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1. Zusammenfassung and Summary

1.1. Zusammenfassung

Hintergrund: Alkaliptose und Oxeiptose sind zwei wichtige Signalwege im Rahmen der
Regulierung des programmierten Zelltods, die unter anderem durch erhthte Temperaturen
aktiviert werden konnen. Die Alkaliptose stellt eine pH-abhangige Form des regulierten Zelltods
dar, die uUber die Aktivierung des IKBKB-NF-kB-Signalwegs und die nachfolgende
Herunterregulation von CA9 vermittelt wird. Im Gegensatz dazu handelt es sich bei der Oxeiptose
um eine neu beschriebene, durch Sauerstoffradikale ausgeldste, caspase-unabhangige Form des
Zelltods, die durch den KEAP1-PGAM5-AIFM1-Signalweg gesteuert wird. Ziel dieser Studie war
es, den Einfluss skrotaler Hyperthermie auf die Induktion der molekularen Signalwege der
Alkaliptose und Oxeiptose sowie auf das Hodengewebe und die Spermienqualitdt adulter

mannlicher Mause zu untersuchen.

Methode: Insgesamt wurden 20 adulte méannliche Mause mit einem Gewicht von 25-30 g zuféllig
in zwei Gruppen aufgeteilt: eine Hyperthermie-Gruppe und eine Kontrollgruppe. Bei den Tieren
der Hyperthermie-Gruppe wurde eine lokale Erwdrmung des Hodensacks auf 43 °C fur 20
Minuten durchgefiuhrt. Am Ende des Versuchszeitraums wurden Blutproben zur Bestimmung des
Serumtestosterons entnommen, und es erfolgten umfassende Spermienanalysen (Konzentration,
Beweglichkeit, Lebensfahigkeit und Morphologie). AuRerdem wurden histologische
Untersuchungen der Hoden und Analyse nicht-apoptotischer Zellschdden durchgefiihrt. Die
Genexpression der an den Signalwegen von Alkaliptose (IKBKB, NF-kB, CA9) und Oxeiptose
(KEAP1, PGAMS, AIFM1) beteiligten Gene wurde mittels Real-Time-PCR untersucht.

Ergebnisse: In der Hyperthermie-Gruppe waren sowohl die Gesamtzahl der Spermien als auch
der Anteil normal beweglicher, lebensfahiger und morphologisch intakter Spermien signifikant
reduziert im Vergleich zur Kontrollgruppe (P < 0,001). Der Testosteronspiegel im Serum war in
dieser Gruppe ebenfalls signifikant niedriger (P < 0,001). Zusatzlich wurden ein Riuckgang des
Hodenvolumens, der Lange der Samenkanalchen sowie der Anzahl testikularer Zellen festgestellt
(P < 0,001). Die Analyse der Genexpression ergab eine signifikante Erhéhung der relativen
Expression von NF-kB (P < 0,001) und eine deutliche Reduktion von CA9 (P < 0,0001) im
Alkaliptose-Signalweg. Fir IKBKB konnte kein signifikanter Unterschied zwischen den Gruppen

festgestellt werden. Im Oxeiptose-Signalweg zeigte AIFM1 eine signifikant verminderte



Expression in der Hyperthermie-Gruppe (P < 0,001), wahrend KEAP1 und PGAM5 eine
signifikante Erh6hung der relativen Expression aufwiesen (P < 0,001 bzw. P <0,0001).

Fazit: Die Real-Time-PCR-Analyse offenbarte eine deutliche Deregulierung in den
Expressionsmustern der Marker fiir Oxeiptose und Alkaliptose. Daraus lasst sich schlieR3en, dass
skrotale Hyperthermie nicht-apoptotischen Zelltod induzieren und die entsprechenden

molekularen Signalwege aktivieren kann.



1.2. Summary

Background: Alkaliptosis and Oxeiptosis are important pathways in cell-death regulation, which
can be induced by exposing to high temperature. Alkaliptosis is a pH-dependent form of regulated
cell death driven by activation of the IKBKB-NF-B pathway-dependent downregulation of CA9. On
the other hand, Oxeiptosis is a novel oxygen radical-induced caspase-independent regulated cell
death driven by the activation of the KEAP1-PGAM5-AIFM1 pathway. The objective of this study
was to examine the effects of scrotal hyperthermia on the induction of Alkaliptosis and Oxeiptosis
molecular pathways, and its influence on testicular tissue and sperm analysis in adult male mice.
Method: In the present study, 20 adult male mice weighing 25-30 g were randomly divided into
two groups, a hyperthermia group and a control group. Each animal in the hyperthermia group is
induced by scrotal hyperthermia at 43°C for 20 minutes. At the end of the experimental period,
serum testosterone, sperm analyses including sperm concentration, motility, survival, morphology,
and testicular histological studies such as stereoscopic examination and non-apoptotic cell death
were performed in both groups. In addition, the expression of genes involved in the alkaliptosis
(IKBKB-NF-kB and CA9) and oxeiptosis (KEAP1, PGAMS5, and AIFM1) molecular pathways was

analyzed using real-time PCR.

Results: In the hyperthermia group, the total sperm count and the percentage of sperm exhibiting
normal motility, viability, and morphology were significantly lower than those in the control group
(P<0.001). Additionally, serum testosterone measurements revealed a significant reduction in the
hyperthermia group (P<0.001). Testis volume, length of seminiferous tubules, and the number of
testicular cells were also significantly decreased in the hyperthermia group compared to the
control group (P<0.001). Assessment of the gene expression in the Oxeiptosis and Alkaliptosis
pathways revealed the following findings. In the Alkaliptosis pathway, there was a notable
increase in the relative expression of NF-kB (P<0.001), while the relative expression of CA9
exhibited a significant decrease (P<0.0001) in the scrotal hyperthermia group when compared to
the control group. For the IKBKB gene, the relative expression showed no significant difference
between scrotal hyperthermia and control groups. Considering Oxeiptosis pathway, the AIFM1
gene showed a significant decrease in the scrotal hyperthermia group compared to the control
group (P<0.001). While, the relative expression of KEAP1 and PGAMS5 genes demonstrated a
significant increase (P<0.001 and P<0.0001 respectively) in the scrotal hyperthermia group

compared to the control group.

Conclusion: Real-time PCR analysis revealed a remarkable deregulation in the gene expression

pattern of Oxeiptosis and Alkaliptosis markers. Therefore, it can be concluded that scrotal
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hyperthermia can induce non-apoptotic cell death and activate the signaling pathways associated

with Oxeiptosis and Alkaliptosis.
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2. Introduction
2.1. Problem statement and Review of literature

Infertility is a complex medical condition that affects both men and women. Fifty percent of
couples' infertility is due to men(1,2). In mammals, the normal process of spermatogenesis
requires relatively low temperatures. The temperature of the scrotum in most mammals has been
shown to be 4 to 5°C lower than the basal body temperature. Disruption of the spermatogenesis
process occurs after exposure of the testicles to high temperatures, leading to the death of
testicular and germinal cells(3). Cell death can occur through accidental cell death (ACD) and
regulated cell death (RCD). ACD is characterized by its lack of control, whereas RCD is mediated
by defined signaling pathways in response to harmful stimuli. Recent developments have led to
the identification of various RCD forms, prompting a transition in the classification of cell death
from a morphological to a molecular framework(4,5). Molecular frameworks have enabled the
induction and inhibition of these pathways using various stressors to study their roles in medical
conditions such as infertility and oligo/azoospermia. In this regard, Pirani et al. studied the effects
of scrotal hyperthermia in mice on the apoptotic marker Caspase-3 and found increased levels of
apoptotic activity in the scrotal hyperthermia group(6). Khosravi et al. examined the expressions
of apoptotic genes, including c-Kit, Ddx-4, Caspase-3, Gfr-a, Oct-4, Plzf, and Pcna, after scrotal
hyperthermia and found increased levels of apoptotic activity(7). Hasani et al. investigated the
roles of non-apoptotic pathways—pyroptosis, autophagy, necroptosis, and ferroptosis—by
measuring the mRNA expression levels of Caspase-1, Bcl-2, Atg7, MLKI, and Acsl4 in testis tissue
after scrotal hyperthermia, and found increased levels of expression(8). Two newly discovered
regulated cell death processes that are particularly independent of the caspase pathway are
alkaliptosis and oxeiptosis. Alkaliptosis is a pH-dependent form of regulated cell death triggered
by activation of the IKBKB-NF-kB and CA9 signhaling pathway. Oxeiptosis is a hovel oxygen
radical-induced caspase-independent regulated cell death driven by the activation of the KEAP1-
PGAMS5-AIFM1 pathway(4,5,9,10). There is lack of research on role of newer discovered
programmed cell death pathways specifically caspase independent pathways like alkaliptosis and
oxeiptosis. Therefore, the aim of the present study was to determine the effects of scrotal
hyperthermia on the induction of oxeiptosis and alkaliptosis signaling pathways to induce cell

death in testicular tissue in adult male mice.
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2.2. Objectives

2.2.1. Main Objective

To determine the effects of scrotal hyperthermia on the induction of the alkaliptosis and oxeiptosis
molecular pathways that lead to testicular cell death in adult male mice.

2.2.2. Specific Objectives
e To determine the effect of scrotal hyperthermia on the genes involved in the molecular
pathways of cell death related to oxeiptosis and alkaliptosis in the testicular tissue of adult

mice.

o To determine the effect of scrotal hyperthermia on sperm analysis parameters, including

total sperm count, motility, viability, and morphology in adult mice.

e To determine the effect of scrotal hyperthermia on testicular tissue by assessing the
volume, number of testicular cells, and length and diameter of seminiferous tubules in

adult mice.

2.2.3. Practical Objectives

The study of the mechanisms involved in testicular cell death after induction of scrotal
hyperthermia can be used to more effectively asses the effects of different therapies and can be

generalized to humans.
2.3. Hypotheses

e Scrotal hyperthermia increases the expression of genes involved in the oxeiptosis and

alkaliptosis cell death pathways in adult mice.

e Scrotal hyperthermia reduces motility, viability, and the percentage of sperm with normal

morphology in adult mice.

e Scrotal hyperthermia reduces the volume, the number of testicular cells, and the length

and diameter of seminiferous tubules in the testicular tissue of adult mice.
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3. Material and Methods

3.1. Acquisition and preparation of animals for experimentation

Twenty adult (8-10 weeks old) male NMRI mice with an average body weight of 26 g (range: 25
to 30 g) were purchased from the laboratory animal center at the Pasteur Institute of Iran, Tehran.
The animals were kept in the Shahid Beheshti University Animal House in plastic group cages
under controlled conditions (temperature around 20-23°C, 12-hour light/dark cycles, and relative
humidity of 50—-65%). They were allowed 2 weeks of acclimation. The mice were fed pelleted food

and had access to tap water ad libitum.
3.2. Grouping and the protocol for Testicular Hyperthermia

After the acclimation period, the animals were randomly divided into two groups: (I) control group
(n = 10), which received no intervention, and (Il) hyperthermia group (n = 10), in which the mice
were exposed to testicular hyperthermia. The scrotal hyperthermia was performed according to
the model introduced by Ziaeipour et al. For this purpose, the mice were first anesthetized with
intraperitoneal injections of ketamine (100 mg/kg) and xylazine (5 mg/kg). Then, the lower third of
the body, consisting of the scrotum, tail, and hind legs, was immersed in a water bath at 43°C for
20 minutes every other day for 5 weeks(11). Afterward, they were dried and returned to their
cages. After the last testicular hyperthermia exposure, all mice were maintained for 35 days (the
length of the sexual period of male mice) to allow for the second cycle of spermatogenesis.

Subsequently, all animals were sacrificed for further evaluation.

3.3. Blood collection and Hormonal analysis

At the end of the 35-day interval and before sacrificing the animals, each mouse was anesthetized
using a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg), and blood was withdrawn
from the heart using a standard 2.5 mL syringe. The blood in the syringe was then quickly
transferred to a test tube without anticoagulant. The collected tubes were kept at 37°C for 15
minutes and then centrifuged at 5,000 rpm and 6,000 g for 10 minutes at 4°C. Serum was carefully
separated with a pipette, transferred to a microtube, and stored at -70°C until hormone
measurement. A commercial ELISA kit (IBL, Hamburg, Germany) was used to measure the level

of testosterone. The measurements were reported in ng/mL(12,13).
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3.4. Sperm Acquisition and Analysis
3.4.1. Sperm Sample Acquisition

After blood collection and while maintaining deep anesthesia, all mice were quickly decapitated.
To obtain sperm samples, the entire ventral surface of the mice was sprayed with 70% alcohol.
Using forceps and sterile scissors, the ventral area was opened, and after transecting the
peritoneum and identifying the testicles, both testicles along with the epididymis were removed.
The tail of the epididymis (which is white and located below the testicle) was separated from the
surrounding fat tissue and transferred to a 60-mm Petri dish containing 1 mL of Ham’s F-10
medium (HTF; Sigma Alderich, St. Louis, USA). It was then placed in an incubator for 15 minutes.
Afterward, the tail of the epididymis was incised into smaller pieces with insulin needles and
incubated at 5% CO- for 15 to 20 minutes at 37°C to release sperm into the medium. Next, 10
ML samples were taken from the medium, and each sperm mixture sample was transferred to a 1

mL microtube to evaluate sperm parameters(1,11,12).

3.4.2. Sperm Analyses

3.4.2.1. Total Sperm Count

To determine the total sperm count, 190 uL Ham's F-10 media was added to each microtube, and
then well mixed. After sample uniformity, 10 pl of sperm suspension was poured on a warm (37°C)
Neubauer hemocytometer slide (QC-LAB™, Nantong, China) and placed under phase contrast
microscopy at 200X magnifications. In the end, the total sperm count was reported as cell per
mL(14).

3.4.2.2. Total Sperm Count

To determine the extent of motility of sperm subjectively, the percentage of motile (progressive
and non-progressive) and immotile sperm was determined in five fields of vision observed at 400X

magnification(14).
3.4.2.3. Sperm Morphology

To study sperm morphology, 10 uL of sperm suspension was placed on slides, smeared, and
stained using a commercial Diff-Quick staining kit (Ideh Varzan Farda Co., Tehran, Iran) that
contains special stabilizers and dyes. These dyes penetrate the cell, resulting in the cytoplasm
appearing pink-purple and the nucleus blue-purple (Fig. 3.1.). After the slides air dried, the number
of sperm with normal morphology was expressed as a percentage, using immersion oil and a light

microscope at 100X magnification(14).
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3.4.2.4. Sperm Viability

To study sperm viability, sperm suspension and eosin-nigrosine dye (Merck™; Darmstadt,

Germany) were combined in equal volumes (25 uL each), and one drop of the mixture was
placed on a lubricated slide. After the smear dried at room temperature, a total of five fields

were examined with immersion oil and a light microscope (Nikon, Tokyo, Japan) at 100X

magnification(14). Using this staining method, the contrast between the cells and the
background was enhanced by using the nigrosine dye, which acts as a negative stain and is not

absorbed by the cells. Eosin dye readily permeates the damaged membrane of dead sperm,

giving the appearance of pink sperm. Live sperm cells, on the other hand, have a healthy,

undamaged membrane that prevents the dye from penetrating readily, giving the appearance of

white sperm.

Figure 3.1. Images of sperm stained with (A) Diff Quick and (B) Eosin-Nigrosine.
3.5. Testicular tissue acquisition and histopathological analysis
3.5.1. Tissue Acquisition and preparation

After the extraction of the testicles from the body, they were weighed using a digital weighing
device. The left testis was designated for biochemical and genetic studies, while the right testis
was used for histological and stereological studies. The right testis was submerged in 4%
paraformaldehyde for 48 hours. After that, it was embedded in paraffin blocks. Using a rotary
microtome (Leica RM2125 RTS, Germany), serial sections of 5 ym and 20 pym thickness were
made: 5 ym sections for and seminiferous tubule diameter, and 20 pym sections for estimating
overall testicular volume and numerical density of testicular cells. All sections were stained with
Hematoxylin and Eosin (H&E) (Sigma Aldrich, St. Louis, USA)(11-13,15).
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3.5.2. Histological and stereological analyses

3.5.2.1. Estimation of the testicular volume

Ten sections of 20 ym thickness were selected using systematic uniform random sampling and
were used for the estimation of testicular volume. The live image of each testicular section was
evaluated using a projection microscope (Olympus, Tokyo, Japan) at a final magnification of 25X.
A dot matrix was superimposed on the images using stereological software developed at the
Stereology Research Center (Shahid Beheshti University of Medical Sciences). The volumes
were calculated using the Cavalieri method, whereby the overall volume of the testis was
determined using the point counting method as the product of the areas and the distances

between the sampled intervals(15-17). The volume of the testicles(v) was estimated by following

formula(15,16)
a
V= Z PXx—xd,
p

2P: The total number of points counted that intersected the testicular sections.
a/p (area per point): area allocated to each point divided by the magnification.
d: Distance between sampled sections.

3.5.2.2. Determination of numerical density and total number of testicular cells

Ten randomLy selected 20 pm sections were used to estimate the numerical density of testicular
cells. The live image of each section was evaluated using a projection microscope (Olympus,
Tokyo, Japan) at a final magnification of 200X. The position of the microscopic fields was chosen
by systematic uniform random sampling, moving the table in x- and y-directions at equal intervals.
The optical dissector technique was used to estimate the numerical density of cells in the
testes(15,16,18). The testicular cell and germinal cells were distinguished from a morphological
point of view and counted separately. Leydig cells, which are polyhedral in shape and have
spherical nuclei with eosinophilic cytoplasm, are located in the interstitial tissue of the
seminiferous tubules. Sertoli cells, situated at the base of the epithelium of the tubules, have large,
basal, oval, pale, invaginated nuclei with a prominent nucleolus. Spermatogonia, positioned at the
base of the germinal epithelium, have either dark or light-colored round nuclei and are dome-
shaped cells. Primary spermatocytes, the largest cells of the seminiferous epithelium, are located
in the middle of the germinal epithelium. The round spermatids consist of spherical cells that are

oriented toward the lumen (Figure 3.2)
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Figure 3.2. Photomicrograph of the sample of testis stained with H&E, 100X, Showing testicular
cells and germinal cells: Leydig cell (LC), Spermatogonia (SG), Primary spermatocyte (PS),
Spermatid cell (SC).

An unbiased counting frame probe (designed at the Stereology Research Center of Shahid
Beheshti University of Medical Sciences) with counting areas of 35 x 35 um?, featuring inclusion
and exclusion lines, was used, And superimposed on the live images displayed on the monitor.
The frame lines help avoid the edge effect and biased cell counting. A cell was counted if it fell
completely within or partially on the inclusion line, while not touching the exclusion line. The top
and bottom of each tissue section, each 2 um thick, were excluded from counting by the dissector
to avoid cutting artifacts that appear on the upper and lower surfaces of the tissue sections. Thus,
the height of the dissector for each section was determined to be 16 um. The actual thickness of
tissue in each section was measured by accurately determining the focal position of the
microscope stage along the z-axis using a microcater (Heidenhain, Traunreut, Germany) attached
to the microscope stage for each microscopic field, and then averaged. The numerical density
(NV) of each cell type was estimated using the following formula(15,16):
YF x hx 7 BA

2Q: Total number of cells that were counted.

>F: Total number of unbiased counting frames in all fields.
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h: height of the dissector (here was 16 pum).

alf (area per frame) the ratio of the area of the probe to the magnification (35x35 um?/ 100).
t: actual thickness of the tissue section.

BA: the block advance of the microtome set on 20 pum.

The total number of the cells was estimated by multiplying the numerical density (Nv) by the V
(testis).

3.5.2.3. Determination of the length of seminiferous tubules

Ten sections of 5 um thickness were selected using systematic uniform random sampling to
estimate the length of the seminiferous tubules. Five random fields were chosen from each section
using a projection microscope at 10X magnification. The live image of each field was evaluated
using a projection microscope (Olympus, Tokyo, Japan) at a final magnification of 100X. The
number of seminiferous tubules was estimated by overlaying an unbiased counting frame
(designed at the Stereology Research Center of Shahid Beheshti University of Medical Sciences)
with a counting area of 625 um x 625 pm? randomLy on the monitor. Tubules with their profiles
completely within the counting frame were counted. The length density (L) of the seminiferous
tubules was estimated using the following formula(15,16):
, _ 250

U_ZFX%

2Q: Total number of the tubule’s profiles counted.
2F: Total number of unbiased counting frames in all fields
alf (area per frame) (625 pm x 625 pm? /100)

To calculate the absolute length of the seminiferous tubules, the length density (Lv) was multiplied

by the total volume of the testis.

3.6. RNA extraction and gene expression analysis
3.6.1. RNA Extraction and Preparation

3.6.1.1. RNA Extraction

RNA extraction from testis tissues was performed in a fully sterile environment with no

contamination. All extraction steps were performed at 4°C and on ice. All other tubes and



consumables, including aluminum plates and sample tips, were also autoclaved. RNA extraction

was performed under the RNA extraction hood.

Materials required for RNA extraction:

RNA Extraction kit (Total RNA Extraction Kit) (Jena Bioscience, Jena, Germany)
Chloroform (Merck™, Darmstadt, Germany)

Isopropanol (Merck™  Darmstadt, Germany)

Ethanol (Merck™, Darmstadt, Germany)

DEPC-treated Water (RNase free) (Jena Bioscience, Jena, Germany)

Equipment required for RNA extraction:

Refrigerated Centrifuge (Eppendorf, Hamburg, Germany)

Vortex (Eppendorf, Hamburg, Germany)

Sampler (Gilson, Middleton, USA)

RNase free Micro tube and pipette tips (Eppendorf, Hamburg, Germany)
Sterile aluminum sheets

Surgical blade (Bistoury) (QC-LAB™, China)

The extraction steps were as follows:

1. First, the frozen tissue was digested on the aluminum foil using the sterile surgical blade.

2. The digested tissue was transferred to a 1.5 mL tube and 1 mL of lysis buffer was added

to it, and then the tube was vortexed to achieve a homogeneous suspension.

3. 200 uL chloroform was added to the suspension and thoroughly mixed thoroughly by

inverting the tube for 15 seconds.

4. The mixture was placed on ice for 5 minutes.

5. The tube was placed in a refrigerated centrifuge for at 4°C and 12,000 rpm for 15 minutes.

6. At this point the tube contained 3 phases which could be seen from the top as a colorless

phase, a white intermediate phase and a lower green phase where the RNA was in the upper
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colorless phase which was carefully separated by a sampler into a Transfer to another sterile

tube.

7. Isopropanol was added while removing the same volume of solution and the tube was
shaken several times and incubated for 10 minutes at -20°C and then for 10 minutes in a

refrigerated centrifuge at 4°C at 12000 rpm.

8. The supernatant was decanted and 1 mL of 80% ethanol was added to the tube and then

centrifuged again for 5 minutes.

9. The supernatant was removed and the tube was dried, then the precipitated RNA was

dissolved in DEPC-treated water, and then the tube was transferred to a -70°C freezer.
Qualitative evaluation of extracted RNA

To evaluate the quality of the extracted RNA, 2 pL of RNA was applied to a 2% agarose gel.
Optimal quality of RNA was generated on the clear 2-band gel corresponding to 18s and 28s
ribosomal RNAs, and other RNAs in the sample were identified as smear. This procedure ensured

the quality of the extracted RNA.
Quantitative assessment of extracted RNA

A Nanodrop™ 2000/2000C device (Thermo Fisher Scientific™, Waltham, USA) was used to
assess the amount of RNA extracted. After diluting the RNA in distilled water, its absorbance at
260 nm was measured. Additionally, to evaluate the quality of the RNA and verify the absence of
contamination with protein and DNA, the absorbance ratio of 260 to 280 was examined. A value

between 1.6 and 1.9 indicates optimal RNA quality.
3.6.1.3. Removal of DNA contamination from extracted RNA with DNase

To remove DNA contamination from the RNA samples, they were treated with a commercial
DNase | (RNase-free) kit (Thermo Fisher Scientific™, Waltham, USA)(Tab. 3.6.1.3) according to
the manufacturer's protocol. First, 10 uL of the RNA sample, 1 uL (1 U) of DNase |, and 1 pL of
reaction buffer with MgCl, (10X) were added to an RNase-free microtube (Eppendorf, Hamburg,
Germany) and mixed. The mixture was then incubated at 37°C for 10 minutes. After that, 1 L of

50 mM EDTA was added to the microtube, and it was incubated again at 65°C for 10 minutes.
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Table 3.6.1.3. Contents of the DNase | kit

DNase |, RNase-free (1 U/uL) ImL
Reaction buffer with MgCI2(10X) ImL
EDTA (50 mM) ImL

3.6.2. cDNA Synthesis

The transition from RNA to cDNA is necessary for RT-PCR and real-time PCR reactions and is
accomplished using random hexamer and oligo dT primers along with reverse transcriptase
enzymes. Oligo-dT primers are designed to bind to the poly-A tail, but some RNAs do not have
this feature. Since certain RNAs lack a poly-A tail, the use of random hexamer primers to amplify
these types of RNA is of great importance. The commercial PrimeScript™ RT Reagent Kit
(Takara, Shiga, Japan) (Tab.3.6.2.1) was utilized for cDNA synthesis in this project. The cDNA

synthesis steps were performed in a suitable hood on ice, using sterilized and autoclaved

equipment.
Table 3.6.2.1. cDNA Synthesis kit ingredients
5 X PrimeScript™ Buffer (for Real Time) 400 uL
PrimeScript™ RT Enzyme Mix | 100 pL
Oligo dT Primer (50uM) 100 pL
Random 6-mers (100uM) 100 pL
RNase Free dH20 ImL

According to the Tab. 3.6.2.2, the mixture for removing DNA contamination was prepared. The
reaction microtube was placed inside the Thermal Cycler TC-1000S (Dlab Scientific Co., Beijing,
China) with the following program: 15 minutes at 37°C for three cycles, followed by 5 seconds at

85°C. After this, the mixture tube was placed on ice (4°C).
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Table 3.6.2.2. The amount of consumable required for cDNA Synthesis

5 X PrimeScript™ Buffer 1X 2 puL
PrimeScript™ RT Enzyme Mix | - 0.5uL
Oligo dT Primer (50 uM) 25 pmol 0.5 pL
Random 6-mers (100 yM) 50 pmol 0.5puL
Total RNA Up to 500 ng 1L
RNase Free dH20 6.5 yL, Total Volume 10 pL

cDNA quality evaluation by RT-PCR reaction

To assess the quality of the synthesized cDNA, an RT-PCR reaction was performed using the Taq
DNA Polymerase 2x Master Mix Red Kit (Ampligon, Odense, Denmark) according to the Tab.
3.6.2.3. The synthesized cDNA was amplified for 35 cycles using PCR Master Mix (Sigma Aldrich,
St. Louis, USA). The PCR product was then electrophoresed on a 2% agarose gel (Iranroyan.co,

Tehran, Iran) and visualized using ethidium bromide staining (Thermo Fisher Scientific™,
Waltham, USA).

Table 3.6.2.3. The amount of consumable required for the RT-PCR reaction

cDNA - 2 L
Tag DNA Polymerase Master Mix Red 2X 10 pL
KEAP1 Forward Primer 10 pmol /L 1pL
KEAP1 Reverse Primer 10 pmol /uL 1L
Distilled Water 6 pL,Total Volume 20 pL
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Quantitative evaluation of target genes with Real-time PCR

Real-time PCR, which is similar to RT-PCR except that electrophoresis is not required to monitor
the PCR product, was used to quantify gene expression. This gene expression quantification
method has a very high sensitivity and can be performed in a short time, and the amplification of
the product from the same initial cycles can be observed by emitting a fluorescence beam and
receiving it by the device. This fluorescence beam is generated by the reporter molecule, either
in the form of sequence-specific identifiers such as TagMan probes or in the form of dyes that
bind to double-stranded DNA such as SYBR Green. In this study, SYBR Green | (Sinaclon,
Tehran, Iran) dye was used, which produces a small fluorescence beam when free. But after
being placed in the small groove of the double-stranded DNA molecule, the amount of this beam
increases more than 1000 times. This dye's binding to non-specific DNA means that it can bind
to any double-stranded DNA, including primer dimers and non-specific amplified products. To
control this phenomenon and verify the accuracy of the reaction results, a melting curve was
added to the program at the end of the real-time PCR reaction, and the products were loaded
onto an agarose gel to verify that there was no non-specific binding or dimer. The program of the
melting curve was such that at the end of the reaction the temperature rose continuously by 0.5°C
from 70°C to 95°C. At a certain temperature, PCR products produce a peak in the curve called
the product Tm ([Primer] melting temperature). At this temperature, 50% of the double-stranded
DNA of the denatured product is reduced, reducing the emitted fluorescence Tm. PCR products

vary by product length and GC percentage in the sequence.

3.6.3. Primer Design and Real Time PCR

Using the NCBI site and after inserting the sequence of the genes under study, primers were
designed for the target genes, including the MUS genes: ikbkb-nfkb-ca9, keapl, pgam5 and aifml
and the mouse housekeeping gene, B-actin, and using the primer blast option, the primers were

checked for binding to other points in the genome.

The following list (Tab. 3.6.3.1) should be considered when designing suitable primers for the

real-time PCR reaction:
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e |t is better for primers to produce products with a length of 150-220 bp, since products
smaller than this value cannot be derived from the primer dimer, and products larger than
this complicates the reaction.

o Primers should be between 18 and 24 nucleotides in length to prevent formation of
homodimers and heterodimers.

e The GC percentage of the primers should be between 45% - 65% and their Tm value
should be in the range of 55% - 65%, and the primers should be designed to allow the
formation of secondary structures and complementary hybridization in the 3' end region

impede.

Table 3.6.3.1. Primers sequences and corresponding product sizes

NF-kB  F: GAAGGAGATCATCCGCCAGG
R: GCATTCGGGGCTTTGCTATC e

IKBKB  F: CAGGCACCGTTCACACATAC
R: AGGCCCTCGTTTGTCTTGC Sk

CA9 F: TGTTCTGCCCAGTGAAGAGGA
R: CCAGAGTAGGGTGCCTCCATAG B

KEAPL  F: AGCAGCGTGGAGAGATATGAG
R: TTAAGCCGGTTAGTCCCGTC s o

PGAM5  F: AGAAGACGAGTTGACATCCAG
R: AGCCTGTTCCCGACCTAATG Wiz 0

AIFML  F: CGAAGGCGAGTAGAGCATCA
R: CAGGACCCAAATCACTCCAGAA 12k 0
ACTB F: GATCTCCTTCTGCATCCTGT 191 bp

R: TGGGCATCCACGAAACTAC

Real-time PCR reaction conditions

In this study, the SYBR Premix Ex Taq Il kit (Takara, Shiga, Japan) was used, which contains a
ready-made master mix and includes all materials required for the reaction except primers and

cDNA. The number of reaction cycles can vary between 40 and 50. In this project, 40 cycles were
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performed in the LineGene 9600 real time PCR machine (Bioer, Hangzhou, China). The amount

of material used for a 20-microliter tube was as Tab. 3.6.3.2

Table 3.6.3.2. Real-time temperature PCR program

Hold 95 10' 1
Denaturation 95 15" 40
Annealing & Extension 72 20" 40
Melting Curve analysis 70-95 Rising by 0.5°C 1

Determining PCR product specificity
Determination of PCR product specificity by melting curve analysis

Melting curve analysis was performed to separate the desired specific product from other non-
specific products and primers. In the double-stranded state of the DNA, a fluorescent dye attaches
to it and emits a strong signal. As the temperature increases, the DNA is denatured and the
fluorescence signal decreases until, at the Tm point, half of the product is completely denatured
and the fluorescence signal suddenly decreases, giving rise to a peak in the curved diagram.

Each product has its own Tm, creating unique peaks.
Determination of PCR product specificity by electrophoresis on agarose gel

The products were electrophoresed on 2% agarose gel to check the size of the products and the
absence of primer-dimer. If non-specific bands are seen on the agarose gel, these bands can be
removed by changing the PCR reaction parameters. For example, reducing the amount of
reaction primers can remove the observed band in the primer dimer region, or non-specific bands
that are long product length can be removed by reducing the time of the extension phase or

increasing the temperature of this phase.

3.7. Data analysis

All of the dependent variables were quantitative, and the only qualitative variable was the
presence or absence of scrotal hyperthermia, which was used for grouping. Thus, no summary
statistics were needed for the qualitative variable, while the mean (+ SD) was used for summary
statistics of the quantitative data. The Kolmogorov-Smirnov test was used to determine the

normality of the data. For normally distributed data, an independent samples t-test was used, and
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for non-normally distributed data, the Mann-Whitney test was used. A P-value of < 0.05 was
considered statistically significant. LinRegPCR (version 10.1) and REST (version 2008) software
were used to analyze real-time PCR data. For other data, statistical analysis was performed using
GraphPad Prism software (version 9.3.1).

3.8. Ethical principles of research

This study was conducted under the Procedure for Working with Laboratory Animals published
by the Ministry of Health, Treatment and Medical Education of Iran. (IR.SBMU.MSP.REC.). The
principles to be observed are: The size of the cage and the number of mice were such that the
animals could rest, move and live in it. The material used to make the cage is clear plastic that
can be seen from the inside of the wall inside the cage. The cage was designed in such a way
that they could not escape and were not injured. Mice were not kept with their predators. Mice
have always had free access to water and healthy food. A stable and pleasant temperature, the
right light/dark alternation and air circulation were always taken care of. The carcasses of the
killed mice were far from the mice's nests and they could not smell the dead animal. The animal
cage was kept clean every few days by changing the straw and the smell of garbage didn't bother
them. Sick mice were not included in the study at all. The mice were given time to become familiar
with the laboratory, the laboratory tools, and the researcher. Prior to the study, the minimum
number of animals required to obtain statistical data was estimated. Prior to the study, it was clear
that there was no better alternative than using mice in this study. Efforts were made in this study

to reduce harm to animals.
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4.Results

4.1. Sperm parameters

Our results showed that sperm were absent in the hyperthermia group. All mice subjected to
scrotal hyperthermia exhibited clinical signs of azoospermia and oligospermia after the induction
of hyperthermia. In this study, the total sperm count in the hyperthermia group differed
significantly from that in the control group (P < 0.001). Additionally, sperm maotility in the
hyperthermia group was statistically significantly different from that in the control group
(P<0.001). Sperm viability in the hyperthermia group was also statistically significantly different
from the control group (P<0.001). Based on our results, normal sperm morphology in the
hyperthermia group differed significantly from that in the control group (P<0.001) (Fig. 4.1).
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Figure 4.1. Total sperm count, percent of sperm motility, percentage of sperm survival and
percent of normal morphology of testis in different groups (***P<0.001). Data represent as Mean
+ SD.



4.2. Serum testosterone

Measurement of serum testosterone showed a significantly lower concentration in the

hyperthermia group than in the control group (P<0.001).
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Figure 4.2. Serum testosterone in hyperthermia group compared with control group. Data
represent as Mean + SD.

4.3. Histopathological and Stereological analysis

Testis weight was significantly lower in hyperthermia group compared to the control group
(P<0.001). Testicular volume was also significantly less in the hyperthermia group than in the
control group (P<0.001). At the cellular level, a significant reduction in the total number of
spermatogonia, primary spermatocytes, and spermatids was observed in the hyperthermia group
compared to the control group (P<0.001 for all). Stereological results showed that the numbers of
Sertoli and Leydig cells were significantly lower in the hyperthermia group compared to the control
group (P<0.001 for both) (Fig. 4.3). The length of the seminiferous tubules was significantly lower
in the hyperthermia group compared to the control group (P<0.001) (Fig. 4.4).
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Figure 4.3. Testis weight, testis volume, number of spermatogonia, primary spermatocytes,
round spermatids, Sertoli cells and Leydig cells of testes in different groups (**P<0.01). Data
represent as Mean + SD.
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Figure 4.4. (A) Seminiferous tubule length in different groups (***P<0.001). Data represent as
Mean + SD.

4.4. Real-time PCR analysis

4.4.1. Alkaliptosis Pathway gene expressions

Real-time PCR analysis

As shown in Figure 4.5, the relative expression, based on the expression ratio of a target gene
versus a reference gene of NF-kB was significantly increased (3.32 £ 1.12 ,P<0.001), while the

relative expression of CA9 exhibited a significant decrease( 0.51 + 0.08, P<0.0001).

For the IKBKB gene, the relative expression showed no significant difference between scrotal
hyperthermia and control groups. In general, these results indicate an alteration in the expression

of alkaliptosis genes, leading to impaired spermatogenesis after testicular hyperthermia.
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Figure 4.5. Relative expressions level of NF-kB, IKBKB and CA9 genes in scrotal hyperthermia
group compared to the control group (***P<0.001, ****P<0.0001 and ns= non-significant).

Melting curve analysis of NF-kB, IKBKB and CA9 genes detected by realtime PCR. cDNA
samples are amplified in real-time PCR with specific set of primers and melting curve analysis is
performed to confirm the identity of the PCR products. Amplification plot, the increase in
fluorescence signal as the PCR cycles progress,and melting curves of NF-kB, IKBKB and CA9
genes are shown in the Figs:4.6-4.11.
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Figure 4.6: Amplification plot of IKBKB gene detected by real-time PCR. PCR cycles (X axis)
were plotted against fluorescence intensity (Y axis).
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Figure 4.7: Melt curve of IKBKB gene detected using real-time PCR. The figure shows a melting
temperature (Tm) of IKBKB PCR products as 85.9°C with no amplifications detected in negative
controls.
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Figure 4. 8: Amplification plot of NF-kB gene detected by real-time PCR. PCR cycles (X axis)
were plotted against fluorescence intensity (Y axis).
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Figure 4. 9: Melt curve of NF-kB gene detected using real-time PCR. The figure shows a
melting temperature of NF-kB PCR products as 86.95°C with no amplifications detected in
negative controls.
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Figure 4.10: Amplification plot of CA9 gene detected by real-time PCR. PCR cycles (X axis)

were plotted against fluorescence intensity (Y axis).
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Figure 4.11: Melt curve of CA9 gene detected using real-time PCR. The figure shows a melting
temperature of CA9 gene as 84.86°C with no amplifications detected in negative controls.

4.4.2. Oxeiptosis Pathway gene expressions

Considering the genes involved in oxeiptosis pathway, the relative expression of the AIFM1 gene
was decreased significantly (0.23+0.05, P<0.001) in the scrotal hyperthermia group compared to
the control group. Also, KEAP1 and PGAM5 genes demonstrated a significant increase (5.16%
1.03, P<0.001 and 2.50+0.21, P<0.0001) in the scrotal hyperthermia group compared to the
control. (Fig. 4.12).
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Figure 4.12. Relative expressions of AIFM1, KEAP1 and PGAMS in scrotal hyperthermia group
compared to the control group, (***P<0.001 and ****P<0.0001). Data normalized to the

expression of the housekeeping gene, p-actin.

Amplification plots and melting curves of AIFM1, KEAP1 and PGAMS5 genes are shown in Figs.
4.13-4.18.
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Figure 4.13: Amplification plot of AIFM1 gene detected by real-time PCR. PCR cycles (X axis)
were plotted against fluorescence intensity (Y axis).
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Figure 4.14: Melt curve of AIFM1 gene detected using real-time PCR. The figure shows a
melting temperature of AIFM1 gene as 82.47°C with no amplifications detected in negative
controls.
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Figure 4.15: Amplification plot of PGAMS5 gene detected by real-time PCR. PCR cycles (X axis)
were plotted against fluorescence intensity (Y axis).
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Figure 4.16: Melt curve of PGAM5 gene detected using real-time PCR. The figure shows a
melting temperature of PGAM5 gene as 84.56°C with no amplifications detected in negative

0.1

controls.
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Figure 4.17: Amplification plot of KEAP1 gene detected by real-time PCR. PCR cycles (X axis)
were plotted against fluorescence intensity (Y axis).
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Figure 4.18: Melt curve of KEAP1 gene detected using real-time PCR. The figure shows a
melting temperature of KEAP1 gene as 87.09°C with no amplifications detected in negative
controls.
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Figure 4.19: Amplification plot of B-actin gene detected by real-time PCR. PCR cycles (X axis)
were plotted against fluorescence intensity (Y axis).



Melt Curve

60000.0

50000.0

40000.0

30000.0

Derivative Reporter (-R)

20000.0

10000.0

85.0 700 750 80.0 850 90.0 950
Tm: 8436
Temperature (°C)

’iA B llc D ME HF Hc HH

Figure 4.20. Melt curve of B-actin gene detected using real-time PCR. The figure shows a
melting temperature of B-actin gene as 84.86°C with no amplifications detected in negative
controls.
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5. Discussion

The self-renewal and differentiation of spermatogonia stem cells (SSCs) into sperm is known as
spermatogenesis. Male infertility can result from any error that occurs during spermatogenesis.
Male factors account for 50% of cases of infertility, which affects 10-15 percent of all
couples(1,19). One factor that contributes to male infertility is high temperature. Temporary heat
stress can alter sperm motility, life cycle, energy metabolism, sperm count, and sperm
volume(19,20). According to our result, scrotal hyperthermia which was induced on mice showed
a significant decrease on sperm count, mortality and its viability. Several evidence indicates that
apoptosis is involved in both spontaneous (during normal spermatogenesis) and increased germ
cell death which is triggered by a variety of regulatory stimuli. Rat models have been utilized in
prior studies to investigate the impact of several cell death mechanisms in heat-induced germ cell
death in the testis (8,20-22). The current study aimed to examine indicators of the newly
discovered non-apoptotic, caspase-independent cell death pathways related to sperm loss after
hyperthermia. Using azoospermia animal models, our results characterize the molecular
pathways involved in heat-induced cell death in testicular tissue. To test this hypothesis, ten
selected mice were exposed to a temperature of 43°C for 20 minutes every other day for 5 weeks.
All of them exhibited decreases in sperm parameters such as sperm count, motility, viability, and
normal morphology compared to the control group. Testicular weight, testicular volume, and
seminiferous tubule length were significantly lower in the hyperthermia group than in the control
group. Based on the results of the stereological examination, all seminiferous tubules were
severely degenerated and devoid of spermatogenic cells, and all mice in the hyperthermia group
had azoospermia. To investigate the reasons behind germ cell degeneration and the reduction in
the number of spermatogenic cells in heat-induced mice, the current study assessed the role of
two newly identified routes of regulated cell death, namely alkaliptosis and oxeiptosis, in

hyperthermia-mediated testicular injury in an animal model.

Alkaliptosis is a type of regulated cell death induced by intracellular alkalinization. Historically, this
pathway was recognized during attempts to screen for the cytotoxic activity of small-molecule
compounds targeting G-protein coupled receptors(10). The cytotoxic effects of the identified
agent, JTC801, did not depend on any known cell death pathways, including apoptosis,
necroptosis, autophagy, or ferroptosis. However, these effects were blocked by the suppression
of intracellular alkalinization using N-acetyl cysteine, N-acetyl alanine, and acidic culture

media(10).Molecular studies have revealed the involvement of the ikbkb gene in this pathway.
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Notably, the ikbkb-nf-kB-mediated downregulation of ca9 was found to be a key event in this
cytotoxic pathway (10,23,24). The observed downregulation of ca9 and unchanged levels of Ikbkb
in the hyperthermia group suggest the involvement of alkaliptosis in the hyperthermia-induced
changes in the testes.

Oxeiptosis is another route of regulated cell death that depends on oxygen radicals and is
stimulated by the induction of the keapl-pgam5-aifml axis(9). This novel pathway was identified
in an animal study demonstrating the response of mice to ozone. Ozone-induced oxeiptosis was
found to be independent of apoptotic or pyroptotic caspases, necroptosis, autophagic pathways,
and ferroptosis(9,23). The results of the current study showed a significant upregulation of the
keapl and pgam5 genes, along with a remarkable downregulation of aifml levels in the animals
exposed to hyperthermia. Thus, oxeiptosis might also be involved in the hyperthermia-induced
changes in the mice. In line with our study, a recent investigation demonstrated upregulation of
KEAP1 and PGAMS proteins in the TM4 cells (testicular sertoli cell line) treated with the TDCIPP
toxic substance. While this toxic agent also led to upregulation of AIFM1 protein, the relative
expression of p-AlFM1 protein was lower in the treated animals compared with the controls. Taken
together, the authors concluded that the TDCIPP-induced decrease in the viability of TM4 cells
might be related to ROS-mediated regulation of the keapl-pgam5-aifml pathway, resulting in
oxeiptosis(24).

According to a study, the expression of 61 proteins can be dysregulated as a result of heat stress.
These proteins serve various functions in the cell pathway(25). Many of these regulations derive
their pathogenesis in large part from oxidative stress. Oxidative stress is an imbalance between
the body's antioxidant defense systems and the production of reactive oxygen species (ROS).
There are many different molecules in the ROS family that have varying effects on cellular
function(25,26). ROS is not the only source of protein damage and alteration; acid-base
homeostasis can also lead to cell death in various situations(27). Acid denaturation of sperm
chromatin structure has been observed in response to a single, mild, transient heat stress of the
scrotum(28—30). Loss of the Na/H (NHE) exchangers responsible for pH modification in the testes
has been shown to cause male infertility. Overexpression or knockdown of NHEs causes
alkalinization or acidification of the organelle lumen. pH modifiers are required in germ cells for
intact acrosomiogenesis, sperm development, and male fertility(31). Research into agents that
cause cell death in a pH-dependent manner has discovered a new pathway known as
alkaliptosis(10). Induction of alkaliptosis begins with an opioid analgesic called JTC801. This

compound induces alkaliptosis in cancer cells by activating nf-kb (nuclear factor kappa B), which
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represses the expression of the carbonic anhydrase 9 gene (ca9) responsible for pH balance in
cells(32). Redox imbalance, decreased sperm motility, and DNA damage are the consequences
of elevated ROS and diminished antioxidant defense. Due to the high concentration of
unsaturated fatty acids in their cell membranes, spermatozoa are particularly vulnerable to ROS's
damaging effects. The intracellular oxidative burden is exacerbated by reactive oxygen species,
which aid in the peroxidation of lipids. Several intrinsic and extrinsic factors have been linked to
increase oxidative stress in the male reproductive system. The sequence of events includes lipid
peroxidation, loss of membrane integrity with increased permeability, decreased sperm motility,
structural DNA damage, and apoptosis(33). The human spermatozoa are highly susceptible to
oxidative stress, high levels of free radicals, and ROS, including the superoxide anion and
hydrogen peroxide(34,35). Oxidative stress can be deleterious and cause oxidative damage to
the sperm plasma membrane and DNA fragmentation of both the nuclear and mitochondrial
genomes. Although oxidative stress has been investigated in animal models and cryptorchidism
and varicocele patients, it was originally proposed that apoptosis causes cell death in response
to transient heat(10,36). The proportion of sperm with destroyed mitochondrial membranes
increased after hyperthermia, and higher levels of activated caspase proteins and an alteration in
the Fas/FasL signaling pathway were detected(37,38). Oxidative stress has always been
considered as the source of triggering the apoptotic pathway. It has been shown that oxidative
stress can be a key factor in impaired spermatogenesis due to cryptorchidism, varicocele, or mild
hyperthermia(39).

During the ontogeny of the testis, apoptosis can occur at any time, but it is most common during
spermatogenesis. Apoptosis and cell survival are influenced by a wide range of factors, including
growth factors (such as stem cell factor [SCF], fibroblast growth factor [FGF], and tumor growth
factor [TGF]), hormones (including follicle-stimulating hormone [FSH], luteinizing hormone [LH],
estradiol [E2], and Mullerian-inhibiting substance [MIS]), partial oxygen pressure, and testis-
specific genes. The types of stimuli received by the germinal centers and sperm determine the
apoptosis pathways they utilize. In heat-stress-induced apoptosis, various intrinsic and extrinsic
pathways are initiated(40). Previous research on the Bcl-2 (B-cell ymphoma 2) protein family has
shed light on the mechanisms of apoptosis. It is generally accepted that the most important factor
in determining a cell's fate is the ratio of Bcl-2 family proteins that promote and inhibit apoptosis.
An excess of Bcl-2 results in cell survival, while an excess of Bax leads to cell death(41). Extrinsic
apoptosis in spermatogenic cells, particularly elongating and mature sperm, is mediated by the
FasL (Fas ligand)-Fas system and the TRAIL (TNF-related apoptosis-inducing ligand)-DR4/DR5

system. The type | transmembrane receptor Fas (Apo/CD95), expressed in germinal centers, is
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a member of the TNF/NGFR (nerve growth factor receptor) superfamily and initiates apoptosis by
binding to FasL, which is expressed in Sertoli cells. In Sertoli cells, TRAIL, a type Il
transmembrane protein, binds to its receptors, DR4 (TRAIL-R1/TNFRSF10A) and/or DR5 (TRAIL-
R2/TNFRSF10B), in a manner that is analogous to the FasL-Fas system. The Cdc42/apoptosis
signal-regulating kinase 1/c-Jun N-terminal kinase pathway may be responsible for triggering
FasL expression in resveratrol-induced HL-60 cells, and similar events may occur in germ cells.
The adaptor molecule FADD (Fas-associated death domain) quickly identifies and binds to the
death domains of the receptors, resulting in the formation of a trimeric receptor. The complex
known as DISC (Death-Inducing Signaling Complex) is formed when activated FADD recruits the
precursor Caspase 8. DISC is eliminated by processed Caspase 8, leading to the activation of
effector Caspases 3, 6, or 7, which degrade a large number of cellular proteins and cause cell
death(5,37,40-42). According to Lin and Richburg mice lacking the trail gene (trail-/-) have a
significantly lower testis-to-body weight ratio, an elevated apoptotic index, increased levels of
cleaved Caspase 8 and 9, and a reduced sperm head count. All of these results indicate that Trail
is necessary for normal spermatogenesis and that the FasL-Fas system and intrinsic pathway
compensate for disturbances in homeostasis(42). Non-apoptotic pathways of cell death are also
activated by oxidative stress. For example, oxidative stress can stimulate pyroptosis and
necroptosis, while parthanatos begins with oxidative DNA damage, and ferroptosis can be
triggered by iron-dependent ROS production(5)s. In a previous study on the effect of scrotal
hyperthermia on infertility, it was found that the protein expression of cell death markers such as
Caspase-1, Beclin-1, Atg7, MLKL, and Acsl4 increased, serving as non-apoptotic cell death
biomarkers for necroptosis, pyroptosis, ferroptosis, and autophagy(8). However, it appears that
sperm loss after hyperthermia is even more complicated and crosstalk of these non-apoptotic

pathways cannot fully explain the whole process.

Sertoli cells control and support spermatogenesis, which is essential for male fertility. Their
functions include the formation of the blood—testis barrier, the production of seminiferous tubular
fluid and the secretion of factors necessary for the development of the germ cell line. Sertoli cells
are primarily responsible for the distinct composition of seminiferous tubular fluid in the male
reproductive tract compared to blood and other body fluids(43). These cells regulate the pH and
ionic composition of seminiferous tubular fluid through several enzymes and transporters. HCO;~
serves as the primary mobile physiological buffer, protecting cells from fluctuations in luminal
fluids and intracellular pH. This ion is crucial for male reproduction, as evidenced by the presence
of HCO;™ transporters in the male reproductive tract. Changes in HCO3;~ concentration and pH in

Sertoli cells can affect the ionic balance of the male reproductive tract, potentially leading to
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subfertility or infertility(43—45). Studies have shown that certain enzymes specifically CAs may
influence the unigque microenvironment of cells by maintaining an acidic extracellular pH, which
facilitates cell growth(46). CAs vary in their subcellular and tissue localization and are widely
dispersed in living organisms. The kinetic properties, inhibitor sensitivity, and selectivity of CAs'
isozymes also vary. In humans, fifteen distinct isoforms have been identified, primarily
distinguished by their subcellular localization. Isoforms IX, XIlI, and XIV are transmembrane, while
CA L, CAIl CAII, CA VII, CA VI, CA X, CA Xl, and CA XIlI are cytosolic. CA IV and CA VI are
bound to the cell membrane. The only mitochondrial isoforms are CA V (A and B) and CA VI(47).
While variant CA VA is found exclusively in hepatocytes, variant CA VB is present in a broader
range of tissues. Several metabolic pathways, such as gluconeogenesis, lipogenesis, and
ureagenesis, are believed to be regulated by CA V. It is important to consider that even when CAs
are inhibited, HCO3;~ formation is not completely suppressed; however, its production is
significantly reduced because CAs facilitate CO, hydration(48-50). The presence of HCO;~
transporters in Sertoli cell membranes may also contribute to maintaining an appropriate ionic
balance between the intracellular and extracellular environments(51). The inhibition of all CAs in
Sertoli cells could lead to a decrease in the expression of genes related to mitochondrial
biogenesis(52). Inhibition of CA The increased abundance of hormone-sensitive lipase (HSL) in
Sertoli cells indicates that CA inhibition also alters lipid metabolism(52). Interestingly, HSL is found
in only Sertoli cells and germ cells rather than in Leydig cells in rats and mice, which are
responsible for steroid production. Male HSL knockout mice are sterile, exhibit oligospermia, and
have elevated cholesterol esters in their testes(53,54). The testis's first line of defense against
bacteria and viruses is a family of pattern recognition receptors called toll-like receptors (TLRS).
TLRs were initially thought to recognize only specific bacteria, but it has since been shown that
they can be activated by many signals induced by stress or cell injury(55). MyD88, an adaptor
protein, mediates common TLR signaling by recruiting other intermediate molecules that, in turn,
activate IkB. This degradation releases NF-kB for translocation into the nucleus, where it induces
the transcription of cytokines such as interleukin (IL)-1, IL-2, IL-4, and tumor necrosis factor (TNF-
a) in response to TLR activation(55,56). Although some studies have demonstrated that inhibition
of the NF-kB signaling pathway prevents THS26-induced testicular injury, the mechanism behind
this effect has not been fully explained(57). Maintaining spermatogenesis is one of the important
functions of the testosterone. Through the androgen receptor (AR) pathway, testosterone
activates Akt signaling and regulates cell proliferation and apoptosis(58). In addition, there is
evidence that testosterone downregulates the expression of TNF-a in endothelial cells and inhibits

the NF-kB signaling pathway(59). Testosterone has also been shown to downregulate TLR4 in
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prostate smooth muscle cells, inhibiting NF-kB activation and lowering IL-1 and TNF-a
expression(60). A heat-resistant glycoprotein known as erythropoietin (EPO) has been shown to
activate Akt, which in turn acts as an anti-apoptotic agent. Additionally, it has been reported that
EPO inhibits the TLR4/NF-kB signaling pathway, thereby acting as an anti-inflammatory agent in
crush syndrome-induced acute renal inflammation and lung ischemia/reperfusion-induced
inflammation(57,61). It has been demonstrated that the Tyro-3, Axl, and Mer (TAM) family of
tyrosine kinase receptors negatively regulate the TLR/NF-kB signaling pathway, making them
important testicular immune regulatory factors. However, it is still unknown whether testosterone,
EPO, or TAM receptors are involved in the dysregulation of spermatogenesis caused by THS(62).
According to previous research, the THS-induced spermatogenesis deficit is accompanied by a
brief drop in serum testosterone and increases in FSH and LH levels. The inhibition of
steroidogenesis by THS was attributed to the decrease in testosterone and its receptor, AR, which
exhibited significantly lower expression levels following THS exposure(63). Spermatogenesis
takes place in the seminiferous tubules. In Sertoli cells, testosterone regulates spermatogenesis
solely by binding to AR. Since AR-expressing Leydig cells are less sensitive to testosterone levels
than other cells, the expression of AR did not significantly decrease as testosterone levels
declined. However, testosterone levels recover two weeks after acute THS exposure through a
compensatory production mechanism, so the small effect of THS on testosterone content can be
overlooked(57,63). Our analysis showed that the relative expression of NF-kB was significantly
higher, and the expression of the CA9 gene was significantly lower in the scrotal hyperthermia
group. The relative expression of the IKBKB gene did not change significantly between the scrotal

hyperthermia and control groups.

The AIF gene, also known as AIFM1 and PCDCS8, is mapped to the Xq25-26 region on human
chromosome 4 and in mice. A 67 kDa precursor molecule containing the N-terminal mitochondrial
leading sequence (MLS), two nuclear leading sequences (NLS), and NAD- and FAD-binding
motifs is produced by the nuclear-encoded gene during transcription and translation(64). The
precursor can only be transported to mitochondria in a non-native form, preventing or delaying its
folding in the cytoplasm. Full-length AIF becomes apoptogenic upon refolding, regardless of
whether FAD is bound. Apoptosis-inducing factor 1 (AIF1) functions both as an NADH
oxidoreductase and as a regulator of apoptosis. In response to apoptotic stimuli, it is released
from the mitochondrial intermembrane space into the cytosol and the nucleus, where it acts as a
pro-apoptotic factor in a caspase-independent pathway. Conversely, it functions as an anti-
apoptotic factor in normal mitochondria via its NADH oxidoreductase activity. The soluble form

(AlFsol) found in the nucleus induces "parthanatos,” a caspase-independent fragmentation of
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chromosomal DNA. This gene encodes a flavoprotein essential for nuclear disassembly in
apoptotic cells, and it is located in the mitochondrial intermembrane space in healthy cells.
Induction of apoptosis results in the translocation of this protein to the nucleus, where it influences
chromosome condensation and fragmentation. Additionally, this gene product prompts
mitochondria to release the apoptogenic proteins cytochrome ¢ and caspase-9(64). Our analysis
showed that the relative expression of the AIFM1 gene was significantly lower in the scrotal
hyperthermia group.

A master regulator of cellular oxidative and electrophilic stress responses, nuclear factor erythroid

2 like 2 (nfe2l2), also known as nrf2, is a transcription factor. Several antioxidant defense
mechanisms are regulated by nfe2l2, which impacts ROS homeostasis. The DNA sequence
known as the antioxidant response element (ARE) is involved in the homeostatic control of
oxidants in the nfe2l2 target genes. Nfe2l2 is prevented from activating its target genes when
kelch-like ECH-associated protein 1 (keapl) binds to it and sequesters it from the nucleus during
the basal state(65,66). On the other hand, nfe2l2 escapes proteasomal degradation, stabilizes,
translocates to the nucleus, and activates its target genes when stressed. The conserved
oxidative stress defense mechanism is the keapl-nfe2l2 system. Nfe2l2 regulates inflammation
and protects against oxidative stress(65—67). In nrf2 knockout mice, it was reported that
inflammatory biomarkers like interleukin (IL) 1b, IL6, tumor necrosis factor alpha (tnfa), and
prostaglandin-endoperoxide synthase 2 (ptgs2) were induced. The expression of nfe2l2 and these
cytokine genes is closely linked(68). A previous study on the induction of oxidative stress and
activation of the keapl-nfe2l2-ARE pathway in bovine endometrial epithelial cells demonstrated
that under heat stress, the keapl—-nfe2l2 pathway induces antioxidant enzymes, contributing to
oxidative stress resistance. After 15 hours of heat stress, the mRNA expression levels of
antioxidant enzymes, potential targets of nfe2l2, gradually increased and were significantly
high(69). According to these findings, heat-stressed bovine endometrial epithelial cells
upregulated the ARE-dependent antioxidant enzyme genes by stabilizing nfe2l2. Moreover, in
bovine endometrial epithelial cells cultured at both low and high temperatures, keapl and nfe2l2
proteins were detected by immunostaining. Under normal conditions, nfe2l2 was primarily found
in the nucleus, whereas under heat-stress conditions, it was found in both the cytoplasm and the
nucleus. Bovine endometrial epithelial cells cultured under heat stress appear to benefit from the
protective role played by the keapl-nfe2l2-ARE pathway, as indicated by these findings.
Modifying the keapl-nfe2l2-ARE pathway in bovine endometrial epithelial cells may help mitigate
the adverse effects of heat and oxidative stress(69). In 2020, a study examined the connection

between nrf2 and apoptosis in mice before adulthood. Their findings demonstrated that nrf2
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suppresses oxidative stress in the testes of mice at various developmental stages prior to
adulthood. Puberty is an important time for the development of the mammalian reproductive
system. The male reproductive system is more susceptible to external factors during puberty,
which can alter reproductive function. After eight weeks of age, mice become adults. The
researchers discovered that the spermatogenic tubule diameter in mouse testes sharply
increased before adulthood, and that absolute and relative testis weights increased with age in
mice. In addition, histological examinations revealed that the various types of spermatogenic cells
in the seminiferous tubules increased with age, with spermatogonia predominating at one week
of age(70). The expression of pgp9.5 also increased with age. Taken together, these findings
demonstrated that spermatogenic cells in the mouse testis experienced rapid proliferation prior to
adulthood. Several studies have shown that mitochondrion-derived reactive oxygen species
(ROS) and lipid peroxidation of the cell membrane can cause spermatogenic cells to undergo
apoptosis and die(71). MDA (malondialdehyde) and antioxidant production rise in response to
increased oxidative stress. MDA levels increase due to decreased antioxidant enzyme activity in
mouse testis tissue, leading to damage in the testis. Additionally, the arrangement of
spermatogenic cells is disrupted and the structures of cells in testicular tissue, such as
mitochondria, are damaged as MDA levels rise. During spermatogenesis, oxidative stress is
largely mitigated by nrf2, a basic leucine zipper transcription factor. Keapl is responsible for nrf2,
and the nrf2/keapl antioxidant response element pathway is a crucial antioxidant defense system.
Nrf2 expression rises in response to oxidative stress, allowing nrf2 to move from the cytoplasm to
the nucleus. The two antioxidant enzymes NQO-1 and HO-1 are activated downstream of the
oxidative stressor as a result of this protein's interaction with the antioxidant response
element(72). In this study, the keapl gene showed a significant increase in the scrotal

hyperthermia group compared to the control group without heat stress.

To maintain cell physiology and homeostasis, the mitochondria of germ cells require substantial
energy and dynamic mitochondrial activity. Mitochondria are highly dynamic organelles that
constantly move, fuse, and divide in response to changes in the energy demands of the cell. The
large dynamin GTPases embedded in the mitochondrial membrane (DRP1, OPALl, MFN1, and
MFN2) regulate mitochondrial dynamics(73). According to Twig et al., mitochondrial fission
promotes the degradation and elimination of damaged mitochondria while also generating new
mitochondria, which are essential for cell growth. To meet dynamic energy demands,
mitochondrial fusion ensures that organelles complement one another closely(73). According to
Yu et al., the mitochondrial protein phosphatase phosphoglycerate mutant enzyme family member

5 (PGAMS) is involved in various stress responses, including cell death and mitochondrial quality
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control(74). The mitochondria, which are the largest energy storage organelles in cells, contain
the OXPHOS protein that synthesizes ATP and the B-oxidase used for fuel transport. The
mitochondria face metabolic challenges when the human body is subjected to stress that disrupts
energy homeostasis. By promoting DRP1's mitochondrial translocation and dephosphorylating
DRP1 at S637, PGAMS5 initiates mitochondrial fission(75). Numerous studies have confirmed
PGAMS5's involvement in the development of Parkinson's disease, acute kidney injury, and
hepatitis. However, PGAMS5’s role in the regulation of aging germ cells remains unclear. Current
studies suggest that oocytes and mitochondrial dynamics play significant roles. Notably, PGAM5
is also involved in the lysis of mitochondria, which is a novel finding from previous research(76).
The formation of the BAX/PGAM5/DRP1 complex is necessary for the execution of endogenous
mitochondrial apoptosis, and previous studies have confirmed that PGAMS can promote the
translocation of BAX to mitochondria and the dephosphorylation of DRP1(77). PGAM5, DRP1,
and BAX are multimers found in the cytoplasm. They are drawn to the mitochondria by receptors
on the outer mitochondrial membrane, where they facilitate mitochondrial division in cells. In aging
germ cells, excessive mitochondrial division leads to abnormal metabolic function and a decline
in energy. A recent study examining the correlation of PGAMS5 with aging in oocytes demonstrated
a negative correlation between PGAM5 and DRP1 regarding the rate of fertilization and the
number of fertilized eggs in CC patients experiencing infertility(76). In the current study, the
relative expression level of pgam5 was assessed by qRT-PCR, showing a significant upregulation

of this gene in the scrotal hyperthermia group compared to the control group without stress.

6. Conclusion

In summary, the process of cell death in response to scrotal hyperthermia is complex. Our results
support the role of a newly discovered non-apoptotic cell death pathway, alkaliptosis and
oxeiptosis, in sperm count and testicular volume reduction in response to heat stress.
Furthermore, our findings demonstrated that apoptosis was induced by heat stress in mouse
testes by a significant up-regulation of keapl, nf-kb and pgam5 genes, while ca9, and aifml
showed a remarkable down-regulation in the studies groups. Our findings establish that these
genes might have protective role in male fertility and shed light on the age-related oxidative stress-

mediated impairment of spermatogenesis in mouse testes.
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8. Anex

8.1. Table of Figures

Figures Title
Figure 3.1 Images of sperm stained with (A) Diff Quick and (B) Eosin-Nigrosine.
Photomicrograph of the sample of testis stained with H&E, 100X, Showing testicular
Figure 3.2 cells and germinal cells: Leydig cell (LC), Spermatogonia (SG), Primary
spermatocyte (PS), Spermatid cell (SC).
Total sperm count, percent of sperm motility, percentage of sperm survival and
Figure 4.1 percent of normal morphology of testis in different groups (***P<0.001). Data
represent as Mean + SD.
Figure 4.2 Serum testosterone in hyperthermia group compared with control group. Data
represent as Mean + SD.
Testis weight, testis volume, number of spermatogonia, primary spermatocytes,
Figure 4.3 round spermatids, Sertoli cells and Leydig cells of testes in different groups
(**P<0.01). Data represent as Mean + SD.
_ (A) Seminiferous tubule length in different groups (***P<0.001). Data represent as
Figure 4.4 Mean + SD.
Relative expressions level of NF-kB, IKBKB and CA9 genes in scrotal hyperthermia
Figure 4.5 group compared to the control group. Data are expressed as means = SD.
(***P<0.001, ****P<0.0001 and ns= non-significant).
Amplification plot of IKBKB gene detected by real-time PCR. PCR cycles (X axis)
Figure 4.6 ) ] ) )
were plotted against fluorescence intensity (Y axis).
Melt curve of IKBKB gene detected using real-time PCR. The figure shows a melting
Figure 4.7 temperature (Tm) of IKBKB PCR products as 85.9°C with no amplifications detected
in negative controls.
Figure 4.8 Amplification plot of NF-kB gene detected by real-time PCR. PCR cycles (X axis)
were plotted against fluorescence intensity (Y axis).
Melt curve of NF-kB gene detected using real-time PCR. The figure shows a melting
Figure 4.9 temperature of NF-kB PCR products as 86.95°C with no amplifications detected in
negative controls.
Figure 4.10 Amplification plot of CA9 gene detected by real-time PCR. PCR cycles (X axis) were

plotted against fluorescence intensity (Y axis).
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Figure 4.11

Melt curve of CA9 gene detected using real-time PCR. The figure shows a melting
temperature of CA9 gene as 84.86°C with no amplifications detected in negative

controls.

Figure 4.12

Relative expressions of AIFM1, KEAP1 and PGAMS in scrotal hyperthermia group
compared to the control group (***P<0.001 and ***P<0.0001). Data normalized to

the expression of the housekeeping gene, B-actin.

Figure 4.13

Amplification plot of AIFM1 gene detected by real-time PCR. PCR cycles (X axis)

were plotted against fluorescence intensity (Y axis).

Figure 4.14

Melt curve of AIFM1 gene detected using real-time PCR. The figure shows a melting
temperature of AIFM1 gene as 82.47°C with no amplifications detected in negative

controls.

Figure 4.15

Amplification plot of PGAMS5 gene detected by real-time PCR. PCR cycles (X axis)

were plotted against fluorescence intensity (Y axis).

Figure 4.16

Melt curve of PGAMS5 gene detected using real-time PCR. The figure shows a melting
temperature of PGAM5 gene as 84.56°C with no amplifications detected in negative

controls.

Figure 4.17

Amplification plot of KEAP1 gene detected by real-time PCR. PCR cycles (X axis)

were plotted against fluorescence intensity (Y axis).

Figure 4.18

Melt curve of KEAP1 gene detected using real-time PCR. The figure shows a melting
temperature of KEAP1 gene as 87.09°C with no amplifications detected in negative

controls.

Figure 4.19

Amplification plot of B-actin gene detected by real-time PCR. PCR cycles (X axis)

were plotted against fluorescence intensity (Y axis).

Figure 4.20

Melt curve of B-actin gene detected using real-time PCR. The figure shows a melting
temperature of B-actin gene as 84.86°C with no amplifications detected in negative

controls.
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8.2. List of Tables

Tables Title

Table 3.6.1.3 Contents of the DNase | kit

Table 3.6.2.1 cDNA Synthesis kit ingredients

Table 3.6.2.2 The amount of consumable required for cONA Synthesis
Table 3.6.2.3 The amount of consumable required for the RT-PCR reaction
Table 3.6.3.1 Primers sequences and corresponding product sizes

Table 3.6.3.2 Real-time temperature PCR program
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