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function, intestinal integrity, immunity, and antioxidant capacity of
yellow-feathered broilers
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ABSTRACT

To investigate the effects of dietary betaine supplementation on the growth performance,
digestive function, intestinal integrity, immunity, and antioxidant capacity of yellow-feathered
broilers, a total of 400 one-day-old female yellow-feathered broilers were randomly allocated
into 5 dietary treatments with 8 replicates of 10 chicks each, and fed a basal diet supplemented
with 0 (control group), 125, 250, 500 and 1000 mg/kg betaine for 74 days, respectively. During
the 1-37days and 1-74days, betaine linearly increased (p <.05) average daily gain, and
decreased (p <.05) daily feed intake and feed conversion ratio. At 37 days, betaine linearly
increased (p <.05) the apparent utilisation of crude protein, dry matter, and ether extract,
jejunal digesta amylase and trypsin activities, villus height of jejunum and ileum, and ileal secre-
tory immunoglobulin A content, glutathione peroxidase activity, and claudin-1 mRNA abun-
dance, and linearly decreased (p <.05) serum D-lactate content and diamine oxidase activity,
jejunal malondialdehyde content and nuclear factor kappaB mRNA abundance, ileal toll-like
receptor 4 and myeloid differentiation factor 88 mRNA abundance. At 74 days, betaine linearly
increased (p < .05) pancreatic lipase activity, jejunal glutathione peroxidase activity, and ileal
glutathione content, and linearly decreased (p <.05) serum diamine oxidase activity and ileal
malondialdehyde content. In conclusion, dietary supplementation with betaine improved growth
performance, digestive function, intestinal mucosal barrier integrity, immune function, and anti-
oxidant capacity of yellow-feathered broilers, and its optimal dosage in this study is 1000 mg/kg.
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HIGHLIGHTS

e Betaine improved growth performance.

e Betaine increased digestive function.

e Betaine enhanced intestinal antioxidant capacity.

e Betaine improved intestinal integrity and barrier function.
e Betaine improved intestinal immunity.

Introduction broiler chickens has digestive, absorptive, metabolic,
immunological, and endocrinological functions (Perry
2006). Intestinal health plays an important role in the
maintenance of systemic health and the production
efficiency of broilers (Oviedo-Rondon, 2019). Broilers
were often fed antibiotics to promote intestinal health,

but banning antibiotics could cause problems such as

The yellow-feathered broiler is a slow-growing Chinese
local breed that is highly accepted by Chinese con-
sumers due to its better meat quality (Xie et al. 2020).
China is the world's second-largest producer of
broilers, with an annual output of nearly five billion
yellow-feathered broilers. With the increasing con-

sumption of chicken meat, intensive rearing system
has been introduced into broilers production. Modern
intensive rearing for broilers cause various stresses,
especially in the intestine, which would, in turn, lead
to an increased nutrient consumption and poor feed
conversion efficiency (Wang et al. 2019). The gut of

poor intestinal resistance against pathogenic bacterial
invasion (Tsiouris 2016). To address these problems,
researchers have suggested a myriad of nutritional
strategies to improve intestinal health of broilers
(Wang et al. 2019; Zou et al. 2019; Zhang et al. 2020).

Among them, betaine has received considerable
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attention because of its physiological and nutri-
tional functions.

Betaine is the trimethyl derivative of the amino acid
glycine, which can act as methyl group donor and
organic osmolyte (Eklund et al. 2005). This chemical,
as a 'methyl-donor’, is involved in the synthesis of
many substances such as methionine, carnitine and
creatine, and participates in protein and energy
metabolism (Eklund et al. 2005). Owing to its osmo-
protective properties, betaine can protect intestinal
epithelial cell proteins and enzymes from environmen-
tal stress, and help to maintain the integrity of the
intestinal structure when broilers are subjected to
immunological stress (Kettunen et al. 2001b; Klasing et
al. 2002; Metzler-Zebeli et al. 2009). Maintenance and
improvement of gut health are essential for nutrients
digestibility and productivity of animals. Integrity,
immunity, and antioxidant capacity are widely
believed to be the important indicators of intestinal
health. When the antioxidant capacity of the intestinal
mucosa decreases, oxidative stress can induce intes-
tinal cell apoptosis, increase permeability, and abnor-
mal inflammation (Da Silva et al. 2019). It had been
demonstrated that the inclusion of betaine could
improve the intestinal integrity and barrier function of
weaned piglets (Wang et al. 2020). Betaine also boost
cellular antioxidant defense and prevent oxidative
stress (Ganesan et al. 2010). In addition, studies have
reported that betaine could ameliorate the small intes-
tine tissue damage in the acute liver failure mice by
alleviating the inflammatory response (Chen et al.
2020a). Existing results suggest that betaine has a
positive influence on intestinal health, however, it
remained elusive whether betaine could enhance
intestinal integrity and immunity of broilers. Therefore,
the current experiment was conducted to investigate
the effects of dietary betaine supplementation on the
growth performance, digestive function, intestinal
integrity, immunity, and antioxidant capacity of yel-
low-feathered broilers.

Materials and methods
Animals and treatment

This study was performed according to the
Institutional Animal Care and Use Committee of
Nanjing Agricultural University.

A total of 400 one-day-old female yellow-feathered
broilers with an average initial weight of 39.0+0.1g
were allocated into 5 treatments of 8 replicates (cages)
with 10 birds per cage for a 74-day experimental
period. Female broilers were selected in this study

based on the consumption habits of Chinese people.
Birds were raised in  3-layer steel cages
(120 x 60 x 50cm) in a temperature-controlled room
under 23:1h light/dark cycle and were allowed free
access to mash feed and water. The room temperature
was maintained at 32-34°C for the first 3days and
then gradually reduced by 3°C per week to a final
temperature of 20°C. The dietary treatments were
basal diet supplemented with 0 (control), 125, 250,
500, and 1000 mg/kg betaine, respectively. The ingre-
dient composition and nutrient content of basal diets
were presented in Table 1. Betaine anhydrous (96%,
chemically synthesised) was obtained from Yixing
Skystone Feed Co. Ltd. (Yixing, Jiangsu, China).
Broilers were weighed after feed deprivation for 12h
and average daily gain (ADG), average daily feed
intake (ADFI), and feed conversion ratio (FCR) were
calculated at the end of each experimental period (37
and 74 days).

Sample collection

At the 37days and 74days of the age, 8 broilers per
group (one bird per replicate) from each treatment
were randomly selected. Blood samples were collected
from the wing vein. The serum was separated after
centrifugation at 3000g for 15min at 4°C, stored at
—20°C for further analysis. Broilers were euthanized

Table 1. Composition and nutrient level of basal diet (as-
fed basis).

Items 1-21 days 22-45 days 46-74 days

Ingredient (%)
Corn 57.70 61.70 67.60
Soybean meal 32.90 27.00 21.40
Soybean oil 2.40 3.80 4.20
Corn gluten meal 2.00 2.50 1.80
Dicalcium phosphate 2.00 1.60 1.60
Limestone 1.20 1.40 1.40
Premix’ 1.00 1.00 1.00
L-Lysine 0.30 0.30 0.30
Sodium chloride 0.30 0.30 0.30
DL-Methionine 0.13 0.08 0.08
Zeolite 0.07 0.32 0.32

Calculated nutrient contents
Crude protein (%) 21.11 19.13 16.76
Metabolizable energy (MJ/kg) 12.26 12.85 13.14
Lysine (%) 1.20 1.07 0.94
Calcium (%) 1.00 0.96 0.94
Methionine + cystine (%) 0.82 0.72 0.66
Methionine (%) 0.47 0.40 0.36
Available phosphorus (%) 0.46 0.39 0.38

"Premix was provided the following for per kg of diet: vitamin A (transre-
tinyl acetate), 10,000 U; vitamin D5 (cholecalciferol), 3000 U; vitamin E (all-
rac-a-tocopherol acetate), 30 mg; menadione, 1.3mg; thiamine, 2.2 mg;
riboflavin, 8 mg; nicotinamide, 40 mg; choline chloride, 600 mg; calcium
pantothenate, 10 mg; pyridoxine HCI, 4mg; biotin, 0.04mg; folic acid,
1 mg; vitamin B;, (cobalamin), 0.013 mg; Fe (from ferrous sulfate), 80 mg;
Cu (from copper sulfate), 8 mg; Mn (from manganese sulfate), 110 mg; Zn
(from zinc oxide), 65mg; | (from calcium iodate), 1.1 mg; and Se (from
sodium selenite), 0.3 mg.



by cervical dislocation. The jejunum (anterior of
Meckel's diverticulum) and ileum (posterior to
Meckel’s diverticulum) were then gingerly separated.
The pancreas and the digesta samples from jejunum
were collected and stored at —20°C for further ana-
lysis. Approximately 2-cm length of the proximal
jejunum and ileum was removed and flushed with ice-
cold phosphate buffer saline at pH 7.4 and immedi-
ately placed in 4% paraformaldehyde for histological
analyses. The jejunal and ileal mucosae were gently
scraped by a glass microscope slide from the rest of
the jejunum and ileum. The intestinal mucosae were
stored at —80 °C for further analysis.

Apparent nutrient utilisation analysis

From 35 to 37days and 72 to 74days of the experi-
ment, the faecal samples were collected from each
replicate. The feed and faecal samples were oven-
dried and ground to pass through a 1.0 mm screen to
get a uniform particle size before further analysis. The
apparent utilisation of dry matter (DM), crude protein
(CP) and ether extract (EE) of the feed and faecal sam-
ples were analysed using AOAC procedures (2000).
Acid-insoluble ash (AIA) was determined using the
method of Choct and Annison (1992). The apparent
metabolic rate of nutrients was calculated according
to Zhou et al. (2014).

Digestive enzyme activities analysis

The protein concentrations, amylase, lipase, and tryp-
sin activities of the pancreas and jejunal digesta sam-
ples were assayed using standard kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Intestinal morphology analysis

The section-making process of jejunum and ileum con-
sisted of serial dehydration, clearing, and embedding
in paraffin. About 5-pum-thick tissue sections (three
cross sections from each sample) were cut by a micro-
tome (Leica Instruments Ltd., Shanghai, China) and
were fixed on slides. A routine staining procedure was
carried out using haematoxylin and eosin. Villus height
and crypt depth of 10 well-oriented villi per segment
were measured using a Nikon ECLIPSE 80i light micro-
scope equipped with a computer-assisted morphomet-
ric system (Nikon Corporation, Tokyo, Japan). Villus
height was measured from the tip of the villus to the
villus-crypt junction, whereas crypt depth was defined
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as the depth of the invagination between adja-
cent villi.

Serum D-lactate and diamine oxidase analysis

The D-lactate (D-LA) concentration and the diamine
oxidase (DAO) activity in the serum were determined
using corresponding commercial  kits  (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), as
per the manufacturer’s instructions.

Intestinal mucosal immune and antioxidant
capacity analysis

The total protein, secretory immunoglobulin A (SIgA),
malondialdehyde (MDA), and glutathione (GSH) con-
tents, and total antioxidant capacity (T-AOC), and
glutathione peroxidase (GSH-Px) activities in the
jejunal and ileal mucosa were measured using corre-
sponding commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) in accordance
with the manufacturer’s instructions.

Messenger RNA quantification

The total RNA of intestinal mucosae was isolated using
TRIzol (TaKaRa Biotechnology, Dalian, China).
Concentration and purity of RNA were measured from
0OD260/280 readings (ratio > 1.8) using ND-2000
microspectrophotometer (Thermo Scientific,
Wilmington, USA). After determining the RNA concen-
tration, 1 ug of total RNA was reverse-transcribed into
complementary DNA using the PrimeScriptTM RT
reagent kit (TaKaRa Biotechnology, Dalian, China).
Complementary DNA was diluted 10x before real-time
PCR. Real-time PCR was performed using the TB Green
Premix Ex T aq (TaKaRa Biotechnology, Dalian, China)
on the QuantStudio 5 Real-Time PCR System (Thermo
Scientific, Wilmington, USA). The p-actin gene was
selected to be the housekeeping gene to normalise
the expression of the other target genes. The sequen-
ces of primers (toll-like receptor 4 (TLR4), myeloid dif-
ferentiation factor 88 (MyD88), TNF receptor associated
factor 6 (TRAF-6), nuclear factor kappaB (NF-xB), inter-
leukin 1 beta (IL-1f), claudin-1 (CLDNT) and f-actin)
were synthesised by Sangon Biotech (Sangon Biotech
Co., Ltd.,, Shanghai, China), and shown in Table 2.
Relative gene expression levels were analysed by the
278A% method after normalisation against B-actin.



1578 Y. SONG ET AL.

Table 2. Primer sequences used for RT-qPCR.

Genes' Primer sequence (5'-3’) Accession number Product size (bp)

TLR4 F: AGGCACCTGAGC CCTC NM_001030693.1 96
R: TACCAACGTGAGGTTGAGCC

MyD88 F: TGATGCCTTCATCTGCTACTG NM_001030962.4 174
R: TCCCTCCGACACCTTCTTTCTA

TRAF-6 F: GAGTGTCCAAGGCGTCAAGTCTG XM_004941548.3 198
R: TACATTGGCAAGAGGGCAGGTTTG

NF-xB F: GTGTGAAGAAACGGGAACTG NM_205129.1 203
R: GGCACGGTTGTCATAGATGG

IL-18 F: CCGAGGAGCAGGGACTTT XM_015297469.1 132
R: GGACTGTGAGCGGGTGTAG

CLDN1 F: CATACTCCTGGGTCTGGTTGGT NM_001013611.2 100
R: GACAGCCATCCGCATCTTCT

p-action F: TGCTGTGTTCCCATCTATCG NM_205518.1 150
R: TTGGTGACAATACCGTGTTCA

'TLR4: toll-like receptor 4; MyD88: myeloid differentiation factor 88; TRAF-6: TNF receptor associated factor 6; NF-xB:
nuclear factor kappaB; IL-1f: interleukin 1 beta; CLDN7: claudin-1.

Table 3. Effect of betaine on growth performance of yellow-feathered broilers.

Levels of betaine (mg/kg) p-Value
[tems’ 0 125 250 500 1000 SEM? Treatment Linear Quadratic
1-37 days
ADG (g) 23.74° 24.84° 24.94° 25.08° 25.52° 0.13 <.001 <.001 116
ADFI (g) 57.152 57.10° 57.10° 53.71° 55.30%° 0.37 004 003 969
FCR (g/9) 2417 2.30° 2.29° 2.14¢ 2.17¢ 0.02 <.001 <.001 203
37-74 days
ADG (g) 29.96 30.10 29.52 29.66 30.76 0.24 526 504 196
ADFI (g) 112.47 110.87 109.43 109.95 109.34 0.61 480 .108 449
FCR (g/9) 3.77 3.69 372 3.71 3.56 0.03 320 .089 490
1-74 days
ADG (g) 26.85° 27.47% 27.23% 27.37% 28.14° 0.14 045 009 530
ADFI (g) 83.82° 83.03%° 82.30%° 80.65° 81.32%° 0.36 031 003 465
FCR (g/9) 3.11° 3.02% 3.02% 2.95%¢ 2.89° 0.02 <.001 <.001 902

2b<\ean values within a row with different superscript letters were significantly different (p < .05).
TADG: average daily gain; ADFI: average daily feed intake; FCR: feed conversion rate.

2SEM: standard error of means (n = 8).

Statistical analysis

Data were analysed by one-way analysis of variance
(ANOVA) using SPSS statistical software (SPSS 20.0,
SPSS, Chicago, USA). Differences among treatments
were examined using Tukey’s multiple range tests,
which were considered significant at p <.05. The linear
and quadratic effects of dietary betaine levels were
tested using polynomial contrasts.

Results
Growth performance

During 1-37days (Table 3), betaine supplementation
linearly (p<.05) increased ADG and decreased ADFI
and FCR. Compared with the control group, betaine
supplementation, irrespective of its supplemental levels,
significantly (p <.05) increased ADG and reduced FCR,
and dietary supplementation with betaine at a level of
500mg/kg significantly (p <.05) decreased ADFI in
broilers. However, no significant differences were
observed in ADG, ADFI or FCR (p<.05) among the
groups during the 38-74days. In whole experimental

period (1-74 days), there were a linear (p <.05) increase
in ADG and decrease in ADFI and FCR with increasing
level of betaine. Compared with the control group,
feeding a basal diet supplemented with 1000 mg/kg
betaine significantly (p <.05) increased ADG of broilers.
Similarly, supplementing 500mg/kg betaine signifi-
cantly (p < .05) decreased ADFI of broilers, and FCR was
significantly (p <.05) reduced by the supplementation
of 500 or 1000 mg/kg betaine.

Apparent nutrient utilisation

During 35-37 days (Table 4), betaine linearly (p <.05)
increased the apparent utilisation of EE and linearly
and quadratically (p <.05) elevated the apparent util-
isation of DM and CP. Compared with the control
group, dietary betaine supplementation significantly
(p <.05) increased the apparent utilisation of DM.
Apparent utilisation of EE in 1000 mg/kg betaine-sup-
plemented group and CP in betaine-treated group
were higher than their counterparts receiving a basal
diet (p <.05). However, dietary supplemental with
betaine had no significant effect (p>.05) on the
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Table 4. Effect of betaine on apparent nutrient utilisation of yellow-feathered broilers (%).

Levels of betaine (mg/kg) p-Value
Items 0 125 250 500 1000 SEM' Treatment Linear Quadratic
35-37 days
Dry matter 72.35° 79.28° 78.37° 77.97° 77.212 0.62 .001 .027 .001
Ether extract 68.43 73.03%° 72.75% 73.70° 76.90° 0.86 034 .003 812
Crude protein 34.10° 44.68% 54.29° 52.25° 50.92° 1.78 .001 .001 .005
72-74 days
Dry matter 79.24 79.37 79.85 78.97 80.88 0.34 445 247 451
Ether extract 86.89 84.71 85.09 83.92 86.71 0.44 132 699 .022
Crude protein 47.17 50.06 51.52 50.58 52.57 1.23 739 241 739
bMean values within a row with different superscript letters were significantly different (p < .05).
TSEM: standard error of means (n=8).
Table 5. Effect of betaine on the digestive enzyme activities of pancreas and jejunal digesta in yellow-feathered broilers.
Levels of betaine (mg/kg) p-Value
Items 0 125 250 500 1000 SEM' Treatment Linear Quadratic
37 days
Pancreas
Amylase (U/mg prot) 22.15 26.78 26.46 25.09 31.10 1.25 252 .069 .869
Lipase (U/g prot) 105.12 101.80 102.75 114.47 114.70 3.95 744 275 .602
Trypsin (U/mg prot) 1569.95 1816.50 2207.04 1826.00 1783.17 111.16 .508 .586 159
Jejunal digesta
Amylase (U/mg prot) 12.56 17.76 20.63 19.02 20.26 1.04 .086 .021 139
Lipase (U/g prot) 64.60 77.92 87.30 84.34 97.65 5.16 354 .053 774
Trypsin (U/mg prot) 1029.50° 1357.50%° 1322.10% 1233.49% 1748.54° 75.55 021 .007 494
74 days
Pancreas
Amylase (U/mg prot) 21.29 26.93 26.58 25.92 29.21 1.16 .290 .074 .604
Lipase (U/g prot) 54.81° 70.05% 82.72% 77.35% 100.32° 431 010 .001 935
Trypsin (U/mg prot) 1788.17 1913.98 2011.96 1793.25 1754.37 62.78 691 .681 237
Jejunal digesta
Amylase (U/mg prot) 9.89° 16.94° 16.34° 16.46° 17.12° 0.78 .010 .007 .046
Lipase (U/g prot) 40.78 60.11 54.02 4161 49.79 371 430 985 364
Trypsin (U/mg prot) 854.33 853.50 1056.89 901.77 874.24 60.34 .825 .843 435

2bMean values within a row with different superscript letters were significantly different (p < .05).

TSEM: standard error of means (n = 8).

apparent utilisation of DM, CP or EE in broilers from
72 to 74 days.

Enzyme activities in pancreas and jejunal digesta

As shown in Table 5, dietary supplementation with beta-
ine linearly (p <.05) increased activities of amylase and
trypsin in jejunal digesta at 37days. The addition of
1000 mg/kg betaine significantly (p < .05) increased tryp-
sin activity of jejunal digesta when compared with the
control group. At 74days, betaine linearly (p<.05)
increased lipase activity of pancreas and linearly and
quadratically (p < .05) increased amylase activity of jejunal
digesta. Dietary betaine supplemented at a dosage of
1000 mg/kg significantly (p < .05) increased lipase activity
of pancreas, and feeding a basal dietsupplemented beta-
ine significantly (p <.05) increased amylase activity of
jejunal digesta in comparison with the control group.

Intestinal morphology

As presented in Table 6, the villus height of jejunum
and ileum was linearly (p<.05) elevated with the

increasing level of betaine at both 37days and
74 days. Compared with the control group, the supple-
mentation of 1000 mg/kg betaine remarkably (p < .05)
enhanced villus height in the ileum at 37 days. The
inclusion of betaine linearly (p <.05) increased crypt
depth in jejunum and ileum at 74 days. Betaine sup-
plementation at a dosage of 500mg/kg significantly
(p <.05) increased villus height in the jejunum, and
the highest level of dietary betaine (1000 mg/kg) sup-
plementation significantly (p <.05) increased villus
height in the ileum when compared with the control
group. However, the ratio of villus height to crypt
depth in the jejunum and ileum were not altered
(p > .05) by the supplementation of betaine.

Serum D-LA content and DAO activity

Dietary betaine supplementation linearly (p <.05)
reduced serum D-LA content at 37days and serum
DAO activity at both 37days and 74days (Figure 1).
Compared with the control group, the inclusion of 500
and 1000mg/kg betaine significantly (p <.05)
decreased serum D-LA content at 37days, but a
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Table 6. Effect of betaine on intestinal morphology of yellow-feathered broilers.

Levels of betaine (mg/kg) p-Value
Items 0 125 250 500 1000 SEM! Treatment Linear Quadratic
37 days
Jejunum
Villus height (um) 1023.50 1083.00 1104.09 1167.31 1217.82 31.73 351 .041 927
Crypt depth (um) 180.71 183.74 181.73 184.01 211.06 5.40 351 117 251
Villus height: crypt depth 5.75 6.05 6.20 6.50 5.75 0.12 272 .604 .066
lleum
Villus height (um) 814.08° 824.61° 888.80° 941.60% 1055.38° 21.18 <.001 <.001 170
Crypt depth (um) 153.53 150.42 163.20 165.00 162.05 4,62 .832 356 791
Villus height: crypt depth 545 5.58 5.69 5.82 6.79 0.17 .089 .015 213
74 days
Jejunum
Villus height (um) 1095.68°  130491%  1397.92%®  1494.91° 1453847  44.98 031 004 156
Crypt depth (um) 232.50 230.28 253.46 251.80 242.63 433 3N .004 174
Villus height: crypt depth 4.89 5.64 5.62 5.98 5.94 0.14 .098 263 .369
lleum
Villus height (um) 847.68° 946.79° 922.95° 1026.88%°  1135.32° 30.05 022 .002 522
Crypt depth (um) 165.10 167.53 163.60 187.94 204.25 5.44 .062 .009 195
Villus height: crypt depth 5.12 5.75 5.76 5.56 5.57 0.10 .240 298 .082
PMean values within a row with different superscript letters were significantly different (p < .05).
TSEM: standard error of means (n=8).
(A) ®B)
50+
[ Control [ Control
) B125 _ 404 a B125
E £ B250 r = °c [ B250
2 [ B500 By 307 [ B500
£ . B1000 520 B1000
< 2
= [=]
a 10
0 T T 0 T
37d 74 d 74d
p Treatment — 017 p Treatment 283 P Treatment <.001 y4 Treatment< 001
P Linear = 003 P Linear = 052 P Linear < 001 P Linear < 001

y4 Quadratic™ 161 y4 Quadratic =.297

P Quadratic ™ 286 p Quadratic — 123

Figure 1. Effect of betaine on serum D-LA content (A) and DAO activity (B) of yellow-feathered broilers at 37 days and 74 days of
age. B125, B250, B500, B1,000, basal diet supplemented with 125, 250, 500, 1000 mg/kg betaine, respectively. D-LA: D-lactate;
DAO: diamine oxidase. Results are presented as means+ SEM (n = 8). *“Bars marked with different superscripts are significantly

different (p <.05).

similar result in D-LA concentration was not found at
74 days (p > .05). Dietary 500 and 1000 mg/kg betaine
supplementation significantly (p <.05) reduced serum
DAO activity when compared with the control group
at 37 days and 74 days.

Intestinal mucosal SIgA concentration and
antioxidant capacity

In the jejunal mucosa, betaine administration linearly
(p <.05) reduced MDA content and increased GSH
level at 37 days (Table 7). The supplementation with
1000 mg/kg betaine significantly (p <.05) decreased
MDA content, and dietary 250 and 1000 mg/kg beta-
ine supplementation significantly (p <.05) elevated
GSH content when compared with the control group.

At 74days, betaine supplementation linearly (p <.05)
increased GSH-Px activity. The administration of beta-
ine at the levels of 125, 500 or 1000 mg/kg signifi-
cantly (p <.05) increased GSH-Px activity as compared
with the control group. However, SIgA content and T-
AOC activity in intestinal mucosa were not altered (p
> .05) by the betaine supplementation.

In the ileal mucosa, betaine supplementation lin-
early (p<.05) increased SIgA content and GSH-Px
activity at 37 days (Table 8). The SIgA level of broilers
given a basal diet supplemented with 125, 500 or
1000 mg/kg betaine was significantly (p <.05) higher
than their counterparts fed a basal diet, and the activ-
ity of GSH-Px was significantly (p <.05) increased by
the inclusion of 1000 mg/kg betaine when compared
with the control group. At 74days, with increasing
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on the SIgA concentration and antioxidant capacity of jejunal mucosa in yellow-feathered broilers.

Levels of betaine (mg/kg) p-Value
Items’ 0 125 250 500 1000 SEM? Treatment Linear Quadratic
37 days
SIgA (ug/mg protein) 129 143 1.44 1.44 147 0.04 684 217 532
MDA (nmol/mg protein) 0.70% 0.76° 0.69%° 0.62°° 0.50° 0.03 040 006 .189
T-AOC (U/mg protein) 0.10 0.13 0.12 0.12 0.12 0.01 540 295 409
GSH (mg/g protein) 32.94° 47.07%° 63.41° 59.40%° 62.98° 343 012 002 A
GSH-Px (U/mg protein) 2247 24.21 25.72 25.68 24.51 1.39 947 579 533
74 days
SIgA (ug/mg protein) 142 142 132 1.65 125 0.05 21 748 363
MDA (nmol/mg protein) 0.52 0.53 0.48 0.48 043 0.02 661 161 779
T-AOC (U/mg protein) 0.10 0.12 0.1 0.11 0.1 0.00 528 552 297
GSH (mg/g protein) 40.04 65.43 57.56 56.40 65.17 4.23 320 172 453
GSH-Px (U/mg protein) 6.59° 16.34° 13.50%° 19.67 17.08° 143 035 013 164

bMean values within a row with different superscript letters were significantly different (p < .05).
'SIgA: secretory immunoglobulin A; MDA: malondialdehyde; T-AOC: total antioxidant capacity; GSH: glutathione; GSH-Px: glutathione peroxidase.

2SEM: standard error of means (n = 8).

Table 8. Effect of betaine on the SIgA concentration and antioxidant capacity of ileal mucosa in yellow-feathered broilers.

Levels of betaine (mg/kg) p-Value
[tems’ 0 125 250 500 1000 SEM? Treatment Linear Quadratic
37 days
SIgA (ug/mg protein) 0.79° 1.26° 1.00% 1.28° 137° 0.06 004 002 584
MDA (nmol/mg protein) 0.64 0.64 0.65 0.65 0.69 0.05 .997 746 .835
T-AOC (U/mg protein) 0.12 0.13 0.12 0.11 0.11 0.01 589 182 712
GSH (mg/g protein) 4561 46.43 52.88 54.66 57.59 3.50 793 216 988
GSH-Px (U/mg protein) 12.49° 16.86%° 18.65%° 14.212P 19.88° 0.89 039 042 596
74 days
SIgA (ug/mg protein) 1.06 137 113 113 127 0.04 164 550 720
MDA (nmol/mg protein) 0.66° 0.58% 0.57°° 0.48°° 0.41° 0.03 026 001 737
T-AOC (U/mg protein) 0.11° 0.15% 0.15% 0.16° 0.14 0.01 040 059 076
GSH (mg/g protein) 30.91 41.24 41.26 4437 56.87 3.14 127 .014 .768
GSH-Px (U/mg protein) 1243 12.06 9.72 9.20 1241 0.81 583 618 208

2bMean values within a row with different superscript letters were significantly different (p < .05).
'SIgA: secretory immunoglobulin A; MDA: malondialdehyde; T-AOC: total antioxidant capacity; GSH: glutathione; GSH-Px: glutathione peroxidase.

2SEM: standard error of means (n=8).

supplemental levels of betaine, MDA content was lin-
early (p <.05) reduced, while GSH content was linearly
(p < .05) increased. Compared with the control group,
dietary 1000 mg/kg betaine supplementation signifi-
cantly (p<.05) decreased MDA content, and T-AOC
activity was significantly (p <.05) increased when sup-
plemental level of betaine was 500 mg/kg.

Intestinal mucosal gene expressions

The jejunal mucosa gene expression levels were
shown in Table 9. At 37 days, betaine supplementation
linearly (p <.05) downregulated mRNA abundance of
TRAF-6 and NF-kB. Dietary betaine supplementation at
a level of 1000 mg/kg significantly (p <.05) downregu-
lated mRNA abundance of TRAF-6 and NF-xB in com-
parison with the control group. At 74days, betaine
supplementation linearly (p<.05) downregulated
mMRNA abundance of TRAF-6. Compared with the con-
trol group, the supplementation with 1000 mg/kg
betaine significantly (p <.05) downregulated mRNA
expression level of TRAF-6. However, treatments did

not alter (p>.05) the mRNA expressions of TLR4,
MyD88, IL-1f, and CLDNT intestinal mucosa.

As for ileal mucosa (Table 10), betaine linearly
(p <.05) downregulated mRNA abundance of TLR4
and MyD88 and upregulated mRNA expression level of
CLDN1 at 37 days. Compared with the control group,
dietary 1000 mg/kg betaine supplementation signifi-
cantly (p <.05) downregulated the mRNA abundance
of TLR4 and MyD88 and upregulated mRNA expression
level of CLDNI1. At 74days, the increasing level of
betaine supplementation (p <.05) downregulated IL-
1/ mRNA abundance. The inclusion of 500 and
1000 mg/kg betaine significantly (p <.05) downregu-
lated the mRNA expression level of IL-1f when com-
pared with the control group. However, the mRNA
abundances of TRAF-6 and NF-kB in intestinal mucosa
had no significant influence (p >.05) among groups.

Discussion

Our study showed that dietary supplementation with
500 and 1000 mg/kg betaine significantly increased
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Table 9. Effect of betaine on the gene expression of jejunal mucosa in yellow-feathered broilers.

Levels of betaine (mg/kg) p-Value
Items’ 0 125 250 500 1000 SEM? Treatment Linear Quadratic
37 days
TLR4 1.00 0.99 0.99 0.93 0.68 0.06 A73 129 326
MyD88 1.00 0.60 0.75 0.82 0.68 0.08 597 485 524
TRAF-6 1.00° 0912 0.74% 0.84%° 0.45° 0.06 016 .002 A40
NF-kB 1.00° 0.70%° 0.62%° 0.66%° 0.36° 0.07 032 003 841
IL-1B 1.00 0.52 0.69 0.69 0.71 0.08 A77 492 241
CLDN1 1.00 144 1.76 174 145 0.13 372 206 110
74 days
TLR4 1.00 0.60 0.99 0.94 0.53 0.11 535 456 636
MyD88 1.00 1.08 0.65 0.97 0.94 0.10 721 747 532
TRAF-6 1.00° 0.86%° 0.87%° 0.83% 0.68° 0.03 039 004 722
NF-kB 1.00 0.82 0.49 0.92 0.91 0.09 398 890 140
IL-1B 1.00 0.94 0.53 0.71 0.58 0.09 398 A 550
CLDNT1 1.00 1.12 1.54 1.81 124 0.15 440 281 229

2PMean values within a row with different superscript letters were significantly different (p < .05).
'TLR4: toll-like receptor 4; MyD88: myeloid differentiation factor 88; TRAF-6: TNF receptor associated factor 6; NF-kB: nuclear factor kappaB; IL-1B: inter-

leukin 1 beta; CLDN1: claudin-1.
2SEM: standard error of means (n=8).

Table 10. Effect of betaine on the gene expression of ileal mucosa in yellow-feathered broilers.

Levels of betaine (mg/kg) p-Value
Items’ 0 125 250 500 1000 SEM? Treatment Linear Quadratic
37 days
TLR4 1.00° 0.35% 0.45% 0.46™ 0.27° 0.08 033 014 194
MyD88 1.00° 0.88%° 0.79% 0.80*° 0.46° 0.05 019 .002 421
TRAF-6 1.00 0.93 1.09 0.97 0.68 0.05 144 .103 .098
NF-kB 1.00 0.83 1.04 1.20 0.64 0.07 102 472 144
IL-1B 1.00 0.69 0.94 0.95 0.49 0.09 323 237 475
CLDN1 1.00° 1.14% 1.90% 227° 2.10°° 0.14 .007 001 333
74 days
TLR4 1.00 0.85 0.75 0.93 0.77 0.09 896 557 736
MyD88 1.00 0.80 0.65 0.90 0.74 0.09 816 544 562
TRAF-6 1.00 0.94 1.05 1.10 0.84 0.05 496 643 259
NF-kB 1.00 1.03 0.91 1.30 1.19 0.12 855 454 822
IL-1B 1.00% 0.75% 0.89%° 0.53% 0.46° 0.05 .003 <.001 693
CLDN1 1.00 1.25 171 1.19 1.51 0.12 395 274 414

ab<\ean values within a row with different superscript letters were significantly different (p < .05).
'TLR4: toll-like receptor 4; MyD88: myeloid differentiation factor 88; TRAF-6: TNF receptor associated factor 6; NF-iB: nuclear factor kappaB; IL-1p: inter-

leukin 1 beta; CLDN1: claudin-1.
2SEM: standard error of means (n = 8).

ADG and decreased FCR and ADFI of yellow-feathered
broilers. The effects of dietary betaine in improving
growth performance of broilers have been reported
previously (Rao et al. 2011; Chen et al. 2020b).
Moreover, Sun et al. (2019) observed that the optimal
level of betaine supplementation for growth perform-
ance was 500 or 1000mg/kg in yellow-feathered
broilers. The beneficial effects of betaine on broilers’
growth performance may be due to its osmotic prop-
erties and its role as a methyl group donor (Metzler-
Zebeli et al. 2009). The utilisation of nutrients is closely
associated with the growth performance of broilers. In
this study, broilers fed diets containing betaine had
increased apparent utilisation of DM, CP, and EE from
34 to 37 days, which was in agreement with previous
studies that broilers ingesting diets supplemented
with betaine had improved utilisation of DM, CP, and
EE (El-Hussein et al. 2007; Ratriyanto and Indreswari

2014). Betaine, as an osmoprotectant, has effects on
supporting intestinal cell growth, enhancing intestinal
cell activity, and improving intestinal morphology,
thereby eventually improving nutrient digestibility
(Kettunen et al. 2001b; Eklund et al. 2005). Digestive
enzymes are important factors affecting the nutrient
utilisation of the intestine, and they are always
employed to evaluate the digestive capacity of
broilers. The pancreas is an exocrine gland and an
important digestive organ of animal. The jejunum is
the main place of digestion and absorption in the
small intestine (Ouhida et al. 2000). In the present
study, diets supplemented with 1000 mg/kg betaine
improved the activities of amylase and trypsin of
jejunal digesta and the activity of pancreatic lipase,
which might contribute to the improvement of nutri-
ent digestibility. These results were partially in agree-
ment with findings of Wang et al. (2020), who found



that betaine supplementation significantly enhanced
activitity of digestive enzyme in weaned pigs. Studies
have reported that betaine could promote the affinity
of enzymes and substrates, thereby improving the
catalytic efficiency of enzymes (Wang et al. 2020). The
results of this study showed that dietary betaine sup-
plementation increased digestive enzyme activities,
promoted absorption of nutrients, thereby, improved
the growth performance.

The integrity of intestinal morphology can be used
as a potential indicator of intestinal health status. The
higher villus heights of the jejunal and ileal indicated
that the function of the intestine enhanced
(Ruttanavut and Yamauchi 2010). In the current study,
the incorporation of 1000 mg/kg betaine in the diet
increased villus height of the jejunum and ileum,
which was consistent with the results of Sun et al.
(2019), who found that diet supplemented with beta-
ine increased the ileal villus height in yellow-feathered
broilers. Furthermore, the similar effects were reported
by Xu and Yu (2000) and Wang et al. (2020) in weaned
piglets. These results indicated that betaine had a
beneficial effect on intestinal development, which
might be due to the fact that betaine could increase
the ability of intestinal cells to bind water, promote
epithelial cell formation (Kettunen et al. 2001a), and
enhance tensile strength in chickens (Remus and
Quarles 2000).

D-LA is an end product of intestinal bacterial fer-
mentation (Mileti et al. 2009). DAO is an intracellular
enzyme that is secreted by intestinal epithelial cells
(Luk et al. 1980). The increase in the concentration of
D-LA and the activity of DAO in blood could reflect
the degree of damage to the intestinal mucosa and
intestinal permeability (Mileti et al. 2009; Liu et al.
2020). The intestinal mucosal barrier is the first barrier
against a hostile environment, mainly formed by the
tight junctions of epithelial cells that mainly consists
of occludin, claudin1 and zonula occludens-1. In pre-
sent study, broilers given diets supplemented betaine
decreased D-LA content and DAO activity in serum,
and increased the expression of CLDNT mRNA in ileum
mucosa, indicating that betaine could exert a benefi-
cial effect on intestinal barrier function. This result was
in accordance with the finding of Wang et al. (2020),
who reported that betaine could improve the intes-
tinal integrity and barrier function by reducing plasma
DAO activity, upregulated expression of tight junction
proteins, and improving intestinal morphology in
weaned piglets. In addition, Wu et al. (2020) observed
that betaine improved intestinal permeability by
enhancing the mRNA expression of CLDNT in intestinal
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porcine epithelial cells subjected to lipopolysaccharide
treatment. Therefore, these results suggested that
betaine could maintain intestinal integrity and barrier
function, which, in turn, helped to improve the diges-
tion and absorption of nutrients.

The SIgA is the main antibody type in the intestinal
mucosa, and is the first line of defense of humoral
immune responses to protect the gut epithelium from
pathogenic microorganisms and toxic compounds
(Corthesy 2013). In the current study, betaine supple-
mentation boosted the content of SIgA in ileal mucosa
of broilers. This result was in accordance with the find-
ing of Hamidi et al. (2010), who pointed that the IgA
content of gut tissue of broilers in coccidiosis condi-
tion was increased by added betaine in dietary.
Likewise, Sun et al. (2020) reported that the supple-
mentation of betaine increased immunoglobulin M
content in fish intestine. Betaine could improve cellu-
lar immunity by increasing macrophage phagocytosis,
enhancing the number of epithelial lymphocytes, and
thicking the lamina propria thickness (Ovington et al.
1995; Hamidi et al. 2009), thereby enhancing the
body’s immune response. This may be one of the rea-
sons for the increase in SIgA content.

Oxidative stress can lead to inflammatory disease
(Zhang et al. 2013), and disrupt mucosal barrier integ-
rity and function (Banan et al. 2000). MDA is the main
end product by oxidative degradation, which could
reflect the degree of lipid peroxidation (Latha et al.
2017). T-AOC is one of the important indicators reflect-
ing total antioxidant capacity (Ghiselli et al. 2000).
GSH-Px as an antioxidant enzyme in cell can break
down hydrogen peroxide and lipid oxidation products
into water and oxygen (Ceballos-Picot et al. 1996).
GSH is an important small antioxidant molecule widely
distributed among living cells and body fluids (Kerio
et al. 2011). In the present study, the incorporation of
1000 mg/kg betaine decreased MDA content and
increased GSH content and T-AOC and GSH-Px activ-
ities in the small intestinal mucosa, indicating that
betaine inclusion improved the antioxidant capacity of
small intestine in broiler chickens. A similar result was
reported by Alirezaei et al. (2012), who found that
supplementation of betaine in diets improved antioxi-
dant defense in the breast muscles of broiler chickens.
Chen et al. (2020b) reported that the inclusion of beta-
ine reduced MDA content and enhanced GSH-Px activ-
ity and GSH content of breast muscle in transported
broilers. The antioxidant effect of betaine may be
associated with S-adenosylmethionine and GSH, which
participate in enhancing the antioxidant defense
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mechanism of cells and protect cells from oxidative
damage (Ganesan et al. 2010; Alirezaei et al. 2011).

TLRs, as pattern recognition receptor, play an
important role in the intestinal mucosal immune sys-
tem by mediating signal transduction. Members of the
TLRs family are potent activators of MyD88, and the
MyD88-dependent pathway leads to activation of NF-
kB via TRAF6 (Vallabhapurapu and Karin 2009), ultim-
ately leading to the synthesis and release of a number
of pro-inflammatory mediators (Chow et al. 1999).
Current results revealed that 1000mg/kg betaine
downregulated the mRNA expression of TLR4, MyD88,
IRAK-4, NF-xB, and IL-1f in the intestines of broilers.
The results were in agreement with the findings of
Yang et al. (2018), who found that betaine downregu-
lated the NF-xB signalling pathway or inhibited the
inflammatory reaction to alleviate monocrotaline-
induced pulmonary hypertension in rat. Additionally,
Wu et al. (2020) demonstrated that betaine reduced
the mRNA expression of pro-inflammatory cytokine
interleukin 6 in intestinal porcine epithelial cells treat-
mented with lipopolysaccharide, indicating that beta-
ine could exert anti-inflammatory activity. Betaine can
attenuate inflammation by increasing the synthesis of
S-adenosylmethionine (Purohit et al. 2007). An eleva-
tion of S-adenosylmethionine can prevent the induc-
tion of inducible nitric oxide synthase, attenuate the
production of NF-kB, and increase the production of
glutathione which in turn is involved in NF-kB sup-
pression (Detopoulou et al. 2008; Dou et al. 2018).
Studies have shown that the barrier and integrity of
the intestine may be regulated by pro-inflammatory
factors which can downregulate the transmembrane
tight junction protein expression, thereby increasing
the intestinal permeability (Mankertz et al. 2000).
Therefore, the improved intestinal barrier and integrity
function might be also associated with the reduced
mRNA expressions of intestinal genes that included
TLR4, MyD88, IRAK-4, NF-kB, and IL-10.

Conclusions

In this study, dietary betaine supplementation
improved growth performance, digestive function,
intestinal mucosal barrier integrity, immune function,
and antioxidant capacity of yellow-feathered broilers.
Besides, the optimal dosage of betaine in this study is
1000 mg/kg.
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