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Exertional heat stroke on fertility, 
erectile function, and testicular 
morphology in male rats
Pei‑Hsuan Lin1, Kuan‑Hua Huang2, Yu‑Feng Tian3, Cheng‑Hsien Lin4,5, Chien‑Ming Chao6,7, 
Ling‑Yu Tang5, Kun‑Lin Hsieh2,8* & Ching‑Ping Chang5*

The association of exertional heat stroke (EHS) and testicular morphological changes affecting sperm 
quality, as well as the association of EHS and hypothalamic changes affecting sexual behavior, has 
yet to be elucidated. This study aimed to elucidate the effects of EHS on fertility, erectile function, 
and testicular morphology in male rats. Animals were exercised at higher room temperature (36 ℃ 
relative humidity 50%) to induce EHS, characterized by excessive hyperthermia, neurobehavioral 
deficits, hypothalamic cell damage, systemic inflammation, coagulopathy, and multiple organ injury. 
In particular, EHS animals had erectile dysfunction (as determined by measuring the changes of 
intracavernosal pressure and mean arterial pressure in response to electrical stimulation of cavernous 
nerves). Rats also displayed testicular temperature disruption, poorly differentiated seminiferous 
tubules, impaired sperm quality, and atrophy of interstitial Leydig cells, Sertoli cells, and peri-tubular 
cells in the testicular tissues accompanied by no spermatozoa and broken cells with pyknosis in their 
seminal vesicle and prostatitis. These EHS effects were still observed after 3 days following EHS onset, 
at least. Our findings provide a greater understanding of the effect of experimentally induced EHS on 
masculine sexual behavior, fertility, stress hormones, and morphology of both testis and prostate.

Abbreviations
EHS	� Exertional heat stroke
DIC	� Disseminated intravascular coagulation
RH	� Relative humidity
NC	� Normal control
Tco	� Core temperature
TM	� Treadmill running
ICP	� Intracavernosal pressure
MAP	� Mean arterial pressure
CN	� Cavernous nerve
AUC​	� Area under the total ICP curve
mNSS	� Modified neurological severity score
MOT	� Percentage of motile spermatozoa
PROG	� Percentage of progressive motility
DAP	� Distance average path
DSL	� Distance curved line
VAP	� Velocity average path
VCL	� Velocity curved line
ACTH	� Adrenocorticotropic hormone
FSH	� Follicle-stimulating hormone
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LH	� Luteinizing hormone
APTT	� Activated partial thromboplastin time
BUN	� Blood urea nitrogen
AST	� Aspartate aminotransferase
ALT	� Alanine aminotransferase
CK-MB	� Creatine kinase-B
TNF-α	� Tumor necrosis factor-alpha
IL-1β	� Interleukin-1 beta
IL-6	� Interleukin-6
H & E	� Hematoxylin and eosin
CRH	� Corticotropin-releasing hormone
HPA	� Hypothalamus–pituitary–adrenal
HPG	� Hypothalamus–pituitary–gonadal

One of the direct public health risks posed by climate change is increased heat-related mortality and morbidity. 
The most common heat-related illness is heat exhaustion and may progress to heat stroke, which is a severe ill-
ness. Heat stroke is clinically diagnosed as excessive hyperthermia, a central nervous system (CNS) dysfunction, 
and a history of environmental heat exposure (classic) or vigorous physical activity (exertional)1,2. Classic heat 
stroke is observed primarily in very young and elderly individuals with exposure to hot environments in the 
absence of strenuous physical activity. Exertional heat stroke (EHS) is observed primarily in healthy young and 
physically fit individuals (e.g., athletes, firefighters, agricultural workers, soldiers, and football players) that col-
lapse during strenuous physical activity prolonged period in a hot environment2,3. EHS can also occur in many 
kinds of industrial jobs, which are carried out in hot work environments (e.g., steel, glass, ceramics factory, 
construction, kitchens, laundries, etc.).

The mammalian scrotal temperature is 2–8 °C lower than the core body temperature4. Mild scrotal heat 
stress eliminates the spermatogonial germ cells in the seminiferous tubules and results in decreased sperm 
density, testicular tissue morphological changes, and infertility5,6. Increased scrotal temperatures from occupa-
tional exposure, or lifestyle (e.g., prolonged sitting or driving wearing, sauna or steam room user tight-fitting 
underwear), may lead to male infertility7,8. However, the precise role of scrotal hyperthermia associated with 
infertility remains to be studied. Although numerous studies have investigated the effect of a classic heat stroke 
on testicular tissue morphological changes affecting the sperm production process as well as infertility9–11, the 
association of EHS and testicular morphological changes affecting sperm maturation as well as the association 
of EHS and hypothalamic functional changes affecting sexual behavior12 has yet to be elucidated in male rats.

A more recent systemic review describes that the incidence of EHS ranged from 0.2 to 10.5 person-years, 
while the prevalence rates from 0.3 to 9.3% among military personnel13. EHS was featured with loss of con-
sciousness, elevated mean core temperature (40–41.6 °C), and elevated levels of creatine phosphokinase, liver 
enzymes, and creatinine13. In this study, we first established a new model in untrained adult laboratory male rats 
exercising near room temperature that could be used to induce survivable EHS. In EHS, rats exercised in heat 
until they reached limiting neurological symptoms (loss of consciousness). The symptom-limited maximum 
core temperatures achieved were 42.9 ± 0.1 °C at 50% relative humidity. All rats that were followed for 3 days 
survived. Plasma levels of proinflammatory cytokines, disseminated intravascular coagulation (DIC) indicators, 
and multiple organ damage markers were significantly elevated compared with matched normal controls. Indeed, 
herein we first reported a new model of survivable EHS in the rat that fully mimicked the structure, functional 
and biochemical characteristics seen in humans. Second, we assessed the effects of EHS on scrotal temperature, 
plasma levels of testosterone, sperm viability, and histology of testes, epididymis, seminal vesicle, and prostate. 
In addition, immediately right after the onset of EHS or 3 days after the onset of EHS, sexual behavioral ability 
(or penis erectile function) was evaluated in rats as detailed previously14. Upon understanding the relationship 
between EHS and reproduction capacity, it would be to use it as a biomarker for problems with recovery from 
heat stroke in males.

Results
Body core temperature (Tco) and scrotal temperature elevation after EHS onset.  Figure 1E,F 
show the values of both body core temperature and rats’ scrotal temperature in the different experimental groups. 
Average values of both temperatures were observed in the non-exercised and non-heated NC group. Compared 
to the NC group, the EHS onset group, but not the Day 3 post-EHS group, had significantly higher values of both 
body core temperature (42.9 °C vs. 37.1 °C) and scrotal temperature (35.3 °C vs. 31.2 °C).

Increased plasma levels of stress hormones, multiple organ damage indicators, DIC indicators 
and proinflammatory cytokines after EHS onset.  The NC group rats show normal plasma levels of 
stress hormones (ACTH and corticosterone) (Fig. 1G,H), multiple organ damage indicators (BUN, uric acid, 
creatinine, ALT, AST, and alkaline phosphatase), DIC indicators (APTT, protein C, platelet, and d-dimer), and 
proinflammatory cytokines (IL-1β, IL-6, and TNF-α) in the NC group (Table 1). However, compared to the NC 
group, the EHS onset group or Day 3 post-EHS group had significantly higher plasma levels of all these param-
eters (Fig. 1G,H and Table 1). Figure 1I shows plasma levels of testosterone of rats in different experimental 
groups. Compared to the NC group, both the EHS onset group and Day 3 post-EHS group had significantly 
lower testosterone values in their plasma (P < 0.05 and P < 0.01, respectively).
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Figure 1.   The experimental design. The customized EHS module comprises (A) an animal treadmill and is covered with (B) 
an acrylic hood (climatic chamber) that connects the air transmission tube with a hot air generator and temperature monitor. 
(C) The climatic chamber was kept the environmental temperature at 36 °C and 50% relative humidity. The treadmill velocity 
was increased by 1 m/min every 2 min (constant slope of 15° and an initial velocity of 10 m/min) until each rat has run to 
exhaustion under the customized EHS module. (D) Time to exhaust and the time-dependent and velocity-dependent colonic 
(core) temperature changes were recorded. The values of body core temperature (E), scrotal temperature (F), and the values 
of plasma ACTH (G), corticosterone (H), and testosterone concentrations (I) of rats from the three different groups. Data 
are presented as the mean ± standard deviation (n = 8 for each group). *P < 0.05, EHS onset vs. NC or Day 3 post-EHS vs. 
NC. +P < 0.05, Day 3 post-EHS vs. EHS onset.
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Neurological injury after EHS onset.  H&E staining revealed that both the EHS onset group and Day 
3 post-EHS group exhibited significantly higher hypothalamic cell damage scores than did the NC group 
(Fig. 2A). The NC group exhibited almost normal morphology, whereas in the EHS onset and Day 3 post-EHS 
groups, ~ 50% of the field showed moderate damage (e.g., structural disorganization, edema, many pyknotic 
cells, and vacuolization). Structural disorganization included numerous degenerating neurons (characterized 
by brightly stained eosinophilic cytoplasm and dark condensed nuclei). The extent of the neurological injury 
was evaluated by both hypothalamic damage scores (Fig. 2B) and modified neurological severity scores (mNSS) 
(Fig. 2C). Both normal morphology and “0” mNSS were observed in the NC group. Compared to NC group, 
the EHS onset group or Day 3 post-EHS group had significantly higher hypothalamic damage scores (2 vs. 0) 
and mNSS (5.0 vs. 0.0). The EHS rats displayed moderate damage, including structure disorganization, edema, 
pyknotic cells, vacuolization, and inflammatory cell infiltration in their brain tissues. They also displayed mild 
motor, sensory, balance, and reflexes movement deficits based on their performance in the mNSS test.

Histology of testes after EHS onset.  Figure 3A shows the photomicrographs of the testes of rats in 
different experimental groups. Seminiferous tubules and spermatozoa populations were normal in the non-
exercised and non-heated (NC) group. The EHS onset group or the Day 3 post-EHS group showed poorly dif-
ferentiated seminiferous tubules, fewer spermatozoa population, and atrophy of adjacent interstitial Leydig cells, 
Sertoli cells, and peritubular myoid cells. Compare to the NC group, both the EHS onset group or Day 3 post-
EHS group had significantly lower values of histopathological scores, seminiferous tubules diameters, and Ley-
dig cell counts (Fig. 3B–D).

Histology of the epididymis after EHS onset.  Figure 4A shows a photomicrograph of the epididymis 
of rats in the different experimental groups. Normal spermatozoa density and intact basement membrane were 
observed in the non-exercised and non-heated group or NC controls. The EHS onset group or Day 3 post-EHS 
group shows no spermatozoa and broken basement membranes. Compared to the NC group, both the EHS 
onset group and Day 3 post-EHS group had significantly higher values of both the mean thickness of the base-
ment membrane (Fig. 4B) and mean Johnsen’s score (Fig. 4C).

Histology of seminal vesicle after EHS onset.  Figure 5A shows photomicrographs of the seminal vesi-
cles of rats in different experimental groups. The cellular structures of seminal vesicles were normal in the NC 
group. However, the EHS onset group or Day 3 post-EHS group showed the accumulation of degenerative cells 
with pyknosis in their seminal vesicle. Compared to NC group, both EHS onset group or Day 3 post-EHS group 
had significantly higher values of histopathological scores (Fig. 5B).

Table 1.   The mean ± S.D. values (n = 8 for each group) of cardiac injury markers, kidney injury markers, liver 
injury markers, and disseminated intravascular coagulation (DIC) markers for NC, EHS onset, and Day 3 post-
EHS. *P < 0.05, EHS onset vs. NC or Day 3 post-EHS vs. NC.

Parameters NC EHS onset Day 3 post-EHS

Cardiac injury markers

Creatine kinase-MB (IU/L) 1054 ± 155 3587 ± 363* 3469 ± 387*

Lactate dehydrogenase (IU/L) 918 ± 152 1546 ± 110* 1439 ± 120*

Cardiac troponin I (ng/mL) 0.6 ± 0.1 1.8 ± 0.4* 2.9 ± 0.3*

Myoglobin (ng/mL) 80 ± 18 1492 ± 370* 1377 ± 459*

Kidney injury markers

BUN (mg/dL) 9.8 ± 1.1 38.4 ± 1.9* 37.2 ± 1.6*

Uric acid (mg/dL) 2.2 ± 0.2 4.9 ± 0.2* 4.6 ± 0.2*

Creatinine (mg/dL) 0.6 ± 0.1 1.1 ± 0.1* 1.0 ± 0.1*

Liver injury markers

AST/SGOT (U/L) 105 ± 1 325 ± 8* 307 ± 6*

ALT/SGPT (U/L) 44 ± 3 105 ± 9* 101 ± 8*

Alkaline phosphatase (U/L) 68.9 ± 11 135.7 ± 16* 114.9 ± 15*

Disseminated intravascular coagulation (DIC) indicators

APTT (s) 28 ± 3 92 ± 10* 85 ± 9*

Protein C (μg/L) 3.0 ± 0.4 0.5 ± 0.1* 0.9 ± 0.2*

Platelet count (103/mL) 136 ± 11 52 ± 5* 87 ± 7*

d-dimer (pg/L) 30 ± 2 91 ± 8* 72 ± 6*

Proinflammatory cytokines

Interleukin-1β (pg/mL) 112 ± 14 846 ± 102* 658 ± 87*

Interleukin-6 (pg/mL) 144 ± 22 863 ± 115* 664 ± 74*

Tumor necrosis factor (pg/mL) 27 ± 6 901 ± 123* 725 ± 83*
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Histology of prostates after EHS onset.  Figure 5C shows the photograph of the prostates of rats in dif-
ferent experimental groups. The cellular structures of prostates were normal in the NC group. However, the EHS 
onset group or Day 3 post-EHS group had more inflammatory cells and more interstitial edema in the prostate 
tissues. Compared to NC group, both EHS onset group or Day 3 post-EHS group had significantly higher values 
of histopathological scores (Fig. 5D).

Intracavernosal pressure (ICP) recording to evaluate erectile function after EHS onset.  Erec-
tile function in rats can be evaluated by measuring the ICP. In practice, ICP can be monitored following electrical 

Figure 2.   Histological alterations and quantitative analysis of rat hypothalamic tissues and neurological 
function deficits from the three groups. (A) Representative histological images are presented, following 
hematoxylin and eosin staining of the brain of rats from the NC, EHS onset, and Day 3 post-EHS. Images of 
brain morphology are shown at ×50, ×100, ×200, ×400 and ×1000 magnification. Scale bars = 500 μm, 200 μm, 
100 μm, 50 μm, and 20 μm. (B) The quantitative analysis of the histological alterations in the different groups. 
(C) The extents of neurological injury were evaluated by modified neurological severity scores from the three 
groups. Data are presented as the mean ± standard deviation (n = 8 for each group). The EHS rats displayed 
many pyknotic cells and vacuolization in their hypothalamic brain tissues. *P < 0.05, EHS onset vs. NC or Day 3 
post-EHS vs. NC. +P < 0.05, Day 3 post-EHS vs. EHS onset. 3 V = third ventricle; ME = median eminence.
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stimulation of the cavernous nerves. The mean arterial pressure (MAP) is used as a reference for ICP. Using ICP 
recording protocols, many key parameters of erectile function can be measured from the ICP response curve15.

Figure 6 shows the mean maximum ICP (Fig. 6A), mean maximum MAP (Fig. 6B), ICP/MAP (Fig. 6C), 
and area under the ICP curve (AUC-total, Fig. 6D) of rats in different experimental groups. Compared to the 
NC group, both the EHS onset group or the Day 3 post-EHS group had significantly lower values of ICP, MAP, 
ICP/MAP, and AUC-total.

Impairments of sperm quantity and quality after EHS onset.  Compared to the NC group (Fig. 7A), 
the EHS onset group (Fig. 7B,C) or the Day 3 post-EHS group (Fig. 7D–F) had significantly abnormal morphol-
ogy. The predominant types of abnormalities were sperm with a bent tail (Fig. 7C), broken neck (Fig. 7D), cyto-
plasmic droplet (Fig. 7D), detached head (Fig. 7E), and headless tail (Fig. 7F). The presentative microphotographs 
of sperm morphology at 400× magnifications are shown in Fig. 7A–F. Compared to the NC group, the EHS onset 
group or Day 3 post-EHS group had a significant decrease in MOT (p < 0.01) and PROG (p < 0.01) (Fig. 7G). 
Compared to the NC group, the EHS onset group had an insignificant change (p > 0.05) in the sperm numbers 
but had significant decrease in the percentages of viable sperms (Fig. 7H). The Day 3 post-EHS group had a 
significant decrease in both the sperm numbers and the percentage of viable sperms (Fig. 7H).The results also 
showed decreased distance parameters (DAP and DCL, Fig. 7I) and velocity (VAP and VCL, Fig. 7J) (p < 0.01).

Discussion
Our present study provides a new model in untrained adult male laboratory rats exercising at higher room tem-
perature that mimicked survival EHS in humans. Compared to untrained adult laboratory male rats nonexercis-
ing near room temperature (26 °C, RH 50%), rats exercising at higher environmental temperature (36 °C, RH 
50%) displayed survival EHS significantly. The EHS reactions included immobilization, higher body temperature, 
higher neurological functional deficits, higher hypothalamic damage scores, and higher plasma levels of stress 

Figure 3.   Histological alterations and quantitative analysis of rat testicular tissues from the three groups. (A) 
Representative histological images are presented, following hematoxylin and eosin staining of the testes of rats 
from the NC, EHS onset, and Day 3 post-EHS. Images of testes morphology are shown at ×50, ×100, ×200, 
×400 and ×1000 magnification. Scale bars = 500 μm, 200 μm, 100 μm, 50 μm, and 20 μm.The lower panel denotes 
a quantitative analysis of the histological alterations of the testes (B), the seminiferous tubules diameters (C), 
and the Leydig cell count (D) in the different groups. The EHS rats had a reduction of spermatogenic cells (block 
star), Leydig cells, Sertoli cells, and peritubular myoid cells in their testicular tissues. Data are presented as the 
mean ± standard deviation (n = 8 for each group). *P < 0.05, EHS vs. NC or Day 3 post-EHS vs. NC. +P < 0.05, 
Day 3 post-EHS vs. EHS onset.
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hormones, multiple vital organs injury indicators, and disseminated intravascular coagulation (DIC). These EHS 
reactions lasted at least up to three days post-EHS. All EHS animals that were followed over the 14-day recovery 
period survived the EHS challenges (data not shown). Heat stress and heat illness arise when ambient tempera-
tures are high. They can be triggered by physical exertion even at low-risk temperature16. Physical exertion can 
lead to heat stress and heat illness (due to intense and rapid heat production in the working muscles). Higher 
environmental temperatures further increase the risk. Thus, our present model fulfills that EHS is associated with 
excessive hyperthermia (over 40 °C Tco), encephalopathy, and confusion or coma during or just after strenuous 
physical activity in young, previously healthy subjects17. Indeed, in our rats, EHS occurs within the first 2 h of 
exertion and not necessarily at high ambient temperatures18. Compared to classic heat stroke, the death rate 
from EHS is relatively low or zero.

Acute exposure (from seconds to a few hours) to stressors such as immobilization19, electric foot shocks20, 
cold, ether21, exercise22, food restriction23 or anxiety situations24 in males causes an increase in corticotropin-
releasing hormone, adrenocorticotropin hormone (ACTH), β-endorphins and corticosterone. In rats, acute 
exposure to noise or water immersion25, immobilization26, cold27, hot28, light25 or surgery29 stimulates hypothal-
amus-pituitary–gonadal (HPG) axis and causes an increase of follicle-stimulating hormone (FSH), luteinizing 
hormone (LH), and testosterone in the plasma of stressed males. Our present results showed that EHS caused by 

Figure 4.   Histological alterations and quantitative analysis of rat epididymis tissues from the three groups. (A) 
Representative histological images are resented, following hematoxylin and eosin staining of the epididymis 
of rats from the NC, EHS onset, and Day 3 post-EHS. Images of epididymis morphology are shown at ×50, 
×100, ×200, ×400 and ×1000 magnification. Scale bars = 500 μm, 200 μm, 100 μm, 50 μm, and 20 μm. (B) The 
mean thickness of the epididymis basement membrane and (C) the mean Johnsen’s score were presented as 
mean ± standard deviation (n = 8 per group). The EHS rats had a reduction of both mean thickness and mean 
Johnsen’s score of the cytoplasmic membrane, spermatids (#), and cytoplasmic degradation (*). *P < 0.05, EHS 
onset vs. NC or Day 3 post-EHS vs. NC.
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acute heat exposure and exercise (52 min) was accompanied by increased ACTH and increased corticosterone in 
the plasma and an increase in hypothalamic damage score in stressed male rats. Additionally, erectile function 
in rats at EHS onset or Day 3 post-EHS can be evaluated by measuring the ICP. It was found that following the 
onset of EHS, male rats displayed suppression of erectile function, which can be associated with impairments 
in both hypothalamic–pituitary–adrenal (HPA) axis activity and HPG activity. In the present study, combined 
heat stress and exercise might suppress masculine sexual behavior via increasing both HPA and HPG activity30.

One of the most critical factors predisposing bulls to subfertility in tropical or subtropical countries is the high 
environmental temperature31. Spermatogenesis depends on the maintenance of testicular temperature from 2 to 
6 °C below corporal temperature32. Indeed, as shown in the present study, EHS can disrupt testicular thermoregu-
lation (increasing the scrotal temperature from the resting level of 31.2 °C to a new level of 35.3 °C), leading to 
poorly differentiated seminiferous tubules and seminal vesicle, impairments of sperm quality, and atrophy of 
adjacent interstitial Leydig cells, Sertoli cell, and peritubular cells. Rats with EHS had no spermatozoa and broken 
basement in their epididymis, and accumulated degenerative cells with pyknosis in their seminal vesicle. EHS 
effects were stilled observed after 3 days following EHS onset at least. Based on a recent report of Garcia-Oliveros 
et al.33, EHS might first cause an increase in testes morphological defects, followed by increased sperm lipid 
peroxidation, thereby inducing mitochondrial distress, reduced sperm motility, and sperm DNA fragmentation.

Spermatozoa are produced in the testes and fully matured in the caput epididymis. Several notable factors, 
such as increased scrotal temperature resulting from occupational exposure lifestyle or cryptorchidism, con-
tribute to male infertility7. The present study demonstrates that EHS impairs sperm quality and can reduce male 
fertility in rats. Limited clinical studies have promoted that transient scrotal temperature disruption of adult 
human males may result in reversible spermatogenic arrest and could be used as a contraception method34.

Figure 5.   Histological alterations and quantitative analysis of rat seminal vehicle and prostate tissues from the 
three groups. (A) Representative histological images are presented, following hematoxylin and eosin staining of 
the seminal vesicle of rats from the NC, EHS onset, and Day 3 post-EHS. The EHS rats had many pyknosis cells 
(black stars) in their seminal vesicle tissues. (B) The right panel denotes a quantitative analysis of the histological 
alterations in the different groups. (C) Representative histological images of the prostates of rats from the NC, 
EHS onset, and Day 3 post-EHS. The red star indicates inflammatory cells in the standard deviation. The red 
star indicates inflammatory cells in the rats’ prostate tissues, and the black # indicates the interstitial edema in 
the rats’ prostate tissues. (D) The right panel denotes a quantitative analysis of the histological alterations in 
the different groups. Images of the seminal vehicle and prostate morphology are shown at ×50, ×100, ×200, 
×400 and ×1000 magnification. Scale bars = 500 μm, 200 μm, 100 μm, 50 μm, and 20 μm. Data are presented as 
the mean ± standard deviation (n = 8 per group). *P < 0.05, EHS onset vs. NC or Day 3 post-EHS vs. NC.



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3539  | https://doi.org/10.1038/s41598-021-83121-3

www.nature.com/scientificreports/

Prostatitis is the most common urinary disease type in males < 50 years of age35. It can be divided into five 
categories: acute bacterial prostatitis, chronic bacterial prostatitis, chronic prostatitis, chronic pelvic pain syn-
drome, and asymptomatic inflammatory prostatitis36. Chronic non-bacterial prostatitis may cause male infertility 
and sexual dysfunction37. As shown in the present results, EHS induces subepithelial inflammatory infiltration 
and interstitial edema in rats’ prostate tissues38. EHS might likely cause subinfertility and sexual dysfunction via 
inducing acute non-bacterial prostatitis in mice.

Although it is well known that heat exposure impacts the reproduction capacity of bulls, the rationale of the 
present study would be to use it as a biomarker for problems with long term recovery from that EHS in males. 
However, we did not look at long term recovery in our present study. It would be very interesting to know if 
some form of injury was sustained for prolonged periods as this could lead to an outcome viable in humans 
that would be clinically valuable. Another limitation of the present study is the heavy instrumentation given to 
the animals before heat stroke exposure and electric shock stress. The animals had a rectal thermistor during 
the exercise protocol. The elevated glucocorticoids measured in the control animals is likely a reflection of this.

In conclusion, the present study reported that male rats exercising at higher environmental temperatures 
(36 °C, RH 50%) displayed survival EHS characterized by the neurobehavioral deficit, hypothalamic damage, 
and HPA axis or HPG axis impairments, systemic inflammation, DIC, and multiple organs dysfunctions. In 
addition, rats following EHS onset had sexual dysfunction, testicular temperature disruption, poorly differenti-
ated seminiferous tubules, impairments of sperm quality, and atrophy of interstitial Leydig cells, Sertoli cells, 
and peri-tubular cells in the testes tissues. Rats with EHS had no spermatozoa and broken cells with pyknosis 
in their seminal vesicle and prostate. These EHS effects were still observed after 3 days following EHS onset, at 

Figure 6.   The values of (A) mean maximum intracavernosal pressure (ICP), (B) mean maximum arterial 
pressure (MAP), (C) ICP/MAP, and (D) area under the ICP curve (Auc-total) of rats in different groups. Data 
are presented as the mean ± standard deviation (n = 8 per group). *P < 0.05, EHS onset vs. NC, or Day 3 post-
EHS vs. NC. +P < 0.05, Day 3 post-EHS vs. EHS onset.
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least. Collectively, the present results provide a greater understanding of the effects of experimentally induced 
EHS on masculine sexual behavior, fertility, HPA axis activity, and morphology of both testes and prostates.

Methods
Animals.  Seventy-two male Sprague–Dawley rats, 7  weeks old weighing between 240 and 255  g, were 
obtained from the colonies of BioLASCo Taiwan CO., Ltd. (Taipei, Taiwan). The rats were housed 4 per cage in 
an environmental chamber maintained at 24 °C and 50% relative humidity (RH) in Chi Mei Medical Center and 
identified by a number printed on the tail base. Lighting was controlled automatically from 08:00 a.m. to 08:00 
p.m. Both standard laboratory chow and water were provided each day ad libitum. All of the experiments were 
conducted in daytime conditions under the light. All the environmental protocols were approved by the Institu-
tional Animal Care and Use Committee at Chi Mei Medical Center (IACUC approval no. 106121110). We used 
the ARRIVE checklist39 when writing our report.

Familiarization.  Before experimentation, rats were familiarized with a load-increasing treadmill (TM) run-
ning for 7 days. On Day 1–2 of the program, the rats were placed on the TM, got acclimation to the EHS envi-
ronment, and then walked on the treadmill of their own free will for 10-min. Rats were first accustomed to a 
10-min period of TM running (model: Exer-3/6, Columbus Instruments, Columbus, OH, USA) at a speed of 
10 m/min, and a grade of 15° daily and consecutively for 2 days at an environmental status with 26 °C ambient 
temperature and 50% RH. Then, rats were familiarized with a 10-min period of TM running at a speed of 15 m/
min and a grade of 15° daily in the next days 5–7. Seventeen percent of rats cannot complete the acclimation 
phase were excluded.

Induction of exertional heat stroke (EHS) and experimental procedures.  We randomly (com-
puter-generated randomization) divided 72 rats into EHS group (n = 48) and a normothermia control (NC) 
group (n = 24). The former was kept at a high room temperature of 36 °C ± 1 °C, and an RH of 50%, whereas the 

Figure 7.   Microphotographs were illustrating morphologically normal sperm and various sperm defects. (A) 
Normal head and tail from a NC rat. (B) Coiled and (C) fragment and bent tail from an EHS onset rat. (D) 
Broken neck, bent tail, cytoplasmic droplet, (E) detached head, and (F) headless tail from a Day 3 post-EHS rat. 
(G) The percentage of sperm motility (MOT) and the percentage of sperm with progressive motility (PROG), 
(H) sperm numbers and viable sperm percentages, (I) the distance average path (DAP) and distance curved line 
(DCL), and (J) the velocity average path (VAP) and velocity curved line (VCL) were elevated (p < 0.05) in the 
EHS onset and Day 3 post-EHS group when compared to NC animals. Data were the mean ± standard deviation 
(n = 8 per group). *P < 0.05, EHS onset vs. NC or Day 3 post-EHS vs. NC.
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latter was maintained at a room temperature of 26 °C ± 1 °C and an RH of 50%. EHS group was further divided 
into onset group and day 3 post-EHS, each comprising 24 animals.

Forty-eight rats eligible for exercises after training were selected for the induction of EHS. Between 0900 and 
1000, a caged rat was transferred from the vivarium to the climatic chamber on the day of each experiment. To 
measure body core temperature or rectal temperature (Tco), a protective sleeve and thermistor (Yellow Spring 
Instrument, Yellow Spring, OH, USA) were inserted 5 cm into the rectum and secured with the surgical tape. A 
half-hour after insertion of the thermometer, rats were exercised to exhaustion on the treadmill (Model Exer-3/6, 
Columbus Instruments, Columbus, OH, USA; initial velocity: 10 m/min; 15° slope) (Fig. 1A) in a customized 
acrylic climatic chamber that connects the air transmission tube with hot air generator (Air Therm model Air-
Thermy-B, World Precision Instruments, FL, USA) (Fig. 1B), and keeps at 36 °C and 50% relative humidity. EHS 
was induced by increasing the initial treadmill velocity 1 m/min every 2 min until the rat appeared to be unable 
to run. Exhaustion was operationally defined as the third time a rat could no longer keep pace with the speed of 
the treadmill belt and remained on an electric shock grid for 2 s. Time to exhaust and the time-dependent and 
velocity-dependent colonic temperature changes were recorded under the customized EHS module (Fig. 1C). The 
increased treadmill velocity, as well as the increased core temperature during EHS. The average exhaustion time 
was 52 ± 2.6 min, and the core temperature reached 42.9 ± 0.2 °C (Fig. 1D). Once the exhaustion was confirmed, 
the rat was removed from the treadmill and subjected to neurological severity tests or biochemical or histological 
evaluation at room temperature. Another 24 rats were designated as normal controls (NC group). They were sub-
jected to room temperature of 26 ± 1 °C with 50% ± 2% relative humidity with a non-exercised status for exactly 
52 min. These non-exercised rats maintained their levels of brightness, alertness, and responsiveness throughout 
the entire experiment. Rats that survived to day 3 of EHS or control experiments were considered survivors.

In experiment 1: Rats’ body core temperature and scrotal temperature were measured. After mNSS tests, rats 
were euthanized with an overdose of Zoletil (100 mg/kg body weight), obtained the semen for sperm motility and 
morphology assay, and collected blood samples from the tail vein for biochemical analysis (n = 8 for each group).

In experiment 2: Rats were euthanized with an overdose of Zoletil (100 mg/kg body weight) and perfused with 
normal saline followed by 10% neutral-buffered formalin via left heart ventricle puncture. Organs were removed 
and fixed in 4% paraformaldehyde, processed for paraffin embedding (n = 8 for each group).

In experiment 3: Rats were anesthetized with 2% isoflurane (Sigma-Alrich, MA, USA) in nitrous oxide/oxy-
gen (69%/30%) via face mask, the erectile function was evaluated by intracavernosal pressure (ICP) and mean 
arterial pressure (MAP) ratio (n = 8 for each group).

Neurological severity scores.  We adopted a modified neurological severity score (mNSS) test detailed 
previously40 to evaluate the extent of the motor, sensory, reflex, and balance deficits. These tests are similar to 
the contralateral neglect tests in humans. Neurological function was graded on a scale of 0 to 18. One point is 
awarded for the inability to perform the tasks as for lack of a tested reflex: 13–18 points, severe injury; 7–12 
points moderate injury; 1–6 points mild injury. Thereafter a scale of 1–6, 7–12, and 13–18 denote mild injury, 
moderate injury, and severe injury.

Erectile function evaluation.  Immediately right after the onset of EHS or 3 days after the onset of EHS, 
erectile function was evaluated in anesthetized rats, and the bilateral major pelvic ganglion (MPG) and cavern-
ous nerve (CN) were exposed as detailed previously14. Intracavernosal pressure (ICP) and mean arterial pres-
sure (MAP) were measured. For the electrical stimulation of the CN, the stimulation parameters were 2.5 V at 
a frequency of 15 Hz with a square wave duration of 1.2 ms for 1 min. The ratio of the maximal ICP to the cor-
responding MAP (ICP/MAP) was calculated and recorded. In addition, the mean maximum ICP and the total 
ICP of the tumescence determined by the area under the total ICP curves (AUC) from the beginning to the end 
of the CN stimulation (60 s) were recorded. The electrical stimulation was always done in triplets with a 5-min 
interval between the subsequent stimulations to ensure stable activity in every rat.

Determination of sperm motility and morphology.  Sperm samples were taken from the cauda 
epididymis. Place the cauda in a petri dish containing 10 ml PBS prewarmed to 37 °C, and mince using two no.11 
scalpel blades to open the epididymal duct and release its contents. Swirl the petri dish several times to achieve 
a uniform sperm suspension. For sperm counting, 10 μl of the sperm suspension was placed on the Neubauer 
hemocytometer, allowed to sediment by standing for 5 min. Place the hemacytometer on the microscope stage 
and the number of spermatozoa in five squares was counted. The spermatozoa viability was determined using a 
colorant constituted by nigrosin, eosin, and sodium citrate, all dissolved in distilled water. Ten μl of semen with 
10 μl of the colorant were placed on a microscope slide. The stained spermatozoa were considered as dead and 
those not stained as alive.

The motion parameters included the percentage of motile spermatozoa (MOT), the percentage of progres-
sive motility (PROG), distance average path (DAP, μm), distance curved line (DCL, μm), velocity average path 
(VAP, μm/s), and velocity curved line (VCL, μm/s) from the epididymis sperm samples were determined within 
2–4 min after sacrificed following the method of previous studies41,42 and analyzed by IVOS CASA system 
(Hamilton Thorne, Inc., Beverly, MA, USA) under Zeiss microscope (Carl Zeiss Microscopy GmbH, Jena, Ger-
many). Sperm samples were fixed with Hancock’s solution and stained with Giemsa’s dye for sperm morphology 
analysis42.

Evaluation of plasma hormones concentration.  Plasma levels of testosterone, adrenocorticotropic 
hormone (ACTH), and cortisol were determined using commercialized immunoassay kits according to the 
manufacturer’s instructions. The sensitivity of the testosterone assay (ABBOTT ARCHITECT i2000 SR analyzer, 
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Wiesbaden, Germany) was 0.07 ng/ml and with negligible cross-reactivity with other androgen derivatives. The 
intra-assay coefficients of variation for the testosterone assay were 4.1%. Plasma ACTH and cortisol were assayed 
using radioimmunoassay kits (CisBio Bioassays, Bagnol sur Cèze, France) with Gammar-counter (PerkinElmer 
Inc., MA, USA) according to the manufacturer’s protocol.

Biochemical estimation.  At particular time points, rats were anesthetized by giving 80 mg/kg ketamine 
and 5 mg/kg xylazine intraperitoneally. Whole blood (7 mL) was obtained from the heart puncture and collected 
into sodium citrate tubes for plasma. The plasma levels of activated partial thromboplastin time (APTT), protein 
C, platelet count, and d-dimer were measured by automated coagulation instruments (Werfen ACL TOP350, 
Bedford USA). The platelet counts were measured by automated blood cell counting instruments (Sysmex XN, 
Wakinohama, Japan). To assess the renal, hepatic, and cardiac functions, we determined the plasma concentra-
tion of blood urea nitrogen (BUN), uric acid, creatinine, aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphate, creatine kinase-MB (CK-MB), cardiac troponin-I, lactate dehydrogenase, and 
myoglobin by chemistry analyzer (ABBOTT ARCHITECT c8000/c16000, Illinois, USA). Protein C in the sam-
ple was activated by a specific snake venom activator. The resulting protein C activator was assayed in a kinetic 
test by measuring the increase in absorbance at 405 nm. The reagents for the determination of protein C activity 
were provided by Berichrom Protein C (Dade Behring Maberg Gm 6H/Marburg, Germany).

For the determination of tumor necrosis factor-alpha (TNF-α; #558535, BD Biosciences, CA, USA), inter-
leukin-1beta (IL-1β; #DY501, R & D system, MN, USA), and interleukin-6 (IL-6; #550319, BD Biosciences, CA, 
USA), the supernatants were stored at − 70 °C until measurement. They were determined using a double-antibody 
sandwich enzyme-linked immunosorbent assay.

Histopathological studies.  We got the histological measures and others at the time point of EHS onset in 
rats and at 3 days after EHS by killing extra groups of rats. Testis tissues fixed in 10% neutral buffered formalin 
were processed for routine histological preparations. Histopathological assessment of the testes and epididymis 
was done using the hematoxylin and eosin (H & E) technique. Sections of the right testes and epididymis of 
each rat were examined for seminiferous tubules diameters and number of Leydig cells in 20 random intertu-
bular regions can area surrounded by three seminiferous tubules using a light microscope at a magnification 
of 400×. Mean Johnsen’s testicular biopsy score43 was assessed in 10 seminiferous tubules. Based on the report of 
Ebokaiwe et al.41, the histopathological scores for testicular damage was measured and recorded.

The brain was removed, fixed in 10% neutral buffered formalin, and embedded in paraffin blocks. Serial (10 
μm) sections through the hypothalamus were stained with hematoxylin and eosin for microscopic evaluation. 
The extent of hypothalamic damage was scored on a scale of 0–3, modified from the previous44 grading system.

Statistical analysis.  The person charged with functional outcome measurements was the only one blinded 
to experiments among those working on animals (single-blind). She used animal codes to recognize individu-
als and to report repeated measurements on data collection forms. Data are presented as the mean ± S.D. For 
analysis of physiological parameters (core body temperature and scrotal temperature), behavior parameters 
(mNSS), hormone data (ACTH, corticosteroid, and testosterone), and biochemical data (BUN, AST, ALT etc.), 
we performed one-way ANOVA followed by Tukey’s post hoc test. Parameters such as histological scores with 
non-normal distribution were analyzed by the Kruskal–Wallis test with Dunn’s post-hoc test. We used Graph-
Pad Prism (version 7.01 for Windows; GraphPad Software, San Diego, CA, USA) to analyze the data and set the 
statistically significant level at P < 0.05.

Ethics approval.  All animal experiments were conducted under protocols approved by the Institutional 
Animal Care and Use Committee of Chi Mei Medical Center, Tainan, Taiwan (approved no.: 108120117) in 
accordance with the guidelines of Guide for the Care and Use of Laboratory Animals published by the US 
National Institutes of Health with due consideration to minimize pain and suffering.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 25 November 2020; Accepted: 29 January 2021

References
	 1.	 Roberts, W. O. Managing heatstroke. Physician Sportsmed. 20, 17–28. https​://doi.org/10.1080/00913​847.1992.11947​423 (1992).
	 2.	 Winkenwerder, M. & Sawka, M. N. Disorders due to heat and cold. In Cecil Medicine (eds Goldman, L. & Ausiello, D.) 763–767 

(Elsevier Science, Philadelphia, 2007).
	 3.	 Epstein, Y. & Yanovich, R. Heatstroke. N. Engl. J. Med. 380, 2449–2459. https​://doi.org/10.1056/NEJMr​a1810​762 (2019).
	 4.	 Banks, S., King, S. A., Irvine, D. S. & Saunders, P. T. Impact of a mild scrotal heat stress on DNA integrity in murine spermatozoa. 

Reproduction 129, 505–514. https​://doi.org/10.1530/rep.1.00531​ (2005).
	 5.	 Wang, P. et al. Cryoprotective effects of low-density lipoproteins, trehalose and soybean lecithin on murine spermatogonial stem 

cells. Zygote 22, 158–163. https​://doi.org/10.1017/s0967​19941​20003​78 (2014).
	 6.	 Rasooli, A., Taha Jalali, M., Nouri, M., Mohammadian, B. & Barati, F. Effects of chronic heat stress on testicular structures, serum 

testosterone and cortisol concentrations in developing lambs. Anim. Reprod. Sci. 117, 55–59. https​://doi.org/10.1016/j.anire​prosc​
i.2009.03.012 (2010).

https://doi.org/10.1080/00913847.1992.11947423
https://doi.org/10.1056/NEJMra1810762
https://doi.org/10.1530/rep.1.00531
https://doi.org/10.1017/s0967199412000378
https://doi.org/10.1016/j.anireprosci.2009.03.012
https://doi.org/10.1016/j.anireprosci.2009.03.012


13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3539  | https://doi.org/10.1038/s41598-021-83121-3

www.nature.com/scientificreports/

	 7.	 Kim, B., Park, K. & Rhee, K. Heat stress response of male germ cells. Cell. Mol. Life Sci. 70, 2623–2636. https​://doi.org/10.1007/
s0001​8-012-1165-4 (2013).

	 8.	 Barazani, Y., Katz, B. F., Nagler, H. M. & Stember, D. S. Lifestyle, environment, and male reproductive health. Urol. Clin. N. Am. 
41, 55–66. https​://doi.org/10.1016/j.ucl.2013.08.017 (2014).

	 9.	 Wang, X. et al. Comparative proteomic analysis of heat stress proteins associated with rat sperm maturation. Mol. Med. Rep. 13, 
3547–3552. https​://doi.org/10.3892/mmr.2016.4958 (2016).

	10.	 Shen, H. et al. Differential expression of peroxiredoxin 6, annexin A5 and ubiquitin carboxyl-terminal hydrolase isozyme L1 in 
testis of rat fetuses after maternal exposure to di-n-butyl phthalate. Reprod. Toxicol. 39, 76–84. https​://doi.org/10.1016/j.repro​
tox.2013.05.003 (2013).

	11.	 Xun, W. et al. Dual functions in response to heat stress and spermatogenesis: Characterization of expression profile of small heat 
shock proteins 9 and 10 in goat testis. Biomed. Res. Int. 2015, 686239. https​://doi.org/10.1155/2015/68623​9 (2015).

	12.	 Rhees, R. W., Al-Saleh, H. N., Kinghorn, E. W., Fleming, D. E. & Lephart, E. D. Relationship between sexual behavior and sexually 
dimorphic structures in the anterior hypothalamus in control and prenatally stressed male rats. Brain Res. Bull. 50, 193–199. https​
://doi.org/10.1016/s0361​-9230(99)00191​-4 (1999).

	13.	 Alele, F. O., Malau-Aduli, B. S., Malau-Aduli, A. E. O. & Crowe, M. J. Epidemiology of exertional heat illness in the military: A 
systematic review of observational studies. Int. J. Environ. Res. Public Health 17, 7037 (2020).

	14.	 Zhao, S. et al. Comparison of two cannulation methods for assessment of intracavernosal pressure in a rat model. PLoS ONE 13, 
e0193543. https​://doi.org/10.1371/journ​al.pone.01935​43 (2018).

	15.	 Pan, F. et al. Intracavernosal pressure recording to evaluate erectile function in rodents. J. Vis. Exp. https​://doi.org/10.3791/56798​ 
(2018).

	16.	 Leyk, D. et al. Health risks and interventions in exertional heat stress. Deutsches Arzteblatt Int. 116, 537–544. https​://doi.
org/10.3238/arzte​bl.2019.0537 (2019).

	17.	 Sagui, E. et al. Thermoregulatory response to exercise after exertional heat stroke. Mil. Med. 182, e1842–e1850. https​://doi.
org/10.7205/milme​d-d-16-00251​ (2017).

	18.	 Leon, L. R. & Bouchama, A. Heat stroke. Comprehensive. Physiology 5, 611–647. https​://doi.org/10.1002/cphy.c1400​17 (2015).
	19.	 Torrellas, A., Guaza, C., Borrell, J. & Borrell, S. Adrenal hormones and brain catecholamines responses to morning and afternoon 

immobilization stress in rats. Physiol. Behav. 26, 129–133. https​://doi.org/10.1016/0031-9384(81)90088​-3 (1981).
	20.	 Rivest, S. & Rivier, C. Influence of the paraventricular nucleus of the hypothalamus in the alteration of neuroendocrine functions 

induced by intermittent footshock or interleukin. Endocrinology 129, 2049–2057. https​://doi.org/10.1210/endo-129-4-2049 (1991).
	21.	 Leśniewska, B., Miśkowiak, B., Nowak, M. & Malendowicz, L. K. Sex differences in adrenocortical structure and function. XXVII. 

The effect of ether stress on ACTH and corticosterone in intact, gonadectomized, and testosterone- or estradiol-replaced rats. 
Res. Exp. Med. Zeitschrift fur die gesamte experimentelle Medizin einschliesslich experimenteller Chirurgie 190, 95–103. https​://doi.
org/10.1007/pl000​20011​ (1990).

	22.	 Elias, A. N. et al. Corticotropin releasing hormone and gonadotropin secretion in physically active males after acute exercise. Eur. 
J. Appl. Physiol. 62, 171–174. https​://doi.org/10.1007/bf006​43737​ (1991).

	23.	 De Boer, S. F., Koopmans, S. J., Slangen, J. L. & Van der Gugten, J. Effects of fasting on plasma catecholamine, corticosterone and glu-
cose concentrations under basal and stress conditions in individual rats. Physiol. Behav. 45, 989–994. https​://doi.org/10.1016/0031-
9384(89)90226​-6 (1989).

	24.	 Schedlowski, M. et al. Beta-endorphin, but not substance-P, is increased by acute stress in humans. Psychoneuroendocrinology 20, 
103–110. https​://doi.org/10.1016/0306-4530(94)00048​-4 (1995).

	25.	 Armario, A., Lopez-Calderon, A., Jolin, T. & Balasch, J. Response of anterior pituitary hormones to chronic stress. The specificity 
of adaptation. Neurosci. Biobehav. Rev. 10, 245–250. https​://doi.org/10.1016/0149-7634(86)90011​-4 (1986).

	26.	 López-Calderón, A., Gonzaléz-Quijano, M. I., Tresguerres, J. A. & Ariznavarreta, C. Role of LHRH in the gonadotrophin response 
to restraint stress in intact male rats. J. Endocrinol. 124, 241–246. https​://doi.org/10.1677/joe.0.12402​41 (1990).

	27.	 Lenox, R. H. et al. Specific hormonal and neurochemical responses to different stressors. Neuroendocrinology 30, 300–308. https​
://doi.org/10.1159/00012​3018 (1980).

	28.	 Siegel, R. A., Weidenfeld, J., Feldman, S., Conforti, N. & Chowers, I. Neural pathways mediating basal and stress-induced secre-
tion of luteinizing hormone, follicle-stimulating hormone, and testosterone in the rat. Endocrinology 108, 2302–2307. https​://doi.
org/10.1210/endo-108-6-2302 (1981).

	29.	 Frankel, A. I. & Ryan, E. L. Testicular innervation is necessary for the response of plasma testosterone levels to acute stress. Biol. 
Reprod. 24, 491–495. https​://doi.org/10.1095/biolr​eprod​24.3.491 (1981).

	30.	 Retana-Márquez, S., Bonilla-Jaime, H., Vázquez-Palacios, G., Martínez-García, R. & Velázquez-Moctezuma, J. Changes in mas-
culine sexual behavior, corticosterone and testosterone in response to acute and chronic stress in male rats. Horm. Behav. 44, 
327–337. https​://doi.org/10.1016/j.yhbeh​.2003.04.001 (2003).

	31.	 Takahashi, M. Heat stress on reproductive function and fertility in mammals. Reprod. Med. Biol. 11, 37–47. https​://doi.org/10.1007/
s1252​2-011-0105-6 (2012).

	32.	 Alves, M. B. et al. Recovery of normal testicular temperature after scrotal heat stress in rams assessed by infrared thermography 
and its effects on seminal characteristics and testosterone blood serum concentration. Theriogenology 86, 795-805.e792. https​://
doi.org/10.1016/j.theri​ogeno​logy.2016.02.034 (2016).

	33.	 Garcia-Oliveros, L. N. et al. Heat stress effects on bovine sperm cells: A chronological approach to early findings. Int. J. Biometeorol. 
64, 1367–1378. https​://doi.org/10.1007/s0048​4-020-01917​-w (2020).

	34.	 Mieusset, R. & Bujan, L. The potential of mild testicular heating as a safe, effective and reversible contraceptive method for men. 
Int. J. Androl. 17, 186–191. https​://doi.org/10.1111/j.1365-2605.1994.tb012​41.x (1994).

	35.	 Ellem, S. J., Wang, H., Poutanen, M. & Risbridger, G. P. Increased endogenous estrogen synthesis leads to the sequential induction 
of prostatic inflammation (prostatitis) and prostatic pre-malignancy. Am. J. Pathol. 175, 1187–1199. https​://doi.org/10.2353/ajpat​
h.2009.08110​7 (2009).

	36.	 Krieger, J. N., Nyberg, L. Jr. & Nickel, J. C. NIH consensus definition and classification of prostatitis. JAMA 282, 236–237. https​://
doi.org/10.1001/jama.282.3.236 (1999).

	37.	 Hao, Z. Y. et al. The prevalence of erectile dysfunction and its relation to chronic prostatitis in Chinese men. J. Androl. 32, 496–501. 
https​://doi.org/10.2164/jandr​ol.110.01213​8 (2011).

	38.	 Lu, J. et al. Rapamycin-induced autophagy attenuates hormone-imbalance-induced chronic non-bacterial prostatitis in rats via the 
inhibition of NLRP3 inflammasome-mediated inflammation. Mol. Med. Rep. 19, 221–230. https​://doi.org/10.3892/mmr.2018.9683 
(2019).

	39.	 Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 18, e3000410. 
https​://doi.org/10.1371/journ​al.pbio.30004​10 (2020).

	40.	 Chen, J. et al. A non-ionotropic activity of NMDA receptors contributes to glycine-induced neuroprotection in cerebral ischemia-
reperfusion injury. Sci. Rep. 7, 3575. https​://doi.org/10.1038/s4159​8-017-03909​-0 (2017).

	41.	 Ebokaiwe, A. P. et al. Alteration in sperm characteristics, endocrine balance and redox status in rats rendered diabetic by strep-
tozotocin treatment: Attenuating role of Loranthus micranthus. Redox Rep. Commun. Free Radic. Res. 23, 194–205. https​://doi.
org/10.1080/13510​002.2018.15406​75 (2018).

https://doi.org/10.1007/s00018-012-1165-4
https://doi.org/10.1007/s00018-012-1165-4
https://doi.org/10.1016/j.ucl.2013.08.017
https://doi.org/10.3892/mmr.2016.4958
https://doi.org/10.1016/j.reprotox.2013.05.003
https://doi.org/10.1016/j.reprotox.2013.05.003
https://doi.org/10.1155/2015/686239
https://doi.org/10.1016/s0361-9230(99)00191-4
https://doi.org/10.1016/s0361-9230(99)00191-4
https://doi.org/10.1371/journal.pone.0193543
https://doi.org/10.3791/56798
https://doi.org/10.3238/arztebl.2019.0537
https://doi.org/10.3238/arztebl.2019.0537
https://doi.org/10.7205/milmed-d-16-00251
https://doi.org/10.7205/milmed-d-16-00251
https://doi.org/10.1002/cphy.c140017
https://doi.org/10.1016/0031-9384(81)90088-3
https://doi.org/10.1210/endo-129-4-2049
https://doi.org/10.1007/pl00020011
https://doi.org/10.1007/pl00020011
https://doi.org/10.1007/bf00643737
https://doi.org/10.1016/0031-9384(89)90226-6
https://doi.org/10.1016/0031-9384(89)90226-6
https://doi.org/10.1016/0306-4530(94)00048-4
https://doi.org/10.1016/0149-7634(86)90011-4
https://doi.org/10.1677/joe.0.1240241
https://doi.org/10.1159/000123018
https://doi.org/10.1159/000123018
https://doi.org/10.1210/endo-108-6-2302
https://doi.org/10.1210/endo-108-6-2302
https://doi.org/10.1095/biolreprod24.3.491
https://doi.org/10.1016/j.yhbeh.2003.04.001
https://doi.org/10.1007/s12522-011-0105-6
https://doi.org/10.1007/s12522-011-0105-6
https://doi.org/10.1016/j.theriogenology.2016.02.034
https://doi.org/10.1016/j.theriogenology.2016.02.034
https://doi.org/10.1007/s00484-020-01917-w
https://doi.org/10.1111/j.1365-2605.1994.tb01241.x
https://doi.org/10.2353/ajpath.2009.081107
https://doi.org/10.2353/ajpath.2009.081107
https://doi.org/10.1001/jama.282.3.236
https://doi.org/10.1001/jama.282.3.236
https://doi.org/10.2164/jandrol.110.012138
https://doi.org/10.3892/mmr.2018.9683
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1038/s41598-017-03909-0
https://doi.org/10.1080/13510002.2018.1540675
https://doi.org/10.1080/13510002.2018.1540675


14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3539  | https://doi.org/10.1038/s41598-021-83121-3

www.nature.com/scientificreports/

	42.	 Adamkovicova, M. et al. Sperm motility and morphology changes in rats exposed to cadmium and diazinon. Reprod. Biol. Endo-
crinol. 14, 42. https​://doi.org/10.1186/s1295​8-016-0177-6 (2016).

	43.	 Glander, H. J., Horn, L. C., Dorschner, W., Paasch, U. & Kratzsch, J. Probability to retrieve testicular spermatozoa in azoospermic 
patients. Asian J. Androl. 2, 199–205 (2000).

	44.	 Pulsinelli, W. A., Brierley, J. B. & Plum, F. Temporal profile of neuronal damage in a model of transient forebrain ischemia. Ann. 
Neurol. 11, 491–498. https​://doi.org/10.1002/ana.41011​0509 (1982).

Acknowledgements
The authors appreciate Miss Mon-Tsung Ho for her excellent technical and executive assistance.

Author contributions
P.H.L., K.L.H., and C.P.C. conceived in the study. P.H.L., K.H.H., Y.F.T., C.H.L., and L.Y.T. performed the techni-
cal components of the study. P.H.L., C.M.C., and K.L.H. performed data analysis and interpretation. K.L.H. and 
C.P.C. wrote the article. All authors reviewed the manuscript.

Funding
Our study was supported by grants from the Ministry of Science and Technology of Taiwan (MOST107-2314-B-
384-007-MY3), Chi Mei Medical Center (Taiwan) (nos. CMFHT10802), and Chi Mei Medical Center, Liouying 
(nos. CLFHR10732, CLFHR10825, CMORA10904).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.-L.H. or C.-P.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1186/s12958-016-0177-6
https://doi.org/10.1002/ana.410110509
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Exertional heat stroke on fertility, erectile function, and testicular morphology in male rats
	Results
	Body core temperature (Tco) and scrotal temperature elevation after EHS onset. 
	Increased plasma levels of stress hormones, multiple organ damage indicators, DIC indicators and proinflammatory cytokines after EHS onset. 
	Neurological injury after EHS onset. 
	Histology of testes after EHS onset. 
	Histology of the epididymis after EHS onset. 
	Histology of seminal vesicle after EHS onset. 
	Histology of prostates after EHS onset. 
	Intracavernosal pressure (ICP) recording to evaluate erectile function after EHS onset. 
	Impairments of sperm quantity and quality after EHS onset. 

	Discussion
	Methods
	Animals. 
	Familiarization. 
	Induction of exertional heat stroke (EHS) and experimental procedures. 
	Neurological severity scores. 
	Erectile function evaluation. 
	Determination of sperm motility and morphology. 
	Evaluation of plasma hormones concentration. 
	Biochemical estimation. 
	Histopathological studies. 
	Statistical analysis. 
	Ethics approval. 

	References
	Acknowledgements


