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Abstract

Background Circular RNAs (circRNAS) are stable, covalently closed non-coding RNAs formed by reverse splicing

of precursor mRNA. They play critical roles in various biological processes, including insulin secretion and metabolism.
However, their function in avian skeletal muscle’s response to insulin remains poorly understood. This study aimed

to comprehensively identify insulin-responsive circRNAs and explore their temporal and breed-specific regulation

in poultry.

Results Using strand-specific RNA sequencing (ssSRNA-Seq) on the pectoralis muscles of both Arbor Acres (AA) broil-
ers and Silky fowls following insulin administration (5 1U/kg.BW, PBS as control). We identified 2,027 muscle circRNAs.
Insulin-responsive circRNAs were detected in Silky fowls (29) and broilers (45) at 120 min, and in broilers (20) at 15 min
post-injection. These circRNAs are enriched in processes such as exocrine pancreas development, response to exog-
enous stimuli, and regulation of intracellular signal transduction, likely mediated through a circRNA-mMiRNA network.
Fewer insulin-responsive circRNAs were shared between time points in broilers (1) or between breeds (3) at 120 min.
We further characterized a conserved insulin-responsive circRNA (circINSR), formed by exon 2 of the Insulin Receptor
(INSR). The circINSR showed a similar spatiotemporal expression pattern to INSR, but exhibited distinct changes post-
insulin administration. In broilers, INSR expression was dynamically modulated, while circINSR was downregulated
only at 15 min (P<0.01). Conversely, glucose did not change muscle circINSR but increased INSR at 10 min (P<0.01).
Energy restriction significantly downregulated circINSR (P < 0.01) without affecting INSR levels, and pyruvate had

no effect on either circINSR or INSR levels.

Conclusion This study reveals the dynamic and breed-specific roles of circRNAs, particularly circINSR, in avian skeletal
muscle’s response to insulin. The distinct regulation of circINSR and /INSR under various metabolic conditions suggests
a complex regulatory mechanism. These findings provide novel insights into the molecular basis of insulin signaling
in avian species and highlight the potential of circRNAs as biomarkers for metabolic regulation.
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muscle cell development and adipocyte metabolism [4—
6]. They exert their effects through multiple mechanisms,
such as modulating mRNA transcription [7], binding to
proteins [8], acting as microRNA (miRNA) sponges [9],
and translating into proteins [10]. However, the functions
of most circRNAs in animals remain largely unknown,
making them an enigmatic class of RNA molecules.

Insulin is a hormone secreted by pancreatic  cells. It
modulates a variety of biological processes in animals,
including glucose transport, glycogen synthesis, amino
acid transport, lipid metabolism and protein synthesis,
ultimately promoting muscle growth [11, 12]. As the
master regulator of glucose metabolism, insulin regulates
blood glucose homeostasis through mediating glucose
uptake in the insulin-sensitive tissues of animals, particu-
larly in skeletal muscle [13]. Studies have shown that cir-
cRNAs could participate in regulating insulin secretion
and synthesis [14-17], and some circRNAs have been
linked to type II diabetes [18, 19]. Notably, an insulin-
sensitive circRNA (circSfl) has been reported to possess
the ability on regulating the lifespan of Drosophila [20].

In recent years, high-throughput RNA-sequencing
technology (RNA-Seq) have revealed that chicken cir-
cRNAs are expressed in a stage-specific manner during
development across multiple tissues, such as granulosa
cells [21], pectoralis muscles [22, 23], abdominal preadi-
pocyte [24], and the bursal of fabricius [25]. It has been
reported that bird’s circRNAs could be regulated by mul-
tiple exogenous stimuli, including NH; exposure in the
thymus [26], infection with avian leukosis virus subgroup
J in chick embryo fibroblasts [27], Salmonella enterica
serovar Enteritidis infection in the cecum [28], Marek’s
disease virus infection in the spleen of chickens [29] and
H5N1 avian influenza virus infection in chicken embryo
fibroblast (DF1) cells [30]. However, to date, there have
been no reports on the response feature of chicken circR-
NAs to exogenous insulin.

Birds exhibit unique glucose metabolism features
compared to mammals, characterized by high fasting
blood glucose concentrations (8—13 mmol/L) and strong
insulin resistance [31, 32]. Arbor Acres (AA) broilers, a
world-famous meat-type breed, grow rapidly and have
heavy body weight and skeletal muscle content. In con-
trast, Silky fowls, a traditional Chinese medicinal breed
characterized by black skin, exhibit slow growth and
lower body weight along with reduced skeletal muscle
content [33]. Our previous work demonstrated that AA
broilers exhibited impaired regulation of blood glucose/
insulin homeostasis, whereas Silky fowls show a stronger
ability to regulate glucose homeostasis under exogenous
insulin and glucose stimulation [33-35]. However, little
is known about the transcriptional change in circRNAs
induced by insulin in the skeletal muscle of birds, which
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is the primary site of insulin-dependent glucose disposal
in animals.

With the development of high-throughput sequenc-
ing technology, insulin-sensitive circRNAs can now be
screened under whole transcriptomics level using RNA
Sequencing (RNA-Seq). Observing the changes in blood
glucose levels following insulin application in broilers
and Silky fowls led us to hypothesize that insulin may dif-
ferentially regulate the expression of skeletal circRNAs
between different administrated time points or breeds.
Therefore, we systematically identified insulin-sensitive
circRNAs through strand specific RNA Sequencing
(ssRNA-Seq) with the pectoralis muscle of AA broil-
ers at the early stage (15 min) and later stage (120 min)
stages, as well as from Silky fowls at 120 min after insulin
stimulation. Additionally, we also screened an insulin-
sensitive circular RNA (circINSR), derived from exon 2 of
the insulin receptor (INSR) gene and explored its expres-
sion characteristics. The identified insulin-responsive
circRNAs will expand the candidate gene pool related to
glucose homeostasis and muscle development in birds,
laying the foundation for further investigation into their
functions and the regulatory mechanisms of circRNAs.

Materials and methods

Ethics statement

The animal experiment scheme was approved by the
Institutional Animal Care and Use Committee of Henan
Agricultural University (HNND-2021-104, Zhengzhou,
Henan, China). All animal experiments performed in this
study comply fully with animal welfare regulations.

Experimental animals and sample collection

The fertilized eggs from Arbor Acres (AA) broilers and
Silky fowls were artificially incubated according to gen-
eral procedure. After hatching, the sex of the newly
hatched chicks was determined through feather sexing
for AA broilers and vent sexing for Silky fowls. Following
sex determination, the chicks were reared in cages situ-
ated in an environmentally-controlled house. The house
was maintained under a light regime of 23 h of light and
1 h of dark during the first week, shifting to 18 h of light
and 6 h of dark thereafter. The ambient temperature was
gradually reduced from an initial 32 °C down to 22 °C by
Day 24 and maintained at this level for the remainder of
the experiment. Throughout the study, the birds were
provided with free and unlimited access to both food and
water.

Except that the birds from feed restriction population
were provided with the restricted diets (Table S1), the
other AA broilers and Silky fowls were provided the same
diets (Table S2) as described by Du et al. [33]. The nutri-
ent composition of the diets met or exceeded the bird’s
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requirements as established in our previous experiment
[33].

Insulin Tolerance Test (24 d): After a 12-h fasting
period, 44 male broilers (approximately 800+50 g) and
26 male Silky fowls (approximately 330+30 g) were
randomly selected and systematically divided into
experimental and control groups for each breed. The
experimental group birds were intraperitoneally injected
with insulin (at a dosage of 5 IU/kg body weight, Insu-
lin aspart Sanofi®, Novo Nordisk, China), while the con-
trol groups received comparable volumes of Phosphate
Buffered Saline (PBS) solution [35]. Blood glucose levels
were measured at 0, 15, 120, and 240 min post-injection
(n=10/group).

To avoid the interference with samples due to frequent
blood glucose measurement after insulin administration,
pectoralis samples were collected from another parallel
broiler population at aforementioned time points (n=6/
time point/group), and from another parallel Silky fowl
population at 120 min (n=3/group). The collected sam-
ples were used for ssSRNA-Seq and Real-Time Quantita-
tive PCR (qRT-PCR) analysis.

Glucose Tolerance Test (18 d): Following a 12-h fast,
male AA broilers (approximately 540+50 g in body
weight) were randomly selected and divided into the
experimental group (#=20) and control group (n=20).
Broilers in the experimental group were intraperitoneally
injected with a 10% glucose solution, at a dosage of 2 g/
kg body weight, while the control broilers received the
same volume of normal saline. Blood glucose levels were
mesured at 0, 10, 30, and 60 min (min) post-injection
using a blood glucose meter (ACCU-CHEK Performa,
Roche, Germany) [33, 36]. Pectoralis muscle samples
were collected at 10- and 60-min post-injection (n=6).

Pyruvate Tolerance Test (21 d): After a 12-h fast, male
AA broilers (approximately 680+50 g) were randomly
selected and divided into experiment group (n=20)
and control group (n=20). The experimental group was
intraperitoneally administered with a sodium pyruvate
solution at a dosage of 2 g/kg body weight, while the
control group received an equivalent volume of normal
saline solution [37]. Blood glucose concentrations were
measured at 0, 10, 30, and 60 min post-injection and pec-
toralis muscles were collected at 0 min and 60 min post-
injection (n=6).

Feed restriction population (7-21d): the population
for energy restriction and protein restriction were estab-
lished as described in a previous study [38]. Briefly, sixty
7-day-old female AA broilers with similar body weight
were randomly divided into three groups: 15% energy
restriction group (n=20), 15% protein restriction group
(n=20), and control group (n=20). The diet for the
control group was formulated based on chicken feeding
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standard recommendations for broilers (Peoples Repub-
lic of China, NY/T33-2004). The metabolic energy in
the 15% energy restriction group was reduced to 85% of
that of the control group. The crude protein content in
the 15% protein restriction group was reduced to 85% of
that of the control group, while other nutritional levels
remained the same as those in the control group. Each
group was provided with their respective diets. The com-
position and nutritional level of the experimental diets
were shown in Supplementary Table S1. All birds were
free to access feed and water throughout the experiment
period. Pectoral muscles samples from each group (n=5/
group) were collected at 21d.

In addition, to examine the spatio-temporal expres-
sion profile of target genes, various tissues including the
heart, liver, gizzard, glandular stomach, pectoralis mus-
cle, leg muscle, brain, and pancreas, were collected from
21-day-old male broilers and male Silky fowls under a
basal state (#=5). Furthermore, pectoralis muscles sam-
ples were collected from broiler embryos at embryonic
stage 10 (E10), and 19 (E19), as well as from male broil-
ers at 21 d and 49 d post-hatching (under a basal state,
n=>5). All samples were snap-frozen in liquid nitrogen
and transferred to —80 °C refrigerator.

Library preparation and sequencing by ssRNA-seq

To investigate the dynamic and breed-specific responses
of circRNAs to insulin stimulation, pectoralis muscle
samples for ssRNA-Seq (n=3/group) were collected
from 24-day-old broilers at 15 min and 120 min after
insulin (RI15, RI120) or PBS (RP15, RP120, control)
injection, and from 24-day-old Silky fowls at 120 min
after insulin (WI120) or PBS (WP120, control) injection
(Fig. 1A). Total RNA was extracted from target samples
using Trizol reagent (Invitrogen, CA, United States). The
integrity of RNA was evaluated using a Bioanalyzer 2100
instrument with the RNA Nano 6000 Assay Kit (Agi-
lent Technologies, CA, United States). RNA purity was
checked using the NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA). RNA concentration was measured
using Qubit® RNA Assay Kit on a Qubit® 2.0 Fluorom-
eter (Life Technologies, CA, USA). A total of 5 ug RNA
from each sample was used for screening circRNAs by
ssRNA-Seq in each sample [22].

The ssRNA-Seq libraries were constructed using the
NEBNext® Ultra™ Directional RNA Library Prep Kit
for Ilumina® (NEB, USA) following the manufactur-
er’s recommendations. Ribosomal RNA was removed
using the Epicentre Ribo-zero™ rRNA Removal Kit
(Epicentre, USA). The first strand of cDNA was syn-
thesized using random hexamer primers and M-MuLV
Reverse Transcriptase (RNaseH-). DNA polymerase I
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Fig. 1 Characterization and identification of circRNAs. A Dynamic changes in blood glucose levels in 24-day-old Silky fowls and AA broilers

after insulin administration. *, P<0.05 between two insulin- treated birds at a specific time- point. Birds were intraperitoneally injected with insulin
at a dose of 5 IU/kg body weight, PBS- injected birds served as control. B Schematic representation of pectoralis sample collection for ssRNA-Seq.
The samples were collected from the parallel insulin administration broilers and Silky fowls at the indicated time points, the naming of groups

and individual samples was presented. C The source of circRNAs in each sample. D Spliced length (nt) distribution of circRNAs. E Distribution

of circRNAs on each chromosome. The outer ring shows the chromosome map of chicken genome, while the inner rings represent the distribution
of circRNAs on each chromosome. F Distribution of circRNAs in source genes. The X-axis represents the number of circRNAs that one mRNA

gene can form. G Genomic diagrams of Six circRNAs formed by MAPK1. The number in circles denotes the corresponding circRNA presented

in Fig. TH. H Expression patterns of six circRNAs formed by MAPK1 among groups. For easy identification, the expression values of the same circRNA
across groups are connected by the same color dashed line.”TPM"on the y—axis represents “transcript per million”. *, P <0.05

and RNase H were used to synthesize the second strand
of cDNA. In the reaction buffer, dTTP was replaced by
dUTP in the dNTPs mixture. The resulting product was
purified by AMPure XP system, and the library qual-
ity was evaluated by Agilent Bioanalyzer 2100 system.
Finally, the library was sequenced on an Illumina HiSeq
6000 (Novogene, Beijing, China).

Identification of differentially expressed circRNAs (DECs)

Fastp v 0.19.3 was used to filter the original data. Clean
data (clean reads) were achieved by filtering reads con-
taining adapter and low-quality reads from raw data, and
then they were mapped to chicken genome (http://ftp.
ensembl.org/pub/release-105/fasta/gallus_gallus/dna/,
GRCG6a) with Bowtie2 v2.2.8 [39]. Transcript assembly
was performed with Cufflinks software (http://cole-trapn
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ell-lab.github.io/cufflinks/). Find_circ and CIRI2 software
were used to identify circRNAs [40, 41]. The overlapping
circRNAs identified by two tools were considered as can-
didates [42]. TPM method (transcripts per million) was
used to normalize the expression of circRNAs [43]. DECs
were identified by DESeq R package (version 1.10.1) [44]
for the following comparisons: RI15_vs_RP15, RI120_
vs_RP120, RI120_vs_RI15, RP120_vs_RP15, WI120_vs_
WP120. Finally, circRNAs with P<0.05 were considered
statistically significant DECs.

Enrichment analysis on source genes of DECs

Emerging reports have shown that the functions of cir-
cRNAs may be associated with the parental linear tran-
scripts [45]. To annotate the potential functions of
circRNAs, all source genes of DECs were aligned against
the Gene Ontology (GO) databases and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) data-
base. GO enrichment analysis was performed using the
GOseq R package [46], and KEGG pathway enrichment
analysis was performed using Kobas software [47]. A
P-value<0.05 was set as the significance threshold. The
top 20 KEGG pathways and top 10 GO terms (biologi-
cal process) are presented. All the GO and KEGG enrich-
ment results are shown in Table S7 and Table S8.

The potential function prediction of circRNAs

CircRNAs can function as efficient microRNA sponges
[48]. Therefore, miRanda was used to predict the miRNA
binding site of the spliced circRNAs, and the circRNA-
miRNA interaction network was constructed using the
top 10 DECs (based on |log2FoldChange| values) from all
comparison combinations with Cytoscape 3.6.0. Internal
ribosome entry site (IRES) can directly recruit ribosomes
to initiate translation in a cap-independent manner [49].
IRES finder software was used to detect whether the
circRNAs contain IRES elements and to predict their
potential for initiating translation without relying on the
5" cap structure. A score of 0.5 was set as the threshold
for evaluating translation potential with scores closer to 1
indicating higher reliability. The circRNA-miRNA inter-
action network was constructed using the top 10 DECs
(based on |log2FoldChange| values) from all comparison
combinations.

Experimental verification of circRNAs

Seven DECs were randomly selected from RNA-Seq data.
Their cyclic properties and expression levels were further
validated using three approaches. First, divergent prim-
ers and convergent primers (Table S3) were designed to
distinguish the expression of circRNAs and their source
genes, using cDNA and genomic DNA (gDNA) as tem-
plates, respectively. The PCR products were detected by
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agarose gel electrophoresis. Second, the back-splice junc-
tion was validated through sanger sequencing (Sangon,
Shanghai, China). Third, the stability of circRNAs was
further confirmed by qRT-PCR using RNase R-treated
total RNA (Geneseed, Guangzhou, China) in RP120
group. Additionally, the expression of these circRNAs
in all groups were further validated by qRT-PCR. Here
the validated circRNAs were renamed according to their
source genes (Table S3). Divergent primers were designed
based on the 100-200 bp sequence overlapping with the
junction site, while convergent primers were designed
based on one exon of the source gene.

gRT-PCR
Total RNA was extracted from target tissues using Trizol
reagent (TRANS, Beijing, China) following the manufac-
turer’s instructions. The RNA quality was assessed using
the NanoPhotometer® spectrophotometer (IMPLEN,
California, USA) and agarose gel electrophoresis. A
total of 1 ug RNA was reverse transcribed to obtain
cDNA using HiScript ® III 1st Strand cDNA Synthesis
Kit (Vazyme, Nanjing, China). The reverse transcription
process contained two steps. The first step was to remove
genomic DNA: total RNA 1 pg, 5xXgDNA wiper Mix 2
uL, supplemented with ddH,O to 10 pL and incubated at
42 °C for 2 min. The second step was to synthesize cDNA:
step one product, 2 pL of 10X RT Mix, 2 uL of HiScript
III Enzyme Mix, 1 pL of Oligo(dT),,VN, 1 pL of Random
hexamers, and 4 pL of ddH,O. Then they were incubated
at 37 °C for 15 min and 85 °C for 5 s.

The qRT-PCR was performed to determine the mRNA
level of target genes on BioRad CFX96 (BioRad, USA)
using ChamQ Universal SYBR qRT-PCR Master Mix
(Vazyme, Nanjing, China). The primers (Table S3) were
optimized to ensure high amplification efficiency. The
B-actin was used as a housekeeping gene to normalize the
expression of target genes. The qRT-PCR reaction system
consisted of cDNA 50 ng, forward and reverse prim-
ers 0.2 pL, ChamQ Universal SYBR qPCR Master Mix 5
uL, supplemented with enzyme-free water to 10 pL. The
qRT-PCR procedure consisted of the following steps: an
initial denaturation at 95 °C for 5 min, followed by 38
cycles of denaturation at 95 °C for 30 s, annealing at 60 °C
for 30 s, extension at 72 °C for 30 s, and a final extension
at 72 °C for 1 min. The amplification without template
cDNA was set as the negative control. Each sample was
repeated at least three times. The relative expression level
of target genes was normalized to the reference gene cal-
culated based on the 2724t method [50].

Statistical analysis
The qRT-PCR data were analyzed using SPSS statisti-
cal software version 26.0 (Inc, Chicago, IL, USA). Upon
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verifying the normal distribution and variance homoge-
neity of the data, one-way ANOVA was employed, fol-
lowed by Tukey post hoc tests, for the comparison of
multiple data sets. Additionally, Student’s t-tests were
utilized for the comparison between two data sets.
Data were expressed as mean + standard error (SEM). A
P<0.05 was considered statistically significant. GraphPad
Software (Version 8.0, La Jolla, CA, United States) was
used to visualize the data.

Results

Blood glucose drop in a breed-specific manner

under insulin administration

A sharp decline in blood glucose is observed over time in
birds after insulin administration. However, two breeds
presented distinct modulation pattern response to insulin
with time. The basal blood glucose levels in broilers were
lower compared to Silky fowls (P<0.05). After insulin
administration, the blood glucose levels in broilers rap-
idly decreased continuously up to 120 min, and remained
low up to 240 min. However, the blood glucose levels
in silkie chickens began to gradually rise after 120 min.
The blood glucose levels in broilers were significantly
lower than those in Silky fowls at 120 min (P<0.05) and
240 min (P<0.05) post-insulin administration (Fig. 1A).
On the other hand, birds in the PBS control group main-
tained relatively constant blood glucose levels through-
out the observation period (Fig. 1A).

Identification of circRNAs by ssRNA-seq and experimental
validation

Based on the observed changes in blood glucose levels
post-insulin stimulation in AA broilers and Silky fowls,
circRNA transcriptome sequencing was performed on
pectoral muscle samples from broilers at 15 and 120 min
post-stimulation to examine the time-dependent effects
of insulin action. Additionally, circRNA transcriptome
sequencing was conducted on pectoral muscle samples
collected from Silky fowls at 120 min post-stimulation
(with PBS as the control) to investigate the breed-specific
difference in insulin response mechanisms by comparing
the sequencing data with that of broilers at the same time
point (Fig. 1B).

A total of 2,027 circRNAs were identified by ssSRNA-
Seq from 18 pectoralis cDNA libraries (Fig. 1 and S1,
Table S4). It showed that most of the circRNAs origi-
nated from genes, therein, 81.5% of circRNAs formed
by exons and 7.6% was from introns, only 10.9% of cir-
cRNAs were in intergenic regions (Fig. 1C and S1A).
Most circRNAs consist of two or three exons (Fig. S1B).
After splicing, the longest circRNA was 1000 nucleo-
tides (nt), the shortest was only 100 nt, while the major-
ity were between 200-500 nt (Fig. 1D). The circRNAs
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are widely distributed on all chromosomes, especially on
chromosome 1 (Fig. 1E and S1C), which may be related
with the length of the chromosome (Fig. S1D). In addi-
tion, a circRNA (novel_circ_0010996) was detected from
the 16S ribosomal RNA region of chicken mitochondria
(Table S4). Of the 2,027 identified circRNAs, 68.23% of
genes only produce one circular RNA, while the remain-
ing genes produce two or more circular transcripts. In
fact, there are cases where a single gene can produce up
to 33 different circular transcripts (Fig. 1F, Table S4).

We randomly selected 7 circRNAs from ssRNA-Seq
data to confirm their cyclization characteristics through
agarose gel electrophoresis, Sanger sequencing, and qRT-
PCR. As expected, the divergent primers for amplifying
circular RNA produced bands in the system containing
cDNA template but not gDNA template. Conversely, the
amplification with convergent primers produced bands
in both the system containing cDNA template and gDNA
template (Fig. 2A). Sanger sequencing further confirmed
the back-splicing junctions of these circRNAs (Fig. 2B).
The qRT-PCR revealed there was no significant differ-
ence in the expression of circRNAs between the RNase
R-treated samples and the control samples (Fig. 2C).
However, the expression levels of the corresponding lin-
ear source genes and S-actin decreased significantly after
treatment with RNase R, indicating that circRNAs are
relatively stable and resistant to RNase R degradation
(Fig. 2D). In addition, the expression of these circRNAs
detected by qRT-PCR, was consistent with the ssSRNA-
Seq results overall, which confirmed the reliability of the
RNA-Seq data (Fig. 3).

Characteristics of identified circRNAs by ssRNA-seq

We analyzed the global expression characteristics of
identified circRNAs using ssSRNA-Seq. Density analy-
sis showed that the expression abundance of most cir-
cRNAs concentrated in the ranges of TPM <0.1 and
TPM>60 (Fig. S2A). The circRNAs with TPM > 60
accounts for approximately 70% (Fig. S2B, Table S4).
The top three circRNAs (based on TPM value) were
novel_circ_0009745, novel_circ_0009733, and novel_
circ_0009716. These circRNAs varied in sequence
length, but, in fact, originated from the same inter-
genic region of chromosome 7 (Table S4). Their aver-
age TPM values were 809,200, 58,957, and 25,800,
respectively. It was found that the abundance of each
circular transcript varied depending on its formation
mode. For example, six circRNAs originating from
mitogen-activated protein kinase 1 (MAPKI) gene
exhibited distinct abundance and differential expres-
sion among groups (Fig. 1G and 1H, Table S5). Among
these, novel_circ_0001246 had high TPM values across
groups and was significantly downregulated by insulin
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administration at 120 min (P<0.05, Fig. 1H). However, DECs identified by insulin stimulation from chicken

the relative expression of novel_circ_0001254 was very  pectoralis

low, and its expression was even undetectable in RP15 In the broiler population, 20 circRNAs (9 upregulated
group (Fig. 1H). and 11 downregulated) were significantly regulated at
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15 min after insulin stimulation (RI15_vs_RP15). Nota-
bly, the level of novel_circ_0004546 (named circINSR
based on its original gene INSR) significantly decreased
in response to exogenous insulin (Fig. 4A, Table S4).
With the passage of time, a larger number of circRNAs
were significantly affected by exogenous insulin. At
120 min (RI120_vs_RP120), 17 circRNAs were up-regu-
lated and 28 were down-regulated in response to exog-
enous insulin (Fig. 4B, Table S4). It is worth noting that
only one circRNA (novel_circ_0010459, circSZT2) was
significantly altered by exogenous insulin at both 15 min
(RI15_vs_RP15, up-regulated) and 120 min (RI120_
vs_RP120, down-regulated). However, its expression
changed in opposite directions at the two time points
(Fig. 4F, Table S4).

We further analyzed the dynamic change of circR-
NAs over time after insulin and PBS injection in broil-
ers individually. The genes, that are specifically regulated
by insulin over time, are referred to as time-dependent
insulin-responsive genes here. It was observed that
38 circRNAs (18 upregulated and 20 downregulated)
changed over time with insulin action (RI120_vs_RI15,
Fig. 4C). Therein, the novel_circ_0004546 (circINSR) was
dramatically upregulated with time (top one, Fig. 4C).
Meanwhile, some circRNAs (31 upregulated, 21 down-
regulated) also changed with time in birds injected with
PBS solution (RP120_vs_RP15, Fig. 4D). Nonetheless,
Venn analysis revealed that only two time-dependent
DECs (circSZT2 and novel_circ_0001237) were shared
between the insulin-treated and PBS-injected birds
(Fig. 4F). Therein, circSZT2 was the only differentially
expressed gene shared across four comparisons in broil-
ers (Fig. 4F). However, the expression of circSZT2, which
was up-regulated over time in PBS control birds (RP120_
vs_RP15), was reversed by insulin stimulation (RI120_vs_
RI15) (Figs. 3F and 4F, Table S4).

To investigate the effect of breed on birds’ response to
insulin, we further identified the insulin-sensitive DECs
from Silky fowls (at 120 min after insulin administration).
Compared to the PBS control, 6 DECs were upregulated
and 23 DECs were down-regulated at 120 min after insu-
lin injection in Silky fowls (WI120_vs_WP120, Fig. 4E
and Table S4). Venn analysis revealed that most insulin-
sensitive DECs at 120 min were regulated in a breed-spe-
cific manner, with 42 insulin-sensitive DECs were specific
to broilers, and 26 insulin-sensitive DECs specific to Silky
fowls) (Fig. 4G). Among these, three common DECs
(novel_circ_0004076, novel_circ_0010996, and novel_
circ_0001431) were down-regulated by exogenous insulin
in both breeds (Fig. 4G and H, Table S4). Specifically, the
novel_circ_0004076 originated from cell division control
protein 42 homolog (CDC42) gene, novel_circ_0010996
was derived from mitochondrial 16S ribosomal RNA,
and novel_circ_0001431 was from Zinc Finger Protein
425 (ZNF425).

Functional enrichment analysis of genes derived

from DECs

We conducted GO/KEGG enrichment analysis based on
the source genes of the identified DECs. The top 10 GO
terms related to biological processes (Fig. 5, Table S7)
and the top 20 KEGG pathways (Fig. 6, Table S8) were
presented for each comparison. In broilers, at 15 min
after exogenous insulin stimulation (RI15_vs_RP15),
GO terms such as exocrine pancreas development and
response to cell cycle checkpoint signaling were enriched
(Fig. 5A, Table S7). At 120 min after insulin stimula-
tion, abundant GO items were found to be enriched
in processes related to the regulation of the response
to exogenous stimulation, including glucose/amino
acid starvation and nutrient levels in RI120_vs_RP120
and RI120_vs_RI15 comparisons (Fig. 5A, Table S7).
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Meanwhile, KEGG pathway, such as insulin signaling,
MAPK signaling, vascular endothelial growth factor
(VEGE) signaling, and the FOXO pathway were enriched
in insulin- administrated broilers (Fig. 6A-C, Table S8).
However, there were obvious differences for the
enriched GO/KEGG terms between Silky fowls and
broilers at 120 min after insulin administration (Figs. 5B

and 6C, and 6E, Table S7 and S8). In the WI1120_vs_
WP120 comparison, the most abundant GO terms were
related to the regulation of intracellular signal transduc-
tion and erythrocyte differentiation (Fig. 5B, Table S7),
and the prominent KEGG signaling pathway was associ-
ated with endocytosis regulation, the actin cytoskeleton
and MAPK signaling (Fig. 6E, Table S8).
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Function prediction on translation and miRNA binding
potential of circRNAs
It has been reported that some circRNAs may con-
tain internal ribosome entry sites (IRES) and rely on
them for translation [51]. Therefore, we predicted the
potential IRES elements based on the identified cir-
cRNA sequences. The results showed that 71.73% of
circRNAs had translation potential (score>0.5), among
which 8.04% of circRNAs had scores between 0.9 and
1.0 (Fig. 7A). Furthermore, 71 circRNAs with translation
potential were identified to be insulin sensitive (Table S6).
CircRNAs can regulate gene expression by acting as a
miRNA sponge [48]. It was predicted that most circRNAs
contain multiple miRNA binding sites and can interact
with numerous miRNAs, primarily ranging from 21 to
40 (Fig. 7B). Notably, one circRNA could bind to as many
as 120 miRNAs (Fig. 7B). A complex circRNA-miRNA
interaction network was constructed (Fig. 7C). It indi-
cating these circRNAs may function through intricate
circRNA-miRNA interaction.

Spatio-temporal expression characteristics of circINSR

and INSR in two breeds

The insulin receptor binds to insulin and initiates a cas-
cade of events in insulin- target tissues. The activated
insulin receptor serves as the gateway for regulating vari-
ous cellular processes, including glycogen storage, glu-
cose transport, apoptosis, and autophagy [52]. A circRNA
(circ_0004546, circINSR, 552 bp) derived from exon 2 of
INSR (ENSGALT00010066079.1) was identified from
the ssRNA-Seq data (Fig. S1E and S3). The circINSR is
located within the constructed circRNA-miRNA regu-
latory network and contains abundant miRNA binding
sites (Fig. 7C). It was predicted to have weak translation
potential by the IRES finder (score < 0.34).

The spatiotemporal expressions of circINSR and its
parental gene INSR were investigated in broilers and Silky
fowls. It was observed that circINSR widely expressed in
the detected tissues (Fig. 8). In broilers, circINSR was
predominantly expressed in the pectoralis and leg mus-
cles, with relatively low expression in other detected tis-
sues (Fig. 8A). In contrast, Silky fowls exhibited a broader
expression profile for circINSR, with high levels in the
pectoral and leg muscles, as well as the pancreas, and
relatively low levels in the muscular stomach, glandular
stomach, and brain (Fig. 8E). In both broilers and Silky
fowls, the levels of circINSR and INSR in pectoralis mus-
cle were found to be the lowest at E10 (P<0.05). How-
ever, they displayed a dramatic elevation in pectoralis
muscle during the later stage of embryonic development
and after birth, coinciding with the rapid growth phase of
skeletal muscle (Fig. 8B and F). This suggests a conserved
role for both circINSR and INSR in muscle development
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and growth across breeds. The expression pattern of
the parental gene INSR was generally similar to that of
circINSR (Fig. 8C, D, G and H). In addition, compared
to Silky fowls, broilers exhibited relatively lower levels
of circINSR in the pancreas (P<0.01) and higher levels
of both circINSR (P<0.05) and INSR (P<0.01) in the leg
muscle (Fig. 81-]).

Response of circINSR and INSR on exogenous stimuli

We further investigated the response of circINSR and
INSR to several exogenous stimuli in broilers. First, we
evaluated the effect of exogenous insulin on the dynamic
change of circINSR and INSR in pectoralis of broilers.
Along with the dramatical drop of blood glucose fol-
lowing insulin administration (Fig. 9A), the expression
of circINSR was deeply inhibited by exogenous insulin
at the early stage (15 min) in the pectoralis of broilers
(approximately 1/7 of the control birds, P<0.01, Fig. 9D).
However, the level of circINSR recovered to the baseline
level (0 min) or its PBS control level at 120 min/240 min
after insulin stimulation. There was no significant differ-
ence in the circINSR level between insulin-treated and
PBS control broilers at 120 and 240 min (Fig. 9D). The
INSR level was also down-regulated by insulin admin-
istration at 15 min (1/2 of control birds, P<0.05). How-
ever, unlike circINSR, INSR level fluctuated over time
in PBS control birds (P<0.05) and insulin administra-
tion completely reversed the expression pattern of INSR
at the monitored time points (P<0.05). Compared with
the corresponding PBS control, the expression of INSR
was significantly up-regulated at 120 min (P<0.01) and
down-regulated at 240 min by insulin (P<0.05, Fig. 9G).

In pyruvate tolerance tests, the concentration of blood
glucose gradually increased over time (0—60 min) follow-
ing pyruvate administration (P<0.05, Fig. 9B). Neverthe-
less, the expressions of both circINSR and INSR were not
significantly changed in the bird’s pectoralis after injec-
tion of sodium pyruvate (Fig. 9E and 9H). In glucose tol-
erance tests, a peak in blood glucose level of birds was
observed 10 min after glucose injection (Fig. 9C). Mean-
while, the expression of INSR was significantly downreg-
ulated at 10 min after glucose injection in the pectoralis
of birds (Fig. 9I). However, the expression of the circINSR
remained relatively stable in bird’s pectoralis under glu-
cose administration (Fig. 9F).

Nutritional status can regulate the expression level of
target genes. We investigated the impact of feed restric-
tion on the expression of circINSR and INSR. It was
observed that 15% energy restriction significantly upreg-
ulated the expression of circINSR in the pectoralis of
broilers (P<0.01, Fig. 10A). However, the relative expres-
sion of circINSR was not affected by 15% protein restric-
tion. In addition, unlike circINSR, neither energy nor
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protein restriction altered the relative expression level of
muscle INSR (Fig. 10B).

Discussion

In this study, we identified a substantial number of novel
circRNAs from bird’s pectoralis using ssSRNA-Seq. Nota-
bly, our samples were not pre-treated with RNase R, which
could potentially introduce some bias. RNase R treatment
degrades linear transcripts from total RNA, potentially
enhancing the detection rate of circRNAs. However, this
treatment might also reduce the detection rate of low-
abundance circRNAs and lead to an overestimation of
intron-derived circRNAs, as lariats are resistant to RNase
R treatment [16, 45]. Therefore, to capture all potential
circRNAs expressed in bird’s pectoralis, we opted to use
RNase R- untreated samples. To further validate the cir-
cularity and relative abundance of seven circRNAs, we
employed RNase R treatment followed by qRT-PCR.

Chromosome 7 is a Hotspot for RNA Cyclizing Events
Interestingly, chromosome 7 in birds appeared to be
a hotspot for RNA cyclizing events. Three circRNAs
with the highest TPM values were located on chromo-
some 7. Additionally, the average detection rate of circR-
NAs on chromosome 7 was relatively higher (3.54/Mb)
compared to the genomic level in the bird’s pectoralis,
which was 1.93/Mb (P<0.001, Chi square test, Fig. S1).
Our findings are consistent with the ssSRNA-Seq data
presented by Shen et al. [22], where the number of cir-
cRNAs on chromosome 7 (NC_006127.4, 5.17/Mb) was
also more abundant than at the genomic level (3.90/Mb)
in the pectoralis muscle of embryonic stage birds. This
suggests a potential regional preference for circRNA for-
mation on chromosome 7, which warrants further inves-
tigation to understand the underlying mechanisms and
functional implications.
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Insulin-responsive circRNAs: key regulators of glucose
homeostasis in birds through miRNA-mediated pathways
Insulin is a key player in animal physiology, acting not
only as a regulator of glucose homeostasis in animals
[11], but also as a potent anabolic factor that sustains
muscle growth in organisms. By binding to specific
receptors (INSR), insulin activates a cascade of phospho-
rylation events, leading to the enhancement of protein
synthesis and inhibition of protein breakdown [12]. The
identified insulin-responsive circRNAs are the potential
regulators of glucose homeostasis and muscle develop-
ment in animals.

Previous studies have reported a linear decrease in blood
glucose levels in chickens over time (0—120 min) follow-
ing exogenous insulin stimulation [34, 35]. Our research,

using ssRNA-Seq, further revealed the involvement of
abundant circRNAs in insulin-mediated regulation within
the pectoral muscles of birds. These insulin-sensitive cir-
cRNAs function in a time-specific and breed-specific man-
ner under insulin administration. Notably, fewer DECs
are shared between the early stage (15 min) and later
stage (120 min) in broilers, as well as between broilers and
Silky fowls at 120 min. This may contribute to the differ-
ential glucose homeostatic regulation [34] Specifically,
three commonly down-regulated circRNAs by insulin at
120 min (novel circ_0004076, novel circ_0010996 and
novel_circ_0001431) in two breeds, may play a positive role
in blood glucose regulation in a breed-independent man-
ner. Therefore, further research is needed to explore their
function on insulin-mediated glucose homeostasis.
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CircRNAs can serve as miRNA sponges and interact-
ing with miRNAs to regulate gene expression. In the con-
structed miRNA-circRNA regulatory network (Fig. 7),
some miRNAs have been reported to be involved in insu-
lin-related metabolism. For example, miR-103 and miR-107
directly regulate insulin sensitivity in adipocytes [35, 53].
Knockdown of miR-143 or miR-145 in vascular smooth
muscle cells induces the expression of insulin receptor
substrate 1 and increases glucose uptake [54]. Addition-
ally, miR-26a enhances insulin sensitivity, decreases glu-
cose production, and reduces fatty acid synthesis in mice
[55]. These findings suggested that circRNAs identified in
our study may be involved in insulin pathway by binding
to these miRNAs. Further research is needed to identify
the functions of these insulin-sensitive circRNAs and their
interaction with corresponding miRNAs.

CircINSR: a conserved and insulin-responsive circRNA

with dual roles in glucose homeostasis and muscle
development across species

A circRNA (circINSR) formed by the exon 2 of linear
INSR (552 bp) was identified from chicken pectoralis
through ssRNA-Seq. This circRNA is highly conserva-
tive across species, including humans (has_circ_0048966
in circBase, http://www.circbase.Org), mice, and bovines
[56]. It shares about 77% similarity between chicken and
mammals, and even 89% similarity among mammals (Fig.
S3), suggesting circINSR likely has important and con-
servative functions across species.

INSR is a transmembrane receptor that can be acti-
vated by insulin, playing a key role in the regulation of
glucose homeostasis metabolically and muscle devel-
opment [57-59]. The B-cell-specific INSR deletion can

lead to insulin hypersecretion and improve glucose tol-
erance before the onset of global insulin resistance [60].
In chicken, circINSR exhibits high expression levels in
skeletal muscles and dynamic expression during develop-
ment, indicating its potentially significant role in muscle
development as INSR. It has been reported that bovine
circINSR can promote the proliferation and reduce the
apoptosis of embryonic myoblasts by sponging miR-34a,
serving as a regulator of embryonic muscle and intra-
muscular fat development [56, 61].

Although circINSR and INSR exhibit similar spati-
otemporal expression pattern in the basal state, circINSR
shows a distinct modulation from INSR under exogenous
stimulations in bird’s pectoralis. CircINSR, like its paren-
tal gene INSR, is an insulin-responsive gene. However,
circINSR appears to function primarily as an early insu-
lin-responder, playing a positive role in the early phase of
blood glucose reduces mediated by insulin. In contrast,
INSR has distinct roles in the early and later phases of
blood glucose modulation induced by exogenous insulin.
The dynamic change in INSR further demonstrated its
crucial function in maintaining glucose homeostasis in
birds. Additionally, circINSR in birds seems to be more
sensitive to energy reduction than that of INSR, suggest-
ing that circINSR and INSR may play independent and
overlapping roles in insulin signaling cascade.

After insulin and glucose administration, Silky fowls
show a more rapid return to normal blood sugar levels
compared to broilers [33, 34]. This glucose homeostasis
is largely maintained by pancreatic B-cells, which secrete
insulin, as a crucial player in this process [62]. Notably, in
Silky fowls, there is a high expression of both circINSR
and INSR in the pancreas, which may enhance the role
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of pancreatic P-cells and thereby boosting glucose
homeostasis.

Furthermore, circINSR likely have other important
functions. It has been reported that the sheep circINSR
can inhibit adipogenic differentiation of adipose-derived
stromal vascular fractions through the miR-152/MEOX2
axis [63]. Additionally, it can protect against doxorubicin-
induced cardiotoxicity [64]. Further research is needed to
clarify the function of and its regulation mechanism.

Additionally, circSZT?2, the only insulin-sensitive DECs
shared by two time- points in the pectoralis tissues of
broilers (Fig. 4F), displays a dynamic regulation with the
changes in blood glucose under insulin administration
(Fig. 3), but in a manner opposite to INSR (Fig. 9G). This
suggested that circSZT2 may play a key role in glucose
homeostasis. The potentially important function of bird’s
circSZT2 in the insulin-involved signaling cascade war-
rants further investigation.

It is important to note that, due to resource and logis-
tical constraints, only single-sex birds were used in this
study, which may introduce some sex-related bias. How-
ever, this approach can effectively minimize potential
confounding effects caused by sex-related differences,
ensuring greater consistency and reliability in the experi-
mental outcomes. Additionally, this study provides the
investigation into the early-phase and dynamic modula-
tion patterns of circRNAs in response to insulin in rap-
idly growing broilers using ssRNA-Seq, offering valuable
insights into the potential roles of circRNAs in insulin-
mediated glucose homeostasis. However, breed-specific
differences may exist and warrant further exploration.
Despite its limitations, our study successfully identified
a substantial number of novel insulin-sensitive circRNAs
and revealed their potential roles in insulin-mediated
glucose homeostasis. These findings lay a foundation for
further research into circRNA-mediated regulation of
glucose homeostasis.

Conclusion

This study identified abundant insulin-sensitive circR-
NAs in the pectoralis muscle of birds using ssRNA-Seq,
revealing their time-specific and breed-specific regula-
tion by exogenous insulin. These circRNAs, particularly
circINSR, play crucial roles in glucose homeostasis and
muscle development through the insulin signaling cas-
cade. CircINSR, an early insulin responder, exhibits
distinct and overlapping expression patterns compared
to its source gene INSR and is downregulated by insu-
lin and energy restriction. These findings provide novel
insights into the regulatory mechanisms of insulin
action from the perspective of circRNAs, highlighting
their potential importance in metabolic and develop-
mental processes in birds.
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