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A significant decrease in poultry egg production occurs due to ovarian aging and autophagy is one of the important factors of ovarian aging that is induced predominantly by oxidative stress. Increasing evidence showed potential roles of plant-derived grape seed proanthocyanidin (GSPs) in protecting ovarian granulosa cells (GCs) from oxidative damage, although the underlying mechanism is still unclear. Here we investigated the possible functions of autophagy involved in the preventive effect of GSPs on oxidative stress in the GCs of ovarian hierarchical follicles of laying chickens. The results showed that increased autophagy was observed in the aging hens (580-day-old, D580) compared with the peak-lay hens (D280). Treatment of GSPs significantly restored the elevated autophagy and decreased viability of cultured D280 chicken GCs that were elicited by hydrogen peroxide. GSPs also suppressed the increased autophagy in the natural aging hens. Similar to the effect of GSPs on GC viability, inhibition of autophagy also showed a protective effect on the decreased viability of GCs under oxidative damage. However, GSPs were not able to provide further protection in GCs that were pretreated with 3-methyladenine (an autophagy inhibitor). In addition to its promoting action on antioxidant capacity, treatment with GSPs increased survival of GCs from autophagy that was caused by oxidative stress through the FoxO1-related pathway. Inhibition of FoxO1 or activation of PI3K-Akt pathway by GSPs increased the confrontation of GCs to oxidative damage and decreased autophagy in GCs. In addition, activation of the SIRT1 signal inhibited the GCs autophagy that was caused by oxidative stress via GSPs-induced deacetylation of FoxO1. These results revealed a new mechanism of GSPs against oxidative stress of GCs via inhibiting FoxO1, which was probably a possible target for alleviating ovarian aging in laying poultry.
Keywords: autophagy, grape seed proanthocyanidins, granulosa cell (GC), FoxO1, chicken
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | 
1 INTRODUCTION
The egg production of the commercial laying chicken decreases around 580 days (D580) and this decrease seriously affects the economic output of laying poultry. Ovarian follicles represent the most important functional unit for the continuation of the avian species and egg production. There are increasing atretic follicles in the aging hens and follicular atresia in poultry is similar to that in mammals, which is mainly due to apoptosis of granulosa cells (GCs) (Matsuda-Minehata et al., 2006). Oxidative stress, which is caused by the accumulation of reactive oxygen species (ROS) in metabolic activities, signifies one of the most important factors leading to ovarian aging (Devine et al., 2001; Luderer, 2014; Lim et al., 2015). Ovarian GCs are highly prone to oxidative damage by ROS attack. Therefore, elucidation of the preventive mechanism of GC death caused by oxidative stress may provide a potential treatment strategy for reproductive failure caused by excessive follicular atresia.
Follicular atresia can be induced by increased cell apoptosis and autophagy (Shen et al., 2017). Autophagy is a lysosomal degradation pathway, which is important for survival, differentiation, development and homeostasis. At the same time, autophagy seems to promote cell death and disease progression (Tan et al., 2016). ROS accelerates autophagy in various manners such as inhibition of the mTOR pathway (Rodrigues et al., 2020). On the contrary, inhibition of ROS production relieved the inhibition of the PI3K/Akt/mTOR pathway to decrease autophagy level (Wang et al., 2018). Elevated autophagy induced apoptosis of rat granulosa cells by decreasing the expression of Bcl-2 and activation of caspase (Choi et al., 2011).
Meanwhile, the Forkhead-box (Fox) protein family is a kind of transcription factor with the wing helix structure in the DNA binding region. Fox is widely involved in physiological processes such as autophagy, cell apoptosis, proliferation, DNA damage repair, differentiation, cell cycle arrest, stress response, aging, metabolism (Katoh and Katoh, 2004). Recent studies show that FoxO1 also regulates the development of follicles and atresia (Zhang et al., 2017; Shen et al., 2017; Liu X. et al., 2018). Immunohistochemical analysis manifested that FoxO1 was localized in the nuclei of GCs of rat atresia follicles (Shen et al., 2012). In the mouse, FoxO1 induced GCs apoptosis and follicles atresia by inhibiting cell proliferation and steroid hormone synthesis (Shen et al., 2017). Though the previous studies have proven that FoxO1 was induced by oxidative stress, the role of FoxO1 in GCs apoptosis and follicular atresia is rarely investigated.
Silent information regulator of transcription 1 (SIRT1), a member of the family of silent transcriptional regulators, has the role of deacetylase and plays an important role in many biological processes, including oxidative stress, apoptosis and senescence, gene transcription, metabolism and so on (Alves-Fernandes and Jasiulionis, 2019; Chen et al., 2020). It was reported that SIRT1 activated FoxO1 through deacetylation and reduced cell oxidative stress injury caused by H2O2 resulting in osteoblast apoptosis inhibition (Yao et al., 2018). Lin et al. showed that SIRT1 deacetylated p53 and inhibit p53 activation, thereby protecting renal tubular cells from oxidative stress damage and reducing cell apoptosis. Therefore, SIRT1 inhibited p53 activation through deacetylation, reducing cell apoptosis caused by oxidative stress damage (Lin X. et al., 2018). However, the regulatory mechanisms of SIRT1 protein in autophagy during chicken aging remain unclear.
Antioxidants targeting autophagy may contribute to the survival of the GCs against oxidative damage. In poultry production, it’s extremely important to develop attenuating measures to effectively prevent advanced ovarian aging to extend the laying period. Numerous plant-derived natural compounds or synthesized chemicals have been evaluated for their effects in preventing ovarian aging, thus enhancing the poultry laying performance (Yao et al., 2020). In recent years, some natural compounds with antioxidant capacities, such as melatonin (Ming et al., 2018), lycopene (Liu X. et al., 2018), and aloe-emodin (Lu et al., 2007), have been widely studied to postpone aging. The most widely-used proanthocyanidins, grape seed proanthocyanidins (GSPs), is a kind of biological flavonoid with a special molecular structure that possesses diverse functions such as anti-oxidation, anti-allergy, anti-aging, and improving immunity (Shi, 2003; Li et al., 2020; Rigotti et al., 2020; Fu et al., 2021). GSPs improved the antioxidant capacity of the chicken and alleviated the oxidative stress caused by coccidia (Wang et al., 2008). GSPs also enhanced the antioxidant capacity of the aging ovarian tissue, maintained the balance of ovarian cell proliferation and apoptosis and alleviated the decline of the aging ovary (Liu X. T. et al., 2018).
Our previous studies have shown that GSPs treatment can efficiently reduce oxidative stress via preventing the ovarian aging process in chickens (Liu X. T. et al., 2018). Here we further explored the mechanism of GSPs in preventing autophagy-induced GCs death and follicle atresia by investigating the PI3K-AKT/SIRT1-FoxO1 signaling pathway. Our findings may provide new understandings of the mechanism of GSPs involved in resistance to ovarian aging in senescent hens.
2 MATERIALS AND METHODS
2.1 Animals and Ethics
All procedures were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals of Zhejiang University (ZJU20170660). Hyline white hens (Gallus domesticus) were purchased from the farm and fed for free. Sample collection was performed from 280 ± 20 days (D280, high-laying hens) and 580 ± 20 days (D580, aged hens with low-laying). Ovaries were obtained under sterile conditions and extra tissues were removed using fine tweezers and scalpels. Prehierarchical small white follicles (SWFs) were collected for subsequent H&E staining, immunohistochemical staining, and Western blot analysis. The experimental protocols were approved by the Committee on the Ethics of Animal Experiments of Zhejiang University (No. ZJU2015-156-12).
2.2 Culture and Treatment of SWFs
The SWFs from D580 hens were transferred to the DMEM high glucose (Hyclone, Tauranga, New Zealand) supplemented with 5% fetal calf serum (FCS; Hyclone, Utah), 100 IU/ml penicillin (Beyotime Biotechnology, Shanghai, China), 100 mg/ml streptomycin (Hyclone, Fremont, CA, United States), 2 mM glutamine and insulin-transferrin-selenium mixture (ITS: 10 mg/ml insulin, 5 mg/ml transferrin and 30 nM selenite). The follicles were cultured in 48-well culture plates (Corning Inc., Corning) with the medium at 38.5°C with 5% CO2 for 72 h (Zhou et al., 2021). The medium was renewed every 24 h. The cultured SWFs from D580 hens were treated with 5 μg/ml (8.5 μM) GSPs (Liu X. T. et al., 2018) or/and 10 mM 3-methyladenine (3-MA).
2.3 Cell Culture and Treatments
Small yellow follicles (SYFs, 6-8 mm) were removed from D280 or D580 hens and transferred to M199 medium (Hyclone, Tauranga, New Zealand). Granulosa layers (GLs) were separated from the SYFs after washing with ice-cold phosphate-buffered saline (PBS) three times. The GLs were washed several times to remove the attached yolk in cold M199 medium and then was digested with 1 mg/ml collagenase II (Gibco, Grand Island, NY) for 3 min at 37°C. The dispersed GCs were filtered through a 200 μM mesh and the dispersed GCs were centrifuged for 8 min at 1200 rpm. The precipitate was washed three times with ice-cold DMEM. Cell number and survival rate were estimated with trypan blue exclusion test. The cells were seeded at a density of 105 cells/well in collagen-coated 96-well plates with 500 μL DMEM/well supplemented with 1 × ITS, 10% FCS, 100 IU/ml penicillin and 100 μg/ml streptomycin. Cells were cultured at 38.5°C with 5% CO2.
2.3.1 Experiment 1: Establishment of the Oxidative Damage Model
For senescence induction, a modified H2O2 treatment protocol was used (Yao et al., 2020). Briefly, the cultured GCs from D280 hens SYFs were treated with H2O2 in a gradient concentrations from 50 to 150 μM to induce oxidative damage. Based on the evaluation of cell proliferation and apoptosis rates, the dose of 100 μM H2O2 was chosen as the optimal concentration in the subsequent experiments.
2.3.2 Experiment 2: GSPs Dose Screening
Likewise, the cultured GCs from D280 hens SYFs were treated with GSPs in a gradient concentrations from 1 to 100 μM. Based on the evaluation of cell proliferation rates, the dose of 10 μM GSPs was adopted as the optimal concentration for the following experiments.
2.3.3 Experiment 3: Treatment With Different Activators or Inhibitors
After pretreatment with GSPs (10 μM) for 24 h, GCs were washed in M199 and incubated with a medium containing 100 μM H2O2 for different time. GCs were treated with DC661 (a lysosomal protease inhibitor, 5 μM), LY294002 (LY, a broad-spectrum inhibitor of PI3K, 20 μM), AT7867 (an AKT inhibitor, 10 μM), Sirtinol (an sirtuin (SIRT) inhibitor, 100 μM), SRT1720 (an SIRT activator, 100 μM), 3-MA (an autophagy inhibitor, 10 mM), Z-VAD-FMK (ZVF, a pan-caspase inhibitor, 50 μM) or (−)-DHMEQ (an antioxidant inhibitor, 10 μg/ml) for 1 h before H2O2 exposure.
2.4 Morphological Observation
GCs were fixed in 4% neutral paraformaldehyde solution for 2 h at 4°C. After fixation, tissues and cells were rinsed with running water, and the cells were used for subsequent immunohistochemistry. The tissues were dehydrated by graded ethanol and immersed in 60°C paraffin for more than 4 h and embedded. The paraffin section was prepared at 4 μm thickness for immunohistochemistry (IHC), bromodeoxyuridine (BrdU, Sigma-Aldrich, WI, United States) incorporation and TUNEL assay. Hematoxylin and eosin (H&E) staining was carried out according to a conventional protocol. Immunofluorescence (IF) staining was referred to a previous method (Zhou et al., 2021). The primary antibody used for the IF was rabbit anti-LC3B (1:200, ET1612-91, HuaAn Biotechnology Co., Hangzhou, China). For detection of the proliferating cells, EdU (20 μM 5-ethynyl-2′ -deoxyuridine, C0071S, Beyotime Biotechnology) was added into the culture GCs for 2 h. Cells were counterstained by 4′,6-diamidino-2-phenylindole (DAPI) for 5 min. Mounted slides were captured using an Olympus IX70 microscope.
TUNEL staining was performed in the cultured cells via a BrightGreen Apoptosis Detection Kit (A112-03, Vazyme Biotech, Nanjing, China) according to the manufacturer’s instructions. Mounted slides were captured using an Olympus IX81 microscope.
For BrdU incorporation assay, SWFs were incubated for 24 h with 10 μg/ml BrdU. After 72 h of treatment, SWFs were collected for subsequent determinations. IF was performed as previously reported (Zhou et al., 2021). The fluorescence images of the slides were visualized using a fluorescence microscope (Olympus IX70, Tokyo, Japan).
2.5 Cell Viability Assay
Cell Counting Kit-8 (CCK-8; Fudebio, Hangzhou, China, FD3788) was used to measure cell viability. GCs were seeded in 96-well plates and grew to 90% confluency for 2 days. CCK-8 assay reagent (10 μL) was added to each well containing 200 μL medium after different treatments. Then, GCs were incubated in the dark for 4 h at 38.5°C. The formation of formazan was assessed by optical density at 450 nm under a microplate spectrophotometer.
2.6 Detection of ROS
ROS level was detected by ROS Assay Kit (S0033M, Beyotime Institute of Biotechnology, Hangzhou, China) according to the manufacturer’s instructions. Green fluorescence was emitted upon excitation at 488 nm. GCs were captured with an Olympus microscope (IX70). The results were calculated as fluorescence intensity in each GC by using the ImageJ software (National Institutes of Health, Bethesda, MD, United States).
2.7 Determination of Total Antioxidation Capability
Total Antioxidant Capability Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to determine the total antioxidation capability (T-AOC) according to the manufacturer’s instruction. The cells were digested with EDTA-trypsin for 2 min and terminated using the DMEM containing 5% FCS. Briefly, cellular homogenates were centrifuged at 12,000 g at 4°C for 10 min, and protein concentration was determined using a BCA Protein Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instruction. The reduction of Fe3+-TPTZ was then detected at λ593 nm.
2.8 Acridine Orange Staining
GCs were stained with 1 μg/ml acridine orange for 15 min at 37°C. In acridine orange-stained cells, the cytoplasm and nucleus emit green fluorescence, whereas the acidic compartments shine bright red (Ming et al., 2018). The green (510–530 nm) and red (650 nm) fluorescence emission illuminated with blue (488 nm) excitation light were visualized under an Olympus IX70 microscope.
2.9 RNA Extraction and RT-qPCR
Total RNA was extracted from GCs with Trizol reagent (Invitrogen Co., Carlsbad, CA, United States) according to the manufacturer’s instruction. The cDNA was synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, San Jose, CA, United States) following the manufacturer’s instruction. The reverse transcription product was diluted at 1:10 and then used as a cDNA template for RT-qPCR analysis. Relative expression of the target genes was determined by RT-qPCR that was carried out on ABI 7500 HT Real-Time PCR machine (Applied Biosystems, Foster City, CA, United States) in a 10 µL volume using AceQ Universal SYBR qPCR Master Mix (Vazyme., Nanjing, China). Sequences of the primers were provided in Table 1. All samples were normalized with the average of β-actin and GAPDH using the comparative cycle threshold method [2−(△) (△) Ct).
TABLE 1 | Primers for PCR analysis.
[image: Table 1]2.10 Western Blot Analysis
2.10.1 Total Protein Extraction
The SWFs from D580 and D280 hens were homogenized using 500 μL ice-cold RIPA (P1003B, Beyotime, Jiangsu, China) supplemented with 1 mM phenylmethanesulfonyl fluoride (Beyotime, Shanghai, China). The cultured GCs were digested with EDTA-trypsin for 2 min and homogenized by 50 μL RIPA containing 1 mM phenylmethanesulfonyl fluoride.
2.10.2 Nuclear Protein and Cytoplasmic Protein Extraction
The cultured GCs were digested with EDTA-trypsin for 2 min. The nuclear protein and cytoplasmic protein extraction kit was used to extract nuclear protein and cytoplasmic protein (P0027, Beyotime Institute of Biotechnology, Hangzhou, China) according to the manufacturer’s instructions.
2.10.3 Protein Quantification
The total protein was quantified by BCA Protein Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Samples of 22 μg of protein were applied to a 10% SDS–polyacrylamide gel electrophoresis and the proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (0.22 μm, Millipore, Bedford, United States) after running for 45 min at 120 V. After blocking with 5% skim milk, the PVDF membrane was incubated with corresponding primary antibodies including rabbit anti-LC3B (1:500, ET1701-65), anti-SQSTM1 (1:500, R1309-8), anti-Bcl2A1 (1:500, ET1610-20), anti-caspase 3 (1:500, ER 1802-42), anti-PCNA (1:500, R1306-5), anti-AKT (1:500, EM40507), anti-p-AKT (1:500, ET1607-73), anti-FoxO1 (1:500, ET1608-25, HUABIO, Hangzhou, China) and anti-ac-FoxO1 (1:500, A17406, ABclonal, Wuhan, China). Next, the membrane was incubated with the secondary antibodies. Blots were washed three times and visualized using FDbio-Femto ECL Substrate Kit (FD8030, FDbio, Hangzhou, China). For protein quantification, Gel-Pro Analyzer (Media Cybernetics, United States) was used to quantify and analyze images with β-actin as the internal control.
2.11 Transmission Electron Microscopy
GCs were fixed in 2.5% glutaraldehyde for 24 h at 4°C and dehydrated in ethyl alcohol and acetone. Then GCs were embedded in LX 112 epoxy resin. Sections of 70-90 nm thickness were cut with an ultramicrotome (Leica Microsystems GmbH, Wetzlar, Germany) and mounted on formvar-coated copper grids. The samples were observed and photographed by a Tecnai G2 Spirit (FEI Company, Hillsboro, United States) at various magnifications after staining.
2.12 Statistical Analysis
All experiments were repeated three times. Data were expressed as the mean ± standard error of the means and analyzed with post hoc Dunnett’s test and independent samples t-test or by One-way ANOVA and Two-way ANOVA via the GraphPad Prism8 software. p < 0.05 was statistically significant.
The experimental design was provided in Supplementary Figure S1.
3 RESULTS
3.1 Comparison of Autophagy in Ovaries Between D280 and D580 Hens
The results of H&E and immunofluorescence assay showed that the formation of autophagy was remarkably enhanced in ovaries and follicles collected from D580 hens as compared with D280 hens (Figures 1A–D). Meanwhile, the LC3B, positive staining of the autophagy-related biomarkers, was concentrated almost in the granulosa layers (Figures 1B,D). Notably, Western blot analysis of LC3B expression was increased 88.89%. SQSTM1 degradated 75% in aging hens. These results further confirmed that autophagy within ovarian GCs (Figures 1E,F). TEM also showed that more autophagic vacuoles appeared in the aging follicles (Figure 1G).
[image: Figure 1]FIGURE 1 | The morphological changes of ovarian and follicle tissues in different ages hens. (A) Representative morphology of ovarian tissues in hens D280 and D580. Scale bar: 50 µm. (B) The expression of LC3B in ovarian tissues from hens aged D280 and D580. Scale bar: 20 µm. (C) Representative morphology of SWF in hens D280 and D580. Scale bar: 50 µm. (D) The expression of LC3B in SWF from hens aged 280 and 580 days. LC3B protein is mainly expressed in GCs via IF. Scale bar: 20 µm (E) The expression of SQSTM1 and LC3B by Western blot. (F) Relative expression of proteins related to autophagy in GCs. (G) The ultramicrostructure of the follicle in hens aged 280 and 580 days. An enlarged view of parts in the box on right. Scale bar: 1 µm. Arrows: autophagic vesicle.
3.2 Reduced Autophagy After GSPs Treatment in D580 Hen SWFs
The structure of SWFs in D580 hen ovarian tissues displayed a loose and irregular arrangement of the granulosa cells. This structural deterioration was remarkably alleviated by 5 μg/ml (8.5 μM) GSPs treatment. This effect was similar to the treatment of an autophagy inhibitor 3-MA (10 mM). Both GSPs and 3-MA treatment increased GC proliferation in SWFs through BrdU staining assay (Figure 2A). Compared with control group, treatment with GSPs or 3-MA alone significantly increased the expression of PCNA at least 60% and decreased 40% on the expression of LC3B in SWFs from D580 hens (Figures 2B,C).
[image: Figure 2]FIGURE 2 | GSPs represses autophagy in follicle from D580 hens. (A) Effect of GSPs or 3-MA (an inhibitor of autophagy, 10 mM) on the proliferation of SWFs from D580 hens. Scale bar of HE: 50 µm. Scale bar of IF: 20 µm. (B) The immunoblotting detection of PCNA and LC3B in SWFs from D580 chickens were determined by Western blotting. (C) The expression of PCNA and LC3B in SWFs from D580 chickens. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
3.3 Reduced Autophagy After GSPs Treatment in D580 Hen GCs
GSPs treatment did not enhance the cell viability, but the treatment with both GSPs and 3-MA improved cell viability (Figure 3A). Compared with the control, treatment of GSPs significantly showed lower ROS levels in GCs from D580 hen follicles (Figures 3B,C). By EdU incorporation assay, no difference in cellular proliferation when GSPs or 3-MA was added separately, but there was increased cellular proliferation adding both GSPs and 3-MA (Figures 3D,E). GSPs alleviated autophagy of GCs from D580 hens. GSPs decreased the expression of LC3B protein by 57.14% and increased the expression of SQSTM1 protein over 3 times (Figures 3F,G). As shown in Figure 3H, treatment of GSPs significantly decreased the number of autophagic vesicles in GCs from D580 hen GCs.
[image: Figure 3]FIGURE 3 | GSPs represses autophagy in cultured GCs from D580 hens. (A) Cell viability was examined on GCs, which were treated with GSPs or 3-MA. (B) ROS fluorescence staining in GCs from D580 chicken SYFs. Scale bar: 20 µm. (C) The fluorescence intensity of ROS in GCs. The optical density was quantified by ImageJ software. Experiments were repeated in three times, and three fields of each coverslip were selected in random for analysis. (D) Effect of GSPs or 3-MA on the proliferation of GCs from D580 chicken SYFs by EdU staining. Scale bar: 20 µm. (E) The positive cells rate in EdU staining. (F) The immunoblotting detection of SQSTM1 and LC3B in GCs from D580 SYFs were determined by Western blotting. (G) The expression of SQSTM1 and LC3B in GCs from D580 SYFs. (H) The ultrastructure of GCs of the follicle in hens aged 580 days with/without GSPs. An enlarged view of parts in the box on right. Scale bar: 1 µm. Arrows: autophagic vesicle. Scale bar: 1 µm. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
3.4 Establishment of the Aging Model of GCs and GSPs Dose Screening
H2O2 was used to establish aging model of GCs from D280 hen SYFs. The effect of H2O2 on the proliferation of GCs was detected by EdU incorporation. The result showed that H2O2 treatment significantly inhibited the proliferation of GCs. Treatment with 100 μM H2O2 markedly reduced the proliferation of GCs by 28.22% and higher H2O2 (150 μM) further decreased cell proliferation by 55.21% (Figure 4A). Compared with the control, treatment with 100 μM H2O2 significantly enhanced GCs apoptosis rate. However, the apoptosis rate was more than 90% after the treatment of 150 μM H2O2 (Figure 4B). Western blot experiment showed that the LC3B expression displayed a dose-dependent manner in the cultured GCs after H2O2 treatment and was significantly inhibited by GSPs treatment (Figures 4C,D). The cell viability displayed a dose-dependent manner decrease in the cultured GCs after H2O2 treatment and this downward trend was alleviated by GSPs (Figure 4E). The ROS fluorescence intensity displayed a dose-dependent manner increase in the cultured GCs after H2O2 treatment. GSPs effectively alleviated the accumulation of ROS caused by the 100 μM H2O2 (Figure 4F). Thus 100 μM H2O2 was chosen to establish aging model of GCs. Then GSPs dose was screened. Treatment with 10 or 100 μM GSPs remarkably increased the positive cells (Figure 4G). The 10 μM GSPs was chosen for the following experiments.
[image: Figure 4]FIGURE 4 | Effects of GSPs or H2O2 changes of GCs via EdU incorporation and TUNEL staining. (A) Effect of H2O2 on proliferation of granulosa cells. Scale bar: 20 µm. (B) Effect of H2O2 on apoptosis of granulosa cells. Scale bar: 20 µm. (C,D) The immunoblotting detection of LC3B in GCs from D280 chicken SYFs. (E) Cell viability was examined as described above. (F) The fluorescence intensity of ROS in GCs was observed by a fluorescence microscope. Scale bar: 20 µm. (G) Effect of GSPs on the proliferation of GCs. Bars with different superscripts are statistically different (p < 0.05). Scale bar: 20 µm.
3.5 Effect of GSPs on GCs From Oxidative Damage via Inhibiting Autophagy
As shown in Figure 5A, GCs pretreated with 10 μM GSPs for 24 h showed a marked reduction in the number of AVOs after being treated with 100 μM H2O2. Correspondingly, the Western blot experiment showed that the LC3B expression and SQSTM1 degradation after H2O2 exposure were significantly inhibited by GSPs treatment (Figures 5B,C). Statistic results showed that the LC3B expression was increased over 80.95% in H2O2-teated 1 h or 2 h. Moreover, the decreased viability of GCs caused by H2O2 was significantly increased in the presence of GSPs (Figure 5D). GSPs alleviated the effect of 100 μM H2O2-teated 2 h on GCs better than H2O2-teated 1 h. The results of the RT-qPCR analysis showed that pretreatment of GSPs reduced the expression of Rab7, Pik3c3, Map1lc3b, Atg7, Becn1, Bnip3, and Atg12 in the H2O2-treated for 2 h in the GCs compared with the H2O2 group (model control). However, GSPs alone did not decrease the expression of autophagy-related genes (Figure 5E). IF showed that LC3B was increased in H2O2-treated GCs (Figure 6A). However, DC611 alone did not increase the accumulation of LC3B and cell viability (Figures 6B–D).
[image: Figure 5]FIGURE 5 | The effect of GSPs on H2O2 -induced autophagy in cultured GCs. (A) The acridine orange staining was used to detect the AVOs (acidic vesicular organelles, red) in H2O2-treated 2 h GCs from D280 SYFs to show a morphological characteristic of autophagy. Scale bar: 20 µm. (B) The expression of LC3B and SQSTM1 in GCs was determined by Western blotting. (C) The LC3B and SQSTM1 were quantified by densitometric analysis. (D) Cell viability using the CCK-8 assay. (E) The mRNA levels of autophagy-related genes in GCs were measured by RT-qPCR. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
[image: Figure 6]FIGURE 6 | Effects of GSPs and DC661 on H2O2-induced decline of autophagy. (A) LC3B-positive cells were compared in the control, H2O2, GSPs, and H2O2+GSPs groups. Scale bar: 5 µm. (B,C) Relative expression of proteins related to autophagy. DC661 (lysosomal protease inhibitor, 5 μM). (D) Cell viability using the CCK-8 assay. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
3.6 Effect of GSPs on GCs From Oxidative Damage via Repressing Autophagy
Both GSPs and 3-MA treatment restored the viability of GCs after H2O2 treatment for 2 h H2O2 treatment also caused cell apoptosis. However, treatment of ZVF did not completely alleviate the viability of GCs (Figure 7A). Western blot experiment showed that treatment of GSPs or 3-MA reduced the expression of LC3B over 70% and enhanced the expression of SQSTM1 over 110% in the cultured GCs with H2O2 treatment for 2 h (Figures 7B,C). Moreover, pretreatment of GSPs or ZVF reduced the expression of Caspase 3 and enhanced the expression of Bcl2A1 in the cultured GCs with or without H2O2 treatment for 2 h (Figures 7D,E).
[image: Figure 7]FIGURE 7 | GSPs prevent oxidative stress-induced GC injury via preferentially inhibiting autophagic death. (A) Cell viability was determined using the CCK-8 assay. Z-VAD-FMK (ZVF, a well-known pan-caspase inhibitor, 50 μM). (B) GCs pretreated with 10 μM GSPs for 24 h were then rinsed in PBS and exposed to 100 μM H2O2 for 2 h. To block the autophagic flux, 3-MA (10 mM) was added before H2O2 exposure. Western blotting showed expression levels of LC3B and SQSTM1. (C) Quantification of immunoblot signals for SQSTM1 and LC3B accumulation. (D) GCs pretreated with 10 μM GSPs for 24 h were then rinsed in PBS and exposed to 100 μM H2O2 for 2 h. To block the apoptosis, ZVF (50 μM) was added before H2O2 exposure. (E) The protein levels of Caspase 3 and Bcl2A1 were evaluated. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
3.7 Changes in ROS Scavenging After GSPs Treatment
The GSPs improved the T-AOC of GCs upon H2O2 exposure (Figure 8A). ROS staining showed that GSPs reduced ROS concentration. However, GSPs did not completely obliterate intracellular ROS (Figures 8B,C). Different in the treatment of (-)-DHMEQ, GSPs decreased ROS concentration in H2O2-treated GCs (Figures 9A,B). Meanwhile, GSPs also alleviated the decrease of T-AOC caused by H2O2, while (−)-DHMEQ has no such effect in GCs from D280 chicken SYFs (Figure 9C). GSPs increased the expression of SQSTM1 in H2O2-treated GCs. Meanwhile, GSPs decreased the expression of LC3B in H2O2-treated GCs (Figures 9D–F).
[image: Figure 8]FIGURE 8 | GSPs reduce the generation of ROS in GCs through oxidative stimulation. (A) GCs pretreated with or without 10 μM GSPs for 24 h and cultured in H2O2 (100 μM) 2 h later, T-AOC was detected. (B) The fluorescence intensity of ROS in GCs. Scale bar: 20 µm. (C) Quantification of intracellular ROS levels. The optical density was calculated in each GC with ImageJ software. Experiments were repeated in triplicate, and three fields of each coverslip were selected in random for counting. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
[image: Figure 9]FIGURE 9 | The inhibitory effect of GSPs on H2O2-induced autophagic GC death is not entirely dependent on the scavenging of reactive oxygen species. (A) GCs were exposed to GSPs and/or (−)-DHMEQ (an antioxidant inhibitor, 10 μg/ml) as described above. The level of ROS was detected by dichlorofluorescein fluorescence (green), and the nuclei were stained with DAPI (blue). Scale bar: 20 µm. (B) ImageJ software was used to quantify the optical density of ROS. (C) T-AOC was measured with GSPs and/or (−)- DHMEQ. (D) GCs were exposed to GSPs and/or (−)-DHMEQ (an antioxidant inhibitor, 10 μg/ml) as described above. The expression of LC3B and SQSTM1 in GCs were determined by Western blotting. (E,F) The LC3B and SQSTM1 were quantified by densitometric analysis. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
3.8 Role of AKT Pathway in GSPs-Induced Change in Autophagy
Western blot analysis showed that 100 μM H2O2-treated 2 h reduced the p-AKT instead of total AKT protein, while GSPs alleviated this downward trend (Figures 10A,B). Treatment of LY to inhibit PI3K led to the abolishment of GSPs-induced AKT activation (Figures 10C,D). AKT inhibitor AT7867 up-regulated the expression of Rab7, Pik3c3, Map1lc3b, Atg7, Becn1, Bnip3, and Atg12 mRNAs (Figure 10E). AT7867 treatment also reduced the protein expression of p-AKT that was associated with LC3B accumulation and SQSTM1 degradation (Figures 10F,G). Treatment with GSPs alone intensively induced cell viability, in a manner opposite from AT7867, an AKT inhibitor. In addition, the decline in the cell viability by 100 μM H2O2 treatment were recovered by administration of GSPs. After inhibition of AKT signaling pathway by AT7867, GSPs didn’t restore the decreased cell viability (Figure 10H).
[image: Figure 10]FIGURE 10 | GSPs counteract H2O2-induced GC autophagy via the PI3K-AKT pathway. (A,B) GCs subjected to H2O2 (100 μM) incubation for 1 or 2 h after culturing with 10 μM GSPs for 24 h. Western blotting was used to determine the expression of phosphorylated AKT (p-AKT) and total AKT. (C,D) After culturing with 10 μM GSPs with/without LY294002 (LY, a broad-spectrum inhibitor of PI3K, 20 μM) for 24 h. Phosphorylated AKT (p-AKT) and total AKT expression were determined by Western blotting. (E) RT-qPCR was performed to measure the mRNA levels of autophagy-related (Atg) genes in GCs. (F,G) After culturing with 10 μM GSPs with/without AT7867 (AKT inhibitor, 10 μM) for 24 h. The expression of phosphorylated AKT (p-AKT), total AKT, LC3B, and SQSTM1 were determined by Western blotting. (H) CCK-8 assay was used to determine cell viability in GCs. Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
3.9 Reduced Autophagy After GSPs Treatment in GCs via SIRT1-FoxO1 Inhibition
As shown in Figure 11A, FoxO1 was mainly expressed in the cytoplasm. The expression of AC-FoxO1 was increased in the H2O2-treated GCs, while treatment of GSPs reduced the expression of AC-FoxO1 and enhanced the expression of SIRT1. The expression of SIRT1 was decreased in the H2O2-treated GCs for 2 h, while treatment of GSPs induced the expression of SIRT1 (Figures 11B,C). Treatment of GSPs alleviated the increase of AC-FoxO1 protein expression that was induced by H2O2. Sirtinol (an inhibitor of SIRT1) increased the protein expression of AC-FoxO1 and LC3B. Meanwhile, after treatment by SRT1720 (an activator of SIRT1), the protein expression of AC-FoxO1 and LC3B was decreased in the cultured GCs (Figures 11D,E).
[image: Figure 11]FIGURE 11 | FoxO1 inhibits FoxO1 dependent autophagy in GCs by deacetylation of the GSPs-SIRT1 pathway. (A) GCs were exposed to GSPs and/or H2O2 as described above. The level of FOXO1 in cytosol and nuclei were detected by Western blotting. (B,C) GCs subjected to H2O2 (100 μM) incubation for 1 or 2 h after culturing with 10 μM GSPs for 24 h. The level of acetylated FOXO1 (Ac-FOXO1), total FOXO1, and SIRT1 protein were detected by Western blotting. (D,E) The expression of Ac-FOXO1, total FOXO1, and LC3B were quantified by densitometric analysis. Sirtinol (a sirtuin (SIRT) inhibitor, 100 μM), SRT1720 (a SIRT activator, 100 μM). Bars with different superscripts are statistically different (p < 0.05). Values are the means ± SEM (n = 3).
4 DISCUSSION
Traditionally, ovary aging in chickens has been simply considered a result of oxidative stress (Tatone et al., 2008; Liu X. T. et al., 2018). The gradual increase of ROS level and the decrease of antioxidant substance level in cells are some of the main reasons for ovarian aging, which in turn triggers follicular atresia and related anovulatory disorders (Agarwal et al., 2012). When the accumulation level of ROS generated by cell metabolism exceeds the scavenging capacity of the cell’s antioxidant system, the original redox balance of the cell is broken, causing extensive oxidative stress and ultimately leading to cell apoptosis (Jinhwan et al., 2015; Orrenius et al., 2017; Liu X. et al., 2018). However, autophagy also occurs in the atretic follicles (Choi et al., 2011). Autophagy signals can be detected in the granulosa layer of the follicle (Choi et al., 2010). More and more evidence suggest that autophagy may serve as a death-promoting pathway and aggravate the damage of GCs under oxidative stress (Nicole et al., 2006; Serke et al., 2009). The mechanisms of autophagy in chicken ovary aging remain poorly understood. In this study, our data showed that GSPs significantly inhibited autophagy and oxidative damage of the follicular GCs by PI3K-AKT/SIRT1-FOXO1 signaling pathway. We proposed a novel role of GSPs in protecting ovarian GCs survival from oxidative damage by inhibition of autophagy.
Using H&E staining, we observed the structure of the D580 chicken ovarian tissues was damaged and the SWFs displayed a loose and irregular arrangement of the granulosa cells, which was consistent with the previous studies (Liu X. T. et al., 2018; Yao et al., 2020). The TEM observation verified that the accumulation of autophagic vesicle in the cytoplasm and such accumulation appeared in D580 chicken SWFs. In brief, the autophagy level did ascend significantly with the aging process. On the other hand, regression of follicles embodies a gradual decrease of proliferation capacity and cell viability. The function of GCs in follicles is more active. GCs degenerate first in the process of aging, performing a decreased activity, decreased proliferation, and increased apoptosis (Liu X. T. et al., 2018; Lin Y. et al., 2018). Our studies revealed that the level of LC3B protein increased sharply and the level of SQSTM1 protein decreased at D580 chicken GCs. In summary, the aging process is accompanied by a significant increase in autophagy.
Supplementation of antioxidants is an effective way to alleviate ovarian oxidative stress thereby relieving autophagy. GSPs is a kind of polyphenol compound, which has a strong anti-oxidation and free radical scavenging effect. At present, the research on the defense mechanism of GSPs is mainly limited to its regulation of apoptosis (Liu X. T. et al., 2018), which has been the main cause of GC death and follicular atresia (Tilly et al., 1995 and; Matsuda-Minehata et al., 2006). GSPs relieve the oxidative stress of testicular tissue caused by arsenic and cisplatin in rodents (Genç et al., 2014; Zhao et al., 2014; Li et al., 2015), skeletal muscle of diabetic rats induced by low-dose streptomycin and high-sugar/high-fat (Ding et al., 2013), cyclosporine A poisoning in the heart tissue (Ozkan et al., 2012) and the porcine ovary induced by diquat (Zhang et al., 2019). Meanwhile, GSPs pretreatment effectively alleviates the apoptosis of porcine GCs induced by oxidative stress in vitro (Zhang et al., 2019) and ovarian aging by increasing antioxidant enzyme activity and the expression of antioxidant genes in aging ovaries (Liu X. et al., 2018). Consistent with the previous report, GSPs improved T-AOC in H2O2-treated GCs from D280 chicken SYFs. Our studies revealed that GSPs enhanced the proliferation capacity and decreased the ROS level in H2O2-treated GCs from D280 chicken SYFs and SWFs from D580 chicken. Moreover, oxidative stress-activated autophagy has been reported to initiate programmed cell death without apoptosis induction in multiple types of mammalian cells (Choi et al., 2010). To better evaluate whether GSPs mediated autophagy inhibition or apoptosis, we observed the autophagic formation in GCs treated with/without ZVF (apoptosis inhibitors). The ZVF alone did not completely increase the cell viability of H2O2-treated GCs from D280 chicken SYFs, indicating a not only apoptosis in the process of aging.
Interestingly, GSPs have been recently proposed to inhibit autophagy through redox-mediated elimination of free radicals (Shi et al., 2019). Therefore, this study explored whether autophagy is related to the inhibitory effect of GSPs on GC oxidative damage. These results manifested that GSPs decreased autophagy to protect the ovaries from oxidative stress. GSPs decreased the up-regulation of autophagy related genes (Rab7, Pik3c3, Map1lc3b, Atg7, Becn1, Bnip3, and Atg12) induced by H2O2. We compared ovarian histology, follicle histology, and autophagy markers to investigate the effects of aging on ovary antioxidant status. Our results demonstrated that GSPs decreased the LC3B protein level and enhanced the SQSTM1 protein level, thus increasing the cell viability similar to the effect of 3-MA. However, pretreatment of GSPs did not eliminate the accumulation of ROS in H2O2-treated GCs. Collectively, this study first describes GSPs alleviate cellular oxidative stress by inhibiting autophagy in the aging process. We then considered the potential of GSPs to relieve autophagy in H2O2-induced aging ovaries. Meanwhile, GSPs supplementation effectively alleviated the oxidative stress in aging ovaries by reducing autophagy. To better evaluate GSPs mediated autophagy inhibition, we observed the autophagic formation in GCs treated with/without DC661 (lysosomal protease inhibitors). The DC661 alone did not significantly increase the accumulation of LC3B protein expression, indicating a low baseline autophagic formation in GCs under the normal growth process. Our data displayed that GSPs decreased the level of ROS and GSPs-mediated inhibition of autophagic GCs death is not just dependent on ROS clearance.
There are many factors affecting autophagy. Several studies have shown that there is a connection between SIRT1 and autophagy. In the study of oridonin inhibiting the proliferation of human cervical cancer HELA cells and myeloma RPMI8266 cells, it was found that autophagy was activated and the expression level of SIRT1 increased. After using 3-MA to inhibit autophagy, the level of SIRT1 also decreased (Cui et al., 2006; Zeng et al., 2012). Cardiomyocytes cultured in vitro can induce autophagy in a SIRT1 and FOXO1 dependent manner in the glucose-free medium (Mukherjee et al., 2010). The artificial regulation of the expression level of SIRT1 also further illustrates its role in autophagy. The silence of SIRT1 increased the sensitivity of neurons to prion-induced cell death and mitochondrial dysfunction (Morselli et al., 2010; Jeong et al., 2012). Although SIRT1 is not an essential part of the autophagy mechanism, autophagy induction requires activation of the SIRT1 signal transduction process or SIRT1 participation in regulation.
SIRT1 not only directly acted on the components of the autophagy mechanism to affect autophagy but also promoted or enhanced the expression of the components of the autophagy mechanism through its deacetylation of a series of transcription factors (Morselli et al., 2010; Jeong et al., 2012). The most well-known of these transcription factors are members of the FOXO family (Katoh and Katoh, 2004). FoxO1, one of the key downstream targets of the Akt pathway, is an important nuclear transcription factor that regulates diverse cellular responses involving cell differentiation, cellular metabolism, and the inflammatory response (Xu et al., 2020). The expression of FoxO1 was up-regulated by 3-NP intraperitoneal injection or H2O2 treatment and the mRNA expression of apoptosis-related genes and the apoptosis rate of granulosa cells also increased (Zhou et al., 2020). FoxO1 was selectively overexpressed in ovarian GCs (Liu et al., 2009), which has a potential role in regulating GC function (Kyung et al., 2018; Zhou et al., 2020). Meanwhile, it is a key factor in promoting GC death induced by oxidative stimulation (Park et al., 2005; Shen et al., 2014 and; Shen et al., 2017). Immunohistochemical analysis of rodent ovary showed that FoxO1 was concentrated in the nucleus of GCs in atresia follicles. In neuronal cells, oxidative stress causes FoxO1 to transfer from cytoplasm to nucleus, leading to cell death (Zheng et al., 2000). However, in our results, the FoxO1 protein was located in cell cytosolic, which was different from reported in the previous study (Shi et al., 2019).
Through these studies, we speculate that inhibition of FoxO1 may be the key to maintaining the health of GCs. However, it is unknown whether FoxO1 joins in the regulation of GCs protection during GSPs mediated oxidative damage. The functions of FoxO1 are strictly dominated by phosphorylation, acetylation, and ubiquitination (Tian et al., 2020). AC-FoxO1 is essential for gluconeogenesis regulation in the rapid feed cycle (Li et al., 2019). Importantly, ATG7 formed complex with AC-FoxO1, which was accompanied by intensified autophagic signals during oxidative stress. Interaction between ATG7 and AC-FoxO1 facilitates the autophagic activity (Tian et al., 2020). Meanwhile, the regulatory mode of AC-FoxO1 in the protective mechanism in GSPs has not been reported on chicken ovarian GCs. This study showed that GSPs significantly inhibited autophagy and oxidative damage of the follicular GCs through inhibition of AC-FoxO1 expression. In addition, the expression of AC-FoxO1 was increased in the H2O2-treated GCs and treatment of GSPs reduced the expression of AC-FoxO1 and enhanced the expression of SIRT1. Therefore, these results indicate that GSPs are capable of inhibiting autophagic GC death and follicular senescence in a FoxO1-dependent manner.
Taken together, the results from this study suggest that FoxO1 is a critical target of GSPs-mediated protection of GCs against aging. Autophagy is activated by FoxO1-inducing autophagic GC death under oxidative stress. GSPs inhibited FoxO1 transferring from cytoplasm into nuclei via activation of the PI3K-AKT pathway. Moreover, inhibition of FoxO1 acetylation through the SIRT1 pathway also attenuated autophagic death in GCs that was induced by H2O2. Therefore, GSPs maintain GCs survival against oxidative damage through inhibition of autophagy, downregulation of deacetylation of FoxO1 and SIRT1/FoxO1 transcriptional activity (see Graphical abstract).
5 CONCLUSION
In conclusion, increased autophagy occurs in ovaries of D580 aged hens compared with D280 young hens. Pretreatment of GSPs significantly restored the increased autophagy of H2O2-exposed GCs in culture and also from the naturally aging hens. GSPs relieved the decrease of GCs viability that was caused by oxidative stress-induced autophagy via suppressing FoxO1-dependent autophagy with activated PI3K-AKT-SIRT1-FoxO1 pathway. Therefore, targeting GSPs-FoxO1 signaling might provide a valuable measure of retarding ovarian aging in the laying chickens.
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