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In experimental models of acute pancreatitis (AP), acinar cell
death occurs by both necrosis and programmed cell death or
apoptosls. Apoptosls Is an active form of cell death associated
with a tightly regulated expression of gene products that are
either pro- or antlapoptotlc. The aim of this study was to char-
acterize pancreatic mRNA levels by Northern blotting analysis
of apoptosls-assoclated genes used during the course of ceru-
leln-Induced AP In mice. Histone H3 mRNA levels were also
examined as an Indicator of cell proliferation. Acinar cell apop-
tosls was confirmed histologically. The findings show that AP
modifies pancreatic mRNA levels of both pro- and antlapoptotlc
genes simultaneously. Pancreatic belXL' bax, and p53 mRNA
levels Increased significantly in a temporal fashion during in-
duction of AP. Pancreatic bcl-2 mRNA levels were unchanged
during AP. Pancreatic mRNA levels of Insulin-like growth fac-
tor-, (IGF-1),a mitogen and cell survival factor, and Its receptor
(IGF-1R)also Increased In a temporal fashion during Induction
of AP. In summary, this study Indicates that acinar cell death
during ceruleln-Induced AP In mice can occur by the apoptotlc
pathway. Since factors promoting and antagonistic for cell sur-
vival are activated simultaneously, regulation of acinar cell sur-
vival appears complex and dynamic during AP.
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I n man, acute pancreatitis (AP) is a severe disease with a
significant morbidity and mortality (1). In order to better
understand the underlying cellular mechanisms of AP in

humans, several experimental animal models of AP have
been developed. These models include a choline-deficient
and ethionine-supplemented diet, obstruction of the pancre-
atic duct, and infusion of supramaximal doses of cholecys-
tokinin or its longer acting analogue, cerulein (2-8). Ceru-
lein-induced pancreatitis results in a nonlethal edematous
pancreatitis and shows many of the features of human pan-
creatitis, including elevated systemic amylase levels, pan-
creatic edema, inflammation, and cell death (2, 9). In pan-
creatitis, acinar cell death occurs by both necrosis and pro-
grammed cell death or apoptosis (10-15). Apoptosis is an
active process of cell death dependent upon induction of
specific genes (16-18). In rodents, AP-induced acinar cell
death is accompanied by pancreatic recovery, including an
increased mitotic activity of acinar cells (7, 8, 19, 20).
Therefore, expression of genes involved in stimulation of
acinar cell proliferation and pancreatic recovery is expected
to increase. Cell death by the apoptotic pathway is also
expected to occur during pancreatic remodeling to remove
the surfeit of acinar cells (13, 16, 21).

The purpose of the present study, therefore, was to
characterize mRNA levels of apoptosis-associated genes
(bclxv bcl-2, bax, p53, and IOF-I) during cerulein-induced
AP in mice. In addition, the mRNA levels of a proliferation
and cell survival factor, insulin-like growth factor-l (IGF-!)
and its receptor, the IGF-l receptor (IGF-IR), during ceru-
lein-induced AP were characterized. Pancreatic bax protein
levels during AP were also examined by Western blot-
ting analysis, and acinar cell production of bax protein was
confirmed by immunohistochemical localization. Histone
H3 mRNA levels were also used as an indicator of cell
proliferation (22).

Numerous studies have shown that IGF-l is a powerful
cell survival factor (23-25). In neuronal cells (26), serum-
deprived COS cells (27), atretic ovarian follicles (28), and
in mammary gland involution (29), IGF-! can block apop-



tosis. IGF-l R may also have a role in controlling cell
survival. For instance, the magnitude of apoptosis in
tumor cells is inhibited when IGF-I R expression is
increased (30, 31).

We found that pancreatic mRNA levels of pro- and
anti-apoptotic genes increased significantly 8 to 48 hr after
induction of AP. Pancreatic levels of bax protein also in-
creased significantly during AP. Since expression of factors
promoting and antagonistic for cell survival is activated
concurrently, regulation of acinar cell survival during AP
appears complex and dynamic.

Materials and Methods
Animals. AP was induced in female Swiss-Webster

mice (22-26 g) by administration of supramaximal doses of
cerulein (50 ug/kg, intraperitoneally, seven hourly injec-
tions, including 0 h for 6 h). Cerulein was purchased from
Bachem California (Torrance, CA). Mice were sacrificed at
selected intervals and the pancreas was removed immedi-
ately for preparation of pancreatic RNA and protein ex-
tracts, or for histological examination of acinar cell apop-
tosis. Trunk blood samples were collected at sacrifice and
serum was prepared by centrifugation.

Histological Examination of Apoptosis and Im-
munohistochemical Localization of Bax. Acinar cell
apoptosis was visualized by light microscopic examination
of hematoxylin and eosin-(H&E) stained, paraffin-em-
bedded pancreatic tissue sections (2-3 J.Lm). Acinar cells
were considered apoptotic when they showed condensed
and/or fragmented nuclei.

Immunohistochemical localization of pancreatic bax
was done on 4-J.Lm sections of formalin-fixed and paraffin-
embedded tissues using a rabbit anti-human polyclonal an-
tibody, a goat anti-rabbit secondary antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), and a VECTASTAIN
Elite ABC kit (Vector Laboratories, Burlingame, CA). En-
dogenous peroxidase activity was quenched with 3% H20 2
in methanol for 15 min followed by a rinse and incubation
in PBS for 5 min. After incubation in dilute (-2%) nonim-
mune goat serum, slides were incubated with the anti-bax
antibody (l :200, prepared in diluted goat serum) overnight
at 4°C, followed by a PBS rinse and incubation with a rabbit
biotinylated secondary antibody for 30 min and another
PBS rinse. Slides were then incubated in the ABC reagent
for 40 min, rinsed, and developed using the substrate di-
aminobenzidine solution for 5 min. Sections were rinsed
three times for 10 min in disti11ed water and were counter-
stained with hematoxylin, dehydrated, and then cover-
slipped for light microscopy.

Preparation of RNA and Northern Blotting
Analysis. Our procedure for preparation of pancreatic
RNA is described in detail due to the difficulty in preparing
intact pancreatic RNA. The entire pancreas was removed
immediately and homogenized in 5 ml of 5 M guanidine
thiocyanate containing 50 mM Tris HCl, 1% N-lauroyl sar-
cosine, 10 mM EDTA, pH 7.5, with 1% 13-mercaptoethanol.

Homogenates were allowed to settle briefly on ice and were
then precipitated (24-48 hr) at 4°C by adding 7x volume
ice-cold (-35 ml) 5 M LiCl. RNA precipitates were then
pelleted and resuspended in 5 ml of 5 M guanidine thiocya-
nate containing 1% 13-mercaptoethanol followed by one-
tenth volume (-500 IJ-I) 2 M sodium acetate. pH 4. RNA
was then extracted twice by addition of 1.5 ml of chloro-
form plus 4 ml of phenol:chloroform mixture (5: I. pH 4.7.
Sigma-Aldrich). and then a 2-ml chloroform wash. RNA
was precipitated with an equal volume of isopropanol at
-20°C overnight. RNA pellets were rinsed with 75% etha-
nol and then resuspended promptly in 4 ml of diethyl py_
rocarbonate (DEPC)-treated water. RNA was extracted
again by adding one-tenth volume sodium acetate (-400
J.LI). 1 ml of chloroform. and 2 ml of phenol:chloroform
mixture (5: I. pH 4.7). The top phase was transferred and
rinsed with 2 ml of chloroform. RNA was precipitated by
addition of ethanol (2.5 volume) and incubated overnight at
-20°C or for 2 hr at -70°C. RNA pellets were transferred to
microcentrifuge tubes and rinsed with 75% ethanol fol-
lowed by a 100% ethanol rinse. For preparation of polyad-
enylated (A)+ RNA [poly(Atl, samples were suspended in
DEPC-treated water.

Poly(At mRNA was prepared by incubating (-I mg)
RNA samples with 100 mg of oligo(dt) cellulose (Strata-
gene. San Diego. CA) overnight in a high salt binding buffer
(10 mM TRIS-HCl , pH 7.5, I mM EDTA, pH 8.0, 0.1%
SDS, and 0.5 M NaCI). Samples were then washed with
high salt buffer and then with (1.5-2 ml) low salt binding
buffer(lO mM TRIS-HCI, 1 mM EDTA, 0.2% SDS. and 0.1
M NaCI) and eluted with salt-free buffer (10 mM TRIS-
HCI, I mM EDTA, and 0.05% SDS). Poly(At mRNA
samples were denatured twice (i.e., separated by vortexing)
in a formamide/formaldehyde-containing gel loading buffer
for 5 min at 65°C before separation by electrophoresis (10
IJ-g) on a 1.0% denaturing agarose gel containing Ix MOPS
[20 mM 3-(N-morpholino) propanesulfonic acid (pH 7.0)
containing 8 mM sodium acetate, 1 mM EDTA (pH 8.0).
and 5% formaldehyde. Transcript sizes were determined by
comparison with migration of an RNA ladder (Ambion,
Austin, TX, Millennium marker, 0.5-9 kb). The poly(A)+
mRNA specimens and ladder were blotted onto nylon filters
(brightstar nylon membranes, Ambion) and were cross-
linked by means of an UV cross linker.

Membranes were then pre-hybridized and hybridized
according to the instructions supplied with Strip-EZ RNA
kits (Ambion). Multiple membranes were used in these
analyses. After pre-hybridization for 16 to 24 hr. mem-
branes were then hybridized with alpha 32p_UTP_
radiolabeled cRNA riboprobes (5-6 x 106 cpm/ml) over-
night at 65°C. Membranes were washed three times for 5 to
10 min each at room temperature in 2x SSC-O.I% SDS.
followed by three 30-min washes in 0.2x SSC-O.I% SDS at
65°C, and then depending upon the probe, this was followed
by a high stringency wash for 30 min at 68°C (temperature
varies with probe) in 0.1x SSC-O.I% SDS.
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Figure 1. Serum amylase levels in mice with cerulein-induced AP"
Mice were given seven hourly intraperitoneal injections of cerulein
(50 j.Jglkg body wt).

were unaffected (data not shown). Examination of H&E-
stained sections showed the greatest occurrence of acinar
cell apoptosis 48 hr after induction of AP (Table I).

Northern blotting analysis of pancreatic polytA)"
mRNA extracts showed that pancreatic mRNA levels of
pro- and anti-apoptotic genes increased significantly (P <
0.005 versus control levels) to peak levels 8 to 48 hr after
cerulein-induction of AP in mice. mRNA levels then
dropped precipitously 96 hr after induction of AP; however
they remained elevated when compared with control levels.

Pancreatic mRNA levels of bcl-2, an anti-apoptotic
gene, did not change during AP (data not shown). However,
pancreatic bclx L mRNA levels increased approximately
120-fold 8 and 12 hr (P < 0.005) after induction of AP, and
then decreased significantly 24, 48, and 96 hr after induc-
tion of AP (Fig. 3). Fourteen days after induction of AP,
pancreatic bclx L mRNA levels did not differ significantly
from control levels. Pancreatic p53 mRNA levels increased
significantly, in a stepwise fashion, 8 to 24 hr after induc-
tion of AP (Fig. 4). Twenty-four to 48 hr after induction of
AP, pancreatic p53 mRNA levels were approximately 35-
fold greater than control levels. Pancreatic p53 mRNA lev-
els remained significantly elevated 96 hr after induction of
AP. Fourteen days after induction of AP, pancreatic p53
mRNA levels did not differ significantly from control
levels.

Pancreatic bax mRNA levels increased approximately
7- and 13-fold, 12 and 24 hr after induction of AP and
remained at a near-peak level 48 hr after induction of AP
(Fig. 5). Pancreatic bax mRNA levels then declined signifi-
cantly 96 hr after induction of AP. Fourteen days after in-
duction of AP, pancreatic bax mRNA levels did not differ
significantly from control expression levels. Western blot-
ting analysis showed that pancreatic bax protein levels in-
creased significantly to a peak level 48 hr after induction of
AP. Bax protein levels then declined, although they re-
mained significantly elevated 96 hr and 14 d after induction

Membranes were exposed to Kodak Biomax MR film
at -80°C between intensifying screens. Signal intensity on
x-ray films was quantified by densitometric analy-
sis (LYNX Molecular Biology Workstation by Image
Recognition Systems, an Applied Imaging Company,
Cheshire, UK).

To ensure the accuracy of the changes in mRNA abun-
dance and equal loading and transfer of RNA, mRNA levels
were normalized to pancreatic chymotrypsin mRNA abun-
dance. mRNA levels of pancreatic chymotrypsin do not
change during AP (see "Results").

Probes were obtained as follows: a mouse bax cDNA in
pBluescript SK vector was obtained from SJ. Korsmeyer
(32); the rat IGF-l cDNA containing a 404-bp EcoRI re-
striction fragment-l (IGF-I) was provided by C.T. Roberts,
Jr. (33); rat bcl-2 cDNA was obtained from J.C. Reed (34);
rat bclx L cDNA was obtained from C.B. Thompson (35); rat
histone H3 cRNA in pGEM3 vector was obtained from (22)
and, the rat IGF-IR cDNA containing a 31O-bp Eco Rl
restriction fragment was obtained from D. LeRoith (36).
Plasmids for rat p53 and chymotrypsin were purchased from
ATCC (Rockville, MD).

Western Blotting Analysis. Pancreatic protein ex-
tracts were prepared by homogenizing pancreatic tissue
pieces «100 mg) immediately upon collection in RIPA
buffer (50 mM TRIS-HCl, pH 7.5, with 150 mM NaCl,
0.1% SDS, 1.0% Nonidet P-40, 0.5% sodium deoxycho-
late, 0.1 mg/ml of phenylmethylsulfonyl fluoride, and 0.2
unit'wl aprotinin and this was supplemented with a freshly
prepared protease inhibitor cocktail [Sigma, St. Louis,
MOD. Supernatant protein concentrations were measured
using the Bradford reagent (Bio-Rad, Hercules, CA). Ali-
quots of pancreatic extracts (30 J-Lg of protein diluted with
Laemmli loading buffer [Bio-Radl) were then boiled for 5
min and then electrophoresed on a 10% SDS polyacryl-
amide gel, transferred onto polyvinylidene difluoride
membrane, and probed with an antibody for bax (Santa
Cruz Biotechnology). Signals were detected using enhanced
chemiluminescence.

Serum Amylase Measurements. Serum amylase
levels were determined using the Phadebas Amylase Test
(Pharmacia and Upjohn Diagnostics AB, Uppsala, Sweden).

Statistical Analysis. Data were analyzed using the
Kruskal-Wallis test with Ci = 0.05. Fisher's least signifi-
cant difference procedure on rank transformed data was
used for multiple comparisons with Ci = 0.005 for com-
parison wise error rate.

Results
Cerulein-induction of AP was verified by an acute el-

evation in serum amylase levels (Fig. 1).
Light microscopic examination of H&E-stained pan-

creatic sections showed acinar cell apoptosis after induction
of cerulein-induced AP (Fig. 2). Ninety-six hours after in-
duction of AP, a majority of the pancreatic damage is re-
versed and the pancreas has regenerated. Pancreatic islets
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Figure 2. Aepresentative photomicrographs showing pancreatic
histology in mice with cerulein-induced AP. (A) T~elve ~ours after
the beginning of cerulein injections. Pancreatic sections were
stained with H&E. Notice the strong intracellular edema and abun-
dant apoptotic acinar cells. Many acinar cell nuclei are condensed,
fragmented, and dispersed in the condensed ~ytopl~sm .. ~ome
apoptotic cells (condensed and fragmented nuclei) are Ide~tlfl~d by
white arrowheads, 400x. (B) Ninety-six hours after the beginning of
cerulein injections. Notice the relative paucity of apoptotic cells. A
mitotic acinar cell is identified by the large white arrowhead and an
apoptotic cell is identified by the small white arrowhead.

of AP when compared with control levels (Fig. 6). In agree-
ment with Western blotting findings, bax immunostaining
was observed in the pancreas of control mice (Fig. 7). I~ 

munostaining showed abundant localization of bax protem
in acinar cells of mice with AP. Bax immunostaining was
detected in the cytoplasm and nuclei of apoptotic acinar

Table I. Measurement of Apoptosis at Selected
Intervals During Caerulein-Induced AP in Mice

Apoptosis (% of
Group acinar cell counted)

Control 0.4 ± 0.2
8 hr after induction of AP 5.3 ± 2.68

48 hr after induction of AP 10.7 ± 3.18

14 days after induction of AP 1.5 ± 0.8

Note. Using H&E-stained sections, 1000 aci~ar cells in thr~e mice/
group were counted. Acinar cells were consldere~ apoptonc when
they showed condensed and/or fragmented nuclei.
a P < 0.05 versus control mice.

Figure 3. Northern blotting analysis of pancreatic bcl
x L

mANA lev-
els at different times after induction of AP by cerulein in mice. In this
and subsequent figures, pancreatic mANA levels of various apopto-
sis-associated genes are shown as a Northern blot and as a bar
graph. For the Northern blotting analysis, 10 J,lg of pancreatic
poly(A)+ mANA was electrophoresed in a formaldehyde-denaturing
gel, transferred onto a nylon membrane, and hybridized with a 32p_
labeled cANA probe. Membranes are also hybridized with a rat chy-
motrypsin cANA probe (chymo) to correct for loading and transfer
differences. Pancreatic chymotrypsin mANA levels do not change in
AP (P> 0.05). Only two lanes of each group are shown, although n
= 4 pools of pancreatic poly(At mANA prepared from different mice.
* = P < 0.005 versus controls (C); *. = P < 0.005 versus controls and
earlier groups. The bar graph shows the ratio of bclx L mANA over
chymotrypsin mANA densitometric readings for Northern blots. The
mean ± SEM is shown.

Figure 4. Northern blotting analysis of pancreatic p53 mANA levels
at different times after induction of AP in mice.• = P < 0.005 versus
controls (C); ** = P < 0.005 versus controls and earlier groups.

cells. During AP, not all acinar cytoplasm and nuclei were
immunostained for bax. Acinar cells also showed nuclei, but
not the cytoplasm, immunostained for bax, A maximal bax
immunostaining was observed 48 hr after induction of AP.
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Figure 5. Northern blotting analysis of pancreatic bax mANA levels
at different times after induction of AP in mice." = p < 0.005 versus
controls (C); •• = P < 0.005 versus controls and earlier groups.

Figure 6. Western blotting analysis of pancreatic bax protein levels
at different times after induction of AP in mice. Protein was extracted
from pancreatic specimens harvested after induction of AP in mice.
The blot was probed with a bax antiserum. n = 3 to 4 mice/time
period.• =p < 0.005 versus controls (C); •• =P < 0.005 versus
controls and earlier groups.

Pancreatic IGF-l mRNA levels increased significantly
24 and 48 hr after induction of AP (Fig. 8). IGF-l mRNA
levels then declined precipitously 96 hr after induction of
AP. although levels remained significantly elevated when
compared with control levels. Fourteen days after induction
of AP. pancreatic IGF-I mRNA levels did not differ sig-
nificantly when compared with control levels. Pancreatic
IGF-IR mRNA levels increased significantly 8 to 48 hr
after induction of AP and then declined at 96 hr and 14 days
after induction of AP (Fig. 9). Pancreatic IGF-IR mRNA
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levels at 96 hr and 14 days did not differ significantly when
compared with control levels.

Pancreatic histone H3 mRNA levels increased approxi-
mately 17- to 30-fold 8 to 12 hr after induction of AP and
then remained significantly elevated 24 to 96 hr after in-
duction of AP (Fig. 10). Fourteen days after induction of
AP. pancreatic histone H3 mRNA levels did not differ sig-
nificantly when compared with control levels.

Discussion
The findings of the present study demonstrate that pan-

creatic mRNA levels of several apoptosis-associated genes
and IGF-l are acutely upregulated in a temporal fashion
during cerulein-induced AP in mice. Pancreatic mRNA lev-
els of anti- and pro-apoptotic genes achieve peak values 8 to
48 hr after induction of AP. Remarkably. pancreatic mRNA
levels of bclxL• an anti-apoptotic gene (37. 38), increase
approximately 130-fold within 8 hr after the initial admin-
istration of cerulein. Pancreatic mRNA levels of two other
apoptosis-associated genes. bax and p53. are also increased
maximally within 12 to 48 hr after induction of AP. In the
cases of bax and p53, these genes are pro-apoptotic (37, 39,
40). Additionally, pancreatic mRNA levels of bcl-2, an an-
tiapoptotic gene, did not change during AP (data not
shown). Pancreatic mRNA levels of IGF-l, which has a cell
survival (i.e., antiapoptotic) as well as a mitogenic influence
(23-25), are increased 48 hr after induction of AP. Pancre-
atic mRNA levels of the IGF-IR are also elevated during
AP. Although the actions of IGF-l are mediated through
binding to the IGF-IR, the increased IGF-IR mRNA levels
are probably not due to the increased pancreatic IGF-l ex-
pression since IGF-I has been shown previously to decrease
IGF-IR mRNA levels (41). This finding is consistent with
our results since the elevation in IGF-l R precedes the el-
evation of IGF-l mRNA levels, which occurs later at 24 to
96 hr when IGF-IR mRNA levels start to decline. Our bax
immunostaining findings during AP and the histological ap-
pearance of acinar cell apoptosis in cerulein-induced AP
support and extend the expression and protein data for ce-
rulein-induced AP.

Initiation of apoptosis can be signaled through different
pathways. A current paradigm suggests that cell fate is de-
termined, in part, by the balance between the products of
anti- and pro-apoptotic genes of the bcl-2 family of genes
(42). The number of genes identified as belonging to the
bcl-2 gene family now exceeds 18 (43). The bcl-2 family of
genes includes bclxL, bcl-w, Al/BFL-l, Boo/Diva, Mcl-l,
bax, bak, bad, bclxLs, and others (43). Bcl-2 and bclxL can
inhibit apoptosis; bax can dimerize with bcl-2 or bclxL and
inhibits their function and thereby promotes apoptosis. An
increase in the baxlbcl-2 (or baxlbcl xL) ratio fosters apop-
tosis. In addition, the transcription factor p53 plays a role in
the initiation of apoptosis by inducing bax expression (40,
44). In other systems, p53 has been shown to decrease the
transcription of the IGF-I R, as well as reduce IGF-I protein
levels and IGF-I R phosphorylation (36, 45). Such activities



Figure 7. Immunostaining for bax protein in pancreatic acinar cells during AP in mice. Tissue sections are stained with a polyclonal antibody
specific for human bax. Counterstaining of nuclei is.with hema~o~ylin. Positive immunOS!aini~g for bax in acinar cells is, in general, cytoplasmic.
Cytoplasmic with nuclear and nuclear alone bax Immunostalnlng are also observed In acmar cells (x400). (A) In agreement with Western
blotting findings, a marginal amount of bax immunostaining is observed in control mice. Bax immunostaining in the cytoplasm and nuclei of
pancreatic acini in control mice is identified by the small black and clear arrowh.eads, respectively. Bax immunostaining (brown hue) is faint.
(B) Bax immunostaining in the pancreas 8 hr after induction of AP. Note the widespread (brown hue), cytoplasmic, and nuclear bax immu-
nostaining. (C) Bax immunostaining in the pancreas 12 hr after induction of AP. Note the cytoplasmic and nuclear bax localization. A few
Positively stained nuclei are identified by the smal! clear arrowheads. ~ot al~ n~clei are stained. (0 and E) Bax immunostaining in the pancreas
48 hr after induction of AP. (0) In agreement With our Western blotting findings. note the abundantly strong cytoplasmic and nuclear bax
~istribution: ~ few acinar cells with cytoplas~ic and nucl~a~ bax immu.nostaining are identified by !he small c~e~r a.rrowheads. (0 and E) Bax
unmunoetalnmq is also "patchy"; not the entire pancreas ISirnmunostalned for bax. (F and G) Sax immunostainmq In the pancreas 96 hr after
induction of AP. (F) Note the cytoplasmic and nuclear bax lo.calization i~ ~cinar cells (small black arrows) i~ the vicinity of acinar cells with only
nuclear staining (large black arrow) or the absence of bax immunostalnlnq (large clear arrow). (G) A region of pancreas with an absence to
marginal bax immunostaining 96 hr after induction of AP.

can diminish the antiapoptotic and proliferative actions
ofIGF-1.

Our results show that AP induces a prompt increase in
pancreatic bax mRNA levels. In addition, the elevation in

pancreatic levels of bax mRNA is closely followed by an
increase in bax protein levels. The peak level of pancreatic
bax mRNA levels are achieved 24 hr after induction of AP
whereas peak bax protein in the pancreas OCcurs 48 hr after
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Figure 8. Northern blotting analysis of pancreatic IGF-1 mRNA lev-
els at different times after induction of AP in mice. The three ex-
pected IGF-1 transcripts are detected (7.5. 1.7-2.1, and 0.7-1.0),
however, only the smaller transcript is shown for ease of presenta-
tion." =p < 0.005 versus controls (C); •• =P< 0.005 versus controls
and earlier groups.

induction of AP. The immunohistochemical localization of
bax protein in the acinar cells agrees with and extends our
findings, showing an increase in pancreatic mRNA and pro-
tein-Ievels during AP. Our bax immunostaining shows
abundant cytoplasmic bax protein, as well as nuclear bax
localization. Bax has been localized previously to mito-
chondria, the nuclear membrane, and the endoplasmic re-

Figure 9. Northern blotting analysis of pancreatic IGF-1R mRNA
levels at different times after induction of AP in mice." = p < 0.005
versus controls (C); •• = P < 0.005 versus controls and earlier
groups.
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Figure 10. Northern blotting analysis of pancreatic histone H3
mRNA levels at different times after induction of AP in mice." = P <
0.005 versus controls (C); •• = p < 0.005 versus controls and earlier
groups.

ticulum in several tissues (38). The AP-associated elevation
in pancreatic bax expression may be signaled partly by p53
since pancreatic p53 mRNA levels are temporally coordi-
nated with those of bax. Together, these findings suggest
that acinar cell apoptosis observed during cerulein-induced
AP is attributable, at least in part, to the greatly increased
bax expression.

Our findings also show that pancreatic expression of
IOF-l, a cell survival factor and mitogen, is increased in
AP. IOF-l is expressed primarily in the pancreatic ductal
epithelium (46) and may act through a paracrine mode.
IOF-l has been shown to prevent induced apoptosis in a
variety of cell types (24, 26-28, 30, 31,47). The increased
pancreatic expression of IOF-l and IOF-IR, especially at
the stage that coincides with a transition to recovery and
regeneration, may serve to modulate or counteract the apop-
totic action of bax and p53 and to promote pancreatic exo-
crine recovery by acinar cell mitosis. It has been shown in
the rat, for example, that pancreatic 3H-thymidine incorpo-
ration shows a peak at 1 day and again between 4 and 7 days
after induction of AP (7). This earlier study showed that the
first peak is localized to intercalated duct cells and intersti-
tial cells, whereas the second peak is localized to remaining
acinar cells and reflects pancreatic repair. In the present
study, the sustained elevation in pancreatic histone H3
mRNA levels may reflect the protracted phase of acinar cell
regeneration that occurs with pancreatic recovery. It is note-
worthy that increased pancreatic IOF-IR mRNA levels pre-
cedes increased IOF-l mRNA levels temporally and may
serve functionally to insure pancreatic IOF-l action.

The present study showing induction of apoptotic- and
proliferation-related genes during AP extends our under-
standing of the cellular and molecular events during ceru-



lein-induced AP in mice (7-9, 19, 20). Our laboratory and
others have shown histologically that the earliest pancreatic
injury (i.e., acinar cell death) occurs within 2 to 3 hr after
induction of AP by cerulein, that the maximal injury is
observed at 10 to 24 hr after induction of AP, and that the
injury is resolved within 96 to 144 hr after induction of AP
(9). In the present study we show a dramatic upregulation in
the mRNA levels and in one case, protein levels, of prolif-
erative, and of anti- and pro-apoptotic genes. These molecu-
lar changes coincide temporally with the documented mor-
phological events in the pancreas and may be mechanisms
for activation of acinar cell death by the apoptotic pathway,
and pancreatic regeneration during AP. Although we do not
demonstrate a strict causative role for these changes in the
activation of acinar cell apoptosis and proliferation, they are
presumably associated with acinar cell death and pancreatic
remodeling during AP.

An earlier in vitro study (48) has shown that treatment
of a rat acinar cell line, AR4-2J cells, with cerulein induces
p53 expression and apoptosis. A recent human study also
showed increased p53 expression and apoptotic acinar cell
death histology by the terminal transferase-mediated dUTP-
biotin nick end labeling reaction (TUNEL) (49). Earlier
experimental animal studies have also reported that acinar
cells die by apoptosis, as well as by necrosis during AP
(10-15). One report indicates that severe forms of AP in-
volve primarily necrosis, whereas mild forms predomi-
nantly involve apoptosis and marginal amounts of necrosis
of the exocrine pancreas (15). For example, dietary ethio-
nine also causes pancreatic atrophy of the rat pancreas by
acinar cell apoptosis (13), and another report indicates that
pancreatic duct ligation in the rat resulted primarily in aci-
nar cell apoptosis (10).

Although not addressed in this paper, oxidative stress
and the inflammatory process are expected to playa role in
human and experimental AP (14, 50-55). During AP in
mice, formation of oxygen radicals and their adducts are
detected, glutathione levels are decreased, and lipid perox-
ides are increased. Furthermore, gene products usually as-
sociated with oxidative stress are upregulated in the pan-
creas during experimental AP. Reactive oxygen species can
cause DNA damage, resulting in activation of p53 gene
expression and apoptotic cell death (40). A recent paper
links the activation of the transcription factor, nuclear fac-
tor-KB (NF-KB), with the inflammatory and apoptotic re-
sponses in cerulein-induced pancreatitis in the rat (56). Al-
though NF-KB is implicated in an antiapoptotic action, NF-
KB can also exert a pro-apoptotic action (57-60). In the
same paper (56), administration of the antioxidant, N-
acetylcysteine, blocked NF-KB activation and improved the
biomarkers of pancreatitis; however, the percentage of
apoptotic acinar cells was unaffected, suggesting that other
apoptosis genes participate in the apoptoticprocess during AP.

In summary, the present findings show that products of
several genes involved in the process of cell death by ap-
optosis are increased during cerulein-induced AP in the

mouse. mRNA levels of IGF-I, a potent mitogen and cell-
survival factor, and its receptor, IGF-I R, are also increased.
These genes may participate in acinar cell apoptosis and
proliferation during AP. This is the first report that describes
pancreatic mRNA levels and in one case, protein levels of
an apoptosis-associated gene and of IGF-l mRNA levels
during cerulein-induced AP. Such information is critical to
our understanding and possible devising of approaches to
attenuate AP in humans.
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