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SUMMARY: Nuclear factor (NF)-�B plays a central role in acute pancreatitis. We studied cerulein (CER)-induced pancreatitis in
NF-�B knockout (KO) mice. NF-�B KO mice and normal control littermate wild-type (WT) mice were given four hyperstimulating
doses of cerulein every hour to elicit secreatagogue-induced pancreatitis. Malonildialdehyde activity, glutathione levels,
myeloperoxidase activity, TNF-�, and NF-�B binding activity and its inhibitory protein I�B� were studied in the pancreas.
Furthermore, we measured plasma lipase and amylase and the histological damage. KO mice had reduced malonildialdehyde
levels (WT � CER � 4.083 � 0.95 �mol/g; KO � CER � 1.513 � 0.63 �mol/g), decreased myeloperoxidase activity (WT � CER
� 19.3 � 2.39 mU/g; KO � CER � 10.21 � 2.05 mU/g), increased glutathione levels (WT � CER 6.22 � 2.46 �mol/g; KO � CER
� 15. 516 � 2.92 �mol/g), and reduced serum levels of amylase (WT � CER � 2519 � 656.9 U/L; KO � CER � 916 � 280.4
U/L) and lipase (WT � CER � 1420 � 170 U/L; KO � CER � 861 � 172. 3 U/L). KO mice showed reduced pancreatic NF-�B
activation, decreased TNF-� tissue content, and reduced histologic alterations. Our data suggest that KO mice have an
attenuated cerulein-induced pancreatitis and help to define the possible interaction between NF-�B activation and oxidative
stress in this deleterious event. (Lab Invest 2003, 83:1723–1732).

T he severity of pancreatitis results from immuno-
logic events subsequent to acinar cell injury,

including the activation and recruitment of inflamma-
tory cells, the local and systemic production and/or
release of cytokines, and the final transmigration of
those activated inflammatory cells across the endo-
thelial barrier into the involved tissue (Berney et al,
1999). Experimental evidence therefore suggests that
up-regulation of inflammatory mediators including
cytokines, chemokines, adhesion molecules, and in-
ducible nitric oxide has a central role in this patho-
logic process (Bhatia et al, 2000; Norman, 1998;
Schmid and Adler, 1999).
The cellular mechanism orchestrating these inflam-

matory mediators involves transcription factors such
as nuclear factor (NF)-�B. NF-�B is an early transcrip-
tion response complex essential for gene expression
of inflammatory molecules (Baeurle and Baichwal,
1995; Ghosh et al, 1998; Wulczyn et al, 1996). NF-�B
exists as a complex of homo- or heterodimers com-

posed of members of the Rel family of proteins (Bae-
urle and Baichwal, 1995; Ghosh et al, 1998).
In most resting cells, NF-�B is sequestered within

the cytoplasm in an inactive form. After activation,
NF-�B complexes translocate into the nucleus and
activate transcription from target genes. Activation of
NF-�B has been demonstrated in rat cerulein pancre-
atitis (Gukovsky et al, 1998; Steinle et al, 1999).
Inhibition of NF-�B activation caused significant organ
protection and a marked decrease in the expression of
several inflammatory cytokines (Steinle et al, 1999).
Oxidative stress has also been implicated in the

pathogenesis of acute pancreatitis, and the potential
beneficial effects of antioxidants agents have been
deeply investigated (Schoenberg et al, 1992; Sweiry
and Mann, 1996; Sweiry et al, 1999).
Besides causing direct damage, oxidative stress

might also be involved in the triggering of the inflam-
matory cascade during acute pancreatitis. As a matter
of fact, it has been shown that the oxidative state of
the cell influences the induction of NF-�B (Schreck et
al, 1991). Reactive oxygen intermediates probably
induce I�B� phosphorilation by influencing the activity
of tyrosine kinases (Lee and Burckart, 1998). Further-
more, vitamin E–like antioxidants, which block the lipid
peroxidation process, can work as strong inhibitors of
NF-�B activation (Altavilla et al, 2001; Hattori et al,
1995).
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Mice rendered deficient in p105, the precursor of
p50 and one of the components of the multimeric
transcription factor NF-�B (NF-�B knockout [KO]
mice), manifest a number of immunological defects
(Cronstein et al, 1999) and represent a useful experi-
mental tool to investigate the role of the transcription
factor in experimental-induced pathologies. However,
there are no data available in the literature on the
effect of cerulein in NF-�B KO mice. Such an experi-
ment would allow us to determine the exact role of the
transcription factor in acute pancreatitis and to inves-
tigate whether lipid peroxidation in acute pancreatitis
is the cause or consequence of NF-�B activation.

We therefore investigated whether NF-�B–deficient
mice had attenuated pancreatic damage together with a
blunted oxidative insult following cerulein administration.

Results

Lack of p105 mRNA Message and Absence of Both p105
and p50 Proteins in the Pancreas of NF-�B KO Mice

Figure 1, A and B, shows PCR for p105 message and
a Western blot analysis for p105 and p50 in the
pancreas of both NF-�B KO mice and wild-type (WT)
animals. These experiments indicate the lack of any

pancreatic mRNA for p105 as well as the complete
absence of both p105 and p50 proteins in the pan-
creas of KO mice (Fig. 1).

Activation of NF-�B

NF-�B activation in nuclear extracts of the pancreas
was determined by electrophoretic mobility shift assay
(EMSA). The top of Figure 2 shows a representative
EMSA picture indicating NF-�B activity in several
experimental groups. The bottom of the figure shows
quantitative data. NF-�B–binding activity was present
at very low levels in WT and NF-�B KO mice admin-
istered with vehicle. Pancreas harvested from
cerulein-injected WT mice showed a significant in-
crease in NF-�B binding activity (Fig. 2). KO mice had
a markedly decreased NF-�B binding activity (Fig. 2).

Loss of I�B� Protein in the Cytoplasm

The top of Figure 3 shows representative Western blot
analysis indicating I�B� protein in the cytoplasm of
pancreas obtained from several experimental groups.
The bottom of the figure indicates quantitative data.
I�B� protein levels were present in the pancreas of WT
and NF-�B KO mice administered with vehicle (Fig. 3).
Pancreas obtained from cerulein-injected WT mice
showed a marked loss of the protein (Fig. 3). KO mice
had a significant expression of the inhibitory protein
(Fig. 3).

Pancreatic TNF-� mRNA Expression

The top of Figure 4 depicts representative gels high-
lighting mRNA expression for TNF-� in several exper-
imental groups. The bottom of the same figure indi-
cates quantitative data. Control pancreas of both WT
and KO mice showed a low constitutive presence of
the message for the inflammatory cytokine (Fig. 4).
Induction of acute pancreatitis by cerulein resulted in
a strong increase of TNF-� message in WT mice. This
message was markedly attenuated in the pancreas
obtained from cerulein-injected KO mice.

TNF-� Levels and Leukocyte Accumulation in the
Pancreas

Control pancreas of both WT and KO mice showed a
low constitutive presence of the TNF-� protein (Fig.
5A). Administration of cerulein markedly increased the
pancreatic content of the inflammatory cytokine in WT
mice (Fig. 5A). Pancreas obtained from cerulein-
injected KO mice had a marked reduction of the
inflammatory cytokine (Fig. 5A).

Leukocyte accumulation in the pancreas was investi-
gated by the means of myeloperoxidase (MPO) activity.
Very low MPO activities were measured in the pancreas
of control pancreas of both WT and KO mice (Fig. 5B).
By contrast cerulein injection caused a marked leuko-
cyte accumulation in the pancreas of WT mice (Fig. 5B).
The administration of cerulein in KO mice resulted in
blunted pancreatic MPO levels (Fig. 5B).

Figure 1.
(A) Pancreatic p105 mRNA expression in wild-type (WT) and nuclear factor
(NK)-�B knockout (KO) mice. Bars represent the mean � SD of five experi-
ments. (B) Western blot analysis of both p105 and p50 protein levels in the
pancreas of WT and NF-�B KO mice. Bars represent the mean � SD of five
experiments. GAPDH � glyceraldehyde-3-phosphate dehydrogenase.
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Pancreatic Malondialdehyde (MAL) and GSH
Determination

Lipid peroxidation was evaluated by determination of
pancreatic MAL 1 hour after the last cerulein injection.
Very low MAL levels were measured in tissues ob-
tained from control WT and KO mice given vehicle
(Fig. 6A). By contrast cerulein caused a marked in-
crease in pancreatic MAL in WT mice (Fig. 6A). Ad-

ministration of cerulein in KO mice resulted in reduced
pancreatic MAL (Fig. 6A).

Glutathione (GSH) levels were similar in control WT
and KO mice given vehicle (Fig. 6B). Cerulein pro-
duced a severe depletion of GSH in the pancreas of
WT mice (Fig. 6B). The depletion of pancreatic GSH
was markedly reduced in KO mice (Fig. 6B).

Severity of Cerulein-Induced Pancreatitis

Several parameters that characterize the severity of
secretagogue-induced pancreatitis were measured.
Injection of cerulein enhanced serum lipase and amy-
lase activity (Fig. 7, A and B) and also resulted in
significant pancreas edema (Fig. 7C) in WT mice. KO
mice given cerulein showed a marked reduction in the
markers of pancreatitis severity. As matter of fact, KO
animals had a blunted increase in serum lipase and
amylase activity and reduced pancreas edema (Fig. 7,
A to C) following cerulein injection.

Histological Studies

WT and KO mice treated with vehicle had a normal
histology of the pancreas. Lobules and acini of the
pancreas were intact; the acinar cells were intact, and
the acinar nuclei had a peripheral placement. No

Figure 2.
Electrophoretic mobility shift assay (EMSA) of nuclear factor (NF)-�B–binding activity in the nucleus of pancreas harvested from wild-type (WT) and NF-�B knockout
(KO) mice injected with either vehicle or cerulein (CER). Bars represent the mean � SD of seven animals. #p � 0.01 vs WT � CER. Panel 1 shows representative
autoradiograms highlighting NF-�B binding activity in the several experimental groups. Panel 2 shows EMSA competition experiments. Control: NF-�B without nuclear
extract. WT � CER: nuclear extracts from CER-challenged pancreas. NF-�B or AP-2: same extract as WT � CER but including 50-fold molar excess unlabeled NF-�B
or AP-2.

Figure 3.
Western blot analysis of I�B� protein levels in the cytoplasm of pancreas
harvested from wild-type (WT) and nuclear factor (NF)-�B knockout (KO) mice
injected with either vehicle or cerulein (CER). Bars represent the mean � SD of
seven animals. #p � 0.001 vs WT � CER.
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significant structural differences were observed be-
tween WT and KO mice following vehicle injection

(results not shown). Light microscopy histology
showed that cerulein-induced pancreatitis caused in-
terstitial edema, inflammatory cells infiltration, and at
higher magnification, presence of cytoplasmatic vac-
uolization in WT mice (Table 1 and Fig. 8, A and B). KO
mice had significantly reduced histological alterations
in the pancreas following cerulein administration (Ta-
ble 1 and Fig. 8, C and D).

Discussion

An inflammatory cascade has been implicated in the
pathogenesis of acute pancreatitis (Ahn et al, 2001;
Mikawa et al, 2001). TNF-� is detected in plasma early
in the course of acute pancreatitis, and pretreatment
of rats with antibodies raised against the inflammatory
cytokine reduces elevated serum amylase in acute
pancreatitis (Demols et al, 2000). Nevertheless, TNF-�
levels in the serum may underestimate the production
of the pleiotropic cytokine because of the short serum
half-life of TNF-�.

In the present study, we therefore investigated the
pancreatic content of the inflammatory cytokine as
well as its mRNA. The results clearly showed that
TNF-� was up-regulated in the pancreas of WT mice
following cerulein hyperstimulation as previously
shown (De Beaux and Fearon, 1996). The mechanism
or mechanisms by which TNF-� causes organ injury
and damage has already been pointed out. The inflam-
matory cytokine might promote organ damage by
inducing deleterious leukocyte accumulation within
the pancreas, and, therefore, through this mechanism
it may cause additional injury and inflammation (Den-
ham et al, 1997). In agreement with this hypothesis,
the increased production of TNF-� triggered in our
experiment an inflammatory cascade that led to the

Figure 4.
Pancreatic TNF-� mRNA expression in samples harvested from wild-type (WT) and nuclear factor (NF)-�B knockout (KO) mice injected with either vehicle or cerulein
(CER). Bars represent the mean � SD of seven animals. #p � 0.001 vs WT � CER. GAPDH � glyceraldehyde-3-phosphate dehydrogenase.

Figure 5.
(A) Pancreatic TNF-� levels in wild-type (WT) and nuclear factor (NF)-�B
knockout (KO) mice injected with either vehicle or cerulein (CER). Bars
represent the mean � SD of seven animals. #p � 0.01 vs WT � CER. (B)
Pancreatic myeloperoxidase (MPO) activity in wild-type (WT) and NF-�B KO
mice injected with either vehicle or CER. Bars represent the mean � SD of
seven animals. #p � 0.001 vs WT � CER.
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deleterious tissue leukocyte accumulation and to sub-
sequent organ damage, as indicated by the increase
in both amylase and lipase, as well as by marked
tissue damage.

A central regulator of cytokine induction is the
pleiotropic transcription factor NF-�B. NF-�B is an
early transcription factor that modulates gene expres-
sion in various situations that require rapid and sensi-
tive immune and inflammatory response. The proto-
typic inducible form of NF-�B is an heterodimer
composed of NF-�B1 and Rel A, which both belong to
the NF-�B/Rel family of proteins. Inactive NF-�B is
present in the cytoplasm complexed with the inhibi-
tory proteins of I�B (I�B�, I�B�, Bcl-3, and so forth).

NF-�B is activated by a number of incoming signals
from the cell surface. On activation I�B proteins be-
come hyperphosphorylated and proteolitically de-
graded. Released from I�B� inhibition, NF-�B trans-
locates into the nucleus and binds to the �B motif of
the target gene, in turn causing activation of several
factors (cell adhesion molecules and cytokines) in-
volved in the inflammatory response. The selectivity of
binding is controlled, at least in part, by distinct
protein subunits of NF-�B, such as p65 (RelA), p50,
and c-Rel.

It has been demonstrated that cerulein markedly
stimulates NF-�B binding activity in experimental pan-

creatitis and in isolated pancreatic acini (Grewal et al,
1994; Gukovskaya et al, 1997). Furthermore, treat-
ment with a novel peptide that modifies the NF-�B
binding domain attenuates the severity of acute pan-
creatitis (Ethridge et al, 2002).

Supershift EMSA studies indicated that both p65/
p50 and p/50/p50 dimers, but not c-Rel or p52 com-
plexes, were involved in cerulein-induced pancreatitis
and in isolated acinar cells (Gukovskaya et al, 1997).
However, a further study indicated that, besides the
p50/p65 complex, two other DNA complexes such as
p52/65 and RelA/p65 are activated during cerulein
pancreatitis (Steinle et al 1999). In agreement with this
hypothesis, it has been demonstrated that direct ac-
tivation of NF-�B using adeno-viral–mediated transfer
of active subunit RelA/p65 causes acute pancreatitis
(Chen et al, 2002).

In agreement with previous experimental evidence,
our data suggest that cerulein administration in WT
mice evoked a sustained activation of the cytoplas-
matic transcription factor NF-�B. This event was ac-
companied by a concomitant depletion of the inhibi-
tory protein I�B�. Thus, NF-�B activation has a central
role in controlling the inflammatory cascade reaction
that occurs in experimental pancreatitis induced by
cerulein. Indeed, WT mice showed basal detectable
levels, albeit low, of NF-�B. A possible explanation
could be that the pancreas, to ensure a good enzyme
basal secretion, requires a certain NF-�B basal tran-
scriptional activity.

To confirm the role of the transcription factor and
more specifically of the p50 dimers in acute pancre-
atitis, we experimented with mice rendered deficient in
p105, the precursor of p50 (Cronstein et al, 1999). Our
results indicate that genetically modified mice had
attenuated cerulein-induced pancreatic. Indeed
NF-�B KO mice showed markedly reduced NF-�B
activation, decreased TNF-� production, blunted leu-
kocyte accumulation, and improved histology of the
pancreas. Therefore, it may be hypothesized that p50
dimers are essential for the development of acute
pancreatitis. In addition we have definitely confirmed
the role of the transcription factor using, for the first
time, KO mice. p105 KO mice still had detectable
levels of NF-�B following cerulein injection. It could be
hypothesized that our KO mice express some p105
message able to cause a low production of both p105
and p50. PCR and Western blot experiments showed
the lack of any pancreatic mRNA for p105, as well as
the complete absence of both p105 and p50 proteins
in the pancreas, thus ruling out the hypothesis. How-
ever, it should be taken into account that two other
DNA-binding complexes (p52/p65 and RelA/p65) are
activated during cerulein pancreatitis. The latter has a
minor role in the development of inflammatory pancre-
atitis, but in the absence of p50 (as in the case of p105
deficient mice), they might try to substitute the p50/
p65 complex. Indeed their efficacy in mediating the
inflammatory response seems to be poor; in fact,
cerulein-induced pancreatitis was dramatically
blunted in p105 deficient mice.

Figure 6.
(A) Pancreatic content of malonildialdehyde (MAL) levels in wild-type (WT) and
nuclear factor (NF)-�B knockout (KO) mice injected with either vehicle or
cerulein (CER). Bars represent the mean � SD of seven animals. #p � 0.005
vs WT � CER. (B) Pancreatic content of glutathione (GSH) levels in WT and
NF-�B KO mice injected with either vehicle or CER. Bars represent the mean �
SD of seven animals. #p � 0.001 vs WT � CER.
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Apart from phosphorilation, the oxidative state of
the cells has been shown to play a key role in NF-�B
activation (Frossard et al, 1999, 2001). Several antioxi-
dants, such as N-acetylcysteine, inhibit NF-�B activa-
tion induced by several agents, again reinforcing the
notion that reactive oxygen intermediates are deeply
involved in this triggering. Moreover, it has been
shown that N-acetylcysteine administration in
cerulein-induced pancreatitis blocks the activation of
the transcription factor and improves the parameters
of the disease (Gukovskaya et al, 1997). However, at
the present time, there is no conclusive information as
to whether lipid peroxidation in acute pancreatitis is a
cause or consequence of NF-�B activation.

Our data clearly indicate that mice rendered defi-
cient in p105, the precursor of p50 and one of the
components of the multimeric transcription factor
NF-�B, had a reduced oxidative stress following cer-

Table 1. Histology of Pancreas Harvested from
Wild-Type (WT) and Nuclear Factor–�B Knockout Mice
(KO) Injected with Either Vehicle or Cerulein

Group

Grade of
interstitial
edemaa

Grade of
inflammatory
cell infiltratea

Grade of
vacuolizationb

WT � vehicle 0 0 0
KO � vehicle 0 0 0
WT � cerulein 3 3 3
KO � cerulein 1 1 1
a Histologic grading was based on the following scale: 0, absent; 1, mild; 2,

moderate; 3, severe. Statistical analysis was performed using the method of
the “mode,” which identifies the predominant value in each group (n � 7).

b Based on the approximate fraction of cells involved: 0, 0%–25%; 1,
25%–50%; 2, 50%–75%; 3, 75%–100%.

Figure 7.
(A) Serum lipase activity in wild-type (WT) and nuclear factor (NF)-�B knockout (KO) mice injected with either vehicle or cerulein (CER). Bars represent the mean
� SD of seven animals. #p � 0.001 vs WT � CER. (B) Serum amilase activity in WT and NF-�B KO mice injected with either vehicle or CER. Bars represent the mean
� SD of seven animals. #p � 0.005 vs WT � CER. (C) Degree of pancreas edema in WT and NF-�B KO mice injected with either vehicle or CER. Bars represent the
mean � SD of seven animals. #p � 0.05 vs WT � CER.
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ulein administration when compared with WT mice.
Indeed NF-�B KO animals showed reduced MAL
levels and increased GSH content.

Thus, this experimental evidence leads us to hy-
pothesize that the interaction between oxidative stress
and NF-�B appears to be regulated, at least in
cerulein-induced pancreatitis, by a bi-directional
mechanism. Lipid peroxidation has a fundamental role
in NF-�B activation, but, as suggested by the present
experiment, NF-�B activation may also amplify the
oxidative insult.

In conclusion, our data suggest that NF-�B–defi-
cient mice show reduced lipid inflammatory response,
blunted oxidative stress, and attenuated organ dam-
age following cerulein-induced pancreatitis. This ex-
perimental evidence justifies the search for a pharma-
cologic approach aimed at blocking the inflammatory
cascade or alternatively and concomitantly the lipid
peroxidation process in acute pancreatitis.

Materials and Methods

Animals and Treatment

All procedures complied with the standards for care
and use of animal subjects as stated in the Guide for
the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Academy of
Sciences, Bethesda, Maryland). Breeding pairs of
NF-�B KO mice (p105; b6; 129-Nfkb1fm1Bal; KO) and
normal control littermate WT mice (C57Bl/6; 129; WT),
both weighing 22 to 30 g, were purchased from The
Jackson Laboratory (Bar Harbor, Maine). The animals
were bred at Messina University School of Medicine.

Animals were fed a standard diet ad libitum and had
free access to tap water. They were maintained on a
12-hour light/dark cycle at 21° C. To induce acute
pancreatitis, animals were administered 4 ip injections
(0.2 ml) of a supramaximally stimulating dose of cer-

ulein (50 �g/kg) every hour to elicit secreatagogue-
induced pancreatitis. Control mice (KO and WT) re-
ceived comparable injections of 0.9% NaCl. One hour
after the final cerulein or saline injection (ie, 1 hour
after four injections), animals were killed. Malonildial-
dehyde activity, GSH levels, MPO activity, TNF-�, and
NF-�B binding activity and its inhibitory protein I�B�
were studied in the pancreas. The severity of pancre-
atitis was measured by measuring plasma lipase and
amylase, and the degree of pancreas edema and
histologic damage was also evaluated.

Lipid Peroxidation Determination

Determination of pancreas MAL was carried out to
estimate the extent of lipid peroxidation in the dam-
aged tissue. Samples of pancreas were frozen at
�70° C until the assay. The day of analysis, after the
thaw, tissue samples were washed in ice-cold 20 mM

Tris-HCL, pH 7.4, blotted on absorbant paper and
weighed. Each sample was then minced in ice-cold 20
mM Tris-HCL, pH 7.4 and homogenized, in a ratio 1:10
weight to volume (w:v) using a Teflon pestle. After
centrifugation at 3000 �g for 10 minutes at 4° C, the
clear homogenate supernatant was used for biochem-
ical assay. The assay was carried out using a colori-
metric commercial kit (lipid peroxidation assay kit, cat.
no. 437634, Calbiochem-Novabiochem Corporation,
La Jolla, California).

Briefly, 0.65 ml of 10.3 mM N-methyl-2-phenylindole
in acetonitrile was added to 0.2 ml of homogenate
supernatant. After vortexing for 3 to 4 seconds and
adding 0.15 ml of HCl 37%, samples were mixed well
and closed with a tight stopper and incubated at 45° C
for 60 minutes. The samples were then cooled on ice,
and the absorbance was measured spectrophoto-
metrically at 586 nm. A calibration curve of an accu-
rately prepared standard MAL solution (from 2 to 128
nmol/ml) was also run for quantification.

Pancreas GSH and TNF-� and Determination of Plasma
Amylase and Lipase Activity

GSH activity was evaluated to estimate endogenous
defenses against oxidative stress. Reduced GSH lev-
els in the pancreas were determined as previously
described (Farriss and Reed, 1987). Samples were
frozen at �70° C until the assay. Briefly, tissue sam-
ples were homogenized with an ultra-turrax homoge-
nizer in a solution containing 5% trichloroacetic acid
and 5 mM ethylenediaminotetracetic acid at 4° C. Each
sample was the centrifuged at 15,000 �g for 10
minutes at 4° C, and 0.4 ml of homogenate superna-
tant was added in polyethylene dark tubes containing
1.6 ml Tris-EDTA buffer 0.4 M, pH 8.9. After vortexing,
40 �l of dithiobisnitrobenzoic acid 10 mM was added.
The samples were vortexed again, and the absor-
bance was read after 5 minutes at 412 nm.

The values of unknown samples were drawn from a
standard curve plotted by assaying different known
concentrations of pancreatic GSH. The amount of
pancreatic GSH was expressed as �mol/g protein.

Figure 8.
(A) Representative cerulein (CER)-injected pancreas harvested from a wild-
type mouse. Edema: inflammatory cell infiltrates of both interlobular and
intralobular interstitium are present (Original magnification, �25). (B) Repre-
sentative CER-injected pancreas harvested from a wild-type mouse. Presence
of dark bodies showing apoptotic cells engulfed by acinar cells (arrow)
(Original magnification �100). (C) Representative CER-injected pancreas
obtained from a nuclear factor–�B knockout mouse. Significant reduction in
the edema and in the inflammatory cell infiltrates (Original magnification,
�25). (D) Representative CER-injected pancreas obtained from a nuclear
factor–�B knockout mouse. The edema is minimal, and the presence of
vacuoles is rare. (Original magnification, �100).
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TNF-� levels in the pancreas were measured using a
commercially available immuno-ELISA kit specific for
mouse TNF-�.

Plasma amylase and lipase activity was determined
using commercially available kits. The values of
plasma amylase and lipase activity were expressed as
units per liter (U/l).

MPO Activity

MPO activity was evaluated as an index of neutrophil
accumulation in the injured tissue because it corre-
lates closely with the number of neutrophils present in
the organ (Mullane et al, 1985). We measured MPO
activity in the pancreas 2 hours following the last
cerulein injection. Pancreas samples were first homo-
genated in a solution containing 20 mM of potassium
phosphate to 1:10 (w:v) and then centrifuged for 30
minutes at 20,000 �g at 4° C. The supernatants of
each sample were then discarded, and the pellets
were immediately frozen for 12 hours. After the thaw,
the resulting pellet was added to a buffer solution
consisting of 0.5% hexadecyltrimethylammonium bro-
mide dissolved in 50 mM potassium phosphate buffer
(pH 6) containing 30 U/ml aprotinin. Each sample was
then sonicated for 1 minute at 4° C. Then, each
sample was centrifuged for 30 minutes at 40,000 �g
at 4° C. An aliquot of the supernatant was allowed to
react with a solution of o-dianisidine dihydrochloride
(0.167 mg/ml) and 0.0005% H2O2. The rate of change
in absorbance was measured spectrophotometrically
at 405 nm (Micro-spectrophotomer model 340 ATTC,
SLT Lab Instruments, Austria). MPO activity has been
defined as the quantity of enzyme degrading 1 �mol of
peroxide per minute at 37° C.

Isolation of Nuclear and Cytoplasmatic Proteins

Briefly pulverized pancreas samples were homoge-
nized in 0.8 ml ice-cold hypotonic buffer (10 mM

HEPES pH 7.9, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM

dithiothreitol); protease inhibitors: 0.5 mM phenyl
methylsulfonyl fluoride, aprotinin, pepstatin, and leu-
peptin [10 �g/ml each]; and phosphatase inhibitors:
50 mM NAF, 30 mM �-glycerophosphate, 1 mM

Na3VO4 and 20 mM �-nitrophenyl phosphate). The
homogenates were centrifuged for 30 seconds at
2000 rpm at 4° C to eliminate any unbroken tissues.
The supernatants were incubated on ice for 20 min-
utes, vortexed for 30 seconds after addition of 50 �l of
10% Nonidet P-40, and then centrifuged for 1 minute
at 4° C in an Eppendorf centrifuge. Supernatants
containing cytoplasmatic protein were collected and
stored at �80° C. The pellets, after a single wash with
the hypotonic buffer without Nonidet P-40, were sus-
pended in an ice-cold hypertonic salt buffer (20 mM

HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA,
1 mM dithiothreitol, protease inhibitors, and phospha-
tase inhibitors), incubated on ice for 30 minutes, mixed
frequently, and centrifuged for 15 minutes at 4° C. The
supernatants were collected as nuclear extracts and
stored at �80° C. The concentration of total proteins

in the samples was determined by a commercially
available protein assay reagent. To estimate possible
contamination of the nuclear extracts with the cyto-
plasmatic extracts, when preparing the nuclear and
cytoplasmatic proteins, lactate dehydrogenase activ-
ity was determined by a commercially available kit for
the quantitative kinetic determination of lactate dehy-
drogenase activity (Sigma Chemical, St. Louis, Mis-
souri). Values were expressed as lactate dehydroge-
nase activity units per milligram of protein. To
establish that the nuclear extracts contained mainly
nuclear proteins, 40 �g of nuclear protein preparations
were subjected to Western blot analysis for histone
H3, a nuclear protein, with antihistone H3 antibody
(Upstate Biotechnology, Lake Placid, New York).

EMSA

NF-�B binding activity was performed in a 15-�l
binding reaction mixture containing 1% binding buffer
(50 �g/ml of double-stranded poly[dI-dC], 10 mM Tris
HCl [pH 7.5], 50 mM NaCl, 0.5 mM EDTA, 0.5 mM

dithiothreitol, 1 mM MgCl2, and 10% glycerol), 15 �g of
nuclear proteins, and 35 fmol (50,000 cpm, Cherenkov
counting) of double-stranded NF-�B consensus oligo-
nucleotide (5'-AGT TGA GGG GAC TTT CCC AGG
C-8'; Promega, Madison, Wisconsin), which was end-
labeled with [� 32P]ATP (3000 Ci/mmol at 10 mCi/ml;
Amersham Life Sciences, Arlington Heights, Illinois)
using T4 polynucleotide kinase. The binding reaction
mixture was incubated at room temperature for 20
minutes and analyzed by electrophoresis on 5% non-
denaturing polyacrylamide gels. After electrophoresis,
the gels were dried using a gel drier and exposed to
Kodak X-ray films at �70° C.

The binding bands were quantified by scanning
densitometry of a bio-image analysis system (Bio-
Profil Celbio, Milan, Italy). The results for each time
point from each group were expressed as relative
integrated intensity compared with the control group
pancreas measured in the same batch because the
integrated intensity of group samples from different
EMSA batches would be affected by the half-life of the
isotope, exposure time, and background levels.

EMSA competition experiments were also per-
formed to study the specificity of the oligonucleotide
under study. Control experiments using another tran-
scription factor (AP-2) were also done.

Western Blot Analysis of I�B�, p105, and p50
in Cytoplasm

Cytoplasmatic proteins (40 �g) from each sample
were mixed with 2 � SDS sample buffer (62 mM Tris
[pH 6.8], 10% glycerol, 2% SDS, 5%
�-mercaptoethanol, 0.003% bromophenol blue),
heated at 95° C for 5 minutes, and separated by
SDS-polyacrylamide gel electrophoresis. After elec-
trophoresis on 12.5% polyacrylamide gels, the sepa-
rated proteins were transferred from the gels into
Hybond electrochemiluminiscence membranes (Am-
ersham) using a Bio-Rad semidry transfer system
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(Bio-Rad) for 2 hours. The membranes were blocked
with 5% non-fat dry milk in TBS-0.05% Tween for 1
hour at room temperature, washed three times for 10
minutes each in TBS-0.05% Tween 20, and incubated
with a primary I�B�, p105, or p50 antibody (Santa
Cruz Biotechnology) in TBS-0.05% Tween 20 contain-
ing 5% non-fat dry milk for 1 to 2 hours at room
temperature. After being washed three times for 10
minutes each in TBS-0.05% Tween 20, the mem-
branes were incubated with a second antibody
peroxidase-conjugated goat antirabbit IgG (Sigma) for
1 hour at room temperature. After washing, the mem-
branes were analyzed by the enhanced chemilumines-
cence system according to the manufacturer’s proto-
col (Amersham). The I�B� protein signal was
quantified by scanning densitometry using a bio-
image analysis system (Bio-Profil, Celbio, Milan Italy).
The molecular weights markers of I�B-� (41 kDA),
p105 (105 kDA), or p50 (50 kDA) were used as a
positive control and to indicate the specificity of our
experiment. The results from each experimental group
were expressed as relative integrated intensity com-
pared with control normal pancreas measured with the
same batch.

RNA Isolation and Reverse Transcriptase PCR

Total cellular RNA was extracted from a pancreas
section. The methods used in the current study have
been described elsewhere (Demols et al, 2000). In
brief, approximately 100 mg of pancreas was homog-
enized with 800 �l RNAZOL STAT (Teltest,
Firendswood, Texas) in a microfuge tube, after which
80 �l chloroform was added. After vortexing and
centrifugation, the aqueous phase was transferred to
a new microfuge tube containing an equal volume of
cold isopropanol and the RNA recovered by precipi-
tation by chilling at �80° C for 15 minutes. The pellet
was washed with cold ethanol 70%, centrifuged, dried
in speed vacuum, centrifuged a second time, and then
dissolved in 20 �l of buffer. A 2-�g portion of total
RNA was subjected to first-strand cDNA synthesis in a
20-�l reaction mixture containing the AMV reverse
transcriptase (Superscript II; Gibco BRL), each dNTP,
the specific primers, Tris-HCl, and MgCl2.

After dilution of the product with distilled water, 5 �l
was used for each PCR, which contained the Taq
polymerase (Perkin Elmer), the buffer as supplied with
the enzyme, each dNTP, and the specific primers
designed to cross introns and to avoid confusion
between mRNA expression and genomic
contamination.

The following oligonucleotide pairs were used (5'
oligo/3'oligo), each sequence as 5' to 3': TNF-�:
CACGCTCTTCTGTCTTACTGA/GGACTCCGTGAT-
GTCTAAGTGAPDH: ACCACCATGGAGAAGGTCGG/
CTCAGTGTAGCCCAGGATGGC; p105: TATGCACCG-
TAACAGCAGGA/GCTATCATAGATGGCGTCTG.; The
optimal cycle number for TNF-� and p105 was 25, and
we used a PCR-negative and a PCR-positive control
without cDNA or with a known cDNA, respectively.

After amplification, the products were subjected to
electrophoresis through 2% agarose (ultrapure, mo-
lecular biology grade) and stained with 0.5 �g/ml
ethidium bromide in tris-borate ethylene, diaminotet-
racetic buffer. The captured image was analyzed using
image analysis software (Bio-Profil, Celbio, Milano,
Italy), subjected to a densitometric analysis, and then
printed using a VPN-120 printer.

Histologic Studies and Evaluation of Pancreas Edema

For light microscopy, a piece from the central body of
the pancreas was rapidly removed and fixed in 10%
buffered formalin. Subsequently, it was embedded in
paraffin, cut, and stained with hematoxylin and eosin.

Assessment of tissue changes was carried out by
an experienced pathologist who was unaware of the
treatments. Histologic grading of edema and infiltra-
tion of inflammatory cells was based on the following
scale: 0, absent; 1, mild; 2, moderate; and 3, severe.
Grading of vacuolization was based on the approxi-
mate fraction of cells involved: 0, 0% to 25%; 1, 25%
to 50%; 2, 50% to 75%; and 3, 75% to 100%.

To measure pancreas edema, a piece from the body
of the pancreas was rapidly removed, weighed, and
then blotted dry on filter paper. The extent of pancre-
atic edema was calculated by measuring tissue water
content; pancreatic tissue was weighed before and
after desiccation at 95° for 24 hours. The difference
between the wet and dry tissue weights was calcu-
lated, and the degree of edema was expressed as a
percentage of the tissue wet weight.

Drugs

Cerulein was obtained from Bachem AG Laboratories
(Bubendorf, Switzerland).

Statistical Analysis

Data are expressed as means � SD and were analyzed
by ANOVA for multiple comparison of results. Dun-
can’s multiple range test was used to compare group
means. In all cases, a probability error of � 0.05 was
selected as the criterion for statistical significance.
The analysis of the histologic grading was performed
by applying the statistical method of the “mode,”
which identifies the predominant value in each exper-
imental group.
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