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Abstract 

Background  The absorption and utilization of proteins by animals is affected by the amino acid (AA) release charac-
teristics of their diets. In the present study, we aimed to determine the effects of diets with various amino acid release 
characteristics on the intestinal barrier function and diversity of gut microbiota of weaned pigs.

Results  Forty-eight pigs (7.45 ± 0.58 kg) were fed with diets having different amino acid release characteristics dur-
ing a period of 28 days. We used a 2 × 3 full-factor (two protein levels and three protein sources with differing amino 
acid release characteristics) experimental design, with normal (standard terminal ileal digestibility of 17.5%) or low 
(standard terminal ileal digestibility of 14.9%) protein levels as the first factor. Casein (CAS), corn gluten meal (CGM) 
and a MIX diet were used as protein sources. Due to the more balanced release of amino acids, the diamine oxidase 
(DAO) concentrations in the CAS and MIX groups were significantly lower than those in the CGM group (P < 0.05); 
Reducing the dietary protein content from 17.5% to 14.9% had no significant effects on the levels of serum DAO or 
D-lactic acid. By contrast, it increased the microbial diversity (chao1 and ACE values) and the number of Lactobacillus 
in the jejunum (P < 0.05). The CAS-containing diet and the MIX diet resulted in significantly higher microbial diversity 
(Simpson and Shannon) than the CGM-containing diet in the jejunum.

Conclusion  The balanced release of amino acids in CAS and MIX diets maintained intestinal barrier function and 
increased gut microbiota diversity. These findings could potentially provide a scientific reference for the rational 
preparation of piglet feed.
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Introduction
According to the traditional theory of pig amino acid 
nutrition, diets formulated according to the ideal amino 
acid pattern that is consistent with the composition and 

proportion of amino acids and the pig body composition 
can result in optimal growth performance [1]. However, 
our previous studies have shown that although the pro-
tein content and digestible amino acids in terminal ileum 
of diets formulated with different protein sources are the 
same, there are significant differences in in  vitro amino 
acid release patterns, and the in vivo nitrogen deposition 
rate is still not ideal [2, 3]. This is due to the decomposi-
tion of amino acids in the intestinal tract, which leads to 
the low utilization of dietary amino acids in pigs [4].

Small peptides and hydrolytic acids free from dietary 
decomposition in the gut can serve as the main ammo-
nia source and fermentation substrate for intestinal 
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microorganisms, but the flora involved in protein and 
amino acid metabolism is different in different intestinal 
segments [5]. High-protein diets and poor protein digest-
ibility increase the production of potential pathogenic 
bacteria and harmful metabolites during intestinal pro-
tein fermentation [6, 7]. In addition, recent studies have 
shown that metabolites produced by intestinal micro-
organisms can activate host aromatic hydrocarbon 
receptors to regulate intestinal immune function and 
homeostasis [8–11]. These metabolites can also regulate 
intestinal microbial diversity and composition to main-
tain tryptophan metabolic balance in piglets [12]. There-
fore, differences in characteristics of amino acid release 
kinetics may affect the ability of intestinal barrier to 
absorb and utilize nutrients, thus affecting physiological 
function and health status of the body. Thus, feeding pigs 
with low and high quality protein are two effective strat-
egies for reducing protein fermentation in human and 
animals.

Based on previous studies, the same terminal ileum 
digestible diets supplemented with casein result in bet-
ter synchronicity of amino acid release than those sup-
plemented with corn gluten meal. In addition, diets 
with good synchronicity of amino acid release can 
improve nitrogen use efficiency in pigs [2, 3, 13]. There-
fore, we selected a traditional corn-soybean meal diet 
supplemented with CAS, CGM or a mixture of both 
(CAS + CGM; MIX), to create diets with three different 
amino acid release characteristics, with the aim of fur-
ther exploring the effects of different amino acid release 
rates on intestinal barrier function and intestinal micro-
flora of piglets.

Materials and Methods
Animals
Forty-eight Duroc × Landrace × Yorkshire barrows 
were weaned at 21 days of age, at a mean body mass of 
7.45 ± 0.58 kg. The piglets were then randomly allocated 
to six groups of eight and housed in separate pens at Jilin 
Agricultural University. The study was performed in the 
livestock houses of Jinlin Agricultural University which is 
maintained at a temperature of 25℃. The piglets were fed 
three times per day, at 7:00 am, 12:00 am, and 6:00  pm 
each day. Healthy weaned piglets with a similar perina-
tal period, similar parity, and body weight of about 7 kg 
under the same environment were selected for sampling. 
We used a 2 × 3 full-factor (two protein levels and three 
protein sources with different amino acid release charac-
teristics) design for the study.

Diets
The ingredients and nutrient contents of the diets were 
the same as our previous study of [2] Hu et  al. (2022) 

and are shown in Table 1. The diets were formulated to 
meet NRC (2012) requirements, according to which the 
protein content of a diet can only be reduced by 2–4% by 
replacing protein content with monomeric amino acids, 
so that animal health is maintained and there are few 
adverse effects on nutrition, such as nitrogen deposition. 
The piglets were assigned to six groups: those fed nor-
mal-protein level diets (standard terminal ileal digestibil-
ity of 17.5%) containing CAS (N.CAS), CGM (N.CGM), 
or mixture of both of these two diets (CAS + CGM; 
N.MIX); and those fed low-protein diets (standard termi-
nal ileal digestibility of 14.9%) containing CAS (L.CAS), 
CGM (L.CGM), or mixture of both of these two diets 
(CAS + CGM; L.MIX). According to our previous results 
[2], CAS and MIX diets result in more balanced release 
of AA during hydrolysis in vitro than the CGM diet.

Experimental protocol and sample collection
After 5  days of adaptation to their environment, the 
weaned pigs were fed the experimental diets for 28 days. 
The piglets were fed three times a day and had free access 
to water. On day 28, after feeding for 2 h, the piglets were 
anesthetized, blood samples were obtained, and the sam-
ples were centrifuged for 20 min at 2,000 rpm/min [14]. 
The supernatants were collected and stored at -80℃ 
for measurement of D-lactic acid and diamine oxidase 
(DAO) concentrations. The first third of the jejunum, 
ileum, and cecum were sampled at a location of approxi-
mately 3  cm. Samples of digesta were collected from 
the jejunum, ileum, and cecum of each animal. Digesta 
samples were snap-frozen in liquid nitrogen and stored 
at − 80℃ until use (see Chang et  al. 2018 [15] for more 
details about the methods used).

Measurement of serum D‑lactic acid and DAO 
concentrations by ELISA
The serum D-lactic acid and DAO concentrations were 
determined using Swine ELISA kits (Enzyme label, 
China).The absorbance of each well was measured at 
450  nm using a microplate reader (BioTek Instruments, 
Gene Company Limited, USA), according to the manu-
facturer’s instructions.

16S gene sequencing of the gut microbiota and analysis 
of its biodiversity
The microbial DNA in samples of digesta collected from 
the jejunum, ileum, and cecum was extracted using a kit 
from MP Biomedicals (Santa Ana, CA, USA), and the 
quality and quantity of the extracted DNA was assessed 
using 0.8% agarose gel electrophoresis and a NanoDrop 
ND-1000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA), respectively. The V3–V4 region of 
the 16S rRNA was amplified using a previously reported 
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Table 1  Ingredients and calculated nutrient compositions of the experimental diets (as-feed basis)

Premix providing per kg of complete diet: vitamin A, 28,500 IU; vitamin D, 36,000 IU; vitamin E, 67.5 IU; vitamin K, 37.5 mg; vitamin B, 17.5 mg; vitamin B1, 0.075 mg; 
nicotinamide, 70 mg; folic acid, 3 mg; D-calpanate, 37.5 mg; D-biotin, 0.375 mg; antioxidant, 0.15 mg; choline chloride, 105 mg; Co, 1 mg; Cu, 155; Fe, 145 mg; Mn, 
75 mg; Zn, 125 mg; I, 0.3 mg; Se, 0.3 mg

Ingredient (%) Diet

Normal-protein diet Low-protein diet

N.CAS N.MIX N.CGM L.CAS L.MIX L.CGM

Corn 64.02 58.03 52.05 68.47 63.18 57.90

Wheat bran 2.00 2.00 2.00 2.00 2.00 2.00

Soybean meal 17.40 18.38 19.35 12.28 14.28 16.27

Casein 7.07 3.54 - 6.00 3.00 -

Corn gluten meal - 7.34 14.68 - 5.27 10.54

Sucrose 3.00 3.00 3.00 3.00 3.00 3.00

Soybean oil 1.10 2.16 3.21 1.17 2.13 3.10

L-Arg 0.06 0.03 - 0.20 0.18 0.16

L-Ile 0.09 0.05 - 0.22 0.19 0.16

L-Leu 0.79 0.40 - 1.00 0.72 0.44

L-Cys - 0.03 0.06 0.09 0.11 0.13

L-Tyr - 0.21 0.41 0.24 0.300 0.36

L-His - 0.02 0.04 0.07 0.10 0.12

L-Lys 0.28 0.45 0.61 0.48 0.60 0.73

L-Met 0.014 0.03 0.05 0.07 0.09 0.11

L-Phe - 0.23 0.45 0.26 0.33 0.39

L-Thr 0.12 0.12 0.11 0.22 0.22 0.22

L-Trp 0.007 0.02 0.04 0.04 0.05 0.06

L-Val 0.05 0.04 0.03 0.16 0.16 0.17

Limestone 1.00 1.01 1.02 0.88 0.99 1.09

Dicalcium phosphate 1.15 1.10 1.05 1.18 1.18 1.19

Salt 0.85 0.84 0.84 0.85 0.85 0.84

Premix 1.00 1.00 1.00 1.00 1.00 1.00

Total 100.00 100 100.00 100.00 100 100.00

Nutritional levels, %

  Net energy, MJ/kg 10.26 10.255 10.25 10.25 10.26 10.26

  Crude fiber 1.73 1.74 1.75 1.63 1.67 1.70

  Ca 0.80 0.8 0.80 0.80 0.8 0.80

  Available P 0.40 0.4 0.40 0.40 0.4 0.40

SID

  Crude protein 17.54 17.54 17.53 14.89 14.89 14.88

  Arg 1.06 1.06 1.06 1.07 1.07 1.07

  His 0.49 0.49 0.49 0.48 0.48 0.48

  Ile 0.85 0.85 0.85 0.85 0.85 0.85

  leu 2.43 2.425 2.42 2.43 2.43 2.43

  Lys 1.35 1.35 1.35 1.35 1.35 1.35

  Met + Cys 1.24 1.24 1.24 1.24 1.24 1.24

  Phe + Tyr 3.26 3.26 3.25 3.25 3.25 3.25

  Thr 0.79 0.79 0.79 0.79 0.79 0.79

  Trp 0.22 0.22 0.22 0.22 0.22 0.22

  Val 0.94 0.925 0.91 0.86 0.86 0.86
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PCR method [16], and the primer sequences were 338F 
5’-ACT​CCT​ACG​GGA​GGC​AGC​A-3’ and 806R 5’-GGA​
CTA​CHVGGG​TWT​CTAAT-3’. The resulting amplicons 
were sequenced using the Illumina MiSeq platform and 
a MiSeq Reagent Kit v3 at Shanghai Personal Biotechnol-
ogy, Co., Ltd. (Shanghai, China).

The sequences generated were analyzed using Quan-
titative Insights into Microbial Ecology, v1.8.0 (QIIME) 
[17] for taxonomic classification at the phylum and genus 
levels. Mothur [18] was used to measure the following 
indices of alpha diversity: Shannon index, ACE index, 
Chao1 index, and Simpson index.

Statistical analysis
Data are presented as mean ± standard error and ana-
lyzed using a univariate general linear model in SPSS 
software v20.0 (IBM, Inc., Armonk, NY, USA), with PL 
denoting differences in the dietary protein content, PS 
denoting differences in the protein source, and PL × PS 
denoting an interaction. When there was an interac-
tion between protein content and protein source, the six 
diets were compared using Duncan’s multiple compari-
son tests. P < 0.05 was considered to represent statistical 
significance.

Results
Serum concentrations of D‑lactic acid and DAO
To study the effects of dietary protein sources and con-
tent on the intestinal permeability of weaned pigs, we 
first measured the serum concentrations of D-lactic 
acid and DAO, and the results are shown in Table 2. The 
DAO concentration tended to be higher in pigs fed a 
low protein diet than in those fed a normal protein diet 
(0.05 < P < 0.1). The DAO concentration in the CGM 
groups was significantly higher than those in the CAS 
and MIX groups (P < 0.05).

Composition and diversity of the gut microbiota
We next compared the microbial diversity of the intes-
tinal contents of the groups, and the results are shown 
in Table 3. The Chao1 and ACE indices for the jejunum 
of the low-protein groups were significantly higher than 
those for the normal-protein groups (P < 0.05), and the 

Simpson and Shannon indices of the CGM groups were 
significantly higher than those of the CAS and MIX 
groups (P < 0.05). The Shannon indices for the ileum of 
the low-protein groups were significantly lower than 
those for the normal-protein groups (P < 0.05). There 
was no significant differences in the diversity of intestinal 
microbiota in the cecum (P > 0.05).
Firmicutes were the most dominant phylum in all the 

intestinal segments, followed by Proteobacteria, Act-
inobacteria, Cyanobacteria, and Bacteroidetes (Fig.  1, 
Supplementary Table 1). There were no protein content-
related differences in the abundances of these phyla in 
the ileum or cecum, but low-protein diets significantly 
reduced the abundance of Proteobacteria in the jejunum 
(P < 0.01), and the abundances of the main phyla with 
the exception of the Firmicutes phylum in the jejunum 
were higher in the CGM group than in the CAS and MIX 
groups (P < 0.05). In the jejunum, the abundance of Firmi-
cutes in the N.CGM group was significantly lower than in 
the N.CAS, N.MIX, L.CAS, and L.MIX groups (P < 0.05).

At the genus level, Lactobacillus was the most domi-
nant genus in all the intestinal segments (Fig. 2). Lacto-
bacillus was significantly more abundant in the jejunum 
of piglets fed a low-protein diet than in those fed a 
normal-protein diet (P < 0.05), and Bifidobacterium was 
more abundant in the CAS and MIX groups than in the 
CGM group in the jejunum (P < 0.05). Finally, Lactoba-
cillus and Bifidobacterium were have more abundant 
in the jejunum and ileum in the L.MIX groups than in 
the other groups. There were not significant differences 
in intestinal microbiota diversity in the cecum. At the 
family level, the abundance of Enterobacteriaceae in the 
ileum was significantly lower in the low-protein diets 
groups than in the fed a normal-protein diet groups 
(P < 0.05). Lactobacillus was significantly more abundant 
in each intestineal segment of the CAS and MIX groups 
than in the CGM groups (P < 0.05). In addition, the 
Clostridiaceae were more abundant in the CGM groups 
than in the CAS and MIX groups (P < 0.05) in each intes-
tinal segment (Supplementary Table 2).

According to the results of amino acid release dynam-
ics in Hu et  al. 2022, according to the results of amino 
acid release dynamics in Hu et al. 2022 [2], the larger the 

Table 2  Serum concentrations of DAO and D-lactic acid

PL protein levels, PS protein sources, NP normal-protein level, LP low-protein level, NOR normal-protein level group; x, y, and z: protein source differences (P < 0.05)

PL PS NP LP SEM P

NOR LOW CAS CGM MIX CAS CGM MIX CAS CGM MIX PL PS PL × PS

DAO (ng/mL) 332.67 369.11 325.74x 401.19y 325.76x 319.23 380.33 298.45 332.24 422.05 353.06 9.608 0.069 0.040 0.649

D-D-D-lactic 
acid (μmol/
mL)

662.27 710.86 671.84xy 746.25x 641.61y 650.98 732.50 603.34 692.70 760.00 679.89 16.901 0.163 0.050 0.840
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area between individual FAA curve and TFAA curve, the 
more asynchronous the amino acid release dynamics are. 
Then we analyzed the correlation between amino acid 
release dynamics and intestinal microbial diversity at the 
phylum level and genus level. The results showed that 
Amino acid release asynchronism (AARA) was a signifi-
cant negative correlation with Firmicutes in the jejunum 
(Table  4), but there was no significant correlation with 
microbial diversity at phylum level in cecum. Amino acid 
release asynchronism (AARA) was a significant positive 
correlation with Clostridiaceae in jejunum and ileum, 
and that was a significant negative correlation with Lac-
tobacillus in the jejunum (Table  5), and there was no 
significant correlation with microbial diversity at genus 
level in cecum. The diet with more balanced amino acid 
release dynamics was more conducive to the accumula-
tion of beneficial bacteria and inhibited the proliferation 
of harmful bacteria in the small intestine, but had little 
effect on the microbes in the cecum.

Discussion
The piglet is a well-studied model for investigations into 
intestinal health, given their special digestive physiol-
ogy. Furthermore, diarrhoea, disease or even death is 

more commonly observed in this model because pig-
lets have an imperfect and impaired gastrointestinal 
tract. An impaired intestinal barrier is associated with 
increased permeability, which can facilitate the flow of 
intestinal bacteria and toxins into the body, affecting 
animal health [19, 20].

The serum concentrations of DAO and D-lactic acid 
are used as indicators of intestinal permeability, thus, 
they can be used to appraise epithelial barrier function 
[21]. In the present study, we showed that the serum con-
centrations of DAO and D-lactic acid are higher in piglets 
fed a low-protein diet, which may at least in part explain 
the poor growth performance of piglets on such diets as 
reported in previous studies [16]. However, this was not 
significant, which may be because supplementation using 
monomeric amino acids may satisfy the requirements 
for normal growth and the development of the intestinal 
mucosal barrier. We found that diets containing CAS and 
MIX promote intestinal mucosal barrier function, and 
we previously showed that they are superior to CGM for 
growth and nitrogen deposition in weaned pigs, which 
may be because of the more balanced release of AA from 
CAS and MIX diets [2]. This necessitates greater supple-
mentation of the diet with monomeric amino acids, such 

Fig. 1  Composition of the microbiota in each intestinal segment at the phylum level. J, jejunum; I, ileum; C, cecum
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that the amino acid release of amino acids from the diet 
is not synchronized, which may be associated with dam-
age to the intestinal mucosal barrier system.

The gastrointestinal tract (GIT) of piglets contains a com-
plex and dynamic microbial ecosystem that plays an impor-
tant role in nutrient digestion, absorption and metabolism, 
as well as maintenance of intestinal health [22–24]. Gut 
microbes play a key role in the maintenance of intesti-
nal health [25], and changes in the composition of the gut 
microbiota may affect protein metabolism and microbial 
metabolite generation [26]. For example, lowering the pro-
tein content of the diet of growing pigs has been shown to 
limit the amount of protein available for protein-ferment-
ing bacteria [27]. Furthermore, an increase in dietary pro-
tein content is associated with reductions in the number 
of beneficial bacteria, such as Lactobacillus [28] and Bifi-
dobacterium [29], and increases in the number of harm-
ful bacteria, such as Escherichia coli, resulting in intestinal 
injury and diarrhoea. By contrast, weaned pigs consuming 
a low-protein diet with a balanced amino acid composi-
tion have fewer E. coli in their guts [30], which is associated 
with fewer symptoms of diarrhoea [31]. Similarly, in the 
present study, we found that a low-protein diet reduced the 
abundance of Proteobacteria, and increased the abundance 

of Lactobacillus in the jejunum. Furthermore, the Entero-
bacteria were less abundant in the ileum of the low-protein 
group than in those of the normal-protein group.

By virtue of their different structures and amino acid 
release characteristics, different protein sources have con-
trasting effects on gut microbes. Here, we found that in the 
jejunum the CGM group had a significantly more diverse 
population according to the Simpson and Shannon indexes 
and various phyla were more abundant in this group than 
in those of the CAS and MIX groups. Furthermore, com-
pared with the CAS and MIX groups, Bacteroidetes and 
Cyanobacteria in the CGM group were significantly more 
abundant and the number of members of the Clostridi-
aceae and Enterobacteriaceae were significantly higher in 
the jejunum. This is similar to the findings of a previous 
study, which showed that the slower the release rate of pro-
tein, the more easily the protein is digested and absorbed by 
harmful bacteria, such as E. coli, causing their proliferation 
[32]. CAS can be digested by host enzymes in the proximal 
small intestine, thereby reducing its degradation by E. coli. 
Instead, a CAS-based diet is associated with greater diver-
sity of Lactobacillus and Bifidobacterium [33], and reduc-
tions in the number of fecal Staphylococcus, E.  coli, and 
Streptococcus [34]. Similarly, in the present study, the CAS 

Fig. 2  Compositions of the microbiota in each intestinal segment at the genus level. J, jejunum; I, ileum; C, cecum
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and MIX groups had significantly more abundant ben-
eficial bacteria, such as Lactobacillus and Bifidobacterium, 
and fewer harmful bacteria in the jejunum. Our results 
show that the protein content is no significant differences 
in intestinal tight junction protein expression in the ileum 
and cecum, which might be a possible reason behind this. 
And there was the same in the previous study [16]. In addi-
tion, the microbial ecosystems in each pig’s gut continue to 
change as pigs grow, and the variation of the gut bacterial 
populations of swine is caused by a variety of factors [35]. 
Our results show that the release kinetics of amino acids 
can change the number of some bacteria species in the 
cecum of piglets, without increasing diversity. According to 
the results of Knapp et al. (2022) [36], there is no significant 
difference in faecal flora between the ceca of excised and 
unexcised piglets fed the same diet.

Conclusion
A reduction in dietary protein content of ~ 3% and sup-
plementation with the appropriate amount of amino 
acids does not affect the intestinal barrier function of 
piglets, and increases the number of beneficial bacteria 
in their intestines. In addition, the balanced release of 
amino acids that characterizes the CAS and MIX diets 
helps to maintain intestinal morphology, reduce intes-
tinal permeability, and maintain intestinal barrier func-
tion. Furthermore, it increases the number of beneficial 
bacteria, such as Lactobacillus and Bifidobacterium, in 
the intestine, and optimizes the intestinal microecol-
ogy, which is also beneficial for intestinal health. These 
findings provide information that should facilitate the 
improvement of the performance of weaned pigs and the 
development of new environment-friendly diets.
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