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Introduction

Due to the climate change caused by worldwide record tem-
peratures in recent years, the number of heat-related dis-
eases is expected to continue to increase. Despite research 
into the mechanisms underlying the effects of heat stress on 
tissues, mortality rates, and tissue dysfunctions due to heat 
stress continue to rise (Pryor et al. 2015; Gu et al. 2016; 
Wang et al. 2016; Li et al. 2020). A comprehensive investi-
gation of the conditions that cause male infertility is needed 
to halt or prevent factor-induced infertility and to determine 
new treatment procedures.

High temperature is associated with heat stress, a phe-
nomenon capable of causing molecular and physiological 
changes in and affecting the functions of mammalian repro-
ductive organs. Heat stress also affects reproductive charac-
teristics due to global warming (Hansen 2009; Boni 2019; 
Morrell 2020; Ngoula et al. 2020). The significance of ther-
moregulation lies in that even very small temperature rises 
can compromise spermatogenesis and fertility problems. In 
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Abstract
Although minimal increases in testicular temperature can compromise spermatogenesis and lead to fertility-related prob-
lems, the basic mechanism involved in germ cell destruction as a response to heat stress is still unclear. However, 
necroptosis is known to regulate a number of physiological and pathological events. This study investigated the role of 
RIPK1/RIPK3 and MLKL, the main regulators of necroptosis, against different heat stresses in testis tissue. Forty-two 
Wistar albino rats were divided into seven groups: six experimental exposed to heat stress and one control. Heat stress 
was induced by causing the rats to swim for 30 min daily for 60 days in a water bath at temperatures of 39 °C and 43 °C. 
Testis tissues were collected while the animals were under anesthesia on the 1st, 7th, and 14th days after 60 days of heat 
application. The tissues were first fixed in Bouin’s solution. After routine histological procedures, immunohistochemical 
staining was performed on one-half of the tissues using RIPK1/RIPK3 and MLKL primary antibodies on serially col-
lected 5 μm-thick sections. Immunoblotting analysis was performed on the other half. Analyses revealed an increase in the 
expression of RIPK1/RIPK3 and MLKL proteins, regulators of necroptosis, in both the 39 °C and 43 °C groups, although 
this was greater in the tissue exposed to 43 °C heat stress. These molecules were also especially affected by round and 
elongated spermatids, and reactivity was observed in Leydig cells. In conclusion, exposure to increased temperature may 
cause RIPK1/RIPK3 and MLKL-mediated cellular changes in the testis.
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pathological conditions such as heat stress, various mecha-
nisms develop in testis tissues that are triggered by expo-
sure to stress, including DNA repair, heat shock response, 
oxidative stress response, apoptosis, and cell death (Paul 
et al. 2009). Increased testicular temperatures cause germ 
cell damage, adversely affecting spermatogenesis and fertil-
ity (Shakeel and Yoon 2023). Temperature changes in the 
testicular tissue also lead to germinal epithelial atrophy and 
spermatogenic retention, decreasing sperm count. Sertoli 
and Leydig cells are also affected by heat stress. Atrophy 
of the testes and impairment of spermatogenesis due to heat 
stress are among the causes of male infertility (Skandhan 
and Rajahariprasad 2007; Hughes and Acerini 2008).

Necroptosis is a form of programmed cell death that 
exhibits the morphological characteristics of necrosis that 
occur during biological processes, such as inflammation, 
immune response, embryonic development, and metabolic 
abnormalities. It is currently regarded as crucial in regulat-
ing various physiological processes. Despite much research 
into necroptosis, many uncertainties persist concerning 
its mechanisms, triggers, and physiological roles (Meng 
et al. 2016). Studies have reported that experiments into 
cell death pathways and the treatment of diseases through 
these lack definitive evidence supporting the important role 
of necroptosis in the pathology of diseases (Wallach et al. 
2016; Weinlich et al. 2017). RIPK1, RIPK3, and MLKL are 
critical regulators of necroptosis, a highly pro-inflammatory 
form of cell death implicated in various pathological pro-
cesses and diseases (Xu et al. 2019). RIPK3 knockout mice 
exhibit less tissue injury in various chemical or ischemic 
reperfusion-induced tissue damage models. Necroptosis is, 
therefore, thought to play significant roles under conditions 
of pathological tissue damage. However, no marked devel-
opmental, physiological, or fertility problems have been 
reported in RIPK3 or MLKL knockout mice. The role of the 
main regulators of necroptosis in pathological conditions in 
testicular tissue is also not fully understood. The principal 
subject of investigation in this research field is which tissue 
necroptosis occurs in, and under what physiological con-
ditions (Robinson et al. 2012; Murphy et al. 2013; Wu et 
al. 2013; Xu et al. 2019). Studies have reported that both 
RIPK3- and MLKL-knockout mice maintain the ‘youthful’ 
morphology of the male reproductive organs and function at 
an advanced age. In contrast, their occurrence in wild-phe-
notype mice of the same age disrupts genital organ physiol-
ogy. These knockout mice exhibiting excellent fertility even 
at advanced ages revealed that necroptosis plays a role in 
promoting the aging of the male mouse reproductive sys-
tem. Necroptosis has been observed in spermatogonial stem 
cells in the testes of old mice and has been described as 
encouraging aging-related impairment of the male repro-
ductive system (Li et al. 2017; Xie et al. 2020).

Whether necroptosis, found to exist under physiological 
and pathological conditions in many studies, is involved in 
heat stress in testis tissue in rats is still unknown. The pur-
pose of this study was therefore, to examine the role of the 
main regulators of necroptosis on the 1st, 7th, and 14th days 
after heat stress induced during spermatogenesis in testis 
tissues at different temperatures (39 °C and 43 °C) using 
both immunohistochemical and immunoblotting methods.

In our study, the selection of 39 °C and 43 °C aimed to 
investigate how necroptosis mechanisms are triggered at the 
physiological upper limit of testicular temperature (39 °C) 
and under extreme stress conditions (43  °C). As 39  °C is 
close to the physiological temperature threshold for the tes-
tis, it may allow the identification of the initiation of cellular 
adaptation or damage mechanisms, such as necroptosis.

In the literature, 43 °C has been shown to induce cellular 
stress responses, including oxidative stress, DNA damage, 
and apoptosis. Understanding how exposure to this temper-
ature affects proteomic changes or the expression levels of 
specific proteins may elucidate their adaptive or protective 
roles (Kumar Roy et al. 2016; Hasani et al. 2020).

Materials and methods

The study was conducted with the permission of the 
Kastamonu University Experimental Animal Ethics Com-
mittee (date 24.06.2022, number 11). In this study, 42 male 
Wistar albino rats, 90 days old (220–240 gr) were used. The 
animals received standard pellet feed in a 12-hour light/12-
hours dark cycle. Seven groups of six animals each were 
constituted and exposed to heat stress for 60 days. During 
the application, the inguinal area was floated in hot water 
for 30 min at temperatures of 39 °C and 43 °C, these being 
frequently checked by means of a thermometer. No proce-
dure was performed on the control group animals. At the 
end of the 60-day application, tissues were collected from 
the 39 °C and 43 °C groups following sacrifice by decapita-
tion on the 1st, 7th, and 14th days. The left testis from each 
animal was fixed with Bouin’s solution for 24  h for rou-
tine tissue tracking procedures. The tissue tracking process 
commenced with passage through a graded alcohol series. 
Histopathological analyses and immunohistochemical 
staining were performed on 5-micron sections taken from 
tissue blocks. Right testicular tissue was stored at − 80 °C 
for protein extraction for Western blot analysis. Histological 
examination was performed in the Kastamonu University 
Faculty of Medicine Department of Histology and Embry-
ology research laboratory, and Western blotting analysis 
in the Kastamonu University Faculty of Veterinary Medi-
cine Department of Histology and Embryology research 
laboratory.

1 3

74  Page 2 of 12



Journal of Molecular Histology (2025) 56:74

Histopathological analysis and Johnsen score

Sections taken for histopathological analysis and Johnsen 
score were stained with hematoxylin and eosin. The Johnsen 
score was calculated to evaluate the spermatogenesis status 
and cellular organization of the seminiferous tubules in tes-
ticular sections. This score has a value between 1 and 10 
according to the degree of spermatogenesis in the tubules. 
For this purpose, at least 40–50 seminiferous tubules were 
examined per section and each section was scored his-
topathologically using the Johnson score. Seminiferous 
tubules were scored on a scale of 1 to 10 according to the 
Johnsen criteria; 1: no cells; 2: Sertoli cells without germ 
cells; 3: only spermatogonia; 4: only a few spermatocytes; 
5: no spermatozoa or spermatids but many spermatocytes; 
6: only a few spermatids; 7: no spermatozoa but many sper-
matids; 8: only a few spermatozoa; 9: many spermatozoa 
but irregular spermatogenesis; 10: complete spermatogen-
esis and perfect tubules (Johnsen 1970).

Immunohistochemical analysis

Serial sections 5-µm in thickness from the prepared paraffin 
blocks were placed onto adhesive slides. The streptavidin-
biotin complex (sABC) staining method was then applied 
to determine RIPK1, RIPK3, and MLKL reactivity in the 
sections. Antigen retrieval was performed once the sections 
had been deparaffinized in xylol and dehydrated by passage 
through alcohol series. For that purpose, the slides were 
placed into a 10-fold diluted citrate buffer (citrate buffer 
heat-induced epitope retrieval pH: 6) solution and heated 
in a microwave oven at 800 Watts for 20 min. Following 
this process, the sections were left to cool for 30 min. After 
washing in phosphate buffered saline (PBS) solution for 
3 × 5  min, they were next incubated in 3% hydrogen per-
oxide (hydrogen peroxide 30% Merck: 108597) solution in 
the dark for 20 min for the purpose of blocking endogenous 
peroxidase activity. At the end of the incubation procedure, 
the sections were rewashed with PBS solution for 3 × 5 min. 
In order to prevent nonspecific antibody binding, Ultra V 

Block (TP-125-HL, Thermo Fisher Scientific) solution was 
dropped onto the tissues, left for 10 min. Then, they were 
incubated at + 4 °C overnight at appropriate concentrations 
of primary antibodies without washing (Table 1). Follow-
ing incubation, the sections were washed with PBS for 
3 × 5  min. Secondary antibody kits (TP-125-HL, Thermo 
Fisher Scientific) were then applied in line with the proce-
dure order and duration, after which AEC chromogen (TA-
060-HA, Thermo Fisher Scientific) was applied to show the 
reaction and render the immunoreactivity visible. A water-
compatible covering medium (TA-125-UG, Thermo Fisher 
Scientific:) was applied to the sections counterstained with 
Gill’s hematoxylin were and examined under a microscope. 
In the negative controls, PBS replaced the primary antibody 
after protein blocking, and the tissues were incubated with 
that solution overnight.

Western blot analysis

Testis tissues collected at the conclusion of the experiment 
were homogenized using RIPA lysis buffer (sc-24948/
SantaCruz) containing a protease inhibitor mixture. Total 
cellular protein concentrations were calculated by means 
of a Bicinchoninic Acid kit (SMART™ BCA Protein Assay 
Kit/21071 iNtRON Biotechnology). Briefly, the protein 
specimens were first boiled with sample buffer for 10 min 
at 95 °C. Next, 20 µg of total protein sample was loaded 
onto 10% polyacrylamide gel and exposed to electrophore-
sis in a running buffer solution at 150 V for 1 h (Kurien and 
Scofield 2015). The separated proteins were then transferred 
from SDS-PAGE to the PVDF membrane. They were next 
blocked for 1 h in 5% skimmed milk powder at room tem-
perature and incubated overnight together with the primary 
antibodies presented in Table  1 at 4 °C. The membranes 
were next washed with Tris buffer for 15 min and exposed 
to horseradish peroxidase-conjugated secondary antibodies 
(1/10000) for a further 1 h at room temperature. Following 
this secondary treatment, the membranes were washed in 
triplicate using PBS-T for 5 min. The protein signals were 
detected with BioRad (Clarity Western ECL Substrate, 
1705060) using Image Studio™ Lite (LICOR). ImageJ 
software (Image Analysis Software; Image J version 1.52, 
National Institutes of Health, USA) was employed to mea-
sure the area of the sample protein bands on the membrane. 
When determining the band intensity of the proteins under 
examination, normalization was calculated as arbitrary 
units, defined as the ratio of these proteins to the β-actin 
proteins employed as the endogenous control (Jiang et al. 
2023).

Table 1  Primary antibodies used in immunohistochemical staining and 
immunoblotting

Dilution
Primary antibody IHC WB Code Com-

pany
RIPK1-Specific 
polyclonal 
antibody

1:100 1:1000 17519-1-AP Pro-
teintech

RIPK3-Specific 
polyclonal 
antibody

1:100 1:500 17563-1-AP Pro-
teintech

MLKL- Mono-
clonal antibody

1:500 1:3000 66675-1-Ig Pro-
teintech
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Immunohistochemical results

Analysis revealed weak positive RIPK1 immunoreactivity 
in testis sections from control group spermatids and mod-
erate RIPK1 immunoreactivity in Leydig cells (Fig.  2). 
Among the groups subjected to 39 °C heat stress, RIPK1 
immunoreactivity was weak in Leydig cells on the 1st day. 
On the 7th days, moderate immunoreactivity was detected 
Leydig cells, and weak immunoreactivity in the muscu-
lar layer of blood vessels. On day 14, moderate RIPK1 
immunoreactivity was detected in Leydig cells, and weak 
immunoreactivity in the muscular layer of blood vessels. 
RIPK1 immunoreactivity was evident in step 12 and step 
14 elongated spermatids at stages XII and XIV in all 39 °C 
heat stress groups. Additionally, mature (step19) sperma-
tids at stage VII-VIII were immunoreactive positive (Fig. 3; 
Table 2).

In the groups subjected to 43 °C heat stress, RIPK1 
immunoreactivity on the 1st day was weak in the spermato-
gonia and the muscular layer of blood vessels and moder-
ate in spermatid and Leydig cells. On the 7th day, RIPK1 
immunoreactivity was weak in spermatogonia and Leydig 
cells and moderate in spermatids, while on the 14th day, 
moderate RIPK1 immunoreactivity was detected in sper-
matogonia and Leydig cells. In all 43 °C heat stress RIPK1 
immunoreactivity was found in stage XII and XIV, step 
12 and step 14 elongating spermatids, and stage VII-VIII 
mature (step 19) spermatids (Fig. 3; Table 2). 

Weak RIPK3 immunoreactivity was detected in the con-
trol group spermatids, Leydig cells, and the muscular layer 
of blood vessels (Fig. 2).

RIPK3 immunoreactivity was observed in varying 
degrees in the experimental groups, except for the 43 °C 
14th day group, with the majority of immunoreactivity in 
stage XII and stage XIV pachytene and diplotene spermato-
cytes, while positivity was observed in a small number of 
stage VII and stage VII round spermatids. Positivity was 
detected in the interstitial area in the 43 °C 14th day group.

In the groups exposed to 39 °C heat stress, weak immu-
noreactivity was detected in the spermatocyte on the 1st day, 
moderate RIPK3 immunoreactivity in spermatocyte on the 
7th day and 14th day, and no staining in other cells. On the 
14th day, RIPK3 staining was negative in spermatogonia 
and spermatid cells (Fig. 4; Table 3).

Moderate positive RIPK3 staining was observed in sper-
matocytes and negative staining in Leydig cells on the 1st 
day in the 43 °C heat stress groups. On the 7th day, RIPK3 
immunoreactivity was moderate in spermatocytes and nega-
tive in Leydig cells. On the 14th day, RIPK3 immunoreac-
tivity was weak in spermatogonia and Leydig cells (Fig. 4; 
Table 3).

Statistical analysis

Normality and homogeneity of variances were verified to 
meet the assumptions of parametric tests before commence-
ment of the data analysis. The study data were evaluated 
with the Mann-Whitney test or one-way analysis of vari-
ance (ANOVA), while the Duncan test was used to deter-
mine intergroup differences. The study data were expressed 
as mean ± standard deviation (SD). SPSS version 22.0 for 
Windows software (IBM, New York, ASA) was used for all 
analyses, and p < 0.05 was considered significant.

Results

Histopathological analysis and Johnsen score 
results

It was observed that the histological architecture of the tes-
ticular tissue in the control group was regular, and the semi-
niferous tubules were clearly and regularly located. The 
spermatozoa density in the tubule lumen was normal. Ser-
toli cells and the germinal epithelial layer appeared intact 
and healthy. Leydig cells were distributed homogeneously 
in the interstitial tissue, and no inflammation, necrosis or 
fibrosis was observed. It was determined that the images of 
the testicular sections of the 39 °C 1st day group were simi-
lar to the control. Vacuolization and sub-basal vacuolization 
were observed in the seminiferous tubules of the 39 °C 7th 
and 14th groups. Tubular atrophy and vacuoles were seen in 
all 43 °C groups. In addition, shedding of the germ cell line 
was detected on the 14th day of 43 °C (Fig. 1).

Based on the statistical evaluation of Johnsen scores, the 
Control group exhibited the highest score, indicating that 
the testicular tissue preserved its normal histological struc-
ture. In the 39 °C group, no statistically significant differ-
ences were observed in Johnsen scores on the 1st and 7th 
days compared to the Control group (p > 0.05). However, 
a significant decrease was noted on the 14th day, with a 
statistically significant difference compared to the Control 
group (p < 0.001). In the 43 °C group, the Johnsen score on 
the 1st day showed a statistically significant reduction com-
pared to the Control group (p < 0.001). This decline became 
more pronounced on the 7th day, accompanied by severe 
disruptions in the histological structure of the testicular tis-
sue (p < 0.001). By the 14th day, the 43 °C group exhibited 
the lowest Johnsen score, indicating extensive histological 
damage to the testicular tissue (p < 0.001), (Fig. 1).
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Fig. 1  Hematoxylin eosin staining of testis sections and Johnsen score analysis from all groups. Lc; Leydig cell, ST; seminiferous tubule, star; vac-
uolization, black arrow; sub-basal vacuolization, a; tubular atrophy, V; vessel. Scale bar 50 μm for all panels. (*p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 3  Anti-RIPK1 immuno-
histochemical staining of testis 
sections from all groups. Black 
arrow; stage XII and XIV (step 
12/14) elongating spermatids, 
stage VII-VIII mature (step 
19) spermatids, white framed 
arrow; interstitial area immune 
reactivity. Counterstaining was 
performed with Gill’s hematoxy-
lin. Scale bars show 100 μm and 
40 μm

 

Fig. 2  Anti-RIPK1, anti-RIPK3 and anti-MLKL immunohistochemical staining of testis sections from control groups. Scale bar show 150 μm
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positive immunoreactivity was observed only in Leydig 
cells on the 14th day (Fig. 5; Table 4).

Moderate MLKL immunoreactivity was detected on the 
1st day in the Leydig cells of the groups subjected to 43 
°C heat stress. On the 7th day, weak immunoreactivity was 
detected in spermatogonia and the muscular layer of blood 
vessels, and moderate immunoreactivity was detected in 

Evaluation of MLKL immunoreactivity revealed that the 
control group spermatids were weakly stained, and the Ley-
dig cells were moderately positively stained (Fig. 2). MLKL 
immunoreactivity was detected in stage VII-VIII and stage 
XII-XIV spermatogonia and Leydig cells on the 1st and 
7th days in the 39 °C heat stressed groups, and moderate 

Table 2  Semiquantitative analyses of the immunohistochemical staining of RIPK1 in testis tissue. (0: negative; +: weak positive; ++: moderate 
positive; +++: strong positive staining)
anti-RIPK1 immunostaining
Cell type Control 39 °C

D1
39 °C
D7

39 °C
D14

43 °C
D1

43 °C
D7

43 °C
D14

Spermatogonium 0 0 0 0 + + ++
Spermatocyte 0 0 0 0 0 0 0
Spermatid + ++ ++ ++ ++ ++ 0
Leydig cells ++ + ++ ++ ++ + ++
Peritubular myoid cells 0 0 0 0 0 0 0
Vessel wall muscles 0 0 + + + 0 0

Fig. 4  Anti-RIPK3 immunohis-
tochemical staining of testis sec-
tions from all groups. Lc; Leydig 
cell, ST; seminiferous tubule, 
S; stage 12 and 14 pachytene 
and diplotene spermatocytes, V; 
vessel, white framed arrow; inter-
stitial area immune reactivity. 
Counterstaining was performed 
with Gill’s hematoxylin. Scale 
bars show 100 μm and 40 μm
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Western blot findings

A comparison of the levels of RIPK1, RIPK3 and MLKL 
proteins obtained by immunoblotting method revealed a 
statistically significantly higher RIPK1 protein level than 
in the control group on the 1st day of 39 °C heat stress 
(p < 0.05). However, no differences compared to the control 

Leydig cells. On the 14th day, weak MLKL immunoreactiv-
ity was detected in the muscular layer of blood vessels and 
spermatogonia, and peritubular myoid cells, and moderate 
immunoreactivity in Leydig cells (Fig. 5; Table 4).

Table 3  Semiquantitative analyses of the immunohistochemical staining of RIPK3 in testis tissue. (0: negative; +: weak positive; ++: moderate 
positive; +++: strong positive staining)
anti-RIPK3 immunostaining
Cell type Control 39 °C

D1
39 °C
D7

39 °C
D14

43 °C
D1

43 °C
D7

43 °C
D14

Spermatogonium 0 0 0 0 0 0 +
Spermatocyte 0 + ++ ++ ++ ++ 0
Spermatid 0 0 0 0 0 0 0
Leydig cells + 0 0 0 0 0 +
Peritubular myoid cells 0 0 0 0 0 0 0
Vessel wall muscles + 0 0 0 0 0 0

Fig. 5  Anti-MLKL immu-
nohistochemical staining of 
testicular sections of all groups. 
ST; seminiferous tubule, Sg; 
spermatogonium, V; vessel, star; 
vacuolization, white framed 
arrow; interstitial area immune 
reactivity. Counterstaining was 
performed with Gill’s hematoxy-
lin. Scale bars show 100 μm and 
40 μm
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(p < 0.01), and also decreased compared to the 1st and 7th 
days (p < 0.01 and p < 0.001, respectively) (Fig. 6a and b).

No difference was determined in RIPK3 protein levels 
compared to the control group on the 1st, 7th, or 14th days 
of 39 °C heat stress (p > 0.05) (Fig. 6a and b). The RIPK3 
protein level increased on the 1st, 7th, and 14th days in 
the 43 °C heat stress group compared to the control group 

group were observed on the 7th and 14th days (p > 0.05) 
(Fig. 6a and b).

The RIPK1 protein level in the 43 °C heat stress group 
was higher than in the control group on the 1st and 7th 
days (p < 0.0001 and p < 0.001, respectively), (Fig.  6a and 
b). The RIPK1 protein level in the 43 °C heat stress group 
was higher than that in the control group on the 14th day 

Table 4  Semiquantitative analyses of the immunohistochemical staining of MLKL in testis tissue. (0: negative; +: weak positive; ++: moderate 
positive; +++: strong positive staining)
Cell type Control 39 °C

D1
39 °C
D7

39 °C
D14

43 °C
D1

43 °C
D7

43 °C
D14

Spermatogonium 0 ++ ++ 0 0 + +
Spermatocyte 0 0 0 0 0 0 +
Spermatid + + + 0 0 0 0
Leydig cells ++ ++ ++ ++ ++ ++ ++
Peritubular myoid cells 0 0 0 0 0 0 +
Vessel wall muscles 0 0 0 0 0 + ++

Fig. 6  Immunoblotting analysis 
of RIPK1, RIPK3 and MLKL. 
Band images of primary 
antibodies from all groups (a). 
Statistical graphic representa-
tion of the RIPK1/β actin protein 
ratio (b), RIPK3/β actin protein 
ratio (c), MLKL/β actin protein 
ratio (d). (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001)
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and extensive damage to the testicular tissue through vari-
ous mechanisms. The results highlight the critical threshold 
effect of temperature on testicular function and emphasize 
the importance of maintaining optimum testicular tempera-
ture to preserve male reproductive health.

In another study, it was found that chronic heat exposure 
at 37 °C and 40 °C for 5 weeks in mice disrupted the his-
tological architecture of testicular tissue and had a signifi-
cantly reduced Johnsen score compared to the control group 
(Thanh et al. 2020). In another study using a similar heat 
stress value to our study, it was stated that after 14 days 
of exposure to heat stress at 43 °C for 15 min in mice, the 
Johnsen score in the heat-stressed group showed a signifi-
cant decrease compared to the control group (Jeremy et al. 
2022).

The levels of all three proteins increased at 43 °C on 
the 1st, 7th, and 14th days compared to the control group, 
while at 39 °C, RIPK1 increased on the 1st day and MLKL 
increased on the 14th day relative to the control group.

Necroptosis is a newly described form of lytic cell death 
and regulated necrosis (Huang et al. 2020). In case of abso-
lute or relative absence of caspase-8 involvement, RIPK1 
generally binds to RIPK3 to produce the necrosome in 
necroptosis. It subsequently phosphorylates the downstream 
pseudokinase mixed lineage kinase domain-like protein 
(MLKL). Additionally, the RIPK1/RIPK3/MLKL axis has 
been proposed as essential for regulating cellular necropto-
sis (Huang et al. 2020).

Studies have shown that systemic heat stress changes 
testis tissue composition, activates the TNFR1-dependent 
necroptosis pathway, and results in testis cell loss (Cai et 
al. 2023). In contrast to the ZBP1-RIPK3 pathway in other 
organs, testicular necroptosis is largely dependent on the 
TNFR1-RIPK1-RIPK3 pathway (Park et al. 2021).

A similar study to the present research reported that 
increased temperature in the testis tissue in animals that 
swam in a 43 °C water bath for 20 min triggered necroptosis 
by increasing MLKL expression levels in different hyper-
thermia groups (Hasani et al. 2022). MLKL is a molecule 
that penetrates and crosses the cell membrane, finally result-
ing in cell death.

Another study found that TNFR1-RIPK1-dependent 
necroptosis resulted in germ cell death in the mouse testis 
on the 7th and 14th days of 39 °C heat stress (Cai et al. 
2023).

The present study described necroptosis-related signal-
ing events in heat-induced cell death in testis tissues. West-
ern blot and IHC analysis revealed a noteworthy rise in the 
protein expression levels of cell death markers at 39 °C and 
43 °C compared with the control group. A one-degree rise 
in the temperature required for spermatogenesis causes a 
14% decrease in spermatogenesis, and the atrophy of the 

(p < 0.01, p < 0.001, and p < 0.01, respectively) (Fig. 6a and 
c).

MLKL protein levels exhibited no difference compared 
to the control group on the 1st and 7th days of 39 °C heat 
stress (p > 0.05), but rose relative to the control group on 
the 14th day (p < 0.05) (Fig. 6a and d). No significant dif-
ference was observed between the groups’ MLKL protein 
levels on the 1st day, 7th day and 14th days of 39 °C heat 
stress (p > 0.05) (Fig. 6a and d).

When the results for the 1st, 7th, and 14th days of 43 
°C heat stress were compared with the control group, an 
increase in MLKL protein levels was detected (p < 0.001, 
p < 0.0001, and p < 0.001, respectively). However, the pro-
tein levels that increased on the 1st and 7th days exhibited a 
relative decreased on the 14th day (p < 0.05) (Fig. 6a and d).

Discussion

Heat stress can interfere with spermatogenesis, leading to 
the death of germ cells and reduced fertility (Paul et al. 
2009). In the present study, the presence of RIPK1, RIPK3 
and MLKL, the main regulators of necroptosis, was detected 
in the testis tissues on the 1st, 7th, and 14th days following 
heat stress caused by different temperatures (39 °C and 43 
°C) during a period of spermatogenesis. Their cellular local-
izations were detected immunohistochemically, and protein 
levels were determined quantitatively using the immunob-
lotting method. This study showed that heat stress caused 
by high temperature caused a loss of germ cells in the testis, 
with vacuoles being formed in germ cells and being shed 
from the seminiferous epithelium.

The Johnsen score assessment method has been used in 
many studies to evaluate testicular histology. This quantita-
tive histological grading method is reliable, easily accessible 
and simple to estimate male reproductive potential. There-
fore, we used the criteria developed by Johnsen to evaluate 
the histopathology of rat testes affected by scrotal heat stress 
in our study. According to our findings, the preservation of 
normal testicular architecture in the control group empha-
sizes the stability of basal physiological conditions. In the 
39  °C group, the absence of significant changes in John-
sen scores on days 1 and 7 indicates that this temperature 
does not immediately compromise the histological integrity 
of the testicular tissue. However, the significant decrease 
observed on day 14 suggests that prolonged exposure to 
mild hyperthermia may compromise spermatogenesis and 
cell integrity. On the other hand, the 43 °C group showed 
a rapid and severe histological response with significant 
decreases in Johnsen scores starting on day 1 and gradually 
worsening on days 7 and 14. These findings suggest that 
acute exposure to higher temperatures causes immediate 
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