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Heat  shock  proteins  (HSPs)  are cytoprotective  proteins  that  are expressed  constitutively  and/'  
or  at  elevated  levels  upon  the  exposure  of  cells  to  stress.  The  aim  of  this  study  was  to  
investigate  the  potential  effects of  HSP  preinduction  by cold-  (CWI)  or  hot-water  immersion  
(HWI)  on  pro-inflammatory  cytokine  production  (IL-1,  IL-6,  TNF-q)  in  cholecystokinin-
octapeptide(CCK)-induced  acute  pancreatitis.  Rats  were injected with  3 x  75 pg.'kg CCK  sub-
cutaneously  at  intervals  of  2 h  at  the  peak  level  of  HSP  synthesis,  as  determined  by  Western  
blot analysis. The animals  were killed by exsanguination  through-the abdominal  aorta  2 h after 
the  last  CCK  injection.  The  serum  IL-1,  IL-6.  TNF-o.  and  amylase  levels,  the  pancreatic  
weight/body  weight  ratio,  and  the  pancreatic  contents  of  DNA,  protein,  amylase,  lipase  and  
trypsinogen  were  measured;  biopsy  for  histology  was  taken.  HWI  significantly  elevated  the  
HSP72  expression,  while  CWI  significantly  increased  the  HSP60  expression.  HWI  pretreat-
ment decreased  all  of the measured  serum cytokine  levels in this acute pancreatitis model.  CWI  
and  HWI  pretreatment  ameliorated  most  of  the  examined  laboratory  and  morphological  
parameters  of  CCK-induced  pancreatitis.  The  findings  suggest  the  possible  roles  of  HSP60  
and  HSP72  in the protection  against  CCK-induced  pancreatitis.  HSP72 might  also  participate  
in  the  reduction  of  pro-inflammatory  cytokine  synthesis.  

Key  words;  Heat  shock  proteins,  cytokines,  water  immersion,  cholecystokinin-octapeptide,  
pancreatitis. 

1.  Introduction  
Supramaximal  doses  of cholecystokinin-octapeptide  (CCK)  (or  its  synthetic  ana -

logue  cerulein)  are  known  to  induce  a  mild  form  of  acute  interstitial  pancreat i t is  in  
rats,  character ized  by  hyperamylasemia,  pancreatic  oedema,  in t rapancreat ic  inflam-
mat ion  and  acinar  cell  injury1 .  

The  heat  shock  proteins  (HSPs)  are  a group  of  highly  conserved,  ubiqui tous  and  
funct ional ly  related  proteins  that  play  an  essential  part  in  cell  survival"13.  They  are  
involved  in  the  synthesis,  folding,  t ranspor t  and  translocation  of  proteins,  and  the  
assembly  and  disassembly  of  oligomers.  HSPs  are  divided  into  different  families,  
according  to  their  molecular  size  (e.g.  HSP60  and  H S P 7 2 ) : 3 .  T h e  H S P  families  
have  several  funct ional  homologues  in  the  different  compar tments  of  cells.  They  
are  expressed  constitutively  and /o r  at  elevated  levels  upon  the  exposure  of  cells  to  
a  variety  of  stress  condit ions  in  every  organ,  including  the  pancreas 4 .  The  HSPs  are  
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well  known  to  protect  cells against  stress5"10.  
Cells  subjected  to  hyper-  or  hypothermia  respond  by  synthesizing  HSPs.  

Induction  of  the  heat  shock  response  enhances  the  ability  of  cells  to  overcome  the  
effects  of  further  stress'.  It  has  been  demonstrated  that  the  preinduction  of  HSP  
expression  has a protective effect against cerulein-induced  pancreatitis7-10.  However,  
the  conclusions  drawn  from  these  experiments  are  somewhat  controversial.  Otaka  
et al.s  9  found that  the protective effect against  this acute  pancreatitis  model  was  due  
to  the  specific  pre-induction  of  HSP60  (by  cold-water  immersion  (CWI).  while  
Wagner  et  al.10  attributed  it  to  HSP72  (induced  by  hyperthermia).  Nevertheless,  
the  mechanism  of  how  HSPs  protect  against  CCK-induced  pancreatitis  remains  to  
be  answered.  

The  aim  of  the present  study was  to  investigate  the  potential  effects of  HSP  pre-
induction  by  CWI  and  hot-water  immersion  (HWI)  on  serum  pro-inflammatory  
cytokine  levels during  CCK-induced  acute  pancreatitis  in  rats.  

2.  Materials  and  methods  
2.1.  Experimental  protocol  
2.1.1.  Animals.  Male  Wistar  rats  weighing  250-300 g  were  used.  The  animals  were  
kept  at  a  constant  room  temperature  of  253C  with  a  12-h  light-dark  cycle,  and  
were  allowed  free  access  to  water  and  standard  laboratory  chow  (Biofarm,  
Zagyvaszántó,  Hungary).  The  rats  were  fasted  for  12 h  before  the  beginning  of  the  
experiments.  In  every  group,  the  rats  were  anaesthetized  with  pentobarbital  (PB)  
(44mg/kg.  i.p.)  at  the  starting  point  of  the  experiment  (fo).  The  experiments  
performed  in  this  study  were  approved  by  the  Animal  Care  Committee  of  the  
University.  The  animal  experiments  were  carried  out  complying  with  regulations  
required  by Hungary's  law.  

2.1.2.  CWI  and  HWI  stress.  WI  stress  was  performed  according  to  Otaka  et  al.9  

with  some  modifications.  In  group  C  [CWI]  (n  =  24),  the  rats  were  immersed  
vertically  in  a  233C  water  bath  to  the  depth  of  the  xiphoid  process  for  6h.  When  
the  animals  woke  up  from  the  anaesthesia,  they  were  immediately  reanaesthetized  
with  22mg-'kg  PB  i.p.  In  group  H  [HWI]  («  =  24),  the  rats  were  immersed  verti-
cally  in  a  37 :C  water  bath,  and  the  water  temperature  was  then  gradually  in-
creased  to  425C  (during  55 min)  and  maintained  there  for  20 min  (total  1  h  15 min) 
(figures  l(rr) and  (/>)). The  rectal  temperature  of 4-4  animals  was  monitored  during  
the  CWI  or  HWI  every  10 min  by  a  digital  thermometer  (Omker,  Budapest,  
Hungary)  to  demonstrate  the  actual  time-body  temperature  history  of  the  rats.  

In order to evaluate  the expressions  of HSP60, and  HSP72 after the CWI or  HWI  
stress, four rats were  killed  at each  time point  before (fo). immediately  after (0). or  3,  
6,  9 or  12 h  after  the  end  of  the  immersion  (figures  l(n)  and  (6)). The  pancreas  was  
quickly  removed,  cleaned  from  fat  and  lymph  nodes,  and  frozen  at  — 80:C  until  
processing. 

2.1.3.  CCK-induced  pancreatitis.  Acute  pancreatitis  was  induced  near  the  peak  of  
the  HSP  synthesis  by  injecting  75|.ig/kg  body  weight  CCK  subcutaneously  three  
times  at  intervals  of  2 h.  In  group  CC  [CWI + CCK]  (n  =  6),  the  rats  received  the  
CCK  immediately  after  the  CWI.  In  group  0 C C  [No  CWI + CCK]  (« =  6).  the  
animals  were  kept  at  room  temperature  and  were  injected  with  CCK  at  to  +  6,  
tu  +  8 and  t0  +  10 h  (figure  1(c)).  In  group  HC  [HWI +  CCK]  (/; =  6),  the  rats  re-
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Figure  1.  Experimental  protocol.  In  every  group,  the  rats  were  anaesthetized  with  44mg/kg  
body  weight  pentobarbital  (PB)  intraperitoneally  (i.p.)  at  the  starting  point  of  the  
experiment  (r0).  (a)  Group  C:  the  rats  were  immersed  vertically  in  a  23 ;C  cold  water  
bath  for  6  h.  When  the  animals  woke  up  from  the  anaesthesia,  they  were  immediately  
reanaesthetized  with  22mg/kg  PB  i.p.  (b)  Group  H:  the  rats  were  immersed  vertically  
in  a  37'C  water  bath,  and  the  water  temperature  was  then  gradually  increased  to  42"C  
and  maintained  there  for  20min  (total  l h  15min).  In  groups  C  and  H.  the  rats  
were  sacrificed  (t)  before  (f0),  immediately  after  (0),  or  3.  6,  9 or  12 h  after  the  end  of  
the  immersion,  (c)  Group  CC:  the  rats  received  cholecystokinin-octapeptide  (CCK)  
(75pg/kg  body  weight  subcutaneously  three  times  at  intervals  of  2h)  immediately  after  
the cold-water  immersion  (CWI).  Group 0 C C :  the  animals  were  kept  at  room  tempera-
ture  and  were  injected  with  CCK  at  /0  +  6,  t0  +  8 and  f0 +  lOh.  (d) Group  HC:  the  rats  
received  CCK  as  mentioned  above,  following  a  6-h  recovery  period  after  the  hot-water  
immersion  (HWI). Group 0 H C :  the rodents  were given CCK. starting at  /0  +  7 h  15 min. 
In  groups  CC,  0 C C ,  HC  and  0 H C ,  the  animals  were  killed  2h  after  the  last  CCK  
injection. 



H ater  immersion  and  CCK-induced  pancreatitis  523 

ceived  CCK.  as  mentioned  above,  following  a  6-h  recovery  period  after  the  HWI. '  
In  group  0 H A  [No  HWI + CCK]  («  =  6),  the  rodents  were  given  CCK  starting  
at  to  +  7h  15min  (figure  \(d)).  The  animals  were  killed  by  exsanguination  
through  the  abdominal  aorta  2h  after  the  last  CCK  injection.  The  pancreas  was  
quickly  removed,  cleaned  from  fat  and  lymph  nodes,  weighed,  and  frozen  at  
- 8 0 ' - C  until  use.  

2.2.  Production  of  HSP60  antibody  
An  antibody  to  HSP60 was produced  in rabbits  by an  intramuscular  injection  of  

1 mg  of  protein  emulsified  in  Freund's complete  adjuvant.  Booster  shots  were  given  
three  times  in  Freund's  incomplete adjuvantin  a  similar manner  at  2-week  intervals.  
The  rabbit  was  bled  1 week  after  the  last  injection.  The  antibody  was  purified  by  
affinity chromatography  on  a  protein  A-Sepharose  column.  

2.3.  Western  blotting  
The  pancreas  was  homogenized  in  a  buffer containing  20m.\i  HEPES.  pH7.9,  

1.5 mM MgCU, 420 m.\i NaCl, 0.5 mM DTT, 0.2  mM EDTA  and  0.5 mM PMSF,  using  
an  Ultra-Turrax  homogenizer  for  2 min.  The  homogenates  were  centrifuged  at  
20 000 g for  30 min. The supernatants  were collected  and  the  protein  concentrations  
were  measured  by  the  method  of  Bradford".  Twenty  micrograms  of  protein  were  
loaded  per  lane.  Samples  were electrophoresed  on  an  8%  sodium  dodecyl  sulphate-
polyacrylamide  gel  according  to  the  method  of  Laemmli13.  The  gels  were  either  
stained  with  Coomassie  Brilliant  blue  (to  demonstrate  equal  loading  of  proteins  
for  Western  blot  analysis)  or  transferred  to  nitrocellulose  membrane  for  2.5 h  at  
30 V.  Membranes  were  blocked  in  5%  non-fat  dry  milk  for  1  h,  and  incubated  
with  rabbit  anti-HSP60  (1:60 000.dilution)  or anti-HSP72  (1:5000 dilution)  [a  gener-
ous  gift  from  István  Kurucz,  Biorex  Laboratories,  Veszprém,  Hungary,  which  has  
been characterized  previously13] antibody for an additional  1  h at  room  temperature.  
The immunoreactive  protein  was visualized  by enhanced  chemiluminescence,  using  a  
horseradish  peroxidase-coupled  anti-rabbit  immunoglobulin  at  1:15000  dilution  
(Dako.  Denmark).  The  densities  of  the  bands  were  quantitated  by  using  an  
A.A.B.  Image  Analysis  Program  (Advanced  American  Biotechnology.  Fullerton,  
CA). The  relative  density was calculated  as: density at  each  time point/density  before  
WI  stress  (control,  to).  

2.4.  Assays  
2.4.1.  Serum  amylase  activity,  and  pancreatic  contents  of  amylase,  trypsinogen,  li-
pase,  DNA  and  protein.  All  plasma  samples  were  centrifuged  at  2500 g  for  30 min. 
The  serum  levels  of  amylase  were  determined  by  a  chromogenic  method  with  the  
Phadebas  test14  (Pharmacia  x  Upjohn,  Uppsala,  Sweden).  Half  of  the  pancreas  
was  homogenized  in  a  9-fold  excess  wt/vol  of  ice-cold  buffer  containing  0.02 M 
Tris-HCl,  pH7.8,  0.15M  NaCl  and  0.1%  Triton  X-100.  Enzyme  measurements  
were  carried  out  oh  the supernatant  fractions  of  the  homogenates  after centrifugá-
don  at  20 000 g  for  30 min.  Pancreatic  amylase  activities  were  determined  as  de-
scribed  above14.  Trypsinogen  was  activated  after  a  200-fold  dilution  of  the  
homogenate  with  0.02 U  enterokinase/pg  pancreatic  protein  (Sigma,  St.  Louis,  
MO)  in  the  enzyme  buffer containing  80 MM Tris-HCl.  pH8.0.  25m.M  CaCL  and  
lOOpg'rnl  bovine  serum  albumin  for  120min  at  37=C15.  Lipase  activities  were  
measured  by  a  pH-stat  method15.  Samples  for  D N A  determination  were  precipi-
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tated  with  ice-cold  O.SM  perchloric  acid,  washed  in  5%  trichloroacetic  acid,  and  
then  hydrolysed  with  0.8 M perchloric  acid  at  90 ;C  for  lOmin16.  DNA  was  esti-
mated  photometrically  with  diphenylamine17.  The  protein  concentrations  in  the  
supernatant  fractions  of  the  homogenates  were  measured  by  the  microbiuret  
method  of  Goa , s .  

2.4.2.  Serum  cytokine  concentrations.  T N F - a  levels  were  titrated  in  a  bioassay  on  
the WEHI-164  cell  line19.  IL-6 concentrations  were  measured  via  their  proliferative  
action  on  the  IL-6-dependent  mouse  hybridoma  cell  line  B-9 :o.  The  activities  were  
calibrated  against  recombinant  TNF  (Genzyme,  Cambridge,  UK)  and  recombi-
nant  IL-6  (Sigma-Aldrich,  Munich,  Germany).  IL-1/3  concentrations  were  deter-
mined  with  an  ELISA  kit  (R&D  Systems,  Minneapolis,  MN)  according  to  the  
manufacturer's  instructions.  

2.5.  Histological  examination  
2.5.1.  Light  microscopy.  A  2-3 mm'  portion  of  the  pancreas  was  fixed  in  an  8%  
neutral  formaldehyde  solution  and  subsequently  embedded  in  paraffin.  Sections  
were  cut  at  4pm  thickness  and  stained  with  hematoxylin  and  eosin.  The  slides  
were  coded  and  read  for  the  traditional  histological  markers  of  pancreatic  tissue  
injury1  by  two  independent  observers  who  were  blind  to  the  experimental  proto-
col.  Semiquantitative  grading  of  interstitial  oedema,  leukocyte  infiltration  and  ad-
herence,  vacuolization,  necrosis,  and  apoptosis  of  acinar  cells  (see  figure  2),  was  
performed  on  8-10 consecutive  high-power  fields  (x400)  on  a  scale  of  0-3  or  0-4  
(described  in  more  detail  in  table  1).  In  addition,  basophilic  lamellation  of  the  cy-
toplasm  of  acinar  cells was  also graded  (see  figure  2(e))  since  a  pilot  study  revealed  
that  besides  the  traditional  markers,  areas  of  basophilic  lamellation  were  more  ex-
tensive  in  the  more  severely  damaged  pancreata.  The  score  for  each  graded  par-
ameter  was  averaged  and  the  total  pancreatic  damage  was  calculated  by  adding  all  
the  averages  together.  

2.5.2.  Electron  microscopy.  For  electron  microscopic  observations.  1 mm5  pieces  
of  the  pancreas  were  fixed  in  3%  phosphate-buffered  glutaraldehyde.  Tissue  blocks  
were  post-fixed  in  1%  OsO^.  and  then  rinsed  in  distilled  water,  dehydrated  in  a  

Table  1.  Histological  grading  system  for  the  evaluation  of  cholecystokinin-octapeptide-
induced  acute  pancreatitis  in  rats.  Scoring  was performed  on  S—10  consecutive  high-
power fields (400 x). The score for each  graded  parameter  was averaged and  the total 
pancreatic damage  was calculated  by adding  all  the  averages  together.  

Scores 
0 1 2 * 4 

Interstitial  oedema  0 mild moderate severe _ 
Leukocyte  infiltr. (no.  of cells) 0-1 2-5 6-10 >10 -

Leukocyte  adh. (no.  of cells) 0 1 2-3 >3 -

Vacuolization  (%  of  total  acinar  cells)  0 1-33 34-66 67-100 -

Necrosis (%  of  total  acinar  cells)  0 1-25 26-50 51 —T5 76-100 
Apoptosis  (no.  of apoptotic  bodies)  0-1 2-5 6-10 >10 -

Basoph.  lam.  (%  of total  acinar  cells)  0 1-33 34-66 67-100 -
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Figure  2.  Morphological  features  of  experimental  acute  pancreatitis  in  rat.  The  features  
include  («.  b)  interstitial  oedema  (asterisk),  necrosis  of  pancreatic  acinar  cells  (plus),  (c)  
adherence  of  leukocytes  to  the  endothelium  of  venules  (arrows),  (if)  vacuolization  of  
acinar  cells  (arrow),  (e)  basophilic  lamellation  of  the  cytoplasm  of  acinar  cells  (arrow),  
and ( / )  apoptosis  of  acinar  cells (arrow)  (hematoxilin  and  eosin.  original  magnifications  
were  changed  during  image  processing).  

graded  series  of  e thanol .  and  embedded  in  T A A B  Transmit  Resin  (TAAB.  UK) .  
Ul t ra th in  sections  were  double-stained  with  uranyl  acetate  and  lead  citrate  and  ex-
amined  with  a  Philips  electron  microscope.  

2.6.  Statistical  analysis  
Results  are  expressed  as means  ±  SEM.  Experiments  were evaluated  by  using  the  

Student  t-test  when  the data  consisted  of  two  groups,  or  by analysis  of variance  when  
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three  or  more  groups  were  compared .  Values  of  p  <  0.05  were  accepted  as  signifi-
cant. 

3.  Results  
3.1.  Body  temperature  of  rats  during  CWI  and  HWI  stress  

The  body  temperature  of  rats  du r ing  CWI  and  HWI  stress  is shown  in  figure  3.  

3.2.  Expression  of  pancreatic  HSPs  after  CWI  and  HWI  stress  
HSP72  could  not  be  detected  in  the  unstressed  control,  but  its  expression  was  

significantly  increased  at  3 h  af te r  the  H W I  and  remained  elevated  until  12 h  (figure  
4(A)).  HSP60  is  constitutively  expressed  in  the  pancreas,  HWI  did  not  have  a  
significant  effect  on  its  expression  (data  not  shown).  The  levels  of  HSP72  a f te r  
CWI  did  not  differ  significantly  f r o m  the  control  (data  not  shown),  but  the  
expression  of  HSP60  increased  significantly  dur ing  CWI.  The  maximal  amount  of  
HSP60  (as compared  to  the  unstressed  control)  was  noted  immediately  after the  end  

Tims (rrin) 

Time  (rrin)  

(.b) 

Figure  3.  Body  temperature  of  rats  during  (a) CWI  and  (b) HWI  stress vs  the  time after  the  
beginning  of  the  treatments.  Values  (filled  circle)  are  means ±SEM  for  four  animals  at  
each  time point.  The  dashed  lines  show  the  temperature  of  the  water  bath.  
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Figure  4.  Effect  of  water  immersion  stress  on  pancreatic  heat  shock  protein  synthesis.  
Representative  Western  immunoblots  of  protein  lysates  (20pg/lane)  extracted  from  pan-
creata  harvested  over  a  time  course  after  the  water  immersion  treatments  (0-12 h).  The  
control  did  not  receive  any  treatment,  (a)  Expression  of  pancreatic  HSP72  after  HWI.  
HSP72 could  not  be detected  in the unstressed  control,  but  its expression  was significantly-
increased  at  3h  after  the  HWI  and  remained  elevated  until  12 h.  (¿>) Expression  of  pan-
creatic  HSP60  after  CWI.  The  diagram  shows  the  relative  density  of  the  HSP60  bands  
[density  at  each  time  point/density  before WI  stress  (control)]  vs  the  time  after  the  CWI  
treatment  as  analysed  by  densitometry.  The  maximal  amount  of  HSP60  was  noted  im-
mediately after the end  of the immersion  (0), and  the  levels remained  significantly  elevated  
over  the  next  9h.  Values  are  means ± S E M  for  four  animals  at  each  time  point.  
* Significant  difference (p  <  0.05)  vs  the  unstressed  control  group.  

Table  2.  Effects of cold- and  hot-water  immersion  pretreatment  on  the histologic  parameters  
in cholecystokinin-octapeptide-induced  acute  pancreatitis.  

Group  0 C C  Group  CC  Group  0 H C  Group  HC  

Interstitial  oedema  1.29 ±0.15 1.24 ±0 .21 1.17 ±0.12 0.93 ± 0.16 
Leukocyte  infiltr.  0.26 ±0.02 0.29 ± 0 . 0 3 0.7S ±0.15 0.30 ± 0.06' 
Leukocyte  adh.  0.49 ±0.05 0.52 ±0 .06 0.40 ±0.16 0.35 0.05 
Vacuolization 1.15 ±0.12 0.33 ±0.05* 1.43 ±0.17 0.95 ± 0.11' 
Necrosis  (0-4)  0.31 ±0.20 0.20 ±  0.13  0.35 ±0.18 0.14 0.12 
Apoptosis 0.38 ±0.04 0.43 ±  0.05  1.03 ±0.13 1.26 ± 0.17 
Basoph.  lam.  1.51 ±0.08 0.90 ±0 .05* 1.83 ±0.20 1.93 ± 0.29 
Total  damage  5.07 ±0.45 3.71 ±0.53* 6.63 ±0.82 5.85 ± 0.87 

Groups  were  treated  as  indicated  in  figure  1.  Data  are  means ± S E M  for  6  animals.  
* Significant  difference (p  <  0.05)  vs  the  respective  control  group.  



59 Z.  Rakonczay  Jr.  et  al.  

(a)  (b)  

Figure  5.  (a)  Pancreatic  weight/body  weight  ratio  (pw/bw),  and  (b)  serum  amylase  levels  in  
groups  0 H C ,  HC,  0 C C  and  CC.  Groups  were  treated  as  indicated  in  figure  1.  
Means ±SEM  for  six  animals  are  shown.  * Significant  difference  (p  <  0.05)  vs  the  re-
spective  control  group.  

of  the  immersion,  and  the  levels  r emained  significantly  elevated  over  the  next  9 h 
(figure  4(A)).  

3.3.  Pancreatic  weight/body  weight  ratio  (pw/bw)  and  serum  amylase  activity  
The  administration  of  3  x  75 pg /kg  b o d y  weight  C C K  induced  the  typical  labora-

tory  and  morphological  changes  of  acute  pancreat i t i s .  In  group  CC,  the  pw/bw  
( 3 . 2 4 ± 0 . 1 3 m g  g)  and  the  serum  amylase  activity  (9690  =  1114U/1)  were  signifi-
cantly  decreased  vs  group  0CC  ( 3 . 6 9 ± 0 . 1 5 m g  g  and  23 400 ±  4625 U/l,  respect-
ively)  (figure  5).  In  group  HC,  the  p w / b w  ( 4 . 0 ± 0 . 1 5 m g / g )  and  the  serum  amylase  
activity  (23 3 3 0 ±  1412 U/l)  were  significantly  decreased  vs  group  0 H C  
(4.65 ±  0.29 mg  g  and  30063  ±  1676 U/ l ,  respectively)  (figure  5).  

3.4.  Pancreatic  contents  of  DNA,  protein,  amylase,  trypsinogen  and  lipase  
In  group  CC,  the  pancreatic  con ten t s  of  protein  (56.3  ±  7.6 mg/pancreas)  and  

D N A  (2.18 ±0 .28 mg/pancreas)  were  significantly  decreased  vs  group  0 C C  
(84.0  ±  5.16 mg  pancreas  and  3.02 ± 0 . 2 1  mg/pancreas ,  respectively)  (figures  6(A)  
and  (b)).  The  pancreatic  conten ts  of  amylase ,  lipase  and  trypsinogen  were  
significantly  decreased  in  g r o u p  C C  ( 1 0 0 8 ± 2 1 6 I U / p a n c r e a s .  169.1  ± 8 . 4 I U /  
pancreas  and  3 .16±0 .60 IU/panc reas ,  respectively)  vs  group  0 C C  (3612 dt 
1007IU/pancreas,  198.0±  15.1 I U / p a n c r e a s  and  5 .52±0 .67 IU/panc reas ,  respect-
ively)  (figures  6(c)  and  (A)).  NO  significant  change  was  detected  in  the  pancreatic  
D N A  content  in  group  H C  (2.47  ±  0.42 mg/pancreas)  vs  group  0 H C  
( 2 . 0 2 ± 0 . 1 2 m g  pancreas)  (figure  6(b)).  T h e  pancrea t ic  contents  of  protein,  amylase,  
lipase  and  trypsinogen  were  significantly  decreased  in  g roup  HC  (98 .9±4 .2mg '  
pancreas,  6464±51*9IU/pancreas,  2 0 9 . 6 ± 2 6 . 3  IU /panc reas  and  5 .09±0.50II}/  
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160*  3.5  

Figure  6.  Pancreatic  contents  of  (a)  protein,  (b)  DNA.  (c)  tripsinogen,  and  (if) amylase  in  
groups 0 H C ,  HC, 0 C C  and  CC.  Groups  were  treated  as indicated  in  figure  1. Data  are  
means =  SEM  for six animals.  * Significant difference (p  <  0.05)  vs the respective  control  
group. 

pancreas,  respectively)  vs g roup 0 H C  (124 .9±  16.3mg  pancreas.  1 0 2 4 4 =  1470IU/  
pancreas ,  343.3  ±  30.4 IU/pancreas  and  7.08 ±  1.30 lU/pancreas .  respectively)  
(figures  6 (a ) , (c)  and  (r/)).  

3.5.  Serum  cytokine  levels  
In  g roup  H C .  the  serum  levels  of T N F - Q  (11.3 ±  5.1 U/ml) .  IL-1  (6.6  ±  3.0  pg/ml)  

and  IL-6  ( 1 8 . 8 =  10.4 pg/ml)  were  all  significantly  decreased  vs  the  cor responding  
values  in  g r o u p  0 H C  (50.0 ± 3 . 0  U/ml ,  38.9 ± 4 . 6 pg/ml.  and  50.0 ±  1.0 pg/ml,  re-
spectively)" (figure  7).  In  g roup  CC,  the  serum  T N F - a  (76.0  ±  8.0 U/ml)  level  was  
significantly  elevated  vs  g r o u p  0 C C  (not  detected)  (figure  1(a)).  N o  significant  
changes  were  observed  in  the  serum  IL-1  and  IL-6  levels  in  g roup  C C  



530 Z.  Rakonczay  Jr.  et  al.  

1 6 0 

140 

120  •  

100 

80 

60 

40 

20 

OHC  HC  OCC  CC  

Groups 

(c) 

Figure  7.  Serum  (a) TNF-a,  (b)  IL-1,  and  (c)  IL-6  levels  in  groups 0 H C ,  HC. 0 C C  and  
CC.  Groups  were  treated  as  indicated  in  figure  1.  Means ± S E M  for  six  animals  are  
shown.  * Significant  difference (p  <  0.05)  vs  the  respective  control  group.  

( 4 2 . 0 ±  17.9pg/ml  and  115 .0±21 .8pg/ml ,  respectively)  vs  group  0 C C  ( 9 2 . 0 ±  
36.3 pg  ml  and  120.0 ±  24.2 pg/ml,  respectively)  (figures  1(b)  and  (c)).  

3.6.  Light  microscopy  
In  g r o u p  CC  the  total  damage  (3.71 ± 0 . 5 3  points)  was  significantly  decreased  vs  

g r o u p 0 C C  (5.07 ± 0 . 4 5  points)  (figure  8). N o  significant  al teration  was  observed  in  
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(•b) 

Figure  8.  CWI  pretreatment  protects  against  CCK-induced  pancreatitis.  The pancreata  from  
rats either  (a) not  exposed (Group 0 C C )  or  (b) exposed  to  CWI  (Group  CC) 2 h after  the  
last  of  three  s.c.  injections  of  75pg,'kg  body  weight  of  CCK.  Pretreatment  with  CWI  
(Group  CC)  greatly  reduced  the  CCK-induced  morphological  alterations  (hematoxylin  
and  eosin.  original  magnification  400x).  
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Figure  9.  Transmission  electron  micrograph  of  the  pancreas  from  a  rat  2h  after  the  last  of  
three  s.c.  injections  of  75pg/kg  body  weight  of  CCK  (Group  HC).  Acinar  cells  exhibit  
tightly  packed  rough  endoplasmic  reticulum  corresponding  to  the  areas  of  basophilic  
lamellation  of  the  cytoplasm  of  the  cells  (original  magnification  4600 x). 

the  total  damage  between  groups  H C  ( 5 . S 5 ± 0 . S 7  points)  and  0 H C  (6.63  ± 0 . 8 2  
points) .  The  point  values  for  each  of  the  scored  parameters  are  shown  in  table  1.  

3.7.  Electron  microscopy  
A n  electron  microscopic  study  was  performed  to  evaluate  the  cause  of  the  baso-

philic  lamellation  of  the  cytoplasm  of  the  acinar  cells.  Figure  9  shows  that  this  was  
due  to  tightly  packed  rough  endoplasmic  reticulum.  

4.  Discussion  
T h e  members  of  the  major  cytoprotective  HSPs  are  constitutively  expressed  or  

can  be  induced  in  the  pancreas4 .  The  induction  of  HSPs  are  well  know n  to  protect  
the  pancreas  against s t r e s s T h e  study was designed  to  investigate  the dynamics  of  
H S P  induction  (HSP60  and  HSP72)  in  response  to  CWI  and  HWI .  and  the  potential  
effects  of  HSP  preinduction  on  pro- inf lammatory  cytokine  production  in  C C K -
induced  acute  pancreatit is  in  rats.  

In  agreement  with  the  findings  of Otaka  et  al9.  the  results  demonstra te  that  CWI  
specifically  induces  HSP60.  while  HWI  increases  the  expression  of  HSP72  in  rats.  It  
was  found  that  the  levels of  HSP60  remained  significantly elevated  for  9 h a f te r  CWI .  
This  is  in  accordance  with  the  similar  findings  of  Lee  et  ctl.'  The  quanti ty  of  HSP72  
was  significantly  increased  at  3 h  after  HWI,  and  remained  elevated  until  12 h.  O taka  
et  al!4  used  conscious  rats  in  their  experiments  and  subjected  them  to  a  20-min  42  C  
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HWl  treatment.  They  also  showed  a  marked  elevation  of  HSP72  synthesis  after the 
HW1 treatment,  but  found  the peak  of HSP72 expression  at  6 h. which  could  be due 
to  the  differences in  the experimental  protocols.  

Pancreatitis  was induced  near  the peak  of HSP expression  by injecting high doses  
of  CCK  subcutaneously.  The  administration  of  CCK  resulted  in  the  typical  labora-
tory  (hyperamylasemia)  and  morphological  changes  (interstitial  oedema,  leukocyte  
infiltration and  acinar  cell  injury)  of  acute  pancreatitis  2h  after  the  last  CCK  injec-
tion  in  rats.  

Although  HSPs  have  been  implicated  as mediators  of  pancreatic  protection,  the  
precise  mechanism  of  their  cytoprotective  effects  remains  unknown.  The  observed  
protective  effects  of  HSPs  are  most  probably  due  to  their  chaperoning  activities3.  
The HSPs might  also attenuate cellular damage  by increasing  resistance of the cell to 
apoptosis-1""  or  necrosis5,  preventing intracellular  trypsinogen  activation  and/or  
decreasing  pro-inflammatory  cytokine  levels24.  Our  findings  support  these  poss-
ibilities.  It  is  well  known  that  the  pro-inflammatory  cytokine  levels  increase  during  
CCK-induced  pancreatitis25.  Decreased  cytokine  levels  were  demonstrated  after  
HWI  pretreatment  in  this  acute  pancreatitis  model.  Unexpectedly,  CYVI  pretreat-
ment  paradoxically  increased  the  serum T N F - a  level  in  CCK-induced  pancreatitis  
(CVVI  in  itself  does  not  have  this  effect; unpublished  data).  In  this  case,  one  can  
speculate  that  the  increased  level  of  this  cytokine  originates  extrapancreatically  
(mainly  from  activated  macrophages),  since  the  severity  of  pancreatitis  was  
decreased  by  CWI  pretreatment.  However,  the  circulating  levels  of TNF-a  are  not  
a  reliable indicator  of the disease severity, since the liver rapidly clears TNF-a  before  
it  reaches  the  general  circulation26.  CWI  pretreatment  did  not  influence  the  serum  
IL-1  and  IL-6  levels  in  this  model  of  acute  pacreatitis  (the  serum  IL-6  levels  even  
increased  after CWI  without  pancreatitis  induction;  unpublished  data).  

It  was  found  that  both  CWI  and  HWI  pretreatment  ameliorated  most  of  the  
examined  laboratory  parameters  of CCK-induced  pancreatitis.  Moreover.  CWI  pre-
conditioning  significantly  improved  the  morphological  picture  of  the  pancreatitis.  
HWI  pretreatment  did  not  influence  the histological  parameters  of  the  disease.  

Previously  reported  data  concerning  the protective  role  of different HSPs  against  
cerulein-induced  pancreatitis  are  conflicting.  Wagner  et  al.9  demonstrated  that  the  
expression  of  HSP70  induced  by  hyperthermia  (with  a  heat  pad  and  lamp,  the  core  
body  temperature  of  the  animals  was  elevated  to  42 : C  and  maintained  there  for  
20min)  correlated  best  with  the  time  course  and  degree  of  protection  against  cer-
ulein-induced  pancreatitis.  In  contrast  with  these  data,  Otaka  et  al.9  found  that  the  
specific  preinduction  of  HSP72  (by  immersing  the  rats  in  a  42.5 : C  water  bath  for  
20min)  had  no  preventive  effect  against  cerulein-induced  pancreatitis,  whereas  
HSP60  (induced  by  CWI)  did. The  beneficial  effect of  CWI  pretreatment  and  poss-
ibly  HSP60  against  cerulein-induced  pancreatitis  was  also  reported  by  Lee  et al.9  In  
fact,  the  studies  confirm  that  HSP60  might  indeed  play  a  role  in  the  protection  
(although  not  through  the  reduction  of  pro-inflammatory  cytokine  levels).  In  the  
experiments  of  Otaka  et  al.1  and  Wagner  et  al.10,  heating  the  animals  did  not  or  
just  slightly  increased  the  expression  of  HSP60.  Therefore,  the  possible  protective  
effect  of  HSP60  could  not  be  excluded  by  these  studies,  while  the  role  of  HSP72  
remained  questionable.  A  possible  explanation  for  the  discrepancy  between  the  two  
types  of  hyperthermia  pretreatment  might  have  been  the  different stress  models  used.  
It  was considered  that  the  lack  of protection  against  CCK-induced  pancreatitis  in  the 
case  of  HWI  pretreatment  by  Otaka  et  al.9  was  probably  due  to  the  inadequate  
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duration  of  restraint  stress  and  or  the  increase  of  the core  body  temperature  of  the  
rats  immersed  in  the hot-water  bath. Therefore,  the  HSP72  expression  did  not  reach  
a  high  enough  level  to  protect  the  pancreas  from  acute  pancreatitis.  In  the  present  
study,  the duration  of  the HWI  pretreatment  was longer  than  that  applied  by  Otaka  
et  al.,  because  it  was  hypothesized  that  the  experimental  set-up  would  result  in  a  
higher  core  body  temperature  and  consequently  a  higher  HSP72  synthesis.  The  
results  suggest  that,  besides  HSP60,  a  higher  level  of  HSP72  might  also  play  an  
important  part  in  protecting  the  pancreas  against  CCK-induced  damage  (at  least  
in  part  by  reducing  pro-inflammatory  cytokine  levels).  One  must  note  that  HWI  
pretreatment  and  possibly  even  the  higher  level  of  HSP72  were  not  sufficient  to  
decrease  the  severity  of  the  morphological  picture  of  the  disease.  This  might  be  
due  to  the different type of pre-conditioning  used  in these experiments,  or  the  inade-
quate  amount  of  HSP72  to  produce  complete  protection.  

Apart  from  the  main  goal,  an  electron  microscopic  study  was  carried  out  to  
analyse  the basophilic  lamellation  of the cytoplasm  of  the acinar  cells  (accumulation  
of a degradation product, or something else) in CCK-induced  acute pancreatitis.  The 
term  'basophilic  lamellation'  was  actually  coined  by  the  pathologist,  who  observed  
this  phenomenon  in  the  light  microscopic  sections  of  the  pancreas  as  a  peculiar  
concentric,  basophilic  lamellation  of  the  cytoplasm  of  acinar  cells.  Electron  micro-
scopy revealed that  the phenomenon  of lamellation  corresponded  to a tightly  packed  
rough  endoplasmic  reticulum. This  is most  probably  a compensatory  mechanism  of  
the acinar  cells to produce  proteins and  replace damaged  structures,  so  the extent  of  
the  change  was graded.  The  development  of  the changes  is  beyond  the study  of  this  
paper,  but  it's  a  profitable area  for future  work.  

In  conclusion,  it  was  shown  that  HWI  specifically  induced  the  synthesis  of  
HSP72,  while  CWI  specifically  elevated  the  level  of  HSP60.  It  was  demonstrated  
that  HWI pretreatment, and  possibly HSP72, reduces the pro-inflammatory  cytokine  
production  in  CCK-induced  pancreatitis.  The  findings  suggest  the  possible  roles  of  
both  HSP72 and  HSP60  in  the protection  against  CCK-induced  pancreatic  damage.  
A  decisive proof  of  the cytoprotective  effect of  these  HSPs  in  this acute  pancreatitis  
model  would  require  further  studies,  in  which  one  would  specifically  block  the  
expression  or  function  of  these  proteins.  
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Introduction:  Heat shock proteins (HSPs) have indispensable 
functions in the synthesis,  degradation,  folding, transport, and 
translocation  of  intracellular  proteins.  HSPs  are  proteins  that  
help  cells  to  survive  stress  conditions  by  repairing  damaged  
proteins. 
Aim:  To investigate  the potential effects of  HSP preinduction 
by cold-water (CWI) or hot-water immersion (HWI) on sodium 
taurocholate  (TC)-induced  acute pancreatitis  in rats. 
Methodology:  TC was injected into the common biliopancre-
atic duct  of the animals at  the  peak  level  of HSP synthesis, as 
determined  by  Western  blot  analysis.  The rats  were  killed  by  
exsanguination  through  the  abdominal  aorta 6  hours after the 
TC  injection. The  serum  amylase  activity,  the  IL-1,  IL-6 and 
TNF-a  levels, the pancreatic weight/body weight ratio, and the 

pancreatic contents of DNA, protein, amylase, lipase, and tryp-
sinogen  were  measured,  and a biopsy for histology was taken. 
Results:  HWI  significantly  elevated  HSP72  expression,  
whereas CWI significantly increased HSP60 expression. It was 
demonstrated that CWI pretreatment ameliorated the pancreatic 
edema and the serum amylase level increase, whereas the mor-
phologic  damage  was  more  severe  in  this  form of  acute pan-
creatitis.  HWI  pretreatment  did  not  have  any  effects  on  the  
measured  parameters  in TC-induced  pancreatitis.  
Conclusions:  The findings suggest a possible role  of  HSP60.  
but not HSP72, in the slight protection in the early phase of this 
necrohemorrhagic  pancreatitis model. 
Key  Words:  Heat  shock  proteins—HSP72—HSP60—Water  
immersion—Sodium  taurocholate—Pancreatitis.  

The  heat shock  proteins  (HSPs)  are a group of  highly  
conserved  proteins  that  are  expressed  constitutively  and  
at elevated  levels on the exposure  of cells to a variety  of  
stress  conditions  in every  organ,  including  the  pancreas  
(1-3).  HSPs  not  only  help  cells  to  survive  stress  condi-
tions  by  repairing  damaged  proteins,  but  are  also  in-
volved  in  the  synthesis,  degradation,  folding,  transport,  
and  translocation  of  proteins  (1-3).  HSPs  are classified 
according  to  their  molecular  mass  (e.g.,  HSP60  and  
HSP72),  their  intracellular  location,  and  their  functions  
(1,2). HSP60 is  primarily  a mitochondrial  protein, but  it  
also  can  be  found  in  the  pancreatic  zymogen  granules  
(4).  The  HSP70  family  members  include  the  highly  
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stress-inducible  HSP72 and  the constitutively  expressed  
HSP73  in  the  cytoplasm,  the  mitochondrial  HSP75,  and  
GRP78  (glucose-regulated  protein)  in  the  endoplasmic  
reticulum  (5).  

Cells  subjected  to  hypothermia  or  hyperthermia  re-
spond  by  synthesizing  HSPs.  The  induction  of  the  heat  
shock  response  enhances  the ability  of  the cells  to  over-
come  the  effects  of  a  further  stress  (6,7).  It  has  been  
demonstrated  that  the  preinduction  of  HSP  expression  
has  a  protective  effect against  cerulein-induced  pancre-
atitis  in  rats  or  against  choline-deficient  ethionine-
supplemented  diet  model  pancreatitis  in  mice  (8-12).  
The  cytoprotective  effects  of  the  HSPs  on  other  acute  
pancreatitis  models  have  not  been  investigated.  Sodium  
taurocholate  (TC) injected into the common  biliopancre-
atic  duct  of  the  rat  is known  to  induce  acute  necrohem-
orrhagic pancreatitis, characterized  by hyperamylasemia,  
interstitial  edema,  intrapancreatic  inflammation,  hemor-
rhages,  and  acinar  cell  injury  (13).  
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The  aim  of  the  current  study  was  to  investigate  the  
potential  effects  of  HSP  preinduction  by  cold-water  
(CVVI)  and  hot-water  immersion  (HWI)  on  TC-induced  
acute  pancreatitis  in  rats.  

METHODS 

Experimental  protocol  

Animals 
Male  Wistar  rats  weighing  300-350  g  were  used.  The  

animals  were  kept  at  a  constant  room  temperature  of  
25°C  with  a  12-hour  light-dark  cycle  and  were  allowed  
free access  to  water  and  standard  laboratory  chow  (Bio-
farm,  Zagyvaszántó,  Hungary).  The  experiments  per-
formed  in  this  study  were  approved  by  the  Animal  Care  
Committee  of  the University.  The  rats  were  fasted  for  12  
hours  before  the  beginning  of  the  experiments.  In  every  
group,  the rats were anesthetized  with  pentobarbital  (PB;  
44 mg/kg,  i.p.)  at the starting point  of the experiment  (to).  

Cold  water  immersion  and  hot  water  immersion  stress  
Water  immersion  stress  was  performed  according  to  

Otaka  et  al.  (9)  with  some  modifications.  In  group  C  
(CWI;  n  =  24),  the  rats  were  immersed  vertically  in  a  
23°C  water  bath  to  the  depth  of  the  xiphoid  process  for  
6  hours.  When  the animals  woke  up from the  anesthesia,  
they  were  immediately  reanesthetized  with  22 mg/kg  PB  
i.p.  In  group  H (HWI:  n  =  24),  the  rats  were  immersed  
vertically  in  a  37°C  water  bath,  and  the  water  tempera-
ture  was  then  gradually  increased  to  42°C  (during  55  
minutes)  and  maintained  there  for  20  minutes  (total,  1  
hour  15  min)  (Fig.  1A,B).  

To  evaluate  the expressions  of  HSP60  and  HSP72  af-
ter  the  CWI  or  HWI  stress,  four  rats  were  killed  at  each  
time point  before (t0), immediately  after (0), or 3,  6, 9,  or 
12 hours after the end  of the immersion  (Fig.  1 A, B). The 
pancreas  was  quickly  removed,  cleaned  from  fat  and  
lymph  nodes,  and  frozen  at - 8 0 ° C  until  processing.  

TC-induced  pancreatitis  
Acute  pancreatitis  was  induced  near  the  peak  of  HSP  

synthesis  by  injecting  100 p.L/100  g body  weight  3% TC 
into  the  common  biliopancreatic  duct  under  steady  
manual  pressure  during  a  period  of  30  seconds  as  de-
scribed  by Aho  et al.  (13). All  injections were  performed  
by the same  investigator  to limit  technical  differences. In 
group  CT  (CWI  + TC;  n  =  6),  the  rats  received  the  TC  
immediately  after  the  CWI.  In  group  OCT  (No  CWI  +  
TC;  n  =  6),  the  animals  were  kept  at  room  temperature  
and  were  injected  with  TC  at  t0  +  6  hours  (Fig.  1C).  In  
group  HT  (HWI  +  TC;  n  =  6),  the  rats  received  TC  as  
mentioned  above,  following  a  6-hour  recovery  period  
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F I G .  1.  Experimental  protocol.  In  every  group,  the  rats  were  anes-
thetized  with 4 4  mg/kg  body  weight  pentobarbital  (PB)  intraperitoneal-
ly  (i.p.)  at  the  starting  point of  the experiment  (to). (A) Group C: the  rats  
were  immersed  vertically  in  a  23°C  cold  water  bath  for  6  hours.  When  
the  animals  woke  up  f rom  the  anesthesia,  they  were  immediately  re-
anesthet ized  with  22  mg/kg  PB  i.p.  (B)  Group  H:  the  rats  were  im-
mersed  vertically  in  a  37°C  water  bath,  and  the  water  temperature  was  
then  gradual ly  increased  to  42°C  and  maintained  there  for  20  minutes  
(total  1 hour  15 minutes).  In groups  C and  H. the  rats were  killed  before  
(to),  immediate ly  after  (0),  or  3,  6,  9,  or  12  hours  after  the  end  of  the  
immers ion .  (C)  Group  CT:  100  p l /100  g  body  weight  3Cc  sodium  
taurocholate  (TC)  was  injected  into  the  common  biliopancreatic  duct  
under  steady  manual  pressure  during  a  period  of  30  seconds  as  de-
scribed  by  A h o  et  al.  (13)  immediately  after  the  cold-water  immersion  
(CWI) .  Group  6CT:  the  animals  were  kept  at  room  temperature  and  
were  injected  with T C  at  to +  6 hours.  (D)  Group  HT:  the  rats  received  
T C  as  ment ioned  above,  fol lowing  a  6-hour  recovery  period  after  the  
hot-water  immersion  (HWI) .  Group 6HT:  the rodents  were  given T C  at  
to  +  7  hours  15 minutes.  In  groups  CT,  0CT,  HT  and  8HT.  the  animals  
were  killed  6  hours  af ter  the  TC  injection.  

after the HWI.  In group  0HT (No HWI + TC;  n  =  6), the 
rodents  were  given  TC  at  t0  +  7  hours  15  minutes  (Fig  
ID).  The  animals  were  killed  by exsanguination  through  
the  abdominal  aorta  6  hours  after  the  TC  injection.  The  
pancreas  was  quickly  removed,  cleaned  from  fat  and  
lymph  nodes,  weighed,  and  frozen  at -80°C  until  use.  

Production  of  HSP60  antibody  
Antibody  to  HSP60  was  produced  in  rabbit  by  an  in-

tramuscular  injection  of  1  mg  of  protein  emulsified  in  
Freund's  complete  adjuvant.  Booster  shots  were  given  
three  times  in Freund's  incomplete  adjuvant  in  a  similar  
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manner  at 2-week  intervals. The rabbit  was  bled  1 week 
ifter  the  last  injection.  The  antibody  was  purified  by  
iffinity chromatography  on  a  protein  A  Sepharose  col-
imn. 

iVestern  blotting  
The pancreas  was homogenized  in  a buffer containing 

!0 mM HEPES,  pH 7.9,  1.5 mM MgCI2, 420  mM NaCl, 
(.5 mM  DTT, 0.2 mM  EDTA, and 0.5  mM  PMSF,  using  
in Ultra-Turrax  homogenizer for 2 minutes. The homog-
nates  were  centrifuged  at  20,000g  for 30  minutes.  The  
upematants  were  collected,  and  the  protein  concentra-
ions  were  measured  by  the  method  of  Bradford  (14).  
Aventy  micrograms  of  protein  was  loaded  per  lane,  
iamples were electrophoresed  on an 8% sodium  dodecyl  
ulfate-polyacrylamide  gel  according  to  the  method  of  
„aemmli  (15)  and  transferred  to  nitrocellulose  mem-
irane for 2.5 hours  at 30 V. Membranes were blocked  in  
% nonfat dry  milk for  1 hour and  incubated  with  rabbit  
nti-HSP60  (1:60,000  dilution)  or  anti-HSP72  (1:5,000  
ilution;  a  generous  gift  from  István  Kurucz,  Biorex  
.aboratories,  Veszprém,  Hungary,  that  has  been  charac-
srized previously  (16)) antibody for an additional  1 hour 
t  room  temperature.  The  immunoreactive  protein  was  
isualized  by  enhanced  chemiluminescence  using  a  
orseradish  peroxidase-coupled  anti-rabbit  immunoglob-
lin at  1:15,000 dilution (Dako, Denmark). The  densities  
f the bands were quantitated  by  using  an A.A.B.  Image  
malysis  Program  (Advanced  American  Biotechnology,  
ullerton,  CA,  U.S.A.).  The  relative  density  was  calcu-
ited  as  density  at  each  time  point/density  before  WI  
:ress  (t0).  

.ssays 

eritm  amylase  activity,  and  serum  
vtokine  concentrations  
All  blood  samples  were  centrifuged  at  2,500g  for  30  

linutes.  The  serum  levels  of  amylase  were  determined  
y a  colorimetric  kinetic  method  (Dialab,  Vienna,  Aus-
ia).  TNF-a  levels  were  titrated  in  a  bioassay  on  the  
/EHI-164 cell  line  (17). IL-6 concentrations  were  mea-
ired  by their proliferative action  on the  IL-6-dependent  
louse hybridoma  cell  line B-9 (18). The  activities  were  
ilibrated  against  recombinant  TNF  (Genzyme,  Cam-
"idge, UK)  and  recombinant  IL-6 (Sigma-Aldrich,  Mu-
ch,  Germany).  IL-ip  concentrations  were  determined  
ith an  ELISA  kit  (R and  D Systems, Minneapolis,  MN,  
.S.A.)  according  to  the  manufacturer's  instructions.  

ancreatic  contents  of  amylase,  tripsinogen,  lipase,  
NA  and  protein  
The  pancreas  was  homogenized  in  nine  volumes  of  

e-cold buffer containing  0.02 M Tris-HCl, pH 7.8,0.15  

A/ NaCl, and 0.1% Triton X-100. Enzyme  measurements  
were  carried  out  on  the  supernatant  fractions of  the  ho-
mogenates  after  centrifugation  at  20,000g  for  30  min-
utes.  Pancreatic  amylase  activities  were  determined  as  
described  above. Trypsinogen  was  activated  after a 200-
fold  di lut ion  of  the  homogena te  with  0.02  U  
enterokinase/p,g  pancreatic  protein  (Sigma,  St.  Louis,  
MO,  U.S.A.)  in  the  enzyme  buffer  containing  80  mM  
Tris-HCl, pH  8.0, 25  mM  CaCl2,  and  100 p.g/mL bovine 
serum  albumin  for  120  minutes  at  37°C  (19).  Lipase  
activities  were  measured  by  a  pH-stat  method  (19).  
Samples  for DNA  determination  were  precipitated  with  
ice-cold  0.8  M  perchloric  acid,  washed  in  5%  trichloro-
acetic  acid,  and  then  hydrolyzed  with  0.8  M  perchloric  
acid  at  90°C  for  10  minutes  (20).  DNA  was  estimated  
photometrically  with  diphenylamine  (20).  The  protein  
concentrations  in the supernatant  fractions of the homog-
enates were measured by the microbiuret  method of Goa 
(21). 

Histologic  examination  

Light  microscopy  
A  2-3 mm3  portion  of  the pancreas  head  was fixed in 

an  8%  neutral  formaldehyde  solution  and  subsequently  
embedded  in  paraffin. Sections  were  cut  at  4-p.m  thick-
ness  and stained  with hematoxylin  and  eosin. The  slides  
were coded  and  read  by two  independent  observers  who  
were  blind  to  the  experimental  protocol.  Grading  of  in-
terstitial  edema,  hemorrhage,  hyperemia,  necrosis,  leu-
kocyte  infiltration,  and  adherence  and  basophil  lamella-
tion  of  the cytoplasm  of acinar cells  was performed  on 8 
to  10 consecutive  high-power  fields on  a scale  of  0  to 3 
or  0  to 4.  The  score  for  each  graded  parameter  was  av-
eraged,  and  the  total  pancreatic  damage  was  calculated  
by  adding  all  the  averages  together.  

Statistical  analysis  
Results  are  expressed  as  means  ±  SEM.  Experiments  

were  evaluated  by  using  the  Student's  t  test  when  the  
data  consisted  of  two groups  or  by  analysis  of  variance  
when  three  or  more  groups  were  compared.  Values  of  
p  < 0.05  were  accepted  as  significant.  

RESULTS 

Expression  of pancreatic  HSPs  after  CVVI and 
HWI  stress  

HSP60  is constitutively expressed  in the pancreas, and 
the  level  of  its  expression  increases  significantly  during  
CWI. The maximal amount  of HSP60 (as compared  with  
the  unstressed  control)  was  noted  immediately  after the 
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immersion,  and  the  levels  remained  significantly  el-
evated  during  the  next  9  hours  (Fig.  2A).  HWI  did  not  
have  a  significant  effect  on  the  expression  of  HSP60  
(data  not  shown).  HSP72  was  present  at  very  low  levels  
in  the  control,  but  the  expression  was  significantly  in-
creased  at  3 hours after HWI  and remained  elevated  until  
12 hours  (Fig.  2B).  The  levels  of  HSP72  after CWI  did  
not differ significantly from the control  (data  not  shown).  

0  0  3  3  6  6  9  9  12  12  Control  (h)  

T i m e  (h)  

Control  0  3  3  6  9  9  12  12 (h) 

B  Time  (h)  

F I G .  2.  Expression  of  pancreat ic  H S P 6 0  af te r  cold-water  immersion  
(CWI)  (A),  and  HSP72  af ter  ho t -water  immers ion  (HWI)  (B).  Values  
are  means  ±  S E M  for  four  an ima l s  at  each  t ime  point.  Significant  
d i f ference  (p  < 0.05)  versus  the  unstressed  control  group.  
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F I G .  3.  (A)  Pancreatic  weight /body  weight  ratio  (pw/bw)  and  (B)  
serum  amylase  levels  in  groups  8HT,  HT.  0CT,  and  CT.  Groups  were  
treated  as  indicated  in  Fig.  1. Means  ±  S E M  for  six  animals  are  shown.  
Signif icant  d i f ference  (p  <  0.05)  versus  the  respective  control  group.  

Pancreatic  weight/body  weight  ratio  (pw/bw)  and  
serum  amylase  activity  

The  administration  of  3%  TC  (100  p.L/100  g  body  
weight)  induced  the  typical  laboratory  and  morphologic  
changes  of  acute  pancreatitis.  In  group  CT,  pw/bw  (4.20  
±  0.28  mg/g)  and  the  serum  amylase  activity  (6.523  ±  
536 U/L)  were  significantly decreased  versus  group  OCT  
(5.84  ±  0.76  mg/g  and  10,360  ±  720  U/L,  respectively;  
Fig.  3).  In  group  HT,  pw/bw  (5.44  ±  0.35  mg/g)  and  the  
serum  amylase  activity  (9,262  ±  1.287  U/L)  were  not  
significantly  different compared  with  group 0HT (5.12  ±  
0.44  mg/g  and  11,444  ±  945  U/L,  respectively:  Fig.  3).  

Pancreatic  contents  of  DNA,  protein,  amylase,  
trypsinogen,  and  lipase  

In  group  CT.  the  pancreatic  contents  of  DNA  (32.5  ±  
5.2  p.g/pancreas),  protein  (165.1  ±  18.5  mg/pancreas),  
amylase  (10,469  ± 2,443 U/pancreas),  lipase (1.98 ±  1.36  
IU/pancreas),  and  trypsinogen  (10.5  ±  1.1  IU/pancreas)  
were  not significantly different versus group  OCT (28.5  ±  
6.8  p.g/pancreas,  219.8  ±  35.7  mg/pancreas.  14.071  ±  
2,893  U/pancreas,  2.95  ±  1.54  IU/pancreas,  and  14.8  ±  
2.0  IU/pancreas,  respectively;  Fig.  4).  No  significant  
changes  were  detected  in  the  pancreatic  DNA.  protein,  
amylase,  trypsinogen  and  lipase  contents  in  group  HT  
(29.0  ±  4.9  p-g/pancreas,  231.9  ±  11.2  mg/pancreas,  
16,307  ±  2,342  IU/pancreas,  15.9  ±  1.4 IU/pancreas  and  
3.5  ±  2.63  IU/pancreas,  respectively)  versus  group  OHT  
(26.4  ±  2.9  jig/pancreas,  250.3  ±  30.8  mg/pancreas,  
16,513  ±  2,961  IU/pancreas,  16.6  ±  2.2  IU/pancreas  and  
2.38  ±  2.66  IU/pancreas,  respectively;  Fig.  4).  

Serum  cytokine  levels  
In  group  CT,  the  serum  level  of  IL-6  (91.7  ±  5.9  

pg/mL)  was  significantly  decreased  versus  that  of  group  
OCT  (175.0  ±  19.8  pg/mL;  Fig.  5C).  In  group  CT,  the  
serum TNF-ct  (66.7  ±  11.8 U/mL)  and  IL-1 (101.7 ±  14.8  
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F I G .  4.  Pancreatic  contents  of  (A)  protein,  (B)  DMA,  (C)  trypsino-
gen.  and  (D)  amylase  in  groups  0HT,  HT.  6CT.  and  CT.  Groups  were  
treated  as  indicated  in  Fig.  I.  Data  are  means  ±  SEM  for  six  animals.  

pg/mL)  levels  were  not  significantly  different  versus  
those  of  group  0CT  (91.8  ±"23.8  U/mL  and  87.5  ±  6.3  
pg/mL,  respectively:  Fig.  5A,  B). No significant  changes  
were  observed  in the serum TNF-ct,  IL-1,  and  IL-6  levels  
in  group  HT  (not  detected,  184.7  ±  84.1  pg/mL,  and  8.2  
±  4.6  pg/mL,  respectively)  versus  those  of  group  0HT  
(not  detected,  38.8  ±  11.4  pg/mL  and  4.0  ±  4.0  pg/mL,  
respectively;  Fig.  5).  

Light  microscopy  
In group CT,  the total damage  (8.01 ± 0.29 points)  was  

significantly  elevated  versus  group  0CT  (6.02  ±  0.83  
points;  Fig.  6). No significant alteration  in the  total  dam-
age  was  observed  between  groups  HT  (8.15  ±  0.71  
points)  and  0HT  (7.87  ±  0.84  points).  The  point  values  
for  each  of  the  scored  parameters  are  shown  in  Table  1.  

DISCUSSION 

Cells  subjected  to  a  mild,  sublethal  stress  events  suf-
ficient  to  increase  the  levels  of  HSPs  are  able  to  survive  
a  subsequent  more  serious  stress  event  (6).  HSP  prein-
duction  is  known  to  protect  the  pancreas  from  cerulein-
induced  pancreatitis  or  choline-deficient  ethionine-
supplemented  diet  model  pancreatitis  (8-12).  Our  study  
was  designed  to  investigate  the dynamics  of  HSP  induc-
tion (HSP60 and HSP72)  in response  to  CVVI and HWI  in  
the  pancreas  and  the  potential  effects  of  HSP  preinduc-

tion  on TC-induced  acute pancreatitis  in rats.  Pancreatitis  
was  induced  near  the  peak  of  HSP  expression  by inject-
ing  3%  TC  into  the  common  biliopancreatic  duct.  

In  agreement  with  the  findings  of  Otaka  et  al.  (9),  our  
results  demonstrate  that  CWI  specifically  induces  
HSP60, whereas  HWI  increases  the expression  of  HSP72  
in  rats.  Otaka  et  al.  (9)  did  not  check  the  dynamics  of  
HSP60 expression  after CWI. We found that the  levels of 
HSP60  remained  significantly  elevated  for  9  hours after 
CWI.  This  is  in  accordance  with  the  similar  findings  of  
Lee  et  al.  (11).  The  quantity  of  HSP72  was  significantly  
increased  at  3  hours  (six  times  the  control  level)  after  
HWI  and  remained  elevated  until  12 hours.  Otaka  et  al.  
(9) showed  that  the peak  (three  times the control  level) in 
the  HSP72  expression  was  at  6  hours,  which  could  be  
because  the  duration  of  the  hyperthermia  was  shorter  in  
their  experiments.  

The current study demonstrated  that the  administration  
of  TC  results  in  the  typical  laboratory  (hyperamylase-
mia)  and  morphologic  changes  (interstitial  edema,  leu-
kocyte infiltration, hemorrhage,  and  acinar cell  injury) of 
acute  pancreatitis  6  hours  after  the  TC  injection  in  rats.  

We  found  that  CWI  pretreatment  and possibly  HSP60  
ameliorated  the pancreatic  edema  and  the serum  amylase  
level  increase  in  TC-induced  pancreatitis  6  hours  after  
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F I G .  5.  Serum  (A)  T N F - a ,  (B)  IL-1  and  (C)  IL-6  levels  in  groups  
6HT,  HT.  8CT,  and  CT.  Groups  were  treated  as  indicated  in  Fig.  1.  
Means  ±  S E M  for  six  animals  are  shown.  »Significant  difference  (p  <  
0.05)  versus  the  respective  control  group.  
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F I G .  6.  Histology  of  the  pancreata  of  rats  either  not  exposed  (A,  
Group  6CT)  or  exposed  to  cold-water  immersion  (B,  Group  CT)  6  
hours  after  the  sodium  taurocholate  injection.  Pretreatment  with  cold-
water  immersion  (Group  CT)  significantly  increased  the  TC-induced  
morphologic  d a m a s e  (hematoxvlin  and  eosin.  original  magnification  
xlOO). 

the  induction  of  the  disease.  Unexpectedly.  CVVT precon-
ditioning  significantly  worsened  the  morphologic  picture  
of  the  pancreatitis.  This  might  be  a  result  of  the  micro-
circulatory  changes  caused  by  CWI  (23),  which  is  sup-

ported  by  the  fact  that  the  animals  in group  CT  exhibited  
a  greater  vascular  involvement  (hyperemia  and  hemor-
rhage)  than  did  those  in  the  control.  It  is  also  plausible  
that,  besides  or  instead  of  HSP60,  hypothermia  itself  has  
a  protective  effect  on  the  pancreas.  To  investigate  this  
possibility,  in  a separate  set  of  experiments  we  increased  
the  body  temperature  of  the  rodents  to  37°C  during  a  
2.5-hour  period  after  the  CWI  (results  not  demonstrated  
in  the  report),  in  the  belief  that  this  would  not  affect  the  
quantity  of  HSP60.  Unfortunately,  the  reheating  process  
decreased  the  level  of  this  protein  to  the  basal  value.  
Nevertheless,  the  reheating  abolished  the  protective  ef-
fect  seen  in  pw/bw  and  the  serum  amylase  level,  but  
improved  the  morphologic  parameters  (histology)  to  an  
insignificant  difference  as  compared  with  the  control.  
HWI  pretreatment  did  not  have  any  effect  on  the  mea-
sured  parameters  of  this  severe  acute  necrohemorrhagic  
pancreatitis. 

Although  HSPs  have  been  implicated  as  mediators  of  
pancreatic  protection,  the precise  mechanism  of  their  cy-
toprotective  effects remains  unknown. We  could  observe  
only  minor  protective  effects  in  the  early  phase  of  the  
TC-induced  pancreatitis  model.  These  are  most  probably  
because  of  their  chaperoning  activities  (1,2).  The  HSPs  
might  also  attenuate  cellular  damage  by  decreasing  pro-
inflammatory  cytokine  levels  (24)  or  by  preventing  in-
tracellular  trypsinogen  activation  (11.25).  Our  findings  
support  some  of  these  possibilities.  It  is  well  known  that  
the  pro-inflammatory  cytokine  levels  increase  during  
TC-induced  pancreatitis  (26).  We  detected  a  decreased  
serum  IL-6  level  after  CWI  pretreatment  in  this  acute  
pancreatitis  model.  HWI  pretreatment  did  not  influence  
the  serum  cytokine  levels  in  TC-induced  pancreatitis.  

It  should  be  emphasized  that  heat  shock  (hot  or  cold)  
results  in  a  number  of  stress-induced  responses,  e.g.,  
metabolic  alterations  and  the  synthesis  of  a  variety  of  
proteins  besides  HSP60  and  HSP72,  any  one  of  which  
might  have  an additional  protective  role  in  the  prevention  

TABLE  1.  Effects  of  cold-  and  liot-water  immersion  pretreatment  on  the  histologic  parameters  
in  sodium  taurocholate-induced  acute  pancreatitis  

Group  8HT  G r o u p  H T  Group  6CT  Group  CT  

IS  edema  2.45  ±  0.22  2 .47  ± 0 . 1 3  2.27  ±  0.20  1.80  ± 0 . 1 5 "  
Hemorrhaae 0.32  ± 0 . 1 4  0 .35  ± 0 . 1 2  0.09  ±  0.08  0.42  ± 0 . 1 3 "  
Necrosis  (0-4)  0.50  ± 0 . 2 1  0 .50  ± 0 . 1 8  0.29  ± 0 . 1 6  0.60  ± 0 . 1 7  
Leukocvte  infiltration  2.07  ± 0 . 2 1  1.90  ± 0 . 1 7  1.09  ± 0 . 3 9  1.05  ± 0 . 2 2  
Leukocvte  adherence  0.73  ± 0 . 1 3  0 .77  ± 0 . 1 1  0.57  ± 0 . 2 1  0.42  ± 0 . 1 7  
Basophil  lamellation  0.62  ±  0.24  0 .43  ±  0 .08  0.54  ±  0.08  1.06  ±0 .20"  
Hyperemia 1.27  ± 0 . 2 2  1.33  ± 0 . 2 5  1.04  ± 0 . 1 5  1.98  ± 0 . 0 5 "  
Total  damage  7.87  ± 0 . 8 4  8.15  ± 0 . 7 1  6.02  ±  0.82  7.71  ± 0 . 2 9 "  

Groups  were  treated  as  indicated  in  Fig.  i.  Data  are  mean  ±  S E M  for  six  animals.  
"  p  <  0.05  versus  respective  control  group.  
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of  a subsequent  stress  such  as pancreatitis.  For  example,  
other HSPs and antioxidant enzymes can also take part in 
the  protective  effect  (27).  

In conclusion,  in  accordance  with  previous  investiga-
tors,  we  showed  that  HWI  specifically  induced  the  syn-
thesis  of  HSP72,  whereas  CWI  specifically elevated  the  
level  of  HSP60  in  the  pancreas.  We  demonstrated  that  
CWI  pretreatment  exerts  minor  protective  effects in  the  
early  stages  of  TC-induced  pancreatitis.  Our  findings  
suggest  the  possible  role  of  HSP60  in  the  protection  
against TC-induced pancreatic damage. A decisive proof 
of  the  cytoprotective  effect of  HSP60  in  this  acute  pan-
creatitis  model  would  require  further  studies,  in  which  
the  expression  or  function of  this  protein  is  specifically  
blocked.  No  specific  inhibitor  of  HSP  production  or  
function  has  as  yet  been  developed,  however,  and  no  
knockout  animal  model  exists.  
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Comparative  effects  of water  immersion  
pretreatment  on three  different  acute  pancreatitis  
models  in  rats  

Tamás  Takács,  Zoltán  Rakonczay  Jr.,  Ilona  S.  Varga,  Béla  Iványi,  Yvette  Mándi,  
Imre  Boros,  and  János  Lonovics  

A b s t r a c t :  Ce l l s  respond  to  stress  by  upregulat ing  the  synthes is  of  cytoprotect ive  heat  shock  prote ins  (HSPs )  and  anti-
ox idan t  e n z y m e s .  The  aim  of  this  study  was  to  compare  the  e f fec t s  o f  cold  ( C W I )  or  hot  water  immers ion  (HWI)  
s t ress  on  three  dif ferent  acute  pancreatit is  models  (cholecys tokin in  oc tapept ide  (CCK) ,  sod ium  taurochola te  (TC),  and  
L-arginine  (Arg)) .  We  examined  the  levels  of  pancreat ic  H S P 6 0 ,  H S P 7 2 ,  and  ant ioxidants  af ter  the  water  immers ion  
s t ress .  M a l e  Wistar  rats  were  injected  with  C C K ,  T C ,  or  Arg  at  the  peak  level  of  pancreat ic  H S P  synthesis ,  as  deter-
m i n e d  by  Western  blot  analysis.  H W I  significantly  elevated  H S P 7 2  express ion  and  C W I  s ignif icant ly  increased  HSP60  
expres s ion  in  the  pancreas.  Water  immersion  stress  decreased  the  levels  of  pancrea t ic  ant ioxidants .  C W I  and  H W I  pre-
t r e a t m e n t  amel iora ted  most  of  the  examined  laboratory  and  morpholog ica l  pa ramete r s  of  C C K - i n d u c e d  pancreati t is .  
C W I  pre t rea tment  decreased  pancreatic  edema  and  the  s e rum  amyla se  level;  however ,  the  morpholog ica l  d a m a g e  was  
m o r e  severe  in  TC- induced  acute  pancreatit is.  Overal l ,  C W I  and  H W I  pret reatment  only  decreased  the  serum  cytokine  
c o n c e n t r a t i o n s  in  Arg- induced  pancreatitis.  CWI  and  H W I  resul ted  in  different ial  induction  o f  pancrea t ic  H S P 6 0  and  
H S P 7 2  a n d  the  deplet ion  of  antioxidants.  The  f indings  sugges t  the  poss ible  roles  of  H S P 6 0  and  (or)  H S P 7 2  (but  not  
that  o f  the  ant ioxidant  enzymes)  in  the  protection  against  C C K -  and  TC- induced  acute  pancreat i t is .  Unexpectedly ,  CWI  
p r e t r ea tmen t  w a s  detrimental  to  the  morphological  pa ramete r s  of  TC- induced  pancreati t is .  It  was  demons t ra ted  that  
C W I  and  H W I  pretreatment  only  influenced  cytokine  synthes is  in  Arg- induced  pancreat i t is .  

Key words:  heat  shock  proteins,  water  immersion,  cholecystokinin  octapeptide,  sodium  taurocholate,  L-arginine,  
pancreatitis. 

R é s u m é  :  L e s  cellules  répondent  à  un  stress  en  augmentan t  la  syn thèse  de  pro té ines  du  choc  the rmique  (HSP)  et  
d ' e n z y m e s  an t ioxydantes  cytoprotectrices.  Le  but  de  cet te  é tude  était  de  compare r  les  ef fe ts  d ' u n  stress  d ' immers ion  
d a n s  l ' e a u  f ro ide  ou  chaude  sur  trois  modèles  d i f férents  de  pancréa t i t e  a iguë  (oc tapept ide  de  la  cholécys tokin ine  (CCK-
8),  t au rocho la t e  de  sodium  (TC),  L-arginine  (Arg)).  N o u s  avons  m e s u r é  la  concentra t ion  des  proté ines  H S P 6 0  et  HSP72  
et  d e s  e n z y m e s  ant ioxydantes  pancréat iques  après  un  s t ress  d ' i m m e r s i o n  dans  l ' eau .  D e s  rats  Wistar  mâles  ont  reçu  une  
in jec t ion  de  C C K - 8 ,  de  T C  ou  d 'Arg  lorsque  le  taux  de  syn thèse  d e s  proté ines  H S P  pancréat iques ,  mesurées  par  
t r ans fe r t  Wes te rn ,  était  maximal .  L ' immersion  dans  l ' e a u  chaude  a u g m e n t e  s ignif icat ivement  l ' express ion  de  la  protéine  
H S P 7 2  dans  le  pancréas,  alors  que  l ' immers ion  dans  l ' e a u  f ro ide  augmen te  s ignif icat ivement  l ' express ion  de  la  protéine  
H S P 6 0 .  L e  s t ress  d ' immers ion  dans  l ' eau  d iminue  la  concen t ra t ion  des  enzymes  an t ioxydantes  pancréa t iques .  Une  im-
m e r s i o n  antér ieure  dans  l ' eau  froide  ou  chaude  amél iore  la  plupar t  des  pa ramèt res  b ioch imiques  et  morpho log iques  de  
la  panc réa t i t e  induite  par  le  CCK-8 .  L ' immers ion  antér ieure  dans  l ' e a u  f ro ide  d iminue  l ' o e d è m e  pancréa t ique  et  la  con-
cen t ra t ion  d ' a m y l a s e  sér ique  dans  la  pancréati te  aiguë  indui te  par  le  T C ,  ma i s  el le  augmente  les  a l téra t ions  
m o r p h o l o g i q u e s .  Une  immersion  antérieure  dans  l ' eau  f ro ide  ou  c h a u d e  d iminue  la  concentra t ion  sér ique  des  cytokines  
s e u l e m e n t  dans  la  pancréat i te  induite  par  l 'Arg .  En  conc lus ion ,  u n e  immers ion  antér ieure  dans  l ' eau  f ro ide  ou  chaude  
en t r a îne  u n e  induct ion  différentiel le  des  protéines  H S P 6 0  et  H S P 7 2  pancréa t iques  et  une  d iminut ion  des  enzymes  
a n t i o x y d a n t e s .  Ces  résultats  suggèrent  que  les  proté ines  H S P 6 0  et  H S P 7 2  jouen t  un  rôle  protec teur  con t re  une  
panc réa t i t e  a iguë  induite  par  le  CCK-8  ou  le  T C ,  mais  non  les  e n z y m e s  ant ioxydantes .  É tonnammen t ,  u n e  immersion  
an té r i eu re  dans  l ' eau  froide  entraine  une  détérioration  des  pa ramè t r e s  morpho log iques  de  la  pancréat i te  induite  par  le  
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TC.  Enfin,  nous  montrons  qu'une  immersion  antérieure  dans  l'eau  froide ou  chaude  influence  la  synthèse  des  cytokines  
seulement  dans  la  pancréatite  induite  par  l'Arg.  

Mots clés  :  protéines  du  choc  thermique,  immersion  dans  l'eau,  octapeptide  de  la  cholécystokinine,  taurocholate  de  
sodium,  L-arginine,  pancréatite.  

[Traduit  par  la  Rédaction]  

Introduction 
Heat  shock  proteins  (HSPs)  are  highly  conserved  and  

functionally related  proteins  that  are  classified  by  their  ap-
proximate  molecular  weights,  such  as  HSP60  and  HSP72  
(Lindquist  1986;  Welch  1992).  The  members  of  the  HSP  
family are expressed constitutively  and (or) at elevated levels  
upon exposure of the cells to a variety of stress conditions in 
every  organ,  including  the  pancreas  (Schafer  and  Williams  
2000).  HSPs  are  well  known  to  protect  cells  against  stress  
(Frossard  et  al.  2001;  Hutter  et  al.  1994;  Lee  et  al.  2000;  
Marber  et  al.  1995;  Otaka  et  al.  1997;  Rakonczay  et  al.  
2001;  Wagner  et  al.  1996;  Weber  et  al.  2000).  Following  
stress conditions,  many cellular  proteins become partially or 
completely  denatured  or  malfolded.  HSPs  recognize  this,  
bind to the damaged proteins,  and stabilize  and  refold them, 
thereby  preventing  or  dissolving  otherwise  irreversible  ag-
gregation. It is important to note that HSPs are also involved 
in  the  biogenesis  and  degradation  of  proteins,  regulating  
their  structures  and  functions  under  normal  physiological  
conditions.  Moreover,  HSPs have a critical  role  in the trans-
port  and  translocation  of  different proteins. 

Cells  subjected to hyper- or  hypothermia  respond  by syn-
thesizing  HSPs.  Induction  of  the  heat  shock  response  en-
hances  the  ability  of  the  cells  to  overcome  the  effects of 
further stress  (Hutter  et  al.  1994).  It  has  been  widely  demon-
strated that the preinduction of HSP expression has a protective 
effect  against  acute  interstitial  cholecystokinin  octapeptide  
(CCK)-  and  DBTC-induced  pancreatitis  (Frossard  et  al.  2001;  
Lee  et  al.  2000;  Otaka  et  al.  1997;  Rakonczay  et  al.  2001;  
Wagner  et  al.  1996;  Weber  et  al.  2000).  However,  the  cyto-
protective effects of the HSPs on more serious acute pancre-
atitis  models  have  received  relatively  little  attention  
(Rakonczay  et al.  2002).  Sodium  taurocholate  (TC) injected 
into  the  common  biliopancreatic  duct  of  the  rat  also  causes  
severe  necrohemorrhagic  pancreatitis  (Aho  et  al.  1980).  
Likewise,  it is well  known that  excessive doses of L-arginine 
(Arg)  induce  acute  necrotizing  pancreatitis  (Tani  et  al.  
1990). 

The  aim  of  the  present  study  was  to  compare  the effects 
of cold  (CWI) and hot water  immersion  (HWI)  pretreatment  
and the potential effects of HSP preinduction on three differ-
ent  acute  pancreatitis  models  (CCK,  TC,  and  Arg)  in  rats.  
Water immersion stress results  in a number of stress-induced 
responses  such as  metabolic  alterations  and  the synthesis  of  
a  variety  of  proteins  besides  HSP60  and  HSP72  that  may  
have  protective  roles  in  the  prevention  of  a  subsequent  
stress.  For  example,  the  antioxidant  enzymes  catalase  and  
manganese  superoxide  dismutase  can  also  take  part  in  the  
protective effect (Kingma et al.  1996; Mizunuma et al.  1984;  
Yamashita  et  al.  1998).  Therefore  (besides  HSPs),  we  also  

examined  the levels  of  pancreatic  antioxidants  after the wa-
ter  immersion  stress.  

Materials  and methods 

Experimental  protocol  

Animals 
Male Wistar rats weighing 250-350 g were used. The ani-

mals were kept at a constant  room temperature of 25°C with 
a  12 h light:  12 h dark cycle and were allowed free access to 
water and  standard  laboratory  chow (Biofarm, Zagyvaszántó, 
Hungary). The  experiments  performed  in this  study  were  in  
accordance  with  the  guidelines  of  Guide for  the  Care  and  
Use of  Laboratory Animals  and  approved  by  the  Animal  
Care  Committee  of  the  University.  The  rats  were  fasted for 
12  h  before  the  beginning  of  the  experiments.  In  every  
group,  the  rats  were  anesthetized  with  pentobarbital  
(44  mg/kg)  intraperitoneally  at  the  starting  point  of  the  ex-
periment  (/0).  

CWI and HWI stress  
Water immersion stress was performed according to Otaka 

et  al.  (1997)  with  some  modifications.  In  group  C  (CWI)  
(n = 24), the  rats were  immersed  vertically  in a  23°C water 
bath  to  the  depth  of the  xiphoid  process  for 6 h.  When the 
animals woke up from the anesthesia, they were immediately 
reanesthetized  with 22 mg pentobarbital/kg  intraperitoneally.  
In  group H  (HWI)  (n  =  24),  the  rats  were  immersed  verti-
cally  in  a  37°C  water  bath,  and  the  water  temperature  was  
then gradually  increased to 42°C (during  55 min)  and main-
tained  at  that  temperature  for 20 min  (total  of  1 h  15 min). 
In  order  to  evaluate  the  expressions  of  HSP60  and  HSP72  
after  the  CWI  or  HWI  stress,  four  rats  were  killed  at  each  
time  point  before  (t0)  immediately  after  (0)  or  3,  6,  9,  or  
12  h  after  the  end  of  the  immersion.  The  pancreas  was  
quickly  removed,  cleaned  from  fat  and  lymph  nodes,  and  
frozen at -80°C  until  processing.  Acute  pancreatitis  was in-
duced  near the  peak  of  HSP  synthesis.  

CCK-induced pancreatitis 
Pancreatitis  was induced by injecting 75 pg  CCK/kg body 

weight  subcutaneously  three  times  at  intervals  of  2  h.  In  
group CC (CWI + CCK) (n = 6), the rats received CCK im-
mediately after CWI.  In  group aCC  (no  CWI +  CCK)  (n = 
6),  the  animals were kept  at  room temperature  and  were in-
jected with CCK at t0 + 6, t0 + 8, and  /„ +  10 h.  In group HC 
(HWI + CCK)  (n = 6), the  rats  received  CCK as mentioned 
above  following a 6-h  recovery  period  after HWI.  In  group  
aHC (no HWI + CCK) (n = 6), the rodents were given CCK 
starting  at t0  + 7 h  15 min. 
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TC-induced  pancreatitis  
Three  percent  TC  was  injected  at  100  (iL/100  g  body  

weight  into  the  common  biliopancreatic  duct  under  steady  
manual  pressure  over  a  period  of  30  s,  as  described  in  Aho  
et  al.  (1980).  All  injections  were  performed  by  the  same  in-
vestigator  to limit  technical  differences.  In group  CT (CWI  +  
TC)  (n  =  6),  the  rats  received  the  TC  immediately  after  
CWI.  In  group  0CT  (no  CWI  +  TC)  (n  =  6),  the  animals  
were  kept  at  room  temperature  and  were  injected  with  TC  at  
t0  +  6 h.  In  group  HT  (HWI  + TC)  (n  =  6),  the  rats  received  
TC  as  mentioned  above  following  a  6-h  recovery  period  af-
ter  HWI.  In  group  0HT  (no  HWI  + TC)  (n  = 6),  the  rodents  
were  given  TC  at  t0  +  7  h  15  min.  

Arg-induced  pancreatitis  
Acute  pancreatitis  was  induced  by  injecting  230  mg  

Arg/100  g  body  weight  intraperitoneally  twice  at  an  interval  
of  1 h.  In  group  CA  (CWI  +  Arg)  (n  =  6),  the  rats  received  
the  Arg  immediately  after  CWI.  In  group  0CA  (no  CWI  +  
Arg)  (n  =  6),  the  animals  were  kept  at  room  temperature  and  
were  injected  with  Arg  at  t0  +  6  and  t0  + 7  h.  In  group  HA  
(HWI  + Arg)  (n  =  6),  the  rats  received  Arg  at  6 and  7 h after 
HWI.  In  group  0HA  (no  HWI  +  Arg)  (n  =  6),  the  rats  were  
given  Arg  starting  at  t0  +  7  h  15  min.  

The  animals  were  killed  by  exsanguination  through  the  
abdominal  aorta  2  h  after  the  last  CCK  injection,  6  h  after  
the TC  injection,  or  24  h after  the  second  Arg  injection.  The  
pancreas  was  quickly  removed,  cleaned  from  fat  and  lymph  
nodes,  weighed,  and  frozen  at -80°C  until  use.  

Western  blotting  
A  part  of  the  pancreas  was  homogenized  for  2  min  in  a  

buffer containing  20  mM  HEPES  (pH  7.9),  1.5  mM  MgCl2,  
420  mM  NaCl,  0.5  mM  dithiothreitol,  0.2  mM  EDTA,  and  
0.5  mM  phenylmethanesulfonyl  fluoride  using  an  Ultra-
Turrax  homogenizer.  The  homogenates  were  centrifuged  at  
20 000  x  g  for  30  min.  The  supernatants  were  collected  and  
the  protein  concentrations  were  measured  by  the  method  of  
Bradford  (1976).  Twenty  micrograms  of  protein  was  loaded  
per  lane.  Samples  were  electrophoresed  on  an  8%  sodium  
dodecyl  sulfate -  polyacrylamide  gel  according  to  the  method  
of  Laemmli  (1970).  The  gels  were  either  stained  with  
Coomassie  brilliant  blue  (to  demonstrate  equal  loading  of  
proteins  for  Western  blot  analysis)  or  transferred  to  
nitrocellulose  membranes  for  2.5  h  at  30  V.  Membranes  
were  blocked  in  5%  nonfat  dry  milk  for  1 h  and  incubated  
with  rabbit  anti-HSP60  antibody  (produced  by  ourselves  
(Rakonczay  et  al.  2001),  1:60 000  dilution)  or  anti-HSP72  
antibody  (1:5000  dilution)  (a  generous  gift  from  István  
Kurucz,  Biorex  Laboratories,  Veszprém,  Hungary,  which  has  
been  characterized  previously  (Kurucz  at  al.  1999))  for  an  
additional  1  h  at  room  temperature.  The  immunoreactive  
protein  was  visualized  by  enhanced  chemiluminescence  using  
a  horseradish  peroxidase  coupled  antirabbit  immunoglobulin  
at  1:15 000  dilution  (Dako,  Denmark).  The  densities  of  the  
bands  were  quantitated  by  using  an  AAB  image  analysis  
program  (Advanced  American  Biotechnology,  Fullerton,  Ca-
lif.).  The  relative  density  was  calculated  as  density  at  each  
time  point  /  density  before  WI  stress  (control,  t0).  

Fig.  1.  Effect  of  water  immersion  stress  on  pancreatic  HSP  syn-
thesis.  Representative  Western  immunoblots  of  protein  lysates  
(20 pg/lane)  extracted  from  pancreata  harvested  over  a  time  
course  after  the  water  immersion  treatments  (0-12  h).  The  con-
trol  did  not  receive  any  treatment.  (A)  Expression  of  pancreatic  
HSP72  after  HWI.  HSP72  could  not  be  detected  in  the  un-
stressed  control,  but  its  expression  was  significantly  increased  at  
3  h  after  HWI  and  remained  elevated  until  12  h.  (B)  Expression  
of  pancreatic  HSP60  after  CWI.  The  diagram  shows  the  relative  
density  of  the  HSP60  bands  (density  at  each  time  point  /  density  
before  water  immersion  stress  (control))  versus  the  time  after  the  
CWI  treatment  as  analysed  by  densitometry.  The  maximal  
amount  of  HSP60  was  noted  immediately  after  the  end  of  the  
immersion  (0),  and  the  levels  remained  significantly  elevated  
over  the  next  9  h.  Values  are  means  ±  SE  for  four  animals  at  
each  time  point.  *,  Significant  difference  (p  <  0.05)  versus  the  
unstressed  control  group.  

a)  Control  0  3  6  9  12 (h) 
i I  IU  rt  ltd M iVi.̂ /l'i '1("i*'  '1  '' "  'I  

«MM» mm 

b)  Control  0  12(h) 

HSP60 

Pancreatic  reduced  glutathione  level  and  activities  of  
superoxide  dismutase,  catalase,  and  glutathione  
peroxidase 

A  part  of  the  pancreas  was  homogenized  in  fourfold  ex-
cess  (w/v)  of  ice-cold  buffer  containing  100  mM  K2HP04,  
150  mM  KC1,  and  100  mM  EDTA  (pH  =  7.4).  The  homo-
genates  were  centrifuged  at  3000  *  g  for  10  min,  and  the  
supernatants  were  used  for  measurements.  The  protein  con-
centrations  of  the  homogenates  were  measured  by  the  
microbiuret  method  of  Goa  (1953).  The  reduced  glutathione  
(GSH)  level  was  determined  spectrophotometrically  with  
Ellman's  reagent  (Sedlak  and  Lindsay  1968)  and  was  cor-
rected  for  the  protein  content  of  the  tissue.  Superoxide  
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Fig.  2.  Effect  of  CWI  on  pancreatic  antioxidant  levels:  (A)  GSH  level  and  the  activities  of  (B)  GPx,  (C)  Mn-SOD,  and  (D)  Cu/Zn-
SOD  0 - 1 2  h  after  the  CWI  treatment.  Values  are  means  ±  SE  of  four  animals.  The  dotted  lines  represent  the  level  of  the  unstressed  
control  group.  *,  Significant  difference  (p  <  0.05)  versus  the  control  group.  
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dismutase  (SOD)  activity  was  determined  on  the  basis  of  the  
inhibition  of epinephrine-adrenochrome  autooxidation  (Misra  
and  Fridovich  1972).  Mn-SOD  activity  was  measured  by  the  
autooxidation  method  in  the  presence  of  5  *  10 ^ M  KCN  
(Matkovics  et  at.  1977).  Cu/Zn-SOD  activity  was  calculated  
by  subtracting  the  activity  of  Mn-SOD  from  SOD  activity.  
Catalase  (CAT)  activity  was  measured  spectrophotometri-
cally  at  240  nm  by  the  method  of  Beers  and  Sizer  (1951)  
and  expressed  in  Bergmeyer  units  (1  Bergmeyer  unit  =  de-
composition  of  1  g  H202/min  at  25°C).  Glutathione  
peroxidase  (GPx)  activity  was  determined  according  to  the  
chemical  method  using  cumene  hydroperoxide  and  GSH  as  
substrates  of  GPx  (Chiu  et  al.  1976).  

Assays 

Pancreatic  weight  to  body  weight  ratio  (PiV/BiV)  
This  ratio was  utilized  to  evaluate  the  degree  of  pancreatic  

edema. 

Serum  amylase  activity  
All  blood  samples  were  centrifuged  at  2500  x  g  for  

20  min.  The  serum  levels  of  amylase  were  determined  by  a  
chromogenic  method  with  the  Phadebas  test  (Ceska  et  al.  
1969)  (Pharmacia  &  Upjohn,  Uppsala,  Sweden).  

Serum  cytokine  concentrations  
Tumor  necrosis  factor  a  (TNF-a)  levels  were  titrated  in  a  

bioassay  on  the  WEHI-164  cell  line  (Espevik  and  Niessen-
Meyer  1986).  Interleukin-6  (1L-6)  concentrations  were  mea-
sured  via  their  proliferative  action  on  the  lL-6-dependent  
mouse  hybridoma  cell  line  B-9  (Arden  et  al.  1987).  The  ac-
tivities  were  calibrated  against  recombinant  TNF  (Genzyme,  
Cambridge,  U.K.)  and  recombinant  1L-6  (Sigma-Aldrich,  
Munich,  Germany).  IL-ip  concentrations  were  determined  
with  an  EL1SA  kit  (R&D  Systems,  Minneapolis,  Minn.)  ac-
cording  to  the  manufacturer's  instructions.  

Pancreatic  contents  of  amylase,  trypsinogen,  lipase,  DMA,  
and  protein  

The  pancreas  was homogenized  in  a ninefold  excess  (w/v)  
of  ice-cold  buffer  containing  0.02  M  Tris-HCl  (pH  7.8),  
0.15  M  NaCl,  and  0.1%  Triton  X-100.  Enzyme  measure-
ments  were  carried  out  on  the  supernatant  fractions  of  the  
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Fig.  3.  Effect  of  HVVI  on  pancreatic  antioxidant  levels:  (A)  GSH  level  and  the  activities  of  (B)  CAT,  (C)  Mn-SOD,  and  (D)  Cu/Zn-
SOD  0 - 1 2  h  after  the  HWI  treatment.  Values  are  means  ±  SE  of  four  animals.  The  dotted  lines  represent  the  level  of  the  unstressed  
control  group.  *,  Significant  difference  (p  <  0.05)  versus  the  unstressed  control  group.  
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homogenates  after  centrifugation  at  20 000  x  g  for  30  min.  
Pancreatic  amylase  activities  were  determined  as  described  
above  (Ceska  et  al.  1969). Trypsinogen  was  activated  after a 
200-fold  dilution  of  the  homogenate  with  0.02  U  
enterokinase/(ig  pancreatic  protein  (Sigma,  St.  Louis,  Mo.)  
in  the  enzyme  buffer containing  80  mM  Tris-HCl  (pH  8.0),  
25  mM  CaCl2,  and  100  (ig  bovine  serum  albumin/mL  for  
120  min  at  37°C  (Nagy  et  al.  1989).  Lipase  activities  were  
measured  by  a  pH-stat  method  (Nagy  et  al.  1989).  Samples  
for  DNA  determination  were  precipitated  with  ice-cold  
0.8  M  perchloric  acid,  washed  in  5%  trichloroacetic  acid,  
and  then  hydrolyzed  with  0.8  M  perchloric  acid  at  90°C  for  
10  min  (Schneider  1957).  DNA  was  estimated  photometri-
cally  with  diphenylamine  (Giles  and  Myers  1965).  The  pro-
tein  concentrations  in  the  supernatant  fractions  of  the  
homogenates  were  measured  by  the  method  of  Goa  (1953).  

Histological  examination  
A  2-  to  3-mm3  portion  of  the  pancreas  head  was  fixed  in  

an  8%  neutral  formaldehyde  solution  and  subsequently  em-
bedded  in  paraffin.  Sections  were  cut  at  4  (im  thickness  and  

stained  with  hematoxylin  and  eosin.  The  slides  were  coded  
and  read  for  the  traditional  histological  markers  of  pancre-
atic  tissue  injury  by  two  independent  observers  who  were  
blind  to  the  experimental  protocol.  Semiquantitative  grading  
of  interstitial  edema,  leukocyte  infiltration  and  adherence,  
hyperemia,  and  vacuolization,  necrosis,  and  apoptosis  of  
acinar  cells  was  performed  on  8-10  consecutive  high-power  
fields  (400*)  on  a  scale  of  0-3  or  0-4.  Additionally,  baso-
philic  lamellation  of  the  cytoplasm  of  acinar  cells  was  also  
graded,  since  a  pilot  study  revealed  that,  besides  the  tradi-
tional  markers,  the  areas  of  basophilic  lamellation  were  
more  extensive  in  the  more  severely  damaged  pancreata.  
The  score  for  each  graded  parameter  was  averaged  and  the  
total  pancreatic  damage  was  calculated  by  adding  all  the  av-
erages  together.  The  grading  system  and  basophilic  
lamellation  are  described  in  more  detail  in  one  of  our  previ-
ous  manuscripts  (Rakonczay  et  al.  2001).  

Statistical  analysis  
Results  are  expressed  as  means  ±  SE.  Experiments  were  

evaluated  by  using  the  Student  t  test  when  the  data  consisted  
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Fig.  4.  (A)  PW/BW  and  (B)  serum  amylase  levels  in  rats  with  
acute  pancreatitis.  Groups  were  treated  as  described  in  the  text.  
Values  are  means  ±  SE  for  six  animals.  *,  Significant difference 
(p < 0.05)  versus  the  respective  control  group.  
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of two groups  or  by  analysis  of  variance  when  three  or  more  
groups  were  compared.  Values  of p  < 0.05  were  accepted  as  
significant. 

Results 

Expression  of  pancreatic  HSPs  after  CVVI  and  HYVI  
stress  (Fig.  1)  

HSP72  could  not be  detected  in the  unstressed  control,  but  
its  expression  was  significantly  increased  at  3  h  after  HW1  
and  remained  elevated  until  12 h (Fig.  1A). HSP60  is  consti-
tutively  expressed  in  the  pancreas;  HWI  did  not  have  a  sig-
nificant effect on  its  expression  (data  not  shown).  The  levels  
of  HSP72  after  CWI  did  not  differ  significantly  from  the  
control  (data  not  shown),  but  the  expression  of  HSP60  in-
creased  significantly  during  CWI.  The  maximal  amount  of  
HSP60  (as  compared  with  the  unstressed  control)  was  noted  
immediately  after  the  end  of  the  immersion,  and  the  levels  
remained  significantly  elevated  over  the  next  9  h  (Fig.  IB).  

Pancreatic  GSH  level  and  activities  of  GPx,  SOD,  and  
CAT  after  CYVI  and  HYVI  stress  (Figs.  2  and  3)  

Both  HWI  and  CWI  significantly  decreased  the  pancreatic  
GSH  content  and  the  activities  of  GPx,  Mn-SOD,  Cu/Zn-

SOD,  and  CAT  immediately  after  the  end  of  the  water  im-
mersion  treatment  (as compared  with  the  unstressed  control).  
Only  the  activity  of  Cu/Zn-SOD  recovered  soon  after  CWI  
(3  h).  The  level  of  other  antioxidants  after water  immersion  
remained  significantly  decreased  throughout  the  examined  
time  period.  

PYV/BYV  and  serum  amylase  activity  (Fig.  4)  
The  administration  of  CCK,  TC,  or  Arg  induced  the  typi-

cal  laboratory  and  morphological  changes  of  acute  pancre-
atitis.  In  group  CC,  PW/BW  (3.24 ±0.13  mg/g)  and  serum  
amylase  activity  (9690  ±1114  U/L)  were  significantly  de-
creased  versus  group  aCC  (3.69  ±0.15  mg/g  and  23 400  ±  
4625  U/L,  respectively).  In  group  HC,  PW/BW  (4.00  ±  
0.15  mg/g)  and  serum  amylase  activity  (23 330 ±1412  U/L)  
were  significantly  decreased  versus  group  aHC  (4.65  ±  
0.29  mg/g  and  30 063  ±  1676  U/L,  respectively).  In  group  
CT,  PW/BW  (4.20  ±  0.28  mg/g)  and  serum  amylase  activity  
(6523  ±  536  U/L)  were  significantly  decreased  versus  group  
aCT  (5.84  ±  0.76 mg/g  and  10 360 ± 720  U/L,  respectively).  

Serum  cytokine  levels  (Fig.  5)  
In  group  HC,  the  serum  levels  of  TNF-a  (11.3  ±  

5.7 U/mL),  IL-1  (6.6  ±  3.0  pg/mL),  and  IL-6  (18.8  ±  
10.4 pg/mL)  were  all  significantly  decreased  versus  the  cor-
responding  values  in  group  aHC  (50.0  ±  3.0  U/mL,  38.9  ±  
4.6  pg/mL,  and  50.0  ±  1.0  pg/mL,  respectively).  In  group  
CC,  the  serum  TNF-a  level  (76.0  ±  8.0  U/mL)  was  signifi-
cantly  elevated  versus  group  aCC  (not  detected).  In  group  
CT,  the  serum  level  of  IL-6  (91.7  ±  5.9  pg/mL)  was  signifi-
cantly  decreased  versus  group aCT  (175.0  ±  19.8  pg/mL).  In  
group  HA,  the  serum  levels  of TNF-a  (7.0  ± 4.7  U/mL),  IL-
1  (not  detected),  and  IL-6  (16.0  ±  4.8  pg/mL)  were  all  sig-
nificantly  decreased  versus  the  corresponding  values  in  
group  aHA  (80.0  ±  14.6  U/mL,  37.6  ±  8.5  pg/mL,  and  
170.0 ±  14.6  pg/mL,  respectively).  In  group  CA,  the  serum  
levels  of  TNF-a  (15.0  ±  10.0  U/mL)  and  IL-1  (18.9  ±  
0.7 pg/mL)  were  significantly  decreased  versus  group  aCA  
(76.7  ±  1.2  U/mL  and  88.4  ±  33.2  pg/mL,  respectively).  

Pancreatic  contents  of  protein,  DNA,  amylase,  
trypsinogen,  and  lipase  (Fig.  6)  

In  group  CC,  the  pancreatic  contents  of  protein  (56.3  ±  
7.6  mg/pancreas)  and  DNA  (2.18  ±  0.28  mg/pancreas)  were  
significantly  decreased  versus  group  aCC  (84.0  ±5.16  and  
3.02  ±  0.21  mg/pancreas,  respectively).  The  pancreatic  con-
tents  of  amylase,  lipase,  and  trypsinogen  were  significantly  
decreased  in group  CC (1008  ± 216,  169.1  ±  8.4,  and  3.16 ± 
0.60  IU/pancreas,  respectively)  versus  group  zCC  (3612  ±  
1007,  198.0  ±  15.1,  and  5.52  ±  0.67  IU/pancreas,  respec-
tively).  The  pancreatic  contents  of  protein,  amylase,  lipase,  
and  trypsinogen  were  significantly  decreased  in  group  HC  
(98.9  ±  4.2  mg/pancreas  and  6464  ±  519,  209.6  ±  26.3,  and  
5.09  ±  0.50  IU/pancreas,  respectively)  versus  group  oHC  
(124.9  ±  16.3  mg/pancreas  and  10 244  ±  1470, 343.3 ±  30.4,  
and  7.08  ±  1.30  IU/pancreas,  respectively).  In  group  HA,  the  
pancreatic  content  of  protein  (76.5  ±  13.3  mg/pancreas)  was  
significantly  decreased  versus  group  0HA  (113.0  ±  
10.8  mg/pancreas).  The  pancreatic  contents  of  amylase  and  
trypsinogen  were  significantly elevated  in group  HA (5568  ±  
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Fig.  5.  Serum  levels  of  (A)  TNF-a ,  (B)  IL-1,  and  (C)  IL-6  in  rats  with  acute  pancreatitis.  Groups  were  treated  as  described  in  the  text.  
Values  are  means  ±  SE  for  six  animals.  *,  Significant  difference  (p  <  0.05)  versus  the  respective  control  group.  
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1719  and  6.7  ±  1.0  lU/pancreas,  respectively)  versus  group  
aHA  (2514 ±  421  and  3.6 ±  1.2 IU/pancreas,  respectively).  

Light  microscopy  
In  group  CC,  the  total  pancreatic  damage  (3.71  ±  0.53  

points)  was  significantly  decreased  versus  group  aCC  
(5.07 ±  0.45  points).  In  group  CT,  the  total  pancreatic  dam-
age  (8.01  ±  0.29  points)  was  significantly  elevated  versus  
group aCT  (6.02  ± 0.83 points).  The  point  values  for each  of  
the  scored  parameters  are  shown  in  Table  1.  

Discussion 

The members  of  the major cytoprotective  HSPs  are  consti-
tutively  expressed  or  can  be  induced  in  the  pancreas  
(Schafer  and  Williams  2000).  Our  study  was  designed  to  
compare  the  effects  of  CWI  and  HWI  pretreatment  and  the  
potential  effects  of  HSP  preinduction  (HSP60  and  HSP72)  
on  CCK-,  TC-  and  Arg-induced  acute  pancreatitis.  Pancre-
atitis  was  induced  near  the  peak  of  pancreatic  HSP  expres-
sion  by  administering  high  doses  of  CCK  or  Arg  or  by  the  
injection  of  TC  into  the  common  biliopancreatic  duct.  

In  agreement  with  the  findings  of  Otaka  et  al.  (1997),  our  
results  demonstrate  that  CWI  specifically  induces  HSP60  
and  HWI  increases  the  expression  of  HSP72  in  rats.  We  
found  that  the  levels  of  HSP60  remained  significantly  ele-
vated  for 9 h after CWI. This  is  in accordance  with  what  was  
observed  by  Lee  et  al.  (2000).  The  quantity  of  HSP72  was  
significantly  increased  at  3  h  after  HWI  and  remained  ele-
vated  until  12  h.  Otaka  et  al.  (1997)  reported  the  HSP72  ex-
pression  peak  at  6  h,  which  could  be  due  to  the  differences  
in  the  experimental  protocols.  

Water  immersion  stress  results  in  a  number  of  stress-
induced  responses  such  as  the  synthesis  of  a  variety  of  pro-
teins  besides  HSP60  and  HSP72  that  may  also  have  protec-
tive  roles  in  the  prevention  of  a  subsequent  stress.  For  
example,  the  antioxidant  enzymes  CAT  and  Mn-SOD  were  
suggested  to  take  part  in  the  protective  effect  against  myo-
cardial  ischemia  (Kingma  et  al.  1996;  Mizunuma  et  al.  1984;  
Yamashita  et  al.  1998). Therefore, besides  HSPs, we also  ex-
amined  the  levels  of  pancreatic  antioxidants  after  water  im-
mersion  stress.  However,  we  could  not  detect  elevated  levels  
of  pancreatic  antioxidants.  

Previously  reported  data  concerning  the  protective  role  of  
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Fig.  6.  Pancrea t ic  con ten t s  of  (A)  protein,  (B)  D N A ,  (C)  t rypsinogen,  and  (D)  amylase  in  rats  with  acute  pancreat i t is .  G roups  were  
treated  as  descr ibed  in  the  text.  Values  are  means  ±  SE  for  six  animals .  *,  Signif icant  d i f f e rence  (p  <  0 .05)  versus  the  respect ive  con-
trol  group.  
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different HSPs  against  cerulein-induced  pancreatitis  are  con-
flicting.  Wagner  et  al.  (1996)  demonstrated  that  the  expres-
sion  of  HSP70  induced  by  hyperthermia  correlated  best  with  
the  time  course  and  degree  of  protection  against  cerulein-
induced  pancreatitis.  Frossard  et  al.  (2001)  have  also  shown  
that  hyperthermia  resulted  in  time-dependent  expression  of  
HSP70  within  the  pancreas  associated  with  a  reduction  in  
the  severity  of  acute  pancreatitis.  In  contrast  with  these  data,  
Otaka  et  al.  (1997)  found  that  the  specific  preinduction  of  
HSP72  had  no  preventive  effect  against  cerulein-induced  
pancreatitis,  whereas  HSP60  (induced  by  CWI)  did.  The  
beneficial  effect  of  CWI  pretreatment  and  possibly  HSP60  
against  cerulein-induced  pancreatitis  was  also  reported  by  
Lee  et  al.  (2000).  In  fact,  our  studies  confirm  that  HSP60  
might  indeed  play  a  role  in  the  protection.  In  the  experi-
ments  of  Otaka  et  al.  (1997)  and  Wagner  et  al.  (1996),  heat-
ing  the animals  did  not  increase  or just  slightly  increased  the  
expression  of  HSP60.  Therefore,  the  possible  protective  ef-
fect  of  HSP60  could  not  be  excluded  by  these  studies,  while  
the  role  of  HSP72  remained  questionable.  We  considered  
that  the  lack  of  protection  against  CCK-induced  pancreatitis  
in  the  case  of  HWI  pretreatment  by  Otaka  et  al.  (1997)  was  
probably  due  to  the  inadequate  duration  of  restraint  stress  
and  (or)  the  increase  of  the  core  body  temperature  of  the  rats  

immersed  in  the  hot  water  bath.  Therefore,  HSP72  
expression  did  not  reach  a  high  enough  level  to  protect  the  
pancreas  against  acute  pancreatitis.  In  the  present  study,  the  
duration  of  the  HWI  pretreatment  was  longer  than  that  ap-
plied  by  Otaka  et  al.  (1997)  because  we  hypothesized  that  
our  experimental  setup  would  result  in  a  higher  core  body  
temperature  and  consequently  a  higher  HSP72  synthesis.  
Our  results  suggest  that  both  HSP60  and  HSP72  may  play  
an  important  part  in  protecting  the  pancreas  against  CCK-
induced  pancreatic  damage.  We  must  note  that  the  HWI  pre-
treatment  and  possibly  even  the  higher  level  of  HSP72  were  
not  sufficient  to  decrease  the  severity  of  the  morphological  
picture  of  the  disease.  This  might  be  due  to  the  different  
type  of  preconditioning  used  in  our  experiments  or  the  inad-
equate  amount  of  HSP72  to  produce  morphological  protec-
tion. 

We  found  that  CWI  pretreatment  and  possibly  HSP60  
ameliorated  the  pancreatic  edema  and  the  serum  amylase  
level  in  TC-induced  pancreatitis  6  h  after  the  induction  of  
the  disease.  Unexpectedly,  CWI  preconditioning  signifi-
cantly  worsened  the  morphological  picture  of  the  pancreati-
tis.  This  might  be  due  to  the  microclrculatory  changes  
caused  by  CWI  (Takano  et  al.  1994),  which  is  supported  by  
the  fact that  the animals  in  group  CT  exhibited  a greater  vas-
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Tabic  1.  Effects  of  CWI  and  HWI  pretreatment  on  histologic  parameters  in  CCK-,  TC-,  and  Arg-
induced  acute  pancreatitis.  

G r o u p  a H C  G r o u p  H C  G r o u p  a C C  G r o u p  C C  

Interstitial  edema  1.17±0.12 0.93±0.16 1.29±0.15 1.24±0.21 
Leukocyte  infiltration  0.78±0.15 0.30±0.06* 0.26±0.02 0.29±0.03 
Leukocyte  adherence  0.40±0.16 0.35±0.05 0.49±0.05 0.52±0.06 
Vacuolization 1.43±0.17 0.95±0.11* 1.15±0.12 0.33±0.05* 
Necrosis  ( 0 - 4 )  0.35±0.18 0.14±0.12 0.31 ±0.20 0.20±0.13 
Basophilic  lamellation  1.83±0.20 1.93±0.29 1 .5U0.08 0.90±0.05* 
Apoptosis 1.03±0.13 1.26±0.17 0.38±0.04 0.43±0.05 
Total  damage  6.63±0.82 5.85±0.87 5.07±0.45 3.71±0.53* 

G r o u p  a H T  G r o u p  H T  G r o u p  a C T  G r o u p  C T  
Interstitial  edema  2.45±0.22 2.47±0.13 2.27±0.20 1.80±0.15* 
Leukocyte  infiltration  2.07±0.21 1.90±0.17 1.09±0.39 1.05±0.22 
Leukocyte  adherence  0.73±0.13 0.77±0.11 0.57±0.21 0.42±0.17 
Hemorrhage 0.32±0.14 0.35±0.12 0.09±0.08 0.42±0.13* 
Necrosis  (0 -4 )  0.50±0.21 0.50±0.18 0.29±0.16 0.60±0.17 
Basophilic  lamellation  0.62±0.24 0.43±0.08 0.54±0.08 1.06±0.20* 
Hyperemia 1.27±0.22 1.33±0.25 1.04  ±0.15  1.98±0.05* 
Total  damage  7.87±0.84 8.15±0.71 6.02±0.82 7.71±0.29* 

G r o u p  a H A  G r o u p  H A  G r o u p  a C A  G r o u p  CA  
Interstitial  edema  1.23±0.09 1.17±0.45 1.00±0.17 0.86±0.06 
Leukocyte  infiltration  1.30±0.22 1.01 ±0.42 0.46±0.15 0.82±0.09* 
Leukocyte  adherence  0.80±0.26 0.45±0.18 0.74±0.16 0.63±0.18 
Vacuolization 0.52±0.08 0.30±0.16 0.52±0.32 0.38±0.17 
Necrosis  (0 -4 )  1.12±0.25 0.74±0.40 0.42±0.26 0.57±0.21 
Basophilic  lamellation  0.65±0.05 0.32±0.15 0.84±0.20 0.39±0.15 
Apoptosis 0.64±0.10 0.34±0.19 0.45  ±0.07  1.05±0.41 
Total  damage  6.36±0.76 4.33±1.26 4.43±1.01 4.70±1.05 

Note:  Groups  were  treated  as  
(p  <  0.05)  versus  the  respective  

described  in  the  text,  
control  group.  

Data  are  means  ±  SE  for  six  animals.  »Significant  difference  

cular  involvement  (hyperemia  and  hemorrhage)  than  those  
in  the  control.  It  is  also  plausible  that,  besides  or  instead  of  
HSP60,  hypothermia  itself  has  a  protective  effect  on  the  
pancreas.  To  investigate  this  possibility,  in  a  separate  set  of  
experiments,  we  raised  the  body  temperature  of  the  rodents  
to  37°C  over  a  2.5-h  period  after CWI  (results  not  presented  
in  the  paper)  in  the  belief  that  this  would  not  affect  the  
quantity  of  HSP60.  Unfortunately,  the  reheating  process  de-
creased  the  level  of  this  protein  to  the  basal  value.  Neverthe-
less,  the  reheating  abolished  the  protective  effect  seen  in  
PW/BW  and  the  serum  amylase  level  but  improved  the  mor-
phological  parameters  (histology)  to  an  insignificant  differ-
ence  as  compared  with  the  control.  HWI  pretreatment  did  
not  have  any  effect  on  the  measured  parameters  of  this  se-
vere  acute  necrohemorrhagic  pancreatitis.  

It  is  well  known  that  proinflammatory  cytokine  levels  in-
crease  during  experimental  acute  pancreatitis  (Marton  et  al.  
1998;  Takacs  et  al.  1996a,  19966).  We  demonstrated  de-
creases  in  these  cytokine  levels  after  HWI  pretreatment  in  
the  animals  with  Arg-induced  pancreatitis.  Interestingly,  
even  CWI  pretreatment  decreased  the  serum  IL-1  and  TNF-a  
levels  in  this  acute  necrotizing  pancreatitis.  In  this  case,  we  
can  speculate  that  the  decreased  levels  of  cytokines  are  due  
to  the  reduction  of  cytokine  production  in  the  extra-
pancreatic  origins,  since  the  severity  of  Arg-induced  pancre-
atitis  was  not  influenced  by  CWI  pretreatment.  CWI  

pretreatment  did  not  influence  the  serum  1L-6  level  in  this  
acute  pancreatitis  model,  which  closely  reflects  the  severity  
of  acute  pancreatitis  (Leser  et  al.  1991).  However,  we  must  
note  that  the  serum  1L-6  level  increases  after  CWI  without  
the  induction  of  pancreatitis  (unpublished  data).  

The  differential  protective  effects  of  HSPs  were  called  to  
our  attention  by  several  investigators.  Cumming  et  al.  (1996)  
reported  that  the  overexpression  of  HSP70  protected  cardiac  
cells  against  subsequent  exposure  to  either  thermal  or  
ischemic  stress,  overexpression  of HSP90  produced  a  protec-
tive  effect  only  against  thermal  stress,  while  HSP60  had  no  
protective  effect.  Likely,  our  experiments  suggest  that  
HSP60  and  HSP72  may  both  have  differential effects  in  pro-
tecting  the  pancreas  against  detrimental  stimuli.  Their  pro-
tective  actions  are  not  ubiquitous.  

In  conclusion,  we  have  shown  that  HWI  specifically  in-
duces  the  synthesis  of  pancreatic  HSP72,  while  CWI  specifi-
cally  elevates  the  level  of  HSP60.  We  demonstrated  the  
differential  protective  effects  of  water  immersion  pretreat-
ment  on  three  acute  pancreatitis  models.  Water  immersion  
pretreatment  exerts  a  definite  protective  effect  in  mild  pan-
creatitis,  whereas  this  effect  is  not  seen  in  more  severe  pan-
creatitis  models.  Our  findings  suggest  the  possible  roles  of  
HSP60  and  HSP72  in  the protection  against  interstitial  acute  
pancreatitis.  A  decisive  proof  of  the  cytoprotective  effect  of  
HSPs  in  this  mild  acute  pancreatitis  model  would  require  
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further studies  in which we would  specifically block  the ex-
pression  or  function of this  protein.  
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Induction  of  HSP72 by Sodium  Arsenite  
Fails to Protect  Against  

Cholecystokinin-Octapeptide-Induced 
Acute  Pancreatitis  in  Rats  

ZOLTÁN  RAKONCZAY,  JR.* YVETTE MÁNDI,t  JÓZSEF  KASZAKI.Í  BÉLA  IVÁNYI,§  
IMRE  BOROS.1Í JÁNOS LONOVICS,*  and  TAMÁS  TAKÁCS*  

A  number  of  investigators  have  demonstrated  that  the  preinduction  of  heat-shock  protein  
(HSP)  expression  (particularly  HSP60  and  HSP72)  by  hyper-  or  hypothermia  may  have  a  
protective effect against cerulein-induced  acute pancreatitis. The aim of the present study was 
to  induce  HSPs  in  the  pancreas  and  lungs  by  thermal  (hot-water  immersion,  HWI)  and  
nonthermal  methods  (injection  of  sodium  arsenite  intraperitoneally)  and  to  investigate  the  
potential  effects of  HSP  preinduction  on  cholecystokinin-octapeptide  (CCK)  induced  acute  
pancreatitis  and  pancreatitis-associated  lung  injury  in  rats.  The  dose-response  and  time-
effect  curves  observed  following  HWI  and  sodium  arsenite  treatments  were  evaluated.  
Animals were injected with 3 x  75 jig/kg CCK subcutaneously at intervals of 2 hr at the  peak  
level  of  HSP  synthesis,  as  determined  by  Western  blot  analysis.  The  rats  were  killed  by  
exsanguination  through the abdominal aorta  2 or 6 hr after the last CCK injection. HWI  and  
the  injection  of  sodium  arsenite  significantly  elevated  the  expression  of  HSP72  in  the  
pancreas  and  lungs,  whereas  they  did  not  influence  the  levels  of  HSP60.  Overall,  HWI  
pretreatment  had  a  protective  effect  against  CCK-induced  pancreatitis  and  pancreatitis-
associated lung injury. In contrast, the nonthermal preinduction  of HSP72 by sodium  arsenite  
did  not  result  in  any  beneficial  effects  on  the  measured  parameters  of  the  disease.  The  
findings  suggest  that  the  preinduction  of  HSP72  is  not  sufficient to  protect  against  CCK-
induced  acute pancreatitis and pancreatitis-associated  lung injury or that the beneficial effect 
of  hyperthermia  may not be  exclusively related  to  HSP72  expression.  

KEY  WORDS: heat-shock  proteins;  HSP72;  hot-water  immersion;  sodium  arsenite;  cholecystokinin-octapeptide;  
pancreatitis. 

Cells subjected to stress respond by synthesizing heat-
shock proteins  (HSPs)  (1). The  HSPs  are  a group  of  
highly conserved, ubiquitous,  and functionally related 

proteins  that  play an  essential part  in  cell  survival  (1,  
2). They are  involved  in  the  synthesis,  folding,  trans-
port,  and  translocation  of proteins,  and  the  assembly  
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and  disassembly  of  oligomers.  HSPs  are  divided  into  
different families,  according  to  their  molecular  mass  
(eg, HSP60 and HSP72) (1,2). The HSP families have 
several functional homologs in the different compart-
ments  of  cells.  HSP60  is mainly  a mitochondrial  pro-
tein, but  it can  also be found  in the pancreatic  zymo-
gen granules (3). HSP72 is located in the cytoplasm of  
cells.  They  are  expressed  constitutively  (eg,  HSP60)  
and/or  at  elevated  levels  (eg,  HSP72)  upon  exposure  
of  the  cells  to  a  variety  of  stress  conditions  (1).  In-
duction of the heat-shock response enhances the  abil-
ity  of  cells  to  overcome  the  effects  of  further  stress  
(2). It has been demonstrated that the preinduction  of  
HSP  expression  (particularly  HSP60  and  HSP72)  by  
hyper-  or  hypothermia  may  have  a  protective  effect  
against  cerulein-induced  acute  pancreatitis  (4-8) .  
However, Kruger et al have established  that,  although  
Hyperthermia  can  directly  abolish  the  earliest  initiat-
ing  event  involved  in  the  onset  of  pancreatitis  (the  
premature  and  intracellular  activation  of  digestive  
zymogens),  this  is independent  of  the  increased  pan-
creatic HSP  synthesis  (9).  Changes  in  the  body  tem-
perature of animals have diverse effects on the  organ-
sm in addition to the induction  of HSPs (10,11). It  is  
possible that  the protective  effect of  heating (4-8)  is  
lot  due  merely  to HSP  synthesis,  but  rather  to  non-
specific effects  such  as  inhibition  of  NF-KB  binding  
activity  (5)  or  hormonal  responses  (10-12).  

The  aim  of  the  present  study  was  to  investigate  
vhether  hot-water  immersion  (HWI)  and  sodium  ar-
;enite  (SA)  can  induce  HSP60  and  HSP72  in  the  
lancreas  and  lungs  and  to  evaluate  the  potential  
effects of  HSP  preinduction  on  CCK-induced  acute  
pancreatitis  and pancreatitis-associated  lung injury in 
ats.  SA  itself  does  not  influence  the  body  tempera-
ure  of  the  animals  (13);  the  confounding  effects  of  
lyper- or  hypothermia  that  accompanies  HSP  induc-
ion could  therefore be  bypassed.  

M A T E R I A L S  A N D  M E T H O D S  

Experimental  Protocol  

Animals.  Male  Wistar  rats  weighing  250-300  g  were  
ised. The  animals were kept  at  a constant  room  tempera-
ture of 25°C with a 12-hr light-dark cycle, and were allowed 
iree  access  to  water  and  standard  laboratory  chow  (Bio-
arm, Zagyvaszántó, Hungary). The rats were fasted for 12 
ir  before the  induction  of  acute  pancreatitis.  The  experi-
nents performed in this study were approved by the Animal 
Eare Committee  of the  University.  

HWI  Stress.  HWI  stress  was  performed  according  to  
Etaka  et  al  (7)  with  some  modifications.  The  rats  were  
inesthetized with  pentobarbital  (PB)  (44  mg/kg,  intraperi-

? 

toneally)  at  the  starting  point  of  the  experiment  (r0).  The  
animals were then immersed vertically in a 37°C water bath, 
and the water  temperature was then gradually increased  to  
42°C (during 55 min) and maintained there for 20 min (total 
1 hr  15 min). In order to evaluate the expressions of HSP60 
and  HSP72 after  the  HWI  stress,  four rats  were  killed  at  
each time point before (t0), immediately after (0), or 3,6,9, 
or  12 hr after the end  of the immersion. The pancreas was 
quickly  removed,  cleaned  of  fat  and  lymph  nodes,  and  
frozen at  — 80°C until  processing.  

HSP Time  Course  and  Dose-Response  After  SA Injec-
tion. Twenty-eight  rats were injected intraperitoneally with 
progressive doses of SA (2-14 mg/kg body weight)  (Merck,  
Darmstadt, Germany) to investigate the SA dose-response. 
The control  animals (N  =  4)  received  physiological  saline  
injection  intraperitoneally.  Tlie  animals  were  killed  by  ex-
sanguination  through  the  abdominal  aorta  12 hr  after  the  
injections.  The  pancreas  and  lungs  were  quickly  isolated  
and  frozen  at  -80°C  until  western  blot  analysis  was  per-
formed.  In  order  to  evaluate  the  time-course  response  of  
the  expressions  of  HSP60  and  HSP72,  the  least  toxic  SA  
dose producing a high amount of HSP was chosen. A group 
of  32 animals  received  10 mg/kg body wt  of  SA  intraperi-
toneally  and  were  killed  at  different time  points  after  the  
injection (3-48  hr).  The  control  animals  received  a  saline  
injection intraperitoneally  and were killed after 12 hr.  The 
pancreas and lungs were processed for HSP determinations. 

CCK-induced  Pancreatitis.  Acute  pancreatitis  was  in-
duced  near  the  peak  of  the  HSP  synthesis  by injecting 75 
Mg/kg body wt CCK subcutaneously three times at  intervals  
of 2 hr. In group HC (HWI  +  CCK N  =  6), the rats were 
subjected  to  HWI  and  after  a  6-hr  recovery  period  they  
received  CCK  as  mentioned  before.  In  group 0 H C  (No  
HWI  + CCK; N  =  6), the rodents were anesthetised by PB, 
were  kept  at  room  temperature  for 7 hr  15 min, and  then  
they were then given CCK injections (Figure 1A). In groups 
AC-2  (N  =  6)  and  AC-6  (N  =  6)  (SA  +  CCK), the  rats  
were  injected  with  10  mg/kg  of  SA intraperitoneally,  and  
then received CCK subcutaneously, starting at 9 hr after the 
SA injection. In  groups  SC-2 (N  =  6)  and  SC-6  (A/  =  6)  
(saline  +  CCK), the  animals were injected with  physiolog-
ical saline  intraperitoneally  instead  of  SA, and  the  3  X 75 
p.g/kg  body wt  CCK  was  administered  after  9  hr  (Figure  
IB). The animals were killed by exsanguination through the 
abdominal  aorta  2 or  6 hr  after the  last  CCK injection, as 
indicated by the number after the dash in the group names.  
The  pancreas  and  lungs were  quickly removed,  cleaned  of  
fat  and  lymph  nodes,  weighed,  and  frozen at  —80°C until 
use. 

Western  Blotting  

Samples  of the pancreas and lungs were homogenized  in  
a fourfold excess (w/v) of ice-cold buffer containing 50 mM 
Tris HC1, pH 7.4,150 mM NaCl, 5 mM EDTA, 0.1% SDS,  
1%  Triton  X-100,  4  mM  benzamidine,  5  mM  iodoacet-
amide,  1.5 mM PMSF,  and  100 IU/ml  aprotinin,  using  an  
Ultra-Turrax  homogenizer  for  2  min.  The  homogenates  
were  centrifuged  at  20,00Cjg for 20  min. The  supernatants  
were  collected  and  the  protein  concentrations  were  mea-
sured  by the microbiuret  method  of Goa  (14). Fifty micro-
grams of  protein  was loaded  per  lane. Samples were  elec-
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F ig  1. Expe r imen ta l  p ro toco l .  (A)  In g r o u p  H C  a n d 0 H C ,  the  rats  
were  anes the t i zed  wi th  44  mg/kg b o d y  wt  p e n t o b a r b i t a l  (PB)  intra-
per i tonea l ly  at  the  s tar t ing  po in t  of  t h e  e x p e r i m e n t  (i0). T h e  rats  in  
g r o u p  H C  were  i m m e r s e d  vert ically  in  a  37°C w a t e r  ba th ,  a n d  the  
w a t e r  t e m p e r a t u r e  was t h e n  gradual ly  i nc reased  to  42°C a n d  main-
t a ined  t h e r e  fo r  20  m i n  ( to ta l  1  h r  15  min) .  A t  6  hr  a f t e r  the  
ho t -wa te r  immers ion  ( H W I ) ,  the  ra t s  rece ived  75  /xg/kg  body  wt  
cho l ecys tok in in -oc t apep t i de  ( C C K )  subcu taneous ly  t h r e e  t imes  at  
intervals  of  2  hr.  In  g r o u p  0 H C ,  t h e  r o d e n t s  w e r e  given  C C K  
inject ions , s tar t ing  at  t0  +  7 h r  15 min .  T h e  ra t s w e r e  kil led  ( t )  2  hr  
a f t e r  the  last  C C K  t r e a t m e n t .  (B)  In  g r o u p s  A C - 2  (N  =  6 )  
a n d - A C - 6  ( V  =  6 )  ( S A  +  C C K ) ,  t h e  ra t s  w e r e  in jec ted  wi th  10  
mg/kg  of sod ium  arsen i te  (SA)  in t raper i tonea l iy  a t  the  beginning  of  
t h e  expe r imen t  (f0),  a n d  t h e n  rece ived  75  /xg/kg  body  wt  C C K  
subcu taneous ly  th ree  t imes  a t  in tervals  of  2  hr ,  s ta r t ing  a t  9 h r  (r9)  
a f t e r  the  S A  inject ion.  In  g r o u p s  SC-2  (A/  =  6 )  a n d  SC-6  {N  =  6 )  
(sal ine  +  C C K ) ,  the  an ima l s w e r e  in j ec ted wi th  physiological  saline  
in t raper i tonea l iy  ins tead  of  SA, a n d  t h e  3  X  75  /xg/kg body wt  C C K  
was  admin i s t e r ed  a f t e r  9 hr .  T h e  rats w e r e  kil led  ( t )  2 o r  6 h r  a f t e r  
t h e  last  C C K  injec t ion  as ind ica ted  by t h e  n u m b e r  a f t e r t h e  dash  in  
t h e  g r o u p  names .  

t rophoresed  on  an  8%  sodium  dodecylsulfa te-
polyacrylamide  gel  according  to  the  method  of  Laemmli  
(15). The  gels were  either  stained  with  Coomassie  brilliant  
blue  (to demonstrate  equal  loading  of  proteins  for  western  
blot  analysis)  or  transferred  to  a  nitrocellulose  membrane  
for  2.5 hr  at  30 V. Membranes  were  blocked  in  5%  nonfat  
dry  milk  for  1  hr,  and  incubated  with  rabbit  anti-HSP60  
[produced  by  ourselves  (16),  1:60,000  dilution]  or  anti-
HSP72  (1:5000  dilution)  [a  generous  gift  from  István  Ku-
rucz,  Biorex  Laboratories,  Veszprém,  Hungary,  which  has  
been  characterized  previously  (17)]  antibody  for  an  addi-

tional  1 hr  at  room  temperature.  The  immunoreactive  pro-
tein  was  visualized  by enhanced  chemiluminescence,  using  
horseradish  peroxidase-coupled  anti-rabbit  immunoglobu-
lin  at  1:10,000  dilution  (Dako,  Glostrap,  Denmark).  

Assays 

Pancreatic  Weight/Body  Weight  Ratio.  The  pw/bw  ratio  
was  utilized  to  evaluate  the  degree  of  pancreatic  edema.  

Serum  Amylase  Activity.  All  blood  samples  were  centri-
fuged at 2500g for 20 min. The serum levels of amylase were 
determined  by  a  colorimetric  kinetic  method  (Dialab,  Vi-
enna,  Austria).  

Serum  Cytokine  Concentrations.  IL-1/3  concentrations  
were  determined  with  an  ELISA  kit  (R&D  Systems,  Min-
neapolis, Minnesota, USA)  according to the  manufacturer's  
instructions.  IL-6  concentrations  were  measured  via  their  
proliferative  action  on  the  IL-6-dependent  mouse  hybrid-
oma cell line  B-9 (18). The  activities were calibrated  against  
recombinant  TNF (Genzyme,  Cambridge, UK)  and  recom-
binant  IL-6  (Sigma-Aldrich,  Munich,  Germany).  

Pancreatic  Contents  of  Amylase,  Trypsinogen,  Lipase,  
DNA,  and  Protein.  The  pancreas  was  homogenized  in  a  
ninefold  excess  (w/v)  of  ice-cold  buffer  containing  0.02  M  
Tris  HC1,  pH  7.8,  0.15  M  NaCl,  and  0.1%  Triton  X-100.  
Enzyme measurements were carried out  on the  supernatant  
fractions of the homogenates  after centrifugation at  20,000g  
for  30  min.  Pancreatic  amylase  activities  were  determined  
as  described  above.  Trypsinogen  was  activated  after  a  200-
fold  dilution  of  the  homogenate  with  0.02  units  enteroki-
nase//xg  pancreatic  protein  (Sigma,  St.  Louis,  Minneapolis,  
USA)  in the  enzyme buffer containing  80 mM Tris  HC1, pH 
8.0, 25 mM CaCl2,  and  100 /ug/ml bovine serum  albumin for  
120  min  at  37°C  (19).  Lipase  activities  were  measured  by  a  
pH-stat method  (19). Samples for DNA determination  were  
precipitated  with  ice-cold  0.8  M  perchloric  acid, washed  in  
5%  trichloroacetic  acid,  and  then  hydrolyzed  with  0.8  M  
perchloric acid at  90°C for  10 min  (20). DNA was  estimated  
photometrically  with  diphenylamine  (21). The  protein  con-
centrations  in the supernatant  fractions of the  homogenates  
were  measured  by the  method  of  Goa  (14).  

Lung  Myeloperoxidase  Activity.  Lung  myeloperoxidase  
activity,  as  a  marker  of  tissue  leukocyte  infiltration,  was  
determined  by  the  method  of  Kuebler  et  al  (22).  

Histological  Examination  

Light  Microscopy.  A  2 to 3-mm3  portion  of  the  pancreas  
was  fixed  in  an  8%  neutral  formaldehyde  solution  and  
subsequently  embedded  in  paraffin. Sections  were  cut  at  4  
/xm thickness  and  stained  with  hematoxylin  and  eosin.  The  
slides  were  coded  and  read  for  the  traditional  histological  
markers  of  pancreatic  tissue  injury  by  two  independent  
observers  who  were  blind  to  the  experimental  protocol.  
Semiquantitative  grading  of  interstitial  edema,  leukocyte  
infiltration, hyperemia,  and  vacuolization,  necrosis,  and  ap-
optosis  of  acinar  cells  was  performed  on  8-10  consecutive  
high-power  fields  (X400)  on  a  scale  of  0 -3  or 0 - 4 .  Addi-
tionally,  basophilic  lamellation  of  the  cytoplasm  of  acinar  
cells  was  also  graded,  since  a  pilot  study  revealed  that,  
besides  the  traditional  markers,  the  areas  of  basophilic  
lamellation  were  more  extensive  in  the  more  severely  dam-
aged  pancreata.  The  score  for  each  graded  parameter  was  
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Fig  2.  Ef fec t  of  wate r  immers ion  s t ress  o n  p a n c r e a t i c  h e a t  shock  p ro te in  synthesis.  
Represen ta t ive  western  i m m u n o b l o t s  of  p r o t e i n  lysates  (20  p g / l a n e )  ex t rac ted  f r o m  the  
( A )  p a n c r e a s  and  (B)  lungs  ha rves ted  over  a  t i m e  c o u r s e  a f t e r  the  wa te r  immers ion  
t r e a t m e n t s  ( 0 - 1 2  h r )  showing  the  express ion  of  H S P 7 2 .  T h e  con t ro l  did  no t  receive  any  
t r e a t m e n t .  HSP72  could  not  be  d e t e c t e d  in  the  u n s t r e s s e d  con t ro l ,  bu t  its expression  was  
significantly  increased  at  3  hr  a f t e r  t h e  H W I  a n d  r e m a i n e d  e leva ted  until  12  h r  in  bo th  
t h e  p a n c r e a s  and  lungs.  

averaged,  and  the  total  pancreatic  damage  was  calculated  
by adding  all the averages together. The grading system  and  
basophilic lamellation are described  in more detail  in one  of  
our  previous  manuscripts  (16).  

Statistical  Analysis  

Results are expressed as means  ±  SEM. Experiments were 
evaluated  by using  the  Student's  t  test  when  the  data  con-
sisted  of  two groups,  or  by  analysis  of  variance when  three  
or  more  groups  were  compared.  Values  of  P  <  0.05  were  
accepted  as  significant.  

RESULTS 

Response  of  HSP  Expression  to  HWI  and  Various  
Doses  of  SA  Injection.  HSP72  could  not  be  detected  
in  the  unstressed  control,  but  its  expression  was  sig-
nificantly  increased  at  3  hr  after  the  H W I  and  re-
mained  elevated  until  12 hr  in  the pancreas  and  lungs  
(Figure  2). T h e  progressive  doses  of  SA produced  an  
increased  expression  of  HSP72  in  both  of  the  exam-
ined  organs  (Figure  3).  A  25%  mortality  rate  was  
observed  in  the  group  of  animals  that  received  14  
mg/kg body  wt  of  SA.  Moreover ,  most  of  the  animals  
in  this  group  appeared  lethargic  and  anorectic.  No  
mortality  occurred  at  lower  doses  of  SA.  T h e  time  
course  of  HSP72  expression  after  SA  t rea tment  was  
obtained  by using  the  10 mg/kg  body wt  dose.  HSP72  
was  already  significantly  increased  at  3  hr,  peaked  at  
9 - 2 4  hr af ter the SA injection, and remained  elevated  
until  48  hr  in  both  organs  (Figure  4).  HSP60  is  con-
stitutively  expressed  in  the  pancreas  and  lungs.  H W I  
and  SA  did  not  have  a  significant  effect on  its  expres-
sion  (results  not  shown).  

The  pw/bw Ratio  and  Serum Amylase  Activity.  T h e  
administrat ion  of  3  X  75  /xg/kg body wt. CCK  induced  
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the  typical  laboratory  and  morphological  changes  of  
exper imenta l  acute  pancreatitis.  In  group  HC,  the  
pw/bw  (4.05  ±  0.27  mg/g)  and  the  serum  amylase  
activity  (12,428  ±  1134  units/liter)  were  significantly  
dec reased  versus  group 0 H C  (4.89  ±  0.28  mg/g  and  
18,251  ±  1993  units/liter,  respectively).  In  group  
AC-2 ,  the  se rum  amylase  activity  (10,515  ±  1539  
units/ l i ter  was  significantly  decreased  versus  group  

A. 

0  2  4  6  8  10  12  14  
Fig  3 .  E f fec t s  of  progress ive  doses  of  SA  in jec t ion  on  the  synthesis  
of  H S P s  in  the  p a n c r e a s  a n d  lungs.  T h e  figure  depicts  r ep re sen ta -
tive  w e s t e r n  i m m u n o b l o t  analysis  of  pro te in  lysates  (50  p.g/lane)  
f r o m t h e  ( A ) p a n c r e a t  a n d  (B)  lungs of  rats, showing  the  expression  
of  H S P 7 2  a f t e r  t h e  inject ion  of  progressive  doses  of  SA.  Twenty-
e igh t  a n i m a l s w e r e  in jec ted in t raper i toneal ly wi th progress ive  doses  
of  S A  ( 2 - 1 4  mg/kg  body  wt )  (Merck ,  D a r m s t a d t ,  G e r m a n y ) ;  the  
c o n t r o l  r a t s  (0,  N  =  4 )  received  a  physiological  saline  inject ion  
in t r ape r i tonea l ly .  T h e  ra ts were  killed  12 h r  a f t e r the  in ject ion,  a n d  
t h e  p a n c r e a s  a n d  lungs were  quickly  isolated  a n d  f rozen  at  - 8 0 ° C  
f o r  w e s t e r n  b lo t  analysis.  H S P 7 2  could  no t  be  de t ec t ed  in  the  
c o n t r o l  g r o u p ,  bu t  progressive  doses  of  SA p r o d u c e d  an  increased  
exp re s s ion  of  H S P 7 2  in  t h e  p a n c r e a s  and  lungs.  H S P 6 0  w a s  con-
st i tut ively  expressed  in  the  panc reas  and  lungs,  SA  did  not  have  a  
s ignif icant  effect o n  its  expression.  A  25%  morta l i ty  ra te  was  seen  
in  t h e  g r o u p  of  an ima l s  tha t  received  14  mg/kg  body  wt  of  SA.  
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Fig  4.  Effects  of  SA  in jec t ion  o n  t h e  synthesis  of  HSPs  in  t h e  
p a n c r e a s  and  lungs  as  a  func t ion  of  t ime.  Represen ta t ive  wes te rn  
i m m u n o b l o t  analysis  of  p ro t e in  lysates  (50  j ig/ lane)  f r o m  the  (A)  
p a n c r e a t  a n d  (B)  lungs  of  rats , showing  the  expression  of  HSP72  as  
a  func t ion  of  t ime  a f t e r  SA  in jec t ion .  A  g roup  of  32  animals  w e r e  
in jec ted  with  10  mg/kg  body  wt  of  S A  i n t r a p e r i t o n e a l ^  and  w e r e  
killed  at  d i f ferent  t ime-po in t s  a f t e r  the  inject ion  ( 3 - 4 8  hr) .  T h e  
cont ro l  an imals  (0;  N  =  4 )  rece ived  a  physiological  saline  inject ion  
in t raper i tonea l ly  a n d  w e r e  kil led  a f t e r  12  hr.  HSP72  could  not  b e  
de t ec t ed  in  the  con t ro l  g roup ,  b u t  its  expression  was  a l ready  
significantly  increased  a t  3  hr ,  p e a k e d  at  9 - 2 4  hr  a f t e r  the  S A  
inject ion,  and  r e m a i n e d  e leva ted  unt i l  48  hr  in bo th  organs .  H S P 6 0  
was  consti tut ively  expressed  in  t h e  p a n c r e a s  and  lungs;  SA  did  no t  
have  a  significant  effect  on  its  express ion  (results  no t  shown).  

SC-2  (16,150  ±  1633  unitsAiter).  Otherwise,  SA  pre-
t rea tment  had  no  effect on  pw/bw and  serum  amylase  
activity  (Figure  5).  

Serum  Cytokine  Levels.  In  group  HC,  the  se rum  
levels  of  IL-1  (5.3  ±  2.1  pg/ml)  and  IL-6  (28.0  ±  8.6  
pg/ml) were  all  significantly decreased  versus  the  cor-
responding  values  in  group 0 H C  (34.8  ±  7.2  pg/ml,  
and  60.0  ±  10.0  pg/ml,  respectively).  No  significant  
changes  were  observed  in  the  serum  IL-1  and  IL-6  
levels  in  the  SA-pre t rea ted  groups  versus  the  respec-
tive  controls  (Figure  6).  

Pancreatic  Contents  of  DNA,  Protein,  Amylase,  
Trypsinogen,  and  Lipase.  The  pancreatic  contents  of  
p ro te in  were  significantly  decreased  in  group  H C  
(85  ±  6  mg/pancreas)  versus  group 0 H C  (115  ±  11  
mg/pancreas) .  T h e  pancreat ic  contents  of  amylase,  
t rypsinogen,  and  lipase  in  group  H C  (6280  ±  690  
IU/pancreas ,  7.98  ±  0.91  IU/pancreas,  310  ±  29  IU/  
panc reas ,  respectively)  were  significantly  e levated  
versus  g roup 0 H C  (4,120  ±  450  IU/pancreas,  5.30  ±  
0.65  IU/pancreas ,  220  ±  24  IU/pancreas,  respective-
ly).  In  g roup  AC-6,  the  pancreatic  contents  of  pro te in  
(95  ±  13  mg/pancreas) ,  amylase  (4692  ±  1008  IU/  
pancreas ) ,  and  trypsinogen  (7.6  ±  1.2  IU/pancreas)  
w e r e  s ignif icant ly  d e c r e a s e d  versus  g roup  SC-6  
(126  ±  7 mg/pancreas ,  8369  ±  2020  IU/pancreas  and  
11.1  ±  0.9  IU/pancreas ,  respectively)  (Figure  7).  

Lung  Myeloperoxidase  Activity.  In  group  HC,  the  
lung  myeloperoxidase  activity  (25.2  ±  4.7  U/mg  pro-
te in /min)  was  significantly  decreased  versus  g roup  
0 H C  (45.1  ±  9.6  Units /mg  protein/min).  No  signifi-
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Fig  5. (A) T h e  panc rea t i c  weigh t /body weight  rat io  (pw/bw)  and  (B) s e r u m  amylase  levels  in g r o u p s 0 H C  H C ,  SC-2, AC-2 ,  SC-6  a n d  AC-6^  
T h e  g roups  were  t r ea t ed  as  ind ica ted  in  Figure  1. M e a n s  ±  SEM f o r  six  a n i m a l s  a r e  shown.  ^ S i g n i f i c a n t  di f ference ( P  <  0 .05 )  ve r sus  t h e  
respective  cont ro l  g r o u p .  
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G r o u p s  G r o u p s  

Fig  6. S e r u m  (A)  IL-1  a n d  (B)  IL-6  levels  in  g roups 0 H C ,  H C ,  SC-2,  AC-2 ,  SC-6,  a n d  AC-6 .  G r o u p s  w e r e  t r ea ted  as  ind ica ted  in  F igure  
1.  M e a n s  ±  SEM fo r  six  an imals  a re  shown.  •¡¡rSignificant  d i f fe rence  (P  <  0 . 0 5 )  vs  the  respect ive  con t ro l  g roup .  

cant  change  in  lung  myeloperoxidase  activity  was  de-
tected  between  the SA-treated  and  the control  groups  
(Figure  8).  

Light  Microscopy.  No  significant  al terat ion  was  
observed  between  the  groups  as  concerns  the  total  
pancreat ic  damage  (Figure  9).  The  point  values  for  
each  of  the  scored  paramete rs  are  shown  in  Table  1.  

DISCUSSION 

T h e members  of the major cytoprotective  HSPs  are  
constitutively  expressed  or  can  be  induced  in  the  
pancreas  (23).  T h e  induction  of  HSPs  by  the rmal  
methods  has  been  shown  to  protect  the  pancreas  
against  cerulein-induced  acute  pancreati t is  ( 4 - 8 ) .  
However,  HSP  expression  can  also  be  induced  by  
various  nonthermal  methods,  including  the  use  of  
oxygen-derived  f ree  radicals,  endotoxins,  and  SA;  in  
this  way  the  confounding  effects  of  hyper thermia  are  
bypassed  (24).  Our  study  was  designed  to  investigate  
the  in  vivo  dynamics  of  H S P  induction  (HSP60  and  
HSP72)  in the pancreas  and  lungs  in response  to  H W I  
or  SA  and  to  compare  the  potential  effects  of  H S P  
preinduct ion  on  CCK-induced  acute  pancreat i t is  and  
pancreatit is-associated  lung  injury  in  rats.  

In  agreement  with  the  findings  of  Otaka  et  al  (7),  
our  results  demonst ra te  that  HWI  increases  the  ex-
pression  of  HSP72  in  the  pancreas  of  rats.  Intrave-
nous  administrat ion  of  SA  is  known  to  increase  the  
level  of  HSP72  in  the  kidney,  heart,  and  liver  of  
rabbits  (25).  Our  results  are  in  accordance  with  those  
of  Ribei ro  et  al  (13),  who  demonstra ted  that  the  
injection  of  SA  specifically  induces  HSP72  in  the  
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lungs  of  rats.  Ribei ro  et  al  used  a  dose  of  6  mg/kg  
intravenously  to  induce  HSP72  (13).  In  their  hands,  a  
dose  of  10 mg/kg produced  signs of acute  poisoning  in  
the  animals  (this  appeared  at  a  higher  dose  in  our  
exper iments) .  However,  the  route  of  SA  administra-
tion  was  different.  Moreover ,  our  study  revealed  that  
HSP72  was  also  induced  in  the  pancreas  of  the  ani-
mals. T h e  levels of HSP60 were unchanged  af te r  H W I  
or  SA  t rea tment  in  both  of  the  examined  organs.  
Similarly,  Wijeweera  et  al  showed  that  SA  t rea tment  
does  not  influence  HSP60  expression  (whereas  the  
level  of  HSP72  increases)  in  precision-cut  rat  lung  
slices  (26).  

Acu te  pancreat i t is  was  induced  near  the  peak  of  
H S P  expression  in  the  pancreas  (6  hr  af ter  the  H W I  
t r ea tmen t  or  9 hr  af ter  the  SA  injection)  by  adminis-
tering  high doses  of CCK subcutaneously. T h e  admin-
istration  of  C C K  resulted  in  the  typical  laboratory  
(hyperamylasemia)  and  morphological  changes  (in-
terstitial  edema,  leukocyte  infiltration  and  acinar  cell  
injury)  of  acute  pancreati t is  2  or  6  hr  af ter  the  last  
C C K  injection  (27).  H W I  pre t rea tment  amel iora ted  
most  of  the  examined  laboratory  and  some  morpho-
logical  pa ramete r s  of  CCK-induced  pancreatitis.  In  
contrast ,  we  did  not  find  such  an  effect  a f te r  SA  
p re t r ea tmen t .  Morover ,  the  pancreatic  enzyme  con-
tents were m o r e  depleted  in one  of the  SA-pre t rea ted  
groups  (AC-6),  which  indicates  a  more  severe  pan-
creatitis.  T h e  lung  injury  was  assessed  via  myeloper-
oxidase  activity.  H W I  pre t rea tment  decreased  leuko-
cyte  infiltration  into  the  lungs, whereas we  did  not  see  
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Fig  7. Pancrea t i c  c o n t e n t s  of  ( A )  p ro t e in ,  (B)  D N A ,  (C)  t ryps inogen,  ( D )  amylase,  a n d  ( E )  l ipase  in  g roups . 0 H C ,  H C ,  SC-2,  AC-2 ,  SC-6,  
and  AC-6.  G r o u p s  were  t r e a t e d  as  ind ica ted  in  F igure  1. D a t a  are  m e a n s  ±  SEM fo r  six animals .  ^ S i g n i f i c a n t  d i f fe rence  (P  <  0 . 0 5 )  versus  
the  respect ive  control  g roup .  
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Fig  8.  Lung  myeloperoxidase  activit ies  in  g r o u p s  0 H C ,  H C ,  SC-2,  
AC-2 ,  SC-6,  and  AC-6 .  G r o u p s w e r e  t r e a t e d  as  ind ica ted  in  Figure  
1.  D a t a  a r e  m e a n s  ±  SEM fo r  six  an imals .  ^ S i g n i f i c a n t  di f ference  
(P  <  0 . 0 5 )  versus  the  respect ive  con t ro l  g r o u p .  

such  an  effect  af ter  SA  t rea tment ,  despi te  the  induc-
tion  of  HSP72.  

Previously  repor ted  da ta  concerning  the  protective  
roles  of  different  HSPs  (par t icular ly  HSP60  and  
HSP72)  against  ce ru le in - induced  pancrea t i t i s  are  
somewhat  conflicting.  Al though  H S P s  have  been  im-
plicated  as  mediators  of  pancreat ic  protect ion,  these  
prote ins  were  almost  always  induced  by  thermal  
methods  ( 4 - 8 ) .  Kruger  et  al  found  that ,  al though  
hyperthermia  can  directly  abolish  the  p r ema tu re  and  
intracellular  activation  of  digestive  zymogens  in  cer-
ulein-induced  pancreatit is ,  this  is i ndependen t  of  the  
synthesis  of  pancreat ic  H S P s  (9).  The re fo re ,  it  is  
possible  that  the  protective  effect  of  hea t ing  or  cool-
ing  is due  not  merely  to  increased  H S P  synthesis,  but  
also to nonspecific effects such  as inhibit ion  of  N F - K B  

binding  activity  (5)  or  ho rmona l  re lease  (10,  11).  In  
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Fig  9.  To ta l  morpho log i ca l  p a n c r e a t i c  d a m a g e  as  assessed  by  his-
tological  eva lua t ion  in  g r o u p s  0 H C ,  H C ,  SC-2,  AC-2 ,  SC-6,  a n d  
AC-6 .  of  T h e  inters t i t ia l  e d e m a ,  leukocyte  infi l t rat ion,  hype remia ,  
a n d  vacuol iza t ion,  necrosis ,  apop tos i s ,  a n d  basophi l ic  lamel la t ion  
of  ac inar  cells  were  assessed  by  semiquan t i t a t ive  g rad ing  in  8 - 1 0  
consecut ive  h igh-power  fields  ( X 4 0 0 )  on  a scale  of 0 - 3  o r 0 - 4 .  T h e  
score  for  each  g r a d e d  p a r a m e t e r  w a s  ave raged  and  t h e  to ta l  pan -
creat ic  d a m a g e  w a s  ca lcu la ted  by  add ing  all  the  ave rages  toge the r .  
G r o u p s  were  t r e a t e d  as  ind ica ted  in  F igure  1.  D a t a  a r e  m e a n s  ±  
SEM for  six  an imals .  

vitro  studies  have  shown  that  cul ture  stress-induced  
HSP72  can  prevent  the  intraacinar  cell  activation  of  
trypsinogen  caused  by cerulein  in  freshly p repa red  rat  
pancreas  segments  (28).  Wagne r  et  al  (4)  demon-
strated  that  the  expression  of  HSP70  induced  by  
hyper thermia  ( the  core  body  t empera tu re  of  the  an-
imals  was  elevated  to  42°C with  a  heat  pad  and  lamp  
and  mainta ined  there  for 20 min)  correlated  best  with  
the  time  course  and  degree  of  protect ion  against  
cerulein-induced  pancreati t is .  Similarly,  Frossard  et  
al  (5)  showed  tha t  hyper thermia  (provoked  by  42°C  
hot-water  immers ion)  resul ted  in  a  t ime-dependent  

TABLE  1.  EFFECTS  OF  SODIUM  ARSENITE  PRETREATMENT  ON  HISTOLOGIC  PARAMETERS  IN  
CHOLECYSTOKININ—OCTAPEPTIDE-INDUCED  ACUTE  PANCREATITIS*  

Group SC-2  Group AC-2  Group  0HC  Group HC  Group SC-6  Group AC-6 

Inters t i t ia l  e d e m a  1.40 ± 0.15 1.08 0.16 1.20 ± 0.13 1.02 4- 0.09 1.13 4- 0.16 1.19 0.24 
Leukocyte  infiltr.  0.56 -A-0.11 0 .48 + 0.09 0.70 A- 0.16 0.22 4- 0.05* 0.68 4- 0.38 0.37 0.20 
H y p e r e m i a 0.27 A- 0.07 0 .38 4- 0.10 0.39 ± 0.11 0.45 4- 0.08 0.70 4- 0.16 0.60 ± 0.13 
Vacuol iza t ion 0.88 + 0.14 0.92 4- 0.12 1.11 4- 0.19 0.70 ± 0.08* 0.32 + 0.14 0.35 -r 0.07 
Necros is  ( 0 -4 )  0.42 4- 0.07 0.48 4- 0.08 0.39 4- 0.08 0.25 ± 0.05 0.45 4- 0.06 0.42 -*- 0.09 
Apop tos i s 0.73 4- 0.15 0 .98 4- 0.19 0.90 ± 0.15 0.95 ± 0.16 0.34 ± 0.05 0.24 0.04 
Basoph .  lam.  0.96 4- 0.19 1.35 4- 0.12 1.38 4- 0.18 1.32 4- 0.13 0.30 0.12 0.73 ± 0.27 
To ta l  d a m a g e  4.90 4- 0.56 5.34 4- 0.38 6.03 4- 0.63 5.45 4- 0.58 3.93 0.70 3.90 0.78 

' G r o u p s  were  t r e a t e d  as  ind ica ted  in  F igu re  1.  D a t a  a re  m e a n s  ±  SEM fo r  six  an imals .  
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expression  of  HSP70 within  the  pancreas,  which  was  
associated with a reduction  in the severity of cerulein-
induced  pancreatitis.  In  contrast  with  these  data,  
Otaka et al (7) found that the specific preinduction  of  
HSP72  by  hot-water  immersion  (42°C,  20  min)  did  
not  have  a preventive  effect against  cerulein-induced  
pancreatitis, whereas  the preinduction  of  HSP60  (in-
duced  by  immersion  in  23°C water  for  6 hr)  did.  In  
fact, our  previous  study  demonstrated  the  beneficial  
effects  of  cold-  and  hot-water  immersion  pretreat-
ments  in  CCK-induced  acute  pancreatitis  (16).  The  
protective  effects  of  cold-water  immersion  pretreat-
ment,  and  possibly  HSP60,  against  cerulein-induced  
pancreatitis  were  also  reported  by  Lee  et  al  (8).  
Unfortunately,  the  present  study  does  not  confirm  
that  increased  HSP60 synthesis can  play a role in  the  
protection,  since it was not  influenced by HWI or  SA  
injection. Although  a simple up-regulation  of  HSP72  
is  clearly not  sufficient for protection,  our  results  do  
not completely rule out the protective effect of HSP72 
in  CCK-induced  pancreatitis  after  hyperthermia,  
since the  elevation  of body temperature  could  result  
in  conformational  changes  and  posttranslational  
modifications  of  the  HSPs  which  could  account  for  
the  protective  effect (29). Taken  together,  the  possi-
ble protective effect of HSP60 in CCK-induced  acute  
pancreatitis is not  excluded  by our experiments, while 
the  role  of  HSP72 remains  questionable.  

In  conclusion,  we  have  revealed  that  HWI  or  an  
intraperitoneal  injection  of SA specifically and  dose-
dependently  induces  the  synthesis  of  HSP72  in  the  
pancreas  and  lungs  of  rats.  We  demonstrated  that  
HWI pretreatment  ameliorates CCK-induced  pancre-
atitis  and  pancreatitis-associated  lung  injury.  This  
protective  effect  of  hyperthermia  seems  to  be  inde-
pendent  of  the  increased  HSP72  synthesis  since  the  
nonthermal  induction  of  HSP72 failed  to  reduce  the  
severity  of  CCK-induced  acute pancreatitis  and  pan-
creatitis-associated  lung injury. Nevertheless, the pro-
tective  nature  of  hyperthermia  in  this  experimental  
acute  pancreatitis  model  warrants  further  investiga-
tion. 
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Abs t r ac t—Background :  Nontoxic  heat  shock  protein  (HSP)  inducer  compounds  open  up  promising  therapeutic  
possibilities  by  activating  one  of  the  natural  and  highly  conserved  defense  mechanisms  of  the  organism.  Aims:  In  the  
present  experiments,  we  examined  the  effects  of  a  HSP  coindueer  drug-candidate,  BRX-220,  on  the  cholecystokinin-
octapeptide  (CCK)-induced  acuie  pancreatitis  in  rats.  Methods:  Male  Wistar  rais  weighing  240  to  270  g  were  divided  
into  two  groups.  In  group  B.  20 mg/kg  BRX-220  was  administered  orally,  followed  by  75  p.g/kg C C K  subcutaneously  
three  times,  af ter  1,  3,  and  5  h.  This  whole  procedure  was  repeated  for  5  d.  The  aminals  in  group  0 B  received  
physiological  saline  orally  instead  of  BRX-220 .  but  otherwise  the  protocol  was  the  same  as  in  group  B. The  rats  were  
exsanguinated  through  the abdominal  aorta  12  h after the  last  administration  of  CCK. We determined  the  serum  amylase  
activity,  the  plasma  trypsinogen  activation  peptide concentration,  the  pancreatic  weight/body  weight  ratio,  the D N A  and  
total  protein  contents  of  the  pancreas,  the  levels  of  pancreatic  H S P 6 0  and  HSP72,  the  activities  of  pancreatic  amylase,  
lipase,  trypsinogen,  and  free  radical  scavenger  enzymes  (superoxide  dismutase,  catalase,  and  glutathione  peroxidase),  
the  degree  of  lipid  peroxidation,  protein  oxidation,  and  the  reduced  glutathione  level.  Histopathological  investigation  of  
the  pancreas  was  also  performed  in  all  cases.  Results:  Repeated  CCK  treatment  resulted  in  the  typical  laboratory  and  
morphological  changes  of  experimentally  induced  pancreatitis.  The  pancreatic  levels  of  HSP60  and  HSP72  were  
significantly  increased  in  the  animals  treated  with  BRX-220.  In  group  B/fthe  plasma  trypsinogen  activation  peptide  ,  

„concentratiop/Alje  pancreatic,  totpl  protein  content  and  the  amylase  and  trypsinogen  activities  were  also  significantly  
higher  vs.  group  0 B .  fFhc  lipid  peroxidation,  protein  oxidation,  and  the  activity  of  Cu/Zn-supcroxide  dismutase  were  
significantly  decreased  in  group  B  vs.  group  0 B ,  whereas  the  glutathione  peroxidase  activity  was  increased.  The  
morphological  damage  in  group  B  was  significantly  lower  than  that  in  group  0 B .  Conclusion:  The  HSP  coindueer  
BRX-220,  administered  for  5  d,  has  a  protective  effect  against  CCK-induced  acute  pancreatitis.  ©  2002  Elsevier  
Science  Inc.  

K e y w o r d s — H e a t  shock  protein,  Coindueer ,  BRX-220,  Cholecystokinin-octapeptide,  Pancreatitis,  Free  radicals  

INTRODUCTION 

Cells  respond  to  heat  shock  or  other  stresses  with  the  
rapid  synthesis  of  heat-shock  proteins  (HSPs)  [1].  The  
induction  of  the  heat  shock  response  enhances  the  
ability  of  the cells  to overcome  the effects of  the  stress  
[2].  Following  the  development  of  stress  conditions,  
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many  cellular  proteins  become  partially  or  completely  
denatured  or  malfolded.  HSPs  recognize  this,  bind  to  
the  damaged  proteins,  and  stabilize  and  refold  them,  
thereby  preventing  or dissolving  otherwise  irreversible  
aggregation.  HSPs  are  also  necessary  during  normal  
physiological  conditions  since  they  are  involved  in  the  
synthesis,  degradation,  folding,  transport,  and  translo-
cation  of  proteins  [2],  HSPs  have  been  classified  into  
six  families  according  to  their  molecular  mass  (e.g.,  
HSP60  and  HSP72).  It  has  been  shown  that  the  pre-
induction  of  HSP  expression  has  a  protective  effect  
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against  cerulein-induced  pancreatitis  in  rats  or  cho-
line-deficient ethionine-supplemented  diet  model  pan-
creatitis  in  mice  [3-9].  Strowski  et  al.  demonstrated  
that cerulein  pancreatitis  in itself  increases mRNA but 
paradoxically  reduces  protein  levels  of  rat  pancreatic  
HSPs  [10].  These  observations  even  suggest  that  the  
low levels of pancreatic HSPs might be involved in the 
development  of  cerulein-induced  pancreatitis.  For  the  
above-mentioned  reasons,  it  may  be  speculated  that  
the administration  of  HSP-inducer  compounds  during  
cholecystokinin-octapeptide(CCK)-induced  pancreati-
tis should ameliorate  the severity  of the disease.  How-
ever,  the  main  problem  regarding  HSP  induction  is  
that  the  HSPs  are  mostly  induced  by  harmful  condi-
tions. The real  challenge is to upregulate  HSP synthe-
sis  without  any  toxic  side effects. 

The aim  of the  present  study  was to investigate  the  
potential  effects  of  a  nontoxic  HSP  coinducer  drug-
candidate,  BRX-220  {(+)-/R/-N-[2-hydroxy-3-( 1 -piper-
idinyl)-propoxy]-pyridine-l-oxide-3-carboximidoil-chloride 
(Z)-maleate (1:1)}, on CCK-induced acute pancreatitis in 
rats.  BRX-220  is  a  structural  relative  of  bimoclomol,  
which  can  increase  the  production  of  HSPs  only  in  the  
presence of a stress condition  [11], In our case, this stress 
condition  was  pancreatitis.  

M A T E R I A L S  A N D  M E T H O D S  

Experimental protocol 

Male Wistar rats weighing 240-270 g were used. The 
animals  were  kept  at  a  constant  room  temperature  of  
25°C with a  12 h light-dark cycle, and were allowed free 
access to water  and  standard  laboratory  chow (Biofarm, 
Zagyvaszántó,  Hungary).  The rats  were fasted  18 h be-
fore the  end  of  the experiment.  In  group B  (n  =  6),  20 
mg/kg BRX-220  was  administered  intragastrically,  fol-
lowed  by  75  /¿g/kg  CCK  subcutaneously  three  times,  
after 1,3, and 5 h. This whole procedure was repeated for 
5  d. The animals  in group 0B  (n  =  6) received  physio-
logical  saline  intragastrically  instead  of  BRX-220,  but  
otherwise  the protocol  was the same as  in group B. The 
animals  were  sacrificed  by  exsanguination  through  the  
abdominal  aorta  12 h after the last CCK injection. Three 
untreated  rats (0)  were  killed  for  HSP60  and  72 deter-
minations.  The  pancreas  was  quickly  removed,  cleaned  
from  fat  and  lymph  nodes,  weighed,  and  frozen  at  
-70°C  until  use.  The  experiments  performed  in  this  
study  were approved  by  the Animal  Care Committee of 
the  University  and  comply  with  the  European  Commu-
nities  Council  Directive  of  24 November  1986 (86/609/ 
EEC). 

Production of HSP60 antibody 

Antibody against HSP60 was produced  in rabbit by an 
intramuscular  injection of  1  mg of  protein  emulsified in 
Freund's  complete  adjuvant.  Booster  shots  were  given  
three times in Freund's  incomplete adjuvant in a similar 
manner  at 2  week intervals. The rabbit  was bled  1  week  
after  the  last  injection.  The  antibody  was  purified  by  
affinity chromatography  on  a  protein  A-Sepharose  col-
umn. The specificity of the antibody  was checked  on rat 
pancreas  homogenates  and  on  bacteria  over-expressing  
rat  HSP60.  

Western  blotting  

A part of the pancreas  was homogenized  in 9 vol of 
ice-cold  buffer containing  0.02  M  Tris-HCl,  pH  7.8,  
0.15 M NaCl 0.1% Triton X-100,  1 mM PMSF, 4 mM 
benzamidine,  5  mM  iodoacetamide,  and  100  IU/ml  
aprotinin  using  an  Ultra-Turrax  homogenizer  for 2.5 
min. The homogenates  were centrifuged at 20,000 X  g 
for  30  min.  The  supernatants  were  collected  and  the  
protein  concentrations  were  measured  by  the  method  
of  Goa  [12].  Twenty  micrograms  of  protein  was  
loaded  per  lane.  Samples  were electrophoresed  on  an  
8% sodium dodecylsulfate-polyacrylamide gel accord-
ing to the  method  of  Laemmli  [13],  and transferred to 
nitrocellulose  membrane  for  2.5  h  at  30 V or  stained  
with Coomassie  Brilliant  blue  (to check equal  loading  
of  proteins  for  Western  blot  analysis).  Membranes  
were  blocked  in  5%  nonfat  dry  milk  for  1  h,  and  
incubated  with  rabbit  anti-HSP60  (1:10,000  dilution)  
or anti-HSP72 (1:2,500 dilution) (a generous gift from 
István  Kurucz,  Biorex  Laboratories,  Veszprém,  Hun-
gary,  which  has  been  characterized  previously  [14])  
antibody  for  1 or  3  h,  respectively,  at  room  tempera-
ture.  The  immunoreactive  protein  was  visualized  by  
enhanced  chemiluminescence,  using  horseradish  per-
oxidase-coupled  anti-rabbit  immunoglobulin  at  
1:10,000  dilution  (Dako,  Glostrup,  Denmark).  The  
densities  of  the  bands  were  quantitated  by  using  an  
A.A.B. Image Analysis Program (Advanced  American  
Biotechnology,  Fullerton,  CA,  USA).  

Assays 

Pancreatic weight/body weight ratio (pw/bw). Pancre-
atic weight  was divided  by  the body  weight  of  the rat. 

Serum  amylase  activity  and  plasma  tripsinogen  
activation  peptide  concentration.  All  blood  samples  
were  centrifuged  at  2500  X g for  30 min. The  serum 
levels  of  amylase  were  determined  by  a  colorimetric  
kinetic  method  (Dialab,  Vienna,  Austria).  Plasma  
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trypsinogen  activation  peptide  (TAP)  concentrations  
were  determined  with  an  ELISA  kit  (Biotrin,  Dublin,  
Ireland)  according  to  the  manufacturer's  instructions.  

Pancreatic  contents  of  amylase,  tripsinogen,  
lipase,  DNA,  and protein.  A part  of  the  pancreas  was  
homogenized  in the previously  mentioned  homogeniz-
ing buffer not  containing  any  protease  inhibitors.  En-
zyme  measurements  were  carried  out  on  the  superna-
tant  fractions  of  the  pancreatic  homogenates.  
Pancreatic  amylase  activities  were  determined  as  de-
scribed  above. Trypsinogen  was activated  after a 200-
fold dilution  of  the homogenate  with 0.02 U enteroki-
nase//ng  pancreatic  protein  (Sigma,  St.  Louis,  MO,  
USA)  in  the  enzyme  buffer containing  80  mM Tris-
HC1,  pH  8.0,  25  mM  CaCU,  and  100  ptg/ml  bovine  
serum  albumin  for  120  min  at  37°C  [15].  Lipase  
activities  were  measured  by  a  pH-stat  method  [15].  
Samples  for  DNA  determination  were  precipitated  
with  ice-cold  0.8  M  perchloric  acid,  washed  in  5%  
trichloroacetic  acid,  and  then  hydrolyzed  with  0.8  M  
perchloric  acid  at  90°C  for  10  min  [16].  DNA  was  
estimated  photometrically  with  diphenylamine  [17].  
The protein concentrations  in the supernatant fractions 
of  the  homogenates  were  measured  as  mentioned  be-
fore  [12].  

Pancreatic  lipid  peroxidation,  carbonyl  protein,  
and  reduced  glutathione  levels,  and  the  activities  of  
superoxide  dismutase,  catalase,  and glutathione  per-
oxidase.  The  remaining  part  of  the  pancreas  was  ho-
mogenized,  the  homogenates  centrifuged at  3000  X g 
for  10  min.  and  the  supernatants  were  used  for  mea-
surements.  Lipid  peroxides  can  undergo  metal-cata-
lyzed  or  enzyme-catalyzed  decomposition  to  form  
multiple products, including malondialdehyde (MDA). 
The pancreatic MDA level  was measured according to 
the  MDA/TBA-high  performance  liquid  chromato-
graphic  (HPLC)  method  of  Wong et al.  [18],  and  was  
corrected  for  the  protein  content  of  the  tissue  [12].  
This  HPLC  assay  is  more  specific,  sensitive,  and  re-
producible  than  spectrophotometric  techniques  [18].  
The  concentration  of  protein  carbonyls  was  deter-
mined  by  the  2,4-dinitrophenylhydrazine  reaction  ac-
cording  to the  method  of Levine et  al.  [19]. Carbonyl 
protein content  was calculated  by using the absorption 
coefficient of 22,000 M" 'cm - 1  at 370 nm for aliphatic 
hydrazones  and  expressed  as  nmol  carbonyl/mg  pro-
tein. Reduced glutathione (GSH) level was determined 
spectrophotometrically  with  Ellman's  reagent  [20].  
Superoxide  dismutase  (SOD) activity  was  determined  
on  the  basis  of  the  inhibition  of  epinephrine-adreno-
chrome  autooxidation  [21].  Mn-SOD  activity  was  
measured  by  the  auto-oxidation  method  in  the  pres-

ence  of  5  X  10 - 3  M KCN  [22].  Cu/Zn-SOD  activity  
was calculated  by subtracting  the activity  of  Mn-SOD 
from  SOD  activity.  Catalase  activity  was  measured  
spectrophotometrically  at  240  nm  by  the  method  of  
Beers and Sizer [23] and expressed in Bergmeyer units 
(BU)  (1  BU  =  decomposition  of  1  g  H202/min  at  
25°C).  Gluthathione  peroxidase  (GPx)  activity  was  
determined  according  to  the  chemical  method,  using  
cumene hydroperoxide  and  GSH as substrates  of  GPx 
[24]. 

Histological examination 

A 2-3  mm3 portion  of  the pancreas  head  was fixed 
in  an  8%  neutral  formaldehyde  solution  and  subse-
quently  embedded  in  paraffin. Sections  were  cut  at  4  
fim thickness and stained  with hematoxylin  and eosin. 
The  slides  were  coded  and  read  by  two  independent  
observers  who  were  blind  to  the  experimental  proto-
col.  Semiquantitative  grading  of  interstitial  edema,  
leukocyte  infiltration,  hyperemia,  and  vacuolization,  
necrosis,  and apoptosis  of  acinar cells,  was performed 
on  8-10  consecutive  high-power  fields  (X400)  on  a  
scale  of 0-3  or 0 -4 .  Additionally,  basophilic  lamel-
lation  of the cytoplasm of acinar cells was also graded 
since a pilot study revealed that, besides the traditional 
markers, the areas of basophilic Iamellation were more 
extensive  in  the  more  severely  damaged  pancreata.  
The score for each graded parameter was averaged and 
the  total  pancreatic  damage  was calculated  by  adding  
all  the  averages  together.  The  grading  system  and  
basophilic  Iamellation  are  decribed  in  more  detail  in  
one  of  our  previous  manuscripts  [8].  

Statistical analysis 

Results are expressed as means ±  SEM. Experiments 
were  evaluated  by  using  the  Student's  /-test  when  the  
data consisted  of two groups, or  by analysis  of  variance  
when  three  or  more  groups  were  compared.  Values  of  
p  <  .05 were accepted  as significant. 

RESULTS 

Specificity of the HSP60 antibody 

The  specificity  of  the  HSP60  antibody  is  shown  in  
Fig.  1. Only  the 60 kD band  was stained.  Ft  

Expressions of pancreatic HSl((S 

The  expressions  of  pancreatic  HSP60  and  HSP72  
were significantly decreased  in the animals  with pancre-
atitis (B, 0B)  vs. the untreated animals (0,  not receiving 
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Fig.  1.  Specificity  of  the  home-made  HSP60  antibody.  The  figure  
shows  a  picture  of  a  Western  blot  in  which  a  60  kD  protein  band  is  
stained  both  in the pancreas  homogenate  of  an  untreated  rat (0 )  and  in  
the  protein  extract  (PE)  of  bacteria  overexpressing  rat  HSP60.  20  
micrograms  of protein  was  loaded  per  lane. Samples  were separated  on  
an  8%  sodium  dodecylsulfate-polyaerylamide  gel  according  to  the  
method  of  Laemmli  [13],  and  transferred  to  nitrocellulose  membrane  
for  2.5  h  at  30  V.  The  nitrocellulose  membrane  was  blocked  in  5%  
nonfat  dry  milk  for  I  h,  and  was  incubated  with  rabbit  anti-HSP60  
(1:10.000 dilution)  for  1 h. The  immunoreactive  protein  was  visualized  
by  enhanced  chcmiluminescence,  using  a  horseradish  peroxidasc-cou-
pled  anti-rabbit  immunoglobulin  at  1:10,000  dilution  (Dako,  Glostrup,  
Denmark). 

BRX-220,  and  CCK)  (Fig.  2).  In  group  B,  HSP60  (1.8  
X)  and  HSP72  (2.9  X)  were  significantly  increased  vs.  
group 0 B  (Fig.  2).  

Pancreatic  weight/body  weight  ratio  (pw/bw),  serum  
amylase  activity,  and  plasma  TAP  concentration  

In group  B, pw/bw  (2.16  ±  0.05  mg/g)  and  the  serum  
amylase  activity  (1447  ±  108  IU/I)  were  not  signifi-
cantly  different  vs.  group  0 B  (1.89  ±  0.15  mg/g  and  
1317  ±  142 IU/I,  respectively)  (F ig^Arf i ) r lmgroup  B,  
the  plasma  TAP  concentration  ^ ^ i - ^ r n M / n d J - w a s  
significantly  decreased  vs.  group  0B(2O  ±  5  nM/rql).  

Pancreatic  contents  of  DNA,  protein,  amylase,  
trypsinogen,  and  lipase  

In group B, the  pancreatic  contents  of protein  (38.0  ±  
4.1  mg/pancreas),  amylase  (932  ±  138 IU/pancreas)  and  

0 
HSP60 

B 0B 

••mm*****--

Fig.  2. Western  blot  analysis  of  pancreatic  HSP60  and  HSP72  expres-
sion.  Representative  Western  blots  of  protein  (20  pg/lane)  extracted  
from  the  pancreata  of  untreated  rats  (0),  and  rats  treated  (B)  or  not  
treated  (0B)  with  the  HSP  coinducer  BRX-220  (20  mg/kg)  during  
CCK-induced  acute pancreatitis  are shown (sec the detailed  description  
in  the  Experimental  protocol).  Supramaximal  doses  of  CCK  (B,  0B)  
reduce  the  pancreatic  levels  of  HSP60  and  HSP72  vs.  animals  not  
receiving  any  CCK  (0).  Rats  treated  with  BRX-220  (B)  are  shown  to  
have higher levels  of HSP60 and  HSP72  vs rats receiving  physiological  
saline (0B)  during  CCK-induced  acute  pancreatitis.  

trypsinogen  (2.99  ±  0.16 IU/pancreas)  were significantly 
increased  vs. group 0 B  (21.0  ±  1.5 mg/pancreas,  482  ±  
109  IU/pancreas,  and  1.88  ±  0.23  IU/pancreas,  respec-
tively)  (Fig.  4).  No  significant  changes  were  detected  in  F4  
the  pancreatic  contents  of  DNA  and  lipase  in  group  B  
(1.69  ±  0.25  mg/pancreas,  8.45  ±  9.45  IU/pancreas,  
respectively)  vs.  group 0 B  (1.47  ±  0.31  mg/pancreas,  
8.98  ±  6.44  IU/pancreas).  

Pancreatic  lipid  peroxidation,  protein  carbonyl,  and  
reduced  glutathione  levels,  and  the  activities  of  
superoxide  dismutase,  catalase,  and  glutathione  
peroxidase 

In  group  B,  the  pancreatic  MDA  level  and  protein  
carbonyl  content  were  significantly  decreased  (0.19  ±  
0.01  nM/mg  protein,  8.36  ±  0.49  nM/mg  protein,  re-
spectively)  vs.  group 0 B  (0.35  ±  0.04  nM/mg  protein,  
6.75  ±  0.38) (Fig.  5 A, B). The activity  of pancreatic GPx  FS  
was  significantly  increased  in  group  B  (2.07  ±  0.17  
U/mg  protein  X  10 - 3 )  vs. group 0 B  (not detected)  (Fig.  
5C).  In  group  B,  the  activity  of  pancreatic  Cu/Zn-SOD  
(4.90  ±  0.59  U/mg  protein)  was  significantly  decreased  
vs.  group 0 B  (7.13  ±  0.56  U/mg  protein)  (Fig  5D).  No  
significant  alterations  were  observed  in  the  pancreatic  
GSH  level  (1.00  ±  0.13  /xM/mg  protein  X  10~2),  or  the  
activities  of Mn-SOD  (not detected)  and catalase (0.41  ±  
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Fig.  3.  (A)  Pancreatic  weight/body  weight  ratio  (pw/bw),  (B)  serum  amylase,  and  (C)  plasma  trypsinogen  activation  peptide  (TAP)  
levels  in groups 0 B  and  B.  Groups  were  treated  as  indicated  in  the  Experimental  protocol.  Means  ±  SEM  for  6 animals  are  shown.  
^Significant  difference  (p  <  .05)  vs.  the  control  group.  

0.06  U/mg  protein  X  10 - 3 )  in  group  B  vs.  group  0 B  
(0.86  ±  0.06  jtiM/mg  protein  X  10x 2 ,  not  detected,  
0.54  ±  0.07  U/mg  protein  X  ] 0 - 3 ,  respectively).  

Histological  examination  

The  administration  of  repeated  injections  of  CCK  
resulted  in  the  typical  picture  of  an  acute  interstitial  
pancreatitis  (interstitial  edema,  vacuolization,  leukocyte  
infiltration,  and  acinar  cell  injury  of  the  pancreas).  In  
group  B,  the  total  morphological  damage  (4.75  ± 0 . 1 7  
points) was significantly decreased  vs. group 0 B  (6.17  ±  

F6  0.53  points)  (Fig.  6).  The  point  values  for  each  of  the  
n  scored parameters  are  shown  in Table  1. BRX-220  treat-

ment  significantly  ameliorated  the  pancreatic  leukocyte  
infiltration and  adherence  and  the  vacuolization,  necrosis  
and  apoptosis  of  the  acinar  cells.  

D I S C U S S I O N 

HSPs  play  a  universal  role  in  the  maintenance  of  
cellular  homeostasis.  They  are  expressed  constitu-

tively  and/or  at  elevated  levels  upon  the  exposure  of  
ceils  to  a  variety  of  stress  conditions  in  every  organ,  
including  the  pancreas  [1,2,25].  The  HSPs  are  in-
volved  in  the  synthesis,  degradation,  folding,  trans-
port,  and  translocation  of  proteins  [1.2].  Whereas  
many  diseases  result  in  increased  levels  of  HSPs,  
Strowski  et  al.  demonstrated  that  cerulein-induced  
pancreatitis  reduces  the  levels  of  pancreatic  HSPs  
[10].  This  observation  even  suggests  that  the  low  
levels  of  pancreatic  HSPs  might  be  involved  in  the  
development  of  cerulein-induced  pancreatitis.  More-
over,  an  increasing  body  of  evidence  from  experimen-
tal  animal  studies  has  documented  an  essential  role  of  
HSPs  in  the  prevention  of  acute  pancreatitis.  HSP  
preinduction  is  known  to  protect  the  pancreas  from  
cerulein-induced  pancreatitis  in  rats  or  choline-defi-
cient  ethionine-supplemented  diet  model  pancreatitis  
in  mice  [3-9],  However,  these  investigators  induced  
HSPs  by  thermal  methods  before  the  onset  of  acute  
pancreatitis,  which  does  not  mimic  the  clinical  reality.  
Our  study  was  designed  to  investigate  the  potential  
effects  of  a  nontoxic  HSP  coinducer  (induction  of  
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Fig. 4.  Pancreatic  contents  of  (A) protein,  (B)  amylase,  and  (C)  trypsinogen  in groups 0 B  and  B. Groups  were  treated  as  indicated  in  
the  Experimental  protocol.  Data  are  means  ±  SEM  for  6  animals.  irSignificant  difference  (p  <  .05)  vs.  the  control  group.  

HSPs  during  the course  of  the disease)  drug-candidate,  
BRX-220,  on  CCK-induced  acute  pancreatitis  in  rats.  
BRX-220  is  a structural  relative  of bimoclomol.  which  
has  been  shown  to  have  a  wide  range  of  beneficial  
properties  in  experimental  models  of  ischemic  dis-
eases  and  diabetic  complications,  particularly  retinop-
athy,  neuropathy,  and  angiopathy  [11].  BRX-220  
exerts  its  beneficial  effects  over  a  longer  time  period,  
and  we  therefore  chose  to  administer  the  drug  and  
CCK  for  5  d.  

In  accordance  with  Strowski  et  al.,  we  have  shown  
that  supramaximal  doses  of  CCK  reduce  the  levels  of  
HSP60  and  HSP72.  However,  this  decrease  was  ame-
liorated  by  the  administration  of  the  HSP  coinducer,  
BRX-220.  This  nontoxic  hydroxylamine  derivative  
upregulated  the  expression  of  pancreatic  HSP60  and  
HSP72  about  2-fold.  Therefore,  BRX-220  acted  
against  the  effect  of  CCK-induced  pancreatitis  to  de-
crease  the  levels  of  these  HSPs.  and  clearly  increased  
the  protection  against  the  disease  as  discussed  below.  
Since  we  only  examined  the  quantities  of  the  most  
widely  investigated  HSP60  and  HSP72,  we  can' t  ex-

clude  that  other  HSPs  are  induced  and  contribute  to  
the  protective  effects  of  BRX-220.  

Repeated  supramaximal  doses  of  CCK  stimulation  
for  5  d  are  known  to  induce  a  prolongation  of  the  
morphological  (decreased  pw/bW,  intrapancreatic  in-
flammation,  and  acinar  cell  injury)  and  biochemical  
changes  (decreased  pancreatic  protein,  DNA,  and  
GSH  contents;  decreased  pancreatic  amylase,  lipase,  
trypsinogen.  and  free radical  scavenger  enzyme  activ-
ities;  increased  pancreatic  lipid  peroxidation  and  pro-
tein  oxidation;  increased  plasma  TAP  concentration)  
of  CCK-induced  acute  interstitial  pancreatits  in  rats  
[26,27],  We  have  found  that BRX-220  treatment  ame-
liorated  many  of  these  laboratory  (plasma  TAP  con-
centration;  pancreatic  lipid  peroxidation  and  protein  
oxidation;  pancreatic  GPx,  trypsinogen,  and  amylase  
activity;  total  protein  content)  and  morphological  
changes  (vacuolization,  necrosis,  and  apoptosis  of  aci-
nar  cells,  and  intrapanreatic  inflammation).  Though  
not  significantly,  there  was  a tendency  of  BRX-220  to  
hinder  the  decrease  in  pw/bw  caused  by  the  5  d  CCK  
injections  (p  =  .08). For  the above-mentioned  reasons,  
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Fig. 5. Pancreatic (A) inalondialclchyde  levels, (B) protein carbonyl  content,  and  (C) glutathione  peroxidase, and (D)  Cu/Zn-superoxide  
dismutase  activities  in groups 0 B  and  B. Groups  were treated  as indicated  in  the  Experimental  protocol.  Means  ±  SEM  for 6  animals  
are  shown.  tVSignificant  difference  (p  <  .05) vs.  the  control  group.  

we  believe  that  these  cytoprotective  effects  are  due  to  
the  beneficial  effects  of  HSPs.  Absolutely  decisive  
proof  of  the  protective  effects  of  HSPs  in  this  acute  
pancreatitis  model  would  require  the  blockade  of  the  
expression  or  function  of  these  proteins.  Unfortu-
nately,  there  are  as  yet  no  specific  inhibitors  of  this  
kind  in  vivo.  

Although  HSPs  have  been  implicated  as  mediators  of  
pancreatic  protection,  the  precise  mechanism  of  their  
cytoprotective  effects  remains  to  be  completely  eluci-
dated.  Accumulating  evidence  suggests  that  HSPs  are  
most  likely  to  attenuate  cellular  damage  by  their  chap-
eroning  activities  [1],  by  increasing  the  resistance  of  the  
cells  to apoptosis  [28,29]  or  necrosis  [30],  by  decreasing  
pro-inflammatory  cytokine  levels  [31],  by  their  antioxi-
dant  effects  [32],  and/or  by  preventing  intracellular  
trypsinogen  activation  [13,33].  Our  findings  support  
many  of  these  possibilities.  

Water  immersion  stress  is  known  to  increase  the  
level  of  HSP60  [3,4],  Previous  investigations  have  
shown,  however,  that  injections  of  cerulein  combined  
with  water-immersion  stress  increase  the  severity  of  
the  disease  (although  these  investigators  were  dealing  
with  the  effects  of  stress  on  pancreatitis,  and  not  
HSPs)  [34],  An  explanation  for  this  in  respect  of  the  
HSPs  was  offered  by  Otaka  et  al.,  who  proposed  that,  
when  stress  was  applied  after  cerulein  injection,  the  
acinar  cells  had  already  been  damaged  by cerulein  and  
HSP60  could  not  be  synthesized  in  the  cells  [4].  
Furakawa  et  al.  claim  that  pancreatitis  is  exacerbated  
due  to  the  decreased  blood  flow  to  the  pancreas  and  
microcirculatory  disturbances,  which  lead  to  the  acti-
vation  of  zymogen  proteases  in  the  pancreas  [35].  
Therefore,  the  above-mentioned  data  are  not  in  con-
tradiction  with  ours,  since  BRX-220  has  no  such  side  
effects.  Moreover,  this  calls  attention  to  the  fact  that  
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Fig.  6.  Heat  shock  protein  cointlucer  BRX-220  protects  against  CCK-induced  acute  pancreatitis.  The  figure  shows  the  histological  
pictures  of  pancreala  from rats  either  (A)  not  treated (Group 0B)  or (B) treated  with  BRX-220  (Group  B)  12 h after the  last  injection 
of  75  (xg/kg  body  weight  of  CCK.  Treatment  with  BRX-220  (Group  B)  significantly  reduced  the  CCK-induced  morphological  
alterations  (intrapancreatic  inflammation,  vacuolization,  necrosis,  and  apoptosis  of  acinar  cells)  (hematoxylin  and  eosin,  original  
magnification  200X).  

the  coinduction  of  HSPs  should  be  achieved  only  by  a  
method  that  does  not  have  harmful  effects  on  the  
disease  to  be  treated.  Nontoxic  HSP-indticer  drugs  
could  be  one  convenient  way  to  approacli  this  problem.  

In  conclusion,  we  have  demonstrated  that  the  HSP  
coinducer  BRX-220,  administered  for  5  d,  has  a  protec-
tive  effect  against  CCK-induced  acute  pancreatitis.  In  

fact,  our  study  was  the  first  to  demonstrate  that  a  non-
toxic  HSP-inducer  administered  during  the course  of  the  
disease  can  also  protect  against  CCK-induced  pancreati-
tis. These cytoprotective  effects are most probably  due  to  
the  increased synthesis  of  HSPs.  Our  findings  suggest  the  
potential  therapeutic  applications  of  HSP-inducer  drugs  
in  the  treatment  of  acute  pancreatitis.  Further  studies  are  
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Table  1. Effects of  BRX-220 on the  Histologic  Parameters  in  
Cholecystokinin-octapeptide-induced  Acute  Pancreatitis  

Group 0B Group B 

IS edema 1.44 + 0.20 1.46 0.17 
Leukocyte infiltration 2.29 0.20 1.83 0.12* 
Leukocyte  adherence  0.17 0.03 0.06 £ 0.01* 
Vacuolization 0.44 ft 0.07 0.10 £ 0.01* 
Necrosis  (0-4)  0.29 ft 0.03 0.19 0.03* 
Apoptosis 0.79 ft 0.09 0.42 0.03* 
Basophilic  lamellation  0.15 ft 0.03 0.13 £ 0.01 
Hyperemia 0.60 ft 0.08 0.56 ± 0.05 
Total  damage 6.17 ft 0.53 4.75 0.17* 

Groups were treated as indicated  in the Experimental  protocol. Data 
are means  ±  SEM for 6  animals.  

* Significant difference (p  <  .05)  vs. the control  group.  

needed  to  investigate  the  promising  use  of  these  com-
pounds  in  humans.  
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ABBREVIATIONS 

BU—Bergmeyer  units  
CCK—cholecystokinin-octapeptide 
GPx—glutathione  peroxidase  
GSH—reduced  glutathione  
HPLC—high  performance liquid  chromatography  
HSP—heat  shock protein  
MDA—malonyl  dialdehyde  
pw/bw—pancreatic  weight/body  weight  ratio  
SOD—superoxide  dismutase  
TAP—trypsinogen  activation  peptide  
TBA—thiobarbituric  acid  
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