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What'’s known on the subject? and What does the study add?

Testicular torsion is one of the most important pediatric emergencies. The ischemia/reperfusion injury (IRI) that occurs during detorsion,
which is a mandatory treatment, can adversely affect fertility. The search for compounds that can therefore eliminate reperfusion injury
has gained momentum. Alpha-pinene (AP) is a monoterpene and is known for its strong antioxidant and anti-inflammatory properties. In
this study, it was revealed that oxidative stress, inflammation, and endoplasmic reticulum stress increased and caused testicular damage in
the testicular IRl model created in rats. It was determined that AP treatment eliminated this damage. This experimental study provides an
important background for subsequent clinical trials on the protective efficacy of AP in cases of testicular torsion.
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Objective: It was aimed to evaluate whether alpha-pinene (AP) had a beneficial effect in the testicular ischemia/reperfusion injury (IRl) model for
the first time.

Materials and Methods: Testicular malondialdehyde, total oxidant status, and total antioxidant status levels were determined using
spectrophotometric methods. The superoxide dismutase (SOD), glutathione (GSH), glutathione peroxidase (GPx), myeloperoxidase (MPO), 78-kDa
glucose-regulated protein (GRP78), activating transcription factor 6 (ATF6), and C/EBP homologous protein (CHOP) levels were determined using the
commercial enzyme-linked immunosorbent assay kits. Hematoxylin-eosin staining method was used in the histopathological evaluation.

Results: In the IRI group, testicular MDA, MPO, GRP78, ATF6, and CHOP levels were significantly increased, while GSH and GPx levels were decreased
compared with the control group (p<0.01). AP application restored these levels significantly (p<0.05). Johnsen scores were also significantly lower
in the IRI group compared the control group (p<0.001), and AP treatment increased these scores significantly (p<0.001).

Conclusion: These results suggest that AP can protect the testicular tissue against IRI by inhibiting oxidative stress, inflammation, and endoplasmic
reticulum stress with its antioxidant properties, thus providing a molecular basis for a novel medical treatment of testicular IRI. Future studies are
needed on other mechanisms of the protective effect of AP on the pathogenesis of testicular torsion.
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Introduction

Testicular torsion (TT) is a urological emergency that causes
occlusion of blood vessels and prevents the perfusion of the
testicles (1). The annual incidence of TT is reported to be 3.8-
8.6 cases per 100,000 men younger than 18 years of age (2).
Today, the only mandatory treatment method for TT is detorsion
(1,2). However, reperfusion to cause tissue damage more severe
than ischemia, this is known as ischemia/reperfusion injury (IRI)
and is the main mechanism underlying the pathogenesis of TT
(3). During reperfusion of ischemic tissue, excessive amounts
of reactive oxygen species (ROS) are formed in the tissue, and
these ROS cause endothelial dysfunction, inflammation, lipid
peroxidation, and endoplasmic reticulum (ER) stress (3,4). The
ER is a cellular organelle involved in protein synthesis, calcium
storage, lipid synthesis, detoxification, and energy metabolism
(5). Various pathological stimuli, such as increased pressure,
temperature, trauma, ROS levels, and nutrient deficiency cause
the accumulation of unfolded/misfolded proteins in the ER
lumen, and this is known as "ER stress” (6). Cells activate the
unfolded protein response (UPR) pathway, which is considered a
protective mechanism for eliminate ER stress. In the case of mild
ER stress, the activation of the UPR activates the cytoprotective
mechanisms, while in the case of severe ER stress, the UPR
activates apoptosis (5,6). Recent evidence has revealed that
increased ER stress plays a role in the etiopathogenesis of IRI
(7). It is therefore suggested that IRI-induced tissue loss can be
prevented by identifying compounds with potential ER stress
inhibitory activity (5,6).

Terpenoids are among the most abundant components in
natural products, and more than 50,000 terpenoid derivatives
have been isolated to date (8). Alpha-pinene (AP) is a
monoterpene, especially abundant in plants of the Pinus genus
(9). Today, it has a substantial area of use in the cosmetics,
paint and food industries (10). Various pharmacological
activities of AP, such as anticoagulant, anti-inflammatory,
antimicrobial, antioxidant, antitumor, anti-apoptotic, analgesic,
hypoglycemic, neuroprotective, and gastroprotective have been
reported (8-10). Although AP protects brain and heart tissues
in various experimental IRl models previously (11,12), there is
no study examining the protective effect of AP against I/R-
induced testicular damage. Protecting male reproductive health
against IRl is critical for the continuation of fertility. This study
therefore evaluated whether AP had a beneficial effect in a
rat testicular IRl model for the first time, which had previously
shown antioxidant and anti-inflammatory properties and tissue
protective effects in various experimental IRl models.
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Materials and Methods

Experimental Design

All experimental procedures were approved by the Animal
Experiments Local Ethics Committee of Karadeniz Technical
University in accordance with the international guidelines
for the use and care of laboratory animals (protocol number:
2022/08, date: 02.03.2022). All surgical procedures were
performed under general anesthesia provided by intraperitoneal
(ip) administration of 60 mg/kg ketamine (60 mg/kg, Vem
Pharmaceuticals, Ankara, Turkiye) and 12 mg/kg xylazine (10 mg/
kg, Bayer, Leverkusen, Germany) combination. All applications
to the rats were done by the ip route. The scrotal skin area was
shaved and cleaned with a betadine antiseptic solution. The left
testicle was entered with a scrotal incision, and the left testicle
was made visible. The animals were divided into three groups
(n=6): Group 1 (sham control), Group 2 (torsion/detorsion, T/D),
and Group 3 (T/D+AP, 50 mg/kg). The experimental procedure is
briefly summarized in Table 1. In the Group 1, the left testicle
was removed and placed back into the scrotum to create surgical
stress.

The experimental T/D procedure was performed according to
the method by Turner et al. (13). In Groups 2 and 3, the left
testicle removed by incision was rotated 720° clockwise and
fixed to the scrotum (4,13). After 4 h of ischemia, the suture
was removed and testicular reperfusion was achieved for 2
h based on previously described methods (4,14). AP (50 mg/
kg) was administered 30 min before detorsion to Group 3.
Simultaneously, dimethyl sulfoxide (DMSO) was administered to
the Group 1 and Group 2. The dose of AP (Sigma-Aldrich, St.
Louis, MO, USA) was determined considering previous studies
and was prepared by dissolving in DMSO (12,15). After 2 h of
detorsion, orchiectomy was performed. The removed testicles
were homogeneously divided longitudinally two pieces, and one
portion was frozen at -80 °C for biochemical analysis, and the
other was stored in Bouin's solution for histological evaluation
(Figure 1).

Histological Analysis

Routine histological tissue follow-ups were performed for
testicular specimens fixed from Bouin's solution. Testicular
specimens were cut in 5 pm sections, stained with H&E, and
examined under a light microscope (Olympus BX50, Tokyo,
Japan) (4,16). Later, seminiferous tubule architecture and the
levels of spermatogenesis were graded with the scoring system
defined by Johnsen (17). Scoring and histological evaluation
were performed blindly by a pathologist unaware of the groups.
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Biochemical Analysis

Testicle tissues were homogenized in cold saline at 9500 rpm
using a homogenizer (IKA, T25 Ultra-Turrax, Staufen, Germany).
The homogenates were centrifuged at 1800 x g for 15 min at
4°C. The supernatants were collected and the protein contents
were determined using a commercial kit (Pierce BCA Protein
Assay Kit, Thermo Scientific, Rockford, IL) according to the
manufacturer's instructions and used for biochemical analysis.
Testicular malondialdehyde (MDA) levels of all groups were
determined according to the method described previously (18),
while total oxidant status (TOS) and total antioxidant status
(TAS) levels were determined using commercial colorimetric kits
(Rel Assay Diagnostics, Gaziantep, Turkiye). The oxidative stress
index (0SI) was determined using the following formula (19):

oSl (arbitrary unit) _ (TOS (umol hydrogen peroxide equivalent/L) X 100
(TAS (umol trolox equivalent/L)

Tissue superoxide dismutase (SOD), glutathione peroxidase (GPx),
glutathione (GSH), myeloperoxidase (MPQ), 78-kDa glucose-
requlated protein (GRP78), activating transcription factor

Figure 1. Histopathological images of testicular tissues of groups (x200,
HEE staining). Control Group (A) SZ: spermatozoon, black star: seminiferous
tubule germinal epithelium, black arrow: intertubular area. T/D Group (B)
VC: vasocongestion in the intertubular area, arrowhead: germinal epithelial
cells, black star: seminiferous tubule germinal epithelium. T/D+AP Group (C)
SZ: spermatozoon, black star: seminiferous tubule germinal epithelium, black
arrow: intertubular area

6 (ATF6) and C/EBP homologous protein (CHOP) levels were
determined using ready-to-use enzyme-linked immunosorbent
assay (ELISA) kits (Finetest, Wuhan, China).

Statistical Analysis

All data are expressed as mean + standard deviation. Statistical
differences between the groups were assessed by ANOVA
followed by Tukey's Post-hoc test. P was defined as statistically
significant at <0.05.

Results

The levels of biochemical parameters and histological scores are
presented in Table 2. The data showed that the MDA, TOS, 0SI,
and MPO levels in Group 2 were significantly more than Group
1 (p=0.0001, p=0.001, p=0.017 and p=0.0001, respectively). In
contrast, the treatment of rats with AP, which was administered
before reperfusion significantly lowered MDA, TOS, OSI and
MPO levels compared to Group 2 (p=0.0001, p=0.003, p=0.025
and p=0.0001, respectively).

The results showed that the tissue levels of TAS, SOD, GPx, and
GSH were significantly decreased in the Group 2 compared
to Group 1 (p=0.0001, p=0.0001, p=0.003 and p=0.0001,
respectively). In contrast, the administration of AP before
reperfusion caused a significant increase in the tissue levels
of TAS, SOD, GPx and GSH compared to Group 2 (p=0.0001,
p=0.0001, p=0.006 and p=0.001, respectively).

Additionally, the GRP78, ATF6, and CHOP levels of the Group 2
were significantly increased compared with Group 1 (p=0.0001,
p=0.001 and p=0.0001, respectively). Contrarily, treatment of
rats with AP significantly decreased the tissue levels of GRP78,
ATF6 and CHOP compared to Group 2 (p=0.0001, p=0.002 and
p=0.0001, respectively). Furthermore, no significant difference
was found between the Groups 1 and 3 in terms of biochemical
parameters (p>0.05).

Johnsen scores were significantly lower in the Group 2 compared
to Group 1 (p=0.0001), and AP treatment increased these scores
significantly (p=0.0001).

Table 1. A summary of the procedures applied to the experimental groups

Groups

Control T/D AP + T/D
Torsion 0 min - + +
210 min after torsion DMSO DMSO 50 mg/kg
Detorsion (240 min after torsion) - + +
Orchiectomy (360 min after torsion) + + +
T/D: torsion/detorsion; AP: (+)-alpha-pinene
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Table 2. The levels of oxidative stress, inflammation and ER stress markers and Johnsen scores of groups
Control T/D AP + T/D
MDA (nmol/mg protein) 4.53+2.91 14.9+3.08° 5.55+0.81°
TOS (uM H,0, equivalent/L) 22.7+2.90 54.2+18.1° 26.6+8.82°
TAS (mM trolox equivalent/L) 1.18+0.12 0.62+0.23* 1.03+0.08°
OSI (arbitrary unit) 1.97+0.21 11.1+8.66° 2.53+0.81°
SOD (ng/mg protein) 0.24+0.05 0.09+0.03* 0.21+0.03°
GPx (pg/mg protein) 16.4+4.34 8.88+1.98° 15.94+3.09°
GSH (pg/mg protein) 4.82+1.42 0.85+0.26° 4.52+1.80°
MPO (ng/mg protein) 0.32+0.08 1.26+0.45° 0.33+0.09°
GRP78 (pg/mg protein) 51.7+7.81 160.3+38.2° 42.3+6.87°
ATF6 (pg/mg protein) 30.4+6.56 55.6+12.8° 33.9+6.54°
CHOP (ng/mg protein) 0.25+0.07 0.77+0.30? 0.21+0.04°
Johnsen Score 9.5+0.55 4.33+1.21° 8.0+0.63*°
T/D: Torsion/detorsion, AP: (+)-alpha-pinene, MDA: Malondialdehyde, TOS: Total oxidant status, TAS: Total antioxidant status, OSI: Oxidative stress index, SOD: Superoxide dismutase,
GPx: Glutathione peroxidase, GSH: Glutathione, MPO: Myeloperoxidase, GRP78: 78-kDa glucose-regulated protein, ATF-6: Activating transcription factor-6, CHOP: C/EBP homologous
protein, P-values according to one-way ANOVA test, post-hoc Tukey test. Data were expressed as mean+SD.?p<0.05 compared with control group,
*p<0.05 compared with T/D group

Discussion

TT is one of the most serious pediatric emergencies, and IRl
is central to its pathogenesis (1,2). The pathogenesis of IRI is
complex and is related to various molecular mechanisms, such
as oxidative/nitrosative stress, inflammation, ER stress, and
mitochondrial dysfunction (3). In particular, MDA, a byproduct
of the oxidation of fatty acids, acts as a potent chemoattractant
and initiates the proinflammatory phase in tissues (20). It
is therefore stated that there is a correlation between MDA
levels and tissue oxidative stress level (4). TOS, TAS, and OSI are
popular cumulative oxidative stress indicators that reveal the
level of oxidative stress in biological samples (19,21). Increased
MDA, TOS, and OSI levels and lower TAS levels in Group 2
indicated that the testicular IRl was mediated by oxidative
stress, while AP treatment significantly reduced this damage in
this study. Consistent with our results, AP has been previously
demonstrated to prevent IRl-induced brain and heart injury by
decreasing oxidative stress levels (11,12).

SOD is the primary step of the antioxidant defense mechanism
in the organism and catalyzes the conversion of superoxide to
hydrogen peroxide (22). GSH is a molecule synthesized from
glutamic acid, cysteine and glycine, with a high antioxidant
potential due to its sulfhydryl groups (23). GPx is an enzyme
that reduces hydrogen peroxide to water with the antioxidant
property of GSH (12). Measurements of GSH, SOD and GPx
are therefore frequently preferred biochemical parameters to
determine the level of antioxidant defense system in a biological
sample (21). The results showed that decreased GSH, SOD and
GPx levels in Group 2 could not protect the testicular tissue
against ROS attacks (24), while AP treatment strengthened
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the antioxidant mechanism. This may be because AP protects
antioxidant defense systems from attack by ROS. Similar to
our results, AP has previously been demonstrated to prevent
I/R, hydrogen peroxide, and scopolamine-induced intestine and
brain injuries by increasing antioxidant enzyme levels (15,22,25).

Inflammation is an important biological reaction of the
organism in response to external stimuli (26). Neutrophil
infiltration is  another characteristic of IRI-induced
inflammatory tissue damage. Migration and activation of
neutrophils into the ischemic tissue increase the amount of
ROS, MPO, and pro-inflammatory cytokines and exacerbate
tissue damage (20). While the increased MPO levels in Group 2
showed that testicular IRl was mediated by inflammation, it was
determined that AP abolished this damage with its previously
revealed anti-inflammatory properties. Similar to our results,
terpenoids have previously been demonstrated to prevent I/R
and cyclophosphamide-induced brain and testicular injuries via
reducing the inflammation (20,27).

Recent studies highlight that ER stress comes to the forefront
as an important molecular mechanism in IRIl. ER stress from
ischemic injury initiates the UPR, which is considered a
protection mechanism (7). Three sensor proteins detect ER stress
and initiate the UPR pathway: inositol-requiring enzyme-1
alpha (IRE-1a), protein kinase-like ER kinase (PERK), and ATF6
(28). Under physiological conditions, these three proteins are
inactive and bound to GRP78, a large molecular ER chaperone.
Under conditions of increased ER stress, GRP78 cleaves from
PERK, IRE1, and ATF6, and this cleavage activates these sensor
proteins (7). After ATF6 dissociates with GRP78, it is transported
to the golgi in response to ER stress. Released ATF6 passes
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into the golgi, where it is cleaved by proteases and activated.
Activated ATF6 migrates from the golgi to the nucleus where it
induces the expression of proteins in optimizing protein folding,
maturation, and elimination of missense proteins (4). In the case
of excessive ER stress, ATF6 induces CHOP expression, resulting in
apoptosis and elimination of the cell whose ER stress cannot be
reduced. Under increased ER stress conditions, increased CHOP
suppresses Bel-2 and GSH levels, increases Bax and ROS levels
and causes the activation of apoptosis (4,28). Studies recently
have focused on strategies that target the inhibition of ER stress
in the I/R process. Among them, the treatment method with
molecules with antioxidant and anti-inflammatory properties
attracted great attention (29). However, there was no study
examining the effect of AP on IRI-induced ER stress. The results
showed that the levels of ER stress markers increased in the
[RI group, whereas AP protected the testicular tissue against IRI
by suppressing ER stress. Similar to our results, terpenoids have
previously been demonstrated to prevent liver and lung IRI via
reducing the ER stress (28,29).

Histological evaluation is a critical method in evaluating tissue
damage caused by IRl and revealing the degree of the therapeutic
effect of the investigated molecule (4,16). Histological analysis
confirmed that functional testicular structures were damaged
in the IRI group, while AP successfully attenuated this damage.
In parallel with our results, it is previously shown histologically
that various terpenoids, including eugenol and nerolidol,
protect the testicular tissue against the damage caused by
cisplatin and cyclophosphamide by modulating oxidative stress,
inflammation, and apoptosis (20,30).

Study Limitations

There are also some limitations to our study. First, only one dose
of AP was evaluated on the basis of literature data within the
scope of this study. Second, the efficacy of AP at different times
or in chronic T/D conditions was not evaluated in this study. The
testicular protective effect of AP at different periods and doses
should be evaluated in the next compherensive studies. Third,
the effects of AP on fertility levels were not evaluated in the
study. We believe that demonstrating the protective efficacy of
AP against testicular IRl in long-term studies with physiological
fertility behavior experiments will shed light on the clinical
stages.

Conclusion

The results showed that AP reduced the testicular IRl for the
first time. This protective effect of AP is thought to be due
to its antioxidant, anti-inflammatory and ER stress inhibitor
properties. Based on these findings, AP may be useful as a
potentially effective adjunct to therapy for ischemic testicular
injury before reperfusion.
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