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Abstract. It has been suggested that the gut plays a role in the develop-
ment of bacterial complications, which are important contributors to
morbidity and mortality in patients with acute pancreatitis. The present
study evaluated the enteric bacterial translocation, bacterial homeostasis,
and reticuloendothelial system function in experimental acute pancreati-
tis induced by intraductal injection of 5% sodium taurodeoxycholate in
the rat. The incidence of bacterial translocation from the gut to mesen-
teric lymph nodes (MLNs) and lungs significantly increased after 12
hours and to the systemic circulation, ascites, and pancreas at 24 hours.
The number of anaerobic bacteria and lactobacilli decreased in the colon
and distal ileum from 6 or 12 hours, whereas the number of Escherichia
coli increased from 12 hours. The systemic uptake rate of radiolabeled
bacteria decreased from 6 hours after induction of acute pancreatitis. The
uptake of radiolabeled bacteria by Kupffer cells decreased from 6 hours,
whereas the uptake by macrophages from blood, lungs, and the intestine
increased. A decrease in macrophage killing capacity was noted, reflected
by an increase in the number of cultured viable bacteria from isolated
macrophages. The whole-body oxygen extraction rate increased 4 to 24
hours after induction of pancreatitis, whereas the gut oxygen extraction
rate decreased at 2 and 4 hours, followed by an increase at 12 to 24 hours.
These data show that translocation of enteric bacteria occurs during the
early stage of acute pancreatitis and that the MLN–thoracic duct–
circulation may be a major route of bacterial dissemination. Compro-
mised gut oxygen metabolism, overexaggerated intestinal macrophages,
and impaired host immune function may be involved in the development
of infectious complications associated with acute pancreatitis.

Bacterial infections are serious complications responsible for up
to 80% of deaths in patients with acute pancreatitis [1, 2]. The fact
that most bacteria associated with pancreatic and peripancreatic
infections are of enteric origin implies that the gut plays a role in
the pathogenesis of pancreatic infection [2–4]. Experimental
studies have demonstrated that failure of the gastrointestinal tract
occurs with acute pancreatitis induced by the continuous intrave-
nous infusion of cerulein, obstruction of the common biliopancre-
atic duct, or intraductal injection of sodium taurodeoxycholate
[5–7], resulting in translocation of enteric bacteria into extrain-
testinal sites and the systemic circulation.
Bacterial translocation from the gut has been studied in several

other experimental situations associated with shock or sepsis
[8–10]. Possible underlying mechanisms include compromised

host immune function, insufficient blood supply, disturbed enteric
bacterial ecology, and injured intestinal barrier function. Bacterial
translocation in experimental acute pancreatitis has been associ-
ated with cecal bacterial overgrowth, mucosal injury, and de-
creased gut motility [5–7]. One aim of the present study was to
assess the extent and role of bacterial translocation in the early
stage after induction of acute pancreatitis in rats. Furthermore,
macrophages were harvested from the liver, lungs, intestine, and
blood in order to evaluate the capacity of uptake and killing of
radiolabeled, alive bacteria. Finally, possible concomitant changes
in body and gut oxygen extraction were assessed.

Methods

Animals

Adult male Sprague-Dawley rats, weighing 250 to 300 g, were fed
standard rat chow (R3; Astra-Ewos, Södertälje, Sweden) and
water ad libitum. The rats were allowed to acclimatize to our
laboratory conditions for 4 to 6 days and were subjected to a
regimen of 12-hour day–night cycle living in mesh stainless steel
cages (three rats per cage) at constant temperature (228C).

Induction of Acute Pancreatitis

The rats were operated on under aseptic conditions using light
ether anesthesia. Acute pancreatitis was induced by intraductal
infusion of 0.2 ml 0.025 M glycylglycin-NaOH buffer, pH 8.0,
containing 5% sodium taurodeoxycholate by an infusion pump at
a speed of 0.04 ml/min after clamping the proximal end of the
common bile duct and puncture through the duodenum into the
biliary-pancreatic duct. The sodium taurodeoxycholate solution
was sterilized at 1008C for 20 minutes. Sham operation (controls)
was performed as above without the bile infusion.

Determination of Bacterial Translocation

A midline incision was made using sterile technique. A 0.2 ml
sample of blood was taken from the portal and caval veins, andCorrespondence to: R. Andersson, M.D., Ph.D.



samples from ascites (0.2 ml), mesenteric lymph nodes (MLNs),
liver, pancreas, lungs, and parts of the distal ileum (10–12 cm
from the cecum) and transverse colon were harvested and
weighed prior to determination of bacterial growth. Samples from
blood and ascites were immediately inoculated into 3 ml of blood
culture medium. The harvested organs were homogenized in test
tubes containing 3 ml Brain Heart Infusion Broth (Difco Labo-
ratories, Detroit, MI, USA), from which 0.2 ml of the supernatant
was taken for culture of aerobic, microaerophilic, and anaerobic
bacteria. All media for aerobic culture were incubated at 378C for
at least 3 to 5 days; organ samples for anaerobic bacteria were
cultured at 378C for 7 days before being regarded as negative.
Enteric gram-negative bacteria were identified by API 20 system
(BioMeriux SA, Marcy-1’Etoile, France) and Lactobacillus aci-
dophilus by API 50 CH (Analytab Products, Plainview, NY, USA).
All other aerobic, microaerophilic, and anaerobic microbes iso-
lated were identified by standard procedures [11]. The number of
living bacteria were calculated and expressed as number of living
organisms (colony-forming units, CFU) per gram of organ tissue.

Labeling of Bacteria

Escherichia coli (serotype 046:KI:H31), a facultative anaerobe
with agglutination with collagen type I, fibronectin, vitronectin,
and laminin, lacking hemolysin activity, was cultured overnight in
Todd-Hewitt broth. 1-Carbon 14 oleic acid 25 Ci (New England
Nuclear, Boston, MA, USA) was extracted by N2 dry purification
and resuspended using 200 ml of 0.02 N NaOH solution with 0.5
ml of alcohol. Purified oleic acid saline was added to 0.2 ml of hot,
distilled water and 4 ml of a stirring broth (Brain Heart Infusion
Broth), supplemented by 20% bovine serum albumin to 100 ml. E.
coli was incubated in the nutrient broth containing 20% bovine
serum albumin and the isotopic material for 4 hours. Labeled
bacteria were harvested after centrifugation, washed, and resus-
pended with normal saline three times. Free radioactive fatty
acids were removed by repeated washings, and the number of
radiolabeled bacteria was estimated by observation of the optical
density at 550 nm. The resuspended bacteria were then diluted to
a final concentration of approximately 106 E. coli (cpm)/ml
bacterial suspension [12].

Evaluation of Host RES Function

Total host reticuloendothelial system (RES) function was studied
by measuring the whole-body uptake rate as described previously
[13]. Three main RES organs (liver, spleen, lungs) were harvested
15 minutes after injection of the radiolabeled bacteria, weighed,
cut in small species, and put into glass scintillation vials with 4 ml
aqueous solubilizer, followed by gentle agitation of the samples.
The samples were then incubated at 508C for 4 hours, and the
radioactivity was measured by a b-counter (LS 1800; Beckman,
New York, NY, USA). A theoretic standard uptake value for the
rat was defined by the mean values of the total uptake in the three
RES organs studied (liver, spleen, lungs) in each rat subjected to
the sham operation. The body uptake rate was defined as the total
uptake in the three organs in the experimental animals compared
with the theoretic standard uptake value.

Isolation of Macrophages

Blood Macrophages. Blood obtained by puncture of the aorta was
placed in heparinized tubes. White blood cells separated by
centrifugation were layered on lymphocyte separation medium
(Sigma) and then centrifugated at 4003 g for 20 minutes. The
mononuclear cells were harvested from the interface and washed
three times using Hanks’ balanced salt solution (HBSS, Sigma).
An average yield of 1.0–2.0 3 106 mononuclear cells per milliliter
of blood was obtained. Separation on gelatin-plasma-coated flasks
(2% gelatin, BDH Chemicals, Poole, UK) was used to purify
isolated macrophages from blood [12]. The cellular suspension
containing 3 3 106 mononuclear cells in 10 ml of RPMI supple-
mented by 10% (v/v) rat serum was introduced into each flask,
followed by incubation for 2 hours at 378C (pH 7.4) with 95%
O2/5% CO2, after which nonadherent cells were removed and the
adherent cells were washed three times using RPMI 1640 supple-
mented with 10% rat serum prewarmed at 378C. The adherent
cells were detached by incubation for 30 minutes with 10 ml of
RPMI 1640 supplemented with 5 mM ethylenediaminetetraacetic
acid (EDTA, Sigma) and harvested in plastic tubes to a final
concentration of 106 adhered macrophages/ml followed by three
washings.

Isolation of Kupffer Cells. The portal vein was cannulated with a
0.15 cm (outside diameter) cannula (Hythe) and was perfused
with HBSS supplemented with 25 mM sodium bicarbonate and 2
mM EDTA in situ under light ether anesthesia at 20 to 25 ml/min
by a peristaltic pump (Watson-Marlow, Falmouth, Cornwall, UK)
[14]. The cell suspension was filtered after excising the perfused
liver and cutting it into small pieces. Kupffer cells were harvested
by centrifugation with stractan (Sigma) gradients as described by
Friedman and Roll [15]. The cells present in the interface between
8% and 12% stractan were collected and washed with Eagle’s
minimal essential medium without Ca21 (Sigma) three times.
Kupffer cells were placed in culture plates and incubated at 378C
for 1 hour; adherent cells were resuspended at a concentration of
106 cells/ml for measurement.

Collection of Alveolar Macrophages. After exposing the trachea,
alveolar macrophages were harvested by cannulating the tracheo-
bronchial tree and repeatedly lavaging with HBSS supplemented
with 25 mM sodium bicarbonate and 1% EDTA [16]. The cells
obtained were washed three times in RPMI 1640 and centrifu-
gated with lymphocyte separation medium at 4003 g for 20
minutes. After 2 hours of incubation at 378C, nonadherent cells
were removed by washing, and adherent cells were harvested at a
concentration of 106 cells/ml.

Isolation of Intestinal Macrophages. The intestinal specimens were
washed with HBSS supplemented with 25 mM sodium bicarbon-
ate without Ca21 and Mg21. The mucosa from the distal ileum
was dissected from the muscularis mucosa, and fragments were
incubated with 1 mM dithiothreitol (Sigma) at 208C for 15
minutes. Epithelial cells were removed by 3 3 30-minute incuba-
tions in 5 mM EDTA at 378C during shaking after washing with
HBSS three times [17]. The mucosa was subsequently cut into
small pieces and digested using collagenase (Sigma) at a concen-
tration of 1 mg/ml RPMI 1640 for 3 hours. Mononuclear cells
were centrifugated with lymphocyte separation medium (Sigma).
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After removing nonadherent cells by incubating for 2 hours
followed by washing three times, adherent cells were harvested at
106 cells/ml for further experiments.
Cellular viability and identification were determined by the

trypan blue exclusion test and staining with nonspecific esterase.
All media used contained penicillin 100 U/ml, gentamicin 5 mg/ml,
and streptomycin 100 mg/ml.

Assays on Macrophage Uptake and Killing Capacity

Animals subjected to either sham operation or acute pancreatitis
were challenged with 14C-labeled live E. coli through a femoral
vein catheter (O.D. 0.94 mm; Dow Corning, Detroit, MI, USA).
At 6, 12, and 24 hours after operation, 1 ml of radiolabeled
bacteria, containing about 6 3 107 bacteria per rat was injected
intravenously 15 minutes prior to sampling. Macrophages were
then isolated from each organ or tissue. The capacity of macro-
phage uptake was expressed by the radioactivity (counts per
minute, cpm) in harvested macrophages as measured by a
b-counter (LS 1800, Beckman). The capacity to kill macrophages
was reflected in the bacterial growth (E. coli serotype: 046:KI:
H31) from isolated macrophages, expressed as colony forming
units (CFU)/106 macrophages.

Oxygen Extraction

Hemoglobin concentration and oxygen and carbon dioxide ten-
sions were measured in blood obtained from the abdominal aorta,
inferior vena cava, and portal vein, respectively, by a hemoglobin
analyzer (Vitratron, HBF 200, Amsterdam, The Netherlands) and
an acid-base analyzer (ABL 30, Radiometer A/S, Copenhagen,
Denmark). The oxygen content in systemic arterial and portal
venous blood was calculated by the formula:

O2 content5 ~hemoglobin3%saturation3 1.34! 1 ~PO2 3 0.003!

Whole-body oxygen extraction was deduced from the difference in
oxygen content between the abdominal aorta (A) and inferior
vena cava (SV):

Body oxygen extraction5 ~Aoxygen content

2 SVoxygen content!/A oxygen content

Oxygen extraction by the gastrointestinal tract was calculated
from the difference in oxygen content between the abdominal
aorta and the portal vein (PV):

Gut oxygen extraction5 ~Aoxygen content

2 PVoxygen content!/A oxygen content

Experimental Design

The animals were randomly divided into two groups: sham
operation (n 5 38) and acute pancreatitis (n 5 30, surviving
animals) and enteric bacterial translocation was studied 2, 4, 6, 12,
and 24 hours after operation (6 or 10 rats per time point). At
laparotomy samples were taken for bacterial culture, and blood
from the caval and portal veins and the abdominal aorta was
obtained for blood gas analysis and hemoglobin determination.
Another 60 rats were used to evaluate macrophage uptake and
killing capacity after intravenous injection of radiolabeled bacte-

ria (30 rats per group, 6 rats per time point). All studies were
carried out in surviving animals during the experimental period.
The mortality rate within 24 hours was assessed in two additional
groups (12 per group) not subjected to any other measurements.

Statistics

Parametric data are reported as the mean 6 standard error of the
mean (SEM). Comparisons of the incidence of bacterial translo-
cation and mortality rate after operation were made by using
Fisher’s exact test. Student’s t-test was used to evaluate bacterial
overgrowth, radioactivity levels of 14C-labeled bacteria, and oxy-
gen extraction rate. Statistical significance was considered at a
probability level of , 0.05.

Results

All operations were completed within 5 to 7 minutes, and the
animals woke up within 5 minutes after the end of the operative
procedure. The mortality rate within the initial 24 postoperative
hours among animals with acute pancreatitis was 50% (6 of 12;
p , 0.01 versus controls). Ascites formation and pancreatic
edema, bleeding, and necrotic spots were seen from 2 hours
onward after induction of pancreatitis.
Samples taken from control animals harbored no bacteria.

Positive bacterial cultures from MLNs and lungs were demon-
strated 4 hours after induction of acute pancreatitis, significantly
increasing at 12 and 24 hours, compared to controls (p, 0.05 and
0.01, respectively) (Fig. 1). The incidence of bacterial transloca-
tion from the gut to the systemic circulation, ascites, and pancreas
significantly increased in pancreatitis animals after 24 hours (50%,
p, 0.05) (Fig. 1). The total incidence of bacterial translocation in
all animals to the systemic circulation was 20% (n 5 6 of 30), to
ascites 20% (6 of 30), to MLNs 33% (10 of 30), to liver 13% (4 of

Fig. 1. Incidence of bacterial translocation from the gut to the portal
vein, systemic circulation, ascites, mesenteric lymph nodes (MLN), liver,
pancreas, and lungs in rats with sham operation (controls) or acute
pancreatitis within 24 hours after operation.
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30), to pancreas 20% (6 of 30), and to lungs 30% (9 of 30).
Translocation to these sites was significantly higher in animals
with pancreatitis than in the controls (p , 0.05). However, only
7% (2 of 30) of portal vein samples from pancreatitis animals were
positive for bacterial growth.
A significant decrease in the number of anaerobic bacteria was

seen in the distal ileum at 12 and 24 hours and in the colon 6, 12,
and 24 hours after induction of acute pancreatitis (p, 0.05 versus
controls) (Fig. 2). The number of lactobacilli in both the distal
ileum and colon decreased significantly at 12 and 24 hours in
animals with pancreatitis (p , 0.05) (Fig. 2). However, the
number of E. coli increased gradually and significantly in the distal
ileum at 12 and 24 hours and in the colon 6, 12, and 24 hours after
induction of acute pancreatitis (p , 0.05) (Fig. 2) compared to
controls.
Alterations in systemic host RES function are depicted in

Figure 3. The whole-body uptake of radiolabeled bacteria gradu-
ally decreased after induction of acute pancreatitis, reaching
significant differences at 6, 12, and 24 hours in rats with pancre-
atitis compared to the controls (p , 0.01).
During macrophage preparation, cellular viability and purifica-

tion were 94.7 6 1.3 and 91.4 6 1.9, as assessed by trypan blue
exclusion and nonspecific esterase staining, respectively. No sig-
nificant difference in macrophage uptake was noted within the
first 4 hours after induction of pancreatitis. Uptake of radiola-
beled bacteria by Kupffer cells significantly decreased 6, 12, and 24
hours after induction of pancreatitis, whereas the uptake by

macrophages in blood, lungs, and intestine increased (p , 0.05)
(Fig. 4). A decrease in macrophage killing capacity was seen with
acute pancreatitis, reflected by an increase in the number of
cultured bacteria from isolated macrophages (Fig. 5). The number
of bacteria cultured from Kupffer cells thus significantly increased

Fig. 2. Number of anaerobic bacteria, Lactobacillus, and Escherichia coli in the distal ileum and colon 2, 4, 6, 12, and 24 hours after sham operation
or induction of acute pancreatitis. * and **: probability levels of , 0.05 and , 0.01, respectively, compared with sham operation.

Fig. 3. Host RES uptake rate in rats 2, 4, 6, 12, and 24 hours after sham
operation or induction of acute pancreatitis. * and **: probability levels of
, 0.05 and , 0.01, respectively, compared with sham operation.
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from 6 hours onward, and in monocytes and pulmonary and
intestinal macrophages from 12 hours onward (p , 0.05) (Fig. 5)
compared to controls.
A significant increase in the whole-body oxygen extraction rate

was seen 4, 6, and 24 hours after induction of acute pancreatitis
(p , 0.05 versus controls) (Fig. 6), whereas the gut oxygen
extraction rate significantly decreased after 2 and 4 hours followed

by an increase at 12 and 24 hours (p , 0.05 versus controls) (Fig.
6).

Discussion

At least 10% of patients with acute pancreatitis develop a severe
form of the disease associated with high morbidity and mortality

Fig. 4. Cellular uptake (cpm/106 cells) of
radiolabeled, live bacteria by macrophages
obtained from blood, liver, lungs, and intestine 2,
4, 6, 12, and 24 hours after sham operation or
induction of acute pancreatitis. * and **:
probability levels of , 0.05 and , 0.01,
respectively, compared with sham operation.

Fig. 5. Number of cultured, live Escherichia coli
from isolated macrophages (cfu/105 cells) from
blood, liver, lungs, and intestine 2, 4, 6, 12, and 24
hours after sham operation or induction of acute
pancreatitis. * and **: probability levels of , 0.05
and , 0.01, respectively, compared with sham
operation.
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and frequent bacterial infections [18–20]. Bacteria normally
present in the gastrointestinal tract (e.g., E. coli, Enterobacter
aerogenes, enterococci, Pseudomonas aeruginosa, Proteus, Bacte-
roides, and Klebsiella [3, 19]) are the ones most frequently isolated
in acute pancreatitis, indicating that the gut may play an important
role in the pathogenesis of these pancreatitis-related infections. In
experimental acute pancreatitis induced by biliopancreatic ob-
struction alone, all MLN samples were positive for bacterial
growth after 48 and 96 hours [6]. With acute, nonlethal pancre-
atitis induced by a 12-hour continuous intravenous infusion of
cerulein, the incidence of bacterial translocation from the gut to
MLNs and pancreas was 17% (2 of 12) and 33% (4 of 12)
respectively, and the translocation rate of fluorescent latex beads
from the gut to the pancreas was 91% (10 of 11) [5]. With acute
pancreatitis induced by intraductal injection of bile, associated
with 25% mortality within 48 hours, enteric bacteria translocated
from the gut to the MLNs (100%), pancreas (89%), peritoneal
fluid (78%), and blood (56%) in nine surviving rats 2 days after
induction of acute pancreatitis [7]. In the present study, acute
pancreatitis induced by retrograde intraductal injection of 5%
sodium taurocholate, a model with about 50% 24-hour mortality,
consistent with a previous report [21], was used. Our data show

that bacterial translocation from the gut to MLNs occurred 4
hours after induction, significantly increasing from 12 hours
onward, mainly to MLNs and lungs. These results support the
hypothesis that enteric bacterial invasion and dissemination may
contribute to the pathogenesis of pancreatitis-related infections
and complications [5, 6, 22].
The route of bacterial translocation from the gut in those with

acute pancreatitis has not been clarified and may depend on the
underlying pathogenetic cause. In several experimental models
(e.g., burn injury, major liver resection, acute liver failure) the
MLN–thoracic duct route has been reported to dominate [10, 12,
23–26], although Mainous et al. [27] reported that the portal vein
constituted a major transport route in a model of systemic
inflammation induced by zymosan. They proposed that the route
and extent of enteric bacterial translocation might be associated
with the magnitude of the insult and that the portal–systemic
circulation axis might act as a major route for systemic dissemi-
nation of bacterial translocation in serious situations. Studies on
bile reflux pancreatitis, with or without primarily infected bile,
suggested that enteric bacteria translocated to MLNs or spread
directly along the pancreatic duct [22]. In the present study, the
MLN was the first and most frequent site of enteric bacterial
growth, whereas only two (7%) samples from the portal vein were
bacteriologically positive. This finding suggests that the MLN–
thoracic duct–systemic circulation axis may be the predominant
route of enteric bacterial invasion in the presence of acute
experimental pancreatitis.
Intestinal bacterial overgrowth is accompanied by changes in

intestinal microbial ecology, which is associated with bacterial
translocation in a variety of conditions [7–10, 12, 28]. Reported
alterations in enteric bacteria associated with acute experimental
pancreatitis have been contradictory. A moderate rate of bacterial
translocation to MLNs and the pancreas occurred with nonlethal
acute pancreatitis induced by ligation of the common bile duct,
without causing alterations in enteric bacterial ecology or bacte-
rial overgrowth [5]. However, a disturbed enteric bacterial balance
and bacterial overgrowth in pancreatitis with increases in both the
percentage of the total bacterial count and the actual number of
gram-negative bacteria have been reported [6]. In the present
study, the number of E. coli was determined, as this species is of
importance both as a pathogen and as a representative of the
intestinal ecosystem. Overgrowth of E. coli occurred in the colon
and distal ileum 6 and 12 hours after induction of pancreatitis.
The mechanisms of bacterial overgrowth in acute pancreatitis
have been suggested to be associated with reduced intestinal
motility, leading to failure of the normal peristaltic clearance [6],
absence of pancreatic juice in the gut resulting in decreased
antibacterial activity within the intestinal lumen [29], and altered
intestinal microcirculation and abnormal oxygen delivery and
extraction resulting in intestinal barrier failure as indicated by the
present data. Our findings also imply that interactive enteric
bacteria may fail to maintain a normal intestinal bacterial ecology
in experimental acute pancreatitis. Obligate anaerobic bacteria
are responsible for enteric bacterial antagonism and colonization
resistance, as they closely associate with mucosal epithelial cells
and form a barrier serving as the first line of defense to limit direct
attachment or intimate association of pathogenic bacteria to the
mucosa [30]. The number of anaerobic bacteria significantly
decreased in both the colon and distal ileum in acute pancreatitis,
probably contributing to failure of bacterial antagonism and E.

Fig. 6. Whole-body and gut oxygen extraction rate (%) in rats 2, 4, 6, 12,
and 24 hours after sham operation or induction of acute pancreatitis.
* and **: probability levels of , 0.05 and , 0.01, respectively, compared
with sham operation.
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coli overgrowth. Furthermore, a decrease in the number of
lactobacilli, followed by an increase in the number of E. coli, was
seen. Lactobacilli possess antimicrobial activities (e.g., bacterio-
cins, low-molecular-weight antibiotic substances, organic acids,
yellow pigments, and other metabolic end-products), contributing
to enteric bacterial homeostasis and stimulating the systemic
immune function [31–33].
Impairment of host immune defense has been suggested as

essential for the induction of enteric bacterial translocation in
experimental studies. This hypothesis is also supported by the fact
that enteric bacteria frequently infect immunocompromised pa-
tients [34]. With experimental severe acute pancreatitis there is a
decreased systemic clearance rate of E. coli [35]. In the present
study, the systemic uptake rate of labeled bacteria significantly
decreased during the early stage of acute pancreatitis. A decrease
in Kupffer cell uptake contributed to the reduced host phagocy-
tosis. The impaired RES function could be at least partly due to
release of large amounts of pancreatic proteases into the portal
circulation, which might interfere with the phagocytosis by
Kupffer cells [35]. Macrophage uptake capacity in various organs
(e.g., lungs, intestine, blood) increased in animals with acute
pancreatitis, perhaps in an attempt to compensate for the de-
crease in Kupffer cell phagocytosis. In a previous study, we
showed that a nonlethal septic challenge stimulates phagocytic
activity [36]. However, the increased phagocytosis in extrahepatic
organs seems insufficient to improve the impaired RES func-
tion induced by acute pancreatitis. Release of tissue-destructive
agents, mediators, or cytokines by these activated phagocytic cells
could probably result in tissue injury and eventually lead to
multiple organ failure [37]. So might these overexaggerated
pulmonary and intestinal macrophages, as shown in the present
study, be responsible for initiating pulmonary complications and
failure of intestinal function in patients with acute pancreatitis.
Activated intestinal macrophages in acute pancreatitis may, alter-
natively, ‘‘carry’’ translocating bacteria from the gut through the
mucosal barrier and deliver them into MLNs. When evaluating
the role of the macrophage in translocation of enteric bacteria in
immunocompetent and macrophage-defective mice ‘‘monoassoci-
ated’’ with a streptomycin-resistant strain of E. coli, the incidence
of bacterial translocation from the gut to MLNs was 100% in
immunocompetent animals but only 40% in macrophage-defec-
tive animals [38]. Blocking these activated macrophages by intra-
venous injection (acting systemically) or oral administration
(blocking intestinal macrophages) of a water-soluble macromole-
cule reduced the occurrence of bacterial translocation from the
gut induced by major liver resection in the rat [12]. These
experimental studies imply that overactivated macrophages, espe-
cially intestinal macrophages, participate in the pathogenesis of
bacterial translocation, probably by the action of released medi-
ators, mechanical phagocytosis and transport, or lytic enzymes. In
the present study, experimental acute pancreatitis led to a de-
crease in killing capacity of macrophages, which implies that these
macrophages fail to clean translocating bacteria.
Circulatory alterations or failure of oxygen metabolism after

induction of acute pancreatitis may also correlate with the devel-
opment of enteric bacterial translocation. The gastrointestinal
tract is one of the initial organs with compromised tissue oxygen-
ation during shock, and the superficial layers of the villi are in the
first part of the intestine, where a decrease in oxygenation is noted
[39]. Hypovolemia and shock are common with severe acute

pancreatitis and probably a major contributory factor for pancre-
atitis-induced multiple organ system failure [40]. The present
model of inducing acute pancreatitis results in a decrease in both
systemic and intestinal blood flow [41]. This finding gives reason
to expect some ischemia-reperfusion injury with production of
reactive oxygen metabolites and membrane lipid peroxidation [42,
43]. Potential oxidative stress may at least partly explain the
occurrence of intestinal barrier failure and translocation, as we
previously showed that intestinal barrier permeability increased in
both in vivo and in vitro experimental acute pancreatitis, findings
that were reversed by treatment with the hydroxyl radical scaven-
ger dimethylsulfoxide [44]. In the present study the whole-body
oxygen extraction rate significantly increased from 2 hours onward
after induction of acute pancreatitis, whereas gut oxygen extrac-
tion rate initially decreased followed by an increase at 24 hours.
The increase in the oxygen extraction probably represents the
effect of defective tissue oxygenation due to hypovolemia or an
increased metabolic demand for oxygen exceeding that which can
be delivered. Decreased gut oxygen extraction following acute
pancreatitis reflects an inability to extract and utilize available
oxygen or the existence of intestinal microcirculatory shunting. A
decrease in gut oxygen extraction could also be due to an increase
in the hemoglobin oxygen affinity and a shift in the hemoglobin
dissociation curve to the left, which may impair tissue oxygen
extraction [45]. Because intermediary metabolism and energy
production have an absolute oxygen dependence and oxygen
cannot be stored intracellularly, an inadequate oxygen supply
rapidly leads to intestinal cellular dysfunction, injury, and ulti-
mately cell death, resulting for example in failure of the intestinal
barrier against enteric bacterial invasion. The fact that the enteric
bacterial ecology was disturbed with bacterial overgrowth and
increasing numbers of aerobic and decreasing numbers of anaer-
obic bacteria implies that the impaired tissue oxygenation and
microenvironment are not less important than other factors, such
as decreased intestinal motility and clearance, increased adher-
ence and colonization abilities of potential pathogens, and other
factors.
In conclusion, translocation of enteric bacteria occurred during

the early stage of acute pancreatitis in the rat. The MLN–thoracic
duct–circulation axis is suggested as a major route for bacterial
dissemination. Compromised gut oxygen extraction and overacti-
vated intestinal macrophages probably play an important role in
the pathogenesis of intestinal barrier failure. Impaired host
immune function, reflected in a decrease in the systemic uptake
rate of radiolabeled bacteria and impaired macrophage killing
capacity, provides possibilities for enteric bacteria to invade and
disseminate into extraintestinal sites and the systemic circulation.

Résumé

On suggère que l’intestin joue un rôle dans le développement des
complications infectieuses, contribuant de façon significative à la
morbidité et à la mortalité des patients atteints de pancréatite
aiguë. Les buts de cette étude ont été d’évaluer la translocation
bactérienne intestinale, l’homéostasie bactérienne et la fonction
réticuloendothéliale dans la pancréatite aiguë expérimentale in-
duite par l’injection intracanalaire de taurodesoxycholate de
sodium à 5% chez le rat. L’incidence des translocations à partir de
l’intestin jusqu’aux ganglions mésentériques et aux poumons a
augmenté de façon significative après 12 heures et, après 24
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heures, dans la circulation systémique, dans l’ascite et au niveau
du pancréas. Le nombre de bactéries anaérobies et de lactobacille
a diminué dans le côlon et dans l’iléon en 6 à 12 heures, alors que
le nombre de E coli a augmenté en 12 heures. La présence de
bactéries marqués dans la circulation systémique a diminué 6
heures après l’induction de la pancréatite aiguë. La captation de
bactéries marquées dans les cellules de Kuppfer a diminué à 6
heures alors que la captation de bactéries marquées par les
macrophages à partir du sang, des poumons et de l’intestin, a
augmenté. On a mis en évidence une baisse de la capacité «
tueuse » des macrophages, témoignant de l’augmentation du
nombre de bactéries viables en culture à partir des macrophages
isolés. L’extraction d’oxygène du corps a diminué 4 à 24 heures
après l’induction de la pancréatite alors que l’extraction de
l’oxygène de l’intestin a diminué à 2 et à 4 heures, suivie par une
augmentation. Ces données montrent que la translocation des
bactéries intestinales a lieu au début de la pancréatite aiguë et que
la circulation entre les ganglions mésentériques et le canal
thoracique peut être une voie de dissémination majeure.
L’altération du métabolisme intestinal de l’oxygène, l’exagération
de l’activité des macrophages intestinaux et la baisse de l’activité
immunologique de l’hôte peuvent être à l’origine des infections
dans la pancréatite aiguë.

Resumen

Se ha sugerido que el intestino juega un papel de importancia en
el desarrollo de complicaciones bacterianas, las cuales son facto-
res que contribuyen a la morbilidad y mortalidad en pacientes con
pancreatitis aguda. El presente estudio se propuso evaluar la
translocación entérica bacteriana, la homeostasis bacteriana y la
función del sistema reticuloendotelial en la pancreatitis aguda
experimental inducida por la inyección intraductal de taurodes-
oxicolato al 5% en la rata. La incidencia de translocación bacte-
riana del intestino a los ganglios linfáticos mesentéricos (GLM) y
los pulmones se incrementó significativamente luego de 12 horas,
y a la circulación sistémica, ascitis y páncreas a las 24 horas. El
número de bacterias anaeróbicas y de Lactobacilli disminuyó en el
colon y en el ı́leon distal a partir de las 6 o 12 horas, en tanto que
el número de E. coli aumentó a partir de las 12 horas. La
captación sistémica de bacterias radiomarcadas disminuyó a partir
de 6 horas luego de la inducción de la pancreatitis aguda. La
captación de bacterias radiomarcadas por parte de las células de
Kupffer disminuyó a partir de 6 horas, en tanto que la captación
por la sangre, pulmones y el intestino, disminuyó. Se observó una
disminución en la capacidad letal de macrófagos aislados. La
extracción corporal total de oxǵeno aumentó 4–24 horas luego de
la inducción de la pancreatitis, en tanto que la tasa intestinal de
extracción de oxı́geno disminuyó a las 2 y 4 horas, lo cual fue
seguido de un incremento a las 12–24 horas. Estos hallazgos
muestran que la translocación de bacterias entéricas ocurre en
una fase temprana de la pancreatitis aguda y la circulación
GLM-canal torácico puede ser una ruta principal para la disemi-
nación bacteriana. Es posible que factores tales como un metabo-
lismo oxidativo intestinal afectado, sobrexageración de los mac-
rófagos intestinales y alteración de la función inmunitaria del
huésped, se hallen involucrados en el desarrollo de las complica-
ciones sépticas de la pancreatitis aguda.
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Invited Commentary

Edward L. Bradley, III, M.D.

Department of Surgery, State University of New York at Buffalo,
Buffalo General Hospital, Buffalo, New York, U.S.A.

Migration of intraluminal pathogenic bacteria outside the pro-
tected boundaries of the intestinal tract has been demonstrated to
occur in a host of experimental preparations involving shock or
sepsis. In a typically elegant experimental study from Professor
Ihse’s department, Wang and his coworkers collate much of what
is known about bacterial translocation. In keeping with the results
of previous investigators, they have shown a significant increase of
gut-originated bacteria in mesenteric lymph nodes and in pulmo-
nary tissue 12 hours after induction of severe acute pancreatitis.
Intestinal bacteria in blood, ascites, and pancreatic tissue became
significantly increased at 24 hours compared to controls. More-
over, during the period of bacterial translocation there was an
alteration of intestinal bacterial homeostasis; the number of
anaerobes significantly decreased and Escherichia coli significantly
increased.
Importantly, this study also documented significant changes in

the reticuloendothelial system during acute pancreatitis: reduced
bacterial uptake by fixed macrophages (Kupffer cells), increased

bacterial uptake by wandering macrophages, and an overall
decrease in macrophage killing capacity.
In summary, these authors demonstrate that experimental

severe acute pancreatitis results in increased bacterial access via
widespread dissemination of intestinal bacteria to other organs
and tissues, combined with simultaneous suppression of host
bacterial defense mechanisms. This ‘‘double hit’’ could well
account for the high incidence of secondary infections known to
occur in patients with necrotizing pancreatitis.
Because the earliest appearance of intestinal bacteria occurred

in mesenteric lymph nodes and lung at 4 hours, Wang and his
associates hypothesize that the lymphatic system is the predomi-
nant pathway for bacterial translocation in experimental pancre-
atitis. Although not stated by the authors, early involvement of the
lung might occur via transdiaphragmatic lymphatics, as significant
bacteremia did not appear until 24 hours.
Despite concern in some quarters that bacterial translocation

principally represents a laboratory phenomenon and is of little
clinical consequence, recent studies involving patients with acute
pancreatitis provide strong support that this process is both
operational and important in humans. Significant reductions in
overall mortality and the incidence of infection have been ob-
served in patients with severe acute pancreatitis during prospec-
tive controlled studies employing prophylactic antibiotics [1, 2].
Agents in these studies were specifically chosen to produce
selective intestinal decontamination or to combat translocated
intestinal bacteria by penetration into pancreatic and peripancre-
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atic tissue. On the basis of these and other similar observations, it
is not unreasonable to predict that antibiotic-induced reduction of
translocated bacteria will ultimately achieve an equal clinical
footing with stress ulcer prophylaxis in appropriate patient pop-
ulations.
Although the data from this study confirm and enhance our

knowledge of the pathophysiology of bacterial translocation, a
number of important clinical concerns remain: (1) At what level of
illness severity is prophylactic antibiotic therapy justified? (2) For
maximal effects, should antibiotic prophylaxis be administered
orally, parenterally, or in combination? (3) Which antibiotics are
preferred? Answers to these questions will go a long way toward

improving survival after infection in severely ill and injured
patients.
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