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Abstract: Pancreatitis, an inflammation of the pancreas, appears to be a main driver of pancreatic
cancer when combined with Kras mutations. In this context, the exact redox mechanisms are not
clearly elucidated. Herein, we treated mice expressing a KrasG12D mutation in pancreatic acinar
cells with cerulein to induce acute pancreatitis. In the presence of KrasG12D, pancreatitis triggered
significantly greater redox unbalance and oxidative damages compared to control mice expressing
wild-type Kras alleles. Further analyses identified the disruption in glutathione metabolism as the
main redox event occurring during pancreatitis. Compared to the wild-type background, KrasG12D-
bearing mice showed a greater responsiveness to treatment with a thiol-containing compound,
N-acetylcysteine (NAC). Notably, NAC treatment increased the pancreatic glutathione pool, reduced
systemic markers related to pancreatic and liver damages, limited the extent of pancreatic edema
and fibrosis as well as reduced systemic and pancreatic oxidative damages. The protective effects of
NAC were, at least, partly due to a decrease in the production of tumor necrosis factor-α (TNF-α) by
acinar cells, which was concomitant with the inhibition of NF-κB(p65) nuclear translocation. Our
data provide a rationale to use thiol-containing compounds as an adjuvant therapy to alleviate the
severity of inflammation during pancreatitis and pancreatic tumorigenesis.
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1. Introduction

Acute pancreatitis is defined as a transient and local inflammation of the pancreas
characterized by immune cell infiltration and edema [1]. In the absence of appropriate
medical care, acute pancreatitis can lead to systemic multiorgan failure and death. The
mortality of patients with severe pancreatitis is around 5% [2]. Pancreatitis first affects
acinar cells; it causes acinar-to-ductal metaplasia (ADM) and promotes an excessive re-
lease of digestive acinar enzymes, which results more widely in pancreatic damage and
dysfunction [3]. In the presence of oncogenic mutations in the Kirsten rat sarcoma (Kras)
gene, pancreatitis has been shown to promote the development of pancreatic intraepithelial
neoplasia (PanIN) and pancreatic ductal adenocarcinoma (PDAC) from acinar cells [4–6].

Emerging studies confirm the importance of reactive oxygen species (ROS) in PDAC
pathophysiology [7,8]. Yet, the precise redox changes driven by pancreatitis during PDAC
initiation are still not clearly elucidated. Indeed, multiple studies have characterized
the redox alterations occurring during inflammation-induced metabolic dysfunction and
pancreatitis in wild-type rodents [9–16]; however, there is a lack of information regarding
the main redox changes taking place during the initiation of pancreas tumorigenesis
(presence of Kras mutations). To fill this gap of knowledge in the field, we herein compared
mice expressing Kras wild-type alleles (control mice) with those expressing acinar-specific
mutated KrasG12D oncogenic allele. We found that pancreatitis induced greater redox
unbalance and oxidative damages during pancreas tumorigenesis in mice bearing KrasG12D
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mutation. Strikingly, KrasG12D mice were more responsive to supplementation with the
thiol-rich compound, N-acetylcysteine (NAC), as evidenced by a reduction in inflammation
severity and systemic and pancreatic oxidative damages. Therefore, using this comparative
approach, our study demonstrates that KrasG12D mutation aggravates redox unbalance in
the presence of pancreatitis. It also provides a rationale to use thiol-containing compounds
as an adjuvant therapy, not only for pancreatitis, but also in the context of pancreatic
tumorigenesis.

2. Materials and Methods
2.1. Human Material and Ex Vivo Culture

Pancreata from human heart-beating cadaveric donors were processed by the Beta Cell
Bank (Brussels, Belgium) affiliated to the Euro-Transplant Foundation (Leiden, The Nether-
lands). A full written consent was obtained and the medical ethical committee of the Vrije
Universiteit Brussel Hospital approved the use of donor pancreata (ethic approval number:
B.U.N. 143201732606). Culture protocol was performed as previously described [17]. This
culture spontaneously induces ADM and mimics the molecular mechanisms driven by
inflammation. Cells were maintained in 3D suspension culture for 3 days in Advanced
RPMI 1640 medium (12633-012, Thermo Fisher, Merelbeke, Belgium) supplemented with
5% fetal bovine serum (FBS) (F7524, Sigma Aldrich, Overijse, Belgium), 1% penicillin-
streptomycin (15070-063, Life Technologies, Merelbeke, Belgium) and 0.1 mg/mL soybean
trypsin inhibitor (17075-029, Life Technologies, Merelbeke, Belgium), at 37 ◦C and 5% CO2.
On the day of isolation (day 0), 100 µL of cells, corresponding to the normal fraction, was
snap-frozen in liquid nitrogen and stored at −80 ◦C, for future protein extraction.

2.2. Mice Models and Treatments

All procedures described were approved by the animal welfare committee of the Uni-
versity of Louvain Medical School (ethic number: 2017/UCL/MD/020). Wild-type (WT) and
ElastaseCreER-LSLKrasG12D (Ela-KrasG12D) mice were maintained in a CD1-enriched back-
ground; this mouse model allows the expression of a mutated KrasG12D allele specifically in
acinar cells to study pancreas tumorigenesis process. ElaCreER and LSLKrasG12D mice have
been described previously [5,18]; these mice were bred in our animal facility to obtain an Ela-
KrasG12D background. In select experiments, ElaCreER and/or LSLKrasG12D mice were bred
with LSLRosayellow fluorescence protein (YFP)/YFP mice to obtain ElaCreERYFP/YFP (ElaYFP/YFP)
and ElaCreER-LSLKrasG12D; YFP/YFP (Ela-KrasG12D; YFP/YFP) mice; since the Elastase promoter
is selectively expressed in pancreatic acinar cells, these mice allow the specific isolation and
study of YFP-positive acinar cells. Adult ElaYFP/YFP, Ela-KrasG12D; YFP/YFP and Ela-KrasG12D

mice (6-week-old) were first treated with tamoxifen (30 mg/mL in corn oil) by oral gavage
(T5648-1G, Sigma Aldrich, Overijse, Belgium) and 4-hydroxytamoxifen (0.3 mg/mL in
corn oil) by subcutaneous injection (H7904-25mg, Sigma Aldrich, Overijse, Belgium) to
recombine the LSL stop cassettes and allow the expression of KrasG12D and/or YFP from
their respective endogenous locus. To induce acute pancreatitis, WT and Ela-KrasG12D mice
received intraperitoneal injections of cerulein (100-150 µL in phosphate buffered saline,
PBS) (125 µg/kg; 24252, Eurogentec, Seraing, Belgium) for 5 days. We must note that lower
amounts of cerulein could be injected depending on the used mouse strain (e.g., Black-6
mice could be injected with 60 µg/kg of cerulein). In addition to cerulein injections, a set
of WT and Ela-KrasG12D mice received intraperitoneal N-acetylcysteine (NAC) (1 g/kg;
A7250-50G, Sigma Aldrich, Overijse, Belgium) injections. For transcriptomic analyses
on isolated YFP-positive acinar cells, ElaYFP/YFP and Ela-KrasG12D; YFP/YFP mice received
cerulein injections for 3 days (125 µg/kg). Mice were sacrificed at 8 weeks of age by cervical
dislocation and tissues were collected for subsequent analyses.

2.3. Ex Vivo Culture of Primary Mouse Acinar Cells

Cultures of dissociated mouse pancreata that mimic ADM were isolated as previously
described [19]. This culture spontaneously mimics the molecular mechanism driven by
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inflammation. Briefly, pancreata were cut into small pieces and digested with collagenase
P (11213865001, Sigma Aldrich, Overijse, Belgium) (0.35 mg/mL of collagenase in Hank’s
balanced salt solution (HBSS) buffer, 14025-100, Life Technologies, Merelbeke, Belgium).
Collagenase incubation was performed for 15 min at 37 ◦C with 180 rotations per minute
(rpm). The cell suspension was washed three times with HBSS/5% FBS and filtered through
500 µm (43-50500-50, ImTec Diagnostics, Antwerp, Belgium) and 100 µm (CLS431752-50EA,
Sigma Aldrich, Overijse, Belgium) strain filters. Finally, cells were dropped gently on a
cushion of 30% FBS and centrifuged at 1000 rpm, for 2 min. The day of isolation (day 0)
is equivalent to normal pancreas. Metaplasia was induced by maintaining acinar cells in
3D suspension culture, for 3 days, in Advanced RPMI supplemented with 5% FBS, 1%
penicillin-streptomycin and 0.1 mg/mL soybean trypsin inhibitor, at 37 ◦C and 5% CO2.

2.4. Measurement of Reactive Oxygen Species (ROS) in Primary Acinar Cells

Primary mouse acinar cells were isolated as described above and maintained in culture
for 1 or 3 days. At the different timepoints, cells were washed with PBS and incubated for
30 min with 5 µM DCFDA probe at 37 ◦C (ab113851, Abcam, Cambridge, UK). Then, cells
were washed once with PBS and pelleted by centrifugation (1200 rpm, 1 min). The pellet
was resuspended in 1 mL PBS and cells were distributed in the wells of an opaque 96-well
plate. Finally, DCFDA fluorescence was measured using a microplate reader (GloMax,
Promega, Leiden, The Netherlands) at Excitation/Emission = 485/535 nm.

2.5. Detection of 4-Hydroxynonenal (4-HNE) Adducts by Immunoblot

This analysis was performed as described previously [20,21]. Proteins (50 µg) were
separated on 12.5% SDS polyacrylamide gels. After transfer, PVDF membranes (ISEQ00010,
Thermo Fisher Scientific, Merelbeke, Belgium) were incubated with a reducing solution
(100 mM MOPS (M1254-100G, Sigma Aldrich, Overijse, Belgium) and 250 mM sodium
borohydride, pH 8 (452882-100G, Sigma Aldrich, Overijse, Belgium)) for 15 min, at room
temperature (RT). Membranes were then washed with ultrapure water and PBS (3× 5 min).
Membranes were incubated overnight at 4 ◦C with primary antibody (ab46545, Abcam,
Cambridge, UK) in 5% low-fat milk diluted in PBS/0.25% Tween-20(P2287-500mL, Sigma
Aldrich, Overijse, Belgium). The next day, membranes were incubated with the secondary
antibodies for 1 h at RT in 5% low-fat milk diluted in PBS/0.25% Tween-20.

2.6. Detection of Protein Carbonyls by Immunoblot

Protein carbonyls analysis was performed as described previously [21]. Briefly, 25 µg
of total protein was derivatized with 1% Dinitrophenylhydrazine following manufacturer’s
instructions (ab178020, Abcam, Cambridge, UK) and then separated by electrophoresis on
12.5% SDS polyacrylamide gels. Proteins were transferred on PVDF membranes, which
were incubated with a blocking solution of 1% BSA in PBS/0.05% Tween-20, containing
primary antibodies, overnight at 4 ◦C. The next day, membranes were washed and incu-
bated with secondary antibodies in 5% low-fat milk diluted in PBS/0.05% Tween-20, for
1 h at RT.

2.7. Detection of Protein Expression by Immunoblot

Tissues and cells were lysed in 50 mM Tris-base-HCl, 150 mM NaCl and 1% NP40
(I8896-50ML, Sigma Aldrich, Overijse, Belgium) buffer. Protease and phosphatase (1183615-
3001 and 04906837001, Sigma Aldrich, Overijse, Belgium) inhibitors were added just before
lysis. Samples were maintained on ice during the procedure. Cell debris were pelleted
by centrifugation (14,000× g, 10 min, at 4 ◦C). Proteins were quantified using a Bradford
assay (23200, Thermo Fisher Scientific, Merelbeke, Belgium). Samples containing 30 to 50
µg of total proteins were electrophoresed on 7.5% to 12.5% SDS polyacrylamide gels. PVDF
membranes were blocked with a solution of 5% low-fat milk diluted in Tris-buffered saline
(TBS)/0.1% Tween-20. Membranes were incubated overnight with primary antibodies, at
4 ◦C. The used antibodies are listed in Table 1. The next day, membranes were washed
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with TBS/0.1% Tween-20 and incubated with the secondary antibodies for 1 h, at RT. After
incubation, membranes were washed again and revealed using chemiluminescence (kits
34577 and 34094, Thermo Fisher Scientific, Merelbeke, Belgium). Pictures were taken with
a Fusion Solo S machine (Vilber, Collégien, France). Densitometric analysis was performed
using the Image Studio Lite Ver 5.2 software (LI-COR Biosciences, Lincoln, NE, USA).

Table 1. Antibodies used in western blot (WB) and immunohistochemistry (IHC) experiments. CST, cell signaling technology;
SCB, Santa-Cruz biotechnology.

Antibody Reference Dilution Application

Superoxide dismutase 1 (SOD1) 37385T, CST, Leiden, The Netherlands 1/1000 WB
Catalase (CAT) 12980T, CST, Leiden, The Netherlands 1/1000 WB

Sulfiredoxin (SRX) 14273-1-AP, Proteintech, Leon-Rot, Germany 1/500 WB
Xanthine oxidase (XO) Sc398548, SCB, Heidelberg, Germany 1/500 WB

Mitogenic oxidase 1 (MOX1) Sc518023, SCB, Heidelberg, Germany 1/500 WB
Peroxiredoxin-I (PRX-I) NBP1-82558, Bio-Techne, Minneapolis, MN, USA 1/1000 WB

Glutathione peroxidase 1 (GPx1) AF3798-SP, Bio-Techne, Minneapolis, MN, USA 1/1000 WB
4-Hydroxynonenal (4-HNE) ab46545, Abcam, Cambridge, UK 1/500 WB

Protein carbonyls ab178020, Abcam, Cambridge, UK 1/5000 WB
Heat shock cognate (HSC70) Sc7298, SCB, Heidelberg, Germany 1/2000 WB

Nuclear factor Kappa B(NF-κB(p65)) 8242S, CST, Leiden, The Netherlands 1/100 IHC
Phospho-Extracellular signal-regulated

kinase (P-ERKT202/Y204) 9101S, CST, Leiden, The Netherlands 1/100 IHC

CD45 ab10558, Abcam, Cambridge, UK 1/100 IHC

2.8. Measurement of Reduced and Disulfide Glutathione

Fresh pancreata were homogenized and deproteinated in a solution of 5% 5-sulfosalicy-
lic acid (SSA; S2130-100G, Sigma Aldrich, Overijse, Belgium). After centrifugation (8000×
g, 10 min), supernatant was diluted with double-deionized water to obtain a 0.5% SSA
concentration. Then, reduced glutathione (GSH) and disulfide glutathione (GSSG) were
measured according to manufacturer’s instructions (38185-1KT, Sigma Aldrich, Overijse,
Belgium). Absorbance developed proportionally to the content of GSH or GSSG and
was measured at 405/415 nm using a microplate reader (GloMax, Promega, Leiden, The
Netherlands).

2.9. Measurement of Myeloperoxidase Activity (MPO)

MPO activity was measured according to the manufacturer’s instructions (ab150136,
Abcam, Cambridge, UK). Pancreata were homogenized in MPO assay buffer and super-
natant was collected after centrifugation (13,000 rpm, 10 min, 4 ◦C). Then, supernatant was
added to a clear-bottom 96-well plate in presence of the MPO substrate and incubated at
25 ◦C for 30 min. Reaction was then stopped and absorbance measured at 412 nm using a
microplate reader (GloMax, Promega, Leiden, The Netherlands).

2.10. Determination of TNF-α, Amylase, Aspartate Transaminase (AST) and Alanine
Transaminase (ALT) Levels

Cultures of dissociated mouse pancreata, which mimic pancreatitis-induced metapla-
sia, were isolated as mentioned above. After isolation, acinar cells were treated with PBS
(vehicle) or NAC (5 mM) for 3 days from the onset of the culture. After treatment, culture
medium was collected for TNF-α ELISA measurements according to manufacturer’s in-
structions (430907, Biolegend, San Diego, CA, USA) [22]. TNF-α levels were also measured
by ELISA in pancreas lysates from cerulein-treated Ela-KrasG12D mice supplemented with
PBS or NAC. Absorbance was proportional to the content of TNF-α and was measured
at 450 nm using a microplate reader (GloMax, Promega, Leiden, The Netherlands). Amy-
lase, AST and ALT levels were measured in the plasma of cerulein-treated wild-type and
Ela-KrasG12D mice, supplemented with PBS or NAC, using DRI-CHEM machine (NX500i,
Fujifilm, Tokyo, Japan). To obtain plasma, blood was collected using EDTA-coated material



Antioxidants 2021, 10, 1107 5 of 19

and centrifugated at 1500× g for 10 min at 4 ◦C. The supernatant corresponding to the
plasma fraction was then transferred to a new tube and used for measurements.

2.11. Fluorescence Activated Cell Sorting (FACS), RNA Extraction and Quantitative PCR

Pancreata of ElaYFP/YFP and Ela-KrasG12D; YFP/YFP mice were digested using collage-
nase P (11213865001, Merck Life Science, Overijse, Belgium) (0.6 mg/mL), as previously
described [23]. Briefly, an EGTA-buffered solution was injected in the main duct for opti-
mization of pancreas dissociation. Pancreata were digested in calcium (Ca2+) buffer for
15–20 min, at 37 ◦C. After washing, the cells were filtered through a 35-µm cell strainer and
sorted by FACS (FACSAriaTM III cell sorter, BD Biosciences, Erembodegem, Belgium). RNA
extraction was performed using a column-based protocol (AM1912, Thermo Fisher, Merel-
beke, Belgium) on YFP-positive acinar cells sorted from ElaYFP/YFP and Ela-KrasG12D; YFP/YFP

pancreata treated or not with cerulein for 3 days. Reverse transcription reaction was
performed on 150–250 ng of total RNA using the M-MLV reverse transcriptase (M1705,
Promega, Leiden, The Netherlands). Quantitative PCR was carried out in a final volume
of 10 µL (1 µL neosynthetized cDNA, 2 µL primers 10 µM, 5 µL Sybergreen KAPA mix
2X (KK4601, Sigma Aldrich, Overijse, Belgium), and 2 µL nuclease-free water) using the
CFX96 Real-Time System thermocycler (C1000, Biorad, Temse, Belgium). The expression of
target genes was normalized to the ribosomal protein L4 (Rpl4) and glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) housekeeping genes. Relative expression was calculated using the
∆∆Ct method. Primers used in the study are listed in Table 2.

Table 2. PCR primers used in the present study.

Gene Accession Number Forward (5′-3′) Reverse (5′-3′) Species

Glutathione peroxidase 1 (Gpx1) 14775 AGTCCACCGTGTATGCCTTC GTGTCCGAACTGATTGCACG Mus musculus
Superoxide dismutase 1 (Sod1) 20655 GGAACCATCCACTTCGAGCA CTGCACTGGTACAGCCTTGT Mus musculus

Catalase (Cat) 12359 CTCGCAGAGACCTGATGTCC TGTGGAGAATCGAACGGCAA Mus musculus
Thioredoxin 1 (Txn1) 22166 AAGCTTGTCGTGGTGGACTT AACTCCCCCACCTTTTGACC Mus musculus

Thioredoxin-interacting protein
(Txnip) 56338 CCTAGTGATTGGCAGCAGGT GAGAGTCGTCCACATCGTCC Mus musculus

Thioredoxin reductase 1 (Txnrd1) 50493 AGAGCTGGTGGTTTCACCTTC TTTTTGTTCGGCTTCAGGGCT Mus musculus
Sulfiredoxin (Srxn1) 76650 GTACCAATCGCCGTGCTCAT CTCACGAGCTTGGCAGGAAT Mus musculus

Tumor necrosis factor-α (TNF-α) 21926 GTGACAAGCCTGTAGCCCAC ACAAGGTACAACCCATCGGC Mus musculus
Interleukine 6 (IL6) 16193 TGTTCTCTGGGAAATCGTGGA AGCATTGGAAATTGGGGTAGGA Mus musculus

Interleukine 1-α (IL1-α) 16175 CGCTTGAGTCGGCAAAGAAA CTGATACTGTCACCCGGCTC Mus musculus
Interleukine 1-β (IL1-β) 16176 GCCACCTTTTGACAGTGATGAG AAGGTCCACGGGAAAGACAC Mus musculus

Nitric oxide synthase 2 (Nos2) 18126 TGAAACTTCTCAGCCACCTTGG AGAGAAACTTCCAGGGGCAAG Mus musculus
C-C motif chemokine ligand 2 (Ccl2) 20296 CTGTGCTGACCCCAAGAAGG AAGACCTTAGGGCAGATGCAG Mus musculus

Amylase (Amy2a5) 109959 GTGGTCAATGGTCAGCCTTT TTGCCATCGACCTTATCTCC Mus musculus
Chymotrypsin (Ctrc) 76701 GGATGACACTTGGAGGCACA CGATGTCGTTCCACAGCAGA Mus musculus

Ribosomal protein L4 (Rpl4) 67891 CGCAACATCCCTGGTATTACT TGTGCATGGGCAGGTTATAGT Mus musculus
Glyceraldehyde 3-phosphate

dehydrogenase (Gapdh) 14433 GGTCCTCAGTGTAGCCCAAG AATGTGTCCGTCGTGGATCT Mus musculus

2.12. Bulk RNA-Sequencing and Bioinformatics

The RNA Integrity Number (RIN) of total extracted RNA was measured using Ag-
ilent 2100 Bio-analyzer (Agilent Technologies, Santa Clara, CA, USA). Samples with a
RIN ≥ 7 were selected for RNA-SEQ experiments, which were performed by the Novo-
gene Company. Sequencing libraries were generated using the rRNA-depleted RNA by
NEBNext®UltraTM Directional RNA Library Prep Kit for Illumina® (E7420L, New England
Biolabs, Ipswich, MA, USA) following manufacturer’s recommendations. Briefly, frag-
mentation was carried out using divalent cations under elevated temperature in NEBNext
First Strand Synthesis Reaction Buffer (E7525L, New England Biolabs, Ipswich, MA, USA).
First strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse
Transcriptase (M0253L, New England Biolabs, Ipswich, MA, USA). Second strand cDNA
synthesis was subsequently performed using DNA polymerase I and RNase H. In the
reaction buffer, dNTP with dUTP replacing dTTP were used. Then, NEBNext adaptors
(E7335L, New England Biolabs, Ipswich, MA, USA) with hairpin loop structure were
ligated to the adenylated 3′ ends of DNA fragments. The cDNA fragments of preferentially
150~200 bp in length were purified using AMPure XP system (Beckman Coulter, Brea, CA,
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USA). Library preparations were sequenced on an Illumina Hiseq platform and paired-end
reads were generated.

For data analysis, clean data (clean reads) were obtained by removing reads containing
adapter, reads containing poly-N, and low-quality reads from the raw data. All the
downstream analyses were based on clean data of high quality. Reference genome and
gene model annotation files were directly downloaded from the genome website. Index
of the reference genome was built using Bowtie v2.0.6 [24,25] and paired-end clean reads
were aligned to the reference genome using TopHat v2.0.9 [26]. Then, Cuffdiff (v2.1.1) was
used to calculate fragments per kilo-base of exon per million fragments mapped (FPKMs)
of coding genes in each sample [27]. KOBAS software was used to test the statistical
enrichment of differentially expressed genes in KEGG pathways [28]. RNA-SEQ data can
be downloaded using the following accession numbers: GSE163254 and GSE163263 [29].

2.13. Histology and Immunohistochemistry

Dissected pancreata were fixed in 4% paraformaldehyde (PFA; HT501128-4L, Sigma
Aldrich, Overijse, Belgium) for 4 h at 4 ◦C, before paraffin embedding. Sections of 6
µm were deparaffinized and antigen retrieval was performed using citrate (pH 6.0) or
Tris-EDTA (pH 9.0) buffer in Lab Vision PT Module (Thermo Fisher Scientific, Merelbeke,
Belgium). After permeabilization with PBS/0.3% Triton-100X (3051.4, Carl Roth, Karlsruhe,
Germany) for 5 min, sections were blocked with solution 1 (3% low-fat milk, 5% BSA, 0.3%
Triton-100X in PBS) for 45 min, at RT. Primary antibodies (Table 1) diluted in solution 1 were
added and incubated overnight, at 4 ◦C. The next day, slides were washed with PBS/0.1%
Triton-100X and incubated with secondary antibodies diluted in solution 2 (10% BSA, 0.3%
Triton-100X) at 37 ◦C, for 1 h, before DAB staining (ab64238, Abcam, UK, Cambridge).
Pictures were selected after scanning on Pannoramic P250 Flash III (3DHistech, Budapest,
Hungary). Edematous areas were measured on hematoxylin and eosin (H&E)-stained
sections (measurements were performed on the whole pancreas area) using the CaseViewer
software (3DHistech, Budapest, Hungary). The quantification of CD45, NF-κB(p65) and
P-ERKT202/Y204 staining was performed on whole pancreas using the HALO software
(Indica Labs, Albuquerque, NM, USA).

2.14. Statistical Analysis

Data were presented as means ± standard error of the mean (SEM). Normality
and equal variance were checked by applying a combination of four tests: Anderson–
Darling test, D’Agostino–Pearson omnibus normality test, Shapiro–Wilk normality test
and Kolmogorov–Smirnov normality test. Comparisons between two groups were per-
formed using an unpaired Student’s t-test. Comparisons between three or more groups
was performed using one-way analysis of variance (ANOVA). Significant effects or inter-
actions were further analyzed by post hoc method. For all statistical analysis, the level of
significance was set at p < 0.05. A statistical tendency was considered when P-values were
0.05 < p < 0.1. Analyses were performed using SigmaStat (version 3.1, Systat Software inc.,
San Jose, CA, USA) and GraphPad Prism (version 8, GraphPad Software, Inc., San Diego,
CA, USA). For RNA-SEQ data, DESeq2 R package (Bioconductor), was used to determine
significant differential gene expression using a model based on the negative binomial
distribution. P values were corrected using the Benjamini and Hochberg’s approach for
controlling the false discovery rate (FDR). Genes with a corrected p value < 0.05 were
assigned as differentially expressed. * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results and Discussion

3.1. Pancreatitis Induces a Greater Pro-Oxidant Response in Mice Bearing Oncogenic KrasG12D

To investigate the main pancreatitis-driven redox changes occurring in the presence
of either wild-type Kras or mutated KrasG12D alleles, WT and Ela-KrasG12D mice were
challenged with cerulein for 5 days to induce pancreatitis (inflammation of the pancreas).
We first measured the oxidative damage marker 4-HNE. Interestingly, in total pancreas
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lysates, we found increased 4-HNE levels only in cerulein-treated Ela-KrasG12D, but not
cerulein-treated WT mice (Figure 1A); this increase was also observed in the plasma
of cerulein-treated Ela-KrasG12D mice compared to their untreated siblings (Figure S1A),
indicating that pancreatitis induces both local and systemic oxidative damages, selectively
in Ela-KrasG12D mice. It is well-known that pancreatitis induces redox unbalance in WT
rodents [9–11]. The absence of a significant increase in 4-HNE in our cerulein-treated
WT mouse model is not synonymous with the absence of redox alterations; it probably
means that a longer period and/or higher doses of cerulein treatment are needed to
induce significant oxidative damage level. However, our data undoubtedly show that
the oncogenic KrasG12D increases the extent of oxidative damages and accelerates the
establishment of a pro-oxidant state in the pancreas. Since acinar cells are mainly affected
by pancreatitis, we wanted to confirm that the redox changes observed in the total pancreas
are also occurring in acinar cells. To do so, we used an ex vivo culture system that mimics
the effect of pancreatitis on acinar cells. On day 3 (metaplastic acini), ROS levels were
increased three-fold compared to day 1 (non-metaplastic acini) in acinar cultures from
Ela-KrasG12D pancreata (Figure S1B), indicating the presence of a pro-oxidant response in
the whole pancreas and in acinar cells during pancreatic transformation.

In addition, the expression of major redox-sensitive antioxidant and pro-oxidant
enzymes was modulated by pancreatitis (Figure 1B and Figure S1C). For example, the
expression of peroxiredoxin-I (PRX-I), a major mammalian peroxidase, was similarly in-
creased in cerulein-treated Ela-KrasG12D and WT mice compared to their untreated controls,
respectively (Figure 1B); however, the expression of sulfiredoxin (SRX) and catalase (CAT)
was selectively increased in cerulein-treated Ela-KrasG12D animals (Figure 1B). These data
suggest enhanced antioxidant defense to buffer the pro-oxidant response induced by
pancreatitis in the pancreas. We observed in FACS-sorted acinar cells, from Ela-KrasG12D

pancreata, an increased expression of numerous antioxidant genes (Figure S2), including
Sulfiredoxin-1 (Srxn1), thioredoxin-1 (Txn1) and thioredoxin reductase 1 (Txnrd1), thus confirm-
ing that similar antioxidant defense is also taking place in acinar cells from cerulein-treated
pancreata. Altogether, our data show that although pancreatitis promoted subtle redox
alterations in WT mice, its combination with KrasG12D mutation induced the greatest level
of pro-oxidant response and oxidative damages in the pancreas.

3.2. Pancreatitis Modulates the Expression of Glutathione-Regulating Enzymes in Acinar Cells

After mapping the overall redox changes, we aimed to identify the most relevant
redox mechanisms occurring in acinar cells during pancreatitis-driven tumorigenesis. We
first analyzed the transcriptional landscape of FACS-sorted acinar cells from cerulein-
treated and untreated Ela-KrasG12D mice and identified an upregulation in the “glutathione
metabolism” pathway in response to pancreatitis (Figure 2A). This pathway was also
upregulated, but to a lesser extent, in metaplastic acinar cells from cerulein-treated WT
mice (Figure 2A). Interestingly, inflammation, cytokine production and pancreatic cancer
pathways were all upregulated in the Ela-KrasG12D compared to the WT group (data not
shown), suggesting that the inflammatory and pro-oxidant responses of pancreatitis are
more severe in the former.
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Figure 1. Pancreatitis induces an important pro-oxidant response particularly in Ela-KrasG12D mice.
(A) Western blot for the oxidative damage marker, 4-HNE, on pancreas lysates of wild-type (WT) and
Ela-KrasG12D mice treated with cerulein for 5 days (n = 3 for both WT and Ela-KrasG12D) or untreated
(n = 3 for both WT and Ela-KrasG12D). The corresponding densitometry analysis is also available as
a bar graph. (B) Western blot on pancreas lysates of wild-type (WT) and Ela-KrasG12D mice treated
with cerulein for 5 days (n = 3 for both WT and Ela-KrasG12D) or untreated (n = 3 for both WT and
Ela-KrasG12D). The analyzed enzymes are Peroxiredoxin-I (PRX-I), Sulfiredoxin (SRX) and Catalase
(CAT). The corresponding densitometry analysis normalized to Ponceau S staining (Pon. S) is also
available as a bar graph. Data are mean± SEM. Statistical significance for all panels in this figure was
tested by one-way ANOVA test and further interactions were analyzed by post hoc test (* p < 0.05;
** p < 0.01). All quantifications in this figure show biological replicates.
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Figure 2. Pancreatitis modulates the expression of glutathione-regulating enzymes in mouse and
human pancreatic cells. (A) Upregulated glutathione pathway identified by KEGG analysis in FACS-
sorted acinar cells from wild-type (WT) and Ela-KrasG12D mice treated with cerulein for 3 days (n = 3
for both WT and Ela-KrasG12D) or untreated (n = 3 for both WT and Ela-KrasG12D). “Glutathione
metabolism” is the official term used in the KEGG database; it means that the expression of a set of
genes involved in glutathione oxidation and/or reduction is being changed. The corrected P-values
were presented as “-Log10” so that when the differential expression is higher, the P-value on graph
follows the same tendency. (B) Heatmap for the main genes modulated in the glutathione metabolism
pathway in Ela-KrasG12D mice treated with cerulein for 3 days (n = 3) or untreated (n = 3). Red arrow
shows one of the most expressed genes, GPx1. (C) Quantitative PCR for glutathione peroxidase 1
(Gpx1) on FACS-sorted acinar cells from Ela-KrasG12D mice treated with cerulein for 3 days (n = 3) or
untreated (n = 5). Ribosomal protein L4 (Rpl4) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were
used as housekeeping genes. (D) Western blot for GPx1 on pancreas lysates of wild-type (WT) and
Ela-KrasG12D mice treated with cerulein for 5 days (n = 3 for both WT and Ela-KrasG12D) or untreated
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(n = 3 for both WT and Ela-KrasG12D). The corresponding densitometry analysis normalized to
Ponceau S (Pon. S) is also available as a bar graph. (E) Western blot for GPx1 in ex vivo cultured
acinar cells on day 0 (normal) and 3 (metaplasia); these cells were isolated from Ela-KrasG12D pancreata
and cultured under conditions mimicking inflammation (n = 3). The corresponding densitometry
analysis normalized to HSC70 is also available as a bar graph. Three independent cultures from
three different mice were tested. (F) Western blot for GPx1 in ex vivo cultured human acinar cells on
day 0 (normal) and 3 (metaplasia); these cells were obtained from healthy heart-beating cadaveric
donors and cultured under conditions mimicking inflammation (n = 3). Three independent cultures
from three different donors were tested. Due to the scarcity of human material, we only assessed
the expression of GPx1, which is the most relevant redox enzyme for this study. The corresponding
densitometry analysis normalized to Ponceau S (Pon. S) is also available as a bar graph. Data are
mean ± SEM. P-values for panel A were calculated using a Student’s t-test and corrected by the
Benjamini and Hochberg method. Statistical significance for Panels C, E and F was tested by Student’s
t-test (** p < 0.01). Statistical significance for panel D was tested by one-way ANOVA test and further
interactions were analyzed by post hoc test (* p < 0.05). A statistical tendency was considered when
p-values were 0.05 < p < 0.1. All quantifications in this figure show biological replicates.

Among other genes, we observed that the expression of glutathione peroxidase (Gpx1)
was mostly increased at the mRNA level in FACS-sorted acinar cells from cerulein-treated
Ela-KrasG12D mice compared to untreated counterparts (Figure 2B,C); glutathione peroxi-
dase (GPx1) plays a critical role in the consumption of intracellular glutathione to buffer
pro-oxidative responses. This result was also reproduced at the protein level in total
pancreas lysates from cerulein-treated Ela-KrasG12D mice and in specific acinar cultures
from the same genetic background (Figure 2D,E). Interestingly, the expression of GPx1
was higher in Ela-KrasG12D mice compared to their WT counterparts (Figure 2D), thus con-
firming the higher extent of redox changes occurring in the presence of KrasG12D mutation.
We also observed an increased protein expression of GPx1 in primary human pancreatic
cells cultured ex vivo under conditions mimicking inflammation (Figure 2F). As a proof
of glutathione metabolism activation, we observed that short-term pancreatitis (1 day of
treatment) decreased reduced glutathione (GSH) levels and increased the production of
glutathione disulfide (GSSG) in the pancreas of cerulein-treated mice compared to healthy
siblings (No cerulein) (Figure S3), highlighting the use of reduced glutathione (GSH) by
GPx1 to buffer the pro-oxidant environment induced by pancreatitis [30]. These experi-
ments validate the increase in GPx1 expression at the mRNA and protein levels and suggest
that changes in glutathione utilization rates occur during pancreatitis. These experiments
also reveal that a similar mechanism may also operate in inflamed human pancreata.

3.3. N-Acetylcysteine Reduces the Severity of Pancreatitis in Wild-Type and Ela-KrasG12D Mice

As glutathione is depleted during pancreatitis, we questioned the usefulness of the
thiol-containing compound, NAC, on pancreatic redox homeostasis and inflammation
severity. Early studies have reported a positive antioxidant effect of NAC during pancre-
atitis in WT mice and human cells from patients with redox disorders [31–36]. However,
the exact impact of NAC on pancreatic inflammation in a KrasG12D background is still not
clearly elucidated. To induce acute pancreatitis, WT and Ela-KrasG12D mice received a 5-day
cerulein regimen and were treated with NAC by intraperitoneal injection, as depicted in
Figure 3. Acute pancreatitis increased GSSG levels and decreased GSH levels in WT and
Ela-KrasG12D mice compared to untreated counterparts (no cerulein; Figures 4A and 5A);
these effects were more pronounced in Ela-KrasG12D animals, which is consistent with the
higher level of oxidative damages observed in this background (Figure 1). NAC treatment
increased the content of GSH and concomitantly decreased GSSG rates in the pancreata of
cerulein-treated WT and Ela-KrasG12D mice (Figures 4A and 5A); this is probably due to the
direct scavenging of ROS by NAC, thereby sparing the intra-pancreatic GSH pool and/or
to the ability of NAC to directly provide cysteine for GSH synthesis [37]. In both WT
and Ela-KrasG12D groups, the total pancreas weight of NAC-treated mice was significantly
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reduced compared to that of cerulein-treated mice (Figures 4B and 5B). Circulating amylase
levels, as well as AST and ALT rates, increase during pancreatitis due to pancreas and liver
damage, respectively [9]. NAC treatment significantly reduced the circulating levels of
amylase, AST and ALT only in cerulein-treated Ela-KrasG12D, but not in WT mice; for the
latter, a protective tendency was observed for circulating amylase levels without reaching a
statistical significance (Figures 4C and 5C). These measurements suggest that NAC reduces
zymogen activation in acinar cells and relieves pancreatitis-related liver damage, especially
in the Ela-KrasG12D background.

Histological analysis showed a better pancreas architecture in NAC-treated groups
(Figures S4 and S5). Whole-tissue quantification of H&E-stained sections revealed that
NAC treatment decreased edema by two folds in both cerulein-treated WT and Ela-KrasG12D

mice (Figure 4D,E and Figure 5D,E). Similarly, collagen deposit, stained by Sirius Red, was
also reduced by 1.1- and 1.4-fold in response to NAC treatment in cerulein-treated WT and
Ela-KrasG12D mice, respectively (Figure 4D,E and Figure 5D,E). CD45 is a transmembrane
receptor expressed on the majority of immune cells and used as a marker to measure
tissular immune cell infiltration. Although NAC did not impact CD45-positive immune
cell infiltration (Figure S6A), it significantly reduced oxidative damage markers at the
pancreatic (i.e., protein carbonyls) and systemic (i.e., 4-HNE) levels in both WT and Ela-
KrasG12D backgrounds (Figure 4F, Figure 5F and Figure S6B). Since immune cells are
a major source of ROS production during inflammation [38], our results suggest that
NAC is correcting redox imbalance by directly scavenging ROS generated by immune
cells rather than affecting their infiltration in the pancreas. Accordingly, the activity of
myeloperoxidase (MPO), a pro-oxidant enzyme majorly expressed by immune cells, was
decreased particularly in Ela-KrasG12D pancreata suffering from pancreatitis (Figures 4G
and 5G). Our data indicate that NAC alleviates the hallmarks of pancreatitis and related
oxidative damages, especially in the Ela-KrasG12D genotype.

3.4. N-Acetylcysteine Improves Pancreatitis-Related Inflammation in Ela-KrasG12D Mice

Since Ela-KrasG12D mice exhibited a higher responsiveness to NAC treatment, we
focused on this genetic background to better understand the impact of NAC on pancreatic
inflammation during pancreatitis. We returned to the transcriptomic data of FACS-sorted
acinar cells from cerulein-treated and untreated Ela-KrasG12D mice and found an important
upregulation of TNF signaling in response to pancreatitis (Figure 6A). Since TNF-α plays
a key role in the formation of edema in the lungs [39–41], we assume that it can exert
similar functions in the pancreas. To test our hypothesis, using ELISA, we measured the
TNF-α content in pancreas lysates from cerulein-treated Ela-KrasG12D mice supplemented
with PBS or NAC. Interestingly, in the pancreas, edema levels correlated positively with
TNF-α levels (Pearson, r = 0.93, p < 0.05) and NAC treatment reduced TNF-α rates in
the pancreata of Ela-KrasG12D mice compared to vehicle-treated counterparts (Figure 6B).
Acinar cells actively produce pro-inflammatory cytokines during pancreatitis and pancreas
tumorigenesis [21,42]. To check the impact of NAC on acinar-specific TNF-α release,
we isolated acinar cells from Ela-KrasG12D pancreata and cultured them ex vivo under
conditions mimicking inflammation. Strikingly, NAC-treated acinar cells released two-fold
less TNF-α in culture media compared to vehicle-treated ones (Figure 6C). Accordingly,
the nuclear translocation of NF-κB(p65), a transcription factor involved in the regulation
of cytokines expression [43], was also decreased by two-fold in acinar cells from NAC-
treated Ela-KrasG12D pancreata (Figure 6D,E). In favor of a transcriptional control for TNF-α
expression and release, we found that NAC treatment significantly reduced TNF-α mRNA
expression in ex vivo cultured acinar cells from Ela-KrasG12D pancreata (Figure S7); the
expression of other pro-oxidant and inflammatory genes, including IL6, Ccl2 and Nos2, was
downregulated in NAC-treated acinar cells compared to vehicle-treated cultures (Figure
S7). Finally, the activation of ERK-MAPK, a critical pathway for pancreas carcinogenesis
and inflammation, tended to decrease in acinar cells following NAC administration into Ela-
KrasG12D mice (Figure 6D,E). However, we cannot rule out that NAC may also reduce the
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production of TNF-α from immune cells infiltrating the pancreas. Our results indicate that
NAC reduces the severity of inflammation during the initiation of pancreas tumorigenesis,
at least partly, by decreasing the production of TNF-α from acinar cells.
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Figure 3. Illustration of the tamoxifen and cerulein regimens as well as NAC treatments. To initiate
pancreas tumorigenesis, 6-week-old Ela-KrasG12D mice were first treated once a day with tamoxifen
(gavage) and 4-hydroxytamoxifen (subcutaneous injection), on day (D) 1, 3 and 5 (orange arrows),
to induce recombination of the LSL stop cassette and allow the expression of KrasG12D from its
endogenous locus. After tamoxifen injections, mice recovered for 1 week. To induce acute pancreatitis,
wild-type (WT) or tamoxifen-treated Ela-KrasG12D mice started a 5-day acute pancreatitis regimen. On
day (D) 1, 3 and 5, mice received 6-daily intraperitoneal cerulein injections (red arrows) at a frequency
of 1 injection/h (H). Cerulein diluted in a PBS volume of 100-150 µL was injected at a concentration
of 125 µg/kg/injection. On day (D) 1, 3 and 5, mice received 4 intraperitoneal injections of NAC as
indicated (green arrows). On day (D) 2 and 4, mice received 2 intraperitoneal injections of NAC as
indicated (green arrows). Each NAC dose was 1 g/kg in a volume of 100–150 µL diluted in PBS. For
vehicle-treated mice, intraperitoneal injections of 100–150 µL PBS were given instead of NAC. Mice
were then sacrificed by cervical dislocation after 24 h.
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Figure 4. N-acetylcysteine treatment improves acute pancreatitis hallmarks in wild-type mice. (A) Re-
duced glutathione (GSH) and glutathione disulfide (GSSG) measurements in pancreas lysates of
wild-type (WT) mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 3), cerulein and NAC for
5 days (Ceru NAC; n = 4) or untreated (No ceru; n = 3). (B) Pancreas weight normalized to total body
weight in wild-type (WT) mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 4) or cerulein
and NAC for 5 days (Ceru NAC; n = 4). (C) Measurement of plasma amylase, aspartate transaminase
(AST) and alanine transaminase (ALT) levels in wild-type (WT) mice treated with cerulein and PBS for
5 days (Ceru PBS; n = 3–4) or cerulein and NAC for 5 days (Ceru NAC; n = 3–4). (D) Hematoxylin
and eosin (H&E) staining and Sirius Red (SR) staining on the pancreata of wild-type (WT) mice treated
with cerulein and PBS for 5 days (Ceru PBS; n = 4), or cerulein and NAC for 5 days (Ceru NAC; n = 4).
Bars: 100 µm. (E) Whole-tissue quantifications for edema and SR-positive areas from panel D. (F)
Western blot for the oxidative damage marker, protein carbonyls, on pancreas lysates of wild-type
(WT) mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 3) or cerulein and NAC for 5 days
(Ceru NAC; n = 4). (G) Myeloperoxidase (MPO) activity on pancreas lysates of wild-type (WT) mice
treated with cerulein and PBS for 5 days (Ceru PBS; n = 4) or cerulein and NAC for 5 days (Ceru NAC;
n = 4). Data are mean ± SEM. Statistical significance for Panel A was tested by one-way ANOVA test
and further interactions were analyzed by post hoc test (* p < 0.05). Statistical significance for panels
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B–G was tested by Student’s t-test (* p <0.05). Dixon’s Q test was applied to remove outlier samples,
before conducting statistical analysis. A statistical tendency was considered when p-values were
0.05 < p < 0.1. All quantifications in this figure show biological replicates.
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Figure 5. N-acetylcysteine treatment improves acute pancreatitis hallmarks in Ela-KrasG12D mice.
(A) Reduced glutathione (GSH) and glutathione disulfide (GSSG) measurements in pancreas lysates
of Ela-KrasG12D mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 4), cerulein and NAC for
5 days (Ceru NAC; n = 4) or untreated (No ceru; n = 3). (B) Pancreas weight normalized to total body
weight in Ela-KrasG12D mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 4) or cerulein
and NAC for 5 days (Ceru NAC; n = 4). (C) Measurement of plasma amylase, aspartate transaminase
(AST) and alanine transaminase (ALT) levels in Ela-KrasG12D mice treated with cerulein and PBS for
5 days (Ceru PBS; n = 3–4) or cerulein and NAC for 5 days (Ceru NAC; n = 3–4). (D) Hematoxylin and
eosin (H&E) staining and Sirius Red (SR) staining on the pancreata of Ela-KrasG12D mice treated with
cerulein and PBS for 5 days (Ceru PBS; n = 4–7) or cerulein and NAC for 5 days (Ceru NAC; n = 4–7).
Bars: 200 µm. Black arrows show edematous area. (E) Whole-tissue quantifications for edema- and
SR-positive areas from panel D. (F) Western blot for the oxidative damage marker, protein carbonyls,
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on pancreas lysates of Ela-KrasG12D mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 3)
or cerulein and NAC for 5 days (Ceru NAC; n = 3). (G) Myeloperoxidase (MPO) activity on pan-
creas lysates of Ela-KrasG12D mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 4) or
cerulein and NAC for 5 days (Ceru NAC; n = 4). Data are mean ± SEM. Statistical significance for
Panel A was tested by one-way ANOVA test and further interactions were analyzed by post hoc
test (*** p < 0.001). Statistical significance for panels B–G was tested by Student’s t-test (* p < 0.05;
** p < 0.01, *** p < 0.001). Dixon’s Q test was applied to remove outlier samples, before conducting
statistical analysis. All quantifications in this figure show biological replicates.
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Figure 6. N-acetylcysteine reduces TNF-α production from acinar cells in Ela-KrasG12D mice. (A) TNF
signaling identified as a major upregulated pathway by KEGG analysis in FACS-sorted acinar cells
from Ela-KrasG12D mice treated with cerulein for 3 days (n = 3). (B) TNF-α protein measurements by
ELISA, in pancreas lysates from Ela-KrasG12D mice treated with cerulein and PBS for 5 days (Ceru
PBS; n = 5) or cerulein and NAC for 5 days (Ceru NAC; n = 3). Total pancreas protein concentration
was determined by a Bradford assay and used for normalization of TNF-α protein levels. (C) TNF-α
protein measurements by ELISA in the culture media of acinar cells isolated from Ela-KrasG12D mice
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and cultured under conditions mimicking inflammation. Acinar cells were treated with PBS or NAC
(5 mM) from the onset of the culture until 3 days later (n = 3). Three independent cultures from
three different mice were tested. (D) Immunohistochemistry for NF-κB(p65) and P-ERKT202/Y204 on
the pancreata of Ela-KrasG12D mice treated with cerulein and PBS for 5 days (Ceru PBS; n = 3–4) or
cerulein and NAC for 5 days (Ceru NAC; n = 4). Bars: 50 µm. (E) Whole-tissue quantifications for
NF-κB(p65) and P-ERKT202/Y204 from panel D. Data are mean ± SEM. Statistical significance for all
panels was tested by Student’s t-test (* p < 0.05; ** p < 0.01). Dixon’s Q test was applied to remove
outlier samples, before conducting statistical analysis. A statistical tendency was considered when
p-values were 0.05 < p < 0.1. All quantifications in this figure show biological replicates.

This is the first study comparing the impact of NAC on pancreatitis in mice bearing
either wild-type or mutated KrasG12D alleles. Mutated KrasG12D is an essential driver of
pancreatic carcinogenesis [4,5]. NAC reproducibly reduced the severity of pancreatitis in
both wild-type and KrasG12D-bearing mice, with a higher efficiency in the later; this better
responsiveness is probably due to the higher extent of inflammation and oxidative damages
induced by KrasG12D, which renders the protective effects of NAC more pronounced and
visible. The use of NAC is already approved in the clinics and its prescription to patients
suffering from pancreatitis should be safe, with few side-effects. Interestingly, our data
suggest that NAC could also be effective in reducing the severity of inflammation during
the early tumorigenesis process. However, one limitation of the study is that the main
molecular mechanism through which NAC mediates its protective effect is still not clearly
elucidated, because NAC impacts a multitude of pathways that renders this identification
extremely challenging. Additionally, although thiol-containing compounds were shown to
exert anticancer effects on cultured pancreatic cancer cells [44,45], NAC failed to reduce
the development of acinar-to-ductal metaplasia and neoplastic lesions in our model of
mice bearing KrasG12D mutation (data not shown), indicating that it could be used as an
adjuvant treatment to relieve inflammation, but not as a therapy for pancreatic cancer.

4. Conclusions

In this paper, we demonstrate that acute pancreatitis induced systemic and pancreatic
oxidative damages leading to the activation of an antioxidant defense mechanism in acinar
cells, by modulating the expression of redox enzymes. A relevant defense mechanism
mobilized by acinar cells was the use of intracellular GSH by GPx1 to neutralize ROS
and reduce the oxidative stress response. Providing an extracellular source of thiols by
administrating NAC to mice increased intracellular GSH pool in the pancreas. NAC
also reduced oxidative damages, inflammation hallmarks and pancreatic edema; this was
evident especially when pancreatitis and KrasG12D mutation were combined. Importantly,
the resorption of pancreatic edema is clinically associated with better health outcomes [46].
Edema is a protein-rich fluid that may form plugs and calcify in pancreatic ducts, leading
to pressure, duct damages and chronic pain. We therefore consider the use of an edema-
eliminating compound such as NAC to be clinically relevant. In addition, NAC treatment
seems to be safe without any significant side-effects. It is already prescribed to relieve
pulmonary mucus in patients [47] and our study reveals that it could be used similarly
to reduce pancreatic edema. However, we do not consider NAC as a complete treatment
for pancreatitis or pancreatic cancer, but rather as an adjuvant therapy to alleviate the
symptoms of patients suffering from severe pancreatitis or pancreas malignancies. Our
study encourages future testing of treatments combining NAC with anti-inflammatory and
anticancer drugs in the context of pancreatitis and pancreatic cancer, respectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10071107/s1, Figure S1. Pancreatitis induces a pro-oxidant response in Ela-KrasG12D pan-
creata. Figure S2. Pancreatitis provokes significant redox changes in pancreatic acinar cells. Figure S3.
Pancreatitis induces glutathione oxidation in the pancreas. Figure S4. N-acetylcysteine treatment
reduces pancreatic edema in wild-type pancreata during pancreatitis. Figure S5. N-acetylcysteine
treatment reduces pancreatic edema in Ela-KrasG12D pancreata during pancreatitis. Figure S6. N-
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acetylcysteine treatment reduces systemic oxidative damage in wild-type and Ela-KrasG12D pancreata
during pancreatitis. Figure S7. N-acetylcysteine treatment reduces the expression of pro-oxidant and
pro-inflammatory genes in primary acinar cells from Ela-KrasG12D pancreata.

Author Contributions: Conceptualization, P.J. and M.A.; methodology, M.-A.M., M.L., H.D. and
M.A.; software, M.-A.M. and M.A.; validation, P.J. and M.A.; formal analysis, M.-A.M., P.J. and M.A.;
investigation, M.-A.M., M.L., H.D. and M.A.; data curation, M.-A.M. and M.A.; writing—original
draft preparation, M.A.; writing—review and editing, M.-A.M., P.J. and M.A.; visualization, M.-A.M.,
P.J. and M.A.; supervision, P.J. and M.A.; project administration, P.J. and M.A.; funding acquisition,
P.J. and M.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Belgian National Fund for Scientific Research. Grant (n◦1.
B.017.19F) was given to M.A. and grants from the Foundation for Cancer Research (#2018-076) and
Télévie (#7.8515.18) were given to P.J. The article processing charges (APC) was funded by the de
Duve Institute.

Institutional Review Board Statement: The study was approved by animal welfare committee of
the University of Louvain Medical School (ethic number: 2017/UCL/MD/020). For human material,
the medical ethical committee of the Vrije Universiteit Brussel Hospital approved the use of donor
pancreata (ethic approval number: B.U.N. 143201732606).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: RNA-SEQ data can be downloaded from the gene expression omnibus
(GEO database using the following accession numbers: GSE163254 and GSE163263.

Acknowledgments: The authors thank Jean-Nicolas Lodewyckx for technical assistance, Margaux
Wulleman for genotyping and providing Ela-KrasG12D mice, and Luc Bouwens for providing human
pancreas material. M.A.-M. holds a PhD fellowship from Télévie (#7.6509.20). P.J. is senior research
associate at the National Fund for Scientific Research, Belgium. M.A. is a research scholar at the
National Fund for Scientific Research, Belgium.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Habtezion, A.; Gukovskaya, A.S.; Pandol, S.J. Acute Pancreatitis: A Multifaceted Set of Organelle and Cellular Interactions.

Gastroenterology 2019, 156, 1941–1950. [CrossRef]
2. Garg, P.K.; Singh, V.P. Organ Failure Due to Systemic Injury in Acute Pancreatitis. Gastroenterology 2019, 156, 2008–2023. [CrossRef]
3. Saluja, A.; Maitra, A. Pancreatitis and Pancreatic Cancer. Gastroenterology 2019, 156, 1937–1940. [CrossRef]
4. Tuveson, D.A.; Shaw, A.T.; Willis, N.A.; Silver, D.P.; Jackson, E.L.; Chang, S.; Mercer, K.L.; Grochow, R.; Hock, H.; Crowley, D.;

et al. Endogenous oncogenic K-ras(G12D) stimulates proliferation and widespread neoplastic and developmental defects. Cancer
Cell 2004, 5, 375–387. [CrossRef]

5. Hingorani, S.R.; Petricoin, E.F.; Maitra, A.; Rajapakse, V.; King, C.; Jacobetz, M.A.; Ross, S.; Conrads, T.P.; Veenstra, T.D.; Hitt,
B.A.; et al. Preinvasive and invasive ductal pancreatic cancer and its early detection in the mouse. Cancer Cell 2003, 4, 437–450.
[CrossRef]

6. Guerra, C.; Schuhmacher, A.J.; Canamero, M.; Grippo, P.J.; Verdaguer, L.; Perez-Gallego, L.; Dubus, P.; Sandgren, E.P.; Barbacid,
M. Chronic pancreatitis is essential for induction of pancreatic ductal adenocarcinoma by K-Ras oncogenes in adult mice. Cancer
Cell 2007, 11, 291–302. [CrossRef] [PubMed]

7. Chio, I.I.C.; Jafarnejad, S.M.; Ponz-Sarvise, M.; Park, Y.; Rivera, K.; Palm, W.; Wilson, J.; Sangar, V.; Hao, Y.; Ohlund, D.; et al.
NRF2 Promotes Tumor Maintenance by Modulating mRNA Translation in Pancreatic Cancer. Cell 2016, 166, 963–976. [CrossRef]

8. Cheung, E.C.; DeNicola, G.M.; Nixon, C.; Blyth, K.; Labuschagne, C.F.; Tuveson, D.A.; Vousden, K.H. Dynamic ROS Control by
TIGAR Regulates the Initiation and Progression of Pancreatic Cancer. Cancer Cell 2020, 37, 168–182.e4. [CrossRef] [PubMed]

9. Bansod, S.; Chilvery, S.; Saifi, M.A.; Das, T.J.; Tag, H.; Godugu, C. Borneol protects against cerulein-induced oxidative stress and
inflammation in acute pancreatitis mice model. Environ. Toxicol. 2021, 36, 530–539. [CrossRef]

10. Hagar, H.H.; Almubrik, S.A.; Attia, N.M.; Aljasser, S.N. Mesna Alleviates Cerulein-Induced Acute Pancreatitis by Inhibiting the
Inflammatory Response and Oxidative Stress in Experimental Rats. Dig. Dis. Sci. 2020, 65, 3583–3591. [CrossRef]

11. Mathan Kumar, M.; Tamizhselvi, R. Protective effect of diallyl disulfide against cerulein-induced acute pancreatitis and associated
lung injury in mice. Int. Immunopharmacol. 2020, 80, 106136. [CrossRef]

http://doi.org/10.1053/j.gastro.2018.11.082
http://doi.org/10.1053/j.gastro.2018.12.041
http://doi.org/10.1053/j.gastro.2019.03.050
http://doi.org/10.1016/S1535-6108(04)00085-6
http://doi.org/10.1016/S1535-6108(03)00309-X
http://doi.org/10.1016/j.ccr.2007.01.012
http://www.ncbi.nlm.nih.gov/pubmed/17349585
http://doi.org/10.1016/j.cell.2016.06.056
http://doi.org/10.1016/j.ccell.2019.12.012
http://www.ncbi.nlm.nih.gov/pubmed/31983610
http://doi.org/10.1002/tox.23058
http://doi.org/10.1007/s10620-020-06072-1
http://doi.org/10.1016/j.intimp.2019.106136


Antioxidants 2021, 10, 1107 18 of 19

12. Chen, W.; Yuan, C.; Lu, Y.; Zhu, Q.; Ma, X.; Xiao, W.; Gong, W.; Huang, W.; Xia, Q.; Lu, G.; et al. Tanshinone IIA Protects against
Acute Pancreatitis in Mice by Inhibiting Oxidative Stress via the Nrf2/ROS Pathway. Oxid. Med. Cell. Longev. 2020, 2020, 5390482.
[CrossRef]

13. Huang, C.F.; Yang, C.Y.; Tsai, J.R.; Wu, C.T.; Liu, S.H.; Lan, K.C. Low-dose tributyltin exposure induces an oxidative stress-
triggered JNK-related pancreatic beta-cell apoptosis and a reversible hypoinsulinemic hyperglycemia in mice. Sci. Rep. 2018, 8,
5734. [CrossRef] [PubMed]

14. Urbano, F.; Bugliani, M.; Filippello, A.; Scamporrino, A.; Di Mauro, S.; Di Pino, A.; Scicali, R.; Noto, D.; Rabuazzo, A.M.; Averna,
M.; et al. Atorvastatin but Not Pravastatin Impairs Mitochondrial Function in Human Pancreatic Islets and Rat beta-Cells. Direct
Effect of Oxidative Stress. Sci. Rep. 2017, 7, 11863. [CrossRef]

15. Cappelli, A.P.G.; Zoppi, C.C.; Silveira, L.R.; Batista, T.M.; Paula, F.M.; da Silva, P.M.R.; Rafacho, A.; Barbosa-Sampaio, H.C.;
Boschero, A.C.; Carneiro, E.M. Reduced glucose-induced insulin secretion in low-protein-fed rats is associated with altered
pancreatic islets redox status. J. Cell. Physiol. 2018, 233, 486–496. [CrossRef]

16. Lee, J.; Lim, J.W.; Kim, H. Lycopene Inhibits Oxidative Stress-Mediated Inflammatory Responses in Ethanol/Palmitoleic Acid-
Stimulated Pancreatic Acinar AR42J Cells. Int. J. Mol. Sci. 2021, 22, 2101. [CrossRef]

17. Houbracken, I.; de Waele, E.; Lardon, J.; Ling, Z.; Heimberg, H.; Rooman, I.; Bouwens, L. Lineage tracing evidence for
transdifferentiation of acinar to duct cells and plasticity of human pancreas. Gastroenterology 2011, 141, 731–741.e4. [CrossRef]
[PubMed]

18. Desai, B.M.; Oliver-Krasinski, J.; De Leon, D.D.; Farzad, C.; Hong, N.; Leach, S.D.; Stoffers, D.A. Preexisting pancreatic acinar
cells contribute to acinar cell, but not islet beta cell, regeneration. J. Clin. Investig. 2007, 117, 971–977. [CrossRef]

19. Qu, C.; Konieczny, S.F. Pancreatic Acinar Cell 3-Dimensional Culture. Bio-Protocol 2013, 3. [CrossRef] [PubMed]
20. Assi, M.; Derbre, F.; Lefeuvre-Orfila, L.; Saligaut, D.; Stock, N.; Ropars, M.; Rebillard, A. Maintaining a regular physical activity

aggravates intramuscular tumor growth in an orthotopic liposarcoma model. Am. J. Cancer Res. 2017, 7, 1037–1053.
21. Buckens, H.; Pirenne, S.; Achouri, Y.; Baldan, J.; Dahou, H.; Bouwens, L.; Lemaigre, F.P.; Jacquemin, P.; Assi, M. Peroxiredoxin-I

sustains inflammation during pancreatitis. Cell. Mol. Gastroenterol. Hepatol. 2021. [CrossRef]
22. Assi, M.; Kenawi, M.; Ropars, M.; Rebillard, A. Interleukin-6, C/EBP-beta and PPAR-gamma expression correlates with

intramuscular liposarcoma growth in mice: The impact of voluntary physical activity levels. Biochem. Biophys. Res. Commun.
2017, 490, 1026–1032. [CrossRef] [PubMed]

23. Assi, M.; Dauguet, N.; Jacquemin, P. DIE-RNA: A Reproducible Strategy for the Digestion of Normal and Injured Pancreas,
Isolation of Pancreatic Cells from Genetically Engineered Mouse Models and Extraction of High Quality RNA. Front. Physiol.
2018, 9, 129. [CrossRef] [PubMed]

24. Langmead, B.; Nellore, A. Cloud computing for genomic data analysis and collaboration. Nat. Rev. Genet. 2018, 19, 325. [CrossRef]
[PubMed]

25. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
26. Kim, D.; Pertea, G.; Trapnell, C.; Pimentel, H.; Kelley, R.; Salzberg, S.L. TopHat2: Accurate alignment of transcriptomes in the

presence of insertions, deletions and gene fusions. Genome Biol. 2013, 14, R36. [CrossRef]
27. Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript

assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511–515. [CrossRef] [PubMed]

28. Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L. KOBAS 2.0: A web server for annotation
and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [CrossRef]

29. Assi, M.; Achouri, Y.; Loriot, A.; Dauguet, N.; Dahou, H.; Baldan, J.; Libert, M.; Fain, J.S.; Guerra, C.; Bouwens, L.; et al. Dynamic
regulation of expression of KRAS and its effectors determines the ability to initiate tumorigenesis in pancreatic acinar cells. Cancer
Res. 2021. [CrossRef]

30. Lubos, E.; Loscalzo, J.; Handy, D.E. Glutathione peroxidase-1 in health and disease: From molecular mechanisms to therapeutic
opportunities. Antioxid. Redox Signal. 2011, 15, 1957–1997. [CrossRef]

31. Sevillano, S.; de Dios, I.; de la Mano, A.M.; Manso, M.A. N-acetylcysteine induces beneficial changes in the acinar cell cycle
progression in the course of acute pancreatitis. Cell Prolif. 2003, 36, 279–289. [CrossRef] [PubMed]

32. Sevillano, S.; De la Mano, A.M.; De Dios, I.; Ramudo, L.; Manso, M.A. Major pathological mechanisms of acute pancreatitis are
prevented by N-acetylcysteine. Digestion 2003, 68, 34–40. [CrossRef] [PubMed]

33. Sevillano, S.; de la Mano, A.M.; Manso, M.A.; Orfao, A.; De Dios, I. N-acetylcysteine prevents intra-acinar oxygen free radical
production in pancreatic duct obstruction-induced acute pancreatitis. Biochim. Biophys. Acta 2003, 1639, 177–184. [CrossRef]

34. Demols, A.; Van Laethem, J.L.; Quertinmont, E.; Legros, F.; Louis, H.; Le Moine, O.; Deviere, J. N-acetylcysteine decreases severity
of acute pancreatitis in mice. Pancreas 2000, 20, 161–169. [CrossRef]

35. Esrefoglu, M.; Gul, M.; Ates, B.; Batcioglu, K.; Selimoglu, M.A. Antioxidative effect of melatonin, ascorbic acid and N-
acetylcysteine on caerulein-induced pancreatitis and associated liver injury in rats. World J. Gastroenterol. 2006, 12, 259–264.
[CrossRef]

36. Douiev, L.; Soiferman, D.; Alban, C.; Saada, A. The Effects of Ascorbate, N-Acetylcysteine, and Resveratrol on Fibroblasts from
Patients with Mitochondrial Disorders. J. Clin. Med. 2016, 6. [CrossRef]

http://doi.org/10.1155/2020/5390482
http://doi.org/10.1038/s41598-018-24076-w
http://www.ncbi.nlm.nih.gov/pubmed/29636531
http://doi.org/10.1038/s41598-017-11070-x
http://doi.org/10.1002/jcp.25908
http://doi.org/10.3390/ijms22042101
http://doi.org/10.1053/j.gastro.2011.04.050
http://www.ncbi.nlm.nih.gov/pubmed/21703267
http://doi.org/10.1172/JCI29988
http://doi.org/10.21769/BioProtoc.930
http://www.ncbi.nlm.nih.gov/pubmed/27453905
http://doi.org/10.1016/j.jcmgh.2021.03.013
http://doi.org/10.1016/j.bbrc.2017.06.158
http://www.ncbi.nlm.nih.gov/pubmed/28668397
http://doi.org/10.3389/fphys.2018.00129
http://www.ncbi.nlm.nih.gov/pubmed/29535635
http://doi.org/10.1038/nrg.2018.8
http://www.ncbi.nlm.nih.gov/pubmed/29430012
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1186/gb-2013-14-4-r36
http://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
http://doi.org/10.1093/nar/gkr483
http://doi.org/10.1158/0008-5472.CAN-20-2976
http://doi.org/10.1089/ars.2010.3586
http://doi.org/10.1046/j.1365-2184.2003.00284.x
http://www.ncbi.nlm.nih.gov/pubmed/14521521
http://doi.org/10.1159/000073223
http://www.ncbi.nlm.nih.gov/pubmed/12949437
http://doi.org/10.1016/j.bbadis.2003.09.003
http://doi.org/10.1097/00006676-200003000-00009
http://doi.org/10.3748/wjg.v12.i2.259
http://doi.org/10.3390/jcm6010001


Antioxidants 2021, 10, 1107 19 of 19

37. Whillier, S.; Raftos, J.E.; Chapman, B.; Kuchel, P.W. Role of N-acetylcysteine and cystine in glutathione synthesis in human
erythrocytes. Redox Rep. 2009, 14, 115–124. [CrossRef]

38. Yang, Y.; Bazhin, A.V.; Werner, J.; Karakhanova, S. Reactive oxygen species in the immune system. Int. Rev. Immunol. 2013, 32,
249–270. [CrossRef]

39. Dagenais, A.; Frechette, R.; Yamagata, Y.; Yamagata, T.; Carmel, J.F.; Clermont, M.E.; Brochiero, E.; Masse, C.; Berthiaume, Y.
Downregulation of ENaC activity and expression by TNF-alpha in alveolar epithelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol.
2004, 286, L301–L311. [CrossRef]

40. Petrache, I.; Birukova, A.; Ramirez, S.I.; Garcia, J.G.; Verin, A.D. The role of the microtubules in tumor necrosis factor-alpha-
induced endothelial cell permeability. Am. J. Respir. Cell Mol. Biol. 2003, 28, 574–581. [CrossRef] [PubMed]

41. Yang, G.; Hamacher, J.; Gorshkov, B.; White, R.; Sridhar, S.; Verin, A.; Chakraborty, T.; Lucas, R. The Dual Role of TNF in
Pulmonary Edema. J. Cardiovasc. Dis. Res. 2010, 1, 29–36. [CrossRef] [PubMed]

42. Cobo, I.; Martinelli, P.; Flandez, M.; Bakiri, L.; Zhang, M.; Carrillo-de-Santa-Pau, E.; Jia, J.; Sanchez-Arevalo Lobo, V.J.; Megias, D.;
Felipe, I.; et al. Transcriptional regulation by NR5A2 links differentiation and inflammation in the pancreas. Nature 2018, 554,
533–537. [CrossRef] [PubMed]

43. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-kappaB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2. [CrossRef]
[PubMed]

44. Luo, J.; Xiang, Y.; Xu, X.; Fang, D.; Li, D.; Ni, F.; Zhu, X.; Chen, B.; Zhou, M. High Glucose-Induced ROS Production Stimulates
Proliferation of Pancreatic Cancer via Inactivating the JNK Pathway. Oxid. Med. Cell. Longev. 2018, 2018, 6917206. [CrossRef]

45. Karelia, D.N.; Kim, S.; K Pandey, M.; Plano, D.; Amin, S.; Lu, J.; Sharma, A.K. Novel Seleno-Aspirinyl Compound AS-10 Induces
Apoptosis, G1 Arrest of Pancreatic Ductal Adenocarcinoma Cells, Inhibits Their NF-kappaB Signaling, and Synergizes with
Gemcitabine Cytotoxicity. Int. J. Mol. Sci. 2021, 22. [CrossRef]

46. Yi, S.Y.; Tae, J.H. Pancreatic abscess following scrub typhus associated with multiorgan failure. World J. Gastroenterol. 2007, 13,
3523–3525. [CrossRef]

47. Qi, Q.; Ailiyaer, Y.; Liu, R.; Zhang, Y.; Li, C.; Liu, M.; Wang, X.; Jing, L.; Li, Y. Effect of N-acetylcysteine on exacerbations of
bronchiectasis (BENE): A randomized controlled trial. Respir. Res. 2019, 20, 73. [CrossRef]

http://doi.org/10.1179/135100009X392539
http://doi.org/10.3109/08830185.2012.755176
http://doi.org/10.1152/ajplung.00326.2002
http://doi.org/10.1165/rcmb.2002-0075OC
http://www.ncbi.nlm.nih.gov/pubmed/12707013
http://doi.org/10.4103/0975-3583.59983
http://www.ncbi.nlm.nih.gov/pubmed/21188088
http://doi.org/10.1038/nature25751
http://www.ncbi.nlm.nih.gov/pubmed/29443959
http://doi.org/10.1038/sigtrans.2017.23
http://www.ncbi.nlm.nih.gov/pubmed/29158945
http://doi.org/10.1155/2018/6917206
http://doi.org/10.3390/ijms22094966
http://doi.org/10.3748/wjg.v13.i25.3523
http://doi.org/10.1186/s12931-019-1042-x

	Introduction 
	Materials and Methods 
	Human Material and Ex Vivo Culture 
	Mice Models and Treatments 
	Ex Vivo Culture of Primary Mouse Acinar Cells 
	Measurement of Reactive Oxygen Species (ROS) in Primary Acinar Cells 
	Detection of 4-Hydroxynonenal (4-HNE) Adducts by Immunoblot 
	Detection of Protein Carbonyls by Immunoblot 
	Detection of Protein Expression by Immunoblot 
	Measurement of Reduced and Disulfide Glutathione 
	Measurement of Myeloperoxidase Activity (MPO) 
	Determination of TNF-, Amylase, Aspartate Transaminase (AST) and Alanine Transaminase (ALT) Levels 
	Fluorescence Activated Cell Sorting (FACS), RNA Extraction and Quantitative PCR 
	Bulk RNA-Sequencing and Bioinformatics 
	Histology and Immunohistochemistry 
	Statistical Analysis 

	Results and Discussion 
	Pancreatitis Induces a Greater Pro-Oxidant Response in Mice Bearing Oncogenic KrasG12D 
	Pancreatitis Modulates the Expression of Glutathione-Regulating Enzymes in Acinar Cells 
	N-Acetylcysteine Reduces the Severity of Pancreatitis in Wild-Type and Ela-KrasG12D Mice 
	N-Acetylcysteine Improves Pancreatitis-Related Inflammation in Ela-KrasG12D Mice 

	Conclusions 
	References

