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Abstract: Aged chickens are often a secondary dietary choice, owing to the poor organoleptic qualities
of their meat. With regard to the meat quality of chickens, the metabolic profiles of pectoral muscle in
Guangyuan grey chickens (group G) and Hy-Line grey hens (group H) aged 55 weeks were compared
via ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS).
A total of 74 metabolites were identified with differential changes in the ion model. Lipids and
lipid-like molecules comprised the largest proportion among the different metabolites. The content
of myristic acid and palmitic acid were found to be higher in the pectoral muscle of group G, while
group H showed significantly higher levels of glycerophospholipid molecules, such as LPC(18:2/0:0),
Pi(38:5), Pc(16:0/16:0), and Pe(16:1e/14-hdohe). KEGG pathway analysis indicated that the abundant
metabolites in group G were mainly involved in energy metabolism and fatty acid biosynthesis and
metabolism, whereas those of group H were mainly attributed to the metabolism of unsaturated
fatty acids and amino acids. Overall, the differences in lipid and amino acid metabolism in pectoral
muscle appear to be responsible for the difference in meat quality between indigenous chickens and
commercial laying hens.

Keywords: non-targeted metabonomics; UHPLC-MS/MS; pectoral muscle; chicken; lipid metabolism

1. Introduction

Poultry meat and eggs, particularly chicken, a high-quality and readily available
source of animal protein, are consumed in vast qualities on a global scale. According
to the latest FAO statistics [1], the average intake of eggs and poultry meat in 2020 was
10.45 and 16.4 kg/capita/year, respectively. Among the common livestock animals (cattle,
pigs, and chickens), the consumption of poultry meat is the highest. To meet the multiple
requirements for poultry products, the commercial line of chickens for meat and eggs has
been bred since the 1920s. Most broilers are raised for short periods. The market age of
broilers is about 6 weeks. Laying hens are raised until the end of the laying cycle. Although
they perform better in protein content, spent laying hens enter the market at a low price
for animal feed and human food processing [2,3], or are even disposed of as fertilizer and
waste, which may reduce farming efficiency and harm the environment.

Spent laying hens are generally not accepted by consumers, mainly due to poor
organoleptic properties. A typical characteristic of old chickens is a high content of collagen,
which leads to an increase in shear force, and subsequently, tougher meat [4]. However,
there is other economic value in spent chicken. As an animal protein product, the protein
content of spent chicken meat is not inferior to that of broilers, and it even has a superior
composition of essential amino acids [5]. A variety of bioactive substances were also
confirmed to be enriched in spent laying hens [6,7]. Many value-added processes have
been developed to improve the utilization of spent chicken over the past decades, such
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as in functional foods [8,9] and biomaterials [10,11]. Among these processes, taking full
advantage of spent chickens as a source of food can be both convenient and environmentally
friendly, particularly during times of food shortage.

Metabolomics is a science that studies the types, quantities, and dynamic changes
of metabolites (endogenous metabolites) caused by external stimuli, pathophysiological
changes, and genetic mutations of organisms [12]. It can reflect the physiological state
of organisms more directly and accurately compared with transcriptome and proteomics.
Since the 21st century, metabolomics has been widely used in pharmaceuticals [13], clinical
applications [14], food [15] and environmental sciences [16], agriculture [17], and animal
husbandry [18]. Non-targeted metabonomic technology is a method which detects var-
ious metabolites in unbiased, large-scale samples using ultra-high-performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS).

Due to differences in dietary culture, attitudes towards aged chicken vary among
people between regions. Consumers in some countries prefer the meat of older chickens;
however, it also depends on the breed. In China, consumers prefer aged indigenous chick-
ens instead of aged commercial breeds. This consumption habit leads to the phenomenon
that the value of indigenous chicken is much higher than the commercial line, even though
they are of the same age. The Guangyuan grey chicken is an indigenous meat- and egg-type
breed, which goes on sale at the age of 180 d with a weight of around 1.78 kg. However, a
portion of these hens are raised until they are 52 weeks of age, as their primary products are
considered to be nutraceuticals, due to the associations of its grey plumage in local culture.
The Hy-Line grey layer is a commercial hybridized layer strain, which performs very well
in egg production. The end of the laying cycle of Hy-Line layers occurs at approximately
80 weeks; then, they are classed as aged chickens. Thus, the aim of the present study is to
compare the various metabolites in the pectoral muscles of adult Guangyuan grey chickens
and Hy-Line grey hens using UHPLC-MS/MS. The results could have implications for
metabolism regulation, meat quality, and nutritional profile between indigenous chickens
and commercial laying hens.

2. Materials and Methods
2.1. Birds and Sample Preparation

The animals for this trial were raised in Sichuan Tianguan Ecological Agriculture and
Husbandry Co., Ltd. (Guangyuan, Sichuan, China). Two hundred one-day-old female
Guangyuan grey chickens (Group G) and Hy-Line grey chickens (Group H) were reared on
the floor in the closed room. All birds had free access to commercial brood feed (Guangyuan
Zhuangniu Agriculture and Animal Husbandry Technology Co., Ltd., Guangyuan, Sichuan,
China) and water. At six weeks of age, 90 Guangyuan grey chickens and 90 Hy-Line grey
chickens were selected randomly for this trial. The birds of each breed were distributed
into 6 replicate groups, with each group comprising 15 birds. Each bird was transferred to
a single cage with ad libitum feed (Table 1) and water. During the trial, the temperature
was set to 35 °C for first three days, then 28-32 °C from four days to three weeks, and then
set to 26 °C from four weeks on. The humidity was set to 70% for first two weeks, 55% for
three to six weeks, and 45% from then on. The light program was set to 24L:0D for the first
week, 8L:16D from 2 to 20 weeks, 14L:10D from 21 weeks until the end of laying cycle, with
one hour of light added every week until it reached 16L:8D. The intensity of light was 5 lux
for first two weeks. An LED light source (5 watts) was installed every 3 m, 2.5 m above
the ground for rearing stage. At the age of 55 weeks, six birds with similar weight (around
1.74 £+ 0.22 kg) from each breed were selected to collect pectoral major muscles. Samples
for histology were cut parallel to the muscle fibers in a rectangular form (1 cm in length
and width) at an optimal cutting temperature for compound embedding and then frozen
in dry ice. After removing the connective tissue, the samples for metabolite detection were
snap-frozen in liquid nitrogen.
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Table 1. Composition of diet and nutrition content.

Ingredient (%) Rearing Stage (%) Laying Stage (%)
Corn 63.00 59.80
Soybean meal (sol.) 11.50 12.80
Maize gluten meal 3.00 5.00
Wheat bran 7.00 4.40
Rapeseed meal (sol.) 8.00 7.00
Soybean oil 2.80 3.30
Dicalcium phosphate 1.20 1.00
Limestone 1.00 4.20
Premixes @ 2.50 2.50
Nutrition content

ME (M]J/Kg) 12.15 12.14
CP (%) 16.22 17.01
Calcium (%) 0.85 2.00
Available P (%) 04 0.34
Lys (%) 0.64 0.66
Met (%) 0.29 0.31

2 Premix included the following per kg of feed: Vitamin A > 390 KIU, Vitamin D3 > 150 KIU, Vitamin E > 1240,
Vitamin B > 185, Vitamin B2 > 260, Vitamin B6 > 160, Vitamin B12 > 1.2, Vitamin K3 > 100, D-biotin > 12,
D-pantothenic acid > 470, folic acid > 57, niacin > 1660, hydrogenated choline > 15,000, methionine > 43,000,
Fe > 2000, Cu > 380, Mn > 3900, Zn > 2800, 1 > 25, Se > 10.

2.2. UHPLC-MS/MS
2.2.1. Sample Preparation

Six snap-frozen pectoral muscle samples from each breed were used to determine
metabolite profile. Briefly, about 5 mg of each sample was taken and pulverized. Then, we
added it into the mix solution of methanol/acetonitrile/water (Sinopharm, Beijing, China).
After vortices, centrifugation, and drying, the mix solution of acetonitrile/water was added
to the tube. After centrifugation, supernatant was used for UHPLC-MS/MS detection.

2.2.2. UHPLC-MS/MS Analysis

The samples were first analyzed using a UHPLC (1290 Infinity LC, Agilent Technolo-
gies, Santa Clara, CA, USA) coupled to a quadrupole time-of-flight (AB Sciex TripleTOF
6600, Boston, MA, USA). The supernatant was added in a precooled 2.1 mm x 100 mm AC-
QUITY UPLC BEH Amide 1.7 um column (Waters, Wexford, Ireland) for HILIC separation.
The mobile phase contained A (25 mM ammonium acetate and 25 mM ammonium hydrox-
ide in water) (XilONG SCIENTIFIC, Guangdong, China) and B (acetonitrile) (Sinopharm,
Beijing, China). After linearly reduced gradient elution from 95% B to 40% B about 9 min,
then increased to 95% in 6 s, with a 3 min re-equilibration period employed. After sepa-
ration, the samples were analyzed with Triple TOF 6600 mass spectrometer (AB SCIEX,
Boston, MA, USA), and the primary and secondary spectra were collected through electro-
spray ionization (ESI) positive and negative ionization modes.

2.3. Oil-Red O Staining and Triglyceride Measurement

The frozen samples were serial sectioned into 6 pm slices and fixed in 10% neutral
buffered formalin fixative (Solarbio, Beijing, China) for 10 min. The slices were washed
with precooled distilled water (Sangon Biotech, Beijing, China) for 2 min and immersed in
isopropyl alcohol (Sinopharm, China) for 2 s. Then, the slices were stained for 15 min with
oil red O solution (Sangon Biotech, China). The slices were immersed in isopropyl alcohol
again for 2 s and rinsed under precooled distilled water for 2 min. Mayer hematoxylin
(Sangon Biotech, Beijing, China) was used to stain the cell nucleus for 30 s and sealed with
glycerol jelly mounting medium (XilONG SCIENTIFIC, Guangdong, China). The slices
were observed and photographed under an inverted microscope (BX53F, Olympus, Tokyo,
Japan). The triglyceride (TG) content of pectoral muscle samples was measured using the
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glycerol-3-phosphate oxidase and peroxidase method using commercial kits purchased
from Nanjing Jiancheng Bioengineering Institute (Jiangsu, China).

2.4. Statistical Analysis

The data were submitted to a normality and homogeneity of variance test first. The
R package ropls [19,20] was used for subsequent multivariate analysis, including Pareto-
scaled principal component analysis (PCA) and orthogonal partial least-squares discrimi-
nant analysis (OPLS-DA). Seven-fold cross-validation and response permutation testing
were used to evaluate the robustness of the model. Student’s ¢ test was applied to determine
the statistical significance between two groups of independent samples at a 5% confidence
level (p < 0.05). OPLS-DA VIP > 1 and p < 0.05 were used to screen significant changed
metabolites. Pearson’s correlation analysis was performed to determine the correlation
between two variables.

3. Results and Discussion
3.1. Metabolomic Composition of Guangyuan Grey Chicken and Hy-Line Grey Hen

Based on bioinformatics analysis of non-targeted metabonomic data, 889 metabolites
were identified in the pectoral muscles of Guangyuan grey hens and Hy-Line grey hens.
The chemical classification of these metabolites is shown in Table 2. Lipids and lipid-like
molecules comprised the largest proportion of the metabolites. It indicated that lipid
metabolism was active in the pectoral muscle of aged chickens. The lipid molecules of
two breeds were further analyzed. The most numerous of these lipid molecules were glyc-
erophospholipids. The same result was observed in a study by Li et al. [21], which found
that glycerophospholipids were the dominant class among the lipid molecules identified in
the breast muscle. Glycerophospholipids have high structural diversity and participate in
many physiological processes in animals, such as the synthesis of biofilm [22], oxidative
phosphorylation [23], and signal transduction [24]. They may be involved in muscle cell
fusion, smooth muscle contraction, and oxidative phosphorylation in pectoral muscle.

Table 2. The chemical classification of metabolites.

Classfication Percent (%)
Lipids and lipid-like molecules 31.16
Organic acids and derivatives 25.98
Undefined 10.57
Organoheterocyclic compounds 8.10
Organic oxygen compounds 7.76
Benzenoids 5.62
Nucleosides, nucleotides, and analogues 4.50
Organic nitrogen compounds 3.04
Phenylpropanoids and polyketides 2.36
Alkaloids and derivatives 0.68
Homogeneous non-metal compounds 0.112
Organosulfur compounds 0.112

3.2. Screening and Correlation Analysis of Differential Metabolites

The market value of aged chickens is low due to their poor sensory traits, especially
aged laying hens [25]. However, people from some areas prefer aged hens for stews because
they believe the aged chickens have higher nutritional value and flavor, which results in a
high market value of aged hens. Previous studies confirmed that there are differences in
meat quality between aged laying hens and broilers, for instance, water holding capacity,
tenderness, and cooking loss [26]. In addition, there were differences in nutritional value
and flavor between laying hens and broilers [5,27]. To further reveal the metabolic reasons
for the differences in meat quality between aged laying hens and broilers, UHPLC-MS/MS
was employed to determine the metabolites of the pectoral muscle of aged laying hens and
broilers. A total of 74 differential metabolites were identified in the positive and negative
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ion model (Table 3), including 27 metabolites higher in group G and 47 metabolites higher
in group H (Figure 1A,B). The results of PCA and OPLS-DA also indicated that a significant
difference was found in the metabolism of pectoral muscle between group H and group G
(Figure 1C,D). The result of Pearson correlation analysis showed that 44 metabolites were
correlated in the positive ion modes and 30 metabolites were correlated in the negative ion
modes (Figure 2A,B).

Table 3. Differential metabolites identified in the pectoral muscles of group G and group H.

Name SuperClass Fold Change FCType  p-Value VIP
Negative ion mode
Pi 38:5 Llp‘d;i‘:l‘edcﬂlpe lsd'hke 3.07 up <0.05 2.57
1-palmitoyl-2-oleoyl- Lipids and lipid-like
phosphatidylglycerol molecules 299 up <0.05 466
Gln-his Organic acids and 2.15 up <0.05 101
derivatives
Pi(16:0e /15-hete) Lipids and lipid-like 215 up <0.05 117
2-linoleoyl-1-palmitoyl- . AT
sn-glycero-3- Llp‘dfnirl‘iﬂlpe lsd'hke 215 up <0.05 1.73
phosphoethanolamine
Pc(16:1e/9-hode) Lipids and lipid-like 2.09 up <0.05 5.19
molecules
1-stearoyl-2-linoleoyl-sn- . P,
Lipids and lipid-like
glycero-3-phospho-1- 2.08 up <0.05 1.57
serine molecules
1-stearoyl-2-linoleoyl-sn- . T
glycero-3- Llp‘dfnirl‘jcﬁﬂ lsd'hke 1.87 up <0.05 1.56
phosphoethanolamine
2-arachidonoyl-1- . s
palmitoyl-sn-glycero-3- Lip ld;arlld hlp id-like 1.86 up <0.05 3.09
phosphoethanolamine olecties
Histidine Organic acids and 1.74 up <0.05 442
derivatives
Histamine Organic nitrogen 1.72 up <0.05 1.79
compounds
Pe(16:1e/14-hdohe) Llp‘d;i‘)rl‘iﬁlilsd'hke 1.68 up <0.05 116
L-Carnosine Organic acids and 1.65 up <0.05 23.99
derivatives
O-acetylserine Orgam; ac.lds and 1.65 up <0.05 1.02
derivatives
Pi 36:4 Lip ‘d;i‘;jcﬁi lsd'hke 1.55 up <0.05 1.16
Uridine Nucleosides, nucleotides, 148 up <0.05 250
and analogues
1-palmitoyl-2-linoleoyl- . s
sn-glycero-3-phospho- Lip ld;?)rlledcllllli lsd fike 1.47 up <0.05 111
(1'-rac-glycerol)
L-homocysteic acid OrgamF ac'lds and 0.86 down <0.05 3.44
derivatives
Palmitic acid Llp‘d;j)rl‘jcﬂlpe lsd'hke 0.82 down <0.05 6.56
4,6—c'ham1n.o—5.— . Organoheterocyclic 0.80 down <0.05 104
formamidopyrimidine compounds
Myristic acid Llp‘d;zrl‘edcﬂlpe lsd'hke 0.77 down <0.05 1.06
Taurine Organic acids and 0.73 down <0.05 5.10
derivatives
Pc 38:4 Undefined 0.68 down <0.05 111
1-oleoyl-2-hydroxy-sn- . P
glycero-3-phospho-(1'- Lip ld;?)?iﬁli 1sd-hke 0.67 down <0.05 1.07

rac-glycerol)
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Name SuperClass Fold Change FC Type  p-Value VIP
Malate Organic acids and 0.61 down <0.05 214
derivatives
Trifluoroacetic acid OrgamF aC.ldS and 0.55 down <0.05 1.32
derivatives
Pyruvate Organic acids and 0.55 down <0.05 7.65
derivatives
Glyceric acid Organic oxygen 0.55 down <0.05 1.02
compounds
3,4-
dihydroxyhydrocinnamic Undefined 0.54 down <0.05 1.10
acid
Cis,cis-muconic acid Lipids and lipid-like 0.51 down <0.05 5.76
molecules
Positive ion mode
Organic acids and
Ala-Lys o 4.65 up <0.05 1.96
derivatives
. Phenylpropanoids and
Carbidopa polyketides 2.65 up <0.05 3.14
B-nicotinamide adenine .
dinucleotide(NAD) Undefined 244 up <0.05 1.08
Adenine Organoheterocyclic 2.30 up <0.05 1.21
compounds
1-palmitoyl-2-oleoyl-sn- Lipids and lipid-like 228 up <0.05 115
glycerol molecules
2-epahpa [dmed-fahfa] Undefined 2.19 up <0.05 1.58
1,2-dipalmitoleoyl-sn- - 1
glycero-3- Lip ‘d;ill‘iﬁi lsd'hke 218 up <0.05 246
phosphocholine
3-pyridinepropionic acid Undefined 2.16 up <0.05 1.28
Arg-Ala Organic acids and 211 up <0.05 226
derivatives
1,2-dilinoleoylglycerol Lipids and lipid-like 2.09 up <0.05 112
molecules
Isopropyl .
A hydroxybenzoate Benzenoids 2.07 up <0.05 1.71
Anthranilic acid Benzenoids 2.06 up <0.05 1.54
Lpc 18:2 Lipids and lipid-like 2.00 up <0.05 3.70
molecules
DL-arginine Organic acids and 1.99 up <0.05 129
derivatives
1,2-diamino-2- Organic nitrogen 1.97 up <0.05 1.09
methylpropane compounds
Methylergonovine Alkaloids and derivatives 1.95 up <0.05 1.06
N-acetylhistidine Organic acids and 194 up <0.05 2.69
derivatives
Thioetheramide-PC Undefined 1.87 up <0.05 17.77
N-Acetyl-L-Histidine Undefined 1.74 up <0.05 3.00
1-hexadecanoyl-2-
octadecadienoyl-sn- Lipids and lipid-like 1.74 up <0.05 24.45
glycero-3- molecules
phosphocholine
N-o-(tert- L
butoxycarbonyl)-1- Organl.c ac.1ds and 1.72 up <0.05 3.84
S derivatives
histidine
3-dehydrocarnitine OrgamF ac.lds and 1.67 up <0.05 1.14
derivatives
PC(16:0/16:0) Lipids and lipid-like 1.60 up <0.05 2.74
molecules
1,2-dilinoleoyl-sn- . R
glycero-3- Lip ‘d;i‘:l‘iﬁli lsd'hke 1.57 up <0.05 1.81
phosphoethanolamine
N-ac-acetyl-l-ornithine Organic acids and 1.53 up <0.05 1.32

derivatives
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Table 3. Cont.
Name SuperClass Fold Change FC Type  p-Value VIP
L-Histidine Organic acids and 145 up <0.05 2.22
derivatives
Pantothenic acid Organic acids and 141 up <0.05 145
derivatives
. 1-Stearoyl-2- Lipids and lipid-like 1.36 up <0.05 439
arachidonoyl-sn-glycerol molecules
1-Palmitoylglycerol Undefined 1.27 up <0.05 1.12
Inosine Nucleosides, nucleotides,
5'-monophosphate and analogues 125 up <005 566
1-hexadecyl-2-
(82,112,14z- L. R
eicosatrienoyl)-sn- Lipids and lipid-like 0.79 down <0.05 6.09
molecules
glycero-3-
phosphocholine
3-hydroxyanthranilic acid Benzenoids 0.77 down <0.05 5.70
2—oleoyl-1-stearoyl-sF1- Lipids and lipid-like 076 down <0.05 450
glycero-3-phosphoserine molecules
Adenosine Nucleosides, nucleotides, 0.75 down <0.05 3.31
and analogues
1-hexadecyl-2-
(52,82,112,14z- .. T,
eicosatetraenoyl)-sn- Lipids and lipid-like 0.73 down <0.05 3.05
molecules
glycero-3-
phosphocholine
Betaine Organic acids and 0.72 down <0.05 15.85
derivatives
1-(1z-octadecenyl)-2-
(42,72,102,132,162,19z- .. PP
docosahexaenoyl)-sn- Lipids and lipid-like 0.66 down <0.05 1.71
molecules
glycero-3-
phosphocholine
Organic acids and
Pro-leu S 0.66 down <0.05 13.01
derivatives
Pheniramine Organoheterocyclic 0.61 down <0.05 1.71
compounds
Carnitine Organic nitrogen 0.60 down <0.05 12.08
compounds
Methyl
(1—.(cyclohexylmethyl)—1h— Orgam.c acllds and 057 down <0.05 112
indole-3-carbonyl)-1- derivatives
valinate
Palmitoyl sphingomyelin Lipids and lipid-like 0.53 down <0.05 8.81
molecules
L-Alanine Organic acids and 0.48 down  <0.05 199
derivatives
Fenbuconazole Undefined 0.41 down <0.05 1.92

Lipids and lipid-like molecules comprised the largest proportion of the different
metabolites. Among these lipids and lipid-like molecules, the content of myristic acid
and palmitic acid in the pectoral muscle of group G was higher than that of group H.
In the correlation analysis, there was a correlation between myristic and palmitic acid
(R = 0.43). As saturated fatty acids, myristic acid and palmitic acid were reported to
be linked with adverse cardiovascular disease [28,29]. However, myristic acid was also
widely used as a flavor component in the food industry with a waxy taste [30], which
may contribute to the unique flavor and taste of group G. Meanwhile, some substances
involved in energy metabolism were also found to be higher in group G, such as carnitine,
pyruvate, and malate. Carnitine, the key component of the carnitine shuttle system, was
discovered to participate in long-chain fatty acid transportation to the mitochondria for
further oxidation [31]. Pyruvate, as the final product of glycolysis, participates in the
process of aerobic and anaerobic oxidation and the oxidative and synthesis of lipids [32,33].
These clues indicated that the energy metabolism may be more active in the pectoral muscle
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of group G. Malate, the intermediate of the tricarboxylic acid (TCA) cycle, which was
also higher in the pectoral muscle of group G. Bio-fermented malic acid supplemented
in meal affected the water-holding capacity of breast muscle of broilers [34]. In pigs, a
diet supplemented with L-malic acid could improve the meat color and carcass traits of
finishing pigs [35]. The higher content of malate found in group G may affect the meat
quality of the pectoral muscle.

Volcano Plot (H_vs_G) B Volcano Plot (H_vs_G)
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Figure 1. The different metabolite analysis between groups. (A) Volcanic plot of metabolites in the
positive ion modes. (B) Volcanic plot of metabolites in the negative ion modes. Red circle, upregulated
significantly differential metabolites; blue circle, down-regulated significantly differential metabolites.
(C) PCA scores of group H and G. (D) OPLS-DA scores of group H and G.

A dozen intermediates of lipid synthesis and metabolism were found to be higher
in group H, such as 1-palmitoyl-2-oleoyl-sn-glycerol, 1,2-dipalmitoleoyl-sn-glycero-3-
phosphocholine, and 1-Stearoyl-2-arachidonoyl-sn-glycerol, suggesting that the synthesis
and metabolism of lipids were active in the muscle of aged laying hens. In the egg yolk,
glycerophospholipids were found to be the most abundant lipids [36]. In this study, some
glycerophospholipid molecules were also observed to be significantly higher in the pectoral
muscle of group H, such as LPC(18:2/0:0), Pi(38:5), Pi(16:0e/15-hete), Pi(36:4), Pc(16:1e/9-
hode), Pc(16:0/16:0), and Pe(16:1e/14-hdohe). LPC and phosphatidylinositol have been
confirmed to be closely related to biofilm formation and lipid transport [37-39]. These
results indicated that the glycerophospholipids existing in the pectoral muscle of laying
hens may be not only involved in the metabolism of muscle cells, but also serve as a store
for egg formation.

In this study, some amino acids, dipeptides and amino acid derivatives were found
to be higher in group G and H. L-Alanine, L-homocysteic acid, and Pro-leu were higher
in group G. Previous research has found that slow-growing chickens developed a specific
appetite for Ala, which may be due to the alanine-derived pyruvate used as an energy
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1-hexadecyl-2-(52,82,112,14

source to compensate for the lack of glucose-derived pyruvate [40]. As a slow-growing
indigenous chicken, L-Alanine and pyruvate were found to be higher in group G, which
indicated alanine may be involved in energy supply in the pectoral muscle of Guangyuan
grey chickens. The contents of histidine, DL-arginine, Ala-Lys, Gln-his, L-Carnosine,
and N-acetylhistidine were higher in group H. Chicken meat contains a large amount
of histidine-containing dipeptides, which were confirmed to be beneficial for health [41].
Carnosine is a dipeptide composed of x-alanine and L-histidine. Notably, previous studies
have revealed the therapeutic potential of carnosine in several diseases, such as neurological
disorders [42], osteoporosis [43], peripheral vascular disease [44], and aging [45]. Another
study revealed that a higher content of carnosine in diet can improve chicken meat quality,
including pHys min, shear force, and drip loss [46]. Hence, carnosine supplementation in
the diet during the later life stage of aged laying hens may improve their meat quality and
increase the carnosine content in the meat, which may make the aged laying hens serve as
a potential food source of carnosine.

1-(1. 42,72,102,132,162,
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Figure 2. Heat maps of correlation between differential metabolites in the positive (A) and negative
(B) ion modes. Red, positive correlation; blue, negative correlation.

3.3. KEGG Pathway Analysis of Significantly Differential Metabolites

Through KEGG analysis, 74 differential metabolites were enriched to 64 KEGG path-
ways. There were 23 and 27 KEGG pathways unique to group H and group G, respectively.
Among the pathways of group H, three pathways were related with unsaturated fatty
acid metabolism, and five pathways of group H were involved in amino acid metabolism
(Table 4). Interestingly, the GnRH signaling pathway was also found in the enrichment
pathway of group H, which only contained 1-Stearoyl-2-arachidonoyl-sn-glycerol, also
known as diacylglycerol(18:0/20:4). Diacylglycerol is a second messenger in the GnRH
signaling pathway, which plays an important role in activating downstream calcium ions
and the PKC signaling pathway [47]. This metabolite was also enriched in the adipocy-
tokine signaling pathway of group H. Previous studies found that the GnRH signaling
pathway was involved in fat deposition and lipid metabolism in the breast muscle of
chicken and duck [48,49]. The metabolites with a correlation coefficient greater than 0.7
(IRl > 0.7) with diacylglycerol were 1,2-dilinoleoyl-sn-glycero-3-phosphoethanolamine, 3-
dehydrocarnitine, Ala-Lys, adenosine, L-Alanine and palmitoyl sphingomyelin. Among the
above metabolites, 1,2-dilinoleoyl-sn-glycero-3-phosphoethanolamine, 3-dehydrocarnitine,
and palmitoyl sphingomyelin may be involved in the process of fat deposition and lipid
metabolism regulated by diacylglycerol(18:0/20:4). Overall, it was conjectured that diacyl-
glycerol may be a key factor in mediating the GnRH signaling pathway and participating
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in the processes of fat deposition and lipid metabolism in the pectoral muscles of chicken
after sexual maturity.

Table 4. Differential metabolites and major KEGG pathways.

Group Classification KEGG Pathway Metabolite
Arachidonic acid metabolism Pc(16:0/16:1)
Unsaturated fatty acids Linoleic acid metabolism Pc(16:0/16:0)
metabolism Alpha—hnole.ruc acid Pe(16:0/16:1)
metabolism
Phenylalanine, .tyrosme a.md Anthranilic acid
tryptophan biosynthesis
Group H D-arginine and .d—omlthme Dl-arginine
metabolism
Amino acid metabolism Arginine biosynthesis N-alpha-acetyl-l-ornithine
Histidine metabolism L-histidine, H1.stamme,
L-carnosine
Beta-alanine metabolism Histidine, L-carnosine,
L-histidine, Pantothenic acid
Reproduction pathway GnRH signaling pathway Diacylglycerol(18:0/20:4)
Glycolysis/gluconeogenesis Pyruvate
Citrate cycle (TCA cycle) Pyruvate, Malate
Pentose phosphate pathway Pyruvate, Glyceric acid
. Pentose and glucuronate P "
Energy metabolism interconversions yravate
Pyruvate metabolism Pyruvate, Malate
. Pyruvate, Malate, Glyceric
Group G Carbon metabolism acid, O-acetylserine, L-alanine

Fatty acid biosynthesis

Mpyristic acid, Palmitic acid

Fatty acid elongation Palmitic acid

. . Fatty acid degradation Palmitic acid
Fatty acid synthesis and Biosynthesis of unsaturated e
metabolism fatty acids Palmitic acid

Palmitic acid
Glyceric acid

Fatty acid metabolism
Glycerolipid metabolism

In group G, six pathways associated with energy metabolism and six pathways associ-
ated with fatty acid biosynthesis and metabolism were identified (Table 4). These results
indicate that the energy and fatty acid biosynthesis and metabolism between aged layers
and broilers may be different. The glycolysis of muscle after slaughter has been deemed to
have a great influence on meat quality, such as pH, color, and drip loss [50,51]. Glycolysis
directly induces the breakdown of muscle glycogen and the accumulation of lactic acid,
thereby altering muscle pH [52]. The significantly enriched glycolysis/gluconeogenesis
pathway in Group G contains one differential metabolite, pyruvate, which was found to
be higher in the pectoral muscle of group G. It was presumed that the pH of group G
may be different compared with group H. In group G, six pathways associated with fatty
acid biosynthesis and metabolism were determined in pectoral muscle. The biosynthesis
and metabolism of fatty acid were coordinated in cells [53]. Fatty acid biosynthesis and
metabolism were both found to be active in group G, which may indicate that the synthesis
and utilization of lipids were more active in aged Guangyuan grey chickens. This was
consistent with the characteristic of broilers that less lipids are stored for egg production.

3.4. Oil Red O Staining and Triglyceride Measurement of Pectoral Muscle

Many metabolites involved in lipid metabolism were identified in groups G and H
which may be involved in the regulation of intramuscular fat deposition. The contents
of intramuscular fats are important indexes to evaluate meat quality, since they were
confirmed to affect the flavor and tenderness qualities of chicken meat [54]. In this study,
oil red O staining was employed to observe the distribution of lipid droplets in muscle
cells. As shown in Figure 3A,B, the lipid droplets are mainly distributed in cell membranes
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and intercellular space in groups G and H. Compared with group G, more intracellular
lipid droplets were in the pectoral muscles of group H. These results indicate that the
lipid deposition of pectoral muscles between laying hens and broilers may be different,
which may be to adapt to the different production modes of laying hens and broilers.
TG in skeletal muscle was confirmed to be decisive for IMF deposition [54]. Herein, we
determined the content of triglyceride (TG) in the pectoral muscles of group G and H. The
result showed that there was no significant difference of TG content between group G and
H (Figure 4). These results suggested that older laying hens may exhibit similar flavor and
tenderness compared with female broilers under the same feeding conditions.

Figure 3. Oil red O staining of pectoral muscle sections of Guangyuan grey chicken (A) and Hy-Line
grey hen (B). The sample was observed with an optical microscope (100x). Red arrows point to
lipid droplets.
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Figure 4. The content of triglyceride in group G and H.

4. Conclusions

The metabolite profiles of the pectoral muscle of aged Guangyuan grey chicken and
Hy-Line grey laying hens were determined using UHPLC-MS/MS. A total of 74 differential
metabolites were identified in the positive and negative ion model. Lipids and lipid-like
molecules accounted for the largest proportion among the different metabolites. The
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content of myristic acid and palmitic acid was higher in the pectoral muscle of group G.
Some substances involved in energy metabolism were found to be higher in group G,
such as carnitine, pyruvate, and malate. These metabolites which were higher in group G
were mainly enriched in glycolysis/gluconeogenesis, citrate cycle (TCA cycle), and fatty
acid biosynthesis and degradation. Glycerophospholipid molecules were observed to be
higher in the pectoral muscle of group H, such as LPC(18:2/0:0), Pi(36:4), Pc(16:0/16:0), and
Pe(16:1e/14-hdohe). The contents of histidine, DL-arginine, Ala-Lys, GIn-his, L-Carnosine,
and N-acetylhistidine were found to be higher in group H. These metabolites which were
higher in group H were mainly enriched in glycerophospholipid metabolism, linoleic acid
metabolism, the calcium signaling pathway, and beta-alanine metabolism. In addition, the
GnRH signaling pathway was also found in group H, which proved the close connection
between reproduction and metabolic processes.
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