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Editorial on the Research Topic

Fat metabolism and deposition in Poultry: Physiology, Genetics, Nutrition and Interdisciplinary
Research, Volume I

The intensive genetic selection of broiler (meat-type) chickens over the past 80 years has focused narrowly
on economically important traits, namely growth rate, feed efficiency, and breast yield (Griffin and
Goddard, 1994). Although this has led to spectacular progress in term of productivity and profitability
which helped in supporting the livelihoods and food security of billions of people worldwide, there are
several unexpected and undesirable changes, including hyperphagia (Denbow, 1994), metabolic disorders
such as leg problems (Julian, 1998), breast muscle myopathies (Velleman, 2015), cardiovascular diseases
(Olkowski, 2007), and fat deposition (Chen et al., 2017).

Growth rates have dramatically increased by over four times between 1957 and 2005 (Zuidhof et al., 2014)
and modern chickens reach the market age in less than half the time that would have taken 60 years ago. This
change is associated with hyperphagia and excessive fat deposition mainly in broiler breeders that require feed
restriction and feed regimens (de Jong et al,, 2002). In broiler breeders, obesity compromises reproductive
functions and sexual activity, and thereby alters performance and welfare (De Jong and Guémené, 2011). On
the other hand, feed restriction causes chronic hunger, stress, frustration, aggressiveness, cannibalism, and
boredom (Decuypere et al., 2010). In commercial broilers, fat deposition reduces meat yield, feed efficiency,
and alters meat quality, which all together results in profit margin loss (Lippens et al., 2000).

Generally fat deposition originates from exogenous (diet) and/or endogenous (adipogenesis/
lipogenesis) sources. As commercial broilers are fed lipid-poor diets (<10%), the majority of the
accumulated fat is derived from the liver, which is the main site for de novo lipogenesis (Goodridge
and Ball, 1967; Leveille et al., 1968; Yeh and Leveille, 1971). Fat metabolism is modulated through a tight
interaction between synthesis and degradation programs, which both are controlled by exogenous factors
(diet, environment, etc.,) and endogenous complex molecular mechanisms and pathways that are not
fully defined in avian species. In the Research Topic, we invited experts in their fields and gathered
outstanding and elegant reviews, case reports, and breakthrough research articles to provide new insights
into fat metabolism of various avian species (chickens, quails, ducks) at peripheral and central levels from
different, yet complementary disciplines (physiology, genetics, and nutrition).

At the central level, Kato et al. showed that two-week intracerebroventricular infusion of
neurosecretory protein GM (NPGM) increased body mass, and the mass of abdominal and gizzard
fat in chickens, without effects on feed intake. At molecular levels, they showed that NPGM might induce
hepatic fat deposition via down regulation of the hepatic PPARa gene expression.

Frontiers in Physiology | www.frontiersin.org 5

May 2022 | Volume 13 | Article 937081


http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.937081&domain=pdf&date_stamp=2022-05-26
https://www.frontiersin.org/articles/10.3389/fphys.2022.937081/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.937081/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.937081/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.937081/full
https://www.frontiersin.org/researchtopic/18756
https://www.frontiersin.org/researchtopic/18756
https://www.frontiersin.org/articles/10.3389/fphys.2021.747473/full
http://creativecommons.org/licenses/by/4.0/
mailto:dridi@uark.edu
https://doi.org/10.3389/fphys.2022.937081
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.937081

Dridi et al.

At the peripheral level, the Bonnefont group has used a high
throughput metabolomics approach to identify hepatic biomarkers for
Foie Gras quality in duck. A total of eighteen quality-associated
metabolite signatures were determined, with five specific to liver
weight and four specific for technological yield at cooking.
Massimino et al, on the other hand, used high throughput real-
time quantitative PCR to determine the effect of embryonic thermal
manipulation on the hepatic lipid and carbohydrate metabolism, stress,
cell proliferation, and thyroid hormone pathways in mule ducks. They
identified several key genes that might be involved in thermal long-
term programming of hepatic metabolism. Surugihalli et al. used mass
spectrometry-based metabolomics to evaluate the rapid remodeling of
hepatic mitochondrial and cytoplasmic networks in chicken E18
embryo and d3 post-hatch chicks. Several metabolites were profiled
in both plasma and liver showing a transition from lipid oxidation in
embryonic liver to de novo lipogenesis in neonatal liver. Using forced
molting laying hens, cecal metabolomics, and liver transcriptomics,
Ruirui (abstract only) identified regulatory intestinal-liver lipid
metabolism factors affecting reproductive performance in laying hens.

In adipose tissue, Zhao et al. determined the developmental
changes of adipocyte differentiation, lipid synthesis, lipolysis, fatty
acid B-oxidation, and lipid content from chicken embryo day 12 to
day-9 post hatch. They showed that the mitochondrial copy number
and fatty acid B-oxidation increased during the post hatch period,
indicating that subcutaneous adipose tissue plays an important role in
energy supply. Sun et al. used the Iso-Seq technology and identified
several long non-coding RNA and alternative splicing in abdominal
and subcutaneous adipose tissues of pekin ducks. Na et al. reported
several reference genes for real-time quantitative PCR in chicken
adipose tissue and adipocytes. Kim et al. determined the effect of in
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ovo injection of different doses of all-trans retinoic acid on quail
embryonic adipogenesis. They found that all-trans retinoic acid
promoted hypertrophic fat accretion in quail embryos via
upregulation of PPARy and FABP4 and down regulation of DIkI.
The Gilbert group studied the effect of dietary baicalein
supplementation on adipose tissue gene expression profiles during
the first week post hatch in chickens. They showed a reduction of
growth performance (body weight, feed intake), breast muscle weight,
and subcutaneous and abdominal fat weights along with a modulation
of several genes involved in adipogenesis and fat storage. In a separate
paper, the Cline group reviewed the effects of dietary flavonoids on
lipid metabolism in liver, skeletal muscle, and adipose tissue of poultry
species. Finally, Kim and Voy provided a thorough review associated
with the beneficial effects of n-3 polyunsaturated fatty acids in
reducing fat accretion in poultry.

In summary, the papers within the current Research Topic
provide new insights and discoveries related to lipid metabolism
in various avian species (chicken, quail, and duck) and suggest some
solutions and perspectives for future investigations aiming to reduce
fat accretion in poultry. It is my fervent hope that this ebook and the
Research Topic is a great resource for the readers, and we look
forward to a second volume to expand more research and knowledge
associated with other molecular pathways of lipid metabolism in
various other avian species.
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Reverse transcription quantitative real-time PCR is the most commonly used method
to detect gene expression levels. In experiments, it is often necessary to correct and
standardize the expression level of target genes with reference genes. Therefore, it is
very important to select stable reference genes to obtain accurate quantitative results.
Although application examples of reference genes in mammals have been reported,
no studies have investigated the use of reference genes in studying the growth and
development of adipose tissue and the proliferation and differentiation of preadipocytes
in chickens. In this study, GeNorm, a reference gene stability statistical algorithm,
was used to analyze the expression stability of 14 candidate reference genes in the
abdominal adipose tissue of broilers at 1, 4, and 7 weeks of age, the proliferation and
differentiation of primary preadipocytes, as well as directly isolated preadipocytes and
mature adipocytes. The results showed that the expression of the TATA box binding
protein (TBP) and hydroxymethylbilane synthase (HMBS) genes was most stable during
the growth and development of abdominal adipose tissue of broilers, the expression
of the peptidylprolyl isomerase A (PPIA) and HMBS genes was most stable during the
proliferation of primary preadipocytes, the expression of the TBP and RPL13 genes was
most stable during the differentiation of primary preadipocytes, and the expression of the
TBP and HMBS genes was most stable in directly isolated preadipocytes and mature
adipocytes. These results provide reference bases for accurately detecting the mRNA
expression of functional genes in adipose tissue and adipocytes of chickens.

Keywords: reference gene, RT-qPCR, adipocytes, adipose tissue, broilers

INTRODUCTION

Gene expression analysis is an important tool in investigating functional genes. Due to the
advantages of simple operation, high sensitivity and good repeatability, reverse transcription
quantitative real-time PCR (RT-qPCR) has become the main method to detect gene expression
levels (Bustin, 2000; Dheda et al., 2005). To reduce background errors caused by mRNA quality
and reverse transcription efficiency (Lekanne Deprez et al., 2002; Sanders et al., 2014), correction
factors are usually applied to correct, and standardize experimental results (Huggett et al., 2005;
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Hendriks-Balk et al., 2007). The most commonly used correction
factor is the reference gene. Reference genes are genes with stable
expression levels that are not affected by research conditions and
can be used to accurately quantify initial material loads (Dong
et al,, 2013). The ideal reference genes are stably expressed in all
kinds of tissues and cells, and their expression is not influenced
by the environment, experimental conditions, or other factors
(de Jonge et al., 2007). However, a universal ideal reference gene
does not exist (Huggett et al., 2005; Zhang et al., 2014). Even
the most versatile reference genes, such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), beta-actin (ACTB) and 18S
ribosomal RNA (18S), are unstable in certain cells, biological
processes, or experimental conditions (Barroso et al., 1999; Bas
etal., 2004; Ferguson et al., 2010; Stephens et al., 2011). Therefore,
the selection of suitable reference genes that are stably expressed
in a specific tissue, cell or biological process is very important to
accurately quantify the expression level of functional genes.

The stability of reference genes generally requires verification
by experiments combined with algorithm analysis. GeNorm is
a statistical algorithm developed by Vandesompele et al. (2002)
to analyze the expression stability of reference genes in RT-
qPCR experiments. The algorithm determines stably expressed
reference genes by comparing the M value which is defined the
average of the pairwise variation of one gene with all the other
potential reference genes. The geNorm algorithm can be used to
compare and filter the stability of any number of reference genes
under any experimental conditions. Additionally, the geNorm
algorithm can determine the number of optimal reference genes
in the experiment by calculating the ratio of paired variant
Vn to Vn+1.

At present, the literature on the screening of RT-qPCR
reference genes has focused on chicken liver, brain, muscle,
heart, lung, ovaries, lymphoid organs, and chicken embryo
fibroblasts (Yang et al, 2013; Bagés et al, 2015; Nascimento
et al,, 2015; Mitra et al., 2016; Staines et al., 2016; Katarzynska-
Banasik et al., 2017; Hassanpour et al., 2018; Simon et al,
2018). No reports have selected RT-qPCR reference genes in
the growth and development of abdominal adipose tissue,
primary preadipocytes, or mature adipocytes of chickens.
Therefore, based on the usage frequency in the literatures
on the screening of RT-qPCR reference genes in various
tissues and cells of chickens and function of reference genes
in the basic cellular processes, 14 commonly used reference
genes were proposed as candidates: ACTB, tubulin beta class
I (TUBB), hypoxanthine guanine phosphoribosyl transferase 1
(HPRT1I), hydroxymethylbilane synthase (HMBS), TATA box
binding protein (TBP), non-POU domain containing, octamer-
binding (NONO), ribosomal protein L13 (RPLI13), ribosomal
protein S7 (RPS7), 18S, peptidylprolyl isomerase A (PPIA), beta-
2 microglobulin (B2M), tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein zeta (YWHAZ), GAPDH,
and transferrin receptor (TFRC). The expression levels of
these reference genes in broiler abdominal adipose tissue, the
proliferation and differentiation of primary preadipocytes, as well
as directly isolated primary preadipocytes and mature adipocytes
were detected by RT-qPCR. The expression stability of these
reference genes in the above tissues and cells was analyzed by

GeNorm statistical algorithms. Finally, we confirmed the most
suitable reference genes for detecting functional gene expression
levels in broiler adipose tissue and adipocytes.

MATERIALS AND METHODS

Ethics Statement

The study was conducted according to the guidelines for
the care and use of experimental animals established by the
Ministry of Science and Technology of the People’s Republic
of China (approval no. 2006-398) and approved by the
Institutional Biosafety Committee of Northeast Agricultural
University (Harbin, China).

Animals and Tissues

The animals used in this study included 1-, 4-, and 7-week-
old birds from generation 19 (G19) of Northeast Agricultural
University broiler lines divergently selected for abdominal
fat content (NEAUHLF; Guo et al., 2011). All birds were
housed under similar environmental conditions with free access
to feed and water.

The abdominal fat tissues from each individual male bird were
collected and snap-frozen in liquid nitrogen and stored at —80°C
for extraction of total RNA. A total of 30 male birds (five birds
per line per time point) at 1, 4, and 7 weeks of age were used
in this process.

Isolation of Chicken Preadipocytes and
Mature Adipocytes

Chicken preadipocytes and mature adipocytes were isolated
according to previously reported methods (Wang et al., 2017).
Briefly, abdominal adipose tissue was collected from 10- to 14-
day-old broilers by sterile dissection following rapid decapitation.
Adipose tissue was washed with prewarmed PBS and cut into
pieces. Tissue pieces were digested in medium (90 mL DMEM,
1.5 g BSA, and 2.383 g HEPES) containing type I collagenase
(0.02 g/mL) for 65 min at 37°C with shaking once per 5 min.
After digestion, the cell suspension was filtered through a 165-
pm mesh and centrifuged at 2,000 rpm for 10 min at room
temperature. The supernatant was collected and centrifuged at
4,000 rpm; the obtained cell precipitates were mature adipocytes.
The protocell precipitate was resuspended in complete medium
(DMEM/F12, 10% fetal bovine serum, 100 U/mL penicillin, and
100 pg/ml streptomycin) and filtered through a 20-pm mesh.
After centrifugation at 2,000 rpm, the precipitates of stromal
vascular cells (including preadipocytes) were collected. Some of
the preadipocytes were used for gene expression analysis, some
of which were seeded at a density of 1 x 10° cells/mL in complete
medium and maintained in a humidified atmosphere with 5%
CO; at 37°C for cell proliferation and differentiation detection.

Induced Chicken Preadipocyte

Differentiation
When the confluence of chicken preadipocytes reached 50-60%,
culture medium was replaced with an induction medium in
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which the final concentration of oleate was 160 WM to induce
preadipocyte differentiation. This time was recorded as 0 h.
The differentiated preadipocytes were harvested at the following
times:12, 24, 48, 72, and 96 h. Three wells of cells were collected
at each time point for biological repeats. In the induction process,
the induction medium was changed every 24 h.

Staining and Measurement of Lipid
Droplet

Lipid droplets were stained with oil red O (Sigma) according
to Wang et al. (2017), with some modifications. Briefly, the
induced chicken preadipocytes were washed with PBS and fixed
with 10% (v/v) formalin at 4°C for 30 min. After washing
again with PBS, the cells were stained with oil red O staining
solution (oil red O solution: deionized water = 3:2) for 30 min.
Then, the cells were immediately washed with ddH,O and
observed and photographed under an inverted fluorescence
microscope (Leica).

To accurately quantify lipid droplet accumulation in
preadipocytes, an oil red O extraction assay was used. In short,
after staining with oil red O, the preadipocytes were washed with
PBS. Then, 1 mL 100% (v/v) isopropanol was added to extract oil
red O and measured at 510 nm using a plate reader (Synergy H1,
BioTek Instruments, Inc, United States).

Correction of Total Cell Protein

The collected cells were added to 150 wL RIPA lysis solution
containing 1 mM phenylmethanesulfonyl fluoride (PMSEF;
Biyuntian) and stirred until there was no cell mass. After lysis for
30 min on ice, the cell solution was centrifuged at 12,000 rpm for
10 min, and the supernatant was taken as total cell protein. The
total protein concentration was determined using a bicinchoninic
acid kit (Biyuntian). The absorbance value of the oil red O
extraction/total protein amount is due to oil red O colorimetry
after protein correction.

Detection of Chicken Preadipocyte

Proliferation

A CCK-8 assay was used to detect chicken preadipocyte
proliferation. When the confluence of the passaged chicken
primary preadipocytes reached 30, 50, 70, 90, and 100%, the cells
were added to a 10% (v/v) CCK-8 solution (DOJINDO) and
incubated for 4 h. Then, the absorbance value of the colored
medium was measured at 450 nm by a plate reader (Synergy H1,
BioTek Instruments, Inc, United States). Three wells of cells were
collected at each time point for biological repetition.

Total RNA Extraction and cDNA

Synthesis

Total RNA from tissues and cells was extracted by TRIzol reagent
(Invitrogen) following manufacturer instructions. RNA quality
was determined by ultraviolet spectrophotometry (Eppendorf)
and electrophoresis. Only total RNA of the best quality and purity
(absorbance ratio of OD260 to OD280 between 1.8 and 2.2) was
intended for further analysis. First-strand cDNA synthesis was

performed with 1 jLg total RNA using a PrimeScript RT reagent
Kit (TaKaRa) and stored at —20°C.

Primer Design and RT-qPCR

In this study, 14 reference genes were selected according to the
literature for screening reference genes in chicken tissues and
cells as well as their function and usage frequency. The basic
information and primer sequences of the 14 reference genes are
shown in Tables 1, 2, respectively. Quantitative real-time RT-PCR
was performed to detect the expression level of these genes on
a QuantStudio™ Real-time PCR system (Applied Biosystems).
The reaction procedure was as follows: 1 cycle at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min, and
a melting curve analysis (95°C for 15 s, 60°C for 1 min, and
95°C for 15 s). After amplification, the dissociation curves for
each PCR were analyzed using Dissociation Curve 1.0 software
(Applied Biosystems) to detect and eliminate possible primer
dimer artifacts.

The standard curves of each gene were drawn as follows:
first, the cDNA of all samples were mixed together as an
initial template, and five gradient cDNA samples were obtained
according to a dilution ratio of 5 times the concentration. Second,
the concentration of the initial template was defined as 5%, and the
concentrations of the five gradient cDNA samples were named 5,
571,572,573 and 5*. Finally, the five gradient cDNA samples
were used as templates for qPCR, and a standard curve was
prepared. The accuracy of the PCR products was determined by
gel electrophoresis and sequencing.

TABLE 1 | Information of the 14 reference genes.

Gene symbol Full name Function

ACTB Actin, beta Cytoskeletal structural protein
TUBB Tubulin beta class | Major constituent of
microtubules
HPRT1 Hypoxanthine guanine Purine synthesis in salvage
phosphoribosyl transferase 1 pathway
HMBS Hydroxymethylbilane synthase ~ Heme synthesis pathway
BP TATA box binding protein Basal transcription machinery
NONO non-POU domain containing, Regulation of transcription
octamer-binding
RPL13 Ribosomal protein L13 60S ribosomal protein L13
RPS7 Ribosomal protein S7 40S ribosomal protein S7
18S 18S ribosomal RNA Cytosolic small ribosome
subunit, translation
PPIA Peptidylprolyl isomerase A Peptidyl-prolyl cis-trans
(cyclophilin A) isomerase activity
p2Mm Beta-2 microglobulin MHC class | molecules.
Defense/immunity protein
GAPDH Glyceraldehyde-3-phosphate Glycolysis
dehydrogenase
YWHAZ Tyrosine Signal transduction
3-monooxygenase/tryptophan
5-monooxygenase activation
protein zeta
TFRC Transferrin receptor (p90, Cellular uptake of iron

cD71)
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TABLE 2 | Primer sequences of 14 selected internal control genes.

Gene Accession number Exon (F) Exon (R) Length Sequence (5'>3)
ACTB NM_205518 3 4 142 bp F: TGAACCCCAAAGCCAACAGAG

R: TCACCAGAGTCCATCACAATACCA
TUBB NM_205315 3 4 156 bp F: GGTAAATATGTGCCACGAGCC

R: CTCCGTGTAGTGCCCTTTGG
HPRT1 NM_204848 7 9 157 bp F: TTGTTGGTCAAAAGAACTCCTCG

R: TCTGCTTCCCCGTCTCACTG
HMBS XM_417846 iRl 12 118 bp F: TCGTGCCAAAGACCAAGAAAC

R: GACACTACAGCCACCCTCCAA
BP NM_205103 4.5 6 122 bp F: GCGTTTTGCTGCTGTTATTATGAG

R: TCCTTGCTGCCAGTCTGGAC
NONO NM_001031532 6 7 151 bp F: AGAAGCAGCAGCAAGAAC

R: TCCTCCATCCTCCTCAGT
RPL13 NM_204999 3 4 108 bp F: TCGTGCTGGCAGAGGATTCA

R: GATTTGTTTCTTCGCCTGGGAT
RPS7 XM_001234708 5 6 157 bp F: CTGCCCAAGCCAACGAGAA

R: GCCTGCTGCCATCCAGTTTTA
18S AF173612 96 bp F: CTCTTTCTCGATTCCGTGGGT

R: CATGCCAGAGTCTCGTTCGT
PPIA NM_001166326 1 2 91 bp F: CCAACCCCGTCGTGTTCTTC

R: GTTATGGGCACCTTGTCAGCG
peM NM_001001750 3 4 115 bp F: ATCCCGAGTTCTGAGCTGTGC

R: CCGTCATACCCAGAAGTGCGAT
YWHAZ NM_001031343 5 6 85 bp F: AGTCATACAAAGACAGCACGCTA

R: GCTTCATCTCCTTGGGTATCCGA
TFRC NM_205256 10 10.11 137 bp F: ATCGGTATGTTGTGATTGGAGCC

R: CCTCGGTTTGTAGCCCTCGTT
GAPDH NM_204305 8 9 134 bp F: CAGAACATCATCCCAGCGTCC

R: CGGCAGGTCAGGTCAACAAC

Data Analysis

Based on the correlation coefficient R* and slope of the
standard curve, the amplification efficiency of each pair of
reference gene primers was calculated by the following formula:
amplification efficiency (%) = (101/75P9)_1) x 100. The
GeNorm algorithm was used to compare the M value to
determine the stability of the reference gene. A smaller M
value indicates higher stability, and a larger M value indicates
lower stability. To test the minimum number of reference genes
needed for adequate data normalization, geNorm calculates
a pairwise variation (V) between using n (number) and
n+1 reference genes (Vandesompele et al, 2002). The ratio
of Vn/Vn+1 was introduced as a criterion and the default
threshold is 0.15, which means the ratio of Vn/Vn+1 is
greater than 0.15, the most suitable internal reference number
is n+1. The original Ct value obtained by RT-qPCR was
converted into relative quantitative data by the 272" method,
ACt = Ctgmple-Ctmin. The difference between groups was
analyzed using unpaired Student’s t-test. Comparisons with
P <0.05and P < 0.01 were considered significant and extremely
significant, respectively.

RESULTS AND ANALYSIS

To detect internal gene expression levels more accurately,
we first analyzed the specificity of 14 pairs of primers. The

results showed that the amplification curves and melting
curves of 14 pairs of reference gene primers were all clear
and single (Supplementary Figures 1, 2). The standard curve
correlation coefficients R? of 14 reference genes were all
greater than 0.99, and the amplification efficiency of primer
pairs were 92.943 to 99.76% (Supplementary Table 1), which
confirmed that the 14 pairs of primers met the quality

TABLE 3 | The average Ct values of the 14 reference genes in the adipose
tissue of broilers.

Gene The average Ct values Gene The average Ct values
ACTB 17.07 £ 0.88 PPIA 19.60 + 0.68
TUBB 21.94 +0.57 2 18.66 + 0.86
HMBS 22.40 £0.75 GAPDH 18.18 £ 0.97
BP 23.36 + 0.81 TFRC 24.75 £ 0.70
NONO 21.53 + 0.54 HPRT1 21.31 + 0.66
RPL13 17.61 £ 0.69 188 6.59 + 0.29
RPS7 17.04 £0.75 YWHAZ 20.44 +0.89

ACTB, beta-actin; TUBB, tubulin beta class I; HMBS, hydroxymethylbilane
synthase, TBR, TATA box binding protein; NONO, non-POU domain containing,
octamer-binding; RPL13, ribosomal protein L13; RPS7, ribosomal protein
S7; PPIA, peptidylprolyl isomerase A; B2M, beta-2 microglobulin; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; TFRC, transferrin receptor; HPRTT,
hypoxanthine guanine phosphoribosy! transferase 1, 18S, 18S ribosomal
RNA; and YWHAZ, yrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta.
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FIGURE 1 | GeNorm analysis of 14 reference genes in broiler abdominal adipose tissue. (A) Expression stability analysis. The most stably expressed genes have
lower M values. TBP and HMBS were the two best reference genes; (B) Pairwise variation analysis. Determination of the optimal number of reference genes required
for normalization calculated by pairwise variation analysis between normalization factors NF, and NF, 1. According to geNorm algorithm, two reference genes were
needed.
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control standard of RT-qPCR and could be used for follow-
up analyses.

Screening of RT-qPCR Reference Genes

in Broiler Abdominal Adipose Tissue
Expression Levels Analysis of 14 Reference Genes in
Broilers Abdominal Adipose Tissue

We measured the expression levels of 14 reference genes
in abdominal adipose tissue of fat and lean line broilers
at the ages of 1, 4, and 7 weeks by RT-qPCR. According
to the average Ct value of reference genes, the average
expression levels of 14 reference genes in broiler abdominal
adipose tissues were divided into three categories: high
abundance expression, medium abundance expression,
and low abundance expression. The 18S reference gene,
with an average Ct value of 6.59, was high abundance
expression. ACTB, RPL13, RPS7, PPIA, B2M, and GAPDH,
with average Ct values of 17.04 to 19.60, were reference
genes expressed in medium abundance. TUBB, HMBS, TBP,
NONO, TFRC, HPRT1, and YWHAZ, with average Ct values
of 20.44 to 24.75, were reference genes with low abundance
expression (Table 3).

Expression Stability Analysis of 14 Reference Genes
in Broiler Abdominal Adipose Tissue

We analyzed the expression stability of these 14 reference
genes during the growth and development of abdominal
adipose tissue of broilers using GeNorm algorithm. The results
showed that the expression stability of 14 reference genes
from high to low was TBP and HMBS, RPS7, HPRT1, RPLI3,
PPIA, YWHAZ, ACTB, p2M, NONO, TUBB, TFRC, 18S, and
GAPDH (Figure 1A). Paired variation analyses of the reference
genes showed that V;/3 was 0.052, which was less than the
recommended threshold of 0.15, indicating that two reference
genes were needed as standardized correction factors in the
RT-qPCR experiment with broiler abdominal fat tissue as the
experimental material (Figure 1B).

Screening of RT-qPCR Reference Genes
in Directly Isolated Primary

Preadipocytes and Mature Adipocytes
Expression Level Analysis of 14 Reference Genes in
Directly Isolated Primary Preadipocytes and Mature
Adipocytes

We measured the expression levels of 14 reference genes in
directly isolated primary preadipocytes and mature adipocytes.
Each kind of cell contained five samples, and every sample
came from mixed cells of three chickens. According to the
average Ct value of genes, the average expression levels of
14 reference genes in adipocytes can be divided into three
categories: high abundance expression, medium abundance
expression and low abundance expression. The 18S gene, with
an average Ct value of 6.73, was a reference gene with high
abundance expression. ACTB, RPL13, RPS7, PPIA, GAPDH,
and YWHAZ, with average Ct values of 16.80 to 19.86, were
reference genes expressed in medium abundance. TUBB, HMBS,

TBE NONO, B2M, TFRC, and HPRT1I, with average Ct values
of 20.25 to 25.15, were reference genes with low abundance
expression (Table 4).

Expression Stability Analysis of 14 Reference Genes
in Directly Isolated Primary Preadipocytes and
Mature Adipocytes

We used GeNorm algorithm to analyze the expression
stability of 14 reference genes in directly isolated primary
preadipocytes and mature adipocytes. The results showed
that the stability of 14 reference genes in directly isolated
chicken primary preadipocytes and mature adipocytes from
high to low was TBP and HMBS, YWHAZ, GAPDH, RPS7,
RPL13, HPRTI, PPIA, ACTB, B2M, TUBB, 18S, TFRC, and
NONO (Figure 2A). Paired variation analyses of reference
genes showed that V33 was 0.028, which was less than
the recommended threshold of 0.15, indicating that two
reference genes were needed as standardized correction
factors in the RT-qPCR experiment with chicken primary
preadipocytes and mature adipocytes as the experimental
materials (Figure 2B).

Screening of RT-qPCR Reference Genes

in the Differentiation Process of Chicken
Primary Preadipocytes

Differentiation Detection of Chicken Primary
Preadipocytes

When primary preadipocytes were induced to differentiate
at 96 h, oil red O staining and extraction assays were
performed to determine the differentiation status of
preadipocytes in the induced group (oleic acid group)
and the noninduced group (control group; Figure 3A).
The results showed that the lipid deposition of cells in
the induction group was significantly higher than that
in the control group (P < 0.01; Figure 3B), indicating
that chicken preadipocytes were successfully induced
to differentiate.

TABLE 4 | The average Ct values of the 14 reference genes in chicken primary
preadipocytes and mature adipocytes.

Gene The average Ct values Gene The average Ct values
ACTB 16.80 &+ 0.64 PPIA 19.06 + 0.68
TUBB 20.47 +0.57 paM 20.25 + 0.86
HMBS 22.62 £ 0.80 GAPDH 17.98 £ 0.77
BP 23.33+0.82 TFRC 25.15 + 0.60
NONO 21.44 + 0.59 HPRT1 20.73 + 0.86
RPL13 17.76 £0.74 188 6.73 + 0.33
RPS7 17.78 £ 0.69 YWHAZ 19.86 £ 0.76

ACTB, beta-actin; TUBB, tubulin beta class I; HMBS, hydroxymethylbilane
synthase, TBR, TATA box binding protein; NONO, non-POU domain containing,
octamer-binding; RPL13, ribosomal protein L13; RPS7, ribosomal protein
S7; PPIA, peptidylprolyl isomerase A; B2M, beta-2 microglobulin; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; TFRC, transferrin receptor; HPRTT,
hypoxanthine guanine phosphoribosy! transferase 1, 18S, 18S ribosomal
RNA; and YWHAZ, yrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta.
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FIGURE 2 | GeNorm analysis of 14 reference genes in directly isolated primary preadipocytes and mature adipocytes. (A) Expression stability analysis. The most
stably expressed genes have lower M values. TBP and HMBS were the two best reference genes; (B) Pairwise variation analysis. Determination of the optimal
number of reference genes required for normalization calculated by pairwise variation analysis between normalization factors NF, and NF, 1. According to geNorm
algorithm, two reference genes were needed.
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Oleate Control

FIGURE 3 | Oil red O staining and content of oil red O at 96 h of induced differentiation. (A) Oil red O staining at 96 h of induced differentiation. (B) The content of oil

red O at 96 h of induced differentiation. **extremely significant (P < 0.01).
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Expression Stability Analysis of RT-gPCR Reference
Genes During Chicken Primary Preadipocyte
Differentiation

GeNorm algorithm was applied to analyze the expression
stability of 14 reference genes during chicken primary
preadipocyte differentiation (0, 12, 24, 48, 72, and 96 h).
The results showed that the expression stability of 14 reference
genes during the differentiation of chicken preadipocytes
from high to low was TBP and RPLI13, HMBS, B2M, PPIA,
HPRTI1, RPS7, GAPDH, 18S, ACTB, TUBB, NONO, TFRC,
and YWHAZ (Figure 4A). Paired variation analyses of
the reference gene showed that the value of V,;3 was
0.067, which was less than the recommended threshold of
0.15, indicating that two reference genes were needed as
standardized correction factors in RT-qPCR experiments in
the process of inducing the differentiation of chicken primary
preadipocytes (Figure 4B).

Screening of RT-qPCR Reference Genes

in the Process of Chicken Primary
Preadipocyte Proliferation

Detection of the Proliferation Status of Chicken
Primary Preadipocytes

When the confluence of chicken primary preadipocytes reached
30, 50, 70, 90, and 100%, the proliferation status of chicken
preadipocytes was measured by the CCK-8 method, and a
cell growth curve was prepared. The results showed that the
primary preadipocytes of chickens were in a normal proliferative
state (Figure 5).

Expression Stability Analysis of RT-gPCR Reference
Genes During the Proliferation of Chicken Primary
Preadipocytes

GeNorm algorithm was used to analyze the expression stability of
14 reference genes in the proliferation process of chicken primary
preadipocytes; cell confluence was 30, 50, 70, 90, and 100%.
The expression stability of the 14 reference genes in chicken
preadipocytes proliferation process from high to low was PPIA
and HMBS, RPS7, RPL13, p2M, HPRTI1, TBB, GAPDH, ACTB,

YWHAZ, TFRC, 18S, NONO, and TUBB (Figure 6A). Paired
variation analyses of reference genes showed that the value of
V3,3 was 0.043, which was less than the recommended threshold
of 0.15, indicating that two reference genes were needed as
standardized correction factors for RT-qPCR data calculation in
the proliferation process of chicken preadipocytes (Figure 6B).

DISCUSSION AND CONCLUSION

Gene expression analysis plays an important role in
understanding the complex network of gene regulation.
Commonly used gene expression detection methods include
semi-quantitative PCR, Northern blot, Western blot, and
sequencing. Although these methods can be used for gene
expression analysis, they have different degrees of disadvantages,
such as low accuracy of semi-quantitative PCR, high complexity
of Northern blot and Western blot methods, and high cost of
sequencing. Real-time fluorescence quantitative PCR has become
the most widely used technology to detect gene expression due to
its high accuracy, good sensitivity, and strong specificity (Bustin,
2000; Dheda et al., 2005). At present, there are two main methods
for RT-qPCR to determine gene expression levels: absolute
quantitative and relative quantitative. An accurate expression
level of genes can be obtained by the absolute quantitative
method, but different standard samples are required for different
genes, which greatly increases the difficulty and complexity of
RT-qPCR experiments. By contrast, the relative quantitative
method is simpler, more accurate and efficient and is more
widely used. In the relative quantitative detection of RT-qPCR,
it is usually necessary to select the corresponding reference
genes for calibration and standardization (Huggett et al., 2005;
Hendriks-Balk et al., 2007). Therefore, the correct application
of reference genes directly affects the accuracy of experimental
results (Radonie et al., 2004). In Bustin et al. (2009) developed
a minimum standard of experimental information for the
publication of quantitative PCR experimental data. While aimed
at improving the reliability of RT-qPCR experimental results,
this guide also emphasized the importance of reference gene
selection. A valid reference gene should be constitutively and
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equally expressed in different experimental conditions, tissues find. To search reliable reference genes and accurately evaluate
or physiological state of the tissue or organism (Kozera and the expression stability of these genes, a variety of algorithms,
Rapacz, 2013). However, such ideal reference gene is difficult to  such as GeNorm (Vandesompele et al, 2002), NormFinder

Frontiers in Physiology | www.frontiersin.org 15 May 2021 | Volume 12 | Article 676864


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Na et al.

Reference Genes Screening in Chickens

2.5

N
-

21

4
9

The absorbance of 450 nm
2

T T T T
S0% 70% 90% 100%

The confluence of chicken preadipocytes

T
30%

FIGURE 5 | CCK-8 results of chicken primary preadipocyte proliferation. The
absorbance of 450 nm gradually increased with the confluence of chicken
primary preadipocytes increased, which showed that the primary
preadipocytes of chicken were in a normal proliferative state.

(Andersen et al., 2004), and BestKeeper (Pfaffl et al., 2004), have
been applied. GeNorm is the most commonly used procedure
for calculating a normalization factor based on multiple control
genes. This algorithm can calculate the M value, which indicates
the stability of reference gene expression for a given sample. The
higher the M value is, the worse the stability of gene expression;
in contrast, the lower the M value is, the better the stability of
gene expression (Vandesompele et al., 2002).

To date, some reference genes have been validated for the
standardization of RT-qPCR data in chickens, but these genes
are only concentrated in the gene expression analysis of a
certain tissue or cell, such as muscle, brain, abdominal fat,
heart, lung, ovary, uterus, lymphoid organ, articular cartilage,
chicken embryo fibroblasts, IEL-NK cell, and DT40 cell line (Yang
et al., 2013; Bagés et al., 2015; Nascimento et al., 2015; Mitra
et al,, 2016; Staines et al., 2016; Katarzynska-Banasik et al., 2017;
Hassanpour et al., 2018, 2019; Simon et al., 2018; Boo et al., 2020;
Dunislawska et al., 2020; Hul et al., 2020; Marciano et al., 2020).
Whether these reference genes are also suitable to the study of
gene expression during the growth and development of a specific
tissue or cell in chickens, such as adipose tissue and adipocyte, still
needs to be further determined. In this study, abdominal adipose
tissue of broilers at different ages of weeks, primary preadipocytes
and mature adipocytes were used as materials to carry out RT-
qPCR reference gene screening experiments. This addresses a
literature gap on RT-qPCR reference gene screening from the
tissue level to the cell level of broilers and provides a reference for
the selection of RT-qPCR reference genes in adipose tissue and
adipocytes of broilers. The results of this study showed that the
TBP and HMBS genes were stably expressed during the growth
and development of broiler abdominal adipose tissue, the TBP
and RPL13 genes were stably expressed during the differentiation
of chicken primary preadipocytes, the PPIA and HMBS genes
were stably expressed in the proliferation process of chicken
primary preadipocytes, and the TBP and HMBS genes were

stably expressed in directly isolated preadipocytes and mature
adipocytes. Among them, the TBP and HMBS genes were stably
expressed in many growth and development processes of adipose
tissue and cells of broilers, indicating that they can be widely used
in the study of gene expression in chickens.

TATA box binding protein can bind to TBP binding factor
(TBP-associated factors, TAFs) and combine into transcription
factor IID to participate in the transcriptional initiation of genes
(Li et al., 2015; Malecova et al., 2016). It has been reported that
TBP is an reference gene stably expressed in many tissues of
chickens in RT-qPCR experiments. Mitra et al. (2016) identified
TBP as an reference gene stably expressed in spleen, liver,
caecum, and caecum tonsil tissues of laying hens using GeNorm,
NormFinder, BestKeeper, ACt, and RefFinder methods. Simon
et al. (2018) analyzed the expression stability of 10 reference
genes in the hypothalamus of chickens under three different
nutritional conditions using BestKeeper, GeNorm, NormFinder,
ACt, and a multivariate linear mixed-effect modeling algorithm,
and found that TBP was one of the most stable reference gene in
the hypothalamus of chickens. Bagés et al. (2015) and Hassanpour
et al. (2019) also identified TBP as an stably expressed reference
gene in chicken muscle, liver, ovary, and uterus tissue using
GeNorm, NormFinder, CV, and BestKeeper methods. HMBS, the
third enzyme in the heme biosynthetic pathway, catalyzes the
head-to-tail condensation of four molecules of porphobilinogen
to form the linear tetrapyrrole 1-hydroxymethylbilane (HMB;
Bungetal.,, 2018). HMBS has been identified as a stably expressing
reference gene in many tissues of chickens and is also a commonly
used reference gene in chicken RT-qPCR experiments (Cedraz
de Oliveira et al., 2017; Lenart et al., 2017; Hassanpour et al.,
2019; Boo et al,, 2020). Note that only male birds were used
in the present study for the selection procedure requirement
of the NEAUHLF (Guo et al., 2011). Meanwhile, only juvenile
animals were used to more accurately observe the growth
and development of abdominal fat tissue in current research.
Therefore, our results cannot confirm that TBP and HMBS genes
are still stably expressed during the growth and development of
adipose tissue in female birds and adult individuals.

Ribosomal protein L13 is a component of ribosomes and
participates in the translation process. The results of this
study showed that RPLI3 was stably expressed during the
differentiation of chicken primary preadipocytes, which was
consistent with the results of human studies. Gentile et al.
(2016) showed that ribosomal protein RPLI3A is the most
suitable reference gene to detect the regularity of gene expression
during the differentiation of human vascular interstitial cells into
adipocytes. RPL13 also was determined as one of the stable genes
in ovary and uterus of laying hens (Hassanpour et al., 2019).
PPIA, a multifunctional protein, is the main cytoplasmic binding
protein of the immunosuppressive drug cyclosporine A. It has
the molecular chaperone activity of peptidyl propyl cis-trans
isomerase and plays important roles in protein folding, transport,
assembly, immunomodulation, and cellular signal transduction
(Xu et al,, 2010). This study showed that the expression of
PPIA was stable during the proliferation of chicken primary
preadipocytes and relatively stable during the differentiation of
primary preadipocytes, which is consistent with the results in
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mice: the expression of the PPIA gene is relatively stable during
the induction of differentiation of mouse 3T3-L1 cells (Zhang
et al., 2014). In addition, previous research has shown that the
expression of PPIA in avian brain tissues and gonads is relatively
stable (Zinzow-Kramer et al., 2014). These results indicate that
the RPL13 and PPIA genes are more suitable for the study of gene

expression levels during the proliferation and differentiation of
chicken adipocytes.

In addition, when applying RT-qPCR technology for gene
expression analysis, it is often necessary to select multiple
reference genes as calibration standards to obtain more reliable
results. While analyzing the stability of gene expression, GeNorm
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algorithm can also calculate the paired variation V value of the
standardized factor after introducing a new reference gene. The
default threshold is 0.15. According to the V,,/V, 4 ratio, the
introduction of a new reference gene can be determined whether
to have a significant impact on the standardization factor. If
Viul Vg1 is less than 0.15, the number of the best reference genes
is n; if the ratio is greater than 0.15, the most suitable internal
reference number is n+1. In accordance with this principle,
our study found that in RT-qPCR experiments with the above
mentioned adipose tissue or cells as the experimental object, two
reference genes as correction factors are required to correct the
experimental data.

In conclusion, the expression stability of 14 endogenous
reference genes in adipose tissue and adipocytes of broilers were
evaluated. The optimal number of reference genes required for
reliable normalization of RT-qPCR data was also determined.
Based on our results, the combination of TBP and HMBS
genes is recommended for studies of gene expression in the
growth and development of abdominal adipose tissue of broilers,
the combination of PPIA and HMBS genes is effective for
studies of gene expression during the proliferation of primary
preadipocytes, the TBP and RPL13 are most stable genes for
normalization of gene expression during the differentiation of
primary preadipocytes, and the TBP and HMBS are suitable
reference genes for the standardization of RT-qPCR data in
studies of directly isolated preadipocytes and mature adipocytes.
These findings contribute to selection of optimal reference
genes required for normalization of RT-qPCR data in the genes
function studies in adipose tissue and adipocytes of chickens.
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Excessive adipose accretion causes health issues in humans and decreases feed
efficiency in poultry. Although vitamin A has been known to be involved in adipogenesis,
effects of all-trans retinoic acid (atRA), as a metabolite of vitamin A, on embryonic
adipose development have not been studied yet. Avian embryos are developing in
confined egg environments, which can be directly modified to study effects of nutrients
on embryonic adipogenesis. With the use of quail embryos, different concentrations
of atBA (0 M to 10 M) were injected in ovo at embryonic day (E) 9, and adipose
tissues were sampled at E14. Percentages of fat pad weights in embryo weights were
significantly increased in the group injected with 300 nM of atRA. Also, among three
injection time points, E5, E7, or E9, E7 showed the most significant increase in weight
and percentage of inguinal fat at E14. Injection of atRA at E7 increased fat cell size in
E14 embryos with up-regulation of pro-adipogenic marker genes (Ppary and Fabp4) and
down-regulation of a preadipocyte marker gene (Dlk7) in adipose tissues. These data
demonstrate that atRA promotes hypertrophic fat accretion in quail embryos, implying
important roles of atRA in embryonic development of adipose tissues.

Keywords: all-trans retinoic acid, in ovo injection, adipocyte hypertrophy, fat accretion, embryonic development,
quail

INTRODUCTION

Excessive fat accretion causes obesity and associated diseases in humans. On the agricultural side,
excessive fat is undesirable due to economic concerns of animal producers on low feed efficiency
associated with fat accretion and health issues of consumers on high fat contents in meat. Discovery
and understanding of roles of genetic and nutritional factors in fat regulation will lead to improving
health and efficiency of animal production. Different from mammals, avian species depend on
the various nutrient contents in the fertile egg for growth and development of embryos. During
embryonic development of the chicken, adipose tissues begin to be visible from embryonic day
(E) 10 and grown through hyperplasia and hypertrophy (Chen et al., 2014). Chicken embryos at
E10-E12 have preadipocytes and multilocular immature fat cells (Chen et al., 2014). These cells are
further developed toward more numbers of unilocular fat cells at E14 (Chen et al., 2014). This study
showed how rapidly adipocytes are developed during embryonic development.
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Vitamin A (retinol) is an essential nutrient in animals
and involved in biological processes of adipose development.
Retinol can be converted to all-trans retinoic acid (atRA), which
functions as a key regulatory factor in embryonic development
by controlling differentiation of many cell types including
adipocytes. Previous studies showed that supplementation of
high doses of atRA (over 1 M) on 3T3-L1 cells blocked lipid
accumulation (Mercader et al., 2007; Stoecker et al., 2017), but
the supplementation of low concentration (10 nM) had pro-
adipogenic effects on Ob1771 cells (Safonova et al., 1994). Our
previous study also showed that atRA functions as a positive or
negative regulator on adipogenic differentiation of 3T3-L1 cells
by supplementation of mild or excessive doses, respectively (Kim
etal,, 2019). Levels of serum retinol were higher in obese children
at the ages of 6-14 years (Aeberli et al., 2007). Supplementation
of high levels of dietary vitamin A in obese rats significantly
reduced body weight gain and adipose tissue weight (Jeyakumar
et al,, 2008). In addition, injection of atRA into mice reduced fat
mass (Felipe et al., 2005; Mercader et al., 2006), but injection of
retinol into new-born Angus cattle increased the ratio of intra-
muscular fat and marbling score (Harris et al., 2018). However,
roles of retinoids in fetal adipose development have not been
reported. This might be due to potential difficulties in precisely
modulating fetal retinoids such as an uncertain relationship
of maternal retinoid levels with fetal levels or issues in direct
delivery into fetus.

Avian species are suitable models for the research of
developmental origins of health and disease because nutritional,
hormonal, and chemical exposures can be strictly modulated
by directly injecting exogenous factors into embryos at specific
developmental stages, which cannot be easily accomplished
in mammalian embryos. In poultry, adipogenic differentiation
in vitro can be induced by supplementation of atRA (Kim et al.,
2020a,b; Lee et al.,, 2021). Dietary supplementation of vitamin
A during early post-hatch period increased fat accretion in
broiler chickens (Savaris et al., 2020). The present study aims to
investigate the cellular effects of atRA on adipose growth in quail
embryos as an animal model.

MATERIALS AND METHODS

Visualization of Embryonic Fat Pads

As described in our previous study (Chen et al., 2014), to visualize
fat pads, quail embryo was removed from the egg, and feathers
were removed by using forceps during washing with phosphate-
buffered saline (PBS) three times. Then, to visualize the fat
pads, the embryo was transferred into a 1% potassium hydroxide
(KOH) solution after fixing in 70% ethanol because KOH, as a
strong alkali, makes tissue soften, digest, and clear. After the skin
was cleared, the embryos were visualized using a camera (EOS
Rebel T7, Canon, Japan).

In ovo Injection and Tissue Sampling

Experiments using poultry embryos are exempt from requiring
University Institutional Animal Care and Use Committee
approval, because avian embryos are not considered live animals

by the Public Health Service Policy (ILAR News, 1991). All
fertile eggs of Japanese quail were obtained from The Ohio
State University poultry research farm. atRA (#R2625, Sigma-
Aldrich, St. Louis, MO, United States) was diluted with dimethyl
sulfoxide (DMSO). Before atRA was injected in ovo, the surface
of fertile eggs that were confirmed by candling was cleaned
with 70% ethanol. Eggshell at the two-thirds point of quail
eggs was grinded by twisting with corner tip of blades (#4515,
Ettore, Alameda, CA, United States) without disrupting the shell
membrane. Two microliters of different concentrations of atRA
(final concentrations: 100 nM to 10 wM) was injected through
the shell membrane using a micropipette tip (#17000504, Rainin,
Columbus, OH, United States), as shown in Figure 2A, at
different embryonic ages (E5, E7, or E9) and then sealed with
parafilm. The injected eggs were incubated at 37.5°C with 60%
relative humidity until sampling inguinal fat pads at E12 or E14.
DMSO was injected as a control (0 M).

Histological Processing and

Measurement of Fat Cell Size

Inguinal fat pads were 1fixed in 10% neutral buffered formalin for
48 h and then processed to embed in paraffin. Paraffin embedded
fat tissues were cut into 5-pm slices. To measure fat cell size,
serial sections of the embedded samples were de-paraffinized in
xylene, re-hydrated in serial diluted ethanol, and then stained
with hematoxylin and eosin (H&E). Stained slides were observed
and imaged under a microscope (EVOS cell imaging system,
Thermo Fisher Scientific, Waltham, MA, United States). Image]
software (NIH Image] 1.52s) was used to determine fat cell size.
The average of the adipocyte cross-sectional area was calculated
by measuring randomly selected areas having large numbers of
cells and dividing this by the total number of cells found within
the area. At least 800 cells at E12 and 500 cells at E14 were
evaluated per animal.

Analysis of Gene Expression

After extraction of total RNA from inguinal fat tissues and
cDNA synthesis by the methods described in our previous study
(Kim et al., 2020a), quantitative PCR (qPCR) was performed in
duplicate per sample to analyze gene expression associated with
adipogenesis with specific primer sets; Peroxisome proliferator-
activated receptor gamma (Ppary, NCBI Reference Sequence:
NM_001001460.1, F: 5-GTGAATCTTGACCTGAATGATC
AGGT, R: 5-AGATTATCTTGTATATCTTCAATGGGCTTCA
CAT), fatty acid-binding protein 4 (Fabp4, NCBI Reference
Sequence: XM_015855897.2, F: 5-CAAGCTGGGTGAAGAGT
TTGATG, R: 5-CTCTTTTGCTGGTAACATTATTCATGGT
GCA), and Delta like non-canonical notch ligand 1 (DIk1, NCBI
Reference Sequence: XM_032445023.1, F: 5-CTGCCATCT
CAGGAAAGGACC, R: 5-ACATGGGTTGGATTCACAGTC
ATC). Glyceraldehyde 3-phosphate dehydrogenase (Gapdh, NCBI
Reference Sequence: NM_204305.1, F: 5'-CTCTGTTGTTGAC
CTGACCTG, R: 5-CAAGTCCACAACACGGTTGCT) was
used as a reference gene. The expression levels were normalized
to those of genes by the 0 M group at E12, and all of the data were
analyzed using the ddCt method (Livak and Schmittgen, 2001).

Frontiers in Physiology | www.frontiersin.org

May 2021 | Volume 12 | Article 681562


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Kim et al.

Regulation of Avian Embryonic Adipogenesis by atRA

Statistical Analysis

All data were expressed as means = SEM. The data were
analyzed by the Student or multiple ¢-test using GraphPad Prism
software, version 6.02. p < 0.05 was considered as a statistically
significant difference.

RESULTS

Visualization of Developing Adipose

Tissues at Different Embryonic Ages

Although adipose tissue in chicken embryos appears around
E10 (Chen et al., 2014), embryonic ontogeny of adipose tissues
in quail has not been reported yet. Therefore, to investigate
the developmental stages of adipose growth during embryonic
ages, ontogeny of embryonic adipose development was studied.
When adipose tissues begin to appear, they are too small
to be visible and distinguished from other tissues. Therefore,
intact fat pads in the embryo were visualized using KOH
that enables soft tissues transparent by alkaline hydrolysis of
proteins and fat tissues distinguishably visible by saponification

of lipids (Culling et al., 1974). This method can be applied for
visualization of fat pads in various species.

The current study showed that adipose tissues in quail
embryos were not found at E8 but initially appeared around
the neck at E9 (Figure 1). Interestingly, the appearance of fat
pads coincided with the time of feather development at E9 in
quail and E10 in chickens (Hamburger and Hamilton, 1951;
Chen et al, 2014; Nakamura et al., 2019), indicating that fat
and feather development might initiate at similar developmental
stages. At E10, fat pads around the neck were extended more
but did not appear in other areas (Figure 1). In addition to neck
fat pads, supraclavicular and inguinal fat pads first appeared at
E11, and breast and leg fat pads were additionally shown from
E12 (Figure 1).

Effect of in ovo Injection With Different
Concentrations of All-Trans Retinoic
Acid on Adipose Weight

Based on the ontogenetic data showing an appearance of adipose
tissues in the neck area from E9, different dosages of atRA
(final concentration: 0 M, 100 nM, 300 nM, 1 uM, 3 uM, or

E8

FIGURE 1 | Visualization of fat pad on embryos in quail with 1% KOH at E8, E9, E10, E11, E12, E13, and E14. Solid arrow, neck fat; solid arrowhead,
supraclavicular fat; opened arrow, breast fat; opened arrowhead, inguinal fat; star, leg fat. Images are not to scale.

E10
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GraphPad Prism software, version 6.02. *p < 0.05.

A
Incubation atRA Injection Sampling Hatching
EO ES E7 E9 E12 E14 E16-17
» Dosage
= Injection Time
_— e Sampling Time
B C
5 - Fo08 .
4 P B 206 —
— = T
23 = B =
E L o4
2 E
1 o2
=)
[
IR TP S S SN
NN P M N

FIGURE 2 | In ovo all-trans retinoic acid injection. (A) Schematic diagram of in ovo all-trans retinoic acid (atRA) injection. Quail eggs were injected with atRA at
embryonic day (E) 5, E7, or E9 and sampled at E12 or E14. Embryo weight (EW, B) and percentages of inguinal fat weight in total EW (C). Dose of 0 M, 100 nM,
300 nM, 1 uM, 3 uM, or 10 uM of atRA was injected in ovo at E9, and injected embryos were sampled at E14. n =11, 7, 12, 12, 5, and 7 embryos for 0 M,
100 nM, 300 nM, 1 uM, 3 uM and 10 uM of atRA, respectively. All data were expressed as means + SEM. The data were analyzed by multiple t-test using

10 pM) were injected into quail eggs at E9 to investigate the
effect of atRA on embryonic development of adipose tissues
(Figure 2A). Embryos injected with atRA were sampled at
E14 to measure embryo weight (EW) and weight of inguinal
fat tissues (Figure 2A). Although there was no difference in
EW among all groups (Figure 2B), the percentages of weight
of inguinal fat tissues in EW were gradually increased with
increasing concentrations of atRA up to 300 nM and somewhat
reduced at higher concentrations from 300 nM to 10 pM
(Figure 2C). Especially, the group injected with 300 nM atRA
showed a significantly increased percentage of inguinal fat tissue
compared with those at the 0 M (1.25-fold, p < 0.05) (Figure 2C).
Thus, the current data indicate that adipose growth can be
influenced by atRA.

Effect of in ovo Injection of All-Trans
Retinoic Acid at Different Embryonic
Ages on Adipose Weight

To investigate to what extent atRA injection at three different
ages, before (E5 or 7) and after (E9) appearance of adipose
tissues, affects adipose growth, atRA was injected into eggs at
those ages and adipose tissues were sampled at E14 (Figure 3).
Weights of embryos at E14 were not affected by 300 nM
of atRA injection at all three ages (Figure 3A). Although
weights of inguinal fat pads were significantly increased by atRA
injection at E5 (p < 0.05) and E7 (p < 0.01), percentages
of inguinal fat weights in EW were significantly increased
by injecting at all time points (E5: 1.45-fold, p < 0.01; E7:
1.32-fold, p < 0.01; E9: 1.25-fold, p < 0.05) (Figure 3C).
These data demonstrated that injecting atRA before the

appearance of fat pads is more effective in enhancing embryonic
adipose growth.

Hypertrophic Effect of All-Trans Retinoic

Acid in Fat Tissues

To determine whether the increased fat pad weights by atRA can
be attributed to increasing cell size, embryos were sampled at E12
or E14 after injecting atRA at E7, and a histological examination
was performed to measure sizes of fat cells. Injection of atRA at
E7 resulted in increased percentages of inguinal fat weights in
embryos at E12 and E14 (E12: 1.24-fold, p < 0.05; E14: 1.32-
fold, p < 0.01) (Figure 4A). The sizes of fat cells at E12 were
not significantly different between the two groups (0 M and
300 nM) (Figures 4B,C). In the samples that were injected with
300 nM of atRA at E7 and sampled at E14, size of inguinal fat
cells was significantly increased compared with the 0 M (1.5-
fold, p < 0.05) (Figures 4B,C). These data clearly showed that
atRA injection resulted in increased fat pad weights and cell sizes
during embryonic development in quail.

Expression Levels of Genes Involved in
Adipogenesis

To further investigate effects of atRA on expression of adipogenic
marker genes in embryonic days, expression levels of marker
genes for preadipocytes (DIkI) and adipocytes (Ppary and Fabp4)
were analyzed. Injection of 300 nM atRA at E7 enhanced
expression levels of Ppary in E14 inguinal adipose tissues by
75% compared with the 0 M, although the difference was not
statistically significant (p = 0.078) (Figure 4D). Expression of
Fabp4 in E14 adipose tissues was significantly up-regulated (85%,
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FIGURE 3 | Effect of time of in ovo all-trans retinoic acid (atRA) injection.
Embryo weight (EW) (A), inguinal fat pad weights (B), and percentages of
weights of inguinal fat tissues in EW (C). Both 0-M and 300-nM
concentrations of atRA were injected in ovo at embryonic day (E) 5, E7, or E9;
and injected embryos were sampled at E14. For 0 M or 300 nM of atRA,
n=38andn=_8embryos at E5, n=9andn =8embryos at E7, and n = 11
and n = 12 embryos at E9, respectively. All data were expressed as
means + SEM. The data were analyzed by a Student t-test using GraphPad
Prism software, version 6.02. “o < 0.05, **p < 0.01.

p < 0.05) by the atRA injection at E7 compared with the 0 M
(Figure 4D). In addition, atRA injection at E7 significantly down-
regulated expression levels of DIkl by 68% (p < 0.05) in the
adipose tissues at E14 compared with the 0 M (Figure 4D). These
results indicate that in ovo injection of atRA caused enhanced
expression of adipogenic markers and reduced expression of
the preadipocyte marker, suggesting promotion of embryonic
adipogenesis by injecting atRA in ovo in quail.

DISCUSSION

Avian species, as oviparous animals, have embryonic
development within a unique egg environment where nutritional

and hormonal factors can be directly injected to study the
effect of these factors on processes of embryonic adipogenesis.
In addition, different stages of embryos can be obtained
from the eggs. However, it is difficult to directly modulate
nutritional and hormonal factors in mammalian embryos
and to study embryonic development without scarifying
dams. For these reasons, chicken embryos have been used to
visually aid in presenting embryonic development of adipose
tissues (Chen et al, 2014) and to study a nutritional factor,
selenium, in adipogenic differentiation by injecting in ovo
(Hassan et al, 2014). In addition, the current study is the
first demonstration that shows the visual evidence of fast-
growing adipose tissues during quail embryonic development.
Taken together, avian species are suitable models to study for
embryonic adipose growth.

Vitamin A and its metabolites such as atRA have been
used for the study of adipogenic differentiation in animals.
Our previous study (Kim et al., 2019) showed different effects
of atRA on differentiation of 3T3-L1 cells depending on
atRA concentrations; atRA showed a pro-adipogenic effect
at low concentrations but an anti-adipogenic effect at high
concentrations. The current study shows the bell-shaped
distribution of percentages of fat pad weights in EW with
increasing concentrations (0-10 wM) of atRA (Figure 2C). The
highest fat percentage was shown at 300 nM, and increased
fat percentages were gradually diminished by injecting over
300 nM of atRA. These data are somewhat consistent with the
previous study by showing anti-adipogenic activities of high
concentrations of atRA in vitro (Muenzner et al., 2013) and
reduced size of fat cells by high levels of atRA administration
in vivo (Mercader et al., 2006).

The previous study showed that injection of atRA resulted in
reduction of adipose tissues in adult mice (Amengual et al., 2010).
In newborn Angers calves, injection of vitamin A significantly
increased percentages of intramuscular fat (Harris et al., 2018).
In broiler chickens, fat deposition rate was increased during 1-
21 days after hatching but decreased during 22-42 days by dietary
supplementation of vitamin A (Savaris et al., 2020). In the current
study, in ovo injection of 300 nM atRA at E5-E7 resulted in an
increase of weights and percentages of adipose tissues (Figure 3).
The previous and current studies show that atRA can positively
or negatively affect fat deposition in animals. In general, rate
of fat accretion in adult animals is determined by a balance of
lipolysis and lipogenesis (Cornelius, 1994). However, because
avian embryos constantly receive required nutrients from the
confined egg environments (Kimura and Warshaw, 1983), both
adipocyte differentiation and lipogenesis mainly contribute to
growth of embryonic adipose tissues until hatching when lipolysis
starts to be active to provide energy for breaking the eggshell
(Chen et al., 2014). In the current study, because embryos
injected with atRA were sampled at E14 approximately 3 days
before hatching in quail, increased fat weights with adipocyte
hypertrophy in quail embryos by atRA might be attributed from
enhanced lipogenesis rather than changes in lipolysis.

Our previous in vitro studies showed that atRA promoted
differentiation of murine preadipocyte cell line (3T3-L1)
into adipocytes (Kim et al, 2019) and induced adipogenic
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FIGURE 4 | Hypertrophic fat cells by in ovo injection of all-trans retinoic acid (atRA). Percentages of inguinal fat weights in embryo weight (EW) (A). Embryos were
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adipogenesis by gPCR (D). n = 4 for 0 M and 300 nM of atRA at E12 and E14, respectively. All data were expressed as means + SEM. The data were analyzed by
Student t-test using GraphPad Prism software, version 6.02. NS, no significance; *p < 0.05, **p < 0.01.

differentiation of chicken embryonic fibroblast (CEF) cell line
(Lee et al, 2021) and primary CEFs (Kim et al, 2020a).
These pro-adipogenic roles of atRA were also demonstrated
by the finding that it increased lipid accumulation by atRA
treatment in vitro. With the support of these in vitro studies,
in ovo injection of atRA in the current study resulted in
adipose hypertrophy. Interestingly, our previous study with a
knockout mouse model demonstrated pro-adipogenic function
of retinoids by the finding that mice with knockout of the Raldh1
gene, encoding an enzyme producing atRA from retinaldehyde,
are lean with less fat (Yasmeen et al, 2013). In addition,
Raldh1-deficient cells have impaired adipogenesis in vitro, which
is rescued by RA supplementation (Reichert et al, 2011).
Furthermore, atRA enhanced fat accumulation in zebra fish
embryos (Fraher et al., 2015). These previous and current studies
support the positive roles of atRA in adipocyte differentiation
and fat accretion.

As Ppary and Fabp4 have been used as well-known adipogenic
markers, up-regulation of the two genes suggests promotion
of adipocyte differentiation in embryonic adipose tissues by
atRA. In general, differentiation potential is negatively correlated

with proliferative activities. It is possible that promotion of
adipocyte differentiation by atRA may reduce proliferation
potential and, consequently, reduce population of preadipocytes
in embryonic adipose tissues. In this regard, it is interesting
to relate adipogenic potential with population of preadipocytes
by assessing a reliable preadipocyte maker. DIk1, also known
as Pref-1, was originally discovered by comparing expression
profiles before and after differentiation of 3T3-L1 preadipocytes
and identifying DIkl as a predominantly expressed gene in
preadipocytes (Smas and Sul, 1993). Our previous in vivo
studies demonstrated anti-adipogenic function of DIkl through
findings that reduced fat in DIkl overexpressed mice (Lee
et al,, 2003) and obesity phenotype in DIkl knockout mice
(Moon et al., 2002). Therefore, DIkl has been used as a
preadipocyte marker in humans (Krautgasser et al., 2019), pigs
(Ahn et al, 2013), cattle (Cai et al, 2018), chickens (Shin
et al., 2008), and quail (Ahn et al,, 2015). In the current study,
increased cell size in inguinal adipose tissues with increasing
age (E12-E14) is accompanied with up-regulation of Ppary and
Fabp4 and down-regulation of DIkl expression regardless of
treatment groups (Figure 4D), indicating temporal progresses
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of adipogenic differentiation during embryonic development in
quail. In addition to up-regulation of Ppary and Fabp4, a lesser
expression of DIkl by 300 nM atRA compared with the control
(0 M) at E14 suggests that adipocyte differentiation might be
promoted by atRA and the preadipocyte population might be
consequently reduced. In agreement with the current study,
supplementation of atRA in 3D cultures of subcutaneous primary
human preadipocytes contributed to adipocyte hypertrophy by
regulating transcriptional factors involved in adipogenesis (Pope
et al., 2020). For these reasons, it is possible that promotion of
preadipocyte differentiation by atRA can contribute to increased
fat mass in quail embryos. These findings support pro-adipogenic
function of atRA during embryonic development.

Our finding showed that in ovo injection of 300 nM of atRA
resulted in increased fat pad weights and fat cell size. Although
the current study supports pro-adipogenic function of atRA in
embryos, effects of dietary vitamin A or administration of RA
into animals on fat accretion might be variable depending on
concentrations of retinoids and ages of animals. Therefore, results
from in vivo studies with retinoids should be carefully interpreted
with consideration of these factors. Our experimental approach
with in ovo injection in avian species can be applied to investigate
effects of nutritional, hormonal, and pharmaceutical factors on
embryonic development of various tissues and organs.
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Since excess abdominal fat is one of the main problems in the broiler industry for the
development of modern broiler and layer industry, the importance of subcutaneous
adipose tissue has been neglected. However, chick subcutaneous adipose tissue
appeared earlier than abdominal adipose tissue and more than abdominal adipose
tissue. Despite a wealth of data, detailed information is lacking about the development
and function of chick subcutaneous adipose tissue during the embryonic and posthatch
period. Therefore, the objective of the current study was to determine the developmental
changes of adipocyte differentiation, lipid synthesis, lipolysis, fatty acid g-oxidation, and
lipid contents from E12 to D9.5. The results showed that subcutaneous adipose tissue
was another important energy supply tissue during the posthatch period. In this stage,
the mitochondrial copy number and fatty acid p-oxidation level significantly increased.
It revealed that chick subcutaneous adipose tissue not only has the function of energy
supply by lipidolysis but also performs the same function as brown adipose tissue to
some extent, despite that the brown adipose tissue does not exist in birds. In addition,
this finding improved the theory of energy supply in the embryonic and posthatch period
and might provide theoretical basis on physiological characteristics of lipid metabolism
in chicks.

Keywords: subcutaneous adipose tissue, chicken, embryonic period, posthatch period, lipometabolism

INTRODUCTION

For a long period of time, the genetic breeding goal of meat-type chickens was to improve
the growth rate, but the rapid growth of body weight is accompanied with the problem of
excessive abdominal fat deposition (Moreira et al., 2018; Liu et al., 2020; Mohammadpour et al.,
2020). For improve feed conversion rate and grain conservation, many researchers have studied
the metabolic mechanism of abdominal fat deposition in chickens, ignoring the significance of
subcutaneous adipose tissue (Simon and Leclercq, 1982; Na et al., 2018). Abdominal adipose tissue
compared with subcutaneous adipose tissue is more cellular, vascular, innervated, and contains
a larger number of inflammatory and immune cells, lesser preadipocyte differentiating capacity,
and a greater percentage of large adipocytes, while subcutaneous adipose tissue is more avid in
absorption of circulating free fatty acids and triglycerides (Ibrahim, 2010). The significance of
subcutaneous fat deposition during the embryonic period is unknown. In the first few days after
the hatching of chicks, yolk is rapidly absorbed. Therefore, we hypothesize that the function of
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subcutaneous adipose tissue may be associated with absorption
of circulating lipid after hatching. The development of digestive
system is not complete after hatching; extra energy supply
could be an important function of subcutaneous fat deposition
during the embryonic and posthatch period (Halevy, 2020;
Lu et al, 2020; Nyuiadzi et al, 2020). Chick subcutaneous
adipose tissue develops during the embryonic Day 12 and
maintains a relatively stable content throughout the lifetime. In
contrast, chick abdominal fat develops later than subcutaneous
adipose tissue and has a strong relationship with feeding and
management (Mellouk et al., 2018; Hicks and Liu, 2021).

During the past two decades, growth and development of
white adipose tissue (WAT) and brown adipose tissue (BAT) have
been extensively studied in various mammals and humans (Lu
et al., 2021; Van Schaik et al., 2021). BAT evolved as a specialized
thermogenic organ that is responsible for adaptive non-shivering
thermogenesis (NST). For NST, energy metabolism of BAT
mitochondria is increased by activation of uncoupling protein
1 (UCP1), which dissipates the proton motive force as heat.
There was insufficient evidence to justify the presence of BAT
and UCPI gene in chickens (Mezentseva et al., 2008; Sotome
et al., 2021). It is unclear whether subcutaneous adipose tissue
is another important source of NST in chickens (Cristina-Silva
et al., 2021). It is generally believed that chicken adipose tissue
is similar to that of human beings, and neither has a strong
ability of de novo fat synthesis. This is different from rodents,
wherein both liver and adipose tissues have equal importance on
de novo fat synthesis (Miska et al., 2015; Cogburn et al., 2020).
From this point, chickens and humans have higher similarity
in adipocyte lipid metabolism, and it is essential to understand
the development and function of adipocyte lipid metabolism
during the embryonic and posthatch periods. Despite a wealth of
data, detailed information is lacking regarding the development
of subcutaneous adipose tissue during embryogenesis and after
hatching (Mellouk et al., 2018; Xiao et al., 2019).

Therefore, the objective of the current study was to determine
the developmental changes of adipocyte differentiation, lipid
synthesis, lipolysis, fatty acid 3-oxidation, and lipid contents from
E12 to D9.5 in chick subcutaneous adipose tissues, aiming to
provide theoretical basis on physiological characteristics about
lipid metabolism in chicks.

MATERIALS AND METHODS

All experimental procedures were performed in accordance with
the Regulations for the Administration of Affairs Concerning
Experimental Animals approved by the State Council of People’s
Republic of China. The study was approved by the Institutional
Animal Care and Use Committee of Northwest A&F University
(Permit Number: NWAFAC1019).

Sampling Collection

Lohmann pink chicken embryos and chicks used in the current
study were bought from the Yangling Julong Poultry Industry
Co. Ltd. (Yangling, China). Incubation conditions are as follows:
E1~E19, 37.8°C, E19~E21, 37 37.5°C (Qingdao Xinyi Electronic

Equipment Co., Ltd. Qingdao, China). Considering that the
incubation stage of chicken embryo has certain individual
differences, 10 eggs were selected randomly and taken out from
the same incubator every 2 days from the embryonic day 12,
marked E12, E14, E16, E18, and E20. After hatching, the chicks
were allowed ad libitum access to water and feed. Considering
that the chicks are not hatched at the same time, 10 chicks were
selected randomly at the age of 1.5, 3.5, 5.5, 7.5, and 9.5 days
after hatching (D1.5, D3.5, D5.5,D7.5, D9.5). Ten stages cover the
appearance of subcutaneous adipose tissue to the disappearance
of yolk. Chicken embryos and chicks were humanely euthanized
by cervical dislocation and weighed after removing surface liquid

TABLE 1 | Primers list in this study.

Genes Accession Sequencing (5'-3') Notes
number
PPARy NM_001001460.1 F:AGTCCTTCCCGCTGACCAAA gPCR
R:TCTCCTGCACTGCCTCCACA
C/EBPa. NM_001031459.1 F:TCCCACCTGCAGTACCAGAT gPCR
RTTTTGGATTTGCCGCGGTG
A-FABP NM_204290.1 F:GCCAAGCCTAATTTAACTATCA  gPCR
R:CAGCAGGTTCCCATCCAC
ACC NM_205505.1 F:GCTTCCCATTTGCCGTCCTA gPCR
R:GCCATTCTCACCACCTGATTACT
FASN NM_205155.2 FTTTGGTGGTTCGAGGTGGTA gPCR
R:CAAAGGTTGTATTTCGGGAGC
LPL NM_205282.1 F-TTGGTGACCTGCTTATGCTA gPCR
R:TGCTGCCTCTTCTCCTTTAC
ATGL NM_001113291.1 F:TGCGTGGAGTGAGATATGTTGA gPCR
R:TTGCGAAGGTTGAATTGGAT
HSL XM_025155301.1 F:GTCTCGGGTTCCAGTTCGTG gPCR
R:CGTAGGACACCAACCCGATG
PPARa NM_001001464.1 F:CAAACCAACCATCCTGACGAT  gPCR
R:GGAGGTCAGCCATTTTTTGGA
CPT1A NM_001012898.1 F:CTTGCCCTGCAGCTTGCT gPCR
R:AGGCCTCGTATGTCAAAGAAATT
CPT2 NM_001031287.2 F:GCCTTCCCTCTTGGCTACCT gPCR
R:TCTCAGCAATGCCCACGTATC
GAPDH NM_204305.1 F:AGAACATCATCCCAGCGT gPCR
R:AGCCTTCACTACCCTCTTG
CYTB YP_009558663.1 F:TCTTACCTGGGTTCTTTCGCC  mtDNA
copy
number
detection
R:AGTAGTAGGCCGGTGAGGAT
ACTB NM_205518.1 F:GACCGGCGGGGTTTATATCTT ~ mtDNA
copy
number
detection
R:ATTGTCAACAACGAGCGCAG

PPARYy, peroxisome proliferator-activated receptor gamma; C/EBPa, CCAAT
enhancer binding protein alpha; A-FABP, fatty acid-binding protein 4, ACC, acetyl-
COA carboxylase; FAS: fatty acid synthase; LPL, lipoprotein lipase; ATGL, adipose
triglyceride lipase; HSL, hormone-sensitive lipase;, PPARq, peroxisome proliferator-
activated receptor alpha; CPT1A, carnitine palmitoyltransferase 1A; CPT2, carnitine
palmitoyltransferase 2; GAPDH, glyceraldehyde phosphate dehydrogenase; CYTB,
cytochrome b; ACTB, actin, beta.
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with filter paper. Adipose, intestine, yolk, and liver tissues were
rinsed thoroughly with ice-cold phosphate-buffered saline to
remove blood contamination on the surface and also weighed
for the tissues index calculation. Adipose samples were fixed
in 4% formaldehyde for subsequent histological analysis using
hematoxylin-eosin (HE) and immunohistochemistry (IHC).
Tissues were collected in centrifuge tubes and stored at room
temperature. Complete blood was collected in centrifuge tubes,
and serum was harvested following centrifugation at 3,000 rpm
at 4°C for 10 min until analysis from E20, D1.5, and D9.5. All the
samples for RNA and protein analysis were stored at —80°C.

HE and IHC Staining

After fixing, the adipose samples were processed through a
series of procedures including dehydration, paraffin embedding,
sectioning, and staining. All these procedures were performed
by Wuhan Servicebio Technology Co., Ltd. (Wuhan, China).
Primary antibody: pref-1 (Sangon, Shanghai, China). According
to HE and IHC staining, adipocyte size, preadipocyte number,
and cell proportion were calculated. The number of adipocytes
per unit area represents the volume of adipocytes. The number of
preadipocytes per unit area represents the preadipocyte number.
The ratio of adipocyte number and preadipocyte number
represents the cell proportion.

Gene Expression

The deposition, decomposition, and utilization of fat are
important processes in the function of adipose tissue. The maker
genes of adipocyte differentiation (PPARy, C/EBPa, and FABP4),
lipid synthesis (ACC, FAS, and LPL), lipolysis (ATGL and HSL),
and fatty acid B-oxidation (PPARa, CPT1A, and CPT2) are then
measured from E12 to D9.5 chick adipose tissues. Total RNA
extraction and cDNA synthesis from adipose and liver samples
were performed according to reagent protocols using TRIzol and
Primer Script RT Reagent kits (TaKaRa, Dalian, China). Relative
gene expression was quantified by real-time quantitative PCR
(qPCR). The assay was carried out via SYBR Premix Ex Taq kit
(TaKaRa, Dalian, China) on the Y480 (Roche, Basel, Switzerland).
Detailed reaction system was referred to our previous research
(Zhao et al.,, 2020). Primer sequences used in the current study
were all obtained from GenBank and shown in Table 1. All
samples were run in triplicate, and the average cycle threshold

(Ct) values were calculated for quantification using the 2-AACt
method (Livak and Schmittgen, 2001).

Western Blotting

Adipose and liver tissues were lysed with RIPA lysis buffer (1 mM
MgCly, 10 mM Tris-HCI at pH 7.4, 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS), and 1% Non-idet P40 cocktail).
The proteins were separated by 5~12% SDS polyacrylamide
gel electrophoresis and transferred to cellulose membranes.
The membranes were incubated overnight with the following
primary antibodies: GAPDH (Proteintech, United States), ATGL
(Proteintech, United States), PPARa (Sangon, Shanghai, China),
FABP4 (Sangon, Shanghai, China), and CPT2 (Sangon, Shanghai,
China). They were then immunoblotted with secondary antibody
(Immunoway, United States). Immunoreactivity was visualized
with enhanced chemiluminescence and analyzed with the
Quantity One System (BioRad, United States) (Kim et al., 2020;
Liang et al., 2020).

Mitochondrial DNA Copy Number

Detection

Fatty acid B-oxidation occurred mainly in mitochondria, and
mtDNA copy number is an important index for thermogenesis
in adipose tissue (Kavlick, 2019). mtDNA copy number was
determined by qPCR as described (Kavlick, 2019; Xia et al,
2020). Briefly, total DNA was isolated from the adipose tissue
using column animal genomic DNA purification kit (Sangon,
Shanghai, China) according to the manufacturer’s instructions.
The relative mtDNA copy number was calculated from the ratio
of CYTB (mitochondrial encoded gene)/ACTB (nuclear encoded
gene). DNA was homogenized (100 ng/pl) before gPCR (Y480
real-time PCR detection system, Roche, Switzerland) utilizing
SYBR detection (Takara, Dalian, China). Amplification protocol
was: 95°C for 30 s, 50 cycles at 95°C to denature, and 60°C
for 30 s to anneal. Samples were run in triplicate. All data were
normalized by ACTB and calculated with the 2=4 # Ct method
(Livak and Schmittgen, 2001).

Triglyceride and Free Fatty Acid

Detection
Blood samples were collected in a vacuum vessel without
anticoagulant from jugular vein, and serum was centrifuged at

Embryo 12 Embryo 14 Embryo 16  Embryo 18 Embryo 20

Day 5.5 Day 7.5

Day 9.5

FIGURE 1 | Gross morphology of chick subcutaneous adipose from E12 to D9.5.
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18.0 (IBM, Chicago, United States). P-values of less than 0.05
were considered to be statistically significant, and the notable
differences between groups were identified by Duncan’s multiple
comparisons test. Different tissue parameters were divided into
embryo and chick periods, their correlations were calculated by
simple linear regression, R* and P-value represent goodness of
fit, and slope is significantly non-zero individually.

2,000 rpm for 10 min at 4°C. Triglyceride (TG) and free fatty acid
(FFA) contents in serum were determined using commercial kits
(Sangon, Shanghai, China) based on kits’ instructions.

Statistical Analysis
All data were shown as means and standard error (SE).
Analysis of variance (ANOVA) was used with SPSS software
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FIGURE 2 | The correlation of subcutaneous fat and related tissues from E12 to D9.5. (A) The correlation of liver weight and yolk weight. (B) The correlation of
intestine weight and yolk weight. (C) The correlation of liver weight and liver weight. (D) The correlation of "\WAT weight and yolk weight. (E) The correlation of cWAT
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RESULTS

Developmental Changes of Embryo or
Chick Growth Parameters and Adipose
Contents

As shown in Figure 1, subcutaneous adipose tissue of chicks
increased gradually during the embryonic period, but the size of
the adipose tissue tended to decrease at posthatch period. Neck
white adipose tissue (nWAT) is located outside the jugular vein,
chest white adipose tissue (c(WAT) is located on the surface of

pectoralis, and leg white adipose tissue (IWAT) is located in the
anterior of the leg. Most adipose tissues of embryo or chick were
subcutaneous adipose tissues and little abdominal adipose at this
development stage.

The weight data of adipose and related tissues were collected,
and their indexes were calculated. As shown in Supplementary
Figure 1, the weight of the embryo gradually increases during
the embryonic period, then decreases briefly after hatching and
then begins to rise again. The yolk weight was gradually declining,
and the liver weight and intestine weight gradually increased
from E14 to D9.5.
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FIGURE 3 | HE and IHC staining analysis of chick adipose. (A) HE staining in four development periods. (B) IHC staining (pref-1) analysis in four development
periods. (C) Adipocyte size in four development periods. (D) Preadipocyte number in four development periods. (E) Ratio of adipocyte to preadipocyte in four
developments. HE, hemotoxylin and eosin staining; IHC, immunohistochemical.
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Figures 2A-C shows that there was a strong correlation
between yolk weight and liver weight, egg yolk weight and
intestinal weight, and liver weight and intestinal weight
in both embryo and chick. Figure 2D shows that nWAT
weight was strongly correlated with yolk weight of embryo,
but not with yolk weight of chick. Figure 2E shows that
cWAT weight was strongly correlated with yolk weight in
embryo but had no correlation with yolk weight in chick.
Figure 2F shows that there was a strong correlation between
yolk weight and IWAT weight of embryo but had no
correlation in chick. Figure 2G shows that nWAT weight
was strongly correlated with liver weight in embryo but had
no correlation with liver weight in chick. Figure 2H shows
that c(WAT weight was strongly correlated with liver weight
in embryo, but the c(WAT weight had no correlation with
liver weight in chick. Figure 2I shows that IWAT weight
was strongly correlated with liver weight in embryo, while
had no correlation with liver weight in chick. Figure 2J
shows that nWAT weight was strongly correlated with intestine
weight in embryo but had no correlation with intestine
weight in chick. Figure 2K shows that cWAT weight was
strongly correlated with intestinal weight in embryo but had
no correlation with intestine weight in chick. Figure 2L
shows that IWAT weight was strongly correlated with intestine

weight in embryo but had no correlation with intestine
weight in chick.

HE Staining and IHC Analysis of Chick
Adipose

Figure 3A shows the HE staining in four development periods.
Figure 3B shows that the cell that does not have significant lipid
can be marked by pref-1, which was recognized as preadipocyte.
Figure 3C shows the adipocyte size in four development periods.
In the case of adipocyte size, E20 was significantly larger than
D1.5, D9.5, and E14 in the nWAT and ¢cWAT. DI1.5 was
significantly larger than D9.5 and E14 in the nWAT and cWAT.
D9.5 was significantly larger than E14 in the nWAT and cWAT.
There was no significant difference in IWAT between E20 and
D1.5, but E20 and DI1.5 were significantly larger than D9.5
and E14. D9.5 was significantly larger than E14 in the IWAT.
Figure 3D shows the preadipocyte number in four development
periods. In the case of preadipocyte number, E14 was significantly
higher than D9.5, D1.5, and E20. D9.5 was significantly higher
than D1.5 and E20. There was no significant difference between
E20 and D1.5. Figure 3E shows the ratio of adipocyte to
preadipocyte in four developments. E20 was significantly higher
than D9.5 and E14, and there was no significant difference from
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FIGURE 4 | mRNA expression of adipocyte differentiation markers from E12 to D9.5. PPARy, peroxisome proliferator-activated receptor gamma; C/EBPa, CCAAT
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FIGURE 5 | mRNA expression of lipid synthesis genes from E12 to D9.5. ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; LPL, lipoprotein lipase.

D1.5 in the nWAT and IWAT. E20 was significantly higher than
E14, which was not significantly different from D1.5 to D9.5.
There were no significant differences between different parts in
the same period.

Expression Patterns of Chick Adipose
and Liver During Embryonic and
Posthatch Periods

Figure 4 shows the expression pattern of adipocyte differentiation
marker genes from E12 to D9.5. For the expression of PPARy
gene, chicks except D1.5 were significantly higher than embryos
in the neck. D5.5 and D7.5 were significantly higher than
embryonic stage in the cWAT. D1.5 and D9.5 were significantly
higher than E12, E14, E16, and E18 in the c(WAT. D1.5 and
D5.5 were significantly higher than embryonic stage in the IWAT.
For the expression of C/EBPu gene, the chicks were significantly
higher than embryos in the nWAT, and D5.5 was significantly

higher than embryonic stage in the cWAT. D9.5 was the highest
in the IWAT and significantly higher than embryonic stage, while
D1.5, D3.5, D5.5, and D7.5 were not significantly different from
the embryonic stage. For the expression of A-FABP (FABP4) gene,
the expression levels of D1.5 and D9.5 were significantly higher
than D7.5, D5.5, D3.5, and embryonic stage in the nWAT. D5.5
was significantly higher than E12, E14, E16, and E18 in the c(WAT.
D1.5 was the highest in the IWAT and significantly higher than
embryonic stage, while D1.5 was not significantly different from
other posthatch periods.

Figure 5 shows the expression pattern of lipid synthesis
genes from E12 to D9.5. For the expression of ACC gene,
D9.5 and D7.5 were significantly higher than embryonic stage
in the nWAT. D3.5 and D5.5 were not significantly different
from the embryonic stage in the nWAT. D5.5 was the highest
in the c(WAT and significantly higher than other stages. D5.5
and D9.5 were significantly higher than embryonic stage in the
IWAT. D3.5 was significantly higher than other stages in the
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liver. For the expression of FAS gene, there were no significant
differences between chicks and embryos in the nWAT. D5.5 was
the highest in the cWAT and significantly higher than other
stages. D9.5 was the highest in the IWAT and significantly higher
than the embryonic stage. D3.5 was the highest in the liver and
significantly higher than D7.5, D9.5, and embryonic stage. For the

expression of LPL gene, D5.5, D7.5, and D9.5 were significantly
higher than D3.5 and embryonic stage in the nWAT. D5.5, D7.5,
and D9.5 were significantly higher than embryonic stage in the
cWAT. D3.5 was significantly higher than E12 and E20 in the
cWAT. D5.5 was significantly higher than D7.5, D9.5, D3.5, and
embryonic stage in the IWAT. E16 and E18 were significantly
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FIGURE 6 | mRNA expression of lipodieresis genes from E12 to D9.5. ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase.
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FIGURE 7 | mRNA expression of fatty acid oxidation genes from E12 to D9.5. PPARa, peroxisome proliferator-activated receptor alpha; CPT1A, carnitine

higher than other stages, and E20 was significantly higher than
D1.5, D5.5, and D7.5 in the liver.

Figure 6 shows the expression pattern of lipodieresis genes
from E12 to D9.5. In the case of the expression of ATGL gene,
the chick stages of D1.5, D3.5, and D5.5 were significantly higher
than the embryonic stage in the nWAT, cWAT, and IWAT. D9.5
was significantly higher than other stages in the liver. For the
expression of HSL gene, there was no significant difference in
nWAT in different periods. D5.5 in c(WAT was significantly
higher than the embryonic stage. Except for D5.5, the chick
stage was not significantly different with the embryonic stage in
the cWAT. The expression level increased from embryonic stage
to chick stage, but there was no significant difference between
each stage in the IWAT. The chick stage was higher than the
embryonic stage in the liver, and D9.5 was significantly higher
than other stages.

Figure 7 shows the expression pattern of fatty acid oxidation
genes from E12 to D9.5. For the expression of PPARa gene,
the chick stages of D3.5 and D9.5 were significantly higher
than the embryonic stage in nWAT, cWAT, and IWAT. D9.5
was significantly higher than any other stages in the liver, and
there was no significant difference between other periods. For
the expression of CPTIA gene, the chick stages of D5.5 and
D9.5 were significantly higher than the embryonic stage in the
nWAT and the chick stage was significantly higher than the
embryonic stage in the c(WAT but D3.5. D5.5, D1.5, and D9.5
were significantly higher than the embryonic stage in the IWAT.
D9.5 was significantly higher than other stages in the liver, and
there was no significant difference between other periods. For
the expression of CPT2 gene, the chick stage of D7.5 and D9.5
were significantly higher than the embryonic stage in the nWAT.
The chick stage of D5.5 was significantly higher than embryonic
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stage in the c(WAT, and D9.5 was significantly higher than the
embryonic stage in the IWAT, but the chick stage was significantly
lower than the embryonic stage in the liver and showed a gradual
decline from E12 to D9.5.

Figure 8 shows the key protein expression level between E20
and D1.5. For CPT?2, there was no significant difference between
embryonic and chick period in WAT and liver. For FABP4, the
protein expression in D1.5 was higher than E20 in WAT but
had no significant difference in liver. For PPARaq, there was no
significant difference between embryonic and chick period in
WAT and liver. For ATGL, the protein expression in D1.5 was
higher than E20 in WAT but had no significant difference in liver.

Mitochondrial DNA Copy Number of

Subcutaneous Adipose Tissue

To determine whether the massive deposition of subcutaneous
adipose tissue in chick embryo was related to thermogenesis,
mtDNA copy numbers of E20, D1.5, and D9.5 were measured
in nWAT, c(WAT, and IWAT. Figure 9 shows that the mtDNA
copy number of E20, D1.5, and D9.5 has no significant difference

in nWAT; the mtDNA copy number of D1.5 and D9.5 were
significantly higher than E14 in c(WAT and IWAT.

TG and FFA Concentration

FFA was the main substrate fatty acid P-oxidation. As the
hydrolyzate products of TG, FFA could be used in fatty acid
B-oxidation for thermogenesis. Figure 10 shows that the TG
concentration in E20 and D1.5 was significantly higher than D9.5.
The FFA concentration in E20 was higher than D9.5, and D9.5
was higher than D1.5.

DISCUSSION

The abdominal fat deposition in chicken is closely related to
feed conversion efficiency, so it has attracted more attention in
poultry production (Chen et al,, 2019; Wu et al, 2019). The
study-associated subcutaneous adipose tissue has been neglected
to some extent, especially during the embryonic period and after
hatching (Xiao et al., 2019). In this study, we described a relatively
complete process of subcutaneous adipose tissue development in
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FIGURE 9 | The mitochondrial DNA copy number of subcutaneous fat in E20,
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the embryonic period and after hatching. Subcutaneous adipose
tissue was the main type of abdominal fat at this stage and was
mainly distributed in the neck, chest, and leg. It suggested that
a large amount of subcutaneous fat deposition at the embryo
period is of important physiological significance to chick. During
the embryonic and posthatch period, we found that the body
weight, liver, and intestine maintained uninterrupted growth and
development, and the yolk weight continued to drop. However,
the change of WAT weight presented a different trend; it was
increasing at embryonic period and decreasing after hatching
(Supplementary Figure 1). The dynamic changes suggested that
subcutaneous adipose tissue may play an important physiological
role in chicks after hatching.

Obviously, the explanation that subcutaneous adipose tissue is
merely an energy supply organ is illogical; the lipid transferred
from yolk to subcutaneous adipose tissue caused a partial loss
of energy. Yolk is an important tissue in the first few days after
the bird was hatched; on account of insufficient energy supply
in the digestive system, yolk provides the main energy for body
growth and development (Scanes, 2020; Zhu et al., 2020). More

importantly, yolk could be absorbed in two different ways before
and after hatching. For the hatching period, the yolk was absorbed
by yolk sac membrane, but the yolk contents could pass into the
intestine via the lumen of the yolk stalk in at least newly hatched
to 3-day-old chicken (van der Wagt et al., 2020). The presence of
subcutaneous adipose tissue could be an energy supply that helps
the chicks survive after hatching.

More than 90% of de novo lipogenesis in humans and chickens
is undertaken by the liver, which was different from rodent
(Na et al., 2018; Hicks and Liu, 2021). Therefore, chicken was
considered a more suitable model for non-alcoholic fatty liver
disease (NAFLD). Enough studies have revealed the details about
lipid synthesis, especially the enzymes of lipid synthesis, such
as ACC, FAS, and LPL (Mottillo et al., 2017; Seo et al., 2018;
Zhang et al,, 2019; Bhat et al., 2021). Meanwhile, many studies
have concluded that adult chicken fat tissue has no or very
weak lipid synthesis ability (Na et al., 2018). In this study, the
expression pattern of ACC, FAS, and LPL was described from
E14 to D9.5. It was shown that chick has the ability of de novo
synthesis of FFA, and the ability has been enhanced a few days
after hatching. However, the significance of lipid synthesis in
subcutaneous adipose tissue for chick is still incomplete.

The expression of ATGL in subcutaneous adipose tissue
showed that TG was broken down and FFA was released in
blood for other tissue uptake. Comparing the expression pattern
of ATGL in liver, subcutaneous adipose tissue should have
a more important role in FFA supplement. Comparing with
abdominal adipose tissue, subcutaneous adipose tissue is more
avid in absorption of circulating free fatty acids and triglycerides
(Ibrahim, 2010). The results of TG and FFA concentration
in D1.5 were extraordinary, the TG concentration was high
and the FFA concentration was low. The high concentration
of TG was continuously inducted into the fat uptake by the
liver after hatching; the remaining TG could be absorbed by
the subcutaneous adipose tissue. The special phenomenon may
be the reason why hepatocyte was full of lipids in new-hatch
chickens, which was generally considered a NAFLD animal
model (Liu et al., 2018; Peng et al., 2018). It revealed that the
function of subcutaneous adipose tissue were absorbing extra
TG in blood and releasing FFA from adipocytes. This finding
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FIGURE 10 | TG and FFA concentration in E20, D1.5, and D9.5. (A) TG concentration in E20, D1.5, and D9.5. (B) FFA concentration in E20, D1.5, and D9.5. (C)
Ratio of TG to FFA concentration in E20, D1.5, and D9.5. TG, triglycerides; FFA, free fatty acid. *P < 0.05; **P < 0.01; ***P < 0.001.
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suggested that large amounts of subcutaneous fat deposition
could be the inducement of NAFLD and provided a new idea for
human treatment of NAFLD.

It was suggested that the subcutaneous adipose tissue could
have other important functions during the special period.
The subcutaneous adipose tissue weight was not significantly
correlated with liver weight and intestine weight (Figure 2).
It inferred that the function of adipose tissue may be related
to the environmental adaptability of chicks when they were
hatched. WAT and BAT are the two main forms of adipose
tissue in humans and rodents (Alcald et al., 2019; Cuevas-Ramos
et al,, 2019). Thermogenic BAT has never been described in
birds or other non-mammalian vertebrates (Mezentseva et al.,
2008). Compared with abdominal adipose tissue, the main type
of adipose deposition of chicken embryo was subcutaneous
adipose tissue (Hicks and Liu, 2021). Interestingly, there were
some similarities between the WAT distribution in chickens and
the BAT in humans and rodents, and the internal relationship
between two adipose tissues needs further study. In this study,
it was found that the number of mitochondrial DNA copies
in adipose tissue increased significantly within a few days after
hatching. The increasing of mitochondrial copy number is an
important phenotype of the enhancement of adipose tissue
thermogenesis. Due to the loss of UCPI gene in chicken,
the thermogenesis of subcutaneous adipose tissue depends on
PPARa, PPARB, CPTIA, and CPT2 genes (Lee et al., 2016;
Martos-Sitcha et al., 2019; Kroon et al., 2020). According to the
expression pattern of key factors in thermogenesis, the ability
of fatty acid B-oxidation in subcutaneous adipose tissue was
increasing in new-hatch period. Although birds do not have
BAT, subcutaneous adipose tissue partially functions as brown
fat during the period before and after hatching, and its oxidative
thermogenesis of fatty acids is greatly improved.

CONCLUSION

In this study, the morphology and weight of chick subcutaneous
adipose tissue from E14 to D9.5 were characterized, and the
expression pattern of adipocyte differentiation, lipid synthesis,
lipolysis, and fatty acid B-oxidation from E14 to D9.5 were
structured. The results showed that subcutaneous adipose tissue
released FFA after hatching and the mitochondrial copy number
and fatty acid B-oxidation level significantly increased. It revealed
that the function of chick subcutaneous adipose tissue were FFA
releasing by lipolysis and thermogenesis by fatty acid f-oxidation.
In addition, this finding improved the theory of nutrition supply
in embryonic and posthatch period, and might be an important
theoretical basis for poultry reproduction.
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Dietary Supplementation of Baicalein
Affects Gene Expression in Broiler
Adipose Tissue During the First
Week Post-hatch

Yang Xiao', Bailey Halter’, Casey Boyer', Mark A. Cline’, Dongmin Liu? and
Elizabeth R. Gilbert'
" Department of Animal and Poultry Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA,

United States, ? Department of Human Nutrition, Foods and Exercise, Virginia Polytechnic Institute and State University,
Blacksburg, VA, United States

Dietary supplementation of baicalein, a flavonoid, has anti-obesity effects in mammals
and broiler chickens. The aim of this study was to determine the effect of
dietary baicalein supplementation on broiler growth and adipose tissue and breast
muscle deposition. Fifty Hubbard x Cobb-500 day-of-hatch broiler chicks were
assigned to a control starter diet or control diet supplemented with 125, 250, or
500 mg/kg baicalein and diets were fed for the first 6 days post-hatch. Body
weight, average daily body weight gain, and average daily food intake were all
reduced by 500 mg/kg baicalein. Breast muscle and subcutaneous and abdominal
fat weights were also reduced in chicks that consumed the baicalein-supplemented
diets. mMRNAs for genes encoding factors involved in adipogenesis and fat storage,
1-acylglycerol-3-phosphate-O-acyltransferase 2, CCAAT/enhancer-binding protein B,
perilipin-1, and sterol regulatory element-binding transcription factor 1, were more
highly expressed in the adipose tissue of broilers supplemented with baicalein than
the controls, independent of depot. Diacylglycerol acyltransferase and peroxisome
proliferator-activated receptor gamma mRNAs, involved in triacylglycerol synthesis and
adipogenesis, respectively, were greater in subcutaneous than abdominal fat, which
may contribute to differences in expansion rates of these depots. Results demonstrate
effects of dietary supplementation of baicalein on growth performance in broilers during
the early post-hatch stage and molecular effects in major adipose tissue depots. The
mild reduction in food intake coupled to slowed rate of breast muscle and adipose tissue
accumulation may serve as a strategy to modulate broiler growth and body composition
to prevent metabolic and skeletal disorders later in life.

Keywords: flavonoid, baicalein, chicken, adipose tissue, breast muscle

INTRODUCTION

Excess abdominal fat in broilers, a consequence of selection for growth-related traits, has a
negative impact on meat yield and meat quality and contributes to metabolic disorders in the
breeders. From 1957 to 2005, there was a greater than 400% increase in the growth rate of
broilers (Zuidhof et al., 2014). The 42-day live body weight achieved an increase of 3.3% per year
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with a 2.55% per year reduction in feed conversion ratio
(grams of feed to grams of body weight). Concurrently, breast
meat yield increased by 67%, with breast conversion ratio
(grams of feed intake converted into grams of breast meat)
decreased from 28 to 9.4 at 22-56 days of age (Zuidhof
et al., 2014). Liver, which is critical for lipid and carbohydrate
metabolism, also increased in its relative weight during the
selection to support rapid growth (Zaefarian et al., 2019), as
did the abdominal fat content which is positively correlated
with breast weight and food intake (Tavarez and Solis de los
Santos, 2016). However, in recent years, the demand for white
meat has increased due to the lower fat content, and excess
adipose tissue, particularly abdominal fat, is a waste product
that represents an economic loss to the poultry industry (Yucel
and Taskin, 2018). Moreover, in broiler breeders, maintaining
optimum body weights and fat percentages are necessitated
to ensure optimal reproductive and metabolic health and
controlled feeding protocols are initiated at hatch to restrict
growth (De Jong and Guémené, 2011). Thus, feed additives that
influence appetite and/or body composition are an attractive
strategy to modulate growth and fat accretion in broilers
and other species.

The use of naturally occurring chemicals in diets has become
a popular area of poultry research with the phasing out of
antibiotics in broiler production and the search for growth-
promoting alternatives. Feed additives already being used in
the broiler industry include herbs, spices, and essential oils.
Flavonoids, a class of polyphenolic phytochemicals, are among
the natural feed additives investigated (Surai, 2014). Baicalein is
one such flavonoid that is derived from a root used in traditional
Chinese medicine, Scutellaria baicalensis Georgi, which has been
studied in mammalian and avian species for its effect on obesity
and growth performance, respectively.

Adult C57BL/6] mice with high fat diet-induced metabolic
disorders had decreased visceral fat weight and no further
metabolic exacerbations through dietary supplementation
of either S. baicalensis or purified baicalein (Pu et al., 2012;
Na and Lee, 2019). Daily intraperitoneal administration of
baicalin, which is another major compound in S. baicalensis
root, also decreased visceral fat weight and improved
hepatic steatosis in adult Sprague-Dawley rats with high
fat diet-induced metabolic disorders (Guo et al, 2009).
Consistent with animal studies, an in vitro experiment
revealed that baicalein suppressed adipogenesis and lipid
accretion in 3T3-L1 pre-adipocytes (Seo et al., 2014). We
also demonstrated anti-diabetic effects of baicalein, where
hyperglycemia, glucose tolerance, and pancreatic islet function
were improved in diabetic mice that were fed a baicalein-
supplemented diet, without changes in weekly food intake
(Fuetal., 2014).

In 42-day-old broilers, dietary supplementation of
S. baicalensis improved growth performance (Kroliczewska et al.,
2008), while dietary baicalein supplementation was associated
with reductions in serum total cholesterol, triglycerides and
low-density lipoproteins (Zhou et al, 2019). These data all
indicate promise in the use of baicalein as a dietary supplement
in the poultry industry to support healthy development

while mitigating the development of metabolic disorders.
Previous studies determined effects at slaughter age, and
broilers have a higher average daily body weight gain, lower
feed conversion ratio, and more dynamic metabolism at the
early post-hatch stage, especially during the first week, when
organ maturation is still occurring (Zuidhof et al, 2014).
Also, the specific effect of baicalein on fat and lean mass
changes as well as corresponding molecular mechanisms are
unknown in chickens. Because other studies involving dietary
baicalein supplementation focus on later stages of growth and
adult animals, the present study sought to examine effects
at an earlier age. The objective of this study was thus to
investigate the effects of dietary baicalein supplementation
on growth performance, breast muscle and adipose tissue
development, and mRNA expression of adipogenesis-
associated factors in adipose tissue, in broilers during the
first 6 days post-hatch.

MATERIALS AND METHODS

Animals

A total of 50 straight run Hubbard x Cobb-500 broiler chicks
were obtained on day of hatch from a nearby commercial
hatchery. Chicks were individually caged in a room maintained
at 30 £ 2°C and 50 =+ 5% relative humidity with free access to
feed and water and visual and auditory contact with other chicks.
Chicks with evenly distributed body weights were assigned
to four dietary groups (n = 12-13 per group): (1) control
diet, a corn and soybean meal-based starter diet formulated to
meet recommended requirements for Cobb-500 broilers (Cobb-
Vantress; detailed formulation in McConn et al., 2018), (2)
low baicalein (125 mg/kg), (3) middle baicalein (250 mg/kg),
and (4) high baicalein (500 mg/kg). Dietary baicalein inclusion
levels were based on our previous work with mice (Fu et al.,
2014). Baicalein (98% pure via HPLC) was purchased from
Xi’An Yile Bio-Tech Company, China. Experimental procedures
were performed according to the National Research Council
Publication and were approved by the Virginia Tech Institutional
Animal Care and Use Committee.

Growth Performance and Organ Weights
Body weight and food intake was recorded for individuals from
the time that the chicks arrived in our facility (approximately 5 h
after they hatched) and then every 24 h until day 6 (n = 12-
13 per each of the four groups). Feed conversion ratio was
calculated by finding the quotient of food intake and body
weight gain. On day 6 post-hatch, all chicks were weighed
then euthanized by cervical dislocation. Breast muscle, liver,
and subcutaneous (visible adipose tissue connected to skin) and
abdominal fat (adipose tissue connected to gizzard) tissues were
removed and tissue weights were recorded. Subcutaneous and
abdominal fat samples from 10 chicks in each dietary group were
transferred to vials containing RNAlater (Invitrogen, Carlsbad,
CA, United States) and stored at —80°C until total RNA isolation.
Sex was determined by gonadal inspection postmortem.
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Total RNA Isolation, Reverse

Transcription, and Real-Time PCR

Adipose tissue samples were homogenized in TRI Reagent
(Sigma-Aldrich, St. Louis, MO, United States) with 5 mm
stainless steel beads (Qiagen, Valencia, CA, United States) using
a Tissue Lyser II (Qiagen). After the step of addition to 100%
molecular biology-grade ethanol, total RNA was purified using
the RNeasy Mini kit (Qiagen, CA, United States) according to
the manufacturer’s instructions. The eluted total RNA samples
were quantified and assessed for purity by spectrophotometry
at 260/280/230 nm. First strand cDNA was synthesized from
200 ng total RNA using the High Capacity cDNA Reverse
Transcription kit, according to the manufacturer’s instructions
(Applied Biosystems, NY, United States). Primers for real-time
PCR (Table 1) were designed in Primer Express 3.0 (Applied
Biosystems) and validated for amplification efficiency before
use (95-105%). A 10 pwL reaction contained 5 pL fast SYBR
Green Master Mix (Applied Biosystems), 0.25 pL each of 5 uM
forward and reverse primers, 3 iL of 10-fold diluted cDNA, and
1.5 nL of nuclease-free water and was duplicated for all samples
with an Applied Biosystems 7500 FAST system as described
(Zhang et al., 2015).

Statistical Analysis

The real-time PCR data were analyzed using the A ACT method
(Schmittgen and Livak, 2008) with actin as the reference gene
and the average of the abdominal adipose tissue from control
diet-fed birds as the calibrator sample. The relative quantity
(27 AACT) values, growth performance and organ weights were
subjected to Fit Model platform in JMP Pro 15 (SAS Ins., Cary,

TABLE 1 | Primers used for real time PCR.

Gene Primers sequence (5'-3'); Accession no.
forward/reverse

B-Actin GTCCACCGCAAATGCTTCTAA/ NM_205518.1
TGCGCATTTATGGGTTTTGTT

AGPAT2 GCCAAACACCGAAGGAACAT/ XM_015279793.1
CCATGGCATCCCCAGAGTT

C/EBPa. CGCGGCAAATCCAAAAAG/ NM_001031459.1
GGCGCACGCGGTACTC

C/EBPp GCCGCCCGCCTTTAAA/ NM_205253.2
CCAAACAGTCCGCCTCGTAA

DGAT2 TTGGCTTTGCTCCATGCAT/ XM_419374.5
CCCACGTGTTCGAGGAGAA

PLINT GGAGGACGTGGCATGATGAC/ NM_001127439.1
GGCCCTTCCATTCTGCAA

PPARy CACTGCAGGAACAGAACAAAGAA/ NM_001001460.1
TCCACAGAGCGAAACTGACATC

SREBP1 CATCCATCAACGACAAGATCGT/ NM_204126.1
CTCAGGATCGCCGACTTGTT

" Primers were designed with Primer Express 3.0 (Applied Biosystems). AGPATZ,
1-acylglycerol-3-phosphate-O-acyltransferase  2; C/EBPa, CCAAT/enhancer-
binding protein alpha; C/EBPpB, CCAAT/enhancer-binding protein beta;
DGAT2, diacylglycerol acyltransferase; PLINT, perilipin 1; PPARY, peroxisome
proliferator-activated receptor gamma,; SREBP1, sterol requlatory element-binding
transcription factor 1.

NC, United States). The statistical model for growth performance
and organ weights included the main effect of dietary treatment
(four doses), time (5 or 6 days) and their interactions. For gene
expression, effects included adipose tissue depot (subcutaneous
and abdominal), dietary treatment (four doses), and the dietary
treatment by adipose depot interaction. Tukey’s test was used
post hoc for pairwise comparisons and results were considered
significant at P < 0.05. Sex was excluded from the model as initial
tests revealed that no effect involving sex was significant.

RESULTS

Growth Performance

For results involving more than one time point, differences are
depicted graphically for post hoc pairwise comparisons at time
points for which the main effect was significant (Figures 1-4).
The high baicalein (500 mg/kg) diet was associated with a
reduction in body weight from days 1 to 6, the middle dose
(250 mg/kg) exerted the same effect from days 3 to 6 post-
hatch, and the low dose from days 5 to 6, compared to the
control group (Figure 1). Both middle and high baicalein doses
consistently lowered cumulative body weight gain from days
2 to 5, whereas only the high dose had an effect on day
6, compared to the controls (Figure 2A). Both middle and
high baicalein doses lowered the average daily body weight
gain over the 6 days of treatment (P = 0.003 for main
effect of dietary treatment; Figure 2B). Meanwhile, low dose
(125 mg/kg) baicalein did not have any effect on body weight or
body weight gain.

The high baicalein dose lowered food intake from days 2
to 6 post-hatch, compared to the control group (Figure 3A),
while the middle dose affected food intake on days 2, 5, and
6, and the low dose reduced food intake on day 2 post-hatch,
relative to chicks that were fed the control diet. When calculated
as a percentage of body weight, differences were significant on
day 2 post-hatch (Figure 3B). Over the 6 days of observation,

Il Control
1009 125 mgrkg .
I 250 mg/kg . P
80 500 mg/kg 3 - ]

Body weight (g)

Q N v 9 ™ © ©
Days post-hatch

FIGURE 1 | Body weights. Values represent least squares means + SEM
(n = 12-13). Different superscripts within each day indicate a significant
difference at P < 0.05; Tukey’s test.
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FIGURE 2 | Body weight gain cumulatively (A), and on an average daily basis (B). Values represent least squares means 4+ SEM (n = 12-13). Different superscripts
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average daily food intake was lowered by all levels of baicalein
supplementation (P < 0.0001; main effect of dietary treatment;
Figure 3C), whereas average daily food intake calculated as
a percentage of body weight was only lowered in the high
baicalein group (P = 0.009; main effect of dietary treatment;
Figure 3D). Feed conversion ratio was increased in the high
baicalein group on day 2 post-hatch (Figure 4). Although the
main effect of treatment was also significant for feed conversion
ratio at day 5 (P = 0.04), no difference was detected among
groups using Tukey’s post hoc test. The average feed conversion

ratio over 6 days of treatment did not differ among the groups
(data not shown).

Organ Weights

Relative abdominal fat weight (as % BW) tended to be reduced
by baicalein (P = 0.05; main effect of dietary treatment; Table 2),
whereas subcutaneous fat was not affected by treatments.

Similarly, relative breast muscle weight was also decreased by the
high baicalein dose (P = 0.005).
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25 Il Control

FIGURE 4 | Daily feed conversion ratio over 6 days. Values represent least
squares means £+ SEM (n = 12-13). Different superscripts within each day
indicate a significant difference at P < 0.05; Tukey'’s test.

Adipose Tissue Relative mRNA Gene
Expression

There was no treatment by adipose tissue depot interaction
for any of the genes that were measured. There was a
main effect of treatment on the mRNA abundance of
1-acylglycerol-3-phosphate-O-acyltransferase 2 (AGPAT2;
P = 0.01), CCAAT/enhancer-binding protein beta (C/EBPf;
P =0.0001), perilipin-1 (PLIN; P = 0.001), and sterol regulatory
element-binding transcription factor 1 (SREBPI; P = 0.03,
Table 3). Expression of AGPAT2 mRNA was greater in broilers
from the middle baicalein dose group than the control or high
dose groups. Abundance of PLINI mRNA was greater in the
middle dose group than in all other groups, and SREBPI was
greater in the middle baicalein dose group than in the control

TABLE 2 | The effect of dietary baicalein supplementation on organ weights at day
6 post-hatch in Hubbard x Cobb-500 broilers’.

125 mg/kg
.g B 250 mg/ kg Treatment  Abdominal fat Subcutaneous  Liver as Breast muscle as
© 2.0+ 500 mg/kg { as % BW fatas % BW % BW % BW
c L I
o 154 i I l ] h I 0 mg/kg 0.092 0.32 3.92 8.387
g ) s 1 [ l N 125 mg/kg 0.092 0.28 4.40 8.022
E 1.0 250 mg/kg 0.080 0.21 425 7.1620
g - 500 mg/kg 0.055 0.23 417 6.67°
g 05 SEM 0.01 0.04 0.16 0.34
I.t‘ ' P-value 0.05 0.18 0.25 0.005
— "Values represent least squares means and pooled standard errors of the means
9 L ™ o o with associated P-values for the effect of dietary treatment (n = 10). Different letters
within each sampling measurement indicate a significant difference at P < 0.05;
Days post-hatch Tukey's test,

group. Expression of C/EBPff mRNA was greater in the high
dose baicalein than low or middle dose groups. Independent of
treatment, expression of diacylglycerol acyltransferase (DGAT2)
and peroxisome proliferator-activated receptor gamma (PPARYy)
were more highly expressed in subcutaneous than abdominal
adipose tissue (P = 0.04 and 0.02, respectively).

DISCUSSION

In this study, we first determined the effect of dietary baicalein
supplementation on growth performance and organ weights of
broilers during the first week post-hatch. The decrease in body
weight and average daily weight gain in response to the middle
and high levels of baicalein supplementation was consistent with
the observation that 0.5% supplementation of S. baicalensis root,
which contains 19.3 £ 2.3 mg of baicalein and 214.5 + 13.3 mg
total flavonoids per gram of dry matter, reduced the body weight
of 42-day old Hubbard Hi-Y chickens (Kroliczewska et al., 2017).

TABLE 3 | Effect of baicalein treatment on relative mRNA abundance of adipogenesis-associated factors.

Effect’ AGPAT2 C/EBP« C/EBPgB DGAT2 PLIN1 PPARy SREBP1
Treatment

0 mg/kg 1.20P 0.93 0.9320 1.52 1.23° 1.30 1.18P
125 mg/kg 1,752 2.00 0.52° 1.80 2.23P 1.21 1.140
250 mg/kg 3.172 1.28 0.53° 1.42 5.272 1.69 2.402
500 mg/kg 1.39° 2.13 1.232 2.24 1.86° 1.47 1.4930
SEM 0.47 0.48 0.12 0.36 0.79 0.25 0.34
P-value 0.01 0.24 0.0001 0.38 0.001 0.53 0.03
Adipose depot

Subcutaneous 1.96 1.11 0.72 2.11 2.84 1.72 1.59
Abdominal 1.80 2.05 0.89 1.38 2.45 1.12 1.51
SEM 0.34 0.34 0.08 0.25 0.56 0.18 0.24
P-value 0.74 0.06 0.16 0.04 0.63 0.02 0.83
Treatment x adipose depot 0.25 0.26 0.41 0.66 0.52 0.56 0.42

TValues represent least squares means and pooled standard errors of the means with associated P-values for the effect of dietary treatment, adipose tissue depot, and
their interaction (n = 10). Different superscripts within an effect for each gene are significantly different at P < 0.05, Tukey'’s test.
AGPAT2, 1-acylglycerol-3-phosphate-O-acyltransferase 2; C/EBPa, CCAAT/enhancer-binding protein alpha; C/EBPp, CCAAT/enhancer-binding protein beta;
DGAT2, diacylglycerol acyltransferase; PLINT, perilipin-1; PPARy, peroxisome proliferator-activated receptor gamma; SREBP1, sterol regulatory element-binding

transcription factor 1.
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In contrast, supplementation of 1.0 and 1.5% of S. baicalensis
root increased body weight and body weight gain of these birds
(Kroliczewska et al., 2017), which was similar to what was
observed in 42-day old Arbor Acres chickens that were fed diets
containing 100 and 200 mg/kg baicalein (Zhou et al., 2019).
However, no body weight increase was observed in the same birds
at 21 days of age (Zhou et al., 2019).

In the present study, baicalein supplementation was associated
with decreased average daily food intake, whereas it was
increased in 42-day Hi-Y chickens (Krdliczewska et al., 2017)
and unchanged in 42-day Arbor Acres broilers (Zhou et al,
2019). Weekly food intake was not affected over the course
of 8 weeks of feeding a baicalein-supplemented high-fat diet
(500 mg/kg) to middle-aged mice (Fu et al, 2014). Such
differences among studies indicate that when interpreting the
effect of baicalein on growth performance of broilers, the genetic
strains, developmental stage, as well as the form (in flavonoid
mixture or purified baicalein), dose, route, and duration of
supplementation should all be considered. Also, the results can
differ when using an end-point versus day-by-day analysis. The
end-point analysis is more reflective of the overall effect at a
given time range, whereas it can either bury the significance
at a certain time point (like the non-significant average feed
conversion ratio versus the significance on day 2 post-hatch in
Figure 4), or reveal an overall significance by distributing the
significance on 1 day to the other days that lack significance
(for instance, the daily versus average food intake as percentage
of body weight in Figure 3). It is worth noting that the two
experiments conducted by the same group, using the same
strains of birds at the same age, identified different effects of
the same doses of S. baicalensis root supplementation on body
weight, feed conversion ratio, body weight gain, as well as food
intake (Kroliczewska et al., 2008; Krdliczewska et al., 2017).
The disparate effects indicate that boilers may have different
sensitivities to flavonoid supplementations over years of selection
for rapid growth. It is also possible that the root extracts contain
varying amounts of bioactive chemicals that contribute to the
biological effects observed, whereas results are expected to be
more robust when using a pure chemical.

To our knowledge, there are no reports concerning the effect
of baicalein or S. baicalensis on body fat mass changes or the
corresponding molecular mechanisms, in an avian model. Our
results demonstrated that baicalein supplementation reduced
absolute abdominal and subcutaneous fat masses (data not
shown) and the relative abdominal fat mass in broilers during
the early post-hatch stage. Adult C57BL/6] mice with metabolic
disorders induced by chronic high fat diet consumption had
decreased visceral fat weight (including epididymal, mesentery,
and abdominal adipose tissue depots) after 29 weeks of 400 mg/kg
baicalein supplementation (Pu et al., 2012). Similarly, adult
C57BL/6] mice with high fat diet-induced insulin resistance
had reduced epididymal fat weight when supplemented with
500 mg/kg body weight of S. baicalensis for 9 weeks (Na and Lee,
2019). Similar to the results of dietary baicalein supplementation,
Sprague-Dawley rats with high fat-induced metabolic disorders
also showed decreased total visceral (including perirenal and
epididymal adipose depots) and epididymal fat masses after

16 weeks of daily 80 mg/kg/d intraperitoneally administered
baicalin (baicalein is the aglycone form of baicalin) (Guo et al,,
2009). However, in these studies, there was either the lack of
a control group fed a normal diet with baicalin/S. baicalensis
administration/supplementation (Guo et al., 2009; Na and Lee,
2019), or such group showed no difference in adipose tissue depot
weights compared to those fed a normal diet that did not contain
baicalein (Pu et al., 2012).

To begin to elucidate the molecular mechanisms involved
in adipose tissue weight changes during dietary baicalein
supplementation, we next determined expression of major
genes involved in adipogenesis. Although both abdominal and
subcutaneous fat weights were reduced by baicalein treatment,
Tukey’s test detected pairwise differences only in the abdominal
fat depot. Expression of the master regulator of adipogenesis,
PPARy (Tontonoz et al, 1994) and the gene encoding the
key enzyme in triglyceride biosynthesis, DGAT2 (Cases et al.,
2001), were greater in the subcutaneous than abdominal depot.
This is consistent with our previous finding in low- and high-
body weight-selected chickens, where during the early post-hatch
stage, adipogenesis is more dynamic in the subcutaneous than
abdominal adipose tissue depot (Xiao et al., 2019). Possibly,
reduced adipogenesis in the abdominal depot contributed to
its reduced expansion in chicks fed diets supplemented with
baicalein. Interestingly, although the depot weight reduction
was only significant at a high level of dietary supplementation,
AGPAT2, PLINI1, and SREBPI were more highly expressed in
the middle dose of baicalein than control diet group, with
levels in the high dose group comparable to the controls.
C/EBPf is a transcription factor that is activated during
the early stage of adipogenesis, and further activates C/EBPa
and PPARy (Tang and Lane, 2012). In differentiated 3T3-L1
cells, mRNA expression of C/EBPf and protein expression of
C/EBPa, PPARy, SREBP1, and DGAT1, which are involved
in adipogenesis and lipid accumulation, were all decreased by
baicalein treatment in a dose-dependent manner (3.125, 6.25, and
12.5 wM) at 6 days post-treatment, which was also confirmed
by an in vivo study using zebrafish (Seo et al., 2014). Although
relative lipid accumulation was also reduced in a dose-dependent
manner, when cells were treated with high dose baicalein during
differentiation, a significant reduction in lipid accumulation was
only observed from day 2 post-differentiation (Seo et al., 2014).
Another in vitro study using a single dose of 50 WM baicalein
with 3T3-L1 cells also demonstrated decreased C/EBPo, PPARY,
and SREBPI expression on day 6 post-differentiation, whereas
lipid content was only decreased during the first 2 days post-
differentiation, but not the remaining 4 days, although the overall
lipid content over 6 days was also lower than in the control group
(Nakao et al., 2016).

These results suggest that adipocytes at various differentiation
stages have different sensitivities to baicalein treatment. It
is possible that during early development post-hatch, cells
in adipose tissue display high rates of hyperplasia (increase
in cell number) and hypertrophy (increase in cell volume),
whereas at later developmental stages of life, since adipocyte
precursor cells are not as adipogenic, hypertrophy predominates
as the major contributor to lipid deposition and adipose tissue
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expansion (Xiao et al, 2019), which together result in a
differential sensitivity to baicalein treatment. Another critical
factor pertinent to the present study is that chicks utilize residual
yolk as an energy source. Yolk, which contains over 20% of lipids,
is essentially absorbed around 4 days post-hatch (Moran, 2007).
No research has been conducted on the effect of baicalein on yolk
sac resorption in chicks. It is possible that baicalein also interferes
with yolk utilization and thereby impacts lipid metabolism in
adipose tissue depots, although these data were not collected and
beyond the scope of the present study.

In contrast to the findings that 0.5 and 1.5% baical skullcap
root supplementation increased dry matter percentage of the
breast muscles in Hi-Y broilers at 42 days of age (Kroliczewska
etal., 2008), we observed a decrease in absolute and relative breast
muscle weight in 7-day old Hubbard x Cobb-500 chicks that
consumed a diet containing 500 mg/kg baicalein. The continuous
selection for high carcass yield has resulted in an over 80%
increase in pectoralis major from 1957 to 2005 (Zuidhof et al.,
2014). However, the intense selection also led to an unbalanced
body composition, which can cause a plethora of disorders, such
as “water belly” (because of the insufficient oxygen supply by
relatively small heart and lungs and excessive growth) and “green
muscle disease” (also because of the insufficient oxygen supply-
induced ischemia and sequential necrosis) (Bailey et al., 2015;
Soglia et al., 2019). Therefore, a mild attenuation of breast muscle
weight gain through baicalein supplementation may indicate
a protective effect of baicalein during early post-hatch broiler
development. By slowing down the expansion of breast muscle,
the chance for rapid growth-induced body distortion may be
prevented as is the sequential induction of the above-mentioned
diseases. It is also possible that there is a catch-up growth in
response to baicalein supplementation at a later stage of life.
Extended feeding experiments should be conducted to illustrate
if such a reduction in yield is persistent during later development
or if there is compensatory growth leading to comparable or even
higher meat yield at 42 days of age.

Our study thus extended the previous research on the effects
of baicalein on growth performance in broilers to the early
post-hatch stage and for the first time elucidated its effects
on major adipose tissue depots as well as associated molecular
mechanisms. Such information provides insights on its possible
use as a dietary supplement in the poultry industry during early
development to modulate rapid growth, slow the accretion of
abdominal fat, and to induce a mild reduction in feed intake
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Foie gras is a traditional dish in France that contains 50 to 60% of lipids. The high-fat content
of the liver improves the organoleptic qualities of foie gras and reduces its technological
yield at cooking (TY). As the valorization of the liver as foie gras products is strongly influenced
by the TY, classifying the foie gras in their potential technological quality before cooking
them is the main challenge for producers. Therefore, the current study aimed to identify
hepatic biomarkers of foie gras qualities like liver weight (LW) and TY. A group of 120 male
mule ducks was reared and overfed for 6-12 days, and their livers were sampled and
analyzed by proton nuclear magnetic resonance ('H-NMR). Eighteen biomarkers of foie
gras qualities were identified, nine for LW and TY, five specific to LW, and four specific to
TY. All biomarkers were strongly negatively correlated to the liver weights and positively
correlated to the technological yield, except for the lactate and the threonine, and also for
the creatine that was negatively correlated to foie gras technological quality. As a result, in
heavy livers, the liver metabolism was oriented through a reduction of carbohydrate and
amino acid metabolisms, and the plasma membrane could be damaged, which may explain
the low technological yield of these livers. The detected biomarkers have been strongly
discussed with the metabolism of the liver in nonalcoholic steatohepatitis.

Keywords: liver, quality, biomarker, metabolomics, foie gras

INTRODUCTION

Foie gras is one of the flagship products of French gastronomy. It is the product of hepatic
steatosis due to the overfeeding of ducks with an energy-rich feed based on corn. The foie gras
is the result of the increase in triglyceride storage in the liver. Actually, in the small intestine,
the degradation of starch from the corn feed led to an accumulation of carbohydrates absorbed
into the hepatic portal vein and carried to the liver. There, the de novo lipogenesis process
converts carbohydrate precursors into fatty acids. During the overfeeding period, the imbalance
between the lipid neosynthesized in the liver and their export in the hepatic vein causes lipids
to accumulate as triglycerides in the hepatocytes, conducting to hepatic steatosis. Furthermore,
some exported triglycerides go back to the liver and are stored in this organ. The first mechanism
consists of exporting the newly formed triglycerides to the peripheral tissues like muscles and
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abdominal or subcutaneous tissues for storage or energy utilization.
This process is mediated by very low-density lipoprotein (VLDL;
Goodridge, 1987). Then, a part of these exported triglycerides
is returned to the liver via high-density lipoprotein (HDL) and
stored in the liver (Tavernier et al., 2018).

The mule duck is the main represented species for foie
gras production because it has the best ability to hepatic
steatosis (Baéza et al., 2005). The duration of fasting before
slaughtering and the conditions of evisceration also play
important roles in the foie gras quality (Auvergne et al., 1998).
Indeed, studies have shown that if the liver evisceration occurs
20 min after slaughtering, and if the cooling of livers is quick,
the livers have a high technological yield (TY; Bouillier-Oudot
et al., 2004). The TY of foie gras that is the opposite of the
melting rate has strong repercussions on both the organoleptic
qualities of foie gras and on the performances of the industrial
production units. Thus the TY has already been widely studied
(Theron et al., 2013). In ducks, there is also a positive correlation
between the liver weight (LW) and the melting rate at cooking,
especially above 600 g (Blum et al., 1990; Marie-Etancelin
et al., 2011). Similarly, the lipid level correlates with the
melting rate at cooking (Rousselot-Pailley et al, 1992).
Zootechnical factors, pre-, post-mortem conditions, and liver
characteristics have already been analyzed to control better
the liver melting at cooking, but some individual variabilities
persist (Theron et al., 2012).

In a recent study, plasmatic biomarkers of foie gras quality
(LW and TY) were identified by proton nuclear magnetic
resonance (‘H-NMR; Mozduri et al, 2021). The plasmatic
biomarkers are of main interest because they can bring
information of foie gras quality before slaughtering the animals.
In a second step, hepatic biomarkers of foie gras qualities are
detected on the same experimental materials. Hepatic biomarkers
of crude livers might be very useful to choose the cooking
program to apply to livers like pasteurization, sterilization, or
emulsion to optimize the foie gras products in the industry.
Moreover, metabolomics studies with 'H-NMR were already
performed on livers at the end of the overfeeding period to
distinguish the signaling of livers with high fat loss corresponding
to low TY from livers with low-fat loss that corresponded to
high TY (Bonnefont et al., 2014). However, the livers weighed
around 570 g to 582 g. The strength of the present study was
that male mule ducks were overfed for 6 to 12 days which
provided a wide variety of liver weights from 300 g to over 900 g.

This study aimed to identify hepatic biomarkers specific to
LW and TY by metabolomics approach using 'H-NMR by
analyzing the duck livers after 6 to 12 days of overfeeding.
This study can also provide information to understand
nonalcoholic fatty liver disease in humans better.

MATERIALS AND METHODS

Animal Experimental Design and Liver
Characteristics

The animal design was clearly described previously (Bonnefont
et al, 2019; Mozduri et al., 2021). Briefly, 120 male mule

ducks (Cairina moschata x Anas platyrhynchos) were reared
until 12 weeks and overfed twice a day during 6 to 12 days
corresponding to 11 to 23 meals. The feed was composed of
97% corn (38% of grain and 62% of flour) supplemented with
3% of a commercial premix diluted into water. The amount
of feed increased gradually from 265 to 420 g by meal (Bonnefont
et al,, 2019). A total of 30 ducks were slaughtered every other
day in the second half of the overfeeding period from the
11th meal on day 6 to the 23rd meal on day 12 (Figure 1A).
The duck body weight was registered before slaughtering. Then
the liver was eviscerated and weighed to obtain LW. Then the
livers were cooked as described in Rémignon et al. (2018),
and the TY was determined as the ratio between cooked liver
weights trimmed of all visible fat and raw liver weights
(TY = 100 - % fat loss). At each time point (D6 to DI12),
16 ducks were selected among the 30 ducks for liver analyses
(n = 64 in total). They were chosen to obtain equivalent means
and variabilities of LW and TY in the initial and subgroup
groups. The selected samples corresponded to the samples used
for identifying plasmatic biomarkers (Mozduri et al., 2021).
The body weight, LW, and TY of the selected samples are
represented in Figures 1B-D.

Liver Sampling and 'H-NMR Analysis

At 20 min post-mortem, a sample of 20 g was taken off in
the upper part of the main lobe of the liver. All samples were
dropped into liquid nitrogen and stored at —80°C for 'H-NMR
analyses. They were ground into fine powder. Then, their polar
metabolites were extracted with a method adapted from Beckonert
et al. (2007) from 0.25 g of the crushed liver with methanol
and dichloromethane (Beckonert et al., 2007) and carefully
described in Mozduri et al. (2021). The upper phases composed
of water and methanol with hydrophilic metabolites were
collected in new polypropylene tubes and evaporated with a
vacuum concentrator (Concentrator Plus, Eppendorf, Hamburg,
Germany) and stored at —80°C until '"H-NMR analysis. Then
all samples were diluted into 650 pl of NMR pH7 phosphate
buffer in deuterated water (D,0) with sodium trimethylsilyl
propionate (17.2 g TMSP for 100 ml). The tubes were vortexed
and then centrifuged for 15 min at 5,350 g. Finally, 600 pl
were sampled in NMR tubes of 5 mm. The 'H-NMR analyses
were done by Bruker Avance III HD NMR spectrometer
operating at 600 MHz for a proton resonance frequency. The
first step consisted of acquiring all spectra. For this purpose,
the NOESYPRI1D spin-echo pulse sequence was used to attenuate
signals from water. The spectra were acquired at 300 K with
time domain: 32 k, 16 dummy scans, and 512 scans for all
samples. After Fourier transformation, using Topspin (V2.1,
Bruker, Biospin, Munich, Germany), they were manually phased,
corrected for the baseline, and calibrated with chemical shifts
of TMSP at 0 ppm.

Spectra Preprocessing and Statistical
Analysis

The 'H-NMR spectra were analyzed by two methods: (i) a
bucket method and (ii) a metabolite method, both of which
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FIGURE 1 | Description of the duck experimental design and the duck characteristics. Experimental design and liver sampling (A), evolution during the overfeeding
period of duck body weight before slaughtering (B), of liver weight after eviscerating (C) and liver technological yield after cooking (D; n = 16 or 17 at each time point).

were carefully described previously (Mozduri et al., 2021). (i)
Briefly, the traditional bucket method consisted in converting
the 'H-NMR spectra into a bucket value table with the
Workflow4Metabolomics 3.3 online platform (Giacomoni et al.,
2015).! After spectra preprocessing (solvent suppression from
5.1 to 4.5 ppm and 3.35 to 3.2, zero-filling, apodization,
application of Fourier transform, phasing, baseline correction,
and calibration with TSP at 0.0 ppm) and spectra alignment,
the spectra were split into buckets with a 0.01 ppm interval
from 0.5 to 10 ppm. The raw bucket values were calculated
as the integration of the spectrum curves for the corresponding
buckets. Then the bucket values were normalized with the
integration of the whole spectrum curves as following:

Normalized bucket value = Raw bucket value / Whole
spectrum integration.

A table of bucket values was obtained with 64 rows
corresponding to the animals and 714 columns corresponding
to the buckets identified by their chemical shifts. (ii) Briefly,
the metabolite method converted the 'H-NMR spectra into
metabolite relative concentration tables with the ASICS R
package (R package version 4.0.2).> ASICS package performed
an automatic approach to identify and quantify metabolites
in complex '"H-NMR spectra from their unique peak pattern
(fingerprint; Tardivel et al., 2017; Lefort et al., 2019).

'https://workflow4metabolomics.org/
*https://bioconductor.org/packages/ASICS/

The metabolite database used consisted of the spectra of 176
pure metabolites described in Tardivel et al. (2017). A total
of 80 metabolites were identified and quantified in at least
one sample. The methanol was removed as it was used to
extract the metabolites. Then only 41 metabolites were kept
for further analyses as they were present in at least 50% of
the samples at one time point. Thus, the final table of
metabolite relative concentrations contained 64 rows
corresponding to the animals and 41 columns corresponding
to the metabolites.

The bucket and metabolite relative concentration tables were
analyzed with SIMCA P+ software (version 12, Umetrics, AB,
Umea, Sweden) for carrying out the multivariate statistical
analysis as previously described (Mozduri et al., 2021). Briefly,
the variables were preprocessed with Pareto normalizations.
Principal component analysis (PCA) was performed for finding
outliers. Then partial least square analyses (PLS) were performed
to explain Y variables (LW and TY) by the X variables (bucket
or metabolite data). The PLS scatter plots were drawn, but as
only one latent variable was created, the PLS scatter plot
represented the scores (t1) on the vertical axis vs. sample
identification on the horizontal axis. The goodness-of-fit of
the models were estimated by the proportion of cumulative
explained variance (R?) for both the X variables (X = buckets
or metabolites) and the Y variable (Y = LW or TY) and by
the predictive ability of the model (Q?). The root mean square
error of estimations (RMSEE) were computed and indicated
the fits of the observations to the model. The root mean square
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error after cross-validations (RMSECv) were also computed.
The plot of the Y observed vs. Y predicted values were drawn
for each PLS model. The validation of the PLS model was
evaluated by comparing the goodness of fit (RY and Q?) of
the original model with the goodness of fits of 500 models
based on data where the ranks of the Y-observations have
been randomly permuted, while the X-matrix (bucket or
metabolite) has been kept intact. The permutation plots were
drawn. The latent variables associated with interesting axes
were analyzed using the variable importance in the projection
(VIP) method. The variable (bucket or metabolite) with a VIP
superior to 1 was considered as “important” Then a one-by-one
regression with either the LW effect or the TY effect was
performed on the whole datasets. The p-values were corrected
for multiple tests with the Benjamini-Hochberg correction
using the R software (version 3.6.1) and named “BH p-value”
A variable was “significant” when the BH p-value was inferior
to 0.05 and “tended to be significant” when the BH p-value
was between 0.05 and 0.1.

For the buckets with VIP superior to 1, the corresponding
metabolites were identified manually by importing the

(Wishart et al., 2009).° All carbohydrates identified were
D-carbohydrates, and all amino acids were L-amino acids. To
simplify the names of the metabolites, the “D-” and the “L-”
were removed before the names of the carbohydrates and the
amino acids, respectively. To confirm the identification of the
metabolites, the 'H-NMR peaks of these metabolites were
manually checked on the sample spectra with TopSpin software
(version 4.0, Bruker BioSpin, Rheinstetten, Germany). For each
metabolite, all '"H-NMR peaks were listed. For each 'H-NMR
peak, the VIP values and the BH p-values of the corresponding
buckets were summarized by the number of buckets with VIP
superior to 1 and by the range of BH p-values, respectively.
The relative concentrations (RC) of a metabolite with the bucket
data were estimated with a method adapted from Kostidis
et al. (2017) by the following formula (Kostidis et al., 2017):

Metabolite RC; = mean [(intensity Peak;; ) / (H number Peak; )]

where j represented a specific metabolite, i represented each
proton peak of the 'H-NMR spectrum of the j metabolite,

chemical shift lists into the Human Metabolome Database  ‘http://hmdb.ca/
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FIGURE 2 | PLS score plots (A) for liver weight with the bucket method (R?X = 0.506, R?Y = 0.657, Q* = 0.633) and (B) with the metabolite method (R?X = 0.534,
R?Y = 0.65, @? = 0.626), (C) for liver technological yield with the bucket method (R?X = 0.506, R?Y = 0.514, Q* = 0.471), (D) for liver technological yield with the metabolite
method (R?X = 0.533, R?Y = 0.522, Q% = 0.418). The numbers correspond to the identification of the samples and the colors to the liver weight value. The legend is
indicated on the right of the figure. The numbers correspond to the identification of the samples on the X axis and the colors to the liver weight or technological yield values.
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“intensity Peak;” was computed as the sum of the bucket intensity
of the i peak for the j metabolite, and “H number Peak ;” was
the number of protons corresponding to the i peak for the j
metabolite. Then the lists obtained by the bucket method and
the metabolite method were compared with Venn diagrams.*

All the biomarkers identified by the bucket method
and/or the metabolite method were considered as biomarkers.
Network analysis based on the correlation of the
biomarker RC and the variable (LW or TY) was performed
with the functions pls and network of the MixOmics R
package (Lé Cao et al, 2009; Rohart et al, 2017; R package
version 4.0.2.).°

RESULTS

The overfeeding of male mule ducks from 6 to 12 days enabled
to obtain animals with large variability of performances. The
body weights of the ducks were between 5 and 7.5 kg, their

*https://bioinfogp.cnb.csic.es/tools/venny/index.html
*https://CRAN.R-project.org/package=mixOmics

LW between 302.3 and 914.9 g, and the liver TY between
54.8 and 99.5% (Figures 1B-D). This experimental design
enabled to obtain livers with strong variabilities like in the
foie gras industry, and it was suitable to detect hepatic biomarkers
of foie gras quality by "H-NMR analysis.

Identification of Hepatic Biomarkers of the
Liver Weight of Foie Gras
First, a PCA was implemented to observe the data and to
find outlier samples, but no outlier was detected (not shown).
The partial least squares (PLS) analysis scatter plot had only
one latent variable, and the parameters were cumulative
R*X = 0.506 and R?Y = 0.657. The projection of the samples
highlighted an evolution of LW with the first latent variable
on the vertical axis (Figure 2A). The prediction of the model
was Q* = 0.633. The original R’Y and Q’-values were higher
than those obtained after 500 permutations, and the regression
line of Q*-points intersected the vertical axis below zero (—0.126;
Figure 3A). The RMSEE and the RMSECv were close (109.4
and 111.5, respectively, Figure 4A).

A group of 64 buckets with a VIP > 1 explained the
first latent variable (Supplementary Data 1). For the buckets

FIGURE 3 | Permutation plots (A) for liver weight with the bucket method, (B) for liver weight with the metabolite method, (C) for liver technological yield with the
bucket method, (D) for liver technological yield with the metabolite method. 500 permutations were performed. The permutation plot shows, for a selected
Y-variable, on the vertical axis the values of R?Y and Q? for the original model and of the Y-permuted models. The horizontal axis shows the correlation between the
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with VIP > 1 and BH p < 0.05, the involved metabolites
were identified manually by importing chemical shift lists
into the Human Metabolome Database (Wishart et al., 2009;
See Footnote 3). They corresponded to 14 metabolites
summarized in Table 1. There were seven carbohydrates
identified as biomarkers for LW. For each metabolite, the
number of peaks that contained at least one bucket with
VIP > 1 was respectively, seven out of 10 peaks for glucose-
6-phosphate (HMDB0001401), six out of eight peaks for
glucuronic acid (HMDB0000127), all the two peaks for
glyceric acid (HMDB0000139), all two peaks for glycogen
(HMDB0000757), all the two peaks for Ilactate
(HMDB0000190), two out of four peaks for malic acid
(HMDB0000156), and 12 out of 13 peaks for maltose
(HMDBO0000163; Table 1). There were five amino acids
identified as biomarkers of LW. For each metabolite, the
number of peaks that contained at least one bucket with
VIP > 1 was, respectively, two out of four '"H-NMR peaks
for arginine (HMDBO0000517), one out of two peaks for
N-acetylglycine (HMDB0000532), three out of five peaks
for proline (HMDB0000162), all the two peaks for taurine
(HMDB0000251) and six out of seven peaks for trans-4-
hydroxy-L-proline (HMDB0000725; Table 1). There were
also two other organic compounds identified as biomarkers

of LW. For each metabolite, the number of peaks that
contained at least one bucket with VIP > 1 was the one
peak for allantoin (HMDB0000462) and three out of four
peaks for glycerophosphocholine (HMDB0000086; Table 1).

The relative concentrations (RC) of all the 14 metabolites
were computed. The BH p-values were summarized in Table 1.
A total of nine metabolites were statistically significant (BH
p < 0.05) and two tended to be significant (p < 0.10). All
these 11 metabolites were further considered as LW biomarkers
identified by the bucket method. There were six out the seven
carbohydrates: glucuronic acid (p < 0.001), glyceric acid
(p < 0.001), glycogen (p = 0.070), lactate (p < 0.001), malic
acid (p < 0.001) and maltose (p < 0.001) for carbohydrates,
three out of five amino acids: arginine (p < 0.001), taurine
(p < 0.001), and trans-4-hydroxy-L-proline (p = 0.005) and
also allantoin (p = 0.020) and glycerophosphocholine (p = 0.070;
Table 1).

In parallel, the metabolite method was applied, and the 64
spectra were converted into a table of 41 metabolite values
with the ASICS R package. No outlier was detected by PCA.
The PLS scatter plot had only one latent variable, and the
parameters of the models were cumulative R*X = 0.534 and
R*Y = 0.650 (Figure 2B). The prediction of the model was
low Q* = 0.626. The evolution of LW was well represented
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TABLE 1 | List of the 14 biomarkers of foie gras liver weight identified with the bucket method.

Metabolites 'H-NMR peak’ Chemical shift’ (ppm) number of buckets with VIP > 1¢ BH p-valuef BH p-value 2’
Carbohydrate

Glucose-6-phosphate 0.237
HMDB0001401 multiplet 3.26-3.28 4 <0.001-0.01

multiplet 3.47-3.51 7 <0.001-0.004

multiplet 3.55-3.59 5 <0.001-0.002

triplet 3.70-3.73 4 <0.001

doublet 3.87-3.88 0

multiplet 3.90-3.94 2 <0.001

triplet 3.98-4.00 0

multiplet 4.02-4.05 2 <0.001

doublet 4.63-4.64 0

singlet 5.22 2 <0.001
Glucuronic acid <0.001
HMDB0000127 multiplet 3.27-3.30 4 <0.001-0.010

multiplet 3.49-3.54 7 <0.001-0.004

quartet 3.57-3.59 3 <0.001-0.006

multiplet 3.72-3.75 8 <0.001-0.040

doublet 4.08-4.09 2 <0.001-0.005

singlet 4.64 0

singlet 4.66 0

doublet 5.24-5.25 2 <0.001
Glyceric acid <0.001
HMDB0000139 multiplet 3.72-3.84 12 <0.001-0.040

multiplet 4.12-4.14 2 <0.001
Glycogen 0.070
HMDB0000757 singlet 3.83 3 <0.001

singlet 5.39 1 0.030
Lactate <0.001
HMDB0000190 doublet 1.31-1.32 3 <0.001

quartet 4.08-4.12 5 <0.001-0.005
Malic acid <0.001
HMDBO0000156 quartet 2.33-2.38 4 <0.001-0.050

doublet 2.64-2.65 0

doublet 2.67-2.68 0

quartet 4.28-4.31 1 <0.001
Maltose <0.001
HMDBO0000163 singlet 5.40 2 <0.001-0.030

doublet 5.22-5.23 2 <0.001

doublet 3.96-3.98 1 <0.001

doublet 3.93-3.94 1 <0.001

doublet 3.89-3.92

multiplet 3.81-3.87 5 <0.001

multiplet 3.74-3.79 6 <0.001-0.040

multiplet 3.69-3.73 4 <0.001

quartet 3.65-3.68 1 0.005

singlet 3.63 1 0.005

multiplet 3.60-3.55 5 <0.001-0.002

triplet 3.43-3.39 5 <0.001

quartet 3.25-3.28 5 <0.001-0.200

Amino acids

Arginine 0.004
HMDBO0000517 muitiplet 1.605-1.756 1

muitiplet 1.874-1.935 0

triplet 3.248-3.220 0

triplet 3.769-3.744 5 <0.001
N-acetylglycine 0.141
HMDBO0000532 singlet 8 0

doublet 3.745-3.768 6 <0.001-0.040
Proline 0.237
HMDB0000162 multiplet 1.94-2.09 0

multiplet 2.31-2.37 4 <0.001-0.050

multiplet 3.30-3.35 2 <0.002

multiplet 3.38-3.42 0

multiplet 4.11-4.13 1 <0.001

(Continued)
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TABLE 1 | Continued

Metabolites "H-NMR peak’ Chemical shift’ (ppm) number of buckets with VIP > 1¢ BH p-value? BH p-value 2"
Taurine <0.001
HMDB0000251 triplet 3.24-3.26 6 <0.001-0.010

triplet 3.40-3.43 6 <0.001
trans-4-hydroxy-L- 0.005
proline
HMDBO0000725 quartet 4.320-4.350 0

doublet 3.480-3.490 4 <0.001-0.001

singlet 3.46 1 <0.001

singlet 3.37 1 <0.001

doublet 3.340-3.350 1 <0.001

multiplet 2.390-2.450 2 <0.001-0.050

multiplet 2.120-2.170 1 <0.001
Organic compounds
Allantoin 0.020
HMDBO0000462 singlet 5.38 1 0.030
Glycerophosphocholine 0.070
HMDBO0000086 singlet 3.20 7 <0.001-0.200

multiplet 3.569-3.68 4 <0.001-0.006

multiplet 3.84-3.95 8 <0.001

quartet 4.29-4.33 0

"For each metabolite, the nature of each 'H-NMR peak is mentioned.
°For each metabolite, the range of chemical shift of each peak is mentioned in ppm.

“The PLS model to describe the liver weight with bucket data was plotted. The first latent variable enabled to separate the fatty livers in function of their liver weight. The VIP of the
buckets involved in the first latent were extracted. For each 'H-NMR peak of each metabolite, the number of buckets with VIP > 1 was indicated.

For each bucket, the effect of the bucket value on the liver weight was tested by a linear model with R software, and the p-values were corrected with the Benjamini-Hochberg
procedure and named BH p-values. For each metabolite, the range of BH p-values of each peak was mentioned.

"For each biomarker, the relative metabolite concentration was computed with the bucket data. A linear model with R software tested the effect of the relative metabolite
concentration on the liver weight, and the p-values were corrected with the Benjamini-Hochberg procedure and named BH p-values 2.

TABLE 2 | List of the five biomarkers of foie gras liver weight identified with the
metabolite method.

Metabolites VIP-values® BH p-values® R?

Lactate 4.1 <0.001 0.65
Glucose 2.87 <0.001 0.51
Threonine 1.72 <0.001 0.62
Alanine 1.55 <0.001 0.35
Taurine 1.29 <0.001 0.26

“The PLS model to describe the liver weight with metabolite data was plotted. The first
latent variable enabled to separate the fatty livers in function of the liver weight. The
metabolites with VIP superior to 1 were selected. The VIP of the metabolite was indicated.
For each biomarker, the effect of their relative concentration on the liver weight was
tested by a linear model with R software, and p-values were corrected with the
Benjamini-Hochberg procedure and named BH p-values.

on the vertical axis corresponding to the first latent variable
(Figure 2B). The original R’Y and Q*-values were higher than
those obtained after 500 permutations, and the regression line
of Q*-points intersected the vertical axis below zero (—0.119;
Figure 3B). The RMSEE and the RMSECv were close (110.6
and 112.5, respectively, Figure 4B). The evolution of LW was
well represented on the vertical axis corresponding to the first
latent variable (Figure 2B). Only five metabolites had a VIP > 1
to explain this axis, of which all had a BH p < 0.05 (Table 2).
Including lactate (VIP = 4.11, BH p < 0.001), glucose (VIP = 2.87,
BH p < 0.001), threonine (VIP = 1.72, BH p < 0.001), alanine
(VIP = 1.55, BH p < 0.001) and taurine (VIP = 1.29, BH
p < 0.001; Table 2).

In conclusion, for LW, there were 14 biomarkers. Two
biomarkers were identified by the bucket method and the
metabolite method (lactate, taurine), three were identified only
by the metabolite method (glucose, alanine, and threonine),
and nine metabolites were only identified by the bucket method
(glucuronic acid, glyceric acid, glycogen, malic acid, maltose,
arginine, trans-4-hydroxy-L-proline, allantoin, and
glycerophosphocholine; Figure 5A). For the 14 biomarkers,
their RCs were computed with the bucket data, and the plots
of their RCs in the function of LW were presented in Figure 6A.
The correlation network between LW and the biomarkers was
presented in Figure 7A. LW was strongly negatively correlated
with glucose (—0.95), glycogen (—0.97), glucuronic acid (—0.93),
glyceric acid (—0.89), malic acid (—0.61), and maltose (—0.97)
and also to alanine (—0.83), arginine (—0.92), taurine (—0.78),
trans-4-hydroxy-L-proline (—0.81), and to allantoin (—0.80) and
glycerophosphocholine (—0.84). On the contrary, TY was strongly
correlated with lactate (0.98) and threonine (0.98; Figure 7A).

Identification of Hepatic Biomarkers of
Foie Gras Technological Yield

First, the spectra were analyzed with the bucket method. A
PCA was first performed, but no outlier was detected (not
shown). The PLS scatter plot to explain TY had only one
latent variable, and the parameters were cumulative R?X = 0.506
and R?Y = 0.514. The prediction of the model was Q* = 0.471.
The original R®Y and Q*-values were higher than those obtained
after 500 permutations, and the regression line of Q*-points
intersected the vertical axis below zero (—0.114; Figure 3C).
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and technological yield identified by at least one method.

FIGURE 5 | Comparisons of biomarker lists with Venn diagram. (A) Biomarkers of liver weight identified by the bucket method and by the metabolite method (with
VIP > 1 and BH p-value < 0.1). (B) Biomarkers of technological yield identified by the bucket method and by the metabolite method. (C) Biomarkers of liver weight

The RMSEE and the RMSECv were close (8.9 and 9.2, respectively;
Figure 4C). The projection of the samples highlighted an
evolution of TY with the first latent variable on the vertical
axis (Figure 2C). A total of 64 buckets had a VIP value superior
to 1 (Supplementary Data 2). They corresponded to 14
metabolites. All the buckets corresponding to each 1H-NMR
peak were identified for each metabolite, and their VIP values
and their BH p-values were summarized in Table 3. There
were six carbohydrates identified as biomarkers for TY. For
each metabolite, the number of peaks that contained at least
one bucket with VIP > 1 was, respectively, 21 out of 22 peaks
for glucose (HMDB0000122), eight out of 10 peaks for glucose-
6-phosphate (HMDB0001401), all of the two peaks for glyceric
acid (HMDBO0000139), all the two peaks for glycogen
(HMDB0000757), all the two peaks for lactate (HMDB0000190)
and 12 out of 13 peaks for maltose (HMDB0000163). There
were also five amino acids identified as biomarkers of TY of
foie gras. For each metabolite, the number of peaks that contained
at least one bucket with VIP > 1 was, respectively, three out
four peaks for arginine (HMDB0000517), eight out of nine
peaks for glutamic acid (HMDB0000148), one out of two peaks
for N-acetylglycine (HMDB0000532), all the five peaks for
proline (HMDB0000162) and all the seven peaks for trans-4-
hydroxy-L-proline (HMDB0000725). There were also three other
organic compounds identified as biomarkers of TY. For each
metabolite, the number of peaks that contained at least one
bucket with VIP > 1 was, respectively, the only one peak for
allantoin (HMDB0000462), all the two peaks for creatine

(HMDBO0000064), and all the two peaks for ethanolamine
(HMDB0000149; Table 3).

The RCs of all the 14 metabolites were computed. The BH
p-values were summarized in Table 3. A total of nine metabolites
were considered as statistically significant (BH p < 0.05) whose
glucose, glyceric acid, glycogen, lactate, maltose for carbohydrates,
only glutamic acid for the amino acids and allantoin, creatine,
and ethanolamine (Table 2). All these nine metabolites were
further considered as biomarkers of TY.

In parallel, the metabolite method was performed. The
individuals were less well represented on the scatter plot
than with the bucket data (1 latent variable, cumulative
R*X = 0.533, R*’Y = 0.522; Figure 2D). The prediction of
the model was Q> = 0.418. The original R’Y and Q’-values
were higher than those obtained after permutation, and the
regression line of Q*-points intersected the vertical axis below
zero (—0.104; Figure 3D). The RMSEE and the RMSECv
were close (8.9 and 9.1, respectively; Figure 4D). The latent
variable on the vertical axis explained the evolution of TY
(Figure 2D), and six metabolites had VIP values superior
to 1 (Table 4). Including glucose (VIP = 2.82, BH p < 0.001),
lactate (VIP = 4.06, BH p < 0.001), alanine (VIP = 1.43,
BH p < 0.001), taurine (VIP = 1.51, BH p < 0.001), threonine
(VIP 1.72, BH p < 0.001) and guanidinoacetic acid
(VIP = 1.04, BH p < 0.001).

In conclusion, for TY, there were 13 biomarkers: two
biomarkers were identified by the bucket method and the
metabolite method (glucose and lactate), four were identified
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FIGURE 6 | Plots of biomarker relative contents in function of liver weight (A) or liver technological yield (B). The metabolite relative contents were computed with
the bucket data and had no unit. The regression curves were in red.

only by the metabolite method (alanine, taurine, threonine,
and guanidino acetic acid), and seven metabolites were identified
by the bucket method (glyceric acid, glycogen, maltose, glutamic
acid, allantoin, creatine, and ethanolamine; Figure 5B).

For the 13 biomarkers of TY, their RC was computed with
the bucket data, and the plots of their RC in the TY function
were presented in Figure 6B. The correlation network between
TY and the biomarker RC was presented in Figure 7B. TY
was positively correlated with glucose (0.92), glycogen (0.98),
glyceric acid (0.9), maltose (0.9), and also to alanine (0.89),
glutamic acid (0.93), taurine (0.75), and to allantoin (0.75),
ethanolamine (0.95), and guanidinoacetic acid (0.46), whereas

TY was negatively correlated with lactate (—0.98), threonine
(—0.96) and creatine (—0.57; Figure 7B).

Consequently, the results of the "H-NMR analysis identified
14 hepatic biomarkers for the foie gras liver weight and 13
for its technological yield (Table 5 and Figures 5A,B). As the
phenotypic correlation between LW and TY was strong (—0.80,
p < 0.001), nine biomarkers were common to LW and TY
(Figure 5C), of which five carbohydrates: glucose, glyceric acid,
glycogen, lactate, maltose, three amino acids: alanine, taurine,
threonine, and allantoin. There were five biomarkers specific
to LW: glucuronic acid, malic acid, arginine, trans-4-hydroxy-
L-proline, glycerophosphocholine, and four biomarkers specific

Frontiers in Physiology | www.frontiersin.org

59

July 2021 | Volume 12 | Article 694809


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Mozduri et al.

Hepatic Biomarkers of Foie Gras

A B
Glutamic Acid
Sheenc Al Pl LD Glyceric Acid
043
‘
7
75
- o]
T s _
\ T 85
e
/ ;
o8 R
/ 5
Color key o %"
/ —
297
-0.98 0 098
B
FIGURE 7 | Correlation networks of foie gras biomarkers (A) of liver weight (Y represents the liver weight) and (B) of liver technological yield (Y represents the
technological yield). The relative concentration used for the correlations are calculated with the bucket data.

to TY: glutamic acid, creatine, ethanolamine, and guanidinoacetic
acid (Figure 5C).

DISCUSSION

In this experimental design, the ducks were overfed for 6 to
12 days and received 11 to 23 meals. As a result, large variations
in duck body weights, LW, and liver TY occurred, explaining
the high correlations observed between the biomarker relative
quantities and the liver characteristics.

During the overfeeding, the feed was based on corn. As
corn is a cereal, it is rich in starch (around 63% as fed). The
ingested starch is converted into glucose in the small intestine.
Then the glucose is absorbed into the hepatic portal vein and
carry to the liver. There, it can be stored like glycogen or
converted into fatty acids by de novo lipogenesis. In the study,
the liver weight was highly increased (from 80 g on day 0 to
more than 750 g on day 12). Thus, the plasmatic glucose contents
measured in the carotid artery corresponded to the result of
the glucose transfer into the portal vein and the glucose uptake
by the liver and other organs. However, the plasmatic glucose
content decreased during the overfeeding while LW was increased
(correlation of —0.94 in Mozduri et al, 2021) although the
ingested starch was strongly increased as the corn quantity meal
was increased. That means that the plasmatic glucose content
was up-taken more efficiently by the liver during the overfeeding
(Pioche et al, 2019). On the contrary, the glucose content in
the liver was decreased when LW was increased with a negative
correlation of —0.95 between them. So, the glucose was highly
metabolized in the liver. At the beginning of the overfeeding
period, the liver metabolism was more oriented through
glycogenogenesis with strong glycogen storage (until 106 mg of
glycogen by grams of the liver after three meals at day 2). In
contrast, after seven meals on day 4, the liver metabolism shifted

to lipogenesis with a strong triglyceride accumulation (29.5%
of lipids at day 4 vs. 4.6 at day 0; Bonnefont et al., 2019). The
glycogen content estimated in the liver in the second half of
the overfeeding (from day 6 to day 12) was strongly negatively
correlated with liver weight (—0.97). Furthermore, in other animal
models as rats with hepatic steatosis, the liver glycogen content
was lower than in control rats (Kusunoki et al., 2002).

In addition, LW was negatively correlated with TY (—0.82).
Thus, the glucose content and the glycogen content were strongly
correlated with TY (+0.92 and +0.98). That is consistent
with previous results on foie gras with livers weighing around
580 g (Bonnefont et al., 2014).

In parallel, the hepatic lactate content was the most important
metabolite to discriminate the livers in the function of their
LW or TY (VIP values of the O-PLS models of 4.11 and 4.06,
respectively). It was positively correlated with LW (+0.98) and
negatively correlated with TY (—0.98). Previously, the lactate
was the most discriminant metabolite between high TY livers
and low TY livers with equivalent weights (Bonnefont et al.,
2014). The lactate is the last metabolite of anaerobic glycolysis
that converts glucose into pyruvate and then into lactate via
the lactate dehydrogenase enzyme. In a recent mouse model,
it was shown that glucose oxidation in the liver was central
in the development of steatosis, as glycolysis metabolizes glucose
into pyruvate, which can be anaerobically converted into lactate
or aerobically converted into acetyl-CoA. The hepatic lactate
in nonalcoholic steatohepatitis (NASH) was primarily diverted
toward the production of acetyl-CoA for lipogenesis rather
than the production of glucose (Zhu et al.,, 2018). In addition,
Lo et al. (2020b) recently demonstrated in ducks undergoing
overfeeding that low LW was associated with aerobic energy
metabolism and high weight livers with anaerobic energy
metabolism (Lo et al, 2020b). These results suggest that the
efficiency of energy metabolism would influence both LW and
TY. Therefore, it can be supposed that the increase in LW
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TABLE 3 | List of the 14 biomarkers of foie gras technological yield identified with the bucket method.

Metabolites 'H-NMR peak’ Chemical shift’ (ppm) number of buckets with VIP > 1¢ BH p-value? BH p-value 2’
Carbohydrate

Glucose <0.001
HMDB0000122 quartet 3.22.25 4 <0.001 to 0.005

singlet 3.38 1 <0.001

doublet 3.39 2 <0.001

doublet 3.40-3.41 1 <0.001

singlet 3.42 1 <0.001

doublet 3.43-3.44 2 <0.001

quartet 3.45-3.46 3 <0.001

quartet 3.46 1 <0.001

singlet 3.48 1 <0.001

singlet 3.49 3 <0.001 to 0.030

doublet 3.51-3.52 3 <0.001 to 0.050

doublet 3.53-3.54 4 <0.001 to 0.050

quartet 3.69-3.71 4 <0.001 to 0.030

multiplet 3.72-3.77 7 <0.001

doublet 3.80-3.81 2 <0.001

singlet 3.82 2 <0.001

doublet 3.82-3.83 3 <0.001

doublet 3.84-3.85 4 <0.001

doublet 3.87-3.88 2 <0.001

doublet 3.89-3.90 2 <0.001

doublet 4.63-4.64 0

doublet 5.22 2 <0.001
Glucose-6-phosphate 0.490
HMDB0001401 multiplet 3.26-3.28 4 <0.001 to 0.080

multiplet 3.47-3.51 7 <0.001 to 0.030

multiplet 3.565-3.59 4 0.005 to 0.040

triplet 3.70-3.73 4 <0.001

doublet 3.87-3.88 2 <0.001

multiplet 3.90-3.94 2 <0.001 to 0.020

triplet 3.98-4.00 3 <0.001 to 0.020

multiplet 4.02-4.05

doublet 4.63-4.64 0

singlet 5.22 2 <0.001
Glyceric acid <0.001
HMDBO0000139 multiplet 3.72-3.84 " <0.001

multiplet 4.12-4.14 2 <0.001 to 0.050
Glycogen 0.011
HMDBO0000757 singlet 3.83 4 <0.001

singlet 5.39 2 0.001 to 0.007
Lactate <0.001
HMDBO0000190 doublet 1.31-1.32 2 <0.001

quartet 4.08-4.13 5 <0.001 to 0.050
Maltose <0.001
HMDB0000163 singlet 5.4 2 0.001 to 0.007

doublet 5.22-5.23 2 <0.001

doublet 3.96-3.98 2 <0.001 to 0.020

doublet 3.93-3.94

doublet 3.89-3.92 3 <0.001

multiplet 3.87-3.81 5 <0.001

multiplet 3.74-3.79 5 <0.001

multiplet 3.69-3.73 7 <0.001 to 0.030

quartet 3.65-3.68 4 <0.001 to 0.030

singlet 3.63 1 0.010

multiplet 3.60-3.55 4 0.005 to 0.040

triplet 3.39-3.43 5 <0.001

quartet 3.28-3.25 5 <0.001 to 0.080

Amino acids

Arginine 0.490
HMDB0000517 multiplet 1.60-1.75 1 0.002

multiplet 1.87-1.93 0

triplet 3.22-3.25 6 <0.001 to 0.080

triplet 3.74-3.77 5 <0.001

(Continued)
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TABLE 3 | Continued

Metabolites "H-NMR peak’ Chemical shift’ (ppm) number of buckets with VIP > 1¢ BH p-valuet BH p-value 2"
Glutamic acid 0.010
HMDB0000148 quartet 3.73-3.76 5 <0.001

multiplet 2.00-2.15 1 0.006

singlet 2.29 1 0.005

singlet 2.31 1 0.005

doublet 2.32-2.33 1 0.005

doublet 2.34 1 0.005

doublet 2.35-2.36 2

singlet 2.38 2 <0.001 to 0.005

singlet 2.39 2 <0.001 to 0.110
N-acetylglycine 0.495
HMDB0000532 singlet 8 0

doublet 3.75-3.77 5 <0.001
Proline 0.286
HMDBO0000162 multiplet 1.94-2.09 1 0.006

multiplet 2.31-2.37 3 <0.001 to 0.005

multiplet 3.30-3.35 2 <0.001

multiplet 3.38-3.42 5 <0.001

multiplet 4.11-4.13 3 <0.001 to 0.050
trans-4-hydroxy-L- 0.147
proline
HMDBO0000725 multiplet 2.12-2.17 2 0.004 to 0.006

multiplet 2.39-2.45 3 <0.001 to 0.100

doublet 3.34-3.35 1 <0.001

singlet 3.37 1 <0.001

singlet 3.46 2 0.010

doublet 3.48-3.49 4 <0.001 to 0.030

quartet 4.32-4.35 1 0.001

Organic compound

Allantoin 0.004
HMDB0000462 singlet 5.38 2 0.001-0.007
Creatine <0.001
HMDBO0000064 singlet 3.02 1 <0.001

singlet 3.92 3 <0.001-0.020
Ethanolamine 0.009
HMDBO0000149 triplet 3.12-3.14 1 <0.001

triplet 3.80-3.82 3 <0.001

"For each metabolite, the nature of each "H-NMR peak is mentioned.
For each metabolite, the range of chemical shift of each peak is mentioned in ppm.

“The PLS model to describe the technological yield with bucket data was plotted. The first latent variable enabled to separate the fatty livers in function of the technological yield. The
VIP of the buckets involved in the first latent were extracted. For each 1H-NMR peak of each metabolite, the number of buckets with VIP > 1 was indicated.

‘For each bucket, the effect of the bucket value on the technological yield was tested by a linear model with R software, and the p-values were corrected with the Benjamini—
Hochberg procedure and named BH p-values. For each metabolite, the range of BH p-values of each peak was mentioned.

"For each biomarker, the relative metabolite concentration was computed with the bucket data. A linear model with R software tested the effect of the relative metabolite
concentration on the technological yield, and the p-values were corrected with the Benjamini-Hochberg procedure and named BH p-values 2.

could lead to a decrease in the efficiency of this metabolism
translated by the increase in hepatic lactate content, which
would result in a decrease in TY.

Contrary to hepatic lactate content, the glucuronic acid hepatic
content was negatively correlated with LW (—0.93). However,
the glucuronic acid can be conjugated to lipophilic substrates
via UDP-glucuronosyltransferases. These enzymes catalyze phase
II biotransformation reactions and promote glucuronidation.
Glucuronidation is a major detoxification pathway for endogenous
and exogenous compounds, and it is involved in transporter-
mediated excretion into bile and urine (Williams et al., 2004).
In steatosis livers of mice, the UDP-glucuronosyltransferase
expression increased with the increased hepatic triglyceride
content and could have a significant impact on determining
circulating hormone levels (Xu et al, 2012). Thus, the lower

quantity of glucuronic acid in the high-weight liver could
be explained using glucuronic acid for glucuronidation.

The amino acid metabolism of duck livers was strongly
impacted by the overfeeding period at the same time as the
carbohydrate metabolism. The alanine, taurine, and threonine
were identified as biomarkers of both LW and TY, whereas
arginine and trans-4-hydroxy-proline were only identified as
biomarkers of LW and glutamic acid of TY. Briefly, the amino
acid liver content was decreased when the LW was increased
and/or when the TY was decreased except for the threonine.
The reduction of amino acid metabolism in the liver with the
enhanced hepatic steatosis was already underlined in overfed
ducks (Frangois et al., 2014; Lo et al., 2020b) and other hepatic
steatosis models as obese mice (Du et al., 2012; Bruckbauer
and Zemel, 2014). Thus, these amino acids were increased in
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TABLE 4 | List of the 6 biomarkers of foie gras technological yield identified with
the metabolite method.

Var ID (Primary) VIP-values® BH p-values? R?
Glucose 2.8 <0.001 0.39
Lactate 4.06 <0.001 0.50
Alanine 1.43 <0.001 0.24
Taurine 1.51 <0.001 0.28
Threonine 1.72 <0.001 0.49
Guanidinoacetic

acid 1.04 <0.001 0.39

“The PLS model to describe the technological yield with metabolite data was plotted.
The first latent variable enabled to separate the fatty livers in function of the liver weight.
The metabolites with VIP superior to 1 were selected. The VIP of the metabolite was
indlicated.

‘For each biomarker, the effect of their relative concentration on the technological yield
was tested by a linear model with R software, and the p-values were corrected with the
Benjamini-Hochberg procedure and named BH p-values.

low-weight livers. It was shown in rats and mice that a diet
supplementation in taurine (Gentile et al, 2011) and arginine
(Voloshin et al., 2014; Sellmann et al.,, 2017) reduced hepatic
lipid accumulation. Thus, they were used as a preventative
treatment against NASH. The taurine transporter-deficient mice
showed strongly decreased taurine levels in various tissues like
the liver and developed chronic hepatitis and liver fibrosis
during adulthood, accompanied by severe augmentation of
hepatocyte apoptosis (Warskulat et al.,, 2006). In addition, the
restriction of lysine and threonine in diets increased the free
fatty acid content in the liver of rats (Viviani et al., 1966).

Furthermore, the increase of the activities of the transaminase
enzymes alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) with liver injury is strongly documented
(Pratt and Kaplan, 2000). ALT catalyzes the transfer of an
amino group from alanine to a-ketoglutarate to produce pyruvate
and glutamate, and AST catalyzes the interconversion of aspartate
and o-ketoglutarate to oxaloacetate and glutamate. Both reactions
are reversible. Thus, the identification of alanine as a biomarker
of both LW and TY and glutamic acid as a specific biomarker
of TY should be directly linked to the ALT and AST activities
in the liver. Also, the oxaloacetate issued from AST activity
is a key intermediate in the citric acid cycle. Actually, in this
cycle, the malate dehydrogenase converts the malate into
oxaloacetate with the NAD* cofactor, and after several reactions,
the oxaloacetate is converted again into malate. However, the
malate is known to play a role in lipogenesis by furnishing
NADPH to reduce acetyl CoA to fatty acids (Wise Jr and
Ball, 1964). This may explain the identification of malic acid
as a biomarker of LW. In the Poland goose, the activity of
ME was correlated positively with the weight of the fatty liver
(Mourot et al., 2000).

In addition, glyceric acid was identified as a biomarker of
LW and TY. The glyceric acid is a substrate for glycerol synthesis
(Feraudi and Bert, 1977), and the glycerol is a substrate for
triglyceride synthesis (Tidwell and Johnston, 1961). Thus, the
negative correlation of glyceric acid with LW (-0.89) could
be explained by using glyceric acid for lipogenesis.

Moreover, in the liver, creatine is synthesized from glycine
and arginine. First, both amino acids are combined to form

guanidinoacetate which is then methylated using S-adenosyl
methionine to synthesize creatine (Rosenberg, 1959). The amount
of arginine was negatively correlated with LW (—0.92). The
arginine is involved in the process of creatine synthesis (Barcelos
et al., 2016). Creatine plays a role in the antioxidant role against
aqueous radical and reactive species ions (Lawler et al., 2002).
The supplementation in creatine protects the liver from
hepatotoxicity by attenuating oxidative stress (Aljobaily et al.,
2021). Lo et al. (2020a) showed that, in overfed liver duck, an
increase in liver weight resulted in a rise in the cellular oxidative
stress level (Lo et al, 2020a). These results corroborated the
positive correlation between the level of oxidative stress and LW.

The creatine phosphate serves as a dynamic reservoir of
high-energy phosphate in exchange for ATP. The steatosis strongly
impacts creatine metabolism as arginine is a specific biomarker
of LW, and guanidinoacetate and creatine are specific biomarkers
of TY. However, contrary to guanidinoacetate, creatine was
negatively correlated with TY. Thus, the creatine content in the
liver with low TY may be increased to control oxidative stress.
Oxidative stress is defined as the presence of metabolic and
radical substances or so-called reactive (oxygen, nitrogen, or
chlorine) species (Elnesr et al., 2019; Elwan et al.,, 2019).

Furthermore, the positive correlation of hepatic amino acid
content and TY in foie gras was previously underlined in
association with a reduction of oxidative stress (Theron et al.,
2011; Bonnefont et al, 2014; Francois et al., 2014). Actually
in chronic liver disease there is increased reactive oxygen
species production and decreased activity of antioxidant systems
(De Minicis et al., 2006). Recently, hypoxic response to severe
hypoxia was highlighted in heavy livers of ducks (Lo et al., 2020a).

Moreover, the modification of amino acid metabolism in
livers during the overfeeding period corroborates the evolution
of amino acid metabolism in plasma of the same ducks (Mozduri
et al., 2021) and other hepatic steatosis models, as it was
discussed in Mozduri et al. (2021).

Finally, the glycerophosphocholine was identified as a specific
biomarker of LW (—0.84), and ethanolamine as a specific
biomarker of TY (+0.95). Ethanolamine can be phosphorylated
to form phosphoethanolamine. Glycerophosphocholine and
phosphoethanolamine  are  cytosolic  intermediates  of
phospholipids synthesis. In patients with cirrhosis that is
considered the most severe stage of liver steatosis disease, the
phosphoethanolamine liver content was increased whereas the
glycerophosphocholine was decreased compared to controls but
not in patients with a lower severe stage of fatty liver disease
as NASH (Sevastianova et al., 2010). On the contrary, Kalhan
etal. (2011) reported a significantly lower glycerophosphocholine
content in steatohepatitis compared with nondiabetic healthy
controls in humans (Kalhan et al, 2011). Furthermore, in
overfed ducks, a higher glycerophosphocholine content in the
low-fat-loss livers that corresponded to high TY livers was
underlined (Bonnefont et al., 2014).

The last biomarker of LW and TY was allantoin. It was
shown that a supplementation in allantoin in NASH or diabetic
mice inhibited the structural damage of the liver concerning
fat accumulation (Movahhed et al, 2019; Ma et al., 2020)
which explained its lower content in high weight livers.
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TABLE 5 | List of the biomarkers of liver weight and technological yield of foie gras.

Biomarkers of liver weight Biomarkers of technological yield

with bucket method with metabolite method with bucket method

with metabolite method

Important  BH p-Value?  correlation VIP? BH p-Value?  correlation Important  BH p-Value!  correlation VIP? BH p-Value?  correlation
peaks® with LW with LW peaks® with TY” with TY”
Biomarkers of LW and TY
Alanine -0.83 1.65 -0.9 0.89 1.43 <0.001 0.81
Allantoin 11 0.020 -0.8 1 0.004 0.75
Glucose 2.87 <0.001 -0.95 21/22 <0.001 0.92 2.86 <0.001 0.94
Glyceric acid 2/2 <0.001 -0.89 2/2 <0.001 0.90
Glycogen 2/2 0.007 -0.97 2/2 0.01 0.98
Lactate 2/2 <0.001 0.98 4.11 <0.001 0.94 2/2 <0.001 -0.98 4.06 <0.001 -0.97
Maltose 12/12 <0.001 -0.97 12/12 <0.001 0.90
Taurine 2/2 <0.001 -0.78 1.29 <0.001 -0.84 0.75 1.51 <0.001 0.82
Threonine 0.98 1.72 <0.001 0.96 —-0.96 1.72 <0.001 -0.95
Biomarkers of LW
Arginine 2/3 0.004 -0.92
Gilucuronic acid 6/8 <0.001 -0.93
Glycerophosphocholine 3/4 0.070 -0.84
Malic acid 2/4 <0.001 —-0.61
Trans-4-hydroxy-L- 6/7 0.005 —0.81
proline
Biomarkers of TY
Creatine 2/2 <0.001 -0.57
Ethanolamine 2/2 0.009 0.95
Glutamic acid 8/8 0.01 0.93
Guanidinoacetic acid 0.46 1.04 <0.001 0.86

“For each biomarker, the number of important peaks compared with the total number of 1H-NMR peaks is indicated. The important peaks contained at least one bucket with a VIP > 1 to explain the first latent variable of the PLS model

of liver weight or technological yield.

¢The models of the effects of the relative metabolite concentration on the liver weight and technological yield were computed. The p-values were corrected with the Benjamini-Hochberg procedure and indicated.
"The Pearson correlation of the metabolite relative concentration obtained with bucket data or metabolite data and the liver weight or the technological yield was indicated.
°The PLS model to describe the liver weight or the technological yield with metabolite data was plotted. The first latent variable enabled to separate the fatty livers in function of the liver weight or the technological yield. The metabolites

with VIP superior to 1 were selected. The VIP of the metabolite was indicated.

64

‘B 18 UNPZOIA|

SBID) 810 JO SIesewolg onedeH


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Mozduri et al.

Hepatic Biomarkers of Foie Gras

CONCLUSION

To conclude, the analysis of the metabolism of male mule duck
livers during the overfeeding period through "H-NMR analysis
enabled the identification of eighteen liver biomarkers of foie
gras qualities. Nine of them were identified for both LW and
TY of foie gras: five were carbohydrates like glucose, glyceric
acid, glycogen, lactate, and maltose, three were amino acids like
alanine taurine and threonine, plus allantoin. Five of them were
specific to the LW: two carbohydrates as glucuronic acid, malic
acid, two amino acids as arginine, and trans-4-hydroxy-L-proline
plus a glycerophosphocholine, a phospholipid. Furthermore, four
biomarkers were specific to foie gras TY. Two of them were
involved in creatine metabolism (creatine and guanidinoacetic
acid). One could be an intermediate of phospholipid (ethanolamine)
and may be involved in membrane stability. The last one was
glutamic acid produced by ALT, whose activity in the liver is
enhanced in hepatosteatosis. As a result, in heavy livers, the
liver metabolism was oriented through a reduction of carbohydrate
metabolism, and the plasma membrane could be damaged, which
may explain the low technological yield of these livers.

These findings will be complete if an analysis of the
correlation between the plasma and liver metabolisms is made
to understand the co-evolution of these tissues during the
overfeeding period.
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Modern broiler chickens are incredibly efficient, but they accumulate more adipose
tissue than is physiologically necessary due to inadvertent consequences of selection
for rapid growth. Accumulation of excess adipose tissue wastes feed in birds raised
for market, and it compromises well-being in broiler-breeders. Studies driven by the
obesity epidemic in humans demonstrate that the fatty acid profile of the diet influences
adipose tissue growth and metabolism in ways that can be manipulated to reduce
fat accretion. Omega-3 polyunsaturated fatty acids (n-3 PUFA) can inhibit adipocyte
differentiation, induce fatty acid oxidation, and enhance energy expenditure, all of which
can counteract the accretion of excess adipose tissue. This mini-review summarizes
efforts to counteract the tendency for fat accretion in broilers by enriching the diet in n-3
PUFA.

Keywords: adipose development, adiposity, broiler chickens, DHA, EPA, hen diet, omega-3 polyunsaturated fatty
acid

INTRODUCTION

Poultry meat is a major source of protein for much of the world. Due to population growth,
rising incomes, and concerns about both health and sustainability, global demand is expected to
continue to grow around the globe. Current projections are that poultry will account for 41% of all
protein consumption from meat by 2030 (OECD and FAO, 2021). Broiler chickens are produced
for meat, and genetic selection has produced remarkable advances in growth of broilers over the
past several decades. For example, a 35 days broiler weighed approximately 1.4 kg in 1985 and
more than 2.4 kg in 2010, largely due to increase in muscle mass (Siegel, 2014). Inadvertently,
selection of broilers for rapid growth also increased their tendency to accumulate excess adipose
tissue (Zuidhof et al., 2014). Adipose tissue in poultry is not commercially valuable, and it effectively
wastes feed by allocating it away from muscle. Physiologically, the need for adipose tissue as an
energy reservoir is minimal in market birds that have almost constant access to feed. In broiler-
breeders, excess fat accretion also compromises fertility and welfare. The tendency to deposit excess
adipose has in part been suppressed in commercial lines of broilers through refined approaches to
selection (Siegel, 2014; Zuidhof et al., 2014). However, even a modest misallocation of feed, the most
expensive component of production, significantly increases costs given the scale of commercial
broiler production. The default approach to preventing fat accretion is feed restriction, but this has
a negative impact on weight gain and meat yield and is also a welfare concern (Jackson et al., 1982;
Lindholm et al., 2018).
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Adipose Tissue Basics in Broilers

Chickens store energy as lipids in subcutaneous depots found
near the legs and neck, and in a visceral depot in the abdomen.
Subcutaneous fat is the first depot to develop and becomes visible
in the embryo by embryonic day 12 (E12) (Speake et al., 1993).
Adipocytes develop from a mesenchymal stem cell pool that
gives rise to preadipocytes, a cell type that is committed to an
adipocyte fate. Preadipocytes then differentiate and acquire a
mature, lipid-storing adipocyte phenotype through a series of
orchestrated changes in gene expression that are similar to those
described for mammals (Rosen and MacDougald, 2006). In the
embryo, development of subcutaneous fat coincides with a sharp
increase in extraction of fatty acids from the yolk (Speake et al.,
1998). Subcutaneous adipocytes grow rapidly as these fatty acids
are taken up and stored as triacylglycerol until E19, when they
are mobilized by lipolysis to provide the energy needed at hatch
(Speake et al., 1993). Abdominal fat, which becomes the main site
of triglyceride storage in the mature bird, develops after hatch
and becomes clearly visible around 7 days of age. Adipose depots
grow rapidly in broiler chicks through increases in adipocyte
number (hyperplasia), as preadipocytes proliferate and undergo
differentiation, and size (hypertrophy) as mature fat cells take
up and store fatty acids (Bai et al., 2015). Both processes are
very active during the first several weeks of life, after which
hypertrophy becomes the dominant mechanism of fat deposition
(Cartwright, 1991). Fatty acids that are taken up from the
circulation and stored in broiler adipocytes come primarily from
the liver, the main site of de novo lipogenesis in avians (Leveille
et al.,, 1975). Fatty acids synthesized by the liver from glucose
and acetate are packaged into VLDL molecules, which ferry them
to adipocytes for uptake and storage. Hepatic synthesis of lipids
plays a major role in adipose deposition in broilers. Divergent
selection on serum VLDL level has been used to produce lines
of broilers that differ significantly in fatness, illustrating the key
role of the liver (Leclercq et al., 1980; Whitehead and Griffin,
1984; Baéza and Le Bihan-Duval, 2013; Resnyk et al., 2013).
In addition, intrinsic differences in adipose development also
contribute to excessive fat accretion in broilers. For example,
significant increases in both adipocyte number and size appear
as early as 2 weeks of age in broiler lines that have higher fat mass
as they mature (Hermier et al., 1989).

Dietary Fatty Acids and Adipose Growth

Paradoxically, certain types of dietary fatty acids have been
shown to inhibit accumulation of adipose tissue in a variety
of species. Polyunsaturated fatty acids (PUFAs) are classified as
n-3 or n-6 based on the position of the first double bond in
relation to the methyl end of the molecule. Linoleic acid (LA;
18:2 n-6) and alpha linolenic acid (ALA; 18:3 n-3) are the main
dietary n-6 and n-3 fatty acids, respectively. These fatty acids
are required for the formation of cell membranes but cannot be
synthesized endogenously and therefore must be provided in the
diet (Smith and Mukhopadhyay, 2012). Linoleic acid is enriched
in a variety of common plant oils, such as those derived from
corn, soybean, and safflower. Alpha linolenic acid, which is less
abundant than LA, is usually obtained from flaxseed, rapeseed,

and walnuts. When taken into the cell, ALA and LA can be
used in formation of cell membranes, oxidized for energy, or
used to synthesize longer and more highly unsaturated PUFA
through a series of sequential elongation and desaturation steps
(Jakobsson et al., 2006). Some of these longer chain species have
unique bioactive properties through their ability to bind and
activate lipid-responsive transcription factors, such as members
of the PPAR family of nuclear receptors. In addition, the 20
carbon products of LA (arachidonic acid; ARA, 20:4 n-6) and
ALA (eicosapentaenoic acid, EPA; 20:5 n-3) are used as substrates
to produce eicosanoids, a broad family of lipid mediators that
interact with various cell signaling pathways. The seemingly
modest structural difference between LA and ALA has marked
effects on the biochemical properties of these fatty acids and their
metabolites. For example, eicosanoids produced from ARA are
primarily proinflammatory, while those synthesized from EPA
tend to be anti-inflammatory (Calder, 2017). The same enzymes
catalyze elongation and desaturation of n-3 and n-6 PUFA. As a
result, the relative synthesis of longer chain n-3 and n-6 species is
determined by the ratio of n-3/n-6 in the diet.

Extensive in vivo and in vitro studies indicate that n-3 and
n-6 PUFA differentially regulate adiposity in multiple species.
In particular, diets enriched with n-3 PUFA are associated with
reduced fat accretion (Rokling-Andersen et al., 2009; Torres-
Castillo et al., 2018; Ballester et al., 2020; Chen et al., 2020; Riera-
Heredia et al., 2020). At the cellular level, n-3 PUFA have been
shown to suppress adipogenesis, attenuate lipid accumulation in
adipocytes, and promote an oxidative adipocyte phenotype (Kim
et al., 2006; Manickam et al., 2010; An et al., 2012; Fleckenstein-
Elsen et al,, 2016). Conversely, n-6 PUFAs tend to be pro-
adipogenic (Gaillard et al., 1989; Negrel et al., 1989; Massiera
et al., 2003). The anti-obesogenic effects of n-3 PUFA are most
strongly associated with actions of EPA and docosahexaenoic
acid (DHA, 22:6 n-3), the characteristic fatty acids of marine oils
(Flachs et al., 2009). These two fatty acids, which are synthesized
in algae and consumed by fish, influence a range of pathways
that regulate adipose growth and adipocyte metabolism. Each
fatty acid can bind and activate PPARA, a nuclear receptor that
transcriptionally increases fatty acid oxidation (Diep et al., 2000;
Zuiiga et al., 2011). In addition, EPA and DHA activate signaling
through AMPK and promote mitochondrial biogenesis, both of
which augment fatty acid oxidation (Siriwardhana et al., 2012).
They also increase synthesis of the insulin-sensitizing adipokine
adiponectin, which further activates AMPK and amplifies energy
expenditure in adipocytes (Itoh et al., 2007; Song et al., 2017).
EPA and DHA are also used to synthesize several classes of
lipid mediators, including eicosanoids and resolvins as well
as other novel metabolites that suppress inflammation and
limit metabolic stress in adipose tissue (Kuda et al, 2018).
These actions indirectly oppose fat accretion by preventing
inflammatory cascades that disrupt the efficient metabolism
of glucose and fatty acids in adipocytes. Finally, EPA and
DHA promote the browning of white adipocytes, which further
enhances oxidative metabolism in adipose tissue and prevents
fat accretion (Fleckenstein-Elsen et al., 2016). Browning is the
process by which white adipocytes acquire the highly oxidative
phenotype associated with mitochondria-rich brown fat cells.
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Browning includes induction of uncoupling protein 1 (UCP1),
the characteristic protein of brown adipocytes, which uncouples
mitochondrial respiration from ATP synthesis. These actions of
EPA and DHA may not be relevant to broilers, as they are thought
to lack brown adipocytes due to loss of the UCP1 gene from
avian genomes (Mezentseva et al., 2008). However, a recent study
demonstrates the existence of brown-like fat cells in broiler chicks
(Sotome et al., 2021). Collectively, ample evidence from multiple
species suggests that dietary n-3 PUFA, particularly EPA and
DHA, may be a tool for reducing fat accretion in broilers.

Reducing Fat Accretion in Broilers With

n-3 Polyunsaturated Fatty Acids

Broiler diets are typically formulated with 2-5% added fat to
support the intense energetic demands of rapid growth. Fat is
often supplied using corn or soybean oil, both of which are readily
available, cost-effective and enriched in LA. Combined with the
use of corn and soybean meals as the diet base, this results in
commercial diets that are heavily skewed toward high n-6/n-3
PUFA. In this context, commercial broiler diets are comparable to
the modern human diet, in which high n-6/n-3 ratios have been
associated with increased prevalence of obesity (Chilton et al,
2017). Considering the beneficial effects on fat accretion in other
species, several groups have tested the ability to limit fat accretion
in broilers by replacing a portion of LA-rich oils or saturated fat
in the diet with sources enriched in n-3 PUFA. These have used
a variety of experimental designs, including variation in age at
which experimental diets were introduced, different amounts of
added fat, and varying duration of feeding (Table 1). Nonetheless,
they provide evidence that n-3 PUFA are also a promising tool to
reduce fat accretion in broilers.

Fish and algal oils are the most direct way to increase dietary
delivery of EPA and DHA to broilers. However, they are relatively
expensive and more prone to lipid peroxidation than sources of
ALA. Newman et al. (2002) replaced tallow (a source of saturated
fat) with either fish oil or sunflower oil (as an n-6 PUFA control)
in the diets of broiler chicks beginning at 3 weeks of age. After
5 weeks of feeding, fish oil significantly reduced abdominal fat
pad weight and increased the breast muscle: abdominal fat ratio
in comparison to tallow controls. However, comparable effects
were seen with the sunflower oil diet (Newman et al., 2002).
Unlike most vertebrates, many types of algae can efficiently
synthesize long-chain n-3 PUFA and are thus rich sources of
EPA and DHA. Microalgae are microscopic algae species of
commercial interest as renewable sources of biofuel production
and animal feeds (Khan et al., 2018). Long et al. (2018) used
a source of dehydrated microalgal biomass to efficiently deliver
DHA in broiler diets. The biomass consisted of 64% fat made up
primarily of palmitate (60%) and DHA (29%). Microalgae were
added to the diet and 1 and 2% by weight, with the balance of
fat (up to 3% total) provided by soybean oil, and chicks were
fed from 1 to 42 days. Both the 1 and 2% microalgae diets
significantly reduced adiposity at 42 days. In addition, both diets
significantly improved feed efficiency and increased weight gain,
and improved antioxidant status, resulting in broader effects on
performance than just reduced fatness. These results demonstrate

that replacing even part of an n-6 PUFA source in the broiler diet
with a DHA-rich alternative has beneficial effects on fat accretion.

Flaxseed and other oils rich in ALA provide the substrate for
EPA and DHA synthesis, but the efficiency of ALA conversion to
longer chain n-3 PUFA is thought to be very low in vertebrates
due to catalytic properties of the elongase enzymes in the PUFA
synthesis pathway (Arterburn et al., 2006; Brenna et al., 2009;
Gregory et al., 2011). However, the chicken elongase enzymes
(Elongation of Very Long Chain Fatty Acids-Like 2 and 5
(ELOVL2 and ELOVL5) in this pathway have enhanced ability
to synthesize DHA from ALA (Zuidhof et al., 2009; Gregory
etal., 2013). ELOVLS5 is highly expressed in broiler adipose tissue,
including in the embryo (Mihelic et al., 2020). Unlike in most
mammals, supplementing broiler diets with ALA significantly
enriches tissues in EPA and DHA (Poureslami et al., 2010;
Kartikasari et al., 2012). Accordingly, several studies have been
reported that linseed oil inclusion in broiler diet suppressed
abdominal fat deposition and enhanced growth performance
compared with saturated fat sources, such as tallow (Crespo
and Esteve-Garcia, 2001, 2002; Ferrini et al., 2010; Gonzélez-
Ortiz et al., 2013) or n-6 PUFA sources such as sunflower oil
(Crespo and Esteve-Garcia, 2002; Ibrahim et al., 2018). For
example, supplementing broiler diets with flaxseed oil (10%)
reduced abdominal fat by 30% compared to equivalent amounts
of saturated or monounsaturated fatty acids (Ferrini et al., 2008).
Both fish and flaxseed oils have also been shown to reduce
adipocyte size in broiler chicks, suggesting that they act relatively
early on adipose development (Torchon et al., 2017). The relative
effects of fish oil and flaxseed oil as replacements for sunflower
oil have also been compared. Broilers were fed diets in which
all or part of sunflower oil (4%) was replaced by either flaxseed
or fish oil (Ibrahim et al., 2018). Each diet significantly reduced
abdominal fat percentage compared to sunflower controls, while
feed efficiency, gain, and antioxidant status were significantly
improved. The experimental diets also improved muscle tissue
weight (breast and thigh) and decreased breast intramuscular fat
(IMF) content. The diets that replaced sunflower with flaxseed
oil had very low levels of EPA and DHA, as did the sunflower
control. However, fatty acid analyses of breast muscle further
support the ability for chickens to efficiently synthesize these fatty
acids from ALA. Tissue levels of EPA and DHA were significantly
increased in all experimental diets, except for the lowest level (5:1,
sunflower: flaxseed) of ALA inclusion.

Potential to Reduce Fat Accretion
Through n-3 Polyunsaturated Fatty Acids
in the Hen Diet

Given the scale of broiler production, replacing standard fat
sources with more expensive ones, such as flaxseed or fish oil,
would impose a significant cost to the industry. Developmental
programming through the diet of the broiler-breeder hen
is a potential alternative means to reduce fat accretion in
broilers. Developmental programming refers to the ability of
embryonic exposures to exert persistent effects on the physiology
of offspring after birth. This concept forms the basis of the
Barker hypothesis, which was proposed in 1992 to explain the
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TABLE 1 | Studies that investigated different dietary sources of n-3 PUFA and fat deposition in broiler chickens.

References n-3 PUFA Experimental diet Animal (age) Feeding period Relevant phenotypes Significant effects
source measured
Crespo and Linseed oil (6 or 10%) Broiler chickens 22 days/29 days e Growth performance e 1 feed efficiency
Esteve-Garcia, o Tallow (T) (21 days) e Abdominal fat pad e | abdominal fat
2001 o Olive oil (O0)
o Sunflower oil (SO)
e Linseed ail (LO)
Crespo and Linseed oil  (10%) Broiler chickens 27 days o Abdominal fat mass e | abdominal and body fat
Esteve-Garcia, o Tallow (SFA) (27 days) deposition in LO compared with
2002 o Sunflower oil (SO) SFA or SO
e Linseed oil (LO)
Ferrini et al., Linseed oil  (10%) Female broiler 42 days e Abdominal fat mass e | abdominal fat% (reduced by
2008 o Tallow (T) chickens 30%) in LO compared to
e Sunflower oil rich in oleic acid (1 day) saturated diet
(SO0)
e SO rich in linoleic acid (SOL)
e Linseed ail (LO)
o Mix of fats (M: 55% T + 35%
LO + 10% SOL)
Ferrini et al., Linseed oil  (10%) Female broiler 36 days o Growth performance e + BWG
2010 e Basal diet (BS) containing 0.5% chickens e Abdominal fat mass e | abdominal fat deposition
sunflower oil (1 day)
o Tallow diet (TA)
o Linseed diet (LO)
Gonzalez-Ortiz - FOand LO  (10%) Female broiler 37 days o Abdominal fat mass e | abdominal fat%
etal, 2013 mixture e Tallow diet (S) chickens o Adipocyte size e | adipocyte size
o A blend of fish oil and linseed oil (14 days)
(N3 diet)
Torchon et al., Fish ail (8%) Broiler chickens 24 days e Growth performance e | adipocyte size
2017 Flaxseed oil e Lard (saturated) (7 days) o Abdominal fat mass e 4 plasma non-esterified fatty acid
o Fish ail (FO) o Adipocyte size levels (lipolysis)
o Flaxseed ol
e Canola oil
lorahim et al., Fish ail (4-4.5%) Broiler chickens 42 days o Growth performance e 1 BW, BWG/| FCR
2018 Linseed oil e Sunflower (C) (1 day) o Abdominal fat mass e | abdominal fat%
o Fish ail (FO) e | TG and total cholesterol/4
e C1:FO1 HDL-C/| LDL-C and VLDL
e C3:FO1
e Linseed ail (LO)
e C1:LO1
e C3:LO1
Long et al., Microalgae (3%) Male broiler 42 days o Growth performance e + BWG/| FCR
2018 (MA) e Soybean oil (SO) chickens e Abdominal fat mass e 1 liver %, | abdominal fat %
e MA1:802 (1 day) o 1 serum glucose/|, cholesterol
e MA2: SO 1 e 1 superoxide dismutase, 1

antioxidant capacity

influence of factors during fetal development on the risk of
diseases as adults (Barker, 1992). Programming occurs in part
through epigenetic mechanisms, in which pre- and perinatal
factors modify the genome through methylation, chromatin
acetylation, and other non-sequence-based changes. These
modifications persist through cell divisions and can influence
gene expression and subsequently phenotypes throughout the
life of the organism as well as across multiple generations.
The concept of developmental programming has been applied
to a plethora of embryonic exposures, but it is rooted in the
impact of the maternal diet on offspring (Barker and Osmond,
1986). Studies in mammals indicate that energy metabolism and
adiposity are especially sensitive to developmental programming

by the maternal diet (Holness et al., 2000; George et al., 2012;
Du et al, 2013; Lukaszewski et al., 2013; Ong and Guest,
2018). For example, energy deficit in the maternal diet during
pregnancy increases adiposity in offspring after birth (Howie
et al,, 2012). A growing body of evidence from other species
suggests that n-3 PUFA can act very early in life to influence
adiposity and metabolism through developmental programming.
For example, higher maternal blood levels of n-3 vs. n-6 PUFA
during pregnancy have been associated with reduced body
fat and increased leanness in children (Donahue et al.,, 2011;
Vidakovic et al., 2016a,b). Experimental studies demonstrate that
the relative abundance of n-6 vs. n-3 fatty acids in the perinatal
period influences adipogenesis and fat accretion. Mice born from
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dams with low n-6/n-3 ratios due to genetic manipulation had
half the body fat, increased energy expenditure and fatty acid
oxidation, and more but smaller adipocytes as adults compared
to mice born to wild type dams (Rudolph et al., 2018).

Avians are ideally suited for developmental programming
by fatty acids due to the relationship between the hen diet
and the yolk, and the role of yolk fatty acids in supporting
the developing embryo. Approximately 60% of the yolk’s dry
mass consists of lipids that are transported to the egg from
the hen’s liver (Speake et al., 1998). This lipid supply includes
triglycerides that provide the embryo with fatty acids needed for
energy, and phospholipids that serve as building blocks for cell
membranes. Virtually all of the triglyceride and phospholipid
pools in the yolk are utilized by the time of hatch (Noble
and Moore, 1964). Saturated and monounsaturated fatty acids
delivered to the yolk can be synthesized in the liver through de
novo lipogenesis from carbohydrate, but the PUFA components
come directly from the diet. Therefore, the n-3 and n-6 profile
of the yolk, and subsequently of the tissues of the developing
embryo, is determined almost exclusively by the diet of the hen
(Cherian and Sim, 1991, 1993; Cherian et al., 1997). This appears
to be particularly true for n-3 PUFA, which are preferentially
incorporated into phospholipids of the developing embryo
(Speake et al., 1998). Fish oil is the most direct means to enrich
eggs and developing embryos in EPA and DHA, as the hen liver
directly incorporates these species into phospholipids that are
packaged for delivery to the yolk. However, oils such as flaxseed
can have similar effects because of the unique properties of PUFA
synthesis enzymes in chicken (Cherian et al., 1997; Gregory et al.,
2013). The hen liver elongates and desaturates a portion of dietary
ALA before packaging for delivery to the yolk. During embryonic
development, both the yolk sac and the tissues of the embryo
convert additional ALA to EPA and DHA, amplifying the effects
of the hen diet (Noble, 1987; Noble and Cocchi, 1990). Therefore,
oils that are more affordable and more stable than fish oil
could feasibly be used for dietary developmental programming in
production. Several studies have utilized the relationship between
fatty acids in the hen diet and those of the embryo to demonstrate
the potential for developmental programming by n-3 PUFA in
chickens. For example, enriching the hen diet in different sources
of n-3 PUFA has been shown to influence immunocompetence,
synthesis of inflammatory mediators, bone mineralization, and
antioxidant status in offspring (Hall et al., 2007; Bautista-Ortega
etal., 2009; Bullock et al., 2014; Akbari Moghaddam Kakhki et al.,
2020). Readers are referred to a recent review by Thanabalan and
Kiarie (2021) for more details.

The ability to developmentally program reduced fat accretion
through n-3 PUFA in the hen diet has been demonstrated in
broilers. Beckford et al. (2017) fed broiler-breeder hen diets with
fat provided from either corn or fish oil (2.3%) for 4 weeks.
Chicks hatched from both sets of hens were fed commercial
starter diets after hatch, with no modification to the fat source.
Those produced from hens fed fish oil had significantly less fat
accretion at 7 and 14 days, with no impact on growth or lean
tissue mass. Reduced fat accretion was associated with smaller
but more abundant adipocytes, consistent with inhibition of late
stage of adipogenesis. Transcriptomic and proteomic analyses

of adipose tissue indicated that the hen fish oil diet inhibited
pathways associated with triacylglycerol synthesis, adipogenesis,
mobilization of stored fatty acids from lipid droplets, and fatty
acid utilization, all of which likely contributed to reduced adipose
mass. This study provides compelling evidence that the broiler
hen diet is a potential avenue through which to reduce fat
accretion in broilers through developmental programming by n-
3 PUFA.

It is important to acknowledge the potential challenges that
would result from increasing the relative content of LC n-3 PUFA
in production diets. In addition to a higher cost, oils rich in
long-chain PUFA species are more prone to oxidation due to
increased chain length and numbers of double bonds in their
fatty acids. Supplementation with additional antioxidants, such
as vitamin E, is often used to suppress oxidation, which can
impair taste and meat quality. Alternative sources of LC n-3
PUFA that are naturally enriched in antioxidants may be able
to offset this concern. For example, microalgae, a viable and
effective alternative to fish oil as a source of EPA and DHA, have
been shown to contain antioxidants that markedly reduce lipid
peroxidation in broiler tissues (Tao et al., 2018).

SUMMARY

Collectively, these studies demonstrate the ability to reduce
the deposition of adipose tissue in broilers by enriching the
diet in n-3 PUFA. In particular, the potential to limit fat
accretion through developmental programming shows promise
for efficiently limiting fat deposition through the diet of the
hen. Strategies to continue to improve the utilization of feed for
broiler production will be increasingly important as the global
population continues to grow and seek affordable sources of
complete protein.
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A Novel Hypothalamic Factor,
Neurosecretory Protein GM, Causes
Fat Deposition in Chicks

Masaki Kato, Eiko Iwakoshi-Ukena*, Megumi Furumitsu and Kazuyoshi Ukena*

Laboratory of Neurometabolism, Graduate School of Integrated Sciences for Life, Hiroshima University, Hiroshima, Japan

We recently discovered a novel cDNA encoding the precursor of a small secretory
protein, neurosecretory protein GM (NPGM), in the mediobasal hypothalamus of
chickens. Although our previous study showed that subcutaneous infusion of NPGM for
6 days increased body mass in chicks, the chronic effect of intracerebroventricular (i.c.v.)
infusion of NPGM remains unknown. In this study, we performed i.c.v. administration of
NPGM in eight-day-old layer chicks using osmotic pumps for 2 weeks. In the results,
chronic i.c.v. infusion of NPGM significantly increased body mass, water intake, and the
mass of abdominal and gizzard fat in chicks, whereas NPGM did not affect food intake,
liver and muscle masses, or blood glucose concentration. Morphological analyses using
Oil Red O and hematoxylin-eosin stainings revealed that fat accumulation occurred
in both the liver and gizzard fat after NPGM infusion. The real-time PCR analysis
showed that NPGM decreased the mRNA expression of peroxisome proliferator-
activated receptor «, a lipolytic factor in the liver. These results indicate that NPGM
may participate in fat storage in chicks.

Keywords: neurosecretory protein, chicken, hypothalamus, fat deposition, chronic intracerebroventricular
infusion

INTRODUCTION

Energy intake through feeding behavior is a necessary element for the maintenance of animal
life and growth. However, excessive food intake can cause diseases, such as obesity (Moore et al.,
2014). In general, it is known that animals have a complex endocrine system that controls their
appetite to avoid obesity (Lawrence et al., 1999; Geary, 2000). Poultry, especially chickens, are an
important agricultural species and have been repeatedly selected for meat and/or egg production,
with emphasis on feed efficiency and growth rate (Abo Ghanima et al., 2020; Rehman et al., 2020;
Batool et al., 2021). However, there is concern that excessive food intake and fat accumulation
in broiler chickens can lead to reduced growth rates and metabolic diseases, resulting in lower
meat production (Knowles et al., 2008). For layer chickens, fatty acid is required to product eggs.
However, excessive fat accumulation in liver and abdomen may induce several health disorders
and lead to a decline of egg production and reproductive performance (Trott et al., 2014; Cherian,
2015; Wang et al., 2019). This problem is undesirable from the standpoint of animal health and
production efficiency. Therefore, it is important to control growth and fat accumulation in chickens
to enable efficient meat and/or egg production. Understanding the mechanisms of fat accumulation
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in birds at the molecular and cellular levels will provide sufficient
knowledge to improve these problems. In contrast, chicken fat is
also one of healthy foods (Pefia-Saldarriaga et al., 2020). Several
studies have shown that the nutrient composition of diets affects
adipose tissue development and lipid metabolism in chickens
(Wang et al., 2017). However, the contribution of hormones to
lipid metabolism in chickens and other birds has not yet been
revealed. Therefore, it is likely that unknown factors are involved
in these processes in avian species.

Recently, we discovered a novel cDNA encoding the precursor
of a small secretory protein in the chick hypothalamus (Ukena
et al, 2014; Shikano et al, 2018a). We named the small
protein of 83-amino acid residues as neurosecretory protein GM
(NPGM) (Ukena et al., 2014; Shikano et al., 2018a). The NPGM
gene is highly conserved in vertebrates, including chickens,
rats, and humans (Ukena et al., 2014). Our previous studies
identified the localization of NPGM in the chick brain by
in situ hybridization and immunostaining. NPGM-producing
cells are localized in the infundibular nucleus (IN) and the
medial mammillary nucleus (MM) of the hypothalamus in chicks
(Shikano et al., 2018a). These nuclei are known to be feeding
and metabolic centers in chicks. Furthermore, we found that the
expression levels of NPGM mRNA gradually decreased during
post-hatching development (Shikano et al., 2018a). These results
suggest that NPGM is a novel hypothalamic factor involved
in energy metabolism immediately after hatching in chicks.
Subsequently, we performed chronic subcutaneous infusion to
clarify the physiological functions of NPGM in chicks. Chronic
subcutaneous infusion of NPGM for 6 days increased the body
mass gain in chicks (Shikano et al,, 2018c). It was not clear
which parts of the body gained mass, although NPGM seemed to
induce the largest increase in abdominal fat mass (Shikano et al.,
2018c). In the present study, we analyzed the effects of chronic
intracerebroventricular (i.c.v.) infusion of NPGM for 2 weeks on
food intake, water intake, and body composition, including fat
accumulation and lipid metabolism in the abdominal and gizzard
fat and the liver.

MATERIALS AND METHODS

Animals

One-day-old male layer chicks were purchased from a
commercial company (Nihon layer, Gifu, Japan) and housed in
a windowless room at 28°C on a 20-h light (4:00-24:00)/4-h
dark (0:00-4:00) cycle. The chicks had ad Ilibitum access
to food and water.

Production of Chicken Neurosecretory

Protein GM

Chicken NPGM was synthesized using
fluorenylmethyloxycarbonyl (Fmoc) and a peptide synthesizer
(Syro Wave; Biotage, Uppsala, Sweden) according to our
previous method (Masuda et al., 2015; Shikano et al., 2019).
The purity of the protein was >95%. Lyophilized NPGM was
weighed using an analytical and precision balance (AP125WD;
Shimadzu, Kyoto, Japan).

Chronic Intracerebroventricular Infusion
of Chicken Neurosecretory Protein GM
for 2 Weeks

Chronic i.c.v. infusion of chicken NPGM was performed
according to a previously reported method (Shikano et al., 2018b,
2019). NPGM was dissolved in absolute propylene glycol and
adjusted to 30% propylene glycol at pH 8.0 as a vehicle solution.
The administration period of NPGM was fixed to 13 days because
our preliminary study showed that the chemical instability of
NPGM occurred in the osmotic pump over 2 weeks. Eight-
day-old chicks were i.c.v.-infused with 0 (vehicle control) or
15 nmol/day NPGM. This dose has been reported to be a
physiological dose in rats and chicks (Stoyanovitch et al., 2005;
Rich et al., 2007; Shikano et al., 2018b, 2019). Body mass,
food intake, and water intake were measured daily (between
9:00 and 10:00) throughout the experiment. After 13 days
of chronic ic.v. infusion of NPGM, chicks were euthanized
by decapitation, and the masses of the liver, abdominal and
gizzard fat, subcutaneous fat, pectoralis major muscle, pectoralis
minor muscle, and biceps femoris muscle were measured.
Blood samples were taken at the endpoint and centrifuged
at 800x g for 15 min at 4°C to separate the serum. The
blood glucose levels were measured using a GLUCOCARD
G + meter (Arkray, Kyoto, Japan). The method for identification
and isolation of the mediobasal hypothalamus was performed
according to a previously reported method (Ukena et al., 2014).
The chicken pituitary gland lies within the sella turcia of the
sphenoid bone. We removed sphenoid bone for isolation of
the pituitary gland. The mediobasal hypothalamus, pituitary
gland, abdominal and gizzard fat, and liver were immediately
snap-frozen in liquid nitrogen and stored at —80°C for real-
time PCR analysis.

Morphological Analyses

Oil Red O staining of the livers and hematoxylin and eosin
staining of the gizzard fat were performed according to a
previously reported method (Shikano et al., 2019).

Real-Time PCR

RNA extraction was performed as previously described (Shikano
et al, 2019). PCR amplifications were performed using
THUNDERBIRD SYBR qPCR Mix (TOYOBO, Osaka, Japan):
95°C for 20 s followed by 40 cycles at 95°C for 3 s and 60°C
for 30 s using a real-time thermal cycler (CFX Connect; BioRad,
Hercules, CA, United States).

The amplification of the lipid metabolic factors was performed
using the primer sets listed in Supplementary Table 1. Acetyl-
CoA carboxylase (ACC), fatty acid synthase (FAS), stearoyl-
CoA desaturase 1 (SCDI), malic enzyme (ME), peroxisome
proliferator-activated receptor y (PPARy), and fatty acid
transporter 1 (FATPI) are lipogenic enzymes and related factors,
and peroxisome proliferator-activated receptor a (PPARa),
carnitine palmitoyltransferase la (CPTIa), lipoprotein lipase
(LPL), adipose triglyceride lipase (ATGL), and comparative
gene identification-58 (CGI-58) are lipolytic enzymes and
related factors.
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Amplification of feeding, water intake, and growth-
related factors was performed using the primer sets listed
in Supplementary Table 1. We chose neurosecretory protein
GL (NPGL) as a paralogous gene of NPGM; neuropeptide
Y (NPY) and agouti-related peptide (AGRP) as orexigenic
factors; pro-opiomelanocortin (POMC), glucagon-like peptide-1
(GLP-1), and cholecystokinin (CCK) as anorexigenic factors;
and angiotensinogen (AGT) and angiotensin-converting enzyme
(ACE) as water intake-related factors in the hypothalamus.
In the pituitary gland, we chose growth hormone (GH),
prolactin (PRL), thyroid-stimulating hormone (TSH), and
POMC. The relative quantification for each expression was
determined by the 272 2% method using B-actin (ACTB) as an
internal control.

Statistical Analysis

Data were analyzed with Student’s ¢-test for endpoint body mass,
cumulative food intake, cumulative water intake, tissue mass,
blood glucose level, and mRNA expression or two-way repeated-
measures analysis of variance (ANOVA) followed by Bonferroni’s
test for body mass gain and daily food and water intake. The
significance level was set at P < 0.05. All results are expressed
as the mean + SEM.

RESULTS

Effects of Chronic
Intracerebroventricular Infusion of
Neurosecretory Protein GM on Body

Mass, Food Intake, Water Intake

To investigate the effect of chronic i.c.v. infusion of NPGM
on energy metabolism, we measured body mass, food
intake, and water intake for 2 weeks. The results showed
that chronic infusion of NPGM  significantly increased
daily body mass gain and final body mass after 2 weeks
(Figures 1A,B). However, daily and cumulative food
intake remained unchanged (Figures 1C,D). The daily
water intake was almost unchanged, but the cumulative
water intake increased after 2 weeks of NPGM infusion
(Figures 1E,F).

Effects of Chronic

Intracerebroventricular Infusion of
Neurosecretory Protein GM on Body
Composition

When we analyzed the effect of NPGM on body composition
and blood glucose level, chronic infusion of NPGM increased the
mass of the abdominal and gizzard fat and tended to increase
the mass of the subcutaneous fat (Figure 2B). On the other
hand, no change was observed in the liver mass and the muscle
masses of the pectoralis major, pectoralis minor, and biceps
femoris muscles after the infusion of NPGM (Figures 2A,C).
Furthermore, the blood glucose levels were not altered by
NPGM (Figure 2D).

Effects of Chronic
Intracerebroventricular Infusion of
Neurosecretory Protein GM on Lipid

Deposition in the Liver and Gizzard Fat

We elucidated the effect of fat accumulation by morphological
analyses in the liver and gizzard fat. Oil Red O staining of the liver
demonstrated that lipid droplets were deposited after chronic
i.c.v. infusion of NPGM (Figure 3A).

We found an increase in the gizzard fat in NPGM-treated
chicks compared with controls (Figure 3B, lower left panel).
Hematoxylin-eosin staining revealed that the adipocytes in the
gizzard fat of the NPGM-treated chicks were larger than those of
the control group (Figure 3B, lower right panel).

Effects of Chronic
Intracerebroventricular Infusion of
Neurosecretory Protein GM on the
mRNA Expression of Lipogenic and
Lipolytic Factors in the Liver and
Abdominal and Gizzard Fat

To explore the molecular mechanism of fat accumulation in the
liver and the abdominal and gizzard fat by chronic i.c.v. infusion
of NPGM, we investigated the mRNA expression levels of the
lipid metabolic factors. We analyzed the mRNA expression levels
of ACC, FAS, SCDI1, ME, PPARy, FATP1, PPARa, CPTla, LPL,
ATGL, and CGI-58 after chronic infusion of NPGM. In the liver,
NPGM decreased the mRNA expression of PPARu (Figure 4A),
whereas in the abdominal and gizzard fat, the mRNA expression
levels did not change (Figure 4B).

Effects of Chronic
Intracerebroventricular Infusion of
Neurosecretory Protein GM on the
mMRNA Expression for Feeding, Water
Intake, and Pituitary Hormones in the
Hypothalamus and Pituitary Gland

Based on the results of body mass gain and water intake,
we investigated the mRNA expression levels of the endocrine
hormones and related factors, which are involved in feeding,
water intake, and growth in the hypothalamus and pituitary gland
after chronic infusion of NPGM. NPGM did not change the
mRNA expression levels in the hypothalamus (Supplementary
Figure 1A), whereas NPGM decreased the expression of PRL
mRNA in the pituitary gland (Supplementary Figure 1B).

DISCUSSION

In this study, we investigated the effects of a novel small protein,
NPGM, on the body composition of chicks by chronic i.c.v.
infusion for 2 weeks. Our data showed that the infusion of
NPGM increased body mass and cumulative water intake without
changes in food intake. Furthermore, morphological analyses
showed that NPGM induced fat accumulation in the liver and
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(control; CTL) and NPGM. The change in the body mass gain after surgery (A,B). The daily and cumulative food intake (C,D). The daily and cumulative water intake
(E,F). Data are expressed as the mean + SEM (n = 7-8). Data were analyzed using the student t-test and two-way repeated-measures analysis of variance
(ANOVA). An asterisk indicates a statistically significant difference (*P < 0.05, **P < 0.01).

gizzard fat. This study is the first to show that NPGM induces
fat deposition in animals.

Several studies have been conducted on fat accumulation in
mammals (Gesta et al., 2007; Peirce et al., 2014). However, the
mechanism of lipid metabolism in birds has not been established.
The biological structures of birds differ from those of mammals,
and their endocrine actions are unique. For example, birds do
not have heat-producing brown adipose tissue (BAT) and have
only white adipose tissue (WAT) (Johnston, 1971). Moreover,
birds are hyperglycemic animals that exhibit insulin resistance
despite normal insulin activity (Dupont et al., 2008). In chickens,
unlike mammals, insulin has little effect on glucose uptake in
adipose tissue and does not inhibit lipolysis (Tokushima et al.,
2005). Furthermore, glucagon is thought to be the main lipolytic
hormone (Scanes et al., 1994). In mammals, leptin is a hormone
secreted by adipocytes and acts on the hypothalamus to suppress
eating and obesity (Halaas et al., 1995). Recently, the leptin gene

has been identified in some bird and these findings suggest that
avian leptin may have a different physiological function from
that of lipid metabolism in mammals (Seroussi et al., 2017, 2019;
Beauclair et al., 2019; Friedman-Einat and Seroussi, 2019). The
present study showed that NPGM is a new player in regulating
fat deposition in avian species, chicken.

We have also reported a paralog gene with NPGM, which
is named neurosecretory protein GL (NPGL) in vertebrates
(Ukena et al, 2014; Ukena, 2018). The NPGL gene is also
highly conserved in vertebrates, including chickens, rats, mice,
and humans (Ukena et al., 2014; Ukena, 2018). Sequence
similarity between mature NPGM and NPGL is 54% in chickens
(Shikano et al, 2018c). Our previous studies showed that
NPGL-immunoreactive cells were localized in the IN and
MM of the hypothalamus, and parts of NPGL-immunoreactive
cells were identical to NPGM-immunoreactive cells in the
MM in 1- and 15-day-old chicks and the IN in 15-day-old
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chicks (Shikano et al., 2018a). The expression levels of NPGL
mRNA gradually increased during post-hatching development.
In contrast, the expression level of NPGM mRNA gradually
decreased after hatching, suggesting that NPGM and NPGL have
different timings of action during the growth process (Shikano
et al., 2018a). Functional analysis of NPGL has already been
demonstrated in rats, mice, and chicks (Iwakoshi-Ukena et al.,
2017; Matsuura et al.,, 2017; Shikano et al., 2018b, 2019, 2020;
Fukumura et al., 2021). The results showed that the long-term
administration of NPGL stimulated food intake and induced
fat accumulation in rats, mice, and chicks. In contrast, NPGM
treatment did not change food intake or the gene expression
levels of feeding and growth regulators (NPY, AgRB, POMC, GLP-
1, CCK, GH, and TSH) in the hypothalamus and pituitary gland
in this study. Therefore, it is likely that NPGM does not directly
regulate feeding behavior in chicks. In addition, the expression
levels of water intake-regulating factors (AGT and ACE) did not
change, although the amount of drinking water was increased by
NPGM infusion. The future study is necessary to elucidate the
regulatory mechanism of drinking behavior by NPGM.

In our previous studies, NPGL increased the mass of WAT
through de novo lipogenesis in rats and chicks, resulting in

fast body mass gain (Iwakoshi-Ukena et al, 2017; Shikano
et al, 2019). In general, birds are known to use the liver
rather than adipose tissue as the primary site of de novo
lipogenesis (Leveille et al., 1975). Glucose taken up by the liver
is converted into fatty acids and cholesterol and, subsequently,
fatty acids are converted into triacylglycerols (TAGs). Cholesterol
and TAGs are transported by very low-density lipoproteins
(VLDL) to the adipose tissue where they are stored (Hermier,
1997). However, we found that de novo lipogenesis by NPGL
in chicks occurred in the adipose tissue but not in the
liver (Shikano et al., 2019). This result indicates that NPGL
is a neuropeptide that upregulates de novo lipogenesis in
the adipose tissues of chicks. In the present study, chronic
i.c.v. infusion of NPGM induced body mass gain in chicks,
similar to NPGL. However, mRNA expression analysis of lipid
metabolism factors involved in lipogenesis and lipolysis showed
little change in the expression levels of lipid metabolism factors
in the liver and adipose tissue, except for a decrease in the
lipolytic factor PPARa in the liver. These results suggest that
de novo lipogenesis by NPGM does not occur in these tissues.
Therefore, the mechanism of action of NPGM and NPGL for
fat accumulation may differ in the same animals. It is also
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known that lipogenesis and lipolysis in the adipose tissue are
controlled by the hypothalamus via the sympathetic nervous
system in mammals (Buettner et al., 2008; Scherer et al., 2011).
Therefore, NPGM may be involved in the sympathetic control of
fat accumulation in chickens. Future studies are needed to classify
the target regions and neural networks of NPGM-producing
neurons in chickens.

In this study, PRL mRNA expression was decreased in the
pituitary gland after NPGM infusion. PRL is known to be
involved in more than 300 actions in vertebrates (Bole-Feysot
et al., 1998). In birds, the most studied role of PRL is involved
in actions during the egg incubation phase (March et al., 1994).
In addition, PRL has been reported to increase feeding behavior
and activate LPL in adipocytes (Garrison and Scow, 1975; Das,
1991). In the present study, there was no change in food intake
or LPL mRNA expression levels after NPGM infusion. However,
NPGM may inhibit the increase in food intake and the activation
of lipolysis through the suppression of PRL expression. In the
future, it will be necessary to clarify the exact relationship
between NPGM and PRL in chickens.

The present data on NPGM-induced fat accumulation in
chickens may facilitate future applications in animal agriculture,
such as controlling fat accumulation in poultry. The French food,
foie gras, is a fatty liver, and the artificial production of foie
gras is a problem related to animal welfare (Litt et al., 2020).
In addition, chicken fat is becoming a healthy food because of
the high amounts of unsaturated fatty acids (Pena-Saldarriaga
et al, 2020) and these fatty acids are necessary constituents
of the cell membrane and represent precursors to numerous
different body components (Alagawany et al., 2021a,b). The
application of NPGM to fat deposition in the liver and the
abdominal and gizzard fat will have an impact on agricultural and
livestock industries.

In conclusion, chronic i.c.v. administration of NPGM
increased the body mass and caused fat accumulation in both
the liver and the abdominal and gizzard fat. This is the first
report describing the effect of NPGM on fat deposition in
vertebrates, including birds. These results suggested that the
biological functions of NPGM might affect egg production
and reproductive performance in layers. In the future, we
need to analyze the effects of NPGM in broilers for meat
production. In addition, to clarify the exact role of NPGM
action in the brain, the receptor for NPGM needs to be
discovered. However, to date, receptors for NPGM and NPGL
have not yet been discovered in vertebrates. It is known that
fat accumulation is essential for birds, not only to sustain life
but also to maintain bird-specific behaviors such as migration
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The Full-Length Transcriptome
Provides New Insights Into the
Transcript Complexity of Abdominal
Adipose and Subcutaneous Adipose
in Pekin Ducks

Dandan Sunt, Xiaoqin Lit, Zhongtao Yin and Zhuocheng Hou*

Department of Animal Genetics, Breeding and Reproduction, College of Animal Science and Technology, China Agricultural
University, Beijing, China

Adipose tissues have a central role in organisms, and adipose content is a crucial
economic trait of poultry. Pekin duck is an ideal model to study the mechanism of
abdominal and subcutaneous adipose deposition for its high ability of adipose synthesis
and deposition. Alternative splicing contributes to functional diversity in abdominal and
subcutaneous adipose. However, there has been no systematic analysis of the dynamics
of differential alternative splicing of abdominal and subcutaneous adipose in Pekin
duck. In our study, the Pacific Biosciences (PacBio) Iso-Seq technology was applied to
explore the transcriptional complexity of abdominal and subcutaneous adipose in Pekin
ducks. In total, 143,931 and 111,337 full-length non-chimeric transcriptome sequences
of abdominal and subcutaneous adipocytes were obtained from 41.78 GB raw data,
respectively. These data led us to identify 19,212 long non-coding RNAs (IncRNASs)
and 74,571 alternative splicing events. In addition, combined with the next-generation
sequencing technology, we correlated the structure and function annotation with the
differential expression profiles of abdominal and subcutaneous adipose transcripts.
This study identified lots of novel alternative splicing events and major transcripts of
transcription factors related to adipose synthesis. STAT3 was reported as a vital gene
for adipogenesis, and we found that its major transcript is STAT3-1, which may play
a considerable role in the process of adipose synthesis in Pekin duck. This study
greatly increases our understanding of the gene models, genome annotations, genome
structures, and the complexity and diversity of abdominal and subcutaneous adipose in
Pekin duck. These data provide insights into the regulation of alternative splicing events,
which form an essential part of transcript diversity during adipogenesis in poultry. The
results of this study provide an invaluable resource for studying alternative splicing and
tissue-specific expression.

Keywords: Pekin duck, abdominal adipose, subcutaneous adipose, full-length transcriptome, alternative splicing,
proliferation, differentiation

Abbreviations: Iso-Seq, isoform sequencing; AS, alternative splicing; PacBio, Pacific Biosciences; TFs, transcription factors;
IncRNAs, long non-coding RNAs; GPDH, glycerol-3-phosphate dehydrogenase; KEGG, Kyoto Encyclopedia of Genes and
Genomes; A3, alternative 3’ splice site; A5, alternative 5’ splice site; AF, alternative first exon; AL, alternative last exon, MX,
mutual exclusive exon; RI, intron retention; SE, exon skipping; PPARy, peroxisome proliferative activated receptor, gamma;
STATS3, signal transducer and activator of transcription 3.
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INTRODUCTION

Duck is one of the most widely distributed waterfowl in the world.
After being artificially domesticated, Pekin duck stores a large
amount of lipids in abdominal and subcutaneous adipose tissues
(Kou et al., 2012; Lin et al., 2018), which is an ideal animal model
for studying the fat deposition process of birds. The previous
research showed that the lipid deposition patterns of the two
tissues were different during the growth periods, the content of
subcutaneous adipose tissue was higher than abdominal adipose
tissue (Ding et al., 2012). However, the difference of molecular
mechanism of lipid deposition with different adipose tissues of
Pekin duck is still not clear.

Accompanied by the progress of sequencing technology,
single-molecule sequencing was widely used in plant research,
such as corn (Guo et al., 2021), rice (Du H. et al., 2017), clover
(Chao et al., 2018), bamboo (Wang et al., 2017), etc. highlighting
the huge advantages of identification of alternative splicing
by full-length transcriptome. Single-molecule sequencing can
directly obtain all information of the RNA sequence without
assembly. However, there are fewer applications of single-
molecule sequencing technology in bird research. For ducks, only
PacBio Sequel was used to sequence the full-length transcriptome
of eight Pekin duck tissues, and identified 35,031 alternative
splicing events among 3,346 genes (Yin et al., 2019).

Fortunately, the assembly of the high-quality Mallard genome
provides a vital support for us to accurately identify the isoforms
and alternative splicing events of genes (NCBI, 2019). Alignment
of different isoforms to the reference genome can effectively
identify the modes of alternative splicing of genes, especially
to improve the accuracy of long isoforms alignment (Kraft and
Kurth, 2020). At present, the process of alternative splicing
identification for species with reference genome is mature and
reliable (Song et al.,, 2020; Xu et al., 2021). Combined analysis
using transcriptome of short-read and long-read sequencing can
further improve gene structure annotation, verify splicing sites,
analyze tissue-specific or time-specific expression of different
isoforms (Hu et al., 2021).

Another advantage of single-molecule transcriptome
sequencing is the identification of TFs (Mazzocca et al,
2021) and IncRNAs (Troskie et al., 2021) in tissues, which is
essential for the study of transcriptional regulation of fat-related
biological processes. Adipogenesis is a process characterized
by a complex network involving many TFs and IncRNAs that
regulate gene expression (Squillaro et al, 2020). LncRNAs
process multiple cellular functions and regulate chromatin
remodeling, transcriptional and post-transcriptional events to
affect gene expression. Recent investigations have shown that
these molecules play a key role in regulating the development
and activity of the white and brown/beige adipogenic process
(Squillaro et al., 2020). Overexpression and knockout methods
have been widely used to understand the contribution of TFs to
adipocyte development, providing a basic strategy for studying
the complexity of adipogenesis in vitro. So far, more than 12
transcription factors have been shown to play an important
role in adipocyte development (Farmer, 2006; Lee et al., 2019;
Ambele et al, 2020; Zhang et al, 2020). Comprehensive

analysis of different isoforms of TFs during adipocyte multiple
developmental time points can broaden our view of regulation of
different adipocyte development in birds.

Therefore, we performed ISO-seq and RNA-Seq analysis on
abdominal and subcutaneous adipocytes derived from the Pekin
ducks. We addressed the proliferation and differentiation of the
abdominal and subcutaneous adipocytes to identify potential
differences in isoforms. The results of this analysis allowed us
to expand our cognition of alternative splicing and differential
expression which indicate different regulation modes, and
provide a rich resource into the alternative splicing that forms
an essential part of transcript diversity and complexity during
abdominal and subcutaneous adipose synthesis and deposition.
These results will facilitate future functional genomics studies and
broaden our horizons of alternative splicing in poultry.

MATERIALS AND METHODS

Cell Culture and Differentiation Induction
The cell samples used in this experiment were primary
preadipocytes isolated from the abdominal and subcutaneous
adipose tissues of Pekin ducks provided by Beijing Golden Star
Ltd. The experimental procedure was in accordance with the
guidelines of the China agricultural University Animal Care
Committee. The isolation method referred to the method used
in our previous study (Wang et al., 2019). Ducks were sacrificed
under deep anesthesia with sodium pentobarbital (Sigma).
Abdominal and subcutaneous adipose tissue was collected under
sterile conditions and washed with PBS. The clean adipose
tissue was minced into fine sections and digested with 15 mL
of digestion Solution [DMEM/F12 (Dulbecco’s modified Eagle’s
medium/Ham’s nutrient mixture F-12), 100 mM HEPES, 4%
BSA, 2 mg/mL collagenase I (Invitrogen), pH 7. 4] for 65 min
at 37°C in a water bath shaker. After incubation and stop
digestion by growth medium (DMEM/F12, 10% FBS, 100 U/mL
penicillin, and streptomycin). The mixture was filtered through
nylon screens with 70 um mesh openings to remove undigested
tissue and large cell aggregates. The filtered suspensions were
centrifuged at 300 x g for 10 min to separate floating adipocytes
from preadipocytes. The harvested preadipocytes were then re-
suspended with 10 mL of Blood Cell Lysis Buffer (Invitrogen),
and incubated at room temperature for 10 min. The abdominal
and subcutaneous preadipocytes isolated were inoculated in a
growth medium. The cell culture was carried out at 5% CO;
concentration, 37°C and 95% air humidity. Preadipocytes can
be induced to differentiate by adding oleic acid to the growth
medium (Shang et al., 2014).

Cell Counting Kit-8 Assay

Cell Counting Kit-8 (CCK-8) is a highly sensitive colorimetric
assay for cell proliferation. In order to determine the difference
of proliferation rate of preadipocytes in different parts of Pekin
duck, abdominal and subcutaneous preadipocytes divided into
4 x 107 cells/well were seeded in 96 wells cell culture plate.
100 ul medium was added to each well. After induction for 24 h,
48 h, 96 h, 144 h, 192 h, and 240 h, 10 ul CCK-8 (Dojindo
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Laboratories, JP) was added to the sample well, incubated at 37°C
for 2 h, and the absorbance value at 450 nm was measured by the
multi-function microplate reader (Infinite F200, CH).

Determination of the Activity of

Glycerol-3-Phosphate Dehydrogenase
Glycerol-3-phosphate dehydrogenase (GPDH) is a rate-limiting
enzyme of fatty acyl-CoA biosynthesis, and its enzyme activity
increases significantly in the late stage of adipose differentiation,
so it can be an index to characterize the differentiation
degree of preadipocytes. In our experiment, abdominal and
subcutaneous preadipocytes were selected at 0 h, 48 h, and
96 h after inducing differentiation. GPDH activity was conducted
by using GPDH activity detection kit (Sigma, United States).
Three biological replicates (n = 3) were included at each
time point. Bovine serum albumin was used as the standard,
BCA protein detection kit (Sigma, United States) was used to
determine the protein concentration of cell culture homogenate
(Matsubara et al., 2005).

Determination of Relative Lipid Droplet

Content

Oil red O (Sigma, United States) staining could specifically stain
the neutral lipid in cells because it can be highly dissolved in
lipid. In our study, abdominal and subcutaneous preadipocytes
were collected at 0 h, 24 h, 48 h, 72 h, 120 h, and 240 h after
induction. Firstly, the cells were washed with PBS for three times,
fixed with 10% (v/v) paraformaldehyde at room temperature
for 30 min, then washed with PBS, stained with 1% oil red
O for 40 min, removed the supernatant, and added 1 mL of
100% (v/v) isopropanol to obtain the extraction. The absorbance
of the extraction at 500 nm was measured by the multi-
function microplate reader (Infinite F200, CH) to characterize
the relative lipid droplet content of each sample (Ramirezzacarias
et al., 1992). Three biological replicates (n = 3) were included
at each time point. The data were analyzed by independent
sample students’ test.

Sample Collection and RNA Preparation

All the Pekin duck used in this study were provided by
Beijing Golden Star Ltd. Inc. The abdominal and subcutaneous
adipose tissues were collected for the primary culture of the
preadipocytes. The detailed method of primary cell culture is
described in previous research (Matsubara et al., 2005). We
collected —48 h (48 h before the initiation of differentiation),
0 h (the initiation of differentiation), 12 h, 24 h, 48 h, and
72 h of abdominal and subcutaneous preadipocytes for RNA
extraction respectively. The cleaned adipocytes at all time points
were homogenized separately (10 pg per sample) in TRIzol
(Invitrogen, United States) and processed according to the
manufacturer’s protocol. RNA integrity number (RIN) values
were calculated using an Agilent 2100 Bioanalyzer (Agilent
Technologies, United States), and RNA concentration was
assessed using a NanoDrop™ spectrophotometer (Thermo
Fisher Scientific, United States). All RNA samples had an RNA
integrity number value > 8.0, and an optical density 260:280 ratio

>1.9. RNA was then used for mRNA-seq using the Illumina
sequencing platform.

Library Preparation and Pacific

Biosciences Sequencing

Abdominal and subcutaneous preadipocytes at 72 h after
differentiation were wused for full-length transcriptome
sequencing. —48 h, 0 h, 12 h, 24 h, 48 h, and 72 h of abdominal
adipocytes were collected for RNA-Seq, and each time point
included six biological replicates (n = 6).

We constructed two Iso-seq libraries for abdominal and
subcutaneous adipocytes, which mixed equal amounts of RNA
from each sample (5 pg per sample). The libraries were
generated according to PacBio Iso-seq sequencing protocol.
Briefly, qualified RNA was first obtained for sequence library
construction, and the Clontech SMARTer cDNA synthesis kit
with Oligo-dT primers was used to generate first-strand and
second-strand ¢cDNA from polyA mRNA. Size fractionation
and selection (<4 kb and >4 kb) were performed using the
BluePippin™ Size Selection System (Sage Science, Beverly, MA,
United States). The full-length cDNA was repaired to construct
the equal-mole hybrid library. The sequences without joints
at both ends of the cDNA were removed. Two SMRT bell
libraries were constructed with the Pacific Biosciences DNA
Template Prep Kit 2.0 and SMRT sequencing was then performed
using the Pacific Bioscience Sequel System. Approximately 5 pg
of total RNA was used for mRNA-seq using the Illumina
sequencing platform. Suitably sized fragments were selected
using AMPure XP beads (Beckman Coulter, United States) to
construct the cDNA libraries by PCR. Following construction,
double-stranded ¢cDNA libraries were sequenced on an Illumina
HiSeq X-10 with PE150 mode (Novogene, CA, United States).
The methods of library construction and sequencing were as
described elsewhere (Wang et al., 2019). All sequencing data
were deposited in National Centre for Biotechnology Information
(NCBI) under the BioProject ID PRJNA723918. RNA-Seq data
of multiple differentiation stages of subcutaneous preadipocytes
were downloaded from NCBI (accession number: SRX4646736).

Data Analysis of ISO-Seq Raw Data

We obtained all raw data and processed it according to the
Iso-seq standard pipeline'. Firstly, the sequence adapters were
removed and the sequences shorter than 300 bp in length and
less than 0.75 accuracy were filtered to obtain subreads. After
quality control, the clean polymerase reads were processed to
separate reads of an insert with pass >0 and accuracy >0.75.
These reads of insert (ROI) were categorized into full-length,
non-full-length, and chimeric reads using the SMRT Iso-Seq
analysis pipeline. Full-length reads were determined by detecting
poly(A) tails, 5 primers and 3’ primers. ROI was divided into
chimeric transcripts and non-chimeric transcripts according to
whether there were sequencing primers in the sequence. The cd-
hit-est (Li and Godzik, 2006) were used to remove redundant

Uhttps://github.com/PacificBiosciences/IsoSeq_SA3nUP/wiki/Tutorial:
-Installing-and- Running-Iso- Seq- 3- using- Conda
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sequences, and all reserved non-redundant sequences are used for
downstream analysis.

Analysis of Transcript Structure and
Alternative Splicing Identification

We aligned the non-redundant isoforms to the Mallard reference
genome using GMAP (Wu and Watanabe, 2005) software
(gmap.avx512), and sorted the aligned sam files and converted
it into bam files using Samtools (Pertea et al, 2016) (v1.9).
MatchAnnot (2015.06) software was used to compare the sorted
alignment files with the annotation files of the Mallard genome.
According to the exons information derived from annotation
files, the different matching results were scored. The scores
were marked into 0, 1, 2, 3, 4, and 5 to show the best
matching transcripts.

In order to identify the alternative splicing (AS) events of the
genes, firstly, The alignment file was filtered for 90% alignment
coverage and 90% alignment identity and corresponding GFF
files generated using ¢cDNA_Cupcake (Gordon et al, 2015)
(v18.1.0). SUPPA2 (Trincado et al., 2018) (v2.2.1) identified the
AS events from annotation files (GFF/GTF format). The AS
events were detected by SUPPA2 (v2.2.1), including alternative
5’ splice site or alternative 3’ splice site (A5/A3), skipping exon
(SE), first exon/last exon alternative splicing (AF/AL), mutually
exclusive exons (MX) and intron retention (RI).

Functional Annotation of the Full-Length

Transcriptome

In order to annotate non-redundant full-length transcripts, we
used Blast (McGinnis and Madden, 2004) (v2.2.26; e value = 1-
e5) to align the sequences with the NT (NCBI nucleotide
sequences), Swiss-Prot (A manually annotated and reviewed
protein sequence database), and KOG (Karyotic Ortholog
Groups) databases, and the results with the highest alignment
score were used as the annotation. At the same time, we used
the known transcription factors of human in the AnimalTFDB
database to annotate full-length non-redundant sequences, which
is essential for understanding the diversity of transcription
factors in adipose. We performed GO (Gene Ontology) and
KEGG (Kyoto Encyclopedia of Genes and Genome) functional
annotations on the Metascape website (Zhou et al., 2019).

Differentially Expressed Isoforms in
Abdominal and Subcutaneous
Preadipocytes Cells

The clean reads of abdominal and subcutaneous preadipocytes
cells were mapped to the Mallard reference genome
(Anas_platyrhynchos. ASM874695v1.dna.toplevel.fa, ~ Ensembl
Release 104, CAU-Wild1.0) by Hisat2 (v2.1.0). Then samtools
(v1.9) were used to sort and convert the comparison files.
Stringtie (Pertea et al, 2016) (v2.0.6) was used to calculate
the abundance of full-length transcripts in each sample by
annotation files. The DEseq2 (v1.28.1) was used to analyze
differentially expressed transcripts (DETs). Transcripts with the
fold change >1.5 and FDR < 0.05 were considered DETs.

RNA Isolation and Real-Time
Quantitative RT-PCR

The total RNA of abdominal and subcutaneous preadipocytes
were extracted with e.z.n.a. total RNA kit II reaction kit (Omega
Bio-Tek, United States). The RNA quality and quantity were
determined using 1% agarose gel electrophoresis and NanoDrop
1000 (Thermo Scientific, Wilmington, DE, United States),
and 2 pg of total RNA from abdominal and subcutaneous
preadipocytes were reverse-transcribed with PrimeScript™ RT
reagent Kit with gDNA Eraser reaction kit (Takara bio, CA,
United States) (Kang et al., 2017). Using total RNA as template
and oligo (DT) primer, the first strand of cDNA was inverted.
The specific primer pairs of transcripts were designed using
the Primer-BLAST software’. We tested different annealing
temperatures to optimize each pair of primers using conventional
PCR to exclude the presence of unspecific products or primer
dimer synthesis; the PCR products were analyzed by 2% agarose
gel electrophoresis. Real-time fluorescence quantification PCR
(RT-qPCR). Real-time fluorescence quantification PCR (RT-
qPCR) was performed using TB green premix Ex Taq'™
fluorescence quantitative kit (Takara, CA, United States) and
7500 Fast Real-Time PCR system (Applied Biosystems, v2.0.6).
Each qPCR reaction had a final volume of 20 L of the reaction
mixture, which consisted of 10 L 2X TB Green Premix Ex Tagq,
0.4 L ROX Reference Dyell, 6.8 LL DNase/RNase-Free water,
0.4 pL forward and reverse specific primers for each transcript
and 2 pL of cDNA template (Madkour et al., 2021). The PCR
reaction conditions were pre denaturation at 95°C for 30 s, using
40 cycles (95°C for 5 s and 60°C for 30 s), and each sample was
technically repeated three times. Fluorescence data were acquired
at the end of the extension step. The primer sequences used
in RT-qPCR reaction are shown in Supplementary Table S5.
Results of the data were obtained by 7500 fast Real-Time PCR
system. GAPDH was used as the internal reference gene in each
sample to standardize the expression level of the transcripts,
and the relative expression was calculated by 272 2CT relative
quantitative method.

RESULTS

Phenotypic Difference of Abdominal and
Subcutaneous Preadipocytes in Pekin
Duck

Adipogenesis includes the proliferation and differentiation of
preadipocytes. In order to compare the phenotypic differences
between abdominal and subcutaneous preadipocytes in Pekin
duck, the proliferation and differentiation ability of abdominal
and subcutaneous preadipocytes in different stages were
determined. CCKS cell proliferation assay results showed that the
proliferation rate of abdominal preadipocytes was higher than
subcutaneous preadipocytes at 96 h, and the number of living
cells in the abdominal preadipocytes group was significantly
higher than that of subcutaneous preadipocytes at 144 h, 192 h,

2www.ncbi.nlm.nih.gov/tools/primer-blast
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and 240 h (P < 0.05) (Figure 1A). These results show that the
proliferation ability of abdominal preadipocytes was significantly
stronger than subcutaneous preadipocytes. GPDH activity assay
showed that GPDH activity of subcutaneous preadipocytes was
significantly higher than abdominal preadipocytes at 0 h and
48 h (P < 0.05) (Figure 1B). Meanwhile, the relative lipid
droplet content of subcutaneous and abdominal preadipocytes
at different time points after induction showed that the lipid
droplet content of subcutaneous preadipocytes was higher than
abdominal preadipocytes at each stage, and the difference was
significant at 48 h and 72 h (P < 0.05) (Figure 1C). These
results indicate that the differentiation ability of subcutaneous
preadipocytes is stronger than abdominal preadipocytes.

Generating Transcript Isoforms in Duck
Adipose Tissues

In order to develop a comprehensive catalog of transcript
isoforms, size-fractionated libraries (1-10 kb and 4-10 kb)
were constructed. Combining the two libraries, a total of
41.78 GB of raw data was obtained, of which the raw data
of abdominal and subcutaneous adipose were both 20.89 GB.
For the sequencing data, after filtering and quality control, the
number of circulating consensus sequences (CCS) of abdominal
and subcutaneous adipose were 240,094 and 184,457, with an
average length of 3,858 bp and 3,692 bp. As expected, the
average length of these ROI (reads of insert) were consistent
with the selected library size. In the study, we classified ROI

and obtained full-length non-chimeric transcripts and non-full-
length non-chimeric transcripts. 143,931 (59.95%) and 111,337
(60.36%) full-length non-chimeric transcripts of abdominal and
subcutaneous adipose were obtained respectively (Table 1).
The full-length non-chimeric transcripts of abdominal and
subcutaneous adipose were combined and subjected to cluster,
and 89,289 full-length non-redundant sequences were obtained,
with an average length of 3,985 bp (Figure 2). All full-length
non-redundant sequences were used for downstream analysis
(Supplementary Figure S9).

Identify the Complex Isoforms of
Transcription Factors and Long
Non-coding RNAs

The transcription factor annotation of Mallard duck in
AnimalTFDB3.0 database contains 865 annotated transcription
factors from 71 families. The 4,544 full-length non-redundant
transcripts in our study were annotated 527 transcription factors
which belong to 64 gene families (Supplementary Table S1).
In most eukaryotes, long-non-coding RNAs (IncRNAs) play an
important role in regulating the protein-coding gene expression.
In the study, we evaluated the coding potential of the transcripts
and obtained 35,134 potential IncRNAs. Then we filtered
the transcripts which have high similarity to the known
protein sequences. Finally, 19,212 high-confidence IncRNAs were
obtained. The length of most of the IncRNAs was 4,000-6,500 bp
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TABLE 1 | Full length transcript data information.

Process Information Abdominal Subcutaneous
Sequencing  Cell number 1 1
data output
cDNA size 1-10k, 1-10k, 4-10k
4-10k
Polymerase read bases 20.89 20.89
Polymerase reads 545895 545895
Polymerase read N50 68983 68983
Polymerase read length 38266 38266
ROI cDNA size 1-10k 1-10k
Reads of insert 240094 184457
Read bases of insert 926290963 681050538
Mean read length of insert 3858 3692
Mean read quality of insert 0.9775004 0.9783864
Mean number of passes 15 16
Classify cDNA size 1-10k 1-10k
Number of reads of insert 240094 184457
Number of five—five prime 7347 4919
reads
Number of three-three 79460 60854
prime reads
Number of adaptor reads 65 81
Number of filtered short 65 81
reads
Number of full-length 143931 111337
non-chimeric reads
3e-04 A
2¢-04 1
g
% e-041
0e+00 A
T T T T
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FIGURE 2 | Length distribution of full-length non-redundant transcript.

(Figure 3A), with an average length of 4,469 bp, which is
significantly longer than the known length of IncRNAs (1,284 bp).
Because IncRNAs is involved in a variety of cellular processes,
the diversity and expression difference (Figure 3B) of IncRNAs
reflects the complexity of regulatory processes in adipose tissue.

Structure Annotation

In this study, the amount of multi-exon transcripts were
sequenced using PacBio Iso-Seq. At the isoform level, there
were 29,320 transcripts from 18,490 wild duck gene models.
By comparing with wild duck reference annotation, 62,469
full-length non-redundant transcripts were identified from

11,834 Pekin duck gene models. We found that 71.15% of
the genes in the original annotation were defined by a single
transcript isoform. After analysis of the Iso-Seq data, only
42.21% of the genes are defined by only a single transcript. The
percentage of gene models with at least three isoforms in the
full-length non-redundant transcripts was higher than that in
the reference transcripts (42.52% vs. 12.83%). On average, there
were 5.28 transcripts per gene, compared with 1.59 transcripts
in the reference notes (Figure 4A). In addition, the full-length
non-redundant sequences were annotated in the study. The
different scores in the annotation results correspond to the
consistency with the known reference transcripts (Figure 4B).
The sequences with matching degree < 2 were poor matching,
accounting for 35.35%, while the sequences with potential
alternative splicing (score > 2) accounted for 64.66%. These
results indicate that the full-length non-redundant transcripts
can predict new transcripts based on known transcripts. The
exons differences in the number and structure of transcripts
show that the AS increases the transcriptome complexity
significantly in Pekin ducks.

Identification of Alternative Splicing

Events Based on Mallard Genome

Alternative splicing can increase protein diversity by changing
the protein structure. In the full-length non-redundant
sequences, 74,571 AS events were identified from 4,046
gene models (Figure 5 and Table 2). The 3" and 5" AS (A3/A5)
were the main AS events, accounting for 66.59%. The rest AS
events included RI (11.80%), SE (5.89%), AF (8.87%), Al (4.51%),
and MX (2.33%). A3, A5, IR, and SE AS events are common in
genes. Most genes have only one AS type, while only 71 genes
have each type. We found that AS events are correlated with
the number of exons. With the increase of exons, AS enhanced
the diversity and complexity of abdominal and subcutaneous
adipose transcripts in Pekin duck.

Functional Annotation of Transcript

Isoforms

In order to obtain the annotation of the full-length transcripts, we
annotated full-length transcripts of abdominal and subcutaneous
adipose of Pekin duck by NT, Swiss-Prot, and KOG databases
for further study of gene function (Figure 6, Supplementary
Table S2, and Supplementary Figures S1, S2). In NT, Swiss-
Prot, and KOG databases, at least 88,388 (98.99%) transcripts
were annotated from 89,289 full-length transcripts. The results
showed that 88,349 (98.94%) transcripts were annotated in
NT database, and 58,149 (65.43%) transcripts were annotated
in all databases. The above results show the reliability and
accuracy of the full-length transcripts. All genes corresponding
to full-length transcripts were subjected to functional annotation,
about 9,495 genes were annotated by GO and KEGG.
In GO and KEGG databases, the majority gene symbols
of abdominal and subcutaneous adipose were represented
by protein binding (671), nucleoplasm (379), and protein
ubiquitination (42) in ‘Molecular Function’ category, ‘Cellular
Component’ category, and ‘Biological Process’ category, analysis
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of the KEGG annotations revealed that most genes were enriched
in ‘metabolic’ pathway (72).

Specific Expression of Isoforms in

Different Types of Adipocytes

Our study explored 36 mRNA-Seq libraries to investigate
expression level differences between abdominal and
subcutaneous adipocytes at six time points. We identified
14054, 12226, 11995, 12854,12255, and 18627 DETs at —48 h, 0 h,
12 h, 24 h, 48 h, and 72 h (Figure 7). The data (Supplementary
Table S4) indicate that there may be differences in the number
and function of transcriptional regulators before and after
differentiation, which reflects the complexity of the regulation
mode in the process of Pekin duck fat deposition.

Discovery of a Specific Transcription

Factor During Fat Development
Many transcription factors play vital roles in the regulatory
pathways of preadipocyte STAT3 is signal transduction and

transcriptional activator. It is a crucial factor for the biological
functions of eukaryotes, such as embryonic development,
immunity, hematopoiesis, and cell migration (Liu et al., 2021).
STAT3 regulates VSTM2A (V-set and transmembrane domain-
containing 2A) (Al Dow et al.,, 2021) and JAK (Janus kinase)
(Zhang et al., 2011) in preadipocytes and promotes white adipose
tissue development. According to the results of AS events and
annotation of full-length transcripts in the study, STAT3 has
17 isoforms and 4 alternative splicing events, including A5,
A3, AFE, and RI (Figure 8). The length and number of exons
vary among different transcripts. These transcripts contain 5-
26 exons, and the transcript with the largest number of exons
has two more exons than STAT3 in the reference genome. The
number of STAT3 improved the richness of the transcript AS.
For example, STAT3-12 contains 24 exons and 4 types of AS. The
main AS events of STAT3 are A3 and A5, which involve trans-
activated domain and tandem donor reflecting the diversity of
transcripts structure.

Total transcripts of STAT3 show various expression patterns
during differentiation (Figures 9, 10). STAT3-2, STAT3-3, and
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TABLE 2 | The number of alternative splicing (AS) event.

Items Gene counts (%) Event counts (%)
A3 2064 (51.01%) 23873 (32.01%)
A5 2283 (56.43%) 25788 (34.58%)
AF 848 (20.96%) 6611 (8.87%)
AL 134 (3.31%) 3362 (4.51%)
MX 198 (4.89%) 1742 (2.33%)
Rl 1906 (47.11%) 8802 (11.80%)
SE 1733 (42.83%) 4393 (5.89%)
Total 4046 74571

A3, alternative 3’ splice site; A5, alternative 5’ splice site; AF, alternative first
exon; AL, alternative last exon; MX, mutual exclusive exons; RI, intron retention;
SE, exon skipping.

STAT3-13 have low-level gene-expression, and STAT3-1 of
abdominal and subcutaneous adipocytes are expressed at a
considerably higher level than any minor transcripts of the
STAT3 during all stages. STAT3-1 has one more exon at the
3’ than the SATA3 in the reference genome. At the early
stage of differentiation (12 h, 24 h, and 48 h), the expression
level of STAT3-1 in subcutaneous adipocytes was significantly
higher than that in abdominal adipocytes (P < 0.05). STAT3-10,
STAT3-15, STAT3-16, and STAT3-17 have significant difference
during preadipocytes differentiation (P < 0.05). In abdominal
and subcutaneous adipocytes, the expression of STAT3-4,
STAT3-8, STAT3-10, STAT3-12, STAT3-16, and STAT3-17 were
significantly different at several consecutive stages (P < 0.05).
These results reflect that the differences in the expression
of transcripts lead to the complexity of gene expression
among different tissues, which is a potential factor causing the
functional complexity of different tissues. Our study analyzed the
expression profiles of other transcription factors, such as PPARy
(Supplementary Figures S3, S4), BCL6 (Supplementary Figures
$5,86), and GATA?2 (Supplementary Figures S7, S$8). The results

NT Swissprot

15821

KOG

FIGURE 6 | Number distribution of functional notes of full-length
non-redundant transcripts of abdominal and subcutaneous adipose in NT,
KOG, and Swiss-Prot databases.

indicate that the differences in transcript abundance may be
mostly attributed to splicing.

RT-gPCR Assays for Validation of

Isoforms

In the current study, three samples of abdominal and
subcutaneous preadipocytes from 0 h were randomly selected
for RT-qPCR to validate some key genes involved in the
proliferation and differentiation of preadipocytes. Including
PPARD (Peroxisome Proliferator-Activated Receptor Delta),
SMAD3 (SMAD Family Member 3), STAT3, FHL2 (Four and
A half LIM domains 2), and SLC16A2 (Solute Carrier Family
16 Member 2) (Figure 11). We choose two transcripts with
the highest expression (transcript 1) and lower expression
(transcript 2) for each gene. The expression patterns of these
transcripts were highly consistent with the mRNA-Seq results.
The results showed that transcription factors usually have an
obvious dominant expression transcript in adipocytes, which may
mainly perform gene functions.

DISCUSSION

Duck is an important economic waterfowl, and it is also a model
animal for adipose deposition and immune research (Li and Lu,
2011; Zheng et al., 2014). Although the duck genome sequence
has been released, its information of genome and transcriptome
still needs to be further explored. At present, the research
related to transcriptome has been reported in ducks. Wang et al.
(2019) analyzed the dynamic transcriptome information of the
proliferation and differentiation of subcutaneous preadipocytes,
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Qiu et al. (2018) and Xu et al. (2019) discussed the relationship
between gene expression and adipose distribution. These findings
lay the foundation for understanding duck fat synthesis and
deposition. These studies only paid attention to the expression
changes of transcripts, but not reported the above alternative
splicing and SNP. Yin et al. (2019) published the full-length
transcripts information of the pectoral muscle, heart, uterus,
ovary, testis, hypothalamus, pituitary gland, and 13-day-old
embryos of Pekin duck, and identified IncRNAs and AS events,
which improved genome annotations and informative basis
with the functional genomics of other birds. The drawback
with this study is that it lacks information about the full-
length transcripts of adipose, which hinders the accurate analysis

of the gene function related to the adipogenesis of Pekin
duck. In our study, Iso-seq analysis was performed on the
abdominal and subcutaneous adipocytes of Pekin duck, 62,469
full-length transcripts were identified from 11,834 gene models,
transcription factors, IncRNAs, and alternative splicing events
were identified to facilitate functional genomics in adipose of
Pekin duck. The number of transcription factors identified was
less than the total transcription factors of wild ducks, which might
be due to some transcripts could not be detected because of the
specificity of adipose tissue expression (Rodriguez et al., 2020).
Exploring functional differences requires accurate transcript
annotations. Alternative splicing increases the richness of
transcripts, which has great significance for functional genomics
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FIGURE 9 | Expression level of new transcripts of STAT gene at different time points of differentiation. Statistical change was determined by Student’s test (two

s

research. In this study, 74,571 AS events were identified from
4,046 gene models. A5 and A3 involving 2,283 and 2,064 genes
had the highest ratio of alternative splicing events. Xu et al. (2016)
used the next-generation sequencing to analyze the AS of breast
muscle and subcutaneous adipose. Their results showed that A5
and A3 were the main AS events, which were consistent with the
results of our study. But the results of this study are different
with Yin et al. (2019). Their main AS types are RI and SE. The
results of this study and Yin et al. (2019) reflect the differences
in the types of AS between adipose tissue and other tissues. AS
increases the complexity and diversity of transcripts, which may
be the basis for the inheritance and regulation of tissues and
organs performing different functions. The AS events identified
in this study provide clues for subsequent studies, such as tissue-
specific expression, a difference of homologous genes function in
different tissues, and so on.

Transcription factors play an important regulatory role in
the process of adipogenesis. As an important transcription
factor, STAT3 can be activated under the action of IL-11
(interleukin-11) to promote the proliferation and migration
of mouse adipose mesenchymal stem cells (Yang et al,
2020), and can synergistic effect with HMGA2 (High Mobility
Group AT-Hook 2) to promote the process of adipogenesis
in mice (Yuan et al., 2017). In humans, STAT3 can activate
the expression of CD36 (CD36 molecule) and promote
preadipocyte differentiation and lipid deposition (Rozovski
et al, 2018; Su et al, 2020). In poultry, the JAK-STAT
signaling pathway regulates the proliferation and apoptosis
of chicken chondrocytes (Chen et al, 2021) and embryo

development (Zhang et al., 2017), and STAT3 affects the
angiogenesis of chorioallantoic membrane in female chicken
embryos by mediating the VEGF/NO (vascular endothelial
growth factor/nitric oxide) pathway (Su et al, 2012). STAT3
encodes different transcripts (Qi and Yang, 2014), and it
was found that STAT3a2 generated by exon skipping may
play a major role in STAT3 signal transduction on grass
carp, which is consistent with the function of STAT3al
(Du L. et al, 2017). In our study, STAT3-1 was the major
expression transcript, which was generated by A3 and A5
alternative splicing. Studies have shown that STAT3 can affect
preadipocyte differentiation by regulating the activity of the
PPARy promoter and regulate the process of adipogenesis
(Su et al, 2020). The specific function of STAT3-1 needs
to be further confirmed. For example, the three exons at
the 3 ends of STAT3 of the reference genome belong to
the nitrogen-terminal domain affecting protein interaction
(Schwalie et al., 2018). Compared with the reference genome,
there is an extra exon at the 3’ ends of STAT3 in full-
length transcripts, which may affect the binding affinity to
the target genes. The expression of STAT3-1 of Pekin duck
s subcutaneous at 12 h, 24 h, and 48 h was higher than
that of abdominal fat (P < 0.05), which may be one of
the factors affecting the differentiation ability of subcutaneous
than abdominal preadipocytes. Therefore, in this study, A3
of STAT3-1 was a potential key AS event in the regulation
of preadipocyte differentiation. The transcription factors can
regulate the binding of other genes, promote or inhibit the
differentiation of preadipocytes, but the binding efficiency of
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different transcripts of the same gene is also different. Alternative
splice-form plays a key role in the process of gene regulation
by generating different transcripts. Further studies can be
carried out through knockdown, knockout, and overexpression

experiments to explore the specific functions of different
transcripts in adipogenesis.

Previous studies showed that abdominal and subcutaneous
adipose  have  different transcriptional  characteristics
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(Burl et al., 2018; Schwalie et al, 2018; Merrick et al.,
2019). The process of adipogenesis is characterized by
changes in cell morphology (Sebo and Rodeheffer, 2019).
The shape of the cells evolves from flat to round cells
with triacylglycerol-rich lipid droplets. The material and
energy requirements for cytoskeleton reorganization and
accumulation of lipids are necessary (Del et al., 2019; Calvo
and Izquierdo, 2021; Zhang et al, 2021). Cytoskeleton
is composed of protein fibers, which is consistent with
the protein binding process in our function annotation
study. Subcutaneous and abdominal adipose mediate the
adipose synthesis and immune regulation, such as fibrosis,
lipid deposition, angiogenesis, and inflammation (Caputo
et al, 2021). The above processes are closely related to
metabolism, which is consistent with the KEGG annotation
results of our study.

In summary, Iso-seq and RNA-Seq conducted a global
analysis for the differentiation process of the abdominal
and subcutaneous preadipocytes in Pekin duck. This study
provided full-length transcripts, AS events, IncRNAs and
transcription factors, analyzed expression levels at different
stages of preadipocyte differentiation, and initially explored
the regulation of AS of abdominal and subcutaneous adipose
in Pekin duck. These results definitively provide valuable
information for the alternative splicing, gene expression and
regulation of adipose tissue in Pekin duck. Furthermore, the
information generated will promote future investigations of
functional genomics.
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Embryonic thermal programming has been shown to improve foie gras production
in overfed mule ducks. However, the mechanisms at the origin of this programming
have not yet been characterized. In this study, we investigated the effect of embryonic
thermal manipulation (+1°C, 16 h/24 h from embryonic (E) day 13 to E27) on the
hepatic expression of genes involved in lipid and carbohydrate metabolisms, stress,
cell proliferation and thyroid hormone pathways at the end of thermal manipulation
and before and after overfeeding (OF) in mule ducks. Gene expression analyses were
performed by classic or high throughput real-time gPCR. First, we confirmed well-
known results with strong impact of OF on the expression of genes involved in lipid
and carbohydrates metabolisms. Then we observed an impact of OF on the hepatic
expression of genes involved in the thyroid pathway, stress and cell proliferation.
Only a small number of genes showed modulation of expression related to thermal
programming at the time of OF, and only one was also impacted at the end of the
thermal manipulation. For the first time, we explored the molecular mechanisms of
embryonic thermal programming from the end of heat treatment to the programmed
adult phenotype with optimized liver metabolism.

Keywords: embryonic thermal programming, liver, metabolism, gene expression, duck

INTRODUCTION

The concept of early life programming appeared in humans less than 30 years ago with the
observation of an association between the size of a child at birth and the risk of developing chronic
pathologies in adulthood (Barker et al., 1993). More recently, programming has emerged in farm
animals as an effective technique for improving their performances as adults. The principle consists
in exposing the organism, during an early period of its life, characterized by a great plasticity, to an
environmental stimulus which can thus be “recorded” and which can direct an adapted response
to another stimulus, occurring later in its life (Lucas, 1998). In mammals, several types of primary
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stimulus have been associated to an alternative phenotype in
adulthood such as developmental malnutrition, stress or hypoxia
(Tarry-Adkins and Ozanne, 2011).

In birds, since embryogenesis occurs outside the mother’s
body, many types of environmental factors can be easily
applied to “program” the animals. Incubation temperature being
one of the easiest parameters to control, embryonic thermal
programming is therefore one of the most studied in poultry and
has already demonstrated its efficiency in terms of improving
adult thermoregulation in multiple species such as chickens
(Piestun et al., 2008), ducks (DuRant et al., 2013) or quails
(Vitorino Carvalho et al., 2020). Interestingly, changing the
incubation temperature can also improve other performances,
such as meat production in chicken (Piestun et al., 2013), or
even foie gras production in mule duck (Massimino et al,
2019). In this last study, our team demonstrated that three
different conditions of embryonic thermal programming led to
an increase in lipid content in the liver of adult mule ducks
after overfeeding (OF) (Massimino et al., 2019). A parallel study,
focusing on the ontogeny of mule duck liver (Massimino et al,,
2020), demonstrated that these thermal manipulations occurred
during a period characterized by high expression of carbohydrate
and lipid metabolism genes, suggesting a greater sensitivity of
these metabolic pathways to thermal stress applied during this
period. Nevertheless, despite the many encouraging results, the
molecular mechanisms of programming process remain largely
unknown. Modification of hormonal responses, gene expression
regulations or epigenetic marks have been studied in the context
of increased thermoregulation (Vaiserman et al., 2018; Madkour
etal., 2021), but the field concerning hepatic metabolism has been
scarcely explored (Loyau et al., 2014).

Overfeeding is a method used to stimulate de novo lipogenesis
in migratory birds that store their energy in the liver (Leveille
et al,, 1975). For about 12 days, the ducks are fed corn (grain
or meal) twice a day and the excess carbohydrates are converted
into lipids by the hepatocytes, resulting in a huge increase in
liver weight (Baeza et al., 2013). The metabolic pathways involved
in this hepatic steatosis have been more precisely described in
the last decades (Herault et al., 2010). First, glucose is taken up
by the liver (Annabelle et al., 2017), before being degraded into
pyruvate and then into acetyl CoA which is subsequently used
for lipid synthesis (Annabelle et al., 2018). These lipids can be
transported to peripheral tissues or recaptured by the liver for
long-term storage (Tavernier et al., 2017).

The embryonic thermal programming applied to mule ducks
that resulted in the increase in liver fattening (Massimino et al.,
2019) may have affected each of these metabolic pathways, but
also a variety of other pathways such as cell proliferation or
thyroid hormone pathway strongly involved in liver metabolism
(Sinha et al., 2014). In this study, we examined for the first time
the short and long term molecular impacts of a 1°C increase
in incubation temperature applied discontinuously (16 h/24 h)
between E13 and E27 on mule duck eggs, resulting in the best
optimized response to overfeeding (Massimino et al, 2019).
We focused our work on the expression of genes involved
in liver metabolism, thyroid pathway, cellular stress and cell
proliferation at the end of the thermal treatment to study the

short term impact, and before and after overfeeding for a longer
term study.

MATERIALS AND METHODS
Ethics Approval Statement

All experimental procedures complied with French national
guidelines for the care of animals for research purposes.
The protocols were approved by the Animal care and
Use Committee of the Greater Southwest Region (no. 73)
and authorized by the department under the file reference
APAFIS14196-201805250850236-v3. Ducks were killed in line
with the European Council regulation (European Union, 2009)
at the Experimental Station for Waterfowl breeding (INRA,
Artiguéres, France).

Eggs Incubation and Thermal Treatment
The overall experimental design is shown in Figure 1.

A total of 1,000 eggs of mule ducks (genotype H85, provided
by Grimaud Freres Selection Company, Roussay, France) were
kept at room temperature during 3 days prior to incubation
and randomly divided into two incubators (500 eggs each).
Control group was maintained at 37.6°C and 47% average relative
humidity (RH) during the whole incubation period. Thermal
manipulation (TM) was performed during the last 14 days of
incubation period, i.e., embryonic day 13 to 27 (E13-E27) at
38.6°C 16 h/day (+1°C 16 h/24 h), RH being adjusted to an
average of 63% in order to avoid egg dehydration. This thermal
treatment condition was chosen among the three previously
studied, for its optimal results, without any negative effect on
hatchability or final yield (Massimino et al., 2019).

All eggs were turned through 90° every 3 h. In each incubator,
temperature and hygrometry were continuously measured by a
sensor equipped with remote probes (KIMO). Unfertile eggs were
excluded by candling at E10, with a sliding of remaining eggs to
prevent local temperature disturbance caused by the appearance
of holes. On embryonic day 27 (E27), 20 embryos per group were
collected and then temporarily placed in a small incubator near
the dissection table, previously programmed to the incubation
temperature, to avoid a long temperature variation before their
slaughter by decapitation. Livers were harvested and frozen in
liquid nitrogen for RNA extraction. The remaining eggs were
placed in the same hatcher at 37.3°C and 80% of RH. Newly
hatched ducks were recorded every day from E28 to E31.

Rearing and Force-Feeding Conditions,
Sample Collection

Male ducklings were divided into two groups of 70 per treatment
and were raised under the same conditions of light and
temperature, and fed ad libitum from hatching to 4 weeks of age
with a starting diet (2,800 Kcal, crude protein 17.5%). From 4 to
8 weeks of age, ducklings were fed ad libitum with a growing diet
(2,800 Kcal, crude protein 15.5%), and hourly rationed between
8 and 12 weeks of age. At 12 weeks of age (D83) 15 animals
per group were slaughtered for liver sampling before overfeeding
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FIGURE 1 | Experimental design. Incubation period extends from embryonic day 1 (E1) to day 30 (E30), day of peak hatching of the ducklings. The thermal
manipulation (TM) was performed between E13 and E27, with a temperature increase of 1°C (16 h/24 h) and relative humidity (RH) adjusted to 63%. Overfeeding
began at 83 days of age (D83) and ended at 95 days (D95). Liver samplings for RNA extraction are indicated by an arrow at the end of the TM (E27) and before (D83)

Liver sampling

period, classically practiced at this age in ducks (Saez et al.,
2010; Hérault et al., 2018; Lo et al., 2020). All remaining ducks
were overfed with corn meal twice a day (53% corn and 47%
water, Palma Maisadour), for 11 days (21 meals) and slaughtered
at the end of the OF period (D95). Liver samples from 20
animals per group were collected for gene expression analysis,
10 h after the last meal. In each case, ducks were slaughtered
by exsanguination after electronarcosis. After dissection, pieces
of liver were sampled in the middle of the large lobe for the
study of gene expression and were frozen in liquid nitrogen
for RNA analysis.

RNA Extraction and Reverse

Transcription

Total RNA was isolated from frozen tissue according to the
Ribozol method (VWR Life Science). Total RNA concentration
was measured by spectrophotometry (optical density at 260 nm)
using a Biotek EPOCH 2 microplate reader (Take 3 plate), and all
the samples were normalized at 500 ng/pl. The integrity of total
RNA was analyzed by electrophoresis, and the absence of DNA
contamination was prevented by DNase treatment. Exogenous
RNA of Luciferase (Promega) was added to each sample (100 pg
per sample) to ensure the stability of a reference gene to
enable data normalization, as described previously (Desvignes
et al,, 2011). For the RT-PCR, an amount of 3 pg RNA was
reverse transcribed to cDNA with Iscript Reverse Transcription
Supermix for RTqPCR (Bio-Rad, United States) with duplicate
samples. Reverse transcription reaction was done in CFX384
(Bio-Rad, United States) according to this program: 25°C/5 min,
46°C/20 min, 95°C/1 min.

qPCR EvaGreen Using BioMark

The mRNA levels of 45 genes encoding proteins involved in lipid
and carbohydrate metabolism, cell stress and proliferation, and
the thyroid hormone pathway were quantified in liver from ducks

before and after OF (at 83 and 95 days of age). Given the large
number of genes and samples, we chose for this part to do a
high-throughput expression study. All primer sequences used are
listed on the Supplementary Tables 1-3 and were validated on a
concentration range of cDNA pool. Before performing Fluidigm
step, a specific target amplification (STA) has been done with
5 ng/kL of cDNA. This step consists in PCR using PreAmp
Master Mix and specific primer in order to normalize all samples
and to ensure that there are enough copies of cDNA in each well.
The manufacturer recommends this step because the method
used nanovolumes. After the STA, all target and samples were
distributed in a 96 x 96 chip for Fluidigm Gene Expression Array.
The primers were provided by Applied Biosystems and were used
at a concentration of 100 WM. The reaction was made using 20 x
EvaGreen dye following the program: holding stage 95°C for
10 min, 35 cycles of amplification: 95°C for 15's, 60°C for 1 min.
All the data were analyzed with the Fluidigm real-time PCR
Analysis Software (Fluidigm Corporation v4.1.3). Melting curves
were systematically monitored at the end of the last amplification
cycle to confirm the specificity of the amplification reaction.
Each qPCR run included negative controls (wells without reverse
transcriptase, mRNA or ¢cDNA). This part of the work was
performed at the platform of quantitative transcriptomic GeT-
TQ (GenoToul, Toulouse, France).

Gene Expression Analysis After
EvaGreen qPCR

The selectHKgenes function with “Vandesompele” method of
the SLqPCR package was used with RStudio (Version 1.2.1335)
to choose the 6 most stable housekeeping genes (Pfaffl et al.,
2004). The six housekeeping genes for the relative quantification
of mRNA levels of target genes were USP9X, beta-actin, EIF3,
STAB1, HPRT1 and Luciferase (added during the reverse
transcription step), and are listed in the Supplementary Table 3.
The slope of a standard curve using serial dilutions of cDNA
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measured the efficiency (E) of PCR. In all cases, PCR efficiency
values ranged between 1.85 and 2. The analyzes were done with
RStudio and results were expressed as 2~ A2t with :

RQtarget

RQ = 27 AACH _
geomean (RQreferences)

2 ACttarget

RQ =

(2ACtuspox 5 (2ACtActine x ACteFs 5 pACtsTaB

1
X 2 ACtHprT1 X 2 A Ctlucifemse) o

ACj[target = Cteontrol — Ctsample
ACtref = Cleontrol — Ctsamples

Cteontrol = average Ct of all samples.

Real Time gPCR Using Syber Green

Gene expression levels of embryonic liver samples (E27) were
determined by real-time RT-PCR). Primer sequences are listed in
the Supplementary Tables 2, 3.

The mRNA expression levels of target genes were detected
using quantitative PCR with the PerfeCTa SYBR Green FastMix
(Quantabio) in the CFX384 qPCR Detection System (Bio-Rad,
United States). The reaction volume was 15 L per sample and
included 7.5 pL of SYBR Green FastMix, 2 pL (6 pg/mL) of
c¢DNA and 2.75 pL of each primer (290 nM).

Melting curves were systematically monitored at the end
of the last amplification cycle to confirm the specificity of
the amplification reaction. Each qPCR run included duplicates
of samples and negative controls (wells without reverse
transcriptase, mRNA or cDNA).

Gene Expression Analysis After Syber
Green qPCR

Relative quantifications of target gene mRNA levels were
normalized with exogenous luciferase RNA (Promega),
constituting the reference gene (ref). PCR efficiency was
measured by the slope of a standard curve using serial dilutions
of cDNA. In all cases, PCR efficiency values ranged between 1.85
and 2. Relative quantifications were expressed as 2~ 22Ct (Livak
and Schmittgen, 2001) with:

H=AACt _ RQuarget
RQref
RQuarget = 24 Cltargen
RQuy = 28CtHeh
ACttarget = Cteontrol — Clsample
Areftarget = Ctcontrol — Ctsample

Cteontrol = average Ct of all samples.

Statistical Analyses
Statistical analyses were done using the GraphPad Prism v6
software. For embryonic samples (E27), when data set presented

a Normal distribution (assessed by Shapiro-Wilk test), student’s
t tests were performed to compare control and TM groups. If the
values did not follow a Normal distribution, the statistical analysis
was performed with a non-parametric Mann Whitney test.

For pre-OF and post-OF samples, a two-way analysis of
variance (ANOVA) was performed, followed by Sidak’s multiple
comparison test. The data are presented as the average =+ standard
error of mean (SEM). In every case, differences between the
groups were considered statistically significant if the value of
P <0.05.

RESULTS

Expression of Heat Stress Pathway
Genes at the End of the Thermal
Manipulation

We first checked the expression of genes known to be influenced
by heat stress to confirm that the thermal manipulation
was indeed perceived by the liver of duck embryos. Relative
expressions of three different heat shock proteins (HSP) and
one heat shock factors (HSF) were analyzed in Figure 2 at the
end of the TM (E27). We measured a strong increase in gene
expressions of HSP70 and HSP90 in the TM group compared
to the control group. In contrast, the expressions of DNAJB12
(HSP40) and HSF3 were significantly reduced in the TM group
compared to the control group. These results confirm the
molecular perception of the thermal stimulus by duck embryos.

Impact of Early Thermal Manipulation
and Overfeeding on Gene Expression of
Metabolic Pathways

The Table 1 lists the relative expression values of genes involved
in lipid and carbohydrate metabolisms. All these genes were
significantly modulated by OF with an overall increase in
carbohydrate transport and oxidation, and lipid synthesis. The
two main regulators ChREBP and PPARG were also increased
at the end of the OF period compared to before this feeding
challenge. On the contrary, lipid oxidation was strongly down-
regulated after the last meal of the OF period compared to the
pre-OF period. As shown in the right panel of the table, only two
genes were significantly altered by the TM during this period:
GPAT1 and APOB. The increase in GPAT1 expression was
significantly higher in the TM group compared with the control
group after the OF period (significant interaction between both
factors), whereas APOB expression was decreased by both OF
and TM, without significant interaction between both nutritional
and incubation factors.

Impact of Early Thermal Manipulation
and Overfeeding on Gene Expression of
Thyroid, Cellular Stress and Proliferation
Pathways

The Table 2 shows the relative expression of genes involved in
various cellular pathways before and after OF in the liver. Most
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FIGURE 2 | Hepatic relative expression of genes directly influenced by heat treatment at E27. Column representation of the relative expression of HSPA2 (A),
HSP90AAT (B), DNAJB12 (C), and HSF3 (D) at the end of the thermal manipulation in the liver of control (CTR) or thermal manipulated (TM) duck embryos. Data are
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TABLE 1 | Hepatic relative expression of genes involved in the lipid and carbohydrate pathways depending on incubation conditions before and after overfeeding.

Control ™ Effects

Metabolic pathway Gene pre-OF post-OF pre-OF post-OF OF ™ Interaction n
Carbohydrates  Transport GLUT1 0.44 £ 0.06 0.75 £ 0.06 0.33£0.05 0.68 £ 0.09 @ - ns ns 5-19
GLUT2 0.56 + 0.06 0.95 £+ 0.08 0.55+0.04 0.83 £0.03 o ns ns 14-19
GLUT3 0.26 £ 0.05 0.48 £ 0.05 0.27 £ 0.06 0.41 £0.03 - e ns ns 12-19
Oxidation PDHA1 0.59 + 0.06 0.78 £ 0.05 0.48 £0.04 0.78 £0.05 ns ns 14-19
ENO1 0.62 £0.04 0.87 £0.07 0.59 £0.04 0.88 £ 0.06 o ns ns 14-19
HKA1 0.54 £0.10 0.96 +0.08 0.47 £0.07 0.95 £+ 0.07 - o ns ns 14-19
Lipids Synthesis FASN 0.39 + 0.06 2.07 £0.15 0.45 £ 0.09 1.93 +£ 0.07 @H ns ns 14-19
DGAT2 0.11 £ 0.01 0.50 + 0.06 0.19 + 0.03 0.56 + 0.10 e ns ns 14-18
ACC 0.51 £0.04 1.02 + 0.05 0.47 £0.06 0.92 +£0.05 o ns ns 14-19
SCD1 0.26 + 0.06 1.63 + 0.08 0.20 +£0.05 1.73 +£0.08 o ns ns 12-19
ACLY 0.37 £ 0.05 1.28 £ 0.11 0.37 + 0.06 1.47 £ 0.1 e ns ns 14-19
PLIN2 0.31 £0.04 0.62 + 0.05 0.28 £ 0.05 0.59 £ 0.04 o ns ns 14-19
ELOV6 1.11 £0.08 2.18 £0.10 1.06 £ 0.10 2.20 +0.08 = e ns ns 14-19
GPAT1 0.50 (b) £0.07 0.84 (b) £ 0.08 0.48(b)+0.08 1.41(a)+0.16 * * 14-19
Oxidation ACOX1 1.60 +£0.14 0.71 £0.07 1.43 +£0.11 0.66 + 0.06 i ns ns 13-19
ACAD11 1.38 £0.18 0.53 + 0.06 1.01 £0.16 0.51 + 0.06 e ns ns 14-19
ACSL1 1.85+0.19 0.80 £ 0.07 1.68 £ 0.15 0.83 £ 0.07 ns ns 14-19
LIPC 1.80 + 0.31 0.98 £ 0.11 1.85 + 0.31 0.76 +£0.08 o ns ns 14-19
CPTAH 2.32 £0.26 0.80 + 0.08 215+ 0.17 0.87 + 0.09 e ns ns 14-19
Transport APOB 1.16 £ 0.10 0.83 £ 0.07 0.88 £0.08 0.79 £ 0.06 ‘ = * ‘ ns 14-19
FABP4 0.13 £ 0.02 1.02+0.16 0.11 £0.02 1.24 +£0.20 T oon ns ns 14-19
VLDLR 1.02 +£0.20 1.43+0.13 0.83 +£0.17 1.19+£0.15 1 * ns ns 14-19
LDLR 1.48 £ 0.20 1.07 £ 0.10 1.54 £0.13 0.86 + 0.06 ‘ e ns ns 13-19
Regulators ChREBP 0.42 +£0.04 1.33 £ 0.09 0.46 £ 0.07 1.23+0.10 ‘H o ns ns 14-19
PPARG 0.583 £ 0.06 0.99 £ 0.09 0.42 £0.04 0.90 £ 0.05 e ns ns 13-19

Data are presented as mean +/— SEM. TM, thermal manipulation; pre-OF, before overfeeding period; post-OF, after overfeeding period. ns, non significant, *P < 0.05,
“P < 0.01, ™P < 0.001, **P < 0.0001. Different letters in parentheses indicate significant differences measured between each group when there is an interaction

between the OF and TM factors. n, number of samples.

of these genes were significantly modified by OF. All profile
types were represented in the thyroid pathway, with OF-induced
increases in SPOT14 and THRB expression, decreases in NCOR
and DIO3, and no OF effect for DIO1. Similarly, the cellular stress
pathway was variously affected by OF, with an increase in HSP70,
HSP90, HSF3 and ST13, and a decrease in UBQLNI1, HSF2 and
HSBP1 whereas PSMD12 were not altered at all by the nutritional

challenge. The impact of OF on the cell proliferation pathway in
the liver was more homogeneous with an increase in all relative
expression values, except for HGF and MAPK]1, which were not
affected at all.

None of the genes involved in cell proliferation were
influenced by the TM unlike the stress pathway that involved
two genes whose expression was significantly decreased by
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TABLE 2 | Hepatic relative expression of genes involved in the thyroid, stress and cell proliferation pathways depending on incubation conditions before and after

overfeeding.
Control ™ Effects

Pathway Gene pre-OF post-OF pre-OF post-OF OF ™ Interaction n
Thyroid Hormone Signaling SPOT14 0.09 +0.02 0.83 + 0.05 0.08 + 0.01 0.90 + 0.05 % o ns ns 13-19
THRB 0.35 + 0.06 0.78 + 0.05 0.24 + 0.03 0.77 £ 0.04 o ns ns 14-19
NCOR 1.56 +£0.13 1.25+£0.07 1.70 £ 0.10 1.28 +£0.08 ‘ e ns ns 14-19
DIO3 1.37 £ 0.15 0.53 £ 0.07 1.92 +£0.30 0.77 £ 0.11 l * ﬂ ns 12-19
DIO1 1.11 +£0.09 1.10 +£ 0.06 0.94 +£0.08 1.09 + 0.06 ns ns ns 14-19
Cellular Stress UBQLN1 4.28 +£0.44 291 +0.16 3.41+£0.19 2.78 £0.11 l * l ns 14-19
PSMD12 128+ 012 1.18 £ 0.05 0.92 £ 0.10 1.14 £ 0.05 ns *l ns 14-19
HSP70 0.40 £0.04 0.92 £ 0.21 0.54 £ 0.07 1.66 + 0.44 % > ns ns 13-19
HSP90AA1 0.78 +£0.08 0.98 £0.13 0.75 £ 0.09 1.04 +£0.13 * ns ns 14-19
DNAJB12  0.38(ab) £ 0.10 0.36(a) £0.07 0.11 (o) £0.02 0.37 (@) £ 0.04 ns ns * 8-19
HSF3 0.73+0.10 0.91 £0.07 0.65 £+ 0.07 0.84 £0.04 ﬂ’ * ns ns 14-19
HSF2 1.40 +£ 0.21 1.11 £ 0.05 1.53 £ 0.25 0.99 £ 0.04 > ns ns 14-19
HSBP1 252 (@ +028 1.33()+0.05 1.90()+0.13 1.33(c)+0.04 % * l * 14-19
ST13 0.78 &+ 0.08 1.70 £0.11 0.63 +£0.04 1.63 + 0.09 o ns ns 12-19
Cell Proliferation HNF4 0.66 + 0.11 1.15+£0.10 0.50 + 0.10 1.16 £ 0.07 e ns ns 10-19
MAPK1 0.35 + 0.06 0.35 +0.05 0.26 + 0.04 0.32 +£0.05 ns ns ns 14-19
MED21 0.54 +£0.08 0.66 + 0.05 0.52 4+ 0.06 0.71 +£0.03 % = ns ns 13-19
TUBa1C 0.36 &+ 0.05 0.88 + 0.06 0.37 +£ 0.06 0.96 &+ 0.06 o ns ns 14-19
HGF 2.05+0.47 1.72+£0.18 1.84 £ 0.35 1.40+£0.17 ns ns ns 11-18
POLR2C 0.59 + 0.06 0.79 £0.04 0.65 £ 0.06 0.86 +£0.04 ﬂ o ns ns 14-19

Data are presented as mean +/— SEM. TM, thermal manipulation; pre-OF, before overfeeding period; post-OF, after overfeeding period. ns, non significant, *P < 0.05,
“P < 0.01, *P < 0.001, **P < 0.0001. Different letters in parentheses indicate significant differences measured between each group when there is an interaction

between the OF and TM factors. n, number of samples.

embryonic thermal treatment (UBQLNI1 and PSMDI12), and
two for which a significant interaction between feeding and
incubation conditions was found: it concerned DNAJB12 for
which an increase was observed post-OF only in the TM
group, and HSBP1, for which the decrease post-OF was most
pronounced in the control group. Concerning the hormonal
pathway, only the expression of DIO3 showed a significant
increase in the TM group compared to the control group
during this period.

The Genes Influenced by Thermal
Manipulation During Overfeeding Are
Not Affected at the End of the Thermal

Stimulus, Except One

As indicated above, only 6 genes (out of a total of 45)
were significantly modulated by embryonic thermal treatment
during the OF period. To see if this programming was already
measurable at the end of the heat treatment, we measured the
expression of these 6 genes in the liver of embryos at E27. The
results presented in Figure 3 show that only DIO3 expression was
already increased by TM at this stage, with the other five being not
affected by the thermal treatment.

DISCUSSION

This study follows the demonstration that embryonic thermal
programming can induce an optimization of liver fattening in
mule ducks (Massimino et al., 2019). In this previous work, we

used three different thermal stimuli during the incubation period
to program the liver metabolism of adult ducks to respond more
strongly to OF. Although all three programming resulted in larger
and fatter livers than the control group, only one had no negative
impact on hatchability or finished product quality. This condition
consisted of a 1°C increase in incubation temperature, 16 h/24 h,
from embryonic day 13 to embryonic day 27. We therefore chose
to analyze the expression of genes in the liver of the animals from
this condition in order to study the molecular mechanisms at the
origin of this metabolic programming.

Expected Molecular Perception of Heat
Treatment at E27 Using Genes Known to

Be Sensitive to Temperature
We began by studying the expression of genes belonging to
the heat shock protein (HSP) family, themselves members
of the chaperone protein superfamily (Morimoto, 1993; Vos
et al, 2008). These proteins (including HSPA and DNA]J
members) play a crucial role in stress conditions but also
in normal physiological conditions requiring protein quality
control for cellular homeostasis. Their binding to substrates
at risk, ie., in a degraded folding state, allows them to be
directed toward a folding or degradation pathway. Although
initially identified as heat stress-induced proteins, not all are
regulated in the same way, and some not even by temperature
(Vos et al., 2008).

In the first step of our experiment, we focused on three
members of HSPs that are obviously altered by temperature:
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FIGURE 3 | Hepatic relative expression at the end of the heat treatment (E27) of genes influenced by TM before or after overfeeding. Column representation of the
relative expression of GPAT1 (A), APOB (B), DIO3 (C), HSBP1 (D), PSMD12 (E) and UBQLN1 (F) at the end of the thermal manipulation in the liver of control (CTR)
or thermal manipulated (TM) duck embryos. Data are presented as mean +/— SEM (n = 16-19). **P < 0.01. The absence of a star means that there is no statistical
difference between the groups.

HSP70 (HSPA2), HSP90AAl and HSP40 (DNAJB12). We
measured a significant increase in the expression of the first
two at the end of the heat treatment (E27) in the TM group
compared to the control group, confirming what has already
been well described in different tissues of heat-stressed chicken
(Wang and Edens, 1998; Al-Zhgoul et al., 2013; Al-Zghoul et al,,
2015; Cedraz et al., 2017; Albokhadaim et al., 2019; Madkour
et al., 2021). More surprisingly, we also measured a significant
decrease in HSP40 (DNAJB12) at E27 in the TM group compared
to control. Mostly up-regulated after heat stress (Dong et al.,
2006; Neal et al., 2006; Chen et al., 2018), down-regulation of
that chaperone has, however, already been measured immediately
after a transport stress in the spleen of hens (Li et al., 2021). These
data suggest that the type of stress, the targeted tissue, or the time
of stress exposure may have a different impact on the expression
of different HSP family members.

Heat shock factors (HSFs) on the other hand are transcription
factors induced after heat stress that bind to heat shock
promoters to modulate the expression of target proteins
(Westwood et al., 1991; Morimoto, 1993). HSF3 has been shown
to regulate the production of HSP70 and HSP90 proteins
under heat stress conditions (Tanabe, 1998). The decrease in its

expression measured at the end of the heat treatment, in parallel
with the strong increase of HSP70 and HSP90, could reflect the
existence of a negative feedback after some time of heat exposure
(14 days here), as already suggested in other types of stress
responses and involving the glucocorticoid receptor (Wadekar
et al., 2001, 2004; Kang et al., 2017).

However, all these changes in HSP and HSF gene expression
confirm that the thermal stimulus used for embryonic
programming was well perceived and measured at the molecular
level in the liver of duck embryos.

Molecular Impact of Overfeeding on
Carbohydrate and Lipid Metabolisms but
Also on the Thyroid Pathway, Stress and

Cell Proliferation in the Liver

As explained above, this thermal embryonic programming has
already been shown to increase foie gras production in ducks
submitted to overfeeding between 83 and 95 days of age
(Massimino et al., 2019). To understand the mechanisms behind
this increase in fattening, we first explored the expression level
of genes involved in lipid and carbohydrate metabolisms in
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duck livers before and after OF. As previously described, OF
induced a strong increase in the expression of genes involved
in carbohydrate transport to the liver (GLUT family), then
in carbohydrate oxidation for pyruvate (HK1 and ENO1) and
acetyl-CoA (PDHA1) production (Herault et al., 2010; Annabelle
etal., 2017). These substrates can then be used by the pathway of
lipid synthesis, strongly induced by OF in parallel with a decrease
in their oxidation, as also observed previously (Tavernier et al.,
2017; Annabelle et al., 2018). ChREBP and PPARG, key regulators
of these pathways, are also strongly increased by OF. For lipid
transport-related genes, the relative expressions of APOB and
LDLR are decreased by OF, whereas those of FABP4 and VLDLR
are increased. We propose two ways to explain these opposite
regulations: first, depending on the direction of lipid transport
through the liver cells (in or out), their expression can be either
increased or decreased by the OF; second, the timing of RNA
collection after the last OF meal can have a significant impact on
the expression level, as demonstrated by a kinetic study of these
same genes (which sometimes show opposite regulation at 2 h
and at 5 h after the last meal) (Annabelle et al., 2018).

We then turned our attention to the thyroid hormone
signaling pathway since it has been shown that, both in mammals
(Danforth et al., 1979; Katzeff, 1990) and ducks (Massimino
et al., 2019), OF induces an increase in plasma triiodothyronine
(T3). The blood concentration in T3 is mainly dependent on the
peripheral conversion of T4 in T3 by deiodinases. Especially, T4
can be converted into T3 by deiodinases 1 and 2, but into the
inactive hormone rT3 by DIO1 and DIO3 (Darras et al., 2006).
This active form T3 of thyroid hormone (TH) is able to bind a
nuclear receptor (thyroid hormone receptor beta, THRB, being
the predominant form in the liver) to modify the gene expression
of a wide spectrum of genes involved in lipid metabolism (Sinha
et al., 2018; Ritter et al.,, 2020). TH can induce the expression
of fatty acid transporters, resulting in increased uptake of fatty
acids in the liver, enzymes of lipolysis and beta-oxidation, but
also de novo lipogenesis (Sinha et al., 2018). However, the
circulating level of THs (T3 and T4) does not directly reflect
their impact on tissue function, since they must first be captured
by membrane receptors, then can be altered by deiodinases
(DIO) and finally coregulators in the nucleus can regulate their
activity (Mendoza and Hollenberg, 2017). Therefore, we were
interested in measuring at the transcriptional level the hepatic
regulation of their activity. Our expression data seem to confirm
a global activation of T3 in the liver of overfed ducks, since we
measured an increase in THRB and SPOT14 (involved in T3-
induced lipid synthesis) expressions, in parallel with a decrease
in NCOR (corepressor) and DIO3 (deiodinase responsible for TH
inactivation) (Kinlaw et al., 1995; Mendoza and Hollenberg, 2017;
Sinha et al., 2018; Ritter et al., 2020). This increase in T3 activity
during overfeeding has been proposed as a protective mechanism
to limit weight gain by increasing lipid catabolism in favor
of energy expenditure through thermogenesis (Oppenheimer
et al.,, 1991; Almeida et al., 1996; Silvestri et al., 2005). These
regulations therefore suggest a protective mechanism for liver
cells to limit OF-induced lipid overload, which may alter cell
physiology over time.

To further assess the physiological status of liver cells during
OF we were then interested in the genes related to stress.

We first notice that half of the chaperones involved in protein
folding (HSP70, HSP90AA1, HSF3, ST13) are increased by OF,
suggesting that protein quality control processes are globally
activated. Decreased expression level of HSBP1 (in the control
group, and to a lower extent, in the TM group) as an inhibitor of
HSEF (Cotto and Morimoto, 1999) could be interpreted as cellular
protections. The decrease in HSF2 expression could, in another
way, indicate that the transcriptional modulation of these factors
does not always reflect their DNA-binding activity, as previously
demonstrated (Sarge et al., 1991; Ding et al., 1996), although a
negative feedback cannot be excluded in this global activation of
protein protection. In another category, PSMD12 is a proteasome
subunit that plays a role in global protein homeostasis by clearing
misfolded or damaged protein (Du et al., 2020). Here, OF did
not affect its expression, although it is downregulated in the liver
of obese individuals with an increased fat content, as well as
many genes involved in protein catabolism (Pihlajamiki et al.,
2009). On the contrary, UBQLNI, also involved in protein
degradation via proteasome or autophagy (Rothenberg et al,
2010; Kurlawala et al,, 2017), is strongly decreased by OF,
confirming at least a partial decrease in protein catabolism under
these conditions.

Finally, since the role of hyperplasia in the fattening of
duck livers after force-feeding has been recently put forward
(Hérault et al., 2019), we measured the expression of genes
involved in cell proliferation. Our results confirm a general
increase in the expression of proliferation-related genes, with the
exception of MAPK1, whose activation may be more reflected
by the phosphorylation status (Nishida and Gotoh, 1993) and
the hepatocyte growth factor (HGF) not affected at all. These
observations suggest that hyperplasia may indeed play a role
in duck liver fattening during OF, which should be further
investigated by histological studies.

Impact of Embryonic Thermal
Manipulation During the Overfeeding

Period - Evidence of Real Programming

Since ducks in the TM group had larger and fatter livers than
controls at the end of OF (Massimino et al., 2019), we were
first interested in the impact of TM on the expression of genes
involved in the two main pathways directly implicated in liver
fattening. Consistently with the study of Loyau et al. (2014) that
had highlighted very low effect of TM in the hepatic expression
of metabolic genes in the liver, none of the genes related to
carbohydrate metabolism were significantly modulated by TM,
and only 2 genes related to lipid metabolism were affected,
and this at a relatively low level (P < 0.05), and only in
case of overfeeding for GPAT1 (due to a significant interaction
of the incubation and the nutritional factors for this gene
expression). Located in the outer membrane of mitochondria,
GPAT1 is involved in the first step of triacylglycerol esterification
(Coleman, 2019) and has been shown to play critical role in
hepatic steatosis (Yu et al., 2018). The second, APOB, is a
structural protein of Very-Low-Density Lipoproteins (VLDL),
and low-density lipoprotein (LDL) produced by the liver for lipid
export to peripheral tissues (Gruffat et al., 1996; Bagherniya et al.,
2021). Indeed, a greater increase in a crucial lipogenic enzyme
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or a decrease in a key factor involved in lipid export may both
play a role in the increased liver fattening of our programmed
animals. However, this relatively weak response led us to measure
the impact of TM on the expression of other factors, possibly
involved in liver metabolism.

Regarding the thyroid hormone signaling pathway, DIO3,
considered to be the major TH-inactivating enzyme (Bianco
et al, 2002), was significantly increased by TM before and
after OF. This result contrasts with the study of Loyau et al.
(2014) in the chicken liver who had found no change in this
gene expression in slightly different conditions of TM. The
expression of the activating enzyme DIO1 was not affected in
both studies. The programming effect of TM on the regulation
of the hepatic T4 to T3 or rT3 conversion might therefore
be slightly different in the two species. Although no impact
of thermal programming could be measured on plasma T3
and T4 levels in our overfed ducks (Massimino et al.,, 2019),
increased expression of this deiodinase in the TM group
suggests that embryonic thermal programming may induce a
slight TH inactivation in the liver. These data support the
hypothesis that embryonic thermal manipulation could have
increased the lipid content in the liver by decreasing energy
expenditure via thermogenesis (Almeida et al, 1996). Even
though we did not measure a difference in surface temperature
after the OF period in our programmed ducks, it is not
impossible that internal temperature and thus thermogenesis
was affected, reducing energy expenditure and thus promoting
liver fattening.

Interestingly, the greatest impact of TM measured during
the OF period was on the cellular stress pathway, with half
of the significantly impacted genes belonging to this group.
All of these genes were down-regulated in the TM group
compared to the control group. Decreased expression of HSBP1,
which is a negative regulator of the HSP family (Satyal et al,,
1998), before OF, could be interpreted as a “protein quality
control readiness,” preparing the liver to cope with OF and thus
promoting improved cellular physiology during this challenge.
TM also significantly decreases the expression of PSMD12 and
UBQLNTI, both involved in protein catabolism (Kurlawala et al.,
2017; Du et al., 2020). As this metabolic pathway is decreased in
the liver of obese patients with increased fat content (Pihlajamaki
et al., 2009), this could represent a kind of predisposition to
liver fattening.

Lastly, since it has been shown that embryonic thermal
manipulation in chickens can stimulate cell proliferation
in an immediate but also delayed manner (Piestun et al,
2009), we wondered whether TM could modulate liver cell
proliferation during the OF period and thus contribute to
liver fattening. Eventually, none of the genes we measured
were affected by TM during this period. However, it might
be interesting to measure the impact of TM on liver cell
proliferation directly at the end of the thermal stimulus to
see if baseline fattening potential is increased from birth by
increasing cell numbers.

Finally, only six genes (out of 45) were significantly regulated
by the embryonic TM during the OF period. However, these
specifically targeted genes represent evidence of long-term

programming at the molecular level in duck liver and may all
support the hypothesis of optimized metabolism for foie gras
production. Nevertheless, we do not rule out the possibility of
having missed TM-induced transcriptional modulations during
OF, especially because RNA samples were taken 10 h after the
last feeding. It has been well demonstrated that the expression
of metabolic genes during OF (Tavernier et al., 2017) but also
according to the time of collection of liver samples after the last
meal follow their own kinetics (Annabelle et al., 2017, 2018).
Since most of the metabolic genes have a peak of expression
about 2 h after the last meal, it would be interesting to study
the impact of TM at this precise moment. In addition, the
timing of the embryonic thermal stimulus may be optimized
based on a recent study showing hepatic gene expression
profiles during embryogenesis (Massimino et al., 2020), and
may allow measurement of larger expression differences during
the OF period. It is also important to note that all of these
modulations are measured only at the mRNA level, and do
not necessarily predict the activity of associated proteins,
which is especially relevant for deiodinases for instance (Darras
et al, 2006). It will be interesting during the next studies
to confirm and deepen these results at the level of proteins
and their activity.

Genes Thermally Programmed to
Respond Optimally to the Overfeeding
Are Not Affected at the End of the

Embryonic Stimulus, Except One

In the last part, we measured the direct impact of TM (at E27)
on the six genes that were significantly impacted by long-term
programming. We showed that the expression of only one of
these genes was directly influenced by the TM at the end of
the stimulus, suggesting that programming is registered through
other pathways than direct modulation of expression. However,
we observe that DIO3 is always up-regulated by TM both at the
end of the thermal stimulus and before and after the OF period,
suggesting a powerful and continuous mechanism to modulate
this pathway which thus seems to have a key role in hepatic
metabolism in ducks. Precisely how the expression of these
genes is modulated by temperature, and how the information
is recorded to program the response of hepatocytes to a dietary
challenge much later in the life of the animal, however, are
questions that remain to be explored.

CONCLUSION

This study is the first to explore the molecular mechanisms
involved in the long-term programming of liver metabolism
in ducks by an embryonic thermal stimulus. We have
identified a handful of genes that represent prime targets
of this programming and may direct hepatic metabolism
toward increased lipid storage during overfeeding. However,
understanding the precise mechanisms behind programmed
phenotypes will therefore require many more studies
to be apprehended.
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Embryonic-to-neonatal development in chicken is characterized by high rates of lipid
oxidation in the late-term embryonic liver and high rates of de novo lipogenesis in the
neonatal liver. This rapid remodeling of hepatic mitochondrial and cytoplasmic networks
occurs without symptoms of hepatocellular stress. Our objective was to characterize the
metabolic phenotype of the embryonic and neonatal liver and explore whether these
metabolic signatures are preserved in primary cultured hepatocytes. Plasma and liver
metabolites were profiled using mass spectrometry based metabolomics on embryonic
day 18 (ed18) and neonatal day 3 (nd3). Hepatocytes from ed18 and nd3 were isolated
and cultured, and treated with insulin, glucagon, growth hormone and corticosterone to
define hormonal responsiveness and determine their impacts on mitochondrial
metabolism and lipogenesis. Metabolic profiling illustrated the clear transition from the
embryonic liver relying on lipid oxidation to the neonatal liver upregulating de novo
lipogenesis. This metabolic phenotype was conserved in the isolated hepatocytes from
the embryos and the neonates. Cultured hepatocytes from the neonatal liver also
maintained a robust response to insulin and glucagon, as evidenced by their
contradictory effects on lipid oxidation and lipogenesis. In summary, primary
hepatocytes from the embryonic and neonatal chicken could be a valuable tool to
investigate mechanisms regulating hepatic mitochondrial metabolism and de novo
lipogenesis.

Keywords: chicken, liver metabolism, mitochondria, lipid oxidation, de novo lipogenesis, metabolomics

INTRODUCTION

The United States has one of the world’s largest poultry production systems, producing over 9.2
billion broilers and 9.3 billion dozen eggs in 2020 (USDA, 2018). Together, there is a burden on the
industry and the farmers to meet the expected demand for 128 million tons of poultry meat by 2022
(Davis et al., 2013). In this regard, early hatchling mortality (which ranges between 0.5 and 2%)
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during first 10 days after hatch is one of the major factors
affecting broiler performance, quality and the economics of
poultry industry (Noble et al.,, 1986; Wilson, 1991; Xin et al,
1994; Peebles et al., 2004; Pedroso et al., 2005; Yassin et al., 2009).
The late embryonic and early neonatal development period in
chicken is associated with dynamic developmental and metabolic
changes in order to facilitate the rapid and healthy transition of
the embryo to a hatchling, while simultaneously getting
accustomed to the new carbohydrate rich dietary environment
(Hicks et al., 2017; Surugihalli et al, 2019). Considering the
relevance of this embryonic-to-neonatal period towards the
overall health of the chicken, identifying nutritional and
metabolic factors influencing this transition and in turn
reducing mortality rates after hatch, is of significant interest to
the poultry production systems.

The late term chicken embryo extensively relies on the yolk
(>45% lipids) to derive over 90% of its energy, while the neonatal
chicken has to rapidly transition to a carbohydrate rich starter
diet (Hicks et al, 2017; Surugihalli et al, 2019). Thus, the
embryonic liver in the chicken is programed to utilize free
fatty acids through upregulation of the lipid oxidation
networks. However, once exposed to a carbohydrate rich
environment, the neonatal chicken liver undergoes a rapid
metabolic switch from lipid utilization/oxidation to de novo
lipogenesis from carbohydrates (Hicks et al, 2017). Such
extremes of high rates of lipid oxidation and high rates of de
novo lipogenesis, as evident during the embryonic-to-neonatal
transition in chicken, is also a central feature of the mitochondrial
co-morbidities in the liver of mice and humans with non-
alcoholic fatty liver disease (NAFLD) (Sunny et al, 2011;
Lambert et al., 2014; Patterson et al., 2016; Sunny et al.,, 2017).
Such metabolic milieu could also be a contributing factor to the
onset of fatty liver hemorrhagic syndrome (FLHS) in older layer
and broiler flocks (Walzem et al., 1993; Lee et al., 2010; Pan et al.,
2012; Trott et al.,, 2013; Liu et al., 2016). Furthermore, during
these co-morbidities, high rates of lipid oxidation and high rates
of de novo lipogenesis in the liver co-exist with inflammation and
indices of hepatocellular stress (Nakamura et al., 2009; Satapati
et al., 2016; Sunny et al., 2017). Interestingly, despite the lipid
overburden associated with the high rates of lipid oxidation and
high rates of de novo lipogenesis, the embryonic-to-neonatal
transition occurs without any major evidence of cellular stress
and inflammation in the liver (Surugihalli et al., 2019). Thus,
while the existence of this dynamic “metabolic switch” during
embryonic-to-neonatal transition is well known (Hicks et al,
2017; Cogburn et al, 2018; Surugihalli et al., 2019), the
nutritional, metabolic and molecular factors mediating this
transition in chicken remain unclear.

Mitochondrial oxidative networks in the liver, which include
B-oxidation, ketogenesis, tricarboxylic acid (TCA) cycle and
electron transport chain, adapt and remodel in response to
different nutrient and hormonal cues under normal
physiological states and during stages of insulin resistance
(Satapati et al., 2012; Koliaki et al., 2015; Sunny et al., 2017).
Indeed, dysfunctional mitochondrial metabolism is a central
feature in rodent and human models of metabolic diseases
such as insulin resistance, type-2 diabetes (T2DM) and fatty
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liver disease (Jelenik et al., 2017; Sunny et al., 2017) and could be a
contributing factor to FLHS onset in older layer and broiler flocks
(Walzem et al, 1993; Trott et al, 2013). Remodeling of
mitochondrial metabolism during insulin resistance and fatty
liver disease is characterized by selective activation of certain
mitochondrial and cytoplasmic networks, which include the TCA
cycle and de novo lipogenesis, respectively (Sunny et al., 2011;
Lambert et al., 2014; Patterson et al.,, 2016; Surugihalli et al,
2019). The chronic induction of these networks is thought to
aggravate hepatic stress and inflammation during fatty liver
disease (Sunny et al, 2011; Satapati et al., 2016). The
metabolic milieu in the liver during the embryonic-to-neonatal
transition in the chicken allows us to investigate the relevance of
the remodeling of mitochondrial networks and lipogenesis
towards preserving hepatocyte function.

Our primary objective was to characterize the metabolic
profiles of the plasma and liver in chicken embryos and
neonatal chicks, in order to demonstrate the dramatic
transition from lipid utilization in the embryos to lipid
synthesis in the neonates. We further tested whether isolated
primary hepatocytes from embryos and neonatal chicks
accurately reflect the metabolic adaptation from embryonic-to-
post hatch, in order to validate its utility as an in vitro system to
probe factors regulating mitochondrial function and de novo
lipogenesis.

MATERIALS AND METHODS

Experimental Plan

Eggs (64 g + 0.6 standard error of means; SEM) were obtained
from Perdue Farms Inc. (Salisbury, MD) from a broiler flock
(Ross 708), and were incubated at 37°C and 45% relative
humidity. On the day of hatch (day 21), neonatal chicken
were transferred to floor pens maintained at 37°C and were
provided a starter diet (Diet S-G 5065; ASAP Feed and
Bedding, Quakertown, PA) ad libitum. The day-18 embryos
(ed18) were sacrificed by decapitation, and the neonatal day-3
chicken (nd3) were decapitated following cervical dislocation.
Plasma and tissue samples were collected from mixed-sex birds
and frozen at —80°C for future analyses. Livers from a subset of
day-18 embryos and day-3 neonatal chicken were utilized for the
isolation of primary hepatocytes as detailed below. All the
experiments were conducted in accordance with Institutional
Animal Care and Use Committee protocols approved at the
University of Maryland, College Park. All experiments were
performed in accordance with relevant guidelines and
regulations described by our institutional animal care and use
committee. The methods and protocols in this study is reported
in accordance with ARRIVE guidelines.

Isolation and Culturing of Primary
Hepatocytes

In a separate set of experiments, livers from embryonic day-18
and neonatal day-3 broiler chickens were utilized of isolation of
the hepatocytes. Following euthanasia by cervical dislocation and
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decapitation, the birds were cut open to expose the heart and the
liver. The left ventricle was infused with a perfusion media (10 ml
basic SMEM and 20 ul 0.5 M EGTA) and the hepatic vein was
severed. Following this, 20 ml SMEM media with collagenase and
0.1% bovine serum albumin (BSA) was infused. This media
consisted of 500 ml SMEM (Minimal Essential media for
Suspension cultures, Gibco); 57ml 10X HBSS (Hank’s
Buffered Salt Solution, Gibco); 5.7 ml PenStrep (10,000 U/ml
penicillin, 10,000 U/ml streptomycin) and 7.6 ml of BSA with
Collagenase (0.12%) and 4 mM calcium. The perfused liver was
collected and minced into small pieces in SMEM media with
collagenase in a petri dish and incubated for 10 min at 37°C in a
CO, incubator. The minced liver pieces were then filtered
through a 70 uM filter into a 50 ml centrifuge tube and an
additional 20 ml of SMEM media with EGTA was added to it.
Later, 10 ml of 50% percol (in SMEM media with EGTA) was
added and centrifuged. The cells were then pelleted by
centrifuging and washed to remove any dead cells and debris.
This was repeated three times. One experimental unit consisted of
pooled cells from 2-3 livers, in order to obtain optimal hepatocyte
cell counts for seeding the plates. Cells were then re-suspended in
Williams™ media [500 ml Williams’ E media with 5.2 ml 1 mM
HEPES (10 mM final concentration), 5.2 ml 100X L-glutamine
(1X final concentration), 5.2 ml PenStrep and 7 ml 7.5% BSA
(0.1% final concentration)] at 10° cells/ml. The cells were plated
in 6-well culture plates pre-coated with 0.1% gelatin, and the
hormonal treatments were added after 3 h. The cells were either
treated with the basal media, corticosterone, growth hormone,
glucagon or insulin for 24-h. All hormonal treatments were added
at a final concentration of 107 M. Following 24-h of treatment,
the cells were washed twice with ice-cold PBS and harvested using
1X RIPA and frozen at —80°C for further metabolic analysis. All
the media were filtered and gassed for 30 s with 95% oxygen and
5% carbon dioxide. Following overnight culture, a set of basal
hepatocytes from ed18 and nd3 were treated with 0, 25, and
100 nM insulin for 10 min, to determine the insulin signaling
response of the hepatocytes. Following 10 min of insulin
incubation, the cells were washed with cold phosphate
buffered saline two times, collected and frozen in a lysis buffer
for western blot analysis.

Analysis of TCA Cycle Organic Acids and
Amino Acids by Gas Chromatography-Mass

Spectrometry

Serum (25 pl) collected from ed18 and nd3 broiler birds were
spiked with an equal volume of stable isotope-labelled internal
standards and were deproteinized with 700 pl of 70% acetonitrile.
The samples were centrifuged at 13,500 rpm for 15 min at 4°C,
and the supernatant was transferred to a 1 ml v-vial and dried
under a stream of nitrogen gas. The metabolites were then
converted to their oximes with the addition of 20 ul of 2%
methoxamine hydrochloride pyridine (W/V) and
microwaving at 350 W for 90s. The samples were then
derivatized with TBDMS (Tert-butyldimethylsilyl) at 90°C for
1 h. The metabolites were separated on a HP-5MS UI column
(30 m x 0.25 mm x 0.25 um; Agilent, CA, United States) and the

in
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ion fragments determined by single ion monitoring (SIM) under
electron ionization mode using a GC-MS (5973N, Mass Selective
Detector coupled to a 6890 Series GC System, Agilent, CA,
United States). Metabolite concentrations were determined in
relation to their respective stable isotope-labelled internal
standard. For primary hepatocytes, the cells were collected in
1X RIPA and were deproteinized with 700 ul of 70% acetonitrile.
The samples were spiked with a known volume of stable isotope-
labeled organic acid and amino acid internal standards and
sonicated for 10-min to extract the cellular contents. This
extract was processed similar to the serum samples for GC-MS
analysis.

Analysis of Triglyceride-Fatty Acids in

Primary Hepatocytes

GC-MS analysis of the fatty acid methyl esters was performed as
previously described (Surugihalli et al., 2019). Briefly, hepatocytes
were collected using 1X RIPA and lipids were Folch extracted
with 750 pl chloroform: methanol (2:1) after the addition of a
mixed U C fatty acid internal standard (Cambridge isotopes,
MA, United States). The lipid layer was dried and saponified with
0.5 N methanolic NaOH for 30 min at 50°C. The samples were
treated with 1 ml of 2% methanolic sulphuric acid and incubated
at 50°C for 2-h to form fatty acid methyl esters (FAMEs). The
FAMESs were then extracted with hexane, dried and re-suspended
in 50-100 pl of hexane for GC-MS analysis. The FAMEs were
separated on a VF 23 ms column (30 m X 0.25 mm X 0.25 pmy;
Agilent, CA, United States), followed by fragmentation under
electrical ionization on a 5973N-Mass Selective Detector, 6890-
Series GC, (Agilent, CA, United States). Concentrations of
individual FAMEs were determined relative to their respective
stable isotope-labeled internal standard.

Western Blot Analysis

Primary hepatocytes treated under basal and insulin-stimulated
conditions were collected in 100 ul of 1x RIPA containing
protease and phosphatase inhibitor and incubated for 1h on
ice to extract proteins. The cells were then centrifuged at
13,500 rpm for 15min at 4°C. The protein content of the
supernatant was determined using BCA protein assay (Thermo
Fischer Scientific. Waltham, MA, United States). Proteins (10 pg)
were separated on 8% tris bolt gels (Invitrogen, Carlsbad, CA,
United States), and were transferred to a nitrocellulose membrane
and incubated with primary antibodies Akt, pAkt and GAPDH
(Cell Signaling Technology Inc., Danvers, MA, United States) to
evaluate the response of the primary hepatocytes to insulin
treatment.

Global Metabolomics and Lipidomics of

Liver Tissue

Liver tissue from a previously published set of studies (Hicks
etal., 2017) were utilized for global metabolomics and lipidomics.
In this previously published study, eggs from specific pathogen-
free (SPF) leghorn chickens (layers) were obtained from Charles
River Laboratories (Wilmington, MA, United States) and
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incubated at 37.5°C and 60% relative humidity with rotation every
hour. Livers from embryonic day 18 (ed18; n = 9) and neonatal
day 3 (nd3: n = 9) chickens (mixed-sex) were utilized for global
metabolomics and lipidomics. For the metabolomic and
lipidomic analyses, the liver tissues were pre-normalized for
mass spectrometry at a protein concentration of 500 pg/ml.
Liver samples (25mg) underwent Folch extraction and the
aqueous and lipid layers were was dried and reconstituted for
LC-MS/MS based metabolomics and lipidomics, respectively.
Global metabolomics and lipidomics was performed on a
Thermo Q-Exactive Oribtrap mass spectrometer with Dionex
UHPLC and autosampler. All samples were analyzed in positive
and negative heated electrospray ionization with a mass
resolution of 35,000 at m/z 200 as separate injections.
Separation was achieved on an ACE 18-pfp 100 x 2.1 mm,
2um column for polar metabolites. Separation was achieved
on Acquity BEH C18 1.7 um, 100 mm x 2.1 mm column for
lipid metabolites.

Gene Expression Profiles From RNA

Sequencing

RNA sequencing data from SPF leghorn chicken layer livers, a
previously published data set (Hicks et al., 2017), were utilized to
evaluate changes in expression levels of specific genes involved in
mitochondrial metabolism and lipogenesis. In brief, total RNA
was isolated and purified using Tri-Reagent (Sigma) per
manufacturer’s protocol from the liver tissue of el8 and nd3
chicken (n = 4 per group). Small RNA libraries (1 pg/each library)
were developed at using TruSeq Small RNA sample preparation
kit (Illumina) per manufacturer’s protocol. The diluted library
(10 nM) from each bird was pooled and sequenced with Illumina
Genome Analyzer IIx (GAIIx) (NCSU Genomic Sciences
Laboratory). The mRNA libraries were generated using TruSeq
RNA library preparation kit v2 (Illumina) and barcode indices
following the manufacturer’s instructions and were assessed
using high sensitivity DNA chip on a Agilent Technologies
2100 Bioanalyzer. Further a 50 bp single end of each library
was sequenced at DHMRI (Kannapolis, NC) using an Illumina
HiSeq 2500. The sequencing data was processed and analyzed
CLC genomics workbench (Qiagen).

Gene Expression Analysis Using RT-gPCR
Gene expression analysis performed as previously described
(Beckford et al., 2020). Total RNA from primary hepatocytes,
derived from broiler chicken livers, was isolated using the
RNeasy mini kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. Before elution of RNA, an on-column
deoxyribonuclease digestion was done to remove genomic DNA.
Total RNA was quantified using Quant-iT RiboGreen RNA
Quantification reagent (Invitrogen, Carlsbad, CA, United States).
Following which ¢cDNA was prepared froml pg of total RNA in
20l reactions using M-MLV RT kit (New England Biolabs,
Ipswich, MA) following the manufacturer’s instructions.
Quantitative real-time PCR was performed using 20 ng of cDNA,
10 uM of each primer, and 7.5 pl of 2X master mix [PCR buffer
(50 mM KCl, 10 mM Tris-HCl, 0.1% triton-X-100), 0.12 U/ul Taq
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FIGURE 1 | Changes in plasma amino acids, organic acids and p-
hydroxybutyrate during embryonic-to-neonatal development. Plasma
concentrations of (A) Essential amino acids; (B) Non-essential amino acids;
(C) Organic acid intermediates of the TCA cycle and B-hydroxybutyrate

in broiler embryos and neonates. All the values are represented as means +
SEM with n = 6-9 birds/group. Results were considered significant at p < 0.05
(*) following a Student t-test between embryonic day 18 and neonatal day 3.
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Polymerase, 02pM dNTPs, 40nM fluorescein (Invitrogen,
Waltham, MA, United States), and SYBR Green I Nucleic Acid
Gel Stain diluted 1:10,000 (Invitrogen, Waltham, MA,
United States), and 4.3 ul of water. Samples were run in duplicate
and PCR was performed for 40 cycles under the following
conditions: 95°C for 155, 60°C for 30s, and then 72°C for 30s.
Target genes were normalized to the expression of GAPDH in the
same samples and then expressed relative to the basal treatment
(untreated cells). Primers (Supplementary Table 1) for real time
quantitative PCR. The genes were designed using Primer Express 2.0
(Applied Biosystems, Waltham, MA, United States) and validated
according to the procedures previously described (Ellestad et al.,
2011).

Statistical Analysis

All the data reported are presented as means + standard error of
means (SEM). Results were analyzed using unpaired ¢-tests for
comparisons between €18 and nd3. The responses to hormonal
treatments were analyzed using one-way ANOVA followed by
Tukey’s pair-wise means comparisons. Means were considered
significantly different at p < 0.05. All the statistical analysis were
conducted and the graphs were plotted utilizing Prism 7
(GraphPad software Inc., San Diego, CA, United States).

RESULTS

Alterations in Plasma Metabolites Highlight
the Major Metabolic Shift During

Embryonic-to-Neonatal Development

The circulating concentration (UM + SEM) of the essential amino
acid leucine (ed18: 246 + 15 vs. nd3: 365 + 28) was significantly
higher (p < 0.05) in the neonatal chicks; while those of methionine
(ed18: 138 + 6 vs. nd3: 73 * 5), tyrosine (ed18: 347 + 24 vs. nd3:
166 + 15) and valine (ed18: 626 + 25 vs. nd3: 411 + 32) were
significantly lower (p < 0.05) than their embryonic counterparts
(Figure 1A). Plasma non-essential amino acids alanine (ed18: 363 +
13; nd3: 825 + 107), aspartate (ed18: 15 + 2; nd3: 49 + 7), glutamate
(ed18: 38 + 2; nd3: 194 + 27), and glycine (ed18: 991 + 22; nd3:
1,236 + 42), were significantly higher (p < 0.05) in the neonatal
chicken compared to their embryonic counterparts (Figure 1B).
There was also a parallel increase in plasma organic acids pyruvate
(ed18: 111 + 8 vs. nd3: 189 =+ 20), lactate (ed18: 1,042 + 71 vs. nd3:
5,573 + 831), and all the mitochondrial TCA cycle intermediates,
succinate (ed18: 21 + 5 vs. nd3: 126 * 65), fumarate (ed18: 9 = 1 vs.
nd3: 36 + 7), a-ketoglutarate (ed18: 8 + 1 vs. nd3: 92 + 7), malate
(ed18: 7 £ 1 vs. nd3: 68 * 23), and citrate (ed18: 127 = 9 vs. nd3:
336 + 17), in the neonatal chicken (p < 0.05, Figure 1C). On the
contrary, there was a dramatic decrease in the plasma f-
hydroxybutyrate levels in the neonatal chicks compared to their
embryonic counterparts (ed18: 2,556 + 116 vs. nd3: 200 + 31; p <
0.05) (Figure 1C). These observed differences in circulating levels of
amino acids, organic acids and B-hydroxybutyrate point to
significant remodeling of energy metabolism between embryonic
and neonatal stages in chicken.

Hepatocyte Metabolism in Embryos and Neonatal Chicken

Remodeling of Hepatic Metabolism during

Embryonic-to-Neonatal Development

There was a significant decrease (p < 0.05) in the levels of the
essential amino acids isoleucine, leucine, methionine and
tyrosine in the liver of the neonatal chicks compared to
their embryonic counterparts (Figure 2A). While the levels
of the non-essential amino acid alanine was significantly lower
(p <0.05) in neonatal chicks, aspartate, glutamine, glycine and
serine were significantly higher (p < 0.05) in neonatal chicken
liver compared to the embryonic liver (Figure 2B). Pyruvate
and lactate levels were significantly higher (p < 0.05) in the
neonatal liver whereas the mitochondrial TCA cycle
intermediates remained unchanged between the two groups
(Figure 2C). Concurrently, profiling of various triglycerides in
the liver demonstrated a 2-10 fold increase (p < 0.1) in their
abundances in the neonatal chicken liver compared to their
embryonic counterparts (Figure 2D). Considering the
dramatic differences in the total liver weight and the total
protein content of the liver between the ed18 and nd3 livers
(Surugihalli et al., 2019), tissue samples were pre-normalized
based on a known amount of liver protein, before liquid
chromatography-mass spectrometry (LC-MS/MS) analysis,
for the analysis and comparison of triglycerides between the
two groups.

Hepatic Gene Expression Profiles Clearly
lllustrate the Metabolic Shift From Lipid
Oxidation in the Embryonic Liver to New
Lipid Synthesis in the Neonatal Liver

The lipid oxidation gene carnitine palmitoyl transferase la
(CPT1A), which is involved in the formation of fatty acyl-
carnitines and facilitate the movement of fatty acids in to the
mitochondria for B-oxidation was downregulated 2-3 fold (p <
0.05) in the neonatal chicken liver (Figure 3A). Similarly,
Carnitine palmitoyl transferase 2 (CPT2), which converts
fatty acyl-carnitine to fatty acyl-CoA and carnitine, for the
breakdown of free fatty acids through p-oxidation, was also
suppressed ~2-fold (p < 0.05) in the neonatal liver (Figure 3A).
Furthermore, the gene expression of peroxisome proliferator
activator receptor la (PPARA), a transcription factor which isa
master regulator of lipid oxidation and hydroxyacyl-CoA
dehydrogenase subunit A (HADHA) an enzyme involved in
mitochondrial B-oxidation were also downregulated ~2-3 fold
(p < 0.05) post-hatch (Figure 3A). The decrease in
mitochondrial fat oxidation was associated with higher
expression of certain mitochondrial complex genes such as
succinate dehydrogenase subunit a (SDHA) and NADH
dehydrogenase (ND2) in neonatal chicken liver (Figure 3B).
However, hepatic gene expression of PGCIA, a gene that codes
for mitochondrial biogenesis was lower in the neonatal liver
(p < 0.05; Figure 3B). The lower expression of the lipid
oxidation genes in the liver of the neonatal chicken was
accompanied by a ~100-200 fold increase in the expression
of genes involved in lipogenesis (Figure 3C) including fatty
acid synthase (FASN), steroyl-Coenzyme A destaurasel
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(SCD1), elongation of long-chain fatty acids family member 6
(ELOVLEG), fatty acid desaturase 2 (FADS2) and lanosterol
synthase (LSS). Taken together, these data highlight the
metabolic transition from high rates of lipid oxidation and
free fatty acid utilization by the embryonic liver, to high rates
of de novo lipogenesis by the neonatal liver.

Isolated Primary Hepatocytes From the
Neonatal Chicken Accumulated More Lipids
and Displayed a Robust Response to Insulin

Treatment

Triglycerides were isolated from primary hepatocytes and
converted to their fatty acid methyl esters for gas
chromatography-mass spectrometry (GC-MS) analysis. The
concentrations (ug/mg + SEM) of triglyceride-fatty acid

methyl ester of palmitate (ed18: 123 + 21 vs. nd3: 1,284 +
320), palmitoleate (ed18: 4.0 + 0.40 vs. nd3:; 96.7 £ 15.9),
stearate (ed18: 88 + 14 vs. nd3: 809 + 196), oleate (ed18: 139 + 6
vs. nd3: 1,519 + 403) and linoleate (ed18: 51 + 3 vs. nd3: 272 +
66) were significantly higher (p < 0.05) in the hepatocytes
isolated from neonatal day 3 chicks (Figure 4A). For the
organic acid intermediates of the TCA cycle, the lactate
content (ug/mg + SEM; ed18: 7.45 + 1.02 vs. nd3: 17.15 *
3.73) was significantly higher (p < 0.05) in hepatocytes from
neonatal chicks (Figure 4B), while fumarate, a-ketoglutarate
and malate were significantly lower (p < 0.05) in the neonatal
hepatocytes (Figure 4B). The concentration of all amino acids
remained similar between groups (Figure 4C), except for
methionine which was significantly higher (p < 0.05) in the
neonatal chick hepatocytes (ed18: 1.51 + 2.52 vs. nd3: 2.83 +
0.41) (Figure 4C). Further, there was a robust response of the
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hepatocytes from both the embryonic and neonatal groups to
insulin treatment, as detected by the phosphorylation of AKT
(protein kinase B) at serine 473 (Figure 4D). The
accumulation of lipids by the neonatal primary hepatocytes
and their response to insulin were similar to those observed in
an in vivo embryonic-to-neonatal transition setting. Thus, the
primary hepatocyte model system could have utility towards
exploring factors regulating lipid accumulation, mitochondrial
metabolism and insulin signaling.

Impact of the Hormonal stimuli on
Hepatocyte Mitochondrial Lipid Metabolism

and Lipogenesis

Isolated primary hepatocytes were incubated with four
hormones whose levels are known to dynamically change
during embryonic-to-neonatal development and in turn
affect major metabolic events during development. The
major changes in gene expression profiles in response to the
hormonal treatments are highlighted below. The mRNA levels
of CPTIA were lower (p < 0.05) in the hepatocytes isolated
from the neonatal livers treated with insulin (INS) when
compared to the basal treatment (Figure 5A). Expression of
the cytosolic Phosphoenolpyruvate carboxykinase (PCKI) was
downregulated (p < 0.05) in both the embryonic and neonatal
hepatocytes in response to INS, compared to the basal
treatment (Figure 5B). Glucagon treatment did not produce
any significant effects on the mRNA profiles, compared to the
basal treatment of the hepatocytes. Expression of mRNA for
lipogenic genes FASN and LSS were significantly upregulated
(p < 0.05) upon INS treatment in the embryonic liver,
compared to the basal treated groups (Figure 5C). In the
neonatal hepatocytes, only FASN showed significant
upregulation (p < 0.05) upon INS treatment, compared to
basal (Figure 5C). While the GCG induced changes in
lipogenic gene expression of FASN, SCDI1 and LSS were
lower than their corresponding expression in the embryonic
hepatocytes treated with INS, the GCG induced changes in
gene expression remained similar to basal treatment. Overall,
these results suggest that insulin had the most prominent
impact on hepatocyte lipid metabolism and lipogenesis in
both the embryonic and neonatal stages.

FIGURE 3 | considered significant at p < 0.05 (*) following a Student t-test
between embryonic day 18 and neonatal day 3. CPT1A, Carnitine palmitoy!
transferase 1a. CPT2, Carnitine palmitoyl transferase 2. PPARA, Peroxisome
proliferator activator receptor 1a. HADHA, Hydroxyacyl-CoA dehydrogenase
subunit A. PGC1A, Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha. PCK2, Phosphoenolpyruvate carboxykinase 2. SDHA,
Succinate dehydrogenase flavoprotein subunit A. ATP5F1, ATP synthase F
(0) complex subunit B1. ND2, NADH dehydrogenase subunit 2. CYTB,
Cytochorome b. COX411, Cytochrome ¢ oxidase subunit 4. ATP5A1, ATP
synthase alpha subunit. FASN, Fatty acid synthase. SCD1, Steroyl-
CoenzymeA desaturasel1. ELOVL6, Elongation of very long chain fatty acids
protein. FADS2, Fatty Acid Desaturase 2. LSS, Lanosterol synthase.
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Impact of the Hormonal Stimuli on the
Essential Amino Acid Content of Isolated
Hepatocytes

Hormonal treatments did not alter the levels of any of the
essential amino acids in the hepatocytes isolated from
embryonic day 18 liver (Figure 6). Interestingly, there was a
significant increase in the levels of all the essential amino acids
following growth hormone (GH) and INS treatments (p < 0.05),
compared to the basal treatment in neonatal hepatocytes.
Contrary to the higher levels of all the essential amino acids in
INS and GH treated hepatocytes, corticosterone (CORT) and
GCG treatments resulted in lower levels of these amino acids in

the neonatal hepatocytes (p < 0.05). Considering the anabolic
roles of INS and GH, these results could indicate the pivotal roles
these essential amino acids are playing to support the active
anabolic milieu in the neonatal hepatocyte, including rates of
protein synthesis.

DISCUSSION

The embryonic-to-neonatal transition period in chicken provides
a unique window to understand the metabolic mechanisms that
help to promote rapid and healthy tissue development.
Specifically in the liver, this window is unique because, the late
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FIGURE 5 | Impact of the hormonal stimuli on hepatocyte metabolism. Quantitative PCR analysis was performed to determine the impact of four major hormones

on hepatocyte metabolism. Fold changes in the expression patterns of genes involved in the regulation of (A) Lipid oxidation (B) Mitochondrial metabolism and (C)
Lipogenesis in the liver were determined. All the values are Means + pooled SE of four independent replicate experiments/age. Each independent replicate experiment
was performed on pooled hepatocytes isolated from 2-3 birds. Results are considered significant at p < 0.05 following one way ANOVA. Different superscripts
between bars in a panel indicates statistical significance from other treatments. CORT, Corticosterone; GH, Growth hormone; GCG, Glucagon; INS, Insulin; PPARA,
Peroxisome proliferator activator receptor 1a; CPT1A, Carnitine palmitoy! transferase 1a; LCAD, Long-chain fatty acyl, PGC7A, Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; PCK1/2, Phosphoenolpyruvate carboxykinase 1 and 2; ACLY, ATP citrate lyase; FASN, Fatty acid synthase; SCD1, Steroyl-CoA
desaturase; LSS, Lanosterol synthase.
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FIGURE 6 | Impact of the hormonal stimuli on the essential amino acid content of isolated hepatocytes. Impact of hormones on levels of branched-chain amino
acids, (A) Valine, (B) Leucine and (C) Isoleucine and the essential amino acids (D) Phenylalanine and (E) Tyrosine. All the values are Means + SEM of four independent
replicates/group. Each replicate consisted of pooled hepatocytes isolated from 2-3 birds. Results are considered significant at p < 0.05 following one way ANOVA.
Different superscripts between bars in a panel indicates statistical significance from other treatments. CORT, Corticosterone; GH, Growth hormone; GCG,
Glucagon; INS, Insulin.

term embryonic chicken liver (>day-16 of incubation) derives
>90% of its energy through the oxidation of yolk lipids
(Hazelwood, 1971; Noble and Cocchi, 1990; Moran Jr, 2007).
Further, immediately after hatch, hepatic de novo lipogenesis is
dramatically upregulated several hundred fold in response to the
carbohydrate rich environment provided by the diet (Hicks et al.,
2017; Surugihalli et al., 2019). This is interesting considering the
fact that the lessons from mouse models and human subjects
provide contrary evidence. In these species, a metabolic
environment favoring high rates of lipid accumulation and
high rates of lipid oxidation contributes to the etiology of fatty
liver disease syndrome (Lambert et al., 2014; Patterson et al.,
2016; Satapati et al., 2016; Kattapuram et al., 2021). However,
during  embryonic-to-neonatal  transition in  chicken,
mitochondrial lipid oxidation is optimally coupled with de
novo lipogenesis, in turn abating the onset and progression of
hepatocellular stress (Surugihalli et al., 2019). Understanding
mechanisms contributing to this synergy is of great
significance to optimize embryonic-to-neonatal development
and towards the management of fatty liver syndromes. This
makes the embryonic-to-neonatal transition period in chicken
is an attractive metabolic model to probe mechanisms regulating

hepatocellular function, and thus warranting a detailed
characterization of liver metabolism during this unique
developmental period.

The embryonic-to-neonatal transition period is a period of
active growth and metabolic development. With this in mind, we
first profiled the circulating levels of amino acids and organic acid
TCA cycle intermediates in embryos and neonatal chicken. The
higher levels of circulating non-essential amino acids we observed
in the neonatal chicken (e.g., alanine, aspartate and glutamate,
Figure 1B) could point to their higher requirement as metabolic
substrates to support the rapid growth of the hatchlings. There
was also a parallel increase in the plasma organic acid TCA cycle
intermediates (e.g., pyruvate, lactate, fumarate, a-ketoglutarate,
malate and citrate, Figure 1C) in the neonatal circulation, many
of which are carbon substrates for amino acid synthesis and
transamination reactions. In the neonatal chicken Iliver,
significant increases, relative to their embryonic counterparts,
were only observed for aspartate, glutamate and serine. While
pyruvate and lactate levels were higher in the neonatal liver,
potentially a reflection of high rates of carbohydrate oxidation,
the levels of other TCA cycle intermediates remained similar
between groups. In spite of this, there was a more than 10-fold
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drop in circulating B-hydroxybutyrate levels from the embryonic-
to-neonatal stage, clearly demonstrating the switch from free fatty
acid utilization in the embryos to lipid synthesis in the neonates
(Surugihalli et al., 2019). This metabolic switch was further
substantiated by the higher rates of triglyceride accumulation
along with the dramatic upregulation of lipogenic gene
expression in the neonatal liver. The higher lipid accumulation
in the neonatal liver occurred simultaneously with the lower
expression profiles of genes involved in lipid oxidation. Liver is
the primary lipogenic organ in the chicken (Zaefarian et al., 2019;
Liu et al., 2020) and the metabolic milieu in the liver is primed to
upregulate de novo lipogenesis immediately after hatch and on
exposure to a carbohydrate rich dietary environment (Hicks et al.,
2017; Surugihalli et al., 2019). The cytoplasmic network of de
novo lipogenesis relies on and shares metabolic and molecular
mediators of mitochondrial function, to upregulate its activity. In
fact, the dramatic upregulation of de novo lipogenesis in the
neonatal liver occurs simultaneously and in the presence of active
TCA cycle metabolism (Surugihalli et al., 2019). Interestingly,
such a metabolic milieu is also evident during NAFLD, which
promote the onset of hepatocellular stress (Patterson et al., 2016;
Satapati et al., 2016). The apparent absence of hepatocellular
stress in the neonatal chicken liver points to the metabolic
synergy between the mitochondrial oxidative networks, the
cytoplasmic lipid synthesis machinery and the antioxidant
defense systems during embryonic-to-neonatal transition
(Surugihalli et al., 2019).

Isolated primary hepatocytes are widely utilized as an
in vitro model system to investigate several facets of hepatic
function, including lipid accumulation, mitochondrial
function and insulin signaling in a variety of species
(Nussler et al.,, 2001; Soldatow et al., 2013; Nagarajan et al,,
2019). Based on this premise, we tested whether the primary
hepatocytes isolated from the embryonic and the neonatal liver
were able to reproduce the characteristics of the metabolic shift
that we observed in the liver tissue. Indeed, the hepatocytes
isolated from the neonatal liver had significantly higher
triglyceride accumulation compared to their embryonic
counterparts, as indicated by the significantly higher levels
of fatty acid methyl esters in the nd3 hepatocytes. While the
lactate content of the neonatal hepatocytes were significantly
higher, the TCA cycle intermediates a-ketoglutarate and
malate were significantly lower compared to the embryonic
hepatocytes. Along with these differences in lipid
accumulation and TCA cycle intermediates, the hepatocytes
isolated from both the embryonic and neonatal liver elicited a
robust response to insulin stimuli, indicated by the higher rates
of AKT phosphorylation in both groups. More importantly,
the AKT phosphorylation rates are significantly higher in the
nd3 livers, illustrative of robust induction of insulin signaling,
and further, coordinating the higher rates of lipid
accumulation in these neonatal livers. Considering the
significance  of  identifying  mechanisms regulating
mitochondrial function and its cross talk with cytoplasmic
networks including lipogenesis, cultured primary hepatocytes
could be a valuable model system.

Hepatocyte Metabolism in Embryos and Neonatal Chicken

We further tested the impact of the hormonal stimuli (insulin,
glucagon, growth hormone and corticosterone) on the
intermediary metabolism of cultured primary hepatocytes. It is
well known that these hormones are major players in the
remodeling of growth and intermediary metabolism during
embryonic-to-neonatal development, with abundant expression
of their respective receptors in the liver tissue (Hazelwood, 1971;
Langslow et al., 1979; Jenkins and Porter, 2004; Lu et al., 2007;
Wang et al., 2014). We tested the responsiveness of the primary
hepatocytes to these hormones, by evaluating changes in
expression of genes related to lipid oxidation and lipogenesis.
While the response of several of the genes to these four hormonal
stimuli presented a complex story, it revealed the major impact of
insulin. Insulin stimuli resulted in lower mRNA levels of multiple
genes involved in lipid oxidation, while increasing the mRNA
levels of multiple genes involved in lipogenesis. The impact of
glucagon on expression of genes involved in lipid oxidation and
lipogenesis was not significantly different from that of the basal
treatment. Overall, these results provided validation towards the
utility of embryonic and neonatal derived primary hepatocytes as
a potential metabolic model for probing changes in
mitochondrial metabolism and lipogenesis, especially under
insulin action.

The impact of these studies can be summarized towards
addressing two major areas. 1) Outbreak of metabolic
disorders like FLHS is one of the major causes of death in
poultry flocks with over 5% mortality, especially during the
laying cycle (Julian, 2005; Trott et al., 2013). Outbreak of
hepatic lipidosis in turkey causes 0.7-17% mortality (Julian,
2005). Fatty liver and kidney disease (FLKS) is another known
metabolic disorder that affects broiler chicken (2-3 weeks of
age) and is associated with excess lipid deposition in kidney
and liver and increased weight (Julian, 2005). Further, loss of
chicken due to sudden deaths caused from FLHS/FLKS would
affect the quality and quantity of meat and eggs produced
(Trott et al,, 2013). The etiology of these liver disorders
warrants further investigations, and we Dbelieve the
embryonic-to-neonatal transition period could hold clues to
how the synergy between the intermediary metabolic networks
in the liver can help prevent the negative outcomes associated
with fatty liver syndromes. 2) Losses in productivity from high
morbidity and mortality rates during the first week post-hatch
is also a significant economic burden to the poultry industry
(Noble and Cocchi, 1990; Wilson, 1991; Xin et al., 1994;
Peebles et al., 2004). Avenues to optimize embryonic-to-
neonatal transition, including the use of in ovo nutrient
injection strategies (Kadam et al, 2013; Peebles, 2018;
Neves et al,, 2020), early post-hatch dietary modifications
(Jha et al.,, 2019; Ravindran and Abdollahi, 2021) etc., are
being investigated to optimize this critical transition of the
embryo to the neonate. In summary, isolated hepatocytes from
embryonic and neonatal chicken can be a reliable metabolic
model to investigate the optimal remodeling of mitochondrial
metabolism and its synergy to accommodate rapid rates of
lipogenesis, while avoiding mechanisms promoting
hepatocellular stress.
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Flavonoids, naturally-occurring compounds with multiple phenolic structures, are the most
widely distributed phytochemicals in the plant kingdom, and are mainly found in
vegetables, fruits, grains, roots, herbs, and tea and red wine products. Flavonoids
have health-promoting effects and are indispensable compounds in nutritional and
pharmaceutical (i.e., nutraceutical) applications. Among the demonstrated bioactive
effects of flavonoids are anti-oxidant, anti-inflammatory, and anti-microbial in a range of
research models. Through dietary formulation strategies, numerous flavonoids provide the
ability to support bird health while improving the nutritional quality of poultry meat and eggs
by changing the profile of fatty acids and reducing cholesterol content. A number of such
compounds have been shown to inhibit adipogenesis, and promote lipolysis and
apoptosis in adipose tissue cells, and thereby have the potential to affect fat accretion
in poultry at various ages and stages of production. Antioxidant and anti-inflammatory
properties contribute to animal health by preventing free radical damage in tissues and
ameliorating inflammation in adipose tissue, which are concerns in broiler breeders and
laying hens. In this review, we summarize the progress in understanding the effects of
dietary flavonoids on lipid metabolism and fat deposition in poultry, and discuss the
associated physiological mechanisms.
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INTRODUCTION

Phytochemicals are natural compounds that are obtained from plants. Phytochemicals are classified
into the alkaloids, polyphenols, terpenoids, carotenoids, organo-sulfurs, phytosterols, limonoids,
glucosinolates, and fibers, which are further divided into many subtypes according to their chemical
structures and characteristics (Gonzalez-Castejon and Rodriguez-Casado, 2011). Flavonoids are
functional derivatives of polyphenols which are the most abundant phytochemicals and are
considered to have the greatest health benefits. Results from clinical studies have shown that
polyphenols are potent at preventing or slowing the onset of chronic diseases, especially those
induced by oxidative stress such as cardiovascular diseases (CVD) and metabolic disorders (Manach
et al., 2005).

Flavonoids are a category of plant-derived low-molecular weight secondary metabolites with
diverse structures and chemistries. Different from the function of primary plant metabolites (e.g.,
protein, fat, and carbohydrates which mainly regulate energy metabolism and cell physiology),
secondary metabolites are associated with non-nutritive dietary fiber, and are important for
interactions between plants and the environment, for instance in conferring resistance to
parasites, fungi, and other microorganisms (Leitzmann, 2016). For a long time, flavonoids were
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considered to be natural toxins. Considering that many
flavonoids indeed have adverse effects which depend on their
concentration and form in the feed, such as decreasing nutrient
availability and inhibiting digestive enzyme activities, they were
long characterized as “anti-nutritive” metabolites by nutritionists
(Salunkhe et al, 1982). However, through in-depth studies
involving  high-precision  analytical methods and a
comprehensive array of cell and tissue culture and animal
models, the beneficial bioactive effects of flavonoids have been
increasingly recognized and exploited for nutritional and
pharmaceutical purposes (Dillard and German, 2000).

Flavonoids constitute a major family of phytochemicals and
are generally used as nutraceuticals in foods and food
supplements, or exist in a low-concentration form in herbs,
teas, beans, vegetables, and fruits where they still have the
potential to exert a physiological effect. The majority of
research on flavonoids is conducted to explore antioxidant and
anti-inflammatory activities. Although flavonoids are considered
to be anti-nutritive agents, there is a strong relationship between
these phytochemicals and chronic diseases, especially obesity,
CVD, and cancer (Craig, 1997; Dillard and German, 2000;
Gonzalez-Castejon Rodriguez-Casado, 2011).
Consumption of vegetables and fruits is linked to a lower risk
of obesity and cancer, and some of the underlying mechanisms
may involve bioactive flavonoids (He et al., 2004; McMillan et al.,
2006; Key, 2011). For instance, there has been much research on
the use of dietary phytochemicals as an anti-obesity strategy, as
many of them are known to prevent the expansion of adipose
tissue through inhibition of the differentiation of preadipocytes
into adipocytes, and promotion of lipolysis and apoptosis in
mature adipocytes. Among them, flavonoids targeting the
adipocyte life cycle decrease preadipocyte proliferation
(Rayalam et al, 2008). In addition, the phenolic constituents
of flavonoids are known to inhibit the growth of adipose tissue via
anti-angiogenesis and metabolic-regulating pathways in various
cells (Ejaz et al., 2009; Gonzalez-Castejon and Rodriguez-Casado,
2011; Sakuma et al., 2017).

In recent years, there has been a growing awareness of the
purported health benefits of plant-based foods. However, the
benefits of dietary supplementation of polyphenols in
agriculturally-relevant species, particularly in commercial
poultry production, have not been as well studied. In this
review we summarize the known effects of flavonoids, a sub-
class of polyphenols, on lipid metabolism and deposition in
poultry, and discuss the proposed physiological mechanisms
and practical applications.

and

LIPID METABOLISM AND ADIPOSE TISSUE
PHYSIOLOGY IN POULTRY

The poultry industry is mainly focused on producing eggs and
meat. These products are closely related to lipid metabolism and
deposition. In nearly half a century, poultry producers, especially
of broiler chickens, have shortened the amount of time required
to achieve the desired final body weight (BW), and increased the
final body weight for slaughter from 1.5 kg in 70 days to 2.5 kg in
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42 days (Havenstein et al., 2003). Modern poultry production
drastically increased the body weight gain (BWG), carcass yield,
breast weight, and egg production of poultry to satisfy the
increasing consumer demand (Wang et al., 2012; Fouad and
El-Senousey, 2014), but fat deposition in the abdomen was
initially ignored in some breeding schemes, which resulted in
high rates of lipid biosynthesis and accumulation as adipose
tissue. This seems to be universal that selection of BWG leads
to an increase in fat deposition. The modern strains of broilers,
for example, contain 15-20% of their BW as fat, more than 85% of
which is not required for physiological function (Choct et al.,
2000). Nowadays, reducing fat content can be achieved by
changing the selection strategy in feed conversion ratio (FCR).
Selection for BWG leads to a higher fat content of the carcass,
whereas lower FCR tends to produce carcasses with lower fat and
higher water content (Pym and Solvyns, 1979; Ttmova and
Teimouri, 2010). Although reducing fat content during the
selection and breeding process can improve reproductive traits
of broilers (Zhang et al., 2018), the disadvantages are also obvious.
Since fat is a high heritability trait, excessive pursuit of reduced fat
during production has adverse effects on live performance of
chickens, especially during the chick-rearing stage (Ttimova and
Teimouri, 2010). Thus, excess fat deposits, consequently, remain
a major problem in modern poultry production. For producers,
excess fat content is sometimes unacceptable, as it is considered to
be a waste of dietary energy, while reducing carcass yield and
affecting meat quality (which may or may not be acceptable to
consumers) (Rabie and Szilagyi, 1998; Fouad and El-Senousey,
2014). As for laying hens and broiler breeders, excess fat
deposition  significantly impacts metabolic health and
reproductive performance (Xing et al., 2009). It is important
to note that excess energy acquisition is directly related to food
intake, which also continues to be a concern in poultry
production. Broiler breeders, in particular, are feed-restricted
to achieve target BW’s and fat percentages in order to slow
growth and prevent the onset of metabolic disorders which
would adversely affect bird health and reproductive output.

Research on lipid metabolism and adipose tissue physiology in
poultry has mainly focused on the conversion of feed energy to fat
deposition in meat and eggs, and at present, lipid metabolism and
related mechanisms are still popular areas of research because fat
deposition in poultry products directly affects production
efficiency and profitability. The fat content of poultry
products, as well as the fatty acid composition, are particularly
important to the health of consumers and poultry (Hargis and
Van Elswyk, 1993). Because high fat, saturated fatty acids (SFA),
and cholesterol are linked to chronic diseases and cancer (Cross
et al,, 2010; Ferguson, 2010; Santarelli et al., 2010), there is
increasing focus on health outcomes associated with
consuming poultry meat and products.

For avian species, the main factors affecting lipid deposition
include dietary energy, protein, amino acids, and mineral levels.
Oils and fats are the most concentrated sources of energy, which
lower heat increment, increase the absorption of fat-soluble
vitamins, enhance gastrointestinal passage, and can improve
palatability (Krogdahl, 1985). The amount of body fat that
poultry species accumulate depends on the availability of
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plasma lipid substrates available from feed and those synthesized
in the liver via de novo lipogenesis (D’Mello, 2000). Moreover, for
laying hens, dietary reductions in fat may lower the cholesterol
content of egg yolk and thereby lower the risk of cardiovascular
diseases in consumers (Han et al, 1993). Thus, dietary lipid
sources and quantity can directly affect fat deposition and
composition in poultry. In addition, hormones like insulin
regulate lipid metabolism in poultry liver and adipose tissue
(Goodridge, 1973; Gross and Mialhe, 1984; Wilson et al.,
1986), which coordinately determine the amount of fat that is
stored and oxidized in the body.

The liver is the one of the most important organs for lipid
metabolism in the body, and is responsible for fatty acid synthesis
(in birds and humans), bile synthesis, packaging of lipids for
transport, lipid storage and oxidation, and also ketogenesis from
lipid substrates when glucose is scarce (Bickerstaffe et al., 1970;
Griminger, 1986; Nguyen et al., 2008). Hepatic fatty acid
metabolism has been recognized as a major determinant of the
changes in blood triglyceride levels and fat deposition in poultry
(Guillou et al., 2008).

Adipose tissue, on the other hand, is primarily used for fat
storage in birds, and plasma non-esterified fatty acids generally
represent liberation of fatty acids from adipose tissue
triacylglycerol (TG) stores when the animal is in a fasting state
(Griffin et al., 1992). In chicken embryos, the subcutaneous depot
is the first to arise during development, and at hatch
subcutaneous and neck fat (including above the breast) are
relatively well-developed and available as a source of energy
and insulation, whereas abdominal fat is largely absent. The
abdominal fat pad has a faster growth rate compared to other
fatty tissues and ultimately becomes a direct determinant of body
fat content (Butterwith, 1989).

In most mammals, there are two types of adipose tissue
according to their physical function and color, white and
brown, with brown associated with non-shivering
thermogenesis due to the action of uncoupling protein-1
(UCP-1) (Oelkrug et al,, 2015). Due to the lack of orthologous
UCP-1 in the avian genomes, the presence of an equivalent brown
fat in birds has been questioned and generally thought to not
exist (Saarela et al., 1991). White adipocytes are characterized by
the presence of a single, large lipid droplet containing TGs that
are liberated via the sequential activation of lipases in the cell
(Reue, 2011). Adipocytes originate from mesenchymal stem
cells that can be committed to become preadipocytes which
are then stimulated to differentiate into the mature adipocyte.
There are a multitude of transcription factors and enzymes that
are associated with cellular differentiation and the
accompanying lipid synthesis, respectively, and these encoded
genes tend to be the target of research studies aimed at
evaluating  how factors, including dietary
supplements, influence adipose tissue development and
maintenance (Varga et al., 2011). For brevity, this review will
mainly focus on the effects of dietary flavonoids on lipid
metabolism and adipose tissue physiology in chickens, with
an emphasis on the physiological mechanisms. It should also be
recognized that these compounds may also exert direct or
indirect effects on appetite regulation, which would in turn

various
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influence body composition. Where relevant, such mechanisms
will be discussed.

FLAVONOIDS

Flavonoids are a group of polyphenols that have been widely used
in the pharmaceutical and cosmetic industries because of their
antioxidant, anti-inflammatory, anti-microbial, and
anticarcinogenic effects, (Panche et al., 2016). In the plant
kingdom, flavonoids are essential for plant growth,
pigmentation, and resistance to plaques, and represent one of
the most common groups of compounds in higher plants
(Havsteen, 2002). In addition to plants, flavonoids are
commonly found in plant-derived foods and beverages, such
as fruits, vegetables, tea, cocoa, and red wine (Panche et al., 2016).

Flavonoids are a general term for a series of compounds with a
€6-c3-c6 structure (A, B, C ring, Figure 1), which consists of two
benzene rings (A, B) linked via a heterocyclic pyrane C-ring
(Pietta, 2000). Flavonoids can be divided into various subgroups
according to the degree of heterocyclic pyrane C-ring oxidation
and the substitution pattern of a functional group on the C ring
with a methyl, hydroxyl, glycan, acetyl or other group, the
location of the B ring connection (position 2, 3, or 4 of the C
ring), and whether the heterocyclic pyrane C-ring forms a ring.
The connections of the B ring to the position 3 of the C ring are
called isoflavones, and the connections to the position 4 of the C
ring are called neo-flavonoids. Those in which the B ring connects
to position 2, can be divided into seven subclasses: flavones,
flavonols, flavanones, flavanonols, flavanols or catechins,
anthocyanins, and chalcones (Panche et al., 2016).

Challenge conditions like oxidative stress (including that
caused by heat stress) and diseases have a series of negative
impacts on the production performance and welfare of poultry. In
environments outside of the comfort zone, birds experience
reductions in food intake and depending on the level of
severity, cellular dysfunction and lipid peroxidation, leading to
associated pathologies (Puthpongsiriporn et al., 2001; Silva et al.,
2002). Biological activities of flavonoids have aroused interest for
alleviating the detrimental effects of oxidative stress. For example,
Pena et al. evaluated the effects of citric flavonoids (quercetin and
rutin) combined with ascorbic acid (AA) on the performance and
meat quality characteristics of broilers under heat stress for 32
days. They found that the addition of graded AA and citric
flavonoids did not affect meat production and quality. However,
FCR was improved during the first week post-hatch with 0 and
250 g/ton AA+ citric flavonoids (Pefia et al., 2008). The beneficial
mechanism is thought to be the stimulation of the expression of
stress response proteins and antioxidant enzymes, thereby
offsetting production of reactive oxygen species (ROS).
Treatment with some flavonoids, like epigallocatechin gallate
(EGCQG), upregulated the expression of superoxide dismutase
to improve the antioxidant capacity and mitigate the influence of
heat stress (Hu et al., 2019).

Two major challenges associated with using dietary flavonoids
as a strategy to modulate bird health and growth are 1) that the in
vivo targets are still unclear for many of these chemicals and
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Flavanols

Flavanes

FIGURE 1 | Classification of flavonoids and their basic structure.

Anthocyanins

results from controlled cell culture studies may not be
physiologically relevant and 2) despite much research on their
biochemistry, bioavailability continues to be poor. In terms of
bioavailability, flavonoids are subject to modification by the
intestinal microflora and typical modifications include
methylation, glucuronidation, sulfonation and others, as
reviewed in (Hu et al, 2017). It is thought that flavonoids
exploit nutrient transporters for uptake across the mucosal
layer and that following uptake, flavonoids enter the portal
circulation and are thus subjected to first-pass metabolism by
liver Phase II metabolic enzymes, leading to further modification
and potential reductions in cellular bioavailability. Improving
bioavailability and absorption are the ultimate goals for utilizing
flavonoids as feed supplements. The majority of flavonoids in
plants are bound to sugars through a glycosidic bond, known as a
glycoside. The glycoside form of flavonoids is not absorbed and
must be hydrolyzed in the host intestine. In poultry, flavonoids
are mostly absorbed in the ileum at pH 5.0 to 6.8 (Kamboh et al,,
2019), although the chemical structure affects their
bioavailability, absorption, interaction with cell receptors and
enzymes, etc (Abdel-Moneim et al, 2020). Dietary
supplementation of exogenous enzymes (e.g., carbohydrases
and tannases) facilitates the breakdown of catechins into
smaller monomeric and dimeric units at the cost of reduced
digestibility of monomeric and dimeric catechins, suggesting that
polymeric structures can improve intestinal utilization of
monomeric and dimeric catechins (Chamorro et al., 2017).

Among all flavonoids, isoflavones have the highest
bioavailability. Anthocyanins are rapidly absorbed, but their
bioavailability is the lowest of all flavonoids (Rafiei and
Khajali, 2021). Aglycones (non-sugar moiety) tend to be more
bioavailable than the corresponding glycoside form
(Thilakarathna and Rupasinghe, 2013). For instance, Steensma
et al. found that aglycone genistein is more bioavailable compared
to glycoside genistein in rats (Steensma et al., 2006). Thus, an
important consideration for dietary supplementation of
flavonoids is the potential for transformation into chemically
distinct molecules with different bioavailabilities and
pharmacodynamic properties in the body than the chemicals
that were present in the diet. Despite these limitations, there are a
plethora of data demonstrating beneficial effects on poultry
growth and health, and in particular regulation of lipid
metabolism and fat deposition (Table 1). In the remainder of
this review, where appropriate, cellular targets of flavonoids will
be described and the current state of knowledge discussed,
including gaps in our current understanding of flavonoid
biology (Figure 2).

Flavones

Flavones are characterized by a double bond at positions 2 and 3
of the C ring, and a ketone group at position 4 (Figure 1). Most
flavones in nature have a hydroxyl group in the A ring at position
5, and depending on the classification of fruits and vegetables,
may also have hydroxyl groups in ring A at position 7 and in the B
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TABLE 1 | Flavonoids and effects on body fat, meat quality/composition and egg quality in poultry.

Species Chemical Results of supplementation
class
Broiler Flavones Flavones of sea buckthorn fruits at 0.05, 0.10, and 0.15%, | abdominal fat pad weight, T intramuscular fat
in breast
0.1 and 0.2% sea buckthorn flavones | abdominal fat %, drip loss of breast and thigh muscle, and serum
triglycerides
Flavonols 0.3% or 0.6% kaempferol | abdominal and subcutaneous fat, and plasma and hepatic cholesterol and
triglycerides
0.5and 1 g/kg quercetin T meat lightness (L*), redness, and oxidative stability during refrigeration for 3 and
9 days
Quercetin at 200 mg/kg | oleic, palmitic, linoleic, and stearic acid in breast
Isoflavones 5 mg of genistein and 20 mg of hesperidin/kg | muscle fat
20 mg/kg of genistein and hesperidin T meat-holding capacity and | lipid oxidation of breast at O and
15 days of refrigeration
40 and 80 mg/kg soy isoflavones T L*, water-holding, pH, and catalase and superoxide dismutase activity
in breast, and | lipid peroxidation
Genistein (5 mg/kg) | ratio of 14:0, 18:0, and ZSFA and cholesterol in breast muscle
Anthocyanins Anthocyanin fortified barley at 5% T abdominal fat
10 and 20% Tridax procumbens powder T breast meat juiciness and flavor
Konini wheat (~14 mg/g of anthocyanin) T BWG.
Cranberry fruit extract (40, 80, or 160 mg/kg anthocyanin) T feed efficiency and BW.
Flavanones Hesperidin and naringenin at 0.75 or 1.5 g/kg T PUFA and n-6, while | SFA in abdominal fat, breast and
thigh muscles
0.75 and 1.5 g/kg hesperidin and naringin T breast muscle redness (a*), and | lipid oxidation for 9 days at
4°C and for 120 days at -20°C
Hesperidin and naringenin at 0.75 and 1.5 mg/kg T content of PUFA, omega n-6, and PUFA/SFA ratio in
breast muscle and fat
Hesperidin at 20 mg/kg | cholesterol and changed fatty acids (proportions of 18:0, 9¢18:1, 20:4n-6 and
>n-3 were |) in breast
Flavanols Green tea powder (0.5, 1 and 1.5%) | % of abdominal fat
Green tea powder at 0.5, 0.75, 1.0 or 1.5% | liver and serum cholesterol and abdominal fat
Flavanonols 120 mg/kg taxifolin | lipid peroxidation in fresh meat and during refrigerated storage for 1 month at -18°C
Layer Flavonols Quercetin at 0, 0.2, 0.4, or 0.6 g/kg T laying rate and | feed-egg ratio. Haugh unit, eggshell strength and
thickness, and yolk protein T, while yolk cholesterol |
Isoflavones 10, 50, and 100 mg/kg daidzein for 8 weeks T eggshell thickness, percentage, strength, and egg yolk
superoxide dismutase
Anthocyanins 8 weeks anthocyanin-fortified barley T laying performance and egg quality
Purple wheat grain at end of laying period in 69 weeks T eggs and yolk weight
Flavanones 0.05% hesperetin, 0.05% naringenin, and 0.5% galacturonic acid | egg yolk cholesterol and T yolk weight
and ratio of yolk weight/egg weight
9% dried orange pulp (0.767 g hesperidin and 0.002 g naringin) for a month T yolk oxidative stability and
egg shelf life. | performance and egg quality parameters
Flavanols 0.2 and 0.4% green tea catechins | egg weight, specific gravity, thickness and yolk malondialdehyde
Green tea powder (2, 4, 6, 8 g/kg) or tea catechins (0.5, 1, 1.5, 2 g/kg) for 60 days | total cholesterol,
triglyceride, and LDL levels in plasma and breast and thigh meat
Chalcones 5 or 10 g tomato powder/kg T egg production, egg weight and yolk color
Pre-injection of 25 mg chalcones | eggs with blood spots
Quail Flavones 0.1, 1.0 and 10.0 mg morin/scaled quail/day for 8 weeks: no effect on reproduction
Isoflavones 400 or 800 mg of genistein/kg for 90 days T egg production, egg weight, Haugh unit, shell thickness and
weight, while | yolk malondialdehyde
400 or 800 mg of soy isoflavones/kg T egg quality
Anthocyanins Purple field corn T egg quality, performance and carcass quality
Flavanols 0.25, 0.50 and 0.75% powdered green tea flowers T FCR.
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ring at positions 3 and 4. Flavones are abundant in plant
branches, leaves and fruits, in the form of glucosides. Celery,
parsley, red peppers, ginkgo biloba, and herbs are the main plant
sources, and examples of flavones include baicalein, baicalin,
diosmetin, luteolin, apigenin, and tangeritin.

Ma et al. (Ma et al,, 2015) found that adding different levels (0,
0.05, 0.10, or 0.15%) of sea buckthorn fruits (FSBF), which are

rich in flavones, to broiler diets from 1 to 42 days of age,
effectively reduced the final abdominal fat pad weight by
nearly 20%, while increasing intramuscular fat (IMF) content
in breast muscle. Cholesterol, TG, and low-density lipoprotein
cholesterol (LDL-C) levels were also reduced. These findings are
consistent with those of Li et al. (Li et al., 2008), who also reported
that flavone supplementation reduced abdominal fat percentage
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in chickens. Body weight gain increased and FCR decreased
(increased efficiency) from 7 to 42 days when broilers were fed
diets supplemented with 100 and 200 mg/kg flavone baicalein
(Zhou et al, 2019). Meanwhile, the serum levels of total
cholesterol (TC), the ratio of non-high density lipoprotein
(HDL)-C/HDL-C, LDL-C/HDL-C, TC/HDL-C, LDL-C, and
TGs were decreased after baicalein treatment (Zhou et al., 2019).

Numerous anti-obesity effects have been attributed to flavone
bioactivity. Flavone luteolin is a potent TG lipase inhibitor in
preadipocytes and enhances insulin sensitivity through activation
of peroxisome proliferator-activated receptor y (PPARy) (Zheng
etal,, 2010). Additionally, flavones can suppress obesity-associated
inflammation by blunting the nuclear factor kappa-B (NF-kB)-
mediated pathway (Gonzilez-Castejon and Rodriguez-Casado,
2011). Another flavone, baicalein, also functions as an
antioxidant and anti-lipase agent. Xiao et al. (Xiao et al.,, 2021)
supplemented the starter diet of Hubbard x Cobb-500 day-of-
hatch broiler chicks with 125, 250, or 500 mg/kg baicalein for 6
days, which significantly reduced chick breast muscle and
subcutaneous and abdominal fat weights. Expression of mRNAs
for factors involved in adipogenesis and fat storage (PPARy,
diacylglycerol acyltransferase; DGAT2) were more highly
expressed in the subcutaneous than abdominal fat depot but
were not affected by diet. In cell culture studies, mRNA
expression of genes related to adipogenesis and lipid
accumulation (CCAAT/enhancer-binding protein beta; C/EBP,
CCAAT/enhancer-binding protein alpha; C/EBPa, sterol
regulatory element-binding transcription factor 1; SREBPI,
Diacylglycerol acyltransferase; DGATI1, and PPARy) were
generally decreased after baicalein treatment in a dose-
dependent manner (3.125, 6.25, and 12.5 pM) or in response to
a single dose (50 uM) (Seo et al., 2014; Nakao et al., 2016).

Flavonols

Flavonols have a C2-C3 double bond, a ketone group in the fourth
position of the C ring, and an additional hydroxyl group in the
C-ring at position 3. Flavonols, which have the 3-hydroxyflavone
backbone, are found in a variety of vegetables and fruits. They are
abundant in apples, grapes, lettuce, broccoli, and onions. In addition
to vegetables and fruits, other important sources include tea, red
wine, and medicinal herbs. Flavonols that have been extensively
studied for biological effects in animals are quercetin, kaempferol,
myricetin, and fisetin. Because of diverse patterns of methylation
and hydroxylation, flavonols are considered to be the most common
and largest subgroup of flavonoids (EI Gharras, 2009).

Quercetin is reported to exert a variety of biological effects,
such as growth promotion, anti-infection, antioxidant, and
antiviral, in livestock and poultry species (Comalada et al,
2006; Goliomytis et al., 2014a; Saeed et al., 2017a). It is worth
noting that quercetin has anti-obesity effects that are mediated

through several pathways that collectively reduce fat
accumulation: 1)  enhancement of cyclic adenosine
monophosphate (cAMP) levels by inactivating

phosphodiesterase, to prolong lipolysis in adipocytes; 2)
inhibition of insulin receptor and SREBP-1, thereby repressing
lipoprotein lipase (LPL), acetyl-CoA carboxylase (ACC), glucose
uptake and fatty acid synthesis, and reducing fatty acid

Flavonoids and Poultry Fat

absorption and lipid accumulation in tissue; 3) at the
transcriptome level, increasing mRNA expression of Caspase3
and decreasing PPARY, resulting in the apoptosis of adipocytes
and inhibition of adipogenesis, respectively, collectively resulting
in a reduction in the number of adipocytes (Saced et al., 2017a). In
primary human adipocytes and 3T3-L1 murine adipocytes,
quercetin alone or in combination with genistein (isoflavone)
and resveratrol (stilbene) reduced the activity of glucose 3-
phosphate  dehydrogenase (contributor of the glycerol
backbone to TG synthesis), thereby inhibiting the late-stage
differentiation of adipocytes and promoting the apoptosis of
mature adipocytes (Park et al., 2008).

In poultry, dietary supplementation of quercetin was
associated with changes in broiler growth and meat
composition. Sohaib et al. (Sohaib et al., 2015) showed that
adding quercetin to broiler feed reduced the concentration of
fatty acids and improved the quality and consumer acceptance of
meat products. In addition, quercetin in combination with a-
tocopherol significantly increased BWG and reduced SFA while
monounsaturated fatty acid (MUFA) content was not
significantly altered (Sohaib et al., 2015). Consistent with these
findings, Oskoueian et al. (Oskoueian et al., 2013) reported that
dietary quercetin supplementation at 200 mg/kg reduced oleic
(18:1n-9), palmitic (16:0, 26.1-27.9%), linoleic (18:2n-6) and
stearic acid (18:0) in broiler pectoralis major muscle. While it
is unclear how quercetin modulates fatty acid composition in the
meat, the results from these studies suggest that quercetin has the
potential to be used as a dietary additive for broilers to improve
growth performance and meat quality.

Quercetin is also an effective functional dietary additive for
laying hens. At a concentration of 0.4 g/lkg of the basal diet,
quercetin not only improved the laying rate, reduced the feed-egg
ratio, but also increased the shell strength, shell thickness, and egg
yolk protein content throughout the 8 weeks experimental period
(Liu et al,, 2013). Notably, quercetin has been shown to lower
cholesterol and TG levels in the yolk. Kim et al. (Kim et al., 2003)
believed that the reduction of cholesterol in egg yolk by quercetin
treatment might be due to the inhibition of the activity of HMG-
CoA reductase, the rate-limiting enzyme in endogenous
cholesterol synthesis. It was also suggested that quercetin
modulates intestinal function, altering the composition of the
gut microbiome and the luminal microenvironment proximal to
the absorption of nutrients (Saeed et al., 2017a). Liu et al. (Liu
et al., 2014) studied the effects of quercetin supplementation on
the cecal microflora of laying hens, and observed that quercetin
(0.2, 0.4, and 0.6 g/lkg of diet for 8 weeks) reduced the total
number of aerobe and coliform bacteria, whereas the
number of beneficial bifidobacterium was increased. The
results showed that quercetin may function as a metabolic
prebiotic and exert important influences on the intestinal
environment by regulating the composition of the cecal
microflora. Although beyond the scope of this review, it is
important to acknowledge the contribution of the gut-
microbiome-brain axis to physiology and that dietary
changes that influence the microbiome have the potential to
in turn influence physiology because of the contribution of
bacterial metabolites to host cellular function. Indeed, in both
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avian and mammalian models, important links have been
established between obesity, metabolic syndrome, and the
structure and composition of the gut microflora.

Other flavonol compounds also influence fat deposition in
poultry. For example, supplementation of kaempferol, which is
derived from the rhizome of Kaempferol galanga L, inhibited the
expression of angiogenesis gene angiopoietin-like 3 (ANGPTL3)
in the liver tissue of broilers, while the content of LPL in adipose
tissue was elevated (Xiao et al., 2012). As ANGPTL3 inhibits LPL
in peripheral tissues and has hypolipidemic effects (Kersten,
2017), it is conceivable that kaempferol could modulate lipid
profiles and reduce obesity in broilers. Myricetin, which has
insulin-like functions in the body, affects lipid-protein
interactions and membrane fluidity, promotes glucose
absorption, and stimulates fat generation, and could thus be of
therapeutic value in the management of diabetes (Ong and Khoo,
1996). In the study of poultry, myricetin not only accelerated
growth, but also acted as a potent antioxidant to protect lipids in
the body and post-mortem tissue from oxidation (King et al,
2014).

Flavanones

Flavanones, also known as dihydroflavones, are ubiquitous in
almost all citrus fruits such as oranges, lemons, and pomelos, and
are the main source of the bitter taste in the juice. The difference
from flavones is that the C ring of flavanones is saturated
(Figure 1). Citrus flavanones, like other flavonoids, also
possess antioxidant and lipid-lowering properties, and
examples in this subclass include naringin, naringenin,
hesperidin, and hesperetin.

Addition of hesperidin to the poultry diet can improve
antioxidant capacity, health and egg production, reduce serum
and yolk cholesterol content in laying hens (S.Ting et al., 2011),
and improve the fatty acid profile by reducing SFA and increasing
polyunsaturated fatty acids (PUFA) content in broilers (Hager-
Theodorides et al., 2021), and bolster the immune response
against lipopolysaccharide (LPS) (Kawaguchi et al., 2004).
Fotakis et al. (Fotakis et al, 2017) demonstrated that when
supplemented in the broiler diet (0.70-1.5g/kg), hesperidin
reduced serum lipid content and significantly increased plasma
alanine. Hager-Theodorides et al. (Hager-Theodorides et al,
2021) also found that the addition of hesperidin and
naringenin to the broiler diet increased omega n-6 FA and
PUFA/SFA ratios in breast muscle and fat pads. An
explanation for these observed effects on fatty acid
composition is that hesperidin and naringenin can enhance
the expression of genes encoding factors related to fatty acid
B-oxidation as well as fatty acid synthesis.

In a study with laying hens, Lien et al. (Lien et al, 2008)
extracted crude hesperidin (31.5%), crude naringenin (39%),
and crude pectin (60%) from citrus and grapefruit peels for
supplementation into the diet at concentrations of 0.05, 0.05,
and 0.5%, respectively. The results showed that the extracts did
not significantly change some traits like egg production,

eggshell  strength, and  eggshell thickness.  The
concentrations of egg yolk cholesterol, and serum
cholesterol and TGs, however, were reduced. Excreta
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cholesterol levels in the hesperidin (14.18 mg/100g) and
naringenin (16.73 mg/100 g) groups were about double that
of the control group (7.43 mg/100 g).

At the transcriptional level, flavanones enhance adipogenesis.
Hager-Theodorides et al. (Hager-Theodorides et al, 2021)
supplemented 240-day-old Ross 308 broiler chickens with
hesperidin (0.75 or 1.5g/kg feed) and naringenin (0.75 or
1.5 g/kg feed) for a month. They analyzed the fatty acid profile
of the abdominal fat pad, and breast and thigh muscles, and found
that both hesperidin and naringenin significantly reduced SFA
and increased PUFA and n-6 content. They suggested that these
effects might be attributed to increased expression of fatty acid -
oxidation related genes (PPARa and Acyl-CoA Oxidase 1;
ACOX1) and the fatty acid synthase (FASN) gene.
Interestingly, there are two forms of citrus flavanones, the
glycosides form (naringin, narirutin, hesperidin) and aglycone
form (naringenin, hesperetin). Both forms can be bioconverted
through cytolase treatment and have different effects on
adipogenesis. Lim et al. (Lim et al., 2015) found that cytolase-
treated citrus flavanone, which increased the aglycone form while
decreasing the glycosides form, markedly inhibited the
differentiation of 3T3-L1 preadipocytes, and naringenin and
hesperetin suppressed the protein and mRNA expression of
CEBPa, PPARYy, as well as the mRNA levels of SREBP1c. This
is inconsistent with the results of Saito et al. (Saito et al., 2009)
that flavanone (CAS No. 487-26-3) promoted the differentiation
of 3T3-L1 preadipocytes via acting as a PPARy ligand. Yoshida
etal. (Yoshida et al., 2010) showed that naringenin and hesperetin
inhibit the ERK and NFkB pathways and reduced free fatty acid
(FFA) release and prevented FFA-induced insulin resistance in
mouse adipocytes. Thus, multiple studies demonstrate effects of
flavonones on lipid metabolism in adipocytes and varying results
could be explained by multiple factors, including form and purity
of the chemical used, time of treatment application and treatment
duration, endpoints for molecular analyses, and passage number
and other characteristics of the cell line used.

Flavanonols

Flavanonols are 3-hydroxyl derivatives of flavanones and are also
referred to as dihydroflavones because the double bond between
the C ring positions 2 and 3 is hydrogenated. Red onion, vinegars,
and red wine contain large amounts of flavanonols.

In cell, in vivo animal, and human volunteer health studies,
taxifolin shows a wide range of health-promoting effects and
biological activities including anti-inflammatory, anti-
cardiovascular and anticancer, etc. In a cell culture study using
HepG2 (hepatocyte) cells, taxifolin supplementation (200 uM)
inhibited cholesterol synthesis, possibly by suppressing HMG-
CoA reductase activity (Theriault et al., 2000). A more in-depth
study in HepG2 cells found that taxifolin treatment limited the
extracellular availability of TGs by inhibiting diacylglycerol
acyltransferase (DGAT) and microscopic TG transfer protein
(MTP) activities, resulting in a decrease in apolipoprotein B
secretion, which is positively correlated with the development
of cardiovascular artery disease (Casaschi et al., 2004; Sunil and
Xu, 2019). Zhao et al. (Zhao et al., 2018) used streptozotocin-
induced diabetic rats as a model and found that taxifolin
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FIGURE 2 | Effects of dietary flavonoids on gene expression related to lipid metabolic pathways in liver, skeletal muscle, and adipose tissue of poultry species.

treatment was associated with a reduction in adipocyte size in the
adipose tissue. Studies in poultry have shown that taxifolin
(dihydroquercetin) has protective effects on the heart, kidneys,
and liver (Saeed et al., 2017b; Cai et al., 2019; Zhang et al., 2019).
However, studies regarding the effects of taxifolin on lipid
metabolism and adipose tissue physiology in poultry are
scarce, and taxifolin appears to function as an antioxidant.
Pirgozliev et al. (Pirgozliev et al, 2018) found that feeding
taxifolin did not improve the production performance of
broilers, except for increasing the redness index of breast
meat. Balev et al. (Balev et al., 2015) also found no significant
changes in the growth performance of hybrid “Ross” broilers
whose diets were supplemented with taxifolin (40 mg/kg body
weight) for 49 days.

Flavanols

Flavanols can also be referred to as flavan-3-ols, which contain a
hydroxyl group on the C-ring, however there is no double bond
and ketone group at position 4 of the C ring. Flavanols can exist as

monomers (catechins) or polymers (pro-anthocyanidins).
Flavanols are common in many fruits such as bananas, apples,
pears, and a variety of drinks and food such as green tea, red wine,
and chocolate. Application of dietary flavanols in poultry
production can effectively reduce lipid and cholesterol content
in blood and yolk as well as improve production performance,
carcass, and meat quality (Aziz and Karboune, 2018; Ogbuewu
et al., 2019).

Catechins, which are abundant in green tea, and which include
epicatechin (EC), epicatechin gallate (ECG), and EGCG, are well
studied for their anti-inflammatory, antioxidant, and anti-obesity
effects. Studies in mammalian cell culture and animal obesity
models have shown that catechins inhibited adipocyte
proliferation and differentiation, lipogenesis, and fat deposition
(Wolfram et al., 2006; Abd El-Hack et al., 2020). Kim et al. (Kim
et al, 2010) demonstrated that EGCG reduced glycerol-3-
phosphate dehydrogenase activity, which hindered TG
production because of the lack of a glycerol backbone for
esterification. Additionally, EGCG treatment inactivated
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forkhead transcription factor class O1 (FoxO1) and SREBPIc,
which are transcription factors involved in adipocyte
differentiation and lipid synthesis. Friedrich et al. (Friedrich
et al, 2012) demonstrated that short-term supplementation
(up to 1% for 4-7 days) of dietary EGCG to mice inhibited
SREBP1c and downregulated its downstream genes FAS and
stearoyl-coa desaturase (SCD) in liver. In cell culture, EGCG
at 5 uM inhibited the expression of PPARy2 and C/EBP« during
3T3-L1 adipocyte differentiation (Furuyashiki et al., 2004). Hung
et al. (Hung et al., 2005) found that EGCG (20~50 uM) also
inactivated extracellular signal regulated kinase 1 (ERKI) and
ERK2 and arrested 3T3-L1 preadipocytes at the GO/G1 phase.
Moreover, EGCG promoted p-oxidation and thermogenesis.
Dulloo et al. (Dulloo et al., 2000) demonstrated the synergistic
effect of green tea extract (GTE; containing 200 uM EGCG) and
caffeine on increasing interscapular BAT thermogenesis. The
authors speculated that catechins and caffeine may play
important roles in the sympathetically released noradrenaline
(NA)-cAMP axis, which may also be responsible for the
pronounced effect of GTE on BAT thermogenesis. EGCG
directly  inhibited  catechol-O-methyl-transferase, =~ which
catalyzes the degradation of NA, thereby prolonging the action
of sympathetically released NA. Caffeine, however, inhibited
phosphodiesterase, an enzyme that breaks down cAMP. Thus,
EGCG and caffeine synergistically increased the intracellular
cAMP levels, which then increased activated PKA-dependent
phosphorylation of hormone-sensitive lipase and subsequently
free fatty acid release for oxidation. However, this might not be as
relevant to the discussion of poultry, because it is questioned
whether birds have cells that are analogous to brown adipocytes,
due to the absence of uncoupling-protein 1 (UCP-1) in the
genome.

It is generally accepted that dietary supplementation of
catechins affects gastrointestinal tract absorption of water,
glucose, fats, minerals, and amino acids (Koo and Noh, 2007;
Frejnagel and Wroblewska, 2010). Plant catechins inhibit the
activity of digestive enzymes such as a-amylase, trypsin,
chymotrypsin and lipase (Salunkhe, 1982) and also interact
with proteins to render them insoluble (Kumar and Singh,
1984). In vitro studies have shown that green tea catechins
interfere with lipid emulsification, digestion and micelle
solubilization, which are key steps involved in the intestinal
absorption of dietary fatty acids, cholesterol and other lipids.
Green tea or its catechins may also reduce the absorption and
tissue accumulation of other lipophilic organic compounds
(Koo and Noh, 2007). A number of studies have shown that
supplementation of catechins from GTE did not affect broiler
FCR or BWG. Kaneko et al. (Kaneko et al., 2001) found that
10 weeks of treatment with dietary inclusion levels of GTE at 1,
2.5 and 5% significantly reduced broiler BWG. Yang et al. (Yang
et al., 2003) concluded that antibiotic-free green tea (0.5, 1 and
2%) intake for 6 weeks in Ross broilers did not improve feed
intake and feed efficiency, but increased BWG. Shomali et al.
(Shomali et al., 2012) noted that 1, 2 and 4% of green tea powder
(GTP) in the diet for 2 weeks produced no difference in FCR.
However, Erener et al. (Erener et al., 2011) showed that 6 weeks
of 0.1 or 0.2g/kg feed GTE improved feed efficiency and
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increased BW of 42-day-old broilers. Abdel-Azeem (Abdel-
Azeem, 2005) also observed that the addition of 0.25, 0.50
and 0.75% powdered green tea flowers in Japanese quail feed
increased FCR. The inconsistent results, which apparently are in
contradiction with the well-established effects of GTE’s on
nutrient digestion and absorption, may be related to the
different catechin components in green tea and the relative
abundance of each in various extracts. It is worth noting that
differences in broiler strains, inclusion levels, and treatment
times between different studies can also lead to significant
differences in final results.

In relation to layers, the results of catechin research have
also yielded conflicting results. Ariana et al. (Ariana et al,
2011) observed that 0.5% GTE or 1.5% GTP improved egg
yield during the later stage of egg production (64-75 weeks of
age). Yamane et al. (Yamane et al., 1999) found that 0.67%
GTE reduced egg weight, where Biswas and Wakita (Biswas
and Wakita, 2001a) observed similar results when utilizing
0.3% GTP. Others have reported that 0.2% green tea leaves
improved egg production and egg mass of laying hens aged
20-44 weeks (Al-Harthi, 2004). Again, this could be due to
differences in active ingredients and concentrations in green
tea, as well as differences in experimental design such as
dietary inclusion level, duration of the study, genetic
background of the bird, etc. A challenge in implementing
GTP additives in poultry is establishing the optimal level of
inclusion to promote the desired effects on animal
performance. In addition, when wusing plants (or
derivatives), physiological effects can be attributed to
multiple chemicals, whose interactions, metabolism, and
effects on cells are complex, making it difficult to define the
specific “cocktail” of supplements that will yield optimum
results.

Notably, addition of green tea catechins to poultry feed can
significantly reduce fat accumulation. Hrn¢ar (Hrnéar and Bujko,
2017) found that 6 weeks of dietary GTP supplementation at 0.5,
1 and 1.5% decreased abdominal fat pad weights in broilers.
Biswas and Wakita (Biswas and Wakita, 2001b) studied the
growth performance of broilers that were fed ad libitum with
starter and finisher diets containing 0.5, 0.75, 1.0 or 1.5% GTP.
Feed intake was decreased by about 5.1-15.9% in the 1.0% GTP
feeding group, while feed conversion in the 5.0-1.0% GTP feeding
groups was improved by 4.1-11.4%. The levels of liver
cholesterol, liver fat, and serum cholesterol were decreased in
GTP treatment groups. The most significant change observed was
a 1.65% loss of relative weight of abdominal fat in a dose-
dependent manner. Raederstorff et al. (Raederstorff et al,
2003) concluded that green tea’s ability to lower cholesterol
was mainly due to EGCG, which could interfere with the
micelle dissolution of cholesterol in the digestive tract to
regulate lipid digestion, absorption and availability to the liver
for bile and lipoprotein synthesis.

Beyond the small intestine, catechin treatment was associated
with reduced cholesterol synthesis in the liver (Yousaf et al.,
2014). Broilers treated once daily via oral administration of GTP
at 50 or 100 mg/kg of BW for a total of 20 days had reduced body
fat (Huang et al., 2013). This is partially due to reduced fatty acid
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synthesis and enhanced B-oxidation. When EGCG was dissolved
in water and orally administered to broilers at 80 mg/kg BW for
4 weeks, there was a reduction in serum TGs and LDL, but an
increase in HDL cholesterol (Huang et al, 2015).
Supplementation of laying hens diet with 1g/kg green tea
catechins for 60 days reduced plasma total cholesterol, TGs,
LDL, and body fat content (Zhou et al, 2012). Collectively,
data demonstrate that catechins can reduce lipid accumulation
in poultry and potentially improve poultry health and meat
quality.

Proanthocyanidins, the most structurally complex and
abundant dietary flavonoids that are oligomers of
epicatechins or catechins, are found in many plants such as
apples, grape seeds and skins, cocoa beans, cranberries, and
more (de la Iglesia et al., 2010). Such compounds account for
the astringent and bitter taste characteristics of fruit
(Lesschaeve and Noble, 2005). Although there are large
amounts of proanthocyanidins in the diet, it is important
to note that they neutralize proteins in the gut to form tannin-
protein complexes that reduce nutrient digestion and
absorption (Hagerman and Butler, 1981). In terms of lipid
metabolism and adipocyte function, grape seed
proanthocyanidins can activate the cAMP signaling
pathway in 3T3-L1 adipocytes, thereby inducing lipolysis
(Pinent et al, 2005). El-Damrawy (El-Damrawy, 2014)
observed that 100 and 200 mg/kg grape seed extract (GSE)
supplementation for 3 weeks mitigated some of the negative
effects of heat stress in broilers. For example, liver superoxide
dismutase and glutathione concentrations were increased and
heterophil/lymphocyte ratio, plasma corticosterone, TGs,
LDL, HDL and liver malondialdehyde were decreased in
broilers fed the GSE-supplemented feed. Farahat et al.
(Farahat et al., 2017) reported on the effects of grape seed
extract (125, 250, 500, 1,000, and 2000 ppm in diet) in broilers
from hatch to 42 days. Although there were no differences in
growth performance, total lipids, and high and very low-
density lipoprotein cholesterol when compared with control
groups, the TC and LDL-C levels were decreased after feeding
diets that were supplemented with GSE. Roy and Schneeman
(Roy and  Schneeman, 1981)  suggested  that
proanthocyanidins can bind and inhibit intestinal
absorption of cholesterol, thereby reducing cholesterol
levels in the body.

Anthocyanins
Anthocyanins, the glycoside forms of anthocyanidins, are the
principal constituent of phyto-pigments of fruits, vegetables, and
flowers. The different colors of anthocyanins are usually
determined by pH and the methylation or acylation of
hydroxyl groups in the A and B rings. They mainly exist in
outer cell layers of various fruits such as grapes, strawberries and
blueberries, etc. The C ring of anthocyanins has two double
bonds, and anthocyanins usually exist in different chemical forms
(Figure 1). Cyanidin, delphinidin, peonidin, pelargonidin, and
petunidin are common anthocyanidins.

Anthocyanins have various bioactive effects such as inhibiting
lipid peroxidation, anti-inflammation, improving cell viability,
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boosting immunity responses and DNA damage repair (Tsuda
et al, 2006; Sivamaruthi et al, 2020). Thus, dietary
supplementation of these compounds in animals could
potentially achieve many physiological benefits, including
protective effects against pathogens and mitigating deleterious
effects of chronic heat stress. Csernus et al. (Csernus et al.,
2020) reported that 0.5% dietary addition of anthocyanins for
26 days improved the BW, average daily gain and average daily
feed intake. In chickens that were fed the supplemented diet
and challenged with LPS, there was decreased mRNA
expression of splenic and ileal interleukin-1f, increased
villus height: crypt depth ratios, and thickened mucosa,
indicative of increased absorptive surface area. Stantnik
et al. (Stastnik et al., 2014a; Stastnik et al., 2014b) found
that Konini wheat containing about 14.01 mg/g
anthocyanins and milk thistle seed cakes containing
129.83 mg/kg cyanidin-3-glucoside promoted BWG and
improvements in meat quality traits of broilers, respectively.
Leusink et al. (Goliomytis et al., 2015) noted that 40, 80, or
160 mg/kg anthocyanins from cranberry fruit extract,
supplemented for 5weeks, had no effects on broiler bird
performance, meat properties, general health or intestinal
integrity. However, treatment lowered the mortality rate,
the populations of Enterococcus spp. in cecal and cloacal
samples, and had positive effects on feed efficiency and BW.
Aditya et al. (Aditya et al., 2018) examined the growth
performance of broiler chickens treated with grape pomace
(Vitis vinifera) (containing 1,134 mg/kg anthocyanin). At
different concentrations, grape pomace did not affect BWG,
feed intake, or FCR. In addition, serum glucose, TGs, and
HDL-C were not affected, but total cholesterol content was
significantly decreased and some meat quality parameters were
improved.

Although there are no detailed experimental data for
poultry adipose tissue, anthocyanins show strong anti-lipid
production properties in other experimental models. In
obesity-related human studies, consuming red (red-flesh)
orange juice that contained large amounts of cyanidins
reduced risk factors associated with being overweight or
obese, for instance insulin resistance, systolic and diastolic
blood pressure that were reduced in volunteers after
intervention (Azzini et al., 2017; Sivamaruthi et al., 2020).
Silveira et al. (Silveira et al., 2015) found that human subjects
who consumed 750 ml of red orange juice per day for 8 weeks
showed decreases in serum levels of TC and LDL-C. In the diet
of obese individuals, 50 g of carbohydrates were substituted
with blueberries which contain large amounts of delphinidin,
malvidin, and petunidin. After 12 weeks of nutritional therapy,
the blueberry-supplemented group lost weight and had less
body fat (Istek and Gurbuz, 2017). In addition, anthocyanins
inhibited pro-inflammatory markers in obese subjects (Hogan
et al., 2010; Santamarina et al., 2020). The reduction in
inflammation is particularly appealing, as persistent low-
grade chronic inflammation associated with obesity can
cause a number of chronic metabolic diseases. Anthocyanin
treatment inhibited the expression of PPARy and FAS in high-
fat diet-induced obese mice (Wu et al., 2016). In vitro,
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accumulation of TGs in 3T3-L1 preadipocytes was reduced
after grape anthocyanin treatment in a dose-dependent
manner, due to changes in lipogenic genes such as LXRa«
(Liver X receptor ), SREBP-1c, PPARy, C/EBPa, FAS, SCD-
1 and ACCa (Lee et al.,, 2014).

Chalcones

Chalcones are characterized by the absence of the C ring in the
basic flavonoid skeleton structure and are also classified as open-
chain flavonoids (Figure 1). Chalco-naringenin, phlorizin,
arbutin, and phloretin are the major examples of chalcones.
Chalcones are found in tomatoes, pears, apples, strawberries,
as well as in wheat products, red wine, and herbs. Chalcones have
important pharmacodynamic significance as they are described as
potent anti-inflammatory, antioxidant, anti-proliferative, anti-
infective, anticancer, and anti-microbial agents in various
animal species, including chickens. For example, over 50 years
ago, poultry researchers began to inject chalcones into laying hens
in order to eliminate the number and size of blood spots present
in eggs (Bigland et al., 1965).

The dihydrochalcone phlorizin is abundant in the leaves of
sweet tea and is perhaps most well-known to researchers as a
competitive inhibitor of the sodium-glucose transporters (SGLT1
and 2). Phlorizin has thus been studied for managing diabetes
mellitus and obesity by inhibiting glucose uptake and resorption
(Ehrenkranz et al., 2005; Vaidya and Goyal, 2010), but it can be
rapidly hydrolyzed into phloretin in the small intestine of
mammals, limiting its potential as a therapeutic agent for
diabetes. However, Awad et al. (Awad et al., 2007) reported that
phlorizin had the same effect on reducing glucose absorption in the
jejunum as deoxynivalenol, a common mycotoxin in feedstuffs.
Glucose uptake in laying hens was reduced after treatment with
100 ul/ml phlorizin, consistent with Bierbach (Bierbach et al,
1979), where 1 mM phlorizin also reduced glucose absorption
in isolated chicken intestinal epithelial cells.

Chalco-naringenin is mainly found in tomatoes and possesses
strong anti-inflammatory properties which can be beneficial for
relieving chronic inflammation in obese individual adipose tissue.
In obesity-associated adipose tissue, chalco-naringenin inhibited
proinflammatory cytokines like monocyte chemoattractant protein
1 (MCP1) and TNF-a in the paracrine loop between adipocytes and
macrophages, and decreased overall inflammation as well as insulin
resistance (Hirai et al., 2010). There is little known on the precise
quantification of chalcone and its subclass in feed additives for poultry,
and this review discusses relevant additives rich in chalcone, such as
tomato powder. In Japanese quail exposed to heat stress-induced
conditions, feed intake, BWG, and FCR all increased when fed a diet
supplemented with either 2.5 or 5.0% tomato powder for 3 weeks
(Sahin et al, 2008). Similarly, laying hens that were fed a diet
containing 5 or 10 g/kg of tomato powder for 90 days, displayed
significant increases in feed intake yet a decrease in FCR. Other factors
such as egg production, egg weight, yolk color (darker color), and
duration of egg production were all increased, while there was also a
decrease in egg yolk lipid peroxidation (Akdemir et al,, 2012). Omri
etal. (Omri et al,, 2019) reported that the dietary incorporation of 1%
tomato paste, 4.5% linseed, and 1% red pepper in Novogen White
laying hen feed for 47 days reduced egg yolk content of palmitic acid
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and stearic acid. Moreover, SFA and the ratio of omega 6- to 3-PUFAs
were decreased, and the total content of PUFAs increased. Thus,
dietary chalcones may serve as an attractive strategy to mitigate obesity
and associated inflammation and metabolic disorders in broiler
breeders and laying hens, while also favorably modulating lipid
composition in meat and eggs.

Isoflavones

Isoflavones are unique isomers of flavones, with both glycoside
and aglycone forms. Isoflavones are not widely distributed within
the plant kingdom, their main presence being in soybean and
leguminous plants. Isoflavones in soybeans include genistein,
daidzein and glycitein and their respective glycoside forms,
with the concentration ratio being about 1:1:0.2 (Manach
et al., 2004). Genistein is structurally similar to estrogen and
can bind to estrogen receptors, particularly estrogen receptor-
beta. Thus, genistein may have weak estrogenic (or antiestrogenic
depending on its concentration) properties and is hence referred
to as phytoestrogen.

Isoflavones, as a feed supplement, reduced fat deposition, an
effect that was attributed to its estrogen-like properties. Gou et al.
(Gou et al,, 2020) reported that corn-soybean meal-based diets
supplemented with linseed oil (2% or 4%) and 30 mg/kg soybean
isoflavones reduced the abdominal fat percentage of broilers aged
29-66 days. Adding soybean isoflavones also increased the
content of a-linolenic acid (C18: 3n-3), EPA (C20:5n-3) DHA
(C22:6n-3) and total n-3 PUFA in breast muscle, while the
addition decreased palmitic acid (C16:0), lignoceric acid (C24:
0), SFA and n-6: n-3 ratio in breast muscle and total TG, total
cholesterol and malondialdehyde content in plasma. Gene
expression analysis in broiler breast muscle revealed that the
expression of fatty acid desaturase 1 (FADS1), FADS?2, elongase 2
(ELOVL2) and ELOVLS5 increased in response to soybean
isoflavone supplementation. Similarly, Payne et al. (Payne
et al, 2001) observed that low crude protein diets with
supplemental crystalline amino acids (CP-AA) and a low
concentration of soy isoflavones reduced the weights of
abdominal fat pads in 9-52day-old broilers, which were
intermediate between chicks fed the corn-soybean meal diet
and low CP-AA diet. Thus, these data suggest that the
decreased fatness in broilers may be partially attributed to an
increased level of soy isoflavones in these diets.

Effects of isoflavones were also observed on egg-laying and egg
lipid  composition.  Corn-soybean  meal-based  diet
supplementation of genistein at 800 mg/kg feed for 90 days
significantly improved the antioxidant indices, feed intake and
the egg-laying efficiency of quail (Akdemir and Sahin, 2009). Lv
et al. (Lv et al, 2018) demonstrated that a relatively low
concentration of genistein (40 mg/kg) in a high-energy and
low-choline diet for 64days significantly increased the
hypothalamic mRNA expression of gonadotropin releasing
hormone (GnRH) mRNA and raised serum estrogen levels,
which were associated with improved egg laying performance.
Genistein treatment also reduced liver concentrations of long-
chain SFA, MUFA, and the n-6: n-3 PUFA ratio. It was suggested
that dietary genistein inhibits the expression of fatty acid
synthesis-related genes, SREBPlc, LXRa, FAS, and ACC,
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meanwhile promoting the expression of B-oxidation related genes
PPARa, PPARS, ACOT8, ACADS, and ACADs. There were
differing effects in chickens that received a diet with greater
concentrations of genistein (400 mg/kg), further reinforcing that
a challenge in widespread implementation of dietary
supplementation is identifying optimum dose ranges.

Flavonoids may manipulate the intestinal microbiota and in
turn be transformed into relatively more or less bioactive
polyphenols, or have beneficial effects by modulating the
structure of the microbiome as probiotics that enrich for
beneficial species of bacteria (Abbas et al., 2017). A well-
studied example is the conversion of soybean isoflavone
daidzein to equol, which has strong biological activity as a
phytoestrogen. One attractive strategy for improving
antioxidant status and establishment of a healthy microbial
community is in ovo supplementation during embryonic
development. It is beyond the scope of this review to discuss
in detail, but depending on the day and location of injection and
the diluent (e.g., oils, alcohols, etc.), the flavonoid may be
absorbed and exert biological effects during critical stages of
development, with physiological changes that persist after
hatching. Ni et al. (Ni et al,, 2012) injected 20 or 100 pug equol
into the albumen on embryonic day 7, and at 49 days post-hatch,
equol-treated chickens had lower serum TGs and TC, but greater
HDL-C concentrations than controls. These changes were
accompanied by differences at the molecular level in the liver,
including elevated carnitine palmitoyl transferase 1 and reduced
FAS mRNAs. These results suggest that early life exposure to
equol may induce changes in the liver that lead to increased fatty
acid catabolism and reduced synthesis, thereby reducing
circulating levels of liver-derived lipids. Similarly, Wei et al.
(Wei et al, 2011) observed that in ovo injection of equol
affected female broiler meat quality, including decreased
redness (a*), cooking loss, and 24 and 48 h drip loss. Further
research is needed to determine the practicality of in ovo
supplementation of flavonoids in the poultry industry and
robustness of physiological effects.

Neoflavonoids

Neoflavonoids are relatively uncommon but are reported to exert
a multitude of beneficial health effects. They are distributed in
Coutarea  hexandra,  Calophyllum  inophyllum  and
Pityrogrammacalomelanos var. aureofiava (Donnelly and
Boland, 2017). Dalbergin is the most common neoflavonoid in
the plant kingdom. Neoflavonoids are characterized by a 4-
phenylchromen backbone without a hydroxyl group
substitution at position 2 of the C ring. These compounds
have anti-osteoporosis, anti-androgen, anti-inflammatory, anti-
tumor, anti-allergy, anti-oxidation and other biological activities
(Liu et al,, 2017). There are no reports on the effects of dietary
neoflavonoids on livestock, poultry production, or on lipid
metabolism and deposition.
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CONCLUSIONS AND FUTURE DIRECTIONS

In recent years, dietary flavonoids have received considerable
attention in poultry research due to their various beneficial
effects on health, growth performance, and meat quality. Given
that a vast array of such chemicals exist in nature and many
flavonoids are antioxidants with anti-inflammatory and other
properties, there are possibilities for developing additives
using one or more of these natural and cheap compounds
to economically promote production while improving health
and meat and egg quality. Dietary supplementation of
flavonoids can modulate lipid metabolism and deposition,
and in particular alter the fatty acid composition and
reduce the cholesterol and TG content of poultry meat and
eggs. In adipose tissue, some flavonoids inhibit adipogenesis
while promoting lipolysis and apoptosis, which collectively
prevent the expansion of adipose tissue. As antioxidants,
flavonoids can protect other nutrients from oxidation and
contribute to a healthy cellular environment at the gut
mucosal layer and in other tissues. The anti-inflammatory
properties of flavonoids are also an added benefit because
obesity, which is a serious issue in broiler breeders and
laying hens, is generally associated with a chronic low-grade
inflammation, which eventually leads to a host of
comorbidities. A challenge in practically applying results of
this research is that many studies yield conflicting results
regarding consistent effects of flavonoids on growth and
production parameters. It is important to note though, that
such studies differ in the form of flavonoid supplemented
(extracts vs pure compound vs mixture of compounds),
doses in the diet, duration of study, genetic background of
bird, and processing of ingredients and diet mixing (as well as
remaining composition of diet) which can affect the molecular
structure, bioavailability, and bioactivity of the flavonoids and
other nutrients in the diet. Additional studies are needed at
both the cell culture and whole animal level, especially in
poultry adipose tissue, skeletal muscle and the liver, in order to
reveal the cellular and molecular mechanisms responsible for
the effects of flavonoids on lipid metabolism and fat accretion.
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Moult is a normal physiological phenomenon in poultry. Induced molting (IM) is the most
widely used and economical molting technique. By inducing moult, the laying hens can
grow new feathers during the next laying cycle and improve laying performance. However,
the lack of energy supply has a huge impact on both the liver and intestines and acts on the
intestines and liver through the “gut-liver axis”. More importantly, lipid metabolism in the
liver is closely related to the laying performance of laying hens. Therefore, in this study,
cecal metabolites and liver transcriptome data during IM of laying hens at the late stage of
laying (stop feeding method) were analyzed together to reveal the regulatory mechanism of
“gut-liver axis” affecting the laying performance of laying hens from the perspective of lipid
metabolism. Transcriptome analysis revealed that 4,796 genes were obtained, among
which 2,784 genes had significant differences (p < 0.05). Forty-nine genes were
associated with lipid metabolism, and five core genes (AGPAT2, SGPL1, SPTLCT,
PISD, and CYP51A1) were identified by WGCNA. Most of these differential genes are
enriched in steroid biosynthesis, cholesterol metabolism, drug metabolism —cytochrome
P450, synthesis and degradation of ketone bodies, PPAR signaling pathway, and bile
secretion. A total of 96 differential metabolites were obtained by correlating them with
metabolome data. Induced moult affects laying performance by regulating genes related to
lipid metabolism, and the cecal metabolites associated with these genes are likely to
regulate the expression of these genes through the “enterohepatic circulation”. This
experiment enriched the theoretical basis of induced moult and provided the basis for
prolonging the feeding cycle of laying hens.

Keywords: induced molting, lipid metabolism, liver, cecum, hens

1 INTRODUCTION

Molting is a natural physiological phenomenon of birds in response to seasonal changes (Abg, 2008).
During molting, the ovaries deteriorate and estrogen production decreases, resulting in reduced
laying capacity and egg production (Brake, 1993). Natural molting generally needs 4 months and
lasts a long time without uniform production time, which seriously affects the economic benefits of
operators (Belland, 2003). However, Induced molting (IM) can shorten the molting time,
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synchronize egg production, save breeding costs, and improve egg
production performance in the next cycle (Breeding et al., 1992;
Alodan and Mashaly, 1999; Berry, 2003; Sandhu et al., 2007).

IM refers to the intense and sudden stress response caused by
humans to chickens, resulting in nutritional disorders, metabolic
disorders, endocrine disorders, and promoting the rapid molting
of chickens to resume egg production (Zhang, 2021). There are
many ways to force molting, but fasting is the most popular
because it is simple and less expensive (Onbasilar and Erol, 2007).

Studies have shown that when nutrients are deprived, the
body’s glucose is initially provided from the stores of glycogen,
but glycogen is quickly depleted (Furchtgott et al., 2009). If fasting
continues, fatty acids become the main source of energy. Lipids
break down the produced and released non-esterified fatty acids
(NEFAs) and glycerol. NEFAs are oxidized to ketone bodies
(ketogenesis) in the liver mitochondria through fatty acid D.
Glucose and ketone bodies produced by the liver are the main
metabolites of extrahepatic tissues and organs during starvation
and exercise (Li et al., 2001; Arai et al., 2003).

During fasting, the gut, as an important place for digestion and
nutrient absorption (Dou et al., 2002), loses the supply of
nutrients and energy, and then the morphological and
physiological characteristics of the gut and the homeostasis of
intestinal microbes are greatly changed (Michalsen et al., 2005;
Kohl et al., 2014; Gebert et al., 2020), which directly or indirectly
affects the health and production performance of animals
(Ferraris and Carey, 2000). There are a large number and a
wide variety of microbial communities in the gastrointestinal
tract of poultry, and the cecum is an important place for the
survival and activity of microorganisms in the digestive tract of
poultry (Zhen, 2019). The cecum is in an anerobic environment
for a prolonged period, making it a fermenter for some anerobic
bacteria, so it has the function of preventing the colonization of
pathogenic bacteria and promoting intestinal health (Gérard,
2008).

Unlike mammals, lipid metabolism in poultry takes place
mainly in the liver (Butler, 1975; Szabo et al., 2005). Although
poultry adipose tissue can also esterify a small amount of fatty
acids into triglycerides, it is not the main tissue of poultry
triglyceride (TG) production (Leveille et al., 1975; Brady et al.,
1976; Bedu et al., 2002). In order to meet the high demand for TG
and cholesterol during laying, the liver of laying hens is
particularly active in fat synthesis (Klasing, 1998) because yolk
formation requires the transport of large amounts of hepatic
lipoproteins to the developing oocytes of laying hens, whereas the
ovaries of laying hens do not synthesize lipids. Fasting reduces fat
production in the liver, cutting off the oocyte’s fat source.

With the development of multi-omics, transcriptome has been
widely used in genetic breeding and nutritional regulation of
chicken (Li et al., 2013; Li et al., 2018; Wang, 2019; As, 2021; Luo
et al., 2021), however, few researchers have focused on lipid
metabolism during IM. On the one hand, numerous studies have
shown that intermittent fasting benefits human and animal health
through lipid metabolism, significantly improving fatty liver and
non-alcoholic fatty liver disease (David, 2014; Patterson et al.,
2015). The gut and liver, on the other hand, are closely related in
embryonic origin and anatomy and interact through the “gut-
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liver axis” (Compare et al., 2012; Paolella, 2014; Hussain et al.,
2020). Therefore, based on the existing studies, this study
analyzed the liver transcriptome and cecal metabolome of
laying hens and revealed the interaction between the changes
of cecal metabolites induced by hunger and liver lipid
metabolism, and the effect of intestinal microbes on the laying
performance of laying hens during IM. More importantly, it
provides a theoretical reference for the study of IM.

2 MATERIALS AND METHODS

2.1 Experimental Animals and Sampling
Ninety lady chickens at the late stage of laying (500 days of age) were
selected and divided into nine replicates with 10 chickens in each
replicate. According to the compulsory molting procedure, using the
timeline as a control, there are six key time points in this experiment
(Table 1, namely, FO (on the day before the first day of feed breaking);
F3 (on the third day of feed breaking); F16 (on the 16th day of feed
breaking); R6 (on the sixth day of feed resuming); R16 (on the 16th
day of feed resuming); and R32 (on the 32nd day of feed resuming).
The samples (liver tissue samples and cecal contents) were collected at
each treatment period, and sequencing of the liver transcriptome and
cecal contents metabolome was commissioned by Gene Denovo
Biotechnology Co., Ltd., Guangzhou.

2.2 Transcriptome Analysis

2.2.1 RNA Extraction, cDNA Library Construction, and
Sequencing

Total RNA was extracted using a TRIzol reagent kit (Invitrogen,
Carlsbad, CA, United States) according to the manufacturer’s
protocol. RNA quality was assessed on an Agilent 2,100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, United States)
and checked using RNase-free agarose gel electrophoresis. After total
RNA was extracted, eukaryotic mRNA was enriched by oligo (dT)
beads, while prokaryotic mRNA was enriched by removing rRNA by
the Ribo-ZeroTM Magnetic Kit (Epicentre, Madison, WI,
United States). Then, the enriched mRNA was fragmented into
short fragments using fragmentation buffer and
transcripted onto ¢cDNA with random primers. Second-strand
cDNA was synthesized by DNA polymerase I, RNase H, dNTP,
and buffer. Then, the cDNA fragments were purified with a QiaQuick
PCR extraction kit (Qiagen, Venlo, Netherlands), end-repaired,
poly(A) added, and ligated to Illumina sequencing adapters. The
ligation products were size-selected by agarose gel electrophoresis,
PCR-amplified, and sequenced using Illumina HiSeq2500 by Gene
Denovo Biotechnology Co. (Guangzhou, China).

reverse-

2.2.2 Filtering of Clean Reads, Alignment With the
Reference Genome, and DEG Analysis

Reads obtained from the sequencer contain adapters or raw reads of
low-quality base, which will affect subsequent assembly and analysis.
Therefore, for clean reads of high quality, reads that contain the
adapter should be removed; reads (N) containing more than 10%
unknown nucleotides were removed; low-quality reads containing
more than 50% of low-quality (Q < 20) bases were removed (Chen
et al., 2018). The short fragment comparison tool Bowtie2 (Version
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TABLE 1 | IM program induced by starvation.

The Magical Journey of Moulting

Test period Treatment
Feed Water Light Processing time for
each stage

FO Normal feed v 16h On the day before the test
F3 No feed X 8h On the third day of fasting
F16 No feed v 10h On the 16th day of fasting
R6 Gradually resuming feeding +/ 10 h + 0.5 h per day On the sixth day of recovery
R16 v On the 16th day of recovery
R32 Normal feed \ 16h On the 30th day of recovery

2.2.8) was used to compare short fragments to the ribosomal RNA
(rRNA) database. The rRNA mapping read is then removed. The
remaining clean reads are further used for assembly and gene
abundance calculation. To establish the reference index of the
genome and using HISAT2-2.24 to clean reads mapped to a
reference genome  (https://www.ncbi.nlm.nih.gov/assembly/GCF_
000002315.6), the other parameter is set to the default. Then,
RNA differential expression analysis was performed by DESeq2
(Love et al., 2014) software between two different groups (and by
edgeR (Smyth, 2010) between two samples). The genes/transcripts
with the parameter of false discovery rate (FDR) below 0.05 and an
absolute fold change >2 were considered differentially expressed
genes/transcripts.

2.2.3 Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes Enrichment

Gene Ontology (GO) (Ashburner, 2000) is an international
standardized gene functional classification system that offers a
dynamic-updated controlled vocabulary and a strictly defined
concept to comprehensively describe the properties of genes and
their products in any organism. GO has three ontologies:
molecular function, cellular component, and biological process.
Genes usually interact with each other to play roles in certain
biological functions. Pathway-based analysis helps further
understand gene biological functions. Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Marisa, 2013) is the major
public pathway-related database. Pathway enrichment analysis
identified significantly enriched metabolic pathways or signal
transduction pathways in DEGs compared with the whole
genome background.

2.2.4 Weighted Gene Co-Expression Network Analysis
Analysis

WGCNA (weighted gene co-expression network analysis) is a
systems biology method for describing the correlation patterns
among genes across multiple samples. This method finds clusters
(modules) of highly correlated genes and relates modules to
external sample traits. The gene co-expression network was
constructed using the R package WGCNA (Shannon et al,
2003) to identify modules of highly correlated genes based on
the filtering data (mean expression level >1 and coefficient of
variation >0.1). The core co-expression modules were visualized
using Cytoscape_v3.8.2.

2.3 Metabolome Analysis
2.3.1 Extraction and Detection of Metabolites

First, the samples were freeze-dried in accordance with the same
proportion. Then, 1000ulL methanol (-20°C) redissolved
lyophilized powder was transferred to a 2-ml centrifuge tube,
followed by vortex oscillation for 1 min, and centrifugation at
12,000 rpm at 4°C for 10 min. 450 uL of the supernatant was
taken in a 2-ml centrifuge tube and concentrated by a vacuum
concentrator until dry. Then, 20 uL was taken from each sample
to be tested and mixed into QC samples (QC: quality control,
used to correct the deviation of the analysis result of the mixed
sample and the error caused by the analysis instrument itself),
and the remaining samples were used to be tested for LC-MS
detection (Zelena et al., 2009; Dunn et al., 2018).

In chromatographic tests, chromatographic separation was
accomplished in a Thermo Ultimate 3,000 system equipped with
an ACQUITY UPLC® HSS T3 (150 x 2.1 mm, 1.8 um, Waters)
column maintained at 40°C. The temperature of the autosampler
was 8°C. Gradient elution of analytes was carried out with (A)
0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile
or (C) 5 mM ammonium formate in water and (D) acetonitrile at
a flow rate of 0.25 ml/min. Injection of 2 uL of each sample was
administered after equilibration. An increasing linear gradient of
solvent B (v/v) was used as follows: 0-1 min, 2% B/D; 1-9 min,
2-50% B/D; 9-12 min, 50-98% B/D; 12-13.5 min, 98% B/D;
13.5-14 min, 98-2% B/D; 14-20 min, 2% D-positive model
(14-17 min, 2% B-negative model).

In mass spectrometry, the ESI-MSn experiments were
executed on the Thermo Q Exactive mass spectrometer with
the spray voltage of 3.8 kV and -2.5kV in positive and negative
modes, respectively. The sheath gas and auxiliary gas were set at
30 and 10 arbitrary units, respectively. The capillary temperature
was 325°C. The analyzer scanned over a mass range of m/z 81-1
000 for a full scan at a mass resolution of 70,000. Data-dependent
acquisition (DDA) MS/MS experiments were performed with an
HCD scan. The normalized collision energy was 30 eV. Dynamic
exclusion was implemented to remove some unnecessary
information in MS/MS spectra.

2.3.2 Data Processing and Metabolite Identification

The format of raw data files was converted into mzXML format
using Proteowizard (v3.0.8789). Using R (v3.3.2) package XCMS
(Want, 2006) to perform peak identification, peak filtration, peak
alignment for each metabolite, the main parameters were set as
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follows: bw = 5, ppm = 15, peak width = ¢ (5, 30), mzwid = 0.01,
mzdiff = 0.01, method = “centWave”. Then, mass-to-charge ratio
(m/z), retention time and intensity, and positive and negative
precursor molecules were used for subsequent analysis. The peak
intensities were batch-normalized to the total spectral intensity.
The identification of metabolites is based on the exact molecular
formula (molecular formula error <20 ppm). Then, peaks were
matched with the Metlin (http://metlin.scripps.edu) and
MoNA (https://mona.fiehnlab.ucdavis.edu//) to confirm
annotations for metabolites.

2.4 Trend Analysis

Genes and metabolites expression pattern analysis is used to cluster
metabolites of similar expression patterns for multiple samples (at
least three in a specific time point, space, or treatment dose size
order). To examine the expression pattern of all annotated genes and
metabolites, the expression data of each sample (in the order of
treatment) were normalized to 0, log2 (v1/v0), and log2 (v2/v0) and
then clustered by Short Time-series Expression Miner software
(STEM, version 1.3.11) (Ernst and Bar-Joseph, 2006).

The parameters were set as follows:

1) Maximum unit change in model profiles between time
points is 1;

2) Maximum output profile number is 20 (similar profiles will be
merged).

3) Minimum ratio of the fold change of DEGs is no less than 2.0.

The clustered profiles with a p-value < 0.05 were considered
significant profiles. Then, the genes and metabolites in all or each
profile were subjected to KEGG pathway enrichment analysis.
Through the hypothesis test of the p-value calculation and FDR
(Benjamini and Hochberg, 1995) correction, the pathways with
Q_value < 0.05 were defined as significantly enriched pathways.

2.5 Integrated Analysis of the

Transcriptome and Metabolome

Transcriptome and metabolome data were used to characterize the
differences in gene expression and metabolite levels (Bylesjo et al,
2010). However, transcription and metabolism do not occur
independently in biological systems. In order to reveal the
regulatory influence mechanism between gene expression and
metabolites during starvation-induced IM, the association analysis
was carried out based on the same or similar change rules of genes or
metabolites involved in the same biological process (Csardi and
Nepusz, 2006; Kolde, 2015; Bouhaddani et al, 2016). The co-
expression network between differential genes and metabolites in
lipid metabolism was constructed using Cytoscape_v3.8.2.

3 RESULTS

3.1 Transcriptome Analysis of the Liver of
Laying Hens

In this study, we established 18 cDNA libraries with the following
designations, RNA-seq generated 44, 786, and 614 to 95, 424, and
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152 raw reads for each library. After filtering the low-quality
reads, the average number of clean reads was 48, 911, and 475
(99.37%); 69,071, and 206 (99.40%); 62, 071, and 382 (99.40%);
55,411,and 170 (99.36%); 55, 481, and 584 (99.28%); and 49, 951,
and 232 (99.34%) for the FOFO0, F3F3, F16F16, R6R6, R16R16, and
R32R32 groups, respectively (Supplementary Table S1). The
clean reads were used for all further analyses, and from them
91.51-92.91% of clean tags from the RNA-seq data mapped
uniquely to the genome, while a small proportion of them
(<2.93%) were mapped multiple times to the genome
(Supplementary Table S2).

To demonstrate the source of variance in our data, PCA
analysis with two principal components (PCl and 2) was
performed. As shown in Figure 1A, PC score plots showed
that the contribution of PC1 and 2 was 84.5% and 7.5%,
respectively. The three individual samples collected at each
time point were clustered closely together which validated the
finding of low variance in the present analysis study and showed
that the data could be used for the following analysis.

3.2 Differential Gene Expression in the Liver
at Different Stages

FPKM was used to estimate the level of gene expression, and
DEGSeq was used to examine the differential gene expression
profile. The results showed that FO-VS-R32 and R16-VS-R32 had
fewer differentially expressed genes, while FO-VS-F16, FO-VS-R6,
F16-VS-R32, and R6-VS-R32 groups had more differentially
expressed genes. Therefore, in order to further explore the
dynamic gene expression pattern during the IM of laying
hens, we conducted a study on DEGs in the F0-VS-F16, FO-
VS-R6, F16-VS-R32, and R6-VS-R32 groups (Figure 1B). The
Venn diagram shows the distribution of DEGs in the liver into
four groups with 479 genes shared among the four groups
(Figures 1C-F).

3.3 Gene Ontology Enrichment and Kyoto
Encyclopedia of Genes and Genomes
Pathway Analysis of DEGs Among the Four

Groups

All DEGs in the four groups (FO-VS-F16, FO-VS-R6, F16-VS-R32,
and R6-VS-R32) were analyzed using GO term enrichment and
KEGG pathway. To investigate the significant pathways and
related biological functions of DEGs during IM.

In our study, a total of 1722 DEGs from the F0-vs-F16 group in
the liver were used for GO term enrichment (Supplementary
Figure S1) and KEGG analyses (Figure 2A). We selected ten
pathways (p < 0.05) from GO and KEGG and analyzed them. The
GO term was mainly enriched in some pathways related to lipid
metabolism, such as lipid metabolic process, lipid localization,
lipid homeostasis, lipid biosynthetic process, sterol metabolic
process,  cholesterol ~ homeostasis, sterol = homeostasis,
cholesterol metabolic process, and lipid transport. In addition,
it was also enriched in the cellular response to chemical stimuli.
KEGG was also enriched in some pathways related to lipid
metabolism, such as steroid biosynthesis, cholesterol
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FIGURE 1 | Transcriptome analysis of the liver in six periods during IM. (A) PCA analysis was used to understand the repeatability of samples in each period of IM.
(B) Overall statistics of significantly different genes in each comparison group: green represents upregulation; yellow represents downregulation. (C) Difference Venn
diagram of the relative comparison group.

metabolism, synthesis, and degradation of ketone bodies. In
addition, there were also important pathways such as the
PPAR signaling pathway, drug metabolism—other enzymes,
and bile secretion.

In the FO-vs-R6 group, a total of 2,102 DEGs in the liver were
used to perform GO term (Supplementary Figure S2) and KEGG
pathway analyses (Figure 2B). GO terms (p < 0.05) were enriched
in cellular response to chemical stimulus, immune system
process, and cytokine production, and KEGG was mainly
enriched in cholesterol metabolism; valine, leucine, and
isoleucine degradation; metabolic pathways; and proteoglycans
in cancer.

A total of 1,297 DEGs from the liver of the F16-vs-R32 group
were used to perform GO term (Supplementary Figure S3). and
KEGG pathway analyses (Figure 2C). In GO term (p < 0.05),
most pathways were related to lipid metabolism, including the
lipid metabolic process, sterol metabolic process, lipid
biosynthetic process, and lipid homeostasis. In addition, there
were immune-related pathways, such as the immune system
process and regulation of immune system process. The
significant KEGG pathways were chemical carcinogenesis, drug
metabolism—cytochrome P450, metabolism of xenobiotics by
cytochrome P450, cholesterol metabolism, steroid biosynthesis,
synthesis, and degradation of ketone bodies.

In the R6-vs-R32 group, the DEGs are mainly enriched in
mitotic cell cycle, cell cycle, cell activation, cell cycle process, and
cytokine production in GO term analysis (Supplementary Figure
S4). Moreover, two immune-related pathways were also

significant. In KEGG analysis (p < 0.05) (Figure 2D), cell
cycle, cholesterol metabolism, pathways in cancer, and DNA
replication were considered significant.

3.4 Co-Expression Network Analysis With
Weighted Gene Co-Expression Network

Analysis
Between genes have mutual induction and deter expression or
synergy; these effects will result in the expression of related gene
correlation between the amount, in the case of a large sample, the
classification of gene expression was conducted more regularly, In
this study, tens of thousands of genes were divided into 19
modules (color-coded) using WGCNA analysis with similar
expression patterns, shown by the dendrogram (Figure 3A;
Supplementary Figure S5), in which each tree branch
constitutes a module, and each leaf in the branch is one gene.
Due to the time-specific expression profile of the characteristic
genes, 19 modular characteristic genes from 19 different modules
were associated with different types of IM periods (Figures 3B,
C). Through Figure 3C, we found MM. tan, MM. green, and MM.
cyan modules that are significantly correlated with specific
samples so that corresponding modules can be selected for
further research (the module eigenvalue is equivalent to the
weighted composite value of all gene expression levels in the
module).

KEGG enrichment analysis was conducted for these three
modules, focusing only on the lipid metabolism pathway, and
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FIGURE 2 | KEGG enrichment analysis of different genes in comparison groups during IM. (A) FO-vs-F16. (B) FO-vs-R6. (C) F16-vs-R32. (D) R6-vs-R32.

then all genes (including genes with significant differences and
genes with no significant differences) in the lipid metabolism
pathway were selected for network interaction analysis, with the
purpose of discovering those key genes neglected due to the
transient expression. As shown in Figure 3D, a total of 43 genes
were obtained through interaction. Using Cytoscape software, the
connectivity of each gene was calculated. Generally, genes with
high connectivity are regarded as hub genes. In the interaction
network, the color of the gene gradually deepened as connectivity
increased. Among them, AGPAT2F3, SGPL1, SPTLC1, PISD,
and CYP51A1 are considered to have high connectivity and are
the key genes in the network.

Then, we conducted co-expression network analysis between
the selected genes in the module analysis and all the genes
involved in lipid metabolism in the IM process (Figure 4) so
as to dig out more potential core genes, which may have little

difference in expression but are consistent with the expression
trend of these different genes. We chose the top 10 genes; they
were INS, SOATI, ACSL1, CYP51A1, ACSL4, MSMOI,
AGPAT2, Hsd3b7, GPAM, and NSDHL.

Transcriptome data showed significant changes in genes
involved in lipid metabolism pathways in the liver of laying
hens during IM, and the expression trends of these genes were
similar to some extent (Figure 5). The expression of some
genes (AGPAT?2, SGPL1, PISD, CYP51A1, MSMO1, GPAM,
and NSDHL) decreased gradually during starvation, with the
degree of downregulation of these genes increasing as
starvation time extended and gradually returning to their
pre-experiment levels when feeding resumed. On the
contrary, the expression levels of other genes (SPTLCI,
SOATI, ACSL1, ACSL4, and HSD3B7) were increasingly
upregulated with the extension of starvation time and
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decreased to pre-experiment levels after resuming feeding for

a period of time.

3.5 Metabolomics Profiling

Based on the transcriptome results, we selected five important
stages (FO, F3, F16, R6, and R32) for cecal content
metabolome sequencing of laying hens. Based on the
transcriptome results, we selected five important stages (FO,
F3, F16, R6, and R32) for cecal content metabolome
sequencing of laying hens. The ionization source of LC/MS
was electrospray ionization, which included positive (POS)
and negative (NEG) ion modes. The QC samples were
analyzed to detect the stability and repeatability of the
system. The peak retention time (RT) and peak area of

Principal component analysis (PCA) was performed on all
samples and QC samples (Figures 6A, B), and the stability
and reliability of instrumental analysis could be obtained by
observing the dispersion between QC samples. Orthogonal
least partial square discriminant analysis (OPLS-DA) is a
derivative algorithm of PLS-DA. Compared with PLS-DA,
OPLS-DA combines two methods of orthogonal signal
correction (OSC) and PLS-DA, which can decompose the
X matrix information into two types of information related to
Y and irrelevant information. By removing the irrelevant
differences, the relevant information is concentrated in the
first predictive component. The OPLS-DA results were used
to analyze subsequent model tests and differential metabolite
screening (Supplementary Figure S7).

total ion chromatograms from all QC samples overlapped

well, thereby indicating that the analytical system was stable
(Supplementary Figure S6). A total of 2016 and 1,597 valid
peaks were identified in the POS and the NEG modes,
respectively, in metabolomics and matched 1781 (POS) and
1,448 (NEG) metabolites, respectively, in the metabolome

based on the in-house MS2 database.

3.6 Differential Metabolite Screening

We combined the VIP value of multivariate statistical analysis
OPLS-DA and the t-test p-value of univariate statistical analysis
to screen the significantly differential metabolites between different
comparison groups (Saccenti et al., 2014). The threshold for
significant difference was VIP>1 and t-test (p < 0.05). The
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FIGURE 4 | WGCNA of genes associated with lipid metabolism. co-expression network interaction of all lipid metabolism-related genes [including genes derived
from module analysis and genes in lipid metabolism-related pathways (did not require p < 0.05)], and the darker the color, the stronger the connectivity.

metabolite results with the significant differences are shown 3.7 |ntegrated Analysis of the

in (Figure 6C). . _ Transcriptome and Metabolome
Subsequently, KEGG enrichment analysis (Figure 6D) was

conducted for the differential metabolites, and the results =~ We correlated all genes associated with lipid metabolism (genes
showed that the differential metabolites were mainly  with significant and nonsignificant differences) with metabolome
enriched in amino acid metabolism, cancers, carbohydrate  data. As you can see (Figure 7), yellow represents genes and pink
metabolism, cellular community eukaryotes, digestive  represents metabolites. The correlations between these genes and
system, environmental adaptation, excretory system, global  metabolites were all greater than 0.88 (both positive and
and overview maps, immune system, lipid metabolism, and  negative). We correlated all genes associated with lipid
nervous system. metabolism (genes with significant and nonsignificant
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FIGURE 5 | Expression trends of genes related to lipid metabolism during IM.
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differences) with metabolome data. We analyzed the connectivity
of these genes and metabolites, and the top 20 were CYP2D6,
CYP2J21, PISD, N-(5-acetamidopentyl) acetamide, hexamethylene
bisacetamide, ABHD4, NDUFC2, SCD, 1-[6-(benzyloxy)-3-
(tert-butyl)-2-hydroxyphenyl]Ethanl-one, CYPI1AI, estrone,
2-(1,3-benzodioxol-5-yl)-5-(3-methoxybenzyl)-1,3,4-oxadiazole,
4-aminobenzoic_acid, 2-propylglutaric acid, ELOVL2, HSD17B12,
PNPLA3, RQH, 5-fluoro-2-[(3S)-1-(2-methylbenzyl)-3-pyrrolidinyl]-
1H-benzimidazole, and 2-methoxyestrone (the variation trend
of these genes and metabolites during IM is described in
Supplementary Materials).

4 DISCUSSION

4.1 Induced Molting can Improve the
Performance of Laying Hens in the Next
Laying Stage by Regulating Lipid
Metabolism

Hunger is a physiological imbalance caused by lack of food or
nutrition in the body. When the glucose level in the blood drops
to the range of hypoglycemia, the body’s compensation
mechanism will be activated (Stachr et al.,, 2004). Hunger will
increase the production of non-esterified fatty acids (NEFA) in
adipose tissue and start the fat mobilization mechanism (Ensling
et al,, 2011). As an energy substance, fat has many advantages
compared with other macromolecules. For example, fat can be

stored in adipose tissue in the form of low water content and high
energy density. The amount of fat in the body also varies widely
(Lindstrom, 1991; Castellini and Rea, 1992). Lipolysis mainly
includes the hydrolysis of triglycerides and the oxidation of
fatty acids, in which the hydrolysis of triglycerides into fatty
acids and glycerol happens under the joint action of triglyceride
lipase, hormone-sensitive esterase, and lipoprotein esterase.
Fatty acid oxidation is the formation of fatty acid esters coA
under the action of esters coA synthase (ACSL) (Castellini and
Rea, 1992). During IM, laying hens experienced long periods of
starvation, and in the absence of external energy supplies,
the hens used stored body fat to obtain energy; the expression
levels of ACSL1 and ACSL4 were significantly upregulated during
starvation.

It is well known that lipid metabolism and transport in the
liver are closely related to the laying performance of laying hens
(Liu et al., 2018). Cholesterol plays an important role in lipid
metabolism. CYP51A1 (sterol 14alpha-demethylase) is a late
regulator of cholesterol synthesis (Kojima et al., 2000; Degawa,
2006). In this study, the expression level of CYP51A1 decreased
significantly in F3 and F16, which is due to the loss of energy
supply and the lack of precursor substances in cholesterol
synthesis of laying hens. After the energy supply was restored,
CYP51A1 expression was significantly upregulated. The
expression trend of MSMOI1 (methylsterol monooxygenase)
and NSDHL (sterol-4alpha-carboxylate 3-dehydrogenase) in
the same pathway as CYP51A1 is similar to that of CYP51A1.
After IM, the expression level of genes in the steroid biosynthesis
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FIGURE 6 | Metabolome analysis. Principal component analysis (PCA) was performed on all samples and quality control samples in (A) positive ion mode and (B)
negative ion mode. (C) Number of differential metabolites between the comparison groups in positive and negative ion modes. (D) KEGG enrichment analysis of

pathway was downregulated and increased to the pre-experiment
level and tended to exceed the pre-experiment gene expression
level (Figure 8). Importantly, cholesterol is a precursor to
estrogen (the steroid hormone). These results indicated that
IM increased the laying rate of laying hens in the second
laying cycle at the mRNA level, which was worthy of affirmation.

In addition, PISDs (phosphatidylserine decarboxylases), also
known as phosphatidylserine decarboxylase, comprise pyridoxal
phosphate and pyruvate. It is a key enzyme in the
glycerophospholipid metabolism pathway (Marescaux, 2007).
At F3 and F16, the expression of the PISD gene was
significantly downregulated. The expression levels of PTDSS2,
SELENOI, PEMT, PLD1, PLA2G12B, DGKQ, GPCPD1, GPAM,
CEPT1, LPIN1, MBOAT2, and AGPAT2in the same pathway of
PISD also showed a similar trend in the starvation stage. This
indicates that the body preferentially uses the products of fat
mobilization for energy supply (Thouzeau et al.,, 1997), rather
than the production of phospholipids, which protect and regulate
metabolism under the condition of long-term starvation. The
expression levels of these genes were significantly upregulated
when feeding resumed, and the laying hens had enough energy in

their bodies. Egg lecithin is a kind of compound phospholipid
extracted from egg yolk mainly comprising phosphatidyl choline,
PC); phosphatidyl ethanolamine, PE); phosphatidyl inositol, PI);
and phasphotidyl serine (PS). From the expression of related
genes in the glycerolipid pathway, we can also see that the
glycerolipid pathway is significantly active during the recovery
stage of IM, possibly in preparation for the formation of egg yolk
in the next laying stage.

4.2 Effects of Intestinal Microflora on Laying
Performance of Laying Hens Through
the“Gut-Liver Axis”

There are a large number of relatively stable microbial communities in
the digestive tract of poultry. They play a very important role in
maintaining the relative stability of the poultry gastrointestinal tract
and nutrient digestion and absorption (Jiangrang, 2003; Ilina, 2016).
The cecum is the most developed site of intestinal microorganisms in
poultry (Jianhua, 2010; Kang et al, 2021; Pedroso et al, 2021).
However, studies have found that gut microbes form a mutualistic
symbiosis with their hosts during a long process of coevolution. Gut
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FIGURE 7 | Network interactions of key genes and differential metabolites; yellow represents genes and pink represents metabolites.

microbes can sense changes in the intestinal environment of the host ~ increased significantly at F3 and F16 but decreased to the pre-
while obtaining nutrients needed for survival, change the gene  experiment level after resuming feeding. In clinical medicine,
expression of the host and their own, and establish a mutualistic ~ colchicine is mainly used for the treatment of acute gout, but it
relationship with the host (Isberg and Barnes, 2002). In human  has toxic side effects; colchicine can cause liver damage in rats.
medicine, there is growing evidence that changes in human genetic = Colchicine inhibits the expression of nuclear receptor FXR,
background, diet, and antibiotic treatment can affect gut microbes,  resulting in the imbalance of bile acid regulation in
which in turn affect host metabolism (Goodrich et al, 2014; Ting, ~ hepatocytes (Yan-Yan et al, 2018). In this study, the gene
2014; Zhang et al,, 2015). At present, there are more and more studies ~ associated with colchicine was CYP1Al(cytochrome P450
on the regulation of intestinal flora on metabolic diseases in the  family 1 subfamily A member 1), and the expression trend of
human body. Gut microbiome composition, changes, and imbalances  this gene was similar to the change in colchicine content. Studies
are closely related to host metabolism and can affect a variety of =~ have shown that CYP1A1 is related to hormone and metabolism
diseases including obesity, type 2 diabetes, and inflammatory bowel ~ of a variety of exogenous toxic substances, such as benzopyrene
disease. In animals, intestinal microorganisms have been confirmedto ~ and dioxins. Moreover, the expression of CYP1Al gene
be closely related to lipid deposition in mice, pigs, and poultry (Guo ~ polymorphism is closely related to the susceptibility of cervical
et al, 2008; Emmanouil et al,, 2010; Guo et al., 2010). cancer, prostate cancer, childhood acute leukemia, lung cancer,

Some studies (Pi et al., 2017) have shown that the body and its ~ esophageal cancer, and other tumors (Nerurkar et al., 2000). At
intestinal microbes can metabolize and produce some small  F3, in terms of the growth rate of colchicine and CYPAI,
molecules, such as phenols, SCFAs, and bile salts, which play a  colchicine content increased faster than CYP1Al expression.
crucial role in the association of information between host cellsand ~ These results indicate that cecal metabolites do affect gene
host symbiotic microorganisms and in the health of the body. The  expression in the liver and further demonstrate that intestinal
metabolites in the cecum are closely related to the life activities and ~ microorganisms and their metabolites play a regulatory role in
material metabolism of the body. the metabolic activities of the body.

In this study, we also found significant changes in metabolites Furthermore, microorganisms can also regulate lipid
in the cecum (Figure 9). In our results, colchicine content metabolism.  Angiopoietin-like protein 4 (ANGPTL4)
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FIGURE 8 | Multiple genes in the FO-VS-F16 steroid biosynthesis pathway were significantly downregulated during IM.

(Aimin, 2005; Alex et al., 2013), also known as fasting inducer ~ can induce hepatic enlargement and fatty liver formation in
factor (FIAF), is a protein closely related to fat metabolism in ~ mice (Aimin, 2005; Yi, 2016). Some scholars have found that
animals. Studies have shown that overexpression of ANGPTL4  intestinal microorganisms can regulate the expression of
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ANGPTL4 in intestinal epithelial cells directly or indirectly
(metabolites) (Grootaert et al., 2011). Some researchers have
also found that intestinal microbial metabolites have a
regulatory effect on host ANGPTL4, thus affecting host
lipid metabolism (Zhao et al, 2014). In this study,
ANGPTL4 was downregulated at F3 and F16 and
significantly upregulated and exceeded the expression level
at FO after resuming feeding. The cecal metabolite associated
with ANGPTL4 is 2-propyl glutaric acid, and its content
variation trend is related to ANGPTL4.

In addition, estrogen content decreased significantly at F3
and F16 and increased significantly at R6 and R16, higher
than the level before the test, which was consistent with the
expression trend of PISD, AGPAT2, MBOAT?2, and PEMT.
After 32 days of recovery, the level of estrogen in laying hens
was much higher than the level before the experiment. After
IM, the level of estrogen was regulated by increasing PISD,
AGPAT2, MBOAT?2, and PEMT gene expression to stimulate

the laying performance of laying hens so as to enter a new
reproductive cycle.

In conclusion, intestinal microbes are closely related to
metabolic activities, especially lipid metabolism, of their
hosts. However, lipid metabolism in poultry liver is
closely related to laying performance. Therefore, it is
reasonable to believe that microorganisms and their
metabolites in the cecum of laying hens are related to

laying performance.

5 CONCLUSION

During IM, laying hens had a great influence on the liver and
gut, but as to the recovery of food intake, laying hens in the
second cycle of egg production rate and egg quality show
improvement, and our research results show that in the whole
experiment process, laying hens in the cecum metabolites and
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genes in the liver do have interaction relations; however,
whether this relationship is two-way interaction or one-way
regulation remains to be studied, which also points out the
direction for our next research.
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