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Abstract
Objectives—Our aim was to determine if total parenteral nutrition (TPN)–induced pancreatic
atrophy and Hsp70 expression attenuates cerulein-induced pancreatitis in rats.

Methods—Rats were randomized to a 7-day course of saline infusion plus a semipurified diet or
TPN, with or without an intravenous cerulein injection or vehicle on day 7, and killed 1 or 6 hours
after the injection. Based on a pilot study, 1 hour was the primary time point. Pancreatic atrophy
was determined by mass, protein, and DNA contents. Pancreatic heat shock protein 70 (Hsp70)
expression was measured by Western analysis. Histological examination of the pancreas assessed
for edema, inflammation, vacuolization, and apoptosis. Serum amylase activity was measured
using the Phadebas assay. Pancreatic trypsinogen activation was measured using a fluorometric
substrate assay.

Results—The saline-infused rats fed orally gained significantly more weight than TPN rats. The
TPN decreased the pancreatic mass and protein content and the protein-DNA ratio and increased
the pancreatic DNA content compared with the saline. The TPN increased the pancreatic Hsp70
expression by 91% compared with the saline. The TPN reduced the cerulein-induced pancreatic
histological edema, the vacuolization, and the inflammation compared with the saline. The
increase in the serum amylase level after cerulein injection was significantly attenuated, and
trypsinogen activation was reduced in TPN animals compared with the saline group.

Conclusions—Lack of luminal nutrients with a 7-day course of TPN provides moderate
protection against cerulein-induced pancreatitis in rats.
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Acute pancreatitis is a common clinical problem, with 250,000 inpatient admissions
occurring each year in the United States alone,1 resulting in direct health care costs of 2.2
billion dollars.2 Most episodes of acute pancreatitis are mild-moderate and self-limiting,
requiring only a period of fasting and supportive care until the pancreatic inflammation
subsides. However, up to 20% of episodes of acute pancreatitis result in pancreatic
necrosis,3 leading to increased rates of multisystem organ failure, infection, and mortality.4
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The transition from mild-moderate acute pancreatitis to severe acute pancreatitis and
pancreatic necrosis is not completely understood, and there are currently no therapies
available to prevent this transition. However, there is a growing body of literature showing
that the course of severe acute pancreas, once established, can be improved with nutritional
interventions such as enteral feeding5 and supplementation with inflammatory and immune
modulators.6

One of the initial events in pancreatitis is the premature activation of trypsin, which
according to one theory, is due to aberrant colocalization of zymogen granules with
lysosomal vacuoles containing cathepsin B. Cathepsin B is a hydrolase that activates
trypsinogen, and the activated trypsin enzyme is released into the cytosol where it has the
ability to activate itself and other intracellular digestive enzymes in a cascade that results in
autodigestion and pancreatic injury.7 This colocalization theory is supported by a study
showing that cathepsin B inhibition prevents intracellular zymogen activation without
affecting the colocalization of zymogens and lysosomal hydrolases in response to cerulein
stimulation.8 Given that pancreatitis is difficult to attenuate once it has occurred, prevention
of pancreatitis by blocking the activation of trypsinogen is an obvious therapeutic goal.

Heat shock protein 70 (Hsp70) is an inducible cytosolic protein that acts as a molecular
chaperone and is involved in protein folding, degradation, membrane transport, and
prevention of aggregation.9 Experimental Hsp70 induction has been accomplished using
hyperthermic stress10 or warm-water immersion,11 catecholamine injection12 and
ischemia,13 and sodium arsenite injection.14 Several authors have shown that Hsp70
induction with hyperthermia before infusion with the secretagogue cerulein, a
cholecystokinin (CCK) analogue, can prevent the onset of pancreatitis in rats10,15 and that
inhibition of Hsp70 expression with antisense oligonucleotides abolishes this protective
effect of hyperthermic stress.16Hsp70 seems to prevent cerulein-induced acinar injury by
preventing intrapancreatic trypsinogen activation,16 a critical initial step in pancreatitis.
Furthermore, selective ablation of the Hsp70 gene in mice significantly enhances basal
trypsin activity in the gland.17Hsp70 induction also results in reduced levels of downstream
mediators of inflammation such as tumor necrosis factor α, intercellular adhesion molecule
1, and nuclear factor κB.18 We have shown previously that a 7-day course of total parenteral
nutrition (TPN) and a lack of luminal nutrients induce pancreatic atrophy and Hsp70
expression in rats.19 The purpose of this study was to determine if TPN-induced pancreatic
Hsp70 expression attenuates cerulein-induced pancreatic injury in the rat.

MATERIALS AND METHODS
Animals and Experimental Design

The animal facilities and research protocols were approved by the University of Wisconsin
Institutional Animal Care and Use Committee. Male Sprague-Dawley rats (Harlan, Madison,
Wis) initially weighing 121 to 145 g were housed in individual stainless steel cages with
unlimited access to water in a room maintained at 22°C on a 12:12-hour light-dark cycle.
The rats were adapted to the facility for 5 to 7 days while being fed a semipurified powdered
diet ad libitum.20

The night before surgery, the animals were fasted and were randomly assigned to undergo
placement of a jugular venous catheter and postoperative infusion of TPN or saline for 7
days. A nonsurgical group of rats fed the semipurified diet ad libitum were included for
reference. On the day of surgery (day 0), the rats were anesthetized by inhalation of
isofluorane (Isoflo; Abbot Laboratories, North Chicago, Ill) and underwent placement of an
infusion catheter in the superior vena cava as previously described.20,21 The infusion of TPN
or saline began immediately after surgery and was increased gradually to provide 100% of
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the nutritional needs in the TPN group (discussed later), with equal infusion rates for
animals receiving TPN or saline. All animals had ad libitum access to water.

In an initial pilot experiment, rats were again randomized to undergo the following
treatments on day 7: injection of cerulein (10 μg/kg of body weight; Sigma-Aldrich, St
Louis, Mo) for 1 or 6 hours and injection of vehicle (phosphate-buffered saline) for 1 or 6
hours. The animals were then anesthetized, and the pancreas and blood were collected.
Based on the results of the pilot study, there were no significant differences in the measured
end points between the 1- and 6-hour injections within each group, and the 1-hour injection
was chosen for subsequent experiments.

Composition of the TPN Solution and the Oral Diet
The TPN solution was prepared aseptically as a total nutrient admixture using commercial
preparations of amino acids, dextrose, and lipid emulsions. Electrolytes, vitamins, trace
elements, and choline were added according to reported requirements of the TPN-fed rat.20

The rat TPN solutions have a caloric density of approximately 4.2 kJ/mL and provide 1.5 g
N·kg−1·d−1 and 32% of nonprotein energy from lipids. The TPN or the saline solution was
infused via a syringe infusion pump (Harvard Apparatus, Inc, Holliston, Mass) at rates of
1.0 mL/h on day 0, 1.2 mL/h on day 1, 1.6 mL/h on day 2, 1.8 mL/h on day 3, 2.0 mL/h on
day 4, and 2.2 mL/h on days 5 to 7 to provide 987 kJ/kg per day. Orally fed animals,
including those in the saline group, had free access to a nutritionally complete, semipurified
powdered diet with a macronutrient content comparable to the TPN solution.20

Pancreas Mass and Cellularity
The pancreas was removed, flushed with ice-cold 0.9% saline, and blotted dry. The entire
pancreas was weighed intact, and then a portion was excised to measure tissue edema.
Additional portions of each pancreas were fixed in 10% buffered formalin and paraffin
embedded, and 5-μm sections were stained with hematoxylin and eosin for histological
analysis. The remainder of the pancreas was immediately frozen in liquid nitrogen and
stored at −80°C until ready for analysis. The pancreas was homogenized in 2 mL of 20-
mmol/L sodium phosphate (NaH2PO4) buffer (pH 7.4). Pancreas protein concentration was
determined using a bicinchoninic acid protein assay (Pierce Chemicals, Rockford, Ill), and
pancreatic DNA content was measured using a Hoechst reagent assay (Calbiochem, La
Jolla, Calif).22 The ratio of protein to DNA in the pancreas expressed as concentrations was
determined.

Pancreas Western Immunoblotting
Homogenized pancreatic tissue samples were centrifuged for 30 minutes at 21,000g at 4°C,
and the supernatant was collected. The protein concentration of the supernatant was
determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, Calif). The
supernatant was prepared for electrophoresis by adding a sodium dodecyl sulfate sample
buffer and boiling for 5 minutes. Pancreatic soluble proteins (400 μg) were separated in
polyacrylamide gels and transferred onto nitrocellulose membranes. Membranes were
blocked in Tris-buffered saline containing 5% nonfat dry milk and 3% Tween 20. The
membranes were cut at the 50-kd marker, and the upper portion was incubated with an anti-
Hsp70 mouse monoclonal antibody (1:1000 dilution; Stressgen, Victoria, British Columbia,
Canada); and the lower portion, with an anti-CRHSP24 polyclonal antibody23 (1:1000
dilution) for 90 minutes at room temperature. After incubation with horseradish peroxidase-
conjugated secondary antibodies, immunoreactivity was detected by enhanced
chemiluminescence. Band intensity was quantified by light densitometry using OptiQuant
version 03.00 software package (Packard Instruments, Meriden, Conn).
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Histological Examination of the Pancreas
Hematoxylin and eosin–stained pancreas sections were evaluated in a blinded manner by a
single pathologist using a scale adapted from Rongione et al24 that assigns a grade from 0 to
4 for the degree of edema, inflammation, vacuolization, and apoptosis 1 hour after cerulein
or vehicle injection.

Enzyme Activity
Serum was separated from collected blood and stored at −70°C until use. Serum amylase
activity was measured using the Phadebas Amylase Test (Magle, Lund, Sweden). Pancreas
trypsin activity was measured as previously described.25 Briefly, pancreas homogenates
were thawed and diluted in 3 volumes of buffer containing 50-mmol/L Tris base, 150-mmol/
L NaCl, 1-mmol/L CaCl2, and 0.1-mg/mL bovine serum albumin. The samples were then
homogenized with a pestle and centrifuged at 1500g for 10 minutes at 4°C. The supernatant
was collected, and protein was measured by the Bio-Rad protein assay. Trypsin activity in
the supernatant was measured by flourometry using a 100-μmol/L Boc-Gln-Ala-Arg-MCA
substrate.

Statistical Analysis
The SAS version 8.2 (SAS Institute, Cary, NC) was used for the statistical analysis. The
differences between the treatment groups were examined by 1-way analysis of variance
(ANOVA). General linear models were used to analyze the main effects of the treatments
and their interactions. The 1- and 6-hour time points were combined as 1 group for amylase
activity because there were no significant time effects. All other comparisons were limited
to the 1-hour time point. All values are presented as mean ± SE; P ≤ 0.05 was considered
statistically significant.

RESULTS
Body Weight

The animals in all the groups gained weight over the experiment (Fig. 1). Orally fed animals
had greater weight gain than animals maintained with TPN, and TPN had a significant main
effect to decrease weight gain (P < 0.0001). However, there were no significant differences
in the mean body weight gain based on the treatment with cerulein. Previous studies using
this well-characterized TPN model have confirmed that nitrogen retention increases each
day in all TPN rats.26

Total Parenteral Nutrition Induces Pancreatic Atrophy and Hsp70 Induction
Lack of luminal nutrients in TPN animals treated with vehicle led to a significant decrease in
pancreas wet weight (corrected for body mass) of 14% compared with the saline-infused
vehicle animals and the orally fed controls (Fig. 2). The TPN had a significant main effect to
decrease pancreas wet weight (P < 0.0001). In contrast, the cerulein treatment had a
significant main effect to increase pancreas wet weight (P = 0.003). The cerulein-treated,
saline-infused animals had a significant 28% increase in pancreas wet weight compared with
their vehicle controls, whereas the TPN-infused animals showed a 21% increase.

Total pancreatic protein was significantly reduced (P < 0.0004) with TPN infusion (Fig.
3A). In addition, pancreas DNA concentration was significantly (P < 0.0001) increased in
the animals infused with TPN compared with the saline animals (Fig. 3B). As a
consequence, the ratio of protein to DNA in the pancreas decreased significantly (P = 0.001)
with TPN infusion (Fig. 3C), indicating that reduction in pancreatic weight due to TPN
treatment is primarily due to protein loss and cellular atrophy. Pancreas Hsp70 expression
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(normalized to CRHSP24) was significantly increased by 91% in the TPN animals treated
with vehicle compared with the saline-infused animals and orally fed control animals, which
had equal levels of expression (Fig. 4). As a control, there were no differences in the
expressions of the calcium-sensitive signaling protein CRHSP24.19,23Hsp70 expression was
not assessed in cerulein animals because cerulein is known to increase pancreatic Hsp70
expression regardless of the dietary treatment.27,28

Total Parenteral Nutrition Attenuates Cerulein-Induced Inflammation
The pancreatic inflammatory response 1 hour after cerulein injection was less severe in the
TPN-infused rats than in the saline-infused rats based on the histological analysis (Table 1,
Figs. 5A–D). After cerulein-injection, the TPN-infused animals had a 32% reduction in
pancreas edema, a 41% decrease in inflammatory cell infiltration, and a significant 23%
reduction in pancreas vacuolization compared with the saline-infused animals. The TPN
infusion led to a significant 25% reduction in total inflammation after cerulein injection
compared with the saline-infused rats. Moreover, TPN showed a significant main effect to
reduce pancreatic total inflammation (P < 0.05), and there was a weak interaction between
TPN and cerulein (P = 0.09), suggesting that the increase in pancreatic histological
inflammation after cerulein injection is smaller when rats are maintained with TPN. In
contrast, there was only a small reduction in acinar apoptosis and no significant changes in
gross pancreas edema (pancreatic water content, expressed as percent of wet weight) with
cerulein infusion in either the TPN or the saline-infused groups. In addition to the
inflammatory changes noted on the histological examination, there was a decrease in
pancreatic zymogen granule staining in the TPN-infused animals (Figs. 5B, D) compared
with the saline-infused, orally fed animals (Figs. 5A, C). This is consistent with the
reduction in pancreatic mass and protein noted earlier.

Total Parenteral Nutrition Attenuates Pancreatitis-Associated Enzyme Activity
The serum amylase levels 1 to 6 hours after cerulein treatment were significantly higher in
the saline animals (2.67 × the oral control) compared with the TPN animals (2.01 × oral
control, Fig. 6A). There were significant main effects for decreased serum amylase level
with TPN (P = 0.0004) and increased serum amylase level with cerulein treatment (P <
0.0001). In addition, TPN significantly attenuated the rise in serum amylase level after
cerulein injection (TPN × cerulein = 0.02), which reflects the larger rise in serum amylase
level with cerulein treatment in saline animals (356% > with vehicle) compared with the
TPN animals (330% > with vehicle).

Pancreatic trypsin activity (measured as activity per time per microgram total protein)
increased 60% after cerulein treatment in the saline-infused animals (18.2 vs 11.4 in the
vehicle-treated animals; Fig. 6B), which was significantly increased compared with the
orally fed controls (9.6). In contrast, trypsin activity in the TPN-infused animals increased
by only 18% with the cerulein treatment (13.7 vs 11.6 in the vehicle-treated controls) and
was not statistically different from the orally fed controls.

DISCUSSION
The removal of enteral nutrients during TPN results in a reduction in pancreatic wet weight
and protein content,29 as well as a stress response in the gut30 and the pancreas19

characterized by the induction of Hsp70 expression. Hsp27 and Hsp60 expressions,
however, do not change in this model.19 This study is in agreement with previous findings in
the pancreas and demonstrates that preconditioning rats with TPN and an absence of luminal
nutrients provide a moderate protective effect against mild secretagogue-induced
pancreatitis. Others have shown that preconditioning with stressful stimuli can induce
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pancreatic Hsp70 expression and protect against secretagogue-induced pancreatitis in fed
rodents. Wagner et al10 demonstrated that induction of Hsp70 expression with thermal stress
has a protective effect against cerulein-induced pancreatitis in rats. Using cultured
pancreatic lobules, Bhagat et al16 showed that the addition of antisense oligonucleotides to
inhibit Hsp70 expression abrogated its protective effects against cerulein-induced
trypsinogen activation, directly implicating Hsp70 in this process. Likewise, hyperthermia-
induced heat shock protein expression offered protection against the more severe arginine-
induced pancreatitis in rats.31 However, hyperthermia is not a clinically relevant method of
inducing HSP synthesis or does not elicit a specific stress response. In this respect, TPN
offers a more clinically relevant model to study mechanisms of pancreatitis and its
prevention because it allows complete dietary control with the option to study specific
dietary, nutrient, or pharmacologic agents.

Parenteral nutrition affects the exocrine pancreas through the lack of gastrointestinal
stimulation due to the absence of luminal nutrients and the unique profile of nutrients
infused systemically. Total parenteral nutrition has been shown to change systemic levels of
gastrointestinal hormones, the most important being a reduction in serum CCK.32 In rodents,
CCK plays a major role in stimulating the production and secretion of digestive enzymes,
and infusion of CCK during TPN prevents the pancreatic hypotrophy seen with a lack of
luminal nutrients.33 In addition to a reduction in CCK, the lack of luminal nutrients results
in failure to initiate the vagal-mediated enteropancreatic reflex, leading to a reduction in the
production and secretion of pancreatic enzymes.34

The macronutrient components of TPN may also have individual effects on the exocrine
pancreas structure and function. Whereas intraduodenal fat is a potent stimulator of CCK
release, intravenous (IV) fat does not affect fasting circulating plasma CCK levels.35

Intraduodenal protein also stimulates the release of CCK; however, the effect of IV amino
acids on CCK levels has not been established. Although infusion of IV amino acids alone
presumably maintains pancreatic amino acid concentrations, this is insufficient to promote
digestive enzyme synthesis because there is a marked decrease in pancreatic amylase and
lipase contents.19,36 Intraduodenal glucose does not stimulate the pancreas, and exclusive IV
glucose feeding results in marked pancreatic atrophy.36 However, data on the effect that IV
glucose has on exocrine pancreatic function is conflicting, with evidence pointing to both
decreases37 and increases38 in secretory and synthetic function. What is apparent is that
luminal fats and proteins stimulate pancreatic exocrine function, IV amino acids mitigate
pancreatic hypotrophy, and IV glucose may stimulate synthesis of pancreatic enzymes.
Thus, a mixed regimen of IV amino acids and lipids with enteral carbohydrate feeding may
provide greater suppression of pancreatic stimulation and improve the protective effect of
parenteral nutrition on pancreatitis while maintaining intestinal mucosal integrity.

The current study confirms the findings from a previous study that a 7-day course of TPN
decreased pancreatic mass and total protein and increased DNA concentration and Hsp70
expression.19 However, there are slight differences between the 2 studies. Compared with
the previous study, the current study found that TPN induced a 2-fold increase in pancreatic
Hsp70 expression, whereas the previous study showed a 3-fold induction. Likewise,
histological examination of acini revealed that the loss of acidic zymogen granule staining in
response to TPN was less pronounced than the extensive loss of zymogen granules seen in
the previous study. The current study also showed no change in apoptosis, demonstrating
pancreatic cellular atrophy rather than a loss of cells. Previously, TPN was shown to
increase pancreatic apoptosis compared with saline infusion.19 These differences in
outcomes may be due to the smaller animal size in the current study (165 vs 262 G) and the
prior study measuring apoptosis by terminal deoxynucleotidyl transferase deoxyuridine 5-
triphosphate nick end labeling and staining.
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The induction of Hsp70 in the pancreas and the small intestine seen during TPN was
previously attributed to a lack of luminal nutrient stimulation and atrophy of the gut because
this was not seen in the intestine when coinfusing the growth factor GLP-2 that prevents
mucosal atrophy.19 Moreover, the intestinal atrophy seen in hibernating animals is also
associated with significant Hsp70 induction.30 Infusion of glutamine or arginine is known to
induce Hsp70 expression. Ziegler et al39 reported that parenteral glutamine increases Hsp70
levels in the plasma of patients with critical illnesses. Similarly, arginine infusion of rats to
induce necrotizing pancreatitis also caused a marked induction of Hsp70.40 The TPN
solution used in these studies contained arginine (865 mg/100 mL) and glutamine (627 mg/
100 mL). Thus, we cannot rule out that arginine or glutamine in the TPN solution played a
role in Hsp70 induction; however, our preliminary data indicate that placing animals on a
protein-free diet for 6 days causes significant pancreatic atrophy with a marked induction of
Hsp70 (data not shown). Regardless of the mechanism, the dietary-induced expression of so-
called vitagenes including Hsp70, heme-oxygenase, thioredoxin reductase, and sirtuins play
an important role in mediating cytoprotective functions.41

Although the TPN-induced Hsp70 expression in our study showed only a moderate
protective effect against experimental pancreatitis, others have shown more profound effects
using hyperthermia42 and β-agonists.12 There are several possible reasons for this. The
increase in Hsp70 with TPN more than the control levels in this study and our previous
work19 (91%–200%) is much lower than that seen using hyperthermia (up to 9-fold42).
Thus, it is possible that the lower Hsp70 expression with TPN provides moderate protection
against acinar injury. Second, the dose of cerulein (10 μg/kg) in our study was lower than
the 20- to 50-μg/kg dose used in other studies.12,42 Finally, larger rats (120–145 g) were
used in the current study than in others (70–100 g42,43). Indeed, conflicting results have been
reported for the effects of Hsp70 in pancreatitis. In 2 studies that demonstrated Hsp70
induction with sodium arsenite, Bhagat et al43 reported a protective effect against cerulein-
induced pancreatitis whereas Rakonczay et al14 failed to show protection. The study of
Bhagat et al43 used rats that were 70 to 100 g, whereas Rakonczay et al14 used rats that were
250 to 300 g. Moreover, the study of Rakonczay et al14 used a much higher dose of
secretagogue (3 subcutaneous 75-μg/kg injections) compared with the study of Bhagat et
al43 (a single 20-μg/kg intraperitoneal injection). This suggests that animal size and levels of
Hsp70 induction and secretagogue are important factors in interpreting the outcomes of
animal studies of pancreatitis.

A systematic review of human studies examining nutrition support in acute pancreatitis
demonstrated that enteral nutrition, when compared with parenteral nutrition, is associated
with a significant reduction in infectious morbidity and length of stay, a trend toward
reduced organ failure, and no effect on mortality.44 However, TPN still has a role in acute
pancreatitis because many patients are not able to be fed enterally either because of
intolerance or a lack of enteral access. In addition, there are human data that suggest that
parenteral nutrition is superior to standard therapy (dextrose-containing IV fluids and
starvation) in severe acute pancreatitis, with decreased infections, length of stay, and
mortality.45 Furthermore, the inferior outcomes with parenteral nutrition compared with
enteral nutrition in pancreatitis are primarily related to increased infectious morbidity and
multisystem organ failure, outcomes that have the potential to be modified with the addition
of immune-enhancing and anti-inflammatory supplements. Rat studies of acute necrotizing
pancreatitis have demonstrated that the infusion of omega-3 fatty acids reduces mortality,
infections, and systemic inflammation.46 Indeed, human studies of severe acute pancreatitis
show decreased pulmonary and renal complications after omega-3 fatty acid treatment47 and
reduced infectious morbidity with glutamine-supplemented parenteral nutrition.6

Koopmann et al. Page 7

Pancreas. Author manuscript; available in PMC 2012 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In conclusion, we have demonstrated that pancreatic atrophy and induction of Hsp70
expression after 7 days of TPN and an absence of luminal nutrients offer moderate
protection against mild cerulein-induced pancreatitis, likely via reduced activation of
trypsinogen and a reduction in pancreatic digestive enzyme production due to absent enteral
stimulation. This model offers the opportunity to test the effects of dietary and nutrient
manipulation on Hsp70 regulation and inflammatory responses in the setting of acute
pancreatitis.
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FIGURE 1.
Increase in body weight (in grams) in the orally fed controls, the saline-infused, orally fed
surgical controls, and the TPN-fed rats after 7 days of treatment followed by cerulein or
vehicle injection. The data are expressed as mean ± SE; n = 6 to 9. *P < 0.05. The main
effects of TPN, cerulein injection, and their interaction as indicated by 2-way ANOVA are
shown at the top right.
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FIGURE 2.
Total parenteral nutrition reduces pancreatic mass. The mass of the pancreas (in grams) was
measured in the orally fed controls, the saline-infused, orally fed surgical controls, and the
TPN-fed rats after 7 days of treatment followed by cerulein or vehicle injection. The data are
expressed as mean ± SE; n = 6 to 9. *P < 0.05. The main effects of TPN, cerulein injection,
and their interaction as indicated by 2-way ANOVA are shown at the top right.
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FIGURE 3.
Total parenteral nutrition induces pancreatic atrophy. Pancreatic protein, DNA, and protein-
to-DNA ratio were determined in the orally fed controls, the saline-infused, orally fed
surgical controls, and the TPN-fed rats after 7 days of treatment followed by cerulein or
vehicle injection. A, Pancreatic protein was measured by bicinchoninic acid colorimetric
assay. B, Pancreatic DNA concentration was measured using the Hoescht reagent and a
fluorometric assay. C, Protein-to-DNA ratio. The data are expressed as mean ± SE; n = 6 to
9. *P < 0.05. The main effects of TPN, cerulein injection, and their interaction as indicated
by 2-way ANOVA are shown at the top right.
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FIGURE 4.
HSP70 is induced in TPN-fed rats. Pancreatic Hsp70 and CRHSP24 were measured in the
orally fed controls, the saline-infused, orally fed surgical controls, and the TPN-fed rats after
7 days of treatment and vehicle injection by immunoblot analysis using anti-Hsp70 (1:1000)
and anti-CRHSP24 (1:1000) antibodies. The band intensity was measured by densitometry
and expressed as Hsp70-to-CRHSP24 ratio. Data are expressed as mean ± SE; n = 8. *P G
0.05.
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FIGURE 5.
Total parenteral nutrition induces acinar cell atrophy and attenuates cerulein-induced
pancreatic inflammation. Compared with the saline-infused, orally fed control animals (A),
there was decreased acidic staining of zymogen granules in the apical cytoplasm of acini
from the TPN-infused control animals (B) as seen on hematoxylin and eosin–stained
sections. There were increased pathologic responses to cerulein infusion in the saline rats
(C) compared with the TPN rats (D). Note the prominent inflammatory cells (arrow), the
vacuolization (open arrow), and the apoptosis (arrowhead) in C.
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FIGURE 6.
Total parenteral nutrition attenuates pancreatitis-associated enzyme activity. Serum amylase
and trypsin activities were measured in the orally fed controls, the saline-infused, orally fed
surgical controls, and the TPN-fed rats after 7 days of treatment followed by cerulein or
vehicle injection. A, Serum amylase level was measured using the Phadebas Amylase Test.
B, Trypsin activity was measured using a fluorometric substrate assay. U = activity per time
per microgram total protein. The data are expressed as mean ± SE; n = 5 to 13. *P < 0.05.
The main effects of TPN, cerulein injection, and their interaction as indicated by 2-way
ANOVA are shown at the top right.
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