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a b s t r a c t

Beta-alanine is an important amino acid involved in several metabolic reactions in the body. The study
aimed to investigate the effect of b-alanine supplementation on intestinal development and the immune
performance of weaned piglets. Thirty-two 21-day-old healthy weaned piglets (half female and half
male; Duroc � Landrace � Yorkshire) with an initial body weight of 8.11 ± 0.21 kg were randomly
divided into 4 groups with 8 replicates of 1 pig each. The control group was fed a basal diet and the three
experimental treatment groups were fed diets supplemented with 300, 600 and 1,200 mg/kg b-alanine,
respectively. The trial lasted 28 days and the diets fed were divided into 2 phases: the late lactation
period (day 1 to 14) and the nursery period (day 15 to 28), during which the weaned piglets had free
access to food and water. The regulatory effects of b-alanine were further investigated in vitro using
organoids obtained from the jejunum of piglets. In vivo, the addition of b-alanine to the diet had no
significant effect on the growth performance of weaned piglets (P > 0.05), but significantly reduced
serum levels of immunoglobulin G (IgG) (P < 0.01), immunoglobulin M (IgM) (P ¼ 0.005), and com-
plement 3 (C3) (P ¼ 0.017). The serum interleukin- 6 (IL-6) levels (P < 0.01) were significantly reduced in
the 1,200 mg/kg treatment group. The addition of b-alanine increased ileal villus height, with the most
significant effect at a concentration of 300 mg/kg (P ¼ 0.041). The addition of 600 mg/kg b-alanine
significantly up-regulated the expression of superoxide dismutase (SOD) activity (P ¼ 0.020) and the
zonula occludens-1 (ZO-1) gene (P ¼ 0.049) in the jejunum. Diets supplemented with 300 mg/kg b-
alanine significantly increased the number of Ki67 positive cells in the jejunal crypts (P < 0.01). In vitro,
b-alanine increased the organoid budding rates (P ¼ 0.001) and the budding height of the crypt
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significantly (P ¼ 0.004). In conclusion, b-alanine can improve intestinal morphology and barrier func-
tion, reduce inflammatory responses and alleviate the adverse effects of weaning stress on piglet in-
testinal health.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The weaning of piglets is a necessary stage in pig breeding.
During this period, piglets are prone to weaning stress, which
damages the morphological structure of the piglet intestine, pro-
motes the secretion of inflammatory factors, activates the immune
system, and disrupts the intestinal barrier function. This results in
lower feed intake and slower growth rate, as well as increased
morbidity of piglets. Therefore, how to alleviate weaning stress,
promote intestinal development, improve intestinal barrier, and
make piglets grow faster and better is a hot area of animal nutrition
research.

Currently, research on the regulation of intestinal health by
nutrients in feeds is progressing. Amino acids are essential nutri-
ents for healthy animal growth and key regulators of the intestinal
metabolic pathway (Stoll et al., 1998), which play an important role
in maintaining intestinal health (Wang et al., 2009). Beta-alanine is
the only naturally occurring b-amino acid that is not involved in
protein synthesis, but it is an important amino acid involved in
human metabolism. Beta-alanine relies on a transport carrier to
reach the tissues and organs through the blood circulation and can
play a functional role by synthesizing sarcosine with histidine, as
well as pantothenic acid, calcium pantothenate, coenzyme A, and
other substances (Coxon et al., 2005; Drozak et al., 2010). Myo-
statin, a metabolite of b-alanine (Baguet et al., 2014), traps free
radicals and hydrogenperoxide to avoid organismal damage caused
by reactive oxygen species (Everaert et al., 2011; Peiretti et al.,
2011). Myostatin also effectively inhibits the release of inflamma-
tory factors from LPS-induced astrocytes, thereby suppressing
neuroinflammation. In addition to its ability to participate in the
synthesis of myostatin, endogenous b-alanine specifically activates
Mas-related G protein-coupled receptors (MrgprD) in the organism
(Shinohara et al., 2004). Studies have revealed that MrgprD medi-
ates the molecular mechanisms of inflammation triggered by bac-
terial infection through the regulation of NF-kB (Beaudry et al.,
2017). Its agonist b-alanine can also activate the NF-kB signaling
pathway involved in the inflammatory response (Lan et al., 2020)
and there are also studies that have found a potential relationship
between b-alanine and inflammatory response and immune
regulation (Hadi et al., 2021; Hoffman et al., 2018; Lan et al., 2020;
Zhang et al., 2021). Nowadays, the focus of b-alanine has mainly
been in nutritional studies in poultry. Qi et al. (2018) reported that
the addition of different levels of b-alanine to the diets of 1-day-old
broilers for 42 days significantly increased the average daily gain
(ADG) and reduced the feed-to-weight ratio of broilers, while
promoting pectoral muscle growth, but had no significant effect on
the average daily feed intake (ADFI). It has also been shown that the
addition of b-alanine to the diet significantly reduced ADFI and
improved feed conversion efficiency in broilers (Jacob et al., 1991).
However, some studies indicated that dietary addition of b-alanine
had no significant effect on feed conversion in broilers and
fattening pigs (Mei et al., 1998; Tomonaga et al., 2012). Lackner et al.
(2021) found that dietary addition of 0.5% b-alanine to broiler diets
reduced ADFI at both 33 and 53 days and tended to reduce body
weight (BW) and ADG, and also reduced breast muscle production
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at both stages. Tomonaga et al. (2006) fed 1% and 2% b-alanine in
the diets of 4-week-old broilers for 4 consecutive weeks, which
showed a reduction in pectoral muscle yield compared to the
control group. Kralik et al. (2018) found no effect of b-alanine
supplementation on pectoral muscle yield in broiler carcasses.

The main target of weaning stress is the intestinal tract of pig-
lets, as it can cause serious damage to intestinal structure. The in-
testinal epithelium is the focus of research on intestinal
development, and weaning stress can seriously affect the process of
intestinal epithelial development and renewal. In terms of
morphology, the part of the intestinal epithelium of the small in-
testine protruding from the lumen of the intestine is generally
referred to as a villus, and the tubular structure at the bottom of the
villi is called a crypt. The villus part and crypt part correspond to the
differentiated cell region and stem cell region, respectively (Barker
et al., 2008a). Intestinal epithelial cells are constantly proliferating,
differentiating and apoptotic in the cryptevillus axis (Clatworthy
and Subramanian, 2001). The intestinal epithelium is a rapidly
renewing tissue that can be renewed every 3 to 4 days (Gordon,
1989). Weaning stress can increase the apoptosis of intestinal vil-
lus epithelial cells, and then cause villus atrophy and shedding, and
villus height decrease. Crypt stem cells will accelerate proliferation
and differentiation to generate new cells to supplement villus
epithelial cells, resulting in increased crypt depth (Pluske et al.,
1996a, 1996b, 1997a; van Beers-Schreurs et al., 1998). Therefore,
weaning stress tends to damage in intestinal morphology, resulting
in a decrease in villus height and an increase in crypt depth.

The traditional intestinal model has high cost, high labor in-
tensity, low survival rate in vitro, and is limited in the study of
development and regeneration. The standard transformed cancer
cell line, which contains only a single cell type and no intestinal
epithelial structure, cannot accurately represent a normal, healthy
gut. Therefore, there is a need to develop more appropriate in vitro
models. Lgr5-positive cells are recognized as intestinal stem cells
(Barker et al., 2007a), and are also the driving force for the rapid
renewal of intestinal epithelial cells. There are a large number of
stem cells at the bottom of the crypt (Dekaney et al., 1997), and the
progeny cells generated after division and proliferation differen-
tiate into progenitor cells (van der Flier and Clevers, 2009), and
further differentiate into different types of intestinal epithelial cells.

With the progress of intestinal stem cell isolation technology,
Sato et al. (2009) established an in vitro culture method of an in-
testinal organoid model using single LGR5-labeled stem cells for
the first time in 2009. Crypt cells were embedded in matrix gel, and
growth factors necessary for the growth of small intestine were
added to the medium to make them develop into a three-
dimensional intestinal organoid structure composed of epithe-
lium. Isolated intestinal stem cells or crypts can proliferate
continuously when cultured in matrix gel and a variety of growth
factors, and can differentiate into various mature cells such as
Paneth cells, goblet cells, enteroendocrine cells, etc., and self-
organize to form cavity-like structures with multiple crypts.

Intestinal organoids are composed of a central globular villus
region and an external budding crypt region. Similar to the struc-
ture of intestinal tissue in vivo, intestinal organoids contain almost
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Table 1
Ingredients and nutrient composition of experimental piglet diets.

Item Phase 1 Phase 2

Ingredients, % as fed
Corn 40.92 40.1
Puffed corn 20 22
Soybean protein concentrate 8 0
Soybean meal, 43% CP 8.2 20.5
Fish meal, 43% CP 5 4
Whey powder, 2% CP 10 5
Glucose 3 3
Soybean oil 0.5 1.5
stone powder 0.88 0.58
Calcium hydrogen phosphate 0.5 0.88
Choline chloride 0.1 0.1
Antioxidants 0.05 0.05
Citric acid 0.8 0.5
Salt 0.1 0.1
Mineral premixes1 0.15 0.15
Vitamin premixes2 0.5 0.5
L-Lysine, 98% 0.64 0.53
DL-Methionine 0.36 0.27
L-Threonine 0.24 0.19
L-Tryptophan 0.06 0.05
Total 100 100

Calculated values of nutrient levels, %
Net energy, Mcal/kg 2.49 2.45
Crude protein 18.61 18.02
Ca 0.80 0.70
Effective phosphorus3 0.40 0.40
Lysine3 1.35 1.24
Methionine3 þ Cysteine3 0.77 0.68
Threonine3 0.79 0.73
Tryptophan3 0.22 0.22

1 Added per kilogram of basal diet: 150 mg FeSO4, 100 mg ZnSO4, 30 mg MnSO4,
25 mg CuSO4, 0.5 mg KIO3, 0.3 mg CoSO4 and 0.3 mg Na2SeO3.

2 Added per kilogram of basal diet: 162,500 IU retinyl acetate; 50,000 IU vitamin
D3; 400 DL-a- tocopheryl acetate; 50 mg vitamin K3; 50 mg vitamin B1; 120 mg
vitamin B2; 75 mg vitamin B6; 0.5 mg vitamin B12; 25 mg folic acid; 600 mg nico-
tinamide; 350 mg D-calcium pantothenate; 2.5 mg D-biotin.

3 Standard ileal digestible level.
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all intestinal epithelial cell types, which can be stably cultivated
in vitro for a long time, and have physiological functions such as
intestinal absorption and secretion (Sato and Clevers, 2013; Zachos
et al., 2016). It has been confirmed that intestinal epithelial stem
cells cultured in vitro can be successfully transplanted in vivo (Lei
et al., 2014; Yui et al., 2012) and intestinal organoids can also be
used to study intestinal diseases (Wehkamp and Stange, 2010). This
is helpful to reveal the molecular mechanism of intestinal devel-
opment and damage repair, showing great application prospects in
medical treatment and animal production, and has become a new
generation of biological models.

Therefore, the application of b-alanine in livestock farming is
still not well studied, and there is a lack of experimental studies on
the effect of b-alanine on weaning stress in piglets. This paper aims
to investigate the effect of b-alanine on intestinal development and
immune performance of weaned piglets and to further verify the
effect of b-alanine on the proliferation and differentiation of in-
testinal stem cells using an intestinal organoid model. It is expected
to provide a scientific basis for the rational application of b-alanine
in piglet production practice.

2. Materials and methods

2.1. Animal ethics statement

All the experimental procedures applied in this study were
reviewed and approved by the Animal Care and Use Committee of
Hunan Normal University, Changsha City, Hunan, China.

2.2. Animals and experimental treatments

The current study was approved by the Animal Protection
Committee of Hunan Normal University. Thirty-two 21-day-old
healthy weaned piglets (half female and half male; Duroc �
Landrace � Yorkshire) with an initial body weight of 8.11 ± 0.21 kg
were randomly divided into 4 treatment groups. Each group had 8
replicates, one pig in each replicate. The control group was fed the
basal diet (without b-alanine), and the 3 treatment groups were
supplemented with 300, 600, and 1,200 mg/kg of b-alanine (pro-
vided by Anhui Huaheng Biological Technology Co., Ltd.) on top of
the basal diet. The concentrations were designed with reference to
the concentration of b-alanine in poultry trials and determined in
relation to the body weight and feed intake of piglets. The trial
period was 28 days, divided into 2 stages: the late suckling stage
(day 1 to 14) and the nursery stage (day 15 to 28). The second phase
of the diet gradually replaced the first phase, with a three-day
transition period. The base diet was configured to meet the nutri-
tional levels of weaned piglets in NRC (2012).

The ingredients and nutrient composition of the diets are shown
in Table 1.

2.3. Sample collection and measurements

At the end of the feeding cycle at 22:00 on day 28, piglets were
fasting (free drinking water) and weighed the next morning. The
blood samples were collected from the anterior vena cava of piglets.
After 1 h, the samples were centrifuged at 3,000� g for 12min, and
the supernatant (i.e., serum) was extracted. The piglets were
euthanized by injecting 4% pentobarbital sodium solution into the
jugular vein. The internal organs were separated along the middle
abdominal line of the piglets. After fat removal, the samples of liver,
spleen, kidneys and stomach were weighed and the organ index
was calculated. After the intestinal sample was taken out, the large
intestine and small intestine were separated. The mesentery was
removed. Then, the length of the large intestine and small intestine
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were measured, their weight was recorded, and the intestinal
growth index was calculated. The anterior duodenum, the middle
jejunum, and the end of the ileumwere taken, 3 cm each, and fixed
in 10% formaldehyde fixative. The solution was changed 24 h later
and stored in a cool place. Another 1.5 cm of jejunum was taken
from the middle part of the jejunum, washed with normal saline,
wrapped in tin foil, and refrigerated at �80 �C. The instruments
used in the processing were sterile.

2.4. Determination of serum biochemical indices

The serum samples were analyzed by a biochemical analyzer
(Toshiba 120) for total protein (TP), alanine aminotransferase (ALT),
glutathione aminotransferase (AST), glucose (GLU), creatinine
(CREA), alkaline phosphatase (ALP), urea nitrogen (BUN), albumin
(ALB), globulin (GLO), uric acid (UA), C-reactive protein (CRP),
immunoglobulin M (IgM), immunoglobulin G (IgG), complement 3
(C3) and complement 4 (C4); the kits were purchased fromWeifang
3D Biological Engineering Co. A chemiluminescence instrument
(Siemens Immulite 1,000) was used to detect interleukin 6 (IL-6)
and tumor necrosis factor-a (TNF-a) in the serum, and the test kits
were purchased from Siemens Medical Diagnostic Products Co.

2.5. Intestinal morphology

Fixed intestinal tissue samples were removed, embedded and
1.5 cm intestinal segments were cut into 4 mm thick slices. The
intestinal sections were dried and stained with hematoxylin-eosin.



Table 2
Primers used for real-time PCR analysis.

Gene Primer Sequence, 50e30 Product size, bp

b-actin Forward AGTTGAAGGTGGTCTCGTGG 216
Reverse TGCGGGACATCAAGGAGAAG

Slc6a14 Forward GTGGCTTGGGGTGGTTTAGT 203
Reverse AACGCCAAATCGAAACCTGA
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After that, the intestinal morphology was observed and photo-
graphed with an orthochromatic fluorescence microscope (Version
4.12, Leica Imaging Ltd, Cambridge, UK). Villus height (VH) and
crypt depth (CD) were measured with Image-Pro Plus 6.0 software,
and the villus height to crypt depth ratio (VH:CD) was calculated for
each small intestine. At least 20 intact villous crypts were randomly
selected and measured for each sample.
Slc36a1 Forward GGTGGAGATGGCAAGGGTT 256
Reverse TCAGGGTCTGGAACCATGTTG

Slc2a2 Forward AAGTCGAGGCCTATGATCTGACTAA 161
Reverse GGAAGAGGCATATCAGGACTCTACT

Slc6a1 Forward CAACTCCTTCACCACAACGC 249
Reverse CAGCCAACACCCTTCCAGAT

Slc7a9 Forward GAAGAAGCCTCCTAGAAGTG 268
Reverse CCAGTGTCGCAAGAATCC

SOD Forward GGTGAACCAGTTGTGTTGTCAGG 114
Reverse ATGAGGTCCTGCACTGGTACAG

GPX Forward CGCTCTTTACCTTCCTGCGGAA 120
Reverse AGTTCCAGGCAATGTCGTTGCG

CAT Forward TGCCCTTGCACAAACAAAACC 254
Reverse GCTCAAACACCTTCGCCTTC

IL-1b Forward CCTGGACCTTGGTTCTCT 123
Reverse GGATTCTTCATCGGCTTCT

IL-6 Forward GGCAAAAGGGAAAGAATCCAG 87
Reverse CGTTCTGTGACTGCAGCTTATCC

IL-10 Forward GGGCTATTTGTCCTGACTGC 105
2.6. Analysis of digestive enzyme and antioxidant enzyme activities

The jejunal and ileal mucosal tissue samples from piglets were
powdered in liquid nitrogen, collected immediately in PBS solution,
left to stand for 3 h, and then centrifuged at 3,000 � g at 4 �C for
10 min. Digestive enzymes and antioxidant enzyme assay kits were
purchased from Nanjing Jiancheng Company. The digestive en-
zymes measured were alkaline phosphatase, maltase and sucrase,
and the antioxidant enzymes measured were total antioxidant ca-
pacity (T-AOC), glutathione peroxidase (GSH-PX), malondialdehyde
(MDA) and superoxide dismutase (SOD). The BCA kit (Beyonc�e) was
used to determine the protein concentration to calibrate the
enzyme activities. Detailed procedures and calculation formulae
refer to the corresponding kit instructions.
Reverse GGGCTCCCTAGTTTCTCTTCC
IL-22 Forward AGCAAGCGTGAAGGTGCGGTT 169

Reverse GCGGACATCTGGGAGCCCTTT
TNF-a Forward ACAGGCCAGCTCCCTCTTAT 102

Reverse CCTCGCCCTCCTGAATAAAT
IFN-g Forward CCATTCAAAGGAGCATGGAT 146

Reverse GAGTTCACTGATGGCTTTGC
TGF-b Forward CGAGCCCTGGATACCAACTA 164
2.7. RNA extraction and cDNA synthesis

Total RNAwas isolated from jejunal mucosal tissue using TRIZOL
reagent (TaKaRa, Beijing, China). cDNAwas synthesized using an RT
kit and gDNA Eraser (TaKaRa).
Reverse AGGCTCCAGATGTAGGGACA
Muc2 Forward AGACGGGCGGAGACTTTGAATC 102

Reverse CTTGGATGGGAACGCTGGGATA
Muc4 Forward TTGAAGGCTGGAGATTGCAGAGTC 113

Reverse CATTAGCTCATACAGGGCACAGAAGG
PBD1 Forward CCTCCTCCTTGTATTCCTCCTC 141

Reverse GTGCCGATCTGTTTCATCTTTG
PBD2 Forward CCTTGTATTCCTCCTCATGGTCC 136

Reverse GGTGCCGATCTGTTTCATCTTTG
TLR2 Forward GTTCACGCATTTCCGCAGTT 224

Reverse CTTTGTGGACAGCATGGGTCTT
TLR4 Forward AGCACCTATGACGCCTTTGTTA 229

Reverse TACACCATCGGCTCTGTATGAA
TLR5 Forward TTAAGCCTTGCGGATAATAACCTGT 213

Reverse GAAGCCAAACCCAGAACCCATA
Claudin-1 Forward CTAGTGATGAGGCAGATGAA 250
2.8. Quantitative real-time PCR analysis

The primer sequences are shown in Table 2. The gene names and
genus design were entered on the NCBI website. The primer se-
quences were verified by Primer-BLAST for specificity. The primers
were finally synthesized by Biotech. The primers and cDNA were
diluted according to the recommended ratio in the reagent in-
structions. Fluorescent PCR was performed by adding the reaction
system (Quant-Studio, Thermo Fisher Scientific). The relative
expression of target gene mRNA was corrected for b-actin and
calculated according to the method of Chen et al. (2019).
Reverse AGATAGGTCCGAAGCAGAT
Occludin Forward GAGTGATTCGGATTCTGTCT 181

Reverse TAGCCATAACCATAGCCATAG
ZO-1 Forward TTGATAGTGGCGTTGACA 126

Reverse CCTCATCTTCATCATCTTCTAC

b-actin ¼ actin, beta 2; Slc6a14 ¼ solute carrier family 6 member 14;
Slc36a1 ¼ solute carrier family 36 member 1; Slc2a2 ¼ solute carrier family 2
member 2; Slc6a1¼ solute carrier family 6 member 1; Slc7a9 ¼ solute carrier family
7 member 1; SOD ¼ superoxide dismutase; GPX ¼ glutathione peroxidase;
CAT ¼ chloramphenicol acetyltransferase; IL-1b ¼ interleukin-1b; IL-6 ¼ inter-
leukin-6; IL-10 ¼ interleukin-10; IL-22 ¼ interleukin-22; TNF-a ¼ tumor necrosis
factor-a; IFN-g ¼ interferon-g; TGF-b ¼ transforming growth factor-b;
Muc2 ¼mucin 2;Muc4 ¼mucin 4; PBD1 ¼ porcine b-defensin-1; PBD2 ¼ porcine b-
defensin-2; TLR2 ¼ toll like receptor 2; TLR4 ¼ toll like receptor 2; TLR5 ¼ toll like
receptor; ZO-1 ¼ zonula occludens-1.
2.9. Immunohistochemical analysis

The ileum and jejunum were paraffin sectioned and antigen
repair was performed using 0.01 M sodium citrate buffer. The
closurewas performed using BSA solution (PhD Bio,Wuhan, China).
The primary antibody used was Ki67 antibody (Abcam, item no.
ab15580), diluted at a ratio of 1:800 and added to the sample,
incubated for 90 min at 37 �C and eluted with PBS solution; the
secondary antibody (Zhongshan JinQiao, Beijing, China) was sub-
sequently added to the sample and incubated for 45 min at 37 �C.
After blocking, the stained intestinal sections were observed by
positive fluorescence microscopy and 20 complete crypt counts of
Ki67-positive cells were selected.
2.10. AB-PAS staining

Staining was performed using the AB-PAS kit purchased from
Nanjing Jiancheng Biological Company. The stained intestinal sec-
tions were observed with an ortho-fluorescence microscope, and
20 intact villi and crypt structures were selected to count the
number of goblet cells.
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2.11. Intestinal organoid cultures

After euthanasia of weaned piglets, the intestinal segment was
removed after dissection of the abdominal cavity. About 5 cm of the
anterior portion of the jejunumwas cut and the intestinal contents
were immediately washed with pre-cooled PBS. Fat andmesenteric
tissuewas removed using forceps and scissors. The jejunumwas cut
lengthwise and washed three times with PBS. The intestinal



Table 3
Effects of the diet with b-alanine on growth performance in weaned piglets.
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segment was laid flat in a Petri dish and the villi on the inner sur-
face of the jejunum were gently scraped off with a slide. The
jejunumwas then cut into 3 to 4 mm pieces with a razor blade and
washed five times by resuspension in PBS. The washed intestinal
tissues were placed in PBS supplemented with 2.5 mmol/L diso-
dium EDTA and incubated for 30 min (100 � g) at 4 �C on a shaker
for epithelial cell isolation. After standing for 2 min, the superna-
tant was discarded and 12mL of PBS added. Aspirated up and down
20 to 25 times with a 5-mL pipette to completely suspend the tis-
sue. After standing, the supernatant was aspirated and filtered
through a 70-mm cell filter and the procedure was repeated 2 to 3
times. To obtain a highly purified crypt, 10% FBS was added to the
crypt suspension and spun at 1,200 � g for 5 min. The supernatant
was discarded and the crypts were re-suspended in 6 mL of com-
plete medium (DMEM/F12, Hepes buffer, penicillin-streptomycin).
Then, the cells were centrifuged at 500 � g for 3 min and the su-
pernatant was discarded. The crypt was resuspended in matrix gel
(Corning, Bedford, OH, USA) and 40 mL of resuspension was added
to the centre of each well of a 24-well plate pre-warmed at 37 �C.
The cells were then incubated in a cell incubator for 20 min. Then,
450 mL of the prepared organoid medium was added to each well.
The organoid medium contained Wnt3a, R-spondin1, FBS, B-27,
Noggin, N-2, n-acetyl-L-cysteine, and epidermal growth factor. The
cell plates were placed in a cell culture incubator and the culture
medium was changed every 3 days, and passages were performed
every 6 to 7 days. The organoids were treated with b-alanine so-
lution at 0, 0.01, 0.1, 1 and 10 mM, respectively, with 4 replicates of
each treatment. On the third and fourth day of b-alanine incuba-
tion, pictures of the intestinal organoids were taken by microscopy.
The activity of the organoids relied on buddings number per
organoid, the budding rates and the budding height of the crypt
(Fujii et al., 2018). The germination efficiency of the class organoids
was calculated as the ratio of the number of germinated class or-
gans to the total number of class organs. The budding rates of
organoids were calculated as the ratio of the number of budding
organoids to the total number of organoids. Germinated crypt foci
were counted using Image-Pro Plus 6.0 software (Media Cyber-
netics, San Diego, CA, USA). The number of crypt foci per taxon was
expressed by calculating the average number of buds.
Item b-alanine addition level1, mg/kg SEM P-value

0 300 600 1200

BW2, kg
0 d 8.26 8 8.26 7.98 0.211 0.945
14 d 10.49 9.63 10.37 9.98 0.302 0.756
28 d 14.46 13.38 14.46 14.78 0.436 0.690

ADFI3, g/d
0e14 d 435.58 413.21 401.85 510.94 19.984 0.223
15e28 d 585.92 587.12 572.54 636.96 23.044 0.796
0e28 d 510.75 494.28 492.2 582.91 19.267 0.317

ADG4, g/d
0e14 d 190.48 116.07 151.02 226.19 19.577 0.213
15e28 d 283.67 297.96 291.84 342.86 16.573 0.589
0e28 d 221.43 211.22 221.43 267.35 16.059 0.632

F:G5

0e14 d 2.58 3.66 4.82 2.17 0.528 0.323
2.12. Statistical analysis

Data are expressed asmeans, and SEM is the total standard error
of the overall sample mean. Histograms were produced using
GraphPad Prism 6 software. The data were analyzed using SPSS
20.0 software (IBM Corp., Chicago, IL, USA) by first removing intra-
group differences from the descriptions, then testing the data for
normal distribution, and finally analyzing them by the one-way
ANOVA method to determine statistical differences between
groups according to the Duncanmethod, where 0.05� P < 0.10 was
considered a trend of difference, P < 0.05 was considered a signif-
icant difference, P < 0.01 was considered a highly significant dif-
ference, and P > 0.05 was considered not significant.
15e28 d 1.98 2.02 2.14 2.02 0.073 0.883
0e28 d 2.44 2.49 2.78 2.28 0.147 0.705

Diarrhea rate6, %
0e14 d 14.29 13.28 15.18 17.97 2.54 0.927
15e28 d 8.16 11.61 16.33 25.89 4.13 0.465
0e28 d 12.25 13.39 16.84 23.21 3.08 0.597

1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels, respectively.
2 BW ¼ body weight.
3 ADFI ¼ average daily feed intake.
4 ADG ¼ average daily gain.
5 F:G ¼ feed intake to body gain ratio.
6 Diarrhea rate ¼ number of piglets with diarrhoea during the trial period/(total

number of pigs � number of trials days) � 100%.
3. Results

3.1. Growth performance

In the first week of the trial, one piglet died in the 600 mg/kg b-
alanine group, and in the second week, one test piglet died in the
control group, both of which were excluded from the trial. The
effects of b-alanine addition to the feed on growth performance are
presented in Table 3. The different levels of b-alanine had no sig-
nificant effect on BW, ADG, ADFI, body gain feed intake to body gain
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ratio (F:G) and diarrhea rates in weaned piglets at both stages, and
throughout the trial period (P > 0.05).

3.2. Serum biochemical indicators

According to Table 4, the addition of b-alanine to the diet
significantly reduced serum IgG (P < 0.001) and IgM levels
(P ¼ 0.005), significantly reduced serum C3 levels (P ¼ 0.017), and
tended to increase the ALB:GLO ratio (AGR) (P ¼ 0.091). At
1,200 mg/kg of b-alanine, there was also a highly significant
decrease in IL-6 levels (P < 0.001). No significant effects were
shown on other indicators.

3.3. Intestinal morphology

As shown in Table 5, the ileal villus height was significantly
increased by the dietary addition of b-alanine compared to the
control group (P ¼ 0.041), especially at the dose level of 300 mg/kg.
There was no significant effect on the morphological structure of
the duodenum, jejunum and colon (P > 0.05).

3.4. Digestive enzyme activities

The effects of b -alanine on intestinal digestive enzyme activities
of weaned piglets are shown in Table 6. Dietary b-alanine tended to
increase jejunal maltase activity inweaned piglets (P¼ 0.074), with
the highest activity at 600 mg/kg. Dietary b-alanine had a statisti-
cally significant effect on the activity of convertase, which was
highest in the ileum at 1,200 mg/kg.

3.5. Expression of trans-transport carrier genes

Table 7 presents the effect of b-alanine on the expression of
nutrient transport carrier genes in the jejunum of weaned piglets.
There was a tendency for b-alanine to increase Slc6a1 expression



Table 4
Effects of b-alanine on serum biochemical indices of weaned piglets.

Item b-alanine addition level1, mg/kg SEM P-value

0 300 600 1,200

Nutrient transfer indicators
ALT, U/L 51.33 53.88 49.29 52.88 2.23 0.905
AST, U/L 95.50 83.13 107.71 101.71 7.03 0.602
TP, g/L 53.68 47.78 54.20 52.30 1.28 0.259
ALP, U/L 159.50 174.38 128.71 174.25 8.23 0.158
BUN, mmol/L 3.29 2.82 2.78 2.93 0.81 0.805
CREA, mmol/L 72.83 63.50 70.00 62.50 2.16 0.286
UA, mmol/L 6.00 4.50 6.17 7.29 0.49 0.218
GLU, mmol/L 4.96 4.93 4.67 4.28 0.17 0.464

Immunological indicators
CRP, mg/L 0.022 0.025 0.023 0.024 0.002 0.925
IgG, g/L 1.625a 1.093c 1.359b 1.463ab 0.049 <0.001
IgM, g/L 0.238a 0.175b 0.167b 0.149b 0.010 0.005
C3, g/L 0.023a 0.016b 0.016b 0.016b 0.001 0.017
C4, g/L 0.038 0.030 0.030 0.031 0.002 0.232

ALB, g/L 30.62 31.61 31.84 34.09 0.78 0.468
GLO, g/L 23.07 16.16 22.36 18.24 1.18 0.118
AGR2 1.37 2.00 1.66 1.98 0.10 0.091
IL-6, pg/mL 4.483a 4.488a 3.729a 2.525b 0.200 <0.001
TNF-a, pg/mL 2.620 2.683 2.860 2.833 0.094 0.804

ALT ¼ alanine aminotransferase; AST ¼ glutathione aminotransferase; TP ¼ total
protein; ALP ¼ alkaline phosphatase; BUN ¼ urea nitrogen; CREA ¼ creatinine;
UA ¼ uric acid; GLU ¼ glucose; CRP ¼ C-reactive protein; IgG ¼ immunoglobulin G;
IgM ¼ immunoglobulin M; C3 ¼ complement 3; C4 ¼ complement 4;
ALB ¼ albumin; GLO ¼ globulin; IL-6 ¼ interleukin-6; TNF-a ¼ tumor necrosis
factor-a.
a, b Different superscript letters in the same row indicate significant differences
(P < 0.05).

1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels, respectively.
2 AGR ¼ ALB/GLO.
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(P ¼ 0.074), and there was a doseeresponse effect. There was no
significant effect on other indices (P > 0.05).

3.6. Antioxidant enzyme activity and gene expression

Table 8 shows that the effects of b-alanine on jejunal antioxidant
enzyme activity of weaned piglets. Changes in dietary b-alanine
content did not significantly affect the T-AOC and GSH-PX activity
(P > 0.05), but there was a tendency to reduce MDA enzyme activity
(P ¼ 0.095), while the addition of 600 mg/kg of b-alanine increased
jejunal SOD activity (P ¼ 0.020). There was a statistically significant
Table 5
Effects of b-alanine on intestinal morphology of weaned piglets.

Item b-alanine addition level1, mg/kg SEM2 P-value

0 300 600 1,200

Duodenum
Villus height, mm 285.42 301.26 298.28 254.16 8.08 0.149
Crypt depth, mm 403.88 378.75 351.54 339.94 10.85 0.165
VH:CD3 0.71 0.80 0.87 0.80 0.04 0.539

Jejunum
Villus height, mm 297.89 296.05 271.20 286.13 54.36 0.823
Crypt depth, mm 336.55 361.90 293.94 303.67 64.86 0.157
VH:CD 3 0.90 0.85 0.95 1.03 0.05 0.682

Ileum
Villus height, mm 274.99b 332.99a 285.37b 302.52ab 7.76 0.041
Crypt depth, mm 284.77 295.91 290.66 292.85 5.57 0.923
VH:CD 3 1.02 1.13 0.99 1.04 0.03 0.402

Colon
Crypt depth, mm 485.79 467.42 429.54 481.02 13.24 0.471

a,b Different superscript letters in the same row indicate significant differences
(P < 0.05).

1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels, respectively.
2 SEM ¼ standard error of the mean.
3 VH:CD ¼ villus height to crypt depth ratio.
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trend in the effect of supplementing the diet with b-alanine on
jejunal SOD and GSH-PX gene expression compared to the control
(P ¼ 0.057, Fig. 1A and B), but no significant effect on CAT gene
expression (P ¼ 0.788. Fig. 1C).

3.7. Expression of inflammation-related genes

The effect of b-alanine on the genes related to jejunal inflam-
mation in weaned piglets is shown in Table 9. The addition of b-
alanine to the diet tended to upregulate jejunal IL-10 gene
expression compared to the control group (P ¼ 0.080), with the
highest IL-10 gene expression at a concentration of 600 mg/kg.
However no significant effects were observed for other indicators
(P > 0.05).

3.8. Expression of barrier-related genes

As shown in Table 10, there was a significant up-regulation of
ZO-1 gene expression (P ¼ 0.049) and a tendency to up-regulate
Occludin gene expression (P ¼ 0.051) at a b-alanine level of
600 mg/kg compared to the control group.

3.9. Immunohistochemistry and goblet cells

Comparedwith the control, b-alanine (300mg/kg) increased the
expression of Ki67 positive cells in the jejunal crypts (P < 0.01,
Fig. 2A). However, no significant effects were observed in the ileum
(P > 0.05, Fig. 2B).

As shown in Fig. 3, the addition of b-alanine to the diet tended to
increase the expression of goblet cells in the jejunal crypts
(P ¼ 0.092, Fig. 3A), with a maximum at 600 mg/kg. There was
significant effect on the number of goblet cells in the jejunal villus
and ileal intestinal epithelium.

3.10. Intestinal organoid

Compared with the control, on day 3, b-alanine at 1 and 10 mM
significantly increased the budding number per organoid
(P ¼ 0.001, Fig. 4A), and at 0.1 and 10 mM levels, b-alanine signif-
icantly increased the budding rates of the organoids (P ¼ 0.005,
Fig. 4B), but the crypt budding height was not influenced. On the
fourth day, 0.01 and 1 mM of b-alanine significantly increased the
crypt germination height (P¼ 0.004, Fig. 4C), but had no significant
effect on the budding rate or the budding number per organoid.
Representative pictures of the jejunal organoid treatments with
different concentrations of b-alanine are shown in Fig. 4D.

4. Discussion

In this study, different levels of b-alanine were found to have no
significant effect on ADG, ADFI, and F:G in weaned piglets. Tiedje
et al. (2010) found that b-alanine acts as a neurotransmitter regu-
lating the secretion of hormones associated with growth and
development. Therefore, b-alanine had no significant adverse effect
on the growth performance of weaned piglets. Moreover, in this
experiment, dietary supplementation of b-alanine significantly
decreased serum IgG (P < 0.001), IgM (P ¼ 0.005) and serum C3
(P ¼ 0.017). Beta-alanine decreased serum levels of the pro-
inflammatory factor IL-6, especially at a dose of 1,200 mg/kg.
Serum biochemical indicators usually reflect the health status and
metabolic capacity of piglets. Immunoglobulins (Ig) play an
important role in the immune response in humans, with IgA, IgG
and IgM being the threemain serum Ig (Deng et al., 1998; Fereidan-
Esfahani et al., 2019). Usually, the inflammatory response promotes
the release of Ig to co-opt the inflammatory response (Ho et al.,



Table 6
Effects of b-alanine on intestinal digestive enzyme activities of weaned piglets.

Item b-alanine addition level1, mg/kg SEM2 P-value

0 300 600 1,200

Jejunum
Alkaline phosphatase, U/mgprot 8.98 10.48 8.56 9.98 0.73 0.805
Maltase, U/mgprot 3.31 3.84 6.84 3.90 0.524 0.074
Invertase, U/mgprot 4.03 3.48 3.75 3.97 0.18 0.688

Ileum
Alkaline phosphatase, U/mgprot 9.20 11.97 6.28 10.09 1.02 0.271
Maltase, U/mgprot 2.10 2.78 1.19 1.60 0.35 0.495
Invertase, U/mgprot 2.76ab 2.76 ab 2.37b 3.21a 0.10 0.028

a,b Different superscript letters in the same row indicate significant differences (P < 0.05).
1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels, respectively.
2 SEM ¼ standard error of the mean.

Table 7
Effect of b-alanine on the expression of nutrient transport carrier genes in the
jejunum of weaned piglets.

Item b-alanine addition level1, mg/kg SEM2 P-value

0 300 600 1,200

Slc36a1 1.023 0.984 0.917 0.763 0.064 0.504
Slc6a14 0.895 0.824 1.373 1.135 0.137 0.509
Slc2a2 0.919 1.062 0.885 0.669 0.083 0.392
Slc6a1 1.057 1.334 1.519 1.973 0.127 0.074
Slc7a9 1.084 0.790 0.856 0.677 0.063 0.120

Slc36a1 ¼ solute carrier family 36 member 1; Slc6a14 ¼ solute carrier family 6
member 14; Slc2a2 ¼ solute carrier family 2 member 2; Slc6a1 ¼ solute carrier
family 6 member 1; Slc7a9 ¼ solute carrier family 7 member 1.

1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels, respectively.
2 SEM ¼ standard error of the mean.

Table 8
Effects of b-alanine on jejunum antioxidant enzyme activity of weaned piglets.

Item b-alanine addition level1, mg/kg SEM2 P-value

0 300 600 1,200

T-AOC, U/mgprot 0.17 0.17 0.20 0.19 0.01 0.419
SOD, U/mgprot 3.73b 3.76b 4.65a 3.48b 0.15 0.020
MDA, nmol/mgprot 0.27 0.09 0.05 0.08 0.03 0.095
GSH-PX, mol/L 16.01 7.81 6.79 7.46 1.48 0.126

T-AOC ¼ total antioxidant capacity; SOD ¼ superoxide dismutase;
MDA ¼ malondialdehyde; GSH-PX ¼ glutathione peroxidase.
a,b Different superscript letters in the same row indicate significant differences
(P < 0.05).

1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels, respectively.
2 SEM ¼ standard error of the mean.

Fig. 1. Effect of b-alanine on the expression of antioxidant-related genes in the jejunum of w
levels in jejunum. (C) CAT gene expression levels in jejunum. The data are presented as
CAT ¼ chloramphenicol acetyltransferase.
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2020). In this study, the addition of b-alanine to the diet signifi-
cantly reduced serum IgG and IgM levels, suggesting that b-alanine
may alleviate the inflammatory response generated by weaning
stress in piglets and reduce the release of Ig. Complement can
participate in the process of elimination of pathogenic microor-
ganisms by Ig and phagocytes, exerting a non-specific anti-infective
effect. In the present study, serum C3 levels were significantly
lower in the b-alanine group, suggesting that b-alanine may have
reduced the body's non-specific immune response. Serum globulin
and serum albumin are the main components of serum proteins
and their ratio (AGR) is a combined indicator of inflammation and
nutrition, with a decrease in AGR representing an increase in the
level of the body's specific immune response. The results of this
study found a tendency for b-alanine to increase serum AGR, sug-
gesting that b-alanine also decreases the specific immune response.
Weaning also causes changes in pro-inflammatory factors (Pi�e
et al., 2004). Immune cells, such as activated T cells and macro-
phages, produce IL-6 rapidly during the acute response (Van Reeth
and Nauwynck, 2000). The immune system activates with the
excessive release of pro-inflammatory factors, subsequently
allowing the body to induce inflammation and cause damage to
intestinal tissues (Lee, 2015; Turner, 2009). Thus, b-alanine may
reduce the body's immune response by alleviating the inflamma-
tory response produced by weaning stress in piglets.

In this study, b-alanine was found to increase the height of ileal
villi in piglets, with a significant increase in villi height at a dose of
300 mg/kg. This indicates that b-alanine has a beneficial effect on
the atrophy of small intestinal villi caused by weaning stress.
During the stressful period of weaning, the piglets’ intestines are
damaged to varying degrees, manifested by atrophy of the small
eaned piglets. (A) SOD gene expression levels in jejunum. (B) GSH-PX gene expression
the mean ± SEM. SOD ¼ superoxide dismutase; GSH-PX ¼ glutathione peroxidase;



Table 10
Effects of b-alanine on jejunal barrier function related gene expression in weaned
piglets.

Item b-alanine addition level1, mg/kg SEM2 P-value

0 300 600 1,200

Claudin-1 1.145 1.015 1.257 1.031 0.091 0.788
Occludin 1.020 1.026 1.215 0.777 0.056 0.051
ZO-1 1.028b 1.042b 1.630a 1.209ab 0.089 0.049

ZO-1 ¼ zonula occludins-1.
a,b Different superscript letters in the same row indicate significant differences
(P < 0.05).

1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels respectively.
2 SEM ¼ standard error of the mean.

Table 9
Effects of b-alanine on jejunal inflammation related gene expression in weaned
piglets.

Item b-alanine addition level1, mg/kg SEM2 P-value

0 300 600 1,200

IL-1b 1.288 1.299 0.886 0.832 0.158 0.613
IL-6 1.146 1.319 0.862 1.194 0.127 0.688
IL-10 0.888 1.259 2.446 1.667 0.218 0.080
IL-22 1.639 0.774 1.496 0.692 0.191 0.179
TNF-a 1.051 0.815 0.614 0.958 0.075 0.223
TGF-b 0.912 0.930 0.976 0.762 0.056 0.544
INF-g 1.279 2.222 1.569 1.246 0.198 0.313

IL-1b ¼ Interleukin-1b; IL-6 ¼ Interleukin-6; IL-10 ¼ Interleukin-10; IL-
22 ¼ Interleukin-22; TNF-a ¼ Tumour necrosis factor-a; TGF-b ¼ Transforming
growth factor-b; INF-g ¼ Interferon-g.

1 Diets supplemented with 0, 300, 600, and 1,200 mg/kg levels, respectively.
2 SEM ¼ standard error of the mean.
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intestinal villi and hyperplasia of the crypts (Pluske et al., 1997b;
Xiong et al., 2015). The morphology of the small intestine reflects
the intestinal digestion and absorption capacity of pigs (Varel et al.,
1987), and the higher the height of the small intestinal villi and the
lower the depth of the crypt represent better intestinal digestion
and absorption capacity (Cummings and Macfarlane, 1997).
Furthermore, disaccharide digestive enzymes like maltase and su-
crose serve as indicators of digestive and catabolic capacity and are
Fig. 2. Effects of b-alanine on intestinal cell proliferation (Number of Ki67 positive cells)
intestinal Ki67 positive cells. The data are presented as the mean ± SEM. Values marked w
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positively related to intestinal absorption capacity (Pluske et al.,
1997b). In this study, it was found that the addition of b-alanine
to the diet tended to increase the jejunal maltase activity inweaned
piglets and was highest at 600 mg/kg. This indicates that b-alanine
has the ability to improve the intestinal morphological structure
and digestive and absorption ability of piglets under weaning
stress. Beta-alanine had a tendency to up-regulate the expression of
amino acid transporter Slc6a1 and there was a certain dose effect.
This result indicates that b-alanine contributes to the expression of
amino acids in the body and promotes the digestion and absorption
of nutrients to a certain extent.

The jejunal SOD activity was significantly increased at a b-
alanine concentration of 600 mg/kg, suggesting that b-alanine has
some effect on inhibiting oxidative stress in small intestinal
epithelial cells. SOD, CAT, T-AOC and GSH-PX, as important anti-
oxidant enzymes in the body, can play a protective role by scav-
enging free radicals in the body (Reiter et al., 2007). MDA, as an
indicator of the intensity of oxidative stress, can indirectly reflect
the degree of oxidative damage in tissues (Gaweł et al., 2004). We
examined the mRNA expression of several antioxidant enzyme
marker genes in the jejunum and found that 600 mg/kg of b-
alanine tended to upregulate the expression of GSH-PX and SOD
mRNA in jejunum. Therefore, b-alanine has a certain effect on
increasing the expression of antioxidant enzymes and reducing
oxidative stress. As carnosine is a recognised antioxidant, the
increased antioxidant capacity of the organism in the present re-
sults may be due to the promotion of carnosine synthesis by b-
alanine in the organism. Therefore, the addition of a certain con-
centration of b-alanine to the diet may inhibit oxidative stress in
the small intestine of piglets and promote intestinal health by
increasing the organismal myostatin content (not measured in this
study).

IL-10, a potent immunosuppressive cytokine (Suradhat et al.,
2003; Suradhat and Thanawongnuwech, 2003), regulates the
growth and differentiation of immune cells and inhibits the pro-
duction of proinflammatory and chemokines, thereby attenuating
the inflammatory response (Wannemacher Jr, 1977). Hoffman et al.
(2018) showed that continuous intake of 12 g of b-alanine for one
week increased IL-10 secretion and enhanced the anti-
inflammatory response during high-intensity military training.
Similar to this result, the addition of b-alanine to the diet in this
study tended to upregulate IL-10 gene expression in the jejunum.
of weaned piglets. (A) The number of jejunal Ki67-positive cells. (B) Number of ileal
ith letters above the bars indicate significant differences (P < 0.05).



Fig. 3. Effect of b-alanine on the number of intestinal goblet cells in weaned piglets. (A) The number of jejunal cupped cells. (B) Number of ileal cupped cells. The data are presented
as the mean ± SEM.
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Weaning stress causes an increase in the production of pro-
inflammatory cytokines, which cause inflammation by redis-
tributing nutrients in the body, reducing nutrients to maintain
growth, and strengthening the immune response (Cheng et al.,
2018). In combination with the effect of b-alanine on serum im-
mune parameters, it is suggested that the addition of b-alanine to
the diet can reduce nutrient depletion due to immune activation,
promote nutrient absorption and utilization in the gut and increase
the expression of anti-inflammatory factors in piglets by inhibiting
serum Ig, complement and pro-inflammatory factors. Beta-alanine
may specifically activate the excitability of MrgprD in the body,
Fig. 4. Effects of different levels of b -alanine on intestinal organoids of piglets. (A) Average b
with different levels of alanine. (C) Crypt budding height with different levels of alanine. (D)
(20� magnification, scale bar ¼ 100 mm). The data are presented as the mean ± SEM. Values

406
which is involved in the regulation of inflammation (Beaudry et al.,
2017) and reduction of immune stress (Zhang et al., 2021). There-
fore, b-alanine may play an indirect immunomodulatory function
by enhancing MrgprD expression and the exact mechanism needs
to be further investigated.

In the present study, the expression of the ZO-1 gene and
occludin gene were significantly upregulated at a b-alanine con-
centration of 600 mg/kg. When the intestinal epithelial barrier
function was impaired, the expression of tight junction proteins
such as Claudin, Occludin, and ZO-1 was inhibited. It has been
shown that weaning stress in piglets promotes intestinal pro-
udding number per organoid with different levels of alanine. (B) Organoid budding rate
Representative pictures of intestinal organoids treated with different levels of b-alanine
marked with different letters above the bars indicate significant differences (P < 0.05).
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inflammatory cytokine expression and suppresses occludin
expression (Ewaschuk et al., 2011). It is hypothesized that b-
alanine promotes the formation of tight junctions between intes-
tinal epithelial cells to a certain extent, preventing the entry of
harmful substances and enhancing the function of the intestinal
defence barrier.

Three hundred milligrams per kilogram of b-alanine signifi-
cantly increased the number of Ki67-positive cells in the jejunal
crypt, indicating that b-alanine promoted the proliferation and
differentiation of intestinal epithelial cells. In this study, the in-
testinal epithelial goblet cells of the jejunum and ileum were
counted, and it was found that the addition of b-alanine in the diet
tended to increase the goblet cells of jejunal crypts, but had no
significant effect on ileal goblet cells. Since weaning stress seriously
affects the development and renewal process of intestinal epithe-
lium, it is easy to cause serious damage to the intestinal structure of
piglets. The dietary addition of b-alanine promoted the increase of
Ki67-positive cells and goblet cells, which indicated that b-alanine
could promote the growth and repair of piglet intestine to some
extent. In combination with the intestinal organoid model treat-
ment, high concentrations of b-alanine (1 and 10 mM) significantly
increased the budding rate and the average budding number per
organoid on day 3 of the treatment. On day 4, 0.01 and 1 mM of b-
alanine significantly increased the budding height of crypt organs.
Since intestinal stem cells are the driving force for rapid renewal of
small intestinal epithelial cells (Barker et al., 2007b), they play an
important role in repairing intestinal morphology and promoting
intestinal development (Barker et al., 2008b). Crypt outgrowth of
organoids may be similar to intestinal stem cell proliferation and
crypt fission (Fuller et al., 2012). As with the renewal of intestinal
epithelial cells along the cryptevilli axis, the height of crypt
outgrowth is positively correlated with intestinal stem cell prolif-
eration and differentiation (Yin et al., 2019). Beta-alanine could
promote the proliferation and differentiation of intestinal stem
cells to some extent, and may be involved in the regulation of in-
testinal stem cell activity. Thus, the intestinal organoid results
further validate the role of b-alanine in promoting the proliferation
and differentiation of intestinal cells.
5. Conclusion

In conclusion, b-alanine reduces some immune markers (IgG,
IgM, C3, IL-6), increases the activity of intestinal digestive enzymes
(jejunal maltase) and antioxidant enzymes (GSH-PX, SOD), and
promotes the expression of intestinal immune barrier genes (ZO-1,
Occludin). Moreover, b-alanine could improve the effect of intesti-
nal morphology and structure on weaning stress in piglets by
promoting the proliferation and differentiation of intestinal crypt
cells. The results in this study showed that the addition of b-alanine
to the diet increased the expression of Ki67-positive cells in the
jejunal crypts and tended to up-regulate the goblet cells in the je-
junal crypts. In the intestinal organoid model, b-alanine treatment
at appropriate concentrations significantly increased the budding
rate of organoids and the budding number per organoid. Beta-
alanine can promote the proliferation and differentiation of intes-
tinal stem cells to a certain extent, which has a greater potential in
alleviating weaning stress in piglets, and provides a scientific
reference for the use of b-alanine in piglet production practice.
According to the present results, the optimal concentration of b-
alanine is 600 mg/kg, but large group experiments are still required
for further investigation. However, this is only a preliminary
experiment, and the specific mechanism of b-alanine on the
regulation of intestinal stem cell activity and immune regulation
needs further study.
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