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Protective effects of inulin against
lipopolysaccharide-induced
oxidative stress in broiler chickens

Qinghui Shang*, Hao Li and Yan Han

Shandong Provincial Key Laboratory of Livestock and Poultry Breeding, Poultry Institute, Shandong
Academy of Agricultural Sciences, Jinan, China

Introduction: This study was conducted to evaluate the protective effects of
inulin against lipopolysaccharide (LPS)-induced oxidative stress in broilers.
Methods: A total of 108 1-day-old male Arbor Acres broilers were randomly
allocated to 3 treatment groups with 6 replicates per group and 6 birds per
replicate. The 3 groups were: (1) non-challenged broilers fed a corn-soybean
meal basal diet (control group, CON); (2) LPS-challenged broilers fed the basal
diet (LPS); (3) LPS-challenged broilers fed the basal diet supplemented with
15 g/kg inulin (LPS + Inulin).

Results: The results showed that LPS administration inhibited activities of
antioxidant enzymes and stimulated production of lipid peroxidation in
multiple tissues including serum, liver, intestine, and muscle. Dietary inulin
supplementation partially alleviated the negative effects of LPS on antioxidant
capacity of these tissues, with the underlying mechanism involving the regulation
of the Nrf2 signaling pathway.

Discussion: Collectively, these findings indicate that inulin supplementation
effectively alleviates LPS-induced oxidative stress, highlighting its potential as a
feed additive in broiler diets to combat oxidative stress.
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1 Introduction

Over the past decades, intensive genetic selection for fast-growing strains has remarkably
optimized the productivity of commercial broiler chickens (1). Meanwhile, however,
unbalanced genetic selection for production traits over immune traits has increased
susceptibility to stressors in broiler chickens, thereby elevating their risk of diseases (2).
Unfortunately, broiler chickens are subjected to a diverse range of stressors in modern intensive
production, including bacterial infection, mycotoxins, heat stress, high stocking density, etc.
(3). These stressors can trigger oxidative and immunological stress, thereby negatively
impacting overall health and growth in broilers (4). Lipopolysaccharide (LPS), also known as
endotoxin, is a central component of the cell wall of Gram-negative bacteria and is widely
recognized as one of the most prevalent stressors in production (5). It has been demonstrated
that LPS exposure can induce systemic inflammation, disrupt intestinal function, compromise
growth performance or even lead to death, thereby causing considerable economic losses (6,
7). In addition, the move away from in-feed antibiotic growth promotors has rendered it more
difficult to help broilers cope with LPS challenge. Therefore, it is of paramount importance to
develop safe and efficient strategies to mitigate the adverse effects of LPS on broiler chickens.

Nutritional manipulation has shown to be effective in addressing LPS challenge and
maintaining the health and performance in broilers (8, 9). Inulin is a natural polydisperse
polysaccharide belonging to the fructan family, composed of linear chains of fructose
molecules with a terminal glucose (10). It has shown to provide numerous health benefits,
including modulating the immune system, inhibiting inflammation, enhancing antioxidant
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capacity, regulating gut microbiota, promoting mineral absorption,
and improving lipid and sugar metabolism (11, 12). Previous research
indicated that dietary supplementation of inulin could improve the
gut microbiota, enhance immune function, and promote growth
performance in broilers under normal conditions (13). Furthermore,
our recent study suggested that inulin alleviated LPS-induced
inflammation in broilers, exhibiting a great potential to deal with LPS
challenge (14). However, oxidative stress has been recently identified
as a pivotal factor in the initiation and progression of LPS-induced
challenges in broiler chickens (15). Growing evidence suggests that
mitigating oxidative stress seems to be a key mechanism through
which many nutritional strategies alleviate LPS-induced afflictions in
broiler chickens (16). Although the effects of inulin on LPS-induced
inflammation have been investigated, its role in LPS-induced oxidative
stress still remains unclear. Considering the antioxidant properties of
inulin, it is hypothesized that inulin could alleviate LPS-induced
oxidative stress. Therefore, the aim of this study was to explore the
effects of dietary inulin supplementation on antioxidant capacity in
multiple tissues of LPS-challenged broiler chickens. The findings will
contribute to a more comprehensive understanding of the mechanism
through which inulin mitigates LPS-induced negative effects.

2 Materials and methods
2.1 Ethical approval

All experimental protocols were approved by the Institutional
Animal Care and Use Committee of Shandong Academy of
Agricultural Sciences (Jinan, China; SAAS-2024-G24).

2.2 Birds, house and management

A total of 108 1-day-old male Arbor Acres broiler chickens were
procured from a local commercial hatchery and reared in the poultry
house of Poultry Institute, Shandong Academy of Agricultural
Sciences (Jinan, China). Birds were raised in three-tiered cages in an
environmentally controlled house. Each cage (90 x 60 x 40 cm) was
equipped with a feeder and a nipple drinker to provide free access to
feed and water. The temperature was maintained at 33 °C during the
first week, followed by a gradual reduction of 3 °C per week until
reaching 24 °C. Relative humidity was maintained at 60 to 70% for the
first 3 days and thereafter maintained at 50 to 60%. The light regimen
was 23 h of light and 1 h of dark throughout the experimental period.

2.3 Experimental design

Upon arrival, chicks were weighed and randomly allocated to 3
treatment groups with 6 replicates per treatment and 6 birds per
replicate. The 3 groups were: (1) non-challenged broilers fed a corn-
soybean meal basal diet (control group, CON); (2) LPS-challenged
broilers fed the basal diet (LPS); (3) LPS-challenged broilers fed the
basal diet supplemented with 15 g/kg inulin (LPS + Inulin). The LPS
from E. coli serotype O55: B55 was purchased from Sigma-Aldrich
(L-2880; St. Louis, MO, USA). Inulin (90% purity) with an average
polymerization degree > 20 was obtained from Beneo Orafti (Tienen,
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Belgium). The basal diet was formulated to meet or exceed the
nutrient requirements recommended by both the NRC (1994) and
Arbor Acres, and was fed in mash form (Table 1). At 21 d of age,
LPS-challenged broilers were administered an intraperitoneal
injection of LPS solution at a dose of 5 mg/kg BW according to the
previous study (13). Meanwhile, broilers in the CON group were
injected with an equal volume of 0.9% sterile saline.

2.4 Sample collection

After 4 h of LPS exposure, 1 bird per replicate cage (6 birds/group)
was selected. Blood samples were collected from wing vein and
coagulated for 30 min at room temperature. Then serum was obtained
by centrifugation at 3000 x g for 15 min at 4 °C and stored at —80 °C
until analysis. After then, birds were euthanized humanely. Jejunal
section was flushed with 0.9% ice-cold saline, then the mucosa was
scraped with a sterile glass slide, snap frozen in liquid nitrogen and
stored at —80 °C. Liver, breast and thigh meat samples at the same
position were also collected, snap frozen in liquid nitrogen and stored
at —80 °C until further analysis.

TABLE 1 Ingredients and nutrient levels of the basal diet (as fed basis, %).

Item Content

Ingredients

Corn 58.65
Soybean meal 30.39
Corn gluten meal 2.00
Fish meal 2.00
Soybean oil 3.20
Dicalcium phosphate 1.50
Limestone 1.30
Salt 0.30
L-Lysine HC] 0.01
DL-Methionine 0.14
L-Threonine 0.01
Premix' 0.50
Nutrient levels?

Metabolizable energy, MJ/kg 12.77
Crude protein 21.01
Calcium 1.00
Total Phosphorus 0.70
Available Phosphorus 0.45
Lysine 1.10
Methionine 0.50
Threonine 0.80
Tryptophan 0.28

"Premix supplied per kilogram of diet: vitamin A, 11000 IU; vitamin D, 3025 IU; vitamin E,
22 mg; vitamin K, 2.2 mg; thiamine, 1.65 mg; riboflavin, 6.6 mg; pyridoxine, 3.3 mg;
cobalamin, 17.6 pg; nicotinic acid, 22 mg; pantothenic acid, 13.2 mg; folic acid, 0.33 mg;
biotin, 88 pg; choline chloride, 500 mg; iron, 48 mg; zinc, 96.6 mg; manganese, 101.76 mg;
copper, 10 mg; selenium, 0.05 mg; iodine, 0.96 mg; cobalt, 0.3 mg.

*Nutrient levels are calculated values.
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2.5 Antioxidant capacity analysis

Antioxidant capacity in the serum, jejunum, meat and liver
including superoxide dismutase (SOD, No. A001-1), glutathione
peroxidase (GSH-Px, No. A005-1), catalase (CAT, No. A007-1),
malondialdehyde (MDA, No. A003-1) and total antioxidant capacity
(T-AOC, No. A015-3) was measured by commercial kits (Nanjing
China)
manufacturer’s instructions. Total protein concentration in the jejunal

Jiancheng Biotechnology Institute, following  the
mucosa, meat and liver was measured using a bicinchoninic acid
protein assay kit (Beyotime, Shanghai, China). Values were expressed

as units/g protein.

2.6 Real-time gPCR analysis

Hepatic mRNA expression of nuclear factor erythroid-derived
2-related factor 2 (Nrf2) and Kelch-like ECH-associated protein 1
(Keap1) were determined by using real-time quantitative PCR. Total
RNA was extracted from the liver samples using TRIZOL reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The quality and quantity of RNA was determined using
a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington,
USA). The integrity of RNA was determined using agarose gel
electrophoresis. Then the RNA was reverse transcribed into cDNA
using a PrimeScript® RT reagent kit with gDNA Eraser (TaKaRa,
Dalian, China).

Real-time qPCR was performed using LightCycler® 480 II Real-
time PCR Instrument (Roche, Swiss) with 10 pL PCR reaction mixture
containing 1 pL of cDNA, 5 pL of 2 x PerfectStartTM Green qPCR
SuperMix, 0.2 puL each of forward and reverse primers and 3.6 pL of
nuclease-free water. The thermal cycling conditions were as follows:
pre-denaturation (30 s at 94 °C); 45 cycles of amplification (5s at
94 °C and 30 s at 60 °C). Each sample was run in triplicate for analysis.
At the end of the PCR cycles, melting curve analysis was performed
to validate the specific generation of the expected PCR product. The
primer sequences used in this study were referenced from previous
literature (17) and synthesized by TsingKe Biotech (Beijing, China).
Relative mRNA expression was normalized to GAPDH and was
calculated using the 2724 method.

2.7 Statistical analysis

All analyses were conducted using SAS 9.2 software (SAS Inst.,
Inc., Cary, NC). Data normality was evaluated by the Shapiro-Wilk
test. For the normally distributed data, one-way analysis of variance
(ANOVA) followed by Tukey’s test was employed. For the

non-normally distributed data, the Kruskal-Wallis test was used.
P < 0.05 was considered statistically significant.

3 Results
3.1 Serum antioxidant capacity

The effects of inulin on serum antioxidant capacity of
LPS-challenged broilers are shown in Table 2. The LPS injection
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TABLE 2 Effects of inulin on serum antioxidant capacity of LPS-
challenged broilers.

Items CON LPS LPS + Inulin  SEM  value
SOD, U/

mL 60.64" 51.06" 56.11° 1.33 <0.01
GSH-Px,

pmol/L 17.45° 13.69° 14.43* 0.97 0.03
CAT, U/

mL 8.53 6.85 7.03% 0.41 0.02
MDA,

nmol/mL 1.18° 1.40° 1.24° 0.04 0.01
T-AOC,

U/mlL 16.47° 10.20° 13.44 0.55 <0.01

CON, non-challenged broilers fed the basal diet; LPS, lipopolysaccharide-challenged broilers
fed the basal diet; LPS + Inulin, lipopolysaccharide-challenged broilers fed the basal diet
supplemented with 15 g/kg Inulin; SOD, superoxide dismutase; GSH-Px, glutathione
peroxidase; CAT, catalase; MDA, malondialdehyde; T-AOC, total antioxidant capacity;
““Means within the same row with different superscripts are significantly different (p < 0.05).

significantly decreased (p < 0.05) serum SOD, GSH-Px and CAT
activities, and increased (p < 0.05) serum MDA production when
compared to the CON group. Supplementation of inulin markedly
prevented (p < 0.05) the LPS-induced decrease in serum SOD activity
as well as the increase in serum MDA level, with both parameters
nearly reverting to baseline levels observed in the CON group.
However, no significant differences in serum GSH-Px and CAT
activities were found neither between the LPS and LPS + Inulin
groups nor between the CON and LPS + Inulin groups. With respect
to serum T-AOC activity, all three groups differed significantly
(p < 0.01) from each other. The highest value was found in the CON
group, while the lowest value was recorded in the LPS group, with the
intermediate value being observed in the LPS + Inulin group.

3.2 Jejunal antioxidant capacity

The effects of inulin on jejunal antioxidant capacity of
LPS-challenged broilers are presented in Table 3. In comparison to the
CON group, jejunal activities of SOD, GSH-Px, CAT and T-AOC were
significantly reduced (p <0.05) while jejunal MDA level was
after LPS
Non-significant improvements were detected in jejunal activities of

significantly increased (p < 0.05) administration.
SOD, GSH-Px and CAT by inulin supplementation when compared
to the LPS group. However, jejunal MDA level decreased significantly
(p < 0.05) in response to inulin supplementation compared to the LPS
group, but was still higher (p < 0.05) than that in the CON group.
Dietary inulin supplementation effectively inhibited (p < 0.05) the
LPS-induced decline in jejunal T-AOC activity, leading to values
comparable to the CON group.

3.3 Meat antioxidant capacity
The effects of inulin on meat antioxidant capacity of

LPS-challenged broilers are given in Table 4. Comparing the breast
meat results obtained in the LPS group with those in the CON group,
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TABLE 3 Effects of inulin on jejunal antioxidant capacity of LPS- challenged broilers.

Items CON LPS LPS + Inulin SEM p-value
SOD, U/mg 50.03* 41.95° 44,65 1.58 0.01
GSH-Px, pmol/g 15.99° 12.94° 14.53% 0.77 0.04
CAT, U/mg 2635 21.91° 24.25% 0.99 0.02
MDA, nmol/mg 1.16° 1.42° 127 0.02 <0.01
T-AOC, U/mg 14.73 11.04° 13.22° 0.50 0.01

CON, non-challenged broilers fed the basal diet; LPS, lipopolysaccharide-challenged broilers fed the basal diet; LPS + Inulin, lipopolysaccharide-challenged broilers fed the basal diet
supplemented with 15 g/kg Inulin; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; MDA, malondialdehyde; T-AOC, total antioxidant capacity; **Means within

the same row with different superscripts are significantly different (p < 0.05).

TABLE 4 Effects of inulin on meat antioxidant capacity of LPS-challenged broilers.

Items CON LPS LPS + Inulin SEM p-value
Breast meat

SOD, U/mg 47.01° 41.23° 45.87% 1.55 0.04
GSH-Px, pmol/g 18.57 17.02 17.85 0.52 0.14
CAT, U/mg 26.79 23.74 24.58 1.42 0.32
MDA, nmol/mg 1.22 1.43 1.31 0.06 0.11
T-AOC, U/mg 1245 9.12° 10.06% 0.87 0.04
Thigh meat

SOD, U/mg 46.82° 41.85° 45.32% 1.20 0.03
GSH-Px, pmol/g 19.68 17.34 18.13 0.77 0.12
CAT, U/mg 28.33 25.20 26.24 1.50 0.35
MDA, nmol/mg 119° L51° 126 0.06 0.01
T-AOC, U/mg 11.91 9.39 1033 0.97 0.21

CON, non-challenged broilers fed the basal diet; LPS, lipopolysaccharide-challenged broilers fed the basal diet; LPS + Inulin, lipopolysaccharide-challenged broilers fed the basal diet
supplemented with 15 g/kg Inulin; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; MDA, malondialdehyde; T-AOC, total antioxidant capacity; * *Means within

the same row with different superscripts are significantly different (p < 0.05).

the activities of SOD and T-AOC were significantly reduced (p < 0.05).
Supplementation of inulin non-significantly enhanced the activities of
SOD and T-AOC, with values being similar to the CON group. No
significant differences were observed in the activities of GSH-Px and
CAT, as well as the level of MDA among the three experimental
groups. For thigh meat, the LPS administration significantly decreased
(p <0.05) SOD activity, and elevated (p < 0.05) MDA level when
compared to the CON group. Dietary inulin supplementation
non-significantly promoted SOD activity, and significantly lowered
(p < 0.05) MDA production, restoring both to the levels of the CON
group. However, the activities of GSH-Px, CAT and T-AOC showed
no significant differences among the three groups.

3.4 Hepatic antioxidant capacity

The effects of inulin on hepatic antioxidant capacity of
LPS-challenged broilers are listed in Table 5. The LPS challenge
significantly decreased (p < 0.05) the activities of SOD, CAT and
T-AOC, and markedly stimulated (p < 0.05) MDA formation in the
liver compared to the CON group. Inulin significantly mitigated
(p < 0.05) LPS-induced reduction in hepatic SOD activity, restoring
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it to the baseline level observed in the CON group. Although hepatic
T-AOC activity was significantly enhanced (p <0.05) in the
LPS + Inulin group compared to the LPS group, it remained
significantly lower (p <0.05) than that in the CON group.
Supplementation of inulin slightly mitigated LPS-induced decrease
in CAT activity and increase in MDA level, but the differences were
not significant. The GSH-Px activity did not differ among the
three groups.

3.5 Relative mRNA expression of Nrf2 and
Keapl in the liver

The effects of inulin on relative mRNA expression of Nrf2 and
Keapl in the liver of LPS-challenged broilers are presented in Figure 1.
Significant down-regulation was found (p < 0.05) in hepatic Nrf2
mRNA expression after LPS injection compared to the CON group.
Conversely, LPS administration significantly increased (p < 0.05)
Keapl mRNA expression relative to the CON group. Dietary
supplementation of inulin significantly up-regulated (p < 0.05) hepatic
Nrf2 mRNA expression and down-regulated (p < 0.05) hepatic Keapl
mRNA expression compared to the LPS or CON group.
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TABLE 5 Effects of inulin on hepatic antioxidant capacity of LPS-challenged broilers.

Items CON LPS LPS + Inulin SEM p-value
SOD, U/mg 49.83* 43.11° 48.64* 1.38 0.01
GSH-Px, pmol/g 18.07 16.11 16.89 0.67 0.15
CAT, U/mg 38.63 34.72° 36.60% 0.98 0.04
MDA, nmol/mg 1.48" 1.83* 1.60% 0.08 0.04
T-AOC, U/mg 11.56° 8.18° 9.86" 032 <0.01

CON, non-challenged broilers fed the basal diet; LPS, lipopolysaccharide-challenged broilers fed the basal diet; LPS + Inulin, lipopolysaccharide-challenged broilers fed the basal diet
supplemented with 15 g/kg Inulin; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; MDA, malondialdehyde; T-AOC, total antioxidant capacity; ““Means within

the same row with different superscripts are significantly different (p < 0.05).

4 Discussion

Oxidative stress is defined as an imbalance between the
production of free radicals and the antioxidant capacity, which leads
to cellular damage and tissue destruction (18). It has shown to play a
pivotal role in the cascade of events underlying LPS-induced damage
(16). The antioxidant properties of inulin have been documented
in vitro and in vivo (12, 19). However, a critical knowledge gap persists
regarding its capacity to counteract LPS-induced oxidative stress in
broilers. Enzymatic antioxidant system, including SOD, GSH-Px and
CAT, plays a crucial role in protecting various components of the body
against oxidative stress (20). The T-AOC refers to the overall ability of
the body to neutralize free radicals and combat oxidative stress. The
MDA, as one of the terminal products of polyunsaturated fatty acid
peroxidation, is widely recognized as a highly sensitive biomarker for
evaluating lipid oxidative damage (21). As a result, this study
systematically evaluated the effects of inulin on these antioxidant
indicators across multiple tissues in LPS-challenged broilers.

It is widely acknowledged that serum biochemical indicators serve
as critical markers of physiological and pathological states, which are
essential for evaluating overall health (22). Consequently, serum
antioxidant indicators were firstly determined. Previous studies have
demonstrated that LPS stimulation could trigger systemic oxidative
stress in broilers by reducing activities of antioxidant enzymes (e.g.,
SOD, GSH-Px and CAT), while simultaneously increasing MDA
production (23, 24). Consistent with the previous results, the present
study also found that LPS administration significantly decreased
serum SOD, GSH-Px and CAT activities, and increased serum MDA
production when compared to the CON group. The reduced activities
of antioxidant enzymes and the elevation of peroxidation products
further contributed to the significant decrease in T-AOC observed in
the LPS group. Taken together, these results confirmed that LPS
challenge compromised antioxidant capacity and induced systemic
oxidative stress in broilers.

To date, few studies have focused on the effects of inulin on the
antioxidant capacity of chickens under normal physiological
conditions, and these studies indicate that inulin supplementation
can enhance the chickens’ serum antioxidant capacity (12, 25).
that
supplementation effectively prevented the LPS-induced reduction in

Similarly, our results also revealed dietary inulin
serum SOD activity and the concomitant increase in serum MDA
level. Although not significant, a marginal improvement was noted
in serum GSH-Px and CAT activities by inulin supplementation.
These ameliorations ultimately led to a significant increase in T-AOC

in the LPS + Inulin group, though it remained lower than that of the
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CON group. These findings collectively suggest that inulin exerted
protective effects against LPS-induced systemic oxidative stress
in broilers.

Since serum indicators reflect the body’s oxidative stress status,
the results of serum antioxidant parameters suggest that oxidative
stress has occurred in certain tissues. The intestine is not only
responsible for nutrient digestion and absorption, but also acts as
the first line of defense against external pathogen invasion (26).
However, due to its location at the interface between internal and
external environments, the intestine is chronically exposed to
Gram-negative pathogenic bacteria, making it more susceptible to
LPS attack (7). Accumulating evidence has demonstrated that
intraperitoneal LPS injection could induce intestinal oxidative
stress in broiler chickens (8, 27). Consistently, in the current study,
LPS administration also impaired jejunal antioxidant capacity and
resulted in the development of oxidative stress as evidenced by
reduced activities of SOD, GSH-Px, CAT and T-AOC and
increased MDA level. Inulin has been reported to protect intestinal
mucosa against oxidative stress induced by LPS in various species
(28, 29). In the present study, supplementation of inulin partially
eliminated the negative effects of LPS on SOD, GSH-Px and CAT
activities, rendering them not significantly different from those in
the CON group. In addition, dietary inulin supplementation
significantly inhibited LPS-induced increases in MDA levels;
however, MDA levels in the inulin-supplemented group remained
higher than those in the CON group. Due to these above-
mentioned improvements, inulin effectively enhanced jejunal
T-AOC activity compared to the LPS group, restoring it to the level
of the CON group. Overall, our findings indicated that inulin
supplementation could alleviate LPS-induced oxidative stress in
the jejunum.

Lipid oxidation constitutes a primary determinant of quality
deterioration in chicken meat, which negatively influences its
functional, sensory and nutritive values (30). Consequently, the
antioxidant capacity of meat plays a crucial role in mitigating lipid
oxidation, thereby maintaining meat quality and extending shelf life.
It has been well documented that the antioxidant capacity of meat is
susceptible to impairment under various stress conditions (31, 32).
Our results also showed that LPS challenge weakened meat antioxidant
capacity, as evidenced by the reduced SOD activity in both breast and
thigh meat, and the elevated MDA level in thigh meat. The ability of
inulin to improve antioxidant capacity in chicken meat has been
demonstrated in a previous study (33). Consistently, this study found
that supplementation of inulin partially mitigated the detrimental
effects of LPS on SOD activity and MDA level, restoring both
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FIGURE 1
Effects of inulin on relative mRNA expression of Nrf2 (A) and HO-1 (B) in the liver of broilers challenged with LPS. CON, non-challenged broilers fed the
basal diet; LPS, lipopolysaccharide-challenged broilers fed the basal diet; LPS + Inulin, lipopolysaccharide-challenged broilers fed the basal diet
supplemented with 15 g/kg Inulin. Nrf2, nuclear factor erythroid-derived 2-related factor 2; Keapl, Kelch-like ECH-associated protein 1; Values are
presented as mean + standard error (n = 6). *“Means within the same row with different superscripts are significantly different (p < 0.05).

parameters to the levels of the CON group. These findings once again
validate the role of inulin in enhancing muscle antioxidant capacity.
The enhanced muscle antioxidant capacity by inulin supplementation
is beneficial for improving meat storage stability and prolong its
shelf life.

The liver, as a major site for reactive oxygen species (ROS)
production due to its metabolic and detoxification activities, is
continuously exposed to diverse toxic and reactive metabolites,
). Oxidative
stress has been established as a common pathological mechanism

rendering it highly susceptible to oxidative stress (
involved in LPS-induced liver injury (15). Similarly, it has been
reported that antioxidant enzyme activities, including SOD and
CAT, were significantly decreased in the livers of broilers in
response to LPS challenge (17). As expected, the current study
revealed that LPS treatment hindered hepatic antioxidant capacity,
as reflected by the decreased activities of SOD, CAT and T-AOC,
alongside enhanced MDA production. It has been demonstrated
that inulin exhibits antioxidant activity and hepatoprotective
effects against liver injury, with its protective effects potentially
). In the
present study, inulin significantly prevented LPS-induced
reduction in hepatic SOD and T-AOC activities, and slightly
mitigated LPS-induced alterations in CAT activity and MDA level,
suggesting the potential of inulin in alleviating LPS-induced

attributed to the modulation of oxidative stress (35,

liver injury.

To further explore the underlying molecular mechanisms by
which inulin ameliorates LPS-induced hepatic oxidative stress, the
relative mRNA expression of Nrf2 and Keapl were evaluated. The
Nrf2 pathway is a crucial redox-responsive antioxidant defense
mechanism, regulating the expression of cytoprotective genes to
combat oxidative stress and maintain cellular homeostasis (37).
Under normal conditions, Nrf2 is inactive in the cytoplasm owing
to its binding to Keap1l. Upon oxidative stress, Nrf2 dissociates from
Keapl, translocates to the nucleus, and regulates the transcription
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of antioxidant enzymes involved in the scavenging of ROS and other
oxidants (38). It has been reported that LPS injection down-
regulated the mRNA expression of Nrf2, and up-regulated that of
Keapl in the liver of broilers (15, 23). In agreement with the above,
the present study also found that LPS inhibited the Nrf2 signaling
pathway by suppressing Nrf2 expression and enhancing Keapl
expression in the liver. Previous research has proved the ability of
inulin in preventing high-fat-induced decrease in the hepatic Nrf2
expression of mice (39). The current study revealed that dietary
inulin supplementation elicits a coordinated regulation of the
hepatic Nrf2/Keapl axis, as evidenced by the significant
upregulation of Nrf2 mRNA expression and concomitant
downregulation of Keapl mRNA expression. These results suggest
a mechanistic role for inulin in mitigating LPS-induced oxidative
stress, potentially by activating the Nrf2-mediated antioxidant

response pathway.

In conclusion, the present study revealed that LPS challenge
compromised antioxidant capacity in multiple tissues including liver,
intestine, and muscle, thereby resulting in systemic oxidative stress.
Dietary inulin supplementation could effectively alleviate LPS-induced
oxidative stress putatively through regulation of the Nrf2
signaling pathway.

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.


https://doi.org/10.3389/fvets.2025.1660935
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Shang et al.

Ethics statement

The animal study was approved by the Institutional Animal Care
and Use Committee of Shandong Academy of Agricultural Sciences
(Jinan, China). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

QS:  Conceptualization, Formal analysis, Project

administration, Methodology, Writing - review & editing,
Writing - original draft, Funding acquisition. HL: Investigation,
Writing - original draft, Resources. YH: Writing - original draft,
Software, Data curation.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
by the Agricultural Science and Technology Innovation Project of
Shandong Academy of Agricultural Sciences (CXGC2025F10).

References

1. Neeteson A, Avendaiio S, Koerhuis A, Duggan B, Souza E, Mason J, et al. Evolutions
in commercial meat poultry breeding. Animals. (2023) 13:3150. doi:
10.3390/ani13193150

2. Korver DR. Current challenges in poultry nutrition, health, and welfare. Animal.
(2023) 17:100755. doi: 10.1016/j.animal.2023.100755

3. Nelson J, McIntyre D, Pavlidis H, Archer G. Reducing stress susceptibility of broiler
chickens by supplementing a yeast fermentation product in the feed or drinking water.
Animals. (2018) 8:173. doi: 10.3390/ani8100173

4. Oke OE, Akosile OA, Oni Al, Opowoye IO, Ishola CA, Adebiyi JO, et al. Oxidative
stress in poultry production. Poult Sci. (2024) 103:104003. doi: 10.1016/j.psj.2024.104003

5. Jiang SQ, Chen ZL, Zhang S, Ye JL, Wang YB. Protective effects of protocatechuic acid
on growth performance, intestinal barrier and antioxidant capacity in broilers challenged
with lipopolysaccharide. Animal. (2023) 17:100693. doi: 10.1016/j.animal.2022.100693

6. Sanjaya HL, Maharani BP, Baskara AP, Muhlisin A, Martien R, Zuprizal Z. Effect of
lipopolysaccharides from pathogenic bacteria on broiler chickens' productivity: a meta-
analysis. Br Poult Sci. (2024) 65:708-21. doi: 10.1080/00071668.2024.2364331

7. Tan H, Zhen W, Bai D, Liu K, He X, Ito K, et al. Effects of dietary chlorogenic acid
on intestinal barrier function and the inflammatory response in broilers during
lipopolysaccharide-induced immune stress. Poult Sci. (2023) 102:102623. doi:
10.1016/j.psj.2023.102623

8. Liu H, Meng H, Du M, Lv H, Wang Y, Zhang K. Chlorogenic acid ameliorates
intestinal inflammation by inhibiting NF-kB and endoplasmic reticulum stress in
lipopolysaccharide-challenged broilers. Poult Sci. (2024) 103:103586. doi:
10.1016/}.ps}.2024.103586

9. Zhang X, Sun L, Wu M, Yu C, Zhao D, Wang L, et al. Effect of supplementation with
Lactobacillus rhamnosus gg powder on intestinal and liver damage in broiler chickens
challenged by lipopolysaccharide. Front Microbiol. (2024) 15:1466274. doi:
10.3389/fmicb.2024.1466274

10. Han K, Li S, Yang Y, Feng X, Tang X, Chen Y. Mechanisms of inulin addition
affecting the properties of chicken myofibrillar protein gel. Food Hydrocoll. (2022)
131:107843. doi: 10.1016/j.foodhyd.2022.107843

11. Tawfick MM, Xie H, Zhao C, Shao P, Farag MA. Inulin fructans in diet: role in gut
homeostasis, immunity, health outcomes and potential therapeutics. Int ] Biol Macromol.
(2022) 208:948-61. doi: 10.1016/j.ijbiomac.2022.03.218

12. Shang H, Zhou H, Yang J, Li R, Song H, Wu H. In vitro and in vivo antioxidant
activities of inulin. PLoS One. (2018) 13:e192273. doi: 10.1371/journal.pone.0192273

13. Xia Y, Kong J, Zhang G, Zhang X, Seviour R, Kong Y. Effects of dietary inulin
supplementation on the composition and dynamics of cecal microbiota and growth-

Frontiers in Veterinary Science

10.3389/fvets.2025.1660935

Conflict of interest

The 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.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

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.

related parameters in broiler chickens. Poult Sci. (2019) 98:6942-53. doi:
10.3382/ps/pez483

14. Shang Q. Inulin alleviates inflammatory response and gut barrier dysfunction via
modulating microbiota in lipopolysaccharide-challenged broilers. Int ] Biol Macromol.
(2024) 282:137208. doi: 10.1016/j.ijbiomac.2024.137208

15. Xing YY, Zheng YK, Yang S, Zhang LH, Guo SW, Shi LL, et al. Artemisia ordosica
polysaccharide alleviated lipopolysaccharide-induced oxidative stress of broilers via
Nrf2/Keapl and TLR4/NF-«B pathway. Ecotoxicol Environ Saf. (2021) 223:112566. doi:
10.1016/j.ecoenv.2021.112566

16.Hu W, He Z, Du L, Zhang L, Li ], Ma Y, et al. Biomarkers of oxidative stress in
broiler chickens attacked by lipopolysaccharide: a systematic review and meta-analysis.
Ecotoxicol Environ Saf. (2023) 266:115606. doi: 10.1016/j.ecoenv.2023.115606

17.8hi L, Jin X, Xu Y, Xing Y, Yan S, Guo Y, et al. Effects of total flavonoids of
Artemisia ordosica on growth performance, oxidative stress, and antioxidant status of
lipopolysaccharide-challenged ~ broilers. ~ Antioxidants. (2022) 11:1985. doi:
10.3390/antiox11101985

18. Sies H. Oxidative stress: concept and some practical aspects. Antioxidants. (2020)
9:852. doi: 10.3390/antiox9090852

19. Zou YE, Zhang YY, Zhu ZK, Fu YP, Paulsen BS, Huang C, et al. Characterization
of inulin-type fructans from two species of radix Codonopsis and their oxidative defense
activation and prebiotic activities. J Sci Food Agric. (2021) 101:2491-9. doi:
10.1002/jsfa.10875

20. Guan G, Lan S. Implications of antioxidant systems in inflammatory bowel disease.
Biomed Res Int. (2018) 2018:1-7. doi: 10.1155/2018/1290179

21. Huang E, Shen X, Zhang Y, Vuong AM, Yang S. Postprandial changes of oxidative
stress biomarkers in healthy individuals. Front Nutr. (2022) 9:1007304. doi:
10.3389/fnut.2022.1007304

22.Yang A, Wang K, Peng X, Lv F, Wang Y, Cui Y, et al. Effects of different sources of
calcium in the diet on growth performance, blood metabolic parameters, and intestinal
bacterial community and function of weaned piglets. Front Nutr. (2022) 9:885497. doi:
10.3389/fnut.2022.885497

23. Zheng XC, Wu QJ, Song ZH, Zhang H, Zhang JE, Zhang LL, et al. Effects of
oridonin on growth performance and oxidative stress in broilers challenged with
lipopolysaccharide. Poult Sci. (2016) 95:2281-9. doi: 10.3382/ps/pew161

24.Pang X, Miao Z, Dong Y, Cheng H, Xin X, Wu Y, et al. Dietary methionine
restriction alleviates oxidative stress and inflammatory responses in lipopolysaccharide-
challenged broilers at early age. Front Pharmacol. (2023) 14:1120718. doi:
10.3389/fphar.2023.1120718

frontiersin.org


https://doi.org/10.3389/fvets.2025.1660935
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/ani13193150
https://doi.org/10.1016/j.animal.2023.100755
https://doi.org/10.3390/ani8100173
https://doi.org/10.1016/j.psj.2024.104003
https://doi.org/10.1016/j.animal.2022.100693
https://doi.org/10.1080/00071668.2024.2364331
https://doi.org/10.1016/j.psj.2023.102623
https://doi.org/10.1016/j.psj.2024.103586
https://doi.org/10.3389/fmicb.2024.1466274
https://doi.org/10.1016/j.foodhyd.2022.107843
https://doi.org/10.1016/j.ijbiomac.2022.03.218
https://doi.org/10.1371/journal.pone.0192273
https://doi.org/10.3382/ps/pez483
https://doi.org/10.1016/j.ijbiomac.2024.137208
https://doi.org/10.1016/j.ecoenv.2021.112566
https://doi.org/10.1016/j.ecoenv.2023.115606
https://doi.org/10.3390/antiox11101985
https://doi.org/10.3390/antiox9090852
https://doi.org/10.1002/jsfa.10875
https://doi.org/10.1155/2018/1290179
https://doi.org/10.3389/fnut.2022.1007304
https://doi.org/10.3389/fnut.2022.885497
https://doi.org/10.3382/ps/pew161
https://doi.org/10.3389/fphar.2023.1120718

Shang et al.

25.Suthama N, Sukamto B, Mangisah I, Krismiyanto LFaculty Of Animal And
Agricultural Sciences DU. Antioxidant enzymes and growth of broiler fed microparticle
protein diet with inulin or Lactobacillus acidophillus supplementation. Trop Anim Sci J.
(2023) 46:97-104. doi: 10.5398/tasj.2023.46.1.97

26. Zhang J, Fang Y, Fu Y, Jalukar S, Ma J, Liu Y, et al. Yeast polysaccharide mitigated
oxidative injury in broilers induced by mixed mycotoxins via regulating intestinal
mucosal oxidative stress and hepatic metabolic enzymes. Poult Sci. (2023) 102:102862.
doi: 10.1016/j.ps}.2023.102862

27.Fu Y, Yuan P, Everaert N, Comer L, Jiang S, Jiao N, et al. Effects of Chinese
gallotannins on antioxidant function, intestinal health, and gut flora in broilers
challenged with Escherichia coli lipopolysaccharide. Animals. (2024) 14:1915. doi:
10.3390/anil14131915

28. Pasqualetti V, Altomare A, Guarino MP, Locato V, Cocca S, Cimini S, et al.
Antioxidant activity of inulin and its role in the prevention of human colonic muscle cell
impairment induced by lipopolysaccharide mucosal exposure. PLoS One. (2014)
9:€98031. doi: 10.1371/journal.pone.0098031

29.Zhou L, Li H, Qin JG, Wang X, Chen L, Xu C, et al. Dietary prebiotic inulin
benefits on growth performance, antioxidant capacity, immune response and intestinal
microbiota in pacific white shrimp (Litopenaeus vannamei) at low salinity. Aquaculture.
(2020) 518:734847. doi: 10.1016/j.aquaculture.2019.734847

30. Gray JI, Gomaa EA, Buckley DJ. Oxidative quality and shelf life of meats. Meat Sci.
(1996) 43:111-23. doi: 10.1016/0309-1740(96)00059-9

31. Zhang C, Geng ZY, Chen KK, Zhao XH, Wang C. L-theanine attenuates transport
stress-induced impairment of meat quality of broilers through improving muscle
antioxidant status. Poult Sci. (2019) 98:4648-55. doi: 10.3382/ps/pez164

Frontiers in Veterinary Science

08

10.3389/fvets.2025.1660935

32.Chen Y, Cheng Y, Du M, Zhou Y. Protective effects of dietary synbiotic
supplementation on meat quality and oxidative status in broilers under heat stress.
Environ Sci Pollut Res Int. (2021) 28:30197-206. doi: 10.1007/s11356-021-12535-3

33. Guaragni A, Boiago MM, Bottari NB, Morsch VM, Lopes TF, Schafer DSA. Feed
supplementation with inulin on broiler performance and meat quality challenged with
Clostridium perfringens: infection and prebiotic impacts. Microb Pathog. (2020)
139:103889. doi: 10.1016/j.micpath.2019.103889

34. Allameh A, Niayesh-Mehr R, Aliarab A, Sebastiani G, Pantopoulos K. Oxidative
stress in liver pathophysiology and disease. Antioxidants. (2023) 12:1653. doi:
10.3390/antiox12091653

35.LiuJ, Lu J, Wen X, Kan J, Jin C. Antioxidant and protective effect of inulin and
catechin grafted inulin against CCl4-induced liver injury. Int J Biol Macromol. (2015)
72:1479-84. doi: 10.1016/j.ijbiomac.2014.09.066

36. Kalantari H, Asadmasjedi N, Abyaz MR, Mahdavinia M, Mohammadtaghvaei N.
Protective effect of inulin on methotrexate-induced liver toxicity in mice. Biomed
Pharmacother. (2019) 110:943-50. doi: 10.1016/j.biopha.2018.11.144

37. Sykiotis GP. Keapl/Nrf2 signaling pathway. Antioxidants. (2021) 10:828. doi:
10.3390/antiox10060828

38.Ngo V, Duennwald ML. Nrf2 and oxidative stress: a general overview of
mechanisms and implications in human disease. Antioxidants. (2022) 11:2345. doi:
10.3390/antiox11122345

39.Du H, Zhao A, Wang Q, Yang X, Ren D. Supplementation of inulin with various
degree of polymerization ameliorates liver injury and gut microbiota dysbiosis in high
fat-fed obese mice. J Agric Food Chem. (2020) 68:779-87. doi: 10.1021/acs.jafc.9b06571

frontiersin.org


https://doi.org/10.3389/fvets.2025.1660935
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.5398/tasj.2023.46.1.97
https://doi.org/10.1016/j.psj.2023.102862
https://doi.org/10.3390/ani14131915
https://doi.org/10.1371/journal.pone.0098031
https://doi.org/10.1016/j.aquaculture.2019.734847
https://doi.org/10.1016/0309-1740(96)00059-9
https://doi.org/10.3382/ps/pez164
https://doi.org/10.1007/s11356-021-12535-3
https://doi.org/10.1016/j.micpath.2019.103889
https://doi.org/10.3390/antiox12091653
https://doi.org/10.1016/j.ijbiomac.2014.09.066
https://doi.org/10.1016/j.biopha.2018.11.144
https://doi.org/10.3390/antiox10060828
https://doi.org/10.3390/antiox11122345
https://doi.org/10.1021/acs.jafc.9b06571

	Protective effects of inulin against lipopolysaccharide-induced oxidative stress in broiler chickens
	1 Introduction
	2 Materials and methods
	2.1 Ethical approval
	2.2 Birds, house and management
	2.3 Experimental design
	2.4 Sample collection
	2.5 Antioxidant capacity analysis
	2.6 Real-time qPCR analysis
	2.7 Statistical analysis

	3 Results
	3.1 Serum antioxidant capacity
	3.2 Jejunal antioxidant capacity
	3.3 Meat antioxidant capacity
	3.4 Hepatic antioxidant capacity
	3.5 Relative mRNA expression of Nrf2 and Keap1 in the liver

	4 Discussion
	5 Conclusion

	References

