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Pancreatic Duct Ligation Reduces Lung Injury Following
Trauma and Hemorrhagic Shock

David B. Cohen, MD, Louis J. Magnotti, MD, Qi Lu, MD, Da Zhong Xu, MD, PhD,
Tamara L. Berezina, MD, Sergey B. Zaets, MD, Carlos Alvarez, MD, George Machiedo, MD, and

Edwin A. Deitch, MD

Objective: To determine whether pancreatic digestive enzymes
released into the ischemic gut during an episode of T/HS are
involved in the generation of distant organ injury. This hypothesis
was tested by examining the effect of PDL on T/HS-induced
intestinal injury, lung injury, and RBC deformability.
Summary Background Data: The effect of pancreatic duct ligation
(PDL) on distant organ injury following trauma/hemorrhagic shock
(T/HS) was examined. PDL before T/HS decreases lung and red
blood cell (RBC) injury and exerts a limited protective effect on the
gut. Pancreatic proteases in the ischemic gut appear to be involved
in gut-induced lung and RBC injury. Based on recent work, it
appears that proinflammatory and/or toxic factors, which are gener-
ated by the ischemic intestine, play an important role in the patho-
genesis of multiple organ failure. The process by which these toxic
factors are generated remains unknown. Previous experimental work
has clearly documented that intraluminal inhibition of pancreatic
proteases decreases the degree of T/HS-induced lung injury and
neutrophil activation. One possible explanation for this observation
is that the toxic factors present in intestinal lymph are byproducts of
interactions between pancreatic proteases and the ischemic gut.
Methods: Male Sprague-Dawley rats were subjected to a laparot-
omy (trauma) and 90 minutes of sham (T/SS) or T/HS with or
without PDL. At 3 and 24 hours following resuscitation, animals
were killed and samples of gut, lung, and blood were collected for
analysis. Lung permeability, pulmonary myeloperoxidase levels,
and bronchoalveolar fluid protein content were used to quantitate
lung injury. Intestinal injury was determined by histologic analysis
of terminal ileum (% villi injured). To assess RBC injury, RBC
deformability was measured, as the RBC elongation index (RBC-
EI), using a LORCA device.

Results: At 3 and 24 hours following resuscitation, PDL prevented
shock-induced increases in lung permeability to both Evans blue dye
and protein in addition to preventing an increase in pulmonary
myeloperoxidase levels. T/HS-induced impairments in RBC de-
formability were significantly reduced at both time points in the
PDL � T/HS group, but deformability did not return to T/SS levels.
PDL did reduce the magnitude of ileal injury at 3 hours after T/HS,
but the protective effect was lost at 24 hours after T/HS.
Conclusions: PDL prior to T/HS decreases lung injury and im-
proves RBC deformability but exerts a limited protective effect on
the gut. Thus, the presence of pancreatic digestive enzymes in the
ischemic gut appears to be involved in gut-induced lung and RBC
injury.

(Ann Surg 2004;240: 885–891)

Gut barrier failure, with the ensuing translocation of
bacteria and endotoxin from the gut, has been proposed

as a major contributor to the development of systemic infec-
tion and multiple organ failure following shock. Indeed, over
the past decade, both clinical and experimental studies have
implicated gut injury with the development of an exaggerated
systemic inflammatory state and distant organ injury.1 How-
ever, the absence of detectable bacteremia or endotoxemia in
the portal blood of trauma victims has cast doubt on the role
of the gut in the pathogenesis of multiple organ failure. Yet,
based on recent work, it appears that proinflammatory and/or
toxic factors, which are generated by the ischemic intestine,
are reaching the systemic circulation via the mesenteric
lymphatics rather than by the portal venous route.2 These
factors carried in intestinal lymph have been shown to induce
a wide range of physiologic effects, including endothelial cell
death and dysfunction as well as neutrophil activation and
up-regulation of adhesion molecule expression.3–5 Neverthe-
less, the process by which these toxic factors are generated
remains unknown. Previous work from our and other labora-
tories has shown that intraluminal inhibition of pancreatic
proteases decreases the degree of trauma/hemorrhagic shock
(T/HS)-induced lung injury and neutrophil activation.6,7 One
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possible explanation for this observation is that the toxic
factors present in intestinal lymph are byproducts of interac-
tions between pancreatic proteases and the ischemic gut. In
this context, we tested the hypothesis that pancreatic diges-
tive enzymes released into the gut after T/HS are involved in
the generation of toxic and/or biologically active factors
contained in mesenteric lymph. This hypothesis was tested by
determining whether inhibition of pancreatic enzyme activity,
by ligation of the pancreatic duct, reduces shock-induced gut
and lung injury as well as red blood cell (RBC) dysfunction.

MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (Taconic Farms, German-

town, NY), weighing 300 to 410 g, were housed under
barrier-sustained conditions and kept at 25°C with 12-hour
light/dark cycles. The rats had free access to water and chow
(Teklan 22/5 Rodent Diet W-8640, Harlan Teklad, Madison,
WI). All rats were maintained in accordance with the recom-
mendations of the Guide for the Care and Use of Laboratory
Animals. All animal protocols were approved by the New
Jersey Medical School Animal Care Committee.

Experimental Design
The major goal of this study was to test the hypothesis

that pancreatic digestive enzymes produced during an episode
of T/HS contribute to T/HS-induced gut and lung injury as
well as RBC dysfunction. To accomplish this goal, the effect
of pancreatic duct ligation prior to trauma and hemorrhagic
shock on subsequent gut injury, lung injury, and RBC de-
formability was tested. Animals were divided into 4 groups:
trauma-sham shock (T/SS), T/HS, pancreatic duct ligation
(PDL) � T/SS, and PDL � T/HS.

In the T/HS group, animals underwent laparotomy
followed by 90 minutes of hemorrhagic shock. In the PDL �
T/HS group, animals underwent laparotomy plus PDL and 90
minutes of hemorrhagic shock. In these animals, the main
pancreatic duct was ligated immediately prior to the induction
of hemorrhagic shock. Two control groups were included. In
the T/SS group, animals underwent cannulation of vessels
and laparotomy but were not subjected to hemorrhagic shock.
In the PDL � T/SS group, animals underwent cannulation of
vessels and laparotomy plus PDL but were not subjected to
hemorrhagic shock. All shocked animals were resuscitated
with their shed blood. At 3 and 24 hours following resusci-
tation, animals were killed and lung permeability was mea-
sured. In addition, lung samples were obtained for quantitat-
ing pulmonary leukosequestration, and a specimen of the
ileum was obtained for histologic study. Blood samples (0.1
mL) were taken preshock, preresuscitation, and 1, 3, and 24
hours postresuscitation for RBC deformability analysis.

The 3-hour time point was selected based on previous
studies, which showed that lung injury occurs in this period

using this model.8 An additional 24-hour time point was
chosen to ensure that the results obtained were not transient
in nature.

Surgical Procedure
Rats were weighed and anesthetized with intraperito-

neal sodium pentobarbital (50 mg/kg). Using aseptic tech-
niques, the internal jugular vein and femoral artery were
isolated and cannulated with polyethylene (PE-50) tubing or
50-gauge silicone catheter containing 0.1 mL heparinized
saline (10 units/mL), respectively. Both catheters (internal
jugular vein and femoral artery) remained in situ for the
duration of the experiment. Next, a 3-cm midline laparotomy
(trauma) was performed followed by either closure with a
running 3–0 silk suture or pancreatic duct ligation prior to
closure. The main pancreatic duct was identified in the
mesentery of the duodenum and ligated with a 4–0 silk suture
prior to division. At necropsy, the pancreas in the duct-ligated
group did not appear to be hemorrhagic or edematous on
gross examination; thus, there was no gross evidence of duct
ligation-induced pancreatitis.

Next, the femoral artery catheter was attached in line to
a blood-pressure monitor (BP-2 Digital Blood Pressure Mon-
itor, Columbus Instruments, Columbus, OH) for continuous
blood pressure monitoring. Blood was then withdrawn from
the internal jugular vein. The mean arterial pressure was
reduced to 30 mm Hg and maintained at this level for 90
minutes by withdrawing or reinfusing shed blood (kept at
37°C) as needed. Rectal temperature was monitored through-
out the shock period and maintained at approximately 37°C
by using an electric heating pad under the surgical platform.
At the end of the shock period, animals were resuscitated by
reinfusing all the shed blood at 1 mL/min. In this model, the
mean arterial pressure returns to normal within a few minutes
of the animals receiving their blood back and remains there
for the duration of the experiment. The long-term mortality
rate ranges from 14% to 25% with most deaths occurring
during or just after the shock period.9 The T/SS rats were
anesthetized and their vessel cannulated, but no blood was
withdrawn or infused. All animals remain anesthetized
throughout the duration of the experiment.

Lung Permeability
Lung permeability was measured by both the EBD and

by determining the bronchoalveolar fluid (BALF) to plasma
protein ratio as previously described.2 At 3 hours following
the resuscitation period, animals were injected with 10 mg of
EBD through the jugular vein catheter. The EBD was then
allowed to circulate for 5 minutes, at which time a blood
sample was withdrawn (1.0 mL) via the femoral artery
catheter to determine plasma EBD concentration. Twenty
minutes after the injection of dye, the animals were killed and
the lungs were harvested. Bronchoalveolar lavage was per-
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formed on the excised lungs by lavaging 3 times with 5-mL
aliquots of normal saline. The recovered BALF was then
centrifuged at 1500 rpm at 4°C for 10 minutes. The super-
natant fluid and the plasma were then assayed spectrophoto-
metrically at 620 nm to measure the concentration of EBD.
The concentration of EBD in the BALF was then expressed
as the percentage of that in plasma.

The total protein content (g/dL) of both BALF and
plasma collected from each animal was determined using a
hand-held refractometer (Milton Roy, NY). Using these data,
the BALF to plasma protein ratio was determined.3

Pulmonary Leukosequestration
Pulmonary neutrophil sequestration was quantified as

myeloperoxidase (MPO) activity as previously described.2

Previously frozen lung samples were homogenized for 30
seconds in 4 mL of 20 mM potassium phosphate buffer, pH
7.4, and the centrifuged for 30 minutes at 40,000g at 4°C. The
pellet was then resuspended in 4 mL of 50 mM potassium
phosphate buffer, pH 6, containing 0.5 g/dL hexadecyltrim-
ethyl ammonium bromide. Samples were then sonicated for
90 seconds at full power, followed by incubation for 2 hours
in a 60°C water bath. Samples were then centrifuged and 100
microliters of the supernatant were added to 2.9 mL of 50
mM potassium phosphate buffer, pH 6, containing 0.167
mg/ml O-dianisidine and 0.0005% hydrogen peroxide. Ab-
sorbance at 460 nm of visible light (A460) was measured for
3 minutes. MPO activity per gram lung tissue was calculated
as MPO activity (units/g tissue) � (�A460 � 13.5)/weight (g),
where �A460 equals the rate of change in absorbance at
460nm between 1 and 3 minutes. One unit of MPO activity is
the amount of enzyme that will reduce 1 �m peroxide per
minute.

Histologic Analysis of the Ileum
At death, a segment of the terminal ileum was excised

and fixed in 10% buffered formalin. After processing, semi-
thin (2–4 �m) sections were cut and stained with toluidine
blue. Five random fields with 100 to 250 villi from each
animal were then analyzed in a blinded fashion using light
microscopy at 100� magnification as previously described.10

The overall villous damage was expressed as a percentage of
the number of injured villi to the total number of villi
examined.

Measurement of RBC Deformability by
Ektacytometry

RBC deformability was determined at various shear
stresses by laser diffraction analysis, using an ektacytometer
(LORCA; RR Mechtronics, Hoorn, The Netherlands) as pre-
viously described.11 The instrument consisted of a laser
diode, thermostated bob-cup measuring system, stepper mo-
tor, and a video camera attached to a microcomputer. The
microprocessor controlled the speed of the stepper motor,

thus the rotational speed of the cup to generate various shear
stresses in the dilute blood. For the study, 15 �L of each
sample were suspended in 3 mL of a highly viscous solution
of 360,000 MW polyvinylpyrrolidone in an isotonic phos-
phate buffer base (pH 7.4) and gently rotated at room tem-
perature for 10 minutes to insure complete oxygenation of the
hemoglobin. The samples were placed in a concentric-cylin-
der system made of glass, with a gap of 0.3 mm between the
cylinders, and rotated at a shear stress of 0.3 Pa. The laser
beam projected through the sample and the diffraction pattern
produced by RBC was analyzed by the microcomputer. RBC
elongation index was calculated by dividing the difference
between the long and short axes by the sum of the 2 axes:
A � B/A � B. The higher the elongation index, the more
deformable are the RBCs.

Statistical Analysis
Results are expressed as mean � SD. Continuous data

was analyzed by one-way analysis of variance using the post
hoc Neuman-Keuls test. Statistical significance was consid-
ered to be achieved at P � 0.05.

RESULTS
Lung permeability to EBD was greatest in those rats

subjected to 90 minutes of hemorrhagic shock at both 3 and
24 hours. Ligation of the pancreatic duct before the hemor-
rhagic shock episode completely prevented this increase in
pulmonary permeability (Fig. 1). After T/HS, there was also
a significant increase in the BALF/plasma protein ratio at
both 3 and 24 hours (Table 1). Similarly, PDL prior to the
shock episode completely prevented the shock-induced in-
crease in BALF protein content. Lung injury following PDL

FIGURE 1. PDL prevents T/HS-induced increases in lung per-
meability at both 3 and 24 hours postshock. Data are mean �
SD. All groups, n � 6, except T/SS at 3 hours, n � 7. *P � 0.05
versus all other groups at 3 or 24 hours.
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alone (PDL�T/SS), in the absence of T/HS, was not signif-
icantly different from the T/SS rats.

Because MPO levels are a reliable and quantitative
marker for neutrophil accumulation in tissues, pulmonary
MPO levels were used to assess the degree of pulmonary
neutrophil infiltration. Lung MPO levels were significantly
higher in the T/HS rats compared with the sham-shocked rats
at both 3 and 24 hours (Fig. 2). PDL prior to the shock period
reduced pulmonary MPO accumulation at both 3 and 24
hours. Pulmonary MPO levels following PDL alone, in the
absence of T/HS, were not significantly different from the
nonshocked T/SS animals (Fig. 2).

T/HS produced a predictable pattern of intestinal mu-
cosal injury (Table 2). PDL provided a modest level of
protection (15.6 � 13.4% vs. 33.7 � 17.1%) from this
intestinal injury at 3 hours postresuscitation (P � 0.05) when
compared with T/HS alone. However, at 24 hours following
resuscitation, there was no significant difference in the per-

cent of villi injured in those animals undergoing T/HS with or
without PDL (Table 2).

The T/HS-induced decrease in RBC deformability was
reduced by PDL, and this protective effect of PDL was
observed at both 3 and 24 hours after T/HS (Fig. 3). How-
ever, the RBC deformability of the PDL � T/HS rats was
significantly less than that observed in the T/SS group,
indicating that PDL ameliorated but did not completely pre-
vent T/HS-induced loss of RBC deformability.

DISCUSSION
Clinically and experimentally, severe pancreatitis has

long been known to be a cause of acute lung injury and

TABLE 1. Pancreatic Duct Ligation Prior to Trauma
Hemorrhagic Shock Decreases Lung Permeability to Protein

Group

BALF/Plasma Protein Ratio

3 Hours 24 Hours

T/SS 0.11 � 0.01 0.08 � 0.02
PDL � T/SS 0.11 � 0.01 0.06 � 0.01
T/HS 0.14 � 0.01* 0.12 � 0.02*
PDL � T/HS 0.11 � 0.01 0.08 � 0.02

Data are mean � SD; n � 5 for all groups.
*P�0.05 vs. all other groups at same time point.

FIGURE 2. PDL prevents T/HS-induced increases in pulmonary
leukosequestration. Data are mean � SD; n � 6 in each group
except for T/SS at 3 hours, n � 7. *P � 0.05 versus all other
groups at 3 or 24 hours.

TABLE 2. Gut Injury Following Trauma/Hemorrhagic Shock
With and Without Pancreatic Duct Ligation

Group

% Villi Injured

3 Hours 24 Hours

T/SS 6.2 � 2.8 5.9 � 1.5†

PDL � T/SS 6.1 � 2.5 19.8 � 19.0
T/HS 33.7 � 17.1* 42.1 � 12.6
PDL � T/HS 15.6 � 13.4 37.3 � 24.4

Data are mean � SD; n � 5 for all groups.
*P�0.05 vs. all other groups at same time point.
†P�0.05 vs. T/HS and T/HS � PDL groups.

FIGURE 3. T/HS caused a significant decrease in RBC deform-
ability, which was present at the end of the shock period prior
to reperfusion and persisted for 24 hours. PDL ameliorated,
but did not completely restore, the T/HS-induced decrease in
RBC deformability to baseline or T/SS levels. Data are mean �
SD elongation index (EI) at shear stress 0.30 Pascals. N � 4 to
6 rats for each group at each time point. *P � 0.05 versus
other groups at same time point.
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multiple organ dysfunction syndrome (MODS).1,12,13 Indeed,
more than 30 years ago, it was proposed that the pancreas
played an important pathologic role in the development of
organ failure observed after hemorrhagic or traumatic
shock.14–16 For example, hemorrhagic shock has been shown
to stimulate the release of myocardial depressant factor from
damaged pancreatic acinar cells,13 which in turn induces
profound systemic hemodynamic changes.17 In addition to
myocardial depressant factor, it has been suggested that other
“shock factors” are also released from the ischemic pancreas,
which, in turn, produce an exaggerated hypotensive response
in targeted organ systems, including the brain and gut.18

More recently, work from the laboratory of Schmid-Schon-
bein, using a rat splanchnic arterial ischemia model provided
evidence that pancreatic enzymes acting on the ischemic
intestine are responsible for the production of factors leading
to hypotension, neutrophil activation, and pulmonary inju-
ry.6,19 Since then, results from both Schmid-Schonbein’s and
our laboratory have documented that the administration
serine pancreatic protease inhibitors into the lumen of the gut
decreases lung injury, gut injury, and neutrophil activation in
models of splanchnic artery occlusion20,21 and trauma-hem-
orrhagic shock.7 However, interpretation of the action of
these pancreatic protease inhibitors is confounded by their
ability to inhibit nonpancreatic as well as pancreatic serine
proteases. For example, in addition to inhibiting the pancre-
atic serine proteases, trypsin and chymotrypsin, these agents
also have been documented to inhibit complement proteins,
thrombin, plasmin, kallikrein, lipase, as well as phospho-
lipase A2.7 Consequently, to test the hypothesis that pancre-
atic enzymes are necessary for or contribute to distant organ
injury in the absence of the potentially confounding effects
associated with pharmacologic inhibition studies, we mea-
sured the effect of pancreatic duct ligation on T/HS-induced
lung injury and RBC dysfunction as well as intestinal injury.
Consequently, our results documenting that pancreatic duct
ligation prevents T/HS-induced lung injury and ameliorates
T/HS-induced RBC dysfunction provide further support for
the hypothesis that pancreatic digestive enzymes interact with
the ischemic intestine to generate factors that contribute to
distant organ and cellular dysfunction.

The mechanisms by which pancreatic enzymes inter-
acting with the ischemic gut result in the generation of
biologically active factors that contribute to lung and RBC
injury remain to be determined. However, under normal
circumstances, the intact intestinal mucosal barrier prevents
pancreatic enzymes within the intestinal lumen from reaching
the submucosal space, where they could exert their enzymatic
activities. In contrast, during periods of gut ischemia, as is
observed during T/HS and other conditions, gut barrier func-
tion fails and intestinal permeability is increased.1 Not only
has increased gut permeability been reported in animal mod-
els of T/HS,22 it has also been reported in patients after burn

injury,23 major trauma,24 in ICU patients,25 as well as in
patients undergoing major abdominal26 and vascular27 sur-
gery. This notion is consistent with studies documenting that
incubation of substimulatory concentrations of pancreatic
homogenates with intestinal tissue resulted in the intestinal
tissue extract manifesting toxic activities when injected into
rats.19 Thus, one possible explanation for our results is that
following a period of ischemia/reperfusion the intestinal pro-
tective barrier is weakened, allowing the pancreatic proteases
to exert their effect on or within the wall of the intestine.

However, in trying to interpret the role of pancreatic
enzymes in the pathogenesis of organ damage after T/HS, it
is important to point out that the protective effect of pancre-
atic duct ligation varied based on the parameter being mea-
sured. That is, pancreatic duct ligation completely prevented
T/HS-induced lung injury and pulmonary neutrophil seques-
tration, ameliorated RBC injury, and yet had only a modest
and transient protective effect on gut injury. Indeed, our
failure to find a significant protective effect of pancreatic duct
ligation on T/HS-induced gut injury at 24 hours after T/HS
differs from our previous studies in which perfusion of the
intestinal lumen with the pancreatic protease inhibitor, nafa-
mostat, largely prevented T/HS-induced gut injury.7 Further-
more, our previous observation that intestinal lavage with
nafamostat prevented T/HS-induced gut injury is consistent
with the studies of others showing that intestinal lavage with
pancreatic protease inhibitors decreases intestinal ischemic
damage.20,21 One explanation for these discordant findings
would be that intestinal lavage washes out any pancreatic
enzymes contained in the gut as well as other luminal factors,
such as bacteria and bacterial products. This would not be the
case with pancreatic duct ligation, since pancreatic enzymes
present with the lumen of the gut prior to pancreatic duct
ligation would still be present after duct ligation. Thus, it is
possible that residual pancreatic enzymes within the gut
lumen contributed to gut injury in the present study. Addi-
tionally, since intestinal lavage removes both bacteria and
their products, it is also possible that lavage-related reduc-
tions in the gut flora had a protective effect on the gut. This
possibility is supported by studies documenting that alter-
ations in the gut flora modulate the cytokine response to
hemorrhagic shock.28 It is also possible that dissolved oxygen
within the lavage fluid itself could limit the degree of gut
ischemia and thereby reduce the magnitude of gut injury.29

Further work will need to be done to resolve this issue.
Nonetheless, the observation that T/HS-induced lung injury
was prevented and RBC dysfunction was ameliorated by
pancreatic duct ligation, even in the presence of gut injury,
strongly implicates pancreatic digestive enzymes as playing
an important role in the pathogenesis of gut-induced distant
organ dysfunction.

Although the role of the gut and splanchnic organs in
T/HS-induced RBC dysfunction has been less well studied
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than lung injury, the observation that pancreatic duct ligation
reduces T/HS-induced RBC rigidification is consistent with
our recent work indicating that division of the main mesen-
teric lymph duct prevents T/HS-induced decreases in RBC
deformability.30 Since T/HS-induced impairment in RBC
deformability appears to be caused by factors contained in
intestinal lymph exiting the ischemic gut,30 it appears that
pancreatic enzymes are involved, at least to some extent, in
the generation of these RBC injurious factors. Loss of RBC
deformability after T/HS is likely to be of physiologic sig-
nificance because the increased rigidity seen following T/HS
decreases the ease by which RBCs traverse the microcircu-
lation, thereby interfering with oxygen delivery and potenti-
ating shock-induced injury.

CONCLUSION
The results of the current study support the notion of a

“multihit” hypothesis of distant organ injury following T/HS
(Fig. 4). The pathophysiology of this process would entail
ischemic injury of the intestine (first hit), followed by reper-
fusion injury during resuscitation (second hit), culminating in
the creation of toxic factors via the interaction of pancreatic
proteases with the ischemic intestine (third hit). This process
can be further exacerbated by the translocation of bacteria
and their products from the intestinal lumen into the gut wall,
where they can exacerbate the inflammatory response (fourth
hit). Since mechanical inhibition of pancreatic secretions by
ligation of the pancreatic duct reduces T/HS-induced lung
injury and RBC dysfunction, the results of this study suggest

that pancreatic secretions play a role in the pathogenesis of
shock-induced distant organ injury and appear to contribute
to the generation of biologically active mesenteric lymph,
most likely through an interaction with a primed and suscep-
tible ischemic gut.
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