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Objective: Cage rearing has critical implications for the laying duck industry because it is
convenient for feeding and management. However, caging stress is a type of chronic stress
that induces maladaptation. Environmental stress responses have been extensively studied,
but no detailed information is available about the comprehensive changes in plasma meta-
bolites at different stages of caging stress in ducks. We designed this experiment to analyze
the effects of caging stress on performance parameters and oxidative stress indexes in ducks.
Methods: Liquid chromatography tandem mass spectrometry (LC/MS-MS) was used to
determine the changes in metabolites in duck plasma at 5 (CR5), 10 (CR10), and 15 (CR15)
days after cage rearing and traditional breeding (TB). The associated pathways of differ-
entially altered metabolites were analyzed using Kyoto encyclopedia of genes and genomes
(KEGG) database.

Results: The results of this study indicate that caging stress decreased performance para-
meters, and the plasma total superoxide dismutase levels were increased in the CR10 group
compared with the other groups. In addition, 1,431 metabolites were detected. Compared
with the TB group, 134, 381, and 190 differentially produced metabolites were identified in
the CR5, CR10, and CR15 groups, respectively. The results of principal component analysis
(PCA) show that the selected components sufficiently distinguish the TB group and CR10
group. KEGG analysis results revealed that the differentially altered metabolites in duck
plasma from the CR5 and TB groups were mainly associated with ovarian steroidogenesis,
biosynthesis of unsaturated fatty acids, and phenylalanine metabolism.

Conclusion: In this study, the production performance, blood indexes, number of meta-
bolites and PCA were compared to determine effect of the caging stress stage on ducks. We
inferred from the experimental results that caging-stressed ducks were in the sensitive
phase in the first 5 days after caging, caging for approximately 10 days was an important
transition phase, and then the duck continually adapted.

Keywords: Caging Stress; Mallard Duck; Plasma Index; Plasma Metabolites; Production
Performance

INTRODUCTION

Ducks are the most widely domesticated waterfowl, and are mainly bred in China [1,2].
With the development of society and technology, the production model of laying ducks
has changed from small-scale free-range farming to large-scale intensive farming. Intensive
animal husbandry improves the soil utilization rate and production efficiency, reduces
water pollution and prevent foreign diseases. Currently, three main methods are used to
raise ducks: cage rearing, netting bed rearing and dry rearing. Each method has distinctive
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characteristics and results in good egg-laying performance
throughout the laying period [3]. Cage rearing of ducks has
great potential for development, such as automatic feeding
and convenient excrement collection. However, during cage
rearing, duck behavior is restricted, and behavioral restric-
tion induces maladaptation to stressors [4]. Stress responses
in poultry are undesirable, since the stress response decreases
body weight, decreases food intake, and leads to economic
losses [5,6]. Currently, reducing the economic losses caused
by stress is still a main objective in the farming of ducks.

Chronic stress in animals is divided into two stages, the
sensitive phase and the adaptable phase. As a major abiotic
stress that negatively affects duck performance, caging stress
is a nonpathological chronic stress, and tolerance to caging
stress strongly depends on the stress response abilities of
ducks. Physiological adaptations can be manifest at many
levels, and activation of the hypothalamic—pituitary—adrenal
(HPA) axis induces many biological mechanisms to re-es-
tablish homeostatic conditions and maintain physiological
activity [7,8]. Other signaling pathways are also involved in
the stress response. Stress has been hypothesized to increase
the production of reactive oxygen species (ROS) in many
tissues and organs, which potentially cause oxidative stress
[9]. Excessive accumulation of active oxygen radicals inside
the body alters gene expression in the liver and triggers met-
abolic changes. Moreover, ROS impair intestinal barrier
function, which leads to bacterial translocation from the gut
and an inflammatory reaction induced by bacterial endotoxin
[10-13]. Although environmental stress responses have been
extensively studied, less is known about the process of recov-
ery, particularly recovery signals, and recovery mechanisms
under different stress conditions.

Metabolites in the blood participate in the stress response
and related functions by activating or deactivating related
pathways. Metabolomics has been used to systematically
identify changes in metabolites in organisms and elucidate
their responses to environmental changes, growth or various
diseases. Metabolomics has provided new perspectives to
investigate the evolution of stress responses, and mass spec-
trometry is a good approach for discovering new biomarkers.
Stress studies have identified a variety of metabolites associ-
ated with food intake, egg production, and body weight, but
those metabolites that play physiological functions in the
transition from the stress sensitive phase to the adaptable
phase have received less attention.

As a new breeding model, few reports have examined
biomarkers of cage-rearing stress in ducks. Based on this
background, the physiological conditions of the caging-
stress response of ducks were investigated by measuring
production performance and plasma biochemical indexes
after the ducks were placed in cages. For this experiment, we
used untargeted metabolomics based on liquid chromatogra-
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phy-mass spectrometry (LC-MS) to investigate metabolite
perturbations and to identify associated metabolic path-
ways and plasma biomarkers. The purposes of this study
were to provide valuable biochemical information, to de-
termine the mechanisms of chronic stress responses in cage-
reared ducks, and to define biomarkers to assess cage-rearing
stress in ducks.

MATERIALS AND METHODS

Ethical approval and consent to participate

The authors confirm that the ethical policies of the journal,
as noted on the journal’s author guidelines page, have been
adhered to and that appropriate ethical review committee
approval has been received. The methods were conducted
according to the Guidelines for Experimental Animals es-
tablished by the Ministry of Science and Technology. All
procedures involving animal subjects were approved by the
Animal Ethics Committee of Hubei Academy of Agricultural
Sciences. The authors confirm that they have followed EU
standards for the protection of animals used for scientific
purposes. We obtained written informed consent to use the
animals in our study from the owner of the animals.

Animals and experimental design

Sixty female 120-day-old mallards (Anas platyrhynchos, Lihu
Duck Farm, Hubei Province) weighing 1,280 to 1,620 g were
used. The experiment was designed to include random as-
signment to 2 processes, namely, cage-rearing treatment and
floor rearing, and 5 repetitions (n = 6). In the trial group, the
ducks were raised in a stepped duck coop, which was welded
together by steel wire. The dimensions of the cages were 40 cm
long, 60 cm wide and 50 cm high, and 2 ducks were placed
in one cage. The ducks were raised under a light cycle of 18
hours of light and 6 hours of darkness. All ducks were fed
the same diet, which met the requirements. The amount of
feed provided to each bird was 160 g/d. An automatic water
supply system provided clean water for the birds.

Measurement of production performance

Food intake and the number of eggs laid were recorded daily
for each group. The body weights were determined on the
first day of the experiment and at 5-day intervals (days 5, 10,
and 15) using an electronic balance.

Sample preparation for MS analysis and biochemical
index determination

Samples of fasting venous blood were collected from the
wing veins of ducks in the following 4 stages: traditional
breeding (TB), 5 days after cage rearing (CR5), 10 days after
cage rearing (CR10), and 15 days after cage rearing (CR15).
Then, at various time points, the selected ducks were imme-
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diately anesthetized with sodium pentobarbital (intraperitoneal
injection: 150 mg/kg) and euthanized by exsanguination. The
blood sample was collected in a tube containing anticoagu-
lant and centrifuged at 3,000xg and 4°C for 10 min to obtain
the plasma, which was flash frozen in liquid nitrogen, and
all samples were quickly stored at ~80°C until further pro-
cessing.

Determination of malondialdehyde, superoxide
dismutase, and glutathione peroxidase levels

The plasma levels of superoxide dismutase (SOD), gluta-
thione peroxidase (GSH-PX), and malondialdehyde (MDA)
were determined with clinical chemistry assay kits accord-
ing to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The SOD, MDA,
and GSH-PX contents were determined at 550 nm, 532 nm,
and 412 nm, respectively, by performing a quantitative col-
orimetric analysis. We calculated the concentrations of these
substances based on the optical density and the standard curve
according to the formula provided in the instructions.

Sample preparation for the liquid chromatography
tandem mass spectrometry analysis

The plasma samples (100 uL) were sent to Novogene (Tian-
jin, China) for an untargeted metabolomics analysis. The
samples were individually resuspended in prechilled metha-
nol and 0.1% formic acid by vortexing well. The samples
were incubated on ice for 5 min and then centrifuged at
15,000 rpm at 4°C for 5 min. A portion of the supernatant
was diluted to a final concentration of 60% methanol with
LC-MS grade water. The samples were subsequently trans-
ferred to a fresh Eppendorf tube with a 0.22 um filter and
then centrifuged at 15,000xg for 10 min at 4°C. Finally, the
filtrate was injected into the liquid chromatography tandem
mass spectrometry (LC-MS/MS) system for analysis.

Equal volumes of each experimental sample were mixed
and marked as quality control (QC) samples. The blank
sample was the blank matrix of the experimental sample,
and the pretreatment process for the blank sample was the
same as that for the experimental samples.

LC-/MS-MS analyses were performed using a Vanquish
UHPLC system (Thermo Fisher, Waltham, MA, USA) cou-
pled to an Orbitrap Q Exactive HF-X mass spectrometer
(Thermo Fisher, USA). Samples were injected onto a Hyperil
Gold column (100x2.1 mm, 1.9 um) using a 16 min linear
gradient at a flow rate of 0.2 mL/min. The eluents for posi-
tive polarity mode were eluent A (0.1% formic acid in water)
and eluent B (methanol). The eluents for negative polarity
mode were eluent A (5 mM ammonium acetate, pH 9.0)
and eluent B (methanol). The solvent gradient was set as fol-
lows: 2% B, 1.5 min; 2% to 100% B, 12.0 min; 100% B, 14.0
min; 100% to 2% B, 14.1 min; and 2% B, 16 min. A Q Exactive
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HEF-X mass spectrometer was operated in positive/negative
polarity mode with a spray voltage of 3.2 kV, a capillary tem-
perature of 320°C, a sheath gas flow rate of 35 arb and an aux
gas flow rate of 10 arb.

Statistical data analysis: The raw data files generated by
ultra-high performance liquid chromatography-tandem
mass-spectrometry (UHPLC-MS/MS) were processed using
Compound Discoverer (CD) 3.0 software to perform peak
alignment, peak picking, and quantitation for each metabo-
lite. Afterwards, the peak intensities were normalized to the
total spectral intensity. The normalized data were used to
predict the molecular formula based on additive ions, mo-
lecular ion peaks and fragment ions. Then peaks were
matched with the mzCloud (https://www.mzcloud.org/) and
ChemSpider (http://www.chemspider. com/) databases to ob-
tain the accurate qualitative and relative quantitative results.
The significance of the difference between groups was ana-
lyzed according to metabolite expression levels. Principal
component analysis (PCA), partial least squares-discrimi-
nate analysis (PLS-DA), variable importance in projection
(VIP 21.0), and fold change analysis (fold change >2 or
<0.5 and p-value <0.05 was considered a significant differ-
ence) were performed as described in a previous report.
Then, Kyoto encyclopedia of genes and genomes (KEGG)
pathway analyses (http://www.genome.jp/kegg/) of differ-
entially expressed compounds were performed. The most
enriched pathway terms with p-values <0.05 in the CR vs
TB comparison were selected.

Statistical analysis

Differences between two groups were analyzed using SPSS
software with a two-tailed Student’s t-test. Differences were
considered significant when p<0.05. All data are presented
as the meanststandard deviations.

RESULTS

Effect of cage-rearing on body weight gain, feed intake
and the egg-laying rate

As shown in Table 1, compared with the TB groups, ducks
in the CR groups showed a significant decrease in body weight
and feed intake in the first 5 days, which started to increase
over the next 10 days. The weights of the CR groups were
significantly lower than those of the TB group. Compared
with TB ducks, ducks in the CR groups exhibited a sustained
decrease in the egg-laying rate. Additionally, mortality was
not observed in any of the tested groups.

Plasma levels of oxidative stress indexes

As shown in Table 2, no significant differences in GSH-PX
and MDA levels were observed between the ducks in the TB
group and those in the CR groups. The plasma levels of total
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Table 1. Effects of caging stress on the performance parameters of ducks
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8" CR"
Items
Oto5d 5t010d 10t0o15d Oto5d 5t010d 10t015d
BWG (g) 37.67+66.63 14.58+78.84 34.58+79.01 -74+92.09" 225473.79° 24.21+88.02°
Fl (g) 159.47+1.34 159.24+1.426 159.18+1.93 129.13+10.35" 133.6+7.84" 140.446.57°
LR (%) 88.67+7.93 93.07+9.95 93.8+11.66 56+11.67° 39.8412.95" 26.67+14.23°

Results presented as mean + standard deviation of five replicates (n = 6).
BWG, body weight gain; FI, food intake; LR, laying rate; ANOVA, analysis of variance.

" In cage-rearing groups (CR), 6 ducks were randomly selected every 5 days, and in traditional-breeding groups (TB), 6 ducks were randomly selected in 8

days, the selected ducks were sampled, and the other ducks’ production performance were measured continue.
Parametric data: two-way ANOVA followed by a t-test and two-way ANOVA followed by a t-test.

*p<0.05 compared with the TB groups in the same period.

¢ Different superscript letters in same line indicate significant difference among cage-rearing groups (p<0.05).

Table 2. Effects of caging stress on the plasma indexes about oxidative stress of ducks

Parameter Group TB" Group CR5" Group CR10" Group CR15"

T-SOD (U/mL) 84.71+4417° 87.20.59+55.29° 152.19+15.28" 89.28+37.41°
GSH-PX (ug/mL) 329.47+230.83 374.74+157.88 412.63+102.53 371.58+151.47
MDA (nmol/mL) 8.68+2.16 7.65+2.81 8.03+3.58 7.48+1.13

Results presented as mean + standard deviation (n = 6).

SOD, superoxide dismutase; GSH-PX, glutathione peroxidase; MDA, malondialdehyde; ANOVA, analysis of variance.
' TB, traditional breeding; CR5, 5 days after cage rearing; CR10, 10 days after cage rearing; CR15, 15 days after cage rearing.

Parametric data: two-way ANOVA followed by a T-test.
P Values with different letters are different (p<0.05).

superoxide dismutase (T-SOD) were increased in the CR10
group compared with the other groups.

Quality control, principal component analysis, and
metabolite profile analysis
As shown in Figure 1, the QC samples were clustered in the

20 4
class
= -~ CR10
R
N -&- CR15
o
Tz -&- CRS
o
O -~ QC
o
-+ TB
_20-

PC1 (26.18%)

(A)

PCA score plots, indicating that the mass spectrometry
system was stable and that the quality of the data collected
in this study was good. According to the PCA results, the
samples in ellipsoids were distinguished from each other,
thereby indicating a net diversity of metabolites at different
stages of stress in CR ducks (Figure 2a-f). Based on the fea-
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o
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Figure 1. Principal component analysis of QC samples. Quality control samples (QC) can be gathered together and the better aggregation indicat-
ed that the instrument more stable and the quality of data collected. The X-axis represents the first principal component, and the Y-axis repre-
sents the second principal component. Different colour point represents different samples (n = 6) in each group. (A) positive model, (B) negative

model.
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ture annotation described in the methods, 1,431 metabolites
were identified, 662 of which were identified in positive
mode and 769 of which were identified in negative mode.

Identification of significantly altered metabolites

The number of significantly altered metabolites identified in
multiple analyses is shown in Table 3. We compared metab-
olites with significant differences among the CR5, CR10,
CR15, and TB groups to elucidate the roles of metabolites in
the stress responses of ducks. Levels 134 metabolites were
significantly changed in duck plasma between the TB group
and the CR5 group, and levels 72 of these metabolites were
significantly increased. Moreover, the concentrations of 381
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metabolites were significantly different in duck plasma be-
tween the TB group and the CR10 group, and levels of 189
of these metabolites were significantly increased. The levels
of 190 metabolites were significantly different in duck plasma
between the TB group and the CR15 group, and the levels of
119 of these metabolites were significantly increased. These
results are shown in Supplementary Tables S1-S3.

KEGG differential metabolite enrichment analysis

KEGG analysis results revealed that the differentially altered
metabolites in the duck plasma of the CR5 and TB groups
were mainly associated with ovarian steroidogenesis (arachi-
donic acid and progesterone), biosynthesis of unsaturated
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Figure 2. Principal component analysis model (PCA) and PLS-DA model of serum metabolites. (a-f) were PCA score plots of serum samples col-
lected from 120-day-old ducks at caged 5 days, 10 days, 15 days and traditional breeding ducks in positive and negative models; (g-) were PLS-
DA score plots in positive and negative models. Each point in the graph represents one sample, and the discretization of the two-colour symbols
represents the distribution of the two sets of samples on the PC1 and PC2 axes respectively. PLS-DA, partial least squares-discriminate analysis.
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Table 3. The analysis results of significant metabolites which identi-
fied by LC-MS/MS

Compared Num.of Num.of Num.of Num.of
samples” total Ident.? total Sig.? Sig.Up” Sig.down”
CR5.vs TB_pos 662 75 54 21
CR10.vs TB_pos 662 187 114 73
CR15.vs TB_pos 662 92 62 30
CR5.vs TB_neg 769 59 18 41
CR10.vs TB_neg 769 194 75 119
CR15.vs TB_neg 769 98 57 41

LC-MS/MS, liquid chromatography tandem mass spectrometry.

' TB, traditional breeding; CR5, 5 days after cage rearing; CR10, 10 days
after cage rearing; CR15, 15 days after cage rearing.

2 Num. of total Ident., number of total identified metabolites.

% Num. of total Sig., number of total significant metabolites.

' Num. of Sig.Up, number of total significant metabolites which be
up-regulated.

¥ Num. of Sig. down, number of total significant metabolites which be
down-regulated.

Base on variable important for the projection (VIP >1.0), fold change >2
or <0.5, and p-value <0.05.

fatty acids (arachidonic acid), and phenylalanine metabolism
(N-acetyl-L-phenylalanine and L-phenylalanine) (Figure 3a,
3b). The differentially metabolites in the duck plasma from
the CR10 and TB groups were mainly associated with the
phosphotransferase system (PTS) (ascorbic acid), aldosterone
synthesis and secretion (arachidonic acid and corticosterone),
vitamin digestion and absorption (vitamin B2 [VB2], ascor-
bic acid, and retinoic acid), and steroid hormone biosynthesis
(progesterone, cortisol, and corticosterone) (Figure 4a, 4b).
Additionally, the differential metabolites in the duck plasma
from the CR15 and TB groups were mainly associated with
ovarian steroidogenesis (arachidonic acid, progesterone), ara-
chidonic acid metabolism (leukotriene B4, docosahexaenoic
acid [DHA], and eicosapentaenoic acid [EPA]), regulation
of lipolysis in adipocytes (arachidonic acid, corticosterone)
(Figure 5a, 5b).

DISCUSSION

Modern production management and breeding technology
may lead to stress reactions. As a new breeding model, cage
rearing of ducks increases productivity and serves as a tractable
model for studying adaptation to stress in animals. The
production performance of livestock and poultry is altered
during the initial response to stress. Our research shows
that caged rearing decreased the duck body weight and food
intake in the first 5 days and gradually increased in the
subsequent 10 days, with statistically significant differences.
Lei et al [14] reported that immune stress caused by vacci-
nation programs decreases the food intake and average daily
weight gain of broilers [14]. Moreover, some studies reported
that production performance is suppressed during heat stress
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[15,16]. However, the stress exposure period increases, animal
adaptability continuously improves. Bergoug et al [17] re-
ported that the transportation duration affects the body
weight of newly hatched broilers, an effect that lasted until
21 days. Pickering et al [18] reported that after at least 7 days,
flies adapt to repeated stresses. Bekenev et al [19] showed
that weaned piglets adjust to inadequate environmental fac-
tors and that an additive can accelerates recovery.

The investigation of changes in blood indexes of caging-
stressed ducks provides a theoretical basis for revealing the
different stages of duck caging stress. No obvious changes in
the levels of MDA and GSH-PX in plasma were observed
after caging, the plasma T-SOD levels increased significantly
after 10 days. Changes in organisms during stress are postu-
lated to be linked to accumulating lipid peroxidation products,
such as free radicals, peroxy radicals, hydroperoxides, alde-
hydes, and ketones [19]. Antioxidants and lipid peroxidation
are key factors in the response to stress. Lipid peroxidation is
defined as a parameter of oxidative stress [20]. T-SOD acts
as a catalyst in the removal of toxic superoxide radicals [21].
An elevated level of T-SOD activity is a defense mechanism
against an increased level of free radicals under stressful
conditions [22]. The increased T-SOD activity in the CR10
group suggests that this time point potentially represents an
important transition phase.

When stress occurs, animals have been shown to activate
predicable, adaptive responses to stress in many systems, in-
cluding the metabolic, cardiovascular, neuroendocrine, and
even digestive systems [23]. Plasma metabolites include a
variety of biochemical components, and changes in these
metabolites reflect the responses of the animal to environ-
mental stress [24]. We adopted an LC-MS/MS method to
quantitatively study plasma metabolites and further investi-
gate the mechanism underlying the response of poultry to
chronic stress. In this study, 1,431 metabolites were detected,
and 134, 381, and 190 differentially produced metabolites
were identified in the CR5, CR10, and CR15 groups, respec-
tively, compared with the TB group. To some extent, the
number of differentially produced metabolites reflects the
response of the body to stress. The comparison between the
CR10 group and the TB group revealed the largest number
of differentially produced metabolites, indicating that the
organism showed a positive compensatory response to cag-
ing stress.

Based on acquired differentially abundant metabolites,
PCA was performed to investigate the presence of intrinsic
clusters within the data matrix. The PCA showed a striking
pattern in plasma samples clustered according to the experi-
mental timepoint, with a progressive shift from the TB group
through the CR5, CR10, and CR15 groups. An obvious dis-
tinction between the TB groups and CR10 groups in positive
mode and negative mode was observed, representing the in-
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Figure 3. KEGG Pathway enrichment scatterplot. (A) The disturbed pathways in CR5 group vs TB group in positive model. (B) The disturbed path-

ways in CRS5 group vs TB group in positive negative model. The circle size and color reflect the significance of the perturbed pathway. KEGG, Kyo-
to encyclopedia of genes and genomes; TB, traditional breeding; CR5, 5 days after cage rearing.
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Figure 4. KEGG pathway enrichment scatterplot. (A) The disturbed pathways in CR10 group vs TB group in positive model. (B) The disturbed

pathways in CR10 group vs TB group in positive negative model. The circle size and color reflect the significance of the perturbed pathway. KEGG,
Kyoto encyclopedia of genes and genomes; TB, traditional breeding; CR10, 10 days after cage rearing.
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herent metabolic difference between these two groups. The
PCA revealed the clustering of samples, which can be used
as a method to identify different states and has been showed
in many studies that applied metabolomics methods. Accord-
ing to the PCA results from the study by Cui et al [25] LC-
MS/MS distinguishes between patients with breast cancer
and healthy subjects [25]. Hendrickson et al [26] used PCA-
based ellipsoid clustering to show a progressive shift from
preburn samples to 72 hours postburn injury samples in a
porcine model.

A KEGG pathway enrichment analysis was carried out on
the acquired differentially abundant metabolites. Several
pathways or biological processes were identified and may
provide insights into the underlying response mechanism of
caging stress. Ovarian steroidogenesis, and biosynthesis of
unsaturated fatty acids were significantly different between
ducks reared without cages and ducks in the CR5 group. L-
Phenylalanine, N-acetyl-L-phenylalanine, platelet-activating
factor (PAF), arachidonate, oleic acid, progesterone and cor-
tisol are the key metabolic compounds in the aforementioned
metabolic pathways. Significant changes in intermediates in-
volved in the PTS, aldosterone synthesis and secretion, vitamin
digestion and absorption, and steroid hormone biosynthesis
were observed in ducks from the CR10 group ducks com-
pared with the TB groups. Arachidonate, corticosterone,
progesterone, ascorbate vitamin C (VC), retinoic acid, and
VB2 are key metabolic compounds involved in these meta-
bolic processes. Ovarian steroidogenesis, arachidonic acid
metabolism, and regulation of lipolysis in adipocytes were
significantly different between ducks reared without cages
and ducks in the CR15 group. Arachidonate, leukotriene B4,
progesterone, corticosterone, cortisol, DHA, and EPA are
key metabolic compounds involved in the aforementioned
metabolic processes. The metabolites detected in this study
showed that, the differential metabolites in the caging-stress
groups were strongly associated with steroid hormone bio-
synthesis and regulation, lipid metabolism and oxidation-
reduction reaction signaling pathways. Steroid hormones
participate in organ development, reproduction, body ho-
meostasis, and stress responses [27]. Because of their anti-
inflammatory properties, steroids have been proposed as
therapeutic adjuvants in systemic inflammation [28]. During
the caging process of laying ducks, there is a certain degree
of oxidative stress reaction, and the body produces an anti-
oxidant tissue response, and the metabolites we found were
related to the anti-inflammatory function. The differentially
altered metabolites identified in our experiment deserve fur-
ther study.

N-acetyl-L-phenylalanine, L-phenylalanine, PAF, and ole-
ic acid showed significant differences in metabolite ratios
between the CR5 and TB groups. Aromatic amino acids,
particularly L-phenylalanine, are known to increase plasma
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cholecystokinin levels and reduce food intake in humans
[29]. The abnormal expression of L-phenylalanine and its
derivatives is associated with a reduction in food intake dur-
ing the early stage of stress. PAF is a potent phospholipid
messenger that exerts a distinct spectrum of biological and
pharmacological effects [30] and is involved in the physio-
logical response to psychological stress [31]. The change in
oxidative stress in multiple target organs of ducks may be
one of the important reasons for the increase in PAF in-
duced by caging stress. The increase in oleic acid may be
related to the induction of oxidative stress.

The metabolic ratios of VC, riboflavin (VB2), and retinoic
acid were significantly different between the CR10 and TB
groups, and these metabolites participate in the process of
oxidative stress and lipid peroxidation. The VC is an antioxi-
dant because it prevents other compounds from being oxidized
[32]. The VC acts synergistically with other vitamins in the
management of oxidative stress [33]. The VB2 inhibits oxi-
dative stress, especially lipid peroxidation and oxidative injury
[34]. Ashoori et al [35] reported that VB2 protects the body
from oxidative stress by inducing glutathione redox cycling,
in addition to conversion of reduced VB2 to the oxidized
form. The contents of endogenous VC and VB2 were signifi-
cantly increased in the CR10 group compared with the TB
group, which may be closely related to the increasing activity
of T-SOD. Retinoic acid is a derivative of vitamin A (retinol).
The endogenous tretinoin content was significantly decreased
in the CR10 group compared with the TB group, which may
convert the oxidized form to the reduced retinol by endoge-
nous antioxidants. Retinoic acid can influence epithelial cell
activity and might be helpful in repairing stress-mediated
injured tissues [36]. Laying ducks are at the peak of oxidative
stress, the vitamin consumption of the body increases, and
the content of the serum decreases, which is not conducive
to the maintenance of cell function and the recovery of the
body.

Significant differences in the ratios of the metabolites
leukotriene B4, DHA, and EPA were observed between the
CR15 and TB groups, and these metabolites play major roles
in the anti-inflammatory process and in regulating the viscosity
of cell membranes [37]. These findings reflect the physio-
logical changes in ducks during the caging-stress response.
From stress sensitivity to antioxidant and anti-inflammatory
activities that help repair and protect cells, caged ducks in-
creasingly adapt to their new living surroundings.

CONCLUSION

In summary; in this study, the production performance, blood
indexes, number of metabolites and PCA were compared to
determine the caging stress stage of ducks. We inferred from
the experimental results described above that caging-stressed
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ducks were in the sensitive phase in the first 5 days post after
caging, caging for approximately 10 days was an important
transition phase, and then the duck continually adapted.
Metabolic signatures were presented and biomarkers were
defined to evaluate the stress status of caged ducks. This re-
search can serve as the basis for further investigations of duck
caging stress and provides a new perspective for studying
the mechanism of animal stress.

CONEFLICT OF INTEREST

We certify that there is no conflict of interest with any financial
organization regarding the material discussed in the manu-
script.

FUNDING

This work was supported by grants from the National Natural
Science Foundation (grant number: 31702157), the China
Agriculture Research System (grant number: CARS-42-47),
and the Hubei Academy of Agricultural Sciences Younger
Top-Notch Talent Program (grant number: Q2018021).

SUPPLEMENTARY MATERIAL

Supplementary file is available from: https://doi.org/10.5713/
ab.21.0241

Supplementary Table S1. Differentially plasma metabolites at CR5
when compared to that those at TB in ducks
Supplementary Table S2. Differentially serum metabolites at CR10
when compared to that those at TB in ducks
Supplementary Table S3. Differentially serum metabolites at CR15
when compared to that those at TB in ducks

REFERENCES

1. Zeng T, Zhang H, Liu J, et al. Genetic parameters of feed effi-
ciency traits and their relationships with egg quality traits in
laying period of ducks. Poult Sci 2018;97:758-63. https://doi.
org/10.3382/ps/pex337

2.Rongjun W, Fuchun J, Yanping S, et al. Large-scale survey
of Cryptosporidium spp. in chickens and Pekin ducks (Anas
platyrhynchos) in Henan, China: prevalence and molecular
characterization. Avian Pathol 2010;39:447-51. https://doi.
0rg/10.1080/03079457.2010.518314

3.Indarsih B, Kisworo D, Jaya INS. Productive performance
and hatchability of Alabio Ducks (Anas platyrhynchos Borneo)
under rural feeding management: comparison of different
dietary protein levels and sex ratios. Iran ] Appl Sci 2019;9:
291-8.

4. Shigeru N. Satisfaction of farm animal behavioral needs in
behaviorally restricted systems: reducing stressors and environ-

234 www.animbiosci.org

Zheng et al (2022) Anim Biosci 35:224-235

mental enrichment. Anim Sci ] 2014;85:634-8. https://doi.
org/10.1111/asj.12213
5. Dunkley CS, Mcreynolds JL, Dunkley KD, et al. Molting in
Salmonella Enteritidis-challenged laying hens fed alfalfa
crumbles. IV. Immune and stress protein response. Poult
Sci 2007;86:2502-8. https://doi.org/10.3382/ps.2006-00401
6. Quinteiro-Filho WM, Ribeiro A, Ferraz-De-Paula V, et al.
Heat stress impairs performance parameters, induces intes-
tinal injury, and decreases macrophage activity in broiler
chickens. Poult Sci 2010;89:1905-14. https://doi.org/10.3382/
Pps.2010-00812
7. Jastrebski SE Lamont SJ, Schmidt CJ. Chicken hepatic response
to chronic heat stress using integrated transcriptome and
metabolome analysis. PLoS One 2017;12:e0181900. https://
doi.org/10.1371/journal.pone.0181900
8. Mehaisen GM, Eshak MG, Elkaiaty AM, et al. Comprehensive
growth performance, immune function, plasma biochemistry,
gene expressions and cell death morphology responses to a
daily corticosterone injection course in broiler chickens. PLoS
One 2017;12:¢0172684. https://doi.org/10.1371/journal.pone.
0172684
9. Wang C, Nie G, Yang F, et al. Molybdenum and cadmium
co-induce oxidative stress and apoptosis through mitochon-
dria-mediated pathway in duck renal tubular epithelial cells.
J Hazard Mater 2020;383:121157. https://doi.org/10.1016/j.
jhazmat.2019.121157
10.Chiva M, Guarner C, Peralta C, et al. Intestinal mucosal
oxidative damage and bacterial translocation in cirrhotic
rats. Eur ] Gastroenterol Hepatol 2003;15:145-50. https://
doi.org/10.1097/00042737-200302000-00007
11.Kaser A, Niederreiter L, Blumberg RS. Genetically determined
epithelial dysfunction and its consequences for microflora-
host interactions. Cell Mol Life Sci 2011;68:3643. https://
doi.org/10.1007/s00018-011-0827-y
12.Bischoft SC, Barbara G, Buurman W, et al. Intestinal perme-
ability--a new target for disease prevention and therapy.
BMC Gastroenterol 2014;14:189. https://doi.org/10.1186/
s12876-014-0189-7
13.Andrade MER, Aratjo RS, de Barros PAV, et al. The role of
immunomodulators on intestinal barrier homeostasis in
experimental models. Clin Nutr (Edinburgh, Scotland) 2015;
34:1080-7. https://doi.org/10.1016/j.cInu.2015.01.012
14.Lei L, Qin D, Wang X, et al. Effect of immune stress on growth
performance and energy metabolism in broiler chickens.
Food Agric Immunol 2015;26:194-203.
15.Garner ]JB, Douglas ML, Williams SR, et al. Corrigendum:
Genomic selection improves heat tolerance in dairy cattle.
Sci Rep 2017;7:39896. https://doi.org/10.1038/srep39896
16.Qu M, Wei S, Chen Z, Wang G, Zheng Y, Yan P. Differences
of hormones involved in adipose metabolism and lactation
between high and low producing Holstein cows during heat
stress. Anim Nutr 2015;1:339-43. https://doi.org/10.1016/j.


https://doi.org/10.5713/ab.21.0241
https://doi.org/10.5713/ab.21.0241
https://doi.org/10.3382/ps/pex337
https://doi.org/10.3382/ps/pex337
https://doi.org/10.1080/03079457.2010.518314
https://doi.org/10.1080/03079457.2010.518314
https://doi.org/10.1111/asj.12213
https://doi.org/10.1111/asj.12213
https://doi.org/10.3382/ps.2006-00401
https://doi.org/10.3382/ps.2010-00812
https://doi.org/10.3382/ps.2010-00812
https://doi.org/10.1371/journal.pone.0181900
https://doi.org/10.1371/journal.pone.0181900
https://doi.org/10.1371/journal.pone.0172684
https://doi.org/10.1371/journal.pone.0172684
https://doi.org/10.1016/j.jhazmat.2019.121157
https://doi.org/10.1016/j.jhazmat.2019.121157
https://doi.org/10.1097/00042737-200302000-00007
https://doi.org/10.1097/00042737-200302000-00007
https://doi.org/10.1007/s00018-011-0827-y
https://doi.org/10.1007/s00018-011-0827-y
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1016/j.clnu.2015.01.012
https://doi.org/10.1038/srep39896
https://doi.org/10.1016/j.aninu.2015.11.003

Zheng et al (2022) Anim Biosci 35:224-235

aninu.2015.11.003

17.Bergoug H, Guinebretiere M, Tong Q, et al. Effect of trans-
portation duration of 1-day-old chicks on postplacement
production performances and pododermatitis of broilers
up to slaughter age. Poult Sci 2013;92:3300-9. https://doi.
org/10.3382/ps.2013-03118

18.Pickering AM, Vojtovich L, Tower ], Davies KJA. Oxidative
stress adaptation with acute, chronic, and repeated stress.
Free Radic Biol Med 2013;55:109-118. https://doi.org/10.
1016/j.freeradbiomed.2012.11.001

19.Bekenev V, Garcia A, Hasnulin V. Adaptation of piglets using
different methods of stress prevention. Animals 2015;5:349-
60. https://doi.org/10.3390/ani5020349

20.Niki E. Lipid peroxidation products as oxidative stress bio-
markers. Biofactors 2008;34:171-80. https://doi.org/10.1002/
biof.5520340208

21.Tainer JA, Getzoff ED, Richardson ]S, Richardson DC. Struc-
ture and mechanism of copper, zinc superoxide dismutase.
Nature 1983;306:284-7. https://doi.org/10.1038/306284a0

22.Meynaghizadeh-Zargar R, Sadigh-Eteghad S, Mohaddes G,
Salehpour E Rasta SH. Effects of transcranial photobiomo-
dulation and methylene blue on biochemical and behavioral
profiles in mice stress model. Lasers Med Sci 2019;35:573-
84. https://doi.org/10.1007/s10103-019-02851-z

23.Reser JE. Chronic stress, cortical plasticity and neuroecology.
Behav Processes 2016;129:105-15. https://doi.org/10.1016/j.
beproc.2016.06.010

24.Peng ML, Li SN, He QQ, Zhao JL, Li LL, Ma HT. Based serum
metabolomics analysis reveals simultaneous interconnecting
changes during chicken embryonic development. ] Anim
Physiol Anim Nutr (Berl.) 2018;102:1210-9. https://doi.org/
10.1111/jpn. 12925

25.Cui M, Wang Q, Chen G. Serum metabolomics analysis reveals
changes in signaling lipids in breast cancer patients. Biomed
Chromatogr 2016;30:42-7. https://doi.org/10.1002/bmc.3556

26.Hendrickson C, Linden K, Kreyer S, et al. (1)H-NMR meta-
bolomics identifies significant changes in metabolism over
time in a porcine model of severe burn and smoke inhalation.
Metabolites 2019;9:142. https://doi.org/10.3390/metabo
9070142

27.Martinez-Arguelles DB, Papadopoulos V. Epigenetic regul-
ation of the expression of genes involved in steroid hormone
biosynthesis and action. Steroids 2010;75:467-76. https://doi.

/

/113
org/10.1016/j.steroids.2010.02.004

28.Riad M, Mogos M, Lumb PD et al. Steroids. Curr Opin Crit
Care 2002;8:281-4. https://doi.org/10.1097/00075198-20020
8000-00002

29.Ballinger AB, Clark ML. L-phenylalanine releases chole-
cystokinin (CCK) and is associated with reduced food intake
in humans: evidence for a physiological role of CCK in control
of eating. Metabolism 1994;43:735-8. https://doi.org/10.1016/
0026-0495(94)90123-6

30.Palur Ramakrishnan AV, Varghese TP, Vanapalli S, Nair NK,
Mingate MD. Platelet activating factor: a potential biomarker
in acute coronary syndrome? Cardiovasc Ther 2017;35:64-
70. https://doi.org/10.1111/1755-5922.12233

31.Lenihan DJ, Greenberg N, Lee TC. Involvement of platelet
activating factor in physiological stress in the lizard, Anolis
carolinensis. Comp Biochem Physiol C Comp Pharmacol
1985;81:81-6. https://doi.org/10.1016/0742-8413(85)90095-7

32.Padayatty SJ, Arie K, Yaohui W, et al. Vitamin C as an anti-
oxidant: evaluation of its role in disease prevention. ] Am
Coll Nutr 2003;22:18-35. https://doi.org/10.1080/07315724.
2003.10719272

33.Ismiyati A, Wiyasa IW, Hidayati DY. Protective effect of
vitamins C and E on depot-medroxyprogesterone acetate-
induced ovarian oxidative stress in vivo. ] Toxicol 2016;2016:
Article ID 3134105. https://doi.org/10.1155/2016/3134105

34.Bashandy SAE, Ebaid H, Abdelmottaleb Moussa SA, et al.
Potential effects of the combination of nicotinamide, vitamin
B2 and vitamin C on oxidative-mediated hepatotoxicity
induced by thioacetamide. Lipids Health Dis 2018;17:29.
https://doi.org/10.1186/512944-018-0674-z

35.Ashoori M, Saedisomeolia A. Riboflavin (vitamin B2) and
oxidative stress: a review. Br ] Nutr 2014;111:1985-91. https://
doi.org/10.1017/50007114514000178

36.Yamada S, Kanda Y. Retinoic acid promotes barrier functions
in human iPSC-derived intestinal epithelial monolayers. ]
Pharmacol Sci 2019;140:337-44. https://doi.org/10.1016/].
jphs.2019.06.012

37.Smith GI, Atherton P, Reeds DN, et al. Dietary omega-3 fatty
acid supplementation increases the rate of muscle protein
synthesis in older adults: a randomized controlled trial. Am
J Clin Nutr 2011;93:402-12. https://doi.org/10.3945/ajcn.110.
005611

www.animbiosci.org 235


https://doi.org/10.1016/j.aninu.2015.11.003
https://doi.org/10.3382/ps.2013-03118
https://doi.org/10.3382/ps.2013-03118
https://doi.org/10.1016/j.freeradbiomed.2012.11.001
https://doi.org/10.1016/j.freeradbiomed.2012.11.001
https://doi.org/10.3390/ani5020349
https://doi.org/10.1002/biof.5520340208
https://doi.org/10.1002/biof.5520340208
https://doi.org/10.1038/306284a0
https://doi.org/10.1007/s10103-019-02851-z
https://doi.org/10.1016/j.beproc.2016.06.010
https://doi.org/10.1016/j.beproc.2016.06.010
https://doi.org/10.1111/jpn.12925
https://doi.org/10.1111/jpn.12925
https://doi.org/10.1002/bmc.3556
https://doi.org/10.3390/metabo9070142
https://doi.org/10.3390/metabo9070142
https://doi.org/10.1016/j.steroids.2010.02.004
https://doi.org/10.1016/j.steroids.2010.02.004
https://doi.org/10.1097/00075198-200208000-00002
https://doi.org/10.1097/00075198-200208000-00002
https://doi.org/10.1016/0026-0495(94)90123-6
https://doi.org/10.1016/0026-0495(94)90123-6
https://doi.org/10.1111/1755-5922.12233
https://doi.org/10.1016/0742-8413(85)90095-7
https://doi.org/10.1080/07315724.2003.10719272
https://doi.org/10.1080/07315724.2003.10719272
https://doi.org/10.1155/2016/3134105
https://doi.org/10.1186/s12944-018-0674-z
https://doi.org/10.1017/S0007114514000178
https://doi.org/10.1017/S0007114514000178
https://doi.org/10.1016/j.jphs.2019.06.012
https://doi.org/10.1016/j.jphs.2019.06.012
https://doi.org/10.3945/ajcn.110.005611
https://doi.org/10.3945/ajcn.110.005611

