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ABSTRACT

BACKGROUND: The pathophysiology of testicular ischemia-reperfusion is characterized by a marked increase in reactive oxygen
species. Oxidative damage caused by reactive oxygen species to cellular components, including DNA, proteins and lipids, leads to
injury of spermatogenic cells. Maslinic acid, a bioactive compound found in Olea europaea, hawthorn, and other medicinal plants,
exhibits antioxidant properties. This study aimed to determine whether maslinic acid protects testicular sperm production following
ischemia-reperfusion injury in a rat model.

METHODS: Male rats were randomly assigned to three groups: a control group (Group 1), an ischemia-reperfusion group (Group
2), and an ischemia-reperfusion + maslinic acid group (Group 3). Ischemia was induced in the left testis by two-hour torsion, followed
by reperfusion via surgical detorsion. The treatment group received intraperitoneal administration of maslinic acid at the onset of
detorsion procedure. Following detorsion, left orchiectomy was performed at either four hours or three months. To comprehensively
assess testicular oxidative stress and function, we measured key indicators: malondialdehyde concentration (reflecting reactive oxygen
species levels); activities of superoxide dismutase and catalase, representing components of the cellular antioxidant system; and overall
spermatogenic efficiency. These parameters were evaluated using biochemical assays and histological analysis with hematoxylin-eosin
staining.

RESULTS: Testicular ischemia-reperfusion significantly increased malondialdehyde levels while suppressing key antioxidant defenses
(superoxide dismutase and catalase) and impairing spermatogenic function (p<0.001). Despite testicular damage induced by ischemia-
reperfusion, maslinic acid treatment produced a partial restoration of these markers (p<0.01).

CONCLUSION: In summary, maslinic acid mitigates ischemia-reperfusion-induced testicular injury by enhancing superoxide dis-
mutase and catalase activities while reducing reactive oxygen species.

Keywords: Maslinic acid; ischemia-reperfusion; testicular torsion.

INTRODUCTION

Testicular torsion, defined as the rotation of the spermatic
cord, is one of the most urgent emergencies in urology. Its
estimated prevalence is approximately | in 4,000 males by the
age of 25.1" Torsion compromises blood flow, depriving the
testis of oxygen and resulting in ischemia. A critical period of

approximately six hours is available for diagnosis and surgi-
cal detorsion, during which restoration of blood flow can
prevent irreversible testicular damage. Despite prompt inter-
vention, testicular atrophy occurs in a substantial proportion
of patients, with reported rates ranging from 25% to 60.2%.
B34 The pathogenesis of testicular ischemia-reperfusion injury
is complex and multifactorial, involving the initial ischemic
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event, reperfusion-induced inflammation, oxidative stress,
microvascular alterations, and multiple downstream mecha-
nisms of injury. Among these, oxidative stress acts as a key
driver of testicular damage.’! This condition is characterized
by a marked increase in reactive oxygen species, including hy-
drogen peroxide, hydroxyl radicals, and superoxide anions.P!
Reactive oxygen species attack cellular components, including
DNA, proteins, and lipids, leading to damage of spermato-
genic cells.’]

Currently, no effective pharmacological treatments are avail-
able for testicular ischemia-reperfusion injury in clinical prac-
tice. Maslinic acid, a bioactive compound found in Olea eu-
ropaea, hawthorn, and other medicinal plants, has attracted
attention due to its diverse biological activities.*®! It has a
molecular formula of C30H4804 and a molecular weight
of 472.7 g/mol."l Extensive pharmacological studies have
demonstrated its potent antioxidant and anti-inflammatory
effects.[®”] Maslinic acid has been shown to protect various
organs from ischemia-reperfusion injury, including the kidney,
brain, and heart.l'™'® However, its potential protective role
in testicular ischemia-reperfusion injury remains unexplored.
In the present study, we employed a rat model of testicular
ischemia-reperfusion to evaluate the therapeutic potential of
maslinic acid by assessing oxidative stress markers and histo-
pathological changes.

MATERIALS AND METHODS

Experimental Subjects and Ethical Considerations

Male Sprague—Dawley rats (250-300 g) were obtained from
SLAC (Shanghai, China). Animals were housed under con-
trolled conditions with a temperature of 20-22°C, relative
humidity of 50-60%, and a 12-hour light/dark cycle. Standard
laboratory chow and water were provided ad libitum. All ex-
perimental procedures were conducted in accordance with
institutional ethical guidelines and were approved by the Eth-
ics Committee at Zhejiang Shuren University (Date: August
16, 2024; Approval no: 20240816-01).

Experimental Design and Induction of Testicular
Ischemia-Reperfusion

Rats were randomly assigned to three groups: control
(Group 1, n=20), testicular ischemia-reperfusion (Group 2,
n=20), and testicular ischemia-reperfusion plus maslinic acid
treatment (Group 3, n=20). General anesthesia was induced
with ketamine (50 mg/kg, intraperitoneally; Sigma-Aldrich,
Saint Louis, MO, USA). Before surgery, the left ilioinguinal
and scrotal regions were shaved and disinfected with 10%
povidone-iodine solution. The left testis was exposed via a
left ilioinguinal incision in all groups. In the control group,
an 11/0 noninvasive suture was passed through the tunica
albuginea, and the testis was returned to the scrotum with-
out performing torsion-detorsion.!'”l The incision was closed
with 4/0 silk sutures. Testicular ischemia-reperfusion was in-
duced by rotating the left testis 720° counterclockwise along
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the spermatic cord axis.['’! Ischemia was maintained for two
hours by fixing the rotated testis to the scrotal wall using an
I 1/0 noninvasive suture to prevent spontaneous detorsion.
Following the ischemic interval, testicular blood flow was re-
stored by detorsion and repositioning of the testis. At the
onset of reperfusion, the maslinic acid-treated group received
maslinic acid (20 mg/kg, intraperitoneally; Sigma-Aldrich). The
selected dose was based on previous studies demonstrating
its efficacy against ischemia-reperfusion injury in multiple
organs, particularly the kidney and heart.l'“'¥ To assess the
acute-phase response, |0 rats from each group were sacri-
ficed four hours after reperfusion. Left testicular tissues were
promptly excised for the analysis of malondialdehyde levels
and the activities of superoxide dismutase and catalase. The
remaining animals (n=10 per group) were sacrificed at three
months post-reperfusion. Left testicular tissues were col-
lected to evaluate spermatogenic function.

Measurement of Malondialdehyde Levels in Testicular
Tissue

Testicular tissue (100 mg) was rapidly homogenized in | mL
of malondialdehyde lysis buffer at 4°C. The homogenate was
centrifuged at 5,000 x g for |15 minutes at 4°C, and the super-
natant was collected for analysis. Malondialdehyde levels were
measured according to manufacturer's instructions using a kit
from Jiancheng Bioengineering Institute (Nanjing, China).

Determination of Superoxide Dismutase and Catalase
Activities

Testicular tissue was homogenized in normal saline at 4°C and
centrifuged at 2,000 x g for 10 minutes at 4°C. The result-
ing supernatant was used to determine superoxide dismutase
and catalase activities according to manufacturer’s protocols
(Jiancheng Bioengineering Institute, Nanjing, China).

Evaluation of Spermatogenic Function

Spermatogenic function was assessed based on seminiferous
tubule diameter, Johnsen score, testicular weight, and seminif-
erous epithelium layer number.['®! After harvesting and weigh-
ing the rat testes, tissue samples were fixed in Bouin's solu-
tion for four hours for pathological evaluation. The testicular
tissue was dehydrated using a series of progressively concen-
trated ethanol solutions. Xylene was then used to clear the
specimens prior to paraffin embedding. Microtome section-
ing of the paraffin-embedded blocks produced sections of 5
micrometers in thickness. The sections were dewaxed with
xylene, hydrated through graded alcohols, and stained with
hematoxylin and eosin (Sigma-Aldrich) for routine histopath-
ological examination. For each section, a blinded pathologist
randomly selected 20 seminiferous tubules, which were ex-
amined under a light microscope at 200% magnification. The
diameter of the seminiferous tubules was measured using
a microscope eyepiece fitted with a micrometer. Testicular
spermatogenesis was evaluated using the [0-point Johnsen
scoring system.'”l The lowest score () indicates seminifer-
ous tubules lacking epithelial cells,!'”? whereas the highest
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score (10) represents complete and orderly spermatogenesis
with abundant spermatozoa and a patent lumen.!'”! The strat-
ification of the seminiferous epithelium was determined by
counting the number of cell layers from the basement mem-
brane to the lumen.

Statistical Analysis

Statistical analysis of all biochemical and histopathological
data was performed using GraphPad Prism 4 (San Diego, CA,
USA). The Shapiro—Wilk test confirmed that the data were
normally distributed. Data are presented as mean * stan-
dard deviation. Comparisons among the three experimental
groups were performed using one-way analysis of variance,
followed by the Student—-Newman—Keuls post hoc test. A p
value <0.05 was considered statistically significant.

RESULTS

Maslinic Acid Reduced Malondialdehyde Levels in
Testicular Tissue Following Ischemia-Reperfusion Injury

As shown in Figure |, malondialdehyde levels were signifi-
cantly higher (p<0.001) in the ischemia-reperfusion group
compared with the control group. Treatment with maslinic
acid significantly decreased malondialdehyde levels (p<0.001)
compared with the untreated ischemia-reperfusion group.

Maslinic Acid Increased Superoxide Dismutase and
Catalase Activities in Testicular Tissue Following
Ischemia-Reperfusion Injury

As illustrated in Figure 2, the activities of the antioxidant en-
zymes superoxide dismutase and catalase were significantly
lower (p<0.001) in the ischemia-reperfusion group than in
the control group. Statistical analysis revealed that maslinic
acid treatment significantly restored the activities of super-
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Figure 1. Maslinic acid (MA) administration reduced malondialde-
hyde levels in the testes. Malondialdehyde concentrations in tes-
ticular tissue were measured using a biochemical assay in control,
testicular ischemia-reperfusion (tIR), and MA-treated groups. Data
are presented as mean * standard deviation (n=10). a: p<0.001 vs.
control group; b: p<0.01 vs. control group; c¢: p<0.001 vs. tIR group.
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oxide dismutase and catalase (p<0.001) in testicular tissue
affected by ischemia-reperfusion injury.

Maslinic Acid Improved Spermatogenic Function

Following Ischemia-Reperfusion Injury

Data revealed a pronounced impairment in spermatogenic
function following testicular ischemia-reperfusion (Figs. 3,
4), characterized by significantly reduced (p<0.001) seminif-
erous tubule diameter, Johnsen score, testicular weight, and
seminiferous epithelium layer number compared with the
control group. Maslinic acid treatment demonstrated a sig-
nificant ameliorating effect on testicular spermatogenic func-
tion (seminiferous tubule diameter: p<0.0l; Johnsen score,
testicular weight, and seminiferous epithelium layer number:
p<0.001), partially counteracting the adverse effects of isch-
emia-reperfusion.

DISCUSSION

The primary concern in testicular torsion is the need for
urgent treatment (detorsion) to restore testicular perfusion
and prevent irreversible infarction. A strong negative corre-
lation exists between time to detorsion and testicular sur-
vival rates. Clinically, these rates are approximately 90-100%
and 50% for interventions performed within 4-8 hours and
12-24 hours, respectively.?” Despite successful detorsion,
postoperative testicular atrophy has been reported in 25% to
60.2% of cases.’] The long-term consequences of two-hour
testicular torsion, as demonstrated in our study, were evi-
dent three months after detorsion. Testicular impairment in-
cluded significant reductions in seminiferous tubule diameter,
Johnsen score, testicular weight, and seminiferous epithelium
layer number (Figs. 3, 4).
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Figure 2. Maslinic acid (MA) administration increased the activities
of (a) superoxide dismutase and (b) catalase in the testes. Enzyme
activities were measured using biochemical assays in control, tes-
ticular ischemia-reperfusion (tIR), and MA-treated groups. Data
are presented as mean + standard deviation (n=10). a: p<0.001
vs. control group; b: p<0.001 vs. tIR group.

631



Wei and Huang. Maslinic acid attenuates testicular ischemia-reperfusion injury

400+
z
£ = 3004
£
£ =
] g 200
= B
=
= 1004
g :
wn f
0 7
Control IR {IR + MA
Lo B
2.54
2.04

15! V
1.0 /
o]

0.0

Testicular weight (g)

Control  tIR IR + MA

Johnsen scoring

Control

layer number

/
//

Control tIR  tIR + MA

Seminiferous epithelium E
i

Figure 3. Maslinic acid (MA) administration improved spermatogenic function, as reflected by (a) semi-
niferous tubule diameter, (b) Johnsen score, (c) testicular weight, and (d) seminiferous epithelium layer
number. These parameters were evaluated through histomorphological analysis in control, testicular
ischemia-reperfusion (tIR), and MA-treated groups. Data are presented as mean + standard deviation
(n=10). a: p<0.001 vs. control group; b: p<0.01 vs. tIR group; c: p<0.05 vs. control group; d: p<0.001 vs.

tIR group; e: p<0.01 vs. control group.

Reactive oxygen species (ROS) production increases follow-
ing detorsion of a torsed testicle.?'! The oxidative modifica-
tion of proteins, lipids, and DNA by reactive oxygen species
represents a major mechanism of damage in spermatogenic
cells.®! Direct measurement of reactive oxygen species in
testicular tissue is challenging due to their high reactivity
and short lifespan.!'] Reactive oxygen species induce cellular
membrane damage through lipid peroxidation.’ Malondial-
dehyde, a byproduct of lipid peroxidation, is therefore widely
used as a marker of reactive oxygen species.”’! In the present
study, ischemia-reperfusion significantly increased malondial-
dehyde levels and was associated with impaired spermatogen-
esis (Figs. I, 3, 4). These findings suggest that excessive reac-
tive oxygen species generation during ischemia contributes
to spermatogenic dysfunction. Maslinic acid administration
significantly reduced testicular malondialdehyde levels and im-
proved spermatogenic function compared with the ischemia-
reperfusion group (Figs. |, 3, 4). These results indicate that
maslinic acid mitigates oxidative stress following testicular
ischemia-reperfusion, thereby promoting recovery of sper-
matogenesis. Maslinic acid has been reported to be safe and
beneficial in clinical settings, including in elderly women with
knee osteoarthritis and in water polo athletes experiencing
exercise-induced fatigue and muscle soreness.***! Therefore,
maslinic acid may represent a promising therapeutic candi-
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date for testicular ischemia-reperfusion injury. However, the
mechanism by which maslinic acid mitigates oxidative stress
has yet to be determined.

For normal cell function to be maintained, a balance must
exist between the production of reactive oxygen species and
their elimination.”! Superoxide dismutase and catalase are
key components of the intracellular antioxidant defense sys-
tem that protect cells from reactive oxygen species.?’! Su-
peroxide dismutase catalyzes the dismutation of superoxide
anions into hydrogen peroxide, which is subsequently de-
composed into water and molecular oxygen by catalase.[?8%]
In pathological conditions such as ischemia-reperfusion, in-
creased reactive oxygen species production leads to oxidative
damage that overwhelms endogenous antioxidant defenses,
resulting in cellular injury and death.B%3" In the present study,
testicular ischemia-reperfusion disrupted this balance, as evi-
denced by increased malondialdehyde levels and decreased
activities of superoxide dismutase and catalase, along with
impaired spermatogenesis (Figs. 1-4). These findings support
that excessive reactive oxygen species production during tes-
ticular ischemia-reperfusion depletes antioxidant defenses,
thereby contributing to spermatogenic dysfunction. Data
from Figures |-4 indicate that maslinic acid treatment in-
creased superoxide dismutase and catalase activities, reduced
malondialdehyde levels, and improved spermatogenic func-
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Figure 4. Representative hematoxylin and eosin-stained sections of testicular tissue. (a) Control group shows normal architecture, with
well-organized epithelial layers containing numerous sperms (1). The tubules exhibit clear, unobstructed lumina and normal diameter. (b)
Following ischemia-reperfusion injury, the testes display substantial damage to the seminiferous tubules (1), characterized by thinning of
the epithelial lining (A ), absence of sperms, and a marked reduction in cross-sectional diameter. (¢) Maslinic acid treatment restores the
architecture and function of the seminiferous tubules to a state closely resembling that of the control group, as evidenced by complete sper-
matogenesis (presence of sperm, 1), a comparable number of epithelial layers, and similar tubule diameter. However, exfoliated epithelial
cells (A) are observed within the tubular lumen, posing a potential risk of tubular blockage. Images were captured at 200x magnification.

Scale bar = 40 micrometers.

tion in testicular tissue subjected to ischemia-reperfusion.
These results suggest that maslinic acid alleviates oxidative
stress by enhancing the activities of superoxide dismutase and
catalase, thereby improving spermatogenic function.

Our study did not evaluate dose-dependent effects of maslin-
ic acid in testicular ischemia-reperfusion injury. Therefore,
the optimal therapeutic dose remains to be determined in
future studies.

To evaluate spermatogenesis in the testes, hematoxylin and
eosin-stained tissue sections were examined in this study.
Histopathological evaluation was based on key parameters,
including seminiferous tubule diameter, Johnsen score, and
seminiferous epithelium layer number. These criteria are
widely used in studies of testicular ischemia-reperfusion in-
jury due to their effectiveness in reflecting tissue damage.['?!
Additional markers, including germ cell apoptosis (assessed
by methods such as the Terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay), integrity of
the tubular basement membrane, interstitial edema, inflam-
matory cell infiltration, and ultrastructural alterations, also
serve as valuable indicators of testicular injury. We plan to
incorporate these markers into future studies.

Using an experimental model of testicular torsion-detorsion,
Karli et al.’2 evaluated the effects of medical ozone and hy-
perbaric oxygen treatment. Compared with the ischemia-re-
perfusion group, both treatments significantly reduced malo-
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ndialdehyde levels, indicating decreased oxidative damage.
Additionally, both groups showed significantly higher gluta-
thione peroxidase activity, an antioxidant enzyme, compared
with the ischemia-reperfusion group. Compared with both
the ischemia-reperfusion and medical ozone groups, hyper-
baric oxygen administration resulted in significantly increased
superoxide dismutase activity. Consequently, hyperbaric oxy-
gen demonstrated a stronger antioxidant effect than medical
ozone, particularly with respect to superoxide dismutase ac-
tivity. Histopathological assessment of the testicles was per-
formed using the Cosentino scoring system. Although both
medical ozone therapy and hyperbaric oxygen treatment
were effective in reducing testicular ischemia-reperfusion in-
jury, they demonstrated comparable results, with no signifi-
cant difference between their effects. These findings suggest
that both therapies may serve as antioxidant treatments for
testicular torsion. Beyond malondialdehyde and superoxide
dismutase, the study by Karli et al.B? differed from ours in
terms of other evaluated parameters and pharmacological
interventions. In future studies, we will incorporate measure-
ments of glutathione peroxidase and the Cosentino score,
and compare the efficacy of maslinic acid, medical ozone, and
hyperbaric oxygen in the treatment of testicular ischemia-
reperfusion injury to determine the most effective agent.

CONCLUSION

The role of maslinic acid in alleviating testicular ischemia-re-
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perfusion injury has not been previously investigated, and this
study aimed to address this gap. Our findings demonstrate
that maslinic acid treatment improves spermatogenesis fol-
lowing ischemia-reperfusion injury. Its protective effects are
mediated by antioxidant mechanisms, including increased su-
peroxide dismutase and catalase activities and reduced reac-
tive oxygen species levels. These findings suggest that maslinic
acid may represent a promising therapeutic option for tes-
ticular damage caused by ischemia-reperfusion. However,
further studies are required to confirm its tolerability and
clinical efficacy before translation into clinical practice.
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DENEYSEL GALISMA - 0Z

Sicanlarda iskemi-reperfiizyonun neden oldugu testis hasarinda maslinik asidin rolii

AMAC: Testis iskemi-reperflizyonunun patofizyolojisi, reaktif oksijen tiirlerinde belirgin bir artisla karakterize edilir. Reaktif oksijen tiirlerinin DNA,
proteinler ve lipitler dahil olmak tzere hiicresel bilesenlere verdigi oksidatif hasar, spermatogenik hiicrelerin hasar gérmesine yol agar. Olea eu-
ropaea, ali¢ ve diger sifali bitkilerde bulunan biyoaktif bir bilesik olan maslinik asit, antioksidan &zellikler sergiler. Bu galisma, maslinik asidin sican
modelinde iskemi-reperfiizyon hasari sonrasi testis sperm uretimini koruyup korumadigini belirlemeyi amaglamistir.

GEREC VE YONTEM: Erkek sicanlar rastgele ii¢ gruba ayrilmistir: Bir kontrol grubu (Grup 1), bir iskemi-reperfiizyon grubu (Grup 2) ve bir iskemi-
reperfilizyon + maslinik asit grubu (Grup 3). Iskemi, sol testiste iki saatlik torsiyonla indiiklendi, ardindan cerrahi detorsiyon yoluyla reperfiizyon
saglandi. Tedavi grubuna, detorsiyon prosediiriiniin baslangicinda intraperitoneal maslinik asit uygulandi. Detorsiyonun ardindan, dort saat veya
Ug ay sonra sol orsiektomi gergeklestirildi. Testislerdeki oksidatif stresi ve fonksiyonu kapsamli bir sekilde degerlendirmek igin, temel géstergeleri
Olctiik: malondialdehit konsantrasyonu (reaktif oksijen tiirlerinin seviyelerini yansitir); hiicresel antioksidan sistemin bilesenlerini temsil eden siipe-
roksit dismutaz ve katalaz aktiviteleri; ve genel spermatogenik verimlilik. Bu parametreler, biyokimyasal testler ve hematoksilen-eozin boyamasi ile
histolojik analiz kullanilarak degerlendirildi.

BULGULAR: Testis iskemi-reperfiizyonu, malondialdehit diizeylerini 6nemli dlglide artirirken, temel antioksidan savunma mekanizmalarini (stipe-
roksit dismutaz ve katalaz) baskiladi ve spermatogenez fonksiyonunu bozdu (p<0.001). iskemi-reperfiizyonun neden oldugu testis hasarina ragmen,
maslinik asit tedavisi bu belirteglerde kismi bir diizelme sagladi (p<0.01).

SONUG: Ozetle, maslinik asit, reaktif oksijen tiirlerini azaltirken stiperoksit dismutaz ve katalaz aktivitelerini artirarak iskemi-reperfiizyonun neden
oldugu testis hasarini hafifletmektedir.

Anahtar sozclikler: Maslinik asit; iskemi-reperfiizyon; testis torsiyonu.
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