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Early flora colonization affects 
intestinal immunoglobulin G uptake 
in piglets, which may be mediated 
by NF-κB-FcRn pathway
Fang Peng , Haihan Zhang , Xi He  and Zehe Song *

College of Animal Science and Technology, Hunan Agricultural University, Changsha, China

Introduction: The passive immunity of newborn piglets is mainly derived from 
immunoglobulin G (IgG) in breast milk, and the incomplete transfer of passive immune 
is considered to be an important cause of piglet death. This study was conducted 
to investigate the effect of early intestinal flora colonization on IgG uptake and its 
possible mechanism.

Methods: The newborn piglets and IPEC-J2 cells were used to investigate the 
possible factors and regulatory mechanisms affecting intestinal IgG uptake.  In vivo, 
all 40 piglets were euthanized on postnatal d 0, 1, 3, and 7, with 10 piglets per time. 
The blood sample, gastric contents, jejunal contents and mucosa were collected for 
analysis. In vitro, IPEC-J2 cells transwell culture system was used to establish the IgG 
transporter model to explore the specific regulatory mechanism of IgG transport.

Results: Our results demonstrated that the intestinal IgG uptake was positively 
correlated with the expression of Neonatal Fc receptor (FcRn). With the increase of 
age, the intestinal flora of newborn piglets was gradually enriched. The function of 
intestinal genes also changes with the colonization of intestinal flora. We found that 
the expression trend of TLR2, TLR4 and NF-κB (P65) in intestine was consistent with 
that of FcRn. Furthermore, the in vitro results demonstrate that the NF-κB signaling 
pathway is involved in regulating FcRn-mediated IgG transmembrane transport.

Discussion: Early flora colonization affects intestinal IgG uptake in piglets, which may 
be mediated by NF-κB-FcRn pathway.
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Introduction

In modern intensive production, piglets death accounted for more than 80% of pig mortality in 
whole production cycle, and caused huge economic losses to the industry. The reasons for high 
mortality rate in nursing period are highly sophisticated, among which the incomplete passive 
immune transfer is considered to be  an important factor (Bandrick et  al., 2014). The level of 
antibodies in newborn piglets’ body is basically zero, thus they are directly exposed to the risk of 
invasion by various pathogenic microorganisms after birth. However, the development of active 
immunity of newborn piglets is very slow, and their immune system does not protect until 7–8 days 
after birth. Thus, passive immunity must be obtained by sucking colostrum rich in antibodies to 
resist the invasion of various pathogenic bacteria (Kielland et al., 2015; Lauritsen et al., 2017).

Previous studies have shown that the passive immunity of piglets mainly comes from the 
immunoglobulin in breast milk, including immunoglobulin G (IgG), IgA, IgM and other types 
(Pierzynowska et al., 2020). The main immunoglobulin in colostrum within 3 days after delivery 
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is IgG, reaching 60 mg/mL, accounting for 70–80% of the total 
immunoglobulin. IgG is the most important immune substance 
obtained from the mother of newborn piglets before the establishment 
of their own immune system, and it plays a very important role in the 
animal’s anti-infection immunity (Zeng et al., 2016; Bournazos and 
Ravetch, 2017; Mortensen et al., 2017). It is found that the serum IgG 
content of piglets after birth is positively correlated with the survival 
rate of piglets, and the serum IgG content of dead piglets is much 
lower than that of alive piglets (Czech et al., 2010). There is a strong 
correlation between the concentration of IgG in colostrum of sows 
and the mortality of piglets infected with intestinal and respiratory 
diseases. Obtaining sufficient maternal antibodies can significantly 
reduce the incidence and mortality of intestinal and respiratory 
diseases in piglets (Guo et al., 2016a,b; Andraud et al., 2018). Other 
studies have reported that the pre-weaning survival rate of suckling 
piglets can reach 91% when the serum IgG content is 22.52 mg/mL, 
while the weaning survival rate of suckling piglets is only 67% when 
the serum IgG content is equal to or less than 10 mg/mL (Cabrera 
et al., 2012). However, it is worth noting that the immunoglobulin in 
colostrum changed rapidly with the passing of postpartum time. It 
decreased by 30% within 3 h after delivery and nearly 90% after 24 h, 
which was mainly the decrease in IgG content. Therefore, it is 
necessary to obtain sufficient maternal IgG from colostrum quickly 
to ensure the survival and healthy growth of piglets.

Neonatal Fc receptor (FcRn) is the only receptor for specific IgG 
transport and plays a decisive role in IgG absorption (D'Hooghe 
et  al., 2017). Some studies have reported that about 80% of IgG 
uptake in the small intestine is mediated by FcRn protein expressed 
on the surface of the small intestinal chorionic membrane (Kliwinski 
et  al., 2013). Accumulating evidence demonstrated that NF-κB 
signaling pathway plays a pivotal role in the regulation of FcRn 
expression. Liu et al. (2007) reported that TNF-α improved FcRn 
expression and IgG transport efficiency across intestinal epithelial 
cells by activating NF-κB signaling pathway. Guo et al. (2016a,b) 
found five NF-κB (p65) binding sites by analyzing the sequence of 
porcine FcRn promoter region, and overexpression or activation of 
NF-κB signaling pathway by agonists significantly increased FcRn 
expression. It has been widely confirmed that TLR2 and TLR4 
mediate the activation of NF-κB signaling pathway in immune and 
inflammatory responses. Moreover, studies have shown that the 
regulation of intestinal TLR2/4 in early life of newborn animals is 
mainly regulated by intestinal microbiota colonization (Round 
et al., 2011; Inoue et al., 2017). However, few studies have reported 
the effects of gut microbiota on passive immunity and IgG uptake 
in animals during early life.

Therefore, in this work, we analyzed the intestinal IgG transport and 
bacterial colonization of newborn piglets at different days of age, and 
constructed an in vitro IgG transport model using IPEC-J2 cells 
transwell culture system to analyze the specific regulatory mechanism 
of IgG transport in newborn piglets.

Materials and methods

Ethic approval and consent to participate

All procedures were approved by the Institutional Animal Care and 
Use Committee of Hunan Agricultural University.

Animals experiment

Newborn piglets (Landrace × Duroc × Yorkshire) were obtained 
from 4 sows (10 piglets per litter) with the similar parity (3 or 4 parities). 
The piglets were housed with their own mothers. All 40 piglets were 
euthanized on postnatal d 0, 1, 3, and 7, with 10 piglets per slaughter. All 
30 piglets killed at d 1, 3, and 7 received breast milk except for 10 piglets 
at d 0. The blood sample was taken from the carotid artery and 
centrifuged at 3,000 rpm for 15 min at 4°C to obtain serum. Gastric 
contents (IgG in breast milk), jejunal contents and mucosa were 
collected and transferred into sterile precooled tubes, and then stored at 
−80°C until further analysis (Figure 1A).

Cell culture

IPEC-J2 cells were obtained from the Type Culture Collection of the 
Chinese Academy of Sciences (Shanghai, China). The cells were cultured 
in Dulbecco’s modified Eagle medium (DMEM) supplemented with 
10% fetal bovine serum (FBS) (HyClone, Utah, United States) and 1% 
Penicillin–Streptomycin (Beyotime Institute of Biotechnology, Shanghai, 
China). Cells were maintained at 37°C in a humidified incubator 
under 5% CO2.

Establishment of in vitro transcellular model

IPEC-J2 cells were seeded in 96-well culture plates and grown to 
approximately 80% confluence. The cells were incubated with 
lipopolysaccharide (LPS) (0, 0.1, 0.5, 1, 5, 10 μg/mL) and lipoteichoic 
acid (LTA) (0, 1, 2.5, 5, 10, 20 μg/mL) in serum-free DMEM for 24 h, 
respectively, and their viabilities were determined by cell counting kit-8 
assay. The maximum concentration that had no effect on cell viability 
was chosen as the final concentration of LPS and LTA for the 
following experiments.

IPEC-J2 cells were grown in 12-well transwell system and the 
changes of trans-epithelial electrical resistance (TEER) were determined 
using an epithelial voltohmmeter ERS-2 (Merck Millipore, 
United States). When the epithelial electrical resistance was measured 
until similar values were recorded on three consecutive measurements, 
the cells were incubated with LPS and LTA for 24 h, repectively. Then the 
electrical resistance of each treatment was measured.

Repeating the above procedure until the epithelial electrical 
resistance was stable. Then, porcine IgG (400 μg/mL) mixed with 
LPS or LTA or both not was added to the upper chamber of the 
transwell for 24 h at 37°C. Meanwhile, the opposite chamber was 
incubated in DMEM serum-free medium. Supernatants from the 
lower chamber of the transwell were collected at 1, 2, 4, 6, 12, 24 h 
after incubation. Meanwhile, cells were collected during these 
time periods.

NF-κB inhibition assay

IPEC-J2 cells were grown at 70–80% confluence treated with or 
without 5 μM NF-κB inhibitor BAY11-7028 (Sigma-Aldrich, 
United States) for 1 h and then the cells were stimulated by LPS or LTA 
or both not for 2 h. Finally, cells were harvested for use.
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Enzyme-linked immunosorbent assay

The IgG levels in serum, gastric contents and cell culture medium 
supernatants, LPS and LTA levels in jejunal contents were determined 
using ELISA kits (Enzyme-linked Biotechnology, Shanghai, China) 
according to the manufacturer’s instructions.

Absolute quantitative PCR

The total DNA from the jejunal content samples was extracted using 
QIAamp DNA Stool Mini Kit (Qiagen, Germany) following the 
manufacturer’s instructions. The PCR primer sequences were 338F: 
5′-ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′-GGACTACH 
VGGGTWTCTAAT-3′. The construction of plasmid standard and 
standard curve drawing were carried out by Paisonol Biotechnology Co., 
Ltd., Shanghai, China. Gene expression was determined on a real-time 
quantitative PCR system, using SYBR Green Premix Pro Taq HS qPCR 
kit (Accurate Biotechnology, Hunan, China). The formula for calculating 
the copy number is Ct = −KlogX+b. X represents copy number, K 
represents slope of standard curve, and b represents intercept of 
standard curve.

Quantitative PCR

Total RNA was extracted from jejunal mucosa and IPEC-J2 cells 
using RNA rapid extraction kit and transcribed into cDNA using the 
Evo M-MLV RT Premix kit (Accurate Biotechnology, Hunan, China). 
The PCR primer sequences utilized for the determination of the gene 
expression were shown in Table 1. Gene expression was determined on 
a real-time quantitative PCR system, using SYBR Green Premix Pro Taq 
HS qPCR kit (Accurate Biotechnology, Hunan, China). Relative 

quantification of the target gene expression was calculated as previously 
described methods (Peng et al., 2021).

Western blot

The total protein of jejunal mucosa and IPEC-J2 cells was extracted 
with protein extraction reagents (Thermo Fisher Scientific Inc., 
United States). Proteins were separated by 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and then 
electrotransferred to polyvinylidene difluoride (PVDF) membranes 
(BioRad, Hercules, CA, United States). Membranes were blocked and 
then incubated with the following primary antibodies overnight at 4°C: 
β-actin (Cell Signaling Technology, #4970), FcRn (Abclonal, A8544), 
NF-κB P65 (Cell Signaling Technology, #6956), and Phospho-NF-κB 
P65 (Ser536) (Cell Signaling Technology, #3033). After primary 

A B
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C D

FIGURE 1

The expression of FcRn promoted the absorption of IgG. (A) Animal experiment design. (B,C) The IgG content in stomach milk and serum of piglets at four 
time points (d 0, 1, 3, and 7). (D,E) The mRNA and protein expression of FcRn in jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). Data were 
shown as means ± standard deviations. Mean value without the common letter on data bar in each figure indicated that the difference was significant 
(p < 0.05).

TABLE 1 Primers used for real-time PCR analysis.

Gene name Primer sequence (5′ to 3′)

β-actin F: GCTCTGTCGGCCTCTCAGG

R: CGTCGCACTTCATGATCGAG

TLR2 F: TCACTTGTCTAACTTATCATCCTCTTG

R: TCAGCGAAGGTGTCATTATTGC

TLR4 F: GCCATCGCTGCTAACATCATC

R: CTCATACTAAAGATACACCATCGG

FcRn F: GGCGACGAGCACCACTACTG

R: AGCCGACCATGATTCCAACC

P65 F: GCATCCGTCGACAACTCTGA

R: CAGGTGTCAGCCCTTTAGGA
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antibody incubation, membranes were washed and then incubated with 
HRP-conjugated anti-mouse or anti-rabbit IgG antibodies (Beyotime 
Biotechnology, Shanghai, China). Finally, quantified and digitally 
analyzed using the image J program (NIH).

Transcriptomic analysis of jejunal mucosa

The total RNA was extracted from jejunal mucosa using Trizol 
according to the manufacturer’s instructions. Paired-end (PE) RNA-seq 
libraries were constructed using the Truseq mRNA-stranded RNA-Seq 
Library Prep Kit (Illumina, United  States). The sequencing of the 
libraries with a read length of 2 × 150 bp and an insert size of 380 bp was 
performed on an Illumina HiSeq X Ten sequencing platform. The quality 
of the raw sequencing data was assessed and filtered with RNA-QC-
Chain (Zhou et al., 2018), removing the adaptors, contaminations, and 
low-quality reads. The filtered reads were aligned to the reference 
genome of the S. scrofa (NCBI Accession No. GCF_000003025.6) using 
HISAT2 (v2.1.0) (Kim et al., 2019). The expression level of genes was 
estimated using fragments per kilobase per million mapped reads 
(FPKM) by StringTie (v1.3.6) (Pertea et al., 2015). We used DESeq to 
detect the differentially expressed genes (DEGs), which were defined as 
genes with|log2(FoldChange)| > 1 and adjusted p < 0.05 between the two 
groups. The Benjamini-Hochberg (BH) method-based false discovery 
rate (FDR) multiple test correction was applied to adjust the p value.

Metagenomic analysis of jejunal microbiome

The total DNA from the jejunal content samples was extracted using 
QIAamp DNA Stool Mini Kit (Qiagen, Germany) following the 
manufacturer’s instructions. After the quality check, DNA was used to 
construct the PE libraries using NEBNext Ultr DNA Library Prep Kit for 
Illumina (NEB, United States). A total of 20 samples were successfully 
sequenced on Illumina HiSeq X Ten platform. The raw sequencing data 
were evaluated using FastQC and then trimmed by Fastp (v0.20.0) 
(Brown et al., 2017) to eliminate reads less than 50 bp, adapters, leading 
or trailing bases with Phred base quality (BQ) scores of <20, and 
fragments of every five bases with an average BQ score of <25. To obtain 
the taxonomical composition of the intestinal microbiome for each 
sample, the high-quality reads were annotated by MetaPhlAn2 (v2.6.0) 
with default settings (Truong et al., 2015). Alpha diversity was calculated 
using the QIIME and principal component analysis (PCA) were analyzed 
by R (v4.0.3) and QIIME. The top 50 taxons with significant differences 
in relative abundance between groups were clustered by R (v4.0.3).

Phosphoproteomic analysis

There were two groups (n = 3 each group) of IPEC-J2 cells that were 
used for the phosphoproteomic analysis, one is LPS treatment group, 
treated with 1 μg/mL LPS for 2 h, and the other is LTA treatment group, 
treated with 2.5 μg/mL LTA for 2 h. SDT (4%SDS, 100 mM Tris–HCl, 
1 mM DTT, pH7.6) buffer was used for sample lysis and protein 
extraction. The amount of protein was quantified with the BCA Protein 
Assay Kit (Bio-Rad, United  States) following the manufacturer’s 
instructions. Protein digestion and phosphopeptides enrichment were 
performed as described previously (Wiśniewski et  al., 2009). The 
enriched phosphopeptides was concentrated in vacuum and redissolved 

in 20 μL 0.1% formic acid solution for mass spectrometry analysis. 
Liquid chromatography–tandem mass spectrometry (LC–MS/MS) 
analysis was carried out by Applied Protein Technology Co., Ltd., 
Shanghai, China. The MS raw data for each sample were combined and 
searched using the Maxquant (1.5.2.8) software for identification and 
quantitation analysis. Phosphopeptides with the Fold Change >2 
(up-regulated) or Fold Change <0.5 (down-regulated) were further 
applied to Student’s t-test at a univariate level to measure the significance, 
the p-values <0.05 were considered statistically significant (Figure 2A).

Statistical analysis

Data are presented as means ± standard deviation (SD). A two-sided 
unpaired Student’s t-test with Benjamini–Hochberg correction was used 
to compare the two groups. The differences among the three groups 
were analyzed using one-way analysis of variance (ANOVA) followed 
by Duncan’s test. Significance was set at p < 0.05.

Results

The expression of FcRn promoted the 
absorption of IgG

Piglets which did not receive milk after parturition were recorded 
as d 0, and 24 h after suckling were recorded as d 1. As shown in 
Figure 1B, with the growth of piglets, the IgG levels in the stomach milk 
of piglets on d 1 were significantly higher than that on d 3 and d 7 
(p < 0.05). On the contrary, the serum IgG content of piglets continued 
to increase from the d 1 of suckling to the peak on the d 7. The IgG 
content in serum of piglets on d 3 and d 7 was significantly higher than 
that on d 1 (p < 0.05). It is known that IgG in newborn piglets is derived 
entirely from breast milk, as shown in Figure 1C, the serum of piglets at 
d 0 contains no IgG. And FcRn is the only receptor for transporting 
IgG. We detected the mRNA expression and protein expression of FcRn 
in jejunal mucosa of piglets (Figures 1D,E). The trend of FcRn mRNA 
expression and protein expression was consistent, with the highest 
expression on the d 1 and then down-regulated. There was a significant 
difference between d 1 and d 3 and d 7 in FcRn mRNA expression and 
protein expression (p < 0.05), but the difference between d 3 and d 7 was 
not significant (p > 0.05). The mRNA expression of FcRn in jejunal 
mucosa of piglets was significantly different between d 0 and d 1 
(p < 0.05), but no significant difference in protein expression (p > 0.05).

Dynamic changes of intestinal microbiota in 
piglets after birth

We performed absolute quantitative analysis of jejunal microbiota 
in piglets at four time points (d 0, 1, 3, and 7). As shown in Figure 3A, 
the amount of jejunal bacteria at d 0 was significantly lower than that 
at the other three time points (d 1, 3, and 7) (p < 0.05), while there was 
no significant difference among the other three time points (p > 0.05). 
The results of LPS content and LTA content in jejunum were consistent 
(Figures  3B,C). From d 0 to d 7, the contents of LPS and LTA in 
jejunum of piglets increased gradually. The contents of LPS and LTA 
in jejunum of piglets were not significantly different between d 0 and 
d 1 (p > 0.05), but d 0 and d 1 were significantly different from d 3 and 
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d 7 (p < 0.05), respectively, and there were also significant differences 
between d 3 and d 7 (p < 0.05). To further clarify the colonization rules 
of intestinal microbiota in piglets, metagenomic sequencing was 
performed on intestinal microbiota at four time points. The Chao 1 
and ACE indices that estimate microbial richness, and the Shannon 
and Simpson diversity indices which reflects species biodiversity, were 
calculated to evaluate the alpha diversity (Figure 3D). The species 
richness (Chao 1 and ACE) of d 0 was significantly lower than that of 
other three time points (d 1, 3, and 7) (p < 0.05). The results of PCA 
showed that jejunal microbiota of piglets at the four time points did 
not completely overlap, indicating that the jejunum of piglets was 
colonized with different bacteria at the four time points (Figure 3E). 
Besides, we  analyzed the taxonomic composition and top  50 
differential bacteria composition of jejunum flora of piglets at four 
time points (Figures 3F,G). At species level, the dominant bacteria in 
jejunum of piglets was Clostridioides difficile both at four time points. 
Except for Lactobacillus mucosae, Lactobacillus delbrueckii, and 
Lactobacillus amylovorus, there was no significant difference in the 
relative abundance of other bacteria in jejunum of piglets at four time 

points. The analysis of top 50 differential bacteria composition also 
reflects the colonization rule of piglets jejunal microbiota at four time 
points. By the 7th day after birth, Lactobacillus gradually became the 
dominant bacteria in jejunal of piglets. In addition, we calculated the 
proportion of Gram-positive bacteria and Gram-negative bacteria in 
the top 20 species levels of jejunum of piglets (Figure 3H). The results 
showed that the relative abundance of Gram-positive bacteria in 
jejunum significantly decreased and the relative abundance of Gram-
negative bacteria significantly increased with the increase of age of 
piglets (p < 0.05). And the proportion of Gram-positive bacteria in 
jejunum of piglets was always higher than that of Gram-negative 
bacteria at four time points (p < 0.05).

Correlation analysis of IgG absorption and 
intestinal flora in piglets

We analyzed the correlation between serum IgG content and 
jejunal mucosal FcRn mRNA expression with total jejunal bacteria, 
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FIGURE 2

Dynamic changes of intestinal microbiota in piglets after birth. (A) Absolute quantitative analysis of jejunal microbiota in piglets at four time points (d 0, 
1, 3, and 7). (B,C) LPS and LTA contents in jejunum of piglets at four time points (d 0, 1, 3, and 7). (D) Analysis of alpha-diversity in jejunal microflora at 
four time points (d 0, 1, 3, and 7). (E) Principal component analysis (PCA) of the structure of the jejunal microbiota at four time points (d 0, 1, 3, and 7). 
(F) The relative abundances of the jejunal microbiota at the specie levels at four time points (d 0, 1, 3, and 7). (G) The top 50 species level differential 
bacteria in jejunum of piglets at four time points (d 0, 1, 3, and 7). (H) Relative abundance of Gram-positive and Gram-negative bacteria in the top 20 
species levels of jejunum of piglets at four time points (d 0, 1, 3, and 7). (I) Correlation analysis betwwen intestinal flora parameters and serum IgG levels 
and jejunal FcRn mRNA expression of piglets. (J) Redundancy analysis (RDA) between the top 50 jejunal bacteria in genus level and serum IgG content, 
jejunal LPS content, jejunal LTA content, total jejunal bacteria, and mRAN expression level of FcRn in jejunal mucosal tissue. Data were shown as 
means ± standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001. Mean value without the common letter on data bar in each figure indicated that the 
difference was significant (p < 0.05).
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FIGURE 3

Dynamic gene expressions during intestinal development progression in piglets. (A) Principal component analysis (PCA) based on the gene expression in 
jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). (B) Histogram of differentially expressed genes in jejunal mucosa of piglets at four time points 
(d 0, 1, 3, and 7). (C) Cluster analysis results of differential expression of gene in jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). (D) Spearman 
correlation analysis between the top 50 species level differential bacteria screened in the metagenomic results and 6,525 defferent expreesed genes. 
(E) KEGG pathway enrichment analysis of genes highly associated with different bacteria. (F–H) The mRNA expression of TLR4, TLR2 and P65 in jejunal 
mucosa of piglets at four time points (d 0, 1, 3, and 7). Data were shown as means ± standard deviations. Mean value without the common letter on data bar 
in each figure indicated that the difference was significant (p < 0.05).

jejunal LPS content, jejunal LTA content and jejunal microbiota 
alpha diversity index (Chao1 and ACE) at 4 time points, respectively. 
As shown in Figure 3I, the content of serum IgG had significantly 
positive correlation with total jejunal bacteria, jejunal LPS content, 
jejunal LTA content and jejunal microbiota alpha diversity index 
(Chao1 and ACE) (p < 0.05), and the expression of FcRn mRNA in 
jejunum had significantly negative correlation with total jejunal 
bacteria, jejunal LPS content and jejunal LTA content (p < 0.05). 
Obviously, the content of LPS and LTA in jejunum had the strongest 
correlation with serum IgG content and jejunal FcRn mRNA 
expression (p < 0.01). Moreover, we performed redundancy analysis 
(RDA) between the top 50 jejunal bacteria in genus level and serum 
IgG content, jejunal LPS content, jejunal LTA content, total jejunal 
bacteria, and mRAN expression level of FcRn in jejunal mucosal 
tissue. The results of RDA showed that the microflora composition 

in jejunum of piglets at four time points had no significant 
difference in genus level. Furthermore, the interaction between 
jejunum microbial composition and serum IgG content, jejunal LPS 
content, jejunal LTA content, total jejunal bacteria, and mRAN 
expression level of FcRn in jejunal mucosal tissue was highly 
significant (p = 0.001) (Figure 3J).

Dynamic gene expressions during intestinal 
development progression in piglets

The results of PCA based on the gene expression of four time points 
reflected the degree of differences in the genetic profiles of piglets at d 0, 
1, 3, and 7 (Figure 4A). Through the traditional t-test, the differences 
between the combinations of any two time periods were found 
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(Figure 4B), and finally the list of 6,525 DEGs was combined. Then, after 
performing unsupervised hierarchical clustering based on the identified 
DEGs (Figure 4C), we found that the samples at the four time points (d0, 
d1, d3, d7) could be roughly clustered into three independent groups (d 
0 as one group, d 1 as one group, d 3 and d 7 as one group). This 
suggested that d 1 may be  the key point of intestinal function 
transformation in piglets. Similarly, d 1 is a key time point for intestinal 
flora colonization. Therefore, we  conducted Spearman correlation 
analysis between the top 50 species level differential bacteria screened 
in the metagenomic results and 6,525 DEGs (Figure 4D). We screened 
6,525 DEGs with |correlation coefficient| > 0.6 and adjusted p < 0.05, and 
performed KEGG pathway enrichment analysis on the eligible genes 
(Figure 4E). The results showed that genes strongly associated with 
differential bacteria were enriched into three categories: Environmental 
Information Processing, Cellular Processes and Human Diseases, 
including the NF-κB signaling pathway. Finally, we  verified the 
expression levels of some genes of the NF-κB signaling pathway 
(Figures 4F–H). The gene expression of TLR2, TLR4 and P65 in the 
jejunum of piglets were significantly upregulated at d 1 when compared 
with d 0 (p < 0.05). Besides, all three genes were downregulated from d 
1 to d 7, and all three genes mRNA expression were significantly 
inhibited at d 7 versus the d 1 (p < 0.05).

NF-κB signaling pathway mediates IgG 
transmembrane transport through FcRn

As shown in Supplementary Figure S1, when the concentration 
of LPS and LTA were 1 μg/mL and 2.5 μg/mL, respectively, the cell 
viability and cell barrier function were not affected by 24 h 

incubation with cells. Thus, we incubated IPEC-J2 with 1 μg/mL 
LPS and 2.5 μg/mL LTA for 24 h, respectively, to explore the effects 
of cells treated with LPS or LTA on IgG transmembrane transport 
(Figures 5A,B). Obviously, from the second hour onwards, the IgG 
content in transwell lower chamber and IgG transmembrane 
transport rate at each time point (2, 4, 6, 12, 24 h) in LPS treated 
group were always significantly lower than those in CON group 
(p < 0.05). In contrast, the LTA treated group significantly increased 
the content of IgG in transwell lower chamber transported from the 
upper chamber compared to CON group at whole time (1, 2, 4, 6, 
12, 24 h) (p < 0.05). As shown in Figure 5C, with the accumulation 
of incubation time, LPS treatment significantly inhibited the mRNA 
expression of FcRn (p < 0.001), while LTA treatment significantly 
enhanced the mRNA expression of FcRn (p < 0.001). Apparently, the 
mRNA expression of FcRn in LTA group was significantly 
up-regulated versus the LPS group at whole time (1, 2, 4, 6, 12, 24 h) 
(p < 0.001). Moreover, Western blot analysis showed that LPS and 
LTA treatment both activated NF-κB signaling pathway and 
promoted the phosphorylation of P65 (p < 0.001). The activation of 
NF-κB signaling pathway by LTA was significantly stronger than 
that by LPS (p < 0.01). Consistent with the results of qPCR, LPS 
treatment remarkably inhibited the protein level of FcRn expression 
(p < 0.001) while LTA treatment markedly promoted the protein 
level of FcRn expression (p = 0.007) compared with the cells without 
any treatment. Apparently, the protein level of FcRn expression in 
LTA group was significantly increased versus the LPS group at 
whole time (1, 2, 4, 6, 12, 24 h; p < 0.05; Figure 5D). Therefore, to 
explore whether the down-regulation and up-regulation of FcRn 
induced by LPS and LTA were related to the NF-κB signaling 
pathway, NF-κB inhibitor BAY11-7082 was used to pretreat IPEC-J2 
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FIGURE 4

Role of P65 phosphorylation in transmembrane transport of IgG. (A,B) Transmembrane transport of IgG after LPS and LTA stimulation. (C) The mRNA 
expression of FcRn after LPS and LTA stimulation. (D) The protein expression of FcRn, P65, and P65 phosphorylation after LPS and LTA stimulation. (E–H) 
The mRNA expression of FcRn and the protein expression of FcRn, P65 and P65a phosphorylation after blocking NF-κB signaling pathway and then 
stimulated by LPS and LTA. Data were shown as means ± standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001. Mean value without the common letter on data 
bar in each figure indicated that the difference was significant (p < 0.05).
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cells before stimulation with 1 μg/mL LPS or 2.5 μg/mL 
LTA. We found that blocking NF-κB signaling pathway decreased 
mRNA and protein expressions of FcRn induced by LTA, but it did 
not affect the down-regulation of mRNA and protein expressions of 
FcRn induced by LPS (Figures 5E–H).

Differences in phosphorylated proteome 
between LPS and LTA treated cells

Both LPS and LTA treated cells activated the NF-κB pathway, but LPS 
inhibited the expression of FcRn while LTA promoted the expression of 
FcRn. In order to explore the reason for the difference between LPS and 
LTA treatment groups, phosphorylated proteome was detected in cells 
treated with LPS or LTA (Figure 2). A total of 742 differentially modified 
peptides were identified by LPS and LTA treatment groups. Compared 
with LPS treatment group, 304 peptides were up-regulated and 438 
peptides were down-regulated in LTA treatment group (p < 0.05; 
Figure 2B). Significant differences in phosphorylated modified peptides 
between LPS and LTA treatment groups were visualized in the form of a 
volcano plot (Figure 2C). Hierarchical clustering algorithm was used to 
group and classify the differentially expressed phosphorylated peptides in 

LPS and LTA treatment groups. The proteins corresponding to the 
significantly differentially expressed phosphorylated peptides obtained 
can effectively separate the comparison groups, indicating that the 
screening of differentially expressed phosphorylated peptides can 
represent the influence of biological treatment on samples (Figure 2D). 
Next, we performed KEGG pathway enrichment analysis on the proteins 
corresponding to the differentially expressed phosphorylated peptides 
screened, and the results showed that significant changes occurred in 
important pathways such as calcium signaling pathway, AMPK signaling 
pathway, alcoholic liver disease, TNF signaling pathway, longevity 
regulating pathway (Figure 2E). In addition, KEGG signaling pathway 
enrichment of differentially expressed phosphorylated peptides showed 
that NF-κB signaling pathway was significantly up-regulated in LTA 
treatment group compared with LPS treatment group (p < 0.05; Figure 2F).

Discussion

How to improve the passive immune ability and maternal antibody 
level of piglets by nutritional means is the key to effectively prevent 
intestinal infection of piglets and improve the survival rate and production 
efficiency of piglets. The main immunoglobulin in colostrum within 
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FIGURE 5

Phosphorylated modification of proteins after LPS and LTA stimulation. (A) Overview of the workflow of phosphorylated proteomics. (B) Histogram of 
quantitative differences in phosphorylated peptides between the LPS and LTA groups. (C) Volcano plot shows the different phosphorylated peptide 
between the LPS and LTA groups. (D) Cluster analysis results of differential expression of phosphorylated peptide between LTA group and LPS group. (E,F) 
Enrichment results of KEGG pathway corresponding to phosphorylated peptides with differential expression between the LPS and LTA groups.
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3 days after parturition is IgG. Therefore, the limited absorption of IgG in 
breast milk is the main reason for the low innate passive immunity of 
piglets. As the only receptor for specific IgG transport, FcRn has attracted 
much attention. FcRn has more recently been shown to express in a 
variety of mammalian species (Ward and Ober, 2009). Meanwhile, several 
studies have reported the distribution, function, and regulation of human 
and rodent FcRn expression (Dickinson et al., 1999; Jiang et al., 2004; Liu 
et al., 2007; Tian et al., 2014). In this study, we provided evidence that the 
expression of FcRn in the gut of piglets peaked on postnatal d 1, and 
thereafter FcRn expression gradually decreased with the piglets age, 
consistent with previous studies (Mayer et al., 2002). On the other hand, 
the IgG content of breast milk changed rapidly with the passage of 
postpartum time, decreasing by 30% within 3 h after delivery and by 
nearly 90% at 24 h after delivery (Kielland et al., 2015; Hue et al., 2021). 
Therefore, targeted regulation of FcRn molecule during the IgG-rich 
period of breast milk may be  an effective measure to improve IgG 
absorption efficiency in piglets. But the molecular mechanisms and 
nutritional measures of FcRn regulation are still rarely reported.

In our present study, the results shown that the serum of piglets that 
did not drink breast milk at birth did not contain IgG, but the expression 
of FcRn in the intestinal tract of piglets maintained a high level. This is 
determined inborn so that piglets exposed to breast milk can quickly 
absorb IgG in breast milk. It has not been reported whether the regulation 
of intestinal FcRn expression in piglets can be  achieved during the 
embryonic period. At the time point of d 1, the expression of FcRn in the 
intestine of piglets increased rapidly and reached the peak within 7 days. 
Meanwhile, the content of IgG in serum of piglets also increased sharply. 
From d 3 to d 7, the expression level of FcRn in the intestinal tract of 
piglets began to be significantly down-regulated, and the content of IgG 
in serum of piglets also remained stable and did not increase. This 
indicates that the increase of FcRn expression promotes the absorption 
of IgG, which is also limited when FcRn expression is suppressed.

Several studies have shown that the colonization of gut microbiota 
in early life can affect the physiological function of the host gut, 

especially the early development of the host immune system (Milani 
et al., 2017; Zhuang et al., 2019; Al and Eberl, 2020). The immune system 
of piglets is not established after birth, and it does not start until 7–8 days 
after birth. During this period, the main source of immune material of 
piglets was IgG obtained from the mother. Thus, we speculate that the 
colonization of intestinal flora of newborn piglets may affect the 
absorption of IgG to a certain extent. In this work, the total bacteria 
content in the intestine of piglets increased rapidly and the diversity of 
bacteria increased significantly from d 1. Moreover, the jejunum flora 
composition of piglets at d 1 and d 0 time points was significantly 
different. The above results showed that intestinal flora began to colonize 
from d 1, and it was during this process that the expression level of 
intestinal FcRn increased significantly. This may mean that during the 
colonization of intestinal flora, some components stimulate the 
expression of FcRn in some way to promote the transport of IgG in 
piglets. In Helicobacter pylori-infected mice, the expression of FcRn in 
the gastric epithelium is upregulated to facilitate the transport of IgG 
from blood to gastric fluid (Ben et al., 2012). Similarly, Li et al. (2021) 
found that adding the heat inactivated Clostridium butyricum CB1 into 
porcine small intestinal epithelial cells promoted the expression of FcRn 
on the cell membrane. These studies provide direct evidence that 
epithelial expression of FcRn is able to link luminal and/or epithelial 
infectious exposures with systemic immune activation. In other words, 
the intervention of antigenic substances does promote the expression of 
FcRn and thus regulate the transmembrane transport of IgG. Consistent 
with previous studies, our results also showed that the expression of 
FcRn in jejunal mucosa of piglets was significantly correlated with the 
intestinal flora parameters.

In order to clarify the specific mechanism of intestinal flora 
participating in the regulation of FcRn, we  conducted correlation 
analysis between the differential bacteria screened by metagenomes 
and the DEGs screened by the transcriptome, and selected genes with 
high correlation coefficients for KEGG pathway enrichment analysis. 
We identified the NF-κB signaling pathway, which is closely related to 

FIGURE 6

Schematic summary of the findings in this study.
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microbes and immunity. Previous studies have shown that there are 
five NF-κB (p65) binding sites in the FcRn promoter region, and 
overexpression or agonist activation of the NF-κB signaling pathway 
can significantly improve the expression of FcRn (Guo et al., 2016a,b). 
To verify our hypothesis that intestinal flora regulates FcRn expression 
and mediates IgG transport through the NF-κB signaling pathway, 
we  conducted in vitro cell experiments. The results showed that 
intestinal antigens mediated the transmembrane transport of IgG by 
regulating the expression of FcRn through the NF-κB signaling 
pathway. Interestingly, both LTA and LPS activated the NF-κB 
signaling pathway, but LTA promoted FcRn expression while LPS 
inhibited FcRn expression, which is inconsistent with the results 
reported by Cervenak that LPS promotes FcRn expression in bovine 
aorta endothelial cells (Cervenak et al., 2013). We compared the results 
of phosphorylated proteome in LPS-treated and LTA-treated cells, and 
found that the activation intensity of NF-κB signaling pathway in LTA 
stimulated cells was significantly higher than that of LPS. On the other 
hand, the activation degree of JAK–STAT signaling pathway in LPS 
group was significantly higher than that in LTA group. Studies have 
shown that activation of JAK–STAT signaling pathway could inhibit 
the expression of FcRn (Liu et al., 2008). Therefore, we speculated that 
LPS treatment activated the NF-κB signaling pathway but inhibited the 
expression of FcRn because of the antagonistic effect of JAK–STAT and 
NF-κB signaling pathway in regulating FcRn. LPS stimulated JAK–
STAT signaling pathway was significantly more activated than NF-κB 
signaling pathway, thus ultimately inhibiting FcRn expression.

Conclusion

In conclusion, by comparing the absorption of IgG and colonization 
of intestinal flora of piglets at four time points after birth, we found that 
the early colonization of intestinal flora can affect the absorption of IgG 
in the intestine of piglets. The absorption of newborn piglets IgG 
depends on the expression of FcRn in the gut, and the gut flora is 
involved in regulating the expression of FcRn through the NF-κB 
signaling pathway (Figure 6). This suggests that we can promote the 
absorption of breast milk IgG by means of early intestinal flora 
intervention, so as to improving the passive immune function of 
newborn piglets and ensure the survival rate of newborn piglets.
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