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Although severe abdominal pain is the main symptom of acute pancreatitis, its

mechanisms are poorly understood. An emerging body of literature evidence

indicates that neurogenic inflammation might play a major role in modulating

the perception of pain from the pancreas. Neurogenic inflammation is the result

of a crosstalk between injured pancreatic tissue and activated neurons, which

leads to an auto-amplification loop between inflammation and pain during the

progression of acute pancreatitis. In this review, we summarize recent findings

on the role of neuropeptides, ion channels, and the endocannabinoid system in

acute pancreatitis-related pain. We also highlight potential therapeutic strategies

that could be applied for managing severe pain in this disease.
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1 Introduction

Acute pancreatitis (AP) is one of the most common gastrointestinal diseases that affects
approximately 2.8 million people worldwide each year (Li et al., 2021) and shows an
increasing global incidence (Iannuzzi et al., 2022). According to the latest epidemiological
investigation, AP in the United States accounts for annual healthcare costs of $2.6 billion,
while that for abdominal pain has increased to $9.5 billion (Peery et al., 2019). The
characteristic abdominal pain has been adopted by the revised Atlanta classification as
a diagnostic criterion for AP (Banks et al., 2013) and its intensity was associated with
increased severity and mortality (Foldi et al., 2022). Opioid analgesics and non-steroidal
anti-inflammatory drugs (NSAIDs) are commonly used for the management of pain in AP
patients but are accompanied with side effects (Cai et al., 2021) and sometimes may even
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worsen the severity of AP (Barlass et al., 2018; Chen et al., 2022).
Therefore, the development of new drugs and regimens for the
treatment of pain in AP is required.

Visceral pain is mainly caused by factors such as tissue
inflammation, ischemia, or dilation, all of which may damage
internal organs and are often associated with patient’s emotional
distress and reduced quality of life (Grundy et al., 2019).
Gastrointestinal pain is a type of visceral pain commonly seen in
many disorders including irritable bowel syndrome, appendicitis,
and pancreatitis (Drewes et al., 2020). Early studies reported that
certain factors, such as elevated pancreatic ductal and parenchymal
pressure as well as duct obstruction, were associated with pain in
pancreatitis (Karanjia et al., 1994; Dimagno, 1999). However, these
factors alone cannot explain all the causes of pancreatic pain (Novis
et al., 1985), nor do they provide a satisfactory explanation for the
origin of the pain signals in the pancreas. Later, it was found that
inflammatory cells were frequently gathered around the damaged
nerves in pancreatic tissues from patients with chronic pancreatitis
(Bockman et al., 1988), highlighting a potential role for the
involvement of neurogenic inflammation in this setting. Inspired
by this discovery, the focus of pain research in animal studies of AP
has shifted from mechanical factors to neurogenic inflammation
(Liddle and Nathan, 2004; Vera-Portocarrero and Westlund, 2005).

Neurogenic inflammation is the process in which activation of
the primary afferent nerves gives rise to dorsal root reflexes in the
spinal cord, and the primary nerve terminals release substances that
induce inflammation in their target tissue (Willis, 1999). Noxious
stimuli of peripheral tissues lead to the release or generation
of multiple factors, such as growth factors, bradykinin, and
hydrogen ions, which can activate the primary afferent neurons.
Pathological activation of sensory neurons results in the release of
neuropeptides including calcitonin-gene-related peptide (CGRP)
and tachykinins such as substance P (SP), which can subsequently
regulate the inflammatory response, plasma extravasation, and
immune cell infiltration (Steinhoff et al., 2014). The resulting
inflammation increases the excitability of the spinal cord, leading
to an amplification of pain signals from the periphery. A similar
crosstalk between injured pancreatic tissue and activated neurons
creates an “auto-amplification loop” between inflammation and
pain (neurogenic inflammation) during progression of AP (Liddle
and Nathan, 2004; Vera-Portocarrero and Westlund, 2005). When
this “auto-amplification loop” exceeds critical thresholds for
unresolved systemic inflammatory response syndrome, irreversible
persistent organ failure or multiple organ failure occurs, which
significantly increases the risk of death (Barreto et al., 2021).
Here, we attempt to collect and summarize current advances
in pain research related to experimental AP, with the aim of
pinpointing any research gaps that may warrant further exploration
for potential translation.

2 Literature search

The literature search was carried out in multiple databases,
such as PubMed, Web of Science, EMBASE, Science Citation Index
Expanded, Cochrane Library, and Google Scholar using the MeSH
terms “pancreatitis,” “acute pancreatitis,” “pancreatic acinar cells,”
“pancreatic acini” combined with “pain” or “analgesia” as well

as “analgesics” for basic research. All studies investigating pain
in experimental AP were collated until May 2023. Reference lists
of relevant reviews and other non-primary data sources related
to this subject and returned by the search strategy were also
manually screened. Only publications in English were included.
The relevant articles were manually examined by at least two
independent investigators.

3 Neuropeptides

3.1 Substance P and neurokinin receptors

Tachykinins are a family of neuropeptides that possess
the COOH-terminal sequence (Phe-X-Gly-Leu-Met-NH2,
X hydrophobic), including SP, neurokinin A, neurokinin
B, neuropeptide K, and neuropeptide-γ (O’Connor et al.,
2004). Tachykinins participate in important physiological and
pathological processes such as epithelial secretion, inflammation,
and nociception (O’Connor et al., 2004). SP, encoded by the
Tac1 gene (pre-pro-tachykinin-A, Ppt-a) (Steinhoff et al., 2014),
is a well-known pro-inflammatory neuropeptide released from
primary sensory nerve endings after the initial insult, and it
modulates the perception of pain (Mashaghi et al., 2016; Hodo
et al., 2020; Janket et al., 2023). SP binds to its endogenous
receptors—neurokinin receptors (NKRs), with a high affinity for
NK1R, but with a low affinity for NK2R and NK3R—to regulate
release of various pro-inflammatory events (Nakanishi, 1991;
Jensen et al., 2017). NK1R is widely expressed in neurons, immune
cells, epithelial cells, and endothelial cells including pancreatic
acinar cells (PACs) (Caberlotto et al., 2003).

3.1.1 Expression and activation of SP/NK1R
signaling pathway in pancreatic acinar cells

In vitro studies of SP and NK1R on PACs are summarized
(Supplementary Table 1) with potential mechanism depicted in
Figure 1. Both SP and NK1R were found in unstimulated PACs
freshly isolated from rodents (Jensen et al., 1984; Patto et al., 1992;
Sjödin and Gylfe, 1992). In AP patients, the expression levels of
the SP and NK1R were greatly increased in the necrotic regions
and adjacent inflamed regions of the pancreas, compared to normal
controls (Han et al., 2021). Similar findings were observed in
pancreatic tissues from the experimental model of AP in mice
(Bhatia et al., 1998; Broccardo et al., 2006). Up-regulated Nk1r
and Ppt-a mRNA expression and SP was found in isolated mouse
PACs treated with cerulein (Koh et al., 2010), a cholecystokinin
(CCK) analog commonly used to induce AP model via stimulating
CCK1 receptor (Yang et al., 2020). An accumulation of literature
evidence shows that several signaling molecules and pathways are
involved in cerulein-induced SP/NK1R up-regulation in PACs,
including mitogen-activated protein kinases (MAPKs), that is,
c-Jun N-terminal kinase (JNK) and extracellular signal-regulated
kinase 1/2 (ERK1/2), and other signaling molecules such as protein
kinase C (PKC), activator protein-1 (AP-1), and nuclear factor
kappa-B (NF-κB) (Koh et al., 2010, 2011a,b, 2012). The inhibitors
of CCK1 (Koh et al., 2010), MAPK (Koh et al., 2010, 2012), PKC
(Koh et al., 2011a), and NF-κB (Ramnath and Bhatia, 2006; Koh
et al., 2012) all suppressed cerulein-induced activation of SP/NK1R
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FIGURE 1

The key signaling pathways illustrating autocrine SP · and · SP/NK1R induced inflammatory mediators in PACs. On the left: Mechanisms of the
autocrine effect of SP induced by CER in PACs. CER up-regulates SP and NK1R via the CCK1 receptor (Tamizhselvi et al., 2007; Koh et al., 2010,
2011a), activating signaling molecules that involve PKCs, JNK, MEK, ERK1/2, NF-κB, and AP-1. On the right: Mechanisms of SP binding to NK1R
induced chemokine production in PACs. SP, released from PACs and sensory neuron terminals, binds to NK1R, regulating the production of
inflammatory cytokines (LTB4, MCP-1, MIP-1α, and MIP-2) through the activation of SFKs, JNK, PKCs, MEK, ERK, NF-κB, AP-1, and STAT3. PACs,
pancreatic acinar cells; SP, substance P; NK1R, neurokinin 1-receptor; CCK, cholecystokinin; CER, cerulein; PKC, protein kinase C; JNK, c-Jun
N-terminal kinase; MEK, MAPK/ERK kinase; ERK 1/2, extracellular signal-regulated kinase 1/2; NF-κB, nuclear factor kappa-B; AP-1, activator
protein-1; LBT4, leukotriene B4; MCP-1, monocyte chemotactic protein-1; MIP-1α, macrophage inflammatory protein-1α; MIP-2, macrophage
inflammatory protein-2; SFKs, Src family kinases; STAT3, activator of transcription 3.

and reduced inflammation in the pancreas, suggesting that PKC-
MAPK-NF-κB/AP-1 signaling pathway is crucial for cerulein-
induced up-regulation of SP and NK1R. It was also reported
that cerulein elevated the H2S levels in acinar cells; importantly
NaHS (a H2S donor drug) caused an increase, while PAG (an
inhibitor of H2S synthase cystathionine-γ-lyase)—a decrease in SP
production, Ppt-a and Nk1r expression in cerulein-treated PACs
(Tamizhselvi et al., 2007).

Upon binding of SP to NK1R located in the plasma
membrane, the N-terminal domain of NK1R is phosphorylated,
resulting in internalization of NK1R into the cytoplasm, which
triggers downstream pro-inflammatory responses (Steinhoff et al.,
2014). SP was found to cause increased synthesis of CC
chemokines: monocyte chemotactic protein-1 (MCP-1) and
macrophage inflammatory protein-1 alpha (MIP-1α), as well as
a CXC chemokine: macrophage inflammatory protein-2 (MIP-
2), in PACs (Ramnath and Bhatia, 2006). Furthermore, it
was demonstrated that the signaling pathway SP/NK1R-Src
family kinase (SFK)-MAPK-signal transducer and activator of
transcription 3 (STAT3)/NF-κB/AP-1 was implicated in SP-
mediated chemokine production (Ramnath and Bhatia, 2006;
Ramnath et al., 2009). Pharmacological inhibition of NK1R
(Ramnath et al., 2009; Koh et al., 2012; Han et al., 2021), SFK
(Ramnath et al., 2009), or NF-κB (Ramnath and Bhatia, 2006;
Koh et al., 2012) reduced SP-mediated up-regulation of chemokine
production. Finally, the treatment of PACs with SP increased the

production of leukotriene B4 (LTB4), a potent chemoattractant
and inflammatory mediator, via PKCα/MAPK signaling pathway
(Li et al., 2018).

These findings collectively indicate that the downstream
SP/NK1R signaling pathways encompass the activation of SFK
(Ramnath et al., 2009), PKC (Koh et al., 2011a), MAPK (Li
et al., 2018), NF-κB, (Ramnath and Bhatia, 2006; Han et al.,
2021), AP-1 (Ramnath et al., 2009), STAT3 (Ramnath et al.,
2009) and induce even more generation of SP (Koh et al., 2012),
increasing the expression of LTB4 (Li et al., 2018) and chemokine
production (MCP-1, MIP-1α, and MIP-2) (Ramnath and Bhatia,
2006; Ramnath et al., 2009).

3.1.2 Activation of the pancreatic acinar cells’
SP/NK1R signaling pathway promotes pancreatic
inflammation

A number of studies have investigated the role of the SP/NK1R
signaling pathway in the experimental models of AP in rodents
(Supplementary Table 2). In vivo models of AP mainly include the
following (Saloman et al., 2019; Yang et al., 2020): I. Secretagogue-
induced hyperstimulation model, such as cerulein, which is an
analog of cholecystokinin; II. Necrotizing AP model in rats or mice
caused by specific amino acids, such as L-arginine, L-ornithine, and
L-lysine; III. Alcohol-relevant AP model induced by a combination
of ethanol and free fatty acids; IV. Surgical AP models induced
by pancreatic duct infusion of sodium taurocholate (NaTC) or
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taurolithocholic acid 3-sulfate (TLCS), or simply by pancreatic duct
ligation. Various AP animal models, including those mentioned
above, have been explored in research related to AP-associated
pain. An early study reported that SP induced plasma extravasation
in the mouse gastrointestinal tract and pancreas, and this effect
was abolished by administration of an NK1R antagonist (Figini
et al., 1997). Importantly, the loss of NK1R markedly decreased
the severity of cerulein-induced AP (CER-AP) in mice (Bhatia
et al., 1998), a most commonly employed animal model, in which
disease severity can be controlled by the dose and frequency of
cerulein injections (Yang et al., 2020). Since NK1R expression
increases in AP, but loss of NK1R has no direct effect on cerulein-
induced secretion by PACs, the authors suggested that SP likely
acts via NK1R on PACs, which then triggers the release of
inflammatory mediators and increases the severity of AP (Bhatia
et al., 1998). In accord with this, it was found that SP up-
regulates LTB4 and results in acute lung injury through neutrophil
reverse migration in a mouse model of AP induced by cerulein
and lipopolysaccharide (CER/LPS-AP) (Li et al., 2018), which is
associated with necrotizing inflammation and sepsis (Yang et al.,
2020). What is more, neutral endopeptidase, an SP-degrading
enzyme, was found to be expressed on PACs and to modulate
peptide availability through binding to NK1R (Terashima et al.,
1992). Caerulein was also shown to decrease neutral endopeptidase
activity and its mRNA expression, leading to increased availability
of SP and subsequent inflammation (Koh et al., 2011b). Genetic
deletion or pharmacological inhibition of neutral endopeptidase
exacerbated lung injury and elevated pancreatic myeloperoxidase
both in CER-AP and in choline-deficient ethionine-supplemented
diet-induced AP (CDE-AP), a severe necrotizing model caused by
deranged amino acid metabolism in young and female mice (Maa
et al., 2000; Koh et al., 2011b).

Deletion of NK1R reduced plasma extravasation, amylase,
lipase as well as pancreatic neutrophil infiltration and necrosis in
both CER-AP and CDE-AP models (Bhatia et al., 1998; Grady
et al., 2000). It also decreased myeloperoxidase activity and
pulmonary vascular permeability (Bhatia et al., 1998; Maa et al.,
2000). Prophylactic and/or therapeutic administration of an NK1R
antagonist (SR 14333, RP 67580, CP 96345, CP 99,994, SR 140333,
or L 703,606) significantly reduced the severity of a number of
experimental AP models (Grady et al., 2000; He et al., 2003; Lau
et al., 2005; Lau and Bhatia, 2006; Sun and Bhatia, 2007; Camargo
et al., 2008; Ramnath et al., 2009; Barreto et al., 2010; Li et al.,
2018) and affected nociceptive behavior (Vera-Portocarrero and
Westlund, 2004).

3.2 Calcitonin-gene-related peptide

Calcitonin-gene-related peptide is a 37 amino neuropeptide,
which—similarly to SP—acts as an important pain mediator (Brain
and Grant, 2004). It is released from the primary sensory nerves
and is regulated by neurotransmitters and vasoactive substances,
such as 5-hydroxytryptamine (5-HT), bradykinin, and nitric oxide
(Brain and Grant, 2004). CGRP triggers vasodilatory effects, which
have been shown to protect against ischemia-reperfusion injury
(IRI) (Russell et al., 2014). CGRP binds to its receptors, composed
of two subunits: (1) receptor activity modified protein 1 (RAMP1)

and (2) calcitonin receptor-like receptor; the binding of CGRP
induces an increase in cyclic adenosine monophosphate (cAMP),
which is widely known to play critical roles in the regulation of
metabolism, inflammation, and development of fibrosis in different
tissues (Hay et al., 2018; Russo and Hay, 2023).

Previous work on the role of CGRP in experimental AP
is summarized in a table (Supplementary Table 3). CGRP
immunoreactivity has been detected in the pancreatic nerve
innervating fibers (Sternini and Brecha, 1986). Stimulation of
sensory fibers and administration of exogenous CGRP reduced
pancreatic injury, while ablation of sensory nerves aggravated the
severity in CER-AP and IRI-AP in rats (Warzecha et al., 2001;
Dembiński et al., 2003). Treatment with CGRP before and during
CER-AP induction was shown to have a protective effect, whereas
CGRP aggravated pancreatic injury when it was applied after CER-
AP had already been induced (Warzecha et al., 1997, 1999). In
contrast, both prophylactic and therapeutic application of CGRP
improved pancreatic microcirculation and morphological changes
in a more severe necrotizing model induced by superimposing
pancreatic duct infusion with bile acid on CER-AP in rats
(Schneider et al., 2009). These discrepancies related to CGRP in
AP models may be due to distinct dominant pathophysiological
processes occurring in these models, with hypercirculation
present in edematous pancreatitis and hypoperfusion present
in necrotizing pancreatitis (Klar et al., 1994). Recently, genetic
ablation of RAMP1 to block CGRP-induced downstream signaling
was shown to worsen the severity of CER-AP in mice evidenced
by the elevation of interleukin-beta (IL-1β), IL-6, and MIP-1α and
reduced PAC proliferation, highlighting an essential role of CGRP
in dampening the innate immune response (Jochheim et al., 2019).

Intrathecal administration of CGRP antagonist (CGRP8-37)
significantly decreased the number of Fos-like immunoreactive
nuclei at levels T9, T11, and L1 in L-Arginine-induced AP (ARG-
AP) in rats, a commonly used necrotizing model induced by
disturbed amino acid metabolism (Wick et al., 2006b). This finding
was contrary to the vasodilatory and anti-inflammatory effects of
CGRP, indicating that nociception is partially mediated by the
release of CGRP in the ARG-AP and highlighting a complex role
of this neuropeptide in experimental models of AP.

4 Ion channels

Ion channels are plasma membrane proteins that regulate
ion distribution, and mediate downstream signal events, which
trigger a number of different cellular responses, including gene
expression, muscle contraction, fertilization, cell division and
cell death (Zaydman et al., 2012). Thus, abnormal ion channel
expression or function may cause severe pathological conditions
(Kasianowicz, 2012). In the pancreas, ion channels, particularly
Ca2+ channels play a very important role, as they regulate the
secretion of digestive proenzymes stored in the zymogen granules
(Petersen et al., 2021). While physiological Ca2+ responses of
PACs are primarily dependent on the Ca2+ channels present in
the endoplasmic reticulum (inositol triphosphate receptors and
ryanodine receptors) (Gerasimenko et al., 2014), other important
ion channels in the pancreas include transient receptor potential
channels (TRP), and K+ channels (Schnipper et al., 2020). TRP are
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a group of non-selective cation channels expressed on C and Aδ

fibers of the primary sensory neurons (Benemei et al., 2015; Dai,
2016), which are primarily located in the plasma membrane and
become activated by diverse nociceptive stimuli, including thermal
and chemical factors (Figure 2A) (Zheng, 2013). Activation of TRP
channels on the primary sensory neurons causes the release of
neuropeptides such as SP and CGRP in the spinal cord to produce
pain and in the pancreas to induce local inflammation (Figure 2B)
(Rosenbaum et al., 2022). Among the TRP family, TRP vanilloid 1
(TRPV1), TRP ankyrin 1 (TRPA1), and TRP vanilloid 4 (TRPV4)
have been studied in detail in the animal models of AP.

4.1 Transient receptor potential
vanilloid 1

Transient receptor potential vanilloid 1 belongs to one of
the most well-characterized TRP channels in experimental AP
models, and some of the most relevant studies on TRPV1 are
summarized in this review (Supplementary Table 4). It has been
proposed that several different molecules could activate TRPV1 on

the primary pancreatic innervating sensory neurons and promote
neurogenic inflammation (Liddle, 2007). TRPV1 is a pH-sensitive
cation channel, which can be activated in the acidic environment
(Caterina and Julius, 2001). Injection of contrast solutions (pH
6.0/6.9), but not a solution of pH 7.3, caused a significant increase
in serum amylase, pancreatic neutrophil infiltration and tissue
damage, all of which were reverted by TRPV1 inhibition (Noble
et al., 2008). Furthermore, proteinase-activated receptor-2 (PAR2),
a G protein-coupled receptor (GPCR), is activated by trypsin
and then it trans-activates TRPV1, thus being implicated in the
processing of pancreatic pain (Nishimura et al., 2010). It was
reported that LTB4 could act as an endogenous TRPV1 activator
in pancreatic duct ligation-induced AP (PDL-AP) in rats (Vigna
et al., 2011), a model which reflects the gallstone elicited etiology
(Lerch and Aghdassi, 2010; Wan et al., 2012). A further study
showed that LTB4 in PACs can bind to TRPV1 receptors on the
pancreatic innervating sensory neurons and subsequently activate
TRPV1, resulting in neurogenic inflammation (Shahid et al., 2015).
In both CER-AP (Nathan et al., 2001) and ARG-AP (Wick et al.,
2006a), it was shown that TRPV1 on the pancreatic sensory
nerves was activated, which accompanied the release of CGRP

FIGURE 2

Mechanism and transmission of AP related-pain. (A) Noxious stimuli result in the generation and release of multiple factors from the pancreas,
including trypsin, LTB4, H2S, ATP, NGF and protons (leading to a decrease in pH). These factors can activate several classes of pain-related
receptors/ion channels expressed in peripheral nerve terminals, including members of the TRP family (TRPV1, TRPA1, and TRPV4), PAR2, TrkA, T-type
Ca2+ channel, and TREK channel. The activation of PAR2 is able to trans-activate TRPV1, TRPA1, and TRPV4, subsequently triggering the activation
of peripheral nerve terminals. Then, activated peripheral nerve terminals release neuropeptides within the pancreas, including SP and CGRP, leading
to chemokine release from PACs, plasma extravasation from venules, and interstitial edema within arterioles. Collectively, these changes constitute
neurogenic inflammation. (B) These factors stimulate primary sensory neurons, leading to the release of SP, CGRP and perhaps also glutamate from
the DRG central terminal. These neuropeptides then activate receptors on spinal neurons, transmitting painful stimuli to the central nervous system.
LTB4, leukotriene B4; ATP. adenosine triphosphate; NGF, nerve growth factor; TRP, Transient receptor potential channels; TRPV1, TRP vanilloid 1;
TRPA1, TRP ankyrin 1; TRPV4, TRP vanilloid 4; PAR2, protease activated receptor 2; TrkA, tropomyosin receptor kinase A; TREK, TWIK-related K+

channel; SP, substance P; CGRP, calcitonin-gene-related peptide; PACs, pancreatic acinar cells; DRG, dorsal root ganglion.
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and SP from both the pancreas and the dorsal horn to mediate
neurogenic inflammation and pain, respectively. While genetic
deletion of TRPV1 did not show a protective effect on CER-AP
in mice (Romac et al., 2008), genetic deletion or pharmacological
inhibition of TRPV1 has been consistently observed to reduce the
severity of pancreatic inflammation, which was associated with the
reduction of PAR2 activation, SP release, NK1R internalization, and
5-lipoxygenase expression as well as alleviated hyperalgesia in other
experimental models of AP (Noble et al., 2006; Wick et al., 2006a;
Nishimura et al., 2010; Vigna et al., 2011, 2014; Shahid et al., 2015).
These findings provide compelling evidence that a cross-talk exists
between PACs and sensory neurons.

4.2 Transient receptor potential ankyrin 1

There is a growing body of evidence suggesting that the TRPA1
channel plays a role in the perception of pain. This evidence
comes in part from human subjects, and includes a gain-of-
function point mutation, which was shown to be responsible
for a familial episodic pain syndrome manifesting as episodes of
severe upper body pain occurring after fasting or in response
to physical stress (Kremeyer et al., 2010). In the pancreas,
TRPA1 was shown to contribute to pain and inflammation in a
mouse model of chronic pancreatitis induced by trinitrobenzene
sulfonic acid (Cattaruzza et al., 2013). Recently this receptor
was also implicated in Ca2+ signaling and cell death elicited by
noxious stimuli in pancreatic stellate cells (Kusiak et al., 2022).
The role of TRPA1 in experimental models of AP has been
studied alone or simultaneously with TRPV1 (Supplementary
Table 5). It was found that TRPA1 and TRPV1 synergistically
attenuated pancreatic inflammation and pain in CER-AP in
mice (Schwartz et al., 2011). Similarly, TRPA1 inhibition with
a partial blockage of TRPV1 (Terada et al., 2013) or Cav3.2
(Terada et al., 2015), but not TRPA1 inhibition alone, reversed
the hyperalgesia associated with CER-AP, further supporting the

synergistic effect between TRPA1 and other ion channels in
mediating pain. During the transition from acute to chronic
pancreatitis, it was observed that the expression of TRPV1, TRPA1,
and pERK in the pancreatic afferents was up-regulated; and
this could be blocked by early (before week 3), but not late,
intervention with TRPA1 and TRPV1 channel antagonists, leading
to attenuated inflammation and pain-related behaviors (Schwartz
et al., 2013).

4.3 Transient receptor potential
vanilloid 4

The evidence for the TRPV4 channel in AP has also been
gradually accumulating (Supplementary Table 6). In vitro, it
was revealed that TRPV4 and Piezo1, the mechanosensitive ion
channels, were expressed in PACs; Piezo1 activation triggered the
opening of the TRPV4 channel, which resulted in a subsequent
sustained elevation of intracellular Ca2+ release, mitochondrial
depolarization, trypsin activation, and cell death in PACs (Swain
et al., 2020). In vivo, Piezo1 or TRPV4 knockout mice exhibited
protective effects against Piezo1 agonist- and pressure-induced AP
(Swain et al., 2020). Similar to TRPV1 and TRPA1, there also
appears to be a synergistic effect between TRPV4 and TRPA1 in
mediating pain in AP. Literature reports suggest that both channels
contribute to perception of pain in CER-AP in mice, but TRPV4
does not seem to mediate pancreatic inflammation (Ceppa et al.,
2010). However, simultaneous inhibition of TRPV4 and TRPA1
significantly reduced pancreatic inflammation and pain in CER-AP
in mice (Kanju et al., 2016).

4.4 Ca2+ and K+ channels

T-type Ca2+ channels have been shown to play a pivotal role
in the processing of pain perception (Todorovic et al., 2001). It has

FIGURE 3

Drug discovery pipeline of potential agents for pharmaceutical treatment of AP-related pain. First, agents targeting NK1R, CB2R, TRP channels, and
CGRP with translational potential are presented in the panels. Second, the promising agents will undergo comprehensive screening for efficacy and
toxicity using in vitro assays and in vivo animal models for AP. This includes behavioral tests such as the von Frey test and open filed test to assess
pain-related behaviors. Additionally, histological and biochemical parameters evaluating the severity of AP will be examined. Finally, one or two
drugs with the best efficacy and safety profiles will advance to the clinical trial stage. NK1R, neurokinin 1-receptor; CGRP, calcitonin-gene-related
peptide; TRPV1, transient receptor potential vanilloid 1; TRPA1, transient receptor potential ankyrin 1; TRPV4, transient receptor potential vanilloid 1;
CB2R, cannabinoid receptor 2; DRG, dorsal root ganglion; PACs, pancreatic acinar cells.
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also been reported in a hindpaw model in rats that activation of
T-type Ca2+ channels is required in hyperalgesia induced by H2S,
an endogenous product yielded from L-cysteine by cystathionine-
γ-lyase (Kawabata et al., 2007). Initially, it was demonstrated
that injection of NaHS into the pancreatic duct induced the
expression of Fos protein in the superficial layers of the T8
and T9 spinal dorsal horn in rodents, which was suppressed by
a T-type Ca2+ channel blocker (mibefradil) (Nishimura et al.,
2009). Further, cystathionine-γ-lyase inhibitor or T-type Ca2+

channel blocker pretreatment alleviated allodynia/hyperalgesia,
but had no effect on alleviating the severity of CER-AP in
mice. In line with this, it was also found that the Cav3.2
T-type Ca2+ channel, targeted by H2S, participated in pain
perception, whereas TRPA1 was down-regulated and played
a secondary role in pancreatic nociceptive signaling in CER-
AP in mice (Terada et al., 2015). These findings suggest that
endogenous H2S-targeted T-type Ca2+ channels, which are
likely expressed at the peripheral ending of the sensory nerves,
contribute to pain resulting from AP. Additionally, blockers
targeting the TRPA1 receptor and high-voltage gated calcium
channel demonstrated an effective response profile in modulating
nociception and the inflammatory process in the rat model of AP
(Ricardo Carvalho et al., 2021).

TWIK-related K+ channel (TREK), a member of two-pore
domain K+ channels, contains four transmembrane segments and
two pore domains, is expressed in peripheral sensory neurons
producing K+ currents which regulate the membrane potential of
nociceptive neurons (Gada and Plant, 2019). A recent study showed
that TREK-1/2 channels in sensory neurons were downregulated
in CER-AP in mice and C3001a, a selective activator for TREK
channels, reduced pancreatitis-related neurogenic inflammation
and pain (Qiu et al., 2020).

5 Endocannabinoid system

The endocannabinoid system consists of cannabinoid
endogenous ligands, their two receptors and metabolic
enzymes. The endocannabinoid system plays a fundamental
role in neurodevelopment (Bara et al., 2021) and has been
implicated in a plethora of physiological and pathological
processes (Di Marzo, 2018). While 19-tetrahydrocannabinol
has been identified as the major psychotropic component
of cannabis, N-arachidonoyl-ethanolamine (AEA) and 2-
arachidonoylglycerol (2-AG) are the two best known endogenous
cannabinoids among other structurally related signaling lipids
that activate cannabinoid receptors (CBRs) (Di Marzo and
Piscitelli, 2015). CBRs belong to a family of G protein coupled
receptors (GPCRs) and include cannabinoid receptor 1 (CB1R),
expressed in the central nervous system, and CB2R, which
is present in the immune and peripheral nervous systems
(Di Marzo and Piscitelli, 2015). Activation of CBRs plays
a role in modulating pain, inflammation, cell growth, cell
death, as well as diverse gastrointestinal functions such as
intestinal motility and secretion (McKenna and McDougall,
2020; Brierley et al., 2023). It has been shown that cannabinoid-
induced analgesia is largely mediated by CB1R in nociceptors
(Agarwal et al., 2007).

In normal human pancreas, CB1R is expressed at a relatively
low level, whereas the expression of CB2R is usually somewhat
higher (Michalski et al., 2007). Analogously to the findings
made in the human pancreas, both CB1R and CB2R have been
detected in mouse PACs (Michalski et al., 2007; Linari et al.,
2009; Huang et al., 2016). In vitro studies (Linari et al., 2009;
Petrella et al., 2010; Cao et al., 2012; Huang et al., 2016; Xia
et al., 2019) on CBR in freshly isolated PACs are summarized
here (Supplementary Table 7). Of note is that while CBR
agonists did not affect basal or carbachol- and cerulein-induced
amylase secretion, a non-selective CBR agonist inhibited KCl-
elicited elevation in amylase (Linari et al., 2009) as well as reduced
cerulein-induced IL-6 and MCP-1 secretion in PACs (Petrella
et al., 2010). Contrary to the above, a selective CB2R agonist
inhibited Ca2+ oscillations in these cells induced by acetylcholine
and L-arginine, but not by CCK (Huang et al., 2016). Furthermore,
a range of CB2R agonists were shown to inhibit acetylcholine-
induced and endocannabinoid-modulated Ca2+ oscillations (Xia
et al., 2019). AP is initiated by elevated Ca2+ concentration
in PACs, which in turn activates digestive pro-enzymes within
the pancreas, leading to inflammation and necrosis (Petersen
et al., 2021). Therefore, reducing Ca2+ influx into PACs and
thereby alleviating cell damage is important for the treatment
of AP.

In AP patients, prominent immunostaining for CB1R
correlated with PAC necrosis, and there was a moderate increase
in CB2R expression in PACs, ducts, and nerves (Michalski et al.,
2007). Parallel to the changes in CB1R levels during AP, the
pancreatic concentrations of AEA were dramatically increased
compared to the normal human pancreas, but AG levels were
not significantly different (Michalski et al., 2007). In vivo studies
(Matsuda et al., 2005; Dembinski et al., 2006, 2008; Michalski
et al., 2007; Linari et al., 2009; Zyromski et al., 2009; Petrella
et al., 2010; Michler et al., 2013; Huang et al., 2016; Da Silva-Leite
et al., 2018) on CBRs in experimental models of AP are listed
here (Supplementary Table 8). In severe cases of CER-AP in
mice, associated with necrotizing inflammation of the pancreas,
the expression levels of both pancreatic CB1R and CB2R were
up-regulated (Michalski et al., 2007); whereas, in mild and
predominantly edematous CER-AP in rats, the pancreatic CB2R
was down-regulated and CB1R remained unchanged (Linari et al.,
2009). It was reported that a non-selective CBR agonist and CB2R
agonists ameliorated the severity of mouse AP models (Michler
et al., 2013). Furthermore, total polysaccharide of Ximenia
americana (TPL-Xa) has been shown to inhibit hyper-nociception
and inflammation, an effect abolished by CB2R antagonist but
not CB1R antagonist, in CER-AP mice (Da Silva-Leite et al.,
2018). These findings suggest that CB2R agonist and TPL-Xa
protected against AP via activation of CB2R, highlighting its
important role in the progression of the disease. Unlike CB2R,
activation of CB1R has been shown to exacerbate the severity
of CER-AP (Dembinski et al., 2006), while inhibition reduced
the severity of sodium taurocholate-induced AP (NaTC-AP) in
rats (Matsuda et al., 2005), a severe biliary necrotizing model
with a high mortality (Wan et al., 2012). Inhibition of CB1R
has also been shown to reduce severity in CER-AP in mice fed
with high fat diet (Zyromski et al., 2009), an AP model that
is associated with marked pancreatic necrosis and systemic
inflammation (Patel et al., 2015). Interestingly, pre-treatment
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TABLE 1 Potential therapeutic targets and agents for managing pain in AP.

Target Mechanism Agent Indications Phase NCT number and status

Ion channels TRPV1 antagonist ABT-102 Healthy adults I NCT00854659, completed

AZD1386 Esophageal pain II NCT01019928, completed

Post-operative dental pain II NCT00672646, completed

Peripheral neuropathic pain II NCT00976534, terminated

Knee osteoarthritis II NCT00878501, terminated

SB705498 Migraine II NCT00269022, completed

Rectal pain II NCT00461682, terminated

Dental pain after tooth extraction II NCT00281684, completed

MK2295 Post-operative dental pain II NCT00387140, completed

DWP-05195 Post-herpetic neuralgia II NCT01557010, completed

Mavatrep (JNJ-39439335) Knee osteoarthritis I NCT01343303, NCT00933582, completed

SYL1001 Pain associated with dry eye syndrome II NCT02455999, completed

NEO6860 Knee osteoarthritis II NCT02712957, completed

TRPA1 antagonist GRC 17536 Pain associated with diabetic peripheral neuropathy II NCT01726413, completed

Cannabinoid receptors CB2R agonist Olorinab (APD371) Crohn’s disease II NCT03155945, completed

Irritable bowel syndrome II NCT04043455, NCT04655599, terminated

LY2828360 Osteoarthritic knee pain II NCT01319929, completed

S-777469 Atopic dermatitis II NCT00703573, NCT00697710, completed

Voltage-gated calcium channels Voltage-gated calcium channels inhibitor Gabapentin Neuropathy Pain IV NCT02074267, NCT00385671, completed

Pregabalin Pain associated with diabetic peripheral neuropathy III NCT00553475, NCT01057693, NCT01332149, completed

IL-6 IL-6 receptor inhibitor Tocilizumab Pain associated with hand osteoarthritis III NCT02477059, completed

NGF/TrkA signaling pathway NGF antibody Tanezumab Osteoarthritis III NCT02709486, completed

Cancer pain due to bone metastasis III NCT02609828, completed

Fulranumab Osteoarthritis III NCT02289716, completed

Fasinumab Lower back chronic pain II/III NCT02620020, completed

TrkA antagonist ONO-4474 Osteoarthritis II NCT02997696, terminated

TRPV1, transient receptor potential vanilloid 1; TRPA1, transient receptor potential ankyrin 1; TRPV4, transient receptor potential vanilloid 1; CB2R, cannabinoid receptor 2; IL-6, interleukin 6; NGF, nerve growth factor; TrkA, tropomyosin receptor kinase A.
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with a CB1R agonist increased, while post-treatment alleviated
the severity of CER-AP in rats (Dembinski et al., 2008); however,
pre-treatment with a non-selective CBR agonist reduced the
severity, whereas the post-treatment showed the opposite effects
(Petrella et al., 2010).

All of the above findings suggest a significant capacity for the
regulation of CBRs expression in the pancreas. CB2R agonists
reduce the severity of experimental AP, whereas the impact of
CB1R agonists on the AP severity depends on the disease stage.
Consequently, it is crucial to consider the timing of administration
in clinical studies. However, the exact mechanisms through
which CBRs influence AP pain are still unclear and require
further exploration.

6 Other important mediators of pain

The relationship between AP and damage-associated molecular
patterns, including cell-free DNA, high mobility group box 1
(HMGB1) or histones, has been intensively investigated (Hoque
et al., 2011; Kang et al., 2014a,b). A study suggested that
macrophage-derived HMGB1 could act as a pain mediator in
the early stages of AP in mice, via the receptor for advanced
glycation end products and the C-X-C motif chemokine ligand
12 and receptor type 4 axis (Irie et al., 2017). Other mediators
such as trypsin (Hoogerwerf et al., 2004; Ceppa et al., 2011),α2δ1
subunit of the N-type voltage-activated Ca2+ channels (Smiley
et al., 2004), bradykinin (Takemura et al., 2011), nerve growth
factor (Toma et al., 2000) and tropomyosin receptor kinase
A (Winston et al., 2003) have also been reported to affect
disease severity and pain in experimental AP. Moreover, 5-HT
and IL-6 are also important mediators of pain. Sumatriptan
suppressed visceral pain of dibutyltin dichloride (DBTC) induced
AP model through peripheral 5-HT B/D receptors (Vera-
Portocarrero et al., 2008). IL-6 receptor antagonist also has
been shown effective in DBTC model of pancreatitis (Vardanyan
et al., 2010). Additionally, adenosine triphosphate (ATP) and
glutamate serve as crucial excitatory neurotransmitters in the
central nervous system (CNS) (Lieb and Forsmark, 2009; Shi
et al., 2023). However, within the context of visceral pain, ATP
acts as a stimulant, activating peripheral nerves and modulating
afferent sensitivity (Grundy et al., 2019; Drewes et al., 2020).
Glutamate, released by some axons extending into the dorsal
horn, regulates secondary neurons involved in pain transmission
(Lieb and Forsmark, 2009). Nevertheless, its precise role in AP
remains unclear.

Opioids are widely used analgesics in clinical settings, and
they constitute one of the primary treatments for pain in
AP patients. A study demonstrated that dynorphin effectively
alleviated pancreatitis pain by activating bradykinin B2 receptor
(Chen et al., 2010). However, in animal experiments, researchers
tend to focus more on the influence of opioids on the
progression of AP, demonstrating controversial findings. Several
studies have shown that fentanyl reduced the severity of
SAP (Bálint et al., 2022), alleviated intestinal mucosal barrier
damage through inhibiting MMP-9/FasL/Fas signaling pathway
(Mo et al., 2022), and protected against heart injury by
regulating NF-κB signaling pathway (Wang and Chen, 2017).

On the other hand, morphine therapy worsened the severity of
AP and impeded resolution and regeneration of the pancreas
(Barlass et al., 2018), whereas another study indicated that
morphine decreased vacuolization in edematous AP (Bálint
et al., 2022). Additionally, the opioid blocker naltrexone did not
affect the pancreatic pathology and the inflammatory response
(Penido et al., 2012).

7 Mechanisms relevant to
nociception and central nervous
system

The central terminals of nociceptor sensory neurons form
synapses with neurons in the dorsal horn of the spinal cord,
transmitting processed information to the brain through local
circuits. The presynaptic nociceptor terminals convey information
about painful stimuli in the periphery, inflammation, and
peripheral nerve damage to the postsynaptic neurons (Yekkirala
et al., 2017). In terms of the pancreas, the innervation originates
from dorsal root ganglion cells, with the majority of afferents in the
visceral DRG belonging to the myelinated Aδ and unmyelinated
C classes, both involved in nociception (Drewes et al., 2020).
Pancreatic afferent nerves in DRG at T5-L2 send peripheral
processes of these neurons projecting to the viscera through
the celiac ganglion, while central processes travel through the
dorsal roots to the spinal cord’s dorsal horn (Won et al.,
1998; Candal et al., 2023; Münzberg et al., 2023). Both surgical
celiac ganglionectomy and RTX therapy of the celiac ganglion
inhibit primary sensory nerve signal transmission, resulting
in a reduction of SP release in the pancreas (Noble et al.,
2006). The spinal dorsal horn neurons in the laminae I–III
exhibit enhanced release of SP and CGRP in L-arginine induced
AP (Wick et al., 2006a). Thus, SP and CGRP are important
molecules for pain transmission (Figure 2B). By means of signal
transduction, these neurotransmitters induce central sensitization,
a state of heightened neuronal activity and hyperexcitability in
both the spinal cord and supraspinal regions (Ji et al., 2018;
Shi and Wu, 2023). However, more studies are warranted to
obtain a better understanding of the signaling mechanisms
of pain transmission from peripheral neurons to the spinal
cord and the changes of supraspinal regions in the context
of AP.

8 Conclusion and perspectives

There are opportunities for developing new analgesics and
new therapeutic strategies targeting neuropeptides, ion channels,
and G protein-coupled receptors (GPCRs) (Yekkirala et al., 2017).
Neurogenic inflammation is an important mechanism of AP-
associated pain, and ion channels, and neuropeptides are involved
in this process. Furthermore, cannabinoid receptors, types of non-
opioid GPCRs, are also important for the progression of AP.
However, more research is needed to elucidate the communication
of pain and the alterations in the spinal cord and central nervous
system in the context of AP. The detailed knowledge of these
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mechanisms may provide several potential therapeutic targets for
future drug research into AP-related pain (Figure 3).

In the realm of pain research, how to evaluate the pain in
animal models is critical. Pain in AP patients is characterized
by spontaneous, intense and persistent upper abdominal pain.
Therefore, employing non-evoked behavioral assays become more
clinically relevant for evaluating pain in animal models. In the
future experimental studies, it is advisable to incorporate behavior
assays, such as abdominal von Frey test and assessment of pain-
related behaviors, to enhance the translational relevance of animal
models for pain evaluation (Sadler et al., 2022). Abdominal von
Frey test is performed by stimulating the upper abdomen of
experimental animals with different strengths of filament to score
pain behaviors, such as immediate escape, licking/scratching of
the site stimulated with filaments, or strong retraction (Nishimura
et al., 2010; Terada et al., 2015). Rodents’ pain-related behaviors
can also be evaluated by analyzing the path information, distance
traveled, hunching, and the length of time each mouse spent in
the vertical plane or standing posture that required abdominal
muscular stretch, a position considered to be painful in the presence
of abdominal hypersensitivity (Schwartz et al., 2013).

As described above, animal studies show that NK1R antagonist
significantly reduced pancreatic injury and pain. With the discovery
of CP96345, the first non-peptide NK1R antagonist, researchers
continued to explore clinically useful NK1R modulators and,
as a result, aprepitant was introduced clinically for nausea
and vomiting associated with anticancer chemotherapy (Huang
and Korlipara, 2010). Subsequently, new applicants of NK1R
antagonists have been continuously discovered, which includes
antipruritics (Pojawa-Goła̧b et al., 2019), nausea, and vomiting
in patients with idiopathic or diabetic gastroparesis (Carlin et al.,
2021). Studies (Ramnath et al., 2009; Koh et al., 2012) have shown
that CP96345 is effective in the treatment of experimental AP,
and further clinical studies are needed to explore its therapeutic
effect on AP. Apart from synthetic inhibitors, traditional Chinese
medicine formula chaiqin chengqi decoction has been shown to
ameliorate CER-AP and associated pain partially via inhibition
of the SP/NK1R signaling pathway in PACs (Han et al., 2021).
Furthermore, CGRP is also an important pain mediator in
AP-related pain. Some monoclonal antibodies and compounds
targeting CGRP or its receptor have been clinically approved for the
treatment of migraine, as was elegantly summarized in a previous
review article (Seidel et al., 2022), which have the potential to
be tested in clinical trials. It was also reported that rutaecarpine,
a major alkaloid component of the Chinese herb Wu-Zhu-Yu
(Evodia rutaecarpa), showed protective effects against NaTC-AP
in mice, via promoting the release of CGRP (Yan et al., 2018).
Rutaecarpine was also found to inhibit tumor necrosis factor-α
and IL-6 as well as upregulated IL-10 in CER/LPS-AP in mice
(Huang et al., 2021).

Activation of neuronal terminals is a critical molecular
event triggering neurogenic inflammation, so inhibition of ion
channels or endogenous ligands on nerve terminals is crucial for
reducing AP-related pain. Compounds targeting TRP channels
also show significant potential for translation into the clinical
practice (Koivisto et al., 2022). For example, mavatrep (JNJ-
39439335), a TRPV1 antagonist, showed a marked reduction
in pain induced by climbing stairs in patients with knee
osteoarthritis (Manitpisitkul et al., 2018). GRC17536, a TRPA1

antagonist, has successfully gone through phase II clinical trials
(Table 1), resulting in reduced pain scores in patients with
painful diabetic polyneuropathy (Pallagi et al., 2022). However,
none of the aforementioned inhibitors have been tested in AP
models, emphasizing the potential importance of the proposed
drug discovery pipeline (Figure 3). Nevertheless, some antagonists
have been terminated or withdrawn from clinical trials because of
lack of desired efficacy or side effects, including AZD1386 (Miller
et al., 2014) and MK2295 (Eid, 2011) (Table 1).

The CBRs have also become potential targets for pain drugs
(Aghazadeh Tabrizi et al., 2016). However, since CB1R is mainly
expressed in the CNS, CB1R agonists are associated with side
effects, whereas CB2R agonists produce analgesia in preclinical
models without any major CNS side effects (Han et al., 2013).
Preclinical studies in experimental AP have shown that CB2R
agonists are able to reduce the disease severity (Michler et al., 2013;
Huang et al., 2016). Therefore, CB2R agonists may be potential
therapeutic agents for AP. Olorinab (APD371), a selective CB2R
agonist, demonstrated mild to severe adverse events in clinical trials
and improved abdominal pain scores in 14 patients with Crohn’s
disease (Li et al., 2023). However, Olorinab has not been tested
in experimental AP. Several other candidates are also currently
evaluated in either phase I or II clinical trials (Aghazadeh Tabrizi
et al., 2016). A detailed list can be found here (Table 1).

Moreover, voltage-gated calcium channel blockers, IL-6 small
molecule inhibitor and NGF antibodies are also potential drugs
for treating AP pain (Table 1). Gabapentin and pregabalin, the
most commonly used treatment medicines targeting voltage-gated
calcium channels, are beneficial in only a minority of individuals
with hyperalgesia and neuropathic pain for unknown reasons
(Yekkirala et al., 2017). Tocilizumab, an IL-6 small molecule
inhibitor, demonstrated no greater efficacy than a placebo in
relieving pain for patients with hand osteoarthritis (Richette et al.,
2021). Notably, a recent phase III placebo-controlled trial revealed
the potential of anti-NGF medications such as tanezumab to
alleviate pain caused by bone metastases (Fallon et al., 2023).
Another anti-NGF agents, Fasinumab, has shown promising results
in improving both chronic low back pain and function (Dakin
et al., 2021). Nevertheless, the effectiveness of these pharmaceutical
agents in treating AP pain warrants further research.

9 Concluding remarks

In summary, we have provided an up-to-date review
of the current research on pain associated with AP. Pain
management in AP still represents a major clinical challenge
and influences the clinical outcome of the disease. Understanding
the pathophysiological mechanisms underlying pain in pancreatitis
is a prerequisite toward designing new therapeutic approaches and
improvement in the clinical practice.
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