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Abstract

Objectives—We tested the hypothesis that leukotriene B, (LTB,4) mediates pancreatic
inflammation in rats via activation of the Transient Receptor Potential Vanilloid 1 (TRPV1).

Methods—LTB, or vehicle was administered to adult rats via celiac axis injection following
pretreatment with the TRPV1 antagonist, capsazepine, or vehicle and the severity of subsequent
pancreatitis was assessed by measuring pancreatic edema, myeloperoxidase (MPQO) activity, and
histological grading. In a second experiment, acute pancreatitis was induced by common
pancreaticobiliary duct ligation (CPBDL). Six hours postoperatively, pancreatic tissue levels of
LTB,4 were determined by ELISA. Also, the effects of inhibition of LTB,4 biosynthesis by
pretreatment with the 5-lipoxygenase activating peptide (FLAP) inhibitor, MK-886, were
determined.

Results—Celiac axis administration of LTBy significantly increased pancreatic edema and MPO
activity, and produced histological evidence of pancreatic edema, neutrophil infiltration, and
necrosis. Capsazepine pretreatment significantly reduced all inflammatory parameters in LTBy4-
induced pancreatitis. Pancreatic tissue levels of LTB,4 were significantly elevated in rats that
underwent CPBDL compared to control rats. MK-886 pretreatment significantly inhibited
pancreatic edema, histological damage, and pancreatic MPO concentrations.

Conclusions—Common pancreaticobiliary duct obstruction causes an increase in pancreatic
LTB4 concentrations that in turn mediates activation of TRPV1 resulting in acute pancreatitis.
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Introduction

Much evidence has been presented that the ion channel receptor Transient Receptor
Potential Vanilloid 1 (TRPV1) mediates inflammation in several animal models of acute
pancreatitis.1' 2 TRPV1 is a ligand- and heat-gated cation channel expressed primarily by
small diameter primary sensory neurons that innervate the pancreas as well as other organs
and tissues.3 TRPV1 is directly activated by heat, protons, some lipoxygenase products, the
plant vanilloid, capsaicin, and the plant neurotoxin, resiniferatoxin (RTX).4°6 When
activated, TRPV1 depolarizes primary sensory neurons resulting in neurotransmitter release
centrally in the spinal cord and peripherally in the stimulated tissue. These neurons express a
variety of neurotransmitters including proinflammatory neuropeptides such as the
tachykinin, substance P (SP). Early evidence that TRPV1 is involved in pancreatic
inflammation came from demonstrations that capsaicin causes vasodilation and plasma
extravasation, two features of neurogenic inflammation, in the rat7 and mouse8 pancreas
and that this effect was mediated by SP release.9: 10 It was also shown that genetic deletion
of the SP neurokinin-1 receptor (NK-1) inhibits secretagogue-induced pancreatitis in mice.
11

Further evidence for an important role for TRPV1 in pancreatitis came from a study
demonstrating that neonatal administration of capsaicin in rats, a procedure that permanently
destroys TRPV1-expressing primary sensory nerves, ameliorates both secretagogue-induced
pancreatitis12 and duct obstruction-induced pancreatitis.13 Additional support for this
conclusion was provided by the finding that pharmacological administration of the TRPV1
antagonist drug, capsazepine, significantly reduced secretagogue-induced pancreatitis in
rats.14+ 15 It was subsequently shown in rats that capsazepine pretreatment reduces
nociception in acute pancreatitis as well.16

TRPV1-expressing primary sensory neurons that innervate the pancreas are known to pass
through the celiac ganglion. Therefore, if these nerves play a role in pancreatic
inflammation, destruction of the celiac ganglion should protect the pancreas from damage
and such a procedure may have potential for treating human pancreatitis. We were able to
demonstrate that surgical excision of the celiac ganglion or local intoxication of the ganglion
by local application of resiniferatoxin (RTX) reduces the severity of secretagogue-induced
pancreatitis.17 Additional evidence for an important role of TRPV1 in acute pancreatitis
came from the demonstration that pancreatic ductal injection of the contrast solution used in
human endoscopic retrograde cholangiopancreatography (ERCP) caused a pH-dependent
acute pancreatitis similar to that seen in human patients undergoing ERCP.18 Contrast
solutions at acidic pHs caused TRPV1-dependent increases in pancreatic inflammation and
inclusion of RTX in the contrast solution protected the pancreas.

Since both secretagogue-induced and duct obstruction-induced pancreatitis appear to be
mediated at least in part by TRPV113, this suggests that both of these inflammatory
treatments may activate TRPV1 by the same mechanism. It is unlikely that TRPV1 is
activated by heat, low pH, or plant compounds like capsaicin or RTX in inflammatory
diseases. Instead, endogenous agonist ligands of TRPV1 that may be released or produced in
response to inflammatory stimuli have been thought to be likely candidates as mediators of
inflammatory disease states. Known endogenous agonist ligands of TRPV1 include the
endocannabinoids, anandamide and 2-arachidonoyl glycerol (2-AG)19, lipoxygenase
products such as leukotriene B4 (LTB4)6, 2-arachidonyl glyceryl ether (noladin ether)20,
and N-arachidonoyl-dopamine.21 Among these, LTB, is an especially attractive candidate
as an endogenous ligand of TRPV1 in inflammatory states because LTB,4 has been shown to
be an important proinflammatory agent in human inflammatory diseases22°25 and in animal
models of inflammation.26°30 LTB, is made from arachidonic acid in cells and the rate-
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limiting step in this biosynthesis is the activity of the enzyme, 5-lipoxygenase (5-LO), which
requires the helper protein, 5-LO activating protein (FLAP) for efficient catalysis.31 Support
for the concept that LTB4 mediates the effects of inflammatory agents on TRPV1 activation
comes from a study demonstrating that acute pancreatitis caused by intraductal
administration of 5% sodium taurocholate in the rat was accompanied by increased
pancreatic levels of LTB4.32 In addition, genetic deletion of 5-LO in mice resulted in
resistance to secretagogue-induced pancreatitis.33 Thus, it is reasonable to test the
hypothesis that endogenous LTB4 may be an important activator of TRPV1 in experimental
acute pancreatitis.

In the present study we show that exogenous LTB4 causes a pancreatitis in rats closely
resembling duct-obstruction-induced inflammation and that pharmacologic antagonism of
TRPV1 inhibits both LTB4- and duct obstruction-induced pancreatitis. In addition, we show
that pharmacologic inhibition of FLAP, the activator of 5-LO, inhibits duct obstruction-
induced pancreatic inflammation.

Materials and Methods

Materials

Surgery

These studies were approved by the Duke University Institutional Animal Care and Use
Committee.

Leukotriene B4 was purchased from BIOMOL (Plymouth Meeting, PA). Capsazepine was
purchased from Sigma (St. Louis, MO). MK-886 was purchased from Tacris (Ellisville,
MO). LTB4 was dissolved in 25% ethanol/75% phosphate buffered saline (PBS) for
intraarterial (ia) injection. Capsazepine was dissolved in DMSO to give a stock solution of
0.1 M, then further diluted (1:10) in saline containing 10% Tween 80/10% ethanol for
subcutaneous (sc) injection. MK-886 was suspended in 2% Ethanol/2% Tween 80/96%
sterile 0.9% NaCl for intraperitoneal (ip) injection.

Male Sprague-Dawley rats (150-200 g) were purchased from Charles River Laboratories
(Wilmington, MA), housed in climate-controlled rooms with a 12:12 hour light-dark cycle,
and given access to food and water ad libitum. In the first experiment, one group of rats was
pretreated with either vehicle (controls) or capsazepine at a dose of 100 umol/kg sc 30 min
before surgery. They were then anesthetized with ketamine and xylazine and the abdomen
was opened via midline laparotomy. The common pancreaticobiliary duct was ligated within
1 mm of the duodenal wall. Control rats underwent ligation of the bile duct at the hilum of
the liver. The abdomen was closed in two layers. A second group of rats was also pretreated
with either vehicle (controls) or capsazepine at a dose of 100 umol/kg sc 30 min before
surgery and were then anesthetized with ketamine and xylazine, the abdomen was opened
via midline laparotomy, and the celiac artery was identified and injected with either vehicle
or LTB, at a dose of 15 pg/kg body weight using a 27 g needle. The abdomen was closed in
two layers. Three hours postoperatively both groups of rats were Killed and their pancreata
were quickly removed, weighed to determine edema, and divided for histological grading
and for measurement of tissue myeloperoxidase (MPO) activity.

In the second experiment, rats were anesthetized with ketamine and xylazine and common
pancreaticobiliary duct ligation (CPBDL) was performed as described above. Control rats
underwent ligation of the bile duct at the hilum of the liver. Six hours later the rats were
killed and the entire pancreas was removed and frozen on dry ice for later LTB, assay as
described below.
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In the third experiment, rats were pretreated with either vehicle (controls) or MK-886 at a
dose of 10 mg/kg ip one hour before surgery. The rats were anesthetized and CPBDL was
performed as described above. Control rats underwent laparotomy with manipulation of the
common pancreaticobiliary duct. The abdomen was closed in two layers. Four hours after
surgery, the animals were killed, and the pancreas was quickly removed, weighed, and
divided for histological grading and for measurement of tissue myeloperoxidase (MPO)
activity.

Myeloperoxidase (MPO) Activity

A portion of the heads of the harvested pancreata were immediately frozen on dry ice and
then stored at —80°C until assay. We measured the tissue activity of myeloperoxidase, an
enzyme produced by neutrophils and used as a marker of inflammation associated with
neutrophil infiltration, as previously described using the substrate tetramethylbenzidine.34
35

Pancreatic MPO activity was expressed as units per mg total protein and normalized to
control values.

Histopathology

Portions of the pancreata were fixed overnight in phosphate-buffered 10% formalin. The
tissue was then embedded in paraffin, sectioned at 5 um, stained with hematoxylin and
eosin, and coded for examination by two blinded investigators unaware of the experimental
design. The severity of pancreatitis was graded using modified scoring criteria previously
described.36 The results were expressed in increments of 0.5 as a score of 0 to 3 for the
histological parameters of edema and neutrophil infiltration and as a score of 0 to 7 for
tissue necrosis. Total histological score is the mean of the combined scores for edema,
neutrophil infiltration, and necrosis from both investigators.

LTB4 Measurement

Pancreatic LTB, levels were measured by LTB4 enzyme immunoassay (EIA) kits purchased
from Cayman Chemical (Ann Arbor, MI). Briefly, samples of pancreas were collected after
various treatments in 5 volumes of ice-cold 0.1 M phosphate buffer, pH 7.4, containing 1
mM EDTA and 10 uM indomethacin and homogenized for 15 sec on ice using a Tekmar
Tissumizer (Tekmar, Cincinnati, OH) at a 50% power setting. Before homogenization,
10,000 cpm of 3 H-LTB,4 (120-240 Ci/mmol; Perkin-Elmer Life Sciences, Boston, MA)
were added to the buffer for later assessment of LTBy4 recovery. After homogenization, 2
volumes of ice-cold ethanol were added to each extract and the extracts were then incubated
on ice for 5 min to precipitate proteins. After centrifugation at 3000 X gmax to remove the
precipitated proteins, the ethanol in the supernatants was removed by vacuum centrifugation.
The pH of the extracts was adjusted to ~4.0 by addition of 1 M sodium acetate (pH 4.0). The
resulting precipitate was removed by centrifugation and the supernatant was loaded onto
C-18 solid phase extraction cartridges (Cayman Chemical, Ann Arbor, MI) previously
washed with methanol and distilled water, washed with distilled water followed by hexane,
and then eluted at unit gravity with 5 ml of 99% ethyl acetate:1% methanol. The samples
were then evaporated to dryness by vacuum centrifugation, reconstituted in LTB4 EIA
buffer, and assayed according to the instructions of the kit manufacturer.

Statistical Analysis

Results are expressed as mean + SEM. Mean differences between 2 groups were examined
by the Student t test and mean differences among several groups by one-way ANOVA with
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the Dunnett’s or Tukey-Kramer post tests, using GraphPad InStat version 3.05 for Windows
(GraphPad Software, San Diego, CA). P values < 0.05 were considered significant.

To determine if direct administration of LTB, to the pancreas caused inflammation similar
to that caused by CPBDL, LTB,4 was injected into the celiac artery for direct delivery to the
pancreas and pancreatic inflammation was evaluated by histological examination, edema,
and tissue MPO content. The histopathology caused by LTB, included edema, neutrophil
infiltration, and acinar cell necrosis (Fig. 1) and closely resembled the damage observed
after CPBDL (Fig. 2). When the individual histopathology scores were analyzed, the
increased edema caused by LTB,4 was not statistically significant but neutrophil infiltration
and acinar cell necrosis were significantly increased (Table 1). Capsazepine pretreatment
inhibited the LTBy-induced pancreatic edema, neutrophil infiltration, and acinar cell
necrosis but the inhibition of edema was not statistically significant (Table 1).

Close arterial administration of LTBy4 directly into the pancreas via the celiac artery caused
statistically significant pancreatic inflammation assessed by glandular edema, tissue MPO
activity, and histopathology (Fig. 3). When the rats were pretreated for 30 minutes with the
TRPV1 antagonist, capsazepine, before injection of LTBy, the LTB4-induced increases in
pancreatic edema, MPO, and structural damage were inhibited significantly (Fig. 3).
Capsazepine inhibited LTB,-induced pancreatic edema by 62%, pancreatic MPO levels by
106%, and pancreatic structural damage by 96%.

To determine if CPBDL stimulates pancreatic LTB,4 synthesis, the concentration of LTBy in
pancreatic extracts was measured before and 6 hours after CPBDL. CPBDL stimulated a
highly significant increase in pancreatic LTB,4 content compared to controls (Fig. 4). If the
CPBDL-induced increase in pancreatic LTB,4 concentration mediates pancreatic damage in
this model, then inhibition of LTB, biosynthesis should reduce the various indices of
pancreatitis observed. We tested this hypothesis by pretreating the rats with the
pharmacologic agent, MK-886, which inhibits FLAP, a protein required for 5-LO activity.31
We found that MK-886 significantly inhibited CPBDL-induced pancreatic edema by 92%,
MPO concentration by 97%, and pancreatic structural damage by 93% (Fig. 5).

Discussion

LTB4 has been shown to be proinflammatory in multiple animal and human inflammatory
disease states. LTBy is elevated in inflamed intestinal tissue in animals2628 and humans.23:
24 Inhibition of the rate-limiting enzyme in LTB4 biosynthesis, 5-lipoxygenase (5-L0O),
reduces tissue levels of LTB,4 and inhibits enteritis in animals27: 29: 30: 37 and humans.22:
25 LTBy4 causes inflammation via a potent neutrophil chemotactic action and also causes
aggregation and degranulation of neutrophils and increases vascular permeability.22: 38
Two G protein-coupled receptors specific for LTB4, BLT1 and BLT2, have been described
and shown to mediate some of its proinflammatory actions.38 However, LTB,4 receptor
antagonists have had mixed success in tests of their ability to inhibit experimental
inflammation in animal models39+ 40 and have not found a place in the medical
management of inflammatory diseases in humans.

It has recently been shown that LTBy, can activate TRPV1 receptors as well as its own
cognate BLT1/BLT?2 receptors.6 TRPV1 receptors are nonspecific cation channels
expressed by certain subtypes of primary sensory neurons for which the plant vanilloid,
capsaicin, is an agonist.3 Activation of TRPV1 in turn causes depolarization of the sensory
neuron and subsequent release of the neurotransmitters expressed by the neuron.41 One
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neurotransmitter released from this class of sensory neurons in response to TRPV1
stimulation is substance P (SP). Substance P has several proinflammatory actions that are
similar to those exhibited by LTBy, including increasing vascular permeability and
vasodilatation.41 This raises the possibility that the proinflammatory actions of LTB4 may
not be mediated by BLT1 or BLT2 receptors, but instead may be a function of LTB4-
stimulated TRPV1 activation resulting in SP release.

We present multiple lines of evidence here that LTB,4 mediates a portion of CPBDL-induced
pancreatic inflammation via activation of TRPV1. Injection of LTB, into the celiac artery
supplying blood directly into the pancreas caused increases in pancreatic edema, tissue MPO
concentrations, and histological damage of similar magnitude to those seen after CPBDL.
Most significantly, pretreatment of the animals with the TRPV1 antagonist, capsazepine,
significantly inhibited all indices of inflammation caused by LTB,4. Capsazepine has been
reported to have nonspecific actions on calcium channels42 and nicotinic cholinergic
receptors43 in addition to its antagonism of TRPV144, but capsazepine was used here at the
dose that we previously demonstrated antagonizes TRPV1 specifically.14

LTB, is biosynthesized from arachidonic acid by the action of cytosolic phospholipase A2,
5-LO in conjunction with FLAP, and leukotriene A4 (LTA4) hydrolase.31 5-LO activity is
FLAP- and calcium-dependent and is considered to be the key regulator of LTB,4
biosynthesis because it initiates leukotriene synthesis. If LTB4 mediates the inflammatory
effects of CPBDL in the pancreas, then CPBDL should cause local generation of LTB in
pancreatic tissue. We tested this hypothesis in two ways. First, we measured CPBDL-
induced tissue LTBy, levels by specific enzyme immunoassay and found that CPBDL
stimulates a several-fold increase in tissue LTB,4 concentrations. Second, we reasoned that if
LTB4 mediates CPBDL-induced pancreatitis in this model, then pretreatment with MK-886,
a drug that inhibits 5-LO by blocking the activity of 5-lipoxygenase activating peptide
(FLAP), should also inhibit CPBDL-induced inflammation. MK-886 pretreatment
significantly inhibited CPBDL-induced pancreatic edema, MPO activity, and structural
damage thus demonstrating that CPBDL results in the production of LTB4. MK-886 has
been shown to inhibit peroxisome proliferator-activated receptor o (PPARa) as well as
FLAPA45, but PPARa inhibition cannot explain the present findings because activation of
PPARa has been shown to reduce pancreatic injury in experimental pancreatitis46; a drug
inhibiting PPARa such as MK-886 would thus be expected to enhance pancreatitis instead
of reducing it as occurred here.

Support for the concept that LTB, activates TRPV1 in pancreatic inflammation comes from
a study in another model in which acute pancreatitis caused by intraductal administration of
5% sodium taurocholate in the rat was accompanied by increased pancreatic levels of
LTB4.32 In addition, genetic deletion of 5-LO in mice resulted in resistance to secretagogue-
induced pancreatitis.33 Genetic deletion of 5-LO alone does not prove specifically that
LTBy is involved because 5-LO is also involved in the biosynthesis of other active
metabolites such as leukotriene C4, leukotriene D4, and leukotriene E 47,4, which do not
activate TRPV1.

Products of lipoxygenases other than LTB4 have also been shown to be TRPV1 agonists. In
particular, 12-(S)-HPETE, 15-(S)-HPETE, 5-(S)-HETE, and 15-(S)-HETE have significant
TRPV1 agonist activity.6 It is possible that one or more of these eicosanoids also mediates
the inflammatory activity of CPBDL in the rat pancreas. However, the present data show
that the inflammatory effects of LTB, are very similar to those of pancreatic duct
obstruction and that inhibition of the rate-limiting enzyme in LTB, biosynthesis, 5-L0O, also
inhibits pancreatic duct obstruction-induced pancreatitis in this model. Coupled with the
previously demonstrated proinflammatory role of LTB, in both animal and human intestinal
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inflammatory diseases30, these results suggest that LTB4 may be the most important

en
of
va

In

dogenous lipoxygenase product activating TRPV1-mediated pancreatitis. Final resolution
this question awaits future studies involving direct measurement of tissue levels of the
rious TRPV1-activating eicosanoids in this and other pancreatitis models.

summary, we have presented evidence that the inflammatory effects of duct obstruction in

the pancreas may be mediated by generation of LTB4 and subsequent LTB, activation of
TRPV1 in primary sensory neurons (Fig. 7). This pathophysiological mechanism provides a

co

nceptual basis for the potential treatment of pancreatic inflammatory diseases by

inhibition of this pathway.
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Figure 1.

Representative photomicrographs of hematoxylin and eosin-stained pancreatic sections
taken from control rats (left panel), rats treated with LTB, injected into the celiac artery
alone (middle panel), and rats pretreated with capsazepine before close arterial injection of
LTBy (right panel).
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Figure 2.

Representative photomicrographs of hematoxylin and eosin-stained pancreatic sections
taken from control rats (left panel), rats subjected to common pancreaticobiliary duct
ligation (CPBDL; middle panel), and rats pretreated with capsazepine before CPBDL (right
panel).
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The effects of LTB4 (15 pg/kg ia) alone and LTB, after pretreatment with capsazepine
(CPZ, 100 umol/kg sc) on pancreatic edema (A), pancreatic MPO concentrations (B), and
pancreatic histopathology (C) (N = 5). Pancreatic edema is expressed as the ratio of
pancreatic wet weight to body weight and normalized to % Control. Pancreatic MPO
concentration is expressed as units/mg pancreatic protein and normalized to % Control.
Administration of capsazepine alone had no effect. *P < 0.001 versus Control (—/—); #P <

0.001 versus LTBy4 alone.
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Figure 4.

The concentrations of LTB, in the pancreases of control and common pancreatic-bile duct
ligated (CPBDL) rats (N = 7). *P < 0.0005 vs. Control.
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Figure 5.

The effects of common pancreatic-bile duct ligation (CPBDL) alone and after pretreatment
with MK-886 (10 mg/kg ip) on pancreatic edema (A; N = 6-13), pancreatic MPO
concentrations (B; N = 7-9), and pancreatic histopathology (C; N = 9-10). Pancreatic edema
is expressed as the ratio of pancreatic wet weight to body weight and normalized to %
Control. Pancreatic MPO concentration is expressed as units/mg pancreatic protein and
normalized to % Control. Administration of MK-886 alone had no effect. *P < 0.001 versus
Control (—/-); #P < 0.001 versus CPBDL alone.
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Figure 6.

Representative photomicrographs of hematoxylin and eosin-stained pancreatic sections
taken from control rats (left panel), rats treated with common pancreatic-bile duct ligation
alone (middle panel), and rats pretreated with MK-886 before common pancreatic-bile duct
ligation (right panel).
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Figure 7.
A model of the proposed mechanism of common pancreatic-bile duct ligation on pancreatic

inflammation. Duct obstruction causes the release of LTBy, locally within the pancreas.
LTBystimulates TRPV1 expressed in the plasma membrane of primary sensory nerves
innervating the parenchyma of the gland. When stimulated, TRPV1 depolarizes the neurons
resulting in the propagation of orthograde action potentials causing the release of
proinflammatory neurotransmiters such as substance P (SP) in the pancreas to cause damage
and retrograde action potentials causing the release of nociceptive neurotransmitters in the
spinal cord to cause pain. The TRPV1 antagonist, capsazepine, blocks LTBy4 stimulation of
TRPV1. MK-886 reduces LTB, levels by inhibiting 5-lipoxygenase activating peptide
(FLAP). Both capsazepine and MK-886 ameliorate duct obstruction-induced pancreatitis.
For simplicity and clarity, other mechanisms that may be involved in these processes such as
protease activated receptor-2 (PAR?2) activation of TRPV1 and co-release of calcitonin
gene-related peptide (CGRP) with substance P have been omitted.
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Table 1

The effects of treatment with LTB,4 alone and LTBy, after pretreatment with capsazepine (CPZ) on pancreatic

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

histopathology scores (mean = SEM; N = 5)

Edema Neutrophils | Acinar Necrosis
Control 1.10+0.29 0+0 0£0
LTB, 1.70£0.20 | 140+0.24" 2.80+0.86"
LTB,+CPZ | 0.80%0.12 | 0.30+0.20™ 0.20+ 0207

*
P < 0.01 vs. Control

*

*
P <0.01vs.LTB4
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