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Abstract

Background—Endoscopic retrograde cholangiopancreatography (ERCP) has a high risk of 

pancreatitis although the underlying mechanisms are unclear. Transient receptor potential 

vanilloid 1 (TRPV1) is a cation channel expressed on C and Ad fibres of primary sensory neurons 

and is activated by low pH. TRPV1 activation causes release of inflammatory mediators that 

produce oedema and neutrophil infiltration. We previously demonstrated that neurogenic factors 

contribute to the pathogenesis of pancreatitis. Resiniferatoxin (RTX) is a TRPV1 agonist that, in 

high doses, defunctionalises C and Ad fibres. When we discovered that the pH of radio-opaque 

contrast solutions used for ERCP was 6.9, we hypothesised that low pH may contribute to the 

development of contrast-induced pancreatitis via activation of TRPV1.

Methods—Rats underwent equal pressure pancreatic ductal injection of contrast solutions at 

varying pH with or without RTX.

Results—Contrast solution (pH 6.9) injected into the pancreatic duct caused a significant 

increase in pancreatic oedema, serum amylase, neutrophil infiltration, and histological damage. 

Solutions of pH 7.3 injected at equal pressure caused little damage. The severity of the pancreatitis 

was significantly increased by injection of solutions at pH 6.0. To determine if the effects of low 

pH were mediated by TRPV1, RTX was added to the contrast solutions. At pH levels of 6.0 and 

6.9, RTX significantly reduced the severity of pancreatitis.

Conclusions—Contrast solutions with low pH contribute to the development of pancreatitis 

through a TRPV1-dependent mechanism. It is possible that increasing the pH of contrast solution 

and/or adding an agent that inhibits primary sensory nerve activation may reduce the risk of post-

ERCP pancreatitis.

Endoscopic retrograde cholangiopancreatography (ERCP) is associated with a relatively 

high risk of causing pancreatitis, occurring in 3–30% of cases.1 The aetiology of post-ERCP 

pancreatitis is not well understood. It has been postulated that increased pressure within the 

pancreatic duct or chemical injury from injection of contrast solution may play a role in 

initiating the inflammatory cascade.2
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Pharmacological methods to reduce the incidence of post-ERCP pancreatitis have been 

studied extensively. Because the exact aetiology whereby ERCP-induced pancreatitis 

develops is unclear, and targets of pharmacological treatment have varied, several studies 

have evaluated the use of a hypoosmolar, non-ionic contrast solution compared to standard 

contrast media.3–6 Results did not suggest any benefit with using one agent over another. 

Methods to reduce the inflammatory cascade have included corticosteroids, allopurinol, 

octreotide, interleukin 10, heparin, non-steroidal anti-inflammatory drugs, and the protease 

inhibitor gabexate.7–12 However, despite some initial enthusiasm, none of these therapies 

has proven to be definitive.

Neurogenic inflammation has been shown to play a significant role in the inflammatory 

response in the pancreas.13 This type of inflammation results from the activation of specific 

afferent sensory neurons leading to the release of proinflammatory transmitters from nerve 

terminals that ultimately cause vasodilation, plasma extravasation, and inflammatory cell 

infiltration.1415 These effects can lead to mast cell degranulation, neutrophil adhesion, and 

the production of reactive oxygen species that contribute to the inflammatory response.16–18

Transient receptor potential vanilloid 1 (TRPV1) is a pH-sensitive, non-selective cation 

channel expressed on C and Ad fibres of primary sensory neurons.19 TRPV1 is also known 

as the capsaicin receptor and is activated by capsaicin as well as a number of other diverse 

mediators including acid, heat, anandamide, leukotriene B4 and other icosanoids.20 TRPV1 

activation causes release of inflammatory mediators, such as substance P and calcitonin 

gene-related peptide, which produce oedema and neutrophil infiltration. We have previously 

demonstrated that pharmacological blockade of TRPV1 protects animals against 

pancreatitis. The TRPV1 antagonist capsazepine significantly reduced the severity of 

pancreatitis in a caerulein model of pancreatitis.21 Moreover, neonatal rats that had 

undergone chemical denervation of primary sensory neurons had a significant reduction in 

pancreatitis severity in a caerulein model.22 In addition, rats that had local denervation via 

destruction of the coeliac ganglion by chemical or surgical means had less severe 

pancreatitis in the same model of pancreatitis.23

Genetic deletion of the substance P receptor (NK-1R) reduced the severity of acute 

pancreatitis produced by either high doses of caerulein or feeding a choline-deficient, 

ethionine-supplemented diet.1324 Local infusion of the NK-1R antagonist CP-96345 into the 

pancreatic duct has also been shown to significantly reduce the severity of pressure-induced 

pancreatitis.25 These data demonstrate that neurogenic pathways play an important role in 

determining the severity of acute pancreatitis and it appears that primary sensory neurons are 

a common final pathway for pancreatic inflammation.

Resiniferatoxin (RTX) is a TRPV1 agonist that, in high doses, rapidly defunctionalises C 

and Ad fibres.2627 When we discovered that the pH of three separate radio-opaque contrast 

solutions used for ERCP were all of pH 6.9, we hypothesised that low pH may contribute to 

the development of contrast-induced pancreatitis. Given that lower pH levels have been 

shown to decrease the temperature activation threshold for primary sensory neurons, we 

hypothesised that contrast solutions at higher pH levels would have a protective effect in a 
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pressure model of pancreatitis. In addition, we hypothesised that local intraductal 

administration of RTX would decrease pancreatitis severity.

MATERIALS AND METHODS

Animal protocol and experimental design

Male Sprague–Dawley (CD) rats, weighing 250–300 g were purchased from Charles River 

Laboratories (Wilmington, Massachusetts, USA) and housed in climate-controlled rooms 

with a 12 h:12 h light–dark cycle. All rats were fed standard laboratory chow until an 

overnight fast before surgery but were given free access to food following surgery. Rats 

were allocated to the following groups(n=6): (1) controls; (2) contrast solutions at pH6, 

pH6.9 or pH 7.3; or (3) contrast solutions at pH 6 + RTX (10 mg/400 μl), pH 6.9 + RTX, or 

pH 7.3 + RTX. Radio-opaque contrast solution (diatrizoate meglumine injection with 29% 

organically bound iodine) (Bracco Diagnostics, Princeton, New Jersey, USA) had an 

unadjusted pH of 6.9. All solutions were adjusted with 16 mmol/l HEPES buffer to pH of 

7.3, 6.9 or 6.0. On the day of the experiment, rats were anaesthetised with xylazine and 

ketamine in a 1:10 ratio at a dose of 0.1 ml/100 g body weight administered intramuscularly. 

A model of post-ERCP pancreatitis was used as described previously.2528 At laparotomy a 

25 gauge needle was used to puncture the duodenum and cannulate the biliopancreatic duct. 

Four hundred microlitres of solution were administered into the duct after ligation of the bile 

duct at the hilum and around the entry of the needle into the common duct while maintaining 

a pressure of 50 mm Hg. After administration of solution, ligatures were removed, the 

needle was withdrawn, and the incision site was closed. Rats were observed for 24 h after 

surgery and then euthanised in a carbon dioxide pre-charged chamber. Mixed arteriovenous 

blood was collected by decapitation for measurement of serum amylase activity. The 

pancreas was then removed, weighed and compared to body weight as a measure of oedema. 

Pancreas was subsequently divided for histological grading, and measurement of tissue 

myeloperoxidase (MPO) activity.

Serum amylase concentration

Blood was centrifuged for 10 min at 1500 g. The serum amylase concentration was 

measured using the procion yellow starch assay as previously described.29 A standard curve 

was prepared using crude type VI-B α-amylase (Sigma, St. Louis, Missouri, USA), and 

serum amylase was expressed as mg/ml.

Myeloperoxidase activity

Portions of pancreas were immediately frozen for assay of MPO, which was used as a 

marker of neutrophil infiltration as previously described.30 The assay was performed in 

microtitre plates using a Safire plate reader from Tecan (Männedorf, Switzerland) with 

measurement wavelength at 450 nm and reference wavelength at 650 nm. Human MPO 

(Sigma) was used as standard and results are reported as mU MPO/mg pancreas protein. 

Protein concentration of the pancreatic extract was determined using the micro bicinchoninic 

acid protein assay (Pierce, Rockford, Illinois, USA).
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Histology

Portions of the pancreas were fixed overnight at room temperature in a pH neutral, 

phosphate-buffered, 10% formalin solution. The tissue was then embedded in paraffin, 

sectioned at 5 μm, and stained with haematoxylin and eosin. Histological scoring of 

pancreatitis severity was performed using a scale of 0–3, as previously described by an 

investigator blinded to the study design.2131

Statistical analysis

Results are expressed as means with the SE. Statistical comparisons among groups were 

examined by one-way ANOVA with the Tukey post test, using GraphPad Prism version 

4.02. Statistical significance was set at p<0.05.

RESULTS

Injection of contrast solutions into the pancreatic duct under high pressure caused a 

significant increase in pancreatic oedema as manifested by increased pancreatic weight (fig 

1). As the pH of contrast solutions was adjusted lower, the effects on pancreatic oedema 

were greater. The greatest amount of pancreatic oedema was observed at pH 6.0. Lower pH 

solutions were not tested as it seemed unlikely that these would be used in clinical 

situations. To determine whether the observed effects were due to pH alone, or a 

combination of pH and contrast solution, we tested the effects of phosphate-buffered saline 

(PBS) adjusted to pH 6.9 injected into the pancreatic duct. This treatment did not induce 

pancreatic injury. We conclude, therefore, that the lower pH buffer alone is not sufficient to 

cause pancreatitis.

MPO activity was similarly affected as lower pH solutions injected into the pancreatic duct 

caused a greater increase in MPO activity (fig 2). Injection of all solutions produced an 

elevation in serum amylase levels and although there was a trend for lower pH contrast 

solution to produce greater increases in serum amylase elevation these changes were not 

significantly different (fig 3). These findings support the observations made in other studies 

that serum amylase reflects pancreatic injury, but does not correlate with pancreatitis 

severity.2132

The effects of different pH solutions on pancreatic histology are shown in fig 4. Injection of 

contrast material at pH 7.3 produced little detectable histological damage in the pancreas 

(panel B). However, solutions of pH 6.9 produced noticeable changes of pancreatic 

disruption (panel C). The specific parameters that contributed to the histological differences 

between the pH 6.9 and 7.3 groups were primarily pancreatic oedema and pyknotic nuclei 

indicative of early necrosis, with oedema being the most prominent feature. Slight increases 

in neutrophil infiltration were also observed. Oedema and acinar disruption were more 

marked and were accompanied by detectable neutrophil infiltration in pancreas injected with 

contrast solution at pH 6.0 (panel D). These changes were reflected by the pancreatitis 

disease severity histological score (fig 4E).

We hypothesised that the effects of low pH on pancreatitis severity may be through 

activation of TRPV1. It has previously been shown that RTX, in high doses, rapidly 
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defunctionalises primary sensory neuronal signalling by causing a prompt and sustained 

influx of Na+ and Ca2+.33 These changes cause immediate neuronal dysfunction but also 

lead to disruption of intracellular organelles and neuronal destruction.34 Therefore, we used 

RTX to defunctionalise TRPV1 and primary sensory nerves in the pancreas by co-injecting 

it with the contrast solution. As shown in fig 5, RTX co-injection completely inhibited the 

pancreatic oedema caused by the lower pH contrast solutions of 6.9 and 6.0. The increases 

in pancreatic MPO content were also reduced by addition of RTX (fig 6). Moreover, 

histological changes of pancreatitis due to pancreatic duct injection were essentially 

eliminated by RTX (fig 7). Addition of RTX to the contrast solutions at pH 6.9 and 6.0 

significantly reduced the total histology scores (compare figs 4 and 7) (p<0.05). These 

differences were primarily attributable to reduction in oedema and necrosis. Acinar cell 

vacuolisation was also absent following RTX treatment.

DISCUSSION

This study is based on the initial observation that radiocontrast solutions typically used for 

ERCP have a pH of ~6.9. This pH is lower than that of normal pancreatic juice which is 

alkaline due to high levels of bicarbonate secretion. Previous studies by our group and others 

on TRPV1, a pH-sensitive cation channel, in pancreatitis pointed to a possibility that pH 

may contribute to the propensity for pancreatitis following intrapancreatic duct injection of 

contrast solutions. In the current study, we observed that low pH solutions (6.9 and 6.0) 

produced pancreatitis under the same high pressure conditions that did not cause pancreatitis 

when the pH was higher (7.3). This finding suggested that pH is critical in this model of 

pancreatitis. To investigate the role of the pH-sensitive cation channel, TRPV1, we used a 

high dose of RTX to block TRPV1 signalling. Importantly, RTX prevented the deleterious 

effects of low pH contrast solutions on pancreatitis. These findings implicate TRPV1 and 

primary sensory nerves in the pathogenesis of contrast-induced pancreatitis.

Pancreatitis is one of the most frequent complications of ERCP but the exact aetiology as to 

why pancreatitis develops in some patients is unknown. Increased pressure within the 

pancreatic duct has been indirectly implicated as a cause of post-ERCP pancreatitis as 

multiple studies have shown that placement of a pancreatic stent following ERCP in high-

risk patients reduced the incidence of pancreatitis.2 He et al25 described a model of inducing 

pancreatitis based on the theory that high pressure intraductal injection causes pancreatitis 

perhaps through disruption of the ductal integrity. In that study, solution was injected into 

the pancreatic duct under high pressure thus inducing local pancreatic damage and 

subsequent inflammation. However, the importance of pressure alone has been debated as 

Freeman1 found that in humans, acinarisation (overfilling of the main pancreatic duct 

causing pancreatic parenchyma to be visualised on fluoroscopy) was not an independent risk 

factor for developing post-procedure pancreatitis. Thus it seemed possible that something 

inherent to the contrast itself may be playing a role in the development of pancreatitis. To 

determine whether the lower pH by itself incited the pancreatic damage, or whether pH-

dependent changes in the conformation or charge of the contrast solution was responsible for 

these observations, in our study, we examined the effects of PBS. Unlike contrast solution of 

pH 6.9, PBS at this same pH did not cause pancreatitis. These findings suggest that lower 

pH together with contrast solution is more damaging to the pancreas than buffer alone. It 
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remains to be determined what biochemical properties of contrast media may be affected by 

pH.

Neurogenic inflammation is mediated through the release of neuropeptides such as 

substance P from C and Ad primary afferent sensory neurons via activation of the vanilloid 

capsaicin receptor TRPV1.35 Substance P in turn binds to the neurokinin-1 receptor 

(NK-1R) and causes extravasation of plasma from postcapillary venules in the pancreas as 

well as other gastrointestinal organs. Activation of NK-1R results in the release of various 

proinflammatory agents.21 These receptors are located on a variety of cell types including 

inflammatory cells, smooth muscle cells, vascular endothelial cells, surface epithelium, and 

importantly, pancreatic acinar cells.213637 In support of this pathogenic mechanism, it has 

been shown that intrapancreatic duct injection of a NK-1R antagonist attenuated pancreatic 

inflammation.25

Realising that sensory nerves of the pancreas are responsible for the neurogenic contribution 

to pancreatitis, we previously evaluated the effect of direct disruption of pancreatic nerves as 

they course through the coeliac ganglion.23 We observed that local denervation of primary 

sensory nerves going to the pancreas reduced the severity of pancreatitis. We postulated, 

therefore, that because TRPV1 is sensitive to local pH, that any disruption to the pancreatic 

duct that accompanies high pressure retrograde duct injection together with low pH contrast 

solution, may be sufficient to activate TRPV1 and induce pancreatitis through a neurogenic 

mechanism.

RTX is a member of the vanilloid family but is much more potent than capsaicin.38 When 

RTX is applied to TRPV1-expressing cells a significant and prolonged increase in free 

intracellular calcium occurs.33 The resultant calcium toxicity destroys TRPV1-expressing 

cells by the disrupting mitochondrial structure, endoplasmic reticulum and nuclear 

membrane.39 In the present study, 10 mg of RTX was combined with contrast agent and 

injected into the pancreatic duct under high pressure to try and eliminate TRPV1-expressing 

primary sensory neurons. As was seen with local denervation of primary sensory neurons 

within the coeliac ganglion, RTX administered within the pancreatic duct reduced the 

severity of pancreatitis when the injectate solution was acidic.

In conclusion, in a model of post-ERCP pancreatitis, there is an inverse relationship between 

the severity of pancreatitis and the pH of contrast solution. Administration of RTX within 

the pancreatic duct significantly ameliorated the pancreatic inflammation. These findings 

support the concept that pH and activation of primary sensory neurons within the pancreas 

play a role in mediating pancreatitis. It is possible that increasing the pH of contrast media 

and/or adding an agent that selectively inhibits primary sensory neurons may reduce the 

incidence of post-ERCP pancreatitis.
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Figure 1. 
Quantification of pancreatic oedema, which was measured by comparing pancreas:body 

weight ratios (g/g). *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. 
Effect of pH on pancreatic myeloperoxidase (MPO) activity. ***p<0.001 vs control.
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Figure 3. 
Effect of high pressure injection on serum amylase. **p<0.01 vs control.
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Figure 4. 
Effect of high pressure intraductal injection of contrast solutions on pancreatic histology.

(A–D) Representative photomicrographs of pancreatic tissue collected 24 h after injection of 

solutions of different pH into the pancreatic duct. Solutions at pH 6.9 produced histological 

disruption and oedema (C). These changes were more marked and accompanied by 

neutrophil infiltration in tissues from animals injected with solution at pH 6.0 (D). 

Magnification: ×6250. (E) Histological scoring of pancreatic sections was performed by an 

observer blinded to the study design. *p<0.05. **p<0.01.
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Figure 5. 
Effects of resiniferatoxin (RTX) on pancreatic oedema when co-injected into the pancreatic 

duct with contrast solutions of different pH. **p<0.01.
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Figure 6. 
Effects of resiniferatoxin (RTX) on pancreatic myeloperoxidase (MPO) activity when co-

injected into the pancreatic duct with contrast solutions of different pH. **p<0.01.
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Figure 7. 
Effects of resiniferatoxin (RTX) on pancreatic histology when co-injected into the 

pancreatic duct with contrast solutions of different pH.

(A–D) Photomicrographs of representative pancreatic tissue collected 24 h after injection of 

solutions of different pH into the pancreatic duct. Magnification: ×6250. (E) Histological 

scoring of pancreatic sections was performed by an observer blinded to the study design. 

*p<0.05, **p<0.01.
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