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Background and aim: Recent studies have indicated that prior thermal stress causes upregulation of
heat shock protein 70 (HSP70) expression in the pancreas and protects against secretagogue induced
pancreatitis. The mechanisms responsible for the protective effect are not known. Similarly, the effects
of prior non-thermal stress on HSP70 expression and pancreatitis are not known. The current studies
were designed to specifically address these issues.
Methods: In the current studies pancreatitis was induced by administration of a supramaximally stimu-
lating dose of caerulein 12 hours after thermal stress and 24 hours after non-thermal (that is, β adren-
ergic stimulation) stress.
Results: Both thermal and non-thermal stresses caused pancreatic HSP70 levels to rise and resulted in
increased expression of HSP70 in acinar cells. Both forms of stresses protected against caerulein
induced pancreatitis and prevented the early intrapancreatic activation of trypsinogen which occurs in
this model of pancreatitis.
Conclusions: These results suggest that both thermal and non-thermal stresses protect against pancrea-
titis by preventing intrapancreatic digestive enzyme activation and that HSP70 may mediate this pro-
tective effect.

Recent reports have indicated that prior thermal stress can
protect rats from the subsequent development of secreta-
gogue induced pancreatitis.1 2 Thermal stress has been

shown to result in intrapancreatic upregulation of heat shock
protein 70 (HSP70) expression2 but the location of that HSP70
expression and the mechanism(s) by which either thermal
stress or HSP70 might protect against pancreatitis have not
been established. Acute pancreatitis is generally believed to be
an autodigestive disease in which the pancreas is injured by
enzymes that are synthesised and secreted by acinar cells.
Under physiological conditions, most of these potentially
harmful digestive enzymes are synthesised and secreted as
inactive proenzymes or zymogens which are subsequently
activated in the duodenum. During the early stages of
pancreatitis however digestive enzyme zymogens including
trypsinogen are believed to become prematurely activated
within the pancreas.3–6 In recently reported time dependence
studies,6 we noted that trypsinogen activation, with release of
trypsinogen activation peptide (TAP), occurred within intracy-
toplasmic vacuoles that appeared during the initial 15–30
minutes of supramaximal secretagogue stimulation. We have
suggested that this activation of trypsinogen is an early and
critical event which leads, subsequently, to acinar cell injury
and pancreatitis.7 8

In the present communication, we show that prior β adren-
ergic stimulation, as well as prior thermal stress, can lead to
intrapancreatic upregulation of HSP70 expression and that β
adrenergic stimulation, like thermal stress, can protect against
secretagogue induced pancreatitis. We show that intrapancre-
atic activation of trypsinogen after supramaximal secreta-
gogue stimulation is prevented by either prior thermal stress
or prior β adrenergic stimulation and that in both cases the
upregulated HSP70 expression is primarily localised to the
cytoplasmic acinar cell vacuoles which are believed to be the
site of trypsinogen activation in this model of pancreatitis. We
suggest that HSP70, which is expressed after either thermal or

non-thermal (that is, β adrenergic stimulation) stress,
protects against pancreatitis by preventing premature
trypsinogen activation within acinar cells.

MATERIALS AND METHODS
Male Wistar rats (125–175 g), obtained from Charles River
Laboratories, were housed in standard cages in a climate con-
trolled room with an ambient temperature of 23 (2)°C and a
12 hour light/dark cycle. They were fed standard laboratory
chow, given water ad libitum, randomly assigned to control or
experimental groups, and fasted overnight before each
experiment. Caerulein, the decapeptide analogue of the
pancreatic secretagogue cholecystokinin, was purchased from
Research Plus (Bayonne, New Jersey, USA), collagenase from
Worthington Biochemical (Freehold, New Jersey, USA),
trypsin substrate (Boc-Gln-Ala-Arg-MCA) from Peptides
International (Louisville, Kentucky, USA), Superfrost/Plus
slides and Permount from Fisher Scientific (Pittsburg,
Pennsylvania, USA), and Vectastain Universal ABC and
avidin-biotin blocking kits from Vector Laboratories (Burlin-
game, California, USA). Antibody used for western blotting
and immunolocalisation of inducible HSP70 (cat. No. SPA 810)
was obtained from StressGen (Victoria, Canada). Antirabbit
TAP antibody was a kind gift from D McNally, Abbott Labora-
tories. All other chemicals and reagents were purchased from
Sigma Chemical (St Louis, Missouri, USA). All experiments
were performed according to protocols approved by the Insti-
tutional Animal Care and Use Committee of the Beth Israel
Deaconess Medical Center.
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Thermal and non-thermal stress
Thermal stress was induced using rats anaesthetised with an
intraperitoneal injection of pentobarbital. They were placed on
a heating pad and core body temperature was monitored with
a rectal probe. Their core body temperature was gradually
increased, over approximately 25 minutes, to 42°C and then
maintained at that level for 20 minutes. β-Adrenergic
stimulation was used to induce non-thermal stress. In this
case, conscious animals were given a single intraperitoneal
injection of isoproterenol (0.05 mg/kg).

Induction of pancreatitis
Pancreatitis was induced, 12 hours after thermal stress or 24
hours after administration of isoproterenol, by administration
of five hourly intraperitoneal injections of caerulein (10
µg/kg). Control animals received comparable injections of
saline. One hour after the final injection, animals were
sacrificed by administration of a lethal intraperitoneal dose of
pentobarbital.

Measurement of hsp70 levels by western blotting
Pancreas samples obtained immediately after sacrifice were
homogenised and aliquots (10 µg protein) subjected to
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
according to Laemmli.9 The separated proteins were trans-
ferred to nitrocellulose membranes as described by Towbin
and colleagues.10 Induction of HSP70 was monitored using
antibody to inducible HSP70 (1:1000). Labelled proteins were
visualised by the enhanced chemiluminescence method using
horseradish peroxidase coupled secondary antibody (1:5000)
and quantitated using a Scion Image Analysis Program.

Evaluation of pancreatitis severity
Serum amylase activity was quantitated using 4,6-ethylidene
(G7)-p-nitrophenyl (G1)-α1D-maltoheptoside, as described by
Kruse-Jarres and colleagues.11 Pancreatic oedema was evalu-
ated by measuring pancreatic water content. This was accom-
plished by weighing blotted fresh pancreas samples before and
after desiccation (95°C, 12 hours). Water content—that is, the
difference between wet and dry weight—was expressed as a
per cent of tissue wet weight. The extent of pancreatic inflam-
mation was evaluated by quantitating neutrophil sequestra-
tion within the pancreas. This was accomplished by measur-
ing myeloperoxidase (MPO) activity, as described previously,12

in pancreas homogenates and that activity was expressed as a
function of tissue dry weight. Pancreas necrosis and the extent
of acinar cell vacuolisation were determined by morphometry,
as previously described,13 performed by an experienced
observer who was unaware of the sample identity. The activity
of trypsin within the pancreas was quantitated using the
fluorimetric assay of Kawabata and colleagues14 and expressed
as arbitrary units per µg of DNA in the pancreas homogenate.
To allow for pooling of results from different experiments,
values were calculated and expressed as a per cent of that
noted in homogenates obtained from non-stressed animals
given caerulein. TAP levels in the pancreas homogenates were
quantitated by ELISA using affinity purified rabbit polyclonal
anti-TAP antibodies, as previously described.7

Immunolocalisation of hsp70
Pancreas samples were fixed (12 hours) in neutral buffered
formalin, embedded in paraffin, sectioned (5 µm), and
mounted on Superfrost/Plus slides. After being deparaffinised,
endogenous peroxidase activity was quenched with 3%
hydrogen peroxide (10 minutes) and non-specific binding was
blocked by incubation in phosphate buffered saline containing
1% bovine serum albumin (30 minutes). They were then incu-
bated in avidin and biotin blocking solutions (15 minutes
each) with washes in-between. The sections were then
incubated with primary antibody (anti-mouse HSP70 5 µg/ml)

overnight at 4°C. Negative control sections were incubated
similarly but without primary antibody. After rinsing, the sec-
tions were sequentially treated with biotinylated universal
secondary antibody from Vector Laboratories (1:200) for 30
minutes, and with Vecta ABC reagent for another 30 minutes.
The antigen-antibody complex was visualised using the
diaminobenzidine (DAB) method (DAB 5 mg/10 ml phosphate
buffered saline plus 12 µl of 30% hydrogen peroxide, three
minutes) and slides were then counterstained with methyl
green (1% in 0.1 M sodium acetate, pH 4.0) for 10 minutes.
After rinsing in distilled water and butanol, they were cleared
in xylene and coverslipped with Permount.

In vitro amylase secretion
Fresh pancreatic acini were prepared from control thermally
and non-thermally stressed rats using collagenase digestion,
as previously described,15 and amylase secretion, in response to
varying concentrations of caerulein, measured over 30
minutes.16 Amylase secretion was expressed as a per cent of
total amylase content.

Analysis of data
Results are reported as mean (SEM) values obtained from
multiple determinations in three or more separate experi-
ments. In all figures, vertical bars denote SEM values and the
absence of such bars indicates that the SEM was too small to
illustrate. The significance of changes was evaluated using the
Student’s t test when data consisted of only two groups or by
analysis of variance (ANOVA) when three or more groups were
compared. Differences associated with a p value of less than
0.05 were considered significant.

RESULTS
Effects of prior thermal stress on pancreatic hsp70
expression
Exposure of rats to thermal stress resulted in time dependent
upregulation of HSP70 expression in the pancreas. As shown
in fig 1A, HSP70 expression was increased within three hours
of thermal stress, reached a peak 12 hours after thermal stress,
and returned to basal levels 24–36 hours after thermal stress.

Figure 1 Effect of thermal stress and β adrenergic stimulation on
pancreatic heat shock protein 70 (HSP70) expression. Rats were
exposed to either thermal stress (A) or β adrenergic stimulation (B),
as described in the text. At the indicated times, the animals were
sacrificed, the pancreata were homogenised, and HSP70 expression
was evaluated by western blotting, as described in the methods
section. Relative optical densities are expressed as mean (SEM)
values of at least three animals at each time point.
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Effect of β adrenergic stimulation on pancreatic hsp70
expression
Exposure of rats to β adrenergic stimulation, accomplished by
administration of a single intraperitoneal dose of isoproter-
enol, resulted in time dependent upregulated expression of
intrapancreatic HSP70. As shown in fig 1B, pancreatic HSP70
levels were increased within one hour of isoproterenol admin-
istration, reached a peak 24 hours after administration, and
then declined to resting levels over the subsequent 12–24
hours.

Effect of prior thermal stress or β adrenergic
stimulation on the severity of caerulein induced
pancreatitis
Pancreatitis was induced by administration of five hourly
injections of a supramaximally stimulating dose of caerulein
begun either 12 hours after thermal stress or 24 hours after
administration of isoproterenol. As shown in figs 2 and 3, the
magnitude of each of the parameters used to evaluate the
severity of caerulein induced pancreatitis was reduced by
approximately 50% following either thermal stress or β adren-
ergic stimulation.

effect of prior thermal stress or β adrenergic
stimulation on intrapancreatic trypsinogen activation
during caerulein induced pancreatitis
Intrapancreatic activation of trypsinogen can be detected dur-
ing the early stages of caerulein induced pancreatitis (fig 4).
Trypsinogen activation is manifested in two ways—that is, by
the appearance of trypsin activity in the pancreas homogenate

and by the rise in TAP levels in the homogenate. Both
manifestations of trypsinogen activation were reduced by
approximately 50% after either prior thermal stress (fig 4A) or
β adrenergic stimulation (fig 4B). In contrast with its effect on
trypsinogen activation, neither prior thermal stress nor prior β
adrenergic stimulation altered pancreatic trypsinogen or
cathepsin B content (not shown).

Immunolocalisation of hsp70 in the pancreas
As shown in fig 5, there was virtually no HSP70 in the
pancreas samples obtained from control animals (fig 5A).
However, 12 hours after either thermal stress (fig 5B) or 24
hours after β adrenergic stimulation (fig 5C), when the level of
HSP70 was at its peak in the respective models, as assessed by
western blotting (fig 1A, B), there was profound upregulation
of HSP70 expression in the pancreatic acini. Under these con-
ditions, HSP70 expression was confined to acinar cells and
localised to the nuclear/perinuclear region. Thirty six hours
after thermal stress, HSP70 levels returned to control values
(fig 1A) and the immunostaining pattern was similar to that
seen in pancreas samples taken from control rats (fig 5D).
Administration of caerulein to naïve animals (fig 5E) resulted
in modest expression of HSP70 but profound vacuolisation of
acinar cells and interstitial oedema. In pancreas samples taken
from rats given caerulein 12 hours after prior thermal stress
(fig 5F) or 24 hours after isoproterenol injection (fig 5G), the
extent of both vacuolisation and oedema were reduced. Under
these conditions, HSP70 was localised primarily within those
cytoplasmic vacuoles which are noted in acinar cells. No
immunostaining was seen when the primary antibody was
omitted during the immunostaining protocol (fig 5H).

Figure 2 Effect of prior thermal stress on the severity of caerulein
induced pancreatitis: 12 hours after exposure to thermal stress,
pancreatitis was induced by caerulein administration and its severity
was quantitated, as described in the text, in control animals, in
control animals exposed to hyperthermia, in rats given caerulein,
and in rats given caerulein after prior exposure to hyperthermia.
Results are expressed as a per cent of the increase noted in
non-stressed animals given caerulein (that is, maximal increase).
Results represent mean (SEM) values for at least three animals at
each time point. *Significantly different (p<0.05) from non-stressed
caerulein treated rats. MPO, myeloperoxidase.
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Figure 3 Effect of β adrenergic stimulation on the severity of
caerulein induced pancreatitis: 24 hours after administration of
isoproterenol, pancreatitis was induced by caerulein administration
and its severity was quantitated, as described in the text, in control
animals, in control animals injected with isoproterenol, in rats given
caerulein, and in rats given caerulein after administration of
isoproterenol. Results are expressed as a per cent of the increase
noted in non-stressed animals given caerulein (that is, maximal
increase). Results represent mean (SEM) values for at least three
animals at each time point. *Significantly different (p<0.05) from
non-stressed caerulein treated rats. MPO, myeloperoxidase.

100

80

60

40

20

0

%
M
a
xi
m
a
l
in
cr
e
a
se

Serum

amylase

Pancreatic

oedema

Pancreatic

MPO

*

*

* *

100

A

B

80

60

40

20

0

%
M
a
xi
m
a
l
in
cr
e
a
se

*

Pancreatic

necrosis

Pancreatic

vacuolisation

Control

Isoproterenol

Caerulein

Caerulein + isoproterenol

80 Frossard, Bhagat, Lee, et al

www.gutjnl.com



Effect of prior thermal stress on in vitro secretagogue
stimulated amylase secretion from acini
As shown in fig 6, prior thermal stress did not alter the bipha-
sic dose dependence which characterises caerulein stimula-
tion of amylase secretion from acini in vitro. Low concentra-
tions of caerulein stimulated amylase secretion while high
concentrations inhibited amylase secretion from acini pre-
pared from control, prior thermally, or non-thermally stressed
rats.

DISCUSSION
Our studies have confirmed and extended the findings of
Wagner and colleagues2 who noted that prior thermal stress
protected rats from caerulein induced pancreatitis. In accord
with their observations, we also noted that thermal stress
resulted in upregulation of pancreatic HSP70 levels and
suggest that the protection against pancreatitis which is
afforded by prior thermal stress is mediated by HSP70. This
conclusion must remain tentative however as thermal stress
may result in other changes17 18 which effect the severity of
subsequent pancreatitis. Thus a cause-effect relationship
between HSP70 expression and protection against pancreatitis
can only be proved by studies which either more specifically
induce HSP70 (for example, transgenic animals overexpress-
ing HSP70) or interfere with HSP70 induction (for example,
HSP70 knockout animals). However, in support of our conclu-

sion that the protection against pancreatitis which follows
thermal stress is mediated by HSP70 are the facts that: (a) β
adrenergic stimulation which also resulted in upregulated
pancreatic HSP70 expression also protected against pancreati-
tis; (b) the similar level of HSP70 achieved after either thermal
stress or β adrenergic stimulation was associated with a simi-
lar degree of protection against pancreatitis; and (c) both
thermal stress and β adrenergic stimulation caused HSP70
levels to rise within the acinar cells of the pancreas where a
protective effect could occur. Additional support for our
conclusion that both thermal and non-thermal stress induced
HSP70 expression mediates protection against pancreatitis in
vivo comes from our recent in vitro studies using the antisense
oligonucleotide approach where we showed that culture stress
induced upregulated expression of HSP70 prevented caerulein
induced trypsinogen activation and acinar cell injury.19

Heat shock proteins were first described nearly 40 years ago
by Ritossa20 who noted that raising the temperature of
Drosophila from 25°C to 30°C resulted in a puffing pattern in
certain chromosomal locations and that a brief sublethal
period of thermal stress protected the Drosophila from a subse-
quent otherwise lethal exposure to heat. Since then, HSPs of
varying molecular weights (HSP27, HSP60, HSP70, HSP90,
etc.) have been identified and HSP induction by a variety of
different stresses (oxygen derived free radicals, heavy metals,
ischaemia/reperfusion, water immersion, etc.) has been
observed.21 22

The HSP70 family of HSPs is perhaps the most well studied.
It is known to include the constitutively expressed HSC70
(cognate HSP70/73), the inducible HSP70 (HSP70 or HSP72),
and glucose regulated protein (GRP78) which is also referred
to as heavy chain immunoglobulin binding protein (BiP). The
inducible HSP70, which is the form recognised by the
antibodies used in this study, has been found in pancreas as
well as in other tissues, to be primarily localised in the nucleus
and cytoplasm. Some reports23 24 have indicated that it may
also be expressed in the endoplasmic reticulum. It is believed
to act in a chaperone-like manner aiding in the passage of
proteins across membrane barriers,25 preventing misfolding of
newly synthesised proteins,26 and facilitating sequestration as
well as elimination of improperly assembled, misfolded, or
aggregated proteins.27–29

Caerulein induced pancreatitis follows exposure of the pan-
creas to high doses of the secretagogue and interaction of
caerulein with the low affinity cholecystokinin receptors
which mediate inhibition of acinar cell secretion.30 Thus one
potential mechanism for protection against pancreatitis that
follows either thermal stress or β adrenergic stimulation (and,
presumably, HSP70 expression) would be alteration in acinar
cell responsiveness to caerulein—that is, downregulation of
low affinity receptors or loss of the inhibitory response to
supramaximally stimulating doses of caerulein. As shown in
fig 6, that is not the case. The in vitro acinar cell biphasic
response to caerulein stimulation was unaltered, even in acini
prepared from animals previously exposed to thermal stress.

One of the earliest events in secretagogue induced pancrea-
titis involves intra-acinar cell activation of trypsinogen.7 The
events which lead to trypsinogen activation during the early
stages of pancreatitis are not entirely understood. In previous
reports, we have suggested that it might result from colocali-
sation of trypsinogen and the lysosomal hydrolase cathepsin B
within cytoplasmic vacuoles and the subsequent activation of
trypsinogen by cathepsin B.6 7 Theoretically, active trypsin
could cause activation of other zymogens within acinar cells
and this could lead to both acinar cell injury and pancreatitis.

In the current report, we noted that the rise in pancreatic
level of active trypsin and TAP after supramaximal caerulein
stimulation was attenuated in animals previously exposed to
thermal stress or given isoproterenol. Neither the pancreatic
content of trypsinogen nor the pancreatic content of cathepsin
B were altered by prior thermal stress or prior administration

Figure 4 Effect of hyperthermia and β adrenergic stimulation on
caerulein induced intrapancreatic trypsinogen activation: pancreatitis
was induced in rats after prior stress induced by hyperthermia (A) or
administration of isoproterenol (B), as described in the text.
Trypsinogen activation was monitored either by quantitation of
trypsin activity or by measurement of trypsinogen activation peptide
(TAP), as described in the text. Results are expressed as a per cent of
the increase noted in non-stressed animals given caerulein (that is,
maximal increase). Results represent mean (SEM) values for at least
three animals at each time point. *Significantly different (p<0.05)
from non-stressed caerulein treated rats.
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of isoproterenol. Attenuation of the rise in trypsin activity
could reflect either inhibition of the active protease or reduc-
tion in activation of the zymogen. Our finding that TAP levels
were also lower in animals after prior stress indicates that
stress results in reduction of the activation process itself,
rather than causing inhibition of the activated zymogen.

The mechanisms by which prior thermal stress or β adren-
ergic stimulation (and, presumably, HSP70 expression) might
interfere with trypsinogen activation in secretagogue induced
pancreatitis cannot be determined from our studies. It is
tempting however to speculate that those mechanisms might
alter either colocalisation of trypsinogen with cathepsin B or
the ability of cathepsin B to activate trypsinogen in acinar cells
during secretagogue induced pancreatitis. Regardless of the
mechanisms involved however our studies add to the growing
list of observations which suggest that agents or manipula-
tions which cause upregulation of HSP70 expression might
prove helpful in the prevention or treatment of pancreatitis.
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