involved in the protective mechanisms (10). In addition, 
sildenafil has a protective role as well, particularly in myocar-
dium. Sildenafil and other phosphodiesterase type‑5 inhibitors 
cause vasodilation and release mediators of ischemic precon-
ditioning, such as adenosine and/or bradykinin (11).

The role of erythropoietin and sildenafil against isch-
emia/reperfusion injury during testicular torsion and detorsion 
has been evaluated in rats in several studies (16,21,31,32). The 
intraperitoneal injection of erythropoietin prior to detorsion 
decreases the histological damage of the testis by reducing 
the damage and the apoptotic rate of germinal cells, reducing 
the necrotic lesions of seminiferous tubules and preserving 
their morphology (16,21,31,32). Erythropoietin also retains 
its protective role when it is administered soon after detor-
sion  (21,22). Concerning the underlying mechanisms, it 
is supported that erythropoietin‑associated protection of 
testes exposed to oxidative stress may be attributed to the 
increased levels of glutathione and to the decreased levels 
of oxidative stress markers, including nitric oxide and 
malondialdehyde (31). The intraperitoneal injection of silde-
nafil prior to detorsion also reduces the apoptotic rates of 
germinal cells and prevents severe damage of seminiferous 
tubules (17‑20,33,34). Other phosphodiesterase type 5 inhibi-
tors, such as vardenafil (35,36) and udenafil (34), also protect 
the testis from ischemia/reperfusion injury when administered 
prior to (valdenafil and udenafil) (34,35) or soon after detor-
sion (valdenafil)  (36). There are several studies indicating 
that sildenafil administration is able to induce anti‑ischemic 
effect as evidenced by increased antioxidant enzymes levels, 
decreased nitric oxide and malondialdehyde levels, as well 
as germ cell apoptotic indices (17,18,20,34). It has also been 
reported that the activity of several enzymes that protect 
against oxidative damage, including catalase, glutathione 
peroxidase and superoxide dismutase, is increased following 
sildenafil treatment (17,18,20,34).

The present study confirmed the protective role of 
erythropoietin and sildenafil against the ischemia/reperfu-
sion injury of the testis during torsion and detorsion in adult 
rats. Erythropoietin and sildenafil attenuated the deleterious 
effects of ischemia/reperfusion injury when they were 
injected intraperitoneally 30 min before detorsion. The two 
drugs reduced the histological damage, as it was assessed 
by Cosentino's score, with better‑defined borders of semi-
niferous tubules and reduced number of apoptotic germinal 
cells, as compared with the untreated torsion/detorsion 
group. In addition, these treatments resulted in less affected 
spermatogenesis, as it was evaluated by Johnsen's score, 
when compared with the untreated group. In terms of the 
histological changes, the administration of high‑dose erythro-
poietin (3,000 IU/kg) or sildenafil (0.7 mg/kg) provided equal 
results, whereas the administration of low‑dose erythropoietin 
(1,000 IU/kg) yielded inferior results, although improvement 
was observed compared with the untreated torsion/detorsion 
group. However, neither drug provided histological images 
equal to those of the sham‑operated control group. Regarding 

the quality of spermatogenesis, the administration of low‑dose 
erythropoietin (1,000  IU/kg), high‑dose erythropoietin 
(3,000 IU/kg) or sildenafil (0.7 mg/kg) yielded equal results, 
but without reaching the spermatogenesis quality observed in 
the sham‑operated group. The findings of the present study are 
consistent with the results of other investigators reporting the 
loss of germ cells following ischemia/reperfusion injury and 
showing that pretreatment with erythropoietin and sildenafil 
prevented germ cell apoptosis in the rats (4,10,11).

In the current study, apoptosis was confirmed by the 
increased levels of caspase‑3 observed subsequent to detor-
sion in the untreated rats. Caspases are a family of proteases 
that propagate and coordinate programmed cell death. 
There are two caspase subcategories, including the initiator 
caspases that stimulate and initiate the apoptotic cascade, 
and the effector caspases that execute the cell death program 
in order to dismantle the cell. Caspase‑3 is a major effector 
caspase  (25‑28), whose activity is increased in testicular 
ischemic injury (37). Neutrophils and macrophages recruited 
during reperfusion have been implicated as mediators of tissue 
injury, and due to their ability to release various toxic mate-
rials, such as oxygen‑free radicals and inflammatory cytokines, 
they can induce testicular cell apoptosis (4,5,7‑9). The current 
study results demonstrated that the levels of cleaved caspase‑3, 
which is the activated form of the enzyme, are reduced when 
erythropoietin or sildenafil is administered in comparison 
with the untreated group. The administration of high‑dose 
erythropoietin  (3,000  IU/kg) or sildenafil (0.7  mg/kg) 
provided equal results, which were equivalent to those of the 
sham‑operated group. On the other hand, the administration 
of low‑dose erythropoietin (1,000  IU/kg) yielded inferior 
results, although improvement was observed compared with 
the untreated torsion/detorsion group. It is suggested that these 
findings correspond to the degree of activation of the apoptotic 
cascade, as the caspase‑3 serves an important role in it (25‑28). 
The reduced activation of caspase‑3 following erythropoietin 
administration has also been reported by other studies (21,32).

In a previous study by our group, the beneficial effects 
of sildenafil (0.7  mg/kg) and low‑dose erythropoietin 
(1,000 mg/kg) were demonstrated in rats subjected to testicular 
torsion and detorsion (15). Sildenafil provided better results 
compared with the low‑dose erythropoietin (1,000 mg/kg); 
however, to the assessment of histological damages in the 
testis was only assessed by the Cosentino's score, providing a 
limitation to the study (15). Due to the addition of a high‑dose 
erythropoietin treatment (3,000 IU/kg), as well as the assess-
ment of spermatogenesis through the Johnsen's score and the 
apoptosis through the expression of cleaved caspase‑3, the 
present study provides new findings that could not be identi-
fied in our previous study. Specifically, it was shown herein 
that, in terms of the histological changes and the prevention 
of apoptosis, the administration of high‑dose erythropoi-
etin (3,000 IU/ kg) or sildenafil (0.7 mg/kg) provided equal 
results, whereas the administration of low‑dose erythropoietin 
(1,000 mg/kg) yielded inferior results. In addition, regarding 
the quality of spermatogenesis, the administration of low‑dose 
erythropoietin (1,000  mg/kg), high‑dose erythropoietin 
(3,000 IU/kg) or sildenafil (0.7 mg/kg) yielded equal results.

In conclusion, erythropoietin and sildenafil protect the 
testis of adult rats against ischemia/reperfusion injury during 
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torsion and detorsion. Strong evidence suggested that intra-
peritoneal injection of one of the two drugs prior to detorsion 
attenuated the acute testicular damage after ischemia and the 
deleterious effects of the reactive oxygen species produced 
by reperfusion. However, future research can be focused on 
dose‑response investigations and studies with different meth-
odological approaches in various organs and tissues under a 
clinical perspective.
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