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A B S T R A C T   

Harderian gland (HG) plays an important role in the physiological adaptation to terrestrial life, however, the 
mechanisms underlying the changes in the structure and function of the HG during aging remain unclear. This 
study investigated autophagy and apoptosis in the HG of striped dwarf hamsters (Cricetulus barabensis) of 
different ages (sub-adult, adult and aged groups) in both males and females. The results showed that LC3II/LC3I 
and puncta of LC3 were significantly higher in adult and aged individuals than sub-adults, whereas P62 
decreased with age. Bax/bcl2was the highest in sub-adults of male and female individuals. Caspase3 activity was 
the highest in sub-adults of male and female individuals, and the citrate synthase activity was highest in sub- 
adults of females. ATP synthase, citrate synthase, dynamin-related protein 1 and mitochondrial fission factor 
(Mff) were the highest in sub-adults of females. Peptidylglycine α-amidating monooxygenase were the highest in 
the aged group, and those of gonadotropin-releasing hormone was the highest in the adult group. LC3II/LC3I, 
P62, Drp1, Fis, and bax/bcl2 were higher in males than that in females. These results suggest that apoptosis 
mainly affects growth and development in the HG, whereas autophagy affects aging. The difference of the HG 
weight and mitochondrial function between sexes is mainly related to the apoptosis.   

1. Introduction 

The Harderian gland (HG), also known as the glandular lacrimales 
accessory, is located in the medial orbit and widely exists in vertebrates 
(Buzzell, 1996; Chieffi et al., 1996). The HG probably plays an important 
role in the physiological adaption to terrestrial life (Webb et al., 1992). 
Yet, the results of research on HG are complex and confusing. In many 
cases, it was indistinguishable from the nictitating membrane gland, 
until Saki (1981) proposed the criterion for characterizing the 
mammalian Harderian glands, i.e., tubuloalveolar, ocular glands which 
secrete lipids by a merocrine mechanism (Sakai, 1981). Even though, 
there are still species differences in the histology and cellular structure 
of the HG (Funasaka et al., 2010; Mobini, 2012; Frahmand and 
Mohammadpour, 2015), whose morphological and biochemical char-
acteristics vary with different developmental stages (Elgayar, 2015; 
Klećkowska-Nawrot et al., 2015; Dakrory, 2015). The HG exhibits 

marked sex differences in cell type and porphyrin production (Ramos, 
and CHávez B, Vilchis F., 2010; Hussein et al., 2015). The porphyrin 
concentrations of HG are also increased with age in rats (Rodriguez 
et al., 1992). Studies have shown that the survival strategy of the Har-
derian gland is based on autophagic processes that are considered a 
constant renovation system (Tomas-Zapico et al., 2005) and autophagy 
has potent anti-aging properties (Morishita and Mizushima, 2016). Also 
the sexual dimorphisms in redox signaling and in autophagy corrobo-
rates previous findings and underlines the key role of reactive oxygen 
species in the regulation of autophagy (Vega-Naredo et al., 2009). So the 
HG is a perfect model to study autophagic modulation (GARCía-Macia 
M, Santos-Ledo A, Caballero B, et al., 2019).Yet, the mechanisms un-
derlying the sexual dimorphism and the changes of the HG during aging 
in mammals remain unclear. 

Autophagy and apoptosis are two key processes that control the 
turnover of cells and cellular components. Many pathways related to 
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stress sequentially elicit to autophagy and apoptosis. In general, auto-
phagy inhibits the induction of apoptosis, and apoptosis-associated 
caspase activation turns off the autophagy process (Marino et al., 
2014). Autophagy is a lysosomal degradation process that occurs to 
eukaryotic cells and is one of the hallmarks of aging. Autophagic activity 
decreases with age in many species (Uddin et al., 2012; Donati et al., 
2001). While current studies have shown that the aging process 
accompanied by an increase in autophagy levels to remove necrotic 
organs or substances (Revuelta and Matheu, 2017). Apoptosis is 
considered to be involved in regulating various processes, including 
normal cell turnover, proper development and functioning of the im-
mune system, hormone-dependent atrophy and chemical-induced cell 
death (Elmore, 2007). Importantly, many studies indicate that apoptosis 
plays a key role in the development of neuroendocrine tissues (Caballero 
and Coto-Montes, 2012; Cescon et al., 2016). 

Autophagic activity on HG was significantly changed during the 
estrous cycle (Garcia-Macia et al., 2014), melatonin may be one of the 
main modulators in Syrian hamster (GARCía-Macia M, Santos-Ledo A, 
Caballero B, et al., 2019). In fact, HG may secrete some hormones such 
as gonadotropin-releasing hormone (GnRH), thyrotropin-releasing 
hormone (TRH), and somatostatin (SS) (Mato et al., 1996; Vivien- 
Roels et al., 1981; Xu et al., 2016).Thus, the detection of GnRH and 
assessment of TRH secretory function may be helpful in elucidating the 
secretory function of the HG. 

Structure and function of the HG are varying significantly among 
species. But there is still a lack of reports on the changes of the HG in 
wildlife with age (Santillo et al., 2020). Striped dwarf hamster (Crice-
tulus barabensis) is a small non-hibernating mammal that is widely 
distributed in the north temperate zone of Asia (Li et al., 2015; Xu et al., 
2017; Xue et al., 2014; Wen et al., 2019). It has some unique physio-
logical characteristics, such as metabolism adapted to cold winter tem-
peratures and daily torpor, etc. That makes it an ideal animal model for 
the study on wildlife physiological adaptation mechanism. Based on the 
above contents, the study of hamster’s HG in different ages is helpful to 
further explore the mechanism of HG changes in different states. 

Here, we hypothesize that changes in autophagy and apoptotic levels 
in the HG of hamsters are related to age and sex. We also hypothesized 
that the level of autophagy and apoptosis in the HG could affect mito-
chondrial and secretory function. To test these hypotheses, we examined 
the levels of autophagy and apoptosis in the HG of hamsters during 
different ages in both sexes. On this basis, changes in mitochondrial 
division, ATP production, and hormone secretion were further explored 
to better assess any changes in the HG during growth, development, and 
aging. 

2. Materials and methods 

2.1. Ethics statement 

All procedures followed the Laboratory Animal Guidelines for the 
Ethical Review of Animal Welfare (GB/T 35892–2018) and were 
approved by the Animal Care and Use Committee of Qufu Normal 
University (Permit Number: dwsc2019010). 

2.2. Animals and groups 

In March 2019, striped hamsters used in this study were captured by 
live-trap method using an iron cage in the fields of Mountain, China 
(N35.78◦ E117.01◦). This area belongs to the temperate continental 
monsoon, light and temperature changes with the seasons. The main 
vegetation is wheat, peanuts, and corn. 

Captured hamsters were acclimated in the animal feeding room and 
exposed to natural light until the tissue sampling. Hamsters were housed 
individually in cages (28 × 18 × 12 cm) at an ambient temperature of 
22 ± 2 ◦C and relative humidity 55% ± 5%. Food (standard rat chow, 
Pengyue Experimental Animal Breeding Co., Ltd., China) and water 

were provided ad libitum, wood shavings as bedding. 
A total of 60 hamsters were divided into the 3 groups: sub-adult 

group (S), adult group (A) and aged group (G). There were 20 ham-
sters in each group, consisting of 10 males and 10 females. All the sub- 
adult hamsters were born in the March of 2019, with the age of about 
1.5 months (10-20 g). The testicular appearance of sub-adult males was 
not obvious. Sub-adult females had an unopened vagina. Both the adult 
and the aged hamsters were overwintering, which was mainly distin-
guished by the body mass in live-trapped, the wear degree of upper 
molars (Schultz and Martin, 2011) and genital condition (Parkening, 
1982). The age of the adult hamsters was between 6 and 12 months (20- 
30 g), and that of the aged hamsters was between 12 and 18 months 
(about 30 g). All adults and aged males had visible testes. The vaginal 
smear method was used to detect the adult and aged female’s estrous 
cycle (Mclean et al., 2012), and hamsters at the anestrus stage were used 
for tissue sampling. The experiment was carried out in May 2019. 

2.3. Sample preparation 

The hamsters were sacrificed by CO2 asphyxiation. The HGs were 
removed and recorded length and weight. The left HGs was immersed in 
4% paraformaldehyde for frozen section embedding. The right HGs was 
stored in a refrigerator at − 80 ◦C for subsequent western blot experi-
ments (Wang et al., 2020). 

2.4. Fluorescence immunohistochemistry analysis 

After the fixation in 4% paraformaldehyde for 24 h, dehydration in 
graded sucrose (10%, 15%, 20%) and washing with 100% acetone, the 
tissue was embedded in an optimal cutting temperature compound 
(Sakura, MA, USA). We cut 10-μm thick frozen HGs cross-sections from 
the mid-belly of each tissue at − 20 ◦C with a cryostat (Leica, Wetzlar, 
CM1850, Germany). After air drying for 2 h, ten sections from each lobe 
were randomly selected for follow-up experiments. Sections were 
cleaned by PBS, then permeation with 0.2% Triton X-100 in 0.1% so-
dium at 37 ◦C for 30 min, and the cleared sections were stained in 
blocking solution [5% bovine serum albumin (BSA)] for 30 min at room 
temperature and then incubated with rabbit anti-LC3 (1:200, #ab48394, 
Abcam, Cambridge, UK) or rabbit anti-P62 (1:200, #18420, Proteintech, 
Wuhan, China) solution at 4 ◦C overnight. PBS was used as negative 
control agent instead of primary antibodies. Subsequently, the sections 
were incubated with goat anti-rabbit Alexa Fluor 488 (1:200, #11034, 
Thermo Fisher Scientific, Rockford, IL, USA) at 37 ◦C for 2 h and then 
with anti-laminin rabbit polyclonal antibody (1:500, #BA1761, Boster, 
Wuhan, China) and goat anti-rabbit Alexa Fluor 647 (1:200, #21245, 
Thermo Fisher Scientific). Finally, the sections were counterstained with 
4′6’-diamidino-2-phenylindole (DAPI) (1:100, #D1306, Sigma-Aldrich, 
Saint Quentin Fallavier, France) at 37 ◦C for 30 min (Fujita et al., 
2017). The slides were visualized using a confocal laser scanning mi-
croscope (ZEISS, 880NLO, Germany) by illuminating with a krypton/ 
argon laser at wavelengths of 350 nm, 488 nm, 647 nm for excitation, 
and capturing the fluorescence at the emission wavelength of 461 nm, 
526 nm and 665 nm. The number of protein aggregates of LC3 and P62 
was counted by selecting an area with dimensions of 100 μm × 100 μm. 
Quantification analysis was performed with the NIH Image software 
(Image-pro plus 6.0) (Wang et al., 2020). 

2.5. Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling 
(TUNEL) staining 

DNA fragmentation induced by apoptosis was determined by double- 
labeled fluorometric TUNEL detection, and evaluation was performed as 
previously described (Fu et al., 2016). The frozen sections were per-
meabilized with 0.2% Triton X-100 in 0.1% sodium citrate at 4 ◦C for 2 
min and incubated with an anti-laminin rabbit polyclonal antibody 
(1500) at 4 ◦C overnight. After washing with PBS for 30 min, the sections 
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were incubated with the fluorochrome-conjugated secondary AF647 
antibodies at room temperature for 2 h. Subsequently, TUNEL 
(#MK1023, Boster) reaction mix was added at the recommended 1:9 
ratios, and the sections were incubated for 60 min at 37 ◦C in a hu-
midified chamber in the dark according to the manufacturer’s protocol. 
Finally, the sections were counterstained with DAPI. Imaging was per-
formed using a confocal laser scanning microscope using the same 
excitation and emission wavelengths as previously described. 

2.6. Citrate synthase and caspase3 activity 

Samples stored at − 80 ◦C were used to detect citrate synthase and 
caspase3 activity. Citrate synthase activity was determined by 
measuring coenzyme A formation at 450 nm with a Citrate Synthase 
Activity Assay Kit (H-46659, Shanghai Hengyuan Biological Technology 
Co., Ltd., China) according to the manufacturer’s instruction (Song 
et al., 2018). Caspase3 activity in cell lysates was determined using a 
Caspase3 Activity Kit (H-46633, Shanghai Hengyuan Biological Tech-
nology Co., Ltd., China) following the manufacturer’s protocols (Xu 
et al., 2018). 

2.7. Western blotting 

Western blot evaluation was performed as previously described 
(Wang et al., 2019). Protein was extracted from the HGs and solubilized 
in a sample buffer (100 Mm Tris pH 6.8, 5% 2-β-mercaptoethanol, 5% 
glycerol, 4% SDS and bromophenol blue), and protein extracts were 
fractionated by SDS-PAGE using Laemmli gels and transferred to PVDF 
membranes (0.45 μm pore size) using a Bio-Rad semi-dry transfer 
apparatus. The blotted membranes were blocked with 1% BSA in Tris- 
buffered saline (TBS; 150 mM NaCl, 50 mM Tris-HCl, pH 7.5) and 
incubated with rabbit anti-LC3 (1:1000), rabbit anti-P62 (1:1000), 
rabbit anti-bax (1:1000, #50599, CST), rabbit anti-bcl2 (1:1000, #3498, 
proteintech), rabbit anti-Drp1 (1:1000, #12957,proteintech), rabbit 
anti-Mff (1:1000, #17090,proteintech), rabbit anti-Fis1 (1:1000, 
#10956, proteintech), rabbit anti-ATP synthase (1:1000, #14676, pro-
teintech), rabbit anti-citrate synthase (1:1000, #16131, proteintech), 
rabbit anti-PAM (1:1000, #26972, proteintech), rabbit anti-GnRH 
(1:1000, #DF8553, Affinity Biosciences, OH, USA) and rabbit anti- 
β-actin (1:5000, #20536, proteintech) in TBS containing 0.1% BSA at 
4 ◦C overnight. The membranes were then incubated with IRDye 800CW 
goat-anti-rabbit secondary antibodies (1:5000, #31460, Thermo Fisher 
Scientific) for 90 min at room temperature and visualized with an Od-
yssey scanner (Bio-rad, California, USA). Quantification analysis of the 

Fig. 1. Effects of age and sex on body weight, Harderian gland wet weight, Harderian gland length and ratio of Harderian gland wet weight to body weight in striped 
dwarf hamsters (Cricetulus barabensis). 
Values are represented as the mean ± SD (n = 10). Different letters (such as a and b) represent statistically significant differences among three age groups (P < 0.05). 
Same letters (including a and ab) indicate no differences between period groups, and no letters indicate no differences among all six period groups. *, P < 0.05 
significant difference between male and female. 
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blots was performed using NIH ImageJ software. 

2.8. Statistical analyses 

The normality of data and homogeneity of variance were tested by 
Shapiro-Wilk and Levene, respectively. All data were normal 

distribution, and the variance was homogeneous. Double factor analysis 
of variance (two-way ANOVA) was used to compare the in sex and age 
groups. The differences were considered significant when P < 0.05. 
Data are expressed as means ± standard deviation (Mean ± SD). All 
statistical analyzes were conducted using SPSS 19.0. 

Fig. 2. Fluorescent terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) stain of HG in striped dwarf hamsters (Cricetulus barabensis). 
Immunofluorescence histochemistry showed cell apoptosis in the HGs of hamsters. Blue represents nucleus by 4′6’-diamidino-2-phenylindole (DAPI), red indicates 
laminin staining of acinar cavity (*) by Alexa Fluor 647, and green refers to TUNEL (arrow) by FITC. Scale bar = 50 μm. S, sub-adult group; A, adult group; G, 
aged group. 
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Fig. 3. Activity of caspase3 and CS in the HG of striped dwarf hamsters (Cricetulus barabensis). 
The activity of caspase3 in three different groups. b) The activity of citrate synthase in three different groups. Values are represented as the mean ± SD. n = 10. S, sub- 
adult group; A, adult group; G, aged group. Different letters (such as a and b) represent statistically significant differences among three age groups (P < 0.05). Same 
letters (including a and ab) indicate no differences between period groups, and no letters indicate no differences among all six period groups. *, P < 0.05 significant 
difference between male and female. 

Fig. 4. Quantification of LC3 and P62 puncta in the HG of striped dwarf hamsters (Cricetulus barabensis). 
(a) Immunofluorescence histochemistry showed LC3 puncta in the HG of hamsters. (d) Immunofluorescence histochemistry showed P62 puncta in the HG of 
hamsters. (c) Quantification of LC3 puncta. (d) Quantification of P62 puncta. Six Figures were analyzed in each sample; ten samples were analyzed in each group. 
Values are represented as the mean ± SD. n = 10. S, sub-adult group; A, adult group; G, aged group. Different letters (such as a and b) represent statistically sig-
nificant differences among three age groups (P < 0.05). Same letters (including a and ab) indicate no differences between period groups, and no letters indicate no 
differences among all six period groups. *, P < 0.05 significant difference between male and female. 
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3. Results 

3.1. Hamsters body weight (BW), Harderian gland wet weight (HGWW), 
Harderian gland length (HGL) and the ratio of HGWW to body weight 
(HGWW/BW) 

The average body weight of striped dwarf hamsters showed a sig-
nificant positive correlation with age (P < 0.05), whereas there was no 
significant difference between the sexes. The HGWW in the male ham-
sters was greater in the aged group (P < 0.05), while in the females, no 
significant difference between the aged and adult groups was observed. 
The HGL of the hamsters did not significantly differ between ages and 
sexes. The HGWW/BW in males was S > A > G (P < 0.05), while in 
females, this was A > S > G (P < 0.05); and it was higher in females than 
that in males (Fig. 1). 

3.2. DNA fragmentation 

TUNEL staining provides direct evidence of apoptosis. Random sec-
tions of the HGs showed that DNA fragmentation represented by green 
fluorescence could hardly be observed in the adult and aged groups of 
both male and female hamsters. However, in the sub-adult group, green 
fluorescence was observed in several adjacent cells, and the green 

fluorescence coincided with the blue fluorescence in the nucleus, indi-
cating increased apoptosis in both male and female sub-adult groups 
(Fig. 2). 

3.3. Changes in CS, and caspase3 activity 

Caspase3 activity in the sub-adult group was significantly higher 
than that in the aged group for both males and females (Fig. 3a), 
whereas there was no significant difference between the sexes. In male 
hamsters, the activity of CS increased with age. Whereas in female 
hamsters, CS were the lowest in adults and the highest in sub-adults. 
There was no significant difference between the sexes (Fig. 3b). 

3.4. The alteration of LC3 and P62 puncta in the HG of hamster of 
different ages 

The number of cytoplasmic LC3 puncta per 1000 μm2, which is 
indicative of the conversion of LC3I into LC3II, increased in the adult 
and aged groups in both male and female hamsters (Fig. 4a, and c). 

The number of cytoplasmic P62 puncta per 1000 μm2 significantly 
decreased with age in both male and female hamsters and it was higher 
in males than that in females (Fig. 4b and d). 

Fig. 5. Changes in the protein expression levels of autophagy related protein in the HG of striped dwarf hamsters (Cricetulus barabensis). 
Representative immunoblots of LC3, P62 and β-actin in three different groups. (b) The ratio of LC3II to LC3I. (c) The ratio of P62 to β-actin. Values are represented as 
mean ± SD. n = 10. S, sub-adult group; A, adult group; G, aged group. Different letters (such as a and b) represent statistically significant differences among three age 
groups (P < 0.05). Same letters (including a and ab) indicate no differences between period groups, and no letters indicate no differences among all six period groups. 
*, P < 0.05 significant difference between male and female. 
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3.5. Protein expression of autophagy-related factors 

LC3I, LC3II, and P62 expression levels were assessed by western blot 
analysis (Fig. 5a). 

LC3II/LC3I protein expression was significantly higher in the adult 
and aged groups both in males and females, and it was higher in males 
than that in females (P < 0.05) (Fig. 5b). 

In contrast to LC3II/LC3I, P62 exhibited a significant decrease in 
expression with age in both male and female hamsters, and it was higher 
in males than that in females (P < 0.05) (Fig. 5c). 

3.6. Protein expression of apoptosis-related factors 

The expression levels of bax, and bcl2 were assessed by western 
blotting (Fig. 6a). 

Sex differences in bax and bcl2 protein expression were observed. 
Bax protein expression in male hamsters showed a significant increase in 
the adult and aged groups, whereas in female hamsters, it decreased in 
the aged group compared to the adult and sub-adult groups (P < 0.05) 
(Fig. 6b). 

Bcl2 protein expression significantly increased with age in males, 
while decreased with age in female (P < 0.05) (Fig. 6c). 

Bax/bcl2 is commonly used to measure the level of mitochondrial 
apoptosis. It significantly decreased with age in both male and female 
hamsters (P < 0.05) (Fig. 6d). 

3.7. Protein expression of mitochondria-related factors 

The expression levels of Drp1, Mff, Fis1, ATP synthase and CS were 
assessed by western blot analysis (Fig. 7a). 

The protein expression levels of mitochondrial fission-related genes 
Drp1, Mff and Fis1 significantly increased in the adult and aged male 
groups, whereas in females, these significantly decreased in the adult 
and aged groups, except for Fis1 (P < 0.05) (Fig. 7b-d). 

The protein expression levels of mitochondrial function-related 
genes ATP synthase and CS showed significant sex differences such 
that the protein expression of ATP synthase and CS was higher in the 
adult and aged male groups but lower in the female adult and aged 
groups (P < 0.05). Except for Mff, the other four indicators were 
significantly different between sexes (P < 0.05) (Fig. 7e and f). 

3.8. Relative protein expression of hormone secretion-related factors 

The expression levels of Peptidylglycine-α-amidating mono-
oxygenase (PAM) and GnRH were assessed by western blot analysis 
(Fig. 8a). 

PAM protein expression in the aged male and female groups was 
significantly higher, and it was higher in males than that in females (P <
0.05) (Fig. 8b). GnRH protein expression was significantly higher in the 
adult groups in both the male and female hamsters (P < 0.05) (Fig. 8c). 

Fig. 6. Changes in the protein expression levels of apoptosis related protein in the HG of striped dwarf hamsters (Cricetulus barabensis). 
(a) presentative immunoblots of bax, bcl2, and β-actin in three different groups. (b) The ratio of bax to β-actin. (c) The ratio of bcl2 to β-actin. (d) The ratio of bax to 
bcl2. Values are represented as the mean ± SD. n = 10. S, sub-adult group; A, adult group; G, aged group. Different letters (such as a and b) represent statistically 
significant differences among three age groups (P < 0.05). Same letters (including a and ab) indicate no differences between period groups, and no letters indicate no 
differences among all six period groups. *, P < 0.05 significant difference between male and female. 
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4. Discussion 

Our results showed that independent of sex, the level of autophagy in 
adult and aged hamsters was significantly higher than that in sub-adult 
hamsters in HGs, whereas the level of apoptosis in sub-adult hamsters 
was significantly higher than that in adult and aged hamsters. Unex-
pectedly, ATP synthase and CS protein expression in mitochondria were 
lowest in sub-adult males but highest in sub-adult females. In addition, 
the protein expression of Drp1, Fis1 and bax/bcl2 were higher in males 
than that in females. 

The body weight of the hamsters and wet weight of the HG increased 
with age, but the ratio of HG weight to body weight showed a decreasing 
trend with age. This indicates that the growth and development of HG 
were in direct proportion to the growth and development of animals, but 
the growth rate of HG may be lower than that of the whole body of 
animals. This result is consistent with the report that the growth of HG 
was always less than the body as a whole after 15 days of life. Besides, 
there was no significant difference in the length of the HG at different 
ages and between sexes. Studies have shown that the size of the eyeball 
and the length of the eye axis in mammals such as humans and rabbits do 
not significantly change after sub-adult (Bekerman et al., 2014; Liu 
et al., 2000). Because the HG is semi-encapsulated in orbit, the 

maintenance of the length of HG may be related to the stability of the 
size of the eyeball. In addition, the ratio of HG weight to body weight 
was significantly higher in females than in males, which is mainly due to 
the lower HG weight in males (Vianna et al., 1975). 

In this study, the ratio of LC3II to LC3I in HG was significantly higher 
in the adult and aged groups than in the sub-adult group, while the 
protein expression of P62 was lowest in the aged group, suggesting that 
the autophagy level in the HG increases with age both in male and fe-
male hamsters. This result is different from some studies, which have 
shown that the level of autophagy in rat liver, mouse skeletal muscle and 
human skin decreases with age (Uddin et al., 2012; Donati et al., 2001; 
Chang et al., 2017; Simonsen et al., 2008; Jiao and Demontis, 2017), but 
this result is similar to the studies of the brain in rats and mice, which 
showed that autophagy levels in older individuals were significantly 
higher than younger individuals (Gong et al., 2011; Soontornniyomkij 
et al., 2012). These conflicting results suggest that the changes of 
autophagy level with aging may be organ specificity. It is well known 
that many age-related diseases, such as Sarcopenia and cataract, arise 
from defective protein degradation and consequent accumulation of 
misfolded proteins and dysfunctional organelles and that autophagy can 
ameliorate proteostasis in such conditions (Douglas, Peter, M., et al., 
2010). Autophagy inhibition induces hypotrophy, porphyria and tissue 

Fig. 7. Changes in the protein levels of mitochondrial related protein in the HG of striped dwarf hamsters (Cricetulus barabensis). 
Representative immunoblots of Drp1, Mff, Fis1, ATP synthase, CS and β-actin in three different groups. (b) The ratio of Drp1 to β-actin. (c) The ratio of Mff to β-actin. 
(d) The ratio of Fis1 to β-actin. (e) The ratio of ATP synthase to β-actin. (f) The ratio of CS to β-actin. Values are represented as the mean ± SD. n = 10. S, sub-adult 
group; A, adult group; G, aged group. Different letters (such as a and b) represent statistically significant differences among three age groups (P < 0.05). Same letters 
(including a and ab) indicate no differences between period groups, and no letters indicate no differences among all six period groups. *, P < 0.05 significant 
difference between male and female. 
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degeneration in the HG (Koenig et al., 2015). We speculate that wild 
striped dwarf hamsters have improved the autophagy level may help to 
remove the accumulated toxic substances and keep the normal HG 
function during the development process, so as to prevent the degen-
eration of HG. P62 is shown involved in lipophagy and mitophagy 
(Svenning and Johansen, 2013; Bjorkoy et al., 2005; Sandoval et al., 
2008), which may be responsible for the decline in P62 expression. In 
addition, the protein expression of LC3II/LC3I and P62 were higher in 
males than that in females. Due to the two proteins represent the up and 
down-regulation of autophagy, there may be no significant difference in 
autophagy levels between sexes. 

Another important finding of this study was that DNA fragmentation 
increased in both male and female sub-adult hamsters since the DNA 
fragmentation is one of the most important indicators of increased 
apoptotic levels (Smith et al., 2000), this result suggests an increase in 
apoptotic levels in sub-adults. Bax/bcl2 is often used as a measure of 
mitochondrial apoptosis (Antonsson et al., 1997; Korsmeyer et al., 
1993). Compared with adult hamsters, the protein expression levels of 
bax/bcl2 in male sub-adults significantly increased, implying the up- 
regulation of apoptosis, which indicated the activation of the mito-
chondrial apoptotic pathway, which may be one of the mechanisms 
underlying the increase in apoptotic levels in male sub-adults. Caspase3 
is the effector of apoptosis (Manickam et al., 2017). The activity of 
caspase3 showed a similar trend, in the sub-adult group was signifi-
cantly higher than that in the aged group for both males and females. 
The above results indicate that the apoptosis level of the sub-adults is the 
highest and the old body is the lowest. This is similar to the results in the 
thyroid gland of the golden hamster, which showed that apoptotic levels 

are highest in the sub-adult developmental stage (Chen et al., 2000). We 
speculate that the increase in apoptotic levels in the HG of sub-adult 
hamsters may be related to changes in its structure and function dur-
ing adolescence. In addition, the protein expression of bax/bcl2 in males 
was significantly higher than that in females, suggesting that the 
apoptosis level of HG may higher in males, which may be a major factor 
for the HG weight in males to be lower than that in females. 

We also found that the protein expression levels of ATP synthase and 
CS decreased in male sub-adult hamsters but increased in female sub- 
adult hamsters compared with that in adult and aged hamsters, indi-
cating significant gender differences. CS is a limiting enzyme of the 
tricarboxylic acid cycle (Remington, 1992; Wiegand and Remington, 
1986), and the ATP synthase is a rate-limiting enzyme in ATP synthesis 
pathway (Kramarova et al., 2008). In male hamsters, the protein 
expression levels of ATP synthase and CS increased with age, whereas in 
female hamsters, those of ATP synthase and CS were the lowest in adults 
and the highest in sub-adults, and the activity of CS showed a similar 
trend, suggesting that the function of the mitochondria varies with age 
and sex. An interesting change, however, is that mitochondrial function 
was lowest in sub-adult males and highest in females. We believe that 
this may be related to the changes in cell proliferation, differentiation, 
and tissue function, which are required for puberty growth and devel-
opment. These processes are inseparable from the involvement of 
mitochondrial apoptosis and fission. 

Drp1 and Mff are the most important factors that promote mito-
chondrial fission, whereas Fis1 inhibits Drp1 activity (Kraus and Ryan, 
2017; Tilokani et al., 2018). In the HGs of male hamsters, bax/bcl2 
protein expression levels increase while Drp1 and Mff protein expression 

Fig. 8. Changes in the protein expression levels of hormone related protein in the HG of striped dwarf hamsters (Cricetulus barabensis). 
Representative immunoblots of PAM, GnRH and β-actin in three different groups. (b) The ratio of PAM to β-actin. (C) The ratio of GnRH to β-actin. Values are 
represented as mean ± SD. n = 10. S, sub-adult group; A, adult group; G, aged group. Different letters (such as a and b) represent statistically significant differences 
among three age groups (P < 0.05). Same letters (including a and ab) indicate no differences between period groups, and no letters indicate no differences among all 
six period groups. *, P < 0.05 significant difference between male and female. 
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levels decrease in sub-adult group, indicating that the level of mito-
chondrial apoptosis increased and the level of mitochondrion fission 
decreased, which may be one of the main reasons for the decreased 
mitochondrial function. In the HGs of female hamsters, bax/bcl2 protein 
expression levels maintain while Drp1 and Mff protein expression levels 
increase in sub-adult group, indicating that the level of mitochondrial 
apoptosis maintained and the level of mitochondrion fission increased, 
which may be one of the main reasons for the enhancement of mito-
chondrial function. In general, the significant changes of mitochondrion 
fission level between sexes may be one of the main reasons for the sig-
nificant differences of mitochondrion function in the HGs of the sub- 
adults. In addition, the protein expression of ATP synthesis in males 
was lower than that in females. The protein expression of Drp1 and Fis1 
was higher in males than that in females, suggesting that the mito-
chondrion fission level might not be different between males and fe-
males. Therefore, the apoptosis level in males is higher than that in 
females, which may be one of the main reasons for the difference of ATP 
synthesis protein expression between sexes. 

In addition, PAM protein expression was the highest in the aged 
group, whereas GnRH protein expression was the highest in the HG of 
adult male and female hamsters. GnRH is a neurohormone that is mainly 
secreted by the hypothalamus and plays an important role in the regu-
lation of vertebrate reproduction (Kaprara and Huhtaniemi, 2018). In 
this study, GnRH protein expression was highest in adult HGs, which 
was consistent with animal reproduction peak in adults. Studies on male 
rats showed that GnRH protein expression levels in the hypothalamus of 
elderly individuals were lower than adult animals (Gruenewald and 
Matsumoto, 1991; Jarjour et al., 1986). The results of this study were 
similar to those of rats. PAM is the final rate-limiting enzyme formed by 
TRH in cells, which can amide the precursor to form TRH (Milgram 
et al., 1996). Studies have shown that TRH secretion in the brain of aged 
(22–24 months) rats was significantly higher than that of young (3–5 

months) rats (Donda et al., 1989). Our results show that autophagy 
levels are high in the HG of adult and aged groups. In view of the fact 
that autophagy itself is a form of hormone secretion (Koenig et al., 
2015), we speculate that the high levels of expression of GnRH and PAM 
may be related to the enhancement of autophagic function. 

5. Conclusions 

In summary, we present a finding involving autophagy, apoptosis, 
mitochondrial changes, and synthesis mechanisms of the HG in hamsters 
at different ages and sexes using multiple techniques (Fig. 9). We 
demonstrate that the apoptotic level of the HG is highest in sub-adults, 
which may be related to changes in its structure and function during 
adolescence. Autophagy levels are highest in the aged individuals of 
both sexes. Mitochondrial function in HGs of sub-adults significantly 
changes between males and females, which may be related to mito-
chondrion fission level. The protein expression of GnRH and PAM is the 
highest in adult and aged groups respectively, which may be related to 
the change of reproductive age and autophagy level of hamsters. The 
protein expression of ATP synthesis and the HG weight between sexes 
were lower in males, which may be related to the higher apoptosis level 
in HG of male hamsters. In general, apoptosis mainly affects growth and 
development in the HG, whereas autophagy affects aging, which in-
fluences the endocrine function of the HG in adult and sub-adult; the 
difference of the HG weight and mitochondrial function between sexes is 
mainly related to the apoptosis level. 
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Fig. 9. Graphical summary of the study. 
LC3, microtubule-associated protein 1 light chain; P62, sequestosome 1; Fis1, fission 1; Mff, mitochondrialfission factor; Drp1, adynamin-related protein 1; ATP 
synthase, adenosine triphosphate synthase; CS, citrate synthase; GnRH, gonadotropin-releasing hormone; PAM, Peptidylglycine-α-amidating monooxygenase. 
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