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To reduce nitrogen excretion and lower feeding costs, low crude protein (CP) diets are sometimes pro-
posed, however, a great reduction of dietary CP concentration (>4% reduction vs. recommended con-
centration), even supplemented with essential and nonessential amino acids (AA) can detrimentally
affect small intestinal barrier function and immunity, possibly due to the excessive lack of peptides. Here
we hypothesize that with an extremely low CP concentration diet, protein-derived peptides, rather than
AA supplementation, can improve intestinal barrier development and health. To test this hypothesis, 21
growing pigs (19.90 ± 1.00 kg body weight) were randomly assigned to 3 treatments with control diet
(16% CP), or low CP diets (13% CP) supplemented with AA (LCPA) or casein hydrolysate (LCPC) for 28 days.
In comparison with the control diet, the LCPA diet decreased the protein expression level of jejunal
barrier factor zonula occludens-1 (ZO-1) and stem cell proliferation factor leucine-rich repeat-containing
G-protein-coupled receptor-5, whereas the LCPC diet enhanced intestinal barrier function by increasing
the protein expression level of jejunal occludin and ZO-1 and ileal mucin-2. The LCPA diet reduced
Lactobacillus counts, whereas the LCPC diet increased Lactobacillus counts and reduced Escherichia coli
counts in the ileum. The LCPA diet also increased protein expression levels of pro-inflammatory cytokine
interleukin-6 (IL-6) and IL-22, whereas the LCPC diet decreased protein expression levels of pro-
inflammatory IL-1b, IL-17A and tumor necrosis factor-a in the ileum. Collectively, the casein hydroly-
sate supplementation of low CP diets showed beneficial effects on the small intestinal barrier, bacterial
community, and immunity in pigs, pointing to the important role of protein-derived peptides in small
intestinal health in cases of low crude protein diets.
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1. Introduction

In order to reduce nitrogen excretion and the feeding costs, low
crude protein (LCP) diets are sometimes proposed, with the amino
acid (AA) gap caused in the LCP diets completely filled to meet AA
requirement. Previous studies have shown that moderately LCP
diets (�4% reduction of crude protein [CP] concentration vs. NRC
(2012)) supplemented with essential AA considered to be an
effective strategy to support intestinal health and protein utiliza-
tion and to reduce nitrogen excretion without damaging the
growth performance of pigs (Wu et al., 2015; Zhang et al., 2017;
Kerr et al., 2006). In order to further reduce the feeding cost and
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
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nitrogen excretion, a further reduction of CP with extremely LCP
diets (>4% reduction of CP concentration vs. NRC (2012)) has been
proposed. However, extremely LCP diets can lead to detrimental
effects on intestinal barrier development, intestinal bacterial
community, and mucosal immunity even when supplementing
essential and nonessential AA (Chen et al., 2018; Peng et al., 2017;
Fan et al., 2017; Che et al., 2017). In addition to AA, protein also
releases peptides during digestion. Researchers have considered
that the main reason for the detrimental effects of extremely LCP
diets may be due to the excessive lack of protein-derived peptides
in extremely LCP diets (Che et al., 2017; Wang et al., 2019; Deng
et al., 2007).

Peptides are considered to be the preferred and efficient source
of protein nutrition for animals compared with AA (R�erat et al.,
1992; Monchi and R�erat, 1993; Silk et al., 1979). Moreover, pep-
tides can also display a variety of bioactive functions, such as
immunomodulation and promotion of intestinal development
(Malinowski et al., 2014; Hou et al., 2017). Our previous studies
have shown that the supplementation of casein hydrolysate as the
peptides source in extremely LCP diets has increased the propor-
tion of generally beneficial Lactobacillus and enhanced the mucosal
defense capability by increasing the mucin-4 expression and acti-
vating the humoral immunity in the colon of pigs as compared with
the supplementation of AA (Wang et al., 2019). The small intestine
is exposed to orally feed ingredients (earlier than the colon) and the
major site where AA and peptides are digested and absorbed. Di-
etary nitrogen nutrients are major fuels for small intestinal mucosa
to maintain barrier functional integrity and to promote immune
system maturation (Wu, 1998; Hughes, 1999). However, it remains
unclear whether casein hydrolysate supplementation to extremely
LCP diets shows more benefits on the small intestinal barrier and
immunity in pigs as compared with AA supplementation.

In this study, therefore, we hypothesize that supplementation of
protein-derived peptides, instead of solely supplementing with AA
to fill the AA gap between the extremely LCP and AA requirement,
can be used to improve the small intestinal health in pigs. To test
this hypothesis, we evaluated the small intestinal barrier function,
immunity and bacterial community in pigs fed extremely LCP diets,
supplemented with AA or casein hydrolysate, aiming to investigate
whether the supplementation of casein hydrolysate as the peptides
source, compared with only AA supplementation, can improve the
small intestinal health under an extremely LCP concentration.

2. Materials and methods

The experimental procedures were approved by the Animal
Care and Use Committee of Nanjing Agricultural University (Nanj-
ing, China).

2.1. Experimental design and sample collection

The present study was a part of series of studies designed to
investigate whether supplementation of casein hydrolysate as a
peptide source can improve the intestinal health under extremely
LCP concentration in pigs, and the detailed experimental design has
been described previously (Wang et al., 2019). Briefly, 21 crossbred
(Duroc � Landrace � Yokshire, 63 ± 1 days of age, initial body
weight 19.90 ± 1.00 kg) pigs (castrate males) were housed indi-
vidually in metabolism cages and randomly assigned to 3 groups
(n¼ 7), and fedwith control diet (CP 16%), low CP supplemented AA
diet (CP 13%, LCPA), and low CP supplemented casein hydrolysate
diet (CP 13%, LCPC), respectively. The compositions and calculated
nutrients of 3 diets are shown in Appendix Table 1, and have been
reported previously (Wang et al., 2019). The casein hydrolysate
added in the LCPC diet is an enzymatically hydrolyzed casein (CP
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89%; Haibo Biotech Inc., Tsingtao, China), with 46% free AA and 54%
peptides (as CP basis). The supplemental dosage of casein hydro-
lysate in the LCPC diet was 4.5%, based on a previous study (Che
et al., 2017). Synthetic crystalline AA were added in the 3 diets to
balance dietary essential and nonessential AA, ensuring that the 3
diets had similar standardized ileal digestible (SID) AA. Except for
CP concentration, all the contents of the other nutrients were
similar and met the nutrient requirements recommended by NRC
(2012).

Pigs had free access to water via a low-pressure nipple drinker.
Pigs were fed ad libitumwith 2 meals daily, and feed refusals were
recorded. The room temperature was maintained at 24 ± 2 �C. Pigs
were weighed at the beginning and end of the experiment. The
health condition of each animal was closely monitored.

The experiment lasted for 28 days. On day 29, all pigs were
anesthetized by intravenous injection of sodium pentobarbital
(50 mg/kg body weight) and sacrificed by exsanguination. Then the
small intestine was removed and each segment (duodenum,
jejunum and ileum) was identified, ligated and separated. The
middle section, including the digesta and tissue, of each small in-
testinal segment was collected and used for subsequent sampling.
The digesta from the jejunum and ileumwere collected and stored
at �80 �C for extraction of bacterial genomic DNA. The intestinal
tissue was divided into 2 parts. The first part of intestinal tissue
(rinsed in sterile PBS, pH ¼ 7.4, 4 �C) was collected after mincing
and stored at �80 �C for the isolation of RNA and protein. The
second part (2 cm long) was fixed in 4% paraformaldehyde solution
(Sigma, USA) for subsequent histological analysis.
2.2. Small intestinal gene expression

Frozen intestinal tissues (50 to 100 mg) were crushed under
liquid nitrogen, and total RNA was extracted with TRIzol reagent
(TaKaRa, Japan). RNA concentration was quantified by using a
Nano-Drop 2000 spectrophotometer (Thermo, USA). RNA (1 mg)
was then reverse-transcribed by using a PrimeScript RT Reagent Kit
(TaKaRa, Japan) with guidance from the manufacturer's
instructions.

Gene expression levels of intestinal barrier and immune factors
were detected by real-time quantitative PCR (qPCR) with Sybr-
Green reagents (TaKaRa), and fluorescence was detected by using
ABI 7300 sequence detector (Applied Biosystems, USA). The specific
primers are shown in Appendix Table 2. For detailed methods refer
to our previous study (Zhang et al., 2017). Beta-actin was used as
the reference gene, and the expression of target genes was calcu-
lated relative to the reference gene with 2�DDCt method.
2.3. Immunohistochemical and periodic acid-Schiff (PAS) staining

After an overnight fixation, the intestinal tissues were
embedded in paraffin wax and 4-mm transversal sections of jejunal
and ileal tissues were cut for PAS and immunohistochemical
staining. For detailed methods of PAS stain (including the staining
and the signal statistic) refer to the procedures of Lan et al. (2015).
The quantification of PAS signal was the number of goblet cells per
mm of intestinal crypt depth. The expressions of jejunal occludin
and zonula occludens (ZO)-1 and ileal mucin-2 (MUC-2) were
detected by using immunohistochemical staining with primary
antibodies for occludin (1:400; 66378-1-ig, Proteintech, USA), ZO-1
(1:200; SC-33725, Santa Cruz, USA), MUC-2 (1:200; ab134119,
Abcam, UK) and HRP-conjugated secondary antibody (Thermo
Fisher Scientific, USA) according to a previous study (Pi et al., 2020).
Image J software (NIH, USA; http://rsb.info.nih.gov/ij/) was used to
analyze the mean optical density of each specimen.

http://rsb.info.nih.gov/ij/
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2.4. Western blot analysis of intestinal stem cell (ISC) proliferation
factor

Protein expression levels of ISC proliferation marker leucine-
rich repeat-containing G-protein-coupled receptor 5 (Lgr5) in the
jejunum and ileumwere detected by usingWestern blot analysis as
described previously (Zhong et al., 2018). Total protein of intestinal
tissues was extracted by Tissue Protein Extraction Reagent (Thermo
Pierce, 78510), and the expressions of Lgr5 and b-actin proteins
were detected using primary antibodies against Lgr5 (1:1500;
PA523000, eBioscience, USA) and b-actin (1:1500; SC-47778, Santa
Cruz, USA) and Goat anti-Rabbit IgG (H þ L) secondary antibody
(1:5000; 31210, Thermo Pierce, USA). Image J software (NIH, USA)
was used to quantify the Western blot signal.

2.5. Intestinal bacterial community analysis

Total bacterial genomic DNA in the jejunal and ileal digesta was
extracted using the DNA Stool Mini Kit (Qiagen, Germany). Total
bacteria, Firmicutes, Bacteroidetes, Clostridium cluster IV/XIV
groups, Lactobacillus, Bifidobacterium and Escherichia coli were
quantified by using qPCR (ABI StepOne platform, Applied Bio-
systems, USA) with specific primers (Appendix Table 2) according
to our previous method (Mu et al., 2017).

2.6. Intestinal cytokine analysis

The protein expression levels of ileal cytokines and immuno-
globulin A were detected by enzyme-linked immunosorbent assay
(ELISA), using commercially porcine specific high-sensitivity kits
according to manufacturer's instructions. For pre-treatment of in-
testinal tissue, samples (50 mg) were homogenized in sterile PBS
(450 mL; pH ¼ 7.4, 4 �C) and centrifuged at 3,000 � g for 15 min at
4 �C, then supernatants were collected and sub-packaged. The
protein concentration of supernatants was detected by Nano-Drop
2000 spectrophotometer (Thermo, USA). The detected cytokines
included helper T cell 1 (Th1) type-cytokines, which were tumor
necrosis factor (TNF)-a, interferon (IFN)-g, interleukin (IL)-1b and
IL-12 p40 (ELISA Kit brand: R&D Systems, USA), Th2-cytokines,
which were IL-4, IL-6, and IL-10 (R&D Systems), Th17-cytokines,
which were IL-17A (eBioscience, USA) and IL-22 (BioAim, Canada),
and transforming growth factor (TGF)-b (R&D Systems). Evaluating
the variations of different Th-cytokines can help us to deeply un-
derstand the variation of immune response (Neurath et al., 2002).

2.7. Statistical analysis

A completely randomized experimental design was used in this
study. Each individual pig was considered as an experimental unit.
The dietary treatment was the fixed effect, and the pig was
considered as a random effect. Data analysis was performed using
SPSS 21.0 (Chicago, IL, USA), and subjected to one-way ANOVAwith
Tukey's honestly significant difference. Data were presented as
group means ± SEM, differences were considered significant at
P < 0.05. The correlation analyses were conducted by Pearson's
correlation test using the GraphPad Prism version 7.00 (GraphPad
Software, USA).

3. Results

All pigs showed no clinical signs of diarrhea or health impair-
ment during the whole experimental period. LCPC diet increased
the average daily gain of pigs as compared with the control diet and
LCPA diet, and increased the average daily feed intake as compared
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with LCPA diet, but showed no effect on feed-to-gain ratio; the
detailed results on growth performance have been reported pre-
viously (Wang et al., 2019; also, Appendix Fig. 1).

3.1. Small intestinal barrier function and intestinal stem cell
proliferation

LCPA diet and LCPC diet had different effects on the gene
expression of small intestinal barrier factors (Fig. 1). LCPA diet
downregulated (P < 0.05) the gene expression levels of b-defensin-
1, ZO-1 and claudin-1 in jejunum as compared with the control and
LCPC diets. LCPC diet upregulated (P < 0.05) gene expression levels
of occludin and ZO-1 in the jejunum and MUC-2 and MUC-4 in the
ileum comparedwith the control and LCPA diets. Moreover, we also
observed increased (P < 0.05) protein expression levels of occludin
and ZO-1 in the jejunum and MUC-2 in the ileum in LCPC group
compared with the control group and LCPA group (Fig. 2A). Based
upon the increased expressions of mucins, we furthermeasured the
goblet cell numbers in the ileum. Compared with control diet and
LCPA diet, LCPC diet increased (P < 0.05) the goblet cell numbers in
the ileum (Fig. 2B).

Intestinal barrier development and goblet cell proliferation are
driven by intestinal stem cell (ISC) proliferation. Lgr5 is a biomarker
of intestinal stem cells. In the jejunum, compared with the control
diet, LCPA diet decreased (P < 0.05) protein expression level of Lgr5,
whereas LCPC diet increased (P < 0.05) protein expression level of
Lgr5 (Fig. 3). In the ileum, LCPC diet increased (P < 0.05) protein
expression level of Lgr5 as compared with LCPA diet (Fig. 3).
Overall, these results indicate that LCPA diet down-regulated the
expressions of intestinal barrier and ISC proliferation factors and
LCPC diet showed opposite effects.

3.2. Small intestinal bacterial community

To understand whether casein hydrolysate supplementation
affects the small intestinal microbes, qPCR was performed to
quantify the major representative bacterial groups. Compared with
the control diet, LCPA diet reduced (P < 0.05) the counts of Lacto-
bacillus, and LCPC diet increased (P < 0.05) the counts of Lactoba-
cillus and Clostridium cluster IV and reduced (P < 0.05) the counts of
E. coli in the ileum (Fig. 4). Compared with LCPA diet, LCPC diet
increased (P < 0.05) the counts of Clostridium cluster IV in the
jejunum and Firmicutes, Lactobacillus and Clostridium cluster IV in
the ileum, and reduced (P < 0.05) the counts of E. coli in the ileum
(Fig. 4). These results indicated that the effects of LCPA and LCPC
diets on the small intestinal bacterial community mainly occurred
in the ileum; and LCPC diet increased the counts of bacteria
generally regarded as beneficial (Lactobacillus and Clostridium
cluster IV) and decreased the counts of E. coli compared with LCPA
diet.

3.3. Intestinal immune response

The effects of LCPA diet and LCPC diet on intestinal Toll-like
receptor (TLR) signaling pathway also mainly occurred in the
ileum (Fig. 5). Compared with the control diet, LCPA diet upregu-
lated (P < 0.05) gene expression level of TLR2, and LCPC diet
downregulated (P < 0.05) gene expression levels of TLR4 and nu-
clear factor kappa B (NF-kB). Compared with LCPA diet, LCPC diet
downregulated (P < 0.05) gene expression levels of TLR2, TLR4 and
NF-kB. Based upon the changes in TLR signaling pathway, we
further detected protein expression levels of cytokines in the ileum
(Fig. 6). Compared with the control diet, LCPA diet increased
(P < 0.05) protein expression levels of IL-6 and IL-22, LCPC diet



Fig. 1. Gene expression levels of small intestinal barrier factors in pigs. Values in the histogram are means ± SEM (n ¼ 7), *P < 0.05. MUC ¼ mucin; ZO-1 ¼ zonula occludens-1;
BD ¼ b-defensins; LCPA ¼ low crude protein diets supplemented with amino acids; LCPC ¼ low crude protein diets supplemented with casein hydrolysate.

Fig. 2. Representative photos of immunohistochemical and periodic acid-Schiff (PAS) staining. (A) The immunohistochemical staining of zonula occludens-1 (ZO-1) and occludin in
jejunum and mucin-2 (MUC-2) in ileum (magnification 100 � ). (B) The PAS staining of ileal tissues and the quantification of PAS signal. Values in histogram are means ± SEM
(n ¼ 7), *P < 0.05. LCPA ¼ low crude protein diets supplemented with amino acids; LCPC ¼ low crude protein diets supplemented with casein hydrolysate.
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Fig. 3. Immunoblotting of leucine-rich repeat-containing G-protein-coupled receptor-
5 (Lgr5) protein in jejunum and ileum of pigs. Values in histogram are means ± SEM
(n ¼ 7), *P < 0.05. LCPA ¼ low crude protein diets supplemented with amino acids;
LCPC ¼ low crude protein diets supplemented with casein hydrolysate.
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decreased (P < 0.05) protein expression levels of IL-1b, TNF-a and
IL-17A. Compared with LCPA diet, LCPC diet decreased (P < 0.05)
protein expression levels of IL-1b, TNF-a, IL-6, IL-17A and IL-22.
These results indicate that LCPC diet decreased expressions of
pro-inflammatory cytokines as compared with LCPA diet.
Fig. 4. The dominated bacterial taxonomic groups in jejunum and ileum of pigs. Values in
supplemented with amino acids; LCPC ¼ low crude protein diets supplemented with casei

Fig. 5. Gene expression levels of toll-like receptors (TLR) and their downstream signaling pa
*P < 0.05. LCPA ¼ low crude protein diets supplemented with amino acids; LCPC ¼ low crud
MAPK ¼ mitogen-activated protein kinase.
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3.4. Correlation analysis of intestinal barrier, bacterial and immune
parameters

The correlation analysis of intestinal barrier, bacterial and im-
mune parameters is shown in Fig. 7. In LCPA group, gene and pro-
tein expression levels of ZO-1 were positively correlated (P < 0.05)
with protein expression level of Lgr5 in the jejunum. Protein
expression levels of Lgr5 and ZO-1 in the jejunum were positively
correlated (P < 0.05) with ileal Lactobacillus counts. Gene expres-
sion level of TLR2 was positively correlated (P < 0.05) with protein
expression levels of IL-6 and IL-22 in the ileum.

In comparison with LCPA group, LCPC group showed more cor-
relations between barrier function, microbes and immunity. Similar
to in the LCPA group, in LCPC group, gene and protein expression
levels of ZO-1 and occludin were positively correlated (P < 0.05)
with protein expression level of Lgr5 in the jejunum. Protein
expression levels of jejunal Lgr5, ZO-1 and occludin and ileal MUC-
2 were positively correlated (P < 0.05) with ileal Lactobacillus
counts. Furthermore, Lactobacillus and Clostridium cluster IV counts
were negatively correlated (P < 0.05) with E. coli counts in the
ileum. E. coli counts were positively correlated (P < 0.05) with gene
expression levels of NF-kB and TLR4 and protein expression levels of
IL-1b and TNF-a in the ileum. The protein expression level of MUC-
2 was negatively correlated (P < 0.05) with gene expression levels
of NF-kB and TLR4 in the ileum. Gene expression levels of NF-kB and
TLR4 were positively correlated (P < 0.05) with protein expression
the histogram are means ± SEM (n ¼ 7), *P < 0.05. LCPA ¼ low crude protein diets
n hydrolysate.

thways in jejunum and ileum of pigs. Values in the histogram are means ± SEM (n ¼ 7),
e protein diets supplemented with casein hydrolysate; NF-kB ¼ nuclear factor kappa B;



Fig. 6. Protein expression levels of ileal cytokines in pigs. Values in the histogram are means ± SEM (n ¼ 7), *P < 0.05. LCPA ¼ low crude protein diets supplemented with amino
acids; LCPC ¼ low crude protein diets supplemented with casein hydrolysate; IL ¼ interleukin; TNF-a ¼ tumor necrosis factor-a; IFN-g ¼ interferon-g; TGF-b ¼ transforming growth
factor-b; IgA ¼ immunoglobulin A.

Fig. 7. Correlation analysis of intestinal barrier, stem cell proliferation and immune factors and dominated bacterial communities counts in jejunum and ileum. Only the signif-
icantly changed factors in LCPC and LCPA groups (vs. control) were presented. The blue represents the negative correlation (P < 0.05), the red represents the positive correlation
(P < 0.05), and the white represents that the correlation was not significant (P � 0.05). LCPC ¼ low crude protein diets supplemented with casein hydrolysate; LCPA ¼ low crude
protein diets supplemented with amino acids; ZO-1 ¼ zonula occludens-1; BD-1 ¼ b-defensin-1; Lgr5 ¼ leucine-rich repeat-containing G-protein-coupled receptor 5;
IL ¼ interleukin; TLR ¼ toll-like receptor; MUC ¼ mucin; TNF-a ¼ tumor necrosis factor-a; NF-kB ¼ nuclear factor kappa B.
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level of IL-1b in the ileum. Altogether, these suggest that the
changes in intestinal barrier factors were correlated with the
alteration of the ISC proliferation factor. The alterations in ISC and
intestinal barrier factors were correlated with the alterations of
Lactobacillus counts. The decreased expression levels of pro-
inflammatory factors were correlated with the reduced E. coli
counts and the increased intestinal barrier factors expressions.
4. Discussion

Extremely LCP diets, even supplemented with essential and
nonessential AA, can damage small intestinal development and
health in pigs (Che et al., 2017; Deng et al., 2007; Peng et al., 2016).
The present study showed that in comparison with AA supple-
mentation, casein hydrolysate supplementation of extremely LCP
diets to fill their AA gap with the AA requirement, favored the
775
small intestinal barrier function, bacterial community, and im-
munity. Our findings highlight the essential importance of
protein-derived peptides for small intestinal health in pigs fed
extremely LCP diets.

In this study, 16% CP concentration in the control diet was a
moderately low CP concentration for 20 to 50 kg pigs (the recom-
mended CP concentration is 18% according to the NRC (2012)),
which has been shown to reduce N excrement without damaging
gut health and growth performance (Chen et al., 2018; Peng et al.,
2017); 13% CP concentration in both LCPA and LCPC diets was
extremely LCP concentration. The adverse changes in intestinal
environment induced by LCPA diet were consistent with results of
previous studies on extremely LCP diets (Peng et al., 2017; Fan et al.,
2017; Che et al., 2017). On the contrary, the supplementation of
casein hydrolysate in LCP diets showed beneficial effects on the
intestinal health.
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4.1. Casein hydrolysate supplementation enhanced the small
intestinal barrier function in comparison with AA supplementation
in low crude protein diets

Small intestinal barrier functions can be greatly affected by the
dietary protein nutrition (Fan et al., 2017; Liu et al., 2017). Intestinal
tight junctions, including occludin, claudin-1 and ZO-1, are
responsible for maintaining the integrity of intestinal epithelium.
In the present study, relative to the control group, the decreased
expressions of ZO-1 and claudin-1 in LCPA group are likely due to
the certainty that the dietary protein or peptide nutrition provided
by LCPA diet is inadequate for maintaining the integrity of intestinal
epithelium; casein hydrolysate supplementation may fill the gap of
the nitrogen nutrition in LCP diets. An accumulation of data has
indicated that casein-derived peptides have a potential promoting
role in intestinal development and epidermal integrity by
increasing the expressions of tight junction factors (Martínez-
Augustin et al., 2014; Yasumatsu and Tanabe, 2010). Therefore,
the adequate peptide nutrients in LCPC diet and the potential
bioactive functions of casein-derived peptides may have contrib-
uted to the enhanced intestinal epidermal barrier, as reflected by
increased expressions of occludin and ZO-1 in LCPC group
compared with other 2 groups. In addition to the tight junctions,
mucins are another important intestinal barrier factor. Mucins are
secreted mainly by goblet cells distributed along the intestine and
make up the skeleton of the intestinal mucus layer (Corfield, 2015).
Indeed, in the present study, compared with LCPA group and con-
trol, LCPC diet showed greater numbers of goblet cells in the ileum,
which may contribute to the increased expression of MUC-2 in the
ileum.

The intestinal barrier function undergoes constitutive renewal,
which can be driven by the proliferation of actively cycling Lgr5
ISC (daily intestinal maintenance) (Westphalen et al., 2014; Obata
et al., 2018; Barker et al., 2007). Intestinal stem cell proliferation
requires adequate dietary protein supply (Obata et al., 2018). In
this study, relative to the control group, the decreased expression
of jejunal Lgr5 in LCPA group suggests that the protein nutrient
supply in LCPA diet may not be enough to meet the need of daily
maintenance of ISC proliferation. Fan et al. (2017) reported that
extremely LCP diets can decrease the protein expression levels of
small intestinal stem cell proliferation factors in pigs. The
decreased ISC proliferation may partly explain the decreased ex-
pressions of intestinal barrier factors in LCPA group. In contrast,
the supplementation of casein hydrolysate in LCP diets may not
only meet the requirement of protein or peptide nutrition for daily
intestinal maintenance, but also exhibit a promoting effect on ISC
proliferation, as reflected by the increased expression of jejunal
Lgr5 in LCPC group compared with the other 2 groups. Further, the
increased expression of Lgr5 may contribute to an increased
expression of intestinal barrier factors in the LCPC group, and vice
versa in the LCPA group; this was supported by correlation anal-
ysis that showed the positive correlations between Lgr5 and
barrier function factors. However, whether the changed ISC pro-
liferation played a decisive role in the changed barrier function
remains to be further studied. Collectively, the supplementation of
casein hydrolysate in LCP diets shows a beneficial effect on small
intestinal barrier development, which may be associated with
increased ISC proliferation.

4.2. Casein hydrolysate supplementation increased Lactobacillus
counts and decreased E. coli counts in the small intestine in
comparison with AA supplementation in low crude protein diets

Dietary protein composition can greatly influence the intestinal
bacterial community. Lactobacillus are important members of
776
commensal bacteria in the small intestine and are regarded as
beneficial bacteria to maintain/promote the intestinal bacterial
community homeostasis. LCPC diet may promote the bacterial
community homeostasis, as reflected by the increase of Lactoba-
cillus counts in LCPC group compared with the control group, while
LCPA diet showed an opposite effect with a decrease of Lactobacillus
counts. Lactobacillus can preferentially utilize exogenous peptides
for protein synthesis, as they have a limited ability to hydrolyze
intact protein (Pridmore et al., 2004; Zhang et al., 2011; Davila et al.,
2013) and have the kinetic advantages of peptide-uptake systems
(Davila et al., 2013). Therefore, relative to both the control and LCPA
groups, the increased counts of Lactobacillus in LCPC group may be
associated with increased available peptides. Moreover, given the
preferential utilization of Lactobacillus to the peptide, we speculate
that the increased Lactobacillus count could also happen in
response to other hydrolyzed protein (peptides source); which, of
course, needs to be studied further.

In addition to Lactobacillus, Clostridium are also important in-
testinal commensal bacteria in pigs. The mechanisms responsible
for the increase of Clostridium cluster IV counts in LCPC group,
relative to the control and LCPA groups, are unknown, but the in-
crease of Clostridium cluster IV may also benefit the intestinal
environment as this bacterial group has been regarded to be
beneficial to gut health (Lopetuso et al., 2013; Atarashi et al., 2011).
These commensal or generally beneficial bacteria can competitively
colonize gut adhesion sites, utilize nutrients, and produce lactic
acid; these effects can effectively restrict the growth of opportu-
nistic pathogens. Consistently, in this study, Lactobacillus and
Clostridium cluster IV counts were negatively correlated with E. coli
counts as revealed by correlation analysis; therefore, the increase of
commensal Lactobacillus and Clostridium cluster IV may be one of
the contributing factors for the decrease of E. coli in LCPC group.
Furthermore, Lactobacillus spp. can stimulate the proliferation of
ISC via NADPH oxidase 1 mediated generation of reactive oxygen
species in mice (Jones et al., 2014). Lactobacillus spp. have also been
shown to increase mucin expression in vitro (pig intestinal cell line
IPEC-J2) (Liu et al., 2010) and in pigs (Yi et al., 2018; Liu et al., 2013).
In the present study, Lactobacillus were positively correlated with
Lgr5 and MUC-2; therefore, the increased Lactobacillus counts in
LCPC groupmay partly contribute to the enhanced intestinal barrier
development. Collectively, the supplementation of casein hydro-
lysate in LCP diets shows beneficial effects on the small intestinal
bacterial community, which could contribute to the small intestinal
health.

4.3. Casein hydrolysate supplementation decreased the pro-
inflammatory cytokines expressions in comparison with AA
supplementation in low crude protein diets

Dietary protein composition can affect intestinal immunity.
Cytokines are important signal molecules for regulating the im-
mune cells, and their expression can represent the immune
response status. TNF-a and IL-1b belong to the pro-inflammatory
Th1-type cytokine and IL-17A and IL-22 are typical Th17 cyto-
kines which are major contributors to intestinal mucosal inflam-
mation (Bettelli et al., 2008). Although IL-6 is a Th2 cytokine, it
plays an important role in promoting the Th17 immune response
(Korn et al., 2008; Zhou et al., 2007). Relative to the control group,
the increased expression of IL-6 and IL-22 in LCPA group suggests
an increased risk of intestinal inflammation. But this potential risk
was reduced with LCPC diet, as reflected by the decreased expres-
sion of IL-17A, TNF-a and IL-1b.

The decreased expressions of pro-inflammatory Th1- and Th17-
cytokines in LCPC groupmay be associatedwith the inhibited TLR4-
NF-kB signaling pathway; this was supported by correlation
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analysis that showed the positive correlations between pro-
inflammatory cytokines and TLR4-NF-kB. The pattern recognition
receptor signal comes from its binding to the specific ligands.
Lipopolysaccharide, the main cell wall constituent of E. coli, is a
major ligand for TLR4. Moreover, the intestinal mucus layer can
spatially segregate the luminal antigen ligands from the epithelial
immune receptors to avoid unnecessary immune signaling. In this
study, NF-kB and TLR4 were positively correlated with E. coli and
negatively correlated with MUC-2 as revealed by correlation anal-
ysis. Therefore, the decreased expressions of TLR4-NF-kB in the
LCPC group may also be contributed to the decreased E. coli counts
and the increased MUC-2 expression. Collectively, the supple-
mentation of casein hydrolysate in LCP diets shows benefits for the
small intestinal immune response homeostasis, which may be
associated with the enhanced intestinal barrier and the reduced
E. coli counts.

In the present study, compared with AA supplementation, the
supplementation of casein hydrolysate as a peptide source may
have filled the gap of the protein or peptide nutrition in extremely
LCP diets, which benefited the small intestinal barrier, bacterial
community, and immunity. Moreover, the bioactive functions of
many peptides may also have contributions to the intestinal health.
Thus, we believe that the beneficial effects of LCPC diet, compared
with LCPA diet, comes mainly from the supplementation of peptide
nutrition under extremely LCP diets. Therefore, we speculate that
with extremely LCP diets, other peptides sources (e.g., soy or whey
protein hydrolysate, etc.) supplementation may also have a bene-
ficial effect on intestinal health as compared with AA supplemen-
tation. Nevertheless, further research is needed to support this
viewpoint.
5. Conclusions

In comparison with the 16% CP diet, the 13% CP diet supple-
mented with AA to fully fill the AA gap with the AA requirement,
detrimentally affected the small intestinal barrier function and
immunity, whereas the 13% CP diet supplemented with casein
hydrolysate favored the small intestinal barrier function, bacterial
community, and immunity in pigs. These observations provide
novel insights into the role of peptides in the nutritional inter-
vention in pigs, suggesting that a certain quantity of protein-
derived peptides is critically necessary for maintaining or even
favoring small intestinal health in pigs under extremely low crude
protein diets.
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