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Objective
To evaluate (1) whether alveolar macrophages are activated
as a consequence of acute pancreatitis (AP), (2) the implica-
tion of inflammatory factors released by these macrophages
in the process of neutrophil migration into the lungs observed
in lung injury induced by AP, and (3) the role of the liver in the
activation of alveolar macrophages.

Summary Background Data
Acute lung injury is the extrapancreatic complication most
frequently associated with death and complications in severe
AP. Neutrophil infiltration into the lungs seems to be related to
the release of systemic and local mediators. The liver and al-
veolar macrophages are sources of mediators that have been
suggested to participate in the lung damage associated with
AP.

Methods
Pancreatitis was induced in rats by intraductal administration
of 5% sodium taurocholate. The inflammatory process in the
lung and the activation of alveolar macrophages were investi-
gated in animals with and without portocaval shunting 3 hours

after AP induction. Alveolar macrophages were obtained by
bronchoalveolar lavage. The generation of nitric oxide, leuko-
triene B4, tumor necrosis factor-a, and MIP-2 by alveolar
macrophages and the chemotactic activity of supernatants of
cultured macrophages were evaluated.

Results
Pancreatitis was associated with increased infiltration of neu-
trophils into the lungs 3 hours after induction. This effect was
prevented by the portocaval shunt. Alveolar macrophages
obtained after induction of pancreatitis generated increased
levels of nitric oxide, tumor necrosis factor-a, and MIP-2, but
not leukotriene B4. In addition, supernatants of these macro-
phages exhibited a chemotactic activity for neutrophils when
instilled into the lungs of unmanipulated animals. All these ef-
fects were abolished when portocaval shunting was carried
out before induction of pancreatitis.

Conclusion
Lung damage induced by experimental AP is associated with
alveolar macrophage activation. The liver mediates the alveo-
lar macrophage activation in this experimental model.

Acute pancreatitis (AP) is a multisystem disease with a
variable prognosis depending mainly on the systemic man-
ifestations but also on local conditions. Acute lung injury is
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the extrapancreatic complication most frequently associated
with the high rates of morbidity and mortality in severe AP.
This respiratory dysfunction is indistinguishable, both clin-
ically and pathologically, from the adult respiratory distress
syndrome.'

In animal models, the adult respiratory distress syndrome
can be induced, in addition of AP, by circulating lipopoly-
saccharide, hyperoxia, reperfusion injury, or hemorrhagic
shock. Investigations performed using these models have
suggested that polymorphonuclear neutrophils (PMNs) play
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a pivotal role in the development of adult respiratory dis-
tress syndrome stimulated by specific proinflammatory me-
diators.2 Irrespective of the initiating factor, activation and
aggregation of neutrophils into the lungs seems to be the
final common pathway that leads to lung damage. Several
mechanisms capable of attracting neutrophils to the lungs
have been described. These mechanisms include the activa-
tion of the complement system and the generation of alve-
olar macrophage-derived factors, which promote neutrophil
aggregation into the lung capillaries through their chemo-
tactic properties.3 4
The capacity of alveolar macrophages to mobilize a large

amount of leukocytes and to release secretory products such
as cytokines, arachidonic acid metabolites, and nitric oxide
(NO) after their activation in the course of different pulmo-
nary inflammatory diseases5 suggests that these cells can be
involved in the lung damage associated with AP. The acti-
vation of alveolar macrophages seems to be regulated by
cytokines and inflammatory mediators, which are reportedly
generated during the course of AP.

In earlier studies6 we reported the importance of the liver
in the development of lung damage after AP induction.
Using an experimental model of severe AP induced by
intraductal administration of sodium taurocholate, the in-
flammatory process in the lung can be prevented by a
portosystemic shunting of blood. This fact indicates that the
lung damage induced by AP is related to the passage
through the liver of substances released from the damaged
pancreas. Therefore, it could be suggested that soluble me-
diators released by the liver might trigger the inflammatory
response in the lung.

In this study, we designed a series of experiments to
evaluate (1) whether alveolar macrophages are activated as
a consequence of AP, (2) the possible implication.-ofinflam:
matory factors (tumor necrosis factor-a [TNF], MIP-2, NO,
and leukotriene B4 [LTB4]) released by these macrophages
in the neutrophil migration into the lung observed in the
course of lung injury induced by AP, and (3) the influence
of the liver in the activation of alveolar macrophages during
this process.

MATERIALS AND METHODS
Animals and Procedure
Male Wistar rats (250 to 300 g) were used in this study.

All studies were performed in accordance with the Euro-
pean Union regulations for experimental animals. Anesthe-
sia was induced with an intraperitoneal injection of 6%
sodium pentobarbital (Sanofi, France) (0.1 mi/100 g body
weight). A midline laparotomy was performed, the bilio-
pancreatic duct was cannulated through the duodenum, and
a small bulldog clamp was used to close the hepatic duct.
AP was induced by retrograde injection into the biliopan-
creatic duct of sodium taurocholate (5%) in a volume of 0.1
ml/100 g body weight using an infusion pump.6 Control
animals received an infusion of saline solution 0.9%.

Portocaval (PC) shunting was performed by mobilizing
the portal vein, ligating its coronary venous tributary, and
partially freeing the cava vein above the entrance of the
renal vein. Then, blood vessel clamps were placed across
the cava vein and the portabrein. An elliptical opening was
made on the cava vein, the portal vein was cut after ligation
of the end proximal to the liver, and an anastomosis was
performed with a 7-0 braid silk attached to two circle taped
needles. After removal of the clamps, oozing was readily
controlled by a few moments of slight pressure with a
sponge. The portal vein was completely occluded for 10 to
12 minutes.7

Experimental Design
In the first series of experiments, the role of the liver in

the recruitment of PMNs into the lung during AP was tested
in the following groups (n = 8 for each group):

1. Control: infusion of saline into the biliopancreatic
duct

2. AP: infusion of 5% sodium taurocholate into the pan-
creatic duct

3. PC shunting: PC shunting performed immediately be-
fore saline infusion into the pancreatic duct

4. PC + AP: PC shunting performedimnmediately before
taurocholate infusion into the pancreatic duct.

To evaluate the inflammatory process in the lung induced
by AP, plasma and lung tissue samples were obtained 3
hours after induction, immediately frozen, and maintained
at -80°C until assayed. In lung samples, myeloperoxidase
(MPO) activity was analyzed. In plasma, lipase activity was
measured. In addition, pancreas, liver, and lung samples
were obtained for histologic examination.

In a second series of experiments, the activation of alve-
olar macrophages during the course of AP and the influence
of the liver in this activation were evaluated, with the
animals distributed in the same four groups (n = 6 per
group) as in the previous series. In this case, 3 hours after
the surgical procedure, alveolar macrophages were isolated
through bronchoalveolar lavage. Cells were cultured for 24
hours and the levels of NO, LTB4, TNF, and MIP-2 were
measured in the supernatants of the culture medium. In
addition, the proinflammatory effect of these supernatants
was evaluated by instillation of an aliquot of culture me-
dium into the lungs of untreated animals, evaluating neu-
trophil infiltration by measuring MPO activity.

Assays
Plasma lipase was determined by using commercial kits

(Boehringer Mannheim, Germany), according to the sup-
plier's specifications. MPO was measured photometrically
using 3,3',5,5'-tetramethylbenzidine as a substrate.8 Sam-
ples were macerated with 0.5% hexadecyltrimethylammo-
nium bromide in 50 mM phosphate buffer (pH 6). Homog-
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enates were then disrupted for 30 seconds using a Labsonic
(B. Braun, Melsungeu, Germany) sonicator at 20% power
and subsequently snap-frozen in dry ice and thawed on three
consecutive occasions before a final 30-second sonication.
Samples were incubated at 60°C for 2 hours and then spun
at 4000g for 12 minutes. Supernatants were collected for
MPO assay. Enzyme activity was assessed photometrically
at 630 nm. The assay mixture consisted of 20 Al superna-
tant, 10 ,Al tetramethylbenzidine (final concentration 1.6
mM) dissolved in DMSO, and 70 j,l H202 (final concen-
tration 3 mM) diluted in 80 mM phosphate buffer (pH 5.4).
An enzyme unit is defined as the amount of enzyme that
produces an increase of 1 absorbance unit per minute.

Total protein concentration in homogenates was deter-
mined using a commercial kit (BioRad, Munich, Germany).

For the histologic study, samples of lung, liver, and
pancreas were obtained, fixed in 10% neutral buffered for-
malin, paraplast-embedded, cut into 5-,um sections, and
stained with hematoxylin-eosin according to standard pro-
cedures. Sections were evaluated by light microscopy by
two independent observers.

Alveolar macrophages were obtained by bronchoalveolar
lavage. Lungs were dissected free of the thoracic cavity and
a small length of tubing was inserted into the trachea and
ligated. Lavage was carried out using 8 ml of Hank's saline
solution instilled four times and withdrawn from the lungs.
Lavage fluids from two or three animals were pooled, the
cell suspension was centrifuged at 400g, and the pellet was
resuspended in RPMI 1640 medium in the presence of
penicillin (100 units/ml) and streptomycin (100 mg/ml).
Cells were counted, cultured in six dish plates (106 cell/
well), incubated for 1 hour at 37°C under 5% CO2 in air,
and then washed twice with warm medium to remove non-
adherent cells. Supernatants of cultured alveolar macro-
phages were obtained after 24 hours of cell culture at 37°C
under 5% CO2 in air.9
The generation of NO from cultured alveolar macro-

phages was evaluated by measuring the levels of nitrite and
nitrate in supernatants of cell culture.10 Nitrate was reduced
to nitrite with 0.5 units of nitrate reductase in the presence
of 50 ,uM NADPH and 5 ,uM FAD. The excess of NADPH
was oxidized in the presence of 0.2 mM pyruvate and 1 ,ug
lactate dehydrogenase. Nitrite was determined with Greiss
reagent by adding 1 mM sulfanilic acid and 100 mM HCI
and 50 ,ul naphthylenediamine. The absorbance was read at
595 nm and compared with a standard of NaNO2.

Generation of rat TNF and MIP-2 in alveolar macrophage
culture supernatants was quantitatively measured by a com-
mercial solid phase sandwich enzyme-linked immunosor-
bent assay (Biosource International, Camarillo, CA), ac-
cording to the supplier's specifications.

For the analysis of LTB4, samples of macrophage culture
supernatants were processed through preactivated C18 solid
phase cartridges (Waters Associates, Milford, MA). Car-
tridges were washed with H20 (pH 4), and retained eico-
sanoids were eluted with 4 ml methanol. Methanol extracts
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Figure 1. Lipase levels in plasma 3 hours after pancreatitis induction.
C = control; AP = acute pancreatitis; PC = portocaval shunting; PC +
AP = portocaval shunting and acute pancreatitis. p < 0.05 vs. control.

containing eicosanoids were evaporated to dryness in a
centrifugal rotary evaporator, and the residues were resus-
pended with 500 ,gl of 100mM Tris-HCl buffer (pH 7.4) for
subsequent radioimmunoassay measurements by using spe-
cific antisera.11
To assess the proinflammatory activity of alveolar mac-

rophage-conditioned medium, 500 pl of supernatants of
alveolar macrophages cultured for 24 hours were collected
and instilled into the lungs of untreated rats (n = 6 per
group) using an intratracheal cannula. Lung samples were
collected 45 minutes after instillation, and MPO activity
was measured. In addition, the effect of the instillation of
500 pul of nonconditioned RPMI 1640 medium was evalu-
ated.

Statistical Analysis
Data are expressed as means ± standard error of the

mean. The means of different groups were compared using
a one-way analysis of variance. Student's t test was per-
formed to evaluate significant differences between groups.
Differences were assumed to be significant at p < 0.05.

RESULTS
Plasma Lipase Levels

Figure 1 shows the plasma levels of lipase. AP induction
was confirmed by the increased lipase levels found in the
AP group. Similar values were obtained in the PC + AP
group, indicating a similar level of pancreatic damage. PC
shunting without AP induction was not associated with
increased levels of plasma lipase; results were similar to
those of the control group.

Pulmonary Inflammation
Neutrophil infiltration into the lungs was evidenced by

the increase in MPO activity (Fig. 2). AP induction was
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Figure 2. Myeloperoxidase activity into the lungs 3 hours after pancre-
atitis induction. p < 0.05 vs. control; + p < 0.05 vs. acute pancreatitis
group.

associated with significantly increased levels of MPO in
lung tissue. This increase was prevented when PC shunting
was performed.

Histologic Evaluation

The histopathologic study of the lungs (Fig. 3) re-

vealed the main lesions in the AP group. In this group a

moderate thickening of the alveolar walls and inflamma-
tory infiltration of PMNs was observed. Moderate hyper-
emia of the alveolar walls was also present. In the control
and PC groups, no significant lesions were observed in
the lung parenchyma; only a mild hyperemia of pulmo-
nary alveolar septa was observed. The PC + AP group

showed a minimal inflammatory infiltrate in the alveolar
walls consisting of scarce PMNs and a mild hyperemia of
alveolar septa.

Histopathologic study of the pancreas (Table 1) in the AP
group revealed extensive necrosis of the pancreatic tissue,
interstitial edema, and PMN adherence to vascular endothe-
lial cells. In the PC + AP group, the same lesions seen in
the AP group were observed. The control and PC groups

showed only a moderate interstitial edema.
Histopathologic study of the liver (see Table 1) revealed

small focal areas of incipient necrosis of hepatocytes in the
PC and PC + AP groups.
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Figure 3. Light microscopy appearance of pulmonary tissue (x20). (A) Control group: no lesions in the lung
parenchyma. (B) Acute pancreatitis group: moderate thickening of the alveolar walls, polymorphonuclear
neutrophil inflammatory infiltration. (C) Portocaval shunt group: no lesions in the lung parenchyma. (D)
Portocaval shunt and acute pancreatitis group: minimal thickening of the alveolar walls and scarce presence
of polymorphonuclear neutrophils.
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Table 1. HISTOPATHOLOGIC LESIONS OBSERVED IN LUNG, PANCREAS, AND LIVER

Lung Liver Pancreas

PMN Septal Focal Interstitial Acinar PMN Vascular
Group Infiltration Hyperemia Necrosis Edema Necrosis Adhesion

Control
AP
PC
PC+AP

++

+/-

++ +/-

+/-

++
++
++

++

++

The semiquantitative evaluation scale was the mean of the lesions observed in each group evaluated by two independent observers: - = no lesion; +/- = minimal lesion;
+ = mild lesion; + + = moderate lesion; + + + = intense lesion.

Nitric Oxide Generation
The effect of AP on the alveolar macrophage activation,

evaluated as NO generation, is depicted in Figure 4. These
cells showed increased generation of NO as a consequence
of pancreatitis, and this increase was abolished by PC shunt-
ing.

Cytokine Generation
As occurred with NO, increased levels ofTNF and MIP-2

were observed in the supernatants of cultured alveolar mac-
rophages obtained after AP induction. These increases were
also prevented with PC shunting (Fig. 5).

5-Lipoxygenase Metabolism
In contrast with the results obtained regarding the levels

of NO and cytokines, alveolar macrophage 5-lipoxygenase
metabolism remained unmodified after AP induction. There
were no changes in LTB4 generation as a consequence of
AP induction (Fig. 6).
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Figure 4. Nitric oxide generation by alveolar macrophages measured
as nitrite and nitrate levels. Cells were cultured for 24 hours. Results are
the mean of three experiments carried out pooling lavage fluid from two
animals. * p < 0.05 vs. control; + p < 0.05 vs. acute pancreatitis group.

Chemotactic Activity
The proinflammatory effect of the instillation into the

lung of 500 ,ul supematant of culture medium obtained after
24 hours of cell incubation is depicted in Figure 7. Instilla-
tion of conditioned medium from the control group had no
effect on MPO activity of the lungs. In contrast, the instil-
lation of conditioned medium from alveolar macrophages
obtained after AP induction induced the accumulation of
neutrophils, reflected by increased MPO activity of the
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Figure 5. Tumor necrosis factor-a and MIP-2 generation from alveolar
macrophages. Cells were cultured for 24 hours. p < 0.05 vs. control;
+ p < 0.05 vs. acute pancreatitis group.
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Figure 6. Leukotrene B4 levels from alveolar macrophages. Cells were
cultured for 24 hours.

lungs. This effect did not appear when PC shunting was
carried out before AP induction.

DISCUSSION
The adult respiratory distress syndrome contributes to the

morbidity and mortality rates during AP in approximately
one third of patients.12 The pathogenesis of lung injury
secondary to AP is complex and probably involves multiple
mechanisms, such as activated pancreatic proteases, phos-
pholipase A2, and activated complements.'3"14 It is known
that neutrophil accumulation in the lungs is causally in-
volved in the development of lung injury,'5 but the final
mechanism responsible for this neutrophil accumulation is
still unknown. In this sense, several experimental models of
pulmonary inflammation have shown that alveolar macro-
phages release chemotactic factors that can promote neutro-
phil aggregation in the lung capillaries in response to dif-
ferent stimuli.'6
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Figure 7. Myeloperoxidase activity in lungs of animals 45 minutes after
instillation of 500 alveolar macrophages-conditioned medium from
different experimental groups. Groups indicate the animals from which
alveolar macrophages were obtained. *p < 0.05 vs. control.

In our experimental model, lung inflammation was ob-
served 3 hours after AP induction. This was reflected by the
increased MPO activity, indicating the existence of neutro-
phil accumulation. In accordance with previous works,6 PC
shunting was found to exert a profound effect on the pul-
monary inflammatory process. In our study, this effect was
evidenced by the prevention of increases in MPO levels in
the lungs, reflecting the absence of neutrophil recruitment
(see Figs. 2 and 3). However, PC shunting did not modify
the severity of local pancreatic damage, reflected by the
similar values of plasma lipase (see Fig. 1) and histologic
features (see Table 1).

Taking into account the fact that alveolar macrophages
may release secretory products (NO, TNF, MIP-2, LTB4)
that can act as proinflammatory agents, we measured these
mediators in the supernatants of cultured macrophages ob-
tained after AP induction. Our results show that these cells
are activated as a consequence of AP, resulting in an in-
creased generation of NO and cytokines but not LTB4. The
ability of alveolar macrophages to generate NO in response
to different stimuli is well known. The generation of NO by
alveolar macrophages has been reported after exposure of
animals to endotoxin, silica, or ozone, or after the activation
of these cells by bacteria or cytokines.17 Nevertheless, the
overproduction of NO may be significant not only in tissue
injury, but also in the healing process. Figure 4 shows the
increases observed in NO generation after AP induction.
This result is in accordance with a previous report by
Tsukahara et al'6 showing the induction of NO synthase in
alveolar macrophages in an experimental model of pancre-
atitis induced by duct ligation.

Cytokines have been reported to be involved in the de-
velopment of severe AP.18 MIP-2 is a chemotactic cytokine
(chemokine) that has been shown to elicit a neutrophil
inflammatory response when injected subcutaneously in
mice.4 This chemokine has a minimal or no effect on
neutrophil oxidant production. However, TNF contributes
to the inflammatory process by priming neutrophils to gen-
erate oxygen free radicals.'9 LTB4 is a potent chemotactic
arachidonic acid metabolite generated by different inflam-
matory cells, including alveolar macrophages, related to
lung injury in different experimental models.20

In the present study, although MIP-2 and TNF generation
by alveolar macrophages was increased after AP induction
(see Fig. 5), LTB4 generation did not change (see Fig. 6).
This result suggests that 5-lipoxygenase arachidonic acid
metabolism is not involved in the inflammatory process of
the lung secondary to AP. On the contrary, it can be sug-
gested that the increased concentrations of MIP-2 and TNF
locally generated by alveolar macrophages are involved in
the neutrophil infiltration and activation into the lungs.
The liver seems to play a pivotal role in the activation of

alveolar macrophages, suggested by the lack of response of
these cells when the portal blood was diverted from the liver
before AP induction. In the PC + AP group, the absence of
alveolar macrophage activation was evidenced by the fact
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that generation of MIP-2, TNF, and NO remained at the
same levels as the control group (see Figs. 4 and 5). It could
be hypothesized that the absence of chemotactic mediators
generated by alveolar macrophages was related to the de-
creased neutrophil infiltration found in the lungs when PC
shunting was carried out before AP induction (see Fig. 2).

Consequently, we examined the ability of the products
released from alveolar macrophages to induce chemotaxis
for neutrophils into the lungs. Instillation of supernatants
from the alveolar macrophages cultured for 24 hours in-
duced infiltration of leukocytes only when these macro-
phages were obtained after AP induction (see Fig. 7). How-
ever, supernatants from control groups and from the PC +
AP group were not able to induce the recruitment of neu-
trophils into the lungs.
The sequence of events that leads to leukocyte infiltration

into the lungs secondary to AP involves different physio-
pathologic mechanisms.21 Activation of macrophages may
be only one of these pathways. Expression of adhesion
molecules into the endothelial cells, synthesis of platelet-
activating factor,22 and activation of the complement sys-
tem13 are events related to lung injury that probably occur
simultaneously with macrophage activation; therefore, it is
difficult to establish the exact sequence of events. In addi-
tion, the role of the liver in mediating the inflammatory
process in the lung remains unclear. Nevertheless, the in-
hibitory action of PC shunting in the activation of alveolar
macrophages indicates that the liver could generate different
soluble mediators that activate alveolar macrophages during
the course of experimental AP. The nature of these soluble
mediators remains to be investigated.

In conclusion, this study shows that lung damage induced
by experimental AP develops with alveolar macrophage
activation. The liver plays an active role in the activation of
alveolar macrophages in this experimental model. In addi-
tion, neutrophil recruitment into the lungs during AP seems
to be mediated by chemotactic mediators (TNF and MIP-2)
released by activated alveolar macrophages.
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