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Abstract

Background and Purpose: Acute pancreatitis (AP) is associated with acinar cell death
and inflammatory responses. Ferroptosis is characterized by an overwhelming lipid
peroxidation downstream of metabolic dysfunction, in which NADPH-related redox
systems have been recognized as the mainstay in ferroptosis control. Nevertheless, it
remains unknown how ferroptosis is regulated in AP and whether we can target it to
restrict AP development.

Experimental Approach: Metabolomics were applied to explore changes in metabolic
pathways in pancreatic acinar cells (PACs) in AP. Using wild-type and Ptf1a®™ERT?/
*IDH2"M mice, AP was induced by caerulein and sodium taurocholate (NaT). IDH2
overexpressing adenovirus was constructed for infection of PACs. Mice or PACs
were pretreated with inhibitors of FSP1 or glutathione reductase. Pancreatitis sever-
ity, acinar cell injury, mitochondrial morphological changes and pancreatic lipid perox-
idation were analysed.

Key Results: Unsaturated fatty acid biosynthesis and the tricarboxylic acid cycle
pathways were significantly altered in PACs during AP. Inhibition of ferroptosis
reduced mitochondrial damage, lipid peroxidation and the severity of AP. During AP,
the NADPH abundance and IDH2 expression were decreased. Acinar cell-specific
deletion of IDH2 exacerbated acinar cell ferroptosis and pancreatic injury. Pharmaco-
logical inhibition of NADPH-dependent GSH/GPX4 and FSP1/CoQ4o pathways abol-
ished the protective effect of IDH2 overexpression on ferroptosis in acinar cells.
CoQp supplementation attenuated experimental pancreatitis via inhibiting acinar cell
ferroptosis.

Conclusion and Implications: We identified the IDH2-NADPH pathway as a novel
regulator in protecting against AP via restricting acinar cell ferroptosis. Targeting the

pathway and its downstream may shed light on AP treatment.

Abbreviations: AGI, AGI-6780; AP, acute pancreatitis; ASCL4, acyl-coA synthetase long chain family member 4; Cae, caerulein; CoQ40, coenzyme Qqo; DFO, deferoxamine mesylate; Fer-1,
Ferrostatin-1; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4; GR, glutathione reductase; GSH, glutathione; GSSG, oxidized glutathione; H&E, haematoxylin-eosin;
hetKO, heterozygous knockout; IDH2, isocitrate dehydrogenase 2; MDA, malondialdehyde; ME, malic enzyme; NADH, nicotinamide adenine dinucleotide; NADK, NAD kinase; NADPH,
nicotinamide adenine dinucleotide phosphate; NaT, sodium taurocholate; NOX, NADPH oxidase; OPLS-DA, orthogonal partial least squares discriminant analysis; PACs, pancreatic acinar cells;
PCA, principal component analysis; PI, propidium iodide; PPP, pentose phosphate; PUFAs, polyunsaturated fatty acids; TCA, tricarboxylic acid; UPLC-MS/MS, ultra-high-performance liquid
chromatography tandem mass spectrometry; WT, wild-type; a-KG, a-ketoglutarate.
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1 | INTRODUCTION

Acute pancreatitis (AP) is one of the most common gastrointestinal
conditions with substantial morbidity and hospital admissions. As a
complex disease with a variable course, AP can progress towards
severe disease in approximately one fifth of patients, resulting in a
mortality rate of around 20% (Mederos et al., 2021). Therefore, there
is an urgent need for further exploration of the exact pathological cel-
lular pathways underlying AP. Hallmarks of AP are well recognized as
acinar cell death and inflammatory responses, and pancreatic necrosis
determines the severity of AP and patient mortality (Lee &
Papachristou, 2019; Wang et al., 2016). However, the pathogenesis of
AP involves multiple distinct cell death pathways, and the molecular
mechanism of acinar cell necrosis has not been fully elucidated.

Ferroptosis is a form of programmed cell death and has gained
significant attention for its potential to inhibit tumour cells, while
recent research has suggested that ferroptosis may be involved in the
development of AP (Dixon et al., 2012; Ma et al., 2021). During AP,
blocking ferroptosis using specific inhibitors or antioxidants can allevi-
ate pancreatic damage as well as systemic organ failure including liver,
lung and kidney injury (Fan et al., 2021; Ma et al., 2021; Y. Zheng
et al., 2022). While several ferroptosis-related genes and pathways
have been identified in AP, the specific regulatory mechanisms remain
poorly understood.

Ferroptosis is induced by iron-dependent accumulation of lipid
peroxides, which is closely associated with iron, amino acid and lipid
metabolism (Dixon et al., 2012; Tang et al., 2021). The glutathione
(GSH)/glutathione peroxidase 4 (GPX4) axis and ferroptosis suppres-
sor protein 1 (FSP1)/coenzyme Q;o (CoQo) axis have been identified
as the major independent inhibitory pathways of ferroptosis, which
modulate the clearance of lipid peroxides (Doll et al., 2019; Friedmann
Angeli et al., 2014). Of these, nicotinamide adenine dinucleotide phos-
phate (NADPH) acts as a reducing equivalent to catalyse the recycling
of reduced GSH, thereby assisting GPX4 in scavenging lipid peroxides
(Ursini & Maiorino, 2020). Additionally, FSP1 promotes the regenera-
tion of reduced CoQ,¢ in a NADPH-dependent manner and regulates
ferroptosis (Bersuker et al., 2019). In fact, NADPH has been recog-
nized as a marker of ferroptosis sensitivity in several cancer cell line-
ages, and NADPH phosphatase, MESH1, sensitizes cells to ferroptosis
by depleting NADPH (Ding et al., 2020; Shimada et al., 2016).

In this study, we investigated the role and the associated mecha-
nisms of ferroptosis in AP. Isocitrate dehydrogenase 2 (IDH2), a key
enzyme of the tricarboxylic acid (TCA) cycle, was identified as an
inhibitory molecule of ferroptosis in AP. Acinar cell-specific IDH2
deficiency facilitated acinar cell ferroptosis and exacerbated
AP. Mechanically, IDH2 attenuated acinar cell ferroptosis by enhanc-
ing NADPH-dependent GSH/GPX4 and FSP1/CoQ4o pathways, and
thereby alleviated experimental pancreatitis. These findings establish

What is already known

e Ferroptosis may be involved in the development of vari-
ous diseases, including acute pancreatitis.
o NADPH can be associated with ferroptosis sensitivity in

some diseases.

What does this study add

e Mitochondrial IDH2 protects against acinar cell ferropto-
sis through enhancing NADPH-dependent GSH/GPX4
and FSP1/CoQ4¢ pathways.

e CoQp supplementation attenuates experimental pancre-

atitis via inhibiting acinar cell ferroptosis.

What is the clinical significance

e Targeting the IDH2-NADPH pathway and its down-

stream may shed new light on AP treatment.

ferroptosis as essential mediators of acinar cell death during AP, and
identify NADPH-related pathways as potentially novel targets for
treatment of AP.

2 | METHODS

21 | Animal models

Wild-type (WT) C57BL/6J mice (RRID:IMSR_JAX:000664, 6-8 weeks,
20-22 g, male) were purchased from Shanghai SLAC Laboratory Ani-
mal Co Ltd. IDH2"" mice (RRID:IMSR_NM-CKO-205094) were pur-
chased from Shanghai Model Organisms Center, Inc. Ptf1a“ERT2 mice
(RRID:IMSR_NM-KI-200118) were kindly gifted by Professor Jing Xue
from Institute of State Key Laboratory of Oncogenes and Related
Genes, Stem Cell Research Center, Ren Ji Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai, China. To generate mice with
acinar cell-specific deletion of IDH2 (Ptf1a®¢ERT2/+|pH2%/f) |pH2f/
mice were crossed with Ptf1a®"ERT2/+ mice. All mice (20-22 g, male)
were ear tagged and randomized into groups using a completely
randomized table (n =5 per group). All mice were housed under a

controlled environment in individually ventilated cages with wood
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shavings as bedding (four to six mice per cage), 12-h dark/light cycle
at 22°C and free access to water and standard rodent chow. All animal
experiments were conducted according to the replacement, refine-
ment and reduction (3Rs) principle; and in accordance with animal wel-
fare legislation and were approved by the Animal Ethics Committee of
Shanghai General Hospital (2019-A053-02). Animal studies were con-
ducted in accordance with the ARRIVE guidelines (Percie du Sert
et al., 2020) and the recommendations of the British Journal of Pharma-
cology (Lilley et al., 2020).

2.2 | Induction of experimental pancreatitis and
treatments

Caerulein-induced AP was induced in mice by administering 10 hourly
intraperitoneal injections of caerulein (100 ug-kg™1); humane killing was
performed 12 h after the first injection (Hu et al., 2011). Mice were
killed by cervical dislocation after inducing anaesthesia with 3% isoflur-
ane. Sodium taurocholate-induced AP was induced as follows. Mice
were anaesthetised using 3% isoflurane. Following shaving, a 2-3 mm
incision was made in the abdomen and part of the duodenum was
gently removed with forceps. The duodenal papilla region was exposed,
and the common bile duct was closed with vascular clips. Using a ste-
reomicroscope, a blunt-tipped puncture needle was used to puncture
the pancreatic duct and the end of the puncture needle was connected
to a micro-infusion pump for retrograde pancreaticobiliary injection,
and 2.5% sodium taurocholate solution (2 mg-kg™?) was slowly infused
at a rate of 5 pl/min, or an equal volume of saline in the control group.
After completing the infusion process, the vascular clips were carefully
removed, the puncture needles and clips were withdrawn, and the
organs were gently reset into the abdominal cavity, and the wound was
closed with 6/0 surgical sutures. Mice were placed on a 37°C heating
pad until recovery. Humane killing was performed 24 h after surgery
(Perides et al., 2010). After surgery, the mice were returned to their
cages placed on a heated pad (37°C) until they recover. Mice injected
with an equal volume of saline served as the control. Ferrostatin-1 (Fer-
1: 5 mgkg™l), deferoxamine mesylate (DFO; 50 mgkg™?), iFSP1
(1 mgkg™Y), 2-AAPA (10 mgkg™?) and CoQio (50 mg-kg™) were
administered intraperitoneally 1 h before the first injection of caerulein
or retrograde injection of sodium taurocholate, respectively. The

pathologists analysing the data were blinded to the experiment groups.

2.3 | Isolation of pancreatic acini and treatments

Mouse pancreatic acinar cells (PACs) were prepared by collagenase
digestion procedure as previously described (B. Li et al., 2020; Wen
et al., 2015), with minor modifications. Briefly, the pancreas was
resected and washed with phosphate-buffered saline. Mouse pancre-
atic tissues were isolated and incubated at 37°C for 20 min after
multipoint injection of 1 ml of collagenase IV (2 mg-ml~%; MP Biomed-
icals, CA, USA). The tissues were then separated by blowing repeat-
edly with wide bore pipette tips until the large pancreatic tissues
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disappeared. The tissue was filtered through a 70-um cell strainer
(Corning, NY > USA), centrifuged, washed and resuspended in
DMEM/F-12 culture medium containing 10% fetal bovine serum.
PACs were pretreated with iFSP1 (5 uM) or AGI (10 uM) for 1 h, or
with 2-AAPA (25 uM) for 0.5 h, followed by stimulation with NaT
(4 mM). PACs were collected for further examination as described in

the relevant figure legends.

24 | Histology and immunohistochemistry

The fresh pancreatic tissues were collected, fixed with 4% paraformal-
dehyde for 24 h, and sectioned into 4-um slices for haematoxylin-
eosin (H&E) staining using routine procedures. Pancreatic injuries
were scored from O to 3 for oedema, inflammation and necrosis in a
blinded fashion by two experienced investigators (Wildi et al., 2007).
For immunohistochemical staining, paraffin-embedded pancreatic sec-
tions were dewaxed, rehydrated and incubated with Citrate Antigen
Retrieval Solution (Sangon Biotech, Shanghai, China). Sections were
then incubated with monoclonal antibody against CD45 (1:100) or
MDA (1:100) overnight, visualized using an immunohistochemistry kit

(Vector Laboratories, Burlingame, USA).

2.5 | Immunofluorescence staining

Paraffin-embedded pancreatic sections were dewaxed, rehydrated
and microwaved in Citrate Antigen Retrieval Solution (Sangon
Biotechnology, Shanghai, China). Sections were then blocked for 1 h
with 10% goat serum. Subsequently, they were incubated overnight
with primary antibodies against amylase (1:100) and IDH2 (1:100).
After being washed three times in PBS, sections were incubated with
secondary antibodies (Alexa Fluor 594-conjugated goat anti-rabbit or
FITC-conjugated goat anti-mouse; 1:100) for 1 h at 37°C. Nuclei were
stained with DAPI for 10 min and all samples were mounted with fluo-
rescent mounting medium (Yeasen Technology, Shanghai, China).
Results of immunofluorescence staining were visualized and analysed
using a Leica SP8 confocal microscope and LAS X software (RRID:
SCR_013673, Leica Application Suite X, Leica, IL, USA).

2.6 | Serum amylase and lipase assay

The serum was obtained by centrifugation at 1734 g for 15 min at
4°C. Serum amylase and lipase levels were measured by a Roche/
Hitachi modular analytics system (Roche Diagnostics, Basel,
Switzerland).

2.7 | Pluptake

When the acinar cell treatment reached the end point, the cells of

each group were transferred to a new 96-well plate; 2 ul of propidium
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iodide (PI; 2.5 mg-ml~%; Sigma, Missouri, USA, cat#P4170) was added
into each well and incubated at room temperature for 5 min. The first
reading (Read 1) was performed on the microplate reader (Thermo
Varioskan Flash, MA, USA) at Ex/Em = 536/617 nm. Next, 2 ul of
25% Triton-X100 (Sangon Biotech, cat#A110694) was added into
each well, and the wells were incubated at room temperature for
20 min. The second reading (Read 2) was conducted on the microplate
reader at Ex/Em = 536/617 nm. The Pl uptake (%) can be calculated
as the mean of Read 1/Read 2 x 100% for each group.

2.8 | Metabolomic analysis of PACs

The metabolites of PACs were quantified using an ultra-
high-performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS) system (ACQUITY UPLC-Xevo TQ-S, Waters Corp.,
Milford, MA, USA). The UPLC-MS/MS generated raw data files that
were processed using TMBQ software (v1.0, Metabo-Profile, Shang-
hai, China) to perform peak integration, calibration and quantification
for each metabolite. The iIMAP platform (v1.0, Metabo-Profile, Shang-
hai, China), which was internally developed, was implemented to
conduct statistical analyses, including principal component analysis
(PCA), orthogonal partial least squares discriminant analysis (OPLS-
DA\), univariate, and pathway analyses.

2.9 | IDH2 adenovirus infection and acinar cell

imaging

Primary acinar cells were plated at the appropriate density, and then
1 x 10° PFU-ml~! IDH2 overexpression adenovirus or the control
adenovirus (OBiO, Shanghai, China) was added to the culture medium.
After 6 h of infection, the fluorescent protein expressed on the ade-
novirus plasmid was observed to determine the infection efficiency
and replace with the fresh culture medium and cultured for 18 h for
further processing. At the end of the experiment, the acinar cells were
collected and the expression of IDH2 was measured to determine the

effect of adenoviral intervention.

210 | Measurement of MDA

According to the instruction of the MDA assay kit (Sigma, cat#-
MAKO085), fresh pancreatic tissue (10 mg) or appropriate amount of
PACs were homogenized on ice in 300 ul of the MDA Lysis
Buffer containing 3 pl of BHT (100x). Centrifuge the samples at
13,000 g for 10 min to remove insoluble material. 100 ul of the super-
natant from each homogenized sample was transferred into a micro-
centrifuge tube and 300 ul of TBA solution added. This was incubate
at 95°C for 60 min and then cooled to room temperature in an ice bath
for 10 min; 200 pl of the MDA-TBA adduct was extracted into a
96-well plate, and the concentration of MDA in each sample was cal-

culated using a fluorescent microplate reader (Ex/Em = 532/553 nm).

211 | BODIPY 581/591 staining

At 30 min before the primary acinar cells reached the end point of
treatment, BODIPY 581/591 C11 solution (5 uM; Invitrogen,
cat#D3861) was added to the medium and incubated at 37°C for
30 min. The cells were collected, centrifuged to discard the superna-
tant and washed twice with PBS. Then the cells were fixed with 300 pl
of 4% paraformaldehyde for 10 min at room temperature, and the fluo-
rescence changes of each group were visualized and analysed using a

Leica SP8 confocal microscope and LAS X software (Leica, IL, USA).

212 | Measurement of NADPH

According to the instruction of the NADP/NADPH Assay Kit (Amplite,
CA, USA, cat#15264), take fresh pancreatic tissue (10 mg) or an appro-
priate amount of primary acinar cells and place them into 200 pl of
NADP/NADPH lysis solution. After homogenization and centrifuga-
tion, 25 ul of the supernatant was removed into a 96-well plate. 25 ul
of NADPH extraction solution was added and it was incubated at
room temperature for 15 min. Then, 25 ul of NADP extraction solution
was added and it was incubated at room temperature for 1 h. The con-
centration of NADPH in each sample was calculated by taking a read-
ing from a fluorescence microplate reader (Ex/Em = 540/590 nm).

213 | Western blotting

Total protein isolated from pancreatic tissues and PACs were extracted
using the method described previously (Hu et al., 2011). Proteins
(40 pg per lane) were submitted to 10% or 12.5% SDS-PAGE (Epizyme
Biotech, Shanghai, China) and electrotransferred to nitrocellulose
membranes (Millipore, CA, USA). The membranes were then incubated
overnight at 4°C with primary antibodies against GPX4 (1:1000),
ACSL4 (1:1000), IDH2 (1:1000) and p-actin (1:800). Samples were then
probed with secondary antibodies for 1 h at 37°C and visualized by an
Odyssey CLx imaging system (LI-COR, Nebraska, USA). Densitometric
analysis was performed using the Image Studio system and normalized
to B-actin. Protein levels of experimental groups were represented as
fold changes compared with the control group. The immuno-related
procedures employed are in line with recommendations established by
the British Journal of Pharmacology (Alexander et al., 2018).

2.14 | Real-time quantitative PCR (qRT-PCR)

Total RNA was isolated from pancreatic tissues and PACs using Trizol
reagent (Invitrogen, CA, USA), and RNA concentration and purity
were measured using a spectrophotometer (Thermo Scientific, MA,
USA\). Reverse transcription was performed using the PrimeScript RT
reagent kit (Takara Bio, Inc, Kyoto, Japan). RT-gPCR was performed
by SYBR Premix Ex Taq (Takara Bio, Inc) in the QuantStudio 6 Flex
Real-Time PCR System (Applied Biosystems, CA, USA). Relative
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expression of target genes and fold changes were calculated using the

comparative CT (2~

AACT) method with RplpO as a reference gene. The

mean values of the control group were set to 1, and the values of all

other groups were normalized to the control group values, presented

(a)

(d)

(e)

FIGURE 1
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as the fold mean of the controls. Each target gene was analysed with

three replicates for each biological sample, and at least five biological

samples were analysed in each condition. Primers (Sangon Biotechnol-

ogy) for RT-PCR experiments are listed in Table S1.
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Ferroptosis of acinar cells is present in acute pancreatitis (AP). In vivo, AP was induced by injections of caerulein (Cae, 100 pg-kg™2).

In vitro, freshly isolated pancreatic acinar cells (PACs) were stimulated with 4-mM sodium taurocholate (NaT) for 1 h. (a,b) Significant changes in
unsaturated fatty acid metabolic pathways and the tricarboxylic acid cycle in PACs stimulated by NaT. gRT-PCR (c) and immunoblot analysis (d) of
GPX4 and Acsl4 expression in pancreatic tissue. (e) Mitochondrial morphological changes in the acinar cells in response to caerulein at low power
(scale bar = 500 nm) and high power (scale bar = 200 nm). Five representative fields of view were selected for each group. (f) Pancreatic level of
MDA in mice with control or AP. n = 5 per group. Data are shown as mean + SEM. *P < 0.05 versus control, N.S. = not significant.
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215 | Transmission electron microscopy

Fresh pancreatic tissue (about 1 mm? in size) was placed in 2.5% glutar-
aldehyde and prefixed overnight at 4°C. It was rinsed three times with
0.1-M PBS and post-fixed by soaking in 1% osmium acid for 2 h. After
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rinsing three times with 0.1-M PBS, the tissue was dehydrated step by
step in ethanol and then embedded in epoxy resin. Ultrathin sections
were prepared at 80 nm, and stained with uranyl acetate and lead cit-
rate. The mitochondrial morphology of acinar cells was observed by
transmission electron microscopy (H7000; Hitachi, Tokyo, Japan).
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Inhibition of ferroptosis attenuates mitochondrial damage and lipid peroxidation in caerulein induced pancreatitis.

Ferrostatin-1 (Fer-1, 5 mg-kg~ ) or deferoxamine mesylate (DFO, 50 mg-kg) was used 1 h before the first caerulein injection.

(a) Representative images of H&E stained pancreatic tissue. Scale bar = 100 um. (b) Histological scores were determined as described in

Section 2. (c) Serum amylase and lipase levels of mice. (d) Immunohistochemical staining of CD45" leukocytes in pancreatic tissue. Scale
bar = 100 um. (e) Mitochondrial morphological changes in the acinar cells at low power (scale bar = 500 nm) and high power (scale

bar = 200 nm). (f) Pancreatic level of MDA in pancreatic tissues. n =5 or 6 per group. Data are shown as mean + SEM. *P < 0.05 versus

control, #P < 0.05 versus Caeruein.
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FIGURE 3 Legend on next page.
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FIGURE 3 NADPH-dependent GSH/GPX4 and FSP1/CoQ10 pathways are involved in pancreatic damage in experimental pancreatitis. In
vivo, iIFSP1 (1 mg-kg™1) or 2-AAPA (10 mg-kg~?) was used 1 h before the first caerulein injection. In vitro, isolated PACs were pretreated with
Fer-1 (5 uM), iFSP1 (5 uM) for 1 h or 2-AAPA (25 uM) for 0.5 h and then stimulated with NaT (4 mM). (a) Schematic diagram depicting the key
steps in the regulation of ferroptosis inhibitory pathway. (b) Representative images of H&E stained pancreatic tissue. Scale bar = 100 um.

(c) Histological scores were calculated as described in Section 2. (d) Serum amylase and lipase levels of mice. (e) Immunohistochemical staining of
MDA in pancreatic tissue. Scale bar = 100 um. (f) Levels of NADPH in pancreatic acinar cells (PACs) stimulated by NaT and pancreatic tissues in
caerulein-induced acute pancreatitis (AP). n = 5 per group. Data are shown as mean + SEM. *P < 0.05 versus control, #P < 0.05 versus Caerulein

(Cae), N.S. = not significant.

2.16 | Data and statistical analysis

The data and statistical analysis comply with the recommendations
on experimental design and analysis in pharmacology (Curtis
et al., 2022). Data were presented as mean = SEM. Comparisons
between groups were determined by Student's t-test or one-way
ANOVA with Bonferroni's posttest. Bonferroni's posttests were
performed only when F achieved P < 0.05, and there was no
significant variance inhomogeneity. Statistical analysis was per-
formed using GraphPad Prism version 8.0 (RRID:SCR_002798,
GraphPad, La Jolla, CA, USA). P < 0.05 was considered statistically

significant.

217 | Materials

Caerulein (Cae; cat#HY-A0190), deferoxamine mesylate (cat#HY-
B0988), corn oil (cat#HY-Y1888), iFSP1 (cat#HY-136057) and
AGI-6780 (AGI; cat#HY-15734) were purchased from Med-
ChemExpress (Shanghai, China). Sodium taurocholate hydrate
(NaT; cat#86339),  tamoxifen (cat#T5648),  ferrostatin-1
(cat#SML0O583), 2-AAPA (cat#A4111) and CoQq (cat#C9538) were
from Sigma-Aldrich Chemical (St. Louis, MO, USA). Antibody
against amylase (cat# sc-46657, RRID:AB_626668) was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies
against Glutathione Peroxidase 4 (GPX4; cat# ab125066, RRID:AB_
10973901), ACSL4 (cat# ab155282, RRID:AB_2714020), malondial-
dehyde (MDA; cat#ab243066), IDH2 (cat# ab131263, RRID:AB_
11156098) and FLAG (cat# ab205606, RRID:AB_2916341) were
from Abcam (Cambridge, MA, USA). Antibody against beta-Actin
(cat# TO022, RRID:AB_2839417) was purchased from Affinity Bio-
sciences (OH, USA). Antibody against CD45 (cat# 70257, RRID:
AB_2799780) was purchased from Cell Signaling Technology
(Danvers, MA, USA).

2.18 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2023/23
(Alexander, et al., 2023)

3 | RESULTS

3.1 | Acinar cell ferroptosis contributes to
pancreatic injury in experimental pancreatitis

Emerging studies have implicated ferroptosis in the pathogenesis of
AP (Fan et al., 2021; Ma et al., 2021). To investigate whether ferropto-
sis was present in acinar cells, we detected biochemical signatures of
ferroptosis in experimental pancreatitis. The abundance and localiza-
tion of polyunsaturated fatty acids (PUFAs) determine the degree of
intracellular lipid peroxidation, and hence the extent to which ferrop-
tosis is operative (Stockwell et al., 2017). Nontargeted metabolomics
showed that the content of PUFAs, such as adrenic acid, arachidonic
acid and linoleic acid, was markedly increased in acinar cells upon NaT
stimulation (Figure 1a). KEGG pathway analysis demonstrated
changes in the biosynthesis of unsaturated fatty acids and the TCA
cycle (Figure 1b). Furthermore, in caerulein-induced AP, there was a
significant down-regulation of GPX4, a central regulator of the ferrop-
tosis defence system and a concomitant up-regulation of the acyl-coA
synthetase long chain family member 4 (ASCL4), an essential compo-
nent for ferroptosis, compared with the control group (Figure 1c,d). In
addition, transmission electron microscopy analysis showed that mice
stimulated with caerulein exhibited distinct morphological changes
characteristic of ferroptotic cells, including mitochondrial shrinkage,
membrane wrinkling and cristae loss (Figure 1e). Quantitative assess-
ments of pancreatic MDA, an end product of lipid peroxidation, fur-
ther confirmed that lipid peroxidation was significantly elevated in
caerulein-induced pancreatitis (Figure 1f). These findings lent support
to the hypothesis that ferroptosis is actively involved in the patho-
physiology of pancreatic acinar cells during AP.

To clarify the role of acinar cell ferroptosis in AP, we utilized two
distinct experimental models: a chemically induced model using caeru-
lein and a clinically relevant model by retrograde infusion of NaT. Prior
to AP induction, mice were pretreated with ferroptosis inhibitors, spe-
cifically Fer-1 or DFO. Pathological evaluation, including assessments
of pancreatic tissue oedema, inflammatory cell infiltration and acinar
cell necrosis indicated that inhibition of ferroptosis mitigated the
severity of AP in both models (Figure 2a,b, Figure S1A,B). Moreover,
Fer-1 or DFO pretreatment markedly decreased serum amylase and
lipase levels in caerulein-induced AP although no significant difference
was observed in NaT-induced AP, which may be due to the pathologi-
cal severity and serum biochemical indicators not being exactly paral-

lel in NaT-induced AP (Figure 2c, Figure S1C). Immunohistochemical

85U801 7 SUOWIWIOD BA 11810 3|qeot dde aup Aq peusenob ae sajole YO ‘8Sn JoSa|ni o) Akeid18UIIUQ AB]IM UO (SUORIPUOD-PUR-SULBI WD A8 I Aleiq Ul |Uo//StY) SUORIPUOD PUe SWie | 8y} 885 *[Z02/L0/0€] U ARiqiTauliuo A8]IM iqwin|oD usilg JO AisieAlun Aq 69v9T yda/TTTT 0T/I0p/uoo 8| im Arqijeul|uo'sgndsday/sdny wouj pepeojumod ‘0 ‘T8ESILYT


https://scicrunch.org/resolver/RRID:SCR_002798
https://scicrunch.org/resolver/RRID:AB_626668
https://scicrunch.org/resolver/RRID:AB_10973901
https://scicrunch.org/resolver/RRID:AB_10973901
https://scicrunch.org/resolver/RRID:AB_2714020
https://scicrunch.org/resolver/RRID:AB_11156098
https://scicrunch.org/resolver/RRID:AB_11156098
https://scicrunch.org/resolver/RRID:AB_2916341
https://scicrunch.org/resolver/RRID:AB_2839417
https://scicrunch.org/resolver/RRID:AB_2799780
https://scicrunch.org/resolver/RRID:AB_2799780
http://www.guidetopharmacology.org

PENG ET AL.

staining further revealed that Fer-1 or DFO pretreatment led to a sig-
nificant reduction in the infiltration of CD45" leukocytes into the pan-
creatic tissues when compared with the AP control group (Figure 2d,
Figure S1D). Additionally, ultrastructural analyses using transmission
electron microscopy, along with MDA assays, demonstrated that
Fer-1 or DFO pretreatment attenuated ferroptotic mitochondrial
changes and lipid peroxidation (Figure 2e,f, Figure S1E,F). In addition,
there were also changes in the expression of genes related to mito-
chondrial morphology (Figure S2A,B). Collectively, these findings sys-
temically suggested that ferroptosis played a pivotal role in mediating
pancreatic acinar cell injury during AP.

3.2 | NADPH-dependent GSH/GPX4 and FSP1/
CoQ1 pathways are involved in pancreatic damage in
experimental pancreatitis

Iron-dependent lipid peroxidation serves as the primary mechanism
for ferroptosis execution, and the enhancement of lipid peroxide
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clearance offers a protective effect against this form of cell death
(J. Zheng & Conrad, 2020). As is well known, the primary antioxidant
pathways, specifically the GSH/GPX4 and FSP1/CoQ;o pathways, are
pivotal in mitigating ferroptosis by neutralizing lipid peroxides, and
these pathways are fuelled by NADPH (Figure 3a). Glutathione
reductase (GR), an oxidoreductase, facilitates the conversion of oxi-
dized glutathione (GSSG) to its reduced form (GSH) by utilizing
NADPH as a cofactor (NaveenKumar et al., 2020). To assess the role
of these pathways in acinar cell ferroptosis in AP, mice or PACs were
pretreated with the selective inhibitors for FSP1 (iFSP1) or GR
(2-AAPA) prior to AP induction. Both iFSP1 and 2-AAPA treatments
significantly exacerbated the severity of pancreatitis, as evidenced by
histological scoring (Figure 3b,c). Nevertheless, only iFSP1 treatment
led to elevated serum levels of amylase and lipase during AP
(Figure 3d). Immunohistochemical staining of MDA confirmed that
both iFSP1 and 2-AAPA treatments intensified acinar cell lipid
peroxidation when compared with the AP group (Figure 3e). In vitro
experiments further supported these findings, showing that both
iFSP1 and 2-AAPA exacerbated NaT-induced acinar cell injury and
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FIGURE 4 NADP"-dependent isocitrate dehydrogenase 2 (IDH2) is markedly suppressed in experimental pancreatitis. (a,b) Targeted genes
regulating NADPH production were analysed in the pancreatic tissues of caerulein induced acute pancreatitis (AP) mice. (c) Representative
western blot analysis of IDH2 expression in pancreatic tissue. (d) Immunofluorescence staining of IDH2 and amylase in pancreatic tissue. Nuclei
were stained with DAPI. Scale bar = 40 um. n = 6 per group. Data are shown as mean + SEM. *P < 0.05 versus control.
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Acinar cell-specific deletion of isocitrate dehydrogenase 2 (IDH2) facilitates ferroptosis and exacerbates the severity of

experimental pancreatitis. In vivo, Fer-1 (5 mg-kg™%) was used 1 h before the first caerulein injection. gRT-PCR (a) and western blot (b) analysis of
IDH2 expression in pancreatic acinar cells (PACs) of acinar cell-specific IDH2 knockout mice. (c) The content of NADPH in pancreatic tissue of
Ptf1areERT2IDH2MM (WT) and Ptf1aERT2/+|DH2/f! (hetKO) mice. (d) Representative images of H&E stained pancreatic tissue. Scale

bar = 100 um. (e) Histological scores were analysed as described in Section 2. (f) Serum amylase and lipase of mice. (g) Immunohistochemical
staining of MDA in pancreatic tissue. Scale bar = 100 um. (h) Cell injuries of PACs measured by Pl uptake. (i) BODIPY 581/591 staining of PACs
in AP. Scale bar = 100 pum. n = 5 or 6 per group. Data are shown as mean + SEM. *P < 0.05, N.S. = not significant.

lipid peroxidation, effects that were reversible by Fer-1 in vitro
(Figure S3A,B). We further measured changes in NADPH levels in the
context of AP and found a significant reduction in NADPH levels in
both NaT-stimulated acinar cells and pancreatic tissues of caerulein-
induced AP mice (Figure 3f). Thus, these data indicated that
GSH/GPX4 and FSP1/CoQ0 pathways acted as suppressors of acinar
cell ferroptosis during AP, in which NADPH may serve as a key

modulator.

3.3 | NADP™-dependent isocitrate dehydrogenase
(IDH2) is markedly suppressed in experimental
pancreatitis

Given the critical role of NADPH in both GSH/GPX4 and FSP1/
CoQio pathways, we then examined the genes associated with
NADPH metabolism. As is well known, NADPH can be generated
through multiple pathways, including the pentose phosphate (PPP)
pathway, TCA cycle and NAD kinase (NADK)-catalysed phosphoryla-
tion of nicotinamide adenine dinucleotide (NADH) (Figure 4a). Accord-
ing to our data, among these critical enzymes of the NADPH-related
pathways, only IDH2 showed significant down-regulation in AP
(Figure 4b). IDH2, which is located in the mitochondria, is a pivotal
enzyme in the TCA cycle that catalyses the oxidative decarboxylation
of isocitrate to produce a-ketoglutarate (a-KG) and NADPH (Han
et al., 2018). Western blot and immunofluorescence analysis further
confirmed the down-regulation of IDH2 in the pancreatic tissues and
acinar cells of mice with AP, respectively (Figure 4c,d). Taken together,
these findings indicated that NADP*'- dependent IDH2 was sup-
pressed during AP, potentially impairing lipid peroxide clearance and

thereby facilitating acinar cell ferroptosis.

3.4 | Acinar cell-specific deletion of isocitrate
dehydrogenase (IDH2) facilitates ferroptosis and
exacerbates the severity of experimental pancreatitis

To explore the functional significance of IDH2 in modulating acinar
cell ferroptosis and the associated-pancreatic injury in AP, we engi-
neered mice harbouring a conditional knockout of IDH2 specifically in
pancreatic acinar cells (Ptf1a“*ERT2+IDH2f). gPCR and western
blot analysis verified an approximately 70% reduction in pancreatic
IDH2 expression in these conditional heterozygous knockout (hetKO)
mice compared with their wild-type littermates (Figure 5a,b). More-

over, a concomitant decrease of NADPH level was observed in

pancreatic tissues of hetKO mice (Figure 5c). Upon induction of AP
using caerulein, the conditional knockout mice manifested exacer-
bated pancreatic damage, as assessed by elevated histological scoring
and serum levels of amylase and lipase compared with control mice
(Figure 5d-f). MDA assays showed that IDH2 deficiency led to
increased lipid peroxidation in the context of AP (Figure 5g). Notably,
treatment with the ferroptosis inhibitor Fer-1 alleviated the exacerba-
tion of pancreatic injury induced by IDH2 deletion (Figure 5d-f).
In vitro experiments further supported these findings. Pl is a cytosolic
fluorescent dye that stains the nucleus by penetrating broken cell
membranes and BODIPY 581/591, a ratiometric fluorescent probe,
exhibits a red-to-green emission shift in response to lipid peroxida-
tion. PACs with IDH2 deletion exhibited increased injury and lipid per-
oxidation upon stimulation with NaT, as indicated by an increased
percentage of Pl uptake and enhanced BODIPY 581/591 staining
(Figure 5h,i). Moreover, to further verify the role of IDH2, we pre-
treated PACs with the inhibitor of IDH2 (AGI) before AP induction.
Notably, AGI-6780 was designed to inhibit mutant IDH2 but was also
recently found to inhibit wild-type IDH2 (Jaccard et al., 2023). Our
data demonstrated that AGI significantly exacerbated NaT-induced
acinar cell injury and lipid peroxidation (Figure S4A,B). Taken together,
these data underscored the pivotal role of IDH2 in modulating pancre-
atic acinar cell ferroptosis and mitigating pancreatic injury during AP.

3.5 | The protective effect of isocitrate
dehydrogenase (IDH2) overexpression on ferroptosis
is involved in the GSH/GPX4 and FSP1/CoQ1o
pathways

Recent research has established the critical roles of GSH/GPX4 and
FSP1/CoQ;o pathways in mitigating ferroptosis, with NADPH serving
as an essential cofactor for providing reducing equivalents (Doll
et al,, 2019; Ursini & Maiorino, 2020). Based on our earlier findings
that IDH2 modulated acinar cell ferroptosis and that the
IDH2-NADPH pathway was compromised during AP, we hypothe-
sized that the IDH2-NADPH pathway could regulate ferroptosis via
the GSH/GPX4 and FSP1/CoQio pathways. IDH2 overexpressing
adenovirus was constructed for infection of PACs, which resulted in
an approximate 2.5-fold increase in IDH2 expression compared with
the Ad-Con group (Figure 6a). We found that adenoviral overexpres-
sion of IDH2 led to elevated NADPH levels in PACs (Figure 6b). Fur-
thermore, IDH2 overexpression significantly attenuated NaT-induced
acinar cell injury and lipid peroxidation (Figure 6c,d). To discern
whether IDH2 exerted its protective effects through the GSH/GPX4
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FIGURE 6 The protective effect of isocitrate dehydrogenase 2 (IDH2) overexpression on ferroptosis is involved in the GSH/GPX4 and FSP1/
CoQqo pathways. Isolated pancreatic acinar cells (PACs) with adenovirus-IDH2 (Ad-IDH2) or adenovirus-Con (Ad-Con) were stimulated with
sodium taurocholate (NaT) (4 mM). (a) Western blot analysis of IDH2 and IDH2-Flag expression in acinar cells with Ad-IDH2 or Ad-Con. (b) The
level of NADPH in acinar cells with Ad-IDH2 or Ad-Con. (c) Cell injuries of PACs measured by Pl uptake. (d) BODIPY 581/591 staining of PACs
with Ad-IDH2 and Ad-Con stimulated by NaT. Scale bar = 100 um. Isolated PACs with Ad-IDH2 or Ad-Con were pretreated with iFSP1 (5 uM)
for 1 h or 2-AAPA (25 uM) for 0.5 h and then stimulated with NaT (4 mM). (e) Cell injuries of PACs measured by Pl uptake. (f) BODIPY 581/591
staining of PACs. Scale bar = 100 um. n = 5 per group. Data are shown as mean + SEM. *P < 0.05, N.S. = not significant.

and FSP1/CoQ,¢ pathways, we pretreated IDH2-overexpressing aci-
nar cells with either iFSP1 or 2-AAPA prior to NaT stimulation. Both
Pl uptake and BODIPY 581/591 staining suggested that inhibition of
FSP1 or GR negated the protective effects of IDH2 overexpression
on acinar cell damage and lipid peroxidation (Figure 6e,f). Collectively,
these results identified the IDH2-NADPH circuit as a central signalling
hub supporting GSH/GPX4 and FSP1/CoQ¢ pathway to restrict aci-
nar cell ferroptosis and pancreatic injury in the context of AP.

3.6 | CoQjosupplementation protects against
acinar cell ferroptosis and experimental pancreatitis

FSP1, by utilizing NADPH, catalysed the regeneration of reduced
CoQ10, Which in turn inhibits lipid peroxidation and ferroptosis in a
GPX4-independent manner (Bersuker et al., 2019). To assess the pro-
tective potential of CoQqo against pancreatic injury and ferroptosis
during AP, CoQ4o was administered as a pretreatment in both hetKO
and control mice. Histopathological analyses revealed a significant
attenuation of pancreatic injury in CoQqo pretreated mice, as evi-
denced by improved histological scores (Figure 7a,b). Additionally,
serum levels of amylase and lipase were also substantially decreased
in the CoQqo pretreated group compared with the AP group
(Figure 7c). Immunohistochemical staining further corroborated these
findings, showing a marked reduction in CD45" leukocytes infiltration
and lipid peroxidation in both hetKO and control mice following
CoQqo supplementation (Figure 7d,e). In summary, these data indi-
cated that CoQ;o supplementation offered a protective effect against
experimental pancreatitis via inhibiting acinar cell ferroptosis, thereby

presenting a potential therapeutic avenue for clinical AP.

4 | DISCUSSION

Approximately 20% of patients with AP progress to more severe dis-
ease, typically characterized by necrosis and inflammation-induced
systemic damage (Garg & Singh, 2019). Recent studies have demon-
strated that ferroptosis, a nonapoptotic form of cell death, is involved
in the pathogenesis of AP (H. Li et al., 2022). Nevertheless, the exact
molecular mechanisms that control acinar cell ferroptosis is incom-
pletely defined. Here, from the perspective of lipid peroxidation scav-
enging, our findings revealed the effects of the GSH/GPX4 pathway
and the FSP1/CoQq¢ pathway in experimental pancreatitis, in which
NADPH played a key role as a reducing equivalent. Furthermore,
IDH2, the key enzyme of the TCA cycle, regulated the abundance of

NADPH and acted as a protective agent in AP via NADPH-dependent
GSH/GPX4 pathway and FSP1/CoQ4q pathway (Figure 8).

Ferroptosis is a form of regulatory necrosis, triggered by a
combination of iron toxicity, lipid peroxidation and plasma membrane
damage, and manipulating the synthesis or degradation processes of
PUFAs will ultimately affect the cell susceptibility to ferroptosis (Chen
et al, 2021; J. Zheng & Conrad, 2020). The pathogenesis of AP is
closely associated with lipid peroxidation and reactive oxygen species
(H. Li et al,, 2022). Extracellular trypsin increases the susceptibility of
acinar cells to ferroptosis by inducing the degradation of glutathione
peroxidase 4 (GPX4) through the proteasome 26S subunit, nonadeno-
sine triphosphatase 4-dependent pathway (Liu et al., 2022). High-iron
diets or GPX4 depletion accelerates the progression of experimental
pancreatitis via oxidative damage (Dai et al., 2020). GPX4 may play a
central role in suppressing ferroptosis in the context of AP. Our study
systematically addressed the presence of ferroptosis in AP, and
revealed that pharmacological inhibition of glutathione reductase, a key
enzyme related to the regeneration of reduced GSH in the GSH/GPX4
pathway, could exacerbate the severity of AP, which may result in func-
tional impairment of GPX4. Additionally, inhibition of FSP1, another
key enzyme independent of the GPX4-related pathway, likewise exac-
erbated the severity of AP by interfering with CoQqo regeneration.
Additionally, significant alterations in the biosynthesis of unsaturated
fatty acids were also observed in acinar cells during AP, suggesting that
underlying conditions may also exist in AP that induce ferroptosis.

Ferroptosis is governed by antioxidant axes, including the
GSH/GPX4 axis and the FSP1/CoQq axis, all of which are fuelled by
NADPH (J. Zheng & Conrad, 2020). Research has revealed that NADPH
levels were considered as a biomarker of ferroptosis, which negatively
correlates with cellular sensitivity to ferroptosis in various cancer cell
lines (Shimada et al., 2016). Deficiency of the reducing power of NADPH
has been observed during hepatic I/R injury, and NADP"-dependent
malic enzyme 1 was identified as an anti-ferroptotic regulator by restor-
ing NADPH and GSH levels (Fang et al., 2023). It has been reported that
NADPH levels in acinar cells significantly decreased in response to AP
stimuli, including ethanol, palmitoleic acid and sodium taurocholate,
which is consistent with our data (Booth et al, 2011; Huang
et al,, 2014). Thus, we suspected that NADPH may play an important
role in controlling acinar cell ferroptosis during AP. Notably, NADPH also
serves as the substrate for NADPH oxidase (NOX), which causes the
production of reactive oxygen species, and inhibition of NOX may block
ferroptosis in some diseases (Poursaitidis et al., 2017). Because several
studies have indicated that NOX primarily operates in neutrophils rather
than acinar cells, we speculated that this condition is not paralleled to

acinar cell ferroptosis (Booth et al., 2011; Gukovskaya et al., 2002).
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FIGURE 7 Coenzyme Q40 (CoQ0) supplementation protects against acinar cell ferroptosis and experimental pancreatitis. CoQ4o

(50 mg-kg 1) was used 1 h before the first caerulein injection. (a) Representative images of H&E stained pancreatic tissue. Scale bar = 100 pm.
(b) Histological scores were analysed as described in Section 2. (c) Serum amylase and lipase levels of mice. (d) Immunohistochemical staining of
CD45" leucocytes in pancreatic tissue. Scale bar = 100 um. (e) Immunohistochemical staining of MDA in pancreatic tissue. Scale bar = 100 pm.
n = 5 per group. Data are shown as mean + SEM. *P < 0.05.
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FIGURE 8 Working model depicting
how IDH2-NADPH pathway is regulated
and suppresses ferroptosis during AP.
IDH2 maintains redox homeostasis by
providing reducing equivalents NADPH to
the NADPH-dependent GSH/GPX4
pathway and the FSP1/CoQ¢ pathway,
thus acting as a protective factor against .’
ferroptosis during AP. —

In mammalian cells, the NADPH pool is predominantly generated
by several routes, such as the PPP pathway, NADK-catalysed phos-
phorylation of NADH, NADP*-dependent isocitrate dehydrogenase
(IDH) and NADP'-dependent ME (Fang et al, 2023; Pollak
et al., 2007; Zhang et al., 2021). IDH and ME are key enzymes in the
TCA cycle. Among them, only mitochondrial IDH2 was markedly
decreased in experimental pancreatitis, consistent with the reduction
of NADPH, while the PPP pathway, the NADK pathway and the ME
pathway were enhanced. This may represent a feedback protective
mechanism in acinar cells in response to oxidative stress stimuli. IDH2
located in the mitochondria converts isocitrate to a-KG by utilizing
NADP™ as a co-factor, and its mutants are extensively described in
tumour initiation and progression (Dang et al., 2016). IDH2 maintains
a pool of reduced glutathione and peroxiredoxin by furnishing mito-
chondrial NADPH to NADPH-dependent antioxidant enzymes, includ-
ing glutathione reductase and thioredoxin reductase (Tommasini-
Ghelfi et al., 2019). In kidney ischaemia-reperfusion injury, IDH2
knockdown impaired the reduction of NADP" and GSSG in mitochon-
dria, exacerbating mitochondrial structural and functional damage
(Han et al., 2017). Moreover, studies have suggested that IDH2 dereg-
ulation in HT1080 fibrosarcoma and Hepal-6 hepatoma cells
increases sensitivity to ferroptosis (Kim et al, 2020). Our current
study demonstrated that modulation of IDH2 expression affected
pancreatic injury upon AP by impacting NADPH availability in acinar
cells. In particular, the protective effect of adenoviral overexpression
of IDH2 on acinar cell injury could be mitigated by the inhibition of
FSP1 and GR, suggesting that the effect of the IDH2-NADPH path-
way on pancreatic injury depended on the GSH/GPX4 pathway and
the FSP1/CoQ1¢ pathway.

CoQ,0, the downstream molecule in the FSP1/CoQ4q pathway, is
a fat-soluble benzoquinone-like vitamin and the third most commonly
consumed dietary supplement with a favourable safety profile
(Arenas-Jal et al., 2020). The fully reduced form of CoQo is a
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TCA cycle f @ —2-AAPA o>
oK NADPH

BRITISH 15
¢ PHARMACOLOGICAL:
SOCIETY

o, s —iESPY coq o

( Lipid Peroxidation J

Pancreatic acinar cell l

A\

Ferroptosis

lipophilic antioxidant with the ability to neutralize free radicals and
regenerate vitamin E in its reduced state. Studies have shown that the
exogenous supplementation of CoQq was found to significantly
attenuate experimental pancreatitis, while the exact mechanism was
unclear (Mirmalek et al., 2016; Shin et al., 2020). Our findings indi-
cated that CoQ, ¢ supplementation inhibited lipid peroxidation in pan-
creatic tissues, thereby alleviating the severity of AP, suggesting that
CoQqo could be a promising therapeutic strategy for treating acute
pancreatitis. More broadly, this research could provide a preclinical
theoretical basis for purposing of the IDH2-NADPH pathway and its
downstream targets into clinical trials for AP treatment.

Nevertheless, we cannot exclude other mechanisms involved in
IDH2-regulated acinar cell injury. Deletion of IDH2 during ischaemia-
reperfusion disrupts the balance between mitochondrial fusion and
fission, leading to higher fragmentation (Han et al., 2017). Because
mitochondrial dysfunction mediates significant pathological responses
of AP (Biczo et al., 2018), IDH2 could be involved in pancreatic injury
by affecting mitochondrial function and thus pancreatic injury. a-KG,
another productof IDH2, regulates both anabolic and catabolic prod-
ucts of the TCA cycle, thereby controlling amino acid synthesis and
ATP production. It may also be involved in pancreatic injury during AP
(Zdzisinska et al., 2017).

In summary, the IDH2-NADPH pathway could be a protective
factor against ferroptosis and pancreatic injury. Unravelling the com-
plex metabolic regulation of oxidative damage and the underlying
mechanisms of ferroptosis in AP may be pivotal in guiding the devel-
opment of severe AP therapies.
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