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Abstract  
Sepsis-associated acute liver injury (SALI) is a frequent and clinically severe complication of sepsis, in which 
inflammatory responses and oxidative stress are involved. Angelicin (ANG), one of the main active components in 
the traditional Chinese medicine Psoralea corylifolia Linn., has anti-inflammatory and antioxidant bioactivities. In 
this study, the protective effect of ANG on SALI and its specific mechanism are investigated by establishing a mouse 
model of caecal ligation and puncture (CLP)-induced SALI and an in vitro sepsis model in LPS-stimulated AML12 
cells. These results show that ANG can alleviate liver injury and improve liver function in SALI mice. ANG decreases 
the mRNA expression levels of the pro-inflammatory factors Il-1β, Il-6, and Tnf-α and increases the mRNA ex
pression level of the anti-inflammatory factor Il-10, which suggests its anti-inflammatory effects. The results of the 
biochemical kit assay and DHE staining show that ANG can decrease the levels of MDA and ROS and increase the 
level of GSH and the activities of CAT and SOD, which suggests that ANG has antioxidant effects. Mechanistically, 
ANG exerts anti-inflammatory effects by inhibiting the NF-κB and p38 MAPK pathways and exerting antioxidant 
effects by activating the Nrf2/Keap1 pathway. Additionally, cell transfection experiments indicate that activation of 
the Nrf2/Keap1 pathway by ANG may depend on the inhibition of the NF-κB pathway. In conclusion, ANG attenuates 
SALI by inhibiting the NF-κB and p38 MAPK pathways, thereby activating the Nrf2/Keap1 pathway and making it a 
promising therapeutic intervention for SALI. 
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Introduction 
Sepsis is a systemic inflammatory response caused by infection, and 
when this inflammatory response is out of control, it may lead to 
damage to multiple organ systems [1]. The liver is a key effector in 
sepsis pathogenesis, orchestrating host defense via microbial 
antigen clearance, immune cell recruitment, and inflammation- 
associated metabolic shifts, thereby frequently becoming a major 
affected organ [2]. Sepsis not only causes acute liver injury, leading 
to liver failure but also may lead to serious complications, such as 

biliary obstruction, hepatic encephalopathy, and multiple organ 
dysfunction syndrome (MODS) [2]. However, few studies have 
investigated sepsis-associated acute liver injury (SALI). 

Recent investigations revealed that physiological responses, 
including oxidative stress, inflammatory signaling, and pro
grammed cell death (apoptosis), play essential protective roles 
against SALI [3]. However, excessive activation of these pathways 
paradoxically aggravates tissue damage in vivo [4]. As heterologous 
phagocytes in innate immunity, macrophages detect pathogen- 
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associated molecular patterns (PAMPs) and damage-associated 
molecular patterns (DAMPs) by expressing pattern-recognition 
receptors [5]. During sepsis pathogenesis, hepatic non-parenchy
mal cells, including Kupffer cells, hepatic sinusoidal endothelial 
cells, and stellate cells, serve as the primary defense mechanism by 
capturing and eliminating invading pathogenic microorganisms and 
their byproducts, thereby providing systemic protection while 
maintaining hepatic homeostasis [6]. Moreover, liver-resident and 
recruited immune cells produce multiple proinflammatory cyto
kines and chemokines that lead to liver injury and dysfunction 
during sepsis [7]. Liver dysfunction has been demonstrated to be a 
distinct and independent predictor of adverse outcomes in critically 
ill patients [8], whereas pre-existing hepatic impairment predis
poses individuals to sepsis, subsequent multi-organ failure, and 
increased mortality. Therefore, anti-inflammatory interventions 
that mitigate liver injury and restore hepatic function could improve 
outcomes in sepsis patients [9]. 

Extensive evidence indicates that various signaling pathways, 
particularly the mitogen-activated protein kinase (MAPK) and 
nuclear factor-κB (NF-κB) pathways, critically regulate inflamma
tory responses during sepsis pathogenesis [10]. The MAPK family, 
which comprises extracellular signal-regulated kinases 1/2 (ERK1/ 
2), p38 mitogen-activated protein kinase (p38 MAPK), and c-Jun N- 
terminal kinase (JNK), modulates the transcriptional regulation of 
proinflammatory mediators, including inducible nitric oxide 
synthase (iNOS) and cyclooxygenase-2 (COX-2). Moreover, NF- 
κB, a heterodimer of p50/p65 subunits that complex with inhibitory 
κB (IκB) proteins, plays a bidirectional role in both host defense 
mechanisms and the orchestration of proinflammatory cytokine 
production and release. Thus, inhibition of the MAPK and NF-κB 
signaling pathways could contribute to reducing inflammation to 
ameliorate SALI. 

Oxidative stress is recognized as a pivotal contributor to sepsis 
progression, and its pathophysiological mechanisms are intimately 
implicated in pathogenesis [3]. During sepsis, excessive production 
of reactive oxygen species (ROS) and the resulting lipid peroxida
tion cascade constitute a major pathogenic mechanism underlying 
liver injury. ROS can trigger membrane lipid peroxidation, resulting 
in changes in membrane fluidity and permeability and the 
generation of lipid peroxides (LPOs), the main representative of 
which is malondialdehyde (MDA). MDA disrupts the integrity of the 
hepatocyte membrane and mitochondrial membrane, inhibits the 
function of membrane proteins, and causes liver tissue damage. 
Moreover, elevated MDA levels have been reported in the serum of 
patients with sepsis, whereas catalase (CAT) and superoxide 
dismutase (SOD) activities as well as serum glutathione (GSH) 
levels are reduced. Furthermore, MDA levels and SOD activity are 
correlated with the severity and prognosis of sepsis. 

Nuclear factor-erythroid 2-related factor 2 (Nrf2) serves as a 
critical transcriptional regulator of cellular redox homeostasis [11]. 
In the context of inflammatory pathologies, including alcoholic liver 
disease and SALI, Nrf2 pathway activation potentiates endogenous 
antioxidant capacity while attenuating inflammatory cascades and 
subsequent tissue injury. The Kelch-like ECH-associated protein 1 
(Keap1)/Nrf2 axis constitutes a redox-responsive signaling cascade 
that critically regulates cellular antioxidant responses [12]. Under 
physiological conditions, it critically maintains systemic redox 
balance and confers cellular protection against oxidative stress and 
exogenous insults. Pathologic oxidative stress is correlated with 

dysregulated NF-κB pathway activation. Elevated levels of endo
genous ROS induce significant oxidative injury while concurrently 
activating the redox-sensitive transcription factor NF-κB, a pivotal 
mediator of proinflammatory signaling pathways [13]. Excessive 
pro-inflammatory cytokine production induces ROS generation, 
leading to oxidative damage and the development of a self- 
perpetuating pathological cycle. In addition, the protective effects 
of antioxidants have been demonstrated in animal models of sepsis. 
Collectively, these findings demonstrate that targeting redox 
imbalance represents a mechanistically grounded strategy for SALI 
management. 

Angelicin (ANG), a natural furanocoumarin compound extracted 
from the dried ripe fruit of the legume Psoralea corylifolia Linn., 
possesses a variety of biological activities. The anti-inflammatory 
and antioxidative effects of ANG have attracted attention in recent 
years. Previous studies have demonstrated that, as an analogue of 
ANG, psoralen has potent anti-inflammatory effects through the 
downregulation of LPS-induced Toll-like receptor 4 (TLR4) expres
sion and the phosphorylation of interleukin 1 receptor-associated 
kinase 4 (IRAK4) and p65, consequently suppressing NF-κB signal 
transduction. In addition, ANG reduces the phosphorylation levels 
of epidermal growth factor receptor (EGFR), protein kinase B (AKT) 
and IκB and inactivates the EGFR-mediated AKT signaling pathway, 
which in turn exerts anti-inflammatory effects. In preclinical models 
of inflammatory disorders, including periodontitis and osteoarthri
tis, ANG has exhibited significant anti-inflammatory efficacy. ANG 
has been reported to upregulate KAT6A expression, which activates 
the Nrf2/HO-1 antioxidant pathway, reduces intracellular ROS 
levels, and ultimately ameliorates oxidative stress in ovariecto
mized osteoporotic rats. In addition, ANG has been reported to 
increase the activities of endogenous antioxidant enzymes, such as 
SOD, glutathione peroxidase (GSH-Px) and CAT, thereby protecting 
cells from oxidative damage. However, the mechanism of the anti- 
inflammatory and antioxidant effects of ANG during SALI has not 
been fully elucidated. 

In the present study, an in vivo SALI mouse model and an in vitro 
AML12 cell model were established through CLP surgery and LPS 
stimulation to investigate the therapeutic effects of ANG in the 
treatment of SALI and to further explore the underlying mechanisms 
involved. 

Materials and Methods 
Ethics statement 
All animal handling and procedures were in accordance with the 
Chinese Guidelines for Ethical Review of Laboratory Animals- 
Animal Welfare and the National Research Council Guidelines for 
the Care and Use of Laboratory Animals. All animal experimental 
procedures were approved by the Animal Ethics Committee of 
Jiangsu Ocean University (No. 20240208005). 

Chemicals and reagents 
ANG (CAS: 523-50-2) was obtained from Solarbio (Beijing, China). 
Lipopolysaccharide (LPS, Escherichia coli 0111: B4) was obtained 
from Sigma-Aldrich (St Louis, USA). Protease, phosphatase 
inhibitor and universal tissue fixative were obtained from Biosharp 
(Hefei, China). Trizol reagent was obtained from Vazyme (Nanjing, 
China). 4′,6-Diamidino-2-phenylindole (DAPI) and dihydroethi
dium (DHE) probes were obtained from Beyotime (Beijing, China). 
Total antioxidant capacity (T-AOC), MDA, GSH and CAT assay kits 
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were obtained from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). MonScript RTIII Super Mix and SYBR Green 
fluorescent quantitative PCR premix were obtained from Monad 
(Wuhan, China). 

The following antibodies were used in this study: anti-IKKβ 
(8943S) and anti-p-IKKβ (2078T) were obtained from Cell Signaling 
(Danvers, USA). Anti-p65 (T55034S), anti-Bax (A12009) and anti- 
Bcl-2 (A0208) were obtained from ABclonal (Wuhan, China). Anti- 
IL-6 (WL02841), anti-IL-10 (WL03088), anti-IκBα (WL03419), anti- 
Nrf2 (WL02135) and anti-Keap1 (WL03285) were obtained from 
Wanleibio (Shenyang, China). Anti-p-p38 (IPH0015) and anti-p38 
(IMB1155) were obtained from Baijia (Xuzhou, China). Anti- 
CYP2E1 (19937-1-AP), anti-p-p65 (82335-1-RR), anti-GAPDH 
(60004-1-Ig) and anti-mouse and anti-rabbit horseradish perox
idase-conjugated detection antibodies were obtained from Protein
tech (Wuhan, China). 

Animal experiments 
Wild-type (WT) BALB/c male mice (6‒8 weeks old, 20‒22 g) were 
obtained from the Experimental Animal Center of Yangzhou 
University (Yangzhou, China), and the mice were acclimated for 7 
days under controlled environmental conditions: 12/12-h light/dark 
photoperiod, ambient temperature maintained at 23 ± 2°C, and 
relative humidity regulated at 50% ± 10%. A total of 84 mice were 
equally divided into 7 groups with 12 mice in each group: (1) the 
sham operation group (Sham), (2) the sham operation group (Sham 
+ 10 mg/kg ANG), (3) the sepsis group (CLP), (4) the low-dose ANG 
group (CLP + 2.5 mg/kg ANG), (5) the medium-dose ANG group 
(CLP + 5 mg/kg ANG), (6) the high-dose ANG group (CLP + 
10 mg/kg ANG) and (7) the positive control drug dexamethasone 
(DEX) treatment group (CLP + 2.5 mg/kg DEX). The drug dosage 
was determined according to a previous study [14]. Each group was 
injected with the same volume of reagents after CLP surgery: saline 
was injected intraperitoneally in the Sham and CLP groups, the 
other groups were injected with their counterparts, and all the mice 
were placed on surgical thermostatic blankets after surgery until 
awakening. All reagent injections were administered 0 h after the 
Sham/CLP surgery and continued for 7 days. The mice were 
euthanized at the end of the experiment, and blood and liver tissue 
samples were collected for further study. Euthanasia is required 
when mice are unable to consume water and food on their own or 
when they lose more than 20% of their normal body weight. 

A modified murine sepsis score (MSS) system was used to assess 
the mice following CLP procedures. The scoring system evaluated 
seven clinical parameters: general appearance, consciousness level, 
spontaneous activity, response to stimuli, eye condition, respiratory 
rate, and respiratory quality. Each parameter was scored on a 0–4 
scale, with higher scores representing more severe disease 
manifestations. Only mice with MSS scores between 4 and 7 were 
included for subsequent drug administration and CLP model 
experiments. Euthanasia criteria were defined as either a total 
MSS score surpassing 21 points or a deterioration of > 3 points in 
respiratory parameters (rate or quality). 

Cell culture 
The mouse liver parenchymal cell line AML12 was obtained from 
the Institute of Basic Medical Sciences, Chinese Academy of Medical 
Sciences (Beijing, China), for in vitro studies. AML12 cells were 
cultured in high-sugar DMEM supplemented with 10% fetal bovine 

serum, 1% penicillin and streptomycin. AML12 cells were cultured 
in a sterile incubator at 37°C with 5% CO2. All reagents and 
procedures were strictly aseptic, and all operations were performed 
in a biosafety chamber. Before LPS stimulation, the AML12 cells 
were pretreated with ANG (10/20 μM) for 2 h. Then, the AML12 
cells were stimulated with 1 μg/mL LPS according to previous 
methods, and the cells were collected 24 h later for subsequent 
experiments. The dosage of LPS used was the same as previously 
described [15]. 

AML12 cells were inoculated into 96-well plates at a density of 
1 × 105 cells/well and treated with different concentrations of ANG 
(0, 1, 2, 5, 10, 20, 50, 100, 200, or 500 μM) for 24 h. The CCK-8 
reagent (Biosharp) was subsequently added, followed by incuba
tion at 37°C for 2 h. The absorbance at 450 nm (OD450) was 
measured. The safe administration concentration of ANG for 
AML12 was selected on the basis of the results. 

Cell transfection 
The p65 overexpression plasmid [pCMV-Rela(mouse)-3×FLAG- 
Neo; MiaoLingBio, Wuhan, China] was transfected using ExFect 
transfection reagent (Vazyme) for 24 h, after which the cells were 
exposed to LPS and ANG. After 48 h, the protein expression of p65 
was detected by western blot analysis to verify the transfection 
efficiency. 

Hematoxylin and eosin (H&E) staining 
Liver tissues were removed quickly after the mice were euthanized, 
rinsed with saline, cut into small 1-cm3 pieces on ice and fixed in 
universal tissue fixative overnight. The tissue blocks were then 
prepared into paraffin sections of liver tissue, which were 
sequentially deparaffinized and hydrated, followed by hematoxylin 
and eosin (H&E) staining, dehydration, permeabilization, and 
sealing. Histopathological examination was performed using a light 
microscope (DS-F12; Nikon, Tokyo, Japan), with representative 
images captured to document characteristic pathological altera
tions. 

To evaluate the degree of liver tissue damage in the mice, sections 
of H&E-stained liver tissue were scored blindly by two pathologists 
on a 4-point scale. Briefly, 3 randomly selected high-magnification 
fields of view per slide were analyzed. The severity of liver injury 
was scored as follows: 0, minimal or no signs of injury; 1, mild 
injury, including cytoplasmic vacuolization and focal apoptosis; 2, 
moderate injury with extensive apoptosis, increased cytoplasmic 
eosinophilia, and loss of intercellular junctions; and 3, severe 
necrosis with hepatic cord disintegration, hemorrhage, and 
neutrophil infiltration. 

Biochemical assay 
Tissue samples of appropriate weight were processed by low- 
temperature homogenization in normal saline using a high- 
throughput homogenizer, with the tissue-to-saline volume ratios 
maintained at either 1:9 or 1:4 (v/v%). After adequate homogeniza
tion and low-speed centrifugation to remove the tissue precipitate, 
the homogenized supernatant was collected. In accordance with the 
method of tissue homogenization described in the instruction 
manual, the absorbance values reflecting T-AOC, MDA levels, GSH 
content, and CAT activity were measured spectrophotometrically at 
their respective optimal wavelengths (593 nm, 532 nm, 420 nm, 
and 405 nm) via a full-wavelength microplate reader. The tissue 
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redox parameters (content/activity) were normalized according to 
their respective standard calculation formulas. 

Real-time fluorescence quantitative PCR (qPCR) analysis 
For tissue or cell samples, 20 mg of liver tissue was accurately 
weighed, or AML12 cells in six-well plates were collected by 
digestion with cold PBS. Then, 1 mL of Trizol was added, and the 
mixture was placed in a high-throughput tissue grinder and fully 
homogenized before 200 μL of chloroform was added and fully 
mixed. The supernatant was then centrifuged at 12000 g, 500 μL of 
isopropanol was added to the supernatant, which was mixed 
thoroughly. The mixture was then incubated at 4°C for 10 min and 
centrifuged, and the supernatant was discarded. The white 
precipitate was then washed repeatedly with 75% ethanol. 
Following the final centrifugation step, the supernatant was 
carefully removed, and the resulting white precipitate was allowed 
to air dry at ambient temperature. Finally, the RNA was dissolved in 
DEPC water. 

One microgram of RNA was reverse transcribed into cDNA using 
MonScript RTIII Super Mix. A 100-fold dilution of cDNA was used as 
a template for quantitative PCR (qPCR) with SYBR Green qPCR mix, 
and the expression levels of the genes were calculated relative to 
that of the housekeeping gene, β-actin, via the 2–ΔΔCT method. All 
primers were synthesized by Bioengineering (Shanghai, China), 
and the primer sequences are shown in Table 1. 

Western blot (WB) analysis 
For tissue or cell samples, 20 mg of liver tissue was accurately 
weighed, or AML12 cells in 6-well plates were collected via 
digestion with cold PBS, added to 100 μL of RIPA lysis buffer 
containing protease and phosphatase inhibitors, placed in a high- 
throughput tissue grinder, and centrifuged to remove the super
natant after sufficient homogenization. After the protein concentra
tion was determined, 30 μg of proteins were separated by 12% SDS- 
PAGE, and transferred onto a PVDF membrane. The PVDF 
membrane containing the target protein was blocked in 5% non- 
fat milk for 2 h and then incubated with the corresponding primary 
antibody at 4°C for 12 h. Following this step, the samples were 
incubated with species-matched secondary antibodies at room 
temperature for 1 h. The final protein bands were visualized using 
enhanced chemiluminescence (ECL) reagent (Vazyme) and imaged 
with a multifunctional ultrasensitive imaging system, followed by 
quantitative protein analysis using ImageJ software. GAPDH was 
used as a loading control to determine the relative expression level 
of each protein. 

DHE staining 
Fresh mouse liver tissue was cut into small 1-cm3 pieces on ice, and 
after fixation in universal tissue fixative, the blocks were prepared 
as frozen sections of liver tissue. The sections were then treated 

with 2 μM DHE for 30 min at 37°C, rinsed three times with PBS, and 
then restained with 2 μg/mL DAPI for 5 min. Images were acquired 
using a confocal microscope (Eclipse Ti2; Nikon). 

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining 
Fresh mouse liver tissue was cut into small 1-cm3 pieces on ice and 
fixed in 4% paraformaldehyde, followed by dehydration, embed
ding, sectioning, and deparaffinization. The tissue sections were 
digested with proteinase K and washed with PBS, then subjected to 
apoptosis detection using a TUNEL detection kit (Vazyme), with cell 
nuclei counterstained by DAPI. Fluorescence signals on the stained 
sections were finally observed under a confocal microscope (Eclipse 
Ti2). Cells exhibiting bright red staining were identified as TUNEL- 
positive. 

Flow cytometry for apoptosis detection 
To assess apoptosis, an Annexin V-FITC/PI Apoptosis Detection Kit 
(G1511; Servicebio, Shanghai, China) was employed. Following the 
manufacturer’s protocol, harvested cells were washed with PBS and 
resuspended in buffer solution. Subsequently, 1 μL Annexin V-FITC 
and 2 μL propidium iodide (PI) were sequentially added, followed 
by thorough mixing and incubation at room temperature in the dark 
for 10–15 min. Apoptotic cell populations were distinguished using 
a FACS Canto II flow cytometer (BD Biosciences, Franklin Lakes, 
USA), with double-negative cells serving as the viable reference 
population. Fluorescence intensity was analyzed using FlowJo 
(v10.8). 

Statistical analysis 
All experimental data were obtained from no less than three 
independent replications. Bar graphs were generated with Graph
Pad Prism 9.5 software, and the data were normally distributed. All 
the data are presented as the mean ± SEM. Independent samples t 
tests were used to compare two independent sample groups, one- 
way ANOVA was used to compare three or more sample groups, 
and Tukey’s post hoc test was used to compare variables between 
groups. P < 0.05 was considered statistically significant. 

Results 
ANG protects against liver tissue damage in SALI mice 
To evaluate the potential hepatoprotective effects of ANG against 
SALI in mice, hepatic histopathological alterations were assessed by 
H&E staining. Histopathological analysis revealed that the liver 
tissue of the mice in the CLP group exhibited extensive vacuolar 
degeneration of hepatocytes, many necrotic cells, and a disorga
nized cellular structure compared with that of the mice in the Sham 
group. In contrast, the liver tissues of the mice treated with ANG 
presented slight vacuolar degeneration of hepatocytes, which were 
neatly arranged, and the liver structure was relatively normal 

Table 1. Sequences of primers used in this study 

Gene  Forward primer (5′→3′) Reverse primer (5′→3′) 

Il-1β TGCCTTCTTGGGACTGATGC GCAAGTGCATCATCGTTGTTC 

Il-6 AGGAGAACCAAGCAACGACA CTCTGCTTGTGAGGTGCTGA 

Tnf-α GACGTGGAACTGGCAGAAGA GGCTACAGGCTTGTCACTCG 

Il-10 GCAGTGGAGCAGGTGAAGAG CGGAGAGAGGTACAAACGAGG 

β-actin GCCATGTACGTAGCCATCCA ACGCACGATTTCCCTCTCAG   
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(Figure 1A). These findings suggest that ANG has a protective effect 
against liver tissue injury in SALI mice. In addition, the histological 
scores similarly revealed that ANG intervention was able to reduce 
liver tissue injury after CLP (Figure 1B). To further investigate 
whether ANG could improve the dysfunction of liver tissues in SALI 
mice, the serum levels of ALT and AST were examined (Figure 1C, 
D). The results revealed that the serum levels of ALT and AST were 
significantly increased after CLP treatment compared with those in 
the Sham group, while ANG intervention was able to restore the 
levels of ALT and AST, indicating that ANG was able to alleviate 
liver tissue dysfunction in SALI mice. 

ANG alleviates the inflammatory response to SALI in 
mice and LPS-stimulated AML12 cells 
The liver has been reported to be a key organ for cytokine 
production and systemic inflammatory regulation during sepsis. 
Among hepatic parenchymal cells, upregulated TNF-α and IL-6 
initiate proinflammatory signaling cascades, potentially inducing 
acute phase response activation, hepatocyte damage, and systemic 

inflammatory reactions [16]. To investigate whether ANG could 
alleviate the CLP-induced inflammatory response in mouse liver 
tissues, the transcript levels of the pro-inflammatory factors Il-1β, Il- 
6, and Tnf-α and the anti-inflammatory factor Il-10 were detected in 
the liver tissues of all groups of mice via qPCR (Figure 2A–D). qPCR 
analysis revealed that the transcript levels of pro-inflammatory 
factors Il-1β, Il-6, and Tnf-α were significantly higher in the CLP 
group than in the Sham group, whereas the transcript level of the 
anti-inflammatory factor Il-10 was significantly lower. Compared 
with the CLP group, the ANG-treated groups presented significantly 
lower transcript levels of the pro-inflammatory factors Il-1β, Il-6, 
and Tnf-α and restored transcript levels of the anti-inflammatory 
factor Il-10. These results suggest that ANG intervention can 
alleviate the inflammatory response of liver tissue in SALI mice. For 
further validation, the safe concentration of ANG for AML12 cells 
was initially determined by CCK-8 assay (Figure 2E). Similarly, the 
transcript levels of the pro-inflammatory factors Il-1β, Il-6, and Tnf- 
α and the anti-inflammatory factor Il-10 were assayed in an in vitro 
model of LPS-stimulated AML12 (Figure 2F,I). The results revealed 

Figure 1. ANG alleviates liver tissue injury and dysfunction in SALI mice (A) Histopathological changes in the livers of the mice in each group 
were observed via H&E staining. The black arrows indicate vacuolar necrosis, and the yellow arrows indicate inflammatory infiltration. Scale bar: 
100 μm. (B) Quantitative analysis of histopathological liver injury scores (n = 6). (C,D) Serum levels of ALT and AST in each group of mice (n = 6). 
Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.  
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Figure 2. ANG alleviates the inflammatory response in liver tissue in SALI mice and in LPS-stimulated AML12 cells (A–D) The transcript levels 
of pro-inflammatory factors Il-1β, Il-6, and Tnf-α and the anti-inflammatory factor Il-10 in the liver tissues of the mice in each group were detected 
by qPCR (n = 6). (E) Screening for safe concentrations of ANG in AML12 cells by CCK8 assay (n = 3). (F–I) Transcript levels of pro-inflammatory 
factors Il-1β, Il-6, and Tnf-α and the anti-inflammatory factor Il-10 in each group of AML12 cells were detected by qPCR (n = 6). (J) Protein expression 
levels of IL-10 and IL-6 in the liver tissues of the mice in each group were detected by WB analysis. (K,L) Gray-scale analysis of the IL-10/GAPDH and 
IL-6/GAPDH ratios via ImageJ (n = 3). (M) Protein expression levels of IL-10 and IL-6 were detected by WB analysis in AML12 cells from each group. 
(N,O). Gray-scale analysis of IL-10/GAPDH and IL-6/GAPDH ratios via ImageJ (n = 3). Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001.  
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that the transcript levels of pro-inflammatory factors Il-1β, Il-6, and 
Tnf-α were significantly reduced and that the transcript level of the 
anti-inflammatory factor Il-10 was significantly increased after ANG 
treatment compared with those in the LPS group, suggesting that 
ANG was also able to inhibit inflammatory responses in an in vitro 
model of LPS-stimulated AML12. 

In addition, the protein expression levels of the pro-inflammatory 
cytokine IL-6 and the anti-inflammatory cytokine IL-10 in the liver 
tissues of the mice were determined by WB analysis (Figure 2J–L). 
Compared with those in the Sham group, the mice in the CLP group 
presented significantly upregulated IL-6 expression, accompanied 
by downregulated IL-10 expression. However, following ANG 
treatment, the protein expression levels of IL-6 in the treatment 
groups were significantly lower than those in the CLP group, and 
the protein expression level of IL-10 was restored. Similarly, the 
protein expression levels of IL-6 and IL-10 in AML12 cells from each 
group were further examined by WB analysis (Figure 2M–O). 
Consistent with the in vivo findings, compared with control AML12 
cells, AML12 cells in the LPS group presented significantly 
upregulated IL-6 expression, whereas IL-10 expression was 
significantly downregulated. Notably, ANG treatment significantly 
suppressed IL-6 expression and restored IL-10 expression. These 
findings indicate that ANG intervention can alleviate hepatic 
inflammatory responses in SALI. 

ANG alleviates oxidative stress in SALI mice and LPS- 
stimulated AML12 cells 
Oxidative stress has been reported to be an important mechanism in 
SALI. Under septic conditions, hepatic ROS generation is signifi
cantly augmented, which is driven primarily by excessive proin
flammatory cytokine production and compromised mitochondrial 
function [17,18]. To investigate whether ANG can ameliorate 
oxidative stress in the liver tissues of SALI mice, relevant indices 
of antioxidant enzymes and peroxides, including T-AOC, MDA, 
GSH, and CAT, were detected using biochemical kits (Figure 3A–D). 
Compared with Sham treatment, CLP treatment significantly 
decreased T-AOC, GSH and CAT levels and significantly increased 
MDA levels. These findings suggest that oxidative stress occurs in 
the liver tissue of SALI mice. However, compared with the CLP 
group, ANG treatment significantly increased the levels of T-AOC, 
GSH and CAT and significantly decreased the level of MDA, 
suggesting that ANG was able to ameliorate oxidative stress in the 
liver tissue of SALI mice. 

Cytochrome P450 2E1 (CYP2E1), a phase I metabolizing enzyme, 
is able to participate in the onset and progression of inflammatory 
diseases. CYP2E1 has been reported to disrupt mitochondrial 
function by increasing the production of ROS, thereby triggering 
oxidative stress and inflammation. To investigate whether ANG 
affects the protein expression of CYP2E1, the protein expression 
level of CYP2E1 in the liver tissues of each group of mice was 
detected by WB analysis (Figure 3E,F). The protein expression level 
of CYP2E1 was significantly increased after CLP treatment, whereas 
ANG treatment significantly inhibited the protein expression level of 
CYP2E1, suggesting that ANG may inhibit oxidative stress by 
suppressing the protein expression level of CYP2E1. 

Oxidative stress is usually caused by a large accumulation of ROS 
in the body. To further validate the antioxidative stress effect of 
ANG, the ROS levels in the liver tissues of the mice in each group 
were detected by DHE staining (Figure 3G,H). Compared with Sham 

treatment, CLP treatment significantly increased the levels of ROS. 
ANG treatment significantly inhibited the levels of ROS, suggesting 
that ANG significantly inhibited the CLP-induced increase in the 
levels of ROS. In addition, the ROS levels of AML12 cells in each 
group were examined by flow cytometry (Figure 3I), and compared 
with those in the control group, the ROS levels in the LPS-treated 
group were significantly elevated. In contrast, ANG treatment 
significantly inhibited the levels of ROS, suggesting that ANG 
significantly inhibited the LPS-induced increase in the levels of ROS. 

ANG inhibits activation of the NF-κB pathway 
The NF-κB pathway is not only a key regulator of the inflammatory 
response but also capable of influencing oxidative stress by 
modulating the expressions of antioxidant enzymes (superoxide 
dismutase, catalase, etc.) [19]. To investigate whether ANG 
intervention could regulate the activation of the NF-κB pathway, 
the key proteins in the NF-κB pathway, p-IKKβ, IKKβ, IκBα, p-p65, 
and p65, were detected by WB analysis (Figure 4A–D). Compared 
with those in the Sham group, the protein expression levels of p- 
IKKβ and p-p65 were significantly increased, and the protein 
expression level of IκBα was significantly decreased in the liver 
tissues of mice after CLP treatment, suggesting that the NF-κB 
pathway was activated after CLP treatment. In contrast, the protein 
expression levels of p-IKKβ and p-p65 were significantly inhibited, 
and the protein expression level of IκBα was significantly increased 
after ANG treatment, suggesting that activation of the NF-κB 
pathway was significantly inhibited after ANG treatment. For 
further validation, the key proteins in the NF-κB pathway were 
similarly detected in an in vitro model of LPS-stimulated AML12 
(Figure 4E–H). The results revealed that the protein expression 
levels of p-IKKβ and p-p65 were significantly inhibited and that the 
protein expression level of IκBα was significantly increased after 
ANG treatment compared with those in the LPS group, suggesting 
that ANG was also able to inhibit the activation of the NF-κB 
pathway in the LPS-stimulated in vitro model. 

ANG inhibits activation of the p38 MAPK pathway 
Activation of the MAPK pathway promotes cytokine production, 
which in turn promotes the body’s inflammatory response and 
exacerbates multi-organ damage [20]. Increased p38 phosphoryla
tion (p-p38) or p38 activity has been reported to exacerbate sepsis 
and posttraumatic inflammation [21,22]. To investigate whether 
ANG treatment could inhibit the activation of the p38 MAPK 
pathway, the key proteins of the p38 MAPK pathway, p-p38 and 
p38, were detected by WB analysis in the liver tissues of the mice 
(Figure 5A,B). The protein expression level of p-p38 was 
significantly higher in the CLP group than in the Sham group, 
suggesting that the p38 MAPK pathway was significantly activated 
in septic liver tissues. In contrast, the protein expression level of p- 
p38 was significantly lower in the ANG group than in the CLP group, 
suggesting that ANG treatment inhibited the CLP-induced activation 
of the p38 MAPK pathway. To further validate the inhibition of p38 
MAPK pathway activation by ANG, the protein expression levels of 
p-p38 and p38 were also examined in an in vitro model of LPS- 
stimulated AML12 cells by WB analysis (Figure 5C,D). Compared 
with that in the control group, the protein expression of p-p38 was 
significantly elevated after LPS stimulation, whereas ANG treatment 
significantly inhibited the increase in p-p38 protein expression 
induced by LPS stimulation. These findings suggest that ANG 
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Figure 3. ANG alleviates oxidative stress in liver tissue in SALI mice and in LPS-stimulated AML12 cells (A–D) Liver tissue levels of T-AOC, 
MDA, GSH and CAT were detected via biochemical kits in all groups of mice (n = 6). (E) The protein expression levels of CYP2E1 in the liver tissues 
of each group of mice were detected by WB analysis. (F) Gray scale analysis of CYP2E1/GAPDH by ImageJ (n = 3). (G) The ROS levels in the liver 
tissues of the mice in each group were detected by DHE staining. Scale bar: 100 μm. (H) Results from the quantitative analysis of the ROS 
fluorescence intensity in the liver tissue sections of the mice in each group. (I) The ROS levels in the AML12 cells in each group were detected by 
flow cytometry. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.  
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inhibits the activation of the p38 MAPK pathway. 

ANG alleviates the inhibition of the Nrf2/Keap1 pathway 
Nrf2 is an important transcription factor responsible for regulating 
the cellular response to oxidative stress [23]. The Nrf2/Keap1 
pathway plays a crucial role in the antioxidant stress response and 
protection of hepatocytes from injury [24]. To investigate whether 
ANG treatment could alleviate the CLP-induced inhibition of the 

Nrf2/Keap1 pathway, the key proteins of the Nrf2/Keap1 pathway, 
Nrf2 and Keap1, were detected by WB analysis in the liver tissues of 
the mice (Figure 6A‒C). Compared with that in the Sham group, the 
protein expression level of Nrf2 was significantly decreased, 
whereas that of Keap1 was significantly increased after CLP 
treatment. However, ANG treatment significantly increased the 
protein expression level of Nrf2 and decreased the protein 
expression level of Keap1 compared with those in the CLP group. 

Figure 4. ANG inhibits the activation of the NF-κB pathway (A) The protein expression levels of p-IKKβ, IKKβ, IκBα, p-p65 and p65 in the liver 
tissues of the mice in each group were detected by WB analysis. (B–D) Gray-scale analysis of p-IKKβ/IKKβ, IκBα/GAPDH, and p-p65/p65 levels via 
ImageJ (n = 3). (E) Protein expression levels of p-IKKβ, IKKβ, IκBα, p-p65 and p65 were detected by WB analysis in AML12 cells from each group. 
(F–H). Gray-scale analysis of p-IKKβ/IKKβ, IκBα/GAPDH, and p-p65/p65 was performed via ImageJ (n = 3). Data are expressed as the mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001.  

Figure 5. ANG inhibits the activation of the p38 MAPK pathway (A) Protein expression levels of p-p38 and p38 in the liver tissues of the mice in 
each group were detected by WB analysis. (B) Gray-scale analysis of p-p38/p38 levels via ImageJ (n = 3). (C) Protein expression levels of p-p38 and 
p38 were detected by WB analysis in AML12 cells from each group. (D) Gray-scale analysis of p-p38/p38 expression via ImageJ (n = 3). Data are 
expressed as the mean ± SEM. ***P < 0.001.  
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These findings suggest that the Nrf2/Keap1 pathway was signifi
cantly inhibited by CLP, whereas ANG alleviated the CLP-induced 
inhibition of the Nrf2/Keap1 pathway. For further validation, the 
protein expression levels of Nrf2 and Keap1 were examined via WB 
analysis in an in vitro model of AML12 cells (Figure 6D–F). 
Compared with that in the control group, the protein expression of 
Nrf2 was significantly lower and that of Keap1 was significantly 
greater after LPS stimulation, whereas ANG treatment significantly 
increased the protein expression of Nrf2 and significantly inhibited 
the protein expression of Keap1. These findings suggest that ANG 
can activate the Nrf2/Keap1 pathway. 

ANG activates the Nrf2/Keap1 pathway through NF-κB 
inhibition to alleviate inflammation and oxidative stress 
Different levels of activating molecules in the NF-κB signaling 
pathway (e.g., the negative regulatory protein IκBα) are able to 
negatively regulate the Nrf2 pathway while activating NF-κB [25]. 
To elucidate the specific molecular targets through which ANG 
modulates inflammatory responses and oxidative stress, protein- 
protein interaction (PPI) network analysis was performed (Supple

mentary Figure S1). This analysis revealed functional interactions 
among key proteins, including Nos2, Chuk, Rela, Stat3, Hdac1, Sp1, 
Mapk1, Map3k11, and Hif1a, all of which are critically involved in 
inflammatory signaling pathways and oxidative stress regulation. 
Notably, PPI network revealed Rela (NF-κB p65) as a central node in 
these interactions. Subsequent molecular docking analysis between 
ANG and Rela yielded a binding score of –4.834 (Supplementary 
Figure S1B,C), suggesting that Rela is a potential direct target of 
ANG. To explore the specific mechanisms by which ANG regulates 
inflammation and oxidative stress, the pCMV-Rela (mouse)- 
3×FLAG-Neo plasmid, which overexpresses p65, was used for cell 
transfection in AML12 cells. After p65 was overexpressed, the 
protein expression level of p65 was first detected by WB analysis to 
verify the transfection efficiency (Figure 7A,B). The protein 
expression levels of Nrf2 and Keap1 in the Nrf2/Keap1 pathway 
were subsequently detected by WB analysis (Figure 7C–F). 
Compared with that in the LPS group, the protein expression level 
of Nrf2 was significantly higher, whereas that of Keap1 was 
significantly lower in the ANG-treated group. However, after LPS 
and ANG cotreatment, the protein expression level of Nrf2 was still 

Figure 6. ANG can activate the Nrf2/Keap1 pathway (A) The protein expression levels of Nrf2 and Keap1 in the liver tissues of the mice in each 
group were detected by WB analysis. (B,C) Gray-scale analysis of Nrf2/GAPDH and Keap1/GAPDH levels via ImageJ (n = 3). (D) The protein 
expression levels of Nrf2 and Keap1 were detected by WB analysis in AML12 cells from each group. (E,F) Gray-scale analysis of Nrf2/GAPDH and 
Keap1/GAPDH levels via ImageJ (n = 3). Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.  
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significantly lower and that of Keap1 was significantly higher in the 
group transfected with the expression plasmid than in the group not 
transfected with the expression plasmid. These findings suggested 
that ANG treatment alleviated the LPS-induced inhibition of the 
Nrf2/Keap1 pathway, whereas overexpression of p65 reversed the 
alleviating effect of ANG. Collectively, these data suggest that ANG 
may exert its regulatory effects on the Nrf2/Keap1 pathway by 
attenuating NF-κB signaling, leading to increased Nrf2/Keap1 
transcriptional activity. 

We further validated whether ANG could regulate inflammation 
and oxidative stress by inhibiting the activation of the NF-κB 
pathway. The transcript levels of the pro-inflammatory factors Il-1β, 
Il-6 and Tnf-α, and the anti-inflammatory factor Il-10 were detected 
by qPCR (Figure 7G–J). After LPS and ANG co-treatment, the 
transcript levels of the pro-inflammatory factors Il-1β, Il-6, and Tnf- 
α, as well as the level of the anti-inflammatory factor Il-10, were still 
significantly elevated in the group transfected with the expression 
plasmid compared with those in the group not transfected with the 
expression plasmid, suggesting that overexpression of p65 reversed 
the anti-inflammatory effect of ANG. In addition, the ROS levels of 
AML12 cells in each group after p65 overexpression were detected 

by flow cytometry (Figure 7K), and after LPS and ANG co- 
treatment, the levels of ROS were significantly elevated in the 
group transfected with the expression plasmid compared with those 
in the group not transfected with the expression plasmid, suggesting 
that the overexpression of p65 reversed the antioxidative stress 
effect of ANG. 

ANG alleviates apoptosis in SALI mice and LPS- 
stimulated AML12 cells 
To investigate whether ANG could alleviate hepatic tissue apoptosis 
induced by CLP in mice, TUNEL staining was conducted on liver 
tissue sections from all groups (Figure 8A,B). Compared with that in 
the Sham group, the ratio of TUNEL-positive apoptotic cells in the 
CLP group was significantly higher. However, ANG treatment 
significantly reduced the level of apoptosis in mouse liver tissues. 
These results suggested that significant apoptosis occurred in 
mouse liver tissues following CLP, and ANG treatment alleviated 
CLP-induced apoptosis. To further explore the specific mechanism 
by which ANG mitigates apoptosis, the protein expression profiles 
of the apoptosis regulators Bcl-2 and Bax in the liver tissues of each 
group of mice were assessed by WB analysis (Figure 8C–E). 

Figure 7. ANG alleviates LPS-stimulated inflammation and oxidative stress in AML12 cells by inhibiting the NF-κB pathway, which activates the 
Nrf2/Keap1 pathway (A) Protein expression levels of overexpressed p65 were detected by WB analysis. (B) Gray scale analysis of p65/GAPDH by 
ImageJ (n = 3). (C) Protein expression levels of p-p65, p65, Nrf2 and Keap1 in AML12 cells in each group after overexpression of p65 were detected 
by WB analysis. (D–F) Grayscale analysis of p-p65/p65, Nrf2/GAPDH, and Keap1/GAPDH by ImageJ (n = 3). (G–J) Transcript levels of pro- 
inflammatory factors Il-1β, Il-6, and Tnf-α and the anti-inflammatory factor Il-10 in AML12 cells in each group after overexpression of p65 were 
detected by qPCR (n = 6). (K) The ROS levels in AML12 cells in each group after overexpression of p65 were detected by flow cytometry. Data are 
expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.  
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Compared with that in the Sham group, Bax expression was 
significantly increased, whereas Bcl-2 expression was significantly 
decreased in the CLP group. In contrast, following ANG treatment, 

Bax expression was significantly reduced, whereas Bcl-2 expression 
was significantly increased compared with that in the CLP group. 
For further validation, the protein expression levels of Bcl-2 and Bax 

Figure 8. ANG alleviates apoptosis in liver tissue in SALI mice and LPS-stimulated AML12 cells (A) TUNEL staining was performed to observe 
hepatocyte death. Scale bar: 100 μm. (B) Quantitative analysis of TUNEL-positive fluorescence intensity in each group. (C) The protein expression 
levels of Bcl-2 and Bax in the liver tissues of each group of mice were detected by WB analysis. (D,E) Gray scale analysis of Bcl-2/GAPDH and Bax/ 
GAPDH by ImageJ (n = 3). (F) The protein expression levels of Bcl-2 and Bax in AML12 cells in each group were detected by WB analysis. (G,H) Gray 
scale analysis of Bcl-2/GAPDH and Bax/GAPDH by ImageJ (n = 3). Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.  
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in LPS-stimulated AML12 cells were also assessed by WB analysis 
(Figure 8F–H). The results were consistent with those obtained from 
the in vivo experiments. Compared with that in the control group, 
Bax expression was significantly elevated, whereas Bcl-2 expression 
was significantly decreased in the LPS group. However, compared 
with that in the LPS group, Bax expression was significantly 
reduced, whereas Bcl-2 expression was significantly increased in 
AML12 cells following ANG treatment. These results demonstrated 
that ANG inhibited apoptosis by suppressing Bax protein expression 
and promoting Bcl-2 protein expression. 

Discussion 
Sepsis represents a life-threatening systemic inflammatory condi
tion initiated by pathogenic infection, marked by profound immune 
homeostasis disruption that progresses to multiple organ dysfunc
tion syndrome and potentially fatal organ failure [1]. The liver is one 
of the most vulnerable organs during sepsis, and abnormal liver 
function triggered by liver injury can exacerbate the sepsis process. 
The mitigation of SALI may be an important tool in the treatment of 
sepsis and in improving the survival of septic patients [26]. This 
study was conducted to elucidate the therapeutic potential of ANG 
against SALI and to delineate its underlying molecular mechanisms 
by establishing a SALI mouse model and an in vitro model using 
LPS-stimulated AML12 cells, with the potential to provide drugs for 
the treatment of SALI. 

Psoralea corylifolia Linn. is a traditional Chinese medicine that 
can warm and tonify the kidney yang, replenish vital energy to 
alleviate respiratory distress, and use warm therapy to regulate 
splenic function to achieve antidiarrheal effects. Its pharmacologi
cal activity is attributed mainly to a variety of chemical constituents. 
In recent years, the anti-inflammatory effects of psoralens have 
received much attention. Psoralen has been reported to inhibit the 
inflammatory response in chondrocytes by activating estrogen 
receptors [27]. Psoralen can attenuate chemokines through the 
JAK2/STAT1 pathway and ameliorate CSE-induced airway inflam
mation in mice [28]. Similarly, ANG, one of the active components 
of psoralen, also has anti-inflammatory properties. ANG signifi
cantly attenuates the inflammatory response in mice with period
ontitis [29]. In this study, ANG significantly inhibited the transcript 
levels of the pro-inflammatory factors Il-1β, Il-6, and Tnf-α and 
significantly increased the transcript level of the anti-inflammatory 
factor Il-10 in the liver tissues of SALI mice, suggesting that ANG 
alleviated the inflammatory response in the liver tissues of SALI 
mice. In previous studies, intraperitoneal injection of LPS was used 
to establish an acute lung injury model that induced inflammation 
in the lungs of mice, whereas ANG pretreatment was able to reduce 
the production of the pro-inflammatory cytokines IL-6 and TNF-α 
[14], which is in full agreement with the findings of this study. 

The inflammatory response can further exacerbate inflammatory 
injury by inducing the accumulation of immune cells such as 
neutrophils and macrophages in liver tissue, causing immune cell 
infiltration and the release of large amounts of ROS, which in turn 
contributes to oxidative stress [30]. T-AOC, MDA, GSH and CAT are 
key indicators for assessing oxidative stress and antioxidant status 
[31]. To investigate whether ANG can alleviate oxidative stress in 
the liver tissues of SALI mice, the levels of T-AOC, MDA, GSH and 
CAT were measured via biochemical kits. The results revealed that 
in the liver tissues of SALI mice, MDA levels were elevated, while 
the GSH content and CAT activity were reduced, and the T-AOC was 

decreased. These findings suggest that oxidative stress is exacer
bated in the liver tissues of SALI mice. After ANG treatment, the 
MDA level decreased, whereas the GSH content and CAT activity 
increased, and the T-AOC also increased, suggesting that ANG 
alleviated oxidative stress in the liver tissues of SALI mice. In 
previous studies, GSH, GSH-PX, SOD and CAT levels in rat serum 
were significantly reduced in an OVX female rat model. In contrast, 
the levels of GSH, GSH-PX, SOD and CAT in rat serum increased in a 
dose-dependent manner after ANG treatment [32]. These findings 
suggest that ANG can alleviate oxidative stress in the OVX female 
rat model, which is in full agreement with the findings of this study. 

The NF-κB signaling cascade represents a crucial intracellular 
transduction mechanism that orchestrates diverse pathophysiolo
gical processes, including inflammatory responses, immunoregula
tion, cellular viability, mitotic activity, and programmed cell death 
(apoptosis). It plays a key role in inflammatory diseases. In this 
study, the NF-κB pathway was overactivated in SALI mice, and 
ANG treatment significantly inhibited the protein expression level of 
p-p65, suggesting that ANG could alleviate the inflammatory 
response in the liver tissues of SALI mice through the inhibition 
of the NF-κB pathway, which is also consistent with previous 
studies. The MAPK pathway, which comprises the ERK, JNK, and 
p38 MAPK subfamilies, serves as a pivotal regulator by phosphor
ylating pro-inflammatory mediators that promote hepatic inflam
mation. This pathway is involved in oxidative stress and 
inflammatory responses, and its pathological overactivation in
duces cellular injury. The MAPK pathway was reported to be 
significantly activated during CLP-induced SALI, and the p38 MAPK 
pathway was shown to mediate cellular inflammation [33]. There
fore, in this study, the activation of the p38 MAPK pathway was the 
focus. CLP significantly increased the protein expression of p-p38, 
which suggested that the p38 MAPK pathway was significantly 
activated, whereas ANG treatment significantly suppressed p-p38 
protein expression, suggesting that ANG treatment attenuated CLP- 
induced activation of the p38 MAPK pathway. In a previous study, 
ANG was shown to induce ATDC5 cell differentiation by modulat
ing the p38 MAPK pathway [34]. In LPS-induced ALI, ANG blocked 
the phosphorylation of IκBα, NF-κB p65, and p38 MAPK [14], which 
is in full agreement with the findings of this study. 

Nrf2 serves as a master regulator of cellular redox homeostasis, 
orchestrating the transcriptional upregulation of numerous anti
oxidant enzymes. This cytoprotective mechanism facilitates effi
cient neutralization of ROS, thereby mitigating oxidative stress- 
induced impairment of cellular architecture and physiological 
functions. Accumulating evidence has shown that Nrf2 activation 
has significant hepatoprotective effects. Our findings demonstrated 
that Nrf2 protein expression was significantly inhibited in the liver 
tissues of SALI mice and that this inhibition was ameliorated by 
ANG treatment. In addition, CLP treatment resulted in elevated 
Keap1 expression, which was also reversed by ANG treatment. 
These results suggest that ANG can alleviate liver oxidative stress by 
activating Nrf2-mediated antioxidant defense mechanisms. In a 
previous study, ANG was able to reduce oxidative stress by 
increasing the level of KAT6A in osteoblasts, further activating 
the Nrf2/HO-1 antioxidant system and decreasing the levels of ROS 
in osteoblasts [32], which is in full agreement with the findings of 
this study. Previous studies have identified CYP2E1 as a potential 
therapeutic target in sepsis because of its well-established role in 
mediating inflammatory processes and oxidative stress [35]. The 
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role of CYP2E1 in LPS-induced inflammation has been extensively 
documented [36,37]. For example, CYP2E1 has been demonstrated 
to transcriptionally regulate NLRP3 expression, while its inhibition 
effectively suppresses NF-κB activation [38]. Furthermore, studies 
have reported that abnormal elevation of hepatic CYP2E1 increases 
oxidative stress, subsequently leading to endoplasmic reticulum 
stress, mitochondrial dysfunction, and hepatocyte apoptosis [39]. 
The administration of CYP2E1 inducers significantly enhances LPS- 
induced oxidative stress in mouse liver tissues, and this effect is 
reversed by CYP2E1 inhibitors [40]. This effect may be associated 
with the Nrf2/Keap1 pathway, and further investigation is 
warranted to elucidate the exact molecular mechanisms involved, 
although this association was not thoroughly investigated in the 
present study. 

To further explore the specific mechanisms by which ANG 
regulates inflammation and oxidative stress, a plasmid capable of 
overexpressing p65 was transfected into AML12 cells, which were 
then stimulated with LPS. ANG activated Nrf2 through NF-κB 
inhibition to alleviate inflammation and oxidative stress. Further 
analysis using qPCR and flow cytometry revealed that over
expression of p65 reversed the ameliorative effects of ANG on 
inflammation and oxidative stress. The crosstalk effect of the NF-κB 
pathway on the Nrf2 pathway has been similarly reported in other 
models, e.g., chlorogenic acid reduces oxidative stress and 
neuroinflammation in the hippocampus of PTSD rats by modulating 
the crosstalk between the NF-κB and Nrf2 pathways [41]. This 
might be due to the ability of p65 to increase the nuclear 
accumulation of Keap1, which blocks Nrf2-ARE and reduces the 
production of cytoprotective enzymes [42]. 

Although the present study revealed a potential mechanism for 
the anti-inflammatory and antioxidative effects of ANG, there are 
differences in physiological and immune responses in humans 
because of the use of mice as an animal model of sepsis in this 
study. Although the present study explored the modulatory effects 
of ANG on the NF-κB, p38 MAPK, and Nrf2/Keap1 pathways, the 
pathway modulation and target effects were further validated in 
vivo. In the present study, ANG was administered for only seven 
consecutive days; therefore, this study focused on the short-term 
effects of ANG. In addition, despite the favorable therapeutic 
potential of ANG in this study, its clinical application still faces 
challenges related to dosage, route of administration, and drug 
stability. 

In summary, an in vivo SALI model was established in mice via 
CLP, and an in vitro sepsis model was generated using LPS- 
stimulated AML12 cells. ANG attenuates SALI by suppressing the 
p38 MAPK pathway and activating the Nrf2/Keap1 pathway through 
the inhibition of NF-κB pathway. Overall, ANG mitigates hepatic 
inflammation and oxidative stress in SALI mice. 
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