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Background: Spinal cord ischemia-reperfusion injury (IRI) is a serious condition that can develop after spinal and thoracoabdominal
surgeries or spinal cord traumas. The aim of this study was to investigate the effects of different administration routes of ozone on
testicular tissue in rats with spinal cord ischemia and reperfusion injury.

Methods: Rats were divided into five groups (n:5): control (C), ischemia-reperfusion (IR), IR-rectal ozone (IR+RO), IR-intratechal
ozone (IR+ITO), and IR-intraperitoneal (i.p) ozone (IR+IPO). Ozone—oxygen mixture was administered 30 minutes before midline
laparotomy: 1 mg/kg (50 pg/mL) by rectal insufflation to the IR+RO group, 20 puL (20 pg/mL) intratechally to the IR+ITO group, and
0.7 pg/kg (50 pg/mL) intraperitoneally to the IR+IPO group. The spinal cord IR model was established. The testicular tissue was
collected for histopathological and biochemical analyses.

Results: The Malondialdehyde (MDA) levels and Paraoxonase-1 (PON1) activities were significantly lower in the IR+RO, IR+ITO,
and IR+IPO groups than in the IR group. Catalase (CAT) was significantly higher in the IR+ITO and IR+IPO groups than in the IR
group. While the Cosentino score was significantly higher in the IR group than in the C group (p<0.001), it was significantly lower in
the IR+RO, IR+ITO and IR+IPO groups than in the IR group (p<0.001, all).

Conclusion: Ozone can regulate the negative effects of IRI by regulating cellular oxidative stress mechanisms. This effect can be
achieved most effectively on testis tissue in the spinal cord IRI model through intrathecal and intraperitoneal administration.
Keywords: spinal cord, ischemia reperfusion, testis, ozone, rat

Introduction

Spinal cord ischemia-reperfusion injury is a serious complication that can develop especially after aortic surgeries.'
Increased oxidative stress and inflammation after I/R can cause tissue damage not only in the spinal cord but also in
many distant organs.” Testicular tissue can also be affected by changes in the circulatory system and is sensitive to
damage caused by oxidative stress.’

It is known that ozone therapy reduces oxidative stress by activating antioxidant systems.* Ozone (O3) therapy
reduces chronic oxidative stress by regulating cellular redox balance and causes the production of messengers that reach
all cells in the body.” These messengers can increase the O2 distribution capacity in the tissues by stimulating the bone
marrow to produce excess erythrocytes. Thus, both antioxidant defenses are increased and pentose phosphate and
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glycolysis pathways are activated. At the same time, these messengers can promote the release of stem cells from the
bone marrow for the regeneration of ischemic organs.® However, it is not fully known whether the effects on testicular
tissue after spinal cord IR vary according to the route of administration.” A study on rabbits has shown that ozone
administered via rectal insufflation has a healing effect on spinal cord IRL® Another study on rats has shown that
intraperitoneal and intratesticular ozone is therapeutic in rats with testicular ischemia reperfusion injury.” However, there
is no study in the literature examining the effect of ozone on distant organs in rats with spinal cord IRI. In this study, the
effects of ozone administered in different ways on testicular tissue in rats with spinal cord IR injury were investigated.

Materials and Methods

Animals and the Experimental Protocol

This study was approved by Gazi University Animal Experiments Local Ethics Committee. (Approval No: G.U.E.T-25-016)
30 Wistar albino rats, 2—2.5 months old and weighing 200-250 g, were used in the study. Animals were kept at 25°C + 2°C and
55 + 5% humidity on a 12-hour day/12-hour night cycle. Animals had free access to water and food.

The animals were randomly divided into five groups (n:6): control (C), ischemia-reperfusion group (IR), IR rectal
ozone group (IR+RO), IR intratechal ozone group (IR+ITO), and the IR intraperitoneal (i.p) ozone group (IR+IPO).
A medical ozone generator was used, whose mixed gas concentration (oxygen/ozone) could be controlled with an
ultraviolet spectrophotometer at 254 nm. Disposable silicone-treated polypropylene syringes (ozone-resistant) were used
to ensure the retention of O3 (Figure 1).

After 2 hours of fasting, all rats were anesthetized with intramuscular 50 mg/kg ketamine hydrochloride (Ketax®
bottle, Vem ilag San. Tic. A.S., istanbul, Turkey) and 10 mg/kg xylazine hydrochloride (Alfazyne® bottle 2%, Ege Vet).
The animals were placed on the surgical table in the supine position. Only laparotomy was applied to the control group.
In the IR groups, 30 minutes of ischemia was applied to the infrarenal abdominal aorta using an atraumatic microvascular
clamp and then the clamp was removed and reperfused for 120 minutes. The spinal cord IR model and duration were
determined according to previous studies.'®!"

Thirty minutes before midline laparotomy, 1 mg/kg (50 pg/mL) of ozone-oxygen mixture was administered to the
1213 and 0.7 pg/kg (50 pg/mL) to the IRHIPO group intraperitoneally. In the IR
+ITO group, intrathecal administration was performed by direct lumbar puncture between the L5 and L6 vertebrae

IR+RO group by rectal insufflation

using a 30-gauge, '2-inch needle at the level of the cauda equina of the rats 30 minutes before laparotomy. When

Ozone generator for
rectal, intratechal, and
intraperitoneal ozone

/ EX» >

Spinal cord IR model via clamping of infrarenal abdominal aorta
(30 min ischemia, 120 min reperfusion)

“

Histopathological

Analysis

Figure | Graphical representation of the experimental method.
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a sudden slight movement of the tail was observed, 20 pg/mL of the ozone-oxygen mixture was administered within
30 seconds and the needle was withdrawn after waiting for 15 seconds.'"'*
At the end of the experiment, testicular tissue samples were collected for biochemical and histopathological analysis.

Rats were sacrificed under deep anesthesia by intracardiac blood collection.

Biochemical Evaluations

Testicular tissues were washed with cold NaCl solution (0.154 M) to remove blood contamination and then homogenized
in a Diax 900 (Heidolph Instruments GmbH&Co KG, Schwabach, Germany) at 1,000 U for approximately 3 min. After
centrifugation at 10,000 g for approximately 60 min, the upper clear layer was removed.

Chemicals
All reagents were purchased from Sigma (Sigma-Aldrich Corp, St. Louis, MO, USA) and Merck (Merck KgaA,
Darmstadt, Germany).

TBARS assay (CAS Number:122-31-6, Sigma-Aldrich, Lot: MKBH2096V) is based on the reaction of malondial-
dehyde with TBA, which forms a pink pigment with an absorption maximum at 532 nm in acidic pH and 1,1,3,3-tetra-
ethoxypropane was used as a standard MDA solution. Different concentrations of TEP (CAS No: 122-31-6) solution was
prepared at different concentrations freshly in 0.1 M pH 7 TRIS-HCI (CAS No: 1185-53-1) buffer solution from
concentrated TEP.

CAT activity is based on the measurement of absorbance decrease due to H,O, (Sigma- Aldrich H1009, CAS Number
7722-84-1) consumption at 240 nm as described by Aebi.

Paraoxonase (PON) activity was measured as the rate of paraoxon (Sigma CAS 311-45-5 C10H14NOG6P) hydrolysis
by monitoring the absorbance increase at 405 nm and 25 °C. A mixture of 1.0 mM paraoxon and 1.0 mM CaCl, (CAS
No: 10043-52-4) in Tris/HCI buffer (pH 8.0, 100 mM) was used.

Malondialdehyde (MDA) levels were measured using the Van Ye method.'> A reaction with thiobarbituric acid at
90°C-100°C was used. The sample was mixed with cold 20% (w/v) trichloroacetic acid at room temperature, and the
precipitate was centrifuged for 10 min at 3,000 rpm and room temperature to form a pellet. Then, a portion of the
supernatant was placed in an equal volume of 0.6% (w/v) thiobarbituric acid in a boiling water bath for 30 min. After
cooling, the absorbances of the sample and the blank were read at 532 nm.

Catalase (CAT) activity was measured using the Aebi H method. B.'® Paraoxonase-1 (PON-1) activity was measured
as the rate of paraoxon hydrolysis by monitoring the absorbance increase at 405 nm and 25 °C. A mixture of 1.0 mM
paraoxon and 1.0 mM CaCl2 in Tris/HCI buffer (pH 8.0, 100 mM) was used.'” CAT and PON-1 activities were given in
IU/mg protein. The amount of protein, for example, was determined using the Lowry O method, and bovine serum

albumin (BSA) was used as the standard protein.'®

Histopathological Analysis

Testicular tissue samples were fixed in 10% neutral formaldehyde at room temperature, dehydrated, and embedded in
paraffin. 4-um-thick sections were cut from paraffin blocks. Sections were deparaffinized in xylene, changed three times
for 10 min each, and rehydrated in a decreasing ethanol series. Tissue samples were stained with H&E for 10 min.
Captures were obtained using a Nikon Eclipse 80i light microscope (Nikon Corporation) and evaluated according to the
grading system proposed by Cosentino et al'® (Table 1). In addition, the diameters (um) of 50 randomly selected circular
seminiferous tubules per sample were measured, and the mean diameter of the seminiferous tubule was calculated.

Table | Cosentino Classification of Testicular Damage'?

Grade | | Normal testicular structure with an orderly arrangement of germinal cells

Grade 2 | Less orderly, non-cohesive germinal cells and closely packed seminiferous tubules

Grade 3 | Disordered sloughed germinal cells with shrunken pyknotic nuclei and impaired borders of the seminiferous tubules
Grade 4 | Seminiferous tubules tightly surrounded by coagulative necrosis of germinal cells
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Statistical Analysis

Statistical Package for the Social Sciences (IBM, Armonk, NY, USA) 20.0 was used for the statistical analysis. The data
distribution was examined using the Shapiro—Wilk test then analyzed with the ANOVA test and the Tukey HSD post hoc
test. The results were expressed as mean =+ standard error . p < 0.05 was considered statistically significant.

Results

Biochemical Results
Testis tissue MDA levels, CAT, and PON1 enzyme activities were found to be significantly different between the groups
(» < 0.001, p =0.020, p < 0.001, respectively) (Table 2).

The MDA levels were higher in the IR group than in the C group (p < 0.001), and lower in the IR+RO, IR+ITO, and
IR+IPO groups than in the IR group (p < 0.001, p=0.001, p<0.001, respectively) (Table 2).

Catalase enzyme activities were lower in the IR, IR+RO and IR+IPO groups than in the C group (p <0.001, p=0.017
and p = 0.025, respectively), and higher in the IR+ITO and IR+IPO groups than in the IR group (p = 0.002 and p = 0.04,
respectively) (Table 2).

PONI enzyme activities were significantly higher in the IR and IR+RO groups than in the C group (p <0.001,
p=0.014, respectively) and significantly lower in the IR+RO, IR+ITO, and IR+IPO groups than in the IR group
(p <0.001, all groups) (Table 2).

Histopathological Results
Cosentino score was found to be significantly different between the groups (p<0.001). Cosentino score was found to be
significantly higher in the IR group compared to the C group (p<0.001), and significantly lower in the IR+RO, IR+ITO
and IR+IPO groups compared to the IR group (p<0.001, all), (Table 3, Figures 2—6).

Degenerated intratubular germinal epithelial cells were found to be significantly different between the groups
(p=0.016). Degenerated intratubular germinal epithelial cells were found to be more in the IR group than in the

Table 2 Rat Testis Tissue Oxidant Status Parameters [Mean * SE]

Group C Group IR Group IR+RO Group IR+ITO Group IR+IPO pHE
(n=6) (n=6) (n=6) (n=6) (n=6)
MDA (nmol/mL) 4.16 £0.17 10.74 + |.74* 6.38  0.53% 459 + 0.32% 5.88 + 0.33% < 0.001
CAT (IU/mg.pro) 5302.69 + 2028.57 | 553.30 £ 70.66* | 1950.24 + 292.49% | 294522 + 176.27% | 2189.69 + 201.70%* | 0.020
PONI (IlU/mgpro) | 0.50 £ 0.10 2.70 £ 0.37% 1.32 £ 0.13%% 0.95 + 0.16% 1.17 £ 0.20% < 0.001

Notes: p**Significance level with the ANOVA test; p < 0.05. *p < 0.05: compared to the C group; %p < 0.05: compared to the IR group.
Abbreviations: C group, control group; IR group, ischemia-reperfusion group; IR+RO group, ischemia-reperfusion rectal ozone group; IR+ITO group, ischemia-
reperfusion intrathecal ozone group; IR+IPO group, ischemia-reperfusion intraperitoneal ozone group; MDA, malondialdehyde; CAT, Catalase; PONI, paraoxonase |.

Table 3 Histopathological Findings of Testicular Tissue [Mean + SE]

Group C | Group IR | Group IRtRO | Group IR+ITO | Group IR+IPO P
(n=6) (n=6) (n=6) (n=6) (n=6)
Cosentino 1174017 | 2.67+0.21* | 1.50£0.22% 1.33x0.21% 1.33x0.21% <0.001
Degenerated intratubuler germinal epithelial cells 0.33+0.21 1.50+0.22% | 0.83+0.33 0.50£0.22% 0.50£0.22% 0.016
Interstitial edema /peritubuler congestion 0.17+0.17 1.17£0.31* | 0.50+0.22 0.33x0.21% 0.33x0.21% 0.041
Vacuolation of tubular epithelium of spermatogonia and Sertoli cells | 0.33+£0.21 1.3320.21% | 0.50£0.22% 0.33£0.21% 0.67£0.21% 0.015
Buckled basement membrane thickening (deformed-malformed) 0.170.17 1.33£0.21* | 0.67+0.33 0.50+0.22% 0.50+0.22% 0.027
Mononuclear cell infiltrations (MNL inflammation) 0.33£0.21 1.00+0.00 0.50+0.34 0.33+0.21 0.50+0.22 0.242

Notes: p**Significance level with the ANOVA test; p < 0.05. *p < 0.05: compared to the C group; %p < 0.05: compared to the IR group.
Abbreviations: C group, control group; IR group, ischemia-reperfusion group; IR+RO group, ischemia-reperfusion rectal ozone group; IR+ITO group, ischemia-
reperfusion intrathecal ozone group; IR+IPO group, ischemia-reperfusion intraperitoneal ozone group.
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Figure 2 Normal tetstis tissue, C group, H&Ex |00, scale bar 50 pm.
Abbreviations: S, septum connective tissue; L, Leydig cells; ST, seminiferous tubules; Sp, spermatid; Sc, spermatogenic cells; Sr, Sertoli cells; Sg, spermatogonium; v,
vacuolization; —**, spermatozoa.

Figure 3 Ischemia-reperfusion (IR) group, H&Ex 100, scale bar 50 pm.
Abbreviations: S, septum connective tissue; L, Leydig cells; ST, seminiferous tubules; Sp, spermatid; Sc, spermatogenic cells; Sr, Sertoli cells; Sg, spermatogonium; inf,
inflammation (separation); —**, spermatozoa; P> irregular seminiferous epithelium; conj, congestion; 4, interstitial edema.

C group (p=0.002), and significantly lower in the IR+ITO and IR+IPO groups than in the IR group (p=0.007, both)
(Table 3, Figure 2-6).

Interstitial edema/peritubular congestion was significantly different between the groups (p=0.041). Interstitial edema/
peritubular congestion was seen more in the IR group compared to the C group (p=0.005). Interstitial edema/peritubular
congestion was significantly lower in the IR+ITO, and IR+IPO groups compared to the IR group (p=0.016, both),
(Table 3, Figures 2-6).

Vacuolation of tubular epithelium of spermatogonia and Sertoli cells were found to be significantly different between
the groups (p=0.015). Vacuolation of tubular epithelium of spermatogonia and Sertoli cells were seen more in the IR
group compared to the C group (p=0.003). Vacuolation of tubular epithelium of spermatogonia and Sertoli cells were
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Figure 4 Ischemia-reperfusion rectal ozone (IR+RO) group, H&Ex00, scale bar 50 pm.

Abbreviations: S, septum connective tissue; L, Leydig cells, ST, seminiferous tubules; Sp, spermatid; Sc, spermatogenic cells; Sg, spermatogonium; inf, inflammation
(separation); —**, spermatozoa; P> irregular seminiferous epithelium; v, vacuolization (hemorrhagic); ¢, interstitial edema.
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Figure 5 Ischemia-reperfusion intrathecal ozone (IR+ITO) group, H&Ex100, scale bar 50 ym.
Abbreviations: S, septum connective tissue; L, Leydig cells; ST, seminiferous tubules; Sc, spermatogenic cells; Sg, spermatogonium; inf, inflammation (separation); —**,
spermatozoa; P> irregular seminiferous epithelium; v, vacuolization; ¢, interstitial edema.

found to be significantly lower in the IR+RO, IR+ITO and IR+IPO groups compared to the IR group (p=0.011, p=0.03,
p=0.037, respectively), (Table 3, Figure 2-6).

Buckled basement membrane thickening (deformed-malformed) was significantly different between the groups
(p=0.027). Buckled basement membrane thickening (deformed-malformed) was seen more in the IR group compared
to the C group (p=0.002). Buckled basement membrane thickening (deformed-malformed) was significantly lower in the
IR+ITO and IR+IPO groups compared to the IR group (p=0.020, both), (Table 3, Figures 2—6). Mononuclear cell
infiltrations (MNL inflammation) found to be similar between groups (p=0.242), (Table 3, Figures 2—6).
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Figure 6 Ischemia-reperfusion intraperitoneal ozone (IR+IPO) group, H&Ex 100, scale bar 50 ym.
Abbreviations: ST, seminiferous tubules; Sp, spermatid; Sc, spermatogenic cells; Sg, spermatogonium; inf, inflammation (separation); —**, spermatozoa; » irregular
seminiferous epithelium; ¢, interstitial edema.

Discussion

Spinal cord IR injury is a serious condition that can occur as a result of various clinical conditions (eg aortic surgeries,
spinal traumas, vascular pathologies) and can lead to irreversible damage to nerve cells and systemic inflammatory
response.’’ 2> However, the effects of spinal cord IR injury on peripheral organs have been relatively less investigated.
The findings obtained in this study indicate that spinal cord IR injury causes inflammation, oxidative stress, and structural
changes in testicular tissue. This study evaluates the histopathological and biochemical effects of spinal cord ischemia-
reperfusion (IR) injury on testicular tissue and the potential of ozone therapy to attenuate these effects. Our results show
that spinal cord IR injury causes significant tissue damage and oxidative stress-related changes in testicular tissue, and
that ozone therapy significantly attenuates these changes.

According to the Cosentino score, degenerative intratubular germinal epithelial cells, interstitial edema/peritubular
congestion, tubular epithelial vacuolization, and basement membrane thickening were significantly increased in the IR
group. These changes indicate that the testicular tissue has suffered severe structural damage and the microenvironment
suitable for spermatogenesis has been disrupted. In particular, the disruption of the blood-testis barrier may increase the
intratesticular inflammatory response and cause the loss of germ cells.

There are several possible mechanisms for the apparent IR damage in testicular tissue:

1. Effect on Neuronal Connections: The spinal cord regulates testicular functions via sympathetic and parasympa-
thetic nerves. Disruption of neuronal transmission after IR damage may lead to changes in testicular blood flow
and disruptions in spermatogenesis.”> In particular, the hypothalamus-pituitary-gonadal (HPG) axis may be
affected, leading to deterioration in testicular functions.?*

2. Increase in Systemic Inflammatory Response: Increase in the release of proinflammatory cytokines (TNF-a, IL-6,
IL-1p) after IR damage may trigger inflammation in the testicles.>> Although mononuclear cell infiltration (MNL)
did not show a significant difference in our study, the effects of inflammatory cytokines overlap with histopatho-
logical damage.

3. Increase in Oxidative Stress: The significant increase in MDA levels in the IR group indicates that lipid
peroxidation and oxidative stress in the testicular tissue increased. The significant decrease in catalase (CAT)
enzyme activity, an important component of the antioxidant system, in the IR group suggests that intracellular
defense mechanisms are inadequate and free radicals accumulate in the testicular tissue and cause damage.
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These findings indicate that spinal cord IR injury may negatively affect testicular functions and that this effect may
occur through mechanisms such as inflammation, oxidative stress and disruption of neural transmission.

In our study, it was shown that ozone therapy applied by different routes (rectal, intrathecal, intraperitoneal)
significantly reduced the negative effects of spinal cord IR injury on the testis. Degenerative germinal cell ratio, tubular
vacuolization and interstitial edema levels were significantly reduced compared to the IR group.

Ozone treatment reduced lipid peroxidation by decreasing MDA levels and supported cellular antioxidant defense by
increasing CAT activity. These protective effects of ozone therapy can be explained by several mechanisms. One of these
is the reduction of oxidative stress; when applied at low doses, ozone can strengthen cellular defense by increasing the
expression of antioxidant enzymes (SOD, CAT, GSH-Px).* In our study, we found that CAT activity increased
significantly in the IR+ITO and IR+IPO groups compared to the IR group.

Ozone therapy can suppress the inflammatory response by inhibiting NF-xB pathways and increasing anti-inflammatory
cytokines (IL-10).2° Rectal and intrathecal ozone applications are thought to alleviate inflammation in testicular tissue.

Ozone can increase oxygen delivery to tissues by increasing erythrocyte deformability and improving endothelial function.?’
Improvement of testicular microcirculation can increase the resistance of cells to IR damage by increasing their oxygenation.*®

Considering these mechanisms, it is seen that ozone therapy has the strongest effect especially through intrathecal®’
and intraperitoneal application. The greater effectiveness of intrathecal application may be related to its local anti-
inflammatory and antioxidant effects on the spinal cord.

Clinical Significance and Future Studies: This study shows that spinal cord IR damage may have significant effects on
testicular functions. It may be important to evaluate testicular functions especially in cases of infertility developing after
spinal cord surgeries, aortic aneurysm surgeries and spinal traumas.

Although ozone therapy has the potential to be a protective agent for testicular functions with its antioxidant and anti-
inflammatory effects, some issues need to be clarified before clinical applications:

1. Most effective Ozone dose and administration route: High-dose ozone may have a pro-oxidant effect. The
effectiveness and safety of intrathecal ozone application should be investigated in further studies.

2. Effects on long-term testicular functions: The long-term effects of ozone therapy on sperm parameters and fertility
should be evaluated.

3. Human studies: Data obtained in animal models should be extrapolated to human studies.

Conclusion

This study shows that spinal cord IR injury causes significant histopathological and biochemical changes in testicular
tissue and that ozone therapy significantly attenuates these changes. Ozone therapy can be considered as a potential
therapeutic agent for the prevention of spinal cord-induced testicular damage. However, further studies are needed to
determine the most appropriate dose, duration and method of administration.
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