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ABSTRACT: Postnatal growth retardation 
(PGR) is common in piglets. Abnormal develop-
ment in small intestine was casually implicated 
in impaired growth, but the exact mechanism 
is still implausible. The present study unveiled 
transcriptome profile of  jejunal mucosa, the 
major site of  nutrient absorption, in PGR and 
healthy piglets using RNA-sequencing (RNA-
seq). The middle segments of  jejunum and 
ileum, and jejunal mucosa were obtained from 
healthy and PGR piglets at 42 d of  age. Total 
RNA samples extracted from jejunal mucosa 
of  healthy and PGR piglets were submitted for 
RNA-seq. Lower villus height was observed in 
both jejunum and ileum from PGR piglets sug-
gesting structural impairment in small intestine 
(P < 0.05). RNA-seq libraries were constructed 
and sequenced, and produced average 4.8 × 107 
clean reads. Analysis revealed a total of  499 

differently expressed genes (DEGs), of  which 
320 DEGs were downregulated in PGR piglets 
as compared to healthy piglets. The functional 
annotation based on Gene Ontology (GO) and 
Kyoto Encyclopedia of  Genes and Genomes 
(KEGG) highlighted that most DEGs were in-
volved in nutrient metabolism and immune re-
sponses. Our results further indicated decreased 
gene expression associated with glucose, lipid, 
protein, mineral, and vitamin metabolic process, 
detoxication ability, oxidoreductase activity, and 
mucosal barrier function; as well as the increased 
insulin resistance and inflammatory response in 
the jejunal mucosa of  PGR piglets. These results 
characterized the transcriptomic profile of  the 
jejunal mucosa in PGR piglets, and could pro-
vide valuable information with respect to better 
understanding the nutrition metabolism and im-
mune responses in the small intestine of  piglets.

Key words:  immune response, nutrition metabolism, postnatal growth retardation, small  
intestine, transcriptomic analysis
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INTRODUCTION

The small intestine plays an important role 
in terminal digestion and absorption of nutri-
ents and, therefore, in postnatal growth of ani-
mals (Wu et al., 2006). However, the young pig is 
prone to suffering from numerous challenges and 
severe stress (Moeser et al., 2007). In response to 
these various stress, the small intestine undergoes 
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marked changes (Xu et  al., 2000). The marked 
changes occurring in gut structure and function 
are thought to be critical for the poor performance 
observed (Pluske et al., 1997). It has been demon-
strated that growth retardation was associated with 
abnormal morphology and dysfunction in intes-
tine (Dong et al., 2014; Subramanian et al., 2014). 
Intrauterine growth retardation (IUGR) has shown 
a permanent stunting effect on postnatal growth 
and reduced the efficiency of feed/forage utiliza-
tion (Wu et  al., 2006). Postnatal growth retard-
ation (PGR) has also been a common problem in 
swine production. The exact mechanisms in asso-
ciation with PGR are complicated and still largely 
unknown, but intestinal dysfunction has been 
widely observed that is manifested as impaired nu-
trient absorption capacity and deficient in mucosal 
immunity (Blanton et al., 2016; Charbonneau et al., 
2016). Dysregulated enteric functions were ascribed 
to transcriptional modulation or epigenetic modu-
lation in cases of IUGR (Ding and Cui, 2017; Hu 
et al., 2018). However, there is a lack of character-
ization on global transcriptome of intestinal mu-
cosa in PGR piglets. RNA-sequencing has been 
employed as an exploratory tool to uncover tran-
scriptional mechanism explaining mucosal func-
tions in different parts of intestine (Wang et  al., 
2009; Mach et al., 2014). Therefore, comprehensive 
gene expression profiles in PGR and healthy piglets 
were analyzed using RNA-sequencing in the present 
study that could explore the molecular mechanism 
of PGR and provide new regulatory targets of in-
testinal function and animal growth.

MATERIALS AND METHODS

All pigs used in the current study were humanely 
managed according to the Chinese Guidelines for 
Animal Welfare. The experimental protocol was 
approved by the Institutional Animal Care and 
Use Committee of the Institute of Subtropical 
Agriculture, Chinese Academy of Sciences 
(2013020).

Animals and Experimental Design

Eight male PGR piglets (5.40 ± 0.38 kg) and 8 
male healthy piglets with normal growth (11.01 ± 
0.40  kg) were pair-matched by litter and enrolled 
in the experiment at 42 d of age. There were no 
obvious characteristics of the disease or injury 
for PGR pigs. Pigs had ad libitum access to feed 
and water and were housed in the same environ-
ment. They were fed same basal diets which were 

formulated according to the recommended nutrient 
requirements of National Research Council (2012) 
(Council, 2012). Piglets were euthanized by elec-
trical stunning on the day of enrollment. Sections of 
small intestine were rinsed thoroughly with ice-cold 
physiological saline. The middle segments of the je-
junum (2 cm) and ileum (2 cm) were cut and fixed 
in 4% paraformaldehyde for morphology analysis. 
Jejunal mucosa was scraped, snap-frozen in liquid 
nitrogen, and subsequently stored at −80 ℃ until 
total RNA extraction.

Intestinal Morphology

The jejunal and ileal morphology were deter-
mined using hematoxylin-eosin staining. Fixed 
tissue samples were processed following dehydra-
tion, paraffin embedding, sectioning, and staining 
procedures (Wang et al., 2016), images were acquired 
at various magnifications with computer-assisted 
microscopy (Micrometrics TM; Nikon ECLIPSE 
E200, Tokyo, Japan). Villus height, crypt depth, 
as well as goblet cell and lymphocyte counts (per 
100 enterocytes) were measured by Image-Pro Plus 
software (v6.0) with 200-fold magnification in 5 
randomly selected fields.

RNA Extraction and Library Preparation

The transcriptome sequencing and analysis 
were conducted by OE Biotech Co., Ltd (Shanghai, 
China). Total RNA was extracted using the mirVana 
miRNA Isolation Kit (Ambion, Austin, TX) fol-
lowing the manufacturer’s protocol. RNA integrity 
was evaluated using the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA). The sam-
ples with RNA integrity number (RIN) ≥ 7 were 
submitted for RNA-sequencing. The libraries 
were constructed using TruSeq Stranded mRNA 
LTSample Prep Kit (Illumina, San Diego, CA) ac-
cording to the manufacturer’s instructions. Then 
these libraries were sequenced on the Illumina 
sequencing platform (HiSeqTM 2500) and 150 bp 
paired-end reads were generated.

Quality Control and Reads Mapping

Raw data (raw reads) were processed using 
Trimmomatic (Bolger et  al., 2014). The reads con-
taining poly N and the low-quality reads were removed 
to obtain the clean reads. And the downstream ana-
lysis was based on the clean reads with high quality.

Reference genome and annotation files were 
downloaded from genome website directly. Then 
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the clean reads were mapped to reference Sus scrofa 
11.1 genome using hisat2 (Kim et al., 2015).

Quantification and Differential Expression Analysis 
of  Transcripts

Transcriptomic sequencing quality was dis-
played by mapping ratio to the reference genome 
and transcriptome. Based on results of  clean reads 
mapping to reference genome, the values of  frag-
ments per kilo base of  transcript sequence per mil-
lions base pairs sequenced (FPKM) of each gene 
were calculated using cufflinks (Trapnell et  al., 
2012), and the read counts of  each gene were 
obtained by htseq-count (Anders et  al., 2015). 
Differently expressed genes (DEGs) were identi-
fied using the DESeq2 (2014) (Love et  al., 2014) 
functions estimateSizeFactors and nbinomTest. 
The resulting P-values were corrected for multiple 
comparison using the Benjamini and Hochberg’s 
approach to control the false discovery rate (FDR). 
Genes with FDR < 0.05 and fold change (FC) > 
2 or FC < 0.5 in comparison between PGR and 
healthy group were considered as differential ex-
pression. Hierarchical cluster analysis of  DEGs 
was performed to explore genes expression pat-
tern. Gene Ontology (GO) enrichment and Kyoto 
Encyclopedia of  Genes and Genomes (KEGG) 
pathway enrichment analysis of  DEGs were, 
respectively, performed using R based on the 
hypergeometric distribution. To further analyze 
GO/KEGG enrichments of  up- or downregulated 
DEGs, significance of  GO/KEGG enrichment 
score (P  <  0.05) and number of  DEGs (greater 
than 2) were acted as a cutoff.

Validating the Expression of DEGs by RT-qPCR

To validate the veracity and reliability of the 
transcriptome data, we randomly selected 12 
DEGs for conducting RT-qPCR validation. Total 
RNA was isolated from all 16 liquid nitrogen-
pulverized jejunal mucosa samples with TRIzol 
reagent (Takara Biotechnology Co., Ltd, Dalian, 
China) following the manufacturer’s recommended 
protocol and quantified by electrophoresis on 1% 
agarose gel, measuring optical density (OD) at 260 
and 280 nm (Wu et al., 2013). For all samples, RNA 
had an OD260:OD280 ratio of between 1.8 and 2.0 
(Yang et al., 2016). DNA-free RNA (1 μg) was used 
for reverse-transcription and polymerase chain 
reactions. Synthesis of the first strand (cDNA) 
was performed with 5× PrimeScript Buffer 2 and 
PrimeScript reverse transcriptase Enzyme Mix 1 

(Takara, Dalian, China). Primers were designed 
with Primer 5.0 (PREMIER Biosoft International, 
Palo Alto, CA) according to the gene sequence 
of the pig to produce an amplification product 
(Supplementary Material 1). Beta-actin was used 
as a housekeeping gene to normalize target gene 
transcript levels (Tan et  al., 2009). The resulting 
cDNA was diluted and used as a PCR template 
to evaluate gene expression. The reaction was per-
formed in a volume of 10  μL (LightCycler 480 
Real-Time PCR System, Roche, Switzerland). One 
microliter cDNA template was added to a total 
volume of 10  μL containing 5  μL SYBR Premix 
Ex Taq II (Takara, Dalian, China), 3.2 μL distilled 
H2O, and 0.4 μmol/L each of forward and reverse 
primer. Reactions were incubated in a 384-well op-
tical plate (Roche, Switzerland). We used the fol-
lowing protocol: 1) predenaturation program (30 s 
at 95 °C), 2) amplification and quantification pro-
gram, repeated 40 cycles (5 s at 95 °C and 20 s at 
60 °C for annealing), and 3) melting curve program 
(60 to 95 °C with a heating rate of 0.1 °C per second 
and fluorescence measurement). All samples were 
tested in triplicate. The relative expression levels of 
the selected genes normalized against the reference 
gene (β-actin) were calculated by using the 2− ΔΔCt 
method (Livak and Schmittgen, 2001). Data are ex-
pressed as the relative values to those for healthy 
piglets.

Statistical Analysis

Statistical analysis for intestinal morphology 
and relative mRNA level were performed by the in-
dependent sample t-test using SPSS software 20.0 
(SPSS Inc., Chicago, IL). All data were presented 
as means ± SEM. P-values < 0.05 were declared for 
statistical significance.

RESULTS

Jejunal and Ileal Morphology

Representative hematoxylin–eosin-stained im-
ages of the jejunum and ileum are shown in Fig. 1. 
In the jejunum, the villus height and crypt depth in 
PGR piglets were shorter than that in healthy piglets 
(P < 0.05), and there were no differences in the ratio 
of villus height to crypt depth, goblet cell number, 
or lymphocyte number between 2 groups (P > 0.05). 
In the ileum, the villus height and the number of 
goblet cell in PGR piglets were significantly lower 
in comparison with healthy piglets (P < 0.05). No 
difference was observed in the crypt depth, the ratio 
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of villus height to crypt depth, and lymphocyte 
number in the ileum between the 2 groups (P > 0.05) 
(Table 1).

Quality Assessment of RNA-Sequencing

After Illumina sequencing, there were ap-
proximately 49.35 M raw reads per library. After 
removing and/or filtering out the adapters and low-
quality tags, the average numbers of clean reads 
per library in healthy and PGR groups were 47.78 
and 48.00 M, respectively. There were nearly same 
number of clean reads in 2 groups. Moreover, the 
percentage of GC content in all these samples was 
almost 50%. All the assessment criteria of base 
quality (Q30) were more than 92%. All data about 
quality of transcriptomic sequencing were shown 
in Supplementary Material 2.

Functional Annotation and Pathway Enrichment 
of DEGs

There were 499 DEGs (FDR < 0.05) with more 
than 2 FC and PGR groups were identified (Fig. 2A).  
Specifically, compared to the healthy group, 320 DEGs 
were downregulated and 179 DEGs were upregulated 
in PGR group. The description of total DEGs was 
provided in Supplementary Material 3.

The function of DEGs was annotated by 
GO enrichments and KEGG enrichments. Gene 
Ontology enrichments were divided into bio-
logical process (1,629), cellular component (234), 
and molecular function (518) (Fig. 2B). Top 10 
total GO enrichments in each functional ontology 
were shown in Table 2. Pathway analysis based on 
KEGG database identified 244 KEGG pathways 
and 59 pathways were enhanced based on total 
DEGs (P  <  0.05). Top 10 total KEGG pathways 
were shown in Table 3.

Ten top GO enrichments in each functional 
ontology represented by up- or downregulated 
DEGs (number of DEGs > 2)  were shown in  
Figs. 3 and 4. The top enriched biological processes 
associated with downregulated DEGs were or-
ganic acid metabolism, epoxygenase P450 pathway, 
lipoprotein transport, exogenous drug catabolic 
process, as well as extracellular matrix (ECM) disas-
sembly. The most represented cellular components 
involved in extracellular space, integral component 
of membrane, and gap junction. In the category 
of molecular function, arachidonic acid (ARA) 
epoxygenase activity, steroid hydroxylase activity, 
and metalloendopeptidase activity were enriched 
(Fig. 3). Upregulated DEGs primarily involved in 
antimicrobial humoral immune response and in-
flammatory response as biological process; external 
side of plasma membrane as cellular component; 

Table 1.  The jejunal and ileal morphology in the postnatal growth retardation (PGR) and healthy piglets1

Items Healthy piglets PGR piglets P-value

Jejunum

 Villus height, μm 458.25 ± 20.56 363.49 ± 29.16 0.019 

 Crypt depth, μm 132.55 ± 4.82 105.18 ± 4.51 0.001 

 Villus height:crypt depth 3.49 ± 0.19 3.49 ± 0.27 0.994 

 Goblet cell number 7.95 ± 1.00 7.55 ± 0.70 0.748 

 Lymphocyte number 44.48 ± 1.77 42.73 ± 0.78 0.380 

Ileum

 Villus height, μm 364.69 ± 16.70 307.07 ± 20.64 0.048 

 Crypt depth, μm 109.13 ± 4.28 107.30 ± 8.54 0.852 

 Villus height:crypt depth 3.37 ± 0.17 2.92 ± 0.21 0.119 

 Goblet cell number 10.55 ± 0.64 8.50 ± 0.57 0.031 

 Lymphocyte number 43.53 ± 1.27 44.60 ± 0.73 0.474 

1Values are mean ± SEM; n = 8.

Figure 1. Representative hematoxylin–eosin-stained image (×100) 
of the jejunum and ileum in the healthy and PGR piglets.

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz205#supplementary-data
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and symporter activity and serine-type peptidase 
activity as molecular function (Fig. 4).

Top 20 KEGG pathways represented by up- or 
downregulated DEGs (number of DEGs > 2) were 
shown in Figs. 5 and 6. Downregulated DEGs under-
scored 7 KEGG pathways related to host responses 
against pathogens, including ECM–receptor inter-
action, drug metabolism–cytochrome P450, IL-17 
signaling pathway, graft-versus-host disease; while 
9 pathways related to nutrient metabolism, namely 
retinol metabolism, mineral absorption, protein 
digestion and absorption, vitamin digestion and 
absorption (Fig. 5). While upregulated DEGs high-
lighted 15 pathways mainly involved in disease and 
inflammation response (Fig. 6).

DEGs Related to Nutrition Metabolism

Enriched GO terms associated with nutrition 
metabolism and corresponding DEGs were sum-
marized in the Supplementary Material 4 (P < 0.05 

and the number of DEGs annotated on GO was 
greater than 2). Nutrition metabolism-related GO 
terms include lipoprotein transport, organic acid 
metabolic process, zinc ion binding, calcium ion 
binding, glucose metabolic process, transporter ac-
tivity, and cholesterol homeostasis. A  total of 35 
GO terms were involved with 11 being upregulated 
in PGR piglets (31.4%). These 11 GO terms were 
mainly involved in energy metabolism, nutrient 
transport, and signal transduction.

In addition, biosynthetic or signal transduc-
tion pathways about nutrition metabolism via 
KEGG annotation were significantly enriched 
(Supplementary Material 5). Downregulated DEGs 
were mapped to 19 KEGG pathways (P  <  0.05, 
DEGs > 2 per pathway), such as vitamin diges-
tion and absorption, PPAR signaling pathway, ala-
nine, aspartate, and glutamate metabolism, mineral 
and vitamin absorption, protein digestion and 
absorption. Only 3 KEGG pathways enriched by 
upregulated DEGs were involved in nutrition me-
tabolism including arginine biosynthesis, ARA me-
tabolism, and pancreatic secretion.

DEGs Related to Immune Response

Enriched GO terms involved in immune re-
sponse (P  <  0.05, DEGs > 2 per GO term) and 
corresponding DEGs were listed in Supplementary 
Material 6. Enriched immune response terms com-
prise epoxygenase P450 pathway, exogenous drug 
catabolic process, gap junction, oxidation–re-
duction process, defense response to bacterium, 
cellular response to lipopolysaccharide, innate im-
mune response, cytokine activity, inflammatory 
response, metalloendopeptidase activity, negative 
regulation of T-cell proliferation. These GO terms 
were mainly involved in chemokine, inflammatory 
response, signaling transduction, and cell junction, 
which were involved in resistance to infection.

Enriched KEGG pathways (n = 20) were asso-
ciated with downregulated DEGs (P < 0.05, DEGs 
> 2 per pathway) involved in immune response. 
Examples include: ECM–receptor interaction, 
drug metabolism–cytochrome P450, advanced 
glycosylation end product-receptor of advanced 
glycosylation end product (AGE-RAGE) signaling 
pathway in diabetic complications, focal adhesion, 
IL-17 signaling pathway, and cytokine–cytokine 
receptor interaction. However, enriched pathways 
(n = 6) associated with upregulated DEGs were re-
lated to immune function such as insulin resistance, 
microRNAs in cancer, and Jak-STAT signaling 
pathway (Supplementary Material 7).
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Figure 2. Clustering and category of DEGs in Illumina sequencing. 
(A) Numbers of up-/downregulated DEGs (n = 8). (B) The category 
of GO enrichments.
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Validation of Expression Profiling Data by 
RT-qPCR

As shown in Fig. 7, PGR significantly reduced 
relative mRNA levels of claudin-10 (CLDN10), 

bactericidal permeability-increasing protein 
(BPI), ghrelin (GHRL), proto-oncogene Wnt-3 
(WNT3), tumor necrosis factor ligand superfamily 
member 15 (TNFSF15), insulin-like growth factor-
binding protein 3 (IGFBP3), phosphoenolpyruvate 

Table 3.  Top 10 total KEGG pathways

ID Term Pval Enrichment score

path:ssc00830 Retinol metabolism 2.14E-09 7.88 

path:ssc05204 Chemical carcinogenesis 4.36E-08 6.86 

path:ssc04978 Mineral absorption 5.32E-07 7.81 

path:ssc05146 Amoebiasis 4.45E-06 4.55 

path:ssc04974 Protein digestion and absorption 7.77E-05 3.98 

path:ssc04216 Ferroptosis 9.60E-05 5.44 

path:ssc00860 Porphyrin and chlorophyll metabolism 0.00015608 5.95 

path:ssc05143 African trypanosomiasis 0.000186636 5.77 

path:ssc00590 Arachidonic acid metabolism 0.000197173 4.30 

path:ssc00250 Alanine, aspartate and glutamate metabolism 0.000307391 5.29 

Table 2.  Top 10 total GO enrichments in each functional ontology

ID Term Category Pval
Enrichment 

score

GO:0032095 Regulation of response to food Biological process 0 39.79 

GO:0019373 Epoxygenase P450 pathway Biological process 1.92E-06 23.88 

GO:0006082 Organic acid metabolic process Biological process 2.21E-06 15.92 

GO:0006805 Xenobiotic metabolic process Biological process 3.46E-06 11.05 

GO:0006879 Cellular iron ion homeostasis Biological process 3.70E-06 7.33 

GO:0071421 Manganese ion transmembrane transport Biological process 5.65E-06 19.90 

GO:0019229 Regulation of vasoconstriction Biological process 6.66E-06 13.26 

GO:0001501 Skeletal system development Biological process 1.34E-05 4.91 

GO:0051281 Positive regulation of release of sequestered 
calcium ion into cytosol

Biological process 1.69E-05 8.65 

GO:0060586 Multicellular organismal iron ion 
homeostasis

Biological process 2.53E-05 14.92 

GO:0005615 Extracellular space Cellular component 2.64E-11 2.68 

GO:0005576 Extracellular region Cellular component 6.34E-10 2.80 

GO:0016021 Integral component of membrane Cellular component 2.20E-06 1.42 

GO:0016020 Membrane Cellular component 5.04E-05 1.32 

GO:0005922 Connexin complex Cellular component 8.46E-05 8.38 

GO:0005886 Plasma membrane Cellular component 0.000100889 1.51 

GO:0031012 Extracellular matrix Cellular component 0.000115298 2.87 

GO:0005921 Gap junction Cellular component 0.000414189 6.12 

GO:0005887 Integral component of plasma membrane Cellular component 0.000750742 1.83 

GO:0045177 Apical part of cell Cellular component 0.000892493 3.85 

GO:0005384 Manganese ion transmembrane transporter 
activity

Molecular function 0 39.79 

GO:0020037 Heme binding Molecular function 3.29E-07 5.84 

GO:0008392 Arachidonic acid epoxygenase activity Molecular function 1.92E-06 23.88 

GO:0005506 Iron ion binding Molecular function 4.39E-06 4.61 

GO:0004181 Metallocarboxypeptidase activity Molecular function 6.93E-06 9.95 

GO:0004497 Monooxygenase activity Molecular function 8.19E-06 6.63 

GO:0016705 Oxidoreductase activity, acting on paired 
donors, with incorporation or reduction 
of molecular oxygen

Molecular function 8.19E-06 6.63 

GO:0005509 Calcium ion binding Molecular function 3.00E-05 2.21 

GO:0004180 Carboxypeptidase activity Molecular function 3.38E-05 9.95 

GO:0015293 Symporter activity Molecular function 3.62E-05 7.65 
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carboxykinase 1 (PCK1), peroxisome proliferator-
activated receptor gamma (PPARγ), matrix 
metallopeptidase 9 (MMP9), solute carrier family 
39 member 4 (SLC39A4), cytochrome P450 C42 
(CYP2C42), and fibronectin 1 (FN1) in jejunal mu-
cosa as compared to healthy piglets (P < 0.05). The 
significantly upregulated relative mRNA expres-
sion of interleukin-6 (IL-6) was observed in the 
jejunal mucosa from PGR piglets as compared to 
healthy piglets (P < 0.05). The relative expression 
of 13 genes detected by RT-qPCR had the same 
tendency of changes with the RNA-seq, indicating 
the reliability of RNA-seq data.

DISCUSSION

The growth and function of small intestine 
are critical for optimal animal growth and health. 
Growth retardation is associated with abnormal 
intestinal morphology (Dong et  al., 2014). In the 
present study, the PGR piglets showed decreased 
villus height in the jejunum and lower number of 
goblet cells in ileum. Impaired intestinal architec-
ture rendered gut-associated disorders and diarrhea 
(Wijtten et al., 2011; McLamb et al., 2013).

This is the first study, to our knowledge, ana-
lyzing the intestinal transcriptome between the 
healthy and PGR piglets. A  mean of 47,889,433 

clean reads were obtained per library, which pro-
vide sufficient sequence coverage for transcrip-
tional analysis. According to the results of GO 
and KEGG pathway analysis, the key features en-
coded by DEGs were related to nutrition metab-
olism, including PPAR signaling pathway, glucose 
metabolic process, mineral absorption, and protein 
digestion and absorption. Our findings support 
previous proteomics study that observed decrease 
of protein abundance involved in energy metab-
olism in the small intestinal mucosa of IUGR pig-
lets as compared to healthy piglets (Wang et  al., 
2014). Peroxisome proliferator-activated receptor 
gamma, involved in PPAR signaling receptor 
pathway, is crucial to fatty acid storage, glucose 
metabolism, and other physiological processes 
(Lehrke and Lazar, 2005). The adipose-specific 
PPARγ knockout mice exhibited significant ab-
normalities in both the formation and function of 
brown and white adipose tissue including failing 
to generate adipose tissue when fed a high-fat diet 
(Jones et  al., 2005). Intrauterine growth retard-
ation was reported to decrease the lung and visceral 
fat PPARγ mRNA expression in neonatal rat and 
lamb, respectively (Duffield et al., 2009; Joss-Moore 
et  al., 2010). In accordance with the previous re-
sults, the downregulated expression of PPARγ was 
observed in the jejunal mucosa of PGR piglets as 

Figure 3. Top 30 GO annotation of downregulated DEGs. The numbers of DEGs in each pathway are counted and P-values are acquired by 
hypergeometric distribution test and GO enrichment scores are based on −log10Pvalue. Top 30 GO enrichments with downregulated DEGs larger 
than 2 were shown. The x-axis represents GO category terms and the y-axis represents GO enrichment scores.
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compared to healthy piglets, which may be one of 
the factors causing lower body weight. Peroxisome 
proliferator-activated receptor gamma also plays 
an important role in insulin signaling: the loss-of-
function PPARγ mutations in fat, muscle, of liver of 
mice and human was predisposed to developing in-
sulin resistance (Barroso et al., 1999; Hevener et al., 
2003; Matsusue et  al., 2003). In our study, com-
pared to healthy piglets, PGR induced upregulated 
insulin resistance involved in KEGG pathway in the 
jejunal mucosa. It suggests that PGR may induce 
an impairment in jejunal mucosal glucose utiliza-
tion. Differently expressed genes involved in glucose 
metabolic process include phosphoenolpyruvate 
carboxykinase 1 (PCK1). The cytosolic enzyme 
encoded by PCK1, a rate-limiting enzyme for the 
regulation of gluconeogenesis, catalyzes the for-
mation of phosphoenolpyruvate, with the release 
of carbon dioxide (Hanson and Patel, 1994). The 
downregulation of PCK1 was reported to cause dis-
orders of glucose and lipid metabolism in rats and 
compromised growth (Hanson and Patel, 1994). 
Intestine mucosal gluconeogenesis contributed to 
maintaining glucose homeostasis in the absence of 
hepatic glucose production (Penhoat et al., 2014). 
These findings were corroborated by a previous 
study that IUGR adult pigs exhibited damaged 
hepatic mitochondrial biogenesis and decreased 
energy metabolism (Su et  al., 2017). In addition, 
mineral and vitamin absorption, especially retinol 

metabolism, associated with the ion transporter ac-
tivity, was markedly decreased in jejunal mucosa 
of PGR piglets as compared to healthy piglets. It 
agreed with the previous studies that IUGR pigs 
showed decreased hepatic vitamins and minerals 
metabolism according to the hepatic proteomic 
analyses, and lower activity of retinol transporter 
in the intestinal epithelium (Wang et al., 2010; Liu 
et al., 2013). As retinol plays a crucial role in the 
adipocyte differentiation, fatty acid oxidation, and 
glucose transport, this may partially explain in-
creased risk of the metabolic syndrome in the je-
junal mucosa of PGR piglets. Moreover, DEGs 
involved in the protein digestion and absorption 
were downregulated in PGR piglets. This result was 
in accordance with the previous study that IUGR 
piglets were associated with a reduction in amino 
acid transport capacity as evidenced by the low 
concentration of amino acids in plasma metabolites 
(Lin et al., 2012). Our results highlighted reduced 
expression of genes encoding enzyme, transporter, 
and receptor, and their related pathway involved 
in nutrients metabolism in jejunal mucosa of PGR 
pigs, which might be causally linked with growth 
retardation.

The present study also revealed the differences 
in signal pathways involved in immune function, 
including detoxication system, oxidation–reduc-
tion process, effector molecules (e.g., cytokines), 
and physical barrier of jejunal mucosa. CYP450 

Figure 4. Top 30 GO annotation of upregulated DEGs. The numbers of DEGs in each pathway are counted and P-values are acquired by 
hypergeometric distribution test and GO enrichment scores are based on −log10Pvalue. Top 30 GO enrichments with upregulated DEGs larger than 
2 were shown. The x-axis represents GO category terms and the y-axis represents GO enrichment scores.
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enzymes, mainly expressed in digestive tract and 
liver, play a crucial role in the phase I  biotrans-
formation of xenobiotics (Antonissen et al., 2017). 
CYP450 may act as defense mechanisms against nat-
ural and synthetic environmental toxins involved in 
several metabolic process, such as steroid synthesis 
and metabolism, metabolism of ARA, and bile acid 
biosynthesis (Barnes, 2001; Nebert and Russell, 
2002). According to the GO and KEGG analyzed 
results in our study, CYP450 metabolism pathway 
was significantly reduced in the jejunal mucosa of 
PGR piglets as compared to healthy piglets. It was 
also evidenced by the downregulated pathways in-
volved in CYP450 metabolism in PGR piglets in our 
study. The low detoxication ability induced by im-
paired jejunal mucosa of PGR piglets may explain 
results. It was supported by the previous studies that 

IUGR may reduce hepatic drug metabolism in fetal 
and neonatal life of lamb evidenced by the low CYP 
activity in liver of lamb with low birth weight (Soo 
et al., 2018). CYPs also mediate oxidoreductase ac-
tivity, which performs as antioxidants inside cells 
(Agrawal et  al., 2010; Lugrin et  al., 2014). Excess 
reactive oxygen species (ROS) can cause cellular 
damage and impact tissue function resulted from 
lipid peroxidation and DNA oxidation (Hracsko 
et  al., 2008). Neonates with IUGR exhibited sig-
nificant deficiencies in antioxidant defense, correl-
ated with severe oxidative stress (Biri et  al., 2007; 
Luo et al., 2018). Agreed with previous studies, our 
research showed PGR induced the downregulated 
oxidoreductase activity, which suggests that PGR 
piglets exhibited higher level of oxidative stress as 
compared to healthy piglets in the jejunal mucosa. 

Figure 5. Top 20 KEGG annotation of downregulated DEGs. The numbers of DEGs in each pathway are counted and KEGG enrichment 
scores and P-values are acquired by hypergeometric distribution test. Top 20 KEGG enrichments with downregulated DEGs larger than 2 were 
shown. The x-axis represents KEGG enrichment scores and the y-axis represents pathway terms. The colors of circle indicate P-values and the 
size of circle indicates the numbers of DEGs. The circle with redder and larger indicating that the enrichment of the pathway is higher and DEG 
number is larger in the pathway.
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Moreover, upon binding to pathogen-associated 
molecular patterns (PAMPs), signaling mediated 
through pattern recognition receptors (PRRs) trig-
gers innate immune responses (Jang et  al., 2015). 
There were various DEGs involved in cytokine–cyto-
kine receptor interaction based on KEGG annota-
tion. IL-1β is strongly induced by the nuclear factor 
kappa B (NF-κB) pathway (Baggiolini and Clark-
Lewis, 1992). Downregulation of IL-1β in PGR pigs 
may contribute to abnormal immune function of in-
testinal mucosa in PGR piglets. There are various 
DEGs involved in cytokine–cytokine receptor inter-
action in PGR piglets. The downregulated cyto-
kines (TNFSF15, IL-13, and IL-1β) in the PGR 
piglets were previously considered as viable bio-
markers of community-acquired bacterial infection 

Figure 7. Relative mRNA abundances of CLDN10, BPI, GHRL, 
WNT3, IL-6, PPARγ, MMP9, SLC39A4, TNFSF15, FN1, IGFBP3, 
PCK1, and CYP2C42 validated by RT-qPCR. Values were means ± 
SEM, n = 8. *P < 0.05 versus healthy piglets.

Figure 6. Top 20 KEGG annotation of upregulated DEGs. The numbers of DEGs in each pathway are counted and KEGG enrichment scores 
and P-values are acquired by hypergeometric distribution test. Top 20 KEGG enrichments with upregulated DEGs larger than 2 were shown. The 
x-axis represents KEGG enrichment scores and the y-axis represents pathway terms. The colors of circle indicate P-values and the size of circle 
indicates the numbers of DEGs. The circle with redder and larger indicating that the enrichment of the pathway is higher and DEG number is 
larger in the pathway.
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(Holub et  al., 2013). This result was in consistent 
with the reduced gene expression of cytokines in 
IUGR piglet neonates (Dong et al., 2014). However, 
in our study, IL-6 and IL-17R were upregulated in 
the jejunal mucosa of PGR piglets. IL-6 and IL-17, 
major mediators of inflammation, play pathological 
effects on inflammation and pathogen infection 
(Yen et al., 2006; Neurath and Finotto, 2011; Ren 
et al., 2016). It suggests that PGR may cause severe 
inflammation reaction in jejunal mucosa of piglets, 
which is evidenced by the upregulated inflamma-
tory response annotated by GO term. It was ac-
cordance with the previous study that IUGR pigs 
exhibited higher expression of IL-6 in the liver (Liu 
et al., 2014). Chemokine (C-C motif) ligand (CCL) 
and chemokine (C-X-C motif) ligand (CXCL) are 
2 major subfamilies of chemokines, based on cyst-
eine residues position (Palomino and Marti, 2015). 
There are 2 CC chemokines, of which CCL20 and 
CCL16 were downregulated in the jejunal mucosa 
of PGR piglets. In addition, CXC chemokines 
(CXCL11) were upregulated in PGR piglets. CC 
chemokines were reported to induce macrophage 
trafficking to the site of infection during E.  coli 
infection (Tagawa et  al., 2004). Moreover, CXC 
chemokines play vital roles in various bacterial 
infections by chemoattractants to neutrophils 
(Almeida Cde et al., 2009). The bicellular tight junc-
tion was downregulated in PGR piglets, which indi-
cated that the physical barrier of jejunal mucosa in 
PGR piglets was impaired. The previous study also 
revealed that IUGR piglets induced the impairment 
of intestinal epithelial integrity (Zhu et  al., 2017). 
The ECM–receptor interaction pathway plays a 
vital role in maintaining paracellular permeability. 
Our study showed the reduced expression of FN1, 
involved in ECM pathway, in the jejunal mucosa 
from PGR pigs. It was in consistent with the pre-
vious report that higher abundances of microRNA-
29a in jejunum of IUGR pigs led to decreased levels 
of FN1 (Zhu et al., 2017). Moreover, some cell junc-
tion proteins, such as CLDN11 and GJA5, control 
cell-to-cell transmission of molecules and maintain 
mucosal barrier functions (Kumar and Gilula, 1996; 
Iwata et al., 1998). In GO annotation, the decreased 
cell junction and gap junction in the jejunal mucosa 
of PGR piglets may reveal the impaired mucosal 
physical barrier in PGR piglets, which agreed with 
the previous study that undeveloped fetal growth 
exhibited abnormal gap junction channel function 
in the placenta (Winterhager and Gellhaus, 2017). 
Overall, the transcriptome data have indicated that 
PGR has a strong impact on the mucosal barrier of 
jejunum in piglets.

CONCLUSIONS

Four hundred and ninety-nine DEGs were iden-
tified in the jejunal mucosa between healthy and 
PGR piglets. These genes may be associated with in-
testinal function of metabolic process and immune 
response. Overall, we identified key transcriptome 
signature of jejunal mucosa associated with PGR 
piglets, such as DEGs involved in nutrients metab-
olism, detoxication ability, and immune response. 
In conjunction with results of intestinal morph-
ology, we postulated that transcriptomic modula-
tion represents one of the molecular mechanisms 
that is causally linked with growth retardation.
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