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Background. The mechanism of acinar cell death in 
human chronic pancreatitis (CP) remains largely unex-
plored. Previous studies have demonstrated the role 
played by apoptosis and necrosis in experimental pan-
creatitis; however, their relationship with the progres-
sion of CP remains unknown. The present study was 
carried out to elucidate the role and extent of apoptosis 
in CP tissues with different histopathological scores and 
to examine the possible apoptotic pathway involved. 
Methods. Pancreatic tissues (25 CP patients) that had 
been histopathologically graded (I–III) and ten normal 
pancreatic tissue samples were evaluated for apoptosis 
by DNA fragmentation and an in situ TUNEL assay. 
The expression of various apoptotic and antiapoptotic 
markers in the tissues were studied by immunohisto-
chemistry and Western blotting. To elucidate the role 
of the mitochondria in acinar cell death, the mitochon-
drial membrane potential (ΔΨm) and ATP levels were 
determined by fl ow cytometry and a luminometer. 
Results. The presence of DNA fragmentation and 
apoptotic nuclei in all CP tissues confi rmed the presence 
of apoptosis. The apoptotic index in CP tissue ranged 
from 0.09% to 0.86% ± 0.02% and was highest in grade 
II (0.7 ± 0.04%) tissues. Differential upregulation of 
the apoptotic mediators p53, Bax, cytochrome c, and 
caspase-3 and -9, and downregulation of antiapoptotic 
Bcl-2, was observed in CP. ΔΨm on the order of 1.2- to 
2.2-fold and ATP depletion in the range of 23%–84% 
in CP tissues was observed. Conclusions. Apoptosis 
plays an important role both in the initial stages and 
during the progression of CP, as evident in all tissue 
grades. Increased ΔΨm, loss of ATP, and activation 
of caspases suggests the involvement of intrinsic 
pathways.
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Introduction

Chronic pancreatitis (CP) is a continuing infl ammatory 
disease of the pancreas characterized by the irreversible 
destruction of exocrine parenchyma, and fi brosis fol-
lowed by destruction of the endocrine parenchyma in 
the later stage.1 The incidence of CP ranges from 1.6 to 
23 cases per 100 000 population per year worldwide.2 A 
gradual rise in the incidence of CP has been observed 
in some countries, including India, which may be attri-
buted to increased alcohol consumption and earlier 
diagnosis. The prevalence of CP is very high in India 
(114–200/100 000 population),3 and the most common 
cause is idiopathic pancreatitis, although the prevalence 
is known to increase remarkably with increasing cumu-
lative alcohol consumption.4,5

Infl ammation and acinar cell death are hallmarks of 
both human and experimental pancreatitis.6,7 Although 
signifi cant progress has been achieved over the past 
decade in understanding the infl ammatory response,8 
mechanisms behind the acinar cell death in pancreatitis 
remain largely unexplored. Many previous studies have 
demonstrated the roles of apoptosis and necrosis in 
various models of pancreatitis, but the connecting link 
and their relation to the progression of CP is not clear. 
Recent studies have highlighted the role of apoptosis in 
acinar cell loss during CP in murine/rodent models, 
which showed the involvement of apoptosis in CP 
and expression of factors such as Fas and Fas ligand.9,10 
A copper-defi cient diet, ethionine administration, and 
pancreatic duct ligation can all lead to pancreatic acinar 
cell apoptosis, resulting in pancreatic atrophy.11–13 In a 
model more relevant to human CP, acinar cell atrophy 
occurred in rodents fed ethanol and a low-protein diet.14 
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Such studies have established that apoptosis is involved 
very early in the etiology and progression of CP.10

The work by Bateman et al.15 on human CP also 
demonstrated loss of pancreatic acinar cells and an 
increased apoptotic index, but their investigation was 
based mainly on the role of cell cycle-associated mole-
cules and infl ammatory cells. However, data on the 
extent of apoptosis with disease progression and possi-
ble apoptotic pathways involved in human CP are 
lacking. Hence, the present study aimed to quantify 
apoptosis in CP tissues of different histopathological 
grade (I–III) via expression of various proapoptotic and 
antiapoptotic markers. We also explored the involve-
ment of intracellular pathways by assessing caspase acti-
vation, mitochondrial dysfunction via mitochondrial 
membrane potential transition (Ψm), and ATP loss in 
acinar cells isolated from CP patients.

Materials and methods

Subjects

This prospective study included 25 patients with CP of 
relatively advanced stage who underwent surgical resec-
tion of pancreatic tissue in the Department of General 
Surgery, Postgraduate Institute of Medical Education 
and Research, Chandigarh, India, by Frey’s procedure.1 
Autopsy specimens (n = 10) from patients with no prior 
pancreatic pathology or history were collected within 
2 h of death to serve as normal pancreatic tissue con-
trols.16 The clinical diagnosis of CP was based on char-
acteristic signs and symptoms supported by characteristic 
sonography and computed tomography fi ndings. The 
fi nal diagnosis was confi rmed by routine histopathologi-
cal assessment, and then the pancreatic tissues were 
histopathologically graded into grades I, II, or III.17 The 
study received approval from the Institute Review 
Board, and informed consent was obtained from all 
patients as prescribed by the institutional ethics com-
mittee in accordance with the institute’s guidelines.

Evaluation of apoptosis in CP tissues

DNA fragmentation assay
DNA extraction was carried out with a RNA/DNA 
extraction kit (QIAGEN, Hilden, Germany). The DNA 
pellet was resuspended in 20 μl of Tris-EDTA (Tris-
Ethylene Diamine Tetraacetic Acid) buffer and allowed 
to dissolve at 4°C overnight. Finally, DNA was analyzed 
in 1.8% agarose gel via electrophoresis18 along with 
a 100-base pair DNA marker (Roche, Mannheim, 
Germany). The gel was stained with ethidium bromide 
(0.5 μg/ml within the gel) and examined under UV light 
for the presence of nucleosomal DNA fragments, whose 
size was compared to that of the DNA marker.

In situ cell death detection
Tissue sections were obtained from all 25 CP patients, 
and apoptotic cells were detected by an in situ cell death 
detection kit (Roche) as per the manufacturer’s in-
structions. Briefl y, 4- to 5-μm-thick sections cut from 
formalin-fi xed, paraffi n-embedded tissues were mounted 
on poly-L-lysine-coated slides. Sections were dewaxed 
by heating at 60°C, followed by serial passages through 
xylene and a graded alcohol series (100%, 95%, and 
70%). Then, they were incubated with proteinase-K 
(0.5 mg/ml in 10 mM Tris/HCl, pH 7.4) for 30 min at 
37°C. After being washed with phosphate-buffered 
saline (PBS) three times, sections were incubated with 
blocking solution (0.03% H2O2 + methanol) for 20 min 
at room temperature. The sections were rinsed with 
PBS and incubated with a TdT-mediated dUTP nick-
end labeling (TUNEL) reaction mixture containing (1) 
terminal deoxynucleotidyl transferase (TdT) enzyme 
and (2) fl uorescein-labeled dUTP for 60 min at room 
temperature. After another washing, sections were 
incubated with anti-fl uorescein antibody conjugated 
with per oxidase enzyme by incubating the cells for 
30 min at room temperature, washed, and then visual-
ized, using 3,3′-diaminoBenzidine tetrahydrochloride 
(DAB) as the substrate (Sigma, St. Louis, MO, USA). 
The sections were lightly counterstained with hema-
toxylin and mounted with DPX (Sigma, USA). The fi nal 
positive reaction product was identifi ed by brown-
stained nuclei (apoptotic nuclei) and counted with a 
Leica image analyzer aided by Quantimet 600 software 
(Cambridge, England). At least four fi elds were exam-
ined in each case, and the number of apoptotic cells per 
1000 acinar cells was determined and designated as the 
apoptotic index.

Analysis of expression of proapoptotic and 
antiapoptotic markers (p53, Bax, cytochrome c, 
caspase 9, caspase 3, and Bcl-2)

Immunohistochemistry
Immunohistochemistry (IHC) of tissue sections from 
CP patients was performed a previously described.17 In 
all cases, the negative control was devoid of primary 
antibody, and a reactive lymph node served as an inter-
nal positive control.

Scoring of immunostaining
IHC was scored by the scoring system of Miyamoto 
et al.19 IHC was fi rst scored separately based on the 
number of positive cells and on the overall immunore-
activity intensity of the positive cells, and then the per-
centage positivity was multiplied by the intensity score 
to obtain the fi nal score. Positive cells were analyzed in 
at least fi ve randomly selected fi elds in each case, and 
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the number of positive cells per 1000 acinar cells was 
determined with the aid of a light microscope (Olympus 
Bx 51, Tokyo, Japan).

Western blotting
Tissue lysates (from both CP patients and normal con-
trols) were centrifuged (11 200 g, 20 min) to remove 
debris, and then the protein content was estimated by 
the bicinchoninic acid method.20 Proteins (60 μg per 
sample) were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and iden-
tifi ed by Western blotting.21 Blots were developed with 
0.05% DAB in PBS containing H2O2 (1 μl/ml) for 30 min 
in dark at 37°C. The reaction was stopped by washing 
the strips with water. The appropriate protein markers 
(Biomol, Hamburg, Germany) were run in parallel. The 
expression of apoptotic and antiapoptotic markers was 
detected by using primary antibodies (Table 1). The 
protein content loaded in each lane was quantifi ed in 
relation to anti-human actin monoclonal antibody. The 
band intensities in the immunoblot were quantifi ed by 
densitometry using Scion Image software (Scion, Fred-
erick, MD, USA).

Measurement of caspase 9 and caspase 3 activation
The frozen tissue was homogenized at 4°C in chilled 
lysis buffer, then the lysate was centrifuged at 25 200 g 
for 30 min at 4°C and subsequently assessed for caspase 
9 and caspase 3 activities. The proteolytic reaction was 
carried at 37°C in 25 mM HEPES buffer (pH 7.2), 10% 
sucrose, 0.1% CHAPS, 10 mM dithiothreitol, 800 μg 
cytosolic protein, and 20 μM specifi c fl uorogenic sub-
strate for caspase 9 (LEHD-AMC, 5 mM) and caspase 
3 (DEVD-AFC, 1 mM). Specifi c caspase 9 and caspase 
3 inhibitors (LEHD-CHO and DEVD-CHO, 50 μM 
each) were added, and the fl uorescence was read with 
a spectrofl uorometer (Varian, Houten, the Nether-
lands) with caspase 9 excitation at 380 nm and emission 
at 460 nm and caspase 3 excitation at 400 nm and emis-
sion at 505 nm. Fluorescence was calibrated by using 
the standard curve for 7-amino-4-methyl coumarin 
(AMC)/7-amino-4-trifl uoromethyl coumarin (AFC). 
Caspase activity was calculated as follows: Caspase 

activity = ΔF/h × 1/calibration curve slope, where ΔF/h 
= difference in fl uorescence between normal control 
and CP tissue lysates.

Assessment of mitochondrial membrane potential (Ym)

Isolation and culture of dispersed pancreatic 
acinar cells
The dispersed pancreatic acinar cells were prepared 
from CP and normal (approximately 2 mm) tissues 
obtained from patients and autopsy specimens by the 
collagenase method.22,23 In brief, 1 × 106 cells/2 ml 199 M/
well were cultured in six-well plates with 50 nM 3,3′-
dihexyloxacarbocyanine iodide (DiOC6(3)), and a fl uo-
rochrome dye was added for 30 min.24–26 The cells were 
then washed with sterile PBS to remove excess fl uoro-
chrome, and the concentration of retained DiOC6(3) 
was read by using fl ow cytometry with excitation at 
488 nm and emission at 500 nm.

ATP measurement

Tissue was homogenized in trichloroacetic acid (TCA; 
6%) for 1 min and centrifuged at 11 200 g for 5 min at 
4°C. TCA in the supernatant was neutralized and diluted 
to a fi nal concentration of 0.1% with Tris-acetate buffer 
(pH 7.75).27–29 ATP was measured in tissue lysate with 
a commercially available luciferin–luciferase biolumi-
nescence kit (Promega Enliten, Madison, WI, USA) 
according to the manufacturer’s instructions. The read-
ings were taken using a 10-s integration period with a 
monolight luminometer. Background luminescence was 
subtracted, and the amount of ATP in the sample was 
calculated from the standard curve of an ATP concen-
tration series.

Statistical analysis

Data were expressed as means ± SD. Data were 
analyzed by the Kruskal-Wallis test followed by 
Mann-Whitney U test, Pearson’s correlation coeffi cient, 
and Spearman’s correlation coeffi cient, with SPSS for 
Windows ver. 15 software, and the results were consid-
ered signifi cant at P ≤ 0.05.

Table 1. Antibodies used in IHC and Western blotting for elucidation of expression of apoptotic and antiapoptotic molecules

Antigen Antibody clone IHC (μg/ml)
Western blot 

(μg/ml) Source

p53 MAb p53 clone1801 2 (1 : 100) 0.5 (1 : 400) Santa Cruz Biotechnology, Santa Cruz, CA, USA
Bax MAb Bax clone B-9 2 (1 : 100) 0.4 (1 : 500) Santa Cruz Biotechnology
Bcl-2 MAb Bcl-2 clone 100 2 (1 : 100) 0.5 (1 : 400) Santa Cruz Biotechnology
Cytochrome c MAb cyt c clone 7H8 2 (1 : 100) 0.8 (1 : 250) Santa Cruz Biotechnology
Caspase 9 Polyclonal 1.25 (1 : 200) 0.25 (1 : 1000) BD Pharmingen, San Diego, CA, USA
Caspase 3 MAb caspase 3 clone E-8 2 (1 : 100) 0.4 (1 : 500) Santa Cruz Biotechnology

IHC, immunohistochemistry; MAb, monoclonal antibody
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Results

Clinical data and histopathological assessment

The patients’ clinical features and their histopathologi-
cal evaluations were reported in detail previously.17 The 
mean age of the CP patients was 35 ± 10 years with a 
male to female ratio of 7 : 1, while that of the control 
donors was 36 ± 6 years, with a male to female ratio of 
4 : 1. CP was associated with long history of excessive 
alcohol consumption in 44% of the patients, was idio-
pathic in 20%, and of unspecifi ed etiology in 36%. On 
histopathology, tissues of 84% of the patients showed 
mild to moderate infl ammation with inter- and intra-
lobular or diffuse distribution of mononuclear and 
polymorphonuclear cells with a partial or total loss of 
parenchyma and 50% fi brosis. In the remaining 16%, 
infl ammation was minimal, with interlobular distribu-
tion of mononuclear cells, less fi brosis (10%–15%), and 
no loss of pancreatic parenchyma. The histopathologi-
cal grade of tissues of the CP patients studied was grade 
I, 16%, grade II, 64%, and grade III, 20%.

Evaluation of apoptosis in CP tissues

DNA fragmentation assay
The extracted nucleosomal DNA from both CP and 
control tissues were visualized in a 1.8% gel via electro-
phoresis. The electrophoretic separation of the frag-
ments yielded a ladder-like pattern in all CP tissues, but 
no such DNA ladder was observed in normal pancreatic 
tissues (Fig. 1A).

In situ cell death detection: TUNEL assay
The extent of apoptosis in normal and CP tissues was 
determined by in situ TUNEL staining (Fig. 1B–F), 
which showed the presence of brown apoptotic nuclei 
in CP tissues under a light microscope. The number of 
apoptotic nuclei was counted, and the apoptotic index 
calculated. The apoptotic index was higher in CP 
tissues (0.09%–0.86%; median, 0.02%) than in normal 
pancreatic tissue (0.02 ± 0.01%). The maximum apop-
totic index was found in grade II CP tissues (0.7 ± 
0.04%, P ≤ 0.001), followed by grade III (0.3 ± 0.06%, 
P ≤ 0.001) and grade I (0.1 ± 0.02%, P ≤ 0.001) tissues 
(Fig. 1F).

Expression of apoptotic and antiapoptotic markers

p53 protein expression
Immunohistochemistry revealed that p53 was overex-
pressed in CP patients compared with in normal tissues. 
CP tissues showed strong nuclear but diffused cytoplas-
mic p53 positivity in acinar cells. Grade I tissue stained 
faintly positive for p53 protein, whereas grade II and III 

tissues showed strong to moderate positivity (Fig. 2Aa–
d and 2B, panel I). To quantify the differences in protein 
levels, Western blotting of tissue lysates obtained from 
CP and normal tissues was performed. Incubation with 
monoclonal antibody revealed a strong 53-kDa protein 
band in all CP tissues, whereas a very faint band was 
present in normal pancreatic tissues. Densitometric 
scanning of the bands revealed upregulation of p53 
expression: twofold in grade I, ninefold in grade II, and 
eightfold in grade III CP tissues, compared with normal 
pancreas (Fig. 3Aa and Ba′).

Bax protein expression
IHC revealed weak positivity for Bax protein in grade 
I CP tissues, whereas cytoplasm of grade II and III 
tissues showed strong to moderate positivity (Fig. 
2Ae–h and B, panel II). Normal pancreatic acinar cell 
cytoplasm stained faintly positive for Bax. A ∼21-kDa 
protein band of strong intensity was observed in CP 
tissue lysates. Further, densitometric scanning of the 
bands revealed upregulation of Bax expression by 
onefold in grade I, eightfold in grade II, and sixfold in 
grade III CP tissues (Fig. 3Ab and Bb′).

Bcl-2 protein expression
Bcl-2 protein expression was downregulated in acinar 
and ductal cells of CP tissues compared with in normal 
pancreatic tissue sections. Grade I tissues showed weak 
positivity for Bcl-2, whereas grade II and III tissues 
showed very faint positivity in acinar cells (Fig. 2Ai–l 
and B, panel III). Western blot analysis demonstrated 
a ∼26-kDa protein band of similar intensity in normal 
and grade I CP tissues, whereas grade II and III CP 
tissues showed twofold downregulation (Fig. 3Ac and 
Bc′).

Cytochrome c expression
IHC demonstrated the overexpression of cytochrome c 
in cytoplasm of acinar and ductal cells of CP tissues. 
Grade I tissue showed faint positivity, whereas grade II 
and III tissues showed strong to moderate positivity for 
cytochrome c in acinar cells (Fig. 4Aa–d and B, panel 
I). Western blot showed a ∼10-kDa protein band of 
strong intensity in CP tissue lysates, and densitometric 
scanning demonstrated upregulation of cytochrome c 
protein: twofold in grade I, ninefold in grade II, and 
eightfold in grade III, compared with in normal pan-
creas (Fig. 3Ad and Bd′).

Caspase 9 protein expression
IHC revealed cytoplasmic localization of caspase 9 
protein, mainly in acinar cells, of CP tissues, whereas 
normal cells showed faint positivity. Grade I CP tissues 
showed weak positivity, whereas grade II and III tissues 
showed strong to moderate positivity (Fig. 4Ae–h and 
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Fig. 1A–F. DNA fragmentation, 
in situ TdT-mediated dUTP nick-
end labeling (TUNEL) staining, 
and apoptotic index. A 1.8% 
agarose gel electrophoresis of iso-
lated DNA from pancreatic tissue: 
lane 1, 100-bp DNA ladder; lane 2, 
normal pancreas showing intact 
DNA; lanes 3–8, DNA ladder for-
mation in graded chronic pancre-
atitis (CP) tissues. B–E Cell death 
detection by in situ TUNEL 
staining showing normal (B) and 
graded (grades I–III) CP tissues. 
Arrows point to apoptotic cells 
(C–E). F Histogram showing 
apoptotic index in normal (0) and 
graded (I–III) CP tissues. Data 
shown are expressed as means ± 
SD. Statistical analysis by Kruskal-
Wallis test followed by the Mann-
Whitney U test. ***P < 0.001; 
original magnifi cation ×800
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B, panel II). Western blot analysis demonstrated over-
expression of activated caspase 9 (∼37 kDa band) in 
grade II tissue, compared with in normal pancreas (Fig. 
3Ae).

Caspase 3 protein expression
Caspase 3 was upregulated in acinar cells of CP tissues, 
while normal tissues showed very faint positivity for 
caspase 3. Grade I CP tissues showed weak positivity, 
whereas grade II and III tissues showed strong to mod-
erate positivity for caspase 3 in acinar cells (Fig. 4Ai–l 
and B, panel III). Western blot analysis showed over-
expression of activated caspase 3 (17 and 20 kDa bands) 

in grade II tissue, compared with in normal pancreas 
(Fig. 3Af).

Measurement of caspase 9 and caspase 3 
enzyme activation

Caspase 9 activity measured quantitatively in whole CP 
tissue lysate by fl uorogenic assay reached a maximum 
in grade II and III tissues (i.e., 4 nmol/mg compared 
with 0.4 nmol/mg in grade I CP tissues; Fig. 5A). Simi-
larly, maximum caspase 3 activity was found in grade II 
and III CP tissues (i.e., 5 nmol/mg, compared with 
0.9 nmol/mg in grade I tissue; Fig. 5B). Normal pancre-

Fig. 2. A Immunohistochemistry 
(IHC) of p53, Bax, and Bcl-2 protein 
expression in pancreatic tissue sec-
tions. a–d p53 expression in normal 
tissue (a) and graded (I–III) CP 
tissues showing cytoplasmic and 
nuclear localization (b, c, d). e–h Bax 
expression in normal tissue (e) and 
graded (I–III) CP tissues showing 
cytoplasmic and perinuclear localiza-
tion (f, g, h). i–l Bcl-2 expression in 
normal tissue (i) and graded (I–III) 
CP tissues showing cytoplasmic 
localization (j, k, l). Arrows show 
the positivity for immunostaining 
of respective apoptotic and anti-
apoptotic markers in acinar cells. 
B Histograms showing p53 (I); Bax 
(II), and Bcl-2 (III) expression in 
normal and graded CP tissues. Data 
shown are expressed as means ± SD. 
Statistical analysis by Kruskal-Wallis 
test followed by the Mann-Whitney 
U test. ***P < 0.001; original magni-
fi cation ×800
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atic tissues showed basal levels of caspase 9 and caspase 
3 enzyme activity (0.2 and 0.4 nmol/mg, respectively). 
Caspase 9 and 3 inhibitors blocked proteolytic activity 
of caspase 9 and caspase 3, to a minimum level and to 
close to the basal level, respectively.

Assessment of mitochondrial membrane potential

Mitochondrial membrane potential (Ψm), measured by 
mean fl uorescent intensity using the fl uorochrome dye 
DiOC6(3), was signifi cantly decreased in acinar cells 
isolated from CP tissues compared with those isolated 

from normal pancreas (Fig. 5C). A 1.2-fold decrease of 
Ψm was observed in grade I, and 2.2-fold decreases in 
grade II and III, CP tissues (Fig. 5D). Retention of dye 
by control cells was considered to be 100%.

ATP levels

The ATP concentration was measured and the percent-
age loss of ATP was calculated from the ATP curve. 
ATP depletion of 23% in grade I, 42% in grade II, and 
84% in grade III CP tissues was observed, compared 
with the normal pancreas (Fig. 5E).

Fig. 3. A Western blot analysis in 
pancreatic tissue lysates exhibiting 
protein expression of p53 (a), Bax 
(b), Bcl-2 (c), cytochrome c (d), 
caspase 9 (e), caspase 3 (f), and β-
actin (g) in normal and graded CP 
tissues: lane 1, protein molecular 
weight marker; lane 2, normal tissue; 
lanes 3–8: CP tissues of grade I (lane 
3, 4); grade II (lane 5, 6) and grade 
III (lane 7, 8). B Histograms showing 
p53 (a′); Bax (b′); Bcl-2 (c′); and 
cytochrome c (d′) protein expression 
as % age of β-actin in graded CP 
tissues. Data shown are expressed as 
means ± SD. Statistical analysis by 
Kruskal-Wallis test followed by the 
Mann-Whitney U test. ***P < 0.001; 
**P = 0.010
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Discussion

Because apoptosis plays a critical physiological role, it 
is not surprising that deregulation of apoptosis occurs 
frequently during pathophysiological disturbances, 
during which the cellular apoptotic machinery may be 
triggered, leading to rapid and extensive cell death and 
tissue dysfunction. Several studies in pathophysiological 
animal models of pancreatitis have documented the role 
of programmed cell death. Hashimoto et al.30 reported 
murine pancreatic acinar apoptosis, determined by 
TUNEL assay, in relation to glucocorticoid exposure. 

Similar observations, mainly in murine/rodent models 
have been reported by other investigators, supporting 
the role of apoptosis in CP.9,10 However, the role of 
apoptosis in the progression of CP and the mechanism 
behind acinar cell loss in human CP is less well defi ned. 
Hence, in the current study, we explored the extent of 
apoptosis in CP tissues of different histopathological 
grades and the possible mechanisms involved. Both 
the DNA fragmentation assay and the estimation of 
the apoptotic index by TUNEL assay confi rmed more 
apoptosis in CP than in normal cells, supporting earlier 
observations.31 The apoptotic index range (0.09–0.86) in 

Fig. 4. A Immunohistochemistry of 
cytochrome (Cyt) c, caspase 9, and 
caspase 3 protein expression in 
pancreatic tissue sections. a–d Cyto-
chrome c expression in normal tissue 
(a) and graded (I–III) CP tissues 
showing cytoplasmic localization 
(b, c, d). e–h Caspase 9 expression in 
normal tissue (e) and graded (I–III) 
CP tissues showing cytoplasmic local-
ization (f, g, h). i–l Caspase 3 expres-
sion in normal tissue (i) and graded 
(I–III) CP tissues showing cytoplas-
mic localization (j, k, l). Arrows show 
the positivity for immunostaining 
of respective apoptotic markers in 
acinar cells. B Histograms showing 
cytochrome c (I), caspase 9 (II), and 
caspase 3 (III) expression in normal 
and graded CP tissues. Data shown 
are expressed as means ± SD. Statis-
tical analysis by Kruskal-Wallis test 
followed by the Mann-Whitney U 
test. ***P < 0.001; original magnifi ca-
tion ×800
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graded CP tissues was found to be signifi cantly higher 
than the range of 0.091–0.26 previously reported by 
Bateman et al.15 for acinar cells from CP tissues, and the 
range in normal pancreas (0–0.024).

Various stimuli are known to transmit the death 
signal via specifi c sensors to the caspase apoptotic 
machinery under pathophysiological conditions. In the 
case of CP, very little is known about the downstream 
targets and pathway involved during the entire course 
of disease. This led us to study the expression and the 
level of various proapoptotic and antiapoptotic markers 
in tissues with different histopathological grades from 
CP patients. One such proapoptotic protein is p53, 
whose expression is known to increase in response to 
cellular stress, resulting in committed death through 

Fig. 5A–E. A, B Histograms showing 
quantitative measurement of caspase 
9 (A) and caspase 3 (B) activity 
(nmol/mg protein) in graded CP 
tissues. C FACS fl ow cytometric 
analysis showing membrane poten-
tial Ψm in normal and graded CP 
tissues. D, E Histograms showing Ψm 
(D) and ATP levels (E) (nmol/mg) in 
normal and graded CP tissues. Data 
shown are expressed as means ± SD. 
Statistical analysis by Kruskal-Wallis 
test followed by the Mann-Whitney 
U test. ***P < 0.001; **P = 0.004

apoptosis. Maacke et al.32 showed overexpression of p53 
in 59% of patients with CP and suggested that it refl ected 
DNA damage caused by the disease. The present study 
also found eight- and ninefold overexpression of p53 in 
grade II and III tissues, and twofold in grade I CP 
tissues.

Further, activated p53 is known to induce expression 
of Bax,33 another proapoptotic Bcl-2 homolog residing 
in the cytoplasm or in the mitochondrial membrane, 
which antagonizes the protective role of antiapoptotic 
Bcl-2. The Bax:Bcl-2 ratio determines the susceptibility 
of a cell to apoptosis.34 Complex interactions between 
Bcl-2 family molecules (i.e., formation of Bax–Bcl-2 
heterodimers or Bax–Bax homodimers) within both 
normal and CP tissues have been shown.15 Other 
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studies have shown that in cells overexpressing Bax, 
Bax homodimers predominate, causing them to show 
enhanced susceptibility to apoptotic stimuli, and that in 
cells overexpressing Bcl-2, Bax–Bcl-2 heterodimers 
predominate, resulting in the reduced susceptibility of 
these cells to apoptosis.35 Hence, in the present investi-
gation, we investigated the expression of both Bax and 
Bcl-2. We observed a signifi cant increase in Bax expres-
sion in CP tissues compared with normal tissues, which 
was positively correlated with the histopathological 
grade and the apoptotic index. Bcl-2 expression was 
downregulated in grade II and III CP tissues compared 
with normal pancreas, which showed the basal level of 
Bcl-2 expression. Other investigators have also observed 
upregulation of Bax and downregulation of Bcl-2 in 
acinar cells in a murine model of pancreatitis.15,36

The mitochondria are known to play a key role in the 
regulation of apoptosis.37 The mitochondrial permeabil-
ity transition (MPT; increased permeability of mito-
chondrial membranes) is a major cause of cell death in 
several pathological conditions,38,39 and overexpression 
of Bax has also been correlated with both MPT and 
typical features of apoptosis.24 Opening of the MPT 
pores, which is regulated by members of the Bcl-2 
family, causes the release of soluble proteins such as 
cytochrome c, which also plays a role in apoptosis.33 
We studied mitochondrial dysfunction by evaluating 
the mitochondrial membrane potential (Ψm) and cyto-
chrome c expression in CP tissues of different histo-
pathological grade and in normal tissue, and observed 
a negative correlation between Ψm and both CP grade 
and the apoptotic index. Increased levels of cytochrome 
c were observed in the cytoplasm of acinar and ductal 
cells of CP patients, compared with normal tissue, and 
reached a maximum in grade II CP tissues. The cyto-
chrome c level was positively correlated with the CP 
grade.

The effl ux of cytochrome c from the mitochondria 
drives the assembly of a high-molecular-weight caspase-
activating complex in the cytoplasm called the mito-
chondrial apoptosome. Once activated, the caspases 
generate an intracellular protease cascade leading to 
cellular demise and exhibiting typical hallmark features 
of apoptotic cell death.40 The present study demon-
strated the differential expression of caspase 9 and 
caspase 3 in histopathologically graded CP tissues, 
and maximum expression occurred in grade II tissue. 
Previous results of Mareninova et al.41 showing caspase 
3-dependent cell death in pancreatitis leading to degra-
dation of cellular constituents support our fi ndings.41

Mitochondrial dysfunction may be mediated by 
upstream caspases42 triggered by a variety of stimuli 
acting directly on the mitochondria, or by an unknown 
upstream controller, which may be further modulated 
by the availability of ATP. Thus, we investigated ATP 

depletion in histopathologically graded CP tissues and 
found an ATP loss of 23%–84% in CP tissues. We 
observed a maximum loss of 84% observed in grade III 
tissues, indicating possible necrosis, as suggested by to 
Cosen-Binker et al.,28 who considered a loss of >80% to 
indicate necrosis. The drastic depletion of ATP in grade 
III tissue was correlated with inhibition of the ongoing 
apoptotic pathway and a switch to a strong necrotic 
mechanism associated with the proinfl ammatory 
process.14

Our study confi rmed active apoptosis in CP, demon-
strated or the fi rst time the levels of apoptosis in CP 
tissues with different histopathological scores, and sug-
gested a possible pathway. The study also showed dif-
ferential expression of the apoptotic markers p53, BAX, 
cytochrome c, caspase 9, and caspase 3, involved in 
mitochondrial dysfunction, and ATP loss within acinar 
cells of the histopathologically graded CP tissues, cor-
relating these fi ndings with disease progression. The 
identifi cation of mechanisms involved in acinar cell 
death in pancreatitis is important because it can shed 
light on possible new therapeutic targets for chronic 
pancreatitis.
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