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Abstract

Photoperiod regulates the seasonal reproductive rhythms of mammals by influen-

cing the development and function of sexual organs; however, the underlying me-

chanism remains unclear. We examined the morphology and functioning of the main

sex organs of striped dwarf hamsters (Cricetulus barabensis) under different photo-

periods (short daylight [SD], moderate daylight [MD], and long daylight [LD]) and

further investigated the underlying molecular mechanisms. There was an inverse

correlation between blood melatonin levels and photoperiod in the order SD >

MD> LD. Decreases in body and tissue weights were observed under SD, whereas

testis and epididymis weights between MD and LD were comparable. The diameters

of the spermatogenic tubules, thickness of the spermatogenic epithelium, and the

number of spermatogonia and Sertoli cells decreased under SD, whereas the serum‐
luteinizing hormone, follicle‐stimulating hormone, and fecal testosterone con-

centrations decreased under LD. In SD, bax/bcl2 protein expression increased in the

testes and decreased in the epididymides, whereas LC3II/LC3I remained unchanged

in the testes and increased in the epididymides compared with the MD group. In LD,

bax/bcl2 and LC3II/LC3I protein expression levels were unchanged in the testes but

were decreased in the epididymides. In SD and LD, adenosine triphosphate synthase

and citrate synthase protein expression levels were unchanged in the testes but

were decreased in the epididymides. Drp1 and Mff protein expression increased in

the testes and decreased in the epididymides. Overall, different regulatory me-

chanisms in the testis and epididymis led to degeneration under SD and maintenance

under LD, preferentially protecting mitochondrial function in the testis by regulating

mitochondrial fission.
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1 | INTRODUCTION

Seasonal breeders inhibit their own reproductive behavior by redu-

cing testis weight and volume and by lowering sperm and

spermatocyte production during the nonreproductive season. Pho-

toperiod is one of the most important factors affecting seasonal re-

productive behavior (Han et al., 2017; Lewis, 2006; Pieri et al., 2014).

Several studies have shown that seasonal rhythm mammals regulate
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reproductive rhythms via the hypothalamus‐pituitary‐gonadal axis

through melatonin secretion by photosensitive organs such as the

pineal gland (Kelestimur et al., 2012; Shi, Li, Bo, & Xu, 2013). Current

studies on seasonal reproductive rhythms in mammals, such as white‐
footed mice (Peromyscus leucopus), bank voles (Myodes glareolus),

Djungarian hamsters (Phodopus sungorus), and Syrian hamsters

(Mesocricetus auratus), have shown that short‐light stimulation

induces testicular degeneration, mainly by reducing weight and vo-

lume (Bonda‐Ostaszewska & Wlostowski, 2015; Furuta et al., 1994;

Martinez‐Hernandez et al., 2018; Young & Nelson, 2001). Testicular

atrophy in golden hamsters (M. auratus) under short daylight ex-

posure is usually accompanied by decreases in serum luteinizing

hormone (LH), follicle‐stimulating hormone (FSH), and testosterone

(TTE; Console et al., 2002; Kawazu et al., 2003), whereas long day-

light exposure increases serum LH and FSH levels (Turek, Elliott,

Alvis, & Menaker, 1975). Therefore, testicular degeneration caused

by photoperiodic variation may involve changes in morphology, se-

cretion, and spermatogenic function.

The balance between autophagy and apoptosis is one of the key

factors for maintaining tissue morphology and quality (Campbell &

Quadrilatero, 2016; C. Wang et al., 2017), and the application of

short daylight results in an increase in DNA fragmentation in Syrian

hamsters (Morales et al., 2002; Seco‐Rovira et al., 2014). This may

involve the mitochondrial–nuclear apoptosis pathway that is initiated

by bax and inhibited by bcl2, in which caspase 3 is the main effector

(Antonsson et al., 1997; Manickam, Kaushik, Karunakaran, &

Bhansali, 2017). Study of the South American plains vizcacha

(Lagostomus maximus) demonstrated that the immunolocalization of

microtubule‐associated protein 1 light chain 3 (LC3) and beclin‐1
(BECN1) in the inactive testes stops in July (similar to short photo-

period), meaning that the level of autophagy decreases (González,

Isla, & Vitullo, 2018). LC3 is the key factor in the initiation of au-

tophagy (Schaaf, Keulers, Vooijs, & Rouschop, 2016). Meanwhile,

BECN1 is an important promoter of autophagy, and mammalian

target of rapamycin (mTOR) plays an inhibitory role in autophagy

(Mariño, Niso‐Santano, Baehrecke, & Kroemer, 2014). However, most

of the studies on the mechanisms of autophagy and apoptosis have

focused on seasonal changes, whereas studies concerning photo-

period are limited, and there are few reports concerning the related

mechanisms.

Furthermore, long daylight exposure also promotes mitochon-

drial density in the testes of rats and bank voles, whereas the number

of mitochondria decreases with short daylight exposure (Kus

et al., 2004; Tahka, 1988). This may involve mitochondrial fission.

Drp1 is the most important factor in mitochondrial division, and Mff

promotes the activity of Drp1 variation (Fekkes, Shepard, &

Yaffe, 2000), while Fis1 inhibits mitochondrial division (Liu &

Chan, 2015). Mitochondria are responsible for aerobic oxidation and

energy supply, and citrate synthase (CS) and adenosine triphosphate

(ATP) synthase are their rate‐limiting enzymes (Danson &

Hough, 2001; Kramarova et al., 2008). Investigating the above in-

dicators can assess changes and elucidate related variation in the

mechanisms of mitochondrial function under different photoperiods.

The above suggests that during various photoperiods, the

structure and function of the testes, which is the basic parameter for

measuring the reproductive capacity of small mammals, may be clo-

sely related to apoptosis, autophagy, and mitochondrial function

(Bonda‐Ostaszewska & Wlostowski, 2015; Furuta et al., 1994; Young

& Nelson, 2001). However, investigations of the mechanisms un-

derlying these changes have mainly involved Syrian hamsters that

hibernate in winter, and changes in their bodies under photoperiod

treatment are quite different from those of other hamsters (Bartke &

Parkening, 1981; Mauer & Bartness, 1994; Tups et al., 2006;

D. L. Xu & Hu, 2017). In addition, these studies have not examined

accessory reproductive organs such as the epididymis. The striped

dwarf hamster (Cricetulus barabensis) is a small nonhibernating

mammal that is widely distributed in the north temperate zone of

Asia. Current studies have shown that there are significant seasonal

changes in gene expression related to reproduction in the hypotha-

lamus, testis, epididymis, ovary, and uterus (D.‐L. Xu, Hu, & Tian,

2018; L. Xu, Xue, Li, Xu, & Chen, 2017; Z.‐J. Zhao, Cao, Li, & Yu,

2010). In addition, striped dwarf hamsters do not hibernate in winter

(Xue, Xu, Chen, & Xu, 2014), and whether this habit will cause short

photoperiod to have a different effect on it than that of Syrian

hamsters remains unclear. More important, the testis and epididymis

of the striped dwarf hamsters account for a larger proportion of the

body compared with Syrian hamsters and European hamsters

(Cricetus cricetus); in this species, the testicles protrude from the

abdominal cavity to the tail, forming a very obvious scrotum below

the tail. However, the significance of this particular morphological

feature to reproductive behavior remains unclear (Moore, 1965;

Reznik, Reznik‐Schuller, & Mohr, 1973; Yerganian, 1958).

Accordingly, the present study focused on the morphological and

functional changes in the testis and epididymis of hamsters under

different photoperiods and the underlying mechanisms. We hy-

pothesized that photoperiod affects the morphology and function of

reproductive organs in hamsters. We also postulated that changes in

apoptotic and autophagic levels lead to this change. To test these

hypotheses, we studied the morphological changes in the testes and

epididymides (i.e., diameter of seminiferous tubules, numbers of

Leydig cells, and Sertoli cells), the ultrastructural changes under

electron microscopy, and the spermatogenesis (thickness of sper-

matogenic epithelium) and secretory function (FSH, LH, and TTE) of

the testes in hamsters. On this basis, the effects of photoperiod on

apoptosis (bax, bcl2, Cyto C, caspase 9, and caspase 3), autophagy

(LC3I, LC3II, P62, BECN1, and mTOR), and mitochondria (ATP syn-

thase, CS, Drp1, Mff, and Fis1) were studied to explore the me-

chanisms underlying different sex organs changes.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

The Qufu Normal University Ethics Committee approved all of the

procedures. Experiments followed the Laboratory Animal Guidelines
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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.

2.2 | Animals and groups

The striped dwarf hamsters (C. barabensis) were prepared in our la-

boratory as previously described (Xue et al., 2014; L. Zhao

et al., 2014). Briefly, hamsters were caught in the Yinan Region in

Shandong Province, China and were provided water and rat chow ad

libitum. The striped dwarf hamsters were weighed, and 60 male in-

dividuals (20–40 g) were selected as samples. The hamsters were

placed in a light controller for 12:12 hr of adaptive treatment at a

temperature of 22 ± 2°C and relative humidity of 55 ± 5%, with a

normal amount of food (3 g/d) and water.

After matching for body weight, the hamsters were randomly

assigned into three groups: a long daylight group (LD) exposed to a

long photoperiod (16 hr:8 hr; light from 04:00 to 20:00); a moderate

daylight group (MD) exposed to a moderate photoperiod (12:12 hr;

light from 06:00 to 18:00); and a short daylight (SD) group exposed

to a short photoperiod (8:16 hr; light from 08:00 to 16:00). The light

intensity was set at 150 ± 10 lx, and exposure time was 8 weeks.

2.3 | Sample preparation

At the end of the exposure, the animals were killed by CO2 as-

phyxiation at 22:00 on the final day after all of the hamsters had

been in the dark for at least 2 hr (Z. Wang, Xu, Mou, Kong, Wu,

et al., 2020). Blood samples were immediately collected after sacri-

fice and stored at 4°C for 30min, then centrifuged at 3,000 rpm for

15min at 4°C. Serum MT, FSH, LH, and fecal TTE levels were esti-

mated using an enzyme‐linked immunosorbent assay Labsystems

Multiskan MS 352 (Shanghai Hengyuan Biological Technology Co.,

Ltd., H‐40277, Shanghai, China). Testis and epididymis were removed

and weighed. The right testis or epididymis was cut into three parts;

one part was immersed in paraformaldehyde‐glutaraldehyde fixative

for transmission electron microscopy (TEM), while the other two

parts were immersed in 4% paraformaldehyde for paraffin and frozen

section embedding. The left testis or epididymis was stored in a re-

frigerator at −80°C for subsequent western blot experiments.

2.4 | Histological studies

Hematoxylin‐eosin staining (H&E staining) was performed to assess

changes in cellular morphology. The tissues were embedded in par-

affin blocks. Serial sections (5‐μm thickness) of the entire tissue were

prepared. After rehydration, the sections were stained with hema-

toxylin for 30min, then slowly rinsed with running water for at least

15min. The slices were separated in 1% hydrochloric acid‐alcohol
solution for 15 s, then slowly rinsed with running water for at

least 5 min. The sections were dyed with eosin for 5min and then

rinsed with running water for 15min. The slides were then dried,

mounted with neutral gum, and sealed. The sections were examined

under a microscope (Olympus, BX51, Japan). We analyzed 10 sam-

ples in each group, six images from each sample, and six seminiferous

tubules in each image. When selecting the seminiferous tubules, the

length of the major axis was at most 1.5 times that of the minor axis.

In the IPP 6.0 analysis, the diameter (mean) and spermatogenic epi-

thelial thickness of individual tubules were calculated after the scale

was calibrated. To determine how the diameters of testicular semi-

niferous tubules and the thickness of the seminiferous epithelium

changed, the number of spermatogonia and Sertoli cells in the

seminiferous tubules were determined by counting the nuclei of

spermatogonia and nucleoli of Sertoli cells. In addition, we calculated

the number of cells per unit area according to the area formula after

counting all Leydig cells per image (Ansari et al., 2018; Costa,

Menezes, & Paula, 2007).

2.5 | TEM studies

The tissues of each group were cut into blocks and immersed in 3%

glutaraldehyde–paraformaldehyde for TEM, dehydrated with a gra-

ded series of ethanol, and embedded in epoxy resin. TEM evaluation

was performed as previously described (Z. Wang et al., 2019; Zhe

Wang et al., 2020). Semithin sections of the tissue samples were

prepared and stained with methylene blue (Biazik, Vihinen, Anwar,

Jokitalo, & Eskelinen, 2015). The sections were adjusted under a

microscope and sliced with an ultramicrotome (LKB‐NOVA). The ul-

trathin sections were double‐stained with Reynolds’ lead citrate and

ethanolic uranyl acetate. The sections were examined with a trans-

mission electron microscope (JEOL, JEM‐100SX, Japan), and images

were processed with IPP 6.0 software. Images were analyzed using

the measurement tools provided by this software.

2.6 | Immunohistochemistry analysis

The testis and epididymis were fixed in 4% paraformaldehyde for

24 hr, dehydrated across a sucrose gradient (10%, 20%, and 30%),

washed with 100% acetone, and embedded in an optimal cutting

temperature compound (Sakura, MA). We cut 10‐μm‐thick frozen

testis and epididymis cross‐sections from the mid‐belly of each tissue

at −20°C using a cryostat (Leica, Wetzlar, CM1850, Germany). After

air‐drying for 2 hr, 10 sections from each tissue were randomly se-

lected for follow‐up experiments. Sections were washed with

phosphate‐buffered saline (PBS), then permeabilized with 0.2% Tri-

ton X‐100 in 0.1% sodium at 37°C for 30min. Cleared sections were

stained in blocking solution (5% bovine serum albumin [BSA]; Boster,

Wuhan, China) for 10min at room temperature and then with an

anti‐laminin rabbit polyclonal antibody (1:500, BA1761‐1; Boster)

solution at 4°C overnight. The following day, the sections were in-

cubated with goat anti‐rabbit Alexa Fluor 647 (1:200, #A21245;
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Thermo Fisher Scientific, Rockford, IL) at 37°C for 2 hr. After this, the

sections were incubated with rabbit anti‐LC3 (1:200; Cell Signaling

Technology [CST], Danvers, MA), rabbit anti‐P62 (1:200; Proteintech,

Wuhan, China), and goat anti‐rabbit Alexa Fluor 488 (1:200,

#A11034; Thermo Fisher Scientific) under the same conditions.

Finally, the glass slides were placed in 4′,6‐diamidino‐2‐phenylindole
(DAPI; 1:100, #D9542; Sigma‐Aldrich) at 37°C for 30min. Images

were visualized using a confocal laser scanning microscope by

krypton/argon laser illumination at wavelengths of 350, 488, and

647 nm emitted light and captured at 461, 526, and 665 nm. The

number of protein aggregates of LC3 and P62 were counted by se-

lecting an area with dimensions of 100 μm× 100 μm.

2.7 | 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 done as

previously described (Fu et al., 2016). Briefly, 10‐μm‐thick frozen

tissue cross‐sections were air‐dried and fixed in 4% paraformalde-

hyde in PBS (pH 7.4) at room temperature for 20min. Then, the

sections were permeabilized with 0.2% Triton X‐100 in 0.1% sodium

citrate at 4°C for 2min and incubated with an anti‐laminin rabbit

polyclonal antibody (1:500; Boster) at 4°C overnight. After washing

with PBS for 30min, the sections were incubated with the

fluorochrome‐conjugated secondary AF647 antibodies at room

temperature for 2 hr. Subsequently, TUNEL (#MK1023; Boster) re-

action mix was added at the recommended 1:9 ratio, and the sections

were incubated for 60min at 37°C in a humidified chamber in the

dark according to the manufacturer's protocol. Finally, the sections

were counterstained with DAPI. Both positive and negative controls

were included in each experiment. Sections were treated with DNase

I (Tiangen, Beijing, China) in DNase buffer for 10min at room tem-

perature before incubating with the anti‐laminin rabbit polyclonal

antibody as positive controls, and then incubated without the TdT

enzyme as the negative control. Images were visualized using a

confocal laser scanning microscope (Olympus, Osaka, Japan) at an

objective magnification of ×40.

2.8 | Western blot analysis

Western blot evaluation was performed as previously described

(Z. Wang et al., 2019). Total protein was extracted and solubilized in

sample buffer (100mM Tris [pH 6.8], 5% 2‐β‐mercaptoethanol, 5%

glycerol, 4% sodium dodecyl sulfate (SDS), and bromophenol blue)

with the extracts of the testis and epididymis protein and then re-

solved via SDS‐polyacrylamide gel electrophoresis (10% Laemmli gel

with an acrylamide/bisacrylamide ratio of 29:1% and 98% 2,2,2‐
trichloroethanol; Aladdin, JI522028, China). For electrophoresis, two

identical gels for sample sequence and protein quantification were

used. One plate was used for total protein quantification as an

internal reference, and the other plate was employed for follow‐up
target protein quantification. After electrophoresis, the proteins

were electrically transferred onto polyvinylidene fluoride mem-

branes (0.45‐μm pore size) using a Bio‐Rad semi‐dry transfer appa-

ratus. The blotted membranes were blocked with 1% BSA in Tris‐
buffered saline (TBS; 150mM NaCl, 50mM Tris‐HCl, pH 7.5) and

incubated with rabbit anti‐LC3 (1:1,000), rabbit anti‐P62 (1:1,000),

rabbit anti‐BECN1 (1:1,000, #11306; Proteintech), rabbit anti‐mTOR

(1:1,000, #20657; Proteintech), rabbit anti‐bax (1:1,000, #50599;

Proteintech), rabbit anti‐bcl2 (1:1,000, #3498S; CST), rabbit anti‐
Cyto C (1:1,000, #11940; CST), rabbit anti‐caspase 3 (1:1,000,

#19677; Proteintech), rabbit anti‐caspase 9 (1:1,000, #10380; Pro-

teintech), rabbit anti‐Drp1 (1:1,000, #12957; Proteintech), rabbit

anti‐Mff (1:1,000, #17090; Proteintech), rabbit anti‐Fis1 (1:1,000,

#10956; Proteintech), rabbit anti‐ATP synthase (1:1,000, #14676;

Proteintech), rabbit anti‐citrate synthase (1:1,000, #16131; Pro-

teintech), and rabbit anti‐β‐actin (1:5,000, #20536; Proteintech) in

TBS containing 0.1% BSA at 4°C overnight. The membranes were

then incubated with IRDye 800 CW goat anti‐rabbit secondary an-

tibodies (1:5,000, #31460; Thermo Fisher Scientific) for 90min at

room temperature and visualized with an Odyssey scanner (LI‐COR

Biosciences, Lincoln, NE; Yang, He, Gao, Wang, & Goswami, 2014).

Quantification analysis of the blots was performed using Im-

ageJ software. The immunoblot band density of each individual lane

was standardized against the summed densities of the total proteins.

2.9 | Statistical analyses

SPSS version 22.0 was used for all of the statistical analyses. The data

are presented as the mean ± SD. One‐way analysis of variance

(ANOVA) was used to determine the overall differences; Fisher's

least significant difference (LSD) post hoc test was used to determine

group differences. An ANOVA‐Dunnett's T3 method was used when

no homogeneity was detected. The results were deemed statistically

significant at p < .05.

3 | RESULTS

3.1 | Hamster body weight (BW), tissue wet weight
(TWW), and the ratio of tissue wet weight to body
weight (TWW/BW)

The BW of hamsters did not significantly differ among the three

groups before the experiment. After 2 months of treatment using

different photoperiods, the BWs of the hamsters in the SD and LD

groups had decreased by 4.3% (p = .443) and 3.4% (p = .518), re-

spectively, compared with that before the experiment. In contrast,

BW increased by 2.4% (p = .685) in the MD group compared with that

before the experiment. Meanwhile, the BW after treatment in the SD

group was significantly decreased compared with the MD group

(p < .05). The TWW of the testes in the SD group was significantly

4 | MOU ET AL.



decreased compared with the MD and LD groups (p < .05), and the

TWW of the epididymides in the SD group was significantly de-

creased compared with the MD and LD groups (p < .05). The

TWW/BW of the testes and epididymides both showed that the ratio

of the SD group was significantly decreased compared with the MD

group (p < .05; Table 1).

3.2 | Blood MT, FSH, LH, and fecal TTE levels under
different photoperiods

MT directly reflects the effects of photoperiod on an organism. Here,

serum MT levels were increased in the SD group compared with the

MD and LD groups (p < .05; Figure 1a). Serum LH and FSH levels

were decreased in the LD group as compared with the SD and MD

groups (p < .05; Figure 1b,c). Fecal TTE levels decreased with in-

creasing illumination duration (Figure 1d).

3.3 | Morphological comparison of the testes and
epididymides

Figure 2 shows tissue sections of the testes and epididymides stained

with H&E. The seminiferous tubules were distinct and intact in the

testes, with normal Leydig cells, Sertoli cells, spermatogonia, and

mature and immature sperm (Figure 2a,b). The internal morphology

of the epididymides was similar to that of the testes. The twisted and

coiled vas deferens were observed in the epididymides, with epidi-

dymal epithelial cells in neat rows (Figure 2c,d).

The average seminiferous tubule diameter was lower in the

testes of the SD group compared with the MD and LD groups

(p < .05; Figure 3b). The number of spermatogonia in a single tubule

showed the trend SD < LD <MD (p < .05; Figure 3c). In addition, the

number of Sertoli cells per single tubule cross‐section also de-

creased in the SD group compared with the MD and LD groups

(p < .05; Figure 3d).

The thickness of the spermatogenic epithelium was decreased in

the SD and LD groups compared with the MD group (p < .05;

Figure 4b). In addition, the number of Leydig cells in the testis cross‐
sections of the SD group increased compared with the MD and LD

groups (p < .01; Figure 4c).

3.4 | Ultrastructural changes in the nuclei and
mitochondria of the testes and epididymides

A large number of germ cells and spermatids at different stages were

observed in the testes that were subjected to three different pho-

toperiods. In the testes of the SD and LD groups, the nuclei showed

chromatin condensation, whereas in the epididymides of the SD and

MD groups, the nuclei were deformed; the nuclear membranes ex-

hibited severe contraction, and the chromatin had condensed. The

nuclei of spermatogonia in the MD group of testes and the epididy-

mides of the LD group appeared normal, with clear nuclear mem-

branes and uniformly distributed chromatin (Figure 5).

The mitochondria of the testes and epididymides were irregu-

larly oval; in the testes of the SD group, a reduction in mitochondrial

cristae was observed. In the other groups, numerous cristae were

clearly visible; the membranes were complete, and no significant

structural changes were detected (Figure 6).

3.5 | DNA fragmentation

TUNEL staining provided direct evidence of apoptosis (Figure 7).

DNA fragmentation as represented by green fluorescence was ob-

served in the testes of the SD and LD groups in several adjacent cells,

and blue fluorescence indicated the nuclei; these were hardly ob-

served in the MD group. This result indicated that the apoptosis level

of the testes was significantly increased in the SD and LD groups

compared with the MD group (Figure 7a). The epididymides of the

three groups showed few signs of DNA fragmentation (Figure 7b).

3.6 | Changes in LC3 and P62 puncta in the testes
and epididymides under different photoperiods

The conversion of LC3I to LC3II is represented by the number of

cytoplasmic LC3 puncta. Representative figures of LC3 immuno-

fluorescence staining of the testes are shown in Figure 8a. The

number of LC3 puncta in the testes did not significantly differ among

the three groups, whereas the numbers of LC3 puncta in the epidi-

dymides of the SD and LD groups were increased compared with the

MD group (Figure 8c).

TABLE 1 Effects of photoperiod on BW, TWW, and the ratio of TWW/BW in striped hamsters

Groups BW before photoperiod (g) BW at experiment time (g)

TWW at experiment time (g) TWW/BW at experiment time (g/g)

Testis Epididymis Testis Epididymis

SD 30.00 ± 1.63 28.70 ± 1.62 1.58 ± 0.14 1.65 ± 0.16 0.051 ± 0.001 0.053 ± 0.001

MD 29.60 ± 1.92 30.30 ± 1.68* 1.66 ± 0.10* 1.80 ± 0.24* 0.055 ± 0.001* 0.058 ± 0.002*

LD 30.66 ± 1.53 29.62 ± 1.55 1.71 ± 0.11* 1.75 ± 0.12* 0.057 ± 0.002* 0.058 ± 0.002*

Note: Data represent the mean ± standard deviation; n = 10.

Abbreviations: BW, body weight; LD, long daylight; MD, moderate daylight; SD, short daylight; SD, standard deviation; TWW, tissue wet weight.

*p < .05 relative to SD.

MOU ET AL. | 5



F IGURE 1 Hormones of MT, FSH, LH, and

TTE in hamsters under three photoperiod
conditions. (a) Serum MT levels in hamsters
under three photoperiod conditions. (b) Serum

LH levels in hamsters under three
photoperiod conditions. (c) Serum LH levels in
hamsters under three photoperiod conditions.

(d) Fecal TTE levels in hamsters under three
photoperiod conditions. Values are the
means ± standard deviation, n = 10. FSH,
follicle‐stimulating hormone; LD, long daylight;

LH, luteinizing hormone; MD, moderate
daylight; SD, short daylight; TTE, testosterone.
*p < .05 relative to SD

F IGURE 2 Histological structure of testis
and epididymis in hamsters by HE staining.

(a) Germ cells and seminiferous tubules of the
testis are shown under low‐power magnification.
*seminiferous tubule; #seminiferous epithelium.

Scale bar = 100 μm. (b) Seminiferous tubules of
the testis are shown under high‐power
magnification. Solid arrow, spermatogonia;
dotted arrow, Sertoli cells; hollow arrow, Leydig

cells. Scale bar = 20 μm. (c) Seminiferous tubules
in the epididymis are shown under low‐power
magnification. EEC, epididymal epithelial cells;

ET, epididymis tubule; HE, hematoxylin and
eosin. Scale bar = 100 μm. (d) Epididymal
epithelial cells in the epididymis are shown under

high‐power magnification. Scale bar = 20 μm
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Representative images of P62 immunofluorescence staining are

shown in Figure 8b, indicating that the number of P62 puncta in the

testes increased in the LD and SD groups compared with the MD

group, whereas in the epididymis, the number of P62 puncta de-

creased as follows: MD > LD > SD (p < .05; Figure 8d).

3.7 | Relative protein expression

The contents of bax, bcl2, Cyto C, caspase 3, and caspase 9 were

detected by western blot analysis, as shown in Figure 9a.

Bax/bcl2 is one of the most important indicators of mitochon-

drial apoptosis. Bax/bcl2 and Cyto C protein expression in the testes

were significantly increased in the SD group compared with the MD

and LD groups (p < .001), whereas no significant difference was ob-

served between the LD and MD groups (Figure 9d,e). In the epidi-

dymides, bax/bcl2 and Cyto C protein expression levels were the

highest in the MD group (p < .05; Figure 9d,e).

Caspase 3 and caspase 9 protein expression in the testis of the

SD group was highest among the three groups. In the epididymis, the

expression of caspase 9 was significantly decreased in the LD group

compared with the MD group (p < .05). Caspase 3 protein expression

was increased in the SD and MD groups compared with the LD group

(p < .05), and there was no significant difference between the SD and

MD groups (Figure 9f,g).

LC3, P62, mTOR, and BECN1 expression levels were assessed by

western blot analysis (Figure 10a).

The ratio of LC3II/LC3I represents autophagy levels in the

testes; this ratio did not differ significantly between the three groups.

P62 protein expression was higher in the LD group compared with

the MD group (p < .001). However, in the epididymis, LC3 and P62

protein expression showed the opposite trend; LC3 protein expres-

sion was significantly increased, whereas P62 protein expression was

significantly decreased in the SD and LD groups compared with the

MD group (p < .05; Figure 10b,c). BECN1 and mTOR protein ex-

pression levels in the testes did not significantly differ among the

three groups, whereas in the epididymis the expression of the two

proteins decreased as follows: MD > SD > LD (p < .05; Figure 10d,e).

ATP synthase, CS, Drp1, Mff, and Fis1 protein expression levels

were assessed by western blot analysis (Figure 11a).

ATP synthase and CS protein expression in the testes did not

significantly differ among the three groups. However, in the

F IGURE 3 The diameter of the seminiferous tubules and the number of spermatogonia and sterile cells in the hamster by HE staining.
(a) Seminiferous tubules from hamsters under three photoperiods showing diameters under higher‐power magnification. Scale bar = 20 μm.
(b) The diameters of the seminiferous tubules in the testes of hamsters under three photoperiods. (c) The number of spermatogonia per tubule

cross‐sections of hamster testes during three photoperiods. (d) The number of Sertoli cells per tubule in testis cross‐sections of hamsters during
three photoperiods. Sixty tubules were analyzed in each sample; 10 samples were analyzed in each group. Representative seminiferous tubule
diameters measure 347.59, 384.29, and 379.67 μm during the SD, MD, and LD photoperiods, respectively. Values are the means ± standard

deviation. n = 10. HE, hematoxylin and eosin; MD, moderate daylight; LD, long daylight; SD, short daylight. *p < .05 relative to SD

MOU ET AL. | 7



epididymis, the expression levels of both proteins were the lowest

in the SD group (p < .05; Figure 11b,c). In the testes, Drp1 and Mff

protein expression levels were the lowest in the MD group

(p < .01), whereas Fis1 protein expression was the highest in the

SD group (p < .05). In the epididymis, Drp1, Mff, and Fis1 protein

expression levels were the highest in the MD group (p < .05;

Figure 11d–f), in contrast to the observed changes in the testes

(Figure 12).

F IGURE 4 Changes in the thickness of the spermatogenic epithelia and Leydig cells of testis in hamsters from three photoperiodic groups
with HE staining. (a) Seminiferous tubules in the testis of three photoperiods under low‐power magnification. Arrow, Leydig cells. Scale

bar = 100 μm. (b) The thickness of the spermatogenic epithelium in a single seminiferous tubule of testis in hamsters during three photoperiods.
(c) The number of Leydig cells in a single seminiferous tubule of testis in hamsters during three photoperiods. n = 10. HE, hematoxylin and eosin;
LD, long daylight; MD, moderate daylight; SD, short daylight. *p < .05, **p < .01, relative to SD; #p < .05 relative to MD

F IGURE 5 Nuclei ultrastructure of the testis and epididymis in
hamsters under three photoperiod conditions. In the testes of the SD
group and epididymides of the MD group, the nuclei (see arrow) of
germ cells are deformed, and chromatin is condensed. Scale

bar = 2 μm. LD, long daylight; MD, moderate daylight; SD, short
daylight

F IGURE 6 Cristae of mitochondria of the testes and
epididymides of hamsters from three photoperiod groups. In the
testes of the SD group, the mitochondria (see arrow) are in disarray.

The mitochondria in the testes and epididymides of the other groups
were normal, and the membranes are clear. There were no significant
differences in mitochondrial morphology in the epididymides of the

three groups. Scale bar = 500 nm. LD, long daylight; MD, moderate
daylight; SD, short daylight
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4 | DISCUSSION

In this study, we used a variety of techniques to explore the mor-

phological and functional changes and mechanisms of different sex

organs of striped dwarf hamsters under different photoperiods from

a multidimensional perspective. The results showed that SD condi-

tions induced a reduction in weight and structural atrophy of the

testes and epididymides in hamsters, whereas under LD conditions

those organs remained unchanged or exhibited mild atrophy com-

pared with MD conditions. The levels of testicular function‐related
hormones, such as FSH, LH, and TTE, in the LD group were lower

than those in the MD and SD groups. In SD conditions, the apoptosis

level in the testes increased, and autophagy levels remained stable,

whereas in the epididymis, apoptosis levels remained the same and

autophagy levels increased. The effects of apoptosis and autophagy

may be the main causes of sexual organ degradation. Interestingly,

mitochondrial fission levels increased in the testes and decreased in

the epididymides under SD and LD conditions, and mitochondrial

function remained stable in the testes and decreased in the epidi-

dymides, reflecting significant tissue differences.

After 8 weeks of photoperiod treatment, the body weights of the

hamsters decreased under SD conditions compared with the control

MD conditions, but there was no significant difference compared

with that before treatment. These findings are similar to those of a

previous study showing that the body weights of striped dwarf

hamsters after 8 weeks of treatment under SD or LD did not sig-

nificantly differ compared with those before treatment (D. L. Xu &

Hu, 2017). On one hand, we speculate that different mammals may

cause the insensitive to light and weight gain under short photo-

period treatment with a period time, such as Siberian hamsters or

Chinese hamsters (Cricetulus griseus; Bartke & Parkening, 1981;

Mauer & Bartness, 1994; Tups et al., 2006). On the other, SD con-

ditions could inhibit body weight gain in small mammals such as

Syrian and Siberian hamsters; results from previous studies showed

that 12.5 hr or more of light could maintain gonadal activity or irri-

tant recurrence, and 12 hr or less could induce gonad degeneration

(Bartness & Wade, 1985; Elliott, Stetson, & Menaker, 1972; Gaston &

Menaker, 1967; Gorman, 2003; Klingenspor, Niggemann, &

Heldmaier, 2000). In this study, the body weights of hamsters in the

SD group did not significantly differ from those before treatment, but

they were significantly lower than in the MD control group; this may

be partly related to the described effect.

One of the most important discoveries from this study is that the

tissue structure and function of testis and epididymis degenerated to

varying degrees compared with the MD under SD and LD conditions,

as those photoperiods corresponded to the nonbreeding seasons.

However, compared with MD conditions, the wet weight and

TWW/CW of the testes and epididymides were significantly de-

creased under SD conditions, and the diameter of the seminiferous

tubules of the testes, the thickness of spermatogenic epithelial, and

the numbers of Sertoli cells and spermatogonia in a single tubule

were markedly decreased, indicating weakening of male reproductive

function by morphological changes in the testes and tissue atrophy in

hamsters under SD conditions, that is, corresponding to the winter

photoperiod. We also hypothesize that the decrease in the diameter

of testicular seminiferous tubules and the thickness of seminiferous

epithelia may be caused by the decrease in the numbers of Sertoli

cells and spermatogonia. This is similar to studies with Syrian ham-

sters, Siberian hamsters, and marmots (Prairie dog) that observed

losses of testicular weight and decreases in the number of Sertoli

cells and the thickness of seminiferous epithelium under SD condi-

tions (Bergmann, 1987; Hikim, Amador, Klemcke, Bartke, & Russell,

1989; Hikim et al., 1991). Similar to the seasonal variation in South

American plains vizcacha (Lagostomus maximus), testicular weight

decreases, the size of seminiferous tubules decreases, and the tes-

ticular structure undergoes atrophy during the nonreproductive

northern hemisphere winters (González et al., 2018). It is worth

noting that serum MT levels were the highest under SD conditions in

this study. Based on the fact that the testes and seminal vesicle

F IGURE 7 Fluorescent terminal deoxynucleotidyl transferase

biotin‐dUTP nick end‐labeling (TUNEL) staining of testis and
epididymis in hamsters from three photoperiod groups. (a) TUNEL
staining of testis of hamsters from three photoperiodic groups. Scale

bar = 100 μm. (b) TUNEL staining of epididymis of hamsters from
three photoperiodic groups. Scale bar = 100 μm. Immunofluorescence
histochemistry showing cell apoptosis, cell boundaries, and nuclei.

Blue represents 4′,6‐diamidino‐2‐phenylindole (DAPI)‐stained nuclei;
red represents Alexa Fluor 647‐stained laminin of interstitial tissue,
and the green represents TUNEL by FITC. LD, long daylight; MD,
moderate daylight; SD, short daylight
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F IGURE 8 Quantification of LC3 and P62 puncta in the testis and epididymis of hamsters in three photoperiod groups.
(a) Immunofluorescence histochemistry showing LC3 puncta of the testis and epididymis of hamsters. (b) Immunofluorescence histochemistry

showing P62 puncta of the testis and epididymis of hamsters. Blue represents 4′,6‐diamidino‐2‐phenylindole (DAPI)‐stained nuclei; red
represents Alexa Fluor 647‐stained laminin of interstitial tissue, and the green represents AF488‐stained LC3 or P62. Scale bar = 50 μm.
(c) Quantification of LC3 puncta. Six images were analyzed in each sample; 10 samples were analyzed in each group. Values are the
means ± standard deviation. LD, long daylight; MD, moderate daylight; SD, short daylight. *p < .05, **p < .01 compared with SD; #p < .05 relative

to MD
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weights and body weights of marsh rice rats (Oryzomys palustris)

decreased after injecting melatonin (Edmonds, 2013), we hypothesize

that the atrophy of testicular tissue structure under SD conditions

may be related to the high serum MT levels. Although the wet weight

of the testis and epididymis and TWW/CW, the diameter of testicular

seminiferous tubules, and the number of Sertoli cells remained stable

under LD conditions compared with the MD conditions, the number

of spermatogonia in a single tubule and the thickness of seminiferous

epithelium in the testis decreased, indicating the degeneration of

structure in the testis to some extent. This prompted us to conclude

that the tissue structure of testis under LD is better preserved than

that under SD and is similar to that observed in Siberian hamsters, in

which testicular weight after 15 and 30 weeks of LD treatment was

significantly higher than that of SD (Bertoni, Sprenkle, Hanifin,

Stetson, & Brainard, 1992; Duncan, 1994). However, the concentra-

tions of serum FSH, LH, and fecal TTE decreased under LD conditions

but remained stable under SD conditions compared with MD con-

ditions. FSH, LH, and TTE are the main regulators of germ cell de-

velopment by pulses release (Babu, Sadhnani, Swarna, Padmavathi, &

Reddy, 2004; Chandrashekar, Majumdar, & Bartke, 1994); the de-

crease in serum or fecal concentrations under LD conditions may

indicate the weakening of hamster reproductive ability. In view of the

fact that TTE is mainly secreted by Leydig cells (Banihani, 2018), the

increase in the number of Leydig cells under SD conditions may be

one of the reasons why testosterone secretion remains unchanged

despite the decrease in testicular weight. Generally, the atrophy of

testicular tissue structure under SD conditions and the decrease in

testicular‐related hormone levels under LD may be one of the main

reasons for the decline in male hamster reproductive ability in the

short and long photoperiods corresponding to the two nonbreeding

seasons.

LC3II is an autophagy effector and marker protein (Zhou

et al., 2013), and P62 is an autophagy transporter that is inversely

related to autophagy levels (Nakano, Oki, & Kusaka, 2017; Zhang

et al., 2019). Interestingly, in this study, the number of LC3 puncta

and the LC3II protein expression levels in the testes of hamsters did

not differ significantly among the three groups, whereas the number

of P62 puncta and the protein expression of P62 increased under LD

conditions. As LC3 is the most important factor for measuring au-

tophagy levels (Schaaf et al., 2016), these results suggest that au-

tophagy levels in the testis are likely to remain stable under different

photoperiods. BECN1 is one of the key factors promoting autophagy,

while mTOR is one of the main inhibiting factors of autophagy. In this

study, compared with the control MD group, the expression levels of

BECN1 and mTOR in the testis remained the same under SD and LD

conditions; this may indicate an important mechanism for maintain-

ing the stability of testicular autophagy levels. Unlike the observed

changes in autophagy in the testes, compared with MD, the number

of LC3 puncta and the protein expression of LC3 in the epididymides

increased under both SD and LD conditions, indicating that the au-

tophagy levels in the epididymis increased under both SD and LD.

Studies have shown that the level of autophagy in the epididymides

F IGURE 9 Expression of apoptosis‐related proteins of the testis

and epididymis in hamsters from three different photoperiod groups.
(a) Representative immunoblots of bax, bcl2, Cyto C, caspase 9,
caspase 3, and β‐actin in three different photoperiod groups. (b) Ratio
of bax to β‐actin. (c) Ratio of bcl2 to β‐actin. (d) Ratio of bax to bcl2.

(e) Ratio of Cyto C to β‐actin. (f) Ratio of caspase 9 to β‐actin.
(g) Ratio of caspase 3 to β‐actin. Values are means ± standard
deviation. n = 10. LD, long daylight; MD, moderate daylight; SD, short

daylight. *p < .05, **p < .01, ***p < .001 relative to SD; #p < .05,
##p < .01 relative to MD
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of camels significantly increases in the winter under SD (Abdel‐
Maksoud, Hussein, & Attaai, 2019). The present study found similar

results. In this study, BECN1 protein expression levels did not change

under SD conditions, whereas mTOR decreased in the epididymis

compared with MD conditions, indicating that the increase in au-

tophagy levels in the epididymides may be mainly caused by a de-

crease in the inhibition of mTOR. The protein expression levels of

BECN1 (46%, p < .05) and mTOR (61%, p < .05) decreased under LD

conditions, indicating that the increase in epididymis autophagy le-

vels under LD may be mainly mediated by a higher degree of

downregulation of the inhibition of mTOR. In general, the autophagy

levels in the testes were unchanged under both SD and LD condi-

tions, whereas in the epididymides, the corresponding levels were

increased, indicating tissue specificity.

We also found obvious DNA fragmentation in the testes, and

ultrastructural assessment showed chromatin agglutination and

F IGURE 10 Expression of autophagy‐
related proteins of the testis and epididymis in
hamsters of three different photoperiod
groups. (a) Representative immunoblots of

LC3I, LC3II, P62, BECN1, mTOR, and β‐actin
in three different photoperiodic groups.
(b) Ratio of LC3II to LC3I. (c) Ratio of P62 to

β‐actin. (d) Ratio of BECN1 to β‐actin.
(e) Ratio of mTOR to β‐actin. Values are the
means ± standard deviation. n = 10. BECN1,
beclin‐1; LC3, light chain 3; LD, long daylight;

MD, moderate daylight; mTOR, mammalian
target of rapamycin; SD, short daylight.
*p < .05, **p < .01, ***p < .001 relative to SD;
#p < .05, ##p < .01, ###p < .001 relative to MD
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nuclear membrane contraction in the nuclei under SD conditions. As

DNA fragmentation is one of the most important indicators of

apoptosis, these results suggest the occurrence of apoptosis under

these conditions. The ratio of bax to bcl2 is usually used to measure

the level of mitochondrial apoptosis (Antonsson et al., 1997),

whereas caspase 3 is a key enzyme in the execution and effect of

nuclear apoptosis (Herr, 2018). In the testes, the protein expression

levels of apoptosis‐related factor bax/bcl2, Cyto C, caspase 9, and

caspase 3 were increased in SD compared with MD conditions, in-

dicating that the level of apoptosis caused by mitochondrial and

nuclear apoptosis increased. The protein expression levels of

bax/bcl2 and Cyto C in the testes were unchanged under LD condi-

tions, suggesting that the level of apoptosis remained stable, whereas

those in the epididymides decreased in both SD and LD conditions,

indicating that the level of mitochondrial apoptosis decreased. The

protein expression of caspase 3 was unchanged under SD, indicating

that the level of nuclear apoptosis may be maintained in SD condi-

tions. As studies have shown that increased apoptosis leads to loss of

tissue weight (Furuta et al., 1994; Huang et al., 2016; Otsuka

et al., 2010), the loss of testis weight in hamsters under SD exposure

in this study may be related to the increase in apoptosis levels. This is

similar to the findings in white‐footed mice, Syrian hamsters, and

bank voles, where the levels of testes apoptosis increased and tes-

ticular weight decreased under SD conditions (Bonda‐Ostaszewska &

Wlostowski, 2015; Morales et al., 2007; Young, Zirkin, & Nelson,

2001). In general, the loss of testis weight under SD may be caused

by stable autophagy levels and increased apoptosis levels, while

constant levels of autophagy and apoptosis may be one of the me-

chanisms of testicular quality maintenance under LD. The loss of

epididymis weight under SD may be caused by an increase in au-

tophagy levels and the maintenance of nuclear apoptosis levels,

whereas an increase in autophagy levels and a decrease in apoptosis

levels may be one of the mechanisms for maintaining epididymis

weight under LD conditions.

Surprisingly, the protein expression levels of ATP synthase and

CS in the testes showed no significant differences among the three

photoperiods, although the level of apoptosis increased in the testes,

suggesting that mitochondrial function did not change under differ-

ent photoperiods. However, the expression levels of both proteins in

epididymides decreased under both short and long daylight, sug-

gesting that mitochondrial function weakened. The differences in

mitochondrial function between testis and epididymis under different

photoperiods may be related to changes in mitochondrial apoptosis

and fission levels. Drp1 is the most important factor in mitochondrial

fission; Mff promotes the activity of Drp1 (Mozdy, McCaffery, &

Shaw, 2000), while Fis1 inhibits mitochondrial fission (Liu &

Chan, 2015). In the testis, compared with MD, the ultrastructure

under SD showed mitochondrial cristae damage, and the levels of

bax/bcl2 and Drp1 increased, indicating that the levels of mi-

tochondrial apoptosis and mitochondrial fission were significantly

increased under SD. This suggests that the dynamic balance of

F IGURE 11 Expression of mitochondrial function‐related
proteins of the testis and epididymis of hamsters in three different
photoperiod groups. (a) Representative immunoblots of ATP
synthase, CS, Drp1, Mff, Fis1, and β‐actin in three different
photoperiod groups. (b) Ratio of ATP synthase to β‐actin. (c) Ratio of

CS to β‐actin. (d) Ratio of Drp1 to β‐actin. (e) Ratio of Mff to β‐actin.
(f) Ratio of Fis1 synthase to β‐actin. Values are means ± standard
deviation. n = 10. ATP, adenosine triphosphate; CS, citrate synthase;

LD, long daylight; MD, moderate daylight; SD, short daylight. *p < .05,
**p < .01 relative to SD; #p < .05, ##p < .01, ###p < .001 relative to MD
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mitochondrial apoptosis and fission level maintains the stability of

mitochondrial function under short daylight. In LD, mitochondrial

fission levels increased, while mitochondrial apoptosis levels re-

mained unchanged. The elevated levels of caspase 3 mean increased

nuclear apoptosis levels, which may lead to impaired mitochondrial

function throughout the tissue and may be one of the mechanisms by

which the mitochondrial function of the testis remains stable under

LD. In the epididymis, the protein levels of bax/bcl2 and Drp1 were

decreased under SD and LD compared with MD, suggesting that the

decrease in the levels of mitochondrial apoptosis and mitochondrial

fission under SD and LD may have resulted in the decrease in mi-

tochondrial function in the epididymis. In general, the levels of mi-

tochondrial fission and apoptosis increase in the testes under either

short or long daylight, this may lead to the maintenance of stable

mitochondrial function, whereas the levels of mitochondrial fission

decrease in the epididymides, which may be the main reason for the

decrease in mitochondrial function.

In conclusion, we conducted a comprehensive study to explore the

changes in and mechanisms of autophagy, apoptosis, mitochondria

fission, and function in different sex organs of hamsters under various

photoperiods. Our findings confirm that SD exposure can lead to the

loss of weight and structural degradation of sexual organs, whereas LD

exposure decreased testicular‐related hormones, possibly leading to a

weakening of the reproductive ability of male hamsters. The loss of sex

organ weight under SD may be mainly caused by increases in apop-

tosis levels in the testes and autophagy levels in the epididymis. In

addition, the stability of mitochondrial function in the testis and the

decrease of the corresponding level in epididymis may be a molecular

strategy for hamsters to protect testicular function under various

photoperiods. In general, SD and LD exposure lead to weakened re-

productive function of sexual organs in hamsters through different

mechanisms that may involve the balance between apoptosis and

autophagy, mainly by regulating mitochondrial fission levels to main-

tain mitochondrial function in the testis and epididymis.
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