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Abstract
This study was conducted to investigate the effects of flaxseed oil on the ex-
pression of key genes in the Toll-like receptor 4 (TLR4) and nucleotide-binding
oligomerization domain (NOD) signaling pathways in the liver of lipopolysac-
charide (LPS)-challenged piglets. Twenty-four weaned piglets were randomly
allocated into four groups based on similar body weight: control group, LPS
group, 2.5% flaxseed oil group (2.5% flaxseed oil + LPS), and 5.0% flaxseed oil
group (5.0% flaxseed oil + LPS), with six replicates per group and one pig per
replicate for a 21-day experimental period. The treatment groups were injected
with LPS at 100 �g/kg body weight, while the control group received an equal
volume of physiological saline. Four hours post-injection, the piglets were eutha-
nized, liver tissues were harvested, and the mRNA expression levels of key genes
in the TLR4 and NOD signaling pathways and related inflammatory mediators
were measured. The results showed that: 1) LPS challenge significantly in-
creased the relative mRNA expression of hepatic tumor necrosis factor-𝛼 (TNF-
𝛼), cyclooxygenase-2 (COX-2), and heat shock protein 70 (HSP70) (P<0.05),
while 2.5% flaxseed oil significantly decreased the relative mRNA expression of
COX-2 and TNF-𝛼 (P<0.05), and 5.0% flaxseed oil significantly decreased the
relative mRNA expression of TNF-𝛼 (P<0.05). 2) LPS challenge significantly in-
creased the relative mRNA expression of hepatic TLR4, myeloid differentiation
factor 88 (MyD88), interleukin-1 receptor-associated kinase 1 (IRAK1), NOD1,
NOD2, receptor-interacting protein kinase 2 (RIPK2), and nuclear factor-�B
(NF-�B) (P<0.05); 2.5% flaxseed oil significantly decreased the relative mRNA
expression of NOD1 and NOD2 (P<0.05), and tended to decrease the relative
mRNA expression of RIPK2 (P<0.10); 5.0% flaxseed oil significantly decreased
the relative mRNA expression of NOD2 (P<0.05). These findings indicate that
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LPS challenge induced an inflammatory response in piglets, and flaxseed oil
may alleviate hepatic inflammatory response by suppressing the NOD signaling
pathway.

Full Text
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Abstract

This experiment was conducted to investigate the effects of flaxseed oil on the
mRNA expression of key genes in the toll-like receptor 4 (TLR4) and nucleotide-
binding oligomerization domain (NOD) signaling pathways in the liver of piglets
challenged with lipopolysaccharide (LPS). Twenty-four weaned piglets were ran-
domly allocated to four groups based on similar body weight: control group, LPS
group, 2.5% flaxseed oil group (2.5% flaxseed oil + LPS), and 5.0% flaxseed oil
group (5.0% flaxseed oil + LPS), with six replicates per group and one piglet
per replicate. The experimental period lasted 21 days. Piglets in the treatment
groups were injected intraperitoneally with 100 �g/kg body weight of LPS, while
those in the control group received an equivalent volume of sterile saline. Four
hours post-injection, all piglets were slaughtered and liver samples were collected
to determine the mRNA expression levels of key genes in the TLR4 and NOD sig-
naling pathways and related inflammatory mediators. The results showed that:
(1) LPS challenge significantly increased the mRNA relative expression levels
of tumor necrosis factor-𝛼 (TNF-𝛼), cyclooxygenase-2 (COX2), and heat shock
protein 70 (HSP70) in the liver (P<0.05). Dietary supplementation with 2.5%
flaxseed oil significantly decreased the mRNA relative expression levels of COX2
and TNF-𝛼 (P<0.05), while 5.0% flaxseed oil significantly reduced the mRNA
relative expression level of TNF-𝛼 (P<0.05). (2) LPS challenge significantly
elevated the mRNA relative expression levels of TLR4, myeloid differentiation
factor 88 (MyD88), interleukin-1 receptor-associated kinase 1 (IRAK1), NOD1,
NOD2, receptor-interacting protein kinase 2 (RIPK2), and nuclear factor-�B
(NF-�B) in the liver (P<0.05). Supplementation with 2.5% flaxseed oil signif-
icantly decreased the mRNA relative expression levels of NOD1 and NOD2
(P<0.05) and showed a tendency to reduce RIPK2 mRNA expression (P<0.10),
while 5.0% flaxseed oil significantly lowered NOD2 mRNA relative expression
(P<0.05). These findings indicate that LPS challenge induces an inflammatory
response in piglets, and flaxseed oil may alleviate hepatic inflammation by in-
hibiting the NOD signaling pathway.
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The liver serves as the body’s metabolic center and a primary organ for detoxifi-
cation and immune defense. In piglets, pathogenic and non-pathogenic antigens
in the rearing environment can stimulate hepatic macrophages to produce and
release large quantities of inflammatory mediators, leading to structural and
functional liver damage that ultimately results in growth inhibition [1]. There-
fore, regulating the excessive production of inflammatory mediators through
nutritional interventions is crucial for alleviating liver injury and represents an
effective strategy for mitigating inflammation.

Flaxseed oil is rich in 𝛼-linolenic acid (C18:3n-3), a precursor for eicosapen-
taenoic acid (EPA) (C20:5n-3) and docosahexaenoic acid (DHA) (C22:6n-3).
Numerous studies have demonstrated that n-3 polyunsaturated fatty acids (PU-
FAs), such as EPA and DHA, exert important protective effects in various liver
injury models, including acute chemical liver injury [1], cholestatic liver injury
[2], diabetic liver injury [3], and fatty liver disease [4]. The protective effects of
n-3 PUFAs may be attributed to their ability to suppress excessive production of
inflammatory mediators [1-4]. However, the molecular mechanisms underlying
the hepatoprotective effects of flaxseed oil remain unclear.

Toll-like receptor 4 (TLR4) and nucleotide-binding oligomerization domain
(NOD) proteins are important families that regulate innate and adaptive
immune responses. Key genes in the TLR4 signaling pathway include TLR4,
MyD88, IRAK1, and tumor necrosis factor receptor-associated factor 6
(TRAF6), while the NOD signaling pathway comprises NOD1, NOD2, and
RIPK2. Previous research has shown that activation of TLR4 and NOD can
stimulate downstream signaling molecules, ultimately activating NF-�B and
inducing the expression of inflammatory mediators that lead to liver injury
[5]. Therefore, we hypothesized that flaxseed oil might regulate inflammatory
mediator production through TLR4 and NOD signaling pathways, thereby
modulating liver damage. This study investigated the effects of flaxseed oil
on the expression of key genes in hepatic TLR4 and NOD signaling pathways
and inflammatory mediators in weaned piglets challenged with LPS, aiming to
provide preliminary evidence on whether flaxseed oil alleviates inflammatory
liver injury by modulating these pathways.

1.1 Experimental Animals and Design

Twenty-four “Duroc × Landrace × Yorkshire”weaned piglets with an average
body weight of (6.98$±$0.05) kg were randomly assigned to four groups based
on similar body weight: control group (5.0% corn oil), LPS group (5.0% corn oil
+ LPS), 2.5% flaxseed oil group (2.5% corn oil + 2.5% flaxseed oil + LPS), and
5.0% flaxseed oil group (5.0% flaxseed oil + LPS). Each group consisted of six
replicates with one piglet per replicate, and the experimental duration was 21
days. Corn oil was provided by Shandong Xiwang Food Co., Ltd., and flaxseed
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oil was provided by Gansu Longyuxiang Grain and Oil Industry Co., Ltd. The
fatty acid compositions of corn oil and flaxseed oil are presented in Table 1 .
On day 21 of the experiment, piglets in the LPS, 2.5% flaxseed oil, and 5.0%
flaxseed oil groups were intraperitoneally injected with 100 �g/kg body weight
of LPS (Escherichia coli serotype O55:B5, Sigma), while piglets in the control
group received an equivalent volume of sterile saline. The LPS dosage and treat-
ment duration were based on previous studies [6-8], which demonstrated that
intraperitoneal injection of 100 �g/kg LPS induces an inflammatory response
and liver injury in piglets within 4 hours. The experimental diets were formu-
lated according to NRC (2012) nutrient requirements, and the composition and
nutrient levels of the basal diet are shown in Table 2 .

1.2 Sample Collection

Four hours after LPS or saline injection, piglets were slaughtered and liver sam-
ples were immediately collected, snap-frozen in liquid nitrogen, and subsequently
stored at -80 °C for total RNA extraction.

1.3 mRNA Expression Analysis

1.3.1 Equipment and Reagents The following equipment was used:
7500 Real-Time PCR System (Applied Biosystems), gradient thermal cycler
(TaKaRa), NanoDrop 2000 microspectrophotometer (Thermo), and Tanon-4100
gel imaging system (Shanghai Tanon). RNAiso Plus (Total RNA extraction
reagent), PrimeScript® RT reagent kit with gDNA eraser (cDNA synthesis
kit), and SYBR® Premix Ex Taq™ (Tli RNaseH Plus) (Real-time PCR kit)
were purchased from Takara Bio (Dalian, China).

1.3.2 Methods Total RNA extraction, cDNA synthesis, and real-time PCR
were performed according to the methods described by Chen et al. [9]. Real-time
PCR data were calculated using the 2-ΔΔCt method of Livak and Schmittgen
[10], with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal
reference gene.

1.3.3 Primer Design and Synthesis Based on published porcine gene
sequences in GenBank for TLR4, MyD88, IRAK1, TRAF6, NOD1, NOD2,
RIPK2, NF-�B, TNF-𝛼, COX2, HSP70, and GAPDH, real-time PCR primers
were designed using Primer Premier 6.0 software (Table 3 ). Primers were syn-
thesized by Takara Bio (Dalian, China).

1.4 Statistical Analysis

Data were analyzed by one-way ANOVA and LSD multiple comparisons using
SPSS 17.0 software. Results are expressed as means ± standard error. P<0.10
indicated a significant trend, and P<0.05 indicated a significant difference.
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2.1 Effects of Flaxseed Oil on mRNA Relative Expression Levels of
COX2, HSP70, and TNF-𝛼 in Liver of LPS-Challenged Piglets

As shown in Table 4 , compared with the control group, LPS challenge signif-
icantly increased the mRNA relative expression levels of COX2, HSP70, and
TNF-𝛼 in the liver (P<0.05). Dietary supplementation with 2.5% flaxseed oil
significantly decreased the mRNA relative expression levels of COX2 and TNF-
𝛼 compared with the LPS group (P<0.05), while 5.0% flaxseed oil significantly
reduced the mRNA relative expression level of TNF-𝛼 (P<0.05).

2.2 Effects of Flaxseed Oil on mRNA Relative Expression Levels of
Key Genes in TLR4 and NOD Signaling Pathways in Liver of LPS-
Challenged Piglets

As shown in Table 5 , compared with the control group, LPS challenge signifi-
cantly increased the mRNA relative expression levels of TLR4, MyD88, IRAK1,
NOD1, NOD2, RIPK2, and NF-�B in the liver (P<0.05). Supplementation with
2.5% flaxseed oil significantly decreased the mRNA relative expression levels of
NOD1 and NOD2 (P<0.05) and showed a tendency to reduce RIPK2 mRNA ex-
pression (P<0.10) compared with the LPS group. The 5.0% flaxseed oil group
exhibited significantly lower NOD2 mRNA relative expression than the LPS
group (P<0.05).

The classical method for inducing inflammation involves intraperitoneal or intra-
venous injection of LPS [11], which has been widely applied in studies of liver
injury in piglets. Previous research has confirmed that LPS challenge causes
histological damage and functional impairment in the liver [6-8]. Kupffer cells
in the liver secrete a series of inflammatory mediators (such as TNF-𝛼) upon
LPS stimulation, which play important roles in liver injury [1]. Few studies
have investigated the regulatory effects of flaxseed oil on liver damage in pigs.
Previous reports indicate that flaxseed oil is added at 5%-10% in rodent liver
injury studies [3-4] and at 2% in porcine intestinal injury studies [12]. Consid-
ering practical swine production (where oil supplementation typically does not
exceed 5%), this study selected dietary flaxseed oil levels of 2.5% and 5.0% to in-
vestigate whether flaxseed oil could alleviate LPS-induced hepatic inflammation
in piglets.

TNF-𝛼 and COX2 are typical inflammatory mediators that are normally not
expressed or are expressed at low levels [2,6-7]. Research has shown that the
expression of these mediators increases dramatically under inflammatory con-
ditions, serving as markers of the inflammatory response, and LPS challenge
significantly upregulates their expression [2,6-7]. HSPs are generally considered
intracellular molecules with cytoprotective functions [13], and high intracellu-
lar levels of HSP70 can reduce inflammation and promote liver regeneration
[14]. Studies have demonstrated that intracellular HSP70 can directly inter-
act with NF-�B, thereby preventing its activation [15]. The current results
showed that LPS challenge significantly increased the mRNA relative expres-
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sion levels of TNF-𝛼, COX2, and HSP70 in piglet liver, possibly because LPS
enhanced TNF-𝛼 expression, which through negative feedback pathways subse-
quently induced the expression of anti-inflammatory mediators such as HSP70
[16]. Previous studies have confirmed that LPS challenge significantly increases
both mRNA and protein expression of HSP70, COX2, and TNF-𝛼 in the liver
[2,6-7,16]. LPS challenge in pigs at different growth stages consistently induces
HSP70 overexpression [17], which can be alleviated by PUFA supplementation.
Flaxseed oil has been shown to significantly reduce HSP70 mRNA expression in
canine leukocytes [18], and Narayanan et al. [19] found that DHA significantly
decreased HSP70 protein expression in prostate cancer cells. Chen et al. [8]
reported that fish oil rich in EPA and DHA alleviated the LPS-induced increase
in hepatic COX2 and TNF-𝛼 mRNA and protein expression. Similarly, fish
oil reduced mRNA and protein expression of HSP70, COX2, and TNF-𝛼 in a
rat alcoholic fatty liver model [20]. Chen et al. [2] demonstrated that DHA
alleviated liver injury by inhibiting inflammatory mediator expression. Han et
al. [4] found that flaxseed oil significantly reduced the increased hepatic TNF-𝛼
mRNA expression induced by high-fat diets in rats with fatty liver. Jangale
et al. [3] also observed that dietary supplementation with flaxseed oil or fish
oil significantly reduced the increased hepatic NF-�B, TNF-𝛼, and IL-6 mRNA
expression in diabetic rats. The present study demonstrated that 2.5% flaxseed
oil significantly decreased COX2 and TNF-𝛼 mRNA expression, while 5.0%
flaxseed oil significantly reduced TNF-𝛼 mRNA expression. Therefore, flaxseed
oil may protect the liver by reducing the production of hepatic inflammatory
mediators.

To explore the mechanisms by which flaxseed oil modulates inflammation, this
study examined the mRNA expression of key genes in the TLR4 and NOD
signaling pathways. TLR4 is an important member of the Toll-like receptor
family that primarily recognizes LPS [21]. Upon LPS challenge, LPS binds to
TLR4 and transmits signals intracellularly. Within the cell, TLR4 interacts
with the carboxyl terminus of MyD88 through its TIR (Toll/IL-1) domain, ac-
tivating MyD88. Activated MyD88 sequentially stimulates downstream IRAK1
and TRAF6, ultimately activating NF-�B. The activated NF-�B translocates into
the nucleus and induces the expression of inflammatory mediators [21]. NOD1
and NOD2 are the most representative members of the NOD family, primar-
ily recognizing peptidoglycan (PGN). Both NOD1 and NOD2 can bind to the
common downstream molecule RIPK2 and further activate NF-�B to induce the
transcription of inflammatory mediators [5,22-23]. When animals experience
stress or infection, excessive production of inflammatory mediators causes liver
injury. Therefore, we hypothesized that flaxseed oil might exert hepatopro-
tective effects by regulating TLR4 and NOD signaling pathways to modulate
inflammatory mediator production.

This study found that LPS challenge significantly increased the mRNA
expression of key genes in both TLR4 (TLR4, MyD88, IRAK1, NF-�B) and
NOD (NOD1, NOD2, RIPK2) signaling pathways. Supplementation with
2.5% flaxseed oil significantly reduced NOD1 and NOD2 mRNA expression

chinarxiv.org/items/chinaxiv-201711.00425 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.00425


and showed a tendency to decrease RIPK2 mRNA expression, while 5.0%
flaxseed oil significantly lowered NOD2 mRNA expression. Currently, no
studies have reported the effects of flaxseed oil on the expression of key genes
in hepatic TLR4 and NOD signaling pathways. Previous research has shown
that fish oil (rich in EPA and DHA) can reduce the LPS-induced increase in
hepatic NOD1, NOD2, and RIPK2 mRNA expression [8]. Additionally, fish
oil significantly attenuated the upregulation of NOD signaling pathway genes
in the intestine, muscle, and hypothalamic-pituitary-adrenal axis following
LPS challenge [24-26]. The present results suggest that LPS challenge induces
the expression of key genes in hepatic TLR4 and NOD signaling pathways,
leading to the release of inflammatory mediators and subsequent liver injury,
while flaxseed oil may exert hepatoprotective effects by modulating the NOD
signaling pathway to reduce the LPS-induced upregulation of inflammatory
mediators in piglet liver.

In conclusion, LPS challenge induces the expression of key genes in hepatic TLR4
and NOD signaling pathways, resulting in excessive release of inflammatory
mediators (COX2 and TNF-𝛼). Dietary supplementation with 2.5% and 5.0%
flaxseed oil can alleviate the excessive expression of inflammatory mediators in
LPS-challenged piglet liver by inhibiting the NOD signaling pathway.
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