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Abstract
Background  Severe acute pancreatitis (SAP) has high morbidity, a complicated and dangerous course, and many 
complications, including severe pulmonary complications. SAP-associated acute lung injury (SAP-ALI) is still a 
significant challenge for surgeons because of its high mortality. Therefore, more effective treatment methods are 
urgently needed. Emodin (EMO) has shown tremendous potential in treating many refractory diseases. However, 
its protection mechanism in SAP-ALI needs to be further clarified. This study was undertaken to investigate the 
protective effects of EMO against lung injury in SAP rats and alveolar epithelial cells, with a particular focus on the 
classical ferroptosis pathway.

Methods  In an in vivo study, forty SD rats were evenly split into five groups: sham operation (SO) group, the 
biliopancreatic duct was retrogradely injected with 5% sodium taurocholate (STC) to create the SAP group, SAP + EMO 
group was administered EMO via gavage to the rats following the modeling, SAP + ML385 group (a given inhibitor 
of nuclear factor erythroid 2-related factor 2 (Nrf2)), SAP + ML385 + EMO group. In an in vitro study, alveolar epithelial 
A549 cell lines were exposed to lipopolysaccharide (LPS) and treated with EMO. ML385 was also used to inhibit the 
expression of Nrf2. Pancreatic and lung tissue damage was evaluated using histological examination and molecular 
experiments. Enzyme-linked immunosorbent assays (ELISA) were used to assess the levels of pro-inflammatory 
cytokines, Fe2+, and associated oxidative stress indicators in the serum and cell supernatant. Real-time polymerase 
chain reaction (PCR), Western blot (WB), and immunofluorescence were used to find the expressions of related 
mRNAs and proteins in the lung tissue or A549 cells.

Results  The findings demonstrated that suppressing Nrf2 expression exacerbated the inflammatory response 
brought on by SAP and the pathological alterations of SAP-ALI. Emodin treatment reversed this pathological 
change by activating the Nrf2/Heme Oxygenase-1 (HO-1)/glutathione peroxidase 4 (GPX4) signal path. Moreover, 
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Background
Severe acute pancreatitis (SAP) mainly refers to a variety 
of factors, the patient’s pancreatic enzymes are abnor-
mally activated, there is pancreatic tissue edema, and in 
severe cases, it will cause various inflammatory reactions, 
pancreatic necrosis, or hemorrhage. It is a disease com-
monly found in gastroenterology [1, 2]. Damage to capil-
lary endothelial cells and alveolar epithelial cells results 
from SAP complicated by acute lung injury (ALI), which 
can manifest as respiratory failure with progressive, 
acute, and hypoxic characteristics. The main pathological 
changes are decreased lung volume and lung compliance 
and a serious imbalance of ventilation and blood flow [3]. 
Therefore, it is of great scientific significance and clinical 
application value to study the pathogenesis of SAP-ALI 
and seek efficient therapeutic drugs and methods.

A novel form of programmed cell death known as fer-
roptosis is typified by oxidative damage and intracellular 
iron overload. Ferroptosis is a significant factor in several 
illnesses, including retinal excitotoxic lesions, neuropa-
thy, pulmonary fibrosis, etc [4–6]. According to current 
reports, acute pancreatitis-related renal injury is influ-
enced by ferroptosis [7]. There is also research indicat-
ing the importance of ferroptosis in ALI. In recent years, 
through animal and cell model experiments, ferroptosis 
was closely related to ALI brought on by sepsis and intes-
tinal ischemia/reperfusion [8–10].

It is discovered that the antioxidant response element 
(ARE) mediates gene expression and nuclear factor ery-
throid 2-related factor 2 (Nrf2) is a key regulatory factor 
in this process [11]. The endogenous protective substance 
heme oxygenase-1 (HO-1) guards against oxidative dam-
age [12]. One marker protein for ferroptosis is glutathi-
one peroxidase 4 (GPX4) [13]. The Nrf2/HO-1/GPX4 
signaling pathway functions as a protective chain for 
multiple organs in varying stress conditions, and it is of 
significant value to study the signal axis for targeted ther-
apy of SAP-ALI.

Emodin (EMO) is a natural compound extracted from 
rhubarb with many therapeutic effects, such as antioxi-
dant, antibacterial, immune regulation, and anti-inflam-
matory [14, 15]. The protective effect of EMO against 
lung injury has been thoroughly studied by academics 
both domestically and overseas. EMO can improve lung 
injury in the following ways: inhibiting activation and 

pyroptosis of alveolar macrophages [16, 17], modulating 
exosome-specific miRNA expression profiles [18], and 
regulating apoptosis [19]. It is yet unknown how ferrop-
tosis mediated by EMO functions in the pathophysiology 
of SAP-ALI. Therefore, this paper intends to analyze how 
EMO regulates ferroptosis by targeting the Nrf2/HO-1/
GPX4 signaling pathway in vivo and in vitro, reducing 
lung injury and inhibiting disease development in SAP 
rats.

Methods
Animals and experimental design
Beijing Sibeifu Biology Technology Co., Ltd. provided 
forty male SPF-grade SD rats, weighing 180 ± 20  g and 
aged 6 to 8 weeks. The animal production license was 
SCXK (Jing) -2019-0010. The rats lived in a 20 ± 2  °C 
environment with 60–70% relative humidity and a 
12-hour light/dark cycle. They were given access to food 
and water without restriction. All procedures involv-
ing animals in this study had prior approval from Dalian 
Medical University’s Laboratory Animal Ethics Commit-
tee (animal ethics approval number: AEE23067). As man-
dated by China Animal Protection and Use Committee 
regulations, every effort was made to guarantee the com-
fort and welfare of the animals throughout the studies.

Forty SD rats were randomly assigned into five 
groups: the SO group, SAP group, SAP + EMO group, 
SAP + Nrf2 inhibitor group (SAP + ML385 group), and 
SAP + ML385 + EMO group (Fig.  1A). Before modeling, 
every rat was fed regularly and housed in the same con-
ditions for one week. Thirty minutes before surgery, rats 
in the SAP + ML385 and SAP + ML385 + EMO groups 
received an intraperitoneal injection of 30 mg/kg of the 
Nrf2 inhibitor ML385. Rats were undergoing laparotomy 
in the SO group. They received a retrograde injection of 
normal saline into the common bile duct, whereas other 
groups received an injection of 5% sodium taurocholate 
into the same bile duct to cause SAP. Emodin (40 mg/kg) 
was given to the EMO group and SAP + ML385 + EMO 
group at 2  h and 12  h postoperatively. 24  h after mod-
eling, all rats were anesthetized by intraperitoneal injec-
tion of 1% pentobarbital sodium (4  mg/100  g). Serum 
was collected from euthanized rats 24  h after modeling 
and pancreatic tissue and lung tissue were extracted for 
molecular experiments.

these results also showed that EMO, contrary to the effects of ML385, suppressed the ferroptosis response, 
which manifested as up-regulated glutathione (GSH) and GPX4 levels in vivo and in vitro and down-regulated 
malondialdehyde (MDA), superoxide dismutase (SOD), Fe2+, and reactive oxygen species (ROS) levels.

Conclusions  Our results demonstrated that EMO effectively inhibited ferroptosis both in vivo and in vitro, while also 
modulating the Nrf2/HO-1/GPX4 signaling pathway to provide protection against SAP-ALI.

Keywords  Ferroptosis, SAP-ALI, Emodin, Nrf2, GPX4, HO-1
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Cells and experimental design
The BeNa Culture Collection (BNCC) provided the alve-
olar epithelial cell line A549. They were inoculated in 
Ham’s F-12 K medium containing 1% penicillin-strepto-
mycin and 10% FBS and cultivated in a 5% CO2 incuba-
tor at 37 ℃. Cells were passaged every two to three days 
(the cell density needed to reach 80% for passage) and 
their culture medium changed every one to two days, 
depending on their growth conditions. Logarithmic cells 
were taken for experimental determination.

Five cell groups were designed: control (CON), LPS, 
LPS + EMO, LPS + ML385, and LPS + ML385 + EMO 
(Fig.  1B). Administered concentrations were 10  µg/mL 
for LPS, 40 µM for EMO, and 2 µM for ML385. Thirty 
minutes before adding LPS, ML385 was added. Following 
24 h of LPS action, EMO was added.

Chemicals and reagents
Thermo Fisher Scientific Inc. (USA) provided the sodium 
taurocholate. ML385 was supplied by ApexBio Tech-
nology (USA). IL-1β (Cat# F15810) and TNF-α (Cat# 
F16960) were obtained from WESTANG BIO-TECH 
CO., LTD (Shanghai, China). We bought the following 
products from Elabscience (Wuhan, China): Amylase 
Activity Assay Kit (Cat# E-BC-K006-M), Ferrous Iron 
Colorimetric Assay Kit (Cat# E-BC-K773-M), SOD (Cat# 
E-BC-K020-M), GSH (Cat# E-BC-K030-M), MDA (Cat# 
E-BC-K025-M), and IL-18 (Cat# E-EL-R0567c). The 
PTGS2 ELISA Kit (Cat# CB14167-Ra) was purchased 

from COIBO (Shanghai, China). RIPA buffer was pur-
chased from JRDUN Biotech (Shanghai, China). Emo-
din, KeyGEN Bio TECH BCA protein quantification 
kit, and SDS-PAGE gels were purchased from Solarbio 
(Beijing, China). RNAex Pro reagents (Cat# AG21102), 
Evo M-MLV Reverse Transcription Premix Kit (Cat# 
AG11728), and SYBR Green Premix Pro Taq HS qPCR 
Kit II (Cat# AG11702) were obtained from Accurate Biol-
ogy (Hunan, China). Electron microscope fixative (Cat# 
J1102), PBS buffer (Cat# G0002), DAPI staining reagent 
(Cat# G1012), and anti-fluorescence quenching sealing 
tablets (Cat# G1401) were obtained from Jijia Biotech-
nology Co., Ltd. (Liaoning, China). 812 embedding agent 
(Cat# 90529-77-4) was purchased from SPI. Anhydrous 
ethanol and acetone were obtained from Sinopharm 
Chemical Reagents Co., Ltd. (Shanghai, China). ROS dye 
liquor was purchased from Sigma Aldrich (Shanghai, 
China).

Histological analysis
The fully fixed rat pancreas, or lung tissue, was taken out 
of 4% paraformaldehyde and cut into pieces. HE stain-
ing was performed according to the steps of dehydra-
tion, transparency, embedding, slicing, dewaxing, dyeing, 
dehydration, and sealing, and images were observed 
and collected under the microscope. Pancreatic edema, 
inflammation, acinar necrosis, and hemorrhage were 
evaluated on a scale from 0 to 4 [20]; pulmonary edema, 
hemorrhage, and leukocyte infiltration were each scored 

Fig. 1  Experimental design schematic diagram. (A) In vivo study design. (B) In vitro study design
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from 0 to 3 [21]. Each group was randomly selected for 
three sections, and three different fields of view were 
observed for each section.

Measurement of Wet/Dry ratio of lung tissue
After removing lung tissue from each group of rats, the 
wet weight was promptly measured. After drying in an 
oven at 65 °C for 72 h, the lung tissue was weighed again 
and recorded as dry weight.

Enzyme-linked immunosorbent assay
ELISA kit was used to analyze the contents of amylase 
and serum or cell supernatant inflammatory factors, 
namely IL-1β, TNF-α, and IL-18. Ferroptosis markers 
Fe2+ and PTGS2, as well as oxidative stress indicators 
MDA, SOD, and GSH in rat lung tissue were examined 
with 10% lung tissue homogenate. PTGS2, SOD, and 
GSH levels in cells were measured using particular kits.

Transmission electron microscope assay
Fresh rat lung tissues taken from each group, the volume 
of which is generally less than 1 mm×1 mm×1 mm, were 
quickly put into a 4  °C electron microscope-fixed solu-
tion for 2 ~ 4 h. After washing with 0.1 M phosphate buf-
fer PB (PH7.4), it was fixed with 11% osmic acid·0.1  M 
phosphate buffer PB (PH7.4) at 20 °C. Following this were 
dehydration, infiltration, and embedding operations. Cut 
skinny slices, 60–80 nm. Subsequently, the slices were left 
to dry overnight at room temperature using uranium and 
lead double staining. Finally, use a transmission electron 
microscope to observe and gather images for analysis.

Molecular docking
Numerous studies have demonstrated the effectiveness 
of EMO in treating SAP [18, 22]. To verify the correla-
tion between EMO and the target proteins of the classi-
cal pathway of ferroptosis induced by SAP. We simulated 
the molecular docking between EMO and Nrf2, HO-1, 
and GPX4 in the AutoDockTools-1.5.7 software. First, 
the crystal structures of Nrf2, HO-1, and GPX4 were 
downloaded from the PDB database (https://www.rcsb.
org), and the 3D structure of emodin was obtained from 
the PubChem database (​h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​​i​.​n​l​​m​.​​n​i​h​
.​g​o​v). Use PyMol 2.5.5 software to remove water mole-
cules and organic compounds from the receptor protein. 
Then, the target protein, after removing water molecules 
and emodin, is introduced into AutoDockTools-1.5.7 for 

structural optimization and treatment and then docked. 
A lower binding energy of the ligand-target protein com-
plex is linked to improved binding activity. Ultimately, 
the results are visualized using PyMol software.

Cell viability assay
Take A549 cells in the logarithmic growth period, inocu-
late 100 µL cell suspension (cell density is 5 × 103/mL) 
into a 96-well plate, and after cell adherent growth for 
24 h, add culture solution containing emodin or ML385 
with different concentration gradients for culture, with 6 
holes in each group and another blank group. Put 10 µL 
of CCK-8 working solution into each well after the 24 and 
48-hour culture period, and then incubate for one hour. 
An enzyme-labeled device (BioTek, America) was used to 
measure the absorbance (A) of each well at a wavelength 
of 450  nm, and the cell viability was computed. IC50 is 
calculated by a 4-parameter regression of the logarithmic 
transformation curve using GraphPad Prism.

Western blot
Lungs from each group of rats were collected. Protein 
extraction and quantification were performed using RIPA 
buffer and the BCA protein quantification kit. After pro-
tein concentration quantification, each set of lysate sam-
ples (10 µl/lane) was separated on 8-12% SDS‒PAGE gels 
and transferred to polyvinylidene difluoride membranes. 
TBST containing 5% skim milk was used to block the 
membranes for an hour. Primary antibodies against Nrf2, 
HO-1, GPX4, and β-actin were incubated on the mem-
branes for an entire night at 4 °C. The secondary antibody 
was incubated for 2 h at room temperature the next day. 
The images were taken with a Tanon 5200 imaging sys-
tem and developed using an upgraded chemilumines-
cence reagent (Keygen). Next, the optical density analysis 
feature of ImageJ 1.8.0 software was utilized to count the 
relative amounts of β-actin and the target protein. Table 1 
displays details about antibodies.

PCR analysis
Following total RNA isolation from lung tissue and alveo-
lar epithelial cells using RNAex Pro reagents. RNA sam-
ples were reverse transcribed into cDNA using the Evo 
M-MLV Reverse Transcription Premix Kit. Using a SYBR 
Green Premix Pro Taq HS qPCR Kit II and particular 
primer sequences (Table 2), gene amplification was car-
ried out in a LineGene 9600 Plus real-time PCR machine. 
PCR conditions were initial denaturation at 95 °C for 30 s, 
denaturation at 95  °C for 5  s for 40 cycles, cooling, and 
extension at 64 °C for 30 s. Finally, the 2−ΔΔCT approach 
was used to analyze data from gene mRNA transcripts. 
Three independent experiments were conducted for each 
group.

Table 1  Antibodies for Western blot
Antibody Dilution Species Supplier Catalogue number
Nrf2 1:1000 Rabbit Affinity AF0639
HO-1 1:1000 Rabbit Affinity AF5393
GPX4 1:1000 Rabbit Abclonal A11243
β-actin 1:50000 Rabbit Abclonal AC026

https://www.rcsb.org
https://www.rcsb.org
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
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Immunofluorescence assay
After the cells were cultured for a proper time, they 
were climbed onto the cover glass. After the cell culture 
adhered to the wall, the medium was sucked out, washed 
twice with PBS, fixed for 30  min with 2  ml of parafor-
maldehyde, and then sucked out. To prevent the loss of 
antibodies, after shaking the slide slightly, draw a circle 
in the center of the cover glass with a histochemical pen. 
Add 50–100 µl of the membrane-breaking working solu-
tion, let it sit at 25 ℃ for 20 min, and then wash it with 
PBS. After that, the tissue was uniformly covered with 
3% BSA by dripping it into the circle, and it was sealed 
and left to stand at 25 ℃ for 30 min. Shake off the sealing 
solution gently, then pour a specific amount of the Nrf2 
antibody made with PBS into the cell orifice plate. Keep 
the plate flat in a wet box at 4 °C overnight. Incubate for 
50  min at room temperature after adding the matching 
secondary antibody the following day. The nucleus was 
then re-stained with DAPI, and the slide was sealed with 
anti-fluorescence-quenching tablets. Finally, the image is 
collected.

ROS fluorescence probe detection
The cell treatment slides resembled the 4.12 immuno-
fluorescence first step. Subsequently, the ROS dye solu-
tion was poured into the circle and allowed to sit at 37 °C 
in a lightproof incubator for 30  min. DAPI stained the 
nucleus again, and the anti-fluorescence quenching tab-
lets were sealed. Ultimately, the picture is gathered.

Statistical analysis
In this study, data (from a minimum of three independent 
experiments conducted in each group) are represented as 
mean ± standard error or as representative images. The 
means of the groups were compared using a one-way 
analysis of variance (ANOVA). The programs utilized for 

statistical analysis and visualization were SPSS 24.0 and 
GraphPad Prism 10.0. A p-value of less than 0.05 is con-
sidered statistically significant.

Results
EMO treatment can alleviate the inflammatory reaction of 
SAP rats by activating Nrf2
The pancreatic tissue was examined for pathology 
(Fig. 2A). The SO group rats exhibited normal pancreas 
morphology, while the SAP rats displayed significant 
edema, necrosis, and inflammatory cell infiltration, and 
the overall histological score increased significantly 
(Fig.  2B). Compared to the SAP group, the pathologi-
cal damage to the pancreatic tissue in the SAP + ML385 
group was more evident, but the EMO treatment miti-
gated all of the pathological alterations. In addition, rats 
in the SO group had substantially lower serum amy-
lase activity than rats in the SAP group, and rats in the 
SAP + ML385 group had higher serum amylase activity 
than rats in the SAP group (Fig. 2C). However, EMO may 
inhibit serum amylase activity by activating Nrf2. The 
SAP or SAP + ML385 group had higher levels of IL-1β, 
TNF-α, and IL-18 than the SO group, and the expression 
levels of these inflammatory factors decreased signifi-
cantly after EMO treatment (Fig.  2D-F). Consequently, 
inhibition of Nrf2 expression aggravated the inflamma-
tory reaction induced by SAP in rats, and emodin treat-
ment reversed this pathological change by activating 
Nrf2.

Effect of EMO or Nrf2 inhibitor on lung injury induced by 
SAP
The results of HE staining indicated that the SAP group 
had more severe pulmonary edema than the SO group, 
more severe alveoli, increased wall thickening, and 
increased infiltration of inflammatory cells, particularly 
in the Nrf2 inhibitor group. These histopathological alter-
ations were considerably reduced following EMO treat-
ment (Fig. 3A). Compared with the SAP group, the lung 
histological score of EMO-treated rats was decreased 
dramatically (Fig. 3B), the ratio of wet/dry (W/D) weight 
of lung tissue was significantly reduced (Fig. 3C), and the 
degree of edema was effectively improved. These results 
show that EMO alleviates the lung injury induced by SAP 
in the histological layer, and may work by activating Nrf2.

Effects of EMO on oxidative damage and ferroptosis in 
SAP-ALI rats
The level of Fe2+ was measured, and it was found that 
ML385 could increase the accumulation of Fe2+ in the 
lung tissue (Fig.  4A). In addition, ML385 markedly ele-
vated the levels of prostaglandin-endoperoxide synthase 
2 (PTGS2) and malondialdehyde (MDA) in the lung tis-
sue of SAP rats (Fig.  4B, D). However, the contents of 

Table 2  The sequences of primers
Geng Species Forward primer (5’→3’) Reverse primer 

(5’→3’)
Nrf2 Rat ATTGCCACCGCCAGGACTA GGAGTTGCTCTT-

GTCTCTCCTT
HO-1 ACAGACAGAGTTTCTTC-

GCCAGA
ATAAATTCCCACT-
GCCACGGTC

GPX4 CCGCTGTGGAAGTGGAT-
GAAGATC

CTTGTCGATGAG-
GAACTGTGGAG

GAPDH GGCACAGTCAAGGCT-
GAGAATG

ATGGTGGT-
GAAGACGCCAGTA

Nrf2 Human TCCATTCCTGAGTTACAGT-
GTCTT

GGCTTCTG-
GACTTGGAACCAT

HO-1 CTGCGTTCCTGCTCAACATC GCTCTGGTCCTTG-
GTGTCAT

GPX4 CAGTGAGGCAAGACC-
GAAGTA

CGAACTGGTTA-
CACGGGAAGG

GAPDH GCACCGTCAAGGCT-
GAGAAC

TGGTGAAGACGC-
CAGTGGA
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glutathione (GSH) and superoxide dismutase (SOD) in 
rats treated with ML385 decreased (Fig.  4C, E). Inter-
estingly, changes in oxidative damage and ferropto-
sis-related indexes after EMO administration were 
significantly reversed (Fig. 4A-E). Figure 4F showed that 
under the transmission electron microscope (TEM), the 
SO group was found to have normal mitochondria with 
clearly visible mitochondrial cristae. In the SAP group, 
autophagy of mitochondria increased, some mitochon-
dria swelled and cristae of mitochondria decreased. In 
the EMO group, most of the mitochondria were in their 
normal state, and the mitochondrial cristae were vis-
ible. In contrast, the Nrf2 inhibitor group’s mitochondria 
exhibited damage to the majority of them as well as the 
disappearance of the mitochondrial cristae. The mito-
chondrial damage of SAP + ML385 + EMO was partially 
recovered. The results revealed that SAP inhibited Nrf2 

in rat lungs, which aggravated oxidative damage and 
mediated ferroptosis. Emodin may inhibit ferroptosis by 
activating the expression of Nrf2.

Impact of EMO on Nrf2, HO-1, and GPX4 expression in the 
SAP-ALI rat model
To further ascertain the relationship between EMO and 
ferroptosis, we detected the genes related to the classi-
cal pathway of ferroptosis by PCR and WB. Rat lung tis-
sue from the SAP group showed increased expressions 
of Nrf2 and HO-1 mRNA compared to the SO group but 
decreased expression of GPX4 mRNA. The Nrf2, HO-1, 
and GPX4 mRNA expressions in the EMO group were 
higher than those of the SAP group (Fig.  5A-C). At the 
translation level, the same trend also appeared (Fig. 5D-
I). Simultaneously, the aforementioned genes and pro-
teins were found to express differently in the lung tissue 

Fig. 2  EMO treatment can alleviate the inflammatory reaction of SAP rats caused by Nrf2 down-regulation by activating Nrf2. (A) Pancreatic tissue stained 
with hematoxylin-eosin (HE) (scale bar, 100 μm). (B) Quantitative analysis of pathological scores. (C) Analysis of serum amylase activity. (D - F) Analysis of 
serum levels of IL-1β, TNF-α, and IL-18. ***p < 0.001, **p < 0.01, *p < 0.05
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Fig. 4  EMO may restrain oxidative damage and ferroptosis in SAP-ALI rats by activating Nrf2. (A) The level of Fe2 + in the lung tissue. (B) PTGS2 level in 
the lung tissue. (C) GSH level in the lung tissue. (D) MDA level in the lung tissue. (E) SOD level in the lung tissue. (F) The mitochondrial morphology of rat 
alveolar epithelial cells was observed by transmission electron microscopy. The green arrow represents normal mitochondria; the red arrow represents 
aberrant mitochondria (scale bar, 0.5 μm). ***p < 0.001, **p < 0.01, *p < 0.05

 

Fig. 3  Inhibition of Nrf2 expression aggravated SAP-induced lung injury in rats, but EMO treatment reduced the degree of injury. (A) Lung tissue stained 
with hematoxylin-eosin (HE) (scale bar, 100 μm). (B) Quantitative analysis of lung tissue histopathological scores. (C) Lung W/D weight ratios. ***p < 0.001, 
**p < 0.01, *p < 0.05
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of rats in the SAP + ML385 group compared to the SAP 
group. The expression of Nrf2, HO‑1, and GPX4 was 
found to be lower in the lung tissue of these rats. The 
expression of the SAP + ML385 + EMO group signifi-
cantly increased compared to the SAP + ML385 group 
(Fig.  5A-I). The results demonstrated that in the rat 
model of SAP-induced lung injury, EMO activated Nrf2 
and further activated the Nrf2/HO-1/GPX4 pathway.

Molecular docking
EMO, Nrf2, HO‑1, and GPX4 were respectively brought 
into molecular docking by AutoDockTools-1.5.7 soft-
ware, and their binding energies were analyzed. The 
results showed that EMO had strong binding activity 
with Nrf2, HO‑1, and GPX4. As Fig.  6 illustrates, the 

molecular docking visualization analysis of the above 
combinations was carried out using PyMOL software. It 
can be seen that EMO forms hydrogen bonds with lysine 
(Lys)-551 of Nrf2, phenylalanine (PHE)-169, glutamine 
(GLN)-145, and isoleucine (ILE)-172 of HO-1, and with 
methionine (MET)-26, histidine (HIS)-25, and aspara-
gine (ASN)-28 of GPX4.

Effects of EMO and Nrf2 inhibitor on the activity of A549 
alveolar epithelial cells
The drug toxicity of emodin and the Nrf2 inhibitor 
(ML385) to the A549 alveolar epithelial cell line was 
determined by the CCK8 detection kit. The IC50 value is 
calculated by a 4-parameter regression of the logarithmic 
transformation curve using GraphPad Prism software. 

Fig. 5  Levels of Nrf2, HO‑1, and GPX4 in lung tissue of rats. (A-C) Nrf2, HO‑1, and GPX4 mRNA levels in rat’s lung tissue; (D-I) The loading control in rat 
lung tissue was β-actin, and the proteins Nrf2, HO-1, and GPX4 were measured. Full-length blots/gels are presented in Supplementary Fig. 1. ***p < 0.001, 
**p < 0.01, *p < 0.05
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The results showed that the half-maximal inhibitory con-
centrations (IC50) of EMO and ML385 on A549 cells 
were 140.5 µM (Fig. 7A) and 2.883 µM (Fig. 7C), respec-
tively. Furthermore, the optimal drug concentration and 
intervention time of different concentration gradients of 
EMO were tested at 24 and 48 two time points. As shown 
in Fig. 7B, under the stimulation of LPS, the cell activity 

of the LPS 10 µg/mL + EMO 40 µM group was the high-
est in 24 h (Cells were exposed to 10 µg/mL LPS for 24 h 
[23, 24]). Finally, the optimal inhibitory concentration of 
ML385 on A549 cells was 2 µM by PCR (Fig. 7D). There-
fore, 40 µM emodin and 2 µM ML385 were selected for 
the next experiment.

Fig. 7  Analysis of drug concentration of EMO and ML385 in A549 alveolar epithelial cells. (A-B) Cellular activity was assessed in response to different EMO 
concentrations using the CCK8 technique. (C) CCK8 detection of drug toxicity of ML385 on A549 cells. (D) The amount of Nrf2 mRNA expression in cells 
stimulated by varying ML385 concentration gradients was detected by PCR. ***p < 0.001

 

Fig. 6  3D images of molecular docking. (A) Molecular docking for EMO and Nrf2. (B) Molecular docking for EMO and HO-1. (C) Molecular docking for 
EMO and GPX4
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Intervention with emodin reduced LPS-induced alveolar 
epithelial cell inflammatory damage
LPS stimulation resulted in a significant decrease in the 
activity of alveolar epithelial cells. After EMO interven-
tion, the cell activity was improved, and the cell activity of 
inhibiting Nrf2 expression was lower than that of the LPS 
group, while EMO could reverse the further damage to 
cells caused by low Nrf2 expression (Fig. 8A). The inflam-
matory factors TNF-α, IL-1β, and IL-18 were found in 
significantly higher concentrations in the supernatant of 
alveolar epithelial cells in the model group compared to 
the CON group. The level of inflammatory factors above 
the cells in the inhibitor group increased uniformly and 
to different degrees compared to the model group. Fur-
thermore, TNF-α, IL-1β, and IL-18 levels were lower 
in the EMO or LPS + ML385 + EMO groups than in the 

model or inhibitor groups, and the differences are statis-
tically significant (Fig. 8B-D). These results indicated that 
EMO can alleviate the LPS-induced inflammatory reac-
tion of alveolar epithelial cells by activating Nrf2.

EMO inhibited oxidative damage of alveolar epithelial cells
Figure  9A-C shows that after LPS stimulates cells, the 
PTGS2 levels in the alveolar epithelial cells were con-
siderably elevated, while the SOD and GSH levels were 
significantly decreased. The changes in the above indexes 
were more obvious in the inhibitor group, however, 
PTGS2 levels decreased and SOD or GSH consumption 
was reversed after EMO intervention. Subsequently, we 
further performed a fluorescence probe detection on the 
cell reactive oxygen species (ROS). The ROS fluorescence 
intensity in the LPS group is greater than in the CON 

Fig. 8  Emodin intervention relieved LPS-induced inflammatory reaction of alveolar epithelial cells. (A) The cell activity was assessed by the CCK8 kit. (B-D) 
The expression levels of TNF-α, IL-1β, and IL-18 in the cell supernatant were assessed using ELISA. ***p < 0.001, **p < 0.01, *p < 0.05
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group, as seen in Fig.  9D. However, the ROS fluores-
cence intensity in the cells weakened following the EMO 
intervention. Also, the ROS fluorescence intensity in the 
inhibitor group was noticeably higher than in the LPS or 
EMO groups, indicating that inhibiting cell Nrf2 signifi-
cantly enhanced the effect of ROS on cells. According to 
the expected results, EMO intervention may inhibit ROS 
activity by activating Nrf2, so there was a decrease in 
ROS expression in the LPS + ML385 + EMO group. Con-
sequently, EMO inhibits oxidative damage to alveolar 
epithelial cells by activating Nrf2.

EMO intervention alveolar epithelial cells activated Nrf2/
HO-1/GPX4 pathway in vitro
The main risk factor for ferroptosis in lung injury is an 
imbalance of the Nrf2/HO-1/GPX4 pathway [25]. Immu-
nofluorescence staining, PCR, and WB results showed 
that EMO promoted Nrf2 nuclear translocation and up-
regulated the levels of HO-1 and GPX4, while ML385 
reversed the impact of EMO on the Nrf2/HO-1/GPX4 
pathway in vitro. (Fig. 10).

Discussion
SAP is one of the most common digestive system diseases 
in clinics, and it is a pancreatitis disease, that is often 
accompanied by SIRS and MODS. The main clinical 
manifestations of SAP are abdominal pain, fever, nausea 
and vomiting, jaundice, hypotension or shock, gastro-
intestinal bleeding, skin and mucous membrane bleed-
ing, etc. It is an acute abdomen with a sinister condition, 
many complications, and high mortality. ALI is the com-
mon complications of SAP and one of the main causes 
of death [26]. SAP-ALI is still a significant challenge for 
surgeons because of its high mortality. Therefore, more 
effective novel therapeutic agents are urgently needed. 
Our findings demonstrated that EMO effectively inhib-
ited ferroptosis while promoting the Nrf2/HO-1/GPX4 
signaling pathway, indicating that it may have application 
as an anti-ALI therapeutic agent.

Rhei Radix Et Rhizoma officinale is the first choice of 
traditional Chinese medicine for Tongligongxia. The 
primary active ingredient in rhubarb, emodin, has long 
been a focus of research because of its antiviral, anti-
bacterial, and anti-inflammatory properties. Numerous 

Fig. 9  EMO inhibits oxidative damage of alveolar epithelial cells by activating Nrf2. (A-C) PTGS2, SOD, and GSH concentrations in cells. (D) The level of ROS 
in cells was detected by fluorescent probe (scale bar, 20 μm), the nucleus is blue and ROS is red. ***p < 0.001, **p < 0.01, *p < 0.05
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studies have demonstrated the effectiveness of EMO in 
the treatment of SAP. The beneficial effect of combining 
baicalin and EMO in preventing pancreatic injury and 
inflammation in SAP rats was documented by Zhang et 
al. in 2005 [27]. Preclinical research conducted later on 

confirmed that EMO protects against a range of dis-
eases caused by SAP, such as intestinal barrier dysfunc-
tion [28], liver injury [29], lung injury [30], and systemic 
inflammatory response [31, 32]. Our team has been 
devoted to researching the drug action of EMO on the 

Fig. 10  The Nrf2/HO-1/GPX4 pathway was activated in alveolar epithelial cells upon EMO intervention. (A) Immunofluorescence detection of Nrf2 in 
each group of cells, the nucleus is blue and Nrf2 is green (scale bar, 20 μm). (B-D) mRNA and protein expression levels of cells Nrf2, HO-1, and GPX4. Full-
length blots/gels are presented in Supplementary Fig. 2. ***p < 0.001, **p < 0.01, *p < 0.05
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SAP-ALI disease model. Previous studies have proved 
that EMO can reduce the inflammatory injury and the 
severity of the disease by regulating the expression pro-
files of exosome-specific miRNA [18], inhibiting cold-
induced RNA-binding protein (CIRP) [22], and inhibiting 
neutrophil protease activity [33]. Despite this, ferroptosis 
mediated by EMO in the pathogenesis of SAP-ALI is still 
unclear. The present investigation examined how EMO 
affected both LPS-induced alveolar epithelial cell damage 
and SAP-ALI. Accordingly, ferroptosis, oxidative damage, 
cell inflammation, and SAP-mediated pathological altera-
tions were all considerably alleviated by EMO treatment.

Ferroptosis is a distinct type of cell death that differs 
from apoptosis, pyroptosis, and necrosis. Its primary 
symbol is unrestricted lipid peroxidation [34, 35]. Ferrop-
tosis is widely perceived as promoting ALI development 
[36–38]. EMO has been suggested implicated in lipid 
peroxidation and oxidative stress [39, 40]. In this study, 
how ferroptosis affected SAP-ALI was investigated. As a 
result, in the SAP group, the expressions of Fe2+, PTGS2, 
and MDA increased significantly, while the expressions 
of GSH, SOD and GPX4 decreased markedly. EMO treat-
ment lowered Fe2+, PTGS2, and MDA levels and partially 
recovered GSH, SOD, and GPX4 levels. Consequently, 
SAP-ALI developed ferroptosis, which was considerably 
reduced by EMO. Experiments have shown that ML385 
is a potent Nrf2 inhibitor, and it can suppress Nrf2 
expression both in vitro and in vivo [41, 42]. Except for 
promoting the consumption of GSH and SOD, ML385 
treatment can raise the accumulation of Fe2+, PTGS2, 
and MDA. Moreover, inhibition of Nrf2 aggravated mito-
chondrial damage of alveolar epithelial cells in SAP rats. 
Consequently, Nrf2 is a key indicator for ferroptosis, and 
the classical Nrf2 pathway mechanism of ferroptosis was 
further explored.

Nrf2 is the main antioxidant factor in cells, and it also 
regulates lipid peroxidation, ferredoxin, GSH synthe-
sis and metabolism, and iron metabolism [43, 44]. In a 
physiologically normal state, Keap1 anchors Nrf2 in the 
cytoplasm. Keap1 is a substrate of the Cullin 3-depen-
dent E3 ubiquitin ligase complex, which means that it can 
promote the ubiquitination of Nrf2 and quickly be bro-
ken down by the proteasome. Nevertheless, Nrf2 sepa-
rates from Keap1 and then quickly undergoes nuclear 
translocation in response to ROS or electrophilic assault 
on cells. It first forms a heterodimer, and after that, it 
joins forces with an antioxidant response element (ARE) 
to trigger the antioxidant enzyme expression regulated 
by Nrf2 [45, 46]. Meanwhile, Nrf2 is also a leading tran-
scription factor for HO-1, GPX, SOD, and GSH [47, 48]. 
HO-1 is expressed by macrophages, which can maintain 
heme homeostasis, prevent toxic decomposition caused 
by free heme, and release anti-inflammatory factors by 
catalyzing heme [49]. Induced HO-1 expression can 

lower ROS production and inflammatory cytokine secre-
tion in inflammatory diseases like sepsis, which are cru-
cial for tissue protection [50, 51]. As the only member of 
the selenoprotein family that can prevent ROS-mediated 
lipid peroxidation and hence prevent ferroptosis, GPX4 is 
a lipid repair enzyme that is usually employed as a critical 
molecular indicator of iron overload [52]. In this study, 
inhibition of Nrf2 in vitro and in vivo aggravated ALI 
induced by SAP in rats and alveolar epithelial cell injury 
mediated by LPS. In rat lungs, the particular pathological 
mechanism manifested by inhibiting Nrf2 dramatically 
reduced GSH and SOD levels, which in turn promoted 
loss of protective HO-1 and GPX4 levels, lipid peroxi-
dation, and ferroptosis. Remarkably, EMO counteracted 
this effect, suggesting that by blocking SAP-mediated 
ferroptosis, it may be used as a therapy to prevent lung 
damage. The outcomes demonstrated that in both the 
LPS-induced injury of alveolar epithelial cells and the 
SAP-induced lung injury rat model, Nrf2 was activated 
by EMO, which also further activated the Nrf2/HO-1/
GPX4 pathway. The suppressive effect of EMO on ferrop-
tosis was significantly eliminated upon inhibition of the 
Nrf2/HO-1/GPX4 pathways. These findings provide new 
evidence for treating ALI with a new Nrf2 agonist EMO.

The present investigation, however, is restricted to in 
vitro research and animal models lacking clinical data. 
Further extensive and comprehensive research is needed 
to explore the connection between ferroptosis and EMO 
in the SAP-ALI disease model and establish a theoretical 
framework for future clinical investigations.

Conclusions
In the lung tissue of SAP rats and alveolar epithelial cells, 
ferrous ion accumulation, lipid peroxidation, and ROS 
accumulation are indicative of ferroptosis and oxidative 
damage. EMO has a significant antioxidant effect, which 
may be through inhibiting Fe2+ and PTGS2, reducing 
the level of MDA, reducing the accumulation of ROS, 
and alleviating oxidative stress injury, thus improving 
lung function and cell activity, and slowing down the 
occurrence and development of SAP-ALI by modulat-
ing the Nrf2/HO-1/GPX4 axis. The goal of the follow-up 
research is to confirm the findings by delving deeper into 
the pathophysiology of SAP-ALI through clinical experi-
ments and offering promising new avenues for clinical 
prevention and treatment of the illness.
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