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Abstract
The objective of this study was to investigate the effects of xylo-oligosaccharides (XOSs) supplementation on growth 
performance, serum parameters, small intestinal morphology, intestinal mucosal integrity, and immune function in 
weaned piglets.  A total of 240 weaned piglets with an average body weight (BW) of 8.82 ± 0.05 kg (28 d of age) were 
assigned randomly to four dietary treatments in a 28-d trial, including a control (CON) diet and three diets with XOS 
supplementation at the concentration of 100 (XOS100), 500 (XOS500), and 1,000 (XOS1000) mg/kg. There were four replicates 
per treatment with 15 pigs per pen. From day 1 to 14, there were no differences (P > 0.05) in average daily gain (ADG), 
average daily feed intake, and gain to feed ratio (G:F) during the different treatments. The different doses of XOSs showed 
a quadratic effect on BW on day 28, ADG, and G:F on day 1 to 28 of piglets (P < 0.05). From day 15 to 28, ADG of pigs fed the 
XOS500 diet was higher (P < 0.05) than pigs fed the CON diet. During the overall period (day 1 to 28), pigs fed the XOS500 
diet had a higher BW, ADG, and G:F than pigs fed the CON diet (P < 0.05). In addition, compared with the CON group, the 
XOS500 group had significantly higher serum total antioxidant capacity, total superoxide dismutase and catalase levels, 
and lower malondialdehyde levels on days 14 and 28 (P < 0.05). The serum immunoglobulin G (IgG) concentration in the 
XOS500 group was also significantly higher compared with the CON group on days 14 and 28 (P < 0.05). However, serum 
immunoglobulin A and immunoglobulin M were not affected by the dietary treatments. Supplementation of XOS500 to 
the feed significantly increased the villus height (VH) and VH to crypt depth ratio in the jejunum and ileum in comparison 
with the CON and XOS1000 groups. Moreover, the XOS500 group significantly elevated the expression levels of occludin and 
zonula occludens protein-1 in the ileum compared with the CON group. The ileal interleukin (IL)-1β, IL-8, and interferon (IFN)-γ 
mRNA expression levels in the XOS100 and XOS500 groups were markedly lower than in the CON group. In contrast, the 
ileal IL-10 mRNA expression levels were remarkably higher in the XOS500 than in the CON group. In conclusion, XOSs have 
a beneficial effect on growth performance by improving serum antioxidant defense system, serum IgG, small intestinal 
structure, and intestinal barrier function in weaned piglets.
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Introduction
The commercial practice of weaning piglets induces different 
levels of stress due to a new environment and nutritional 
challenges, including the absence of sows, new pen-mates, and 
changes in the source and delivery of nutrients. Weaning may 
cause devastating characteristics, including diarrhea, reducing 
feed efficiency, weight loss, and in extreme cases death 
(Shin et  al., 2019). To overcome the weaning stress, antibiotic 
growth promoters (AGP) were widely used since early 1950s 
at a subtherapeutic dosage to improve health, optimize feed 
efficiency, and promote animal growth in the swine industry 
(Cromwell, 2002). However, their potential side effects including 
the increased antibiotic resistance and residues in swine 
products have brought about a major concern for the modern 
society (Teillant et  al., 2015). Therefore, there has been a 
considerable interest in using feed additives as an alternative to 
AGP in recent years. Different feed additives such as prebiotics, 
probiotics, organic acids, exogenous enzymes, and plant 
extracts have been investigated (Samal and Behura, 2009; Kiarie 
et al., 2013; Liu et al., 2018b).

Xylo-oligosaccharides (XOSs) are carbohydrate oligomers 
made up of 2 to 7 xylose units linked through β-(1→4)-linkages 
(Aachary and Prapulla, 2011; Samanta et  al., 2015). XOS has 
been considered as a prebiotic. XOSs have been found in some 
agricultural byproduct, mainly including corncob, wheat bran, 
sugarcane residues, and rice straw (Samanta et al., 2015). XOS 
has the highest stability at a pH range of 2.5 to 8 and exhibits 
high temperature resistance (Amorim et al., 2019). In 2015, XOSs 
were evaluated by the European Food Safety Authority (EFSA) 
Panel on Dietetic Products, Nutrition and Allergies requested by 
the European Commission, who concluded that XOSs did not 
present any toxicity (Turck et  al., 2018). Previous reports have 
demonstrated that XOSs have the ability to achieve significant 
biological effects at low daily doses (Chen et  al., 2012; Suo 
et  al., 2015). Some studies have shown that 0.01% to 0.05% 
XOSs supplementation can improve performance, intestinal 
characteristics, and egg quality of laying hens (Zhou et al., 2009; 
Ding et  al., 2018). In addition, some other biological benefits 

have been reported, such as antioxidant activity (Yu et al., 2015), 
immunomodulatory and anti-inflammatory properties (Ding 
et  al., 2018), or antimicrobial effects (Liu et  al., 2018a; Chen 
et  al., 2021). However, the effects of dietary XOSs on growth 
performance, serum parameters, or intestinal functions have 
not been fully studied in weaned piglets. The optimal dose 
of XOSs used in the diet of weaned piglets is still unknown. 
Therefore, this study was to investigate the effects of dietary 
supplementation of different doses of XOSs, with high purity, on 
growth performance, serum parameters, intestinal morphology, 
intestinal immune function, and mucosal integrity.

Materials and Methods

Animals, diet, and experimental design

This study was approved by the Animal Welfare Committee of 
Institute of Animal Sciences, Chinese Academy of Agriculture 
Sciences (IASCAAS). All animal treatments in this study were 
performed according to the guidelines of the Animal Care and 
Use Committee of the Chinese Academy of Agriculture Sciences 
(CAAS). Animal care was practiced throughout the experiments 
and every effort was made to minimize the suffering of piglets 
(Ethics Approval Code: IAS2019-34).

A total of 240 healthy weaned piglets (Duroc × Landrace 
× Large White, weaned at 28 d of age) with an average initial 
body weight (BW) of 8.82  ± 0.05  kg were randomly assigned 
to four treatments. The control (CON) group received a basal 
diet without any antibiotics or prebiotics. The XOSs treatment 
group received 100 (XOS100), 500 (XOS500), and 1,000 (XOS1000) 
mg/kg corncob-derived XOS (Longlive Biotechnology Co. Ltd, 
Shandong, China) supplemented to the basal diet. This XOS has 
a purity of 95% XOS with a degree of polymerization 2 to 7 and 
is formed by xylose residues linked through β-(1,4)-linkages 
monomeric units. Prior to the trial, no clinical signs of diarrhea 
or other diseases were observed in the piglets. All pigs received 
similar husbandry practices. Each treatment had four replicate 
pens with 15 pigs per pen. All diets were manufactured in dry 
mash form and were formulated to meet or slightly exceed the 
nutritional requirements of the weaned pig as recommended by 
the NRC (2012; Table 1). The relative humidity and temperature 
of the piglet house were set at 60% to 65% and 25 to 28  °C, 
respectively. Piglets were allowed ad libitum access to feed and 
water throughout the experiment that lasted for 28 d.

Sample collection and measurements

Individual piglet BW was recorded initially, on days 14 and 28 
of the experiment, and feed consumption per pen was recorded 
at the end of each phase (days 14 and 28) to calculate average 
daily gain (ADG), average daily feed intake (ADFI), and gain to 
feed ratio (G:F).

On the morning of days 14 and 28, blood samples were 
collected from six piglets from each group via jugular vein 
puncture, and 5 mL was collected into a vacutainer. After 2 h, the 
blood samples were centrifuged at 1,600 × g at 4 °C for 15 min to 
recover serum, which was stored at −20 °C until analysis.

On day 28, six piglets from each group were chosen randomly 
and euthanized aseptically. Afterward, the entire intestine 
was removed from each pig. Segments of the ileum flushed 
with saline were collected for morphological examination. 
All intestinal segments were immediately fixed in 4% 
paraformaldehyde solution and then embedded in paraffin for 

Abbreviations

ADFI	 average daily feed intake
ADG	 average daily gain
AGP	 antibiotic growth promoters
BW	 body weight
CAT	 catalase
CD	 crypt depth
CON	 basal diet without XOS addition
G:F	 gain to feed ratio
GSH-Px	 glutathione peroxidase
IgA	 immunoglobulin A
IgG	 immunoglobulin G
IgM	 immunoglobulin M
MDA	 malondialdehyde
qRT-PCR	 quantitative real-time polymerase 

chain reaction
T-AOC	 total antioxidant capacity
T-SOD	 total superoxide dismutase
VH	 villus height
VH:CD	 villus height to crypt depth ratio
XOS	 xylo-oligosaccharides
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intestinal morphology observation, and mucosal samples were 
scraped using a scalpel blade and stored at −80 °C until further 
analysis.

Biochemical analysis

Serum total antioxidant capacity (T-AOC), total superoxide 
dismutase (T-SOD) activity, glutathione peroxidase (GSH-Px) 
activity, malondialdehyde (MDA), and catalase (CAT) activity 
were measured by biochemical methods following the 
instructions of the corresponding reagent kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). The T-AOC 
was determined at 520  nm by the ferric-reducing antioxidant 
power assay. The activity of T-SOD was determined by the 
xanthine oxidase method using the T-SOD activity assay kit. 
The activity of GSH-Px was determined by using a GSH-Px kit. 
The MDA concentration was determined at 532  nm using the 
thiobarbituric acid method. The CAT activity was determined 
with CAT Assay Kit. The contents of serum immunoglobin 
A  (IgA), immunoglobin G (IgG), and immunoglobin M (IgM) 
were measured by nephelometry (Beijing Kangjiahongyuan 
Biotechnology Institute, Beijing, P.R. China). Finally, these indices 
were calculated according to the formulas in the assay kits.

Morphological examination

Periodic acid–Schiff (PAS) staining was performed according to 
standard protocols (Shatos et al., 2003). Paraformaldehyde-fixed 

duodenum, jejunum, and ileum segments were dehydrated 
with ethanol, embedded in paraffin, and sectioned (5  μm). 
After dewaxing and immediately washing with distilled water 
for 1  min, the specimens were immersed in 0.5% periodate 
solution (Sigma Co.) for 5 min at room temperature in the dark. 
Afterward, sections were immediately washed (30  s × 2)  and 
soaked in Schiff’s solution at 37  °C. After 60  min, sections 
were washed twice with a sulfuric acid solution then quickly 
rinsed with distilled water. The subsequent steps followed the 
routine protocols of the laboratory. The sections were examined 
using light microscopy. The villus length and crypt depth (CD) 
were measured by random measurement of 10 villi and 10 
measurements of the crypt per section using DS-U3 (Nikon, 
Japan).

Quantitative real-time polymerase chain reaction

Total RNA was isolated from the ileal tissue samples with 
TB Green Premix Ex Taq (Tli RNaseH Plus Reagent) (Takara 
Biotechnology, Dalian, China). Total RNA quantification and 
integrity were analyzed by adding 1  µL of each sample to a 
Bio-Rad CFX384 Touch Real-Time PCR Detection System (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). RNA was reverse-
transcribed into cDNA with a Takara PrimeScript RT Reagent Kit 
with gDNA Eraser (Takara Biotechnology, Dalian, China) according 
to the manufacturer’s protocol. The synthesized complementary 
deoxyribonucleic acid (cDNA) was quantified, and all tested 
samples were adjusted to the same concentration. The primer 
sequences for interleukin (IL)-1β, IL-6, IL-8, interferon (IFN)-γ, 
IL-10, zonula occludens protein-1 (ZO-1), occludin, claudin-2, 
and β-actin are presented in Table 2. β-Actin was the reference 
gene. Quantitative real-time RT-PCR (qRT-PCR) conditions were 
as follows: a single cycle of 30 s at 95 °C, followed by 40 cycles 
of 5  s at 95  °C, 30  s at 60  °C, and 15  s at 72  °C. Relative gene 
expression levels between the control and the various treatment 
groups were quantitated from the cycle threshold value (Livak 
and Schmittgen, 2002).

Statistical analysis

The UNIVARIATE procedure was used to confirm the 
homogeneity of variance and also to analyze for outliers, but 

Table 1.  Ingredient and analyzed nutrient composition of basal diets

Item Basal diet

Ingredients, %
  Corn 59.00
  Soybean meal 18.40
  Fermented soybean meal 5.00
  Fish meal 3.00
  Soybean oil 2.50
  Dried whey 5.00
  Sugar 2.00
  Glucose 2.00
  Dicalcium phosphate 0.50
  Limestone 0.50
  Salt 0.30
  Lysine HCl 0.40
  Methionine 0.10
  Threonine 0.10
  Choline chloride 0.10
  Anti-mildew agent 0.10
  Premix1 1.00
Nutrient level
  Dry matter, % 87.80
  Crude protein, % 20.00
  Crude fiber, % 1.60
  Neutral detergent fiber, % 22.90
  Acid detergent fiber, % 3.70
  Digestible energy, cal/g 3,502
  Metabolizable energy, cal/g 3,243
  Net energy, cal/g 2,553
  Gross energy, cal/g 4,563

1The premix provided the following per kilogram of diet: vitamin 
A, 13,500 IU; vitamin D3, 2,925 IU; vitamin E, 45 mg; vitamin K3, 
36.75 mg; vitamin B1, 6.75 mg; vitamin B2, 11.25 mg; vitamin 
B6, 7.2mg; vitamin B12, 0.054 mg; nicotinamide, 54 mg; calcium 
pantothenate, 15.75 mg; folic acid, 1.8 mg; biotin, 0.342 mg; Fe, 
140 mg; Cu, 20 mg; Zn, 100 mg; Mn, 30 mg; I, 0.4 mg; and Se, 0.4 mg.

Table 2.  Primer sequences used for real-time PCR

Items Primer sequence, 5′ –3′1

IL-1β F: ACCTGGACCTTGGTTCTC  
R: GGATTCTTCATCGGCTTC

IL-6 F: GCATTCCCTCCTCTGGTC  
R: TCTTCAAGCCGTGTAGCC

IL-8 F: TACGCATTCCACACCTTTC  
R: GGCAGACCTCTTTTCCATT

IFN-γ F: GGCCATTCAAAGGAGCATGG  
R: GCTCTCTGGCCTTGGAACAT

IL-10 F: TCGGCCCAGTGAAGAGTTTC  
R: GGAGTTCACGTGCTCCTTGA

ZO-1 F: CTCCAGGCCCTTACCTTTCG  
R: GGGGTAGGGGTCCTTCCTAT

Occludin F: CAGGTGCACCCTCCAGATTG  
R: TATGTCGTTGCTGGGTGCAT

Claudin-2 F: GCATCATTTCCTCCCTGTT  
R: TCTTGGCTTTGGGTGGTT

β-Actin F: GCGTAGCATTTGCTGCATGA  
R: GCGTGTGTGTAACTAGGGGT

1F, forward; R, reverse.
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no outliers were identified. Data were analyzed using one-way 
analysis of variance (ANOVA) with least significant difference 
(LSD) multiple comparison test. Linear and quadratic effects 
of the dietary XOS concentration were assessed by the GLM 
procedure (SAS Version 9.2, SAS Institute Inc., Cary, NC). The 
differences were considered significant if P  <  0.05 and were 
considered a trend if the P-value was between 0.05 and 0.10.

Results

Growth performance

There was no difference in initial BW among the treatments 
(Table 3). The different XOSs dose groups showed a quadratic 
effect on BW on day 28, ADG, and G:F on day 1 to 28 of piglets 
(P < 0.05). Piglets in the XOS500 group had higher BW on day 28 
than those in the CON and XOS1000 groups (P < 0.05). Piglets in 
the XOS500 group had higher ADG during day 1 to 28 than those 
in the CON or XOS1000 group (P < 0.05). Meanwhile, the XOS500 
group had significantly better ADG and G:F in comparison with 
the CON group from day 1 to 28 (P < 0.05). However, there were no 
differences in BW, ADG, ADFI, or G:F between XOS100, XOS1000, 
and CON groups.

Antioxidant defense system

In the present study, the effect of XOSs on the antioxidant 
defense system was assessed by measuring the formation of 
MDA and the levels of key antioxidants, such as T-AOC, T-SOD, 
GSH-Px, and CAT (Table 4). Compared with the CON group, the 
XOS500 group had higher T-SOD and CAT levels on days 14 and 
28 (P < 0.05). In addition, the MDA level in the XOS500 group was 
lower than that of piglets in the CON group on days 14 and 28 
(P  <  0.05). No effect was observed for the XOS100 or XOS1000 
groups compared with the CON group. The different XOS dose 
groups showed a quadratic effect on T-AOC, T-SOD, MDA, and 
CAT levels on day 28 of piglets (P < 0.05).

Serum immune indices

As presented in Table 5, serum IgG concentrations on day 
28 were higher in the XOS500 group compared with the CON 
group (P < 0.05). However, no significant difference for IgA or IgM 
concentration was observed for the XOS100 or XOS1000 groups 

compared with the CON group. The different XOS dose groups 
showed a quadratic effect on IgG levels on day 28 of piglets  
(P < 0.05).

Intestinal morphology

The effects of XOS on intestinal characteristics are presented 
in Table 6. There was no significant difference in villus height 
(VH), CD, or VH to CD ratio (VH:CD) of the duodenum between 
treatments. The VH and VH:CD in both the jejunum and ileum 
were increased due to XOS500 supplementation compared with 
the CON or XOS1000 group (P  < 0.05). In addition, the XOS100 
treatment improved the VH:CD in the ileum compared with the 
CON group (P < 0.05). The different XOS dose groups showed a 
quadratic effect on the VH and VH:CD in both the jejunum and 
ileum on day 28 of piglets (P < 0.05).

Ileal expression of genes related to barrier functions

The intestinal tight junction function was tested by analyzing 
ileal occludin, claudin-2, and ZO-1 expressions (Figure 1). 
Compared with the CON group, the XOS500 group had higher 
expression levels of occludin and ZO-1 in the ileum (P < 0.05). The 
expression of occludin and ZO-1 in the ileum of the XOS100 group 
was numerically higher than the CON group but tend to be lower 
than the XOS500 group. However, dietary supplementation with 
XOSs failed to alter the expression of claudin-2.

Ileal expression of genes related to the inflammatory 
response

The inflammatory cytokine mRNA expression levels are shown 
in Figure 2. The ileal IL-1β and IFN-γ mRNA expression levels in 
the XOS100 or XOS500 group were lower than the CON group 
(P  <  0.05). In contrast, the ileal IL-10 mRNA expression levels 
were higher in the XOS500 than the CON or XOS1000 group  
(P < 0.05).

Discussion
XOSs are considered as promising prebiotics. In our study, 
XOS500 significantly increased BW, ADG, and ADFI and decreased 
G:F of piglets, which was consistent with previous studies. For 
example, Liu et al. (2018a) reported that 200 mg/kg XOS with a 
purity of 50% remarkably increased ADG and feed efficiency in 

Table 3.  Effect of graded levels of XOS (mg/kg feed) on growth performance of weaned piglets

Item CON XOS100 XOS500 XOS1000 SEM P-value Linear Quadratic

BW, kg
Day 1 8.80 8.79 8.82 8.87 0.05 0.964 0.646 0.831
Day 14 12.52 12.47 12.52 12.53 0.10 0.998 0.923 0.898
Day 28 17.00b 17.31ab 17.80a 17.24b 0.09 0.024 0.115 0.017
ADG, g/d
Day 1 to 14 266 263 264 262 4 0.993 0.835 0.971
Day 15 to 28 321 346 377 336 9 0.209 0.351 0.090
Day 1 to 28 293b 304b 321a 299b 3 0.012 0.150 0.006
ADFI, g/d
Day 1 to 14 505 507 493 504 3 0.586 0.612 0.612
Day 15 to 28 551 563 578 556 5 0.409 0.579 0.163
Day 1 to 28 528 535 536 530 2 0.641 0.801 0.221
G:F
Day 1 to 14 0.53 0.52 0.54 0.52 0.01 0.939 0.999 0.893
Day 15 to 28 0.58 0.62 0.65 0.60 0.02 0.420 0.446 0.185
Day 1 to 28 0.56a 0.57ab 0.60b 0.56a 0.01 0.033 0.247 0.019

a,bMeans in a row with different superscripts differ significantly (P < 0.05).
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weaned piglets. Moreover, several studies showed positive dose 
effects of XOSs on growth performance in broilers. Pourabedin 
et al. (2015) demonstrated that feed conversion ratio in broilers 
fed 2  g/kg XOS diets was significantly lower than those fed a 
control diet or 1 g/kg XOS between days 7 and 21. In contrast, 
Yin et al. (2019) found that 0.01% XOS with a purity of 40% had 
no significant improvement in the growth performance of the 
piglets, which might mainly be explained by the low dose. The 
different XOS dose groups showed a quadratic effect on BW on 
day 28, ADG, and G:F day 1 to 28 of piglets. The XOS1000 in our 
study significantly failed to improve the growth performance 
in weaned piglets, which may be due to an excessive dose of 
XOS. Therefore, we speculate that the XOS500 supplementation 
is the optimal dose during these three dose groups. Other 
oligosaccharides, for example, chitooligosaccharides have 
also been shown to have a dose–effect affecting the growth 
performance in pigs (Liu et  al., 2010). These results on the 
growth performance indicate that there will be an optimal XOS 
dose for weaned piglets.

Serum biochemical parameters are often used to evaluate 
the physiological effects of nutrients in animals. Antioxidant 
parameters are regarded as important serum indices to 
assess animals’ health. Changes in the antioxidant defense 
system, mainly including T-AOC, T-SOD, CAT, and GSH-Px, may 
indicate oxidative stress (Zhu et al., 2012). The generation and 
elimination of free radicals are in a dynamic balance and can 
prevent diseases by maintaining a favorable and harmless level 
(Lobo et  al., 2010). Serum T-AOC could scavenge free radicals 
from a specific organ or living organism, and its concentration 
reflects the total antioxidant ability (Wang et al., 2008). T-SOD 
is a well-known endogenous protective enzyme that acts as 

a component of the first-line defense system against reactive 
oxygen species. It breaks down hydrogen peroxides and 
hydroperoxides into less toxic molecules (H2O2/alcohol and O2) 
(Ighodaro and Akinloye, 2017). CAT reduces H2O2 to O2 and H2O, 
consequently finishing the detoxification process (Chelikani 
et al., 2004). GSH-Px is also an important antioxidant enzyme 
that converts hydrogen peroxides to water (Komatsu et  al., 
2003). Circulating MDA is one of the common and widely 
used biomarkers of oxidative stress. MDA is the most familiar 
degradation product of lipid peroxidation and could result 
in cell injury including cell senescence and even apoptosis 
(Han et al., 2018). In the present study, the results showed 
that increases of T-AOC, T-SOD, and CAT activities were found 
in the piglets supplemented with XOS500 on days 14 and 28 
compared with the CON group. In addition, the MDA level in 
the XOS500 group was significantly lower than that of piglets 
in the CON group on days 14 and 28. These results indicate that 
the AOC of piglets was improved with XOS500 supplementation, 
while, as for the performance parameter, there seems to be an 
optimal dose as neither the XOS100 nor the XOS1000 obtained 
this positive effect on the antioxidant status. Consistent with 
these findings, a previous study also revealed that wheat bran 
xylo-oligosaccharides could increase antioxidant status in 
rats fed a high-fat diet (Wang et  al., 2011). Additionally, the 
research of Jagtap et  al. (2017) revealed that an XOS mixture 
also exhibited concentration-dependent antioxidant activity. 
The serum immunoglobins—IgG, IgA, and IgM—could protect 
the extravascular compartment against pathogenic viruses and 
microorganisms (Li et al., 2007). In this study, the results showed 
that serum IgG concentration on days 14 and 28 was significantly 
higher in the XOS500 group compared with the CON group. 

Table 4.  Effect of graded levels of XOS (mg/kg feed) on serum antioxidant indices of weaned piglets

Item CON XOS100 XOS500 XOS1000 SEM P-value Linear Quadratic

Day 14
T-AOC, U/mL 4.5 4.7 5.1 4.8 0.08 0.174 0.136 0.199
T-SOD, U/mL 136.4b 137.8b 143.3a 139.9ab 0.76 0.018 0.025 0.125
GSH-Px, U/mL 701.8 721.7 735.4 711.7 5.21 0.211 0.398 0.065
MDA, nmol/mL 4.6a 4.5ab 4.1b 4.5ab 0.08 0.138 0.354 0.092
CAT, U/mL 3.3b 3.9ab 4.2a 3.5b 0.10 0.024 0.338 0.005
Day 28
T-AOC, U/mL 4.3b 5.2ab 5.6a 5.0ab 0.14 0.031 0.065 0.017
T-SOD, U/mL 137.1b 142.3ab 144.9a 139.6ab 0.94 0.038 0.229 0.010
GSH-Px, U/mL 732.2 759.4 750.6 736.4 8.27 0.735 0.964 0.295
MDA, nmol/mL 4.5a 4.0ab 3.6b 4.2a 0.08 0.007 0.116 0.003
CAT, U/mL 3.3b 4.2a 4.5a 4.3a 0.11 <0.001 <0.001 0.002

a,bMeans in a row with different superscripts differ significantly (P < 0.05).

Table 5.  Effect of graded levels of XOS (mg/kg feed) on serum immunoglobulins of weaned piglets

Item CON XOS100 XOS500 XOS1000 SEM P-value Linear Quadratic

Day 14
IgA, mg/mL 1.03 1.10 1.19 1.14 0.02 0.149 0.058 0.241
IgG, mg/mL 7.40 7.87 8.23 7.95 0.10 0.068 0.043 0.088
IgM, mg/mL 0.91 0.91 0.99 0.99 0.02 0.300 0.085 0.962
Day 28
IgA, mg/mL 1.02 1.06 1.03 1.05 0.01 0.833 0.732 0.799
IgG, mg/mL 7.19c 7.97ab 8.20a 7.58bc 0.10 0.002 0.072 <0.001
IgM, mg/mL 0.98 0.91 0.96 0.98 0.02 0.587 0.756 0.281

a–cMeans in a row with different superscripts differ significantly (P < 0.05).
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These results indicate that XOS may play a very important 
role in improving the immune function of piglets. Similarly, 
Abdelmalek et  al. (2015) also reported that XOS treatment 
significantly increased the serum immunoglobulin compared 
with the control in Dicentrarchus labrax fingerlings. The increase 
in AOC by XOS supplementation might be responsible for the 
observed effects on the improvement of the immune function. 
As mentioned above, the underlying mechanisms for the effects 
of XOS are likely to be related to changes in the intestinal and 
systemic immune network. But further research is necessary to 
clarify the complete working mechanisms.

The intestinal morphology indices such as VH, CD, and 
VH:CD ratio are often used as a criterion to estimate the nutrient 
digestion and absorption capacity of the small intestine. In this 
study, we found that the VH and VH:CD ratio of the jejunum 
and ileum significantly increased in the XOS500 fed pigs 
compared with the CON group. However, XOS100 and XOS1000 
supplementation groups could not significantly improve the 
intestinal structure. These results indicate that the optimal 
dose of XOSs may protect the intestine against villous atrophy 
and epithelial cell necrosis. These results are in line with 
previous studies, which demonstrated that using 200  mg/kg  
XOS with a purity of 50% not only improved the VH:CD ratio 
of the jejunum but also increased the apparent total tract 
digestibility of dry matter and gross energy on day 14 in the 
piglets (Liu et  al., 2018a). De Maesschalck et  al. (2015) also 

confirmed that the supplementation of 0.5% XOS with a purity 
of 35% to the broiler feed significantly increased the VH in the 
ileum. Similarly, Ding et al. (2018) demonstrated that there was 
a linear improvement in VH and VH:CD ratio of the jejunum as 
dietary XOS concentration increased in laying hens. However, 
the addition of 0.01% XOS with a purity of 40% in the diet of 
weaned piglets had little effects on the intestinal structure and 
villus surface area (Yin et al., 2019). In addition, Suo et al. (2015) 
found that the addition of XOS with a purity of 35% in the diet 
decreased the CD of the duodenum in broilers (Yin et al., 2019). 
These results suggest that an appropriate dose of XOS can be a 
promising approach for maintaining the intestinal epithelium 
in piglets. Hence, a possible explanation for the improvement of 
growth performance is that XOS500 supplementation improved 
intestinal morphology and gut absorptive function.

An intact intestinal barrier plays a crucial role in preventing 
luminal harmful molecules, such as pathogens, toxins, and 
antigens, from penetrating the mucosa (Martin-Venegas et al., 
2006). Tight junctions are the crucial components of the intestinal 
mucosal barrier and exert a pivotal role in the maintenance of the 
barrier function. They are multiple protein complexes consisting 
of the transmembrane proteins occludin and claudin-2 and 
the cytosolic protein ZO-1. We found that XOS500 upregulated 
occludin and ZO-1 mRNA levels in the ileal mucosa in weaned 
pigs, indicating that dietary supplementation with XOSs enhances 
the intestinal barrier integrity in weaned pigs. In a recent paper, 

Figure 1.  The relative mRNA expression of intestinal epithelium integrity-related genes in the ileal tissues of piglets. (A) Occludin, (B) claudin-2, and (C) ZO-1. Groups 

with no superscript letter or the same superscript letter are not significantly different (P > 0.05); those with different superscript letters are significantly different 

(P < 0.05).  

Table 6.  Effect of graded levels of XOS (mg/kg feed) on intestinal morphology of weaned piglets

Item CON XOS100 XOS500 XOS1000 SEM P-value Linear Quadratic

Duodenum
  VH, μm 500.1 507.5 510.8 505.9 2.94 0.728 0.499 0.371
  CD, μm 230.5 222.2 209.2 223.5 3.46 0.274 0.325 0.149
  VH:CD 2.21 2.31 2.39 2.22 0.03 0.282 0.767 0.079
Jejunum
  VH, μm 421.0b 430.6ab 442.5a 425.5b 2.31 0.014 0.226 0.007
  CD, μm 196.9 194.9 192.9 195.5 1.27 0.815 0.642 0.442
  VH:CD 2.14b 2.25ab 2.30a 2.18b 0.02 0.029 0.375 0.005
Ileum
  VH, μm 377.0c 400.2ab 411.8a 387.3bc 3.41 0.004 0.152 <0.001
  CD, μm 130.2 128.6 127.4 127.6 0.99 0.806 0.371 0.702
  VH:CD 2.90b 3.11a 3.23a 3.04ab 0.03 0.001 0.001 <0.001

a–cMeans in a row with different superscripts differ significantly (P < 0.05).
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Yin et  al. (2019) have shown that XOS supplementation could 
markedly enhance ZO-1 expression in the piglets. Gut barrier 
function is also tightly associated with inflammation responses. 
Pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and IFN-γ and 
anti-inflammatory cytokines including IL-10 and transforming 
growth factor-β (TGF-β) are essential for mediating inflammatory 
responses. Thus, we further determined ileal inflammatory 
cytokines and the results demonstrated that XOS100 and XOS500 
treatments remarkably reduced the IL-1β and IFN-γ mRNA 
expression. Additionally, XOS500 supplementation significantly 
upregulated IL-10 mRNA levels. These results indicate that 
XOS500 supplementation may improve the inflammatory status 
of piglets. Similarly, Hansen et  al. (2013) found that XOS could 
downregulate IFN-γ and low-grade inflammatory cytokine IL-1β 
in mice. Yuan et al. (2018) also revealed that XOS supplementation 
reduced mRNA expression of IFN-γ in broilers. Therefore, 
dietary supplementation with XOSs contributes to improve the 
inflammatory status. The improvement of intestinal barrier 
integrity and inflammatory status might be correlated with the 
improved intestinal morphology.

In conclusion, the results of the present study demonstrated 
that XOS500 supplementation could effectively increase the 
growth performance through enhancing the serum antioxidant 
defense system, elevating the serum IgG, improving the small 
intestinal structure, and maintaining intestinal barrier function 
in weaned piglets. Further studies should be done to fine-tune 
the optimal dose.
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