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Abstract
Background The experiment was conducted to evaluate the effects of different stocking densities on the
trachea barrier and its plasma metabolic pro�le of �nishing broilers.

Methods One thousand four hundred and forty 22-day-old Lingnan Yellow feathered broilers were
randomly allotted to �ve different stocking density groups (8, 10, 12, 14, and 16 birds per m2). Each group
consisted of three replicates.

Results A markedly increased in IL-1β and IL-10 concentrations were observed in 16 birds per m2

treatment group than the groups of 8 and 10 birds per m2 (P < 0.05), but there was no signi�cant
difference in IL-4 content among �ve treatments (P > 0.05). 16 birds per m2 (high stocking density group,
HSD) treatment group signi�cantly increased the trachea mucosa thickness than 10 birds per m2 (control
group, CSD). HSD group exhibited lower expression of claudin1 and higher muc2 and caspase3 than
those in the CSD group. In addition, a total of 10 metabolites were identi�ed at higher (P < 0.05)
concentrations, while 7 metabolites were identi�ed at lower (P < 0.05) concentrations in the HSD
treatment as compared with the CSD group. Most of these potentially diagnostic biomarkers were
involved in substance synthesis and energy metabolism. Further metabolic pathway analysis revealed
that pentose and glucuronate interconversions along with pentose phosphate pathway were the most
relevant and critical pathway identi�ed from these two groups. The activated pathway may partially
interpret the metabolic level to alleviate the adverse effects of stress which caused by high-stocking
density in broilers.

Conclusions In summary, this study can improve our understanding of the harmful effects of high-
stocking density on the trachea barrier and identify two metabolic pathways that may be associated with
high-stocking density-induced metabolic disorders in broilers.

Background
Stocking density of broiler is usually expressed either as the number of housed birds or as the live weight
(kg) per m2 �oor space at depopulation or at the end of growing period [1]. In addition, stocking density is
believed to have critical implications for poultry production [2]. Increasing stocking density can yield
higher pro�ts per unit space, hence increasing stocking density appropriately is expected in poultry
production. However, excessive high-stocking density can cause a series of negative consequences for
poultry production and welfare [3, 4]. For broilers, negative consequences including decreased broiler
growth performance, feed utilization, carcass traits and immunity [5], increased physiological and
oxidative stress and induced intestinal mucosal injury [6, 7].

Indeed, for crowded birds, an increase of the litter temperature due to the higher content of moisture and
nitrogen, resulting in the dissipation of metabolic heat increase, which enhances the microbial activities
[1]. As the litter quality will affect the environmental situation of the birds by dust levels, air humidity and
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ammonia levels, which in turn can lead to respiratory problems [1, 8]. The respiratory tract is the �rst
position of organisms to contact inhaled pathogenic microorganisms [9]. The mucous membrane of
respiratory tract forms the �rst line of defense against the invasion of exotic pathogenic microorganisms.
Therefore, the tracheal mucosal immune function plays an important role in resistance to the adverse
stimulus [10].

Metabolomics is an emerging research area which can quantitatively measure a series of small
molecular metabolites in biological samples using high-throughput approaches [11]. Identi�cation and
integrative analysis of these metabolites could enable a comprehensive characterization of metabolism
at the molecular and cellular levels under a given set of physiological conditions [12]. Therefore,
metabolomics analysis can provide novel insights into metabolic status alterations of biological systems,
uncovering nutritional intervention mechanisms through metabolic pathways integrated with related
metabolites [13]. Many researches have been reported on growth performance, antioxidant capability and
physiological stress. Most of these studies, however, have evaluated only a narrow range of stocking
densities. Moreover, majorities of these studies were not always conclusive and had produced variable
conclusions. So far, there is little literature regarding the stocking density used Gas Chromatography
Tandem Time-of-Flight Mass Spectrometry (GC-TOF/MS). In the current study, the effects of �ve stocking
densities, ranging from 8 to 16 birds per m2, was thereby conducted to investigate trachea barrier
function and identify the metabolic phenotype associated with high-stocking density that could be linked
to growth and health status in broilers.

Materials And Methods
Experiment birds and treatment

The experiment birds and treatment was conducted in accordance with our previously described methods
[14]. One thousand �ve hundred and thirty 1-day-old Lingnan Yellow broiler chickens were obtained from
a local commercial hatchery. During the whole experiment, the birds were housed in 15 concrete �oor
rooms (8 m2) bedded with 6 cm rice hulls. Pre-experiment lasted for 21 days and during this period all
birds were reared at the same stocking density (12.75 birds/m2). Sick and weak chicks observed during
this period were removed. On day 22, one thousand four hundred and forty broilers with a similar body
weight were randomly allotted into 5 treatments, each with three replicates. Meanwhile, all rooms were
�lled with new rice hulls. The stocking densities of these 5 treatments were 8, 10, 12, 14, and 16 birds per
m2 (64, 80, 96, 112, and 128 birds per room, respectively). The birds had free access to feed and water
throughout the experimental period with light-dark cycles per day. During the experiment, all rooms were
environmentally controlled at 25°C. The relative humidity was maintained at 55 ± 5%. A corn-soybean
meal basal diet was formulated to meet the nutrient requirement reference to the NRC (1994) (Table 1).

Sampling and processing
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At the age of 50 days old, 12 male broilers (4 birds per replication) were randomly selected from each
treatment. Feed was removed 12 hours before slaughter, while water was available. Blood samples by the
vein under the wing (5 mL/bird) were immediately collected into a coagulant tube and centrifuged at
3000 rpm/min for 10 min at 4°C to obtain serum. Then the birds were slaughtered to obtain trachea. All
samples were frozen directly in liquid nitrogen and stored at − 80°C for further analysis.

Trachea morphology

Trachea samples were embedded in para�n wax after dehydration and sectioned at 5 μm on a rotary
microtome. The sections were further stained with haematoxylin and eosin [H&E] for morphological
analysis and digital images were obtained under a light microscope [Olympus].

Relative protein expression by western blot

The protein expression of claudin1, muc2 and caspase3 in the trachea was determined by western blot.
Total protein extraction was performed using T-PER Tissue Protein Extraction Reagent (Thermo Pierce,
78510), protein quanti�cation was then performed using the BCA Quantitation Kit. After SDS-PAGE and
membrane transfer, T-TBS (containing 5% non- fat dry milk or BSA) was added to the membrane for
blocking at room temperature for 1 h. The antibody (1:100) was then added and incubated overnight at
4°C, followed by washing the membrane. Secondary antibody [Goat anti-Mouse IgG (H + L)] was added
and incubated at room temperature for 1 h, and then washed. SuperSignal® West Dura Extended
Duration Substrate was used for western blot detection. The optical density of the bands was analyzed
using Image J software. β-actin was used as an internal control and was found to exhibit no difference
between groups. The relative abundance of each target protein was expressed as the ratio of target
protein/β-actin.

Determination of immune status

The commercial kits for all the cytokine indexes were purchased from Nanjing Jiancheng Bioengineering
Institute. The trachea mucosal supernatant was analyzed for the content of interleukin-1β, 4, 10 (IL-1β, 4,
10). The procedures were carried out according to the description of the assay kits.

Sample Preparation for GC-TOF/MS Analysis

The samples were prepared for metabolomics analysis as described previously [15]. Brie�y, 100 μL
plasma was added with 350 μL of extraction liquid (methanol:acetonitrile:water = 2:2:1, volume ratio) and
20 μL L-2-chlorophenylalanine. The sample mixture was maintained at 4oC for 30 min and subsequently
centrifuged at 13,000 rpm for 15 min. The supernatant (400 μL) was collected into a 1.5 mL tube, and
then transferred to a glass vial and dried in a vacuum. Methoxyamine salt reagent (methoxyamine hydro-
chloride, dissolved in pyridine 20 mg/mL) was added and the mixture incubated in an oven at 80oC for 30
min, then derivatized using N, O Bis (trimethylsilyl) tri�uoroacetamide (BSTFA), incubated for 1 hour at
70oC. The �nal mixture was strongly vortexed for 1 min and used for analysis [16].



Page 5/21

GC-TOF/MS Analysis

As our previously described methods [17], the derivatized samples were analyzed using an Agilent 7890
GC system equipped with a Pegasus 4D TOFMS (LECO, St. Joseph, MI) with a DB-5MS capillary column
(30 m × 250 μm inner diameter, 0.25 μm �lm thickness coated with 95% dimethyllpolysiloxane cross-
linked with 5% diphenyl under the following conditions: initial temperature was kept at 80oC for 12
seconds, increased to 180oC at a rate of 10oC /min, to 240oC at a rate of 5oC /min, and further to 290oC C
at a rate of 20oC /min and maintained for 11 min. One μL of sample solution was injected with helium as
the carrier gas at a �ow rate of 1 mL/minute. The temperatures of transfer line and ion source were
245oC and 220oC respectively. The MS data were acquired with a mass-to-charge ratio (m/z) range of 20-
600 in a full-scan mode.

GC-TOF/MS Data Acquisition and Processing

The raw peaks extraction, data baselines �ltering and calibration, peak alignment, deconvolution
analysis, peak identi�cation, and integration of the peak area were operated using the Chroma TOF4.3X
software (LECO) and LECO-Fiehn Rtx5 database. The peak identi�cation was tested using the RI
(retention time index) method. The missing values of the original data were �lled by half of the minimum
value via a numerical simulation method. Noise removal was performed based on an interquartile range
to �lter data and then normalized by area normalization methods. The SIMCA14.1 software package
(Umetrics, Umea, Sweden) was used for multivariate variable pattern recognition analysis: principal
component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal partial
least-squares discriminant analysis (OPLS-DA). PCA was used to show the internal structure of the data
and display the similarity and difference. OPLS-DA was applied to obtain a higher level of group
separation and better explain the variables. To evaluate the predictive ability and �tting level of the model,
the parameters R2Y and Q2 were applied. The metabolites responsible for differentiating two groups were
�ltered with the following requirements: variable importance in the projection (VIP) >1 and P-values of
0.05 (threshold) with 95% Hotelling’s T-squared ellipse [17].

Statistical Analysis

The data was examined by one-way analysis of variance (ANOVA) using IBM SPSS 19.0 and expressed
as means with SEM derived from the ANOVA error mean square. Differences between means were
examined through Duncan’s multiple range tests using P < 0.05. Moreover, Student’s t-test was used to
pro�le metabolite differences between two groups.

Results
Immune status

As shown in Table 2, with the increase of stocking density from 8 to 16 bird per m2, a markedly increased
IL-1β and IL-10 concentrations were observed (P < 0.05), whereas there was no signi�cant difference in IL-
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4 content (P > 0.05). Compared with 8, 10 birds per m2 groups, 16 birds per m2 group had higher
concentrations of IL-1β and IL-10 (P < 0.05).

Immune system and trachea barrier function

Digital images of H&E-stained sections indicated that the trachea structure of the 10 birds per m2 (control
group, CSD) group presented normal trachea morphology. However, 16 bird per m2 (high stocking density
group, HSD) treatment group signi�cantly increased the trachea mucosa thickness. In addition, the
mucosal surface was fragmented with thickened submucosa and increased goblet cells as well as more
ciliated cells were discovered under high magni�cation (Fig. 1a). To further investigate the effect of HSD
on trachea physical barrier function, the relative protein expression of claudin1, muc2 and caspase3 in
trachea tissue were examined. HSD treatment group signi�cantly reduced claudin1 expression while
increased muc2 and caspase3 expression compared with CSD (Fig. 1b, c).

Metabolic differences of serum between 16 birds and 10 bird per m2 treatment groups

The total GC-TOF-MS ion chromatogram of the HSD and CSD groups acquired by the UPLC-MS platform
are presented in Figure 2. Following pretreatment and standardization using MZ mine 2.0 software, 425
integral peaks following extraction ion chromatography were detected in QC samples, and 629 peaks in
test samples.

To explore the functional changes of the serum metabolome, the serum in each sample of HSD and CSD
treatment groups was analyzed by multiple MS platforms. A principal component analysis was �rst
performed to show a trend of intergroup separation on the scores plot (Fig. 3a), in which HSD treatment
broilers were clearly separated from controls. This method also enabled detection and exclusion of any
outliers, de�ned as observations located outside the 95% con�dence region of the model. An OPLS-DA
method was performed to better understand the different metabolic patterns. Figure 3b showed
signi�cantly separated clusters between HSD (blue circle) and CSD (green square) treatment groups. The
values for R2X and Q2 and the results of permutation tests indicated that the samples were of reasonable
quality (Fig. 3c).

We determined those differentially expressed metabolites that played the greatest roles in separating the
HSD and CSD treatment groups. The pro�le of potential biomarkers between the HSD and CSD groups
was visualized by a volcano plot (Fig. 4). And a total of 17 biomarkers metabolites were �ltered according
to the standard with similarity > 600, VIP > 1 and P < 0.05. These metabolites in serum mostly are lipids,
amino acids, carbohydrates, organic acids, amines and others, involved in multiple biochemical
processes, including 6-Phosphogluconic Acid, Threonic Acid, Xylitol, Benzoic Acid, Heptadecanoic Acid,
Threonine 2, Halostachine 2, Indole-3-Acetic Acid, Dioctyl Phthalate, Salicin, Uric Acid, 2,3-
Dihydroxypyridine, Conduritol b Epoxide 2, Glucoheptonic Acid 1, 3-(1-Pyrazolyl)-L-Alanine, Cystine and 4-
Acetamidobutyric Acid (Table 3). In addition, a total of 10 metabolites were identi�ed at higher (P < 0.05)
concentrations while 5 metabolites were identi�ed at lower (P < 0.05) concentrations in the HSD
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treatment group as compared to the CSD. Therein, four candidate metabolites (6-Phosphogluconic Acid,
Threonic Acid, Salicin, 3-(1-Pyrazolyl)-L-Alanine) were selected as biomarkers, as they showed high
sensitivity, speci�city and accuracy in diagnosing broilers under high stocking density stress (P < 0.01),
and further research is warranted to evaluate these biomarkers in practical applications and to elucidate
the physiological mechanisms of high stocking density-induced metabolic disorder.

The current study not only investigated the different metabolites in serum between the HSD and CSD
groups, but also pinpointed the pathways in which these metabolites were involved. A total of 9 enriched
pathways exhibited impact values at the comprehensive level (Table 4). Among them, pentose and
glucuronate interconversions, pentose phosphate pathway, as well as glycine serine and threonine
metabolism had pathway impact values higher than 0.00, which is the cutoff value for relevance. The
impact values of these three metabolic pathways were 0.08, 0.08 and 0.05, respectively. When the
statistical P values were further adjusted via hypergeometric testing for enrichment analysis, only
pentose and glucuronate interconversions along with pentose phosphate pathway exhibited signi�cant
differences (P < 0.05), and these two metabolic pathways were thus characterized as the signi�cantly
relevant pathways (Fig. 5).

Discussion
The importance of animal welfare for European consumers and citizens has recently been con�rmed by
the European Union barometers [18]. The animal related products, especially food, to be produced with
respect for the welfare of animal is drawn attention by more and more consumers [19, 20]. It is also
known that the increase of stocking density can reduces the bird welfare. Previous study in our lab found
that stocking density of broilers up to 8 or 10 birds/ m2 can prevent the negative effect on growth
performance and welfare parameters in broilers [21].

Cytokines can in�uence the immune system and also are of importance within the innate immune system
[22, 23]. Cytokines are soluble, potent glycoproteins involved in the regulation of growth, immune cell
activation, and the in�ammatory and immune responses [24]. To further explore the mechanism of high-
stocking density in undermining trachea barrier function in broilers, trachea mucosal immunity under
different conditions were analyzed and found that HSD group signi�cantly increased the secretion of IL-
1β and IL-10 in the trachea. Cytokines can be pro-in�ammatory or anti-in�ammatory. IL 1β is pro-
in�ammatory cytokines that activate additional cytokine cascades and increase organ damage, which
plays a role in orchestrating the physiological and behavioral adjustments during sickness [25]. However,
IL 1 receptor antagonist and IL 10 act as anti-in�ammatory cytokines that have protective effects [26]. IL-
10 deactivates macrophages, which in turn decreases the production of cytokines by T cells [27], it has
broad anti-in�ammatory effects and acts through suppression of pro-in�ammatory cytokine production
[28]. In addition to the role of IL-10 in positive feedback loops involving cytokines, it is known to relay
negative feedback signals that dampen the activated immune system after an in�ammatory trigger [26,
29]. Excessive production of pro-in�ammatory cytokines are followed by the development of immune-
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mediated in�ammation and �brosis of multiple organs [30]. However, the increase of anti-in�ammatory
cytokines IL-10 in HSD treatment prevent excessive in�ammation and maintain immune tolerance.

Tracheal defense function mainly depends on the integrity of its mucosa and the secretion of protective
proteins [31]. To the best of our knowledge, most of the previous experiment reported that increasing
stocking density linearly decreased intestinal barrier function [32], but there is rarely any report on the
effects of high-stocking density on trachea barrier function. In this study, the tracheal structure of CSD
group had normal morphology, whereas, after high-stocking density stimulation of 29 days, HSD
treatment group was damaged seriously with high mucosal thickness and in�ammatory cell in�ltration.
Barrier function is often determined by tight junction integrity of epithelial layers because tight junction
plays an important role in sealing the apical gaps [33]. The decreased expression of tight junction-related
genes and proteins has been considered a molecular evidence for impaired barrier functions [34].
Therefore, we measured selected tight junction-related protein expression in the trachea mucosa. Claudin-
1 has been identi�ed as an integral membrane protein localizing at tight junction, and introduced claudin-
1 can form tight junction-like networks in �broblasts [35]. An observation for signi�cantly reduced
claudin-1 expression caused by HSD treatment in this experiment. The epithelium of the respiratory
mucosa provides a barrier against injurious luminal agents, including bacteria, enzymes, and toxins [36].
The present study found that HSD markedly increased muc2 protein expression. As MUC gene
transcription has been shown to be induced upon exposure of the airways to a number of substances
that induce mucus secretion, such as endotoxin, SO2, and allergens [37]. The normal respiratory
epithelium is coated with mucus, which provides a variety of protective functions. However, mucus
hypersecretion is a key feature of allergic asthma and is associated with the clinical symptoms, airway
obstruction, and mortality of the disease [36]. In addition, caspase activation is an essential step in
programmed cell death (apoptosis) [38]. The current study suggested that HSD could signi�cantly
increased caspase3 expression compared to CSD group.

To date, however, there have been no metabolomics studies of broilers affected by high-stocking density.
A previous research applied metabolomics approach to investigate the altered metabolic pattern in sera
from patients with asthma and sought to identify the mechanism underlying asthma and potential
biomarkers [39]. In our present study, those differentially expressed metabolites are primarily involved in
the matter synthesis and energy metabolism. From the identi�ed metabolites, 10 metabolites were found
at higher levels whereas 7 metabolites were found at lower levels in the HSD group. Speci�cally, threonic
acid is a major breakdown product of ascorbic acid used as a food additive, which could be very
pro�table for the health status of the host [40]. Xylitol is a �ve-carbon polyalcohol, pentitol, which has
many advantages as a food ingredient and is widely distributed in nature [41]. In the human body, xylitol
is both an endogenous metabolite of the uronic acid cycle and an exogenous source of energy [42].
Xylitol has application and potential for food and pharmaceutical industries. It is a functional sweetener
as it has prebiotic effects which can reduce blood glucose, triglyceride, and cholesterol level [43].
Threonine is a major component of plasma globulin in poultry, rabbits and humans [44]. Bhargava et al.
(1971) reported that antibody titers of chicks increased as dietary threonine increased [45]. In addition, a
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decrease in plasma IgG in sows was alleviated by feeding a threonine supplemented diet [46]. Taken
together, these data suggest a role for threonine in immune function. Moreover, including organic acids
(Glucoheptonic Acid and Acetamidobutyric Acid) and amino acids (Alanine and Cystine) together with
other regulating factors may could be very pro�table for the health status of the host. Accordingly, we
deduced that chronic stress caused by high-stocking density will induce alterations of the levels of serum
metabolites to alleviate the adverse effects of stress.

Herein, these low molecular weight metabolites were involved in multiple pathways and reactions,
including pentose and glucuronate interconversions along with pentose phosphate pathway. It is well
know that pentose and glucuronate interconversions has major biological signi�cance for detoxi�cation
and excretion of metabolites [47]. A serum metabolic study revealed that D-glucuronic acid was
associated with the pentose and glucuronate interconversions pathway[48]. The pentose phosphate
pathway plays a crucial role in the host-parasite relationship. It maintains a pool of NADPl-i, zohich
serves to protect against oxidant stress and which generates carbohydrate intermediates used in
nucleotide and other biosynthetic pathways [49]. Thereupon, pentose phosphate pathway serves to
convert glucose 6-phosphate to ribose 5-phosphate, which is used in nucleotide biosynthesis. In some
systems, it also provides other important phosphorylated carbohydrates, such as erythrose 4-phosphate,
which serves as a precursor in the synthesis of both aromatic amino acids and vitamins, as well as
sedoheptulose 7-phosphate, an important component of some bacterial cell walls [50]. The other key
product of the pathway is NADPH, which serves as a hydrogen donor in reductive biosynthesis, and plays
an integral role in the defense against oxidative stress and detoxi�cation of xenobiotics [49]. Collectively,
considering the in�uential roles of pentose and glucuronate interconversions and pentose phosphate
pathway in the body, it is speculated that the activation of these pathways could be, at least partially,
responsible for the host to alleviate the adverse factors caused by high-stocking density.

Conclusions
Based on the evidences above, it can be concluded that with the increase of broiler density, the function
of trachea barrier was impaired. In addition, metabolomics analysis revealed signi�cant changes in the
serum metabolite pro�les of broilers in response to high-stocking density. The modi�ed metabolites
induced by high-stock density were predominantly connected with energy metabolism, in which pentose
and glucuronate interconversions and pentose phosphate pathway were the most relevant and pivotal
pathway. The results from this study uncovered the complex metabolic effects of high-stock density on
broilers, which elucidate the potential mechanisms associated with the adverse effects of high-stock
density.
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Items Starter (1-21d) Grower (22-42d) Finisher (43-60d)

Ingredients, %      

Corn 58.00 35.50 33.50

Sorghum - 16.00 17.00

Barley - 10.00 13.00

Soybean meal 34.00 19.70 15.70

Corn gluten meal 2.00 5.80 5.30

DDGSc   5.00 8.00

Lard - 4.00 3.70

Soybean oil 1.80 - -

NaCl 0.40 0.30 0.30

CaHPO4 1.30 1.00 1.00

Limestone 1.40 1.20 1.20

Zeolite 0.10 0.50 0.30

Premix a 1.00 1.00 1.00

Total 100.00 100.00 100.00

Nutrient levels b (%)

ME (MJ/kg) 12.10 12.93 12.92

CP 22.94 21.63 19.63

Lys 1.25 1.03 0.90

Met 0.56 0.47 0.44

Met+Cys 0.90 0.78 0.74

Calcium 1.12 0.94 0.98

Total phosphorus 0.63 0.52 0.52

a The Premix provides per kg of diet: Fe 75 mg, Cu 10 mg, Zn 95 mg, Mn 110mg, I 0.35mg, Se 0.30mg, VA 9,600IU, VD3 2,700IU, VE36mg, Vk3 3 mg,

VB1 3 mg, VB2 10.5 mg, VB6 4.20 mg, VB12 0.03 mg, nicotinamide 60mg, D-calcium pantothenate 18mg, folic acid 1.5mg, D-biotin 0.225 mg, choline,

500 mg.

b ME is a calculated value; other nutrient levels are measured values.

c DDGS is distillers dried grains with solubles.

 

Table 2 Effect of stocking density on immune status in trachea of finishing broilers
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Items Stocking Density (birds/m2) SEM

8 10 12 14 16

IL-1β (ng/g) 0.0975c 0.0993c 0.1199b 0.1243b 0.1487a 0.0038

IL-4 (ng/g) 0.469 0.484 0.454 0.479 0.460 0.0628

IL-10 (ng/g) 0.298b 0.296b 0.303ab 0.334ab 0.347a 0.0076

IL-1β: interleukin-1β; IL-4: interleukin-4; IL-10: interleukin-10.

a, b, c Means within a row with not common superscripts significantly differ (p < 0.05).

SEM: Standard Error of Mean

 

Table 3 Serum differential metabolites between 16 birds/m2 and 10 birds/m2 treatment groups.

Items Mean VIP P

Stocking Density (birds/m2)

16  10

6-Phosphogluconic Acid 6.34E-04 2.05E-03 3.04 0.002

Threonic Acid 2.05E-02 1.52E-02 2.52 0.004

Xylitol 2.08E-02 1.73E-02 2.17 0.025

Benzoic Acid 1.62E-01 3.01E-01 2.08 0.021

Heptadecanoic Acid 6.64E-04 1.05E-03 2.01 0.041

Threonine 2 1.78E-02 5.65E-03 1.99 0.050

Halostachine 2 2.48E-03 1.75E-03 1.96 0.030

Indole-3-Acetic Acid 1.89E-04 5.37E-04 1.95 0.026

Dioctyl Phthalate 3.40E-03 5.18E-03 1.90 0.039

Salicin 1.21E-03 3.69E-03 1.84 0.000

Uric Acid 1.02E-03 2.35E-03 1.84 0.046

2,3-Dihydroxypyridine 2.40E-03 1.53E-03 1.78 0.048

Conduritol b Epoxide 2 4.85E-01 2.71E-01 1.59 0.015

Glucoheptonic Acid 1 7.61E-03 2.69E-03 1.50 0.044

3-(1-Pyrazolyl)-L-Alanine 3.25E-03 1.94E-03 1.35 0.005

Cystine 9.44E-03 5.56E-03 1.21 0.015

4-Acetamidobutyric Acid 2 2.61E-03 1.82E-03 1.14 0.049

*VIP, variable importance in the projection

 

Table 4 Pathway analysis for 16 birds/m2 and 10 birds/m2 treatment groups using MetaboAnalyst
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Pathway name Totala Hitsb Raw pc Impactd

Valine, leucine and isoleucine biosynthesis 10 1 0.067189 0

Pentose and glucuronate interconversions 17 1 0.1118 0.08333

Pentose phosphate pathway 20 1 0.13033 0.08333

Cysteine and methionine metabolism 27 1 0.17225 0

Glycine, serine and threonine metabolism 33 1 0.20673 0.04786

Tryptophan metabolism 37 1 0.22901 0

Arginine and proline metabolism 38 1 0.23449 0

Aminoacyl-tRNA biosynthesis 44 1 0.26665 0

Purine metabolism 63 1 0.36073 0

a Represents the total number of metabolites in the corresponding pathway. b Represents the actually matched number of metabolites. c Represents

the P values from enrichment analysis. d Represents the impact value calculated from pathway topology analysis.

Figures
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Figure 1

Effect of stocking density in trachea on �nishing broilers. (a) Representative H&E-stained images; (b)
Expression of claudin1, muc2 and caspase3 in trachea tissue were determined by western blot. (c)
Relative changes in the density of claudin1, muc2 and caspase3 were analyzed. Data presented as
relative band intensity of claudin1, muc2 and caspase3 to β-actin. Values are means, with their standard
deviations represented by vertical bars. (*P < 0.05).



Page 19/21

Figure 2

Total GC-TOFMS ion �ow about metabolites in the broilers’ serum

Figure 3
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(a) Principal component analysis (PCA) score plots, (b) orthogonal projections to latent structure-
discriminant analysis (OPLS-DA) score plots (R2X= 0.0, R2Y= 0.089, Q2= -0.25) and (c) permutation test
of OPLS-DA from the LC-TOF/MS metabolite pro�les of plasma for 16 birds / m2 vs. group 10 birds per
m2. blue circle: 16 birds per m2; green square: 10 birds per m2; Green circle: R2; blue square: Q2. The
dash line represents the regression line for R2 and Q2.

Figure 4

Volcano plots of metabolites in serum between 16 birds per m2 and 10 birds per m2 treatment groups.
Each dot represents a metabolite. The larger dots indicate higher variable importance in the projection
(VIP) values. The abscissa and ordinate represent the fold change and P-value of biomarkers,
respectively. The increased and decreased (P < 0.05) biomarkers in the treatment group are represented
by the red and blue dots, respectively, while the gray dots represent the unchanged (P > 0.05) metabolites
between these two groups.
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Figure 5

Graphic summary of pathway analysis between 16 birds per m2and 10 birds per m2 treatment groups
using MetaboAnalyst. The X-axis indicates the pathway impact, and Y-axis represents the pathway
enrichment. Larger sizes and darker colors indicate higher pathway enrichment and higher pathway
impact values, respectively.


