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ABSTRACT We aimed to investigate whether dietary
supplementation of methionine could mitigate intestinal
oxidative injury in broilers under high stocking density
(HSD). In the grower phase (d 22−42), 576 broilers
with similar body weight were randomly chosen and
divided into 8 groups in a 2 £ 4 factorial experiment.
Two different stocking densities (14 and 20 broilers per
m2) were tested with 4 different methionine levels:
0.35%, 0.4%, 0.45%, or 0.5%. Intestinal morphological
and oxidative stress markers were assessed at the end of
the test period. The results showed that mortality of
broilers was significantly higher in the HSD group fed
0.35% methionine diet than the other groups, which was
reversed by supplementation with 0.40% to 0.50%
methionine. HSD significantly decreased feed intake and
daily weight gain. HSD treatment significantly
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decreased T-AOC, activity of GPX (P < 0.01) and
increased the level of PCO (P < 0.01), MDA (P = 0.052)
of plasma. The decreased glutathione peroxidase activ-
ity in the liver and jejunum caused by HSD was allevi-
ated by additional methionine. Supplementation of
methionine increased the ration of GSH/GSSG in the
plasma. The jejunum villus height and ratio of villus
height to crypt depth under low stocking density condi-
tions with 0.40% methionine diet were the highest,
whereas the 0.45% methionine group was the highest
under HSD conditions. Thus, additional dietary supple-
mentation of methionine mitigates oxidative stress in
broilers under HSD conditions and 0.40% to 0.45%
methionine can be applied in cage rearing broiler pro-
duction for amelioration of oxidative stress caused by
HSD.
Key words:methionine, stocking density, mortality, oxidative stress

2021 Poultry Science 100:101231
https://doi.org/10.1016/j.psj.2021.101231
INTRODUCTION

Chicken is widely considered to be a nutritious and
healthy meat and is consumed in many parts of the
world. In order to obtain high yields per square meter of
space and more efficient production, stocking density is
constantly increased. Although the application of high
stocking density (HSD) conditions can increase meat
production, HSD also poses many problems such as the
fine regulation of temperature control to prevent heat
stress syndrome in broilers (Feddes et al., 2002). HSD
can reduce the daily weight gain of broilers, affect meat
quality and leg health, induce immune stress, and
increased mortality (Proudfoot et al., 1979;
Pettitriley et al., 2001; Sanotra et al., 2001;
Heckert et al., 2002; Sun et al., 2011; Lu et al., 2016).
Crowding condition could lead to oxidative stress and a
significant decrease in the bursa weight of broilers，oxi-
dative stress could impair the health and growth perfor-
mance of broilers (Simitzis et al., 2012). Many
environment factors including ambient temperature and
moisture which can be influenced by stocking density,
also can affect the concentration of amino acid required
in the diet (Martinez et al., 2017).
As a feed additives, methionine is known to promote

growth, increase antioxidant activity, and improve meat
quality (Chen, 2012). Previous studies have shown that
supplemental methionine significantly improved the
growth performance (Opoola et al., 2016;
Moghadam et al., 2017; Yang et al., 2017), meat quality
(Halder et al., 2007; Kobayashi et al., 2013), and intesti-
nal antioxidant capacity in broilers (Li et al., 2014).
Based on previous research, methionine can regulate
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Table 1. Composition of basal diets for broilers.

Ingredients (%) Starter diet Finisher diet

Corn 52.02 58.50
Soybean meal 38.71 32.90
Soybean Oil 4.83 4.70
Dicalcium phosphate 1.90 1.31
Limestone 1.30 1.40
NaCl 0.35 0.35
Mineral premix1 0.20 0.20
Choline chloride (50%) 0.20 0.16
Vitamin premix2 0.02 0.02
Antioxidant (Ethoxyquinoline) 0.03 0.03
DL-Methionine (99%) 0.18 -
L-Lysine 0.10 0.10
Medical stone 0.16 0.33
Nutrient composition (%)
ME (Kcal/kg) 2,989 3,050
Crude protein 21.09 19.04
Lys 1.25 1.11
Met 0.50 0.29
Met+Cys 0.70 0.65
Thr 0.89 0.80
Trp 0.28 0.25
Ca 0.99 0.89
Available phosphorus 0.45 0.35
Total phosphorus 0.69 0.58
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metabolic processes, innate system and intervene in acti-
vation of endogenous antioxidant enzymes. Especially
methionine can be used by the hepatocytes for the syn-
thesis of glutathione (Martinez et al., 2017). However,
there were some conflicting results related to the antioxi-
dant function of methionine. In some studies methionine
restriction stimulates the production of glutathione,
mice with restricted dietary methionine showed no
changes of antioxidant enzyme but reduced oxidative
stress (Martinez et al., 2017). Studies have shown that
supplemental methionine can effectively improve the
intestinal morphology structure, intestinal barrier func-
tion and increase the number of goblet cells (Li et al.,
2014; Chen et al., 2014; Shen et al., 2014).

Oxidative stress is known to occur in broilers under
HSD conditions, to our knowledge, while few studies on
intestinal health affected by HSD in broilers were
reported. The purpose of the present study was to inves-
tigate the adverse effects of HSD on intestinal health in
broilers and to determine whether dietary supplementa-
tion of methionine could mitigate these effects.
1The mineral premix provided per kg diet: Cu, 8 mg; Zn, 75 mg; Fe, 80
mg; Mn, 100 mg; Se, 0.15 mg; I, 0.35 mg.

2The vitamin premix provided per kg diet: vitamin A, 12,500 IU; vita-
min D3, 2,500 IU; vitamin K3, 2.65 mg; vitamin B1, 2 mg; vitamin B2, 6
mg; vitamin B12, 0.025 mg; vitamin E, 30 IU; biotin, 0.0325 mg; folic acid,
1.25 mg; pantothenic acid 12 mg; niacin, 50 mg.
MATERIALS AND METHODS

Experimental Animals and Diets

The male Arbor Acres broilers were fed with the same
starter diets from 0 to 21 d of age. At the end of d 21, a
total of 576 broilers were weighed and divided into 8
groups, with 6 replicate pens in each group in term of
similar body weight (BW), in a 2 £ 4 factorial experi-
ment. Individual cages were 100 cm long £ 70 cm wide,
and contained 2 nipple drinkers.

Two different stocking densities: 14 and 20 birds/m2

were tested with 4 different methionine levels: 0.35%,
0.4%, 0.45%, or 0.5% (as a percentage of the total mass
of the feed). Experimental diets were prepared by adding
0.05, 0.1, 0.15, or 0.2% supplemental DL-methionine
(99%) to the basal diet. The stocking density 20 birds/
m2 is set according to actual production in multilayer
cage rearing system in China and 14 birds/m2 was set
for the low level according to our previous study to
achieve the optimum growth performance.

The basal diets were formulated based on reference
NY/T 33-2004 standard (A standard for raising chick-
ens in China) (Table 1) without methionine supplemen-
tation to meet the nutrient requirement of broilers. The
number of broilers per replicate was determined by the
stocking density: for the low stocking density (LSD)
condition, we used 10 broilers in each replicate (14
birds/m2), and for the HSD condition 14 broilers were
raised in each replicate (20 birds/m2). The broilers were
allowed access to mashed feed and water ad libitum.
Broilers were raised according to the Arbor Acres Broiler
Management Guide (Aviagen Group, Beijing, China).
The temperature of the rearing environment was at 34°
C during 0 and 3 d of age, and was subsequently reduced
until it reached 22°C by d 21. The photoperiod was set
at 23:1 h light: darkness. The relative humidity was
maintained at 40 to 65%.
The present study was approved by the Animal Care
and Use Committee of China Agricultural University
and performed in accordance with the Guidelines for
Experimental Animal Welfare of Ministry of Science
and Technology of China (Beijing, P. R. China).
Sample Collection

Growth Performance At the end of d 42, the body
weight and the residual feed were recorded, after 4 h
feed withdrawal. The average body weight, average
daily feed intake, average daily gain, and feed conversion
ratio of chicks from d 22 to 42 were calculated.
Sample Collection

After the birds were weighed, one bird per pen closest
to the average body weight was selected and killed
through cervical dislocation after intracardial adminis-
tration of sodium pentobarbital (30 mg/kg BW). The
jejunum segment was isolated immediately from the gas-
trointestinal tract. Spleen and bursa of fabricius were
also removed and weighted.
After separation of the jejunum, the middle 2 cm of

jejunum was placed in 4% paraformaldehyde, for histo-
logical analysis. Then the remain jejunum was immedi-
ately flushed with ice-cold phosphate-buffered saline
(PBS, pH 7.4), about 5 cm sample was placed in RNase-
free tubes for gene expression quantification, and
another 5 cm sample was taken for superoxide dismutase
(SOD), malondialdehyde (MDA), and glutathione



Table 2. Primers used for real-time PCR analysis of jejunum and liver.

Genes Forward primer Reverse primer Accession number

b-actin GCTACAGCTTCACCACCACA TCTCCTGCTCGAAATCCAGT L08165.1
SOD GCGCAGGTGCTCACTTTAAT CCTCCCTTTGCAGTCACATT NM-205064.1
GPX ATCGCTGATAAGGACCGAGA GGGCCAAATATGAACACCAC NM-001039329.1
Occludin GCTGAGATGGACAGCATCAA CCTCTGCCACATCCTGGTAT NM-205128.1
Claudin-3 CCAAGATCACCATCGTCTCC CACCAGCGGGTTGTAGAAAT NM-204202.1
HMGCR TGTTGTAAGGCTGCCCTCTG TAGGCGGGCAAACCTACTTG NM-204485
HSP70 CATGAAGCAGACGGTGGAG GATCGAGCCAAGAGATCACC KC706508.1
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peroxidase (GPX) determination. Both samples were
snap frozen in liquid nitrogen and stored at �80°C until
analysis.
Measurement Indicators

Antioxidant Capacity Determination The tissue sam-
ple was ground in liquid nitrogen, and physiological
saline was added at a ratio of 1:9. The slurry was then
placed in an ice-water bath and centrifuged in an ultra-
sonic homogenizer at 3,000 £ g for 10 min at 4°C; the
supernatant obtained was used for the measurements
for T-SOD, GPX enzyme activities and MDA content
using commercial kits (Nanjing Jiancheng Bioengineer-
ing Institute, China). Briefly, detecting superoxide dis-
mutase activity by xanthine oxidase method,
malondialdehyde content by thiobarbituric acid
method, glutathione peroxidase activity by colorimetry.
The SOD, MDA and GPX were measured absorption at
550 nm, 532 nm and 412 by using a spectrophotometer
(Molecular Devices SpectraMax i3x plate reader),
respectively. In the tissue homogenate, GPX and T-
SOD were expressed as units per milligram of protein,
MDA content as nanomoles per milligram of protein.
Protein concentrations in the supernatant were assayed
by BCA kits.
Jejunum Morphological Analysis The jejunum sam-
ples were embedded in paraffin and cut into 5 mm sec-
tions using a microtome. The villus height and crypt
depth were determined after staining with hematoxylin
and eosin, and the number of intraepithelial lympho-
cytes and goblet cells were determined after periodic
acid-Schiff staining. The villus height (from the tip of
the villus to the villus-crypt junction) and the crypt
depth (from the base of the crypt to the villus-crypt
junction) were measured. Three fields of view for each
section were selected, and 10 villi and crypts were mea-
sured in each field and the V:C was determined. The
intraepithelial lymphocytes are scattered between the
intestinal villus epithelial cells. Most are located near
the basement membrane of epithelial cells. Goblet cells
were stained red by periodic acid-Schiff staining and
scattered among epithelial cells. Five complete intestinal
villi were selected for each slice. The number of intraepi-
thelial lymphocytes and goblet cells was determined and
expressed as a percentage of the total columnar cells.
Gene Expression Determination Total RNA was
extracted from the jejunum tissue using the RNAiso
Plus reagent (Takara Bio, Japan), and the RNA concen-
tration was determined by measuring absorbance at
260 nm (Spectrophotometer ND-1000, Gene Company
Limited). Samples with absorbance ratios at 260/
280 nm between 1.8 and 2.0 were considered to be of suf-
ficient quality. About 1.0 mg of total RNA was reverse-
transcribed into cDNA using the PrimeScript RT kit
with gDNA elimination (Takara Bio). Primers informa-
tion for the relative genes and b-actin were designed
using Primer 3.0 Plus software (Table 2). Real-time
PCR was performed using SYBR Premix Ex Taq II (Tli
RNase H Plus; Takara Bio). Gene expression was deter-
mined relative to b-actin as an internal control standard
using the 2�44CT method.
Statistical Analysis

Experimental data were expressed as mean § stan-
dard deviation. SPSS 22.0 statistical software was used
to assess the main effects and interactions of methionine
levels and stocking density according to the 2£ 4 experi-
mental design. Tukey multiple comparisons were per-
formed when the interaction had a significant difference
in F test. Significant differences were defined as P <
0.05, while P < 0.01 indicates extremely significant dif-
ference.
RESULTS

Growth Performance and Relative Weights of
Internal Organ

There were no interactive effects between stocking
density and methionine supplementation on growth per-
formance except mortality rate from d 21 to 42. The
body weight of finishers was tended to be decreased by
HSD treatment. Also daily feed intake and weight gain
of broilers reared under HSD conditions was signifi-
cantly lower than LSD treatment (P < 0.05) (Table 3).
The interactive effect (P < 0.01) of different methionine
levels and stocking density was observed on broiler mor-
tality. HSD significantly increased the mortality rate
compared with the LSD treatment, which was reversed
by supplementation with the 0.40% to 0.50% methionine
(P < 0.01) (Table 3). However, as shown in Table 4, the
relative weight of spleen and bursa of fabricius were not
significantly influenced by stocking density or addition
of methionine.



Table 4. Effects of different methionine levels and stocking den-
sity on internal organ index of broilers on d 42.

Stocking density
Methionine

(%)
Spleen
index1 (%)

Bursa of
fabricius index1 (%)

LSD 0.35 0.118 0.059
0.40 0.130 0.061
0.45 0.141 0.116
0.50 0.131 0.060

HSD 0.35 0.128 0.061
0.40 0.114 0.060
0.45 0.144 0.069
0.50 0.149 0.058
SEM 0.0049 0.0072

Main effect analysis
Stocking density LSD 0.130 0.074

HSD 0.133 0.062
Methionine 0.35 0.123 0.060

0.40 0.122 0.061
0.45 0.143 0.093
0.50 0.140 0.059

P-value
Stocking density £Methionine 0.661 0.573
Stocking density 0.730 0.402
Methionine 0.303 0.287

Means in the same column lacking a common superscript differ (P <
0.05). The specific stocking density is: LSD 14 broilers/m2, HSD 20
broilers/m2.

1Spleen index= weight of spleen/BW £ 100%; bursa of fabricius
index= weight of bursa of fabricius /BW £ 100%.

Table 3. Effects of different methionine levels and stocking density on growth performance of broilers from d 21 to d 42.

Stocking density
Methionine

(%)
Body weight
(kg/bird)

Daily feed intake
(g/bird)

Daily weight gain
(g/bird)

Feed conversion
ratio

Mortality
rate (%)

LSD 0.35 2.38 149.63 72.48 2.07 0.00c

0.40 2.35 148.68 73.85 2.01 0.00c

0.45 2.30 146.43 74.23 2.05 0.00c

0.50 2.30 139.11 68.60 2.05 0.00c

HSD 0.35 2.22 140.02 65.75 2.13 7.14a

0.40 2.25 138.19 68.72 2.04 3.54b

0.45 2.28 132.59 65.90 2.07 0.00c

0.50 2.34 140.77 71.60 1.98 0.00c

SEM 0.017 1.712 1.128 0.018 0.586
Main effect analysis
Stocking density LSD 2.33 145.96a 72.19a 2.05 0.00

HSD 2.27 137.87b 67.99b 2.05 2.30
Methionine 0.35 2.30 144.82 69.11 2.10 2.68

0.40 2.30 144.01 71.28 2.03 1.77
0.45 2.29 139.51 69.60 2.06 0.00
0.50 2.32 139.94 70.10 2.02 0.00

P-value
Stocking density £Methionine 0.189 0.382 0.125 0.660 <0.01
Stocking density 0.084 0.021 0.020 0.865 <0.01
Methionine 0.915 0.602 0.851 0.418 <0.01

Means in the same column lacking a common superscript differ (P < 0.05). The specific stocking density is:LSD 14 broilers/m2, HSD 20 broilers/m2.
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Antioxidant Status

As shown in Tables 5−7, the activities of GPX, T-
SOD and the level of T-AOC, MDA, PCO, the ratio of
GSH/GSSG were examined in the plasma, liver, and
intestinal mucosa. In Table 5, HSD treatment signifi-
cantly decreased T-AOC and GPX activity (P < 0.01)
and increased the level of PCO (P < 0.01) and MDA
(P = 0.052). The activity of T-SOD and ratio of GSH/
GSSG in the plasma were not influenced by HSD com-
pared with LSD treatment. About 0.50% methionine
supplementation increased the activity of GPX (P <
0.01) and the ratio of GSH/GSSG in the plasma, and
further enhancement of GPX was observed by 0.45%
methionine treatment.
In Table 6, antioxidant status of liver was examined.

An interactive effect was observed on the activity of
GPX. HSD significantly decreased the activity of GPX
compared to the LSD treatment under the condition of
0.35% methionine level, while additional supplementa-
tion of methionine such as 0.45% and 0.50% under HSD
alleviated the decrease of GPX activity caused by HSD
treatment (P < 0.001). MDA and T-SOD were not sig-
nificantly influenced by stocking density. But 0.45%
methionine enhanced the activity of T-SOD in the liver
(P < 0.001).
In Table 7, MDA and T-SOD in the jejunum tissue

were not influenced by stocking density. A total of
0.35% methionine increased T-SOD in the jejunum, but
also accompanied with MDA content rising. There was
an interactive effect of stocking density and methionine
on GPX in jejunum. Additional supplementation of
methionine such as 0.40% and 0.45% alleviated the upre-
gulation of GPX activity caused by HSD compared with
LSD treatment under 0.35% methionine level.
Jejunum Morphology

In Table 8, there was an interactive effect (P < 0.01)
of stocking density and methionine on jejunum morphol-
ogy: the 0.4% methionine elevated jejunal villus height
in the LSD groups which was reversed by HSD treat-
ment. Additional supplementation of 0.45% methionine
group significantly alleviated the decreased villus height
caused by HSD (P < 0.01). Also, supplementation of dif-
ferent concentration methionine (0.35%−0.45%) under
HSD significantly increased the crypt depth compared
with the LSD treatment of the same concentration
methionine. The V:C in LSD with 0.4% methionine



Table 5. Effect of different methionine levels and stocking density on plasma antioxidant status of broilers on d 42.

Stocking density Methionine (%) T-AOC (U/mL) MDA (nmol/mL) GPX (U/mL) T-SOD (U/mL) PCO (nmol/mgprot) GSH/GSSG

LSD 0.35 14.30 2.36 1,870.84 85.96 0.45 1.16
0.40 11.80 2.99 1,886.35 80.11 0.33 2.12
0.45 8.10 2.60 2,376.65 83.80 0.46 2.14
0.50 8.95 2.92 2,134.92 77.98 0.46 2.44

HSD 0.35 9.93 2.61 1,774.02 89.27 0.61 1.62
0.40 7.74 3.21 1,875.37 95.10 0.54 1.98
0.45 7.79 3.20 2,130.98 80.52 0.47 1.95
0.50 7.86 3.17 1,892.38 85.96 0.54 2.15
SEM 0.618 0.101 57.838 3.082 0.030 0.260

Main effect analysis
Stocking density LSD 10.75a 2.70 2,067.19a 81.96 0.42b 2.05

HSD 8.33b 3.05 1,918.19b 87.39 0.54a 1.92
Methionine 0.35 11.92a 2.48b 1,822.43c 87.62 0.53 1.41b

0.40 9.77ab 3.10a 1,880.86c 86.92 0.43 2.05ab

0.45 7.93b 2.90ab 2,253.81a 82.16 0.47 2.04ab

0.50 8.41b 3.04a 2,013.65b 81.97 0.50 2.40a

P-value
Stocking density £Methionine 0.214 0.817 0.141 0.424 0.089 0.533
Stocking density 0.005 0.052 0.001 0.148 <0.001 0.688
Methionine 0.005 0.048 <0.001 0.573 0.152 0.029

Means in the same column lacking a common superscript differ (P < 0.05). The specific stocking density is: LSD 14 broilers/m2, HSD 20 broilers/m2.
Abbreviations: GPX, glutathione peroxidase; HSD, high stocking density; LSD, low stocking density; MDA, malondialdehyde.

Table 6. Effect of different methionine levels and stocking density on antioxidant status in liver of broilers on d 42.

Stocking density Methionine (%) MDA (nmol/mgprot) GPX (U/mgprot) T-SOD (U/mgprot)

LSD 0.35 1.07 37.01b 575.38
0.40 1.23 37.45b 576.06
0.45 1.20 42.68a 744.70
0.50 1.12 37.16b 512.73

HSD 0.35 1.12 35.13c 533.27
0.40 1.29 35.88c 624.50
0.45 1.26 41.27a 660.07
0.50 1.53 44.51a 589.68
SEM 0.036 1.149 17.095

Main effect analysis
Stocking density LSD 1.15 38.63 602.21

HSD 1.30 39.31 596.59
Methionine 0.35 1.09 36.07 554.33b

0.40 1.26 36.72 600.28b

0.45 1.23 41.98 710.85a

0.50 1.33 41.09 551.20b

P-value
Stocking density £Methionine 0.431 <0.001 0.071
Stocking density 0.529 0.176 0.989
Methionine 0.585 <0.001 <0.001

Means in the same column lacking a common superscript differ (P < 0.05). The specific stocking density is: LSD 14 broilers/m2, HSD 20 broilers/m2.
Abbreviations: GPX, glutathione peroxidase; HSD, high stocking density; LSD, low stocking density; MDA, malondialdehyde.
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group was significantly higher than other groups (P <
0.01), while under HSD condition additional supplemen-
tation with 0.45% and 0.50% methionine increased the
ratio of V:C compared with the 0.35% and 0.40% treat-
ment (P < 0.01).

The number of intraepithelial lymphocytes and goblet
cells percentage in LSD and HSD with 0.4% methionine
group were significantly higher than other groups under
LSD or HSD treatment (P < 0.01).
Relative mRNA Expression of Antioxidant
and Barrier Function Related Genes in
Broiler Jejunum

As shown in Table 9, no significant interactive effects
were found on the relative mRNA expression of SOD,
GPX, claudin-3 and occludin in the stocking density
treatment with different concentration of methionine (P
> 0.05). However, 0.50% methionine significantly down-
regulated the gene expression of claudin-3 compared
with 0.35% and 0.40% methionine (P < 0.01), and occlu-
din was upregulated by 0.40% methionine (P = 0.012).
DISCUSSION

In the present study, daily feed intake and daily
weight gain of broilers were significantly decreased by
HSD compared with LSD treatment. Similar results
were found in the study of Magnuson (Magnuson et al.,
2020). Mortality under HSD conditions with low dietary
methionine was significantly higher than that in other
groups. Similarly, increased mortality was observed



Table 7. Effect of different methionine levels and stocking density on antioxidant status of jejunum in broilers on d 42.

Stocking density Methionine (%) MDA (nmol/mgprot) GPX activity (U/mgprot) T-SOD activity (U/mgprot)

LSD 0.35 1.64 32.21b 1,136.88
0.40 0.98 29.01c 701.91
0.45 0.96 30.33b 1,048.32
0.50 0.62 27.61c 787.95

HSD 0.35 1.30 34.78a 1,165.59
0.40 0.87 30.92b 758.36
0.45 1.01 24.58d 579.08
0.50 1.02 35.42a 755.88
SEM 0.084 2.045 52.369

Main effect analysis
Stocking density LSD 1.05 29.97 918.77

HSD 1.05 31.41 824.98
Methionine 0.35 1.48a 33.24 1,151.54a

0.40 0.92b 30.03 730.14b

0.45 0.98b 27.46 835.03b

0.50 0.82b 32.29 771.92b

P-value
Stocking density £Methionine 0.257 0.001 0.201
Stocking density 0.985 0.129 0.278
Methionine 0.005 0.003 0.011

Means in the same column lacking a common superscript differ (P < 0.05). The specific stocking density is: LSD 14 broilers/m2, HSD 20 broilers/m2.
Abbreviations: GPX, glutathione peroxidase; HSD, high stocking density; LSD, low stocking density; MDA, malondialdehyde.

Table 8. Effect of different methionine levels and stocking density on jejunum structure of broilers on d 42.

Stocking density
Methionine

(%)
Villus height

/mm
Crypt depth

/mm
villus height/crypt

depth
Number of intraepithelial

lymphocytes (cell/100 absorbed cells)
Number of goblet cell

(cell/100 absorbed cells)

LSD 0.35 1,780.24c 264.04b 7.04c 19.43b 17.90c

0.40 2,197.60a 213.20c 11.87a 24.80a 28.23a

0.45 1,531.64d 268.00b 5.55d 14.40d 13.91d

0.50 2,095.83b 281.50a 7.24b 21.60b 22.33b

HSD 0.35 1,870.92c 278.60a 7.03c 17.20c 17.33c

0.40 1,819.89c 281.67a 6.34d 19.80b 18.00c

0.45 2,135.14a 277.43a 7.53b 14.67d 14.80d

0.50 1,967.33b 283.33a 7.32b 15.60d 15.00c

SEM 41.739 6.270 0.272 0.650 0.598
Main effect analysis
Stocking density LSD 1,886.86 259.73 7.71 20.97 21.41

HSD 1,955.25 283.63 7.07 16.46 16.11
Methionine 0.35 1,854.30 272.00 7.17 18.47 18.81

0.40 1,980.82 252.00 8.74 23.07 23.78
0.45 1,864.32 277.08 6.61 14.66 14.33
0.50 1,988.75 285.58 7.14 19.54 18.67

P-value
Stocking density £Methionine <0.01 <0.01 <0.01 <0.01 <0.01
Stocking density <0.01 <0.01 <0.01 <0.01 <0.01
Methionine <0.01 <0.01 <0.01 <0.01 <0.01

Means in the same column lacking a common superscript differ (P < 0.05). The specific stocking density is: LSD 14 broilers/m2, HSD 20 broilers/m2.
Abbreviations: HSD, high stocking density; LSD, low stocking density.
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under HSD treatment (Pettitriley et al., 2001). Possible
reason might be that HSD caused the environment
deteriorate leading to higher temperature and humid-
ity and became unconducive to broiler growth
(Feddes et al., 2002). Low levels of dietary methio-
nine did not prevent the high mortality under HSD,
but additional supplementation of methionine can
significantly reduce mortality. Also, in another study
the total mortality was decreased by additional
methionine (Acar et al., 2001).

The bursa of Fabricius and spleen are essential lym-
phoid organs in broiler chickens. Differentiation of B
lymphocytes was completed in the bursa of Fabricius
and the mature lymphocytes migrate to the peripheral
lymphoid organs like the spleen (Yanai et al., 2018).
However, relative weights of the bursa of Fabricius and
spleen were not influenced by HSD or additional supple-
ment of methionine in our study. Additional methionine
increased bursa and spleen, which might be related to
the repletion of lymphoid organs and had a beneficial
effect on humoral immunity (Mirzaaghatabar et al.,
2011). Methionine concentration (0.90%) in broiler diet
was much higher than that in our study (0.35%
−0.50%), which may explain the different results related
to the relative weight of bursa and spleen. Studies have
shown that HSD significantly decreases chicken bursa
weight and increased susceptibility to bacterial and viral
infections, thus resulting in high mortality
(Heckert et al., 2002; Sun et al., 2011). However, similar
result was observed in another study. Absolute bursa
weight and the relative weight of bursa were not signifi-
cantly influenced by HSD (Buijs et al., 2009).



Table 9. Relative mRNA expression of antioxidation and tight
junction related genes in broiler jejunum on d 42.

Stocking density Methionine (%) SOD GPX Claudin-3 Occludin

LSD 0.35 1.51 11.01 4.26 2.42
0.40 1.67 12.36 3.87 3.00
0.45 1.48 10.20 3.06 2.30
0.50 1.50 10.76 2.15 2.28

HSD 0.35 1.43 10.68 3.71 2.17
0.40 1.63 8.83 4.53 3.01
0.45 1.39 10.51 3.71 2.75
0.50 1.97 11.67 2.61 2.11
SEM 0.096 0.838 0.359 0.120

Main effect analysis
Stocking density LSD 1.54 11.08 3.40 2.50

HSD 1.60 10.51 3.64 2.46
Methionine 0.35 1.47 10.85 3.99a 2.28b

0.40 1.65 10.79 4.20a 3.01a

0.45 1.43 10.36 3.39ab 2.52ab

0.50 1.73 11.22 2.41b 2.19b

P-value
Stocking density £Methionine 0.314 0.760 0.485 0.428
Stocking density 0.605 0.672 0.353 0.929
Methionine 0.207 0.981 0.002 0.012

Means in the same column lacking a common superscript differ (P <
0.05). The specific stocking density is: LSD 14 broilers/m2, HSD 20
broilers/m2.

Abbreviations: GPX, glutathione peroxidase; HSD, high stocking den-
sity; LSD, low stocking density; MDA, malondialdehyde; SOD, superoxide
dismutase.
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In our study, HSD decreased T-AOC, activity of
GPX and increased PCO, MDA in plasma. Decreased
activity of plasm GPX caused by HSD was also
shown in another study (Li et al., 2019). Methionine,
an essential amino acid involved in protein, was
mainly metabolized in the liver. And S-adenosylme-
thionine as an active form of Met was increased after
feeding diets enriched with methionine. S-adenosylme-
thionine served as a donor of methyl group for many
biological reactions, and was a precursor for glutathi-
one thus provided protection against oxidative-stress
induced liver injury (Kumar et al., 2020). The ratio
of GSH/GSSG and GPX of plasma were significantly
increased by 0.45% and 0.50% supplementation of
methionine. Similarly, in the liver additional supple-
mentation of methionine alleviated the decreased
GPX activity caused by HSD. High level dietary
methionine reversed the increased expression of oxi-
dative stress markers in the liver such as the gene
expression of Nox2, Lox1 and Inos, which was pro-
duced by excessive cholesterol and sitagliptin in rats
(Kumar et al., 2020).

HSD was reported to increase oxidative stress levels
and induce intestinal mucosal injury (Simitzis et al.,
2012; Li et al., 2019). As the first defense line against oxi-
dative stress, intestine contains an extensive antioxidant
system. The gene expression of SOD, GPX and their
enzyme activity in the jejunum were determined. Sup-
plementation of additional methionine (0.45%−0.50%)
decreased the MDA content and the T-SOD in the jeju-
num. This is consistent with the results of
Najeeb et al. (2012) that oxidative stress was enhanced
when MDA was increased, and with SOD activity signif-
icantly increased.
The structural integrity of the intestine is essential for
the efficient digestive function, which depends on the
normal development of intestinal mucosa. The intesti-
nal epithelial structure is composed of epithelial cells,
tight junction proteins, goblet cells, and intraepithe-
lial lymphocytes, which contribute to the integrity of
intestinal mucosa (Vicente et al., 2001). The villus
height and V:C values reflect the intestinal absorp-
tion capacity. In our study, the villus height and V:C
under LSD conditions with 0.4% methionine diet
were the highest, whereas the 0.45% methionine fed
group were the highest under HSD conditions. The
intestinal structure was damaged by HSD, methio-
nine can enhance the physical barrier and immune
function of the intestine and reduce oxidative damage
(Pan et al., 2017). Methionine was contributed to the
increase of the villus height and the number of goblet
cells. Thus, the requirement of methionine was
increased under HSD compared to the LSD (Li et al.,
2014; Chen et al., 2014; Shen et al., 2014).
The number of intraepithelial lymphocytes and goblet

cells percentage in LSD and HSD with 0.40% methionine
group were significantly higher than other groups. The
intestinal architecture was significantly improved by the
addition of methionine to the diet which was consistent
with the results of Chen et al., (2014). The jejunum
structure in broilers in the HSD group fed 0.45% methio-
nine diets was better than that in other groups, indicat-
ing that intestinal architecture can be improved under
HSD conditions by supplementing basal diets with
methionine.
The formation of tight junctions in poultry intestines

is thought to mainly rely on the expression of occludin,
claudins, and ZO-1, ZO-2, and ZO-3 (Gonzalez-
Mariscal et al., 1998; Ozeden et al., 2010; Suzki et al.,
2013). The intestinal epithelial cells are linked together
by tight junction proteins to form a mechanical barrier
to the intestinal tract (Vicente et al., 2001). However,
0.50% downregulated the gene expression of occludin
and claudin-3. High level dietary methionine (1.95%)
decreased the intestinal transmembrane proteins such as
claudin 8, claudin 9, and claudin 10 in the proximal jeju-
num of mice (Miousse et al., 2017). And methionine sup-
plementation increased the occludin in the jejunum of
intrauterine growth retardation piglets (Su et al., 2018).
In another study in broilers, gene expression of claudin-1
in jejunum was decreased by addition of methionine
under heat stress (Del Vesco et al., 2020). Thus, the
increased gene expression of claudin-3 may contribute to
the integrity of jejunum.
In conclusion, HSD adversely affected the growth per-

formance and lead to oxidative damages and increased
mortality. Additional dietary methionine alleviated the
increased morbidity induced by HSD by enhancement of
inherent antioxidant defenses. During the oxidative
stress caused by HSD, 0.45% supplementation of methi-
onine reversed the decreased GPX in the liver and
plasma. Therefore, additional methionine was needed
under crowding stress and 0.45% methionine can be
applied in broiler production for amelioration of
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oxidative stress caused by HSD in multilayer cage rear-
ing system.
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