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Heat stress is a major contributor to testicular injury and spermatogenic dysfunction, ultimately leading to male 
infertility. Natural bioactive compounds have attracted considerable attention as potential therapeutic agents 
because of their favorable safety profiles and broad reproductive protective effects. This study investigated the 
protective effects of hederagenin (HG), a naturally occurring triterpenoid saponin, against heat stress-induced 
testicular damage and spermatogenic dysfunction and explored its potential endocrine regulatory mechanisms. A 
mouse model of surgical cryptorchidism was established to mimic heat stress-induced reproductive damage. 
Animals were randomly assigned to a sham surgery group, a cryptorchidism model group, and three HG treatment 
groups receiving low (20 mg/kg), medium (40 mg/kg), or high (80 mg/kg) doses. HG was administered daily by 
subcutaneous injection for five consecutive weeks. The results showed that HG treatment significantly improved 
testicular development, alleviated histopathological damage, and increased epididymal sperm counts in 
cryptorchid mice in a dose-dependent manner with the greatest efficacy observed in the high-dose group. 
Furthermore, HG markedly modulated reproductive hormone profiles, increasing serum luteinizing hormone (LH), 
follicle-stimulating hormone (FSH), and estradiol (E2) levels while reducing testosterone (T) concentrations. These 
findings indicated that HG could effectively mitigate heat stress-induced testicular injury and spermatogenic 
dysfunction. The protective effects of HG might be mediated through regulation of the hypothalamic-pituitary-
gonadal (HPG) axis. This study demonstrated the therapeutic potential of HG in ameliorating heat stress-
associated reproductive damage and provided experimental evidence supporting its development as a natural 
candidate for the treatment of male infertility associated with impaired spermatogenesis. 
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Introduction 
 
Male infertility is a major global public health 
concern, affecting approximately 15% of couples 
worldwide with male-related factors accounting 
for nearly half of all infertility cases [1]. The 
causes of male infertility are multifactorial and 
include genetic abnormalities, endocrine 
disorders, anatomical defects, infections, 
environmental exposures, and idiopathic factors. 
Impaired spermatogenesis, one of the most 
common pathological features of male infertility, 
is frequently manifested by abnormal semen 
parameters including oligospermia, 
asthenospermia, and azoospermia, ultimately 
compromising male fertility [2]. Consequently, 
the development of effective strategies to 
preserve or restore spermatogenic function 
remains a critical objective in the management of 
male reproductive disorders. While assisted 
reproductive technologies provide effective 
clinical options for male infertility, there remains 
a pressing need for pharmacological 
interventions capable of restoring the testicular 
microenvironment and improving sperm quality. 
However, current therapeutic strategies for 
idiopathic spermatogenic disorders are limited 
and often exhibit variable efficacy [3].  
 
In recent years, natural bioactive compounds 
have attracted increasing attention as potential 
candidates for the prevention and treatment of 
reproductive dysfunction, owing to their multi-
target regulatory properties and favorable safety 
profiles [4]. A growing body of evidence indicates 
that such compounds can protect male 
reproductive function by maintaining endocrine 
homeostasis, attenuating tissue damage, and 
promoting spermatogenesis. Resveratrol and 
curcumin have been documented to alleviate 
toxicant- and stress-induced testicular injury 
through modulation of reproductive hormone 
secretion [5, 6]. Normal spermatogenesis 
depends on the precise regulation of 
reproductive endocrine hormones. Endocrine 
imbalance is widely recognized as a central 
pathological feature of spermatogenic disorders 
as well as a key therapeutic target [7, 8], which 

provides a critical theoretical basis for the 
exploration of natural compounds with 
endocrine-regulating and reproductive-
protective potential. Hederagenin (HG) is a 
naturally occurring pentacyclic triterpenoid 
aglycone widely distributed in medicinal plants 
including Hedera helix, Lonicera japonica, and 
Sambucus williamsii [9]. Pharmacological studies 
have demonstrated that HG possesses diverse 
biological activities including anti-inflammatory 
[10], antioxidant [11], antitumor [12], and 
neuroprotective properties [13]. Notably, HG can 
modulate multiple hormone-related signaling 
pathways. Nguyen et al. reported that an HG-
containing formulation ameliorated atopic 
dermatitis in mice through the regulation of 
multiple hormones [14]. Zhou et al. 
demonstrated that HG exerted antidepressant 
effects in rats as evidenced by reduced plasma 
adrenocorticotropic hormone and serum 
corticosterone levels [15]. These findings indicate 
a potential role for HG in the regulation of 
endocrine homeostasis. Despite its broad 
pharmacological potential, the effects of HG on 
male reproductive function, particularly 
spermatogenesis, remain poorly understood. A 
previous study on a traditional Chinese medicine 
(TCM) formula for obesity-related 
oligoasthenospermia identified HG as a key 
bioactive constituent involved in improving 
sperm quality by mediating hormone-related 
signaling pathways [16]. However, the direct 
effects of HG on testicular function and 
spermatogenesis, as well as its underlying 
mechanisms, have yet to be experimentally 
validated. 
 
Given the high safety and multi-target 
pharmacological properties of HG, this study 
explored its protective effects against heat 
stress-induced spermatogenic dysfunction and 
further investigated the underlying endocrine 
regulatory mechanisms to provide valuable 
insights into the development of HG as a natural 
therapeutic candidate for male infertility. The 
study employed an established mouse model of 
cryptorchidism to simulate heat stress-induced 
testicular injury by surgically fixing the animal 
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testis within the abdominal cavity to create a 
high-temperature microenvironment that 
caused damage characterized by seminiferous 
tubule degeneration, germ cell apoptosis, and 
spermatogenic arrest [17]. The effects of HG on 
general growth status, relative testicular weight, 
testicular histopathological alterations, 
spermatogenic function were evaluated, and 
serum concentrations of key reproductive 
hormones including testosterone (T), estradiol 
(E2), luteinizing hormone (LH), follicle-
stimulating hormone (FSH), and gonadotropin-
releasing hormone (GnRH) were measured to 
elucidate the endocrine mechanisms underlying 
the protective actions of HG. The results of this 
study provided experimental evidence 
supporting the development of HG as a potential 
natural therapeutic agent for male infertility 
associated with spermatogenic dysfunction. 
 
 

Materials and methods 
 
Experimental animals 
A total of 25 specific pathogen-free (SPF) male 
Kunming mice, aged 10 – 15 days, weighed 10 –
15 g, were obtained from the Huaxing 
Experimental Animal Breeding Farm (Zhengzhou, 
Henan, China). Animals were housed in a 
controlled environment with 23 ± 2°C, 50 – 65% 
relative humidity, and a 12-h light/12-h dark 
cycle. All animals had free access to food and 
water throughout the experiment period. The 
procedures of this research were approved by 
the Animal Ethics Committee of Huanghuai 
University (Zhumadian, Henan, China). 
 
Establishment of the cryptorchidism animal 
model and experimental grouping 
Following a 3-day acclimation period, the animals 
were randomly allocated into five groups with 5 
mice in each group, which included a sham 
surgery group (BO), a cryptorchidism model 
group (CO), and three HG treatment groups with 
the HG doses of 20 mg/kg as low (H20), 40 mg/kg 
as medium (H40), and 80 mg/kg as high (H80). 
Animals were housed individually according to 
their group assignments. After anesthesia by 

intraperitoneal injection of 1% pentobarbital 
sodium, a midline abdominal incision was 
performed. The testis was moved outside the 
body and gently pulled, then secured to the 
abdominal wall muscle with sutures to establish 
a cryptorchidism model, while the testis in BO 
group was only exteriorized gently without 
traction or fixation. Daily subcutaneous HG (Bide 
Pharmatech, Shanghai, China) administration 
was initiated immediately after surgery, while BO 
and CO groups received an equivalent volume of 
saline following the same schedule for five 
consecutive weeks. 
 
Sample collection 
Body weight was recorded weekly throughout 
the experimental period. 24 hours after the final 
treatment, blood samples were collected from 
the retro-orbital venous plexus and stored at 4°C 
overnight followed by centrifugation at 3,000 × g 
for 15 min. The serum samples were aliquoted 
and stored at –80°C until further analysis. 
Following blood collection, mice were euthanized 
by cervical dislocation. Both testes and 
epididymides were carefully excised. Adherent 
connective and adipose tissues were removed 
before weighing. The testicular coefficient was 
calculated as below. 
 
Testicular coefficient (%) = (testis weight / body 
weight) × 100%. 
 
Sperm count 
Each epididymis was finely minced in 200 µL of 
pre-warmed phosphate-buffered saline (PBS). 
After brief incubation, a 10 µL aliquot of the 
resulting suspension was loaded onto a ML-900II 
hemocytometer (Mailang, Nanning, Guangxi, 
China). The spermatozoa were counted under a 
light microscope. 
 
Histopathological examination 
Testicular tissues were fixed in Bouin’s solution 
for 10 h, dehydrated through a graded ethanol 
series, cleared in xylene, and embedded in 
paraffin. Paraffin blocks were sectioned at a 
thickness of 5 μm and stained with hematoxylin 
and eosin (H&E) using standard procedures. 
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Histopathological alterations were evaluated 
under a light microscope at 200× magnification. 
 
Serum hormone measurement 
Serum concentrations of T, E2, LH, FSH, and GnRH 
were determined by using commercial enzyme-
linked immunosorbent assay (ELISA) kits (Uping 
Bio, Hangzhou, Zhejiang, China) following the 
manufacturer’s instructions. 
 
Statistical analysis 
Statistical analyses were conducted using 
GraphPad Prism version 8.0.2 (GraphPad 
Software, Boston, MA, USA). Data were 
presented as mean ± standard deviation (SD). 
Differences among multiple groups were 
analyzed by one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test. 
Comparisons between two groups were 
performed using Student’s t-test. A P value less 
than 0.05 was defined as statistically significant 
difference, while P value less than 0.01 was 
defined as very significant difference. 
 
 

Results 
 

Effects of HG on body weight and testicular 
development 
The results demonstrated that mice exhibited 
transient reductions in food intake and 
locomotor activity following surgery. These 
changes were resolved within 24 hours. No 
obvious signs of distress or treatment-related 
adverse effects were observed during the study. 
No significant differences in initial body weight 
were detected among groups. Body weight 
increased in all groups throughout the study 
period. Although mice in the CO group displayed 
a transient increase in body weight compared 
with those in the H80 group at week 3 (P < 0.05), 
this difference was not maintained at later time 
points. At the end of the experiment, body 
weights did not differ significantly among groups 
(Figure 1). The results indicated that neither 
cryptorchidism induction nor HG treatment 
adversely affected normal growth. Testicular 
development was further assessed by calculating 

the testicular coefficient. The results showed that 
the left testicular coefficient of CO group was 
significantly decreased compared to that of BO 
group (P < 0.01). HG intervention partially 
attenuated this effect with H80 group 
significantly increased the left testicular 
coefficient compared to that of CO group (P < 
0.01), whereas no significant differences were 
observed in H20 or H40 groups. A similar pattern 
was observed for the right testicular coefficient 
(Table 1). These findings suggested that HG could 
alleviate cryptorchidism-induced testicular 
impairment in a dose-dependent manner. 
 
 

 
 
Figure 1. Effect of hederagenin on body weight in cryptorchid mice. 
*: P < 0.05. 

 
 
Table 1. Effect of hederagenin on testicular coefficient in 
cryptorchid mice. 

No. Group Left testis (mg/g) Right testis (mg/g) 

1 BO 3.46 ± 0.21## 3.44 ± 0.40##  

2 CO 1.00 ± 0.04** 1.00 ± 0.05 ** 

3 H20 0.96 ± 0.05**  1.03 ± 0.06 ** 

4 H40 1.03 ± 0.23** 1.13 ± 0.08 ** 

5 H80 2.11 ± 0.44**## 2.23 ± 0.08**## 

Notes: **: P < 0.01 compared with BO group. ##: P < 0.01 compared 
with CO group. 

 
 
HG ameliorated testicular histopathology and 
promoted spermatogenesis 
Testicular histopathological alterations 
demonstrated that, in BO group, seminiferous 
tubules       exhibited       normal       architecture, 
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Figure 2. Effect of hederagenin on testicular histology induced by cryptorchid surgery. A. BO group. B. CO group. C. H20 group. D. H40 group. E. 
H80 group. 

 
 
characterized by intact tubular structure, orderly 
stratification of germ cells, abundant mature 
spermatozoa in the lumen, and normal 
interstitial cell morphology (Figure 2A). In 
contrast, CO group showed severe testicular 
damage including seminiferous tubular atrophy, 
reduced luminal diameter, disorganization and 
depletion of germ cell layers, complete absence 
of mature sperm in the lumen, and degeneration 
of interstitial cells (Figure 2B). These findings 
confirmed the successful establishment of 
cryptorchidism-induced testicular injury and 
spermatogenic arrest. HG treatment significantly 
alleviated these histopathological abnormalities. 
H20 group showed minimal histological recovery 

(Figure 2C), while H40 group showed moderate 
improvements including improved tubular 
structure, thickened epithelium, and occasional 
presence of luminal spermatozoa (Figure 2D). 
H80 group exhibited the most pronounced 
improvement with partially restored 
seminiferous tubular architecture, increased 
epithelial thickness, elevated germ cells, visible 
mature sperm in the lumen, and reduced 
interstitial degeneration (Figure 2E). The results 
demonstrated that HG mitigated cryptorchidism-
induced testicular damage in a dose-dependent 
manner. Consistent with the histopathological 
findings, epididymal sperm analysis further 
demonstrated  the  pro-spermatogenic  effect  of 
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Figure 3. Sperm counts in different experimental groups. A. BO group. B. CO group. C. H20 group. D. H40 group. E. H80 group. F. quantification of 
A - E. Red arrow indicated spermatozoa. 

 
 
HG. Compared to BO group (Figure 3A), 
spermatozoa were nearly absent in CO group 
(Figure 3B). However, HG treatment restored 
sperm presence in a dose-dependent manner 
with sparse sperm observed in H20 group (Figure 
3C), a moderate increase in H40 group (Figure 
3D), and a marked increase in H80 group (Figure 
3E). Quantitative analysis confirmed that sperm 
density was significantly higher in all HG-treated 
groups than that in CO group (P < 0.01) (Figure 

3F). The sperm concentrations were 0.03 ± 0.07, 
0.05 ± 0.06, and 0.35 ± 0.09 (× 10⁸/mL) in H20, 
H40, and H80 groups, respectively. However, all 
treatment groups remained significantly lower 
than BO group’s 1.87 ± 0.36 × 10⁸/mL. These 
findings confirmed successful model 
establishment and demonstrated a dose-
dependent improvement in spermatogenic 
function following HG administration. 
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Table 2. Effect of hederagenin on hormone levels in cryptorchid mice. 
 

No. Group T (ng/ mL) E2 (pmol/L) FSH (mIU/mL) LH (mU/ mL) GnRH (mIU/ mL) 

1 BO 18.20 ± 2.28## 20.51 ± 1.78 26.82 ± 2.15 19.51 ± 0.76# 50.63 ± 5.11 

2 CO 15.42 ± 1.49** 20.28 ± 1.13 25.75 ± 4.80 19.49 ± 1.91* 45.50 ± 1.45 

3 H20 7.74 ± 0.67 **## 35.53 ± 1.17**## 61.36 ± 5.44**## 26.19 ± 3.08**## 30.68 ± 5.54**## 

4 H40 9.37 ± 0.57 **## 33.18 ± 3.07**## 52.61 ± 2.97**## 23.96 ± 2.62**## 36.23 ± 1.64**## 

5 H80 11.78 ± 1.15 **## 27.20 ± 3.11**## 33.11 ± 2.63**## 22.79 ± 1.84*# 42.54 ± 4.37** 

Notes: *: P < 0.05 compared to BO group. **: P < 0.01 compared to BO group. #: P < 0.05 compared to CO group. ##: P < 0.01 compared to CO group. 

 
 
Effects of HG on serum reproductive hormone 
profiles 
Measurements of key serum hormone levels 
revealed that HG treatment induced significant 
alterations in the hormonal profiles of 
cryptorchid mice with most effects exhibiting a 
dose-dependent pattern. Serum testosterone (T) 
levels were significantly reduced in CO group 
compared to that in BO group (P < 0.01). HG 
administration in all different concentration 
groups further decreased T levels in a dose-
dependent manner compared to that in CO group 
(P < 0.01). H20 group exhibited the lowest T 
concentration followed by H40 and H80 groups. 
Despite partial variation among doses, all HG-
treated groups showed significantly lower T 
levels than that in CO group. Serum estradiol (E2) 
displayed a non-significant decrease in CO group 
compared to that in BO group. HG treatment 
significantly increased E2 levels compared to that 
in CO group (P < 0.01). This increase was dose- 
dependent. E2 levels in H20 and H40 groups were 
comparable and at the highest levels, whereas E2 
levels in H80 group were significantly lower than 
those in H20 and H40 groups (P < 0.01). Notably, 
the E2 levels in all HG treated groups remained 
significantly higher than that in both BO and CO 
groups (P < 0.01). Serum follicle-stimulating 
hormone (FSH) levels were comparable between 
CO and BO groups. HG treatments significantly 
increased FSH levels compared to that in CO 
group (P < 0.01) in a dose-dependent manner. 
H20 group showed the highest FSH levels 
followed by a decline in H40 group, while H80 
group exhibited intermediate levels that 
remained significantly higher than that in CO 

group but lower than that in H40 group (P < 0.01). 
The FSH level in H80 group did not differ 
significantly from BO group. Luteinizing hormone 
(LH) levels did not differ significantly between CO 
and BO groups. All HG treatment groups 
significantly increased serum LH level compared 
to that in CO group (P < 0.01). H20 group 
exhibited the highest LH level, whereas H40 and 
H80 groups showed comparatively lower but still 
elevated LH levels compared to that in both BO 
and CO groups. In addition, LH levels in H80 group 
were significantly lower than that in H20 group (P 
< 0.05). Gonadotropin-releasing hormone 
(GnRH) levels showed no significant difference 
between CO and BO groups. HG treatment 
produced a dose-dependent modulation of 
GnRH. GnRH levels were significantly reduced in 
H20 and H40 groups compared to CO group (P < 
0.01) with no significant difference between H20 
and H40. In contrast, H80 group exhibited higher 
GnRH levels than that in H20 group (P < 0.01) and 
no significant difference to CO group, indicating a 
dose-dependent regulatory effect with 
attenuation at higher dosage (Table 2). 
 
 

Discussion 
 
The results of this research demonstrated that 
HG treatment significantly improved testicular 
development, ameliorated histopathological 
damage, promoted spermatogenesis, and 
modulated key serum reproductive hormone 
profiles in a dose-dependent manner, which 
provided in vivo evidence supporting the 
protective effects of HG on male reproductive 
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function under heat stress conditions. 
Cryptorchidism-induced testicular heat stress is 
known to promote excessive reactive oxygen 
species (ROS) accumulation, leading to oxidative 
damage, inflammatory responses, and 
subsequent germ cell loss, which underlying 
spermatogenic failure. HG markedly attenuated 
structural damage to the seminiferous 
epithelium and restored spermatogenic activity. 
This study successfully established a mouse 
model of surgical cryptorchidism to mimic heat 
stress-induced testicular injury by relocating the 
testis into the abdominal cavity. Compared to 
control (BO) group, cryptorchid (CO) mice group 
exhibited reduced testicular coefficients, severe 
seminiferous tubule atrophy, disorganization of 
the seminiferous epithelium, and complete 
spermatogenic arrest. These findings were 
consistent with previous reports, confirming 
successful model establishment [5, 6, 17, 18]. HG 
administration, particularly at high dosage, 
significantly ameliorated these pathological 
alterations and partially restored spermatogenic 
function. Recovery from azoospermia to the 
presence of detectable epididymal sperm was 
observed following HG treatment, which 
indicated that HG protected the seminiferous 
epithelium, inhibited germ cell apoptosis, and 
promoted germ cell proliferation and 
differentiation, thereby helping to restore a 
testicular microenvironment conducive to 
spermatogenesis. HG exhibited potent anti-
inflammatory [19], antitumor [11], and 
antioxidant [14] activities through the 
modulation of multiple signaling pathways. In the 
cryptorchidism model, elevated intratesticular 
temperature induced mitochondrial dysfunction 
and excessive generation of ROS, leading to 
oxidative stress, inflammatory responses, and 
germ cell apoptosis, all of which were key 
pathological processes of spermatogenic 
dysfunction [20]. The results of this study 
suggested that the protective effects of HG might 
be mediated through its antioxidant and anti-
inflammatory properties, which could mitigate 
oxidative damage and inflammatory injury within 
the testicular microenvironment. Such effects 
might enhance germ cell survival and 

differentiation, thereby contributing to the 
observed histological recovery and restoration of 
sperm production. Future studies were 
warranted to elucidate the underlying 
mechanisms by examining the expression of 
oxidative stress-related markers, inflammatory 
cytokines, and apoptosis-associated proteins in 
testicular tissue. 
 
This study explored the modulating effects of HG 
on serum reproductive hormone profiles. Precise 
regulation of the HPG axis is fundamental to 
normal spermatogenesis [8]. Cryptorchidism 
significantly reduced serum testosterone levels, 
reflecting impaired Leydig cell function. HG 
treatment further decreased testosterone levels 
while simultaneously increasing LH and FSH 
levels, indicating a deviation from the classical 
negative feedback regulation of the HPG axis 
[21]. Several non-mutually exclusive mechanisms 
might account for this endocrine profile. 
Cryptorchidism-induced Leydig cell dysfunction 
might be too severe to be fully compensated by 
gonadotropin stimulation within the 
experimental period [22]. Further, HG might 
influence steroidogenesis by modulating key 
enzymes involved in testosterone biosynthesis 
and steroid hormone metabolism [23]. 
Furthermore, HG might act at the level of the 
hypothalamus and/or anterior lobe of pituitary, 
enhancing GnRH releasing and directly 
stimulating gonadotrophs releasing, resulting in 
excessive LH/FSH secretion [24], which 
consequently caused reduced responsiveness to 
LH stimulation in the testes [25]. Besides its 
effects on androgen metabolism, HG also 
significantly increased circulating estradiol levels. 
Estradiol plays a bidirectional role in male 
reproductive physiology. The physiological 
concentrations of estradiol are essential for 
maintaining testicular homeostasis and 
spermatogenic function, whereas excessive 
estradiol may impair spermatogenesis [26]. In 
this study, the concomitant rise in E2 levels and 
the improvement in spermatogenesis outcomes 
might be associated with adaptive changes in 
testicular aromatase activity during tissue repair 
or with alterations in the hepatic metabolism and 
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clearance of estrogenic hormones under the 
influence of HG [27]. In addition, HG exerted 
dose-dependent effects on hypothalamic 
endocrine regulation. GnRH levels were reduced 
at low and medium doses of HG treatments but 
partially recovered at the high dose, which 
suggested that HG might act through a threshold- 
or bidirectional regulatory mechanism within the 
HPG axis. These endocrine alterations 
demonstrated that the reproductive protective 
effects of HG were not solely mediated at the 
gonadal level but might also involve systemic 
modulation of hormonal homeostasis.  
 
This study also had several limitations. The 
research was primarily descriptive, relying largely 
on histopathological and hormonal endpoints. 
The precise molecular targets and intracellular 
signaling pathways mediating the effects of HG 
remained unclear. Although the tested HG dose 
range of 20 – 80 mg/kg demonstrated significant 
biological activity, it might not encompass the 
optimal therapeutic dose. Moreover, the 5-week 
treatment period primarily reflected short-term 
efficacy. The long-term effectiveness and safety 
of HG required further assessment. Further, this 
study was conducted exclusively in vivo. The 
direct cellular effects of HG and the underlying 
molecular mechanisms warranted further 
investigation using in vitro models. The present in 
vivo findings of this research demonstrated that 
HG effectively attenuated cryptorchidism-
induced testicular injury and spermatogenic 
dysfunction through the regulation of 
reproductive hormone homeostasis within the 
HPG axis. HG, as a natural triterpenoid compound 
with a favorable safety profile, showed great 
promise as a candidate for developing novel 
therapies for heat-related male infertility. These 
findings provided a valuable experimental basis 
for future translational studies and the 
development of HG-derived compounds and 
structural analogs for the treatment of male 
reproductive disorders. 
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