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Abstract

Inflammatory disorders of the pancreas are divided into acute (AP) and chronic (CP) forms. Both 

states of pancreatitis are a result of pro-inflammatory mediators, including reactive oxygen species 

(ROS). One of the sources of ROS is NADPH oxidase (Nox). The rodent genome encodes Nox1–

4, Duox1 and Duox2. Our purpose was to assess the extent to which Nox enzymes contribute to 

the pathogenesis of both AP and CP using Nox-deficient mice. Using RT-PCR, Nox1 was found in 

both isolated mouse pancreatic acini and pancreatic stellate cells (PaSCs). Subsequently, mice with 

genetically deleted Nox1 were further studied and showed that the histo-morphologic 

characteristics of caerulein-induced CP, but not caerulein-induced AP, was ameliorated in Nox1 

KO mice. We also found that the lack of Nox1 impaired caerulein-induced ROS generation in 

PaSCs. Using Western blotting, we found that AKT mediates the fibrotic effect of Nox1 in a 

mouse model of CP. We also found a decrease in phospho-ERK and p38MAPK levels in Nox1 KO 

mice with CP, but not with AP. Both CP-induced TGF-β up-regulation and NF-ĸB activation were 

impaired in pancreas from Nox1 KO mice. Western blotting indicated increases in proteins 

involved in fibrosis and acinar-to-ductal metaplasia in WT mice with CP. No change in those 

proteins were observed in Nox1 KO mice. The lack of Nox1 lowered mRNA levels of CP-induced 

matrix metalloproteinase MMP-9 and E-cadherin repressor Twist in PaSCs.

Conclusion: Nox1-derived ROS in PaSCs mediate the fibrotic process of CP by activating the 

downstream redox-sensitive signaling pathways AKT and NF-ĸB, up-regulating MMP-9 and 

Twist, and producing α-smooth muscle actin and collagen I and III.
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1. Introduction

Inflammation of the pancreas can occur in two distinct states, either in the acute form or the 

chronic form. Acute pancreatitis (AP) is a short-term inflammation that develops suddenly. 

By contrast, chronic pancreatitis (CP) manifests from a long-term inflammation, which 

results in a significant replacement of the parenchyma by extracellular matrix (ECM)-rich 

connective tissue (i.e. fibrosis) and permanent organ damage [1]. In 2014, the National 

Ambulatory Medical Care Survey (NAMCS) and the National Hospital Ambulatory Medical 

Care Survey (NHAMCS) estimated 562,048 annual office visits and 195,113 annual 

emergency department visits for both AP and CP [1]. Based on weighted national estimates 

from HCUP Nationwide Emergency Department Sample (NEDS) 2006 and 2014, there were 

279,145 admissions (15% increase from 2005) for AP and 12,770 admissions (42% decrease 

from 2005) for CP [1]. In 2016, 0.7/100,000 women and 1.1/100,000 men died from AP [1]. 

In 2015, the total expense for pancreatic disorders was $2386 million in the United States 

[1]. Thus, a better understanding of the mechanism underlying the pathogenesis of AP and 

CP is necessary in order to develop more effective the rapeutic options to attenuate the 

progression of these diseases.

There are several mouse models of AP; the most common models are those induced by 

administering supraphysiologic doses of caerulein, an orthologue of cholecystokinin-8 

(CCK), or by treating with bile acids (e.g., taurocholate). Both treatments lead to activation 

of inflammatory pathways and a premature intracellular activation of trypsinogen, which is 

the inactive precursor of the digestive protease trypsin, causing a “digestion” of the acinar 

cells and pancreatic damage [2,3]. The most common mouse model of CP consists of 

repetitive inductions of caerulein-induced AP, which lead to increasing damage of the 

pancreas that eventually results in atrophy and replacement of the parenchyma by fibrotic 

tissue [4].

The inflammatory response in both states of pancreatitis involves pro-inflammatory 

mediators, including reactive oxygen species (ROS). A number of ROS sources (e.g., 

xanthine oxidase (XO), uncoupled nitric oxide synthase (NOS), mitochondria, NADPH 

oxidase (Nox) enzymes [5]) contribute to the pathogenesis of AP. For example, the XO 

inhibitor allopurinol attenuates pancreatic damage in canine [6], rat [7] and mouse [8] 

models of caerulein-induced AP. XO promotes intracellular trypsinogen activation and 

zymogen granule damage in isolated rat pancreatic acini [9]. XO was also found to be 

mainly responsible for the glutathione oxidation that occurs at later stages of taurocholate-

induced AP [10]. Uncoupled NOS plays a deleterious role in caerulein-induced AP, probably 

through the decrease in the availability of endogenous tetrahydrobiopterin, which is a 

cofactor for the synthesis of NO [11]. NO has been shown to play a protective role against 

injury caused by pancreatitis [12]. Mitochondrial ROS levels increased in the presence of 

supramaximal CCK and taurocholate in acinar cells [13]. However, among these sources, the 

main source of ROS during episodes of inflammation is the Nox family [5]. Nox enzymes 

transfer electrons across membranes to reduce oxygen to superoxide (O −2), which, 

spontaneously or through a reaction catalyzed by superoxide dismutase (SOD), dismutates 

to hydrogen peroxide (H2O2), a stable and cell-per-meant ROS responsible for initiating 

autocrine and paracrine signaling mechanisms. The rodent genome encodes six Nox 
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enzymes: Nox 1–4, Duox1 and Duox2. Support for Nox enzymes in the acute inflammatory 

process of the pancreas has come from studies using antisense oligo-nucleotides (AS ODN) 

of Nox subunits p22phox and p47phox, the flavoenzyme inhibitor diphenyleneiodonium (DPI) 

and p47phox-deficient mice. p47phox is the organizer subunit for Nox2 and is required for 

Nox2 activation, while p22phox is a Nox subunit that interacts with Nox1, Nox2, Nox3 and 

Nox4 and stabilizes them [5]. Because Duox enzymes do not require activator or organizer 

subunits [5], we did not further study the participation of these enzymes in the inflammatory 

process of the pancreas. Yu et al. [14], found Nox1, p22phox, p47phox, and p67phox in the rat 

pancreatoma cell line AR42J. When caerulein-treated AR42J cells were pre-incubated with 

a calcium chelator BAPTA-AM, or transfected with AS ODN of p22phox and p47phox, the 

activation of Nox was inhibited, and ROS production [14] and apoptosis was suppressed 

[15]. Furthermore, transfection with AS ODN of p22phox and p47phox or pre-treatment with 

DPI impaired IL-6 up-regulation and apoptosis of caerulein-stimulated AR42J cells [16]. 

Caerulein-induced activation of JAK/STAT3 and up-regulation of both MAPKs and tumor 

growth factor β (TGF-β) were also inhibited by either AS ODN for p22phox and p47phox or 

pre-treatment with DPI in AR42J cells [17]. Among these previous findings, the source of 

Nox-derived ROS in pancreatitis is still unclear, with no consensus reached. Because 

caerulein-induced trypsin activation has decreased in both neutrophils depleted rats and 

p47phox-deficient mice [18], Nox-derived ROS in pancreatitis was thought to be essentially 

derived from Nox2 due to phagocyte invasion, but not from pancreatic acini as previously 

reported [14–17]. These findings have been reviewed in Ref. [19]. However, pancreatic 

acini, which synthesize and store digestive enzymes [3], and pancreatic stellate cells 

(PaSCs), which are found in periacinar spaces and play a main role in pancreatic fibrosis 

[20], have been shown to secrete a variety of inflammatory mediators in response to 

pancreatitis-causing stimulus and contribute to the robust inflammatory response. In the last 

years, the development of Nox isoform specific-deficient mice has provided a new approach 

to study the source and the role of Nox enzymes in the inflammatory process of pancreas. 

Therefore, the goal of this study was to determine the source and role of Nox enzymes in the 

pathogenesis of AP and CP by using Nox isoform specific-deficient mice.

2. Materials and methods

Ethical approval.

All experiments were conducted in accordance with the National Institute of Health 

Guidelines for the Care and Use of Laboratory Animals and approved by the Augusta 

University Institutional Animal Care and Use Committee (IACUC) (protocol # 2017–0878).

Materials.

Caerulein (#C9026), trypsin inhibitor (SBTI) (#T9003), protease (#P5147) were purchased 

from Sigma Aldrich (St Louis, MO), collagenase (CLSPA) was purchased from Worthington 

Biochemical Co. (Lakewood, NJ), collagenase P (11213857001), DNase I recombinant 

(04716728001), leupeptin and aprotinin were purchased from Roche Diagnostics 

(Indianapolis, IN), bovine albumin serum fraction V (BSA) from MP Biomedicals (Solon, 

OH), Phadebas Amylase Assay kit was purchased form Magle Life Sciences (Cambridge, 

MA), Boc-Gln-Ala-Arg-AMC from BachemAG (Bubendrof, Switzerland), Dulbecco’s 
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minimal essential medium (DMEM)/high glucose from HyClone (Logan, Utah), TRIzol, and 

3,3-diaminobenzidine tetrahydrochloride (DAB) from Thermo Scientific (Rockford, IL). 

Protein determination reagent was purchased from Bio-Rad Life Science Research 

(Hercules, CA). Supersignal West Femto Chemiluminescent Substrate was purchased from 

Thermo Fisher Scientific (Rockford, IL).

Mice.

Seven to eight-week old male mice were used for this study. C57BL/6 mice. C57BL/6 mice 

(WT) were purchased from Envigo (Indianapolis, IN). Whole body Nox1tm1Kkr mice. 

Nox1tm1Kkr mice (Nox1 KO) were bought from Jackson Laboratory. The development of 

Nox1 KO mice has previously described [21].

Antibodies.

Antibodies against the following proteins were used: rabbit polyclonal antibodies to collagen 

1A1 (#84336), c-Jun-N-terminal kinase (SAPK/JNK) (#9252), AKT (pan) (#4691), rabbit 

monoclonal antibodies to vimentin (D21H3)XP® (#5741), NF-ĸB p65 (#8242), p44/42 

MAPK (ERK1/2) (#4695), p38MAPK (#8690), phospho-p44/42 MAPK (Erk1/2) (#4370), 

α-smooth muscle actin (α-SMA) (#19245), transforming growth factor- β (TGF-β) (#3709), 

phospho-AKT (Ser473) (#4060), phospho-SAPK/JNK (#4668), mouse monoclonal 

antibodies to α-tubulin (#3873) were provided by Cell Signaling Technology (Beverly, MA); 

rabbit antibody against α-amylase (A8273) was purchased from Sigma Aldrich (St Louis, 

MO), rat monoclonal against cytokeratin 19 (TROMA-III) from Developmental Studies 

Hybridoma Bank, goat anti-mouse IgG-horseradish peroxidase (HRP) (sc-2005) and goat 

anti-rabbit IgG-HRP (sc-2004) were provided by Santa Cruz Biotechnology (Santa Cruz, 

CA).

Induction of AP.

AP was induced by repetitive injections of caerulein (50 μg/Kg body weight/h) six times 

hourly as previously described [22]. Mice were euthanized 1 h after the last injection. 

Control mice received PBS injections.

Induction of CP.

CP was induced by repetitive injections of caerulein (50 μg/Kg body weight/h) three times a 

week, six times a day for 7 weeks as previously described [4]. Mice were euthanized four 

days after the last injection. Control mice were given PBS injections.

Pancreas weight/body weight (PW/BW) ratio.

The pancreas weight was recorded when harvested and reported as pancreas weight/body 

weight ratio as previously described [23].

Determination of pancreatic edema:

Pancreatic edema was quantified by weighing the freshly harvested pancreas (wet weight) 

and comparing that to the same sample after desiccation to a constant weight at 90 °C for 36 
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h (dry weight). The results were calculated using the formula: wet weight - dry weight/wet 

weight × 100 as previously described [22].

Serum lipase and amylase determination.

Blood was collected after euthanization of mice. Blood was allowed to clot, then centrifuged 

at 10,000×g for 5 min to separate serum from blood cells, and serum was collected in a 

separate tube. Lipase activity was determined as previously described [24]. Lipa-zyme buffer 

(70 mM TRIS, pH9.3 ± 0.05, 8.7 mM sodium deoxycholate), Lipa-zyme substrate (0.8% 

w/v olive oil in ethanol) and the serum were incubated, and the absorbance was determined 

at 546 nm for 5 min using a Biotek Synergy 2 multi-mode detection microplate reader. Gen5 

software was used to perform a kinetic assay, and the final lipase activity (U/L) was 

calculated. The factor for converting the absorbance change into U/L is 2000 with olive oil 

as substrate. Amylase levels were determined through the Phadebas amylase test (Magle 

Life Sciences, Lund, Sweden) as previously described [25]. The Gen5 software was used to 

perform an endpoint assay using a Biotek Synergy 2 multi-mode detection microplate 

reader, and the serum amylase levels were determined with the use of a standard curve.

Isolation of pancreatic acini.

Pancreatic acini from WT and Nox1 KO mice were prepared by enzymatic digestion of 

pancreas with purified collagenase (code: CLSPA) followed by mechanical shearing, 

filtration through 150-μm Nitex mesh and purification by sedimentation through 4% bovine 

serum albumin (BSA) as previously described [25]. Freshly digested cultured acini were 

stimulated with caerulein (0.01,0.1, 1, 10, and 100 nM) for 30 min in DMEM/high glucose 

medium containing 5 mg/ml BSA and 0.1 mg/ml trypsin inhibitor.

Quantification of amylase secretion.

Samples were centrifuged for 30 s in a microcentrifuge, and the supernatant was assayed for 

amylase activity with Phadebas reagents (Magle Life Sciences, Lund, Sweden) as previously 

described [25]. Results were expressed as a percentage of initial acinar amylase content.

Quantification of trypsin activation.

Acini were lysed with homogenization buffer (5 mM MES, pH 6.4, 250 mM sucrose, 1 mM 

MgSO4) in the Dounce homogenizer. To a 96-well plate, assay buffer (5 mM TRIS HCl, pH 

8, 150 mM NaCl, 1 mM CaCl2, 0.1 mg/ml BSA) and the homogenate were added. Trypsin 

activity was determined using Boc-Gln-Ala-Arg-AMC (50 μM) as a substrate as previously 

described [18]. The fluorescence (380/440 nm) was recorded for 5 min using a Biotek 

Synergy 2 multi-mode detection microplate reader.

Histology.

Pancreatic tissue was fixed with 10% formalin and embedded in paraffin as previously 

described [23]. Hematoxylin and eosin (H&E) staining was performed at the Augusta 

University Histology Core. Images were captured with an Olympus CK2 inverted light 

microscope (Olympus America, Inc., Melville, NY) with a X40 objective lens. A Canon 

digital SLR camera was connected to the microscope.
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Isolation of pancreatic stellate cells (PaSCs).

Pancreas from WT and Nox1 KO mice was isolated and digested with collagenase P (3 mg), 

protease (1.4 mg) and DNase I recombinant (8.75 μl) in 10 ml of GBSS plus salt medium. 

Pancreata were disrupted by pipetting and filtered through a 250 μm mesh. PaSCs were 

purified using a 28.7% solution of Nycodenz (2.295 g in 8 ml GBSS without salt). PaSCs 

were resuspended in IMDM GlutaMax medium with 10% fetal bovine serum (FBS) and 100 

U/ml penicillin and 100 μg/streptomycin as previously described [26]. PaSCs were cultured 

in 24-well plates until confluence (1 week) and then transferred to 12-well plates (PaSCs 

were only passed once). IMDM GlutaMax medium was changed every two days.

Immunohistochemistry (IHC):

IHC for α-SMA, NF-ĸB and p-AKT in whole pancreas: Cells positive for these proteins 

were determined using 3,3-diaminobenzidine tetrahydrochloride (DAB) as a chromogen 

(color: brown). Briefly, slides were incubated first with blocking buffer (3% BSA in PBS 

with 0.05% Tween-20) for 1 h at room temperature and then with antibody against α-SMA, 

NF-ĸB or p-AKT overnight at 4 °C. Slides were washed with PBS with 0.05% Tween-20 

and incubated with HRP-labeled secondary antibody for 30 min. After washing, the DAB 

solution was added to the slides, incubated for 10 min, and then washed again. The slides 

were mounted and a coverslip was added to the section. IHC for collagen in whole pancreas: 

collagen I and III fibers were examined using Picro Sirius Red as a chromogen (color: red). 

Briefly, slides were incubated with Picro-Sirius Red solution (Abcam, Cambridge, MA) for 

60 min, rinsed quickly with 0.5% acetic acid solution and then with absolute ethanol. The 

slides were mounted and a coverslip was added to the section.

Determination of ROS production in PaSCs and isolated pancreatic acini:

2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) fluorescence: Production of ROS 

was measured using the cell-permeant H2DCFDA, which is a chemically reduced form of 

fluorescein. H2O2 produced by cells oxidizes the non-fluorescent form H2DCFDA to 2,7-

dichlorofluorescein (DCF), the fluorescent form of which is proportional to the H2O2 

produced. The excitation and emission wavelengths for DCF are ~492–495 and 517–527 

nm, respectively. PaSCs were grown to confluence in a 24-well plate. Then, they were 

transferred to a 12-well plate. At confluence, cells were treated with vehicle or caerulein (10 

pM and 100 nM) or TGF-β (10 ng/ml) for 30 min. Isolated pancreatic acini were cultured in 

a 12-well plate and stimulated with caerulein (100 nM) or TGF-β (10 ng/ml) for 30 min. At 

the end of the incubation time, the cells were loaded for 20 min with 10 μM H2DCFDA at 

37 °C in the dark. Fluorescence was measured using a BD Accuri C6 flow cytometer.

2-OH-E+ fluorescence: Intracellular O −2 generation was measured using dihydroethidium 

(DHE), which is oxidized by superoxide to form 2-hydroxyethidium (2-OH-E+). We plated 

PaSCs in 12-well plates and preincubated them with 10 μM DHE for 30 min at 37 °C. Cells 

were then treated with caerulein (100 nM) for 30 min, washed twice with ice-cold PBS, 

fixed in 2% paraformaldehyde, and fluorescence was determined (excitation/emission for 2-

OH-E+: 518 nm/605 nm) using a BD Accuri C6 flow cytometer.
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Isolation of peritoneal macrophages from mice with CP:

It was done as previously described [27]. WT and Nox1 KO mice with CP were euthanized 

using a CO2 chamber, a 10-ml syringe with a 20-G needle was inserted through the 

peritoneal wall and 10 ml of PBS without calcium and magnesium was injected into the 

peritoneal cavity. Using the same syringe and needle, the fluid from the peritoneum was 

aspirated and centrifuged at 400×g for 10 min at 4 °C. The cell pellet was resuspended in 

DMEM/F12 with 10% FBS and 100 U/ml recombinant mouse macrophage colony 

stimulating factor (M-CSF) (#cyt-439), Prospec Tany TechnoGene Ltd).

2.1. Determination of gene expression at mRNA level

1) RNA isolation and reverse transcription-PCR: A small piece of mouse pancreas 

(40 mg) was cut and immediately placed in 1 ml of RNAlater solution (Invitrogen by 

Thermo Fisher Scientific, Rockford,IL). Total RNA was isolated from mouse pancreas using 

Trizol and RNeasy® Mini kit (Qiagen, Inc. USA, Valencia, CA). RNeasy® Mini kit was 

utilized to extract total RNA from isolated mouse pancreatic acini, PaSCs and peritoneal 

macrophages. Integrity and quality of RNA was assessed by recording the OD 260/280 ratio 

measured using NanoDrop™ One (Thermo Scientific, Waltham, MA), and agarose gel 

electrophoresis. First-strand complementary DNA was synthesized with TaqMan Reverse 

Transcription Reagents (Thermo Fisher Scientific, Waltham, MA). Five μg of cDNA was 

used in each PCR reaction. Amplification with Taq DNA polymerase from Expand High 

Fidelity Enzyme System (Roche Diagnostics, Indianapolis, IN) was conducted using specific 

primers from GeneCopoeia (Rockville, MD) and as previously described [28]. The PCR 

primers were listed in Table 1. The efficiency of the primers was checked beforehand by 

using control DNA provided by GeneCopoeia, Inc.

2) Real-time Quantitative PCR: The relative expression of genes in mouse pancreas 

and PaSCs from WT and Nox1 KO mice was evaluated by real-time quantitative PCR 

analysis using Absolute Blue SYBR Green ROX mix (Thermo Fisher Scientific) and a real-

time quantitative PCR machine (LightCycler 96 system, Roche). The PCR primers were 

listed in Table 1. Results from real-time quantitative PCR were evaluated using the 2−ΔΔCq 

method as previously described [29]. This method uses the equation ΔΔCq=(Cq, Target gene – 

Cq, reference) Time × – (Cq, Control – Cq, reference)Time × to make the Cq values relative 

between WT and Nox1 KO mice. The primers were designed with NIH primer designing 

tool based on gene sequences obtained from the GeneBankTM NCBI sequence viewer. 18S 

rRNA was used as a reference.

Determination of gene expression at protein level.

Western blotting analysis was carried out as previously described [25,30]. Cells were lysed 

using lysis buffer containing 50 mM TRIS HCl, pH 7.5, 150 mM sodium chloride, 5 mM 

EDTA, 10 mM sodium pyrophosphate, 25 mM β-glycerolphosphate, 0.1% Triton X-100, 1 

mM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 1 mM sodium 

vanadate, 25 mM sodium fluoride and 1 mM dithiothreitol. Immunodetection of proteins 

was carried out using SDS-polyacrylamide gel, which was transferred to a nitrocellulose 

membrane (Bio-Rad Laboratories, Inc.). The membrane was blocked in 5% nonfat milk 
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dissolved in Tris-buffered saline containing 0.1% (v/v) Tween X-20 for 1 h at room 

temperature. Corresponding primary antibodies were diluted 1:1000 in 5% bovine serum 

albumin (BSA), and the membrane was incubated with the antibody overnight at 4 °C 

followed by treatment with a HRP-conjugated secondary antibody (1:5000 in 5% nonfat 

milk) for 1 h at room temperature. After washing with Tris-buffered saline containing 0.1% 

(v/v) Tween X-20, peroxidase activity was visualized using the SuperSignal West Femto 

sensitivity substrate kit (Pierce). Images were taken using Foto/Analyst Luminary FX 

Imaging Workstation (Fotodyne Incorporated, Hartland, WI).

2.2. Statistical analysis

Results were expressed as means ± SE. Statistical analysis was carried out using Instat 

Graphpad software (La Jolla, CA). Statistical significance was determined employing 

ANOVA followed by Student-Newman-Keuls post hoc test. p < 0.05 was considered to be 

the minimal level of statistical significance.

3. Results

Nox1 is expressed in isolated mouse pancreatic acini.

Because intrapancreatic activation of digestive enzymes is a primary event in the cell injury 

of pancreatitis [3], we first tested whether or not the Nox enzymes Nox 1–4 are expressed in 

isolated pancreatic acini. Conflicting results exist regarding the expression of Nox enzymes 

in pancreatic acini. Some studies indicate that Nox enzymes are expressed in pancreatic 

acinar cells [15–17,31], whereas others indicate that Nox enzymes are not [18,32]. Using 

RT-PCR, we found the expression of Nox1 mRNA, but not Nox2, Nox3 or Nox4 mRNA, in 

isolated mouse pancreatic acini (Suppl. Fig. 1).

Nox1 does not mediate the inflammatory response in AP.

Because we found that Nox1 is expressed in isolated mouse pancreatic acini, we studied the 

participation of Nox1 in the inflammatory process of AP using whole body Nox1-defficent 

(Nox1 KO) mice. The lack of Nox1 in Nox1 KO mice was confirmed by RT-PCR (Suppl. 

Fig. 2). In in vitro studies, we isolated pancreatic acini from WT mice and Nox1 KO mice 

and stimulated them with caerulein (a CCK analogue) (0.01, 0.1, 1, 10, and 100 nM) for 30 

min as previously described [33]. We found that the lack of Nox1 did not affect caerulein-

induced amylase secretion or trypsin activation (Suppl. Fig. 3).

In in vivo studies, we used a mouse model of AP [22]. We found that the lack of Nox1 does 

not impair the histo-morphologic changes of AP (Suppl. Fig. 4A and B). A slight increase in 

the PW/BW ratio was observed in both WT mice with AP and Nox1 KO mice with AP and 

no changes in histological features of AP were observed in pancreas from Nox1 KO mice 

(Suppl. Fig. 4B).

The increase in water content (an indication of edema) and serum levels of digestive 

enzymes (amylase and lipase) was observed in WT and Nox1 KO mice in which AP was 

induced (Suppl. Fig. 5). In conclusion, Nox1 did not mediate the inflammatory process in 

AP.
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Studies showing that Nox1-deficient mice have less hepatic fibrosis than WT mice after 

CCl4 injection or bile duct ligation [34,35], and that Nox1 is found in samples from patients 

with hepatic fibrosis [36] led us to hypothesize that Nox1-derived ROS play a role in the 

pathogenesis of CP. In addition to these findings, in a previous study, using DPI as a means 

to reduce the activity of Nox, Nox enzymes were suggested to develop pancreatic fibrosis in 

rats with dibutyltin dichloride-induced CP [37].

Nox1 contributes to histo-morphologic features of CP.

PW/BW ratio: CP causes pancreatic atrophy [38]. Based on the PW/BW ratio, we found a 

remarkable atrophy of the pancreas in WT mice with CP. However, Nox1 KO mice in which 

CP was induced showed no change in this ratio (Fig. 1A). Histology: We observed the most 

common features of CP, including moderate acinar loss with distended lumen and loss of 

apical granulations, fibrosis, microscopic duct dilations, and inflammatory infiltration in WT 

mice with CP. The lack of Nox1 reduced fibrosis and other features of CP (Fig. 1B). 

Activated PaSCs are fibrogenic and proliferate in CP [26,39]. Because activated PaSCs 

express α-SMA and collagen type I and III [26], we studied the activation of PaSCs by IHC 

analysis of these proteins. In healthy WT and Nox1 KO mice, positive α-SMA staining was 

found in the periacinar space, as well as perivascular and periductal regions of the pancreas, 

which are places where PaSCs reside [20]. In WT mice with CP, but not in Nox1 KO mice, 

activated PaSCs proliferated and released α-SMA (Fig. 2A). Staining for collagen I and III 

with Sirius Red showed an intense presence of collagen in pancreas (perivascular and 

periacinar) from WT mice with CP (Fig. 2B). In pancreatic tissues from Nox1 KO mice with 

or without CP, the staining of collagen was mainly perivascular (it was similar to healthy 

WT mice) (Fig. 2B). These results were confirmed by Western-blotting using collagen 1A1 

antibody (Fig. 2C).

Nox1 evokes nuclear translocation of NF-ĸB in CP.

Dysregulation of NF-ĸB leading to chronic NF-ĸB activation is necessary for the 

pathogenesis in CP since it induces the expression of TGF-β, Cox-2 and IL-1B, which are 

drivers of chronic inflammation [40]. Using IHC, we found that caerulein-induced CP 

caused activation of NF-ĸB, and as a consequence, its nuclear translocation as previously 

shown [40]. The lack of Nox1 impaired the nuclear staining for p65 NF-ĸB in mouse model 

of CP (Fig. 3A). We confirmed these results by Western-blotting (Fig. 3B).

Nox1 is involved in CP-induced TGF-β up-regulation.

The NF-ĸB-dependent fibrogenic factor TGF-β is up-regulated in caerulein-induced CP 

[41,42]. It was therefore of interest to examine the effect of Nox1 on the CP-induced up-

regulation of TGF-β. Using quantitative real-time PCR, we found that the lack of Nox1 

impaired CP-induced TGF-β up-regulation in the whole pancreas (Fig. 4A).

Nox1 induces PaSC expansion and acinar-to-ductal metaplasia (ADM) in CP.

In light of the importance of Nox1 in the fibrotic process of CP, we tested whether Nox1 

mediates the expansion of PaSCs observed in CP [20] using Western-blotting. Using 

amylase as a marker of acinar cells, and the intermediate filament vimentin and α SMA as 
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markers of PaSC expansion, we observed that repetitive injections of caerulein cause 

increased levels of vimentin and α SMA and decreased levels of amylase in WT mice with 

CP, supporting the idea of a possible contribution of Nox1 to the PaSC expansion in CP. In 

Nox1 KO mice, caerulein-induced increased levels of vimentin and α SMA were impaired 

(Fig. 4B, left panel).

Caerulein-induced CP leads to formation of tubular complexes (TCs) during the ADM [43]. 

We also found that Nox1 participates in the formation of TC during the ADM in caerulein-

induced CP. Using keratin-19 as a tubular marker [23], we found that repetitive injections of 

caerulein cause the formation of TC in WT mice and, to a lesser extent, Nox1 KO mice (Fig. 

4B; left panel). Using Western blotting, we also confirmed that Nox1 mediates the caerulein-

induced TGF-β up-regulation (Fig. 4B; left panel).

Nox1 induces phosphorylation of AKT in a mouse model of CP.

The next goal was to determine which intracellular pathway mediates the effect of Nox1-

derived ROS in a mouse model of CP. A number of intracellular pathways have been 

activated following Nox1-derived ROS, including JNK, p38 MAP kinase, AKT, and ERK1/2 

[44]. The same pathways are activated by CCK [45]. We found that caerulein-induced CP 

caused phosphorylation of AKT and decreased phosphorylation of JNK in WT mice. No 

changes were observed in the levels of phospho-ERK and p38 MAPK in WT mice with or 

without CP. In Nox1 KO mice, caerulein-induced AKT phosphorylation was impaired (Fig. 

4B; right panel). The participation of AKT in Nox1 signaling was confirmed by IHC (Fig. 

4C). Next, we test whether ribosomal protein S6 (S6RP), which stimulates protein synthesis 

in pancreatic acini [46], is a target of phosphorylated AKT. Unlike phosphorylated AKT, 

phosphorylated S6RP decreased in WT mice with CP (Fig. 4B; right panel). Thus, S6RP is 

not a downstream target of phosphorylated AKT. Moreover, the basal phosphorylated levels 

of S6RP was not affected by the lack of Nox1 (Fig. 4B right panel). Unlike Mitsushita et al. 

[47], we found that the lack of Nox1 impaired the phosphorylation of ERK1/2 (Fig. 4B; 

right panel). The lack of Nox1 also down-regulated p38MAPK (Fig. 4B; right panel). Re-

probing the membrane with an antibody against total AKT, total JNK and total ERK 

demonstrated that the total expression of protein of interest was not affected by either the 

induction of CP or the lack of Nox1, and that only the phosphorylated form was affected.

Caerulein-induced AP caused an increase in the phosphorylation of AKT, JNK and ERK 

(Fig. 4B; right panel). The lack of Nox1 did not affect AP-induced phosphorylation of any 

of these proteins (Fig. 4B; right panel; Suppl. Fig. 6).

Nox1, Nox3 and Nox4 are expressed in PaSCs.

In light of the importance of Nox1 in the fibrotic process of CP, we tested the expression of 

Nox1 in PaSCs, which are cells that initiate pancreatic fibrosis in CP [20] and macrophages, 

which are the predominant inflammatory cells in CP [48] and have promoted pancreatic 

fibrosis in CP through the activation of PaSCs [49]. Using RT-PCR, we found that Nox1 is 

expressed in primary culture of mouse activated PaSCs. Two other Nox enzymes, Nox3 and 

Nox4, were also expressed (Suppl. Fig. 7; left panel). Peritoneal macrophages only 

expressed Nox2 (Suppl. Fig. 7; right panel).
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The lack of Nox1 in PaSCs impaired caerulein-induced ROS generation.

Because Nox1 is expressed in both pancreatic acini and PaSCs, and mediated the fibrogenic 

process in caerulein-induced CP, we next evaluated whether caerulein is able to generate 

ROS in both cell types, and whether this effect is impaired with the lack of Nox1. We 

observed that, although a physiologic concentration of caerulein (10 pM) did not modify the 

levels of ROS in PaSCs (data not shown), a supraphysiologic concentration of caerulein (100 

nM) increased H2O2 and O −2 formation in primary cultures of activated PaSCs (Fig. 5; left 

and right panels). The growth factor TGF-β (10 ng/ml), which activates PaSCs and was 

involved in the effect of Nox1 on CP in vivo (Fig. 4A and B; left panel), increased the levels 

of H2O2 (Fig. 5; left panel). The lack of Nox1 abolished the effect of caerulein-induced 

H2O2 and O2
− generation, but it did not modify exogenous TGF-β-induced H2O2 generation 

(Fig. 5; left panel). Unlike in PaSCs, in isolated pancreatic acini, caerulein (100 nM) or 

TGF-β (10 ng/ml) did not affect H2O2 generation (Suppl. Fig. 8; only caerulein is shown).

Nox1 causes the expression of metalloproteinase MMP-9 and epithelial-to-mesenchymal 
transition (EMT) hallmark gene Twist in activated PaSCs.

Because stellate Nox1, but not acinar Nox1, caused ROS generation in presence of 

caerulein, we further evaluated the importance of Nox1 in activated PaSCs. In response to 

pancreatic inflammation, activated PaSCs, through the transcription factor NF-ĸB, express 

enzymes that are associated with remodeling ECM, including MMP [50] and mediators of 

EMT [51]. Because Nox1 mediated CP-induced NF-ĸB activation, we studied the relative 

expression of a number of NF-ĸB-induced genes in PaSCs from WT mice with or without 

CP compared with PaSCs from Nox1 KO mice with or without CP using quantitative real-

time PCR analysis. We previously found that Nox1 is involved in CP-induced TGF-β up-

regulation using mRNA from whole pancreas. In these sets of experiments, we found that 

TGF-β is also up-regulated in PaSCs from WT mice with CP. The lack of Nox1 impaired 

this effect (Table 2). A family of zinc finger transcription factors (ZF-TFs), including Snail1, 

Zeb1, Zeb2, and Slug, and the basic helix-loop-helix (bHLH) transcription factor Twist are 

regulated by NF-ĸB and implicated in repression of genes that promote an epithelial 

phenotype, thereby inducing a mesenchymal phenotype [51]. The transcription factor Zeb1 

was up-regulated in PaSCs from both WT and Nox1 KO mice with CP (Table 2). 

Transcription factor Twist’s mRNA levels were elevated in PaSCs from WT mice with CP. 

The lack of Nox1 abolished the CP-induced up-regulation of Twist in PaSCs (Table 2). No 

significant changes in the expression of Slug, Snail and Zeb2 were observed in different 

groups. We also studied the expression of two MMPs secreting by PaSCs: gelatinases 

MMP-2 and MMP-9 [50]. MMP-9 mRNA levels were elevated in PaSCs from WT mice 

with CP (Table 2), while no change in the expression of MMP-2 was observed (data not 
shown). The lack of Nox1 reduced the CP-induced up-regulation of MMP-9 in PaSCs.

4. Discussion

The objective of this study was to identify the Nox enzymes that are involved in 

pathogenesis of both states of pancreatitis (i.e., AP and CP) using Nox-deficient mice. In 

order to do this, using RT-PCR, we first studied the expression of Nox enzymes in isolated 

pancreatic acini because intrapancreatic activation of digestive enzyme is a primary event in 
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the cell injury of pancreatitis [3]. Because we found that isolated pancreatic acini only 

express Nox1, we further studied the participation Nox1 in the pathophysiology of both 

states of pancreatitis using Nox1-defficient mice.

To study the participation of Nox1 in the inflammatory process of AP, we carried out both in 
vitro and in vivo studies. In in vitro studies, using isolated pancreatic acini, the lack of Nox1 

did not affect either caerulein-induced amylase secretion or trypsin activation. In in vivo 
studies, using a mouse model of caerulein-induced AP, the lack of Nox1 did not modify the 

histo-morphologic and biochemical features of AP (e.g., intracellular vacuoles, 

inflammatory infiltration, and serum levels of digestive enzymes). To study the participation 

of Nox1 in the pathogenesis of CP, we induced CP in mice using repetitive injections of 

caerulein. We found that Nox1-deficient mice were less susceptible to caerulein-induced CP 

because the lack of Nox1 impaired the histo-morphologic features of CP (e.g., atrophy, 

moderate acinar loss and fibrosis). ADM is another histological feature of CP [43]. Using 

Western blotting, we observed that Nox1 mediates CP-induced ADM because the levels of 

keratin 19 (a ductal marker) increased in pancreas from WT mice with CP, but not in 

pancreas from Nox1 KO in which CP was induced. Therefore, Nox1 is implicated in the 

fibrotic process of CP, while Nox1 did not mediate the effects of acute treatment with 

caerulein.

We also found that Nox1 possibly contributes to the PaSC expansion in CP. Using IHC and 

Western blotting for αSMA, we discovered that in the whole pancreas from WT mice with 

CP, but not from Nox1 KO with CP, PaSCs proliferated and released α-SMA. Using another 

approach, we also found that the protein level of vimentin, a marker of activated PaSCs, 

increased, whereas the protein level of amylase, a marker of acinar cells, decreased in whole 

pancreatic lysates from WT mice with CP. These effects were not observed in whole 

pancreatic lysates from Nox1 KO mice (i.e., the levels of amylase in pancreatic lysate was 

similar between healthy and CP-induced Nox1 KO mice, while vimentin was not expressed 

in any of these two groups of Nox1 KO mice).

In light of the importance of Nox1 in the fibrotic process of CP, we tested the expression of 

Nox1 in two other cell types: PaSCs, which are cells that initiate pancreatic fibrosis in CP 

[20], and macrophages, which are the predominant inflammatory cells in CP [48] and have 

promoted pancreatic fibrosis in CP through the activation of PaSCs [49]. We found that 

activated PaSCs express Nox1. In addition to Nox1, PaSCs also expressed Nox3 and Nox4. 

Unlike rat PaSCs [37], Nox2 was not expressed in mouse PaSCs. Peritoneal macrophages 

only expressed Nox2.

Next, we studied the source of Nox1-derived ROS in response to caerulein. Using a 

fluorescent probe, H2DCFDA, we found that the effect of a supraphysiologic concentration 

of caerulein (100 nM) on ROS generation was impaired in PaSCs isolated from Nox1 KO 

mice. In pancreatic acini, conflicting results exist regarding whether or not either CCK or 

caerulein increases ROS generation. For instance, a study using lucigenin and DCFDA 

indicated that caerulein stimulates the activation of Nox and, subsequently, ROS production 

within rat pancreatoma cell line AR42J [52]. Other studies using CM-H2DCF-DA showed 

that CCK (10 nM) evokes ROS formation in isolated pancreatic acini [53,54]. In contrast, 
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two studies using luminol and DCFDA showed no increase in ROS production following 

CCK (100 nM) [18] and caerulein (0.1 and 100 nM) [55] stimulation in pancreatic acini. 

Using H2DCFDA, we also found that caerulein (100 nM) did not induce ROS generation in 

isolated pancreatic acini. This observation can be due to much lower expression of Nox1 in 

pancreatic acini compared to PaSCs. Therefore, we concluded that caerulein can directly 

activate PaSCs (“quiescent” state to “myofibroblastic” state) and induce Nox-1 derived ROS 

generation. A persistent activation and proliferation of PaSCs leads to the production of 

collagen and other extracellular matrix proteins (e.g., SMA), which contribute to pancreatic 

fibrosis in CP. Because neutrophilic Nox2 mediates the inflammatory process in AP [18] and 

macrophages promote pancreatic fibrosis in CP through the activation of PaSCs [49], our 

findings cannot rule out the contribution of macrophagic Nox2-derived ROS in the 

fibrogenic process of CP.

Once ROS are generated, a number of downstream redox-sensitive signaling pathways (e,g., 

MAP kinase activation) and transcription factors (e.g., NF-ĸB) [5] become activated and can 

regulate cell growth, proliferation, differentiation, and apoptosis. We found that caerulein-

induced CP causes phosphorylation of AKT and that Nox1-evoked ROS promotes CP-

induced phosphorylation of AKT. The participation of the AKT pathway in the action of 

Nox1 has been previously reported since Nox1 via AKT pathway has promoted proliferation 

of fibrotic hepatic stellate cells (hyperplasia) [35]. One of the target of phosphorylated AKT 

is S6RP. In rat pancreatic acini, AKT-induced phosphorylation of S6RP is required for CCK-

induced stimulation of protein synthesis [46]. However, phosphorylation of AKT in CP was 

not associated with an increase in protein synthesis because S6RP was not a downstream 

target of phosphorylated AKT. We also found that the mouse model of caerulein-induced CP 

promotes cell survival and prevents apoptosis because it caused dephosphorylation of pro-

apoptotic JNK [56]. No changes in the levels of pro-apoptotic phospho-JNK was observed 

when Nox1 was not present. Caerulein-induced CP did not affect the levels of 

phosphorylated ERK and total p38 MAPK. However, the lack of Nox1 reduced the basal 

levels of phosphorylated form of pro-mitotic ERK and total levels of p38MAPK.

An increase in ROS generation results in the expression of transcription factor NF-ĸB in 

acinar cells [57], which is a key mediator for chronic inflammation because it stimulates the 

transcription of cytokines (e.g., TGF-β) and other pro-inflammatory and fibrogenic genes 

[40,41]. Using IHC, we found that Nox1 activity mediates the translocation of NF-ĸB to the 

nucleus because, in pancreas from Nox1 KO mice, the staining of NF-ĸB in the nucleus was 

impaired. Because Nox1 has binding sites for NF-κB [58], the binding of NF-ĸB to the 

promoter region of Nox1 genes can induce transcription of Nox1. Then, NF-ĸB can create a 

positive feedback loop in which Nox1 can generate more ROS that, in turn, induces the 

translocation of NF-κB to the nucleus and causes an increase in the expression of cytokines 

to initiate the next cycle and exacerbate the fibrosis.

TGF-β is a chronic pro-inflammatory cytokine that potently activates PaSCs and promotes 

fibrosis by stimulating the production of extracellular matrix (ECM) proteins (e.g., αSMA, 

collagen I and III) from these cells [42]. We found that TGF-β mediates the effect of Nox1 

in pancreas because TGF-β at both mRNA and protein levels was elevated in whole pancreas 

from WT mice with CP and that effect was abolished in whole pancreas from Nox1 KO 
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mice in which CP was induced. Because TGF-β was up-regulated in caerulein-induced CP 

and the lack of Nox1 did not modify exogenous TGF-β-induced ROS generation, Nox1 is 

likely to be located upstream of TGF-β in PaSCs. When TGF-β is administered 

exogenously, TGF-β is able to cause ROS formation without the need for Nox1 activity. 

Therefore, stellate Nox1-evoked ROS caused the activation of transcription factor NF-ĸB, 

an up-regulation of the fibrogenic factor TGF-β and promoted local proliferation of PaSCs, 

leading to fibrosis via phosphorylation of AKT.

Fibrosis involves a balance between ECM production and degradation. PaSCs can regulate 

ECM composition through the production of two MMPs, MMP-2 and MMP-9 [50]. We 

found that Nox1 is required for the expression of the gelatinase MMP-9, but not MMP-2, in 

PaSCs. Interestingly, MMP-9, but not MMP-2, has a binding site for NF-ĸB [59]. Therefore, 

in an inflamed pancreas, it is likely that Nox1-derived ROS, via NF-ĸB, increases the 

release of MMP-9 from PaSCs, which could result in increased collagen IV degradation, and 

in turn, could facilitate the deposition of collagen I and III, leading to fibrosis.

Other genes induced by NF-ĸB are genes implicated in EMT [51]. We identified the E-

cadherin repressor gene Twist as the most important transcription factor induced by Nox1-

derived ROS in PaSCs because Twist was down-regulated in PaSCs from Nox1 KO mice 

with or without CP. Because PaSCs express mesenchymal markers [20], therefore, Nox1 is 

necessary to maintain the expression E-cadherin repressor genes in activated PaSCs, which 

allow them to have more migratory and stem cell characteristics, as well as gain the ability 

to prevent apoptosis [60]. The transcription factor Zeb1 was up-regulated in PaSCs from 

mice with CP, but this effect did not require Nox1 activation.

5. Conclusion

Repetitive acute pancreatic injury induced by caerulein leads to a persistent activation and 

proliferation of PaSCs. Activation of PaSCs by caerulein generates Nox1-derived ROS. 

Increased stellate Nox1-derived ROS activate downstream redox-sensitive signaling 

pathways (e.g, AKT and NF-ĸB), increasing the expression of fibrogenic genes (e.g, TGF-

β), the metalloproteinase MMP-9 and the epithelial repressor gene Twist. The outcome is 

mesenchymal PaSCs, which release α-SMA, collagen I and III, and other ECM proteins and 

replace the necrotic pancreatic parenchyma with fibrotic tissue (Fig. 6).

Until now, there are no specific therapies to inhibit pancreatic fibrosis. These findings in 

both in vivo and in vitro studies propose Nox1 inhibitors as candidates for a novel treatment 

to ameliorate the fibrogenic process of CP.
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Fig. 1A. The absence of Nox1 impairs the effect of CP on pancreas weight. Left panel:
Representative pictures demonstrating pancreas atrophy in WT mice with CP, but not in 

Nox1 KO mice with CP. Right panel: Comparison of PW/BW ratio. Mean ± SE. n: WT: 10; 

WT w/CP: 7; Nox1 KO: 9; Nox1 KO w/CP: 6. *:p < 0.05 vs control.
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Fig. 1B. The absence of Nox1 impairs the histological feature characteristics of CP.
Representative hematoxylin and eosin (H&E)-stained sections (total magnification: 400x) 

show moderate acinar loss, fibrosis, and inflammatory infiltration (arrows) in pancreas from 

caerulein-treated WT mice, while normal cytoarchitecture of the pancreas and lack of 

fibrosis in pancreas from caerulein-treated Nox1 KO mice. n: 3.
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Fig. 2A. The lack of Nox1 reduces fibrosis in CP.
Pancreatic tissue were fixed with 10% formalin and embedded in paraffin. Following 

incubation with antibody against α-SMA, positive cells were visualized using 3, 3-

diaminobenzi-dine tetrahydrochloride (DAB) as a chromogen (color: brown). (Arrows: α-

SMA). Total magnification: 200X. n: 3.
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Fig. 2B. The lack of Nox1 reduces the amount of collagen I and III fibers in CP.
Pancreatic tissue were fixed with 10% formalin and embedded in paraffin. Cryostat sections 

of the tissue fixed were put onto glass slides, which were incubated with Picro-Sirius Red 

solution and proceeded according to the instruction provided by the manufacturer (Abcam, 

Cambridge, MA). Total magnification: 400X. (color: red). n: 3.
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Fig. 2C. The lack of Nox1 reduces CP-increased collagen 1A levels in whole pancreatic tissues.
Whole pancreatic lysates were obtained from WT and Nox1 KO mice with or without CP. 

Representative immunoblots for collagen 1A1 (220 kDa) shows increased levels of collagen 

1A1 in whole pancreatic lysates from WT mice with CP, but not from Nox1 KO mice with 

CP. A representative immunoblot for tubulin (52 kDa) indicated that the same amount of 

proteins was loaded in each well. (n: 4).
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Fig. 3A. The lack of Nox1 impairs nuclear translocation of NF-ĸB in CP. Left:
NF-ĸB was visualized using DAB as a chromogen (color: brown). Arrows: NF-ĸB positive 

nuclei. Total magnification: 400X. Right: Quantitative analysis of nuclear translocation of 

NF-ĸB is displayed as Box and whiskers plot. Values are means ± SE (n: 4 experiments). 

***p < 0.001 vs. heathy WT mice.
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Fig. 3B. The lack of Nox1 impairs CP-induced NF-ĸB activation in whole pancreatic tissues.
Whole pancreatic lysates were obtained from WT and Nox1 KO mice with or without CP. 

Representative immunoblots for phospho–NF–ĸB (65 kDa) shows an activation of p65 NF-

ĸB in whole pancreatic lysates from WT mice with CP, but not from Nox1 KO mice with 

CP. A representative immunoblot for total p65 NF-ĸB (65 kDa) indicated that the same 

amount of proteins was loaded in each well. (n: 4).
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Fig. 4A. The absence of Nox1 abolishes caerulein-induced TGF-β up-regulation.
Total RNA was isolated from mouse pancreas using Trizol and RNeasy® Mini kit. Data are 

expressed as fold change in gene expression (mean ± SE). 18S rRNA was used as a 

reference. n: 5 mice. *:p < 0.05 vs control.
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Fig. 4B. Left panel: Nox1 mediates caerulein-induced ADM.
Representative immunoblots for vimentin (57 kDa), α-SMA (42 kDa), amylase (45 kDa), 

keratin 19(44.5 kDa), and TGF-β (12 kDa, 45 kDa) are shown. Equivalent loading was 

confirmed using α-tubulin (52 kDa). n: 3. Right panels: Nox1 induces phosphorylation of 
AKT in a mouse model of CP, but not in a mouse model of AP. Representative 

immunoblots for p-AKT (60 kDa), total AKT (60 kDa), phospho-S6RP (32 kDa), 

p38MAPK (40 kDa), p-JNK (46, 54 kDa), total JNK (46, 54 kDa), p-ERK (44, 42 kDa), and 

total ERK (44, 42 kDa) are shown. Equivalent loading was confirmed using α-tubulin (52 

kDa). n: 3.
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Fig. 4C. Nox1 induces phosphorylation of AKT in a mouse model of CP.
p-AKT was visualized using DAB as a chromogen (color: brown). The staining displayed a 

cytoplasmic localization of p-AKT in pancreatic acini and islets of Langerhans from WT 

mice with CP, but not from Nox1 KO mice with CP. Total magnification: 400X.
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Fig. 5. Nox1 mediates caerulein-induced ROS generation in PaSCs. Left panel:
H2O2 levels were tested using fluorescence by H2DCFDA. n: 6 experiments. Right panel: 
Intracellular levels of O−

2 were determined using fluorescence by DHE. n: 3 experiments. 

(mean ± SE). *: p < 0.05 vs. control PasCS from WT mice.
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Fig. 6. 
A schematic model proposed for the role of Nox1 in the fibrotic process of CP.
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