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Abstract

Acinar cells in pancreatitis die through apoptosis and necrosis, the roles of which are different. 

The severity of experimental pancreatitis correlates directly with the extent of necrosis and 

inversely, with apoptosis. Apoptosis is mediated by the release of cytochrome c into the cytosol 

followed by caspase activation, whereas necrosis is associated with the mitochondrial membrane 

potential (ΔΨm) loss leading to ATP depletion. Here, we investigate the role of Bcl-2 proteins in 

apoptosis and necrosis in pancreatitis. We found up-regulation of prosurvival Bcl-2 proteins in 

pancreas in various experimental models of acute pancreatitis, most pronounced for Bcl-xL. This 

up-regulation translated into increased levels of Bcl-xL and Bcl-2 in pancreatic mitochondria. Bcl-

xL/Bcl-2 inhibitors induced ΔΨm loss and cytochrome c release in isolated mitochondria. 

Corroborating the results on mitochondria, Bcl-xL/Bcl-2 inhibitors induced ΔΨm loss, ATP 

depletion and necrosis in pancreatic acinar cells, both untreated and hyperstimulated with CCK-8 

(in vitro pancreatitis model). Together Bcl-xL/Bcl-2 inhibitors and CCK induced more necrosis 

than either treatment alone. Bcl-xL/Bcl-2 inhibitors also stimulated cytochrome c release in acinar 

cells leading to caspase-3 activation and apoptosis. However, different from their effect on 

pronecrotic signals, the stimulation by Bcl-xL/Bcl-2 inhibitors of apoptotic responses was less in 

CCK-treated than control cells. Therefore, Bcl-xL/Bcl-2 inhibitors potentiated CCK-induced 

necrosis but not apoptosis. Correspondingly, transfection with Bcl-xL siRNA stimulated necrosis 

but not apoptosis in the in vitro pancreatitis model. Further, in animal models of pancreatitis Bcl-

xL up-regulation inversely correlated with necrosis, but not apoptosis. Results indicate that Bcl-xL 

and Bcl-2 protect acinar cells from necrosis in pancreatitis by stabilizing mitochondria against 

death signals. We conclude that Bcl-xL/Bcl-2 inhibition would aggravate acute pancreatitis, 

whereas Bcl-xL/Bcl-2 up-regulation presents a strategy to prevent or attenuate necrosis in 

pancreatitis.
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Introduction

Acinar cell death is a major pathological response of acute pancreatitis; in particular, 

parenchymal necrosis is a major cause of severe complications and mortality in human 

pancreatitis [1,2]. In models of acute pancreatitis acinar cells die through both necrosis and 

apoptosis. The severity of experimental pancreatitis correlates directly with the extent of 

necrosis and inversely, with apoptosis [2–8]. Thus, elucidating the mechanisms that mediate 

acinar cell death in pancreatitis is important for understanding the mechanism of this disease 

and is of clinical relevance.

Mechanisms underlying these major forms of cell death are different [9–12], although they 

both involve mitochondria. Apoptosis is mediated by the release of cytochrome c from 

mitochondria into the cytosol. Once in cytosol, cytochrome c causes activation of specific 

cysteine proteases, the caspases (e.g., the major effector caspase-3), which execute apoptotic 

cell death [9–13]. On the other hand, necrosis is mediated by the loss of mitochondrial 

membrane potential (ΔΨm). Which ultimately leads to depletion of cellular ATP and 

necrosis [9,11,12,14]. Depolarization is mediated by opening of the mitochondrial 

permeability transition pore (PTP), a multi-subunit complex formed by proteins residing in 

both inner and outer mitochondrial membrane. PTP opening is associated with swelling of 

mitochondrial matrix and consequent rupture of the outer mitochondrial membrane 

[11,15,16], which allows the release of cytochrome c. Recent data on mice lacking 

cyclophilin D [15,17] show, however, that cytochrome c can be released independent of 

PTP, through the channels in the outer mitochondrial membrane [9,11,15–17]. We have 

recently showed [18–20] that in isolated pancreatic mitochondria PTP mediates loss of ΔΨm 

but not cytochrome c release.

Bcl-2 family proteins are important regulators of cell death, particularly apoptosis [9,11,21]. 

They act through regulating of mitochondrial outer membrane permeabilization, which 

mediates cytochrome c release into cytosol [9,11,21]. Much less is known on the role of 

Bcl-2 proteins in the regulation of mitochondrial depolarization leading to necrosis [22,23].

Bcl-2 proteins are subdivided into 3 groups on the basis of their Bcl-2 homology (BH) 

domains. The “prosurvival” members, such as Bcl-2 itself and Bcl-xL, contain four BH 

domains (BH1–BH4). The “pro-apoptotic” members, such as Bax and Bak, contain three 

BH domains; and the “BH3-only” proapoptotic proteins, such as Bad, Puma and Noxa, only 

contain the BH3 domain.

Each of the 3 groups of the Bcl-2 family proteins has specific functional roles in the 

regulation of apoptosis [9,11,13,24]. In particular, the pro-apoptotic Bax and Bak form 

channels in the outer mitochondrial membrane through which cytochrome c is released into 

the cytosol (this permeability system remains poorly characterized) [13,25]. The BH3-only 
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proteins facilitate Bax/Bak channel formation, and thus cytochrome c release and apoptosis 

[9,11]. On the other hand, the prosurvival Bcl-xL and Bcl-2 inhibit apoptosis by 

sequestering BH3-only proteins (as well as Bax and Bak) [9,11]. Bcl-2 can also block PTP 

opening, thus preventing loss of ΔΨm and subsequent necrosis [22,23]. Small-molecule 

pharmacological inhibitors of the prosurvival Bcl-xL and Bcl-2 have recently been 

developed and became a valuable tool to study the roles of these proteins [26–28].

We and others showed that cytochrome c release and mitochondrial depolarization occur 

and mediate acinar cell death in pancreatitis [5,29,30]. However, there is little known on the 

roles of Bcl-2 proteins in apoptotic and necrotic cell death in pancreatitis [2,31].

Here, we measured changes in the levels of various Bcl-2 proteins in models of acute 

pancreatitis and found marked up-regulation of the prosurvival protein Bcl-xL (as well as 

Bcl-2) in both total pancreatic tissue and pancreatic mitochondria. Using pharmacological 

Bcl-xL/Bcl-2 inhibitors and Bcl-xL knockdown with Bcl-xL siRNA transfection, we 

assessed the role of Bcl-xL and Bcl-2 in the regulation of ΔΨm, cytochrome c release and 

subsequent necrosis and apoptosis in isolated pancreatic mitochondria, intact pancreatic 

acinar cells and in acinar cells hyperstimulated with CCK-8, the experimental system 

considered in vitro model of acute pancreatitis [5,7,29,32–36].

The results indicate that by preventing mitochondrial depolarization and subsequent ATP 

depletion, Bcl-xL and Bcl-2 protect acinar cells in pancreatitis against necrosis (rather than 

apoptosis). They suggest that Bcl-xL/Bcl-2 inhibition, which is applied in clinical trials to 

stimulate apoptotic death of cancer cells, would likely increase necrosis and thus the severity 

of acute pancreatitis. By contrast, Bcl-xL/Bcl-2 up-regulation or stabilization may represent 

a promising strategy to prevent or attenuate necrosis in pancreatitis.

Materials and methods

Materials

Antibodies against Bcl-xL, Bcl-2, and p44/42 MAP kinase (ERK1/2) were from Cell 

Signaling (Beverly, MA); Bax and Bak, Bid, Bim from Santa Cruz Biotechnology (Santa 

Cruz, CA); COX IV, from Molecular Probes (Eugene, OR). Cerulein was from Peninsula 

Laboratories (Belmont, CA); CCK-8, from American Peptide (Sunnyvale, CA). The Bcl-xL/

Bcl-2 inhibitor 3-iodo-5-chloro-N-[2-chloro-5-(4 chlorophenyl)- sulphonyl)phenyl]-2-

hydroxybenzamide (BH3I-2′) was from Calbiochem (La Jolla, CA); ethyl 2-amino-6-

bromo-4-(1-cyano-2-ehtoxy-2-oxoethyl)-4H-chromene-3-car-boxylate (HA 14-1), from 

ALEXIS Biochemicals (San Diego, CA). Other reagents were from Sigma Chemical (St. 

Louis, MO).

Animal models of acute pancreatitis

Cerulein pancreatitis was induced in male (200–250 g) Spra-gue–Dawley rats and male (25–

30 g) Swiss Webster CD-1 mice as described previously [5,35,36] by up to 7 hourly 

intraperitoneal (i.p.) injections of 50 µg /kg cerulein. Control animals received injections of 

physiological saline. In the cerulein models, animals were sacrificed at 0.5, 4 or 7 h after the 

1st cerulein (or saline) injection. L-arginine pancreatitis was induced in Sprague-Dawley 
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rats as described previously [5], by 2 hourly i.p. injections of 2.5 g/kg L-arginine; controls 

received similar injections of saline. Rats were sacrificed 24 h after the 1st injection. 

Choline-deficient, ethionine supplemented (CDE) diet pancreatitis was induced as described 

previously [37] in 5-wk old CD-1 mice weighing 14.5 ± 0.2 g. Both the CDE and control 

diet were obtained from Harlan Teklad (Madison, WI) and were provided fresh to the 

animals every 12 h in 3-g aliquots. At each feeding, the CDE diet was supplemented with 

0.5% ethionine. Mice were sacrificed 72 h after the initiation of the diet.

The development of pancreatitis was confirmed by measurements of serum amylase and 

lipase levels (using the Hitachi 707 analyzer at Antech Diagnostics, Irvine, CA), and of 

histological changes as analyzed on H&E stained pancreatic tissue sections.

Care and handling of the animals were approved by the Animal Research Committee of the 

VA Greater Los Angeles Healthcare System, in accordance with the National Institutes of 

Health guidelines.

Isolation of pancreatic acinar cells

Isolation of pancreatic acinar cells from rats was performed using a collagenase digestion 

procedure as described previously [5,29,35,36]. For treatments, the isolated acinar cells were 

incubated at 37 °C in 199 medium with or without 100 nM CCK-8 (CCK) and other agents 

as described in corresponding figures.

Prolonged culture of mouse acinar cells and transfection

Isolated pancreatic acinar cells are short-lived. To measure the effect of Bcl-xL knockdown 

with siRNA, we established a prolonged (up to 36 h) culture of mouse pancreatic acinar 

cells. Mouse pancreatic acinar cells were cultured according to [38] on collagen IV in 

DMEM medium containing 15% FBS, 5 ng/ml EGF, 0.25 µg/ml amphotericin B, 0.5 mM 

IBMX, 0.2 mg/ml soybean trypsin inhibitor, 100 U/ml penicillin, 100 µg/ml streptomycin. 

Acinar cells cultured in these conditions maintain phenotype and do not de-differentiate into 

ductal cells [38]. Cultured acinar cells were transfected with Bcl-xL siRNA using 

SMARTpool™ from Dharmacon (Lafayette, CO). For negative control, we used ON-

TARGET siCONTROL Non-Targeting pool; for positive control, the siGLOcyclophillin B 

siRNA labeled with fluorescent CX-rhodamine (all from Dharmacon). Transfections (100 

pmoles of each siRNA) were performed using the Amaxa electroporation system (Amaxa 

Transfection, Gaithersburg, MD). Transfected cells were then transferred to 199 medium 

containing no growth factors and incubated for 3 h with and without 100 nM CCK-8.

Isolation of pancreatic mitochondria and measurements of respiration and mitochondrial 
membrane potential (ΔΨm)

Mitochondria were isolated from rat or mouse pancreas using previously described 

procedures [18]. Briefly, pancreas was dissected, minced, and homogenized in a medium 

containing 250 mM sucrose, 10 mM Tris-HCl (pH 7.4), 1 mM EGTA, 0.5% BSA, and 0.25 

mg/ml soybean trypsin inhibitor. The homogenate was centrifuged at 800×g for 10 min to 

sediment cell debris, nuclei, and zymogen granules. The resulting supernatant was 

centrifuged at 6000×g for 15 min, and the pellet washed by centrifugation and re-suspended 
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in 200 ml of a medium containing 250 mM sucrose and 10 mM Tris-HCl (pH 7.4). 

Mitochondria suspensions contained 20–30 mg protein/ml, as determined by the Bradford 

assay (Bio-Rad Laboratories, Hercules, CA).

The medium used in mitochondria functional assays contained 250 mM sucrose, 22 mM 

KCl, 22 mM triethanolamine (pH 7.4), 3 mM MgCl2, 5 mM KH2PO4, 0.5% BSA, and 1 

mM EGTA. In all experiments on isolated mitochondria, 10 mM succinate was used as the 

respiratory substrate. The measurements were performed at room temperature.

Respiration rate and ΔΨm were simultaneously recorded in the mitochondria suspension (1 

mg protein/ml) in a 1-ml custom-made chamber. Oxygen consumption was measured using 

a Clark-type electrode (Instech Lab., Plymouth Meeting, PA) connected to an oxygen meter 

(Yellow Springs Instruments, Yellow Springs, OH). Quality of mitochondria preparations 

was assessed by measuring the ratio of oxygen uptake in the presence of ADP to that in the 

absence of ADP (respiratory control ratio). The value of respiratory control ratio in the 

presence of succinate was >3 in all mitochondria preparations, indicating mitochondria 

functional integrity. The membrane potential was monitored as in [18] in the presence of 2 

µM tetraphenyl phosphonium (TPP+) using a TPP+-sensitive electrode [39] connected to an 

amplifier (Vernier Software, Beaverton, OR). TPP+ is redistributed to mitochondria 

according to membrane potential. An increase in ΔΨm results in TPP+ uptake by 

mitochondria and, correspondingly, in a decrease in external TPP+ concentration measured 

by the electrode.

Measurements of ΔΨm in pancreatic acinar cells

Measurements of ΔΨm in pancreatic acinar cells were performed by use of the 

Mitochondrial Membrane Potential Detection Kit (Cell Technology Inc., Mountain View, 

CA) according to manufacturer’s instructions. Briefly, cells were re-suspended in the assay 

buffer, incubated with the ΔΨm-sensitive fluorescent dye JC-1 for 20 min at 37 °C, washed 

twice in PBS, and then the “red” (excitation 550 nm, emission 600 nm) and “green” 

(excitation 485 nm, emission 535 nm) fluorescence were measured in a Shimadzu RF-1501 

spectrofluorometer. Mitochondrial depolarization (i.e., loss of ΔΨm) manifests itself by a 

decrease in the red/ green fluorescence ratio.

Western blot analysis

Western blot analysis was performed on homogenates of pancreatic tissue or isolated 

mitochondria, or on membrane and cytosolic fractions, as previously described 

[5,18,29,35,36]. Briefly, snap-frozen pancreatic tissue was homogenized on ice in RIPA 

buffer supplemented with 1 mM PMSF and a protease inhibitor cocktail containing 

pepstatin, leupeptin, chymostatin, antipain and aprotinin (5 µg/ml each), rotated for 20 min 

at 4 °C, and centrifuged at 16,000×g for 15 min at 4 °C. The supernatant was collected and 

stored at −80 °C. Protein concentration was determined by the Bradford assay. Proteins were 

separated by SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes. 

Nonspecific binding was blocked by 1-h incubation of the membranes in 5% (w/v) nonfat 

dry milk inTris-buffered saline (pH 7.5). Blots were then incubated for 2 h at room 

temperature (or overnight at 4 °C) with primary antibodies in the antibody buffer containing 
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1% (w/v) nonfat dry milk in TTBS (0.05% (v/v) Tween-20 in Tris-buffered saline), washed 

3 times with TTBS, and finally incubated for 1 h with a peroxidase-labeled secondary 

antibody in the antibody buffer. Blots were developed for visualization using enhanced 

chemiluminescence (ECL) detection kit (Pierce, Rockford, IL). Band intensities on the 

immunoblots were quantified by densitometry using the Scion imaging software (Scion 

Corporation, Frederick, MD).

Measurements of Bcl-xL mRNA expression by reverse transcription and polymerase chain 
reaction (RT-PCR)

The procedures for RNA isolation and conventional RT-PCR were as we described 

previously [35–37]. Briefly, total RNA was obtained from pancreatic tissue using TRI 

reagent (Molecular Research Center, Cincinnati, OH) and its quality assessed in Agilent 

2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). RNA was reverse-

transcribed with the SuperScript II preamplification kit (GIBCO-BRL, Rockville, MD) and 

subjected to either real-time or conventional semiquantitative RT-PCR using gene specific, 

intron-spanning primers. Negative controls were performed by omitting the RT step or 

cDNA template from the PCR amplification.

Real-time RT-PCR was carried out in iQ5 Real Time PCR Detection System (Bio-Rad 

Laboratories) using primers designed with Beacon Designer software (Table 1). In these 

experiments, cDNA derived from 50 ng total RNA was used in each sample. mRNA 

expression was quantified by the double delta Ct method relative to that for the acidic 

ribosomal phosphoprotein P0 (ARP) used as a reference (housekeeping) control. We have 

previously shown [36] that pancreatic ARP mRNA expression is not affected by 

experimental pancreatitis. In semiquantitative RT-PCR, the target ARP and Bcl-xL 

sequences were amplified at the annealing temperature 58.5 °C during 20 or 27 cycles, 

respectively, to yield visible products within linear amplification range. In these 

experiments, cDNA derived from 400 ng total RNA was used in each sample. Resulting RT-

PCR products were run on agarose gel and visualized by staining with ethidium bromide. 

Band intensities of the RT-PCR products were quantified using the Scion imaging software.

Cytochrome c release

To measure cytochrome c release from isolated mitochondria, we used aliquots of the same 

mitochondria suspensions in which measurements of ΔΨm were performed. After incubating 

in various conditions described in the corresponding figures, mitochondria were centrifuged 

at 16,000×g for 10 min at 4 °C, and cytochrome c levels in the mitochondria pellet and the 

incubation medium (supernatant) were measured by Western blot analysis as previously 

described [18]. Aliquots for measurements of cytochrome c release were taken after 10 min 

of mitochondria incubation with and without inhibitors.

To measure cytochrome c release in pancreatic acinar cells [5,18,29], the cells were 

homogenized in a glass Dounce homogenizer (loose fit, 80 strokes) in a buffer containing 

250 mM sucrose, 20 mM HEPES-KOH (pH 7.0), 10 mM KCl, 1 mM EGTA, 2 mM 

MgCl2,1 mM EDTA, 1 mM dithiothreitol (DTT),1 mM PMSF, and the above-specified 

protease inhibitors’ cocktail. Nuclei were removed by centrifugation at 1,000×g for 10 min 
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at 4 °C. Postnuclear supernatant was centrifuged at 100,000×g for 1 h, and both the pellet 

(mitochondria-enriched membrane fraction) and supernatant (the cytosolic fraction) were 

collected separately and used for Western blotting.

ATP determination

Acinar cells were resuspended in a lysis buffer (100 mM Tris, 4 mM EDTA, pH 7.8), boiled 

for 2 min, centrifuged (1,000×g for 1 min), and ATP level was measured in the supernatant 

using luciferin/ luciferase-based ATP determination kit (Molecular Probes), according to 

manufacturer’s instructions. Luminescence was measured in a TD 20/20 luminometer 

(Turner Designs, Sunnyvale, CA). ATP levels were normalized to protein content in the 

samples.

Caspase-3 activity

Caspase–3 activity was measured using a fluorogenic assay as described previously 

[5,18,29]. Acinar cells were homogenized in a lysis buffer containing 150 mM NaCl, 50 

mM Tris-HCl (pH 7.5), 0.5% Igepal CA-630 and 0.5 mM EDTA, centrifuged at 16,000×g 

for 15 min, and the supernatant collected. Proteolytic reactions were carried out at 37 °C in a 

buffer containing 25 mM HEPES (pH 7.5), 10% sucrose, 0.1% CHAPS and 10 mM DTT, 

using the substrate Ac-DEVD-AMC specific for caspase-3. Cleavage of this substrate 

relieves AMC (7-amino-4-methylcoumarin), which emits fluorescent signal with excitation 

at 380 nm and emission at 440 nm. Fluorescence was measured in a Shimadzu RF-1501 

spectrofluorometer and calibrated using a standard curve for AMC. The data are expressed 

as mol AMC/mg protein/min.

Quantification of necrosis

Necrosis in rat pancreatic acinar cells was determined by the release of LDH into the 

incubation medium, as previously described [5,29,35]. LDH activity was measured using 

Cytotoxicity Detection Kit (Roche Diagnostics, Indianapolis, IN) according to the 

manufacturer’s protocol. Necrosis in prolonged culture of trans-fected mouse acinar cells 

was determined as a percentage of cells stained positively with trypan blue.

Quantification of necrosis in pancreatic tissue was performed on sections stained with H&E, 

as previously described [5]. Cells with swollen cytoplasm, loss of plasma membrane 

integrity, and leakage of organelles into interstitium were considered necrotic.

Quantification of apoptosis

In pancreatic tissue, apoptosis was quantified on sections by use of TUNEL assay to 

measure DNA breaks, as described previously [5]. Briefly, tissue was fixed in 4% buffered 

formaldehyde, embedded in paraffin, and 6-µm-thick sections were adhered to glass slides. 

Sections were stained using terminal deoxynucleotidyl transferase and FITC-labeled dUTP 

according to the manufacturer’s protocol (Promega, Madison, WI).

Apoptosis in rat pancreatic acinar cells, and in prolonged culture of transfected mouse acinar 

cells was quantified by use of Hoechst 33258 or propidium iodine staining to visualize 

nuclear chromatin morphology, as described previously [5,18,29,35]. Briefly, cells were 
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plated on polylysine-coated glass coverslips, fixed with methanol at −20°C for 10 min, and 

stained with 8 µg/ml Hoechst 33258 or 1 µg/ml propidium iodine. The slides were examined 

by fluorescence microscopy. Cells with nuclei containing condensed and/or fragmented 

chromatin were considered apop-totic. For quantification of apoptosis, a total of at least 

3,000 acinar cells were counted on pancreatic tissue sections or cell smears for each 

condition.

Statistical analysis of data

This was done by using two-tailed Student’s t-test. p value <0.05 was considered statistically 

significant.

Results

Changes in pancreatic levels of Bcl-2 proteins in models of acute pancreatitis

Western blot analysis showed that the prosurvival proteins Bcl-xL and Bcl-2 were present in 

normal rat and mouse pancreas, and were up-regulated in rodent models of acute pancreatitis 

(Fig. 1). Up-regulation of pancreatic Bcl-xL protein was detected in all models examined, 

namely pancreatitis induced by cerulein in rats and mice, by L-arginine in rats, and by 

choline-deficient ethionine supplemented (CDE) diet in mice. The extent of Bcl-xL up-

regulation in fully developed pancreatitis was maximal in the rat cerulein model (~4.5-fold), 

and minimal (~2-fold) in the rat L-arginine model (Fig. 1B). Differently, pancreatic Bcl-2 

level increased markedly in rat cerulein pancreatitis but not other models (Fig. 1). The 

upregulation of Bcl-xL and Bcl-2 occurred early in the development of cerulein pancreatitis, 

being already evident 30 min after the induction of pancreatitis (Fig. 1A).

Pancreatic levels of the key pro-apoptotic protein Bax did not change in the models of 

pancreatitis tested (Fig. 2A). Another key pro-apoptotic Bcl-2 protein, Bak, was markedly 

(~3-fold) upregulated in the rat L-arginine model, and to a smaller extent, in mouse and rat 

cerulein pancreatitis (Figs. 2A, B).

We also measured the levels of pro-apoptotic BH3 only proteins, Bim and Bid, in models of 

pancreatitis induced by cerulein in rat and mice. Rat cerulein pancreatitis is characterized by 

greater apoptosis and low necrosis, whereas mouse cerulein model has low apoptosis and 

high necrosis [2,4,5]. Western blot analysis showed no increase in Bim levels in these 

models of pancreatitis (not illustrated), indicating against its major role in the regulation of 

cell death in pancreatitis. The levels of Bid were too low to detect both in normal pancreas 

and in models of pancreatitis.

Bcl-xL and Bcl-2 levels in pancreatic mitochondria increase during cerulein pancreatitis

Death responses are regulated by Bcl-2 proteins localized in the mitochondria [9,11,13]. 

Therefore, an important question is whether the increases in pancreatic levels of Bcl-xL and 

Bcl-2 that we observed in models of pancreatitis (Fig. 1) translated into corresponding 

increases in mitochondrial levels of these proteins. For these measurements we used 

pancreatic mitochondria isolated from rats and mice as we have recently described in detail 

[18]. We also showed that as compared to whole tissue homogenates, mitochondrial 
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preparations were enriched in mitochondrial marker cytochrome c oxidase IV, contained 

less ER marker calnexin, and no cytosolic marker LDH (Fig. 3A).

We found that in the course of cerulein pancreatitis, the mitochondrial levels of Bcl-2 

proteins changed in parallel with those in total pancreas (Fig. 3). Same as their total levels in 

pancreas, the mitochondrial levels of Bcl-xL increased in both rat and mouse cerulein 

pancreatitis, whereas mitochondrial Bcl-2 increased only in the rat but not mouse cerulein 

model (Fig. 3). Furthermore, the kinetics of these proteins’ up-regulation in pancreatic 

mitochondria paralleled that in total pancreas (Fig. 3B). These data indicate that the 

increases in mitochondrial levels of Bcl-xL and Bcl-2 are due to the up-regulation of total 

levels of these proteins in pancreas.

The mitochondrial levels of pro-apoptotic Bax and Bak did not significantly change during 

cerulein pancreatitis in rats or mice (Fig. 3A). Therefore, our subsequent experiments 

focused on the roles of Bcl-xL and Bcl-2 in death responses of pancreatitis.

Pancreatic mRNA expression of Bcl-xL is up-regulated in cerulein pancreatitis

Because pancreatic Bcl-xL protein levels greatly increased during rat and mouse cerulein 

pancreatitis (Fig. 1), we asked whether such up-regulation was at the mRNA level. The bcl-

X gene contains multiple promoters, and its transcription may generate several splice 

variants [40–42]. The main Bcl-xL transcript is termed in the rat “transcript variant 3” and 

codes for protein isoform 2 with molecular mass of approximately 26 kDa. Quantitative 

analysis, using real time RT-PCR, showed that the levels of this transcript increased several-

fold during cerulein pancreatitis in both rat and mouse (Fig. 4A). Although characterization 

of alternative Bcl-xL splicing was not the purpose of our study, we tested whether 

pancreatitis also induced mRNA expression of a different transcript from the bcl-X gene 

(termed in the rat “transcript variant 1”, coding for protein isoform 1). Semiquantitative RT-

PCR using primers specific for this transcript (Table 1), showed a 3–4 fold increase in the 

pancreatic level of this mRNA in rat cerulein pancreatitis (Fig. 4B).

The results in Fig. 4 indicate that Bcl-xL up-regulation in cerulein pancreatitis is mediated at 

least in part through transcriptional activation.

Pharmacological Bcl-xL/Bcl-2 inhibitors induce both loss of ΔΨm and cytochrome c 
release in isolated pancreatic mitochondria

To assess the functional role of Bcl-xL and Bcl-2 in mitochondria-mediated necrosis and 

apoptosis of pancreatitis, we applied 2 structurally different pharmacological inhibitors of 

Bcl-xL and Bcl-2, HA14-1 and BH3I-2′ [26–28]. Both inhibitors specifically bind to the 

hydrophobic pocket of Bcl-xL and Bcl-2, thus preventing interaction of these proteins with 

pro-apoptotic members of the Bcl-2 family, such as Bax or “BH3-only” proteins [26–28]. 

For example, our [43] and literature [44] data showed that HA14-1 and BH3I-2′ displace 

recombinant Bax from complexes with recombinant Bcl-xL and Bcl-2. Because the active 

domains of Bcl-xL and Bcl-2 have similar structures [45], HA14-1 and BH3I-2′ inactivate 

both of these proteins.
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The effects of HA14-1 and BH3I-2′ on ΔΨm of isolated pancreatic mitochondria were 

measured with membrane potential-sensitive TPP+ electrode. The quality of mitochondrial 

preparations was assessed by measuring respiratory control ratio, as described in the 

Methods section. We recently published that Ca 2+ at micromolar concentrations rapidly 

depolarizes pancreatic mitochondria, and that pancreatic mitochondria maintain ΔΨm and 

functional activity only if isolated in the presence of EGTA [18]. Therefore the experiments 

with isolated mitochondria (Figs. 5, 6) were performed in Ca2+-free medium (see Materials 

and methods and Ref. [18]).

Both HA14-1 and BH3I-2′ dose-dependently decreased TPP+ uptake by mitochondria, 

indicating loss of ΔΨm (Fig. 5A). Previous publications [46,47] showed that the Bcl-xL/

Bcl-2 inhibitors depolarized mitochondria isolated from liver and potentiated Ca2+-induced 

depolarization in mitochondria isolated from HeLa cells.

We next measured the effects of the inhibitors on cytochrome c release from isolated 

mitochondria (Fig. 5B). The levels of cytochrome c both in the medium and in 

mitochondrial pellets were measured with Western blot. The results show that both HA14-1 

and BH3I-2′ induced cytochrome c release in mitochondria isolated from rat and mouse 

pancreas (Fig. 5B). Thus, HA14-1 and BH3I-2′ dose-dependently induced both 

depolarization and cytochrome c release in mitochondria isolated from rat and mouse 

pancreas (Figs. 5A, B), suggesting that Bcl-xL and/or Bcl-2 are required to protect 

pancreatic mitochondria against the signals, namely ΔΨm loss and cytochrome c release, 

that lead to apoptosis and necrosis, respectively. Of note, at the maximal doses applied (50–

100 µM for HA14-1 and 15–25 µM for BH3I-2′) the inhibitors caused complete dissipation 

of ΔΨm, as the addition of the mitochondrial uncoupler CCCP did not further decrease ΔΨm 

(not shown).

The dose-dependencies of the effects of the Bcl-xL/Bcl-2 inhibitors on ΔΨm and 

cytochrome c release were in the same range, but not identical (Fig. 5C). For example, 50 

µM HA14-1 induced maximal cytochrome c release in mouse mitochondria but only ~60% 

depolarization. Also, the mouse and rat mitochondria displayed somewhat different 

sensitivity to the same inhibitor; for example, depolarization induced by 50 µM HA14-1 in 

mouse mitochondria was much less than in the rat (Figs. 5A, C).

Bcl-xL/Bcl-2 inhibitors potentiate acinar cell necrosis in the in vitro model of pancreatitis

To corroborate the findings on isolated pancreatic mitochondria, we performed experiments 

on intact acinar cells, both unstimu-lated and hyperstimulated with supramaximal (100 nM) 

CCK. Supramaximal CCK induces pancreatitis-like changes in acinar cells, such as 

activation of trypsinogen and the pro-inflammatory transcription factor NF-κB, sustained 

increase in free cytosolic Ca2 +, necrosis, and apoptosis [5,7,29,32–36]. Therefore, this 

system is considered in vitro model of acute pancreatitis.

Similar to what we found in isolated pancreatic mitochondria (Fig. 5), both HA14-1 and 

BH3I-2′ caused mitochondrial depolarization in untreated and CCK-hyperstimulated acinar 

cells (Figs. 6A, D). Of note, the incubation of acinar cells with supramaximal CCK by itself 
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decreased ΔΨm by ~50% (Fig. 6A), in accord with previous results from our group and 

others [5,29,30].

Mitochondrial depolarization induced in acinar cells by CCK hyperstimulation or Bcl-xL/

Bcl-2 inactivation was associated with a dramatic decrease in cellular ATP and increased 

necrosis (measured by LDH release) (Figs. 6B, C, E, F). Importantly, combination of Bcl-

xL/Bcl-2 inhibitors and CCK produced a greater depolarization, decrease in cellular ATP 

and necrosis than either treatment alone.

To confirm the effects of pharmacologic inhibitors we measured the effect of Bcl-xL 

knockdown with siRNA transfection on acinar cell necrosis (Figs. 6G, H). For this purpose, 

we established a prolonged (up to 36 h) culture of mouse pancreatic acinar cells [38]. 

Transfection with Bcl-xL siRNA increased necrosis in the prolonged culture of mouse 

acinar cells treated with and without CCK (Fig. 6G). Consistent with the effect of 

pharmacologic Bcl-xL/Bcl-2 inhibitors, the extent of necrosis was the greatest in cells 

transfected with Bcl-xL siRNA and treated with CCK.

The results in Fig. 6 indicate that Bcl-xL and Bcl-2 protect acinar cells, both untreated and 

hyperstimulated with CCK, against loss of ΔΨm, ATP depletion, and necrosis.

Bcl-xL/Bcl-2 inhibitors induce less apoptosis in CCK-hyperstimulated pancreatic acinar 
cells than in unstimulated cells

As we showed before [5,18,29], supramaximal CCK stimulates cyto-chrome c release in rat 

pancreatic acinar cells resulting in caspase activation and apoptosis. Cytochrome c release 

also mediates the basal apoptosis in untreated acinar cells [29].

HA14-1 and BH3I-2′ both stimulated cytochrome c release, the activity of key effector 

caspase-3, and apoptosis in untreated acinar cells (Figs. 7A – F). These findings suggest that 

Bcl-xL and/or Bcl-2, at the basal level of their expression, protect acinar cells against 

apoptosis.

Bcl-2/Bcl-xL inhibitors stimulated apoptosis in both control cells and cells treated with 

CCK. However, in contrast with what we observed for necrosis, the stimulatory effects of 

the Bcl-xL/Bcl-2 inhibitors on apoptotic signals were much less pronounced in CCK-treated 

than in untreated cells. For example, the induction of caspase-3 activity by 50 µM HA14-1 

in CCK-hyperstimulated and unstimulated acinar cells (Fig. 7B) was, respectively, 3.7-fold 

versus 17.2-fold. That is, the effect of the Bcl-xL/Bcl-2 inhibitor in CCK-treated cells was 

~5 times less than in cells non-treated with CCK. Therefore, as a quite surprising result, the 

combination of supramaximal CCK and Bcl-xL/Bcl-2 inhibitors decreased apoptosis over 

that seen with the Bcl-xL/Bcl-2 inhibitors alone. In other words, in the presence of the Bcl-

xL/Bcl-2 inhibitors supramaximal CCK did not induce more apoptosis; on the contrary, 

there was less apoptosis in CCK-hyperstimulated than in unstimulated acinar cells (Fig. 7C). 

BH3I-2′ was much less potent than HA14-1 in causing caspase-3 activation and apoptosis – 

opposite to its effect on necrosis and pronecrotic signals (Fig. 6).
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Transfection with Bcl-xL siRNA increased apoptosis in prolonged culture of mouse acinar 

cells (Fig. 7G). Consisitent with the effect of Bcl-xL/Bcl-2 inhibitors on apoptosis (Figs. 7C, 

F), CCK did not significantly stimulated apoptosis in cells transfected with BcL-xL siRNA 

(Fig. 7G).

In sum, the results of Figs. 6 and 7 show that the inactivation or knockdown of Bcl-xL and 

Bcl-2 increased both necrosis and apoptosis in acinar cells treated with and without CCK. 

The stimulatory effects of Bcl-xL/Bcl-2 inhibitors on necrosis were similar in untreated and 

CCK-treated cells (the in vitro model of pancreatitis). In contrast to their effect on necrosis, 

Bcl-xL/Bcl-2 inhibitors induced less apoptosis in CCK-hyperstimulated than in control cells. 

Thus, inactivation or knockdown of Bcl-xL/Bcl-2 in CCK-treated cells potentiated 

mitochondrial depolarization, ATP depletion and necrosis, but diminished the cytochrome c 

release, caspase-3 activation and apoptosis.

Pancreatic Bcl-xL up-regulation in models of acute pancreatitis inversely correlates with 
necrosis but not apoptosis

As we discussed in the Introduction, the severity of pancreatitis correlates with the extent of 

pancreatic necrosis. Correspondingly, experimental models of mild pancreatitis have low 

necrosis rate, whereas models of severe pancreatitis are associated with high necrosis. [2–

7,31] . The results presented in the Fig. 8 show that the extent of Bcl-xL and Bcl-2 

upregulation inversely correlates with necrosis and severity of the disease. In particular, in 

rat cerulein pancreatitis, which is a mild disease with low necrosis, Bcl-xL and Bcl-2 were 

upregulated 4.5 and 2.5-fold, correspondingly. By contrast, in the models of severe 

necrotizing pancreatitis (CDE diet model or L-arginine model), there was no upregulation of 

Bcl-2, and Bcl-xL was only increased by 2-fold. Thus, the levels of both Bcl-xL and Bcl-2 

were 2–3 fold greater in mild (low necrosis) versus severe (high necrosis) models of 

pancreatitis. These data are consistent with our findings that inactivation of Bcl-xL and 

Bcl-2 increases acinar cell necrosis (Fig. 6). They suggest that several-fold increase in 

intrapancreatic Bcl-2 and Bcl-xL could be critical to decrease necrosis in pancreatitis.

Consistent with the results on acinar cells (Fig. 7), we found that the extent of Bcl-xL up-

regulation did not correlate with apoptosis rate in rodent models of acute pancreatitis (Fig. 

8). For example, the extent of Bcl-xL up-regulation was about the same in CDE model, 

which has a very low rate of apoptosis, and the L-arginine model, with the highest apoptosis 

rate (Fig. 8).

Discussion

We have recently shown [5,18,29] that mitochondrial permeabi-lization, manifested by loss 

of ΔΨm and cytochrome c release, occurs and mediates acinar cell death in experimental 

pancreatitis. In the present study we investigate the roles of the prosurvival Bcl-2 proteins in 

the regulation of cytochrome c release and mitochondria depolarization mediating apoptosis 

and necrosis in pancreatitis, respectively.

We show that pancreatic levels of various Bcl-2 proteins change in experimental models of 

acute pancreatitis. In particular, the key prosurvival protein Bcl-xL was up-regulated in all 4 
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models of pancreatitis examined, indicating that its up-regulation is a common event in 

experimental acute pancreatitis. Differently, another prosurvival protein, Bcl-2, increased 

only in rat cerulein but not the other models of pancreatitis. Up-regulation of the 

proapoptotic Bak was mostly in L-arginine pancreatitis; and there were no changes in the 

pancreatic level of Bax, another key proapopotic member of the Bcl-2 family (during the 

acute phase of pancreatitis that we studied).

Importantly, we found that the increases in total pancreatic levels of Bcl-xL and Bcl-2 

during cerulein pancreatitis were associated with corresponding increases in their levels in 

pancreatic mitochondria. Mitochondria are the principal site of the effects of Bcl-2 family 

proteins on death responses [9,11,13]. The observed changes in mitochondrial levels of 

Bcl-2 proteins closely paralleled those in total pancreas, with regard to both the kinetics and 

model specificity. For example, mitochondrial Bcl-xL levels increased in both rat and mouse 

cerulein pancreatitis, whereas mitochondrial Bcl-2 only increased in the rat but not mouse 

cerulein model.

The observed increase in Bcl-xL protein was associated with increased mRNA expression in 

both rat and mouse cerulein pancreatitis; thus, a likely mechanism of Bcl-xL increase in 

pancreatitis is its transcriptional up-regulation. Interestingly, we found an increase in the 

pancreatic level of not only the main transcript but also an alternative splice variant from the 

bcl-X gene. Transcriptional regulation of this gene [40–42] has not been studied in 

pancreatitis. One regulator of Bcl-xL gene expression in a number of cell types is the 

transcription factor NF-κB [41]. Of note, pancreatic NF-κB activation is an early and 

prominent event in various experimental models of acute pancreatitis [36]. Using mice 

deficient in NF-κB proteins we found [48] that pancreatic Bcl-xL expression is, indeed, 

under control of NF-κB. In addition to transcriptional up-regulation, other mechanisms, e.g., 

increased protein stability, may also be involved because the increases in Bcl-xL (as well as 

Bcl-2) protein were already pronounced within 30 min after induction of cerulein 

pancreatitis.

In the present study we focus on the roles of the prosurvival Bcl-xL and Bcl-2 in the 

regulation of mitochondrial polarity and cytochrome c release and their corresponding death 

responses, necrosis and apoptosis in pancreatitis.

To investigate the functional role of Bcl-xL and Bcl-2 in pancreatitis we applied the recently 

introduced small-molecule Bcl-xL/Bcl-2 inhibitors, HA14-1 and BH3I-2′, which became a 

major tool in studying the roles of these proteins in death responses [26–28]. Bcl-xL and 

Bcl-2 have the same structure of the “catalytic groove” through which they interact with 

pro-apoptotic proteins [45]; therefore, HA14-1 and BH3I-2′ inactivate both Bcl-xL and 

Bcl-2. Of note, HA14-1 and BH3I-2′ are structurally different [26,27]. We also measured 

the effects of Bcl-xL knockdown with siRNA on death responses in the in vitro model of 

pancreatitis.

A critical finding of the study is that inactivation of pro-survival Bcl-xL and Bcl-2 proteins 

with pharmacologic inhibitors or Bcl-xL siRNA increases necrosis but not apoptosis in in 

vitro model of pancreatitis (CCK-hyperstimulated acinar cells). In agreement with these data 
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we found that in animal models of pancreatitis the extent of Bcl-xL/Bcl-2 upregulation 

inversely correlates with necrosis. Bcl-xL and Bcl-2 upregulation was several-fold greater in 

models of mild pancreatitis than in severe necrotizing experimental pancreatitis. Differently, 

there was no correlation between Bcl-xL/Bcl-2 levels and apoptosis in pancreatitis. These 

results are important because as we discussed above, necrosis is a major factor mediating 

severity of pancreatitis, whereas apoptosis is associated with mild forms of the disease 

[2,4,5].

To obtain insights into the mechanisms underlying such effects of Bcl-xL/Bcl-2 in 

pancreatitis we first measured the effects of the inhibitors on isolated pancreatic 

mitochondria. We found that the Bcl-xL/Bcl-2 inhibitors induced both depolarization and 

cytochrome c release in rat and mouse pancreatic mitochondria. These data indicate that 

Bcl-xL/Bcl-2 proteins protect pancreatic mitochondria against both depolarization (leading 

to necrosis) and cytochrome c release (mediating apoptosis).

To corroborate the findings on isolated mitochondria, we assessed the effects of Bcl-xL/

Bcl-2 inactivation on necrosis, apoptosis and the underlying signaling in pancreatic acinar 

cells, both untreated and hyperstimulated with CCK. The results on intact acinar cells, in 

accord with those on isolated pancreatic mitochondria, provide evidence that Bcl-xL and 

Bcl-2 protect acinar cells against loss of ΔΨm and its consequences, namely the cellular 

ATP depletion and necrosis. Bcl-xL/Bcl-2 inhibitors acted in concert with CCK to stimulate 

loss of ΔΨm, and ATP depletion in acinar cells. That is, both ΔΨm and ATP were lower in 

cells treated with the combination of Bcl-xL/Bcl-2 inhibitors and CCK, than in cells treated 

with the inhibitors alone or CCK alone.

Differently, although the Bcl-xL/Bcl-2 inhibitors induced cytochrome c release, caspase-3 

activation and apoptosis in unstimulated cells, the effects of CCK on apoptotic signals 

(especially caspase-3 activation) were much less pronounced in the presence of Bcl-xL/

Bcl-2 inhibitors. Therefore, counterintuitively, supramaximal CCK did not induce more 

apoptosis in the presence of Bcl-xL/Bcl-2 inhibitors; on the contrary, there was less 

apoptosis in CCK-hyperstimulated than in unstimulated acinar cells.

Thus, Bcl-xL/Bcl-2 inactivation in pancreatic acinar cells had drastically different effects on 

ΔΨm and subsequent necrosis versus cytochrome c release and subsequent apoptosis. Both 

pharmacologic analysis and transfection with Bcl-xL siRNA indicate that Bcl-xL/Bcl-2 

inactivation potentiated CCK-induced necrosis while essentially blocking the CCK-induced 

apoptosis, and therefore shifted the pattern of death response in the in vitro model of 

pancreatitis towards necrosis.

As discussed above, these results can be explained by the interplay of oppositely directed 

mechanisms triggered by Bcl-xL/ Bcl-2 inactivation in acinar cells. Although Bcl-xL/Bcl-2 

inactivation per se stimulates cytochrome c release, it also greatly facilitates ΔΨm loss and 

ATP depletion. Loss of ΔΨm and ATP depletion not only stimulates necrosis, but also 

inhibits apoptosis. Loss of ΔΨm, as we have shown [18], negatively regulates cytochrome c 

release from pancreatic mitochondria. Depletion of cellular ATP blocks caspase activation 

downstream of cytochrome c [49]. Because the levels of ΔΨm and ATP are much lower in 
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cells hyperstimulated with CCK than in control cells, the overall effect of Bcl-2/Bcl-xL 

inhibitors in CCK-treated cells is inhibition of apoptosis.

Our data further suggest that the negative effects of ΔΨm loss and ATP depletion on caspase 

activation and apoptosis in acinar cells may be of “threshold” nature. Indeed, the conditions 

in which acinar cells retained a significant part of ΔΨm and ATP (e.g., in the presence of 50 

µM HA14-1 alone) allowed caspase-3 activation and apoptosis to proceed; whereas a 

profound loss of ΔΨm and ATP (e.g., under combined effect of 50 µM HA14-1 and CCK 

hyper-stimulation) curtailed caspase activation and apoptosis.

The above-discussed mechanisms of regulation of acinar cell death responses by Bcl-xL and 

Bcl-2, based on the results of our study, are depicted in Fig. 9. Combination of Bcl-xL/Bcl-2 

inactivation and pancreatitis causes pronounced mitochondrial depolarization, which leads 

to ATP depletion and necrosis. Depolarization and ATP depletion limits cytochrome c 

release [18] and caspase activation [9,49] leading to inhibition of apoptosis.

Interestingly, in cancer cells the effects of Bcl-xL/Bcl-2 inactivation on death responses 

differ from what we found in pancreatic acinar cells. In various cancer cells, including 

pancreatic cancer, Bcl-xL/Bcl-2 inhibitors greatly stimulate apoptosis and thus are 

considered a promising tool for cancer treatment [50–52]. The different effects of Bcl-xL/

Bcl-2 inactivation in cancer versus pancreatitis are due likely to the different roles of 

mitochondria in cancer and normal cells. In cancer cells, ATP production is mostly through 

glycolysis and, therefore, loss of ΔΨm does not result in severe ATP depletion [53]. Further, 

as we showed for pancreatic cancer cells [54], mitochondrial depolarization does not limit 

cytochrome c release in cancer cells. Thus, the major effect of Bcl-x/Bcl-2 inhibitors in 

cancer cells is increased apoptosis resulting from stimulation of cytochrome c release. 

Differently, our results demonstrate that the predominant effect of the small-molecule Bcl-

xL/Bcl-2 inhibitors on pancreatitis is ATP depletion and necrosis.

In summary, our results suggest that up-regulation of the prosurvival proteins Bcl-xL and 

Bcl-2 is a key protective mechanism against necrosis in pancreatitis. We found that Bcl-xL 

and Bcl-2 levels increase in models of pancreatitis, both in the whole pancreas and 

pancreatic mitochondria. The findings on isolated mitochondria and acinar cells indicate that 

these proteins protect pancreatic acinar cells against necrosis by preventing mitochon-drial 

depolarization and subsequent ATP depletion. Our results suggest that low levels of Bcl-xL 

and Bcl-2 in pancreatitis would facilitate necrosis and limit apoptosis, thus making the 

disease more severe. The results further suggest that Bcl-xL/Bcl-2 inhibition, which is 

considered a promising strategy to stimulate apoptotic death of cancer cells, would likely 

increase necrosis and thus the severity of acute pancreatitis. By contrast, approaches aimed 

at Bcl-xL/Bcl-2 up-regulation (or stabilization) may present a novel strategy to prevent or 

attenuate necrosis in pancreatitis.
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Abbreviations

ΔΨm mitochondrial membrane potential

ARP acidic ribosomal phosphoprotein P0

CCK cholecystokinin-8

CDE choline-deficient, ethionine supplemented (diet)

DTT dithiothreitol

PTP mitochondrial permeability transition pore

TPP+ tetraphenyl phosphonium ion
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Fig. 1. 
Pancreatic levels of prosurvival proteins Bcl-xL and Bcl-2 are up-regulatedin rodent 

modelsof acute pancreatitis. Pancreatitis was induced in rats and mice as described in 

Materials and methods by administration of cerulein (CR), L-arginine (L-arg) or choline-

deficient ethionine supplemented (CDE) diet. Control animals received saline injections (in 

the CR and L-arg models) or control diet (in the CDE model). (A) Bcl-xL and Bcl-2 protein 

levels were measured by Western blot analysis in pancreatic tissue of control and 

pancreatitic animals at indicated times after the induction of pancreatitis. Blots were re-

probed for ERK1/2 to confirm equal protein loading. In this and other figures, Western blot 

data represent experiments that were repeated with similar results on at least three animals in 

each group. (B) Western blot was performed as in (A) on pancreatic tissue from rats and 

mice with fully developed pancreatitis: at 7hintheCR models,24 h in the L-arg model, and 

72 h in the CDE model. The intensities of Bcl-xL and Bcl-2 bandson the immunoblots were 
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quantifiedby densitometry and normalizedtothatofERK1/2 (loading control) inthe same 

sample. The mean ratio of Bcl-xL/ ERK1/2 (or Bcl-2/ERK1/2) intensities in animals with 

pancreatitis was further normalized to that in control group at the same time point. Values 

are means±SE from at least 3 animals per group. *p<0.05 compared with control.
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Fig. 2. 
Changes in pancreatic levels of pro-apoptotic Bax and Bak proteins in models of acute 

pancreatitis. Pancreatitis was induced in rats and mice as described in the legend to Fig. 1. 

(A) Bax and Bak protein levels were measured by Western blot analysis in pancreatic tissue 

of control and pancreatitic animals at indicated times after the induction of pancreatitis. 

Blots were re-probed for ERK1/2 to confirm equal protein loading. (B) Western blot was 

performed as in (A) on pancreatic tissue from rats and mice with fully developed 

pancreatitis: at 7 h in the CR models, 24 h in L-arg model, and 72 h in the CDE model. The 

intensities of Bak band on the immunoblots were quantified by densitometry and normalized 

to that of ERK1/2 (loading control) in the same sample. The mean ratio of Bak/ERK1/2 

intensities in animals with pancreatitis was further normalized to that in control group at the 
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same time point. Values are means±SE from at least 3 animals per group. *p<0.05 compared 

with control.

Sung et al. Page 23

Exp Cell Res. Author manuscript; available in PMC 2015 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Mitochondrial levels of Bcl-xL and Bcl-2 increase during cerulein pancreatitis in parallel 

with their total levels in pancreas. (A) Characterization of the preparation of isolated rat 

pancreatic mitochondria was performed by measuring mitochondrial marker COX IV, 

endoplasmic reticulum marker calnexin, and cytosolic marker lactate dehydrogenase (LDH) 

in whole tissue homogenate (whole) and isolated mitochondria (mitochondria) by Western 

blot analysis. (B, C) Cerulein (CR) pancreatitis was induced in rats and mice as described in 

Materials and methods. Animals were sacrificed at indicated times. The levels of the various 
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Bcl-2 proteins were measured by Western blot analysis in mitochondria isolated from 

pancreas of control and pancreatitic animals at indicated times after the induction of 

pancreatitis. Blots were re-probed for the mitochondrial marker COX IV to confirm equal 

protein loading. (C) The intensities of Bcl-xL and Bcl-2 bands on mitochondria 

immunoblots were quantified by densitometry and normalized to that of COX IV (loading 

control) in the same sample. The mean ratio of Bcl-xL/COX IV (or Bcl-2/COX IV) 

intensities in mitochondria from animals with pancreatitis was further normalized to that in 

control group at the same time point. The quantification of Bcl-xL and Bcl-2 protein levels 

in the whole pancreatic tissue was done as described in Fig. 1B. Values are means ±SE from 

at least 3 animals per group.
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Fig. 4. 
Pancreatic levels of Bcl-xL mRNA increase in cerulein pancreatitis. Total RNA was 

extracted from pancreatic tissue of rats and mice with fully developed cerulein (CR) 

pancreatitis (at 7 h), as well as from control animals. RNA was subjected to RT-PCR as 

described in Materials and methods, using primers presented in Table 1. The gene for acidic 

ribosomal protein P0 was used as a reference (“housekeeping”) gene. (A) Expression of the 

main Bcl-xL transcript (transcript variant 3 in the rat) was quantified by real time RT-PCR 

and normalized to that in control group. Values are means ± SE from 3 animals per group. 
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(B) Expression of rat Bcl-xL transcript variant 1 was measured by semiquantitative RT-PCR 

Each lane represents an individual animal; shown are the results for 2 rats per group. 

Numbers to the right of the gel are DNA size markers in base-pairs.
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Fig. 5. 
Bcl-xL/Bcl-2 inhibitors induce loss of ΔΨm and cytochrome c release in isolated pancreatic 

mitochondria. Mitochondria were isolated from rat and mouse pancreas as described in 

Materials and methods and incubated in the presence of 10 mM succinate for indicated times 

(A) or for 10 min (B, C), with and without the Bcl-xL/Bcl-2 inhibitors HA14-1 or BH3I-2′. 

(A) Changes in the mitochondrial membrane potential (ΔΨm) were measured in 

mitochondria suspension (mito) using TPP+-selective electrode. At the end of each 

experiment, 15 µM CCCP (a mitochondrial uncoupler) was added to the mitochondria 

suspension to completely dissipate ΔΨm and thus calibrate changes in ΔΨm (not shown). 

(B) Cytochrome c (cyt c) levels were measured by Western blot analysis both in the 

incubation medium and the mitochondria pellet (mito). Blots were re-probed for the 

mitochondrial marker COX IV to assess the quality of mitochondria separation and to 

confirm equal protein loading. ΔΨm and cytochrome c were measured in the same 

mitochondria preparations. (C) The band intensity of cytochrome c released from 

mitochondria into the incubation medium was densitometrically quantified. Values for ΔΨm 

and cytochrome c are means ± SE from at least 3 different preparations, normalized to those 

Sung et al. Page 28

Exp Cell Res. Author manuscript; available in PMC 2015 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in mitochondria incubated in the absence of the Bcl-xL/Bcl-2 inhibitors (control). *p< 0.05 

compared with control (i.e., mitochondria incubated without the inhibitors).
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Fig. 6. 
Bcl-xL/Bcl-2 inhibitors induce mitochondrial depolarization, ATP depletion, and necrosis in 

pancreatic acinar cells. These effects are greater in CCK-hyperstimulated acinar cells than in 

unstimulated cells. (A–F) Rat pancreatic acinar cells were incubated for 3 h with and 

without 100 nM CCK-8 and indicated concentrations of HA14-1 (HA) or 15 µM BH3I-2′ 

(BH3). (G, H) Mouse pancreatic acinar cells were cultured for 24 h in DMEM medium, as 

described in Materials and methods, transfected with control or Bcl-xL siRNA, and then 

incubated for 3 h in 199 medium with and without 100 nM CCK-8. ΔΨm was measured in 

acinar cells loaded with the ΔΨm-sensitive dye JC-1 (A D); cellular ATP, by use of 

luciferin/luciferase-based ATP determination kit (B, E). Necrosis was measured (C,F) by the 

percentage of total cellular LDH released into the extracellular medium by LDH release or 

(G) as percentage of cells stained positively with trypan blue. (H). Bcl-xL levels in cells 

transfected with control and Bcl-xL siRNA were measured with Western blot. Blots were re-

probed for ERK1/2 to confirm equal protein loading. ΔΨm and ATP values were normalized 

to those in cells incubated without CCK in the absence of the inhibitors (control). Values are 

means ± SE (n = 3). *p < 0.05 compared with cells incubated without CCK in the absence of 

the inhibitor, (control), or cells transfected with control siRNA. #p< 0.05 compared to cells 

incubated with CCK in the absence of the inhibitor.
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Fig. 7. 
Bcl-xL/Bcl-2 inhibitors induce cytochrome c release, caspase-3 activation, and apoptosis in 

pancreatic acinar cells. These effects are less in CCK-hyperstimulated acinar cells than in 

unstimulated cells. (A–F) Rat pancreatic acinar cells were incubated for 3 h with and 

without 100 nM CCK-8 and indicated concentrations of HA14-1 (HA) or 15 µM BH3I-2′ 

(BH3). (G) Mouse pancreatic acinar cells were cultured 24 h in DMEM medium, as 

described in Materials and methods, transfected with control or Bcl-xL siRNA, and then 

incubated for 3 h in 199 medium with and without 100 nM CCK-8. (A D). Cytochrome c 

levels were measured in cytosolic fractions by immunobloting. Blots were re-probed for α-

tubulin to confirm equal protein loading. The intensities of cytosolic cytochrome c and α-

tubulin bands in the same sample were densitometrically quantified, and their ratio 

normalized to that in control (i.e., cells without CCK and the inhibitors) and presented below 

the blots. (B, E). Caspase-3 activity was measured by a fluorogenic assay using DEVD-

AMC as a substrate. (C, F, G). Apoptosis was measured by the percentage of cells with 

apoptotic nuclear morphology using Hoechst 33258 staining. For each condition, at least 

1000 cells were counted in 3 different acinar cell preparations. The inhibitor concentrations 

used were 50 µM HA14-1 (HA) or 15 µM BH3I-2′ (BH3). Values are means ± SE (n = 3). 

*p< 0.05 compared to cells incubated without CCK in the absence of the inhibitor. #p< 0.05 

compared to cells incubated with CCK in the absence of the inhibitor.
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Fig. 8. 
The extent of Bcl-xL up-regulation inversely correlates with pancreatic necrosis, but not 

apoptosis, in models of acute pancreatitis. Pancreatitis was induced in rats and mice as 

described in Fig. 1 byadministration of cerulein (CR), L-arginine (L-arg) or choline-

deficient ethionine supplemented diet (CDE). Control animals received saline injections (in 

the CR and L-arg models) or control diet (in the CDE model). Pancreatic levels of Bcl-xL 

were measured by Western blot analysis as shown in Fig. 1. Necrosis (A) and apoptosis (B) 

were measured on pancreatic tissue sections by use of, respectively, H&E staining (necrotic 

cells per 100 acinar cells) and TUNEL assay (apoptotic cells per 1000 acinar cells). 

Measurements were performed on tissue from animals with fully developed pancreatitis: at 7 

h after the induction of CR pancreatitis, 24 h in the L-arg model, and 72 h in the CDE 

model. Values are means±SE from at least 3 animals per group.
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Fig. 9. 
Schematic illustrating the regulation of necrosis and apoptosis in pancreatic acinar cells by 

Bcl-xL and Bcl-2.
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Table 1

RT-PCR primers used for analysis of Bcl-xL gene expression in pancreas.

mRNA Forward primer Reverse primer Product size (bp) GenBank accession no.

Mouse ARP 5′-cgtcctggcattgtctgtgg 5′-catctgattcctccgactcttcc 185 NM_007475

Mouse Bcl-xL 5′-tgaatgaccacctagagccttg 5′-cagaaccacaccagccacag 155 NM_009743

Rat ARP 5 ′-actgactacaccttcccactg 5′-tcctccgactcttcctttgc 155 NM_022402

Rat Bcl-xL (transcript variant 3) 5 ′-tgaccacctagagccttg 5′-gaactacaccagccacag 149 NM_001033670

Rat Bcl-xL (transcript variant 1) 5 ′-cacctcctcccgacctatgat 5′-cccggttgctctgagacattt 208 NM_001033672

Note. ARP, acidic ribosomal protein P0.
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