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ABSTRACT Spermidine have been reported a role in
antioxidative, antiaging, and antiinflammatory. Oxida-
tive stress causes granulosa cell (GC) apoptosis, follicu-
lar atresia, and impairs poultry reproductive functions.
Studies have found that autophagy is the protective
mechanism against antioxidant stress and apoptosis in
cells. However, the relationship between spermidine-
induced autophagy, oxidative stress, and apoptosis in
goose GCs remains unclear. In this study, we investi-
gated the autophagy mechanism to mediate spermidine
effects on the alleviation of oxidative stress and apopto-
sis in goose GCs. Follicular GCs were treated with sper-
midine combination with 3-Nitropropanoic acid (3-
NPA), rapamycin (RAPA), and chloroquine (CQ) or
with hydrogen peroxide, RAPA, and CQ. Spermidine

upregulated the ratio of LC3-1I/1, inhibited the accu-
mulation of p62 protein, and induced autophagy. 3-
NPA treatment significantly increased ROS produc-
tion, MDA content, SOD activity, cleaved CASPASE-3
protein expression, and decreased BCL-2 protein
expression in follicular GCs. Spermidine inhibited oxi-
dative stress and apoptosis induced by 3-NPA. In addi-
tion, hydrogen peroxide-induced oxidative stress was
inhibited by spermidine. However, the inhibitory effect
of spermidine was eliminated under chloroquine. Our
results demonstrated that spermidine relieved oxidative
stress and apoptosis of GCs by inducing autophagy,
indicating that spermidine has a great potential to
maintain proteostasis and sustain granulosa cell viabil-
ity in geese.
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INTRODUCTION

Spermidine is a natural autophagy inducer and anti-
oxidant stress and has good ameliorating effects on neu-
rological, cardiovascular and cancer-related diseases
(Madeo et al., 2018; Omar et al., 2021) Recent studies
have implicated spermidine in antioxidative stress, anti-
apoptosis, and induced autophagy (Eisenberg et al.,
2009; Yousefi-Manesh et al., 2023). Therefore, the role
of spermidine in inducing autophagy and antioxidative
stress has been a hot topic in recent years.
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Oxidative stress has adverse effects on animal reproduc-
tive function. It is also one of the major reasons of follicular
atresia and decreased egg production in poultry (Devine
et al., 2012; Wang et al., 2019). Autophagy can remove oxi-
dized proteins, DNA and lipids in cells and alleviate the
damage caused by oxidative stress damage (Filomeni et al.,
2015; Gao, 2019). Through the p62-related pathway, the
molecular chaperone-mediated related pathway and the
mitotic phagocytosis pathway, autophagy can regulate
reactive oxygen species (ROS) (Li et al., 2015; Ornatowski
et al., 2020), but the exact mechanism remains unclear.
Therefore, the mechanism by which autophagy regulates
oxidative stress needs further study.

Spermidine can directly or indirectly upregulate the
mRNA levels of NRF2, HO-1, NQO1, and other proteins
through the NRF2-ARE signaling pathway(Das and
Misra, 2004, Yang et al., 2013 ) and reduce the ROS and
malondialdehyde (MDA) levels in cells and tissues to
play an antioxidant role in the zebrafish body (Jeong
et al., 2018), liver (Liu et al., 2019; Adhikari et al.,
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2021), brain (Yadav et al., 2018), myocardial tissue
(Chai et al., 2019), cartilage tissue (Che et al., 2022),
and renal tubular cells (Kim, 2017) or reduce oxidative
stress damage to cells by improving polyamine metabo-
lism and maintaining intracellular homeostasis (Kim
et al., 2021). Exogenous spermidine supplementation
can increase the expression of the ATGS, LC3B, and
ULK1 genes in the brain tissue of aging rats, increase
the activities of CAT and SOD, reduce the levels of lipid
peroxide, protein carbonyl, nitric oxide, and ROS, and
enhanced the activity of the electron transfer chain com-
plex in the brain mitochondria of aging rats (Singh
et al., 2021). Similarly, spermidine and rapamycin can
increase SOD activity in aging model mice, reduce MDA
levels in the brain tissue of aging model mice, and
increase AMPK phosphorylation levels and LC3, Beclin-
1, and p62 expression (Xu et al., 2020), suggesting that
spermidine can improve aging-induced oxidative stress
by regulating autophagy and antioxidant levels.

In a study by Zheng et al. (2018), spermidine
induced autophagy in rat nucleus pulposus cells by
promoting LC3-II, ATG7, and Beclin-1 protein
expression and p62 protein degradation, which was
inhibited by oxidative stress-induced apoptosis.
Shortly afterwards, Yuan et al. (2021) found that
spermidine could induce autophagy by upregulating
LC3-IT and p62 protein expression in female repro-
ductive stem cells, increase autophagy flux and ame-
liorate oxidative stress-induced ageing. Moreover,
after chloroquine (CQ) treatment blocked autophagy,
spermidine could not exert the above protective
effects. Similarly, H,O45 can induce oxidative stress in
chondrocytes. Spermidine can increase the expression
of the Beclinl protein in chondrocytes, upregulate
the expression of the LC3-II and p62 genes, induce
mitochondrial autophagy, increase autophagy flux,
and prevent chondrocyte death and DNA oxidative
damage caused by oxidative stress (D’Adamo et al.,
2020). This suggests that spermidine induces autoph-
agy to exert an antiapoptotic function. However, in
recent years there has been considerable evidence
that autophagy can induce apoptosis and enhance
cytotoxicity (He et al., 2021). These results show
that autophagy has a dual role in inhibiting and pro-
moting apoptosis.

Autophagy plays a crucial regulatory role in follicular
development in geese (Yu et al, 2016a,b). Previous
reports confirmed that H,O, regulated autophagy by
decreasing mTOR, and increasing p53, while enhanced
autophagy reduced ROS-induced damage. Both ROS and
autophagy played important roles in regulating follicular
development to control broodiness in geese (Lou et al.,
2017). However, whether spermidine- induced autophagy
plays an antioxidative stress and antiapoptotic role
remains to be elucidated. Therefore, 3-NPA and hydrogen
peroxide were used to establish an oxidative stress model,
and spermidine, rapamycin and chloroquine were used to
treat GCs to study and reveal the mechanism by which
spermidine induces autophagy and the antioxidative
stress and antiapoptotic functions of spermidine in GCs.

Our data provide a reference for studying and clarifying
the mechanism of spermidine-induced autophagy against
oxidative stress and apoptosis.

MATERIAL AND METHODS

Culture and Treatment of Primary Follicular
GCs

The Sichuan white goose experimental protocols were
approved by the Animal Ethics Committee of the Col-
lege of Animal Science and Technology at Sichuan Agri-
cultural ~ University  (permit  number:  DKY-
B2019202018). Sichuan white geese reared in the same
environment and at the peak of egg production were
selected. F2~F4 hierarchical follicles were collected
quickly after sacrifice and follicular GCs were isolated
and cultured. Briefly, the layer of follicular granulosa
cells was carefully removed from the follicular wall in a
sterile manner. After 3 washes in PBS and dispersed
with 0.1% type Il collagenase (Sigma-Aldrich, MI) for
5 min at 37°C, the cell were sieved with 200 mesh filter
into new centrifuge tube and were centrifuged at
1,000 x g for 10 min. Follicular GCs were cultured in
DMEM/F12 (HyClone, Shanghai, China) with fetal
bovine serum (Gibco, South America) at a concentra-
tion of 10% in a 37%, 5% CO, incubator after adjusting
the cell density to 1 x 10°. When the cell density per
well reached more than 80%, the wells were pretreated
with 3-NPA or hydrogen peroxide and incubated with
spermidine (rapamycin or chloroquine).

Cell Viability Analysis

Cell viability was determined by Cell Counting (CCK-
8) Kit-8 assay. Follicular GCs were seeded and treated
in 96-well plates. After 24 h, 10 uL. of CCK-8 solution
(Beyotime, Shanghai, China) was added to each well,
shaken and incubated for 2 h at 37°C. Finally, the well
OD was measured at 450 nm using enzyme calibration
(Molecular Devices, San Jose, CA).

Measurement of ROS Production

Cells were pretreated with 3-NPA and incubated with
spermidine (rapamycin or chloroquine). The DCFH-DA
reaction mixture was prepared according to the instruc-
tions (Beyotime), incubated with DMEM containing
cells for 20 min at 37°C, and mixed upside down every
couple of minutes. Next, we observed the cells by fluores-
cence microscopy and measured their fluorescence.

Detection of MDA Levels

Cells were pretreated with 3-NPA or hydrogen perox-
ide and incubated with spermidine (rapamycin or chlo-
roquine). TBA storage solution and MDA working
solution were combined, and each well was added
according to the MDA instructions. The samples were
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treated according to the MDA instructions, and the
MDA content in the tissues was measured and calcu-
lated.

Detection of SOD Activity

Cells were pretreated with 3-NPA or hydrogen perox-
ide and incubated with spermidine (rapamycin or chlo-
roquine). The protein concentration was detected by
BCA kit. The samples were prepared according to the
instructions of the SOD kit, and the total SOD activity
was detected and calculated.

Electromicrospy

The Follicular GCs were collected in a centrifuge tube
by trypsinization and centrifugation at 1,000 x g for
5 min, and prefixed with 2.5% glutaraldehyde (12 h, 4°
C). Each sample was postfixed with 1% osmium tetrox-
ide, dehydrated sequentially with ethanol and acetone,
and embedded in EP812. Sections were generated on an
ultratome. After staining with uranyl acetate and alka-
line lead citrate for 2 min, the sections were observed by
TEM (JEM-1400FLASH, Tokyo, Japan).

Measurement of Cell Apoptosis

Cells were pretreated with 3-NPA or hydrogen perox-
ide and incubated with spermidine (rapamycin or chlo-
roquine). Apoptosis was detected by Annexin V-FITC/
PI (Beyotime). Each tube of the sample was added to
2.5 uL of PE and Annexin fuel, whisked and mixed, and
incubated at room temperature for 20 min (dark). The
apoptotic rate was calculated with a FACSCalibur flow
cytometer (BD Biosciences, NJ).

Table 1. Primer sequences related to oxidative stress and autophagy.

Analysis of Autophagy Protein Expression

Cells were pretreated with 3-NPA or hydrogen perox-
ide and incubated with spermidine (rapamycin or chlo-
roquine). Cells were lysed with RIPA buffer (including
0.1% phenylmethylsulfonyl fluoride), and the superna-
tant was collected after centrifugation. The protein con-
centration was measured by BCA Protein Assay Kit
(Beyotime). Protein samples (30 ng) were separated on
12% SDS-PAGE gels, transferred to PVDF membranes,
and then incubated with primary antibody at 4°C over-
night after blocking with 5% skim milk. Antibody dilu-
tion ratio: Anti-LC3 and auto-p62 (Proteintech,
Wuhan, China) were diluted at 1:1,000, and anti-B-actin
was diluted at 1:2,000 (Transgenic Biotech, Beijing,
China). The cells were washed using TBST (Beyotime)
and then incubated with goat anti-rabbit immunoglobu-
lin (IgG) 1:1,000 (Beyotime), and the membranes were
washed again. Finally, the target band was visualized by
ECL (Beyotime) using a gel imaging system. The rela-
tive protein content was calculated after analyzing the
optical density value using Image Lab (Bio-Rad, Shang-
hai, China).

Analysis of mMRNA Expression

Cells were pretreated with 3-NPA or hydrogen perox-
ide and incubated with spermidine (rapamycin or chlo-
roquine). The expression of related genes was quantified
using RT-qPCR. RNA was isolated using a total RNA
(1 ng) extraction kit (Toyobo, Saka, Japan). According
to the reverse transcription and SYBR Green g-PCR kit
(Takara, Dalian, China), the mRNA levels of autophagy
and oxidative stress-related genes were detected. The
primer sets used are described in Table 1.

Primers Sequences (5'-3) Tm (°C) Size

Beclinl F: CGCTGTGCCAGATGTGGAAGG 63.3°C 151 bp XM _048051865.1
R: CAGAAGGAATACTGCGAGTTCAAGAGG

ULK1 F:GCAAAGGCATCATCCATCGG 59.0°C 126 bp XM _ 048063805.1
R:GCAGGTATCGGGCAAATCCA

AMPK F:-TTGAATGCACCGAAGAGGAA 59.0°C 186 bp XM _048048443.1
R:CAGGATGAGGGCGAGACAGA

mTOR F:TCATTTGTTACTACCTCCCA 61.4°C 78 bp XM _048067427.1
R:TCTAGAGCAGCTTTGCGAGCCAC

EP300 F:TTCACAACCTCAAACCACGAT 59.0°C 188 bp XM _048069898.1
R:TTCGTCCTGTTTTCTTTAGGC

p62 F:GCTAAATCCGTTTGAGTGGC 59.0°C 194 bp XM_048057318.1
R:GAGGCGGGCTGTTAGTAGAA

NRF2 F:CGCCTTGAAGCTCATCTCAC 59.0°C 176 bp XM_013171578.2
R:TTCTTGCCTCTCCTGCGTAT

HO-1 F:TGCCTACACTCGCTATCTGG 59.0°C 183 bp XM_013181078.2
R:AGGTCCATCTCAAGGGCATT

GPX F:AACCAATTCGGGCACCAG 59.0°C 149 bp XM _035337923.1
R:CCGTTCACCTCGCACTTCTC

CAT F:ATACAGTTCGTGACCCTCG 55.8°C 188 bp XM_048058873.1
R:CCAGAAGTCCCATACCAT

GAPDH F:GTGGTGCAAGAGGCATTGCTGAC 65.0°C 86 bp XM _013199522.2

R:GCTGATGCTCCCATGTTCGTGAT

Note: Beclinl: myosin-like; BCL-2 interacting protein; ULK1: Unc-51-like kinase 1; AMPK: AMP-activated protein kinase; mTOR: mammalian target
of rapamycin; EP300: E1A-binding protein p300; p62: Sequestosome-1; NRF2: NFE2-related factor 2; HO-1: heme oxygenase-1; GPX: glutathione peroxi-
dase; CAT: catalase enzymes. GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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Statistical Analysis

The data were analyzed by SAS 9.0 and plotted using
GraphPad Prism 9. The experimental data are repre-
sented as the mean + SEM. ANOVA followed by
Tukey’s test was utilized for comparisons among groups.
P < 0.05 was used to define statistical significance.

RESULTS

Spermidine Induced Autophagy in Follicular
GCs

After follicular GCs were treated with spermidine (0,
20, 40, 80, and 160 pumol/L) for 24 h under the protec-
tion of 0.6 mmol/L. AG, GC viability was not signifi-
cantly changed (Figure 1A). Treatment with 80 and 160
umol /L spermidine for 24 h significantly increased the
LC3-TI/T ratio and reduced p62 protein expression in
GCs (P < 0.05; Figure 1B). Furthermore, an increased
LC3-1I/T ratio and reduced p62 were observed in follicu-
lar GCs treated with 80 pumol/L spermidine for 16 h and
24 h or 160 umol/L spermidine for 8 h and 16 h (P <
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0.05; Figures 1C and 1D). These results suggested that
autophagy in GCs was induced by 80 pumol /L spermi-
dine treatment for 16 h and 24 h and 160 pmol/L sper-
midine treatment for 8 h, 16 h, and 24 h.

Effect of Spermidine and on Autophagy in
GCs

Spermidine and RAPA (autophagy inducer) reversed
3-NPA-induced p62 upregulation and ULK1 gene expres-
sion downregulation (P < 0.05). Although 3-NPA did not
affect the mRNA expression of mTOR, EP300, or Beclin-
1 (P > 0.05), 3-NPA combined with spermidine or
RAPA significantly downregulated mTOR expression
and upregulated Beclin-1 expression (P < 0.05;
Figure 3A). Meanwhile, spermidine and RAPA reversed
3-NPA-induced p62 accumulation (P < 0.05) and did not
affect the LC3-II/1 ratio. However, the addition of chloro-
quine significantly increased the LC3-II/T ratio (P < 0.05;
Figure 2B). In addition, autophagosomes were observed
by transmission electron microscopy. 3-NPA combined
with spermidine, RAPA, and chloroquine increased the
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Figure 1. Effect of spermidine on the cell activity and autophagy of follicular GCs. GCs were treated with different concentrations of spermidine
with 0, 20, 40, 80, and 160 pumol/L for 24 h. (A) Cell viability of follicular GCs. (B) The protein expression levels of LC3-II, LC3-1, and p62 in GCs.
The protein expression levels of LC3-1I, LC3-I, and p62 in GCs treated with 80 umol/L (C) and 160 umol/L (D) spermidine for different times.
There was a significant difference in the representation of different letters (P < 0.05), but there was no significant difference in the representation of

the same letter (P> 0.05).
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Figure 3. Effect of combined treatment with spermidine and 3-NPA on the oxidative stress of follicular GCs. GCs were treated with 80 pmol/L
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number of lysosomes and autolysosomes compared with
the 3-NPA group (Figure 2C).

Spermidine Improved Oxidative Stress in
GCs

We further investigated the effects of spermidine on 3-
NPA-induced oxidative stress in follicular GCs. The
results showed that 3-NPA combined with spermidine
or RAPA significantly decreased ROS production com-
pared with the 3-NPA group, but ROS significantly
increased after the addition of chloroquine (P < 0.05;
Figures 3A and 3B). The GPX and CAT mRNA levels
in follicular GCs treated with 3-NPA in combination
with spermidine or rapamycin were significantly higher
than those in follicular GCs treated with 3-NPA alone
(P < 0.05). Spermidine and rapamycin did not alleviate
the down-regulation of NRF2 and HO-1 expression
caused by 3-NPA (P > 0.05; Figure 3C). In addition, 3-
NPA combined with spermidine or RAPA significantly
decreased MDA levels and increased SOD viability com-
pared with 3-NPA alone (P < 0.05). However, the effect
of spermidine on improving oxidative stress induced by
3-NPA was inhibited by chloroquine (Figures 3D and
3E). These results indicated that spermidine-induced
autophagy improved 3-NPA-induced oxidative stress.
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Spermidine Improved Apoptosis in GCs

The effect of spermidine on 3-NPA-induced apoptosis
in follicular GCs was determined. The results showed
that 3-NPA combined with spermidine treatment signif-
icantly increased GC activity compared with that in the
control group (P < 0.05; Figure 4A). Spermidine inhib-
ited the increase in the apoptosis and necrosis, and the
expression of cleaved CASPASE-3 induced by 3-NPA
(P < 0.05). In addition, spermidine promoted BCL-2
protein expression (P < 0.05). However, the protective
effect of spermidine was inhibited after the addition of
chloroquine (P < 0.05; Figures 4B—4E). These results
indicated that spermidine-induced autophagy to allevi-
ate 3-NPA-induced apoptosis.

Spermidine Improved Oxidative Stress in
GCs

We further investigated the effect of spermidine on
hydrogen peroxide-induced oxidative stress. Cell viabil-
ity, MDA levels, SOD activity, and autophagy protein
expression were detected. The results showed that sper-
midine reversed the decrease in cell viability, increased
in MDA levels and accumulation of p62 protein induced
by hydrogen peroxide and further increased SOD activ-
ity (P < 0.05). However, the effect of spermidine was
inhibited after chloroquine was added (P < 0.05;
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Figure 4. Effect of combined treatment with spermidine and 3-NPA on the apoptosis of follicular GCs. GCs were treated with 80 pwmol/L sper-
midine in combination with 7 umol/L 3-NPA, 100 umol/L CQ, 15 nmol/L RAPA for 24 h. (A) Cell viability of follicles. (B, C) Apoptosis rate. Apo-
ptosis was defined as both annexin V(+4-)/PI(+), and annexin V(+4)/PI(—). Necrosis was defined as both PI(+)/annexin V(+) and PI(+)/annexin
V(—). (D=F) The expression of Cleaved CASPASE-3, BCL-2, BAX, and BCL-2/BAX in GCs was detected by Western blotting. There was a signif-
icant difference in the representation of different letters (P < 0.05), but there was no significant difference in the representation of the same letter
(P> 0.05). Abbreviations: CQ, chloroquine; RAPA, rapamycin; SPD, spermidine.
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Figure 5). This result showed that spermidine-induced
autophagy could inhibit hydrogen peroxide-induced oxi-
dative stress.

DISCUSSION

Spermidine is ubiquitous in organisms and has physio-
logical functions such as stabilizing nucleic acids, regu-
lating proteins, and promoting cell proliferation.
Spermidine is also a natural autophagy inducer (Alavi
et al., 2021). Exogenous spermidine supplementation
can extend the life of mice, Drosophila, and nematodes
and improve aging-related diseases (Filfan et al., 2017 ;
Ni and Liu, 2021). Yuan et al. (2021) found that 100
umol/L spermidine for 24 h significantly increased the
number, activity and proliferation rate of human female
reproductive stem cells. However, higher doses of sper-
midine are decomposed to produce toxic substances dur-
ing cell culture, which can also induce cell damaging
autophagy and cause cell death. Aminoguanidine (AG)
can inhibit the action of amine oxidase in serum (Wang
et al., 2018), and our previous study found that
0.6 mmol/L AG can prevent spermidine decomposition
and lessen damage to cells. Therefore, in this experi-
ment, 0.6 mmol/L of AG was added. After follicular
GCs were treated with spermidine (0, 20, 40, 80, and
160 umol/L) for 24 h, the GC activity was not signifi-
cantly changed. Therefore, we further explored the

relationship between spermidine and granulosa cell
autophagy. The results showed that 80 pumol /L spermi-
dine treatment for 16 h or 24 h or 160 wmol/L spermi-
dine treatment for 8 h, 16 h, or 24 h induced autophagy
in GCs.

Chloroquine interferes with autophagy initiation and
autophagy formation (Nguyen Hoang et al., 2022 ). If
autophagy is inhibited, LC3-II protein expression will
not change significantly after adding chloroquine. In this
experiment, we added 100 wmol/L chloroquine and
15 nmol/L rapamycin. We found that compared with
the 3-NPA group, the LC3-II and p62 proteins did not
change significantly after adding chloroquine, indicating
that 3-NPA treatment may inhibit autophagy flow. In
contrast, the expression of the ULK1 gene in the 3-NPA
group significantly decreased, and the expression of the
p62 gene significantly increased. We observed a small
number of autolysosomes in the 3-NPA group through
transmission electron microscopy, suggesting that
autophagy occurred in cells in 3-NPA, but autophagy
initiation may be blocked to some extent, and autoph-
agy flow may be inhibited. In the spermidine combined
with 3-NPA group, LC3-1I protein expression increased
in GCs and promoted the degradation of the p62 pro-
tein, indicating that spermidine promoted cell autoph-
agy, and LC3-II protein expression further increased
after the addition of chloroquine. The expression of the
mTOR, p62, ULK1, and Beclin-1 genes in GCs treated
with rapamycin was also consistent with that of
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spermidine, suggesting that spermidine plays a similar
role as an autophagy inducer in GCs.

3-NPA can induce mitochondria to produce excessive
ROS, causing oxidative stress, and can lead to a decline
in the vitality of poultry follicular GCs and an increase
in ROS levels (Silva-Palacios et al., 2017), suggesting
that oxidative stress in GCs is induced by 3-NPA. In
this experiment, granular cells were treated with 3-NPA
for 24 h, GC activity was reduced, and ROS levels were
increased, consistent with the above findings and the
oxidative stress model established in the early labora-
tory. In addition, when oxidative stress causes cell lipid
peroxidation and ROS accumulation, SOD decomposes
ROS into hydrogen peroxide and O*~ and then further
decomposes hydrogen peroxide by antioxidant enzymes
such as GPX and CAT. MDA, a derivative of lipid per-
oxidation produced by oxidative stress, can also damage
cellular proteins and DNA ( Blokhina et al., 2003). In
this experiment, 3-NPA treatment significantly
increased MDA and ROS levels in GCs, while spermi-
dine significantly reduced the accumulation of ROS and
MDA caused by 3-NPA, increased the mRNA levels of
GPX and CAT, and further increased SOD activity,
indicating that spermidine could increase the activity of
the SOD enzyme and the expression of the GPX and
CAT genes to improve the antioxidant capacity of cells
and eliminate ROS to play an antioxidant stress role.
Similarly, spermidine decreased MDA accumulation in
GCs induced by hydrogen peroxide treatment and fur-
ther increased SOD activity.

As an inducer of cellular oxidative stress, 3-NPA may
have some specificity, and the mechanism of 3-NPA
induced oxidative stress in cells remains unclear. There-
fore, hydrogen peroxide was used as a model drug to
induce oxidative stress in cells in this experiment, which
provides further evidence for the mechanism of action of
spermidine against oxidative stress in GCs through the
induction of autophagy. In this study, LC3-II and p62
protein expression in the hydrogen peroxide-treated
group was significantly higher than that in the control
group. There was no significant change in LC3-II protein
expression in GCs in the hydrogen peroxide combined
with spermidine group compared to the chloroquine
group, while p62 protein expression was significantly
higher in the hydrogen peroxide combined with spermi-
dine group than in the hydrogen peroxide combined
with chloroquine group. Suggesting that spermidine
may increase autophagy synthesis, the effect of spermi-
dine on decreasing the accumulation of p62 disappeared
after the addition of chloroquine, indicating that spermi-
dine may activate autophagic flow by enhancing auto-
phagic synthesis. In summary, spermidine changes the
autophagic levels of GCs under oxidative stress.

3-NPA can increased mitochondrial ROS in the skele-
tal muscle of male rats, decrease the GSH/GSSG ratio,
reduced the activity of electron transfer chain enzymes,
p53 and BCL-2 protein expression, and cause mitochon-
drial-dependent apoptosis. However, oxidative stress
and mitochondrial damage can be improved through the
antioxidant fullerene Cgo (Gonchar et al., 2021).

Similarly, Abdelfattah et al. (2020) found that intraperi-
toneal injection of 3-NPA can induce a reduction in
SOD and CAT in the striatum and induce an apoptosis-
promoting cascade reaction. Cleaved CASPASE-3 and
BAX expression was upregulated, and BCL-2 gene
expression was downregulated. However, combined
administration of selenium and rutin can improve the
antioxidant levels, downregulated cleaved CASPASE-3
expression, upregulated antiapoptosis gene expression
and improve the damage caused by 3-NPA. An intraper-
itoneal injection of 3-NPA in mice caused ovarian oxida-
tive stress, down-regulation of BCL-2 protein expression
and up-regulation of CASPASE-3 and BAX protein
expression (Yang et al., 2022), suggesting that 3-NPA
causes oxidative stress and induces apoptosis at the
same time, and some antioxidants could improve the
oxidative stress and apoptosis caused by 3-NPA. This
experiment found that 3-NPA caused apoptosis of GCs,
significantly increased the apoptosis rate, Cleaved CAS-
PASE-3 and BAX protein expression in GCs, and
decreased the BCL-2/BAX ratio of GCs. These results
are the same as those of previous studies. Studies have
shown that spermidine has a similar antioxidant effect
(Adhikari et al., 2021). Compared with the antioxidant
effect of spermidine in this experiment, spermidine plays
a similar antioxidant role in GCs, improving the oxida-
tive stress and apoptosis of GCs caused by 3-NPA.

Autophagy inhibitors can enhance the apoptosis and
ROS levels of osteoblasts injured by hydrogen peroxide
(Yang et al., 2014), while rapamycin treatment can
reduce the accumulation of ROS (Tai et al., 2017), and
autophagy blockade can aggravate oxidative damage.
This experiment showed that the MDA levels of GCs in
the 3-NPA combined with chloroquine group was higher
than that in the 3-NPA group, and the effect of spermi-
dine on 3-NPA-induced oxidative stress in GCs disap-
peared after the addition of chloroquine. Similarly, after
the addition of the autophagy inhibitor chloroquine,
spermidine could not alleviate the increase in MDA lev-
els induced by hydrogen peroxide, indicating that inhibi-
tion of autophagy affects the antioxidant effect of
spermidine and that spermidine could improve the oxi-
dative stress of GCs through autophagy.

Zhu et al. (2021) reported zearalenone treatment up-
regulated BAX and downregulated BCL-2 expression,
promoted cytochrome c release into the cytosol, and
triggered mitochondria-mediated apoptosis, Pretreat-
ment with chloroquine and rapamycin increased and
decreased the rate of apoptosis, respectively, in contrast
with other ZEA-treated groups. Therefore, autophagy
may prevent apoptosis and promotes the survival of
GCs. Similarly, autophagy inhibition by chloroquine
enhances the apoptosis of neuronal cells induced by non-
ylphenol, while autophagy induced by rapamycin signifi-
cantly inhibits apoptosis (Li et al., 2019), suggesting
that autophagy can improve cell apoptosis to a certain
extent. Our previous in vivo experiments have confirmed
that spermidine can enhance the antioxidant level of
goose ovary and alleviate 3-NPA-induced oxidative
damage. This study found that the apoptosis rate of 3-
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NPA combined with chloroquine was increased com-
pared with 3-NPA, and the GC apoptosis rate was
reduced in 3-NPA combined with rapamycin compared
to 3-NPA. Moreover, combined treatment with 3-NPA,
spermidine, and chloroquine showed that the antiapop-
totic effect of spermidine disappeared after inhibition of
the granulosa cell autophagy pathway, suggesting that
autophagy can alleviate granulosa cell apoptosis. In
addition, rapamycin can reduce ROS levels induced by
Pseudomonas aeruginosa through autophagy, reduced
Cleaved-CASPASE-9, BAX, and CYTC protein expres-
sion in mouse macrophages, and increase BCL-2 protein
expression (Han et al., 2020 ), suggesting that autoph-
agy can improve oxidative stress and cell apoptosis. This
experiment showed that CASPASE-3 and cleaved CAS-
PASE-3 protein expression in the 3-NPA combined with
rapamycin group was significantly lower than that in
the 3-NPA group, and the BCL-2 protein expression
was significantly increased, which was consistent with
the effect of spermidine, suggesting that spermidine may
have similar effects to rapamycin, inducing autophagy,
playing an antioxidant role, and improving cell apopto-
sis.

CONCLUSIONS

Our results demonstrate that spermidine induces
autophagy by upregulating the LC3-II/I ratio and
downregulating the expression of p62 protein, further
increasing SOD activity, reducing ROS production and
MDA levels, inhibiting cleaved CASPASE-3 protein
expression and promoting BCL-2 protein expression. In
conclusion, spermidine alleviated oxidative stress and
apoptosis by inducing autophagy in follicular GCs in
Sichuan white geese. This study provides an entry point
for improving oxidative stress and apoptosis in follicles.
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