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The development of pre-recruitment follicles plays a critical role in determining egg-laying performance in
poultry. This study combines proteomic and metabolomic analyses to explore changes in proteins and metab-
olites, to elucidate key regulatory mechanism involved in chicken pre-recruitment follicular development. His-
tological examination revealed a significant increase in yolk deposition in small yellow follicles (SYF) compared
to small white follicles (SWF). Metabolomics analysis identified significantly enriched differential metabolites
(DMs) between SWF and SYF in pathways such as Lysosome, Ferroptosis, Biosynthesis of unsaturated fatty acids,
and Tryptophan metabolism. Particularly, Adenosine-5'-Diphosphate (ADP) was downregulated during follicular
recruitment and was significantly enriched in the lysosome pathway. Proteomic analyses revealed that differ-
entially expressed proteins (DEPs) in SWF and SYF were enriched in pathways including Lysosome, Glutathione
metabolism, Cholesterol metabolism, Arginine and proline metabolism, and amino acid biosynthesis. Among
these DEPs, NAD-dependent protein deacetylase sirtuin 5 (SIRT5) was significantly upregulated, while
lysosomal-associated membrane protein 1 (LAMP1) was down-regulated during the development of pre-
recruitment follicles. SIRT5 was linked to the negative regulation of reactive oxygen species metabolism,
whereas LAMP1 was associated with lysosome and autophagy pathways. Further validation experiments
demonstrated high expression of SIRT5 in SYF, particularly in granulosa cells (GCs). Silencing SIRT5 in GCs
resulted in increased ROS production and upregulated expression of autophagy-related proteins LC3II and
Beclinl, as well as lysosome markers LAMP1. Conversely, lipid droplet deposition and p62 expression were
suppressed. inhibited. Taken together, these findings suggest that SIRT5 upregulation promotes the development
of pre-recruitment follicles by inhibiting the autophagy-lysosome pathway in chicken GCs.

Introduction (Johnson et al., 2015). This process involves recruitment, selection,

dominance, and maturation of follicles (McGee and Hsueh, 2000;

Eggs are a nutrient-dense food source, offering high-quality protein
along with essential vitamins, fats, and minerals (Soliman, 2018; Sha-
koor et al., 2020; Nishio and Isobe, 2023). Addressing global food se-
curity challenges has necessitated advancements in egg production to
meet the growing demand (Wang et al., 2017a; Guine, 2024). In poultry,
egg production is intricately tied to the orderly development of ovarian
follicles. Following sexual maturity, hens exhibit cyclic egg-laying pat-
terns, with ovarian follicles progressing through sequential stages

Johnson and Alan, 2014). Ovarian follicles in chickens are organized
hierarchically by size, with pre-hierarchical follicles classified as small
white follicles (SWF, 2-4 mm), large white follicles (LWF, 4-6 mm), and
small yellow follicles (SYF, 6-8 mm). Hierarchical follicles include the
fifth (F5), fourth (F4), third (F3), second (F2), and largest preovulatory
follicle (F1) (Etches and Petitte, 1990; Onagbesan et al., 2009; Johnson,
2015b). Upon ovulation, a follicle from the pre-hierarchal group is
selected to progress into the hierarchical stage (Onagbesan et al., 2009).
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This process, known as follicle selection, involves an SYF advancing to
replace the F5 follicle. Before selection, SWF transition into the SYF pool
through the development of pre-recruitment follicles (Johnson and
Woods, 2009; Johnson, 2015a; Kim and Johnson, 2016; Sasanami,
2017). Small follicles that are not recruited to enter the rapid growth
phase undergo atresia, even during the laying phase (Johnson, 2015b).
The preovulatory hierarchy is synchronized with the ovulatory cycle,
relying on daily selection rhythms that allow specific follicles to progress
in growth (Johnson, 2015a). Granulosa cells (GCs), which surround the
oocyte, play a pivotal role in regulation of the follicle selection via G
protein-coupled receptor-mediated signaling pathways (Johnson,
2015a). Follicle recruitment and selection are key rate-limiting steps in
avian reproduction, with low rates indicating potential for significant
improvement in laying performance (Johnson, 2015a). Therefore, un-
derstanding these underlying mechanisms holds both theoretical and
practical importance.

Follicular development is governed by a stringent, complex intrinsic
regulatory system (Zhou et al., 2020). During this process, key events
such as gene transcription and protein expression occur in a coordinated
manner, regulated by specific gene networks that influence follicular
recruitment, selection, and atresia (Fiorentino et al., 2023). Follicular
atresia, a critical event in ovulatory follicle selection, occurs throughout
all developmental stages in poultry (Gilbert et al., 1983). Aging exac-
erbates follicular atresia and contributes to declining egg production,
primarily due to granulosa cell apoptosis (Yu et al., 2004; Hussein, 2005;
Rolaki et al., 2005). Recent studies suggests that GCs autophagy com-
plements apoptosis in driving follicular atresia (Dong et al., 2022; Han
et al., 2022; He et al., 2022; Shao et al., 2022; Han et al., 2023; He et al.,
2024a).

The laying hen (Gallus gallus domesticus) is an excellent model for
studying ovarian follicle recruitment and selection due to its nearly daily
recruitment cycles during the year-long laying period. Over the past
decade, high-throughput sequencing technologies have been used to
investigate the genetic mechanisms underlying avian follicular devel-
opment (Li et al., 2022). These studies have explored follicular recruit-
ment (Octon and Hrabia, 2021; Sun et al., 2021; Sun et al., 2022),
selection (Wang et al., 2017b; Li et al., 2019; Sun et al., 2021; Sun et al.,
2022), and atresia (Yu et al., 2016; He et al., 2022; Yu et al., 2022; Yang
et al., 2023). However, limited studies have focused on the key regula-
tory proteins and metabolites involved in the development of chicken
ovarian pre-recruitment follicles. In this present study, we integrated
proteomic and metabolomic analyses to identify protein and metabolite
changes, aiming to uncover the crucial regulatory mechanism underly-
ing follicular recruitment in chickens.

Materials and methods
Animals and sample collection

In this study, a total of 360 Nanchuan chickens (Chinese local
chicken breed) at 280 days old were raised under standard management
conditions and water provided ad libitum. Twelve chickens were
randomly selected and euthanized for the collection of follicles such as
pre-hierarchical follicles [small white follicle (SWF), large white follicle
(LWF), small yellow follicle (SYF)] and hierarchical follicles [the fifth
(F5), fourth (F4), third (F3), second (F2), and largest preovulatory fol-
licle (F1)]. Follicle classification followed the method described by
Onagbesan (Onagbesan et al., 2009). All the SWF and SYF samples were
immediately placed into sample tubes, wrapped in foil, snap-frozen in
liquid nitrogen, and stored at —80 °C for further analyses. The animal
experiments were approved by the Institutional Animal Care and Use
Committee  of  Southwest  University = (Certification  No.
LAC2023-2-0058). All experiments were conducted in accordance with
the Laboratory Animal Welfare and Ethics guidelines.
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Hematoxylin and Eosin (H&E) staining

The Hematoxylin and Eosin (H&E) staining of the follicular tissues
were performed following previously established protocols (Cui et al.,
2022). Briefly, the SWF and SYF tissues were fixed in 4 % para-
formaldehyde for 24 h, dehydrated in graded ethanol concentrations,
embedded in paraffin, and sectioned into 3-5 pm slices. The tissue sec-
tions were mounted on slides, stained with H&E, sealed with neutral
resin, and imaged using a TEM JEM-1400 microscope (JEOL, Tokyo,
Japan) with an AMT CDD camera (Sony, Tokyo, Japan).

Protein extraction and quality control

Protein extraction and quality control were conducted as described
previously (Cui et al., 2022). Briefly, appropriate samples were weighed,
mixed with 1 x Cocktail, and placed on ice for 5 min before addition 10
mM DTT. The tissues were then ground and centrifuged to collect the
supernatant. The solution was treated with 10 mM DTT and incubated in
a water bath at 56 °C for 1 h. Subsequently, 55 mM IAM was added, and
the samples were incubated in the dark for 45 min. Thereafter, cold
acetone (1:5) was added, and the mixture was stored at -20 °C for 30
min. After the centrifugation at 4 °C (25,000 x g, 15 min), the precip-
itate was air-dried and resuspended in lysis buffer. A second centrifu-
gation was performed to collect the protein-containing supernatant.
Further, protein quality control was assessed using Bradford quantifi-
cation and SDS-PAGE.

DDA and DIA analysis by nano-LC-MS/MS

Data dependent acquisition (DDA) and data independent acquisition
(DIA) analyses were performed using nano-LC-MS/MS following previ-
ously described methods (Cui et al., 2022). DDA fractions were analyzed
using a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific, San
Jose, CA) coupled with an Ultimate 3000 RSLCnano system (Thermo
Fisher Scientific).

Metabolite extraction and non-targeted LC-MS/MS metabolomics analysis

Metabolite extraction and non-targeted LC-MS/MS analysis were
performed as described previously (Cui et al., 2022). Follicle tissues
(100 mg) were ground in liquid nitrogen, resuspended in pre-chilled 80
% methanol, and vortexed thoroughly. Samples were incubated on ice
for 5 min and centrifuged at 15,000 x g at 4 °C for 20 min. Briefly, (1)
100 mg follicle tissues were grounded in liquid nitrogen, resuspended in
prechilled 80 % methanol, by thorough vortexing; (2) all the 18 follic-
ular tissue samples were incubated on ice for 5 min and centrifuged at
15,000 x g, 4 °C for 20 min; (3) the supernatant samples were diluted to
final concentration containing 53 % methanol by LC-MS grade water; (4)
the samples were subsequently transferred to a fresh Eppendorf tube and
then were centrifuged at 15,000 x g, 4 °C for 20 min, and finally, the
supernatant was injected into the LC-MS/MS system for analysis (Want
et al.,, 2013). In this present study, a Waters 2D UPLC (Waters, USA)
tandem Q Exactive high resolution mass spectrometer (Thermo Fisher
Scientific) was used for metabolite separation and detection. Then the
data from the primary and secondary mass spectrometry were collected
using Q Exactive mass spectrometer (Thermo Fisher Scientific).

Bioinformatic analysis

Protein and genome annotation were conducted using the UniProt
and RefSeq databases. In this study, MaxQuant (http://www.maxquant.
org) software was used for DDA data identification, which served as a
spectral library for subsequent DIA analysis (Cox and Mann, 2008),
using Spectronaut software (version 18.4) (Bruderer et al., 2015). R
package MSstats (version 4.0.1) (Choi et al., 2014) was used for statis-
tical evaluation of significant differences in proteins or peptides from
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Table 1
Oligonucleotide sequences of SIRTS5 interfering vectors.

Name Sense 5-3' Antisense 5-3'

gga SIRTS- CCGAGAAGUGUUUGCCAAATT  UUUGGCAAACACUUCUCGGTT
219

gga SIRTS- GCGAGGUCAUGCUGAGUAATT = UUACUCAGCAUGACCUCGCTT
407

gga SIRTS- GGAAACGUGACUGCAAAUUTT  AAUUUGCAGUCACGUUUCCTT
598

different samples. Thereafter, we performed differentially expressed
proteins (DEPs) screening based on a fold change > 2 and adj_P-value <
0.05 as the criteria for a significant difference. Differential metabolites
(DMs) were identified using VIP (VIP > 1) and P-value (P-value < 0.05,
Student’s t test) with VIP values obtained from OPLS-DA analysis which
also contained score plots and permutation plots, using the Metab-
oAnalystR package (version 4.0). The data was log transform (log2) and
mean centered before OPLS-DA. Identified DEPs and DMs were anno-
tated using KEGG Compound database (http://www.kegg.jp/kegg/
compound/), annotated DEPs and DMs were mapped to KEGG
Pathway database (http://www.kegg.jp/kegg/pathway.html), with
pathway enrichment assessed via hypergeometric testing (P-value for a
given list of DEPs and DMs).

Cell culture, identification, and transfection

The small yellow follicles were collected and processed in sterile
Hank’s balanced salt solution. Primary GCs were isolated following the
methods previously described (Gilbert et al., 1977), using B-II collage-
nase (BaiTai Biotechnology, Chengdu, China) and filtered through
200-mesh cell sieves. Thereafter, it was resuspended in Dulbecco’s
modified Eagle medium (DMEM) + 10 % fetal bovine serum (Gibco,
Grand Island, NY, United States) + 0.1 % mixture of
penicillin-streptomycin (Invitrogen, Carlsbad, CA, United States).
Thereafter, the GCs were cultured in an incubator at 37 °C, 5 % CO», and
95 % air saturated humidity and the media changed every 24 h. When
the confluence of the GCs reached 70~80 %, the transfection procedure
was performed with small interfering RNA (siRNA) using lipofectamine
3,000 reagent (Invitrogen, United States) according to the manufac-
turer’s instructions. Three siRNAs (si-SIRT5-219, si-SIRT5-407, and
si-SIRT5-598) were used to knockdown SIRT5 expressions. Oligonucle-
otide sequences are listed in Table 1.

Immunofluorescence analysis

SWF and SYF tissues were fixed in 4 % paraformaldehyde at room
temperature (RT) for 12h and placed in 20 % sucrose solution overnight.
Thereafter, the tissue was embedded in paraffin, cut into thin slices (3-5
pm) and placed on a slide. After which they were treated with hydrogen
peroxide solution (3 %) to deactivate the endogenous enzymes. Subse-
quently, the samples were washed with PBS solution for 5 min, and then
a blocking reagent (goat serum) was added at RT for 20 min after which
they were incubated with primary antibodies overnight at 4 °C. After
incubation, the samples were washed and incubated with fluorescence-

Table 2
Primers used for qRT-PCR.
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labeled secondary antibody at RT for 30 min. After the second incuba-
tion, the samples were further washed in PBS and incubated for the third
time with peroxidase (POD)-labeled streptavidin (DyLight 488) at RT for
30 min. A DAB kit (BBI, Canada) was used for color development at RT
for 5 ~ 30 min, which was followed by observation, and photomicro-
graphs were obtained using a light microscope (Nikon Eclipse E100,
Japan) equipped with an imaging system (Nikon DS-U3, Japan).
Follicle-stimulating hormone (FSHR) immunofluorescence assay was
performed to identify GCs following established protocols. (He et al.,
2022). The cells were placed in a 6-well plate and washed with PBS for
5min. Subsequently, the cells were fixed in 4 % paraformaldehyde for 10
min and washed again, and 0.2 % Triton X-100 were added to ensure
permeability of the cell membrane for 10 min. The cells were washed
and subsequently incubated overnight at 4 °C with primary antibodies.
The next morning, the cells were washed and incubated with
fluorescence-labeled secondary antibodies at room temperature for 1h.
Cells were finally washed in Tris-Buffered Saline Tween-20 (TBST) and
florescence intensity was observed and analyzed using a fluorescence
microscope (DP80; Olympus, Japan). The images obtained were
analyzed using Image-Pro Plus software (version 6.0, Media Cyber-
netics, Silver Spring, USA).

Oil red O staining

Oil Red O staining was performed on GCs to assess lipid accumula-
tion (Cui et al., 2022; Ning et al., 2023). Briefly, GCs were washed in a
phosphate buffered saline (PBS) and fixed with ORO Fixative (Solarbio,
Beijing, China) for 30 min, the stationary fluid was discarded and then
washed twice in PBS. After that, 60 % isopropanol was added and
maintained for 5 min, and Oil Red O (Solarbio) was added and retained
for 20 min. Furthermore, Mayer Hematoxylin staining solution (Solar-
bio) was added and incubated for 2 min after the GCs were washed 5
times. Moreover, the ORO (Solarbio) was added and sustained for 1 min.
After washing with PBS, the distilled water was used to cover the GCs.
All the sections and GCs were viewed under the electronic microscope
(DP80Digital, Olympus, Tokyo, Japan), and then ten fields were
randomly selected for statistical analysis.

Mitochondrial reactive oxygen species (ROS) Assay

Mitochondrial ROS levels were measured using 2, 7-Dichlorofluores-
cin (DCFH-DA; Sigma, USA) at a final concentration of 10 pM for 20 min
at room temperature. Fluorescence was recorded using a Shimadzu RF-
3501 spectrophotometer (Shimadzu, Korneuburg, Austria) at an exci-
tation wavelength of 488 nm and an emission wavelength of 525 nm.

Quantitative real-time reverse transcription-polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from all the samples using TRIzol reagent
(Molecular Research Center, Cincinnati, OH, USA), and RNA concen-
tration and purity were assessed using the A260/A280 absorbance ratio,
and the 18 S and 28 S bands in a 1 % agarose gel. Reverse transcription
and qRT-PCR were performed as previously described (Cui et al.,

Gene Sequence (5-3) Product Length (bp) Annealing Temperature (°C) Accession Number

ATG5 F:AAGCAACTGTGGATGGGGTT 299 59 XM_046914034.1
R:GGTGTTTCCAGCATTGGCTC

ATG7 F:CCAGGGGATTCTACCAGGGA 87 60 NM_001396469.1
R:CGCAAGAGCTCCAGCTATCA

SIRT5 F:CTATGCGACCTCTGCTTGGT 138 60 NM_001276364.2
R:CCTGAACCTGTCTGTAGCGG

GAPDH* F:TCCTCCACCTTTGATGCG 144 60 NM_204305.1

R: GTGCCTGGCTCACTCCTT
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Fig. 1. Comparison of morphology and histological characteristics, and metabolomics analysis of chicken SYF and SWF follicles. (A and A’) The morphology
characteristics of chicken ovary follicles. (B and B’) The histological characteristics of SWF and SYF (C and C’). Y: Yolk. The black arrow indicates the “granular
layer”. (D) PCA analysis. (E) The validatory results of the OPLS-DA model. (F) The score of OPLS-DA plot. (G) The S-plot of OPLS-DA showed the significantly
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different metabolites. (H) The dynamic distribution map of metabolite content differences. (I) The radar map showed the top 10 metabolites with the largest |

log,FC| value.

2020a), using GAPDH as the endogenous controls to normalize the gene
expression using the 222t method (Livak and Schmittgen, 2001). The
gene-specific primers were designed using Primer Premier 5.0 software
according to the coding sequences of target genes and are summarized in
Table 2.

Protein extraction and western blot analysis

Further proteins were extracted from the GCs using protein extrac-
tion kit (BestBio Biotech Co. Ltd., Shanghai, China), and the BCA protein
assay kit (BestBio) was used to determine the concentration of protein
samples. Western blot was performed following the method described
previously (Cui et al., 2020b; Cui et al., 2021), using the following pri-
mary antibodies: anti-SIRT5 [(catalogue no. #8779, Cell Signaling
Technology (CST), United States], anti-LC3 (#4108, CST), Anti-LAMP1
(ab25630, Abcam, Cambridge, UK) anti-Beclin-1 (Santa Cruz, Heidel-
berg, Germany), anti-p62 (#88588, CST). Secondary antibodies: goat
anti-mouse (1:5000, 511103, Zen-Bio, Chengdu, China) and goat
anti-rabbit (1:5000, 511203, Zen-Bio). The f-Actin (1:1000, 200068,
Zen-Bio) was used as a reference.

Statistical analysis

The statistical analysis was conducted with SAS 9.3 software (SAS
Institute Inc., Cary, NC, USA). The experimental data were first tested by
normal distribution, an unpaired Student’s t-test was used for the two-
group comparison analysis, with statistical significance indicated as *P
< 0.05, **P < 0.01, and ***P < 0.001. All the experimental data were
presented as mean + standard error (SE).

Results

Morphological and histological characteristics, and metabolomics analysis
of chicken ovary follicles

Morphological analysis of the chicken ovary revealed the presence of
numerous hierarchical follicles and prehierarchical follicles (Fig. 1A and
A’). Histological examination through H&E staining showed that GCs in
the follicles appeared cuboidal and exhibited significant yolk deposition,
with the granulosa layer transitioned from a multi-layered to a single-
cell layer during the development of SWF (Fig. 1B and B’) to SYF
(Fig. 1C and C’). Further, metabolomic analysis of SWF and SYF iden-
tified differential metabolites (DMs). The quality of the data was eval-
uated through the repeatability of QC sample tests in LC-MS/MS
negative and positive ion modes. Principal component analysis (PCA)
demonstrated that biological replicates are clustered together, with
clear separation between different groups (Fig. 1D). An orthogonal
partial least squares-discriminant analysis (OPLS-DA) model was used to
analyze the metabolome data, and the OPLS-DA validation results
confirmed model stability (Fig. 1F; Fig. 1E) The S-plot from OPLS-DA
(Fig. 1G) highlighted metabolites with significant differences, located
near the upper right and lower left corners. The top 10 upregulated and
downregulated metabolites were displayed in a dynamic distribution
map (Fig. 1H), and the top 10 metabolites with the largest log2 fold
changes (|log2FC|) value were selected and mapped as a radar plot
(Fig. 1I). Volcano plots illustrated the relative content differences be-
tween the two sample groups, showing 948 significantly upregulated
DMs and 487 downregulated DMs in the comparison between SYF and
SWF (Fig. 2A). Hierarchical clustering analysis revealed sample simi-
larity, with samples within the same cluster showing greater resem-
blance (Fig. 2B). To visualize metabolite content changes, Unit Variance
Scaling (UV) was applied, and a heatmap was generated using R

software (Fig. 2C). Data distribution and its probability density of DMs
were shown as Violin diagram (Fig. S1). The metabolites with significant
differences were analyzed by Pearson correlation analysis method, and
the correlation heat map and chord diagram of DMs were shown as
Fig. 2E and Fig. 2F, respectively. KEGG pathway enrichment analysis
identified the top 20 enriched pathways by P-value (Fig. 2D), which
indicated that DMs were significantly enriched in pathways such as
Biosynthesis of cofactors, Purine metabolism, Amino sugar and nucle-
otide sugar metabolism, Biosynthesis of nucleotide sugars, Tyrosine
metabolism, One carbon pool by folate, Ubiquinone and other
terpenoid-quinone biosynthesis, Nucleotide metabolism, Lysosome,
Ferroptosis, Aminoacyl-tRNA biosynthesis, Insulin signaling pathway,
Biosynthesis of unsaturated fatty acids, Tryptophan metabolism among
others (Fig. 2D). During follicular recruitment, 2 DMs Adenosine 5'-
Diphosphate (ADP) and D-Mannose 6-phosphate were downregulated,
which showed significant enrichment in the Lysosome pathway while in
the ferroptosis pathway, 6 DMs (Oxiglutatione, Glutathione, Gluta-
thione Reducedform, Arachidonic acid, and Adrenic acid) were down-
regulated, while y-Glutamylcysteine was upregulated. The relative
abundances of Adenosine 5-Diphosphate (Fig. 3A), D-Mannose 6-phos-
phate (Fig. 3B), Oxiglutatione (Fig. 3C), Glutathione (Fig. 3D), y-Glu-
tamylcysteine (Fig. 3E), Glutathione Reducedform (Fig. 3F),
Arachidonic acid (Fig. 3G), Adrenic acid (Fig. 3H) in SWF and SYF are
shown in Fig. 3.

Proteomic analyses of SWF and SYF

Proteomic analyses of SWF and SYF showed a separation trend be-
tween the groups, with no outliers detected in principal component
analysis (PCA) (Fig. 4A). A total of 1276 differentially expressed pro-
teins (DEPs) were identified, including 48 up-regulated and 1228
downregulated proteins (Fig. 4B). Hierarchical clustering analysis of
DEPs is shown in a heatmap (Fig. 4C). Gene ontology (GO) analysis
revealed that DEPs were involved in several biological processes (BPs)
such as cellular processes, metabolic processes, regulation of biological
processes, cellular component organismal processes, and other biolog-
ical functions (Fig. 4D). Pathway classification annotation statistical
map of DEPs was shown in Fig. 4E. Top 20 significantly changed path-
ways associated with DEPs shown in Fig. 3F. The results showed that
DEPs were significantly enriched in Metabolic pathways, Cysteine and
methionine metabolism, Lysosome, Glutathione metabolism, Choles-
terol metabolism, Purine metabolism, Vitamin digestion and absorption,
Arginine and proline metabolism, Biosynthesis of amino acids, Endo-
cytosis, Glycolysis/Gluconeogenesis, among others (Fig. 4F). The
pathway relationship networks and KOG annotation of DEPs are shown
in Fig. 5A and 5B, respectively. In addition, the top 20 highly and
differentially expressed proteins were shown in the hierarchical clus-
tering heatmap (Fig. 5C), and the SanKey plot showed the GO and KEGG
analysis of these 20 proteins (Fig. 5D).

The expression verification of up-regulated SIRT5 in SWF, SYF, and GCs

Proteomic analyses of the SWF and SYF revealed that NAD-
dependent protein deacetylase sirtuin 5 (SIRT5) was significantly
upregulated, while lysosomal-associated membrane protein 1 (LAMP1)
was down-regulated during the development of pre-recruitment folli-
cles, with SIRT5 involved in the negative regulation of reactive oxygen
species metabolism and LAMP1 enriched in lysosome and autophagy
pathways (Fig. 5C and D). Subsequently, the H&E staining was carried
out to observe the histological characteristics of SYF and SWF (Fig. 6A),
and the results showed that during the growth of white follicles, the
granulosa layer structure changes from a multi-layer to a single-cell
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Fig. 3. The abundance of DMs enriched in the Lysosome and Ferroptosis pathways. (A) Relative abundance of Adenosine 5-Diphosphate, (B) D-Mannose 6-phos-
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layer and the granulosa cells change from an oval shape to a cuboidal
shape. The SIRT5 protein expression level in SYF and SWF was detected
by immunofluorescence analysis. The results showed that SIRT5 protein
expression in SYF was higher than that in SWF (Fig. 6B). Moreover, the
mRNA expression of SIRT5 was significantly higher in SYF compared to
SWF (Fig. 6C) and was more abundant in granulosa layer than in the

theca layer (Fig. 6D). The chicken primary GCs of the follicles were
isolated and FSHR immunofluorescence assay was performed to identify
the GCs. The results showed that the FSHR was highly expressed in the
cell and mainly expressed in cytoplasm, indicating that the cultured cells
were GCs (Fig. 6E). Therefore, the immunofluorescence assay of SIRT5
was carried out to detect the protein expression level of SIRT5 in GCs,
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Fig. 6. The expression of SIRT5 in chicken SWF, SYF and GCs. (A) The H&E staining of SYF and SWF. (B) The immunofluorescence analysis of SIRT5 in SYF and SWF.
(C) The mRNA expression of SIRT5 in SYF and SWF, (D) and in granulosa layer and theca layer. (E) The identification of the GCs by using FSHR immunofluorescence
assay. (F) The immunofluorescence assay of SIRT5 in GCs. (G) The mRNA expression of SIRT5 was detected after transfection of small RNA interference (si-RNA) in
GCs. (H) The protein expression of SIRT5 after the transfection of si-SIRT5-219 in the GCs. (I and J) The deposition of lipid droplets in the GCs after the transfection of

si-SIRT5-219.

and the results showed that SIRT5 was highly and mainly expressed in
cytoplasm of GCs (Fig. 6F). Three small RNA interference (si-SIRT5-219,
si-SIRT5-407, and si-SIRT5-598) were used to knockdown SIRT5
expression, and the results showed that this three interfering vectors
reduced the mRNA expression of SIRT5 in different degrees and si-
SIRT5-219 has the highest inhibition efficiency (Fig. 6G), and the
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protein expression of SIRT5 was significantly reduced after the trans-
fection of si-SIRT5-219 in the GCs (Fig. 6H), which subsequently
decrease the deposition of lipid droplets in the GCs (Fig. 6I and J).
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Fig. 7. SIRT5 regulated the autophagy of GCs. (A, B and C) The determination of the ROS level. (D) The mRNA expression of autophagy-related genes after a
transfection of SIRT5 inhibition. (E and F) The protein expression level of autophagy-related proteins after a transfection of SIRT5 inhibition. (G and H) The

immunofluorescence assay of LC3B after SIRT5 inhibition in GCs.

SIRTS silence increased the production of ROS and promoted autophagy of
GCs

SIRTS5 regulates ROS production and autophagy in severer cell types
(Fiorentino et al., 2022; Jung et al., 2022; Barreca et al., 2023; Deng
et al., 2024), hence, we further assessed the ROS levels in the GCs after
silencing SIRT5. The results showed that SIRT5 knockdown significantly
increased ROS production in GCs compared with the si-NC group
(Fig. 7A-C). Moreover, after a transfection of SIRT5 inhibition, the
mRNA expression of autophagy-related genes ATG5 and ATG7 were
significantly increased (Fig. 7D), and the protein expression level of the
autophagy marker proteins, such as LC3-II/I (Microtubule Associated
Protein Light Chain 3B) and Beclinl, and the markers of lysosome
LAMP1 were significantly increased, whereas the expression of p62 was
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significantly decreased (degrade) compared with the si-NC group
(Fig. 7E and F). The immunofluorescence assay of LC3B in GCs showed
significantly increased fluorescent intensity after SIRT5 silencing, con-
firming that SIRTS5 inhibits autophagy in GCs (Fig. 7G and H).

Discussion

Cyclic follicle recruitment is a vital stage in the development of
poultry follicles, playing a significant role in determining egg-laying
performance (Ghanem and Johnson, 2019a; Ghanem and Johnson,
2019b; Ghanem and Johnson, 2021). Failure in this process results in
follicular atresia, as evidenced by an accumulation of atrophic follicles
in chicken ovaries during the late laying period, which severely limits
egg production (Liu et al., 2018; Cui et al., 2020b; Xiong et al., 2024; Yu
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Fig. 8. Schematic model illustrates the role of Sirtuin 5 (SIRT5) in the regulation of follicular recruitment in chickens through its influence on the autophagy-
lysosome pathway in granulosa cells (GCs). The upregulation of SIRT5 inhibits excessive autophagy, stabilize mitochondrial activity, reduce oxidative stress, and
enhance lipid droplet formation, which contribute to the promotion of follicular recruitment in chickens. This provides insights into the molecular control of

reproductive processes in chickens.

et al., 2024). In this present study, we used integrated proteomic and
metabolomic analyses to investigate follicular recruitment in chickens,
and it was revealed that DMs were enriched in pathways such as Lyso-
some, Ferroptosis, Insulin signaling pathway, Biosynthesis of unsatu-
rated fatty acids, Tryptophan metabolism, etc., and DEPs were enriched
in Lysosome, Glutathione metabolism, Cholesterol metabolism, Argi-
nine and proline metabolism, Biosynthesis of amino acids. Both DMs and
DEPs were enriched in the Lysosome pathway, which was identified as
essential in regulating ovulation in chickens (Nie et al., 2024), and
associated with follicular atresia in geese (Yang et al., 2023). A study by
Han, et al reported that activation of ferroptosis in chicken GCs has been
linked to follicular atresia (Han et al., 2024), as well as reported in geese
(Zhang et al., 2024). Lysosomes act as cellular degradation centers and
signaling hubs, playing an essential role in maintaining cellular ho-
meostasis (Yang and Wang, 2021). They regulate autophagy and auto-
phagic cell death (Mahapatra et al., 2021) by degrading cytoplasmic
components, including damaged organelles (Nixon and Rubinsztein,
2024). In this study, SIRT5 was found to be significantly upregulated,
while lysosomal-associated membrane protein 1 (LAMP1) was
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down-regulated during chicken pre-recruitment follicle development.
SIRT5 negatively regulated reactive oxygen species metabolism,
whereas LAMP1 and Adenosine 5’-Diphosphate (ADP) were enriched in
lysosome and autophagy pathways. Moreover, Adenosine 5-Diphos-
phate (ADP) was downregulated and significantly enriched in Lysosome
pathway. Previous research has demonstrated that SIRT5 regulates ROS
level and autophagy across various cell types (Singh et al., 2018; Barreca
et al., 2023). In addition, other reports indicated that SIRT5 activation
controls ammonia-induced autophagy and mitophagy (Polletta et al.,
2015), mitigates apoptosis and autophagy in bovine mammary epithe-
lial cells (He et al., 2024b), reduces cancer cell vitality by modulating
autophagy, mitophagy and ROS (Barreca et al., 2023), and supports lipid
metabolism (Hong et al., 2020; Wu et al., 2024). Consistently, it was
revealed in this study that SIRT5 deficiency in GCs promoted ROS pro-
duction and inhibited lipid synthesis. These results were consistent with
the findings of previous studies that reported that SIRT5 promotes lipid
synthesis and inhibits ROS concentration. Moreover, elevated ADP
levels have also been linked to ROS production (Ramzan et al., 2022;
Skulachev et al., 2023), which further induced autophagy (Park and
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Chung, 2019; Wang et al., 2022). In this present study, ADP levels were
higher in SWF than in SYF, while SIRT5 expression was lower in SWF
than in SYF. Silencing SIRT5 in GCs led to increased ROS production and
autophagy. These findings align with previous research showing that
reported that an increased ADP level can induce autophagy in mesen-
chymal stem cells (Zhang et al., 2022), promote lysosomal exocytosis
(Sodergren et al., 2016).

LAMP1 and LC3B (microtubule-associated proteins 1 light chain 3
beta, LC3II) are recognized markers for lysosomes (Zhang et al., 2023)
and autophagosomes (Zhan et al., 2022), respectively. In this study, both
LAMP1 and ADP were downregulated during the development of
pre-recruitment follicles and enriched in the Lysosome pathway. LAMP1
is a standard lysosome marker (Cheng et al., 2018), while ADP has been
shown to restore lysosomal exocytosis (Sharda et al., 2015). Silencing
SIRTS5 increased the expression of autophagy-related proteins. Such as
LC3II and Beclinl, as well as the lysosome marker LAMP1, while
reducing lipid droplet accumulation and p62 expression. These findings
indicate that up-regulated SIRT5 during the development of chicken
pre-recruitment follicles suppresses GCs autophagy by inhibiting LAMP1
expression and reducing ADP and ROS levels. Supporting this, Garva,
et al. (2019) reported that SIRT5 silencing enhances autophagy by
increasing the LC3 II/I ratio and Beclin-1 protein levels (Garva et al.,
2019). Salomone et al. (2024) found that SIRTS5 inhibition elevates ADP
levels in HepG2 cells (Salomone et al., 2024).

Conclusions

Taken together, this study revealed an increased yolk deposition
during the development of chicken pre-recruitment follicles. Integrated
proteomic and metabolomic analyses showed that SIRT5, a DEP, was
significantly upregulated, while lysosomal-associated membrane pro-
tein 1 (LAMP1) and ADP, both enriched in lysosome and autophagy
pathways, were downregulated. Silencing SIRT5 led to elevated ROS
production, increased autophagy-related protein expression, and
reduced lipid synthesis, highlighting the crucial role of SIRT5 in regu-
lating ROS metabolism, autophagy, and lipid synthesis during the
development of pre-recruitment follicles in chicken GCs (Fig. 8).
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