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Abstract 

Background: During pancreatitis, autophagy is activated, but lysosomal degradation of 

dysfunctional organelles including mitochondria is impaired, resulting in acinar cell death. 

Retrospective cohort analyses demonstrated an association between simvastatin use and decreased 

acute pancreatitis incidence.  

Methods: We examined whether simvastatin can protect cell death induced by cerulein and the 

mechanisms involved during acute pancreatitis. Mice were pretreated with DMSO or simvastatin 

(20 mg/kg) for 24 hours followed by 7 hourly cerulein injections and sacrificed 1 hour after last 

injection to harvest blood and tissue for analysis.  

Results: Pancreatic histopathology revealed that simvastatin reduced necrotic cell death, 

inflammatory cell infiltration and edema. We found that cerulein triggered mitophagy with 

autophagosome formation in acinar cells. However, autophagosome-lysosome fusion was 

impaired due to altered levels of LAMP-1, AMPK and ULK-1, resulting in autophagosome 

accumulation (incomplete autophagy). Simvastatin abrogated these effects by upregulating 

LAMP-1 and activating AMPK which phosphorylated ULK-1, resulting in increased formation of 

functional autolysosomes. In contrast, autophagosomes accumulated in control group during 

pancreatitis. The effects of simvastatin to promote autophagic flux were inhibited by chloroquine. 

Mitochondria from simvastatin-treated mice were resistant to calcium overload compared to 

control, suggesting that simvastatin induced mitochondrial quality control to eliminate susceptible 

mitochondria. Clinical specimens showed a significant increase in cell-free mtDNA in plasma 

during pancreatitis compared to normal controls. Furthermore, genetic deletion of parkin abrogated 

the benefits of simvastatin.  

Conclusion: Our findings reveal the novel role of simvastatin in enhancing autophagic flux to 

prevent pancreatic cell injury and pancreatitis. 

Keywords: Simvastatin, mitochondria, pancreatitis, autophagic flux, parkin 

Abbreviations: AMPK, 5′ AMP-activated protein kinase; ATP, Adenosine triphosphate; ATP5A, ATP synthase F1 subunit alpha; GFP, Green fluorescent protein; 
LAMP, Lysosome-associated membrane glycoprotein; Mfn2, Mitofusin 2; MMP, Mitochondrial membrane permeabilization; MTCO1, Mitochondria-encoded 
cytochrome c oxidase I; mtDNA, Mitochondrial DNA; NDUFB8, NADH:Ubiquinone oxidoreductase subunit B8; NLRP3, Nucleotide-binding oligomerization family 
pyrin domain containing 3; OXPHOS, Oxidative phosphorylation; ROS, Reactive oxygen species; SDHB, Succinate dehydrogenase complex iron sulfur subunit B; 
Simva, Simvastatin; SNARE, Soluble N-ethylmaleimide-sensitive factor protein receptor; Stx17, Syntaxin 17; TFAM, Transcription factor A, mitochondrial; TLR9, 
Toll-like receptor 9; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; ULK1, Unc-51 like autophagy activating kinase 1; UQCRC2, 
Ubiquinol-cytochrome C reductase core protein 2 
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Graphical Abstract: 

 

 

Graphical Abstract. Model representing the protective effects of simvastatin in cerulein-induced 

acute pancreatitis in mice. Cerulein induced mitophagy, however, the fusion of autophagosomes 

and lysosomes is impaired causing accumulation of autophagosomes and mtDNA release in 

extracellular environment. Simvastatin restored the fusion resulting in formation of functional 

autolysosomes resulted in cargo clearance including dysfunctional mitochondria (red). 

Simvastatin-induced mitophagy also created a population of resilient mitochondria (green). 
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1. Introduction 

Acinar cell injury regulates the severity of acute 

pancreatitis by activating downstream signaling 

cascades including release of inflammatory 

mediators and recruitment of inflammatory cells[1, 

2]. Intracellular events in pancreatitis begin with 

Ca2+ release from endoplasmic reticulum stores 

promoting extracellular Ca2+ influx into the acinar 

cell via store-operated plasma membrane channels, 

leading to excessive uptake by mitochondria[3, 4]. 

The sustained mitochondrial calcium overload 

during pancreatitis results in mitochondrial 

membrane permeabilization (MMP). Damaged 

mitochondria can produce excessive reactive 

oxygen species (ROS), resulting in oxidative 

modification of mitochondrial proteins and 

mitochondrial DNA (mtDNA), further 

compounding mitochondrial dysfunction[5, 6], and 

leading to defective autophagy, zymogen 

activation, inflammation, and necrosis[3].  

Autophagy is the process of removal of damaged 

cellular components including dysfunctional 

mitochondria (mitophagy) during stress 

conditions[7]. Hashimoto D et al. (2008) showed 

the involvement of autophagy and accumulation of 

autophagic vacuoles during acute pancreatitis[8]. 

LC3, a product of MAP1LC3A gene, is a vital 

protein required for phagophore elongation after it 

is lipidated (designated LC3-II), which anchors it 

to the autophagosomal membrane. LC3 lipidation 

occurs during pancreatitis[9, 10]. The pancreas has 

a high rate of basal autophagy compared to other 

organs[11, 12]; however, during pancreatitis, 

fusion of autophagosomes with lysosomes and the 

subsequent digestion of cargo is impaired despite 

elevated autophagosome initiation[13]. This leads 

to accumulation of autophagosomes containing 

dysfunctional mitochondria and zymogen 

granules[10]; breakdown or extracellular release of 

autophagosomes results in release of oxidized 

mtDNA which can contribute to acinar cell 

damage. Mitophagy is a protective mechanism 

invoked during various cellular stresses1. Removal 

of damaged mitochondria by mitophagy, followed 

by replacement mitochondrial biogenesis serves to 

maintain mitochondrial bioenergetics for efficient 

Adenosine triphosphate (ATP) production[14]. 

Mitophagy occurs through parkin-dependent and  -

independent mechanisms [15]. Parkin is an 

evolutionarily conserved E3 ubiquitin ligase 

encoded by the Park2 gene[16] which poly-

ubiquitinates multiple targets on the mitochondrial 

outer membrane, thereby recruiting p62/SQSTM1 

to depolarized mitochondria. P62 binds 

ubiquitinated proteins and recruits an LC3-

decorated phagophore to engulf the ubiquitinated 

mitochondrion[17]. Autophagosomes containing 

their cargo are transported along microtubules and 

aggregate in the perinuclear region[18]. 

Autophagosomes eventually fuse with lysosomes, 

resulting in degradation of the cargo including 

mitochondria and zymogen granules.  Recently, 

syntaxin 17 emerged as an important participant in 
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the fusion process which requires lysosome-

associated membrane glycoproteins (LAMPs)[19]. 

LAMPs maintain pancreatic acinar cell 

homeostasis and their deletion is known to cause 

pancreatitis[20]. Delivery of mitochondria to 

lysosomes also requires the activity of AMP 

activated protein kinase (AMPK) to phosphorylate 

Unc-51 like autophagy activating kinase 1 

(ULK1)[21], inducing both autophagy and 

mitophagy[22, 23]. Mitophagy is closely linked to 

mitochondrial biogenesis to maintain proper 

mitochondrial homeostasis, and we recently 

showed that mitochondrial biogenesis occurs 

rapidly along with mitophagy during 

cardiopulmonary bypass[24, 25]. However, there is 

no knowledge about the potential role of 

mitochondrial turnover through mitophagy and 

mitochondrial biogenesis in pancreatitis. 

Retrospective cohort analyses have demonstrated 

an association between simvastatin use (and 

potentially other statin use) and decreased 

pancreatitis incidence as well as recurrence of 

pancreatic cancer after surgery[26, 27]. Statins are 

inhibitors of 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA) reductase which is the 

rate limiting enzyme in cholesterol biosynthesis 

and has been demonstrated to have protective 

effects in cardiac ischemia/reperfusion 

experiments, even when given within a few hours 

before the insult[28]. We further showed that 

simvastatin can induce mitophagy in cardiac cells, 

mitigating the ischemic injury due in part to a 

stress-resistant mitochondrial population[28]. 

Pancreatitis has many similarities to cardiac 

ischemia/reperfusion, with the calcium influx and 

damaging effects of inflammatory cells mimicking 

the events of reperfusion.  

This study sought to elucidate the role of 

simvastatin in preventing the cellular injury during 

pancreatitis. Enhanced autophagic flux have been 

determined to play a vital role in the protective 

effects of simvastatin, which also decreased the 

infiltration of inflammatory cells, reduced the 

accumulation of vacuoles, release of mtDNA, and 

necrotic cell death. Using an in vivo mouse model 

of acute pancreatitis, we have shown that 

simvastatin has a protective effect in attenuating 

pancreatitis responses and that the effect of 

simvastatin in the pancreas is parkin dependent.  

2. Methods 

2.1 Clinical samples  

Clinical plasma samples were obtained from a 

previous study conducted at the Department of 

Surgery at Kaunas University of Medicine Hospital 

(Lithuania). Patients admitted during 2006-2007 

with a diagnosis of alcoholic pancreatitis, history of 

significant alcohol intake and onset of the acute 

illness within the preceding 72 h were included in 

this study. Plasma samples from healthy controls 

were obtained during the same dates (2006-2007) 

by the medical team using similar procedures used 

in patients. The samples were frozen at -800C and 

shipped on dry ice. The Regional Ethics Committee 

approved the study (protocols No. BE-2-47 and P1-

113/2005) and all the patients and healthy controls 

provided written informed consent. The diagnosis 
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was established on the basis of acute abdominal 

pain and at least 3-fold elevated levels of serum 

amylase or typical radiological findings of acute 

pancreatitis. Patients with underlying chronic 

pancreatitis and patients with acute pancreatitis 

referred to the hospital from other institutions after 

management for more than 3 d were excluded from 

this study.  

2.2 Animal Ethics  

All animal procedures followed the National 

Institute of Health standards and were approved by 

the Institutional Animal Care and Use Committee 

of Cedars-Sinai Medical Center. 

2.3 Animal model of acute pancreatitis 

C57BL/6 male mice (8-12 weeks age) were 

pretreated with intraperitoneal (i.p.) injection of 

DMSO (50 μl) or simvastatin (20 mg/kg b.w. 

dissolved in DMSO) for 24 hours prior to 7-hourly 

i.p. injections of cerulein (50 μg/kg), a CCK analog 

used for experimental pancreatitis models. Control 

animals received the same amount of saline 

injections. Animals were sacrificed using cervical 

dislocation method after 60 min of last injection 

(Supplementary Figure 1). Blood and pancreatic 

tissue were obtained and processed for different 

measurements.  

2.4 Histology  

H&E staining was performed on pancreata as 

described in supplementary information. 

2.5 Subcellular Fractionation for Mitochondrial 

Enrichment 

Freshly isolated pancreatic tissue was 

homogenized via polytron using ice cold HES 

buffer containing 250 mM sucrose, 1 mM EDTA, 

and 10 mM 4-(2hydroxyethyl)-1-piperazine 

ethanesulfonic acid (HEPES) (pH 7.4) with 

protease inhibitor cocktail and phosphatase 

inhibitor (20 mM sodium fluoride). Samples were 

centrifuged at 1000 relative centrifugal force (rcf) 

for 10 min at 4°C to remove large debris, unbroken 

cells and nucleus. A portion of resulting 

supernatant was saved as post-nuclear supernatant 

and 1% Triton X-100 was added (with protease 

inhibitor cocktail and phosphatase inhibitor 

cocktail). The remaining supernatant was 

transferred to a separate microfuge tube and further 

spun down at 1500 rcf for 5 min at 4°C to remove 

zymogen granules. Resulting supernatant was 

further spun down at 7000 rcf for 10 min at 4°C to 

obtain crude cytosolic (supernatant) and 

mitochondria-enriched heavy membrane fractions 

(pellet). Crude cytosol was transferred to a separate 

microfuge tube; the mitochondria-enriched heavy 

membrane fractions were washed with HES buffer 

and centrifuged at 7000 rcf for 5 min. The 

supernatant was discarded and pellet was 

resuspended in ice cold HES buffer containing 1% 

Triton X-100 (with protease inhibitor cocktail and 

phosphatase inhibitor cocktail). Post-nuclear 

supernatant and mitochondria-enriched heavy 

membrane fractions were stored in -80 °C freezer 

until use. 
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Figure 1. Simvastatin reduces edema, cell death, and trypsin activation during acute pancreatitis. (A) 
Representative images of H&E staining of pancreatic tissue (n=5). Bar graph indicates Necrosis score (B), 
Inflammation score (C) and Edema score (D) for each group on a scoring system of 1-4. Data shown are 
Mean ± SD. (E) Trypsin activity was measured by colorimetric assay. Histogram represents the trypsin 
activity (nmol/mg) for different groups. (F) Representative images of H&E staining of pancreatic tissue. 
(G) Bar graph represents the number of vacuoles per 100 acini. Values in graphs are represented as Mean 
± SD, **p< 0.01, ***p<0.001 vs DMSO Saline; ^p< 0.05, ^^p<0.01 vs DMSO Cerulein
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2.6 Trypsin activity Assay 

Trypsin activity in pancreatic samples was 

measured using Trypsin Activity Colorimetric 

Assay Kit (Sigma) according to the manufacturer’s 

protocol.  

2.7 Western Blot Analysis 

Western blotting was performed according to the 

conditions and antibodies described in 

supplementary information.  

2.8 Acini isolation, adenovirus infection and 

imaging  

Acini were dispersed from pancreas surgically 

excised from 10-14 weeks old C57BL/6 (Charles 

river) mice as we previously described[29]. 

Adenovirus (mRFP-GFP-LC3 obtained from T. 

Yoshimori1) was constructed into an adenovirus by 

Vector Biolabs (Malvern, PA). Acini were treated 

with the adenovirus (1010 pfu/mL) and then further 

cultured for 14-16 hrs to express the LC3-GFP-

RFP.  The acini are then plated on glass coverslips 

for microscopy. The spinning disc confocal 

microscopy system is composed of an Olympus 

IX81 inverted fluorescence microscope (Center 

Valley, PA), a Yokogawa CSU X1 spinning disc 

confocal scan head (Yokogawa Electric 

Corporation, Tokyo, Japan), a diode-pumped solid 

state laser set (405 nm, 491 nm, 561 nm, 605 nm) 

(Spectral Applied Research, Concord, ON, 

Canada), a Hamamatsu C9100-13 EM-CCD 

(Hamamatsu Photonics, Shizuoka, Japan) and 

Volocity 3DM software (Perkin Elmer 

Corporation, Waltham, MA). Imaging of the acini 

was conducted at 37C (heated chamber), and the 

imaging data analyzed by Fiji, based on ImageJ 

1.51h (Wayne Rasband, National Institutes of 

Health, Bethesda, MD). 

2.8 Electron microscopy 

For electron microscopy, portions of fresh tissue 

were fixed in 3% glutaraldehyde, embedded in 

plastic, and cut into ultrathin sections.  Sections 

were then stained with uranyl acetate and lead 

citrate and examined in a JEOL JEM-1010 or 

100CX transmission electron microscope (JEOL 

Ltd., Tokyo, Japan). Several types of vacuoles were 

examined and counted performed independently by 

an individual who was blinded to the experimental 

groups. 

2.9 mtDNA analysis 

DNA extraction was performed from human and 

mouse plasma samples with a DNeasy® 

Blood&Tissue Kit (QIAGEN,Venlo, Netherlands) 

following the manufacturer’s protocol. Before 

isolating the DNA, we added 0.5ng (0.1 ng/µL) of 

a Green fluorescent protein (GFP)-plasmid to each 

sample, which further served as spiking control to 

normalize the mitochondrial DNA (mtDNA). Once 

the DNA was isolated, we performed a real-time 

polymerase chain reaction (PCR) for ND4 

(mitochondrial gene) and GFP with a SYBR® 

Green real-time PCR kit (BIO-RAD, Hercules, CA, 

USA).  
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2.10 Network analysis and Gene ontology 

The Interaction maps of the proteins of interest 

(ULK1, LAMP1, PRKAA2(AMPK)) were 

extracted from a global human proteome 

interaction map dataset.  Human proteome was 

collected from public databases containing non-

redundant, loops exempt, experimentally validated 

undirected physical protein-protein binary 

interactions[30, 31]. The protein interaction maps 

were visualized using Cytoscape and centrality 

measures of proteins, which provides relative 

importance of proteins within the network were 

calculated using Netanalyzer[32]. Gene ontological 

studies for identifying biological processes and 

pathways annotations for shared protein 

interactions among ULK-1 and AMPK protein 

were analyzed using ClueGO[33]. 

2.11 Statistical Analysis  

All values are presented as mean ± standard 

deviation. One-way ANOVA test was used to 

compare the groups. P<0.05 was considered as 

statistically significant. All the statistical analysis 

was performed on GraphPad Prism v.7.  

3. Results 

3.1 Simvastatin pretreatment reduces 

inflammation and cell death during acute 

pancreatitis 

A recent cohort analysis showed the reduced 

occurrence of pancreatitis risk with statin intake 

(especially simvastatin) in the Southern California 

Kaiser Permanente Health Care System[26]. To 

explore if simvastatin treatment could reduce the 

pancreatitis severity and to determine the 

mechanism of any beneficial effect, we employed 

an experimental pancreatitis model in mice using 

cerulein hyperstimulation. We pretreated the mice 

with simvastatin (20 mg/kg b.w.) for 24 hours or 

DMSO (vehicle control), followed by 7 hourly 

intraperitoneal injections of cerulein (50 µg/kg 

each) to induce acute pancreatitis as illustrated. The 

animals were sacrificed 1 hour after the last 

cerulein injection and tissue was collected for 

histology and other measurements. We found 

necrotic cell death, infiltration of inflammatory 

cells, and edema in the cerulein-treated pancreas, 

whereas simvastatin pretreatment attenuated this 

histopathology (Figure 1A-D). Trypsin activation 

is one of the hallmarks of acute pancreatitis, 

whereby the cerulein treatment increases the 

trypsin activity in pancreatic tissue and promotes 

the pancreatitis response. We observed a significant 

reduction in trypsin activity with simvastatin 

pretreatment (Figure 1E). Furthermore, we 

observed that simvastatin pretreatment reduced the 

vacuole accumulation (Figure 1F-H) commonly 

seen in pancreatic acinar cells during acute 

pancreatitis.  

3.2 Cerulein-induced acute pancreatitis 

stimulates mitophagy in mice 

As we have previously shown that oxidative stress 

induces mitophagy as a cell survival defense 

mechanism[34], we next sought to determine if 

there is a mitophagy induction in our model of 

acute pancreatitis. Consistent with previous 
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publications[11], we found a significant increase in 

the levels of total (post-nuclear supernatant) p62 

and lipidated LC3 after cerulein injections 

suggesting autophagy effects of cerulein (Figure 

2A-B). Next, we measured the mitophagy marker, 

parkin, and found that parkin abundance was 

significantly reduced during acute pancreatitis 

(Figure 2A-B). Furthermore, we observed 

increased translocation of parkin to the 

mitochondria after cerulein exposure (Figure 2C-

D), which suggests the induction of mitophagy 

during pancreatitis. This is further confirmed using 

electron microscopy where  

 

Figure 2. Cerulein-induced pancreatitis triggers mitophagy. Mouse pancreatic tissue was collected and tissue 
lysates were fractionated for post-nuclear supernatant and crude mitochondrial fraction. (A) Western blot of post-
nuclear supernatant for parkin, p62 and LC3. Ponceau S staining was used to normalize the protein expression. (B) 
Dot plots representing the expression of total parkin and total p62 normalized to Ponceau S stain. (C) Western blot 
showing expression of parkin, p62 and LC3 in crude mitochondrial fractions. (D) Dot plots representing the expression 
of mitochondrial parkin and p62 normalized to Ponceau S stain. Values in graphs are represented as Mean ± SD (n=3), 
*p< 0.05, **p< 0.01, ***p<0.001 vs DMSO Saline; ^p< 0.05 vs DMSO Cerulein. (E) Representative image of 
autophagy vacuole containing mitochondria (red arrow) along with other organelles including ER and zymogen 
Granules (yellow arrow). 
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mitochondria were present in autophagic vacuoles 

(Figure 2E and Supplementary Figure 2). 

Interestingly, simvastatin treatment (Simva-

Cerulein) significantly increased p62 compared to 

DMSO-Cerulein (Figure 2A-B). Also, there was 

no significant change in LC3 expression during 

pancreatitis with simvastatin pretreatment.  

3.3 Cerulein impairs and simvastatin treatment 

preserves autophagosome-lysosome fusion  

As previously shown, pancreatitis causes an 

accumulation of vacuoles, leading to cellular 

dysfunction[10]. Using electron microscopy, we 

found that the total number of vacuoles in the 

simvastatin pretreatment group was significantly 

reduced compared to DMSO control during acute 

pancreatitis (Figure 3A). We counted the number 

of autophagosomes (recognizable cargo), 

intermediate vacuoles and autolysosomes (digested 

cargo) as a percent of the total number of vacuoles 

(Figure 3B). Simvastatin pretreatment increased 

the number of intermediate vacuoles and 

autolysosomes, consistent with enhanced 

autophagic function with promotion of 

autophagosomes to functioning autolysosomes 

after cerulein exposure (Figure 3C). To determine 

if simvastatin induced autophagy, we used the 

mRFP-GFP-LC3 reporter in isolated acini. Here, 

mRFP-GFP-LC3 fluoresces both red and green, 

represented as yellow in merged images, 

representing autophagosomes; when the 

autophagosome fuses with a lysosome to form an 

autolysosome, the lysosome’s acidic pH quenches 

the GFP; thus, the mRFP-GFP-LC3 fluoresces 

red[35]. Under basal conditions (Figure 3D-F), 

treatment of mouse pancreatic acini with 1μM 

simvastatin increased the number of both 

autophagosomes and autolysosomes, indicating 

that simvastatin induced autophagic flux. 

We next investigated the potential mechanisms 

underlying the preventing effects of simvastatin. 

Depletion of syntaxin 17 (Stx17), located on the 

outer membrane of the autophagosome, causes 

autophagosome accumulation[36] . Interestingly, 

although we found a decrease in the expression of 

Stx17 after cerulein injections, simvastatin didn’t 

prevent Stx17 decrease during pancreatitis (Figure 

3G and Supplementary Figure 3A), suggesting 

that cerulein effects on autophagy are in part due to 

decreased Stx17 but that simvastatin’s protective 

effects are Stx17 independent. We next examined 

pancreatic levels of LAMP-1, ULK-1 and AMPK, 

which are essential for mitochondrial targeting to 

lysosomes[21] and functioning of autophagy[22, 

37]. We found that cerulein treatment significantly 

reduced LAMP-1 and ULK-1 protein expression, 

while AMPK levels didn’t change (Figure 3G-H 

and Supplementary Figure 3A-B).  

 

 



 Article published in Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 
https://doi.org/10.1016/j.bbadis.2019.08.006 

 

 

 

Figure 3. Simvastatin pretreatment improves autophagosome-lysosome fusion by enhanced autophagy 
signaling and preservation of LAMP-1 protein. (A) Pancreatic tissue was scored for different types of vacuoles by 
electron microscopy. Representative images show Amphisome, Intermediate vacuoles and autolysosomes in 
pancreatic sections. (B) Bar graph represents the total number of vacuoles during acute pancreatitis with DMSO 
(DMSO Cerulein) or simvastatin (Simva Cerulein) pretreatment (n=4). Vacuoles were counted from at least 30 
different fields for each group. (C) Several types of vacuoles (Amphisomes, Intermediate and Autolysosomes) were 
counted and expressed as percentage of total vacuoles. Values in graphs are represented as Mean ± SD. (D) Isolated 
mouse acini were transduced with Ad-LC3-GFP-RFP along with pretreatment with 1μM simvastatin (dissolved in 
DMSO) or DMSO (control) for 16 hours, and then fixed with 4% PFA.  The slides were then observed under a spinning 
disc confocal microscope. Images shown are representative data. Bar graph represents the (E) total number of yellow 
(autophagosomes) and (F) red dots (autolysosomes) per area. Values in graphs are represented as Mean ± SD of 3 
independent experiments, ###p<0.001 vs DMSO. (G) Dot plots representing the expression of Stx17 and LAMP-1 (H) 
AMPK, ULK1, pAMPK (T172) and pULK1 (S555) normalized to Ponceau S stain. Values in graphs are represented 
as Mean ± SD (n=3), *p< 0.05, **p< 0.01, ***p<0.001 vs DMSO Saline; ^p< 0.05, ^^p< 0.01 vs DMSO Cerulein.  



 Article published in Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 
https://doi.org/10.1016/j.bbadis.2019.08.006 

 

 

As AMPK phosphorylates ULK-1[21] to regulate 

the autophagosome-lysosome fusion process 

promoting   normal autophagic progression, and the 

activity of both proteins is largely dependent on 

their phosphorylation states, we next determined 

the phosphorylation levels of AMPKT172 and ULK-

1S555 and found that both AMPKT172 and ULK-1S555 

were dephosphorylated after cerulein treatment 

(Figure 3H and Supplementary Figure 3B), 

suggesting the possibility that in experimental 

pancreatitis, the dephosphorylated state of these 

regulators could lead to cerulein-induced disorders 

in autophagy, specifically autophagosome-

lysosome fusion. Simvastatin pretreatment 

upregulated LAMP-1, AMPK-1 and ULK-1 as well 

as the phosphorylated forms of AMPK and ULK-1 

(Figure 3G and Supplementary Figure 3B), 

suggesting that simvastatin preserves 

autophagosome-lysosome fusion to promote 

autophagic flux.  

3.4 mtDNA release during acute pancreatitis 

Cells such as neutrophils with dysfunctional 

autophagosome-lysosome fusion are known to 

release mtDNA and associated protein 

transcription factor A, mitochondrial (TFAM) into 

the blood[38]. As pancreatitis showed a similar 

impairment of autophagic flux, we next tested if 

there was increased mtDNA release with 

pancreatitis and whether simvastatin could 

abrogate this effect. Using plasma obtained from 

healthy individuals and patients with acute 

pancreatitis, we determined mtDNA content by 

amplification of ND4 normalized to a spiked-in 

control plasmid (GFP). Our findings revealed 

higher levels of mtDNA in plasma from acute 

pancreatitis patients compared to normal controls 

(Figure 4A). We next determined if simvastatin 

could reduce mtDNA release into plasma in the 

cerulein-induced acute pancreatitis model in mice. 

We detected a tendential increase (p=0.23) in 

mtDNA in plasma samples from cerulein-exposed 

mice, which was attenuated with simvastatin 

treatment (Figure 4B). These findings support the 

importance of efficient autophagosome-lysosome 

fusion in preventing the release of inflammatory 

molecules such as mtDNA, which is a ligand for 

TLR9[39] and the NLRP3 inflammasome[40]. 

 

3.5 Mitochondrial biogenesis is an early event in 

acute pancreatitis 

Previous studies have shown that cellular stress 

signaling pathways can increase mitochondrial 

biogenesis to meet increased energy demand[41]. 

To determine if pancreatitis induces mitochondrial 

biogenesis, we determined the abundance of 

representative Oxidative phosphorylation 

(OXPHOS) subunits (CI-NDUFB8, CII-SDHB, 

CIII-UQCRC2, CIV-MTCO1, CV-ATP5A) and 

COXIV by western blot. We found that cerulein 

administration significantly increased the 

abundance of mitochondrial proteins (Figure 5A-B 

and Supplementary Figure 4) in both DMSO- 

and simvastatin-treated mice, although there was a 

trend of smaller increase of these proteins with 

simvastatin treatment. To understand the 

mechanism of mitochondrial biogenesis during 
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pancreatitis, we performed a time-course study 

where mice were injected with 1, 3, or 7 cerulein 

injections (50µg/kg per injection at hourly 

intervals) and sacrificed 1 hour after last injection. 

We detected an increase in mitochondrial proteins 

as early as 1 hour after the first cerulein injection 

(Figure 5C-D), raising the possibility of a 

translationally-controlled process, possibly 

regulated through microRNAs.  

3.6 Simvastatin increases stress resistant 

mitochondrial population 

Previously, we reported that simvastatin induces 

mitophagy to provide cardioprotection during 

ischemia-reperfusion injury[28]. We next 

questioned if simvastatin induced mitochondrial 

quality control to prevent acinar cell injury. We 

assessed mitophagy in mouse pancreatic tissue 

obtained at various times after simvastatin 

administration, using mitophagy-related markers, 

parkin and mfn2, as well as autophagy-related 

markers, p62 and LC3. We observed a decrease in 

p62 at 3 hours which returned to baseline (or slight 

increase) at 6 hours, which was paralleled (with 

smaller changes) by Mfn2. Parkin and LC3 levels 

were lowest at 6 hours and returned to baseline by 

12 hours (Figure 6A). Mitochondrial protein 

abundance reached a nadir at 12 hours, followed by 

partial recovery at 24 hours (Figure 6B). To 

determine if simvastatin depended on autophagic 

flux to induce clearance of dysfunctional 

mitochondria, we used chloroquine to prevent 

lysosomal acidification and fusion of 

autophagosomes with lysosomes. We then assessed 

the levels of p62 and OXPHOS proteins. Consistent 

with our earlier results (Figure 6B), simvastatin 

triggered a decrease in OXPHOS proteins and p62, 

which was abolished by chloroquine administration 

(Figure 6C-D). We hypothesized that simvastatin 

treatment would leave behind a population of 

mitochondria that were more stress-resistant. We 

performed mitochondrial swelling assays on 

mitochondria isolated from pancreas 24 hours after 

treating the mice with DMSO or simvastatin. 

Mitochondria were resuspended in mitochondria 

swelling buffer and the decrease in absorbance was 

monitored after the addition of calcium (100 µM). 

Mitochondria from simvastatin-treated mice 

showed less swelling (decrease in absorbance) over 

the 20-minute observation (Figure 6E), suggesting 

that simvastatin-induced mitochondria quality 

control resulted in a mitochondrial population that 

was more resistant to calcium overload. 

 

3.7 Simvastatin protective effects are abolished 

with parkin genetic deletion 

As previously shown by our group[28] in ischemia-

reperfusion model of cardiac injury, simvastatin 

protection is parkin-dependent. We elucidated the 

role of parkin in pancreatic injury and whether 

parkin is required for simvastatin-induced 

protection. We used the same model as above and 

compared the effects of simvastatin in preventing 

pancreatic injury in parkin knockout (PKO) mice to 

wild type mice (wt-mice). At baseline, pancreatic 

tissue had normal histological appearance (Data not 

shown). However, simvastatin’s protective effects 
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against cerulein-induced pancreatitis were 

abolished with parkin deletion (Figure 7A-D). 

Examination of p62 and AMPK revealed that both 

proteins were upregulated in PKO mice even in 

control saline groups, while simvastatin 

pretreatment further increased p62 and AMPK 

during pancreatitis (Figure 7E-G). Also, decrease 

in COXIV expression with simvastatin 

pretreatment was abolished in PKO mice (Figure 

7E-F). We also noted increased accumulation of 

LC3 in PKO mice pretreated with simvastatin

 

 

Figure 4. Effects of pancreatitis and simvastatin treatment on mtDNA release. (A) Quantification of mtDNA 
release in blood assessed by qRT-PCR of mitochondrial gene ND4 (fold change) present in plasma of normal control 
(n=8) and acute pancreatitis patients (n=8). GFP plasmid was spiked in before DNA extraction to normalize the 
samples. (B) Bar graph represents the quantification of ND4 gene normalized to GFP, from plasma of mice treated 
with DMSO or simvastatin for 24 hours followed by saline or cerulein (7 hourly) injections (n=3). Values in graphs 
are represented as Mean ± SD, *p< 0.05 vs Control. 
 

3.8 Network analysis for biological processes 

As impaired flux is known to be involved in 

progression of pancreatitis to pancreatic cancer[42] 

and simvastatin helps resolve the process by 

activating AMPK and ULK-1, we next tried to 

determine the biological processes which can be 

affected by AMPK and ULK-1 dysregulation. We 

generated a protein-protein interaction network 

from whole human proteome showing 156 and 55 

interacting proteins of AMPK and ULK-1 

respectively (Figure 8). Based on the network, 

biological processes involved were extracted using 

ClueGo-CluePedia. ULK1 and PRKAA2 and their 

shared interacting partners are enriched for 

pathway terms as well as biological processes. 

Network shows ULK-1 and AMPK (PRKAA1 and 

PRKAA2) linked with pathway terms showing 

their participation in biological processes 

especially mTOR signaling, p53 signaling, and 

energy homeostasis. Many of the enriched 
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biological processes especially mTOR signaling, 

p53 signaling, and energy homeostasis are the key 

hallmarks of pancreatic cancer progression, 

underscoring the importance of activating AMPK 

and ULK-1 by simvastatin to mitigate pancreatitis.  

 

 

Figure 5. Upregulation of mitochondrial proteins occurs rapidly after cerulein exposure. (A) Graphs representing 
the Ponceau S stained normalized protein expression of ATP5A (Complex V), MTCO1 (Complex IV), UQCRC2 
(Complex III), SDHB (Complex II), NDUFB8 (Complex I) and (B) COX IV. (C) Different number of (1, 3 or 7) 
Cerulein injections (50 μg/kg, i.p. per injection, each at 1-hour interval) were administered and mice were sacrificed 
1 hour after indicated cerulein injections to collect pancreatic tissue. Control mice received no injection (0 hour). 
Western blot showing expression of ATP5A (Complex V), MTCO1 (Complex IV), UQCRC2 (Complex III), SDHB 
(Complex II), NDUFB8 (Complex I) subunits of mitochondrial electron transport machinery. (D) Line graph 
represents the Ponceau S staining normalized expression of these proteins at different times after cerulein injections. 
Values in graphs are represented as Mean ± SD (n=3), *p< 0.05, **p< 0.01, ***p<0.001 vs DMSO Saline. 
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4. Discussion 

Accumulation of dysfunctional mitochondria 

owing to the blockage of autophagosome-lysosome 

fusion causes zymogen activation leading to 

necrotic cell death in pancreatitis. Clinical samples 

from acute pancreatitis also showed autophagic 

flux with accumulation of autophagic vacuoles[9]. 

We have reported for the first time the effects of 

simvastatin during experimental acute pancreatitis. 

Pancreatitis induces trypsinogen activation which 

is responsible for nearly 50% of pancreatic damage, 

but is not involved in inflammatory responses[43]. 

We found that simvastatin treatment reduces 

necrotic cell death associated with reduced 

trypsinogen activation. Attenuation of pancreatitis 

is largely dependent on the resolution of 

inflammation[44], and simvastatin reduced the 

infiltration of inflammatory cells. 
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Figure 6. Simvastatin induces mitophagy for mitochondrial quality control. Mice were treated with simvastatin 
and sacrificed 3, 6, 12, 24 hours later. (A) Western blot for pancreatic tissue lysate showing the expression of Parkin 
and Mfn2, p62 and LC3. COX IV is used to indicate mitochondrial content in the lysate. Ponceau S staining was used 
as loading control. (B) Western blot for different mitochondrial subunits of OXPHOS complexes (ATP5A, UQCRC2, 
MTCO1, SDHB and NDUFB8) and used to infer mitochondrial content present in the lysate at the indicated time 
points. (C) Mice were pretreated with DMSO or simvastatin (20mg/kg, i.p.) for 6 hours followed by saline or 
chloroquine (40mg/kg, i.p.) for 4 hours and pancreatic tissue was processed to obtain post-nuclear supernatants. 
Representative western blot showing expression of p62, ATP5A, UQCRC2, MTCO1, SDHB and NDUFB8. (D) Bar 
graph represents the expression of p62, normalized to Ponceau S stain. Values in graphs are represented as Mean ± 
SD (n=3), *p< 0.05 vs DMSO Saline; ̂ ^p< 0.01 vs Simva Saline. (E) Mitochondrial swelling was used as an indicator 
of mitochondrial quality in pancreatic tissue from mice treated with DMSO or simvastatin (20 mg/kg) for 24 hours. 
Bar graph represents the decrease in absorbance (540 nm) after incubating the isolated mitochondria with 100 μM 
Ca2+ for 20 minutes. Values in graphs are represented as Mean ± SD (n=3), *p< 0.05, **p< 0.01 vs DMSO control. 
 

Mitophagy has been studied in detail as a defense 

mechanism in other organs, with multiple findings 

that mitophagy-inducing drugs can reduce cellular 

injury[45]. Mitophagy or autophagy impairment 

can lead to decline in cell survival and accelerates 

aging[46]. Studies are lacking on the impact of 

mitophagy in pancreatitis. Our findings suggest the 

role of parkin in inducing mitophagy whereby it 

translocates to mitochondria in pancreatitis. 

However, further studies need to be done to study 

mitophagy in detail using reporter mice such as 

mito-QC mice and parkin-independent 

mechanisms of mitophagy. Also, pancreatitis 

impairs autophagic flux[13] by downregulating 

expression of LAMPs necessary for 

autophagosome-lysosome fusion. Due to altered 

Cathepsin B maturation, LAMPs get degraded, 

contributing to chronic pancreatitis[20]. Our 

findings revealed downregulation of LAMP-1 in 

pancreatitis, which was prevented by simvastatin. 

In the absence of efficient autophagic flux, there is 

accumulation of dysfunctional mitochondria which 

are sensitive to calcium overload[47]. We also 

found AMPK and ULK-1 to be altered during 

pancreatitis. These factors play a key role in 

mitophagy and autophagosome-lysosome fusion 

[23]. We found that simvastatin triggers 

phosphorylation of AMPK on threonine172 

(activating site). Active AMPK phosphorylates 

ULK-1 on serine555 to activate it[22]. This 

complex is known to be an important mediator in 

targeting mitochondria to lysosomes, as well as to 

activate autophagic flux[21]. We found that during 

acute pancreatitis there was downregulation of both 

ULK-1 and its phosphorylated form. However, 

AMPK and ULK1 have important roles in PI3P 

production and autophagosome formation in 

various cell types. We found that autophagy was 

activated despite the decreased abundance of active 

AMPK and ULK1. The role of ULK1 in autophagy 

initiation during pancreatitis is yet unknown and 

there may be additional proteins involved in 

autophagy initiation (such as non-canonical 

autophagy, which is independent of PI3K and 

involves Rubicon[48]). ULK1 downregulation in 

this model implicates a role for ULK1 in the fusion 

process in cerulein-induced acute pancreatitis 

model. However, to examine the possibility and to 

dissect the molecular function of ULK1 in 

pancreatitis, more detailed studies are needed.   
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Figure 7. Simvastatin-mediated protection is dependent on Parkin. Acute pancreatitis was induced in wild type 
(wt-mice) and Parkin knockout mice (PKO mice) with 7 hourly injections of cerulein. DMSO or simvastatin (20 
mg/kg) was given 24 hours before inducing acute pancreatitis. (A) Representative images of H&E stained pancreatic 
tissue from different groups. Bar graph indicates Necrosis score (B), Inflammation score (C) and Edema score (D) for 
each group on a scoring system of 1-4. Data shown are Mean ± SD. (E) Western blot showing the expression of LC3, 
p62, COX IV and AMPK. Dot plots representing the expression of (F) AMPK and COX IV, and (G) p62, all 
normalized to Ponceau S stain. Values in graphs are represented as Mean ± SD (n=3), *p< 0.05, **p< 0.01 vs wt-
DMSO Cerulein; ^^p< 0.01 vs PKO-DMSO Cerulein. 
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Simvastatin treatment helped to restore the 

expression of ULK-1 as well as its 

phosphorylation, restoring autophagic flux. 

Shugrue et al. (2012) showed that early AMPK 

activation can prevent cerulein-induced zymogen 

activation[49]. Our results are based on Triton X-

100-soluble AMPK levels, and we did not assess 

Triton X-100-insoluble AMPK. It will be 

interesting to determine whether simvastatin alters 

the distribution of AMPK in acinar cells. 

Additionally, syntaxin 17 (Stx17, autophagosomal 

SNARE) binds to other lysosomal SNARE proteins 

to enable completion of the fusion process[50]. We 

observed that Stx17 expression was decreased by 

simvastatin treatment as well as by pancreatitis, 

suggesting that the beneficial effect of simvastatin 

was Stx17 independent. Further studies need to be 

done to elucidate the role of SNARE proteins in 

pancreatitis[51].  

Coordination of mitophagy and mitochondrial 

biogenesis is required for mitochondrial 

homeostasis[52].  Pancreatitis causes ATP 

depletion due to mitochondrial dysfunction, and 

damaged mitochondria also generate reactive 

oxygen species (ROS), contributing to tissue 

damage[53]. High energy demands during cellular 

insults like pancreatitis may stimulate 

mitochondrial biogenesis for energy homeostasis. 

Our results reveal an increase in mitochondrial 

biogenesis as early as 1 hour after cerulein 

injection, suggesting that the process may be 

translationally controlled, and may implicate 

regulation by microRNAs. Increased ROS 

production can oxidize mtDNA and lead to release 

of mtDNA by the cells into the blood; release of 

mtDNA has been implicated in many disease 

processes[54].  Also, impaired autophagic flux can 

enhance the release of mtDNA into the blood[38]. 

Mitophagy deficiency can lead to enhanced 

mtDNA release and can lead to inflammation. 

Recently, Bueno et al. (2019) suggested the role of 

mitophagy in the attenuation of mtDNA 

release[55]. Our findings confirm the presence of 

increased mtDNA in plasma of mice and humans 

with pancreatitis, suggesting the impairment of 

mitophagy and autophagy flux. These mtDNA 

molecules can further act as ligands for innate 

immunity [56] via NLRP3 inflammasome 

activation and TLR9 signaling. Simvastatin may 

attenuate mtDNA release and thereby reduce 

inflammatory cell infiltration

Parkin is an important mediator of mitophagy; it 

translocates from cytosol to mitochondria where it 

poly-ubiquitinates multiple proteins on the 

mitochondrial outer membrane. The process 

triggers recruitment of adapter proteins such as 

p62, leading to engulfment of mitochondria by 

LC3-decorated autophagosomes[57]. Previous 

findings from our lab suggested the importance of 

parkin in ischemic injury in heart[58] and the 

requirement of parkin for simvastatin-induced 

mitophagy in cardiac cells[28]. Here, we showed 

that simvastatin protective effects are abolished 

with parkin deletion.  
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Figure 8. BINGO/ClueGo Network analysis for protein-protein interaction of AMPK (PRKAA2) and ULK1 to 
identify different biological processes generated using Cytoscape. Edge betweenness centrality is the indicator of 
essentiality of that edge in the network. Degree is the number of connections related to the node in the network. Thick 
lines indicate the Gene to biological process (BP) association and thin lines indicate BP to BP association. Color of 
the node represents the importance of the node in the network.

Recent epidemiologic reports from our group 

showed that recurrence of pancreatic cancer after 

surgery was reduced in patients taking 

simvastatin[27]. Patients with pancreatitis have 

been associated with higher risk of developing 

pancreatic cancer. Autophagosome accumulation 

during pancreatitis can promote pancreatic 

cancer[56]. To determine the pathways which may  

be involved in the promotion of pancreatic cancer, 

our protein network analysis focused on two key 

factors altered by simvastatin—AMPK and 

ULK1—showed that AMPK and ULK-1 affect 

many biological processes including p53 signaling, 

mTOR signaling, and energy homeostasis that can 

lead to promotion of cancer. However, further 

studies are needed to delineate the importance of 

simvastatin usage in reducing the promotion and 
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recurrence of pancreatic cancer. Also, since there is 

a lack of therapeutics in treating pancreatitis, a 

clinical trial to determine the efficacy of 

simvastatin is appropriate give that it has been 

shown to be safe in patients. 

 

 

5. Conclusion 

To conclude, our findings implicate impaired 

autophagic flux in acute pancreatitis which can be 

corrected with simvastatin treatment. Thus, the 

findings support the importance of simvastatin as a 

therapeutic intervention for pancreatitis.
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Supplementary Methods 

Histology 

Pancreata were harvested and washed with cold PBS followed by storage in a 4% 

paraformaldehyde (PFA) solution for 24h. Tissues were transferred to 70% ethanol storage for 

subsequent histopathology staining and microscopic analysis using a Keyence Biorevo BZ-9000 

fluorescence microscope. Slide sections were stained in hematoxylin and eosin (H & E) solution. 

Briefly, samples were deparaffinized in xylene and dehydrated in 100%-70% ethanol gradient, 

then stained in hematoxylin and decolorized in acid alcohol. After immersion in lithium carbonate, 

the slides were rapidly counterstained in eosin, following dehydration in 95%-100% ethanol 

gradient. Slides were cleared with xylene. Histopathological examination and scoring were based 

on severity of inflammation, edema, or necrosis. H&E-stained pancreatic tissue sections were 

scored for each phenotype ranging from 1 through 4 by imaging randomly selected fields. A score 

of 1 indicates that the disease phenotype was not detectable, 2 indicates that roughly 20%-50% of 

the tissue area exhibited the phenotype, 3 indicates that 51%-80% of the tissue area exhibited the 

phenotype, and 4 indicates that 81%-100% of the tissue area exhibited the disease phenotype. Two 

blinded scorers examined the tissue specimens two separate times each and a final consensus was 

reached to determine the final scores.  

Western Blot Analysis 

Protein concentration was measured using the Sigma Bradford reagent protein assay kit. Equal 

amount of protein was resolved on BoltTM 4-12% Bis-Tris Plus gels (Invitrogen by Thermo Fisher 

Scientific) and transferred to nitrocellulose membranes. The membranes were blocked with 5% 

nonfat dry milk for 45 minutes, then incubated with 1:1000 diluted primary antibodies against: 

Parkin (Santa Cruz Biotechnology), p62 (Abcam), LC3 (Cell Signaling), Mfn2 (Santa Cruz 

Biotechnology), LAMP-1 (Santa Cruz Biotechnology), Stx17, AMPK, pAMPKT172 (Abcam), 

ULK1 (Santa Cruz Biotechnology), pULK1S555 (Abcam), COX IV (Cell Signaling Technology), 

OXPHOS complex cocktail (Abcam) at 4°C overnight. Membranes were washed with Tris-

buffered saline pH 7.6 containing Tris HCl (20 mM) and NaCl (150 mM) with 0.1% Tween-20 

(Sigma-Aldrich) (TBS-T) at room temperature and incubated with KPL peroxidase Labeled Goat 

anti-Mouse IgG (H+L) (1:3000, KPL Affinity Purified Antibody, SeraCare) or KPL peroxidase 
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Labeled Goat anti-Rabbit IgG (H+L) secondary antibodies for 2 h at room temperature. 

Membranes were washed 3 times again in TBS-T. Immunoreactive bands were developed with 

ClarityTM Western ECL Substrate (Bio-Rad Laboratories Inc.) and imaged using a ChemiDoc XRS 

system (Bio-Rad Laboratories Inc.). Densitometry was performed using NIH Image J software. 

Supplementary Figure Legends 

 

Supplementary Figure 1. Mice model of acute pancreatitis. Schematic representation of the 
mice model of acute pancreatitis. Mice received DMSO or simvastatin (20mg/kg, i.p.) 
pretreatment for 24 hours. Acute pancreatitis was induced by 7 hourly intraperitoneal injections of 
cerulein (50μg/kg per injection). Control mice received injections with the same volume of saline. 
Mice were sacrificed one hour after the last cerulein injection. Pancreatic tissue was harvested for 
histology and other measurements. 
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Supplementary Figure 2. Cerulein induced mitophagy. Representative image of autophagy 
vacuole containing mitochondria along with other organelles including ER and zymogen granules. 
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Supplementary Figure 3. Simvastatin induces cerulein-impaired expression of autophagy 
flux related proteins. Western blot showing the expression of (A) Stx17 and LAMP-1; (B) 
AMPK, pAMPK (Thr172), ULK1 and pULK1 (S555) in post-nuclear supernatant. Ponceau S 
staining was used as loading control. 

 

  
Supplementary Figure 4. Increased mitochondrial mass is a feature of acute pancreatitis. 
Western blot of post-nuclear supernatant from pancreatic tissue for protein expression of COX IV 
and proteins involved in OXPHOS subunits including ATP5A (Complex V), MTCO1 (Complex 
IV), UQCRC2 (Complex III), SDHB (Complex II) and NDUFB8 (Complex I). Long exposure for 
chemiluminescence of western blot was done for visualization of Complex V and Complex III.  
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