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Abstract
BACKGROUND 
Budd-Chiari syndrome (BCS) is an uncommon disorder characterized by obstruc-
tion of hepatic venous outflow. To date, the exact mechanism underlying hepatic 
injury derived from the hepatic venous outflow obstruction in BCS remains 
largely unknown.

AIM 
To assess the role of NF-κB-mediated inflammation in BCS-induced liver injury in 
humans and rats.

METHODS 
A total of 180 rats were randomly assigned into nine groups, including four BCS 
model groups (1, 3, 6 and 12 wk), four sham-operated groups (1, 3, 6 and 12 wk), 
and a control group. Lipopolysaccharide (LPS) levels in each group were detected 
by the Tachypleus Amebocyte Lysate assay. The mRNA and protein levels of 
TLR4, NF-κB, tumor necrosis factor (TNF)-α, interleukin (IL)-2 and interferon 
(IFN)-γ were quantified. In addition, 60 patients with BCS and 30 healthy controls 
were enrolled, and their blood samples were analyzed.
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RESULTS 
Hepatic and plasma LPS levels were significantly increased in rats. The mRNA 
and protein expression levels of TLR4, NF-κB and inflammatory cytokines (TNF- 
α, IL-2 and IFN-γ) in liver tissues were significantly higher in the BCS model 
groups compared with the other two groups. In addition, the model groups (1, 3, 
6 and 12 wk after BCS induction) showed significant differences in the levels of 
LPS, TLR4, NF-κB, TNF-α, IL-2 and IFN-γ. Notably, there was a significant 
correlation between the LPS concentrations and mRNA and protein levels of 
TLR4, NF-κB and inflammatory cytokines. Importantly, it was revealed that the 
levels of LPS, TLR4, NF-κB and inflammatory cytokines were significantly greater 
in chronic BCS patients than healthy controls and acute BCS patients.

CONCLUSION 
LPS level is markedly elevated in BCS, in turn activating the TLR4/NF-κB 
signaling pathway, leading to induction of inflammatory cytokines (TNF-α, IL-2 
and IFN-γ) in response to BCS-induced liver injury.

Key Words: Budd-Chiari syndrome; Liver injury; Lipopolysaccharide; Nuclear factor-
kappa B; Toll-like receptor 4

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Budd-Chiari syndrome (BCS) is an uncommon disorder characterized by 
obstruction of hepatic venous outflow. When the liver becomes congested and 
damaged, liver fibrosis and cirrhosis can occur. We explored the mechanism involving 
NF-κB in BCS-induced liver injury in humans and animal models. Results suggest that 
LPS level is markedly elevated in BCS, and in turn it activates the TLR4/NF-κB 
signaling pathway, leading to induction of inflammatory cytokines (tumor necrosis 
factor-α, interleukin-2 and interferon-γ) in response to BCS-induced liver injury. 
Importantly, our novel findings indicated that the TLR4/NF-κB signaling pathway 
could be a potential therapeutic target.

Citation: Li J, Chen XM, Zhou CZ, Fang WW, Lv WF, Cheng DL. Novel roles of 
lipopolysaccharide and TLR4/NF-κB signaling pathway in inflammatory response to liver 
injury in Budd-Chiari syndrome. World J Gastrointest Surg 2021; 13(11): 1448-1462
URL: https://www.wjgnet.com/1948-9366/full/v13/i11/1448.htm
DOI: https://dx.doi.org/10.4240/wjgs.v13.i11.1448

INTRODUCTION
Budd-Chiari syndrome (BCS) is a clinical condition caused by the outflow tract 
obstruction of the hepatic vein (HV)[1-5]. The primary cause of BCS includes portal 
vein thrombosis or HV obstruction, while secondary BCS may occur with parasite 
infection, abscess, cyst, or benign or malignant tumors[1-6]. It has been demonstrated 
that liver injury is induced by HV outflow tract occlusion in BCS regardless of the 
etiological factors. However, to date, the exact mechanism underlying BCS-induced 
hepatic injury remains elusive[6,7].

Previous studies have shown that NF-κB, consisting of two subunits (p50 and p65 
heterodimers), plays a pivotal role in the inflammatory response to external stimuli [
e.g., lipopolysaccharide (LPS), reactive oxygen species (ROS), tumor necrosis factor 
(TNF)-α, and interleukin (IL)-2][8-13]. In the NF-κB signaling pathway, the NF-κB 
heterodimers are phosphorylated by NF-κB (IκB) inhibitor mediated by the IκB kinase 
(IKK)[8-13]. This activation can result in transportation of activated NF-κB (p50 and 
p65 heterodimers) from the cytoplasm to the nucleus, and triggers the expression of 
target genes, generating and releasing inflammatory cytokines, such as TNF-α, IL-2 
and interferon (IFN)-γ. Additionally, these inflammatory cytokines can promote the 
activation of NF-κB, which in turn can mediate a cascade of inflammatory reactions to 
inflammatory injury.

http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
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NF-κB-dependent inflammatory responses are involved in the regulation of liver 
injury due to a variety of factors, including hepatitis virus, poisoning, alcohol and 
cholestasis[14,15]. Importantly, portal hypertension and imbalance of intestinal flora in 
BCS can lead to intestinal congestion and edema, as well as increased levels of LPS in 
the liver. In addition, the congested liver leads to a decrease in blood flow, and thus, 
LPS is further accumulated. We hypothesized that accumulation of LPS can activate 
the TLR4/NF-κB signaling pathway through combination of TLR4 in hepatic cells, 
thereby regulating NF-κB-dependent liver acute and chronic inflammatory damage. 
To date, however, no relevant research has been carried out[16-18].

In this study, we investigated whether LPS and the LPS-activated TLR4/NF-κB 
signaling pathway could be involved in the inflammatory response to BCS-induced 
liver injury in a rat model of BCS and human patients with BCS. The results may assist 
researchers to better understand the mechanism of the hepatic injury caused by BCS.

MATERIALS AND METHODS
Reagents
Chloroform was purchased from Shanghai Suyi Chemical Reagent Co. Ltd. (Shanghai, 
China) and Limulus reagent was obtained from Xiamen Limulus Reagent Experi-
mental Factory Co. Ltd. (Xiamen, China). Goat anti-mouse and goat anti-rabbit IgG, as 
well as phosphate-buffered saline were purchased from Beijing Zhongshan Golden 
Bridge Biotechnology Co. Ltd. (ZSbio) (Beijing, China). Tween-20 was obtained from 
Beijing Solarbio Science & Technology Co. Ltd. (Beijing, China).

Induction of BCS in the experimental animals
Male Sprague-Dawley rats (n = 180; body weight, 205-260 g) were used. All animals 
were housed in individual cages and maintained at room temperature (15-25 °C), with 
a humidity of 50%-60%. Food and water were given ad libitum. The rats were fasted for 
12 h before operation and were anesthetized by intraperitoneal injection of 10% chloral 
hydrate (3 mL/kg). The rats were randomly divided into nine groups of 20 rats each, 
including four model-based groups (1, 3, 6 and 12 wk after surgical induction of BCS), 
four sham-operated groups (1, 3, 6 and 12 wk following sham operation), and one 
control group. Rats in the model groups underwent the following surgical procedures 
to induce BCS: The retro hepatic inferior vena cava (IVC) was exposed, the tissues 
surrounding the IVC were dissociated, the 4F catheter was paralleled to the IVC, and 
the IVC and the catheter were tightly fastened using No. 0 suture, followed by pulling 
the catheter out and closing the abdomen (Supplementary Figure 1). Penicillin (20 
U/rat) was injected intramuscularly after 5 d. In the sham-operated groups, the tissues 
surrounding the IVC were separated, while they were not ligated. Rats in the control 
group were fed for 6 wk without any other interventions.

The study protocol was approved by the Ethics Committee of the First Affiliated 
Hospital of University of Science and Technology of China (Hefei, China; approval No. 
2020-N(H)-094).

Digital subtraction angiography of rats
Digital subtraction angiography (DSA) was performed in all rats. On the day before 
rats were killed, they were anesthetized intraperitoneally with 10% chloral hydrate (3 
mL/kg). The skin was incised on either side of the groin to expose the femoral vein. 
The skin was punctured with a 24G intravenous needle and iodixanol (Jiangsu 
Hengrui Pharmaceutical Co. Ltd., Nanjing, China) was injected through an intra-
venous indwelling needle at a flow rate of 1 mL/s with a total volume of 2.5 mL. DSA 
was performed to visualize the blood flow of the HV and IVC, as well as the formation 
of IVC occlusion and collateral circulation.

Collection of liver tissues from the experimental rats
According to the random number table method, 12 rats were killed at various time 
points after treatment. The left lobe of the liver tissue was fixed with 10% formalin and 
Bouin’s solution for histopathological examination.

Measurements of hepatic and plasma LPS levels in rats
Hepatic or plasma LPS levels were determined in the experimental rats. The standard 
curve was plotted via increasing LPS levels: 0.1, 0.25, 0.5 and 1.0 EU/mL solutions. For 
measurement of LPS levels, 100 μL LPS standards or samples (or rat liver homogenate 
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solution, or plasma) were added to the non-pyrogen tube, and 100 μL Limulus 
amebocyte lysate solution was added, gently and evenly shaken, and incubated in a 37 
°C incubator for 10 min. After that, they were mixed well with 100 μL chromogenic 
substrate solution and incubated for 6 min in a 37 °C incubator. At the end of 
incubation, we added 500 μL azo reagent 1, 2 and 3 solutions in sequence, shaking 
gently each time until fully mixed, waited for 5 min, and recorded the optical density 
at 545 nm. The absorbance of the rat liver homogenate sample was substituted into the 
standard curve, and the sample concentration was calculated, and was multiplied by 
the dilution multiple to obtain LPS level.

Real-time polymerase chain reaction measurement of β-actin, TLR4, NF-κBp65, IL-2, 
TNF-α and IFN-γ
The liver tissue (50-100 mg) was cut into pieces, ground in liquid nitrogen, and total 
RNA was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, United 
States). The cDNA was obtained by the RevertAid First Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific, Waltham, MA, United States). Real-time polymerase chain 
reaction system (Thermo Fisher Scientific) was used, with the following amplification 
conditions: 95 °C for 2 min, 95 °C for 5 s, and 60 °C for 10 s for 40 cycles. β-Actin was 
taken as a reference gene, and the relative expression levels were calculated using the 
2-ΔΔCT method. The primers used were synthesized by Shanghai Shenggong Bioengin-
eering Co. Ltd. (Shanghai, China), and are summarized in Table 1. All experiments 
were carried out on three rats.

Western blotting for detection of protein levels of β-actin, TLR4, NF-κBp65, IL-2, 
TNF-α and IFN-γ
Western blotting was performed to detect the protein levels. In brief, 100 mg liver 
tissue was extracted and lysed with 1 mL radio-immunoprecipitation assay lysis buffer 
(Beyotime Institute of Biotechnology, Shanghai, China). The supernatant containing 
total protein of rat liver tissue was collected after centrifugation at 12000 rpm for 15 
min at 4 °C. Protein concentrations were measured using the BCA method. Proteins 
(30 μg) were separated via 10% SDS-PAGE and electrophoretically transferred to 
equilibrated polyvinylidene difluoride membranes (Millipore, Burlington, MA, United 
States). After being blocked, the membranes were incubated overnight at 4 °C with the 
following primary antibodies: TLR4 (1:300; ZSbio), NF-κB (1:300; ZSbio), TNF-α (1:300; 
ZSbio), IL-2 (1:300; ZSbio), IFN-γ (1:300; ZSbio), and β-actin (Santa Cruz Biotech-
nology, Dallas, TX, United States). Bound primary antibody was detected by 
incubation with horseradish-peroxidase-conjugated secondary antibody for 2 h. The 
protein was detected by an enhanced chemiluminescent kit (Thermo Fisher Scientific), 
and the ImageJ software (National Institutes of Health, Bethesda, MD, United States) 
was used for image processing.

Histopathological examination
The liver tissues of rats were fixed in formaldehyde and Bouin’s solution, embedded in 
paraffin and sectioned. According to the standard procedure, liver sections were 
subjected to hematoxylin-eosin (HE) staining and Masson’s trichrome staining, 
dehydrated, sealed, and images of sections were visualized using a microscope.

Human subjects and detection of LPS levels and key molecules in the TLR4/NF-κB 
signaling pathway
A total of 60 patients with acute or chronic BCS were enrolled from the First Affiliated 
Hospital of the University of Science and Technology of China (Hefei, China) from 
January 2018 to December 2019. The inclusion criteria for acute BCS were as follows: 
(1) BCS patients with the disease course < 3 mo; (2) Diagnosed with BCS for the first 
time; (3) No history of alcohol abuse and toxic exposure; and (4) No history of 
pulmonary heart disease, viral hepatitis, immune hepatitis, or other related diseases. 
The chronic BCS group included patients with disease course > 3 mo, and with other 
inclusion criteria similar to the acute BCS group. We also enrolled 30 healthy 
volunteers as controls.

Blood samples (8 mL) were collected from the cubital veins of the human subjects 
for subsequent analysis. Then, 3-mL blood samples were anticoagulated with 2% 
EDTA and were used for measurement of TLR4, in which the positive expression rate 
of TLR4 in monocytes of each subject was detected by flow cytometry. Next, 3 mL 
heparin was used for preparation of plasma to detect LPS level in BSC patients. 
Afterwards, 2 mL non-anticoagulated blood samples was used for preparation of 



Li J et al. NF-κB-mediated inflammation in BCS-induced liver injury

WJGS https://www.wjgnet.com 1452 November 27, 2021 Volume 13 Issue 11

Table 1 Primers used in this study

Forward Reverse

β-actin (150 bp) 5’-CCCATCTATGAGGGTTACGC-3’ 5’-TTTAATGTCACGCACGATTTC-3’

TLR4 (186 bp) 5’-GCCGGAAAGTTATTGTGGTGGT-3’ 5’-ATGGGTTTTAGGCGCAGAGTTT-3’

NF-κB p65 (108 bp) 5’-AAGATCTGCCGAGTAAACCG-3 5’-TCCCGTGAAATACACCTCAA-3’

IL-2 (113 bp) 5’-CAAGCAGGCCACAGAATTGA-3’ 5’-TTCCAGCGTCTTCCAAGTGA-3’

TNF-α (89 bp) 5’-AGGAGGGAGAACAGCAACTC-3’ 5’-TGTATGAGAGGGACGGAACC-3’

IFN-γ (130 bp) 5’-CAGGCCATCAGCAACAACAT-3’ 5’-GCTGGATCTGTGGGTTGTTC-3’

TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-κB; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ.

serum after centrifugation at 1000 rpm for 10 min to detect the levels of NF-κB, IL-2, 
TNF-α and IFN-γ in BSC patients by commercial ELISA kits (Shanghai Baiwo 
Technology Co. Ltd., Shanghai, China).

Statistical analysis
Statistical analysis was performed with SPSS 22.0 software (IBM, Armonk, NY, United 
States). All data were normally distributed and they were expressed as mean ± SD. 
Comparisons among three groups were performed by one-way analysis of variance 
(ANOVA). Comparisons between two groups (model and sham-operated groups) was 
carried out by two-way ANOVA, while the follow-up analysis was conducted by the 
least significant difference test. Pearson’s correlation analysis was used to analyze the 
correlation among different factors. P < 0.05 was considered statistically significant.

RESULTS
Induction of BCS by surgical procedure for HV outflow obstruction in rats
To investigate the mechanism for inflammatory response to liver injury derived from 
HV outflow obstruction in BCS patients, we initially established a rat model of BCS. 
The induction of BCS was confirmed by DSA. In the control and sham-operated 
groups, all rats presented no signs of vascular occlusive disease (e.g., stenosis and 
occlusion) and collateral angiogenesis of IVC (Figure 1A1 and A2). In the model 
groups, all rats had HV outflow obstruction caused by IVC obstruction, in which 
ligation of the IVC above the HV opening was found in 35 rats (72.9%, 35/48), with a 
coronary lumen stenosis rate of > 85%. In the other 13 rats (17.1%, 13/48), the IVC 
above the HV opening was fully occluded. In each model group, the formation of 
collateral circulation in the rat model gradually increased and thickened, with the 
order of effects as follows: 12 wk > 6 wk > 3 wk > 1 wk after BCS induction 
(Figure 1A3-A6).

Histopathological analysis revealed that there was no formation of ascites in the 
model group after 1 wk of BCS induction, and degrees of abdominal effusion were 
elevated in other model groups at 3, 6 and 12 wk after BCS induction. It was noted that 
there were no significant changes in the liver tissues in the model group at 1 wk, while 
different degrees of congestion and enlargement were observed in other model groups 
at 3, 6 and 12 wk. The HE and Masson’s trichrome staining methods confirmed that 
the liver injury and liver fibrosis showed a gradually aggravating trend, with the most 
significant effects in the model group at 12 wk. Histopathological findings exhibited 
no significant difference in liver sections of rats in the sham-operated and the control 
groups (Figure 1B and Supplementary Figure 2).

Hepatic and plasma levels of LPS in rats with BSC
LPS levels in the liver and plasma samples were calculated by using the standard 
curve of LPS. The LPS levels in the model group at 1, 3, 6 and 12 wk were 1.16 ± 0.08, 
1.80 ± 0.10, 1.31 ± 0.09, and 1.23 ± 0.10 ng/mL, respectively, which were significantly 
higher than those in the sham-operated groups (0.87 ± 0.07, 0.86 ± 0.06, 0.85 ± 0.07 and 
0.85 ± 0.09 ng/mL), and the control group (0.86 ± 0.08 ng/mL). However, there were 
no significant differences in LPS levels between the control and sham-operated groups. 
There were significant differences between each pair of model groups. The LPS levels 

https://f6publishing.blob.core.windows.net/60b6fc8b-299b-41c4-953f-f75f33eb71c0/WJGS-13-1448-supplementary-material.pdf
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Figure 1 Digital subtraction angiography images and hematoxylin-eosin staining images in the rat model of Budd-Chiari syndrome. A: A1: 
Control group; A2: The sham operation group. Two groups showed that the inferior vena cava (IVC) blood flow was smooth, but no stenosis or occlusion of the IVC 
and hepatic vein (HV) (black arrow); A3: In the 1 model group 1W, IVC stenosis above the opening of the HV could be seen, and the contrast agent passed through in 
a line, without obvious collateral vessel formation (black arrow); A4: In the model group 3W, a small amount of collateral vessel formation around the IVC (black 
arrow); A5: In the model group 6W, a large number of collateral vessels around the IVC (black arrow); A6: In the model group 12W, the collateral vessels around the 
IVC were further increased and thickened (black arrow); B: B1: Control group; B2-B5: Four groups of sham operation group, 1W (B2), 3W (B3), 6W (B4) and 12W 
(B5). Hepatocytes were arranged in a single row radially centered on the central vein, with no change in hepatocytes and hepatic sinusoids (B1–B5); B6: Model group 
1W. Hyaline degeneration of rat hepatocytes and no obvious dilation and stagnation of red blood cells in hepatic sinusoids (black arrow); B7: Model group 3W. The 
hyaline degeneration of rat hepatocytes was aggravated, the hepatocytes around the central vein were necrotic, and the hepatic sinusoids were dilated with a small 
amount of stasis red blood cells (black arrow); B8: Model group 6W. Large sheet necrosis of liver cells around the central vein, further expansion of liver sinusoids, 
more stasis of red blood cells in the expanded liver sinusoids (black arrow); B9: Model group 12W. The arrangement of liver cells was disordered, the normal 
hepatocyte cord disappeared, the hepatic sinusoids were significantly expanded and there was a large number of erythrocytes (black arrow). Original magnification × 
200. Bar = 50 μm.

reached the peak in the model group at 3 wk after BCS induction, and then decreased 
progressively, while it remained higher than that in the control and sham-operated 
groups until 12 wk, and the difference was significant (Figure 2A).
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Figure 2 Hepatic mRNA and protein expression levels of lipopolysaccharide and various factors in rats and humans. A: The expression levels 
of lipopolysaccharide (LPS) in each group; B: TLR4 expression in each group; C: Nuclear factor-kappa B p65 expression in each group; D: Tumor necrosis factor-α 
expression in each group; E: Interferon-γ expression in each group; F: Interleukin-2 expression in each group; G: Western blot analysis of protein express levels of 
various factors in the rat liver tissues; H: Levels of LPS and TLR4/NF-κB mediated inflammation-related indicators in the blood samples from human subjects. LPS: 
Lipopolysaccharide; TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-kappa B; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ. aP < 0.05 
comparisons between subgroups. bP < 0.05 comparisons between model subgroups.

Expression levels of TLR4, NF-κB and inflammatory cytokines in rats with BSC
In comparison with the control and sham-operated groups, the mRNA levels of TLR4, 
NF-κB, TNF-α, IL-2 and IFN-γ were markedly higher in the model groups. However, 
there were no significant differences in the expression levels between the control and 
sham-operated groups, while the expression levels were significantly different 
between each of the model groups and control and sham-operated groups. In the 
model groups, the expression levels of TLR4, NF-κB, TNF-α, IL-2 and IFN-γ were 
gradually elevated in the early stage, which reached a peak at 3 wk, and decreased in 
the later stages, while it was significantly higher than that in the control and sham-
operated groups at 12 wk (Figure 2B-F and Table 2).

Similarly, the protein levels of TLR4, NF-κB, TNF-α, IL-2 and IFN-γ were 
significantly greater in the model groups than those in the sham-operated and control 
groups, and there were significant differences among the three groups. The levels of 
these proteins were significantly higher than the normal ranges and reached a peak at 
3 wk after BCS induction (Figure 2G and Table 3).

Correlation between LPS concentrations and levels of TLR4, NF-κB, TNF-α, IL-2 and 
IFN-γ in rats with BSC
mRNA levels of TLR4, NF-κB, TNF-α, IL-2 and IFN-γ were positively correlated with 
the corresponding protein synthesis (r = 0.959, 0.947, 0.956, 0.964 and 0.971; P < 0.001). 
The LPS and mRNA levels of TLR4, NF-κB, TNF-α, IL-2 and IFN-γ in the model group 
were highly positively correlated (r > 0.90, P < 0.001) (Tables 4 and 5 and Figure 3).

Expression levels of TLR4, NF-κB and inflammatory cytokines in patients with BSC
The main findings of the animal experiments were tested in human subjects. Similarly, 
we found that the levels of LPS, TLR4, NF-κB, IL-2, TNF-α and IFN-γ were 
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Table 2 mRNA expression levels of TLR4/NF-κB-mediated inflammation-related indicators

TLR4 NF-κBp65 IL-2 TNF-α IFN-γ

Control group 1.004 ± 0.139 1.003 ± 0.074 1.001 ± 0.121 1.001 ± 0.126 1.005 ± 0.101

Sham-operated group

1W 1.101 ± 0.127 1.101 ± 0.127 1.108 ± 0.206 1.068 ± 0.222 1.102 ± 0.121

3W 1.013 ± 0.109 1.013 ± 0.109 1.061 ± 0.168 1.042 ± 0.181 1.082 ± 0.111

6W 1.045 ± 0.118 1.045 ± 0.118 1.006 ± 0.141 1.047 ± 0.164 1.004 ± 0.084

12W 1.059 ± 0.115 1.059 ± 0.115 1.025 ± 0.097 1.017 ± 0.157 1.019 ± 0.118

Model group

1W 1.773 ± 0.165a,b 1.773 ± 0.165a,b 1.935 ± 0.217a,b 1.991 ± 0.181a,b 2.170 ± 0.195a,b

3W 6.789 ± 0.692a,b 6.789 ± 0.692a,b 6.144 ± 0.681a,b 12.931 ± 1.424a,b 9.172 ± 0.902a,b

6W 4.671 ± 0.593a,b 4.671 ± 0.593a,b 4.372 ± 0.268a,b 7.629 ± 0.999a,b 5.131 ± 0.441a,b

12W 1.003 ± 0.074a,b 3.575 ± 0.334a,b 3.011 ± 0.326a,b 3.991 ± 0.391a,b 2.855 ± 0.732a,b

Statistics 333.288 464.025 426.396 555.318 509.268

P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

aP < 0.05, comparisons between subgroups, the differences are statistically significant.
bP < 0.05, comparisons between model subgroups, the differences are statistically significant.
TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-κB; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ.

Table 3 Relative protein expression levels of TLR4/NF-κB-mediated inflammation-related indicators

TLR4 NF-κBp65 IL-2 TNF-α IFN-γ

Control group 0.555 ± 0.066 0.317 ± 0.022 0.232 ± 0.029 0.368 ± 0.032 0.369 ± 0.023

Sham-operated group

1W 0.561 ± 0.059 0.327 ± 0.019 0.229 ± 0.028 0.366 ± 0.026 0.379 ± 0.029

3W 0.560 ± 0.068 0.313 ± 0.023 0.242 ± 0.029 0.357 ± 0.022 0.359 ± 0.026

6W 0.561 ± 0.071 0.310 ± 0.030 0.236 ± 0.027 0.369 ± 0.034 0.362 ± 0.020

12W 0.564 ± 0.070 0.309 ± 0.025 0.234 ± 0.027 0.371 ± 0.028 0.377 ± 0.028

Model group

1W 0.729 ± 0.067a,b 0.678 ± 0.058a,b 0.449 ± 0.057a,b 0.684 ± 0.024a,b 0.700 ± 0.082a,b

3W 1.507 ± 0.086a,b 1.416 ± 0.087a,b 1.047 ± 0.058a,b 1.188± 0.051a,b 1.261 ± 0.073a,b

6W 1.162 ± 0.070a,b 1.192 ± 0.079a,b 0.848 ± 0.056a,b 1.050 ± 0.043a,b 1.069 ± 0.090a,b

12W 1.001 ± 0.072a,b 0.880 ± 0.090a,b 0.610 ± 0.059a,b 0.835 ± 0.065a,b 0.845 ± 0.063a,b

Statistics 291.836 711.802 608.214 897.062 488.525

P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

aP < 0.05, comparisons between subgroups, the differences are statistically significant.
bP < 0.05, comparisons between model subgroups, the differences are statistically significant.
TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-κB; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ.

significantly higher in BCS patients compared with those in healthy controls. 
Comparably, the protein levels of LPS, TLR4, NF-κB, IL-2, TNF-α and IFN-γ in patients 
with acute BCS were significantly higher than those in patients with chronic BCS 
(Figure 2H and Table 6).
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Table 4 Correlation between lipopolysaccharide and mRNA levels of various inflammation-related indicators

LPS TLR4 NF-κBp65 IFN-γ TNF-α IL-2

LPS 1 0.959a 0.945a 0.939a 0.942a 0.944a

NF-κBp65 0.945a 0.930a 1 0.941a 0.954a 0.966a

IL-2 0.939a 0.952a 0.941a 1 0.982a 0.946a

TNF-α 0.942a 0.953a 0.954a 0.982a 1 0.954a

IFN-γ 0.944a 0.932a 0.966a 0.946a 0.954a 1

aP < 0.01.
LPS: Lipopolysaccharide; TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-κB; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ.

Table 5 Correlation between lipopolysaccharide and protein expression of inflammation-related indicators

LPS TLR4 NF-κBp65 IFN-γ TNF-α IL-2

LPS 1 0.954a 0.929a 0.931a 0.930a 0.936a

TLR4 0.954a 1 0.915a 0.900a 0.930a 0.910a

NF-κBp65 0.929a 0.915a 1 0.954a 0.949a 0.961a

IFN-γ 0.931a 0.900a 0.954a 1 0.938a 0.957a

TNF-α 0.930a 0.930a 0.949a 0.938a 1 0.954a

IL-2 0.936a 0.910a 0.961a 0.957a 0.954a 1

aP < 0.01.
LPS: Lipopolysaccharide; TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-κB; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ.

Table 6 Levels of lipopolysaccharide and TLR4/NF-κB-mediated inflammation-related indicators in the blood samples from human 
subjects

LPS (Eu/mL) TLR4 (%) NF-κB (pg/mL) IL-2 (pg/mL) TNF-α (pg/mL) IFN-γ (pg/mL)

Control group 8.42 ± 2.33 5.05 ± 1.29 8.15 ± 1.65 21.19 ± 5.01 24.88 ± 4.07 16.60 ± 1.80

Chronic group 20.96 ± 6.70 14.00 ± 3.67 28.75 ± 4.17 65.62 ± 13.26 46.68 ± 7.55 35.87 ± 7.36

Acute group 34.44 ± 10.45a,b 24.55 ± 7.0a,b 65.17 ± 11.09a,b 127.90 ± 26.57a,b 77.88 ± 9.61a,b 70.90 ± 11.95a,b

F 95.541 132.171 524.000 285.085 384.673 340.340

aP < 0.05, Acute group vs Chronic group, the differences are statistically significant.
bP < 0.05, Acute group vs Control group, the differences are statistically significant.
LPS: Lipopolysaccharide; TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-κB; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ.

DISCUSSION
The following novel outcomes can be drawn from the results of the present study: (1) 
LPS levels were significantly elevated in rats with BCS in and human subjects; (2) The 
TLR4/NF-κB signaling pathway was activated by LPS as demonstrated by a positive 
correlation between LPS concentrations and expression levels of TLR4 and NF-κB in 
rats with BSC and human subjects; and (3) Expression of key inflammatory cytokines, 
including IL-2, TNF-α and IFN-γ, was positively correlated with LPS concentrations. 
These findings suggest that the LPS-activated TLR4/NF-κB signaling pathway may 
play a role, at least in part, in the inflammatory response to BCS-induced liver damage.

A large number of previous studies have confirmed that the inflammatory response 
mediated by NF-κB is involved in the regulation of liver injury caused by hepatitis 
viruses, alcohol and poisoning[19-24]. NF-κB has also been shown to play a vital role 
in regulating the inflammation and liver damage, as well as directly regulating the 
liver fibrosis[25]. In line with findings of previous studies, the results of the present 
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Figure 3 Scatter diagram of lipopolysaccharide and nuclear factor-κB-mediated inflammation-related factors. A: mRNA level; B: Protein level. 
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LPS: Lipopolysaccharide; TLR4: Toll-like receptor 4; NF-κB: Nuclear factor-κB; TNF-α: Tumor necrosis factor-α; IL-2: Interleukin-2; IFN-γ: Interferon-γ.

study showed that NF-κB mediated inflammation and participated in the BCS-induced 
liver damage. In an animal model of viral hepatitis and cholestatic liver injury, the 
level of LPS in the intestine was changed (increased or decreased), and NF-κB was 
activated through the TLR4 signal transduction pathway to regulate the increase of 
downstream target gene expression, thereby mediating hepatitis damage or causing 
delay in the process of liver fibrosis[26,27]. In the current study, expression of LPS, 
TLR4, NF-κB, TNF-α, IL-2 and IFN-γ in three groups of patients’ blood samples and in 
liver tissues of rats with BCS were significantly higher than those in other groups. The 
differences in the expression of corresponding indicators between the two groups 
were significant. In addition, expression levels of hepatic LPS, TLR4, NF-κB, TNF-α, 
IL-2 and IFN-γ were highly positively correlated at each stage in the BCS animal 
model (correlation coefficient r > 0.90). The results confirmed that the inflammatory 
response mediated by NF-κB is also involved in the regulation of BCS-induced liver 
damage. There is a possibility that the increase in NF-κB-mediated inflammation 
indicators in the liver of BCS rats is associated with IVC obstruction. Under the 
condition of blocked HV outflow, liver congestion and hypoxia may directly induce 
NF-κB-mediated inflammation, resulting in liver inflammatory damage. In addition, 
the obstruction of HV outflow leads to portal hypertension, thereby increasing LPS 
levels. The accumulated LPS entered the portal venous system, bound to the TLR4 
receptor in the liver, activated the TLR4/NF-κB signaling pathway, and induced 
inflammatory response to BCS-induced liver injury.

The results of this study showed that in the liver tissue of rats with BCS, NF-κB and 
other inflammatory-related indicators showed an increasing trend in the early stage, 
reaching a peak at 3 wk, and decreased at a later stage, while it remained significantly 
higher than other two groups at 12 wk, which showed that the inflammatory reaction 
mediated by NF-κB not only penetrated the entire course of BCS-associated liver 
damage, but also caused a different degree of reaction at different periods. The results 
of DSA also confirmed that the collateral vessels of BCS rats in the 6- and 12-wk 
groups were significantly more than those in the 1- and 3-wk groups. This finding is 
also consistent with the indicators of liver damage such as liver transaminase and 
ascites in patients with acute BCS that are higher than those of chronic BCS patients
[7]. However, the liver inflammation-related indicators of BCS rats were still higher 
than those in the control group at 12 wk, indicating that the autologous collateral 
formation only relieved the intrahepatic portal hypertension and liver damage to a 
certain extent, but could not completely resolve the liver congestion and hypoxia, such 
as the liver inflammatory damage persisted in the HV and IVC, without recanalization 
by percutaneous transluminal angioplasty.

Our study had some limitations: First, the survival time of experimental rats was 
limited; therefore, we failed to gain further understanding of the mechanism of liver 
cirrhosis. Second, the sample size in the rat model groups was small. Percutaneous 
transluminal angioplasty and intrahepatic portosystemic shunts were not performed, 
and the NF-κB-mediated inflammatory injury changes in the liver of rats with BCS 
could not be further studied.

CONCLUSION
This study demonstrated that LPS level becomes markedly elevated in BCS and in turn 
activates the TLR4/NF-κB signaling pathway. Furthermore, the LPS-activated 
TLR4/NF-κB signaling pathway may mediate inflammatory response to BCS-induced 
liver injury. Notably, in the early stage of BCS-induced liver injury, NF-κB-mediated 
inflammatory response was progressively aggravated, while in the later stage, the 
inflammatory response was decreased, although it remained abnormally high. These 
results may assist researchers to better understand the mechanism underlying the 
BCS-induced hepatic injury. Our novel findings indicated that the LPS-activated 
TLR4/NF-κB signaling pathway could be a potential target for the development of 
new treatments for BCS.
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ARTICLE HIGHLIGHTS
Research background
Budd-Chiari syndrome (BCS) is an uncommon but potentially life-threatening clinical 
syndrome of portal and/or inferior vena cava hypertension caused by obstruction of 
the hepatic and/or inferior vena cava. Liver injury in BCS is considered to be a specific 
form of liver injury with a mechanism different from that caused by common factors (
e.g., viruses, poisoning, alcohol or biliary stasis). Until now, the exact mechanism 
underlying BCS-induced liver injury is not yet known. It has been shown that 
lipopolysaccharide (LPS) inactivation is diminished in all causes of liver injury, 
leading to intrahepatic LPS accumulation, as is the case in acute hepatic injury. LPS 
accumulation can bind to TLR4 in intrahepatic tissue cells to activate the TLR4/NF-κB 
pathway and thereby regulate NF-κB-dependent acute and chronic inflammatory liver 
injury. To date, it remains to be elucidated whether LPS and the TLR4/NF-κB 
signaling pathway could play a role in the inflammatory response to liver injury in 
BCS.

Research motivation
We anticipated that investigating the mechanism with involvement of NF-κB may 
advance our understanding of the pathogenesis of liver injury in BCS, and help to 
develop new therapeutic strategies for treatment of patients with BCS.

Research objectives
We performed this study, aiming to investigate the potential role of NF-κB-mediated 
inflammation in BCS-induced liver injury in humans and rats.

Research methods
In this study, 180 rats were randomly assigned into nine groups: four BCS model 
groups (1, 3, 6 and 12 wk), four sham-operated groups (1, 3, 6 and 12 wk), and one 
control group. LPS levels in each group were detected by the Tachypleus amebocyte 
lysate test. The mRNA and protein levels of TLR4, NF-κB, tumor necrosis factor (TNF)-
α, interleukin (IL)-2 and interferon (IFN)-γ were quantified. In addition, 60 patients 
with BCS and 30 healthy controls were enrolled, and their blood samples were 
analyzed.

Research results
Hepatic and plasma LPS levels were significantly increased in rats. The mRNA and 
protein expression levels of TLR4, NF-κB and inflammatory cytokines (TNF-α, IL-2 
and IFN-γ) in liver tissues were significantly higher in the BCS model groups 
compared with those in the other two groups. In addition, the model groups (1, 3, 6 
and 12 wk after BCS induction) showed significant differences in the levels of LPS, 
TLR4, NF-κB, TNF-α, IL-2 and IFN-γ. Notably, there was a significant correlation 
between the LPS concentrations and mRNA and protein levels of TLR4, NF-κB and 
inflammatory cytokines. Importantly, it was revealed that the levels of LPS, TLR4, NF-
κB and inflammatory cytokines were significantly greater in chronic BCS patients than 
healthy controls and acute BCS patients.

Research conclusions
This study has demonstrated that LPS level is markedly elevated in BCS, in turn 
activating the TLR4/NF-κB signaling pathway, leading to induction of inflammatory 
cytokines (TNF-α, IL-2 and IFN-γ) in response to BCS-induced liver injury.

Research perspectives
The findings of the present study implicated that the TLR4/NF-κB signaling pathway 
could serve as a potential target in the developing of new therapeutic strategies for 
BCS-induced liver injury, which may ultimately improve the care for patients with 
BCS.
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