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and blood antioxidant capacity
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Dong Xiang3

1College of Life Science, Baicheng Normal University, Baicheng, China, 2College of Animal Science

and Technology, Jilin Agricultural University, Changchun, China, 3Muyuan Joint Stock Company,

Nanyang, China

This study aimed to investigate the e�ects of dietary squalene (SQ)

supplementation on the growth performance of early-weaned piglets. Twenty

early-weaned piglets were randomly divided into two groups, the squalene

group (SQ) and the control group (CON). The CON group was fed a basal

diet, and the SQ group was fed a basal diet with 250 mg/kg squalene.

The feeding period lasted 21 days. The results showed that SQ significantly

increased the final body weight (FWB, P < 0.05), average daily gain (ADG,

P < 0.05), and average daily feed intake (ADFI, P < 0.05) and significantly

decreased the F/G ratio (feed intake/gain, P < 0.05) and diarrhea index (DI,

P < 0.05). In terms of blood biochemical indicators, SQ significantly increased

anti-inflammatory factors such as transforming growth factor-β (TGF-β, P <

0.001), interleukin-10 (IL-10, P < 0.001), and interferon-γ (IFN-γ, P < 0.01), and

decreased pro-inflammatory factors such as tumor necrosis factor-α (TFN-α,

P < 0.001) and interleukin-6 (IL-6, P < 0.001). Furthermore, SQ significantly

increased blood antioxidant indexes (P < 0.001) such as superoxide dismutase

(SOD), glutathione peroxidase (GSH-Px), catalase (CAT), and total antioxidant

capacity (T-AOC) and significantly decreased the level of malondialdehyde

(MDA) (P< 0.001). The villus height (P< 0.001) and V/C ratio (villus height/crypt

depth, P < 0.001) of the jejunum were significantly increased in the SQ group,

while the crypt depth (P < 0.01) was decreased compared to the CON group.

The intestinal permeability indexes, namely diamine oxidase (DAO), D-lactic

acid (D-Lac), regenerative insulin-derived protein 3 (REG-3), and FITC-Dextran

4 (FD4), significantly decreased the concentrations in the treatment group

(P < 0.001), and the antioxidant indexes of the jejunum, such as SOD,

GSH-Px, CAT, and MDA, were improved by adding SQ. The qPCR results

showed that adding SQ could significantly increase the mRNA expression of

jejunal tight-junction proteins, such as zonula occludens-1 (ZO-1, P < 0.001),

Occludin (P < 0.001), Claudin (P < 0.001), glucagon-like peptide-2 (GLP-2,

P < 0.001), and insulin-like growth factor-1 (IGF-1, P < 0.001). Then, we
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used Western blotting experiments to further confirm the qPCR results. In

addition, it was found that adding SQ increased the abundance of beneficial

bacteria such as Gemmiger (P < 0.01) and decreased the abundance of

harmful bacteria such as Alloprevotella (P < 0.05), Desulfovibrio (P < 0.05), and

Barnesiella (P < 0.05). It was interesting that there was a very close correlation

among the fecal microbes, growth performance parameters, intestinal barrier,

and blood biochemical indicators. In conclusion, the data suggest that

SQ supplementation could e�ectively improve the growth performance of

early-weaned piglets by improving the gut microbiota, intestinal barrier, and

antioxidant capacity of the blood and jejunal mucosa.

KEYWORDS

squalene, growth performance, gut microbiota, intestinal barrier, early-weaned

piglets, blood antioxidant capacity

Introduction

After early weaning, piglets often experience weaning stress,

which manifests as diarrhea and reduced performance due to

gut barrier dysfunction (1, 2). However, the most effective way

to solve such problems is to use antibiotics (3), because they

can not only improve the growth rate (4) and feed utilization

(5) and reduce mortality (6) in livestock husbandry but also

kill harmful bacteria in the intestine, reducing the occurrence

of diarrhea and intestinal inflammation (7). In recent years,

following the European Union, China has completely banned

the use of antibiotics in swine feeds, so more and more green

feed additives, especially natural plant extracts, have received

extensive attention from animal nutrition experts.

Squalene (SQ) is a triterpenoid unsaturated hydrocarbon

that plays a significant role in the synthesis of fat-soluble

vitamins, hormones, and cholesterol in eukaryotes (8). It

contributes greatly to immune regulation, antioxidation,

anti-inflammatory response, anti-cancerous responses,

defense against degenerative diseases, and improvement of

cardiovascular health (9, 10). The research by Clara et al. (11)

showed that supplementing the diet with SQ could increase the

amount of high-density lipoprotein (HDL) and paraoxonase-1

in the serum of mice and alleviate oxidative stress damage (11).

SQ also had a crucial effect on alleviating isoproterenol-induced

oxidative stress in the hearts of rats (12). In addition, SQ

can increase serum glutathione (GSH), superoxide dismutase

(SOD), and catalase (CAT) levels in myocardial infarctionmodel

rats. In recent years, the research on SQ has been mostly focused

on production technology, material development, separation,

purification, and identification. However, there are very few

studies on the growth performance and intestinal barrier in

livestock production. Therefore, it is necessary to study these

factors for the development of SQ in the livestock breeding

industry, especially in terms of the production performance

of animals.

As is well-known, the microflora in the gastrointestinal

tract plays an important role in animals. In the digestive

tract, the jejunum has received extensive attention because

it is closely related to digestion and absorption (13). It has

been demonstrated that the gut microbial composition of pigs

can affect the intestinal barrier. On the one hand, increased

harmful bacteria can disrupt the intestinal barrier, resulting in an

inflammatory response and reduced growth performance (14).

On the other hand, increased levels of beneficial bacteria such

as butyrate-producing bacteria can repair the gut barrier (15).

Therefore, the composition of the gut microbiome is closely

related to the gut barrier. However, current research has shown

that SQ can improve the growth performance of broilers (15),

but its effect on the intestinal barrier and microorganisms is

unknown. There is even less research in swine fields. Therefore,

the current study aimed to investigate the potential mechanism

of dietary squalene supplementation on growth performance,

intestinal barrier, and gut microbiota in early-weaned piglets,

and the results would provide guidance and reference for its

further application as a promising feed additive in swine feed.

Materials and methods

All animal procedures were approved by the Animal

Care and Use Committee of Baicheng Normal University,

and experiments were approved by the Committee of

Experimental Animal Welfare and Ethical of Baicheng Normal

University (BNU2020-14).

Animal care and experimental design

Twenty early-weaned piglets (three-way-crossed) were

selected and randomly divided into two groups, the squalene

group (SQ) and the control group (CON). The CON group

was fed a basal diet, whose nutritional composition is shown
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FIGURE 1

Study scheme.

in Supplementary Table 1, and the SQ group was fed a basal

diet with 250 mg/kg (16) squalene, which came from Dahaigui

Life Science Co., Ltd., with a purity of ∼92%. The feeding

period lasted 21 days (17). The experimental design is shown

in Figure 1. Each piglet was raised in an individual pen

irradiated with natural light, and the ambient temperature was

kept at 24–25◦C. The swine fever vaccine was injected when

piglets were 28 days old, and the pseudorabies vaccine was

injected when they were 35 days old. The initial body weight

was recorded before the experiment, the final body weight

was recorded after the experiment, and the feed intake was

recorded every day. The average daily gain (ADG) = (final

weight–initial weight) divided by the number of days. The

average daily feed intake (ADFI) = total feed intake divided

by the number of experimental days. The diarrhea index (DI)

evaluationmethodwas referenced (18). During the experimental

period, the health and diarrhea statuses were observed and

recorded every day. Scoring was performed according to fecal

morphology, and the score was divided into four grades, 0 =

normal, 1 = mushy, 2 = semi-liquid, and 3 = liquid, where

a score ≥2 was considered diarrhea. Diarrhea index = (sum

of fecal scores)/(number of piglets × total number of days in

the experiment). The breeding experiment was carried out in

a farmer breeding cooperative in Lishu City, Jilin Province,

in September 2020.

Sample collection

At the end of the experiment, blood samples were

collected and then centrifuged at 3,000 rpm for 10min.

The supernatant was taken, and the serum was stored

at −80◦C for analyzing. The jejunum tissues were taken

out as soon as possible. One part was stored in 4%

paraformaldehyde for histopathology examinations. The other

parts were frozen in liquid nitrogen for further analysis.

Fecal samples were taken from the rectum, then placed in

liquid nitrogen, and finally stored in a −80◦C freezer for

16S analysis.

Hematoxylin and eosin staining and
histopathological examination

Jejunum tissue was immersed and fixed with Carnoy’s

solution for 24 h. Then, the samples were removed from

formalin and embedded in the paraffin. Subsequently,

the paraffin blocks were sectioned to obtain 5µm

thick sections using a semi-automatic microtome

(LONGSHOU, China). Sections were stained with

hematoxylin and eosin (H&E) staining and viewed under

an optical microscope. Histopathological examination was

evaluated based on the villi height, crypt depth, and V/C

ratio (18).

Inflammatory cytokines and antioxidant
analysis

The levels of pro-inflammatory cytokines (TNF-α, IL-

6), anti-inflammatory cytokine (IL-10, TGF-β, IFN-γ), and

antioxidant-related parameters (T-AOC, SOD, GSH-Px,

CAT, and MDA) in serum were tested using ELISA kits

(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)

following the instructions of the manufacturer. Meanwhile,

antioxidant-related parameters (T-AOC, SOD, GSH-Px, CAT,

and MDA) in jejunum tissues were measured using the

same methods.

Intestinal permeability assay

The Ussing Chamber Technology was used following

previous studies (19, 20); here, we used an Ussing Chamber

with a 1.13 cm2 hole to mount tissues that could be washed

with a Ringer solution. After we absorbed the agarose solution

till it was viscous and translucent, we absorbed the agarose

solution in a syringe, inserted the electrode tip into the

syringe, and observed that there were no air bubbles in it. The

electrode tip was successfully prepared. Then, we assembled
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the chamber system, corrected the electrodes, and stripped

off the serosal membrane of the intestine before installing it

on the Ussing chamber. We then fixed the intestinal mucosa

sample in the system, adjusted the current and voltage, opened

the chamber system, and connected the Acquire & Analyze

software on the computer. After the equilibration period

(6 h), the transepithelial electrical resistance (TER) can be

calculated, and the whole procedure lasted 30min. For 1 h,

TER (Ω cm2) is recorded every 15min. In this condition,

the average data of the TER values represent specific pigs.

The mucosal permeability can be tested using the fluxes of

fluorescein isothiocyanate-dextran 4 kDa (FD4). This method

is suitable for most mammals, especially humans and pigs

(21). We put the mucosa in the bathing reservoir in Ussing

Chambers to place 4 mg/ml FITC-dextran on it. Next, the

quantity of FD4 on the serosal side was measured every

30min (for a total of 90min) through a fluorescence plate

reader at 492 nm. The wavelength of extinction was 520 nm.

Mucosal injury markers diamine oxidase (DAO), D-Lactate

(D-Lac), and regenerative islet-derived protein 3 (REG3) of

the jejunal mucosa were tested using commercialization kits

(Jiancheng Bioengineering).

Quantitative real-time polymerase chain
reaction assay

The qPCR assay was followed by the previous study

(22). Total RNA from the jejunum samples was extracted

using Trizol reagent (Invitrogen, United States), chloroform,

isopropanol, and 75% ethanol solution and then treated with

DNase I (TaKaRa, China) for possible DNA contamination. The

concentration of each RNA sample was quantified using the

NanoDrop 2000. The HiFiScript cDNA was generated using

the Prime Script RT Master Mix (TaKaRa, China) according

to the manufacturer’s instructions. The reverse transcription

was conducted at 37◦C for 15min and 85◦C for 5 s. qPCR

was conducted using the KAPA SYBR FAST qPCR Master

Mix kit according to the manufacturer’s instructions. In brief,

1 µl of cDNA template was added to a total volume of

10 µl containing 5 µl of KAPA SYBR FAST qPCR Master

Mix Universal, 0.4 µl of PCR forward primer, 0.4 µl of

PCR reverse primer, 0.2 µl of ROX low, and 3 µl of PCR-

grade water (KAPA Biosystems, United States). All samples

were run in an Applied Biosystems 7,500 RT-PCR System

(Thermo Fisher Scientific, China). Relative gene expression was

normalized to the housekeeping gene GADPH and calculated

using the 2−11Ct method, where 1Ct = Ct (Target)–

Ct (GAPDH). Primer sequences were designed using Primer

6.0 software and synthesized by Sangon Biotech Co., Ltd.

(Shanghai, China). The primers used in this study are listed in

Supplementary Table 2.

Western blotting assay

The Western blotting method was performed following

previous studies (23, 24), and the expression of tight

junction proteins Occludin, Claudin, ZO-1, GLP-2, IGF-1 was

investigated. Total protein was extracted by using the CWBIO

kit, Beijing, China. PierceTM BCA Protein Assay Kit (Thermo

Scientific, Rockford, USA) was used to determine jejunum

protein, and the sample proteins had to be stored at −80◦C for

further analysis. The SDS-PAGE method was used to separate

the protein and transfer it onto a polyvinylidene difluoride

(PVDF) microporous membrane for 10min by a semi-dry

transfer film method. In this case, the membrane can be blocked

by 3% bovine serum albumin (BSA) for 2 h at 17◦C. After

washing three times with 0.1%Tween-20 in TBS, themembranes

were incubated with a primary antibody, which was diluted at

1:500 in TBST with 1% BSA overnight at 4◦C. The next day, the

membrane was incubated with goat anti-rabbit IgG and HRP-

conjugated secondary antibodies for 2 h and thoroughly washed

five times at 17◦C. Finally, the membrane was washed again and

incubated with Luminata Crescendo Western HRP substrate

(Millipore, Bedford, MA, USA) for only 1min in the dark and

imaged by using the IS4000 Camera (Kodak, Beijing, China).

Fecal microbiota analysis

The samples were analyzed by Shanghai OE Biotech. Co.,

Ltd. (Shanghai, China).

DNA extraction

Total genomic DNA of boar feces was isolated using an

E.Z.N.A. R© Stool DNA Kit (Omega Bio-tek Inc., USA) following

the manufacturer’s instructions. DNA quantity and quality were

analyzed using NanoDrop 2000 and 1% agarose gel.

Library preparation and sequencing

TheV3–V4 region of the 16S rRNA gene was amplified using

the primers 338F (5’- ACTCCTACGGGAGGCAGCAG-3’) and

806R (5’-GGACTACHVGGGTWTCTAAT-3’) with Barcode.

The PCR reactions (total 30 uL) included 15 uL PhusionR

High-Fidelity PCR Master Mix (New England Biolabs), 0.2mM

primers, and 10 ng DNA. The thermal cycle was carried out

with an initial denaturation at 98◦C, followed by 30 cycles

of 98◦C for 10 s, 50◦C for 30 s, 72◦C for 30 s, and a final

extension at 72◦C for 5min. PCR products were purified using

anAxyPrepDNAGel Extraction Kit (Axygen Biosciences, USA).

The sequencing libraries were constructed with NEB Next R©

UltraTM DNA Library Prep Kit for Illumina (NEB, USA)

following the manufacturer’s instructions, and index codes were

added. Then, the library was sequenced on the Illumina MiSeq
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2500 platform (Illumina, USA), and 300 bp paired-end reads

were generated at the Novo gene. The paired-end reads were

merged using FLASH (V1.2.71). The quality of the tags was

controlled in QIIME (V1.7.02); meanwhile, all chimeras were

removed. The “Core Set” of the Greengenes database 3 was

used for classification, and sequences with>97% similarity were

assigned to the same operational taxonomic units (OTUs).

Analysis of sequencing data

OTU abundance information was normalized using a

standard sequence number corresponding to the sample with

the least sequences. The alpha diversity indices were calculated

with QIIME (Version 1.7.0). PLS-DA was performed using R

software (v2.15.3).

Statistical analysis

Data are expressed as the mean ± SEM. P < 0.05

was considered a significant difference. Student’s t-test (SPSS

21 software) was used to perform the statistical analyses.

Spearman’s correlation analysis was completed by RStudio

(version 4.0.3) platform. Plots were performed by using

GraphPad Prism 8.0.2.

Results

SQ improves the growth performance of
early-weaned piglets

From Table 1, we can see that there was no difference in

initial weight (P > 0.05) between the two groups. However,

adding 250 mg/kg squalene to the basal diet significantly

increased the final body weight (FBW, P < 0.05), average daily

gain (ADG, P < 0.05), and average daily feed intake (ADFI,

P < 0.05) of the early-weaned piglets compared to the control

group. Meanwhile, SQ significantly reduced the F/G ratio (P

< 0.05) and the diarrhea index (DI, P < 0.05). Therefore,

dietary adding SQ can improve the growth performance of

early-weaned piglets.

SQ improves anti-inflammatory factors
and antioxidative stress in the serum of
early-weaned piglets

The results indicated that the SQ treatments reduced the

levels of TNF-α and IL-6 significantly (Figures 2A,B, P < 0.001),

while the SQ treatment dramatically increased the serum level

of IL-10 (P < 0.001), TGF-β (P < 0.001), and IFN-γ (P < 0.01)

compared to the CON group (Figures 2C–E). Furthermore,

TABLE 1 The e�ects of squalene on the growth performance of

weaned piglets.

Items Groups

CON SQ

Initial body weight, kg 5.33± 0.26 5.32± 0.23

Final body weight, kg 8.41± 0.17 8.77± 0.22*

Average daily gain, g/d 146.57± 13.65 169.28± 10.78*

Average daily feed intake, g/d 229.67± 15.45 247.15± 15.92*

F/G ratio 1.57± 0.08 1.46± 0.08*

DI 0.18± 0.06 0.08± 0.02*

There is no asterisk (*) in the same row means that the difference is not significant (P >

0.05), the asterisk (*) indicates the difference is significant (P < 0.05).

the serum level of T-AOC, GSH-Px, SOD, and CAT were

significantly increased in the SQ group compared with the

CON group (Figures 2G–J, P < 0.001). Meanwhile, the level

of MDA in the serum was significantly decreased compared

to the sCON group (Figure 2F, P < 0.001). Therefore, SQ

can improve the anti-inflammatory and antioxidant capacity in

early-weaned piglets.

SQ benefits intestinal morphology and
permeability in early-weaned piglets

The intestinal morphology data are shown in Figure 3A.

In the jejunum, dietary supplementation of SQ significantly

increased villi height (Figure 3B, P < 0.001) and the V/C ratio

(Figure 3D, P < 0.001) and decreased crypt depth (Figure 3C,

P < 0.01). We also measured the indicators related to jejunum

permeability, and the results showed that adding 250 mg/kg

squalene to the basal diet significantly decreased the levels of

DAO, D-Lac, and REG3 (Figures 3E–G, P < 0.001) in the

jejunum mucosa. In terms of jejunal mucosal permeability,

we tested the indexes TER and FD4, which were reflected

in the gut barrier function. The results showed that squalene

can significantly reduce the FD4 (Figure 3I, P < 0.001) and

significantly increase the TER of the jejunal mucosa (Figure 3H,

P < 0.001). Hence, the squalene benefits gut morphology and

permeability in early-weaned piglets.

SQ is beneficial for improving the
intestinal barrier of early-weaned piglets

To further confirm the protective effects of SQ in the jejunal

tissues, we used a combination of qPCR and Western blotting

technologies to detect tight junction proteins associated with the

intestinal barrier. ThemRNA expressions of ZO-1,Occludin, and

Claudin were significantly higher in the SQ group compared

Frontiers in Veterinary Science 05 frontiersin.org

https://doi.org/10.3389/fvets.2022.995548
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Gao et al. 10.3389/fvets.2022.995548

FIGURE 2

SQ changed blood biochemical indicators. (A–E) Pro-inflammatory factors and anti-inflammatory factors. Y-axis = amount, X-axis = the

treatment groups. ** P < 0.01; ***P < 0.001. (F–J) Blood Antioxidant Indicators. Y-axis = amount, X-axis = the treatment groups. ***P < 0.001.

to the CON group (Figure 4A, P < 0.001). At the same time,

we determined the mRNA expressions of GLP-2 and IGF-1,

which were associated with the growth in intestinal villi. The

results indicated that the mRNA expressions of GLP-2 and IGF-

1 in the SQ group were significantly higher than in the CON

group (Figure 4A, P < 0.001). To further verify the results of

qPCR, we used West blotting for verification. The WB results

displayed in Figures 4B,C show that the protein levels of Claudin

(P < 0.05), GLP-2 (P < 0.05), and IGF-1(P < 0.05) in the SQ

group were significantly higher than those in the CON group.

The expression levels of the other two proteins also showed an

upward tendency in the treatment group. Therefore, squalene

can improve the intestinal barrier function of early-weaned

piglets by increasing the secretion of jejunal tight junction

protein and promoting the growth of intestinal villi.

Squalene improves intestinal antioxidant
properties of early-weaned piglets

The results indicated that the antioxidant indexes such as

SOD (P < 0.01), GSH-Px (P < 0.001), and CAT (P < 0.01) in

the SQ group were higher than in the CON group (Figures 5B–

D). In contrast, the level of MDA is lower in the treatment

group (Figure 5A, P < 0.01). This means that adding squalene

to the basal diet can improve the antioxidant performance of

early-weaned piglets.

Squalene is beneficial for improving gut
microbial composition in early-weaned
piglets

We used 16S rRNA sequencing to analyze the fecal

microbiota. The Venn diagram shows that there were 1,066

common OTUs between the two groups and 71 and 136 unique

OTUs in the SQ and CON groups, respectively (Figure 6A). β-

diversity was conducted by principal coordinate analysis (PCoA)

according to unweighted unifrac. The results showed that the

gut microbiota in the SQ group was not significant compared to

the CON group, but with a tendency (P = 0.08) (Figure 6B). α-

diversity results showed that there were significant differences in

the indexes of Chao 1 (P < 0.05) and Sobs (P < 0.01) between

the two groups (Figures 6C,D). The microbial histograms at

the phylum level and genus level between the two groups are

shown in Figures 6E,F. At the genus level, we found that adding

SQ to the basal diet significantly increased the prevalence of

beneficial microbes such as Gemmiger (Figure 6J, P < 0.01)

and decreased the prevalence of some harmful bacteria such as

Alloprevotella, Desulfovibrio, and Barnesiella compared to the
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FIGURE 3

SQ improves intestinal permeability in early-weaned piglets. (A) H&E-stained sections of jejunum tissues between two groups under 40x

microscope; (B) Jejunal villus height. Y-axis = length, X-axis = the treatment groups. ***P < 0.001. (C) Jejunal crypt depth. Y-axis = length,

X-axis = the treatment groups. **P < 0.01. (D) Jejunal V/C ratio. Y-axis = relative abundance, X-axis = the treatment groups. ***P < 0.001. (E–I)

Intestinal permeability indicators. Y-axis = amount, X-axis = the treatment groups. ***P < 0.001.

CON group (Figures 6G–I, P < 0.05). The microbes described

above were all related to the growth performance of early-

weaned piglets, so the SQ enhanced piglets’ growth by changing

microbial composition.

Correlation analysis between growth
performance, intestinal microbes, blood
biochemical indexes, and the intestinal
barrier

To find the correlation between the growth performance,

fecal microbes, and other biochemical parameters in early-

weaned piglets by adding SQ, Spearman’s correlation analysis

was carried out based on experimental parameters. The

correlation result is shown in Figure 7. We found that the

growth performance of weaned piglets correlated well with gut

microbiota, tight junction proteins, and antioxidant properties.

The growth performance of body weight, ADG, and ADFI

were all positively correlated with Gemmiger, ZO-1, and

GLP-2; however, the DI was negatively correlated with all

parameters except bad factors, such asMDA and IL-6. Therefore,

SQ may improve the growth performance of early-weaned

piglets by changing gut microbes, intestinal barrier, and blood

antioxidant capacity.

Discussion

In most cases, the weaning age of piglets is 28–35 days,

whereas early weaning is around 21 days. As we know,

in the large-scale swine industries, early weaning of piglets

has been becoming more and more popular because the
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FIGURE 4

SQ is beneficial for improving the intestinal barrier of weaned piglets. (A) mRNA expression in the intestinal barrier. Y-axis = Relative expression,

X-axis = the treatment groups. ***P < 0.001. (B) Tight junction protein levels of jejunum detected by Western blotting (N>3). (C) Quantitative

data for western blotting analysis. Y-axis = fold change to CON, X-axis = the treatment groups (mg/kg body weight). * P < 0.05.

strategy can not only improve the sow turnover and the

utilization of delivery rooms but also reduce the cost of

production (25). It is also beneficial for avoiding the risk

that comes from biosecurity. However, early weaning usually

leads to a severe stress response in piglets, which affects

their growth performance and health (26–28). To solve these

problems, several feed additives have been used in recent years,

especially natural products. Squalene (SQ) is a triterpenoid

unsaturated hydrocarbon that plays a significant role in the

synthesis of fat-soluble vitamins, hormones, and cholesterol

in eukaryotes (29, 30). Studies have shown that oral squalene

can improve the effect of cyclophosphamide on the growth

performance of Wistar rats (31). Research by Chen showed

that adding 1.0 g/kg of squalene to the diet of broilers

can linearly improve ADG and F/G (32). Our experiment

shows that adding 250 mg/kg of squalene to the basal diet

can significantly improve the growth performance of early-

weaned piglets, which is consistent with the results of previous

studies on broilers (16, 32). Meanwhile, adding squalene to

the diet of early-weaned piglets can significantly alleviate

diarrhea (33). The main possible reason is that the all-trans

6 double bond structure of squalene makes it possible to

penetrate the membrane structure of the organ and achieve

uniform distribution, and therefore, some pathogenic bacteria

cannot enter the animal body. Additionally, squalene has

unsaturated double bonds, which can reduce inflammation

(34), and it can be used to treat diarrhea. Squalene can

not only repair the stress damage caused by early weaning

but also improve the activity of antioxidant enzymes and

relieve inflammation. Therefore, squalene can be regarded as a

potential feed additive to improve the growth performance of

weaned piglets.

Frontiers in Veterinary Science 08 frontiersin.org

https://doi.org/10.3389/fvets.2022.995548
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Gao et al. 10.3389/fvets.2022.995548

FIGURE 5

SQ benefits gut antioxidant capacity. (A–D) Antioxidant index of

jejunum. Y-axis = amount, X-axis = the treatment groups. **P <

0.01; ***P < 0.001.

The stresses of early weaning and environmental bacteria in

piglets are significant factors that induce inflammation, which

is often measured by the level of inflammatory factors in the

serum. It is generally believed that TNF-α and IL-6 are pro-

inflammatory factors that play important roles in promoting

the occurrence of acute inflammation. In contrast, TGF-β, IL-

10, and IFN-γ are anti-inflammatory factors. In this study, the

addition of squalene to the diet significantly reduced the level

of inflammatory factors in the serum of early-weaned piglets

and increased the level of anti-inflammatory factors, which is

consistent with the previous research (35, 36). After weaning,

the nutrient source of piglets changes from milk to feed, the gut

is not yet fully developed, and the immune function and defense

capability are very weak, so different conditions of oxidative

stress can easily occur (37). Antioxidant enzyme activity and

MDA level in serum can reflect the degree of oxidative damage

in early-weaned piglets (38). Studies have shown that adding

squalene to the broiler diet can increase the activity of SOD

and GSH-Px in the serum, thereby reducing the accumulation

of MDA in the peripheral circulation (32). This study reported

that SQ can significantly reduce the level of MDA in the serum

of early-weaned piglets and significantly increase the level of

antioxidant indicators, such as SOD, GSH-Px, CAT, and T-AOC,

which is consistent with previous research (39). SQ can not

only increase the antioxidant capacity in the blood but also

increase it in the jejunum. Our data indicate that antioxidant

indexes such as SOD, GSH-Px, and CAT were higher in the SQ

group. In contrast, the level of MDA is lower in the treatment

group. This means that adding squalene to the basal diet can

improve the antioxidant performance in both the serum and

the intestine of early-weaned piglets. Therefore, squalene can

be regarded as a potential feed additive to alleviate weaning

stress and reduce the occurrence of inflammatory responses in

early-weaned piglets.

The gut barrier function consists of a tight junction and

an adherens junction, which form a physical barrier to inhibit

inflammatory infiltration and protect gut health (40). Once the

barrier is broken, the intestinal tight junction (ZO-1, Occludin,

and Claudin) of the epithelium cells is disrupted (41), and the

intestinal villi, which are composed of goblet cells, are also

reduced. Goblet cells are known to secrete mucus. The more

goblet cells there are, the more mucus is secreted. The mucus

can stick harmful bacteria to the surface and prevent them from

entering the intestinal tract (42, 43). The relationship between

SQ and the intestinal barrier has not yet been reported. However,

dietary squalene supplementation can improve DSS-induced

acute colitis (44). Many studies have shown that antioxidants

can relieve colitis by improving the intestinal barrier of animals

(45–47). Oral coffee acid, a kind of antioxidant (60 mg/kg body

weight), could increase the expression of ZO-1 and Occludin

against a high-fat diet (HFD)-induced hepatic steatosis and

inflammation (48). In our study, the mRNA expressions of ZO-

1, Occludin, and Claudin were all significantly increased in the

treatment group compared to the CON group. Meanwhile, the

mRNA expressions of GLP-2 and IGF-1 were both significantly

increased in the SQ group. Studies have shown that GLP-2

could improve gut permeability to control inflammation in

obese mice (49). In humans, a benefit of GLP-2 is that it repairs

intestinal stem cells and Paneth cells during graft vs. host disease

(50). Similarly, IGF-1 promoted colonic epithelial integrity and

regeneration in colitis mice (51). It has also been reported that

IGF-1 protects intestinal epithelial cells from oxidative-stress-

induced apoptosis (52). Squalene is an antioxidant that can

reduce post-weaning stress injury in piglets by increasing the

IGF-1 content. Once the IGF-1 signaling pathway is activated,

the intestinal mucosal barrier can improve (53). GLP-2 and

IGF-1 are both related to promoting intestinal villi regeneration

(54, 55). Therefore, the potential mechanism of squalene in

improving the intestinal barrier of early-weaned piglets is to

enhance the regeneration of small intestinal villi and increase the

secretion of tight junction proteins.

The gut microbiota has many physiological roles, including

not only metabolic-related disorders, such as obesity and

diabetes (56, 57), but also diseases and conditions related to

the nervous and reproductive systems (58). Based on all the

results, we found that SQ supplementation could alter the

microbial composition and inhibit inflammatory factors and

oxidative stress. Intestinal microbes play a vital role in the
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FIGURE 6

SQ improved gut microbiota of weaned piglets. (A) The Wayne figures of fecal microbiota. (B) PCoA analysis of fecal microbiota at the OUT

level. (C) The Chao 1 index of fecal microbiota. (D) The Sobs index of fecal microbiota. (E) Relative abundance of fecal microbiota at the phylum

level. (F) The relative abundance of fecal microbiota at the genus level. (G–J) Four altered microbes in genus level. Y-axis = relative abundance,

X-axis = the treatment groups. **P < 0.01; *P < 0.05.

process of gut development. A recent study has shown that

gut microbiota can affect growth performance by adding food

additives in animal models. The most commonly affected genera

include Blautia, Butyricicoccus, Gemmiger, and Holdemanella

(59). In our investigation, we also found that the abundance

of Gemmiger increased significantly when we added SQ.

Meanwhile, reducing harmful bacteria in the gut is also a

means of improving animal growth performance. Research

has shown that adding antioxidants can decrease the level of

Alloprevotella, Desulfovibrio, and Barnesiella to relieve intestinal

inflammation and reduce intestinal diseases and potentially

pathogenic bacteria (60–62). In our present research, we found

that Alloprevotella, Desulfovibrio, and Barnesiella were also

the dominant microbiota in the CON group and that SQ

supplementation could reduce its abundance. These deleterious

effects were also reversed by SQ supplementation, indicating

that SQ has the potential function of restoring the intestinal

microbial community. Therefore, another potential mechanism

by which SQ can improve the growth performance of early-

weaned piglets is by increasing the beneficial bacteria and

reducing the harmful bacteria in the intestine.

Conclusion

In summary, we found that SQ benefited the

growth performance of early-weaned piglets by

improving the gut microbiota, intestinal barrier,

and blood antioxidative stress. Therefore, SQ may

be used as a dietary feed additive for piglets after
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FIGURE 7

Correlation analysis among biochemical indexes, growth

performance, gut barrier, and microbes. The color of the circle

represents a positive or negative correlation, and the size of the

circle represents the strength of the correlation (larger circle =

stronger correlation).

weaning for improving growth performance. These

improvements will increase the survival rate of early-

weaned piglets and meet the growing demand for

pork consumption.

Data availability statement

The datasets presented in this study can be found in

online repositories. The names of the repository/repositories

and accession number(s) can be found in the

article/Supplementary material.

Ethics statement

The animal study was reviewed and approved by the Animal

Care and Use Committee of Baicheng Normal University.

Author contributions

YG and XM performed the experiments and analyzed the

data. YG, XM, and YZ designed and supervised the study. YG,

XM, YZ, YL, and DX wrote the manuscript. YG revised the

manuscript. All authors edited the manuscript and approved the

final manuscript.

Funding

This research was supported by Baicheng Normal University

Doctoral Research Project (012006) and Jilin Province Science

and Technology Department Project (JJKH20190017KJ).

Acknowledgments

We thank Shanghai OE Biotech. Co., Ltd for technical

support. We also thank Baicheng Normal University for its

excellent support during this experiment.

Conflict of interest

Author DX was employed byMuyuan Joint Stock Company.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fvets.2022.995548/full#supplementary-material

SUPPLEMENTARY TABLE 1

Composition and nutrient levels of basal diets (air-dry basis).

SUPPLEMENTARY TABLE 2

Information for primary antibodies.

SUPPLEMENTARY TABLE 3

Raw data of microbiota in genus level top 20.

SUPPLEMENTARY TABLE 4

Raw data of microbiota in genus level including others.

SUPPLEMENTARY TABLE 5

Spearman’s correlation coe�cient table.

Frontiers in Veterinary Science 11 frontiersin.org

https://doi.org/10.3389/fvets.2022.995548
https://www.frontiersin.org/articles/10.3389/fvets.2022.995548/full#supplementary-material
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Gao et al. 10.3389/fvets.2022.995548

References

1. Wijtten PJ, van der Meulen J, Verstegen MW. Intestinal barrier function
and absorption in pigs after weaning: a review. Br J Nutr. (2011) 105:967–
81. doi: 10.1017/S0007114510005660

2. Lin M, Zhang B, Yu C, Li J, Zhang L, Sun H, et al. L-Glutamate
supplementation improves small intestinal architecture and enhances the
expressions of jejunal mucosa amino acid receptors and transporters in weaning
piglets. PLoS ONE. (2014) 9:e111950. doi: 10.1371/journal.pone.0111950

3. Feng Y, Huang Y, Wang Y, Wang P, Song H, Wang F. Antibiotics
induced intestinal tight junction barrier dysfunction is associated with microbiota
dysbiosis, activated NLRP3 inflammasome and autophagy. PLoS ONE. (2019)
14:e0218384. doi: 10.1371/journal.pone.0218384

4. Lin KH, Yu YH. Evaluation of Bacillus licheniformis-fermented feed
additive as an antibiotic substitute: effect on the growth performance,
diarrhea incidence, and cecal microbiota in weaning piglets. Animals. (2020)
10:1649. doi: 10.3390/ani10091649

5. Moniruzzaman M, Kim H, Shin H, Kim H, Kim N, Chin S, et al. Evaluation
of dietary curcumin nanospheres in a weaned piglet model. Antibiotics. (2021)
10:1280. doi: 10.3390/antibiotics10111280

6. Fasina FO, Bwala DG, Madoroba E. Investigation of multidrug-resistant
fatal colisepticaemia in weanling pigs. Onderstepoort J Vet Res. (2015)
82:986. doi: 10.4102/ojvr.v82i1.986

7. Gan Z, Wei W, Li Y, Wu J, Zhao Y, Zhang L, et al. Curcumin and resveratrol
regulate intestinal bacteria and alleviate intestinal inflammation in weaned piglets.
Molecules. (2019) 24:1220. doi: 10.3390/molecules24071220

8. Robinson R. Constitution of cholesterol. Nature. (1932) 130:665–
6. doi: 10.1038/130665b0

9. Reddy LH, Couvreur P. Squalene: a natural triterpene for use in
disease management and therapy. Adv Drug Deliv Rev. (2009) 61:1412–
26. doi: 10.1016/j.addr.2009.09.005

10. Kumar L, Kumar HS, Tejpal CS, Anas KK, Ravishankar CN. Exploring the
physical and quality attributes of muffins incorporated with microencapsulated
squalene as a functional food additive. J Food Sci Technol. (2021) 58:4674–
84. doi: 10.1007/s13197-020-04955-9

11. Clara GR, Cristina B, Roberto MB, Navarro MA, Surra JC, Jesús
O, et al. Dietary squalene increases high density lipoprotein-cholesterol and
paraoxonase 1 and decreases oxidative stress in mice. PLoS ONE. (2014)
9:e104224. doi: 10.1371/journal.pone.0104224

12. Dhandapani N, Ganesan B, Anandan R, Jeyakumar R, Ezhilan RA. Synergistic
effects of squalene and polyunsaturated fatty acid concentrate on lipid peroxidation
and antioxidant status in isoprenaline-induced myocardial infarction in rats. Afr J
Biotechnol. (2007) 6:8–20. doi: 10.1080/01635581

13. Watanabe-Asaka T, Hayashi M, Maejima D, Kawai Y, Ohhashi T. From
digestion and absorption to innate immunity and health care: water and food
intake may contribute to IL-22 in ILC3-dependent mucosal immunity in the
jejunum. J Physiol Sci. (2021) 71:31. doi: 10.1186/s12576-021-00817-x

14. Chopyk DM, Grakoui A. Contribution of the intestinal microbiome
and gut barrier to hepatic disorders. Gastroenterology. (2020) 159:849–
63. doi: 10.1053/j.gastro.2020.04.077

15. Li W, Xu B, Wang L, Sun Q, Deng W, Wei F, et al. Effects of clostridium
butyricum on growth performance, gut microbiota and intestinal barrier function
of broilers. Front Microbiol. (2021) 12:777456. doi: 10.3389/fmicb.2021.777456

16. Chen Y, Gu Y, Zhao H, Zhang H, Zhou Y. Effects of graded levels of
dietary squalene supplementation on the growth performance, plasma biochemical
parameters, antioxidant capacity, and meat quality in broiler chickens. Poult Sci.
(2020) 99:5915–24. doi: 10.1016/j.psj.2020.08.042

17. Huting AMS, Middelkoop A, Guan X, Molist F. Using nutritional strategies
to shape the gastro-intestinal tracts of suckling and weaned piglets.Animals. (2021)
11:402. doi: 10.3390/ani11020402

18. Yang Y, Chen G, YangQ, Ye J, Cai X, Tsering P, et al. Gut microbiota drives the
attenuation of dextran sulphate sodium-induced colitis by Huangqin decoction.
Oncotarget. (2017) 8:48863–74. doi: 10.18632/oncotarget.16458

19. Keast JR, Furness JB, Costa M. Effects of noradrenaline and
somatostatin on basal and stimulated mucosal ion transport in the
guinea-pig small intestine. Naunyn Schmiedebergs Arch Pharmacol. (1986)
333:393–9. doi: 10.1007/BF00500015

20. Abdulnour-Nakhoul SM, Nakhoul NL. Ussing chamber methods to
study the esophageal epithelial barrier. Methods Mol Biol. (2021) 2367:215–
33. doi: 10.1007/7651_2020_324

21. Geraedts MC, Troost FJ, De Ridder RJ, Bodelier AG, Masclee AA, Saris WH.
Validation of using chamber technology to study satiety hormone release from
human duodenal specimens. Obesity. (2012) 20:678–82. doi: 10.1038/oby.2011.104

22. Wan F, Zhong R, Wang M, Zhou Y, Chen Y, Yi B, et al. Caffeic
acid supplement alleviates colonic inflammation and oxidative stress potentially
through improved gut microbiota community in mice. Front Microbiol. (2021)
12:784211. doi: 10.3389/fmicb.2021.784211

23. Taylor SC, Posch A. The design of a quantitative western blot experiment.
Biomed Res Int. (2014) 2014:361590. doi: 10.1155/2014/361590

24. Neris RLS, Dobles AMC, Gomes AV. Western blotting using in-gel protein
labeling as a normalization control: advantages of stain-free technology. Methods
Mol Biol. (2021) 2261:443–56. doi: 10.1007/978-1-0716-1186-9_28

25. Liao S, Tang S, ChangM, QiM, Li J, Tan B, et al. Chloroquine downregulation
of intestinal autophagy to alleviate biological stress in early-weaned piglets.
Animals. (2020) 10:290. doi: 10.3390/ani10020290

26. Campbell JM, Crenshaw JD, Polo J. The biological stress of early weaned
piglets. J Anim Sci Biotechnol. (2013) 4:19. doi: 10.1186/2049-1891-4-19

27. Li Y, Zhao X, Jiang X, Chen L, Hong L, Zhuo Y, et al. Effects of dietary
supplementation with exogenous catalase on growth performance, oxidative stress,
and hepatic apoptosis in weaned piglets challenged with lipopolysaccharide. J Anim
Sci. (2020) 98:67–83. doi: 10.1093/jas/skaa067

28. Orengo J, Hernández F, Martínez-Miró S, Sánchez CJ, Peres Rubio C, Madrid
J. Effects of commercial antioxidants in feed on growth performance and oxidative
stress status of weaned piglets. Animals. (2021). 11:266. doi: 10.3390/ani11020266

29. Kim SK, Karadeniz F. Biological importance and applications
of squalene and squalane. Adv Food Nutr Res. (2012) 65:223–
33. doi: 10.1016/B978-0-12-416003-3.00014-7

30. Ghimire GP, Thuan NH, Koirala N, Sohng JK. Advances in biochemistry and
microbial production of squalene and its derivatives. J Microbiol Biotechnol. (2016)
26:441–51. doi: 10.4014/jmb.1510.10039

31. Suriyakalaa U, Ramachandran R, Usha K, Sankarganesh D, Praveenkumar
D, Abinaya S, et al. Squalene is a potential endocrine modulator in rat: a proof-
of-principle study with 3-methylcholanthrene-induced toxicity.Andrologia. (2018)
50:e13117. doi: 10.1111/and.13117

32. Chen YP, Gu YF, Zhao HR, Zhou YM. Dietary squalene supplementation
alleviates diquat-induced oxidative stress and liver damage of broiler chickens.
Poult Sci. (2021) 100:100919. doi: 10.1016/j.psj.2020.12.017

33. Naziri E, Tsimidou MZ. Formulated squalene for food related applications.
Recent Pat Food Nutr Agric. (2013) 5:83–104. doi: 10.2174/1876142911305020001

34. Dormont F, Brusini R, Cailleau C, Reynaud F, Peramo A, Gendron A, et al.
Squalene-based multidrug nanoparticles for improved mitigation of uncontrolled
inflammation in rodents. Sci Adv. (2020) 6:eaaz5466. doi: 10.1126/sciadv.aaz5466

35. Lou-Bonafonte JM,Martínez-Beamonte R, Sanclemente T, Surra JC, Herrera-
Marcos LV, et al. Current insights into the biological action of squalene. Mol Nutr
Food Res. (2018) 62:136–48. doi: 10.1002/mnfr.201800136

36. Zhang H, Chen Y, Chen Y, Ji S, Jia P, Li Y, et al. Comparison of
the protective effects of resveratrol and pterostilbene against intestinal damage
and redox imbalance in weanling piglets. J Anim Sci Biotechnol. (2020)
11:52. doi: 10.1186/s40104-020-00460-3

37. Boudry G, Péron V, Le Huërou-Luron I, Lallès JP, Sève B. Weaning
induces both transient and long-lasting modifications of absorptive,
secretory, and barrier properties of piglet intestine. J Nutr. (2004)
134:2256–62. doi: 10.1093/jn/134.9.2256

38. Cao S, Wu H, Wang C, Zhang Q, Jiao L, Lin F, et al. Diquat-
induced oxidative stress increases intestinal permeability, impairs mitochondrial
function, and triggers mitophagy in piglets. J Anim Sci. (2018) 96:1795–
805. doi: 10.1093/jas/sky104

39. Senthilkumar S, Yogeeta SK, Subashini R, Devaki T. Attenuation
of cyclophosphamide induced toxicity by squalene in experimental
rats. Chem Biol Interact. (2006) 160:252–60. doi: 10.1016/j.cbi.2006.
02.004

40. Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev
Immunol. (2009) 9:799–809. doi: 10.1038/nri2653

41. Grosheva I, Zheng D, Levy M, Polansky O, Lichtenstein A,
Golani O, et al. High-throughput screen identifies host and microbiota
regulators of intestinal barrier function. Gastroenterology. (2020)
159:1807–23. doi: 10.1053/j.gastro.2020.07.003

Frontiers in Veterinary Science 12 frontiersin.org

https://doi.org/10.3389/fvets.2022.995548
https://doi.org/10.1017/S0007114510005660
https://doi.org/10.1371/journal.pone.0111950
https://doi.org/10.1371/journal.pone.0218384
https://doi.org/10.3390/ani10091649
https://doi.org/10.3390/antibiotics10111280
https://doi.org/10.4102/ojvr.v82i1.986
https://doi.org/10.3390/molecules24071220
https://doi.org/10.1038/130665b0
https://doi.org/10.1016/j.addr.2009.09.005
https://doi.org/10.1007/s13197-020-04955-9
https://doi.org/10.1371/journal.pone.0104224
https://doi.org/10.1080/01635581
https://doi.org/10.1186/s12576-021-00817-x
https://doi.org/10.1053/j.gastro.2020.04.077
https://doi.org/10.3389/fmicb.2021.777456
https://doi.org/10.1016/j.psj.2020.08.042
https://doi.org/10.3390/ani11020402
https://doi.org/10.18632/oncotarget.16458
https://doi.org/10.1007/BF00500015
https://doi.org/10.1007/7651_2020_324
https://doi.org/10.1038/oby.2011.104
https://doi.org/10.3389/fmicb.2021.784211
https://doi.org/10.1155/2014/361590
https://doi.org/10.1007/978-1-0716-1186-9_28
https://doi.org/10.3390/ani10020290
https://doi.org/10.1186/2049-1891-4-19
https://doi.org/10.1093/jas/skaa067
https://doi.org/10.3390/ani11020266
https://doi.org/10.1016/B978-0-12-416003-3.00014-7
https://doi.org/10.4014/jmb.1510.10039
https://doi.org/10.1111/and.13117
https://doi.org/10.1016/j.psj.2020.12.017
https://doi.org/10.2174/1876142911305020001
https://doi.org/10.1126/sciadv.aaz5466
https://doi.org/10.1002/mnfr.201800136
https://doi.org/10.1186/s40104-020-00460-3
https://doi.org/10.1093/jn/134.9.2256
https://doi.org/10.1093/jas/sky104
https://doi.org/10.1016/j.cbi.2006.02.004
https://doi.org/10.1038/nri2653
https://doi.org/10.1053/j.gastro.2020.07.003
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Gao et al. 10.3389/fvets.2022.995548

42. Uga N, Nakatani M, Yoshimura A, Kumamoto K, Tsuchida K, Nagao S, et al.
A new murine ileostomy model: recycling stool prevents intestinal atrophy in the
distal side of ileostomy. Fujita Med J. (2021) 7:41–9. doi: 10.20407/fmj.2020-003

43. Verediano TA, Stampini Duarte Martino H, Dias Paes MC, Tako E.
Effects of anthocyanin on intestinal health: a systematic review. Nutrients. (2021)
13. doi: 10.3390/nu13041331

44. Sánchez-Fidalgo S, Villegas I, Rosillo M, Aparicio-Soto M, de la Lastra
CA. Dietary squalene supplementation improves DSS-induced acute colitis by
downregulating p38 MAPK and NFkB signaling pathways. Mol Nutr Food Res.
(2015) 59:284–92. doi: 10.1002/mnfr.201400518

45. Huang Y, Wang C, Tian X, Mao Y, Hou B, Sun Y, et al.
Pioglitazone attenuates experimental colitis-associated hyperalgesia through
improving the intestinal barrier dysfunction. Inflammation. (2020)
43:568–78. doi: 10.1007/s10753-019-01138-3

46. Chu Y, Zhu Y, Zhang Y, Liu X, Guo Y, Chang L, et al. Tetrandrine
attenuates intestinal epithelial barrier defects caused by colitis through promoting
the expression of occludin via the AhR-miR-429 pathway. FASEB J. (2021)
35:e21502. doi: 10.1096/fj.202002086RR

47. Tu A, Wang XC, Chen H, Jia X, Wang T, Yi Y, et al. Ovomucin ameliorates
intestinal barrier and intestinal bacteria to attenuate DSS-induced colitis in mice. J
Agric Food Chem. (2021) 69:5887–96. doi: 10.1021/acs.jafc.1c00865

48. Shi A, Li T, Zheng Y, Song Y, Wang H, Wang N, et al. Chlorogenic acid
improves NAFLD by regulating gut microbiota and GLP-1. Front Pharmacol.
(2021) 12:693048. doi: 10.3389/fphar.2021.693048

49. Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard A, Rottier O,
et al. Changes in gut microbiota control inflammation in obese mice through a
mechanism involving GLP-2-driven improvement of gut permeability. Gut. (2009)
58:1091–103. doi: 10.1136/gut.2008.165886

50. Norona J, Apostolova P, Schmidt D, Ihlemann R, Reischmann N, Taylor
G, et al. Glucagon-like peptide 2 for intestinal stem cell and Paneth cell repair
during graft-versus-host disease in mice and humans. Blood. (2020) 136:1442–
55. doi: 10.1182/blood.2020005957

51. Xu J, Wang X, Chen J, Chen S, Li Z, Liu H, et al. Embryonic stem cell-derived
mesenchymal stem cells promote colon epithelial integrity and regeneration
by elevating circulating IGF-1 in colitis mice. Theranostics. (2020) 10:12204–
22. doi: 10.7150/thno.47683

52. Baregamian N, Song J, Jeschke MG, Evers BM, Chung DH. IGF-1 protects
intestinal epithelial cells from oxidative stress-induced apoptosis. J Surg Res. (2006)
136:31–7. doi: 10.1016/j.jss.2006.04.028

53. He Y, Yuan X, Zhou G, Feng A. Activation of IGF-1/IGFBP-3 signaling
by berberine improves intestinal mucosal barrier of rats with acute endotoxemia.
Fitoterapia. (2018) 124:200–5. doi: 10.1016/j.fitote.2017.11.012

54. Ren W, Wu J, Li L, Lu Y, Shao Y, Qi Y, et al. Glucagon-like peptide-2
improve intestinal mucosal barrier function in aged rats. J Nutr Health Aging.
(2018) 22:731–8. doi: 10.1007/s12603-018-1022-8

55. Holgersen K, Gao X, Narayanan R, Gaur T, Carey G, Barton N, et al.
Supplemental insulin-like growth factor-1 and necrotizing enterocolitis in preterm
pigs. Front Pediatr. (2020) 8:602047. doi: 10.3389/fped.2020.602047

56. Torres-Fuentes C, Schellekens H, Dinan TG, Cryan JF. The
microbiota-gut-brain axis in obesity. Lancet Gastroenterol Hepatol. (2017)
2:747–56. doi: 10.1016/S2468-1253(17)30147-4

57. Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease.
Nat Rev Microbiol. (2021) 19:55–71. doi: 10.1038/s41579-020-0433-9

58. Zhao Q, Huang JF, Cheng Y, Dai MY, Zhu WF, Yang XW, et al. Polyamine
metabolism links gut microbiota and testicular dysfunction. Microbiome. (2021)
9:224. doi: 10.1186/s40168-021-01157-z

59. Uddin MK, Hasan S, Mahmud MR, Peltoniemi O, Oliviero C. In-
feed supplementation of resin acid-enriched composition modulates gut
microbiota, improves growth performance, and reduces post-weaning diarrhea
and gut inflammation in piglets. Animals. (2021) 11:2511. doi: 10.3390/ani110
92511

60. Li XJ, WangM, Xue Y, Duan D, Li C, Han X, et al. Identification of microflora
related to growth performance in pigs based on 16S rRNA sequence analyses. AMB
Express. (2020) 10:192. doi: 10.1186/s13568-020-01130-3

61. Rao Z, Li J, Shi B, Zeng Y, Liu Y, Sun Z, et al. Dietary tryptophan levels
impact growth performance and intestinal microbial ecology in weaned piglets
via tryptophan metabolites and intestinal antimicrobial peptides. Animals. (2021)
11:817. doi: 10.3390/ani11030817

62. Sun B, Hou L, Yang Y. Effects of adding eubiotic lignocellulose on the growth
performance, laying performance, gut microbiota, and short-chain fatty acids of
two breeds of hens. Front Vet Sci. (2021) 8:668003. doi: 10.3389/fvets.2021.668003

Frontiers in Veterinary Science 13 frontiersin.org

https://doi.org/10.3389/fvets.2022.995548
https://doi.org/10.20407/fmj.2020-003
https://doi.org/10.3390/nu13041331
https://doi.org/10.1002/mnfr.201400518
https://doi.org/10.1007/s10753-019-01138-3
https://doi.org/10.1096/fj.202002086RR
https://doi.org/10.1021/acs.jafc.1c00865
https://doi.org/10.3389/fphar.2021.693048
https://doi.org/10.1136/gut.2008.165886
https://doi.org/10.1182/blood.2020005957
https://doi.org/10.7150/thno.47683
https://doi.org/10.1016/j.jss.2006.04.028
https://doi.org/10.1016/j.fitote.2017.11.012
https://doi.org/10.1007/s12603-018-1022-8
https://doi.org/10.3389/fped.2020.602047
https://doi.org/10.1016/S2468-1253(17)30147-4
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1186/s40168-021-01157-z
https://doi.org/10.3390/ani11092511
https://doi.org/10.1186/s13568-020-01130-3
https://doi.org/10.3390/ani11030817
https://doi.org/10.3389/fvets.2021.668003
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Dietary supplementation of squalene increases the growth performance of early-weaned piglets by improving gut microbiota, intestinal barrier, and blood antioxidant capacity
	Introduction
	Materials and methods
	Animal care and experimental design
	Sample collection
	Hematoxylin and eosin staining and histopathological examination
	Inflammatory cytokines and antioxidant analysis
	Intestinal permeability assay
	Quantitative real-time polymerase chain reaction assay
	Western blotting assay
	Fecal microbiota analysis
	DNA extraction
	Library preparation and sequencing
	Analysis of sequencing data

	Statistical analysis

	Results
	SQ improves the growth performance of early-weaned piglets
	SQ improves anti-inflammatory factors and antioxidative stress in the serum of early-weaned piglets
	SQ benefits intestinal morphology and permeability in early-weaned piglets
	SQ is beneficial for improving the intestinal barrier of early-weaned piglets
	Squalene improves intestinal antioxidant properties of early-weaned piglets
	Squalene is beneficial for improving gut microbial composition in early-weaned piglets
	Correlation analysis between growth performance, intestinal microbes, blood biochemical indexes, and the intestinal barrier

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


