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A B S T R A C T

Aims: The purpose of the present study was to investigate the potential antioxidant, anti-apoptotic and sperm
function-preserving effects of estrogen, estrogen receptor (ER)α and ERβ agonists in a rat model of testis torsion-
detorsion (T/D).
Main methods: Under anesthesia, 6–8-week-old male Sprague-Dawley rats underwent sham-operation or testi-
cular torsion by fixing left testis rotated at 720° for 2 h. After detorsion, rats were treated with ERα agonist
(1 mg/kg/day, subcutaneously, sc) or ERβ agonist (1 mg/kg/day, sc) or estradiol (E2, 1mg/kg/day, in drinking
water) or vehicle on the following two days. On the third day, testicular blood-flow was recorded and then left
testes were extracted for molecular and histochemical analysis.
Key findings: The findings showed that reduced testicular blood-flow following torsion was partially restored on
the 3rd day of detorsion, while treatments with either of the ER agonists or E2 returned blood flow fully back to
the control levels. When the testis-torsioned rats were given ERβ agonist during the detorsion period, tubular
injury was lessened, sperm count and motility were increased, while the production of reactive oxygen meta-
bolites and apoptosis in the testis tissues were totally suppressed. Although a down-regulated expression of
androgen receptor (AR) along with a reduction in serum testosterone level was observed in the vehicle-treated
T/D group, all three treatments up-regulated the expressions of AR and its mRNA, while ERα agonist and E2
suppressed the testosterone level.
Significance: ERβ receptor activation during the post-ischemic period may be beneficial in protection against
torsion-related oxidant testicular injury and infertility.

1. Introduction

Testicular torsion can be seen in all age groups with a higher in-
cidence in early childhood and puberty, nearly in 3.8 per 100,000 males
younger than 18 years old [1,2]. Torsion causes an ischemic injury of
the testis due to disrupted blood supply whereas reperfusion further
exacerbates the severity of injury [3]. During ischemic injury and re-
perfusion, generation of reactive oxygen species induces several signal
molecules and leads to progressive structural and functional impair-
ment in the ipsilateral testis [4], which may cause gonadal apoptosis
and infarct [5,6]. Since irreversible testis injury is unavoidable upon a
prolonged ischemic period, an immediate surgical intervention is vital
for preserving the reproductive functions [7]. In addition to

conventional surgical therapy, use of antioxidants during the critical
post-ischemic period could have a protective action in ameliorating the
severity of testicular torsion, thereby could prevent the occurrence of
infertility. Several antioxidants have been evaluated for the initial
treatment of testis torsion in animal models [8–10]. Natural estrogens
were found to be approximately 2.5-fold more potent than vitamin C
and E in scavenging free radicals [11]. Estrogen also exhibits additional
anti-inflammatory effects by inhibiting pro-inflammatory gene expres-
sion [12], inducing anti-apoptotic genes [13] and by inhibiting apop-
totic proteins [14], which suggest that estrogen could be regarded as a
potent agent in alleviating post-ischemic injury of torsioned testis.

The important role of estrogen was documented in the normal
functioning of male reproductive system through its impact on
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hypothalamus-hypophysis-gonadal (HPG) axis, Leydig cells, Sertoli
cells, germ cells and epididymis. Release of gonadotrophins via the
estrogen feedback on HPG axis [15], development of efferent ductules
and epididymis, regulation of Leydig cell maturation and descent of
testes are modulated by estrogen. While Sertoli cells are the major
source of estrogen in pre-puberty, in adulthood Leydig cells become
responsible from estrogen production through the activity of aromatase
enzyme [16,17]. Estrogen regulates proliferation, growth and function
of Sertoli cells and has a major role in controlling the apoptosis of germ
cells and acrosome biogenesis [18,19]. In males, estrogen receptor (ER)
α is highly expressed in the Leydig cells of the testes, epididymis and
prostate stroma, while ERβ is expressed in the epithelial cells of pros-
tate, endothelial cells and testes [20–22]. In neonatal period, ERα
signal is needed for the growth of Sertoli cells [23], while absence of
ERα in the adulthood causes dysfunction of efferent ductules and excess
liquid accumulation in testes, and results in decreased epididymal
sperm count [24,25]. ERα has a main role in regulating spermiogenesis,
while ERβ regulates spermatocyte apoptosis and spermiation [26].

The protective effects of estrogen and ER agonists through their
antioxidant and anti-inflammatory properties have been previously
demonstrated in several inflammation models [27,28]. However, the
effects of estrogen and ER agonists on a testicular injury model were not
evaluated before. Thus, the aim of the current study was to investigate
the possible antioxidant, anti-apoptotic and sperm function-preserving
effects of estrogen, ERα and ERβ in a rat model of testis torsion-de-
torsion.

2. Materials and methods

2.1. Animals

Forty male Sprague Dawley rats (180–230 g), supplied by the
Marmara University (MU) Animal Center (DEHAMER), were housed in
an air-conditioned room with light and dark cycles of 12 h, relative
humidity (65–70%) and constant temperature (22 ± 2 °C). The rats
had free access to food and water. The experiments were performed in
compliance with the Turkish law on the use of animals in experiments,
and the principles and guidelines developed by the New York Academy
of Sciences were followed. All experimental procedures were approved
by the MU Animal Care and Use Committee (approval code:
078.2016.mar).

2.2. Surgery and experimental design

In sterile conditions and under general anesthesia with the in-
traperitoneal injection of ketamine (100mg/kg) and xylazine (1mg/kg)
combination, tunica vaginalis of the left testes was dissected with a
longitudinal surgical incision. Testis torsion was applied by rotating the
testis 720° clockwise around its axis along spermatic cord, and the
twisted testis was fixed in place with a silk suture [10]. The testis was
covered with a sterile gauze pad and kept moist with normal saline until
the end of 2-hour torsion period, then detorsion was applied by un-
twisting the testis. In the sham-operated group, the anesthetized rats
underwent scrotal incision, but their left testes were not rotated. Fol-
lowing the suturing of the testicular incision, all rats were returned to
their home cages.

Starting immediately after the surgical closure, rats with torsion and
detorsion (T/D; n=32) were randomly divided and treated daily with
either vehicle (sunflower oil, 1 ml/kg/day; subcutaneously, sc) or ERα
agonist propyl pyrazole-triol (PPT; 1mg/kg/day, sc; Tocris) or ERβ
agonist diarylpropionitrile (DPN; 1mg/kg/day, sc; Tocris), while the
sham-operated group (n= 8) received vehicle. In another T/D group,
estradiol (1 mg/kg/day, Bayer Turk) was administered in the drinking
water in the following two days. All rats were also treated with an
analgesic (0.1 mg/kg/day, sc; Perfalgan, Bristol Myers Squibb) and an
antibiotic (0.1 mg/kg/day, sc; ciprofloxacin, Sandoz) immediately after

the surgery and during the following two days. The rationale in se-
lecting the doses of estradiol and agonists was based on our previous
study [27,28].

At the end of the third day, following the testicular blood flow re-
cording, rats were euthanized with intracardiac blood withdrawal and
left testes were removed. Testosterone levels were measured in serum
samples by Enzyme-Linked Immuno Sorbent Assay (ELISA), according
to the manufacturer's guidelines of the commercial kit (Sun Red,
Shanghai). Caudal epididymis of each rat was placed in a transport
medium for light microscopic examination of semen. Half of each testis
was put in formaldehyde solution for histopathologic evaluation, while
the other half was stored at -20 °C for biochemical analyses.

2.3. Blood flow measurement

Under ketamine-xylazine anesthesia, blood flow was measured
using a laser Doppler device (PeriFlux System 5000, PERIMED, Sweden,
2010) and PeriSoft 2.5.5 program. The probe (Probe 307) was placed
on the surface of the left testis of both the T/D and sham-operated rats
[10], and 3 measurements were taken from each animal as before
torsion, 1 h after detorsion and before euthanasia.

2.4. Assessment of epididymal sperm parameters

For semen analysis, epididymis samples of all rats in each group
were dissected in Earle's Balanced Salts Solution (Sigma, USA) and
supernatants were discarded following a 5-min sedimentation period.
Using the gradient method, pellets were first centrifuged at 1800 rpm
for 18min, then supernatants were discarded, and diluted with a sperm-
washing medium (SAGE, UK) to centrifuge at 2000 rpm for 10min and
supernatants were removed again. After adding a fertilization medium
(SAGE, UK) to the pellets, Macler Counting Chamber (Sefi Medical
Instruments, Haifa, Israel) was used to count the sperms and to define
their motility rate under a photomicroscope (Olympus BX51, Tokyo,
Japan). All the sperms in 100 squares were counted and multiplied by a
million. Ethanol was used to both fix and dehydrate the cells on the
smear slides, which were then stained with Diff-Quick kit (Medion
Diagnostics, Grafelfing, Germany). In each preparation, 100 sperma-
tozoa were selected and examined at 100× immersion oil objective of
the photomicroscope to evaluate their morphologies [10].

2.5. Measurement of malondialdehyde and glutathione levels

In testis samples, malondialdehyde (MDA) levels were measured as
products of lipid peroxidation by monitoring the formation of thio-
barbituric acid chromogenic reagent, while glutathione (GSH) levels
were determined with a spectrophotometric measurement based on the
modified Ellman procedure [29,30].

2.6. Measurement of myeloperoxidase activity and superoxide dismutase
activity

In order to quantify accumulation of polymorphonuclear leukocytes
to the tissues, tissue myeloperoxidase (MPO) activity was utilized,
while superoxide dismutase (SOD) activity was assessed as an en-
dogenous antioxidant. Using spectrophotometric (Schimadzu UV-02
model spectrophotometer, at 460 nm) methods, MPO activity was de-
termined by the measurement of H2O2-dependent oxidation of o-dia-
nizidine 2HCl [31]. Similarly, superoxide dismutase (SOD) activity in
the tissue was determined by a spectrophotometric method using a
standard curve obtained by bovine SOD (Sigma–Aldrich; S-2515-3000
U) as a reference [32].

2.7. Chemiluminescence assay

Generation of reactive oxygen metabolites (ROM) was
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quantitatively measured using a luminometer (Junior LB 9509, EG&G
Berthold, Germany) with the addition of the probes lucigenin (bis-N-
methylacridiniumnitrate, Sigma) or luminol (5-amino-2,3-dihydro-1,4-
phthalazinedione, Sigma) to the testis tissue samples [33]. Luminol
specifically detects hydroxyl radical, hydrogen peroxide and hypo-
chlorite radicals, while lucigenin selectively indicates the presence of
superoxide radicals. The results are expressed in relative light units
(rlu) per mg of tissue.

2.8. Western blot analyses for protein expression

Testis tissue samples were homogenized using RIPA cell lysis buffer
(89900, Thermo), and the protein concentrations were determined by
the BCA protein assay (Thermo Scientific). Tissue samples were dena-
turated with Laemli buffer and 25 μg protein was loaded to each well.
The samples were resolved by 4–12% sodium dodecyl sulphate–polya-
crylamide gel electrophoresis and were transferred to polyvinylidene
fluoride membrane, which was then blocked with 3% BSA (Capricorn
Scientific, BSA-1T) in Tris buffered saline (TBS). The membrane was
washed twice in TBS containing Tween-20 (0.1%) and incubated
overnight with primary antibodies (1:500 dilution anti-caspase-3 and
cleaved anti-caspase-3 sc-7272, anti-AR sc-816, anti-B-actin sc-47778,
Santa Cruz Biotechnology, Heidelberg, Germany) and washed with TBS
containing Tween-20 (0.1%). The membrane was washed and then
incubated with horseradish peroxidase conjugated secondary antibody
(anti-mouse; sc-2060 or anti-rabbit; sc-2004, Santa Cruz Biotechnology)
for 2 h. The blots were developed with chemiluminescence reagents
(sc2048, Santa Cruz Biotechnology, Texas, USA) and analysed with
chemiluminescent imaging systems (Syngene, Cambridge, UK). Data
were analysed using “Image J Programme Optical Density Analysis
Software” (NIH) by measuring each band three times for quantification.
Signals were normalized with respect to B-actin.

2.9. qPCR analysis for gene expression

Using the PureLink® RNA Mini Kit (Invitrogen, K1560-02), RNA was
first isolated from the testis tissues and this isolation was done ac-
cording to the kit procedure. Then, cDNA was synthesized from isolated
RNA and used in accordance with the kit procedure using the com-
mercially purchased High-Capacity cDNA Reverse Transcription Kit
(ABI-4387406). The obtained cDNAs were subjected to qPCR using
specific primers designed to measure gene expression levels. QRT-PCR
was performed using the Power SYBR Green Supermix (ABI-4368577,
Applied Biosytem) on the StepOne Plus System. At the end of the am-
plification cycles, a melting temperature analysis was carried out
through a slow increase in temperature (0 .1 °C/s) up to 95 °C. The
primers used were as follows: GAPDH Forward: 5′-GTGGATATTGTTG
CCATC-3′; GAPDH Reverse: 5′-ACTCATACAGCACCTCA-3′; AR
Forward: 5′-GGGGCAATTCGACCATATCTG-3′; AR Reverse: 5′-CCCTTT
GGCGTAACCTCCCTT-3′. It was made using Step One Plus System
Software. An Applied Biosystem program was used for the analysis and
the Ct value was calculated according to the PCR reaction curve and
relative quantitative data were analysed by the 2-ΔΔCt method. The
results are expressed as normalized ratios.

2.10. Measurement of tissue caspase-3 activity

In order to determine the tissue levels of caspase-3 activity, testis
tissue samples were homogenized with cell lysis buffer and centrifuged
for 10min at 9000 rpm at 4 °C. Using a commercial kit (Calbiochem,
USA) and following the manufacturer's instructions, supernatant was
used for measuring caspase-3 activity as a marker of apoptosis in tis-
sues.

2.11. Histopathologic preparation and analysis

Torsion-applied left testes were fixed in 10% formaldehyde solution,
dehydrated with ascending ethanol series and then cleared with to-
luene. At room temperature, testes were embedded and blocked in
paraffin that was incubated overnight in a 60 °C incubator. Thereafter
hematoxylin and eosin (H&E) staining was applied to approximately
5 μm-thick paraffin sections in midline area of the testis. In each section
of testes tissues, at least 20 seminiferous tubules were evaluated mi-
croscopically at ×200 magnification. After randomly selecting the first
seminiferous tubule, the rest were observed by moving the section
clockwise. Histopathological scoring was made by using the modified
Johnsen scoring method as follows: 10: Full spermatogenesis; 9: Many
late spermatids, but a slightly impaired spermatogenesis with disorganized

Fig. 1. Mean blood flow measured by laser Doppler in the rat testes.
Measurements were taken from each animal before torsion (A), at 1 h after
detorsion (B) and at 72nd hour after detorsion (C). ***p < .001 compared to
sham-vehicle group; +p < .05 compared to torsion-vehicle group.
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epithelium; 8: A few late spermatids and more than 5 spermatozoa/tubule;
7: Many early spermatids, but no late spermatids or spermatozoa; 6: A few
early spermatids, but no spermatozoa or late spermatids; 5: Many sperma-
tocytes, but no spermatozoa or spermatids; 4: A few spermatocytes, but no
spermatozoa or spermatids; 3: Only spermatogonia; 2: Only Sertoli cells, but
no germinal cells; 1: No seminiferous epithelium at all [34,35].

2.12. Statistical analysis

Statistical analysis was done by GraphPad Prism 6.3 (GraphPad
Software, San Diego; CA; USA). All data are expressed as
means± S.E.M. One-Way ANOVA and Student's t-test were used in
analysis of data. p < .05 was considered as statistically significant.

3. Results

Testicular basal blood flow levels were similar in all the experi-
mental groups (Fig. 1). As expected, blood flows were dramatically
depressed at the first hour of detorsion period as compared to the sham-
operated group (p < .001), confirming that T/D model was achieved.
At the 72-h of reperfusion period, blood flow was still impaired in the
vehicle-treated T/D group (p < .001). However, testicular blood flows
of PPT, DPN- or E2-treated T/D groups were not different as compared
to that of the sham-operated group, while blood flows in the ERβ
agonist DPN- or E2-treated T/D groups were statistically higher than
that was measured in the vehicle-treated group (p < .05).

In torsion-applied groups, total sperm count was significantly re-
duced with respect to sham group (p < .001), and this reduction was

Fig. 2. Total sperm numbers (A), progressive (B), non-progressive (C) and immobile (D) sperm and total tubule (E) numbers in the sham-operated and torsion-
detorsion (T/D) groups. *p < .05, **p < .01, ***p < .001 compared to sham-vehicle group; +p < .05, p < .01, +++p < .001 compared to T/D-vehicle group.
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also evident in progressively motile (p < .05), non-progressively mo-
tile (p < .001) and non-motile (p < .001) sperm counts (Figs. 2 and
3). Treatment with ERβ agonist elevated motile sperm counts
(p < .05) as well as the total number of sperms (p < .001) that were
reduced by T/D. Microscopic analysis revealed normal testes mor-
phology with regular seminiferous tubules and spermatogenic cells in
the sham-operated control group (Fig. 3). However, in the testes of
vehicle-treated T/D group, most of the seminiferous tubules were de-
generated with vacuole formation in spermatogenic cells and many

immature cells were present in the lumen, while spermatogenic germ
cells were decreased in number. Despite a few number of normal
germinal epithelia with spermatids and spermatozoa, some of the
seminiferous tubules did not have spermatozoa or spermatids at all. On
the other hand, in E2- or ERβ agonist-treated T/D groups, most of the
seminiferous tubules demonstrated a quite regular germinal epithelium
with spermatogonia, spermatocytes, spermatids and spermatozoa, but
some tubules showed a dilatation between the spermatogenic cells. In
contrast, in the testes of T/D group treated with ERα agonist, many
immature cells were observed in the tubular lumen, spermatogenic
germ cells were reduced, while degeneration and vacuolization were
observed in the germinal epithelia of some seminiferous tubules; but
many tubules still showed a normal germinal epithelium with sper-
matids and spermatozoa (Fig. 3). In addition, total number of semi-
niferous tubules in all the T/D groups was less than that of the sham-
operated control (p < .001; Fig. 2). However, these reductions in the
number of tubules were significantly reversed in both the ERβ agonist-
(p < .001) and E2- (p < .01) treated T/D groups. Epididymal sper-
matozoa evaluation in all torsion-applied groups showed many sper-
matozoa with absence of tail or abnormal spermatozoa with neck and
tail defects, while the number of abnormal spermatozoa was decreased
in the testes of E2- or DPN- or PPT-treated T/D groups (Fig. 3F–G).

Levels of MDA, which is the major catabolic product of lipid per-
oxidation, were found to be higher in the testis tissues of the vehicle-
treated T/D group than those in the control tissues (p < .05), but the
elevations in E2- and PPT-treated T/D groups were not statistically
significant (Fig. 4). On the other hand, testicular MDA level of the group
injected with the ERβ agonist was significantly lower than of the ve-
hicle-treated T/D group (p < .05). MPO activity, which shows neu-
trophil infiltration to the inflamed tissue, was increased in the testes of
all T/D groups, as compared to that of the sham-operated group
(p < .05; Fig. 4). Luminol- and lucigenin-enhanced chemilumines-
cence levels in the testes were elevated in vehicle- or PPT-treated T/D
groups, indicating elevated generation of OH, H2O2, HOCl radicals and
O2

– radicals, respectively (p < .05–0.001; Fig. 4). However, in the T/D
groups treated with either ERβ agonist or 17β estradiol, these eleva-
tions were abolished (p < .01–0.001). Testicular SOD levels demon-
strated a tendency to increase in T/D groups as compared to sham-
operated control group, suggesting a compensatory elevation in the
tissue antioxidant content, while a statistical significance was reached
only in the ERα agonist PPT-treated group that has demonstrated the
highest levels of oxidative response (p < .05; Fig. 4).

As an indicator of apoptosis, caspase-3 activity in the testis tissue
was elevated in the vehicle-treated T/D group with respect to sham-
operated group (p < .001), while treatment with either estradiol or ER
agonists abolished the apoptotic activity in the torsioned testes
(p < .001; Fig. 5). In parallel, expressions of caspase-3 and cleaved
caspase-3 were also elevated by T/D injury (p < .001; Fig. 5). How-
ever, caspase-3 and cleaved caspase-3 expressions were significantly
depressed by either of the treatments (p < .01–0.001). On the other
hand, expressions of androgen receptor (AR) protein and AR mRNA
were decreased in the torsion-detorsioned testes (p < .05). Treatment
with estradiol or either of the ER agonists abolished T/D-induced re-
ductions and further up-regulated testicular AR and mRNA expressions
(p < .05–0.001; Fig. 5). Serum testosterone levels were also dimin-
ished in T/D groups, but these reductions have become statistically
significant in PPT or E2 administered groups (p < .001 and p < .01),
but not in vehicle- or ERβ agonist-treated T/D groups.

4. Discussion

The present findings revealed that decreased testicular blood flow
following torsion was partially recovered on the 3rd day of detorsion,
while treatments with either of the ER agonists or E2 returned blood
flow fully back to the control levels. When the testis-torsioned rats were
treated with ERβ agonist DPN during the detorsion period, tubular

Fig. 3. Representative photomicrographs in experimental groups. Normal testis
morphology with seminiferous tubules in sham-operated control group (A);
decreased cell line (arrow), disorganized epithelium and immature germinal
cells in lumen (*) in left testes of torsion-applied group (B); dilatation (arrow-
head) between the seminiferous tubules, immature cells (*) in the lumen of
seminiferous tubules in E2- (C), PPT- (D) or DPN- (E) treated and torsion-ap-
plied groups. Normal spermatozoa (n) and abnormal spermatozoa with absence
of tail (arrowhead) and neck damage (arrow) in the sham-operated control (F),
torsion-applied (G) and E2- (H), PPT- (I) or DPN- (J) treated and torsion-applied
groups. A–E: H&E staining, F–J: Diff Quick staining, Scale bar: A–E: 50 μm; F–J:
10 μm.
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injury was decreased, sperm count and motility were increased, while
the production of ROMs and apoptosis in the testis tissues were totally
suppressed. On the other hand, ERα agonist PPT treatment had no ef-
fect on the reduced sperm number or motility and even accelerated
oxidative injury, but it was equally efficient as DPN and E2 in depres-
sing torsion-induced testicular apoptosis. Although a down-regulated
expression of AR along with a reduction in serum testosterone level was
observed in the vehicle-treated T/D group, all three treatments up-
regulated the expressions of AR and its mRNA, while ERα agonist and

E2 further suppressed the testosterone level.
In addition to gonadotropin hormones and testosterone, E2 was also

proven to be involved in the proliferation and differentiation of germ
cells into mature spermatids, and hence it is accepted to have an im-
portant role in testicular functions [36]. In the adult testis, local pro-
duction of E2 is dependent mainly on the germ cells, Sertoli cells and
Leydig cells through the conversion of testosterone to E2 by the enzyme
aromatase cytochrome P450 [37], thereby administration of aromatase
inhibitors has resulted in a reduced number of germ cells [38]. Estrogen

Fig. 4. Malondialdehyde levels (A), myeloperoxidase activity (B), luminol (C) and lucigenin (D) chemiluminescence (CL) and superoxide dismutase (E) levels in the
testicular tissues of sham-operated and vehicle-treated, E2-, PPT- or DPN-treated torsion-detorsion (T/D) groups. *p < .05, ***p < .001 compared to sham-vehicle
group; +p < .05, ++p < .01, +++p < .001 compared to T/D-vehicle group.

S. Arabacı Tamer, et al. Life Sciences 222 (2019) 203–211

208



Fig. 5. Caspase-3 activity (A) of testis tissues in the experimental groups. Western blot results of apoptotic markers clv-caspase-3 (B), caspase-3 (C), androgen
receptor (AR) (D), AR gene expression (E) in the testis tissues and serum testosterone levels (F) in the sham-operated and torsion-detorsion (T/D) groups. Presented
blots represent images of three repetitive experiments. *p < .05, **p < .01, ***p < .001 compared to sham-vehicle group; +p < .05, ++p < .01, +++p < .001
compared to T/D-vehicle group.
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receptors, which regulate transcription of specific target genes in many
tissues, are also expressed in the male reproductive system [39]. E2 was
demonstrated to be critical for the survival of the germ cells in the
human seminiferous epithelium, where both ERα and ERβ receptors
were strongly expressed, mediating the development and regulation of
the germ cells [40–42]. Moreover, gene expressions of both nuclear
estrogen receptors were indicated to be essential for spermatogenesis
and fertility in rats [41]. However, the modulatory effects of estrogen in
controlling the proliferative and/or apoptotic events in testis are be-
lieved to be due to a combination of ER-mediated genomic and rapid
non-genomic actions via the membrane receptors [43]. In the current
study, ischemia-reperfusion-induced testicular injury and disrupted
spermatogenesis were reduced mainly by the ERβ agonist and partly by
E2. In accordance with these results, treatment with dehydroepian-
drosterone, which is an adrenal gland-derived sex steroid precursor,
was shown to protect against oxidative injury caused by testis torsion
[44], but the protective effects of estrogen and its agonists were not
evaluated before.

Although immediate surgical intervention is worthwhile in pre-
venting the occurrence of complications, testicular torsion may conse-
quently result in testicular dysfunction, atrophy, poor ejaculate quality
and infertility in nearly one-fourth of the patients [7,45]. Since ex-
perimental studies have demonstrated that testicular dysfunction fol-
lowing T/D-induced ischemia/reperfusion injury appears to involve the
activation of inflammatory and apoptotic pathways [46,47], research
has focused on evaluating the efficiency of several antioxidant agents in
alleviating testicular injury induced with T/D [48,49]. It was previously
reported that testicular MDA and 8-hydroxy-2′-deoxyguanosine levels,
as well as the pro-inflammatory cytokines have started to increase at
the earlier periods of reperfusion [10,50,51] and were sustained for
several days [52]. In the present study, testicular levels of MDA and
ROMs measured on the 3rd day of reperfusion were greater than the
control levels, indicating that the oxidative injury was progressing.
However, treatment with ERβ agonist or E2 during this post-ischemic
period abolished oxidative damage. On the other hand, T/D-induced
increase in neutrophil recruitment as evidenced by elevated MPO ac-
tivity was not altered by any of the treatments, which appear to operate
without any impact on neutrophil-induced oxidant injury. SOD, which
plays an important role against oxidative stress, is available in the cy-
tosol and mitochondria of the testis tissue, while extracellular SOD is
also derived from Sertoli and germ cells [49]. In the current study,
testicular SOD level showed a tendency to increase in the T/D group
and was the highest in the PPT-given group that had the highest oxi-
dative injury, suggesting a compensatory elevation in response to oxi-
dative injury. In parallel with the oxidative injury, T/D resulted in in-
creased activity and expression of both caspase-3 and cleaved caspase-
3, while both ER agonists and E2 were effective in alleviating testicular
apoptosis. It is well known that T/D in the testis causes rupture of the
Sertoli cell membranes, resulting in apoptotic cytochrome C release into
the cytosol and DNA breakage, which lead to reduction in the number
and viability of the germ cells, primarily spermatogonia and sperma-
tocytes [53,54]. Without any torsion, even fixing the testicle in the
scrotum has significantly reduced that the density of seminiferous
epithelium, seminiferous tubule length, and tubular width in rats [55].
The current data also indicated a decrease in the number of semi-
niferous tubules in the T/D group, while administration of ERβ agonist
or E2 has increased their numbers. Taken together, results suggest that
mainly the ERβ agonist, and to some extent E2 and ERα agonist pro-
tected the seminiferous tubules from reperfusion injury by their anti-
apoptotic activity. In contrast to diminished release of ROMs along with
increased sperm quantity and motility provided by ERβ agonist and E2
treatments, PPT further exaggerated the generation of ROMs, while the
disruption in spermatogenesis was not improved. Thus, these data
further implicate that ERβ agonist and E2 support the maintenance of
tubular epithelial function during T/D-induced testicular damage by
limiting the oxidative stress.

In a previous study, we have demonstrated that T/D-induced im-
pairment in testicular functions was accompanied by an elevated AR
expression when measured at the end of 2-h detorsion period [10]. In
contrast, the present data implicate that the early elevation in AR as a
reaction to T/D-induced inflammatory challenge and depressed sper-
matogenesis was then replaced by the down-regulation of AR expres-
sion on the 3rd day. Moreover, testicular injury-induced suppression in
AR expression was reversed by a 3-day treatment with either of the ER
agonists or E2. Studies have shown that decreased testosterone pro-
duction and deterioration in spermatogenesis are the consequences of
testicular inflammation [56–58]. Ikebuaso et al. [59] have reported that
serum testosterone level, sperm count and mobility were decreased in
the T/D rats. Although the ERβ agonist DPN did not alter the serum
testosterone levels, ERα agonist PPT and E2 further suppressed the level
of testosterone in conjunction with the elevations in AR expressions,
demonstrating a feedback control. On the other hand, treatment with
ERα- and ERβ-selective agonists as well as ERβ antagonist for 60 days
was shown to decrease testosterone production and fertility in healthy
adult male rats [60]. Considering together, it appears that estrogen
signaling, despite its negative effects upon over-activation, plays sig-
nificant roles in maintaining male fertility and improves torsion-dis-
turbed spermatogenesis and spermiation, where ERβ receptor activity
has a distinct effect.

5. Conclusion

In conclusion, estradiol and ERβ agonist supported the reversal of
impaired testicular blood flow, increased androgen receptor expression
and alleviated T/D-induced oxidant injury, apoptosis and tubular da-
mage, while the ERβ agonist had an additional advantageous effect on
sperm count and motility. The results of our study suggest that ERβ
receptor activation during the post-ischemic period may be beneficial in
protection against torsion-related oxidant testicular injury and in-
fertility.
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