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Abstract

ship between ferroptosis and autophagy.

Background Ferroptosis is a newly recognized form of regulatory cell death characterized by severe lipid peroxida-
tion triggered by iron overload and the production of reactive oxygen species (ROS). However, the role of ferroptosis
in severe acute pancreatitis(SAP) has not been fully elucidated.

Methods We established four severe acute pancreatitis models of rats including the sham control group, the SAP
group, the Fer -1-treated SAP (SAP +Fer-1) group, the 3-MA-treated SAP (SAP +3-MA) group. The SAP group

was induced by retrograde injection of sodium taurocholate into the pancreatic duct. The other two groups were
intraperitoneally injected with ferroptosis inhibitor (Fer-1) and autophagy inhibitor (3-MA), respectively. The model
of severe acute pancreatitis with amylase crest-related inflammatory factors was successfully established. Then we
detected ferroptosis (GPX4, SLC7A1 etc.) and autophagy-related factors (LC3ll, p62 ect.) to further clarify the relation-

Results Our study found that ferroptosis occurs during the development of SAP, such as iron and lipid peroxida-
tion in pancreatic tissues, decreased levels of reduced glutathione peroxidase 4 (GPX 4) and glutathione (GSH),

and increased malondialdehyde(MDA) and significant mitochondrial damage. In addition, ferroptosis related pro-
teins such as GPX4, solute carrier family 7 member 11(SLC7A11) and ferritin heavy chain 1(FTH1) were significantly
decreased. Next, the pathogenesis of ferroptosis in SAP was studied. First, treatment with the ferroptosis inhibitor
ferrostatin-1(Fer-1) significantly alleviated ferroptosis in SAP. Interestingly, autophagy occurs during the pathogenesis
of SAP, and autophagy promotes the occurrence of ferroptosis in SAP. Moreover, 3-methyladenine (3-MA) inhibition
of autophagy can significantly reduce iron overload and ferroptosis in SAP.

Conclusions Our results suggest that ferroptosis is a novel pathogenesis of SAP and is dependent on autophagy. This
study provides a new theoretical basis for the study of SAP.
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Introduction

Acute pancreatitis (AP) is an inflammatory process of the
pancreas, which is characterized by local and systemic
inflammatory responses, as well as multiple organ fail-
ure. Most patients present with mild acute pancreatitis,
which is usually self-limited and resolves within 1 week.
But about 20% of patients develop into severe acute pan-
creatitis (SAP) with necrosis of the pancreas or peripan-
creatic tissues or distal organs, and mortality can be 20 to
40% higher [1]. Gallstones (45%) and alcohol abuse (20%)
are the most frequent causes of AP in most high-income
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countries. Less common causes include drugs, endo-
scopic retrograde cholangiopancreatography (ERCP),
hypercalcemia, hypertriglyceridemia, infection, genet-
ics, autoimmune diseases, and (surgical) trauma [2]. AP
is characterized by damage to acinar cells (the functional
unit of the outer membrane pancreas), resulting in the
inappropriate release and activation of trypsinogen into
trypsin within the acinar. This triggers the activation of
other digestive enzymes, the kinin system, and the com-
plement cascade, leading to the self-digestion of the pan-
creatic parenchyma [3]. Cell death plays a central role in
all aspects of life and is involved in the development of
multicellular organisms and tissue homeostasis. Regula-
tory cell deaths (RCDs) not only plays a role in keeping
the body’s internal environment stable, the danger-asso-
ciated molecular patterns(DAMPs) released during RCDs
also provide a powerful signal to stimulate local inflam-
mation or systemic immune response [4]. The early death
mode of acinar cells determines the severity and progno-
sis of AP. In recent years, various RCDs, such as apop-
tosis, pyroptosis, autophagy and necroptosis, have also
been found to play important roles in the pathogenesis of
AP. The progression of AP is closely related to the regu-
latory transitions between different RCDs. These death
modes will eventually lead to cell rupture and release of
cell contents [5]. However, in a recent study inhibition of
pyroptosis, autophagy, or necroptosis only partially alle-
viates pancreatic damage, suggesting that other types of
cell death may be involved in acinous damage in AP. The
treatment of AP especially the SAP mainly includes fluid
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resuscitation and supportive treatment, and there is a lack
of effective prevention and treatment methods [6]. There-
fore, it is urgent to explore the pathogenic basis of AP.
Ferroptosis is a novel form of cell death triggered by
lipid peroxidation in an iron-dependent manner. Fer-
roptosis is morphologically, biochemical, and geneti-
cally distinct from other types of cell death. Cells that
undergo ferroptosis are morphologically characterized
by increased membrane density, few or no cristae, and
crumpled mitochondria with a ruptured outer membrane
(Fig. 1) [7]. Ferroptosis is associated with pathological cell
death associated with degenerative diseases (e.g., Alz-
heimer’s disease, Huntington’s disease, and Parkinson’s
disease), carcinogenesis, stroke, cerebral hemorrhage,
traumatic brain injury, ischemia—reperfusion injury, and
renal degeneration, and the progression of these diseases
can be mitigated by activating or inhibiting the ferrop-
tosis pathway [8]. Ferroptosis is defined by three indis-
pensable markers, including impaired lipid peroxide
repair caused by loss of glutathione peroxidase 4 (GPX4)
activity, availability of reductively active iron, and oxida-
tion of phospholipids containing polyunsaturated fatty
acids (PUFAs). Currently, three biomarkers are available
to identify the occurrence of ferroptosis: protein mark-
ers (GPX4, solute carrier family 7 member 11(SLC7A11),
prostaglandin-endoperoxide synthase 2(PTGS2)), lipid
peroxidation(acyl-CoA synthetase long-chain family
member 4(ACSL4)) and lipid reactive oxygen species
(ROS) [4, 9]. Moreover, this form of cell death, which
is regulated by a distinct set of genes including ACSL4,
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Fig. 1 An overview of ferroptosis
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GPX4, and SLC7A11, can be distinguished morphologi-
cally by the existence of shrunken mitochondria and can
be inhibited specifically by ferrostatin-1(Fer-1) (Fig. 1)
[10]. Studies have shown that ferroptosis plays an impor-
tant role in SAP-induced acute kidney, intestinal, and
lung injury, and that the use of ferroptosis inhibitors
such as Fer-1 can effectively alleviate inflammation, oxi-
dative stress, and excessive ferroptosis in these tissues
during SAP [5]. Autophagy performs a housekeeping
function for the degradation and recycling of cytoplas-
mic proteins and organelles, which plays a crucial role in
maintaining homeostasis. Both excessive and insufficient
autophagy can trigger cell death. In recent years, more
and more evidence supports that ferroptosis is autophagy
dependent cell death.Ferroptosis is strictly regulated by
iron metabolism. Ferritin is the main intracellular iron-
storage protein complex, comprising FTL (ferritin light
chain) and FTHI (ferritin heavy chain 1) [6]. Autophagy
activation degrades ferritin to increase intracellular
iron levels and subsequently leads to oxidative dam-
age through the Fenton reaction [7]. Wei et al. reported
that mitochondrial ROS autophagy lysosome pathway
is involved in ferroptosis induced by inorganic arsenic,
and chronic arsenic poisoning can cause ferroptosis in
mouse cortical neurons [10]. Yu’s research has confirmed
that ferroptosis mediated by ferritin is involved in vascu-
lar endothelial damage caused by zinc oxide nanoparti-
cles (ZnONP) [11]. Studies have shown that autophagy is
involved in SAP in rats through oxidative stress-mediated
AKT/AMPK/mTOR pathway [2].

To explore the role of ferroptosis and autophagy in
SAP, a model of SAP induced by sodium taurocholate
was established. In the present study, we determined
that ferroptosis occurs in SAP by iron accumulation
and accumulation of lipid peroxidation products, and
by examining mitochondrial ultrastructural changes. In
addition, we found that autophagy also plays a key role
in the ferroptosis in SAP, and 3-methyladenine(3-MA),
an autophagy inhibitor, can alleviate ferroptosis in SAP,
which deeps our understanding of autophagy and ferrop-
tosis in the pathogenesis of SAP and may provide a new
treatment for SAP.

Materials and methods

Chemicals and antibodies

Antibodies were purchased for immunoblot analysis,
including anti-rabbit SLC7A11 (#26864—1-AP, Protein-
tech, China), anti-Mouse glutathione peroxidase 4 (GPX4)
(#67763-1-1g, Proteintech, China), anti-rabbit Ferritin
Heavy Chain 1(FTH)1 (#10727-1-AP,Proteintech, China),
anti-rabbit microtubule-associated proteinl light chain
3B (LC3B) (#14600-1-AP, Proteintech, China), anti-rabbit
microtubule-associated P62/SQSTM1 Polyclonal antibody
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(#18420-1-AP, Proteintech, China) and GAPDH (#10494—
1-AP, Proteintech,China). Autophagy inhibitor 3-Methy-
ladenine (3-MA) (#S2767, Selleck,USA). Ferroptosis
specific inhibitor Fer-1 (#S6243,Selleck,USA).

Animals and animal model

The animal procedures used in this study were performed
according to the National Institutes of Health guidelines
for laboratory animals and were approved by the Animal
Care and Experiment Committee of Lanzhou University
(Lanzhou, China). All animals received humane care and
all efforts were made to minimize suffering .28 adult male
Sprague—Dawley rats (age, 8—10 weeks; weight, 250-
290 g) were obtained from the animal center of Lanzhou
University (Lanzhou, China). The rats were randomly
assigned to four groups: the sham control group, the SAP
group, the Fer -1-treated SAP (SAP+Fer-1) group, the
3-MA-treated SAP (SAP+3-MA) group. (each subgroup
contained 7 rats).

Before the experiment, the rats fasted for 12 h. After
anesthesia with 3% pentobarbital sodium (1 ml/kg body
weight), the SAP model was induced by standard pres-
sure-controlled infusion of freshly prepared 5% sodium
taurocholate (Sigma) solution (0.1 ml/kg body weight)
into the biliary pancreatic duct [12]. In the sham control
group, the duct was infused with an equal quantity of
sterile saline. In the SAP +Fer-1 group, Fer-1 (Selleck), a
ferroptosis inhibitor, was administered i.p. at a concentra-
tion of 10 mg/kg body weight 1 h before the establishment
of the SAP model, following previous study protocols
[13, 14]. In the SAP+3-MA group, 3-MA (Selleck), a
autophagy inhibitor, was administered i.p. at a concentra-
tion of 20 mg/kg body weight 1 h before the establishment
of the SAP model, following previous study protocols.
Mouse in each group were fed standard granular food,
free drinking water, and a sterile environment (25+2° C;
Light—dark cycle 12/12 h). All rats were killed 24 h later
and samples were collected for follow-up experiments.

Sample collection

After SAP was induced, the rats were anesthetized again
24 h later. Blood samples were collected by puncture
from the right ventricle. The blood samples were centri-
fuged at 3000 rpm at 4 °C for 15 min after standing for
30 min. The supernatant was subpacked into a group
labeled, dried and sterilized EP centrifuge tube (200 ul/
tube) and frozen in a -80°C refrigerator for the detec-
tion of amylase(AMY), lipase activity(LIPA), interleukin-
6(IL-6), and tumor necrosis factor a (TNF-a) levels. The
pancreatic head, ileum, lung, and kidney tissues near the
cecum were removed and fixed with 4% paraformalde-
hyde for sectionalization. The remaining tissues were
stored at -80 °C for subsequent analysis.
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Serum assays
The activity of AMY and LIPA in blood samples was
measured by the amylase kit. Serum TNF-a and IL-6
levels were detected using the standard diagnostic kit
(Elabscience,China) according to the manufacturer’s
instructions.

Iron measurements

Pancreatic tissue was prepared into 10% tissue homoge-
nate. Tissue iron determination reagent (#E-BC-K773-
M,Elabscience,China) to determine the relative iron
content in the kidney. After treatment according to the
manufacturer’s instructions, the absorbance is measured
at 520 nm and the iron content is calculated by using the
corresponding formula.

Assessment of MDA, GPX4 and GSH content

Fresh pancreatic tissue was analyzed for malondialde-
hyde (MDA) and glutathione (GSH) levels and GPX4
activity using a commercially available kit (Jiancheng
Biotech).

Transmission Electron Microscopy (TEM)

Pancreatic tissue was cleaned with pre-cooled PBS (pH
7.4) and then fixed in phosphate buffered glutaraldehyde
(2.5%) and osmium tetroxide (1%). The pancreas sample
was then cut, stained whole with 2% uranyl acetate (UA),
dehydrated in a graded ethanol series, and embedded in
epoxy resin. The slices (70-90 nm) are then stained with
UA and lead citrate. Ultrastructure images were captured
using transmission electron microscopy (Hitachi HT
7700, Tokyo, Japan).

Tissue histology and immunofluorescence
For histological analysis, the rat pancreas was immobi-
lized in 4% formalin followed by paraffin embedding. The
specimen was cut into 4 pm thick slices and stained with
hematoxylin and eosin (H&E). The slices are then exam-
ined with an optical microscope. The pathological score
was evaluated blind by two independent pathologists
based on previously established scoring criteria [15, 16].
The expressions of ACSL4, FTH1 and LC3 were
determined by immunofluorescence analysis. The low-
temperature sections (4 pum thick) were fixed with 4%
paraformaldehyde fixative at room temperature for
20 min, and then washed in PBS 3 times for 3 min. The
slices were then incubated with a blocking solution
(normal goat serum) at room temperature for 20 min.
Next, the slices were incubated overnight with rabbit
anti-ACSL 4 (Proteintech), rabbit anti-FTH1 (Protein-
tech), and rabbit anti-LC3 (Proteintech) primary anti-
bodies at 4 °C. The slices were washed three times with
PBS for 3 min each time, and incubated with secondary
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antibodies at room temperature for another 1 h. Then the
slices were washed again with PBS, covered with a cover
glass, and observed and photographed under a fluores-
cence microscope (Olympus, Tokyo, Japan).

Western bolt analysis

The expressions of SLC7A11, GPX 4, LC3, p62 and FTH1
in pancreatic tissues were detected by Western blot. Total
protein was extracted from rat pancreas and quantified
by BCA protein assay kit (Solarbio, Beijing, China). The
extracted proteins were separated on a 10 or 15% sodium
dodecyl sulphate—polyacrylamide gel and then trans-
ferred to a polyvinylidene fluoride (PVDF) membrane.
Incubate the membrane overnight at 4 °C with the follow-
ing primary antibodies: SLC7A11 (Proteintech), GPX 4
(Proteintech), LC3 (Proteintech), p62 (Proteintech), FTH
1 (Proteintech), GAPDH (Proteintech). Finally, the mem-
brane was incubated with the corresponding secondary
antibody at room temperature for 60 min, and the density
of the blotted bands was measured using Image-Pro Plus
6.0 software (Media Cybernetics, Rockville, MD, USA).

Statistical analysis

The data were presented as means * standard deviation
(S.D.), analyzed and visualized using ggplot2 in R version
3.6.3. Kaplan—Meier analysis was used to assess the sur-
vival rate, and the survival curves were plotted by Graph-
Pad Prism 6.0 (San Diego, CA, USA). Two groups were
compared by Student’s t-test and multiple groups were
compared by one-way analysis (ANOVA) of variance fol-
lowed by Tukey’s post hoctest. P values<0.05 were con-
sidered statistically significant.

Results

Ferroptosis was activated in Rats with Taur-induced SAP

To assess sensitivity to ferroptosis in SAP, we meas-
ured Iron, MDA, and GSH levels in pancreatic tissue,
as shown in Fig. 2A-C. Iron was an important factor
in the execution of ferroptosis, and iron accumulated
significantly in the SAP group compared to the sham
group. In addition, MDA content in pancreatic tis-
sue was significantly increased, while GSH level was
decreased. Some core factors, such as SLC7A11, GPX4,
and FTH1, are considered key ferroptosis regulatory
proteins [17]. Therefore, we determined the expres-
sion levels of these proteins, as shown in Fig. 2D-G, the
expression of these proteins decreased significantly in
injured pancreatic tissues compared with normal tis-
sues. Immunofluorescence microscopy shows changes
in the expression of ACSL4 (red) and FTH1 (green) in
the pancreas (Fig. 2H), the change is consistent with
that of Western bolting. Next, TEM was used to study
the morphological features of ferroptosis (Fig. 2I), and
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significant mitochondrial contraction was observed in
the SAP group. These findings suggest that ferroptosis
is activated in SAP.

Ferroptosis inhibition improved survival and pancreas
function in Rats with Taur-induced SAP

We further investigated the effects of inhibiting ferrop-
tosis on survival and inflammation in SAP rats (Fig. 3A).
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As shown in Fig. 3B-E, inhibiting ferroptosis can signifi-
cantly inhibit the rise of pancreatic amylase and lipase, as
well as the inflammatory factors interleukin-6 and tumor
necrosis factor in blood. Representative HE stained
(Fig. 3F-G) sections of pancreas showed that the histo-
logical scores of pancreas in SAP rats were significantly
higher than those in Sham group, and could be signifi-
cantly improved by Fer-1. Overall, these data suggest that
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inhibiting ferroptosis improves survival and inflamma-
tion levels in SAP rats.

The role of autophagy in Taur-induced SAP

Autophagy is a process in which eukaryotic cells use
lysosomes to degrade cytoplasmic proteins and destroy
organelles under the regulation of autophagy related
genes (Atg). p62 and LC3 are used as biomarkers of
autophagy [18]. The role of autophagy in ferroptosis
induced by sodium taurine cholate was studied with
3-MA. 3-MA is an inhibitor of PI3K. It is widely used
as an autophagy inhibitor by inhibiting Class III PI 3 K
(Fig. 4A) [19]. Compared with SAP group, 3-MA + SAP
group showed lower Iron content (Fig. 4B), MDA levels
(Fig. 4D), and higher GSH (Fig. 4C) and GPX4 (Fig. 4E)
content levels. In Fig. 4F-] shows that the 3-MA 4 SAP
group decreased the levels of LC3II/I and p62, and
increased the expression levels of GPX 4 and FTHI.
In addition, fluorescent double staining also showed a
decrease in LC3II/I (green fluorescence) expression and
an increase in FTH1 (red fluorescence) expression in
the 3-MA+SAP group compared with the SAP group
(Fig. 4K).

Discussion

Acute pancreatitis (AP) is a common and potentially
threatening inflammation of the pancreas. Although
usually self-limiting, up to 20% of patients may develop
severe acute pancreatitis (SAP), which leads to systemic
inflammatory response syndrome (SIRS) and multiple
organ dysfunction (MOF), affecting the lungs, liver, kid-
neys, and heart, among others. The main injury mech-
anisms are oxidative damage, apoptosis, autophagy,
cell cycle inhibition and endoplasmic reticulum stress
[20]. Ferroptosis is a novel form of cell death triggered
by lipid peroxidation in an iron-dependent manner.
Recently, the Committee on Cell Death Nomenclature
(NCDD) classified ferroptosis as one of the regulators
of cell death (RCD). When ferroptosis occurs in cells,
the cells exhibit necro-like changes. These features
include loss of plasma membrane integrity, organelle
swelling, and moderate coagulation of chromatin [21].
Until now, it has been unclear whether ferroptosis is
involved in the pathological damage of severe acute
pancreatitis. In this study, we investigated the mecha-
nism of ferroptosis in severe acute pancreatitis in rats.
Ferroptosis is caused by oxidative perturbations in the
intracellular microenvironment controlled by GPX 4.
The accumulation of ferrous iron (Fe 2*) and the exces-
sive oxidation of lipids are the key events that induce
ferroptosis [22]. GPX 4 is a key negative regulator
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of ferroptosis that converts hydrogen lipid peroxide
(L-OOH) to lipids (L-OH), thereby preventing lipid
peroxide-induced cell death. System X_~ (a heterodimer
composed of SLC 7A11 and SLC 3A2) can transport
cystine into cells to produce GSH, and it can work with
GPX 4 to eliminate excess lipid peroxides [23]. Our
study found that the expression of SLC 7A11 and GPX
4 proteins, biomarkers of ferroptosis, was reduced,
while the electron microscope showed mitochondrial
atrophy in the pancreatic tissue of rats. The contents
of GSH and MDA were dose-dependent. These results
confirmed the occurrence of ferroptosis in severe acute
pancreatitis in rats. Immunofluorescence showed that
ACSL4 and FTH1 were mainly expressed in pancre-
atic acinar cells, suggesting that ferroptosis mainly
occurred in the pancreatic head. This study also found
that the pathological injury of pancreatitis in rats was
significantly reduced after Fer-1 treatment, indicating
that Fer-1 treatment reduced the damage of pancreatic
tissue caused by ferroptosis, confirming that ferropto-
sis was an important factor in severe acute pancreatic
injury in rats. Our previous studies have confirmed the
occurrence of autophagy in rats with severe acute pan-
creatitis. Autophagy is a process used to degrade and
recycle biological macromolecules and damaged or
damaged cells within cells. In recent years, more and
more research results support that ferroptosis is a kind
of autophagy dependent cell death and a kind of selec-
tive autophagy [4, 24]. In order to verify the relation-
ship between autophagy and ferroptosis in SAP, the
autophagy inhibitor 3-MA was used in this study. The
experimental results confirmed that compared with
SAP group, 3-MA + SAP group could effectively inhibit
the formation of ferroptosis. The autophagy mecha-
nism of ferroptosis in SAP was also discussed. In sum-
mary, the results suggest that ferroptosis occurs in SAP
in rats, and autophagy plays an important role in the
occurrence of ferroptosis.

Conclusion

Autophagy mediated ferroptosis is one of the important
mechanisms of severe acute pancreatitis. However, this
study does not further investigate how ferroptosis and
autophagy affect each other, nor does it further study at
the cellular level.
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