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Abstract
This study investigated the effects of Astragalus polysaccharide (APS) on miR-
16 expression in different tissues of breeder roosters, combined with GO and
KEGG functional enrichment analysis of miR-16 predicted target genes, aiming
to explore the potential regulatory effects of APS on different tissue functions.
Sixty-four 1-day-old Cobb 500 parent-generation broiler breeder roosters were
selected and randomly divided into a control group and an APS group, with 4
replicates per group and 8 chickens per replicate. The control group was fed
a corn-soybean meal basal diet, while the APS group was fed the basal diet
supplemented with 10 g/kg APS, for a trial period of 40 weeks. The results
showed: 1) Compared with the control group, the APS group could increase
semen collection volume and effective sperm count, and decrease sperm abnor-
mality rate in breeder roosters, but the differences were not significant (P>0.05).
2) miR-16 exhibited tissue-specific expression patterns; APS could significantly
or extremely significantly upregulate miR-16 expression in liver, spleen, duo-
denal mucosa, and ileal mucosa (P<0.05 or P<0.01), and significantly down-
regulate miR-16 expression in testis (P<0.05). 3) GO enrichment analysis of
miR-16 predicted target genes indicated that the predicted target genes were
significantly or extremely significantly enriched in biological processes related
to material metabolism such as transmembrane transport, ubiquitin-dependent
protein degradation, intracellular protein transport, and glycolysis (P<0.05 or
P<0.01). KEGG enrichment analysis showed that miR-16 target genes were
significantly enriched in pathways related to organismal material metabolism
and cell proliferation and differentiation, such as focal adhesion, insulin signal-
ing pathway, and glycolysis/gluconeogenesis (P<0.05), and were also enriched
in immune-related pathways including Toll-like receptor signaling pathway and
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natural killer cell-mediated cytotoxicity. In conclusion, APS upregulated miR-
16 expression in spleen, liver, duodenal mucosa, and ileal mucosa tissues of
breeder roosters, and downregulated miR-16 expression in testis; miR-16 pre-
dicted target genes were closely associated with material metabolism and im-
mune regulation. APS affects organismal material metabolism and immune reg-
ulatory functions by regulating miR-16 expression in different tissues of breeder
roosters.
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Abstract: This experiment investigated the effects of Astragalus polysaccha-
ride (APS) on miR-16 expression in different tissues of breeder cocks, combined
with functional enrichment analysis of GO and KEGG pathways for predicted
miR-16 target genes, to explore the potential regulatory roles of APS in dif-
ferent tissues via miR-16. Sixty-four one-day-old Cobb 500 breeder cocks were
randomly divided into a control group and an APS group, with 4 replicates per
group and 8 cocks per replicate. The control group received a corn-soybean
meal basal diet, while the APS group received the basal diet supplemented with
10 g/kg APS for a 40-week experimental period. The results showed: 1) Com-
pared with the control group, APS supplementation improved semen volume
and effective sperm number while decreasing sperm abnormality rate, though
these differences were not significant (P>0.05). 2) miR-16 exhibited tissue-
specific differential expression; APS significantly or extremely significantly up-
regulated miR-16 expression in liver, spleen, duodenum mucosa, and ileum mu-
cosa (P<0.05 or P<0.01), and significantly downregulated miR-16 expression
in testis (P<0.05). 3) GO enrichment analysis of predicted miR-16 target genes
revealed significant or extremely significant enrichment in biological processes
related to material metabolism, including transmembrane transport, ubiquitin-
dependent protein degradation, intracellular protein transport, and glycolysis
(P<0.05 or P<0.01). KEGG pathway analysis indicated that miR-16 target
genes were significantly enriched in pathways associated with cell proliferation,
differentiation, and metabolism, such as focal adhesion, insulin signaling path-
way, and glycolysis/gluconeogenesis (P<0.05), with additional enrichment in
immune-related pathways including Toll-like receptor signaling pathway and
natural killer cell-mediated cytotoxicity. In conclusion, APS upregulated miR-
16 expression in spleen, liver, duodenum mucosa, and ileum mucosa while down-
regulating it in testis of breeder cocks. The predicted miR-16 target genes are
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closely associated with material metabolism and immune regulation, suggesting
that APS affects metabolic and immune regulatory functions by modulating
miR-16 expression across different tissues.

Keywords: Astragalus polysaccharide; breeder cocks; miR-16; semen quality;
tissue expression; bioinformatics analysis
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Astragalus polysaccharide (APS) is a water-soluble heteropolysaccharide ex-
tracted from Astragalus membranaceus roots that exhibits multiple biologi-
cal activities, including regulation of material metabolism, anti-inflammatory
effects, antioxidant properties, anti-tumor activity, and immune modulation.
As a non-nutritive feed additive, APS effectively improves animal health and
production performance in livestock and poultry. Elucidating the underly-
ing mechanisms through which APS regulates animal metabolism and immune
function will facilitate more effective application of APS in production prac-
tice. APS exerts its regulatory effects by influencing the expression of immune
and metabolism-related genes, and the expression of most genes is regulated
by miRNAs through RNA-RNA interactions at the post-transcriptional level.
Evidence indicates that nutritional components and levels can affect miRNA
expression in animals, thereby regulating health status. miRNA expression
exhibits tissue specificity and changes with developmental status, playing cru-
cial roles in cell proliferation, differentiation, apoptosis, organism development,
metabolism, and immune responses to ensure normal development. Addition-
ally, miRNAs regulate gene expression to adapt to environmental changes, main-
taining healthy physiological states. Therefore, under the same nutritional stim-
ulus, the same miRNA may show differential expression patterns, thereby regu-
lating distinct tissue functions.

miR-16 is derived from two precursors, mir-16-1 and mir-16-2, located on chicken
chromosomes 1 and 9, respectively. Mature miR-16 is formed through splicing
and has been shown to inhibit tumors, participate in immune responses, regu-
late key enzymes, and affect glucose metabolism. Our previous high-throughput
sequencing studies demonstrated that APS significantly reduced miR-16 expres-
sion in testicular tissue, suggesting a correspondence between the biological
regulatory functions of miR-16 and APS, which led us to select miR-16 as the
focus of this study. While most functional studies of miR-16 have been con-
ducted in humans and mice, no reports exist on tissue expression patterns and
functions of chicken miR-16 under nutritional regulation. This study examined
miR-16 expression across nine tissues in breeder cocks fed APS-supplemented
diets, combined with bioinformatic analysis of predicted target genes, to provide
insights for future investigations into APS-mediated regulation of metabolism
and immune performance through miR-16.
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1.1 Experimental Materials

APS: Powder form, 70% purity, purchased from North China Pharmaceutical
Co., Ltd.
Experimental animals: One-day-old Cobb 500 breeder cocks, purchased from
Beijing Poultry Breeding Co., Ltd.

1.2 Experimental Design

Sixty-four one-day-old Cobb 500 breeder cocks were randomly divided into a
control group and an APS group, with 4 replicates per treatment and 8 cocks
per replicate. The control group received a corn-soybean meal basal diet, while
the APS group received the basal diet supplemented with 10 g/kg APS. All
birds received standard immunization, had free access to water, and were fed
according to standard protocols. The experimental period lasted 40 weeks.

1.3 Semen Quality Assessment

Semen was collected using the abdominal massage method. Semen collection
training was conducted during weeks 38-39 to establish conditioned reflexes. Af-
ter collection, semen samples were briefly stored in a 37°C water bath before
immediate assessment using conventional semen quality evaluation methods.
Semen volume (mL), sperm motility (percentage of forward-progressive sperm),
sperm density (10� spz/mL), and sperm abnormality rate (%) were measured.
Effective sperm number (10� spz) was calculated as the product of semen volume,
sperm density, and sperm motility.

1.4 Sample Collection and Total RNA Extraction

Sample collection: At 40 weeks of age, one cock per replicate was randomly
selected for sampling. After semen collection via abdominal massage, birds were
euthanized by cervical dislocation and slaughtered. Liver, spleen, thymus, testis,
and pectoral muscle samples were collected in cryovials. Duodenum, jejunum,
and ileum were isolated, rinsed with physiological saline to remove contents, and
mucosa was gently scraped with a glass slide into cryovials. All samples were
immediately frozen in liquid nitrogen and subsequently stored at -80°C.

Total RNA extraction: Total RNA from semen was extracted using the hot
acid phenol method, while total RNA from other tissues was extracted using
the Trizol (Takara) method.

1.5 Real-time Quantitative PCR

Bulge-Loop™ miRNA qRT-PCR Primer Set and U6 snRNA qPCR Primer Set
(RiboBio, Guangzhou) were used for quantification of miR-16 and U6 snRNA.
Reverse transcription of miR-16 and U6 snRNA was performed using Prime-
Script™ RT reagent Kit with gDNA Eraser (Takara).
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Reverse transcription system (20 �L): 5× gDNA Eraser Buffer 2 �L, gDNA
Eraser 1 �L, Total RNA (<1 �g), RNase Free dH�O to 10 �L; incubated at 42°C
for 2 min. Then added: 5× PrimeScript Buffer 4 �L, PrimeScript RT Enzyme
Mix I 1 �L, RT primer 2 �L, and the previous 10 �L reaction mixture, with RNase
Free dH�O to 20 �L. Incubated at 37°C for 15 min, 85°C for 15 s, then cooled to
4°C.

qPCR detection: SYBR® Premix Ex Taq™ II (Takara) was used to detect
miR-16 and U6 snRNA expression. Reaction system (20 �L): SYBR Premix Ex
Taq II (2×) 9 �L, Bulge-Loop™ miRNA Forward Primer 0.8 �L, Bulge-Loop™
miRNA Reverse Primer 0.8 �L, reverse transcription product 2 �L, RNase Free
dH�O 7.4 �L. Cycling conditions: 95°C for 30 s; 40 cycles of 95°C for 5 s, 60°C for
30 s, 72°C for 30 s; fluorescence acquisition at 72°C. Three technical replicates
were performed for each tissue sample, with U6 snRNA as the internal reference
gene.

1.6 miRNA Target Gene Prediction and Enrichment Analysis

TargetScan and miRanda software were used to predict potential target genes
of chicken miR-16. The intersection of target genes identified by both algo-
rithms was selected for subsequent bioinformatic analysis. DAVID database
(https://david.ncifcrf.gov/) was used for GO enrichment analysis and KEGG
pathway analysis of predicted target genes.

1.7 Statistical Analysis

Relative miR-16 expression levels in each tissue were calculated using the 2^(-
ΔΔCt) method. Data were analyzed using SPSS 20.0 software with Student’s
t-test. Results are expressed as mean ± standard error. P<0.05 was considered
statistically significant, and P<0.01 was considered extremely significant.

2.1 Effects of APS on Semen Quality of Breeder Cocks
As shown in Table 1 , compared with the control group, the APS group showed
higher semen volume and effective sperm number, and lower sperm abnormality
rate, though these differences were not significant (P>0.05). No significant
differences were observed in sperm density or sperm motility between the two
groups (P>0.05).

Table 1 Effects of APS on sperm quality of breeder cocks

Items Control group APS group P-value
Semen volume (mL) 0.49±0.09 0.58±0.10 >0.05
Sperm density (10� spz/mL) 31.85±4.12 31.78±0.95 >0.05
Sperm motility (%) 95.00±2.89 87.50±2.50 >0.05
Percentage of abnormal sperm (%) 7.00±1.47 5.25±1.25 >0.05
Number of effective sperm (10�) 14.11±3.99 15.14±2.45 >0.05
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Items Control group APS group P-value

In the same row, values with no letter or the same letter superscripts mean no
significant difference (P>0.05).

2.2 Verification of miR-16 Primer Specificity
Based on semen quality assessment, our research group performed miRNA high-
throughput sequencing on breeder cock testis and found that APS significantly
reduced miR-16 expression in testicular tissue, indicating a correspondence be-
tween the biological regulatory functions of miR-16 and APS. Therefore, this
study selected miR-16 as the target for subsequent investigation. This exper-
iment used customized stem-loop primers with SYBR dye method to detect
miR-16 expression in different tissues of breeder cocks. The melting curves of
miR-16 and U6 snRNA and gel electrophoresis detection of some PCR products
are shown in Figure 1 [Figure 1: see original paper]. The melting curves of both
miR-16 and U6 snRNA showed single peaks, and electrophoresis bands were
uniformly distributed around 100 bp, indicating high primer specificity. These
results confirm the reliability of subsequent quantitative analyses.

Figure 1 The melting curve of real-time quantitative PCR (A and B) and gel
electrophoresis detection of product (C). (A) Melt curve of miR-16; (B) Melt
curve of U6 snRNA (internal standard); (C) 1: jejunum; 2: ileum; 3: duodenum;
4: semen; 5: testis; 6: spleen; 7: liver; 8: muscle; 9: thymus; M: DL500 Marker.

2.3 Effects of APS on Relative miR-16 Expression Levels
in Different Tissues of Breeder Cocks
As shown in Figure 2 [Figure 2: see original paper], miR-16 was expressed at
varying levels across all nine examined tissues. Figure 3 [Figure 3: see original
paper] demonstrates that APS significantly or extremely significantly increased
miR-16 relative expression levels in spleen, liver, duodenum mucosa, and ileum
mucosa (P<0.05 or P<0.01). In testicular tissue, miR-16 relative expression
was significantly decreased in the APS group (P<0.05). APS had no significant
effects on miR-16 expression in thymus, muscle, semen, or jejunum mucosa
(P>0.05).

Figure 2 The relative expression level of miR-16 in different tissues of male
chicken breeders.

Figure 3 Effects of APS on the relative expression level of miR-16 in different
tissues of male chicken breeders. Value columns with no letter superscripts
indicate no significant difference (P>0.05), different lowercase letters indicate
significant difference (P<0.05), and different capital letters indicate extremely
significant difference (P<0.01).
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2.4 Bioinformatic Analysis of miR-16 Target Genes
To better understand how APS affects chicken biological functions by modulat-
ing miR-16 expression, this study predicted its target genes using TargetScan
and miRanda algorithms. The two algorithms identified 560 common target
genes for subsequent functional enrichment analysis.

2.4.1 GO Enrichment Analysis of miR-16 Target Genes

GO enrichment analysis was performed on the 560 predicted target genes,
with 229 genes receiving annotation. GO enrichment includes three aspects:
biological process, cellular component, and molecular function. As shown in
Table 2 , predicted target genes were extremely significantly enriched in biolog-
ical processes including transmembrane transport, nucleotide metabolism, and
notochord development (P<0.01), and significantly enriched in metabolism-
related processes such as ubiquitin-dependent protein catabolic process,
intracellular protein transport, glycolytic process, protein polyubiquitination,
pentose-phosphate shunt, and negative regulation of protein ubiquitination
(P<0.05). Immune-related pathways also showed enrichment (P>0.05), includ-
ing Toll-like receptor (TLR) signaling pathways (TLR2, TLR3, TLR4, TLR5,
TLR7, TLR15, TLR21) (GO:0002224, GO:0034134, GO:0034138, GO:0034142,
GO:0034146, GO:0034154, GO:0035681, GO:0035682), negative regulation of
interleukin-2 production (GO:0032703), negative regulation of interleukin-17
production (GO:0032700), negative regulation of interferon-� production
(GO:0032689), negative regulation of B cell differentiation (GO:0045578), and
T cell differentiation (GO:0042098).

Cellular component analysis revealed that most miR-16 predicted target genes
encode proteins located on the cell membrane (Table 3 ). Molecular function
analysis showed extremely significant enrichment in hydrolase activity (P<0.01)
(Table 4 ), with enrichment also observed in TLR binding (GO:0035325,
P=0.08).

Table 2 GO term enrichment for the predicted target genes of miR-16 on bio-
logical process

Items
S gene
number

TS gene
number

B gene
number

TB gene
number P-value

Transmembrane
trans-
port

<0.01
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Items
S gene
number

TS gene
number

B gene
number

TB gene
number P-value

Ubiquitin-
dependent
pro-
tein
catabolic
pro-
cess

<0.05

Intracellular
pro-
tein
trans-
port

<0.05

Glycolytic
pro-
cess

<0.05

Nucleotide
metabolic
pro-
cess

<0.01

Protein
polyu-
biqui-
tina-
tion

<0.05

Neural
tube
clo-
sure

<0.05

Ureteric
bud
devel-
op-
ment

<0.05

Notochord
devel-
op-
ment

<0.01

Response
to
pain

<0.05

Pentose-
phosphate
shunt

<0.05
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Items
S gene
number

TS gene
number

B gene
number

TB gene
number P-value

Negative
regu-
lation
of
pro-
tein
ubiq-
uiti-
na-
tion

<0.05

Table 3 GO term enrichment for the predicted target genes of miR-16 on cellular
component

Items
S gene
number

TS gene
number

B gene
number

TB gene
number P-value

Membrane
Nuclear
mem-
brane
Ubiquitin
ligase
com-
plex
Autophagic
vac-
uole
Pre-
autophagosomal
struc-
ture
mem-
brane

Table 4 GO term enrichment for the predicted target genes of miR-16 on molec-
ular function
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Items
S gene
number

TS gene
number

B gene
number

TB gene
number P-value

Hydrolase
activ-
ity

<0.01

Nucleic
acid
bind-
ing
Ubiquitin-
protein
trans-
ferase
activ-
ity
Pancreatic
ri-
bonu-
clease
activ-
ity
5’-
nucleotidase
activ-
ity

2.4.2 KEGG Enrichment Analysis of miR-16 Target Genes

As shown in Table 5 , KEGG pathway analysis revealed that miR-16 predicted
target genes are closely associated with cell motility, proliferation, differen-
tiation, and material metabolism. Significantly enriched pathways included
focal adhesion, insulin signaling pathway, ErbB signaling pathway, glycol-
ysis/gluconeogenesis, valine/leucine/isoleucine biosynthesis, nicotinate and
nicotinamide metabolism, fatty acid elongation, and DNA replication (P<0.05).
Immune-related pathways also showed enrichment (P>0.05), primarily nat-
ural killer cell-mediated cytotoxicity (ko04650) and TLR signaling pathway
(ko04620), which are associated with antigen recognition and presentation.

Table 5 Pathway analysis for the predicted target genes of miR-16

Pathway
description

S gene
number

TS gene
number

B gene
number

TB gene
number

P-
value

Glycolysis/Gluconeogenesis <0.05
ErbB signaling
pathway

<0.05
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Pathway
description

S gene
number

TS gene
number

B gene
number

TB gene
number

P-
value

Focal adhesion <0.05
Insulin
signaling
pathway

<0.05

Fatty acid
elongation

<0.05

DNA
replication

<0.05

Valine, leucine
and isoleucine
biosynthesis

<0.05

Nicotinate and
nicotinamide
metabolism

<0.05

GnRH
signaling
pathway
Pentose
phosphate
pathway
PPAR
signaling
pathway
Galactose
metabolism
Endocytosis
Cell cycle

3.1 Effects of APS on Semen Quality of Breeder Cocks
APS is a functional polysaccharide extracted from traditional Chinese medici-
nal herb Astragalus membranaceus. Our previous studies demonstrated that di-
etary supplementation with 10 g/kg APS in breeder cocks significantly affected
growth performance in commercial broiler offspring, with transcriptome sequenc-
ing data indicating that APS could regulate immune-related gene expression in
breeder cocks and transgenerationally affect immune performance in progeny.
Semen quality reflects animal reproductive performance and serves as an impor-
tant production indicator, while spermatogenesis and sperm function represent
the sole pathway for APS to exert transgenerational effects on broiler growth
performance and immune function. Although the current results showed that
APS did not significantly affect semen quality, it tended to improve semen char-
acteristics by reducing sperm abnormality rate and increasing effective sperm
number and semen volume. Additionally, Liu et al. reported that Astragalus
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extract significantly improved sperm motility and effective sperm number in
vitro, while Kim et al. found that APS effectively alleviated cyclophosphamide-
induced reproductive toxicity in mice, improving testis relative weight and se-
men quality. Therefore, this study selected miR-16, which was differentially
expressed in testis (the sole site of spermatogenesis) under APS supplementa-
tion, as the research target, combined with analysis of its tissue-specific expres-
sion patterns and bioinformatic analysis of target genes to provide clues for
future investigations into APS-mediated regulation of metabolism and immune
performance through miR-16.

3.2 Real-time Quantitative Detection of miRNA
miRNAs are trace, dynamic epigenetic regulatory factors. Analyzing miRNA
expression patterns in different tissues under various nutritional states and iden-
tifying tissue-specific and functionally relevant miRNAs are critical steps for
understanding miRNA function, with quantitative detection being the first step
in miRNA functional studies. Current miRNA quantification methods include
microarray chips, Northern blotting, high-throughput sequencing, and real-time
quantitative PCR. Stem-loop real-time quantitative PCR offers advantages of
high sensitivity, accuracy, and wide detection range. The customized stem-loop
primers used in this study demonstrated good specificity and high sensitivity,
meeting the requirements for accurate quantitative detection.

3.3 Effects of APS on miR-16 Expression in Different Tis-
sues of Breeder Cocks
miRNA expression exhibits temporal and spatial specificity that is closely as-
sociated with particular physiological functions. Yue et al. reported that miR-
16 was expressed in liver, spleen, kidney, small intestine, and testis of adult
rats with tissue-specific differences. This study found that miR-16 expression
showed tissue-specific differences in broiler breeder cocks, consistent with find-
ings for many other miRNAs. Moreover, APS altered miR-16 expression in
multiple tissues including spleen, liver, and testis. When the external environ-
ment changes, organisms undergo adaptive adjustments with altered gene ex-
pression levels, in which miRNAs play important regulatory roles by affecting
target gene expression. Casas-Agustench et al. found that different fatty acid
components regulated differential miRNA expression in rat liver and adipose
tissue. Meale et al. reported that different fat components regulated differential
miRNA expression in bovine subcutaneous and visceral adipose tissues. Romao
et al. demonstrated that high-fat diet regulated differential miRNA expression
in ovine subcutaneous and visceral tissues. These findings collectively indicate
that different nutritional factors can regulate tissue-specific miRNA expression
to affect metabolic regulation. In vitro studies showed that curcumin supple-
mentation upregulated miR-16 expression, inducing changes in apoptosis and
proliferation-related gene expression. Epigallocatechin gallate (EGCG), a green
tea leaf extract, upregulated miR-16 expression, inhibited anti-apoptotic protein
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BCL-2 gene expression, and activated apoptosis. Current miRNA research pri-
marily focuses on associations among nutritional factors, miRNAs, and health
status, with appropriate nutrition maintaining normal miRNA expression and
healthy physiological states. As a potent plant-derived immunomodulator, APS
may exert biological regulatory effects by influencing miR-16 expression across
multiple tissues to regulate related gene expression and maintain health. Yuan
et al. found that APS dose-dependently regulated TNF-� and IL-1� expression
in spleen. Under LPS stimulation, Liu et al. demonstrated that APS regulated
intestinal mucosal IL-1� expression. Testis forms a complex immune network
system through the blood-testis barrier, Sertoli cells, interstitial immune cells,
cytokines, and androgens. Zhang et al. detected expression of TLR-2-I, -2-II,
-3, -4, -5, -15, -21 in chicken testis, with LPS stimulation altering testicular
IL-1� and IL-6 expression. Numerous studies have shown that APS regulates
expression of cytokines including TNF-�, IL-1�, IL-8, and IFN-�, and miR-16
can regulate these cytokines through complementary binding to highly con-
served regions, thereby affecting immune performance. Our results showed that
APS upregulated miR-16 expression in duodenum mucosa, ileum mucosa, and
spleen while downregulating it in testis, possibly regulating cytokine expression
through miR-16 to influence immune performance. Additionally, APS can in-
duce expression of the lipid metabolism-related gene PPAR-�, and the PPAR
signaling pathway containing PPAR-� is an enriched pathway for miR-16 pre-
dicted target genes. The significant increase in hepatic miR-16 expression in
APS-supplemented cobs suggests that miR-16 may mediate APS regulation of
liver lipid metabolism-related genes.

3.4 Functional Prediction Analysis of miR-16 Target Genes
miRNAs exert biological regulatory functions by binding to the 3’UTR of target
genes, leading to mRNA degradation or translational inhibition. This study
found that APS significantly altered miR-16 expression levels in multiple tissues
of breeder cocks. We therefore predicted miR-16 target genes using TargetScan
and miRanda algorithms, using the intersection as predicted targets for GO and
KEGG pathway enrichment analysis.

GO analysis revealed that predicted target genes were primarily enriched in
biological processes related to material transport and metabolism, including
transmembrane transport, ubiquitin-dependent protein degradation, intracellu-
lar protein transport, and glycolysis. KEGG enrichment results were consis-
tent with GO analysis, with most target genes enriched in metabolism-related
pathways, indicating that miR-16 interacts with metabolism-related genes to
participate in organismal regulation.

miR-16 is closely associated with energy metabolism processes. Its predicted tar-
get genes were enriched in glycolysis/gluconeogenesis, a key component of energy
metabolism. The immune activity regulated by APS also requires substantial
energy consumption, which is intimately linked to energy metabolism. Calin
et al. found that the miR-15a/miR-16-1 cluster was significantly downregulated
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or absent in chronic lymphocytic leukemia, markedly reducing activity of the
glycolytic enzyme aldolase A (ALDOA). The insulin signaling pathway broadly
affects glucose uptake, synthesis of the three major nutrients, cell proliferation,
differentiation, and apoptosis. Glucose transporter 4 (GLUT4) is an impor-
tant regulator of the insulin signaling pathway, mediating glucose uptake from
extracellular to intracellular compartments and regulating intracellular glucose
and fatty acid metabolism. Talari et al. found that miR-16 overexpression in
myoblasts enhanced insulin-mediated glucose uptake by upregulating GLUT4,
thereby affecting cellular glucose metabolism. Exogenous APS also affects en-
ergy metabolism, as Chen et al. reported that APS induced high GLUT4 expres-
sion while inhibiting PPAR-� and its target genes fatty acid transport protein
(FATP) and acyl-CoA synthetase (ACS), thus influencing energy metabolism.
Our study found that APS regulated miR-16 expression in liver, the central
metabolic organ, and previous studies have shown miR-16 is closely related to
energy metabolism, suggesting APS may affect energy metabolism by regulat-
ing miR-16 expression. Additionally, as the intestine is an important organ for
digestion and absorption, APS upregulated miR-16 expression in duodenum and
ileum mucosa, and its target genes were enriched in pathways related to material
transport and metabolism such as transmembrane transport, intracellular pro-
tein transport, and glycolysis, indicating APS may affect material metabolism
by regulating miR-16 expression to influence material transport.

APS significantly increased miR-16 expression in spleen, duodenum mucosa,
and ileum mucosa of breeder cocks. Studies have reported that miR-16 may
be an important regulator of TLR-mediated inflammatory responses, as it can
rapidly degrade mRNAs containing AU-rich elements (AREs) in the 3’UTR re-
gion. Most cytokines and chemokines, including TNF-�, IL-8, and IL-6, contain
AREs in their 3’UTR regions. Jing et al. confirmed that miR-16 can directly
bind to the AREs of TNF-� mRNA, reducing mRNA stability and promoting its
degradation, an effect reversible by transfection with sequence-specific comple-
mentary oligonucleotides. Further analysis revealed that IL-12p40, the common
subunit of inflammatory factors IL-12 and IL-23, also contains AREs in its 3’
UTR region, and miR-16 can bind to AREs of both TNF-� and IL-12p40 to regu-
late expression of numerous inflammatory factors including TNF-�, IL-12, IL-23,
IL-17, IFN-�, IL-1�, and IL-6. Additionally, miR-16 can inhibit LPS-induced in-
flammatory responses by downregulating TLR4 and IL-1 receptor-associated ki-
nase transcriptional activity. In this study, miR-16 predicted target genes were
enriched in immune-related GO terms and KEGG pathways, indicating close
association between miR-16 and immune regulation. Combined with previous
studies, this suggests miR-16 possesses anti-inflammatory activity to maintain
normal health status. Moreover, APS exhibits high immunomodulatory activ-
ity, affecting immune function in spleen and intestinal mucosal immune system.
Shi et al. found that APS effectively improved mucosal integrity and immune
function, antagonized LPS-induced elevation of IL-1 and IFN-� expression, and
prevented inflammation while promoting jejunal mucosal integrity. Wang et
al. reported that APS effectively inhibited expression of pro-inflammatory cy-
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tokines (TNF-�, IL-1�, and IL-8) in LPS-treated Caco2 cells and increased expres-
sion of tight junction proteins and occludin, exerting anti-inflammatory effects
and protecting mucosal integrity. Our study found that APS significantly in-
creased miR-16 expression in duodenum mucosa, ileum mucosa, and spleen of
breeder cocks, suggesting APS may exert its immunomodulatory functions in
intestinal mucosa and spleen by upregulating miR-16.

In conclusion, miR-16 is differentially expressed in various tissues of breeder
cocks. APS upregulates miR-16 expression in spleen, liver, duodenum mucosa,
and ileum mucosa while downregulating it in testis. Functional prediction re-
veals that miR-16 target genes are closely associated with material metabolism
and immune regulation, indicating that APS affects metabolic and immune reg-
ulatory functions by modulating miR-16 expression.
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