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Abstract

This experiment established an oxidative stress model using Escherichia coli
lipopolysaccharide (LPS) to investigate the effects of glutamine (GLN) on ox-
idative stress in weaned piglets. Twenty-four healthy 28-day-old three-way cross-
bred (Duroc x Landrace x Large White) weaned piglets were selected and ran-
domly divided into 3 groups with 8 replicates per group and 1 pig per replicate.
The control and stress groups were fed a basal diet, while the GLN group was fed
the basal diet supplemented with 1% GLN for a 30-day experimental period. On
days 22, 25, 28, and 30 of the experiment, piglets in the stress and GLN groups
were intraperitoneally injected with 100 g LPS per kilogram of body weight,
while piglets in the control group were intraperitoneally injected with the same
dose of sterile physiological saline. On day 30, blood samples were collected from
the anterior vena cava and intestinal samples were collected after slaughter to
measure oxidative stress-related indicators. The results showed: 1) Before LPS
challenge, there were no significant differences in serum antioxidant capacity
indices among groups (P>0.05). After LPS challenge, serum malondialdehyde
(MDA) content in the stress group was significantly higher than that in the
control group (P<0.05); serum MDA content and superoxide dismutase (SOD)
activity in the GLN group were significantly lower than those in both the stress
and control groups (P<0.05). 2) After LPS challenge, in duodenal mucosa, the
relative expression levels of catalase (CAT) and copper-zinc superoxide dismu-
tase (CuZnSOD) genes in the GLN group were significantly higher than those
in the stress group (P<0.05). In jejunal mucosa, the relative expression levels
of CAT, manganese superoxide dismutase (MnSOD), glutathione peroxidase 1
(GPX1), and glutathione peroxidase 4 (GPX4) genes in the GLN group were
significantly higher than those in both the control and stress groups (P<0.05),
while the relative expression level of GPX4 gene in the control group was sig-
nificantly higher than that in the stress group (P<0.05). In ileal mucosa, the
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relative expression levels of CAT gene in both the GLN and stress groups were
significantly lower than that in the control group (P<0.05), while the relative
expression level of GPX4 gene was significantly higher than that in the con-
trol group (P<0.05); the relative expression level of MnSOD gene in the GLN
group was significantly higher than those in both the control and stress groups
(P<0.05), and the relative expression level of CuZnSOD gene was significantly
higher than that in the control group (P<0.05). These results indicate that
GLN can alleviate LPS-induced oxidative stress in weaned piglets to a certain
extent, providing a theoretical basis for reducing oxidative stress in practical
production.
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Abstract

This study evaluated the effects of glutamine (GLN) on oxidative stress in
weaned piglets using an Escherichia coli lipopolysaccharide (LPS) challenge
model. Twenty-four healthy 28-day-old crossbred (Duroc x Landrace x Large
White) weaned piglets were randomly assigned to three groups with eight repli-
cates per group and one piglet per replicate. Piglets in the control and stress
groups were fed basal diets, while those in the GLN group received basal diets
supplemented with 1% GLN. The experiment lasted 30 days. On days 22, 25,
28, and 30, piglets in the stress and GLN groups were injected intraperitoneally
with 100 g LPS per kg body weight, while control piglets received sterile saline
at the same volume. On day 30, blood samples were collected via precaval
venipuncture, and intestinal samples were collected post-slaughter to measure
oxidative stress-related indices.

The results showed: (1) Serum antioxidant capacity indices did not differ sig-
nificantly among groups before LPS challenge (P > 0.05). After LPS challenge,
serum malondialdehyde (MDA) content in the stress group was significantly
higher than in the control group (P < 0.05), while serum MDA content and
superoxide dismutase (SOD) activity in the GLN group were significantly lower
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than in both the stress and control groups (P < 0.05). (2) After LPS chal-
lenge, the relative expression levels of catalase (CAT) and copper-zinc superox-
ide dismutase (CuZnSOD) genes in duodenal mucosa were significantly higher
in the GLN group than in the stress group (P < 0.05). In jejunal mucosa, the
relative expression levels of CAT, manganese superoxide dismutase (MnSOD),
glutathione peroxidase 1 (GPX1), and glutathione peroxidase 4 (GPX4) genes
in the GLN group were significantly higher than in both the control and stress
groups (P < 0.05), while GPX4 gene expression in the control group was sig-
nificantly higher than in the stress group (P < 0.05). In ileal mucosa, CAT
gene expression in the GLN and stress groups was significantly lower than in
the control group (P < 0.05), whereas GPX4 gene expression was significantly
higher than in the control group (P < 0.05). MnSOD gene expression in the
GLN group was significantly higher than in both the control and stress groups
(P < 0.05), and CuZnSOD gene expression was significantly higher than in
the control group (P < 0.05). These results indicate that GLN can alleviate
LPS-induced oxidative stress in weaned piglets, providing a theoretical basis for
reducing oxidative stress in practical production.
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During piglet production, various factors including management practices, en-
vironmental conditions, and bacterial or viral infections can induce stress re-
sponses that not only affect normal growth and development but also compro-
mise immune function and post-slaughter meat quality [1]. During oxidative
stress, animals exhibit increased energy demands and generate excessive free
radicals, which cause oxidation of nucleic acids and proteins and damage bi-
ological membranes through lipid peroxidation reactions, thereby destroying
intestinal mucosal integrity and function and reducing growth performance and
immune capacity [2-4]. Glutamine (GLN), the most abundant free amino acid in
serum of humans and other mammals, plays a crucial role in metabolism and ex-
hibits anti-stress, anti-infection, antioxidant, and immune-enhancing functions
[5]. Research indicates that GLN can maintain and increase intracellular glu-
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tathione (GSH) content to scavenge various free radicals and peroxide damage,
thereby maintaining homeostasis [6]. Studies also show that dietary GLN sup-
plementation significantly increases glutathione peroxidase (GSH-Px) activity
and reduces malondialdehyde (MDA) content in blood of yellow-feathered broil-
ers under high-temperature conditions, thereby improving antioxidant capacity
[7]. Despite limitations such as low water solubility and susceptibility to conver-
sion into ammonia and pyroglutamic acid, GLN’ s unique antioxidant properties
have enabled its widespread application in production. However, the mechanism
underlying GLN’ s enhancement of antioxidant capacity remains unclear, partic-
ularly regarding its effects on oxidative stress in weaned piglets. Therefore, this
study established an oxidative stress model by intraperitoneal injection of bac-
terial lipopolysaccharide (LPS) to investigate the effects of GLN on oxidative
stress in early-weaned piglets and elucidate the underlying mechanisms.

1.1 Experimental Materials

GLN was purchased from Wuhan Yuancheng Gongchuang Technology Co.,
Ltd. with 99.5% purity. Bacterial LPS (E. coli serotype O55:B5) was purchased
from Sigma Chemical Company (USA). RNA extraction reagent Trizol was
purchased from Invitrogen.

1.2 Experimental Animals and Management

Twenty-four healthy crossbred (Duroc x Landrace x Large White) weaned
piglets at 28 days of age with initial body weight of (6.24 £+ 0.25) kg (half
male and half female) were randomly allocated into three groups with eight
replicates per group and one piglet per replicate. The control and stress groups
were fed basal diets, while the GLN group received basal diets supplemented
with 1% GLN. The experimental period lasted 30 days. Basal diets were formu-
lated according to NRC (2012) standards, and diet composition and nutrient
levels are shown in Table 1 . On days 22, 25, 28, and 30, piglets in the stress
and GLN groups were injected intraperitoneally with 100 g LPS per kg body
weight, while control piglets received the same volume of sterile saline [3-4]. The
experiment was conducted at the animal facility of the Institute of Subtropical
Agriculture, Chinese Academy of Sciences. Piglets were housed individually in
cages, and immunization and disinfection procedures followed conventional pig
farm protocols. Feed intake and body weight were recorded daily. Piglets were
fed three times daily at 07:30, 12:00, and 18:30 with free access to feed and water.
Powdered feed was provided with the principle of no leftover feed in troughs.
Pens were cleaned twice daily to maintain hygiene. The facility used natural
ventilation with periodic disinfection throughout the experimental period.

1.3 Sample Collection

Blood samples were collected via precaval venipuncture before the first LPS
(or saline) injection and after the final injection using heparin-anticoagulated
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vacuum tubes. Samples were left at room temperature for 15 minutes, then
centrifuged at 3,000 r/min for 15 minutes to separate serum, which was stored
at -80°C until analysis. Twelve hours after the final LPS (or saline) injection,
piglets were slaughtered after fasting. Intestinal segments (duodenum, jejunum,
and ileum) were collected. Approximately 10 cm segments of duodenum, je-
junum, and ileum were gently opened with scissors, rinsed with ice-cold saline
to remove intestinal contents, and blotted with filter paper to remove surface
moisture. Intestinal mucosa was scraped with glass slides, wrapped in aluminum
foil, immediately snap-frozen in liquid nitrogen, and then transferred to -80°C
storage for subsequent analysis [8].

1.4.1 Serum Antioxidant Indices

Serum catalase (CAT), glutathione peroxidase (GSH-Px), superoxide dismu-
tase (SOD) activities, total antioxidant capacity (T-AOC), and malondialde-
hyde (MDA) content were measured using colorimetric methods with assay kits
purchased from Nanjing Jiancheng Bioengineering Institute.

1.4.2 Primer Design

Primers for CAT, manganese superoxide dismutase (MnSOD), copper-zinc
superoxide dismutase (CuZnSOD), glutathione peroxidase 1 (GPX1), and
glutathione peroxidase 4 (GPX4) genes were designed using Primer Pre-
mier 5.0 software based on porcine gene sequences from GenBank, with
-actin as the internal reference gene. Primer specificity was confirmed
using NCBI  Primer-Blast  (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/index.cgi?LINK_ LOC=BlastHome). All primers were synthesized
by Shanghai Sangon Biotech Co., Ltd. The real-time quantitative PCR
(RT-qPCR) primer sequences are shown in Table 2 .

1.4.3 Expression of Oxidative Stress-Related Genes in In-
testinal Mucosa

1.4.3.1 Total RNA Extraction and Reverse Transcription

Total RNA was extracted using Trizol and RNAiso Plus (TaKaRa, 9109)
reagents. RNA purity and concentration were measured using a NanoDrop
ND-2000 spectrophotometer (USA). RNA with OD260 nm/OD280 nm ratio
of 1.8-2.2 was considered pure. RNA quality was assessed by 1% agarose gel
electrophoresis, with a 28S rRNA to 18S rRNA grayscale ratio of 2:1 indicating
good quality. Reverse transcription to synthesize cDNA was performed using
a TaKaRa reverse transcription kit (TaKaRa, RR047A).

1.4.3.2 Real-Time Fluorescence Quantitative PCR

The 10 L gPCR reaction mixture contained: 5.0 L SYBR® Premix Ex TaqTM
II, 0.2 L forward primer (10 mol/L), 0.2 L reverse primer (10 mol/L), 3.6 L
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RNase-free dH20, and 1.0 L ¢cDNA. The reaction program was 95°C for 5 s
and 60°C for 30 s for 40 cycles. The melting curve program was 95°C for 15 s,
60°C for 15 s, and 95°C for 15 s.

1.5 Statistical Analysis

Relative gene expression levels from RT-qPCR data were calculated using the
27(-AACt) method [9]. All data were analyzed using one-way ANOVA with
SPSS 13.0 software. Duncan’ s multiple comparison test was used for signifi-
cant differences, with P < 0.05 considered statistically significant. All data are
expressed as “mean =+ standard deviation.”

2.1 Effects of GLN on Serum Antioxidant Capacity of
Weaned Piglets

As shown in Table 3 | serum antioxidant capacity indices did not differ signifi-
cantly among groups before LPS challenge (P > 0.05). Table 4 shows that after
LPS challenge, serum MDA content in the stress group was significantly higher
than in the control group (P < 0.05), while serum MDA content in the GLN
group was significantly lower than in both the stress and control groups (P <
0.05). Serum SOD activity did not differ significantly between control and stress
groups (P > 0.05), but was significantly lower in the GLN group compared to
both control and stress groups (P < 0.05). Serum GSH-Px, CAT activities, and
T-AOC did not differ significantly among groups (P > 0.05), though GSH-Px
and CAT activities were numerically lower while T-AOC was numerically higher
in the GLN group compared to the other groups.

2.2 Effects of GLN on Expression of Oxidative Stress-
Related Genes in Intestinal Mucosa of Weaned Piglets

As shown in Table 5 , after LPS challenge, the relative expression levels of
CAT and CuZnSOD genes in duodenal mucosa were significantly higher in the
GLN group than in the stress group (P < 0.05), but did not differ significantly
from the control group (P > 0.05). No significant differences were observed
among groups in MnSOD, GPX1, and GPX4 gene expression (P > 0.05), though
expression levels were numerically higher in the GLN group compared to the
stress group.

Table 6 shows that after LPS challenge in jejunal mucosa, the GLN group had
the highest relative expression levels of CAT, MnSOD, and GPX1 genes, which
were significantly higher than both control and stress groups (P < 0.05), while
the stress group had the lowest expression. CuZnSOD gene expression did not
differ significantly among groups (P > 0.05), though it was numerically higher
in the GLN group. GPX4 gene expression was significantly higher in the GLN
group than in both control and stress groups (P < 0.05), and significantly higher
in the control group than in the stress group (P < 0.05).
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As shown in Table 7 , after LPS challenge in ileal mucosa, CAT gene expression
was significantly lower in both GLN and stress groups compared to the control
group (P < 0.05). MnSOD gene expression was highest in the GLN group,
significantly higher than in both control and stress groups (P < 0.05). No
significant differences were observed in GPX1 gene expression among groups (P
> 0.05). CuZnSOD gene expression was significantly higher in the GLN group
than in the control group (P < 0.05). GPX4 gene expression was significantly
higher in both GLN and stress groups compared to the control group (P < 0.05).

3.1 Effects of GLN on Serum Antioxidant Indices of Weaned
Piglets

MDA, SOD, GSH-Px, CAT, and T-AOC are all components of the animal an-
tioxidant system. MDA is a small molecular product generated during the chain
termination phase of lipid peroxidation reactions, and its content can indirectly
reflect free radical production and the degree of lipid peroxidation in tissues.
SOD is an important antioxidant enzyme with special physiological activity and
serves as the primary substance for scavenging free radicals in vivo. It catalyzes
the dismutation of superoxide anion radicals, counteracts and blocks oxygen
radical-induced cellular damage, and repairs damaged cells in a timely man-
ner. CAT primarily catalyzes the decomposition of hydrogen peroxide (H O )
into molecular oxygen and water, eliminating H O from the body and protect-
ing cells from H O toxicity, making it a key enzyme in the biological defense
system. GSH-Px is an important enzyme that catalyzes H O decomposition
throughout the body. It specifically catalyzes the reduction of H O by GSH,
generating water and thereby reducing lipid peroxidation of polyunsaturated
fatty acids in cell membranes and decreasing free radical production to protect
membrane structure and function [10-11].

Studies have shown that GLN, as a precursor for synthesizing the antioxidant
GSH, can maintain and increase reduced GSH levels in the body and promote
synthesis of GSH-Px precursors [12], thus achieving free radical scavenging. Re-
search also indicates that endotoxins can reduce SOD, CAT, and GSH-Px ac-
tivities [13-15].

The current study showed no significant differences in serum antioxidant indices
among groups before LPS challenge. After LPS challenge, serum MDA content
increased significantly in the stress group compared to the control group, while
SOD, CAT activities, and T-AOC showed decreasing trends. These results are
consistent with previous studies and may be attributed to reduced efficiency of
GSH-Px synthesis in LPS-challenged weaned piglets, necessitating exogenous
supplementation to meet normal requirements. Denno et al. [16] reported that
dietary GLN supplementation significantly increased serum GSH content in rats.
Bian et al. [17] demonstrated that exogenous GLN supplementation significantly
increased intestinal mucosal GSH content and CAT activity while reducing MDA
content. Huang et al. [7] found that dietary supplementation with 0.5% and 0.8%
GLN significantly increased blood GSH-Px activity and reduced MDA content
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in yellow-feathered broilers under high temperature [(334+2)°C] at 28 and 35
days of age, without significantly affecting SOD activity. The present study
showed that dietary GLN supplementation significantly reduced serum MDA
content, consistent with previous findings, indicating that GLN can alleviate
LPS-induced oxidative stress in weaned piglets to some extent.

T-AOC serves as a comprehensive indicator of antioxidant system function, re-
flecting the overall compensatory capacity of the antioxidant system to exter-
nal stimuli and the status of free radical metabolism [18]. The present results
showed that dietary GLN supplementation increased serum T-AOC by 2.14-fold
compared to the stress group, suggesting that GLN can improve the antioxidant
capacity of weaned piglets. Interestingly, serum GSH-Px, SOD, and CAT activ-
ities were lower in the GLN group than in control and stress groups. Previous
studies have shown that exogenous GLN supplementation enhances GSH-Px and
CAT activities to alleviate LPS-induced oxidative stress [18]. The contrasting
results in this study may be due to GLN improving overall antioxidant capacity,
such that piglets receiving GLN had elevated basal antioxidant levels. When
challenged with E. coli LPS, these piglets did not experience severe oxidative
stress or inflammatory responses, and consequently these enzyme activities did
not show compensatory increases.

3.2 Effects of GLN on Expression of Oxidative Stress-
Related Genes in Intestinal Mucosa

GPX1 and GPX4 are two important selenium-containing proteins belonging to
the GSH-Px family of isoenzymes that play crucial roles in scavenging oxygen
free radicals, resisting lipid peroxidation, and protecting cellular components
from oxidative damage. GPX1 was the first selenium-containing enzyme dis-
covered in mammals [19] and is the most abundant selenoprotein in most cells,
considered a major antioxidant protein [20]. GPX4 exhibits high activity against
phospholipid hydroperoxides and is an important antioxidant enzyme for mem-
brane components. It works synergistically with vitamin E and is the only
antioxidant enzyme in mammals that can directly reduce phospholipids, pro-
tecting host cells from damage mediated by intracellular and membrane lipid
protein hydroperoxides (LOOHs) [21]. Studies have shown that high GPX4 gene
expression in intestinal tissue indicates elevated GPX4 activity and enhanced
antioxidant capacity [21].

The present results showed that after LPS challenge, piglets exhibited stress
responses, and GLN supplementation increased GPX1 and GPX4 gene expres-
sion in duodenal, jejunal, and ileal mucosa compared to the stress group, with
significant increases in GPX1 and GPX4 expression in jejunal mucosa. These
findings indicate that dietary GLN promotes GPX1 and GPX4 gene expression
in small intestinal mucosa, thereby enhancing antioxidant capacity.

CuZnSOD and MnSOD are highly inducible genes that are highly responsive to
oxidative stress and regulate their own synthesis and secretion. CuZnSOD is an
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important metalloenzyme for defense against oxidative damage that specifically
scavenges superoxide anion radicals and plays a crucial role in maintaining oxy-
gen radical balance [22]. MnSOD is highly responsive to oxidative stress and
catalyzes the conversion of superoxide to H O and oxygen molecules in mi-
tochondria, thereby removing harmful reactive oxygen species (ROS) from or-
ganelles [22]. The present results showed that after LPS challenge, GLN supple-
mentation increased CuZnSOD and MnSOD gene expression in small intestinal
mucosa compared to the stress group, indicating that GLN promotes expres-
sion of these genes and enhances responsiveness to oxidative stress. CAT is an
enzymatic scavenger that catalyzes H O decomposition into oxygen and water,
protecting cells from H O toxicity. The CAT gene regulates CAT synthesis and
secretion. In this study, GLN significantly increased CAT gene expression in
duodenal and jejunal mucosa after LPS challenge but had no significant effect
in ileal mucosa, suggesting that GLN promotes CAT gene expression in the
duodenum and jejunum to increase CAT activity, but is less effective in the
ileum.

This study established an oxidative stress model using E. coli LPS and examined
the effects of dietary 1% GLN supplementation on oxidative stress in weaned
piglets. The results demonstrated that GLN significantly reduced serum MDA
content and SOD activity, decreased serum GSH-Px and CAT activities, in-
creased serum T-AOC, and enhanced expression of GPX1, GPX4, CuZnSOD,
MnSOD, and CAT genes in small intestinal mucosa (except for ileal CAT'). These
findings indicate that dietary GLN supplementation can alleviate LPS-induced
oxidative stress responses, improve antioxidant capacity, and thereby enhance
disease resistance in weaned piglets.

We thank Professor YAO Kang and Dr. HE Liuqgin from the Institute of Sub-
tropical Agriculture, Chinese Academy of Sciences, for their valuable comments
on the manuscript.
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