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Abstract
Background & Aims—Premature activation of trypsinogen activation can cause pancreatic
injury and has been associated with chronic pancreatitis (CP). Mice that lack intra-acinar
activation of trypsinogen, such as trypsinogen-7–null (T−/−) and cathepsin B-null (CB−/−) mice,
have been used to study trypsin-independent processes of CP development. We compared
histological features and inflammatory response of pancreatic tissues from these mice to those
from wild-type after development of CP.

Methods—CP was induced in wild-type, T−/−, and CB−/− mice by twice-weekly induction of
acute pancreatitis for 10 weeks; acute pancreatitis was induced by hourly intraperitoneal injections
of caerulein (50 μg/kg ×6). Pancreatic samples were collected and evaluated by histologic and
immunohistochemical analyses. Normal human pancreas samples, obtained from the islet
transplant program at the University of Minnesota, were used as controls and CP samples were
obtained from surgical resections.

Results—Compared with pancreatic tissues from wild-type mice, those from T−/− and CB−/−
mice had similar levels of atrophy, histo-morphologic features of CP, and chronic inflammation.
All samples had comparable intra-acinar activation of nuclear factor (NF)-κB, a transcription
factor that regulates the inflammatory response, immediately after injection of caerulein.
Pancreatic tissues samples from patients CP had increased activation of NF-B (based on nuclear
translocation p65 in acinar cells) compared with controls.

Conclusion—Induction of CP in mice by caerulein injection does not require intra-acinar
activation of trypsinogen. Pancreatic acinar cells of patients with CP have increased levels of NF-
κB activation, compared with controls; regulation of the inflammatory response by this
transcription factor might be involved in pathogenesis of CP.
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The pancreas synthesizes and secretes enzymes responsible for the digestion of food. The
digestive proteases are released as inactive proenzymes called zymogens. Trypsinogen, a
zymogen, is activated to trypsin in the duodenum by duodenal enterokinase during
digestion. Other digestive proenzymes are then activated by trypsin. This physiological
mechanism of extra-pancreatic activation of zymogens (1) prevents autodigestion of the
pancreas.

In 1896, Chiari postulated that zymogens are inappropriately activated within the pancreas,
leading to autodigestion during acute pancreatitis (2). Intra-acinar trypsinogen activation, the
initial step in digestive proteases activation, has been considered the primary mechanism of
pancreatic injury ever since (3, 4). Decades of research have confirmed premature intra-
acinar activation of trypsinogen during pancreatic injury (3, 5-7). However, demonstration
of premature trypsinogen activation does not establish that it is causally responsible for the
pathogenesis of pancreatitis; such causality has so far been assumed without definitive
evidence (8).

Exploring the causality of intra-acinar trypsinogen activation and the pathogenesis of
pancreatitis has, only now, become possible with the development of new genetically
modified mouse models (9-11). Our group has generated a knock-out mouse model lacking
the trypsinogen-7 gene (T−/−), which does not demonstrate pathologic (caerulein-induced)
intra-acinar trypsinogen activation (9). This model allows us, for the first time, to clarify the
role of intra-acinar trypsinogen activation by studying pancreatic injury in its absence, and
investigate potential trypsin-independent pathways and their role in pancreatic injury. Using
the T−/− mice, we have recently shown that pathologic trypsinogen activation is important
in initial pancreatic injury during acute pancreatitis (9).

Analogous to acute pancreatitis, the popular belief is that intra-pancreatic trypsinogen
activation is responsible for the pathogenesis of chronic pancreatitis (CP) (12-17). The
identification of a trypsinogen (PRSS1) mutation in hereditary pancreatitis (an uncommon
form of CP) in 1996 (18) has served to further consolidate support by many experts of this
paradigm (12-15). However, no evidence exists to convincingly establish this paradigm of
trypsin-based pancreatic injury as the pathogenic mechanism of CP. Moreover, despite the
tendency to lump acute and chronic pancreatitis together, any assumptions for CP based on
acute pancreatitis are premature because the relationship between acute and chronic
pancreatitis is not clear (19, 20).

In this study, we have explored the currently accepted paradigm of trypsin-based pancreatic
injury as the pathogenic mechanism of CP. We have used novel models that lack pathologic
(caerulein induced) trypsinogen activation (9, 11). Using these models, we specifically
aimed to 1) examine the role of intra-acinar trypsinogen activation in the pathogenesis of
CP, and 2) explore/identify pathogenic mechanisms in CP that are independent of intra-
acinar trypsinogen activation.

Material and methods
All experiments were performed according to protocols approved by the Institutional
Animal Care and Use Committee of the University of Minnesota. CP was induced by
repeated episodes (twice a week ×10) of acute pancreatitis with caerulein hyperstimulation
(50μg/kg i.p. every hour ×6). Animals were sacrificed 8 days after the last cycle of
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injections. Two independent experiments, each with N=8-10 animals per group, were
conducted. For further experimental and methodological details, see supplementary material
and methods section.

Trypsinogen-7 knock-out (T−/−) mice
These mice were generated in C57BL/6 background by targeted deletion of trypsinogen-7
gene as we described previously (9).

Cathepsin B knock-out (CB−/−) mice
These mice in C57BL/6 background (previously characterized (11, 21)) were obtained from
Dr. G.J. Gores, Mayo Clinic, Rochester, MN.

Human pancreas samples
Sections of pancreas received from the islet transplant program at the University of
Minnesota transplant facility from healthy donors were used as controls. Sections of CP
were obtained from surgical resection specimens. The protocol for acquisition and use of all
human pancreatic samples was approved by University of Minnesota Institutional Review
Board.

Statistical analysis
JMP 9.0 (SAS institute, Cary, NC) was used for all statistical analyses. Normal variables are
expressed as means ± SEM and analyzed using ANOVA with Tukey-Kramer post-hoc test
unless specified otherwise. Non-parametric variables are reported as medians, depicted with
box-whisker plots with outliers, and analyzed with Wilcoxon test. The central horizontal line
in the box represents median, the vertical edges of the box represent quantiles, and the
whiskers denote range (JMP 9.0). For all analyses, α=0.05 and two-tailed p-values are
reported.

Results
Trypsinogen-7 knock-out mice (T−/−)

Details of the generation and characterization of T−/− mice along with studies pertaining to
acute pancreatitis have been published separately (9). In addition to PCR and western blot
data in our previous paper (9), additional evidence confirming the absence of trypsinogen-7
and specificity of the absent isotype in T−/− is reported here. Analysis by FPLC (Figure 1A)
confirmed the deletion of trypsinogen-7 gene in T−/− mice which showed complete absence
of trypsinogen-7 peak compared with WT. The identity of the trypsinogen-7 peak was
confirmed by N-terminal sequencing.

For ease of reference, we summarize the key features of T−/− mice. These mice
demonstrated a healthy phenotype. Trypsinogen-7 accounted for 60% of expressed mouse
trypsinogens, which was absent in T−/− mice (9). Expression of other trypsinogen isotypes
was unaltered, which was sufficient for physiological function, in T−/− mice (9) suggesting
a large pancreatic physiological reserve.

Intra-acinar trypsinogen activation is known to peak at 30 minutes after caerulein injection
(5, 22), which was observed as expected in WT mice but not in T−/− mice (9) (Figure 1B a
smaller peak of trypsinogen activation known to occur in later stages of pancreatitis, thought
to be a consequence of inflammation and cellular damage, was seen in WT mice but no
significant activation was observed in T−/− mice (Figure 1 B). In addition, absence of
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subsequent digestive enzyme activation in T−/− mice was demonstrated by lack of
activation of chymotrypsinogen (Figure 1C) and elastase (Figure 1D).

Cathepsin B knock-out mice (CB−/−)
Cathepsin B is a lysosomal protease. During early pancreatic injury, lysosomal and zymogen
compartments colocalize and cathepsin B activates trypsinogen (6, 11). Mice lacking
cathepsin B (CB−/−) have been generated and characterized previously (11, 21). These mice
(CB−/−) also lack significant trypsinogen activation (Figure 1E) (11) and were used as a
parallel model

Experimental groups
Baseline weight of mice in all experimental groups was similar (average weight 26±0.4g).
After 10 weeks, the controls averaged at 40±1g, while the caerulein-injected mice (CP
groups) weighed 27±0.5g.

Pancreatic atrophy
One of the hallmarks of chronic pancreatitis is pancreatic atrophy. In our study, a
remarkable atrophy of the pancreas was seen in caerulein-injected WT, T−/− and CB−/− CP
groups (Figure 2A, B).

Histo-morphologic features of chronic pancreatitis
a. Histology Histologic features of CP groups are shown in Figure 3A. The prominent

features of CP, including moderate acinar loss, fibrosis, microscopic duct
dilatations, tubular complexes and inflammatory infiltrate were observed to a
similar extent in WT, T−/− and CB−/− CP groups. These histologic changes are
known to be characteristic of CP in humans (23) and were also observed in sections
of human CP used in our study (see below).

b. Fibrosis and stellate cells Marked fibrosis was seen in WT, T−/− and CB−/− CP
groups compared with controls (Figure 3B). The extent of fibrosis, measured
objectively by increase in Sirius red-stained area (Figure 3C) and overexpression of
collagen-1 (Figure 3D,E), was comparable in all CP groups. Activated pancreatic
stellate cells are fibrogenic and are known to proliferate in CP (23). Comparable
proliferation (measured by overexpression of desmin) and activation (measured by
overexpression of α-SMA) (Figure 3D,E) of stellate cells was seen in CP groups.
Marked increase in stellate cell population in CP groups was confirmed by staining
for vimentin, a stellate cell marker (Figure 3F).

c. Duct metaplasia and duct function Appearance of new duct/tubular structures is
an important feature of CP. Cytokeratin-19 stain (an epithelial marker known to
stain ducts) revealed similar degrees of ductular metaplasia in all CP groups
(Figure 4A). The degree of ductular metaplasia was quantified by measuring the
number of tubular complexes (Figure 4B). Recently, compensatory overexpression
of aquaporin-1 as a result of impaired duct function (reduced water secretion) was
demonstrated in autoimmune pancreatitis, a form of CP (24). We observed
comparable overexpression of aquaporin-1 (Figure 4C) in all CP groups.

d. Blood glucose levels (2 hour after 2mg/g intra-peritoneal glucose injection) in
controls and CP groups were similar (140±3 mg/dl). No gross or microscopic
steatorrhea was seen in any group. These are consistent with absence of frank
pancreatic insufficiency in this model of chronic pancreatitis with 10 weeks of
repeated caerulein injections (25, 26).
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Inflammation in chronic pancreatitis is independent of trypsinogen activation
—Inflammatory infiltration was analyzed by staining the tissue sections for CD3, a T
lymphocyte marker. As shown in Figure 5A and B, T-cell infiltration was comparable in
WT, T−/− and CB−/− CP groups. Additionally, overexpression of TGFβ, a chronic
inflammatory mediator known to play a crucial role in stellate cell activation and
fibrogenesis (27), was similar in CP groups (data not shown). These results, together with
data presented in the next section (Figure 5 C-F), establish that pathogenesis of
inflammation in CP is independent of intra-acinar trypsinogen activation.

NFκB activation occurs early during pancreatic injury and is independent of
trypsinogen activation—NFκB activation occurs as early as 30 minutes after caerulein
injection in this model of pancreatic injury, a time-course parallel to trypsinogen activation
(5, 22). We have recently demonstrated activation of NFκB in the caerulein model of acute
pancreatitis in T−/− and CB−/− mice along with WT mice (9). Here we confirm with
quantitative analysis that the extent of NFκB activation in WT, T−/− and CB−/− groups is
similar (Figure 5 D). Intra-acinar localization of NFκB activation is further confirmed in-
vitro in isolated acinar cells subjected to supramaximal caerulein stimulation (6.8 ±1.6,
7.0±1.7, 4.5±0.5 fold NFκB activation in WT, T−/− and CB−/− acini respectively, p<0.01
each group vs control, n=3-5/group).

Persistent NFκB activation in chronic pancreatitis experimental groups—Upon
activation, the p65 subunit of NFκB translocates to the nucleus. Thus, nuclear staining for
NFκB p65 suggests activation of NFκB in WT, T−/− and CB−/− CP groups (Figure 5C).
While NFκB activation occurred (Figure 5D) during each acute episode in the CP model,
any residual effects of the last acute episode should have resolved as the CP samples were
collected 8 days after the last acute episode. Thus, p65 nuclear translocation in CP groups
indicates sustained NFκB activation in CP. Additionally, comparable degrees of COX2
overexpression (Figure 5E) were seen in all CP groups. COX2 is regulated by NFκB and is
known to be a key mediator of chronic inflammation (28, 29). Overexpression of COX2
provides quantifiable evidence of the translational aspect of persistent NFκB activation and
also points to its pathogenic role in CP.

Sustained NFκB activation occurs in human chronic pancreatitis—Pancreas
sections from CP patients (N=7, age 35±6, all females, 5 idiopathic, 1 hereditary, 1
obstructive) demonstrated characteristic histo-morphologic features as compared to controls
(N=7, age 31±4, 5 males) (Figure 6 A). Staining for p65 in these sections from CP patients
(Figure 6 B) demonstrated p65 nuclear translocation in acinar cells. Quantification of
nuclear p65 positivity in acinar cells is shown in Figure 6 C. These data establish that
sustained NFκB activation occurs in CP.

Discussion
We have established that the pathogenesis of caerulein-induced chronic pancreatitis (CP)
does not require intra-acinar trypsinogen activation. Further, independent of intra-acinar
trypsinogen activation, sustained activation of NFκB pathway occurs in CP which may be
an important pathogenic mechanism of CP. These novel data mark a paradigm shift in our
current understanding of pancreatic injury (Figure 7).

In line with our study, it has been previously shown that acinar expression of constitutively
active trypsin was not sufficient to induce CP (10). While reduced acinar necrosis was seen
in acute pancreatitis in T−/− (9) and CB−/− mice, CP induced by repeated episodes of acute
pancreatitis in these mice was similar to WT mice. Further, induction of acinar cell death by
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expression of active trypsin failed to produce chronic inflammation or fibrosis (10). These
together indicate that necrosis-fibrosis sequence (16, 17) may not be necessary in CP.

Hereditary pancreatitis, an uncommon form of CP, is associated with mutations in cationic
trypsinogen (12-15, 18, 30). These are thought to lead to CP due to increased intra-acinar
trypsin activity (13, 30, 31) based on in vitro data primarily on the R122H and N29I mutants
(30). However, incomplete penetrance, intermittent nature of the disease, and lack of
progression to CP in some despite recurrent episodes of acute pancreatitis remain
unexplained (32, 33). Notably, a mouse model expressing R122H mutation in mouse
trypsinogen was reported in 2006 (34) but no follow-up of that model has been reported
since.

Despite the popular belief, no confirmatory evidence exists thus far to show that increased
intraacinar trypsin activation per se is the disease causing mechanism of these mutations
associated with hereditary pancreatitis. In this study using an experimental model, we show
that intra-pancreatic trypsinogen activation is not required for pathogenesis of CP. It can
certainly be argued that experimental models may not accurately reflect human disease.
Although some of the observed mutations could be incidental (35, 36), the association of
hereditary pancreatitis with mutations in the trypsinogen system cannot be discounted.
Recently, trypsinogen gene loci (PRSS1-PRSS2) variants were recognized to modulate the
risk of sporadic and alcoholic-related pancreatitis (37). It is possible that alternate disease
mechanisms operating independent of activation of trypsinogen may exist. Pancreatic acinar
cells are essentially secretory cells with likely well-developed protective mechanisms to
maintain its secretory machinery. Could mutations in the trypsinogen genes cause
misfolding and disruption of the efficient secretory machinery of acinar cells leading to
chronic cellular stress response (such as ER stress, autophagy response) and inflammation?
Recent studies have started to explore such possibilities (17, 38-42).

Many experts are linking emerging evidence of mutations/polymorphisms in SPINK
(43-45), PSTI (46), cathepsin B (47), CFTR (13, 46) and other genes (48) in alcoholic and
non-hereditary forms of CP to increased trypsinogen activation (13-15, 49). While certainly
a possibility, these associations are much weaker than that for cationic trypsinogen and
hereditary pancreatitis, and are likely modulating factors rather that causative factors in non-
hereditary forms of pancreatitis (13, 15). Further, alternate mechanisms other than
trypsinogen activation may be responsible for these associations. For example, PSTI and
SPINK proteins have been shown to be important in cell death regulation (50), autophagy
(51), growth (50, 52) and inflammation (52, 53). Such effects may explain amelioration of
pancreatitis with PSTI overexpression (54, 55).

Activation of NFκB pathway has been previously recognized during early pancreatic injury
in experimental models (22, 56). However, its relationship with trypsinogen activation has
been a matter of heated debate with conflicting results complicated by limitations of existing
models (22, 53, 57, 58). Using T−/− and CB−/− mice, we have established that intra-acinar
NFκB activation occurs early during pancreatitis independent of trypsinogen activation (9).
We further show persistence of NFκB activation in CP occurring independent of
trypsinogen activation. Importantly, persistent activation of NFκB was seen in human CP,
which confirms the experimental findings. To our knowledge, this is the first report of
sustained intra-acinar NFκB activation in human CP.

The NFκB pathway is a ubiquitous, precisely regulated cellular mechanism controlling
diverse processes (28, 59). Dysregulation of NFκB leading to chronic NFκB activation is
important in several cancers (60) and chronic inflammatory diseases (29). Our findings
suggest that sustained activation of NFκB may be crucial pathogenic mechanism in CP. Its
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downstream targets, including COX2 and IL1β, are known to be key drivers of chronic
inflammation (28, 29). In fact, mice overexpressing IL1β in the pancreatic acini (26) develop
severe chronic pancreatitis. However, the diversity of NFκB-regulated processes (59) lend
great complexity to experimental models utilizing manipulation of NFκB proteins.
Constitutive NFκB ablation led to increased severity of acute (61) and chronic pancreatitis
(62) in one model and reduced severity in another (63). Conditional inhibition of NFκB
resulted in reduced severity (64) while conditional activation led to full spectrum of
pancreatitis, including systemic inflammatory response (64-67), and CP in a recent study
where caerulein injections were required for NFκB activation in a p65 transgenic mice (67).
Disruption of NFκB regulated physiological processes in the constitutive models may
account for the apparent discrepancies.

We propose that sustained activation of inflammatory pathways such as NFκB results in
chronic pancreatitis (Figure 7). NFκB seems to be the important inflammatory pathway in
pancreatic injury (68). However, other inflammatory pathways such as AP-1 (69) and stress
kinases may also have some role in CP, which will require further studies. Chronicity of the
pathologic stimulus (which may be any of the recognized etiologic associations, Figure 7)
may drive persistent activation of the inflammatory pathways. Conversely, withdrawal of the
stimulus may lead to disease reversal which has recently been demonstrated in alcohol-
related pancreatic injury (70). A complex interplay of genetic predispositions as well as
environmental factors may influence the effects of the pathogenic stimuli. Contrary to the
sentinel acute pancreatitis episode (SAPE) theory (12), a sentinel episode of acute
pancreatitis may not be necessary, although sensitization resulting in unchecked
inflammation may be important in some forms of CP like autoimmune pancreatitis.

The caerulein based model used in this study is an excellent histo-morphologic model (23,
25) and mimics the well-described recurrent acute pancreatitis to CP sequence in humans
(12, 20). Such a histo-morphologic model is useful despite lacking a direct etiologic
correlation as the histo-morphologic features are largely indistinguishable among different
CP etiologies (71). Unfortunately, there are no CP models based on common etiologies.
Models using alcohol develop CP with repeated caerulein exposure but not with alcohol
alone (72, 73). Rat models based on chemical injury (74, 75), which are rather artificial
models, have not been reproduced in mice. Thus, no alternate mouse model is available
currently. Use of a single model of CP is an inherent limitation of our study.

In conclusion, our results establish that intra-acinar trypsinogen activation is not required for
caerulein-induced chronic pancreatitis. Independent of trypsinogen activation, persistent
activation of NFκB pathway occurs in CP and may be important in its pathogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CP Chronic Pancreatitis

AP Acute pancreatitis
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NFκB Nuclear Factor kappa B

WT Wild Type

T−/− Trypsinogen-7 knock-out mice

CB−/− Cathepsin B knock-out mice

PRSS1 Protease Serine 1

PRSS2 Protease Serine 2

PSTI Pancreas Secretory Trypsin Inhibitor

SPINK Serine Protease Inhibitor Kazal
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Figure 1. (A) Characterization of Trypsinogen-7 knock-out (T−/−) mice
FPLC analysis of pancreatic homogenates showed absence of trypsinogen-7 peak in T−/−
mice. The specificity of this peak was confirmed by N-terminal sequencing. (B) T−/− mice
lack pathologic trypsinogen activation. Trypsin activity was measured at indicated time-
points in caerulein treated groups (compared to respective saline treated controls) as
described in methods. N =10-16/group, pooled from 3 independent experiments. (C, D)
Caerulein-induced activation of chymotrypsinogen (C) and elastase (D) in WT and T−/−
mice. Significant activation of chymotrypsin and elastase was seen in WT mice at 30 minute
time-point which was not observed in T−/− mice. P>.9 for chymotrypsin activity in control
vs 8-hr or 12-hr time-points both for WT and T−/− mice. N=10-15/group for chymotrypsin
activity. N=4-6 for controls and 30 minute groups, 10-12 for 8 hr and 12 hr groups for
elastase activity. WT and T−/− control mice showed similar elastase activities (11±2 vs
12±1 slope/mg protein, P>.5) suggesting lack of compensatory changes in elastase
expression in T−/− mice. (E) Cathepsin B knock-out (CB−/−) mice as a parallel tool. These
mice have been previously characterized to lack significant pathologic trypsinogen
activation which was confirmed in our laboratory. Trypsin activity was measured 30 minutes
after caerulein injection (50μg/kg i.p.). N≥6 per group. *=statistically significant. Enzyme
activities reported in B-E were measured in pancreatic homogenates, are normalized to
respective controls and expressed as percent of maximal activity which was 90.4±12 for
trypsin, 116.4±51 for chymotrypsin and 16.4±3 for elastase activities (slope/mg protein).
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Figure 2. Atrophy of pancreas in WT, T−/− and CB−/− CP groups was comparable
(A)Representative pictures demonstrating pancreas atrophy. (B) Comparison of whole
pancreas weight. N= 16-20/group, P<.0001 pair wise for each CP group vs control, not
significant pair wise among CP groups.
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Figure 3. (A) Histologic features characteristic of chronic pancreatitis were similar in all
experimental CP groups
Representative hematoxylin and eosin-stained sections (100×) showing moderate acinar
loss, fibrosis, microscopic duct dilatations, tubular complexes and inflammatory infiltrate
WT, T−/− and CB−/− CP groups (N=16-20/group). (B) Fibrosis: Sirius red-stained sections
(100×) under fluorescence showing marked fibrosis in CP groups. Quantification (C)
confirmed comparable fibrosis in WT, T−/− and CB−/− CP groups (P<.0001 pair wise for
each CP group vs control, not significant pair wise among CP groups, N=16-20/group).
(D,E) Comparable overexpression of collagen-1, desmin and αSMA in CP groups.
Representative western blots are shown in (D) and their quantification is shown as box-
whisker plots with outliers in (E). N=5-8/group for each protein. Control vs WT, T−/−, CB−/
− CP groups respectively: P= .0008, .001, .04 for collagen-1; .001, .001, .009 for desmin
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and .001, .001, .009 αSMA. P-values not significant for all pair wise comparisons among
CP groups. Vimentin staining confirmed marked increase in stellate cell population in the
CP groups (F). Representative sections (200×) stained with vimentin are shown.
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Figure 4. (A) Ductular metaplasia in CP groups
Representative cytokeratin-19 stained sections (100×) from controls and CP groups showing
increase in ductular/tubular complexes. These structures were counted in high power (100×)
fields (B). Tubular complexes (per field) increased to 30±1, 34±1, 32±1 in WT, T−/−, CB−/
− CP groups from 3±0.2 in controls (P<.0001 for each CP group vs controls, N=10/group).
(C) Aquaporin-1 (AQP1) overexpression in CP: Dysfunction of ducts in CP is believed to
cause compensatory overexpression of water channels Aquaporin-1 (see text). Comparable
overexpression of AQP1 was seen in WT, T−/− and CB−/− groups with CP as compared to
controls. Representative AQP-1 stained sections (200×) are shown (N=10/group).

Sah et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. (A, B) Inflammatory infiltrate in CP groups
Representative sections (200×) stained for CD3 (T-Cell marker) shown in (A), and
quantified in (B). Comparable in WT, T−/−, CB−/− CP groups (P=.03, .01, .01 respectively
vs control, not significant pair wise among CP groups, N=10/group). (C) Sustained NFκB
activation in chronic pancreatitis: NFκB p65 immunostaining demonstrates its nuclear
localization in acinar cells. Representative sections (200×) from controls and WT, T−/−, and
CB−/− CP groups (insets are zoomed-in views showing closer details). (D) NFκB activation
occurs independent of trypsinogen activation in immediate response to pathologic stimulus:
NFκB activation in the pancreas 30 minutes after caerulein injection (50μg/kg) was assessed
by EMSA and relative band intensities have been plotted. p<0.0001 for each group vs
controls, not significant for other pairwise comparisons; N=3-5/group. Controls include N=3
each of WT, T−/− and CB−/− mice which were similar. Intra-acinar localization of NFκB
was confirmed by in-vitro experiments on isolated acinar cells (see text). (E)
Cyclooxygenase-2 (COX2): Overexpression of COX2, which is regulated by NFκB, was
comparable in WT, T−/−, CB−/− CP groups (P= .0008, .001, .014 respectively vs controls,
not significant pair wise among CP groups; N=5-8/group).
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Figure 6. NFκB activation in human chronic pancreatitis
A) Representative hematoxylin and eosin-stained sections (100×) of pancreas from healthy
controls and CP patients demonstrating histo-morphologic features of CP. Similar features
were seen in the mouse CP groups. B and C) Persistent NFκB activation occurs in human
chronic pancreatitis. NFκB component protein p65 immunostaining demonstrates its nuclear
localization in acinar cells (B) in human chronic pancreatitis sections (200×) (insets are
zoomed-in views showing closer details). Acinar cells whose nuclei stained positive for p65
were counted in each field (200×) and are shown in (C). Pancreas sections from seven CP
patients and seven controls were analyzed (P<.001).
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Figure 7. A simplistic schematic summarizing novel findings in the pathogenesis of pancreatic
injury
The section on acute pancreatitis (in navy blue) is based on our previous study (9) and is
being mentioned here for completeness. The left side of the schematic (dark red) describes
the proposed paradigm of chronic pancreatitis stating that sustained activation of
inflammatory pathways (NFκB pathway is thought to be the most important) in acinar cells
results in chronic pancreatitis. Chronicity of pathogenic stimulus (which may be any of the
recognized etiologic associations) may drive the sustained NFκB response. A complex
interplay of genetic predispositions as well as environmental factors may influence the effect
of pathogenic stimuli. In this schematic, solid lines depict links with experimental proof
while hypothesized links are shown by dotted lines.
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