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Abstract. — OBJECTIVE: Approximately 70%
of cancer patients require radiotherapy. Howev-
er, despite its effectiveness in the treatment of
cancer, radiotherapy can also affect and damage
surrounding healthy tissues in addition to tumor-
ous tissues. Since testicular tissues are highly
radiosensitive, radiotherapy can cause impair-
ments in spermatogenesis leading to infertility.
The purpose of this study was to examine the
potential radio-protective effect of dexmedetomi-
dine (Dex), an a2-adrenoceptor agonist, on oxi-
dative stress and apoptosis in testicular tissues
caused by x-irradiation in rats.

MATERIALS AND METHODS: Thirty male
Sprague-Dawley rats were allocated into three
groups of ten (n=10): control, irradiation (IR), and IR
+ Dex groups. The IR group was exposed to a sin-
gle dose of 2 Gy IR. The IR+Dex group was given a
single intraperitoneal (i.p.) dose of 100 pg/kg Dex
before IR. The control group received a single dose
of saline solution i.p. Testicular tissues removed 24
hours after IR were subjected to histochemical, bio-
chemical, and immunohistochemical analysis.

RESULTS: IR resulted in increased malondialde-
hyde (MDA) activity and significant changes in tes-
tis tissues. However, the application of Dex elevat-
ed glutathione levels by preventing MDA formation.
In addition, Dex decreased tubular epithelial apop-
tosis via elevated Cleaved Caspase-3 expressions.

CONCLUSIONS: Dex exhibited a radio-protec-
tive effect against lipid peroxidation and apopto-
sis caused by IR.
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Introduction

Cancer has been one of the most important hu-
man health problems. It is responsible for a large
proportion of deaths worldwide'. The International
Agency for Research on Cancer (IARC) estimates
that the number of cancer-related deaths will ex-
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ceed 13 million by 20302 Radiotherapy (RT) is
used to kill or control tumor cells using high-en-
ergy photons such as x-irradiation’. Clinical stud-
ies* have shown that approximately 70% of cancer
patients require RT. However, despite its effective-
ness in the treatment of cancer, RT can also affect
and damage surrounding healthy tissues in addi-
tion to tumorous tissues. Radiation applied to the
pelvic region in particular can cause impairment of
reproductive organ structures and functions®.

Since the seminiferous tubule cells in testes
are constantly multiplying and differentiating,
they are highly radiosensitive even at low doses of
radiation®. RT-induced damage can occur by di-
rect testicular or neighboring tissue IR’. Reactive
oxygen species (ROS) mediate the deleterious
effects of radiation in biological systems. An in-
crease in ROS triggers oxidative stress by causing
lipid peroxidation in cell membranes. Increasing
lipid peroxidation and oxidative stress produce
changes in antioxidant activities with the acti-
vation of antioxidant systems. DNA injury thus
occurs in immature germ cells*!°. This then trig-
gers apoptosis in the cells of the spermatogenic
series!!. Therefore, increased oxidative stress can
result in a decrease in spermatogenesis, and even
infertility’.

Testicular tissue contains a variety of cells
with varying degrees of radiosensitivity. The
spermatogonia are highly radiosensitive and
die at doses lower than 3 Gy in the differentia-
tion period’. Infertility following IR is caused
by apoptosis of spermatogonia’. Renal and testis
tissue damage induced by RT mostly occurs via
oxidative stress resulting from overproduction of
reactive oxygen/nitrogen species (ROS/RNS) and
a decrease in antioxidant levels.

Dexmedetomidine (Dex), a powerful selective
a2-adrenoceptor agonist, is used as a sedative
and analgesic in intensive and post-anesthesia
care units'?. Studies” investigating the antioxi-
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dant characteristics of sedatives have shown that
Dex causes a decrease in lipid peroxidation and
improves the antioxidant enzyme levels. Various
studies'*'” have also reported that Dex suppresses
systemic inflammation and oxidative stress while
exhibiting a reduction in apoptosis.

This study employed histochemical, biochem-
ical, and immunohistochemical methods to inves-
tigate the effects on oxidative stress and apoptosis
of Dex in testicular damage induced by 2 Gy IR.

Materials and Methods

Animal Study

Forty male Sprague Dawley rats with an aver-
age weight of 290+8.5 g were used in this study. 10
of these were kept in reserve for anticipated loss
due to IR. Throughout the experiment, the rats
were treated in compliance with the Principles for
the Use and Care of Laboratory Animals formulat-
ed in the Guideline for the Care and Use of Labora-
tory Animals published by the National Health Re-
search Council and approved by the local Ethical
Committee. Throughout the adaptation and exper-
imental procedures, the rats were housed in rooms
providing optimal temperature (22+2°C), humidity
(55-60%), and a controlled light/dark cycle (12/12).
Ad libitum access to standard rat chow and tap wa-
ter was allowed throughout the experiment.

Animal experiments and procedures were per-
formed by the national guidelines for the use and
care of laboratory animals. The study protocol
was approved by Institutional Animal Care Com-
mittee of Recep Tayyip Erdogan University (Ap-
proval No.: 2018/7, Approval date: 14/02/2018).

Experimental Protocol

The sample size of our study was calculated in
accordance with the studies of Charan and Kan-
tharia'®. The rats were allocated randomly into 3
groups of 10.

The control group was given a single dose of 1
ml of saline solution only. The rats in the IR group
were given a single dose of 2 Gy ionizing radia-
tion to the abdominopelvic region. The rats in the
IR+Dex group were given 100 pg/kg Dex (Medi-
teria Group, USA), 30 min before the application
of a single dose of 2 Gy ionizing radiation to the
abdominopelvic region. Animals from all groups
were euthanized with lethal dose of anesthetics
24 hours after IR along with the controls. Testes
were removed from the rats in all groups for use
in histopathological and biochemical analyses.
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IR Procedure

Before X-ray IR, a single dose of 50 mg/kg ket-
amine and 5 mg/kg xylazine was administered by
intramuscular injection. The dose and exposure
time of IR in rats were calculated using the treat-
ment planning program of CMS XIO, version 5.0
(Maryland Heights, MO, USA). The calculation
was performed with the convolution algorithm.
Rats from the control group were placed in the
prone position under anesthesia, but no IR was ap-
plied. Rats from the IR and IR+Dex groups were
also placed in the prone position. The IR areas,
the pelvic region together with the testes, were
determined using the isometric method from the
posterior and anterior with a 0- and 180-degree
gantry. A tissue-equivalent bolus was then placed
on the anterior and posterior aspects of the rats,
and the SSD was adjusted to half depth, at 98.5
cm. 2 Gy single fraction radiation was applied to
the selected regions schedules using a linear ac-
celerator (Elekta, Synergy, Stockholm, Sweden
model).

Biochemical Procedures

Blood was removed from the testes by rins-
ing with cold phosphate-buffered saline (PBS,
pH: 7.4). PBS, twice the tissue weight, was sub-
sequently added. The tissues were then homog-
enized for 5 min using a 30 Hertz homogenizer.
Finally, the homogenates were centrifuged for
15 min at 3,000 g, and the resulting supernatants
were used for biochemical study.

Malondialdehyde (MDA)
Level Assay

This was carried out as described elsewhere®.
Briefly, to 1,000 pL homogenate supernatant an
equal amount of thiocarboxylic acid (10%) was
added. The mixture was then placed in a water
bath at 94°C. Then, to 400 uL supernatant, 200
pL thiobarbituric acid (67%) was added, and the
mixture was again placed in a 94°C water bath.
A pink color complex formed as a result of the
reaction, and this was read at 532 nm on a spec-
trophotometer.

Reduced Glutathione (GSH) Assay

The Ellman method was employed to measure
glutathione levels®. Briefly, to 100 pL superna-
tant 400 pL. 3M disodium hydrogen phosphate
and 100 pL Ellman reagent were added. The yel-
low color-forming with the Ellman reagent was
read on a spectrophotometer at 412 nm. The re-
sults were expressed as nmol/g tissue.
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Table I. Tubular damage score modified by Johnsen’s Score.

Grade Findings

Absence of spermatogonia and spermatogenetics cells.

Absence of spermatogonia and spermatogenetics cells, whilst Sertoli cells are present.

Presence of spermatogonia only.

Only a few (<5) spermatozoa are available. Spermatids and spermatozoa are absent.

Spermatids and spermatozoa are absent. However, numerous spermatocytes are present.

Only a few spermatids (<5-10) are available, but spermatids and spermatozoa are lacking.

Numerous spermatids are available. However, spermatozoa do not exist.

Only a few spermatozoa (<5-10) are available.
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in the lumen.

Numerous spermatozoa are present. The germinal epithelium is decomposed with marked accumulation

—_
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a regular thickness.

Normal spermatogenesis with many spermatozoa. Germinal epithelium is well organized and has

Histopathological Analysis

The testicular tissues were trimmed to a vol-
ume of 1.5 cm® and fixed for 24 h in Bouin solu-
tion. Specimens were then subjected to routine
histological tissue processing using a tissue pro-
cessor (Citadel 2000, Shandon, Thermo Scientif-
ic, Germany) and were embedded into paraffin
blocks. 4-5 um thick sections were then taken
from the blocks using a rotary microtome (RM
2525, Leica Biosystems, Germany), and these
were stained with Harris hematoxylin (Merck
GmbH, Darmstadt, Germany) and Eosin G (Mer-
ck GmbH, Darmstadt, Germany) (H and E). Tis-
sue sections were evaluated under a light micro-
scope (Olympus Inc., Japan) attached to a digital
camera (Olympus Inc., Japan) using the Johnsen’s
score system by two histopathologists blinded to
the experimental groups?'.

Immunohistochemical Analysis

Tissue sections for immunohistochemical
analysis were fixed in 10% neutral formalin for
24 h. The sections were then subjected to rou-
tine histological procedures in a processor (Cit-
adel 2000, Shandon, Thermo Scientific, Germa-
ny) before embedding in paraffin blocks. 2-3 pm
sections were cut using a rotary microtome (RM
2525, Leica Biosystems, Germany) and placed
onto positively charged glass slides. Apoptotic
cells in the testicular tissues were identified using
the terminal deoxynucleotidyl transferase dUTP
nick end labeling method (TUNEL, ab206386,
Abcam, Boston, MA, USA).

Semi-Quantitative Analysis
Tissue sections stained with H+E were
scored using the Johnsen’s tubular damage scor-

ing method in testicular tissues (Table I). The
semi-quantitative analysis was done by two
different histopathologists who were blinded to
study groups.

Cells of the spermatogenetic series in the tes-
ticular tissue stained by the tunnel method were
scored in thirty randomly selected areas for each
rat by blinded histopathologists (Table II).

Statistical Analysis

Statistical data were analyzed using the
SPSS 18.00 software (SPSS Inc., Chicago, IL,
USA). Data distribution was analyzed using the
Shapiro-Wilk Q-Q Plot, Skewness-Kurtosis and
Levene’s test analyses. Biochemical parametric
data were calculated as mean =+ standard devia-
tion. One-Way ANOVA followed by the Tukey
HSD test was used to evaluate intergroup dif-
ferences. Data obtained from semi-quantitative
analyses were calculated as median 25%-75%
interquartile range. The differences between
the experimental groups were calculated using
the Kruskal Wallis followed by the Tamhane T2
test (»p<0.05 was considered statistically signif-
icant).

Table IlI. Apoptosis score.

Grade
0 Lower than 5%
1 6-25%
2 26-50%
3 51-75%
4 Higher than 76%
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Table Ill. Biochemical analysis.

Group MDA GSH
(nmol/mg prt) (nmol/mg prt)
Control 0.17+0.64 399+4.51
Irradiation (IR)  0.34+0.89* 300+6.8*
IR+Dex 0.24+0.66°¢ 885+9.87¢

“p=0.000; vs. control; ’p=0.012; vs. control; p=0.002; vs. IR.
One-Way ANOVA/Tukey HSD.

Results

Biochemical Analysis

While the MDA levels increased in the irradi-
ated group (Table I1I; p=0.000), they decreased in
the IR+Dex group compared to the control (Table
I11; p=0.012).

Similarly, the GSH levels increased in the IR
group compared to the control (Table I11; p=0.000)
as they did in the Dex group compared to the IR
group (Table I1I; p=0.000).

Histopathological Analysis

Light microscopic examination of the sections
from the control group revealed that the seminiferous
tubules were filled with cells of the spermatogenic
series consisting of normal spermatogonia, spermato-
cytes, spermatids, and spermatozoa [Figure 1A-B, Ta-
ble IV, Johnsen’s score: 10 (9-10)]. In contrast, sections
of the irradiated group exhibited widespread edem-
atous areas accompanying a significant decrease in
spermatogenic cell numbers [Figure 1C-D, Table 1V,
Johnsen’s score: 4 (3-4)]. In the Dex treatment group,
cells of the spermatogenic series consisting of typical
spermatogonia, spermatocytes, spermatids, and sper-
matozoa were observed in the seminiferous tubules
[Figure 1E-F, Table IV, Johnsen’s score: 9 (8-9)].
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Figure 1. Light microscopic
image of testis tissue sections
stained with H+E. Seminiferous
tubules (st), Spermatogonia (spg),
Spermatid (spt), Spermatozoa
(sptz), Sertoli cell (SC), Leydig
cells (LC). A-B, Normal seminif-
erous tubules consisting of sper-
matogonia (spg), spermatocytes
(spt), and spermatozoa (spt) in
sections from the control group
[Johnsen’s damage score: 10 (9-
10)]. Magnification: A, x20; B,
x40. C-D, Widespread edematous
areas (*) in seminiferous tubules
associated with loss of sper-
matogonia, spermatocytes, and
spermatozoa in the irradiation
group. Diffuse vascular conges-
tion (C) can also be seen in in-
terstitial areas [Johnsen’s damage
score: 4 (3-4)]. Magnification: C,
x20; D, x40. E-F, Seminiferous
tubules consisting of normal sper-
matogonia (spg), spermatocytes
(spt), and spermatozoa (spt) in
sections from the Dex application
group [Johnsen’s damage score: 9
(8-9)]. Magnification: E, x20; F,
x40.
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Table IV. Johnsen’s modified tubular damage score results.

GGroup Score
[Median (25-75%
interquartile range)]
Control 10 (9-10)
IR 4 (3-4)®
IR+Dex 9 (8-9»

2p=0.000; vs. the Control Group, ’p=0.002; vs. the IR Group.
Kruskal-Wallis — Tamhane’s T2 test.

Immunohistochemical (IHC]) Analysis

Light microscopic examination of the control
group revealed that the seminiferous tubules were
filled with normal cells of the spermatogenic series
by the TUNEL method [Figure 2A; Table V; Apop-
tosis score: 0 (0-0)]. In contrast, an increase in apop-
totic spermatogenic cells was monitored in the IR
group versus the control group [Figure 2B; Table V;
apoptosis score: 3 (3-4)]. However, the numbers of
apoptotic spermatogenic cells in the Dex group were
reduced in comparison to the IR Group [Figure 2C;
Table V; apoptosis score: 1 (1-1.5)].

Discussion

Despite being highly effective in the treat-
ment of several types of cancers, RT can also
damage healthy surrounding tissues along with
the targeted tumorous tissue®’. Testis tissues
are highly radiosensitive and can be damaged
following IR of the pelvis or the entire body’.
Studies® have shown that the application of

Table V. Apoptosis Score [Median (25-75% interquartile
range)].

Group Apoptosis Score
Control 0.00 (0-0)

IR 3.00 (3-4)°
IR+Dex 1.00 (1-1.50)°

2p=0.000; vs. the Control Group, ’p=0.002; vs. the IR Group.
Kruskal-Wallis — Tamhane’s T2 test.

RT to male patients with malignancies leads to
impairment of the normal spermatogenic cycle
and that this can result in severe complications,
such as infertility. This study is the first to in-
vestigate the effect of Dex on oxidative stress
and apoptosis in X-ray-induced testis injury.
Although the mechanism by which RT caus-
es damage to the testicular tissue is not fully
understood, previous studies'** showed that
it is associated with an increase in ROS. Lipid
peroxidation and oxidative stress, which cause
an imbalance between the production of free
oxygen radicals and antioxidant capacity, cause
damage to biological macromolecules. This, in
turn, leads to impairment of normal metabo-
lism and physiology. ROS can attack polyun-
saturated fatty acids in biological membranes
and induce free radical chain reactions that lead
to an increase in lipid peroxidation*’. MDA, a
product of lipid peroxidation, is a marker of ox-
idative stress®. In accordance with the present
results, the application of RT caused an increase
in MDA activity in the target tissues. Various

Figure 2. Representative light microscopic images of testicular tissue in which apoptotic cells are marked using the TUNEL
method. A, Normal spermatogenetic cells in testis tissue from the control group (arrow) [apoptosis score: 0 (0-0)]. Magnifica-
tion: x20. B, Apoptotic spermatogenetic cells in testis tissue from the IR group (failed arrow) [apoptosis score: 3 (3-4)]. Magni-
fication: x20. C, Decreased apoptotic spermatogenetic cells in testis tissue from the Dex group (tailed arrow) [apoptosis score:
1 (1-1.50)]. Magnification: x20.
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researchers”?* have also reported that RT leads
to lipid peroxidation in association with an en-
hancement in ROS.

The increase in ROS after RT leads to an increase
in oxidant capacity and the activation of antioxidant
enzyme systems®*. Studies™'** have reported that
the application of RT causes a decrease in levels of
the antioxidant enzyme GSH. This study confirms
that GSH activity decreased following IR.

Free radicals are known to cause cellular
damage by decreasing membrane viscosity and
permeability and by increasing membrane pro-
tein denaturation. ROS forming after RT trigger
structural damage in tissues*. Naeimei et al”’
demonstrated that 2 Gy IR causes damage in
cells of the spermatogenic series in the testes and
thinning of the germinal epithelial wall. Ekici et
al’ also showed that IR led to impairment in the
seminiferous tubular structures, vacuolization,
and necrosis. Similarly in the present study, 2
Gy IR caused a decrease in spermatogenic cells
and led to vascular congestion and widespread
edematous areas in the seminiferous tubules.

IR induced cellular damage results in ROS for-
mation that can trigger apoptosis by caspase acti-
vation®®?. Caspase-3 is a protein whose levels rise
following cell damage and is pivotal in the apoptot-
ic process®. Previous studies'?' have reported that
IR causes an increase in Caspase-3 levels in testis
tissue. An increase in Caspase-3 immunoreactivity
was also observed following IR in the present study.

Dex, a selective and potent a2-adrenoreceptor
agonist, is currently used for its excellent seda-
tion and analgesia with minimal cardiovascular
effects®?. Previous studies™* noted the impor-
tance of the anti-inflammatory and anti-apop-
totic effects of Dex. Wang et al*® reported that
the application of Dex reduced oxidative stress
and apoptosis in an acute kidney injury model
in mice. In addition, Tuglu et al’” reported that
Dex application exhibited an antioxidant effect
in testicular ischemia-reperfusion injury.

Dex has been shown* to have a reducing
effect on lipid peroxidation in various tissues.
Wang et al*® reported that Dex caused a decrease
in MDA activity in acute kidney injury. Hanci
et al*® also reported that Dex application led to
a decrease in MDA levels in a testicular torsion/
detorsion model in rats. This study confirms that
Dex exhibits inhibitory effect on lipid peroxida-
tion by decreasing the MDA levels. In addition,
Dex application also increases GSH levels. Vari-
ous authors'**” have reported that Dex causes an
improvement in antioxidant levels.
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Due to its antioxidant activity, Dex is also
known to play an ameliorating role in structural
damage in various tissues**°. However, no pre-
vious studies have examined the effectiveness of
Dex in preventing IR induced testicular damage,
which this study demonstrates.

Dex also exhibits anti-apoptotic effects®¢41:4243,
In this study, too, it suppressed apoptosis in cells of
the spermatogenic series.

Some of the limitations of this study include
measurement of oxidative stress by additional pa-
rameters in randomized controlled studies.

Conclusions

This study shows that the a2-adrenoreceptor
agonist Dex exhibits a protective effect by sup-
pressing lipid peroxidation and apoptosis in testes
induced by 2 Gy abdomino-pelvic irradiation.

Conflict of Interests
The authors declare that they have no conflict of interests.

Availability of Data and Materials
Data for this study are available from the corresponding au-
thor upon request.

Funding
This research received no specific grant from any funding
agency in the public, commercial or not-for-profit sectors.

Authors’ Contributions

E. Dil and L. Tumkaya were involved in the concept and
design of the manuscript. All authors acquired, interpret-
ed, and drafted the manuscript. T. Mercantepe and T. Ce-
lik Samanci drafted the manuscript. E. Dil, T. Mercantepe,
A. Yilmaz, Zihni Acar Yazici and T. Celik Samanci revised
the manuscript for important intellectual and linguistic con-
tent. T. Mercantepe, L. Tumkaya, S. Rakici, Adnan Yilmaz,
and T. Celik Samanci provided administrative, technical,
and supervised data.

Ethics Approval

Animal experiments and procedures were performed by the
national guidelines for the use and care of laboratory animals.
The study protocol was approved by Institutional Animal Care
Committee of Recep Tayyip Erdogan University (Approval
No.: 2018/7, Approval Date 14/02/2018). The study was carried
out by the principles of the Declaration of Helsinki.

Informed Consent
Not applicable.



Radioprotective effects of dexmedetomidine on testis

References

1) Hausman DM. What is cancer? Perspect Biol
Med 2019; 62: 778-784.

2) Thun MJ, DelLancey JO, Center MM, Jemal A,
Ward EM. The global burden of cancer: Priorities
for prevention. Carcinogenesis 2009; 31: 100-110.

3) Gong L, Zhang Y, Liu C, Zhang M, Han S. Appli-
cation of radiosensitizers in cancer radiotherapy.
Int J Nanomedicine 2021; 16: 1083-1102.

4) Martin OA, Martin RF. Cancer Radiotherapy: Un-
derstanding the Price of Tumor Eradication. Front
Cell Dev Biol 2020; 8: 1-5.

5) Budgell GJ, Cowan RA, Hounsell AR. Prediction
of Scattered Dose to the Testes in Abdominopel-
vic Radiotherapy. Clin Oncol 2001; 13: 120-125.

6) Drumond AL, Weng CC, Wang G, Chiarini-Garcia
H, Eras-Garcia L, Meistrich ML. Effects of multi-
ple doses of cyclophosphamide on mouse testes:
Accessing the germ cells lost, and the function-
al damage of stem cells. Reprod Toxicol 2011; 32:
395-406.

7) Qu N, ltoh M, Sakabe K. Effects of chemotherapy
and radiotherapy on spermatogenesis: The role
of testicular immunology. Int J Mol Sci 2019; 22:
1-12.

8) Gao S, Zhao Z, Wu R, Zeng Y, Zhang Z, Miao J,
Yuan Z. Bone marrow mesenchymal stem cell
transplantation improves radiation-induced heart
injury through DNA damage repair in rat model.
Radiat Environ Biophys 2017; 56: 63-77.

9) Ekici K, Temelli O, Parlakpinar H, Samdanci E,
Polat A, Beytur A, Tanbek K, Ekici C, Dursun IH.
Beneficial effects of aminoguanidine on radio-
therapy-induced kidney and testis injury. Andro-
logia 2016; 48: 683-692.

10) Cordelli E, Fresegna AM, Leter G, Eleuteri P,
Spano M, Villani P. Evaluation of DNA Damage in
Different Stages of Mouse Spermatogenesis af-
ter Testicular X Irradiation. Radiat Res 2003; 160:
443-451.

11) Topcu A, Mercantepe F, Rakici S, Tumkaya L,
Uydu HA, Mercantepe T. An investigation of the
effects of N-acetylcysteine on radiotherapy-in-
duced testicular injury in rats. Naunyn Schmiede-
bergs Arch Pharmacol 2019; 392: 147-157.

12) Weerink MAS, Struys MMRF, Hannivoort LN, Bar-
ends CRM, Absalom AR, Colin P. Clinical Pharma-
cokinetics and Pharmacodynamics of Dexmedeto-
midine. Clin Pharmacokinet 2017; 56: 893-913.

13) Han C, Ding W, Jiang W, Chen Y, Hang D, Gu D,
Jiang G, Tan Y, Ge Z, Ma T. A comparison of the
effects of midazolam, propofol and dexmedetomi-
dine on the antioxidant system: A randomized tri-
al. Exp Ther Med 2015; 9: 2293-2298.

14) Eser O, Fidan H, Sahin O, Cosar M, Yaman M,
Mollaoglu H, Songur A, Buyukbas S. The influ-
ence of dexmedetomidine on ischemic rat hippo-
campus. Brain Res 2008; 1218: 250-256.

15) Zhang X-Y, Liu Z-M, Wen S-H, Li Y-S, Li Y, Yao
X, Huang W-Q, Liu K-X. Dexmedetomidine Ad-
ministration before, but Not after, Ischemia Atten-
uates Intestinal Injury Induced by Intestinal Isch-
emia-Reperfusion in Rats. Anesthesiology 2012;
116: 1035-1046.

16) Sun Z, Zhao T, Lv S, Gao Y, Masters J and Weng
H. Dexmedetomidine attenuates spinal cord isch-
emia-reperfusion injury through both anti-inflam-
mation and anti-apoptosis mechanisms in rab-
bits. J Transl Med 2018; 16: 1-11.

17) Zhang X, Wang J, Qian W, Zhao J, Sun L, Qian
Y, Xiao H. Dexmedetomidine inhibits tumor necro-
sis factor-alpha and interleukin 6 in lipopolysaccha-
ride-stimulated astrocytes by suppression of c-Jun
N-terminal kinases. Inflammation 2014; 37: 942-949.

18) Charan J, Kantharia N. How to calculate sample
size in animal studies? J Pharmacol Pharmacoth-
er 2013; 4: 303-306.

19) Draper H. A review of recent studies on the me-
tabolism of exogenous and endogenous malond-
ialdehyde H. Xenobiotica 1990; 20: 901-907.

20) Ellman GL. Tissue Sulfhydryl Groups. Arch Bio-
chem Biophys 1959; 82: 70-77.

21) Johnsen SG. Testicular Biopsy Score Count - A
Method for Registration of Spermatogenesis in
Human Testes: Normal Values and Results in 335
Hypogonadal Males. Hormones 1970; 1: 2-25.

22) Barazzuol L, Coppes RP, van Luijk P. Prevention
and treatment of radiotherapy-induced side ef-
fects. Mol Oncol 2020; 14: 1538-5154.

23) Farhood B, Mortezaee K, Haghi-Aminjan H,
Khanlarkhani N, Salehi E, Nashtaei MS, Najafi M,
Sahebkar A. A systematic review of radiation-in-
duced testicular toxicities following radiothera-
py for prostate cancer. J Cell Physiol 2019; 234:
14828-14837.

24) Kim W, Lee S, Seo D, Kim D, Kim K, Kim EG, Kang
JH, Seong KM, Youn HS, Youn BH. Cellular Stress
Responses in Radiotherapy. Cells 2019; 8: 1-18.

25) Frijhoff J, Winyard PG, Zarkovic N, Davies SS,
Stocker R, Cheng D, Knight AR, Taylor EL,
Oettrich J, Ruskovska T, Gasparovic AC, Cuadra-
do A, Weber D, Poulsen HE, Grune T, Schmidt
HHHW, Ghezzi P. Clinical Relevance of Biomark-
ers of Oxidative Stress. Antioxidants Redox Sig-
nal 2015; 23: 1144-1170.

26) Aricigil M, Dindar MA, Yicel A, Eryilmaz MA, Ak-
tan M, Alan MA, Findik S, Kiling i. Melatonin pre-
vents possible radiotherapy-induced thyroid inju-
ry. Int J Radiat Biol 2017; 93: 1350-1356.

27) Naeimi RA, Talebpour Amiri F, Khalatbary AR,
Ghasemi A, Zargari M, Ghesemi M, Hossein-
imehr SJ. Atorvastatin mitigates testicular inju-
ries induced by ionizing radiation in mice. Reprod
Toxicol 2017; 72: 115-121.

28) Peha LA, Fuks Z, Kolesnick RN. Radiation-in-
duced apoptosis of endothelial cells in the murine
central nervous system: Protection by fibroblast
growth factor and sphingomyelinase deficiency.
Cancer Res 2000; 60: 321-327.

29) Li H, Wang B, Zhang H, Katsube T, Xie Y, Gan L.
Apoptosis induction by iron radiation via inhibition
of autophagy in Trp53+/- mouse testes: Is chron-
ic restraint-induced stress a modifying factor? Int
J Biol Sci 2018; 14: 1109-1121.

30) Dos Santos NFG, Silva RF, Pinto MMPL, Da Sil-
va EB, Tasat DR, Amaral A. Active caspase-3 ex-
pression levels as bioindicator of individual radio-
sensitivity. An Acad Bras Cienc 2017; 89: 649-
659.

679



E. Dil, L. Tumkaya, T. Mercantepe, S. Rakici, A. Yilmaz, T. Celik Samanci, Z.A. Yazici

31) Khan S, Adhikari JS, Rizvi MA, Chaudhury NK.
Radioprotective potential of melatonin against
60Co Yy-ray-induced testicular injury in male
C57BL/6 mice. J Biomed Sci 2015; 22: 1-15.

32) Keating GM. Dexmedetomidine: A Review of Its
Use for Sedation in the Intensive Care Setting.
Drugs 2015; 75: 1119-1130.

33) Hwang L, Choi I-Y, Kim S-E, Ko |-G, Shin M-S,
Kim C-J, Kim S-H, Jin J-J, Chung J-Y, Yi J-W.
Dexmedetomidine ameliorates intracerebral hem-
orrhage-induced memory impairment by inhibit-
ing apoptosis and enhancing brain-derived neu-
rotrophic factor expression in the rat hippocam-
pus. Int J Mol Med 2013; 31: 1047-1056.

34) Xiang H, Hu B, Li Z, Li J. Dexmedetomidine Con-
trols Systemic Cytokine Levels through the Cho-
linergic Anti-inflammatory Pathway. Inflammation
2014; 37: 1763-1770.

35) Zhang W, Yu J, Guo M, Ren B, Tian Y, Hu Q, Xie
Q, Xu C, Feng Z. Dexmedetomidine attenuates
glutamate-induced cytotoxicity by inhibiting the
mitochondrial-mediated apoptotic pathway. Med
Sci Monit 2020; 26: 1-10.

36) Wang Z, Wu J, Hu Z, Luo C, Wang P, Zhang Y,
Li H. Dexmedetomidine alleviates lipopolysac-
charide-induced acute kidney injury by inhibiting
p75NTR-mediated oxidative stress and apopto-
sis. Oxid Med Cell Longev 2020; 2020: 1-13.

37) Tuglu D, Yuvanc E, Yilmaz E, Gencay lY, Atasoy
P, Kisa U, Batislam E. The antioxidant effect of
dexmedetomidine on testicular ischemia-reperfu-
sion injury. Acta Cir Bras 2015; 30: 414-421.

680

38) Hanci V, Erol B, Bektag S, Mungan G, Yurtlu S,
Tokg6z H, Can M, Ozkogak Turan |. Effect of
dexmedetomidine on testicular torsion/detorsion
damage in rats. Urol Int 2010; 84: 105-111.

39) Chen Y, Feng X, Hu X, Sha J, Li B, Zhang
H, Fan H. Dexmedetomidine ameliorates acute
stress-induced kidney injury by attenuating oxida-
tive stress and apoptosis through inhibition of the
ROS/JINK signaling pathway. Oxid Med Cell Lon-
gev 2018; 2018: 1-12.

40) Feng X, Guan W, Zhao Y, Wang C, Song M, Yao
Y, Yang T, Fan H. Dexmedetomidine ameliorates
lipopolysaccharide-induced acute kidney injury
in rats by inhibiting inflammation and oxidative
stress via the GSK-33/Nrf2 signaling pathway. J
Cell Physiol 2019; 234: 18994-19009.

41) Zhang ZM, Li LZ, Li KH, An CY, Li YL, Li L, Wu
GY. The effects of dexmedetomidine adminis-
tered at various times on acute lung injury in rats.
Eur Rev Med Pharmacol Sci 2021; 25: 2093-
2098.

42) Li BY, Liu Y, Li ZH, An XL, Xiao SS, Liu GK,
Zhang J. Dexmedetomidine promotes the recov-
ery of renal function and reduces the inflamma-
tory level in renal ischemia-reperfusion injury
rats through PIBK/Akt/HIF-1a signaling pathway.
Eur Rev Med Pharmacol Sci 2020; 24: 12400-
12407.

43) Si YN, Bao HG, Xu L, Wang XL, Shen Y, Wang
JS, Yang XB. Dexmedetomidine protects against
ischemia/reperfusion injury in rat kidney. Eur Rev
Med Pharmacol Sci 2014; 18: 1843-1851.



