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Abstract: To date, several members of the transient receptor potential (TRP) channels which provide a
wide array of roles have been found in the gastrointestinal tract (GI). The goal of earlier research was to
comprehend the intricate signaling cascades that contribute to TRP channel activation as well as how
these receptors’ activity affects other systems. Moreover, there is a large volume of published studies
describing the role of TRP channels in a number of pathological disorders, including inflammatory
bowel disease (IBD) and sepsis. Nevertheless, the generalizability of these results is subject to certain
limitations. For instance, the study of IBD relies on various animal models and experimental methods,
which are unable to precisely imitate the multifactorial chronic disease. The diverse pathophysiological
mechanisms and unique susceptibility of animals may account for the inconsistency of the experimental
data collected. The main purpose of this study was to conduct a comprehensive review and analysis
of existing studies on transient receptor potential (TRP) channels implicating specific models of colitis
and sepsis, with particular emphasis on their involvement in pathological disorders such as IBD and
sepsis. Furthermore, the text endeavors to evaluate the generalizability of experimental findings, taking
into consideration the limitations posed by animal models and experimental methodologies. Finally, we
also provide an updated schematic of the most important and possible molecular signaling pathways
associated with TRP channels in IBD and sepsis.

Keywords: TRP channels; intestine; inflammatory bowel disease; ulcerative colitis; Crohn’s disease;
colitis; inflammation; sepsis; endotoxins; LPS; CLP

1. Introduction

Transient receptor potential (TRP) channels are an extensive group of ion channels that
generally reside on the plasma membrane of many cell types. They are involved in sensory
perception and both normal and pathological cell functioning. There are approximately
28 TRP channels in different organisms that have been demonstrated to have some structural
similarities. These channels are able to operate as non-selective cation channels since their
structure includes six transmembrane segments and an identical molecular sensing site.
However, TRP sub-families share little structural homology and are unique [1,2]. Due to such
particular features, these ion channels possess multiple functions in the body’s regulation and
sensory perception.

A considerable amount of literature has been published on the role of TRPs in con-
ditions such as inflammatory bowel disease (IBD), pain, fibrosis and sepsis. The method-
ological approaches taken in these studies were based on the application of the clinical
cases, human cell lines and animal models. It should be highlighted that ideal animal
models of inflammatory bowel disease are absent. In the studies where the data have been
obtained from cell lines, the impacts of the cellular microenvironment and homeostasis
are excluded. These limitations mean that such findings need to be interpreted cautiously.
The heterogeneity of patients, with varying risk factors, comorbidities and responses to
treatment, represents the major limitation in clinical research. This complexity makes it
challenging to extrapolate results and establish a clear causal relationship between TRP
activity and inflammatory state.
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There has been a paucity of the literature on a comprehensive analysis of TRP channel-
related illnesses. The main functions of transient receptor potential channels in the healthy
and inflamed intestines, as well as their synergies, are outlined in this review. We also
evaluated the experimental data from the literature of recent years, on the basis of which
we present a schematic of the main and potential molecular signaling pathways associated
with TRP channels in IBD and sepsis in this review.

2. Modern Understanding of TRP Channels

TRP channels function as important non-selective cation receptors with a wide range
of permeability, taking part in a variety of physiological processes, from the perception of
different stimuli to ion homeostasis. They are present in various tissues and organs, and
are mainly located in cell and organelle membranes, providing ion entry [1].

In humans, six families of TRP channels have been identified, divided into two groups
based on differences in sequence and topology: Group 1, which has a large cytosolic
domain—TRPC (Canonical), TRPV (Vanilloid), TRPM (Melastatin) and TRPA (Ankyrin),
and Group 2, which has a large exoplasmic domain—TRPP (Polycystin) and TRPML
(Mucolipin) [2]. Despite many advances in understanding the evolution of TRP, the phy-
logenetic relationships between TRP channels are still incomplete. TRP channels have
several key structural features, in particular, six transmembrane spanning domains (S1–S6)
with a pore-forming loop between S5 and S6 and intracellular C- and N-termini [3]. The
cytoplasmic end of S6 helix forms the lower gate, which regulates the entry of cations
into the channel. The S1–S4 domains can block the pore in response to ligand binding.
The channels of Group 2 have high sequence homology in their transmembrane structural
domains and differ from Group 1 in that they contain a large extracellular domain between
S1/S2 transmembrane helix [4].

To date, research has focused not only on elucidating the complex signaling mechanisms
underlying the activation of TRP signaling pathways and the effect of their activity on other
systems, but also on investigating the key role of TRP channels in various pathological
conditions, especially accompanied by pain and inflammation [1]. Further research in this
field may lead to the development of modern pharmacological approaches for pain prevention.

2.1. The Role of TRP Channels in Pain

The TRPV1, TRPV4, TRPA1, and TRPM8 channels are the ones that have been studied
most extensively in connection with visceral pain [5].

TRPA1 is implicated in various types of pain, such as neuropathic cold pain, inflam-
matory pain, and hereditary episodic pain syndromes [6]. Activation of TRPA1 channels
results in an influx of Ca2+ ions, which causes depolarization of the nociceptive nerve
terminal, necessary for the generation of a centrally propagating nociceptive signal.

TRPV1 channel, which is widely expressed in bipolar neurons, transmits sensory
information from the periphery to the somatosensory cortex via the spinal cord. TRPV1 is
involved in the induction of heat-associated pain and also contributes to peripheral sensiti-
zation [7]. Upon TRPV1 activation, extracellular Ca2+ enters the cells and its intracellular
pool is released, thereby increasing the intracellular Ca2+ concentration, which subse-
quently mediates the activity of many cells, bringing effects such as muscle contraction,
changes in neuronal activity, neurotransmitter release, cell proliferation and apoptosis, as
well as regulation of body temperature and pain [8]. TRPV1 can also oligomerize with other
subunits of some TRP family members, including TRPV3 and TRPA1 [9]. As such, in the
gastrointestinal tract (GI), TRPV1 is often co-expressed with TRPA1 on capsaicin-sensitive
neurons [10].

Another channel, TRPV4, mediates inflammatory and neuropathic pain [11]. Activa-
tion of TRPV4 induces transcriptional regulation and release of neuropeptides—substance
P (SP) and Calcitonin Gene-Related Peptide (CGRP)—which results in chronic pain. CGRP
and SP act as inflammatory regulatory mediators released from sensory nerves, myen-
teric neurons, and inflammatory cells such as lamina propria macrophages, B cells, and
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eosinophils [12]. In general, not only TRPV4, but also other TRP channels (specifically,
TRPV1, TRPA1, and TRPM8) are capable of triggering CGRP and SP release, thus increasing
the local inflammatory response [13].

Although TRPV1 and TRPV4 have been the main focus of pain-related research, TRPV2
and TRPV3 are also of scientific interest. TRPV2 is widely expressed in neuronal and non-
neuronal cells [14]. However, the role of TRPV2 in sensory neurons is still unknown,
and there have been few studies on pain. TRPV3 has been suggested as a potential
transducer that could contribute to the development of pain-associated hypersensitivity in
inflammation [15].

TRPM channels are also associated with pain. In particular, TRPM8, which is expressed
on peripheral sensory neurons and is known as a cold temperature sensor, plays a role in
herpes infection and in the development of hyperalgesia after chronic trigeminal nerve
injury [16]. TRPM8 activation by its agonist menthol aggravates cold hypersensitivity
in ION-CCI rats, whereas treatment with TRPM8 inhibitor capsazepine ameliorates cold
allodynia/hyperalgesia, thus supporting the idea that TRPM8 is attributed to trigeminal
neuropathy. Heat-sensing TRPM2 is involved in inflammatory pain and promotes visceral
hypersensitivity by stimulating a number of immune functions [17,18]. The heat-activated
ion channel TRPM3 is associated with thermal hyperalgesia and spontaneous pain, but not
with cold or mechanical hyperalgesia [19].

The identification of TRP channels in sensory neurons involved in pain generation has
led to considering them as potential targets for pharmacological pain relief [20]. This was a
turning point in solving the global pain problem. Opioids are known to be beneficial pain
relievers, but their effects on the brain can be addictive [21]. The strategy for preventing
opioid side effects is to target the starting point of the pain pathway, namely the pain
receptors. However, targeting TRP channels for pain relief also has a number of challenges.
First, most of them form functional channels as homotetramers, but heteromultimerization
is often possible [3]. This condition poses a potential problem for drug discovery, since
heteromultimers are difficult to recombine in heterologous expression systems and may
have different pharmacological properties. Second, the use of new TRP-based analgesics
has side effects (dizziness, hypertension, heat shivering, headache, nausea, diarrhea, chills,
decreased body temperature) that may limit drug development. However, in the last
decade, several TRP modulators of chemical, biological and natural origin have been
clinically tested and used for the treatment of inflammatory, neuropathic and visceral pain,
although the therapeutic mechanism of their action is still unclear [22].

It has been reported that co-activation of TRPM8, TRPA1 and TRPV1 by agonists such
as capsaicin and menthol may result in an analgesic effect [23]. Although the reduction in
nociceptive perception is likely attributed to the co-activation of TRP channels, it is still unclear
how the effect is induced and what mechanisms are responsible for this analgesia. It is also
unknown whether other pain-related TRP channels act as the sole mediators of nociception.

Studies considering the potential use of TRP antagonists as a therapeutic tool for
pain treatment require special attention. TRPV1 antagonists are suggested as a promising
approach. However, most TRPV1 antagonists increase body temperature and the threshold
for toxic heat (>43 ◦C), posing a serious problem for drug development. Despite this, the
search for new antagonists and ways to avoid side effects remains an important challenge.
ABT-102, a TRPV1 antagonist, has undergone phase I clinical trials for the treatment of pain
caused by inflammation, tissue damage, and ischemia [24]. ABT-102 was clinically well
tolerated with repeated dosing but caused a transient increase in mean body temperature.
Recently, AZD1386, another TRPV1 antagonist, has been studied for therapy of neuropathic
pain, dental pain, non-erosive reflux disease and osteoarthritis. However, this study ended
in phase II due to nonsignificant pain reduction [25]. The results of a phase II clinical trial
were obtained for the topical treatment of itching, rosacea and atopic dermatitis with a
cream based on TRPV1 antagonist PAC-14028 [26]. The preliminary data indicate that PAC-
14028 meets the safety and efficacy criteria. TRPA1 antagonists are also being considered as
a therapeutic approach for pain treatment. However, clinical trials of TRPA1 antagonists
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GRC17536 and GDC-0334, aimed at treating painful diabetic neuropathy, pain and itching,
were stopped due to their ineffectiveness in some participants [6,27].

The problem with using TRPA1 antagonists is their high lipophilicity and relative
insolubility. Additionally, systemic administration of TRP channel antagonists and agonists
in clinical practice can lead to various side effects. As a result, ongoing clinical trials may
concentrate on the topical application of TRP channel modulators, such as patches, mucosal
sprays, and nanodelivery systems. Furthermore, it is essential to enhance the specificity of
the developed substances to avoid cross-activation or inhibition of different TRP channels,
especially TRPV1 and TRPA1.

2.2. The Role of TRP Channels in Inflammation

Special attention is paid to the role of TRP channels in inflammatory processes, in
particular in GI inflammation [13]. It has been established that TRP channels are involved in
the modulation of human intestinal motility and secretion. Changes in TRP activity are often
associated with a wide range of intestinal diseases and pathological conditions, including
inflammatory bowel disease (IBD), fibrosis and visceral hyperalgesia [13]. TRPV1 and TRPA1
are the two most commonly studied TRP channels for their effects on intestinal inflammation.

GI inflammation is followed by an increase in TRPV1 and TRPA1 levels, which in-
dicates the importance of these channels in the immune regulation of the inflammatory
response [28]. TRPV1 has been shown to play a role in modulating T-cell activation and
differentiation. Its protective effects in T-cell-mediated inflammatory diseases have been
reported [29]. In addition, TRPV1 is involved in regulating the activation of colonic mucosal
dendritic cells and maintaining T-helper 17 (Th17) immune responses to inflammatory
stimuli [30]. Furthermore, it has been reported that TRPV1 can be sensitized by various
inflammatory mediators. This, in turn, leads to abdominal pain [31]. It is suggested that
neuropathic pain during inflammation is associated with TRPV1 activation, as this channel
promotes an increase in the intracellular Ca2+ concentration and subsequent release of
neuropeptides such as SP and CGRP from afferent sensory neurons, as well as key pro-
inflammatory cytokines associated with T-helper 2 (Th2), such as tumor necrosis factor
alpha (TNF-α), interleukin-4 (IL-4), interleukin-6 (IL-6). In turn, many pro-inflammatory
factors, including SP, nerve growth factor (NGF), bradykinin, and prostaglandins, can
sensitize TRPV1 [32].

TRPA1 is involved in the inflammatory reactions and the development of mechanical
and chemical colon hypersensitivity [33]. TRPA1 stimulation induces Ca2+-mediated
secretion of SP and CGRP. This leads to increased vascular permeability and activation
of inflammatory cells, resulting in neurogenic inflammation. Additionally, tissue damage
that occurs during inflammatory reactions can lead to the release of various inflammatory
agents, such as reactive oxygen intermediates, nitric oxide, prostaglandins, histamine,
serotonin, cytokines, neuropeptides, neurotrophins and chemokines. Some of these agents
may block or modulate TRPA1 activity, thereby stimulating intracellular signaling cascades
that contribute to acute pain [34]. Furthermore, it has been established that TRPA1 located
on vascular smooth muscles and macrophages mediates the pro- and anti-inflammatory
effects by regulating the release of cytokines such as interferon-γ (IFN-γ), interleukin-2
(IL-2), interleukin-10 (IL-10), and TNF-α [10].

There are a few studies on the role of other TRP channels in intestinal inflammation.
Specifically, TRPV2 is known to be an important channel for regulating inflammation in
the intestinal mucosa [35]. TRPV4 activation in the GI increases the intracellular Ca2+

concentration, which ultimately leads to chemokine release and inflammation [11]. TRPV4
plays a pro-inflammatory role and is expressed in intestinal epithelial cells (EC) [36]. The
pro-inflammatory effect of TRPV4 activation can be enhanced by stimulation of the main
mediator of neurogenic inflammation and pain, protease-activated receptor 2 (PAR2) [37].

Furthermore, the role of TRPM2 in inflammation has been investigated as this channel
is highly expressed in immune cells [38]. TRPM2 has been shown to contribute to the
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development and progression of inflammation, exacerbating inflammatory responses and
pain [39].

Several TRP channels are crucial in pain nociception and in exacerbating or alleviating
inflammatory processes in the GI. However, the effects and consequences of TRP activation in the
GI related to pain and inflammation are not yet fully understood and require further research.

3. Inflammatory Bowel Disease and Related Problems

Inflammatory bowel disease (IBD) is a group of chronic immune-mediated diseases
of the gastrointestinal tract with complex pathophysiology and pathogenesis, the etiology
of which remains unclear [40]. IBD encompasses two main disorders: ulcerative colitis
(UC) and Crohn’s disease (CD). They differ in their pathophysiology, symptoms, disease
course, treatment and potential complications [41,42]. In particular, UC is characterized
by an increase in the production of Th2-associated pro-inflammatory cytokines such as
interleukin-1 (IL-1), IL-6, interleukin-8 (IL-8) and TNF-α. CD develops due to an excessive
response of T-helper 1 (Th1) and Th17 to interleukin-12 (IL-12), interleukin-18 (IL-18) and
interleukin-23 (IL-23) produced by antigen-presenting cells (APC) and macrophages [43].

Intestinal fibrosis is a major complication of IBD [44]. Transforming growth factor beta
(TGF-β) and its receptors are activated in the inflamed intestine, supporting myofibroblast
functions in fibrogenesis [45].

The treatment options for IBD are constantly changing. Currently, there are numerous
effective treatments with fewer side effects and more precise actions. Novel inhibitors
targeting cytokines (such as IL-12/23 inhibitors, phosphodiesterase-4 (PDE4) inhibitor),
integrins (such as integrin inhibitors), cytokine signaling pathways (such as Janus Kinase
Inhibitor (JAK), Mothers against decapentaplegic homolog 7 (SMAD7) blocker) and cell
signaling receptors (such as sphingosine-1-phosphate receptor 1 (S1P) modulator) are the
preferred approaches for treatment of IBD [46].

The study of a recently discovered cytokine, interleukin-27 (IL-27), has revealed both
pro-inflammatory and anti-inflammatory properties in various innate and adaptive im-
munity disorders [47]. However, it is unclear whether IL-27 signaling in the gut has a
predominantly protective or harmful effect. Nonetheless, the discovery of IL-27 immuno-
suppressive properties makes it a promising therapeutic target for treating IBD.

As such, traditional treatments such as 5-aminosalicylic acid, corticosteroids, im-
munomodulators, and tumor necrosis factor (TNF)-alpha inhibitors continue to demon-
strate therapeutic effectiveness.

The study of IBD in the context of the direct, indirect or mediated role of TRP channels
in the development and course of the disease is of particular interest. This section will
review the research conducted on the potential impact of TRP channels on disease in
individuals with IBD (CD and UC). Additionally, it will examine studies on various animal
models of colitis to reflect the differences in results obtained depending on the specific
model used.

3.1. TRP Channels and IBD in Humans

It has been established that inflammation in IBD can lead to the development of
visceral hypersensitivity, and, in some cases, chronic visceral pain [48]. TRP channels are
often co-expressed on sensory neurons and are frequently found in biopsies of IBD patients,
indicating a potential interrelationship between different TRP [16]. As such, the important
role in the development of visceral hypersensitivity and pain in IBD is presumably assigned
to TRPA1 and TRPV1 channels [49,50]. Thus, the levels of TRPV1 and TRPA1 in the rectum
are significantly increased in IBD, which plays a crucial role in mediating inflammatory
pain. This increase affects nerve endings and immune cells, highlighting the importance of
TRPV1 and TRPA1 in the immune regulation of the intestinal inflammatory response [28].
At the same time, according to some studies TRPA1 demonstrates anti-inflammatory
effects. Specifically, this channel can protect by suppressing the gene expression of pro-
inflammatory neuropeptides such as SP, neurokinin A (NKA), and neurokinin B (NKB).
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Additionally, it inhibits the synthesis of inflammatory cytokines and chemokines produced
by macrophages [51]. On the contrary, TRPV1 exhibits mainly pro-inflammatory effects
or no effect at all [52]. It is also known that TRPV1 and TRPA1 can form a heterodimer.
Apparently, these channels share common physiological characteristics and can mutually
influence each other [53]. Due to the great similarity between TRPV1 and TRPA1, it might
be expected that these channels have similar functional roles. However, existing results
indicate the opposite. The different effects of TRPV1 and TRPA1 may depend on the
localization of these channels on specific cell types, the degree of colon inflammation, and
the organism type (human or animal model). However, further studies are required to
better understand the regulatory role of TRP channels in IBD, including their functional
significance and differences, as well as the mechanisms of activation and interaction of
TRPV1 and TRPA1 in the inflamed intestine due to the existing contradictions.

3.1.1. TRP Channels, Crohn’s Disease, and Ulcerative Colitis

As previously mentioned, different TRP channels play varying roles in the develop-
ment of intestinal inflammation. Further, this review will consider the results of studies
conducted on intestinal samples from patients with CD and UC.

TRPA1 (but not TRPV1) mRNA was shown to be significantly upregulated in response
to inflammation in patients with active and inactive forms of CD and UC compared to
healthy controls [28]. TRPA1 activation reduced the expression of several pro-inflammatory
neuropeptides, cytokines, and chemokines, leading to a decrease in inflammation. Infil-
trating CD4+ T cells, which are important mediators of the inflammatory response in IBD,
have been found to express TRPA1 and TRPV1 [54]. The largest amount of these cells was
found in colon tissue samples with active forms of CD and UC. It has been reported that
TRPA1 in CD4+ T cells performs a function opposite to that of TRPA1 in visceral sensory
neurons [55]. Thus, while neuronal TRPA1 enhances acute inflammation, TRPA1 in CD4+ T
cells reduces the severity of chronic T-cell-mediated colitis, confirming the protective role
of TRPA1 in inflammation.

The data on TRPV1 are contradictory. On the one hand, TRPV1 promotes colitogenic
responses of CD4+ T cells and intestinal inflammation [56]. For instance, activation of
TRPV1 was observed in the colonic epithelium of patients with active forms of CD and
UC [57]. This allows TRPV1 inhibition to be cautiously considered as a new therapeutic
strategy to repress pro-inflammatory T-cell responses. However, in another study, TRPV1
expression was significantly reduced in the epithelium of colon samples from UC patients
which was accompanied by increased colon inflammation [58].

In general, taking into account the crucial role of TRPV1 in chemokine production by
epithelial cells and activation of immune cells, it can be assumed that TRPV1 in the colonic
mucosa may contribute to the onset and recurrence of IBD. It should also be noted that
in UC patients reporting abdominal pain, a positive correlation was found with TRPV1
transcription, but not with mucosal SP concentrations [59].

Previous studies have demonstrated that patients with UC in remission who report
abdominal pain exhibit elevated TRPV1 levels in the mucosa of the rectosigmoid junction [60].
The results suggest that TRPV1 may be involved in the pathophysiology of ongoing pain
and visceral hypersensitivity in this group of patients, indicating a potential therapeutic
target. However, there was no difference in TRPV1 immunoreactivity in rectosigmoid junction
biopsies when comparing samples from asymptomatic UC patients and healthy volunteers.

High levels of TRPV4 mRNA expression were detected in colon biopsies of pa-
tients with CD and UC, resulting in elevated intracellular Ca2+ concentrations, release
of chemokines, and chronic inflammation [61]. Previous studies have demonstrated that
activation of TRPV4 by its agonist 4α-phorbol-12,13-didecanoate (4α-PDD) in human in-
testinal epithelial cell lines Caco-2 and T84 can affect innate immunity pathways and cause
a pro-inflammatory response, exacerbating chronic inflammation [62]. There is also evi-
dence of increased TRPV4 expression in mucosal epithelial cells of patients with UC, which
may indicate a possible contribution of this channel to inflammation [58]. According to
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these findings, it was suggested that TRPV4 is involved in intestinal pathology and could
be a significant pharmacological target for treating IBD.

Few studies have been conducted on human intestinal samples and human epithelial
cell lines associated with CD and UC. However, the present results demonstrate that
different TRP channels have pro- and anti-inflammatory effects on the development of
these two forms of IBD (Table 1). Specifically, TRPA1 exhibited a protective effect by
decreasing the production of pro-inflammatory molecules, whereas TRPV1 and TRPV4
channels promoted intestinal inflammation. TRPV1 and TRPV4 antagonists are believed
to have therapeutic potential. Further studies are required, including other TRP channels
(e.g., TRPM2, TRPM3, TRPM8, TRPV2), which have demonstrated beneficial or negative
effects on intestinal inflammation in animal models of colitis, to confirm/refute the severity
of these effects in humans.

Table 1. The role of TRP channels in IBD.

TRP Channel Sample Source/Cell Line Confirmed and/or Expected Effects References

TRPA1

Samples from patients with active and
inactive forms of CD and UC

Reduced expression of several
pro-inflammatory neuropeptides, cytokines,
and chemokines, a decrease in inflammation

[28]

Colon tissue samples from patients with
active forms of CD and UC

Reduced severity of chronic T-cell-mediated
colitis, protective role in inflammation [55]

TRPV1

Colonic epithelium samples from patients
with active forms of CD and UC

Colitogenic responses of CD4+ T cells and
intestinal inflammation [56,57]

Samples from patients with UC in remission Abdominal pain and visceral hypersensitivity [60]

TRPV4

Colon biopsies of patients with CD and UC
Elevated intracellular Ca2+ concentrations,

release of chemokines, and
chronic inflammation

[61]

Human intestinal epithelial cell lines Caco-2
and T84

Pro-inflammatory response,
chronic inflammation [62]

Mucosal epithelial cells of patients with UC Increased inflammation [58]

3.1.2. TRP Channels and Intestinal Fibrosis

As previously noted, intestinal fibrosis results in TGF-β activation in the inflamed
intestine to support myofibroblast function in fibrogenesis [45]. Intriguingly, several TGF-
β-related pathways intersect with intracellular Ca2+ dynamics, which in turn is mediated
by various members of the TRP superfamily. TGF-β stimulation was found to increase
TRPC6 expression in fibroblasts, and inhibition of calcineurin, a downstream mediator of
TRPC6-dependent Ca2+ signaling, resulted in decreased myofibroblast differentiation [63].
It is suggested that increased TRPC6 activity is required for TGF-β-mediated myofibroblast
differentiation and fibrosis development. Other studies have demonstrated that TRPA1
may have antifibrotic effects [64,65]. It has been reported that knocking down TRPA1
using small interfering RNA (siRNA) leads to enhanced fibrogenic effects when fibrosis is
caused by the major profibrotic factor TGF-β. These findings suggest that TRPA1 could be
a potential molecular target for antifibrotic therapy in IBD.

3.2. TRP Channels and Colitis in Animal Models

Various animal models of colitis have been developed to understand the pathophys-
iological mechanisms of IBD and to conduct preclinical pharmacological studies [66].
However, it should be noted that no single model of colitis can fully depict the complex-
ity and multifaceted nature of this disease. Despite some limitations, animal models of
colitis display similarities and relevance to the histological, pathological, and molecular
features of human IBD, making animal studies of this disease an essential approach. The
consideration of IBD pathophysiology has been supplemented by studies of the direct,
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indirect or mediated TRP influence on the development and progression of IBD. This has
increased the scale of the problem of a still incompletely studied multifactorial group of
chronic inflammatory diseases.

3.2.1. The TNBS-Induced Colitis Model

2,4,6-Trinitrobenzene sulfonic acid (TNBS)-induced colitis is a commonly used an-
imal model that shares properties with human CD and is significant for studying the
immunopathogenesis and potential treatments for IBD [67].

A rat model of TNBS-induced colitis showed increased expression of TRPM2 in the
distal colon [68]. Further, the use of balloon inflation for colonic distension in this colitis
model resulted in an increase in visceromotor reflexes and presumably induced visceral
hypersensitivity. The increase in visceromotor response caused by balloon pressure was
inhibited by oral administration of econazole (TRPM2 inhibitor), which also attenuated
visceral hypersensitivity. These findings indicate that neuronal TRPM2 may serve as a me-
diator and a promising new therapeutic target for the treatment of visceral hypersensitivity
associated with intestinal inflammation.

In TNBS-induced experimental colitis in mice, TRPA1 has been found to mediate
mechanical hypersensitivity to colonic distension. Additionally, direct stimulation of
TRPA1 in nociceptors caused acute pain [69]. Mice lacking functional TRPA1 channels
exhibited significantly less inflammation and fibrosis, as well as less severe pain-related
behaviors. The reduced inflammation is thought to contribute to less acinar necrosis in
TRPA1 null mice. In a rat model of TNBS colitis, the combination of TRPV1 antagonist
BCTC and TRPA1 antagonist TCS-5861528 was found to significantly reduce visceral
hypersensitivity when compared to the injection of the compounds separately, indicating a
synergistic effect [70]. However, the synergistic effect was not observed after the combined
intrathecal blockade of TRPA1 and TRPV1. This may indicate a bidirectional pattern of
TRP channels functioning.

TRPV1 and TRPV2 expression in the distal colon, dorsal root ganglion (DRG) and
nodose ganglion (NG) was significantly increased in a rat model of TNBS-induced coli-
tis [71]. However, no TRPV1 expression was detected in the myenteric plexus. The use
of TRPV1 and TRPV2 antagonists alleviated visceral hypersensitivity. These findings sug-
gest that intrinsic/extrinsic TRPV2 and extrinsic TRPV1 neurons contribute to visceral
hypersensitivity in an experimental model of TNBS colitis.

The selective blockade of TRPV4 with its antagonist RN1734 in a TNBS mouse model
has been shown to alleviate intestinal inflammation and colitis-associated pain [61]. There-
fore, inhibiting TRPV4 may have a protective effect against inflammation and could be a
potential strategy for treating IBD, either systemically or locally.

3.2.2. The DSS-Induced Colitis Model

The dextran sulfate sodium (DSS)-induced colitis model is known to have limitations
and is not a perfect replica of human IBD. However, this model can enhance our under-
standing of this disease and uncover significant mechanisms and pathways underlying UC
pathogenesis in humans [72].

Several studies have shown that the formation of immune infiltrates and colonic ulcer-
ation is reduced in TRPM2-deficient mice in a DSS-induced colitis model [73]. In monocytes
obtained from TRPM2-deficient mice, Ca2+ influx and production of the macrophage
chemokine CXCL2, the functional homologue of mouse CXCL8, were impaired. Therefore,
TRPM2 may be involved in the progression of colitis through its implication in oxidative
stress signaling or other immunomodulatory effects.

In a recent study on a mouse model of DSS-induced colitis, TRPM3 has been identified
in colon-projecting dorsal root ganglion (DRG) neurons [74]. TRPM3 agonist CIM-0216
stimulated DRG neurons and colonic afferents in control animals. Additionally, TRPM3
levels were found to be increased in DRG neurons of mice with colitis. TRPM3 inhibition
reduced the excitation of wide-dynamic-range (WDR) neuron afferents in mice with colitis
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but had no effect in the control group. These results demonstrate that TRPM3 may con-
tribute to the perception of noxious stimuli in colitis, and suggest that the use of TRPM3
antagonists could be a potential approach to reducing colonic hypersensitivity.

Increased number of TRPM8-expressing nerve fibers has been shown to contribute to
visceral hyperalgesia in mouse models of DSS- and TNBS-induced colitis [75]. Increased
visceral hyperalgesia induced by TRPM8 agonist WS-12 may correlate with upregulation
of TRPM8-expressing nerve fibers in the colonic mucosa of mice. It was found that TRPM8
activation by its agonist icilin results in anti-inflammatory effects in a mouse model of
DSS-induced colitis [76]. Icilin-dependent activation of TRPM8 blocked CGRP release
after TRPV1 activation by capsaicin. Accordingly, the anti-inflammatory effect of icilin is
believed to be partly due to its ability to prevent the release of inflammatory neuropeptides.
Since TRPV1 expression is increased in IBD and its activation leads to SP and CGRP release
triggering neurogenic inflammation, icilin-mediated blockade of TRPV1 function may be
beneficial for IBD therapy in humans. The study on a DSS-induced colitis model has demon-
strated that wild-type mice treated with repeated menthol (TRPM8 agonist) enemas were
protected from DSS colitis. In contrast, TRPM8-deficient mice showed increased suscepti-
bility to colitis [77]. Furthermore, the adoptive transfer of TRPM8-deficient macrophages
was found to exacerbate colitis. Additionally, TRPM8 in macrophages plays a crucial role
in determining their pro- or anti-inflammatory effect by regulating the production of tumor
necrosis factor α (TNF-α) and IL-10. These findings reveal a novel immunomodulatory
effect of TRPM8, suggesting a potential role for this channel in innate immunity.

It was demonstrated that the expression of pro-inflammatory cytokines interleukin-1B
(IL-1B), IL-6, interleukin-7 (IL-7), IL-12, IL-23, TNF-α and IFN-γ was higher in mouse colon
tissue with mutation Trpv1G564S+/+ than in the control group. This suggests an increased
TRPV1 function and susceptibility of mice to DSS-induced colitis [30]. The proportion of
DRG neurons expressing TRPV1 in a DSS colitis model and their relative mRNA levels were
shown to increase with the subsequent increased release of CGRP and SP [78]. Furthermore,
CGRP and SP release induced by TRPV1 activation was greater in the distal colon compared
to the proximal colon, possibly indicating the severity of inflammation. Another study
demonstrated chronic effects of SP on colonic primary afferents, which could sensitize
TRPV1 and lead to persistent abdominal pain following acute inflammation in a mouse
model of DSS colitis [31]. At the same time, TRPV1 deletion prevents the development
of post-inflammatory visceral hypersensitivity and pain-related behavior. These results
suggest regulation of TRPV1 by SP, which may be involved in long-term post-inflammatory
visceral pain.

The role of TRPV2 in colitis development has been studied using a mouse model of
DSS colitis [35]. Less severe colitis was observed in TRPV2−/− mice compared to wild-type
animals. This reduction in intestinal inflammation may be due to a decrease in macrophage
recruitment, as TRPV2 deficiency has previously been shown to impair the motility of
macrophages, T-helper cells and NK cells [79]. However, the exact mechanisms of TRPV2
activity in the intestinal mucosa during inflammation remains unclear.

DSS colitis was significantly attenuated in TRPV4-deficient mice compared to wild-
type animals. At the same time, intrarectal administration of TRPV4 agonist GSK1016790A
exacerbated the severity of DSS colitis [36]. This result demonstrates the pro-inflammatory
role of TRPV4 in the intestine and the potential therapeutic value of TRPV4 antagonists in
the treatment of chronic intestinal inflammation.

The protective role of TRPA1 in DSS colitis was demonstrated based on histological
evaluation and confirmed by TRPA1-mediated suppression of pro-inflammatory neuropep-
tides and cytokines [28]. Another study has suggested that SP release from sensory neurons
expressing TRPV1 or TRPA1 may contribute to the progression of DSS-induced colitis,
wherein CGRP provides protection against colon inflammation independently of TRPV1
and TRPA1 expression on sensory neurons [80]. As such, in TRPV1- and TRPA1-deficient
mice, induced DSS colitis was significantly attenuated compared to wild-type animals.
These results demonstrate a pro-inflammatory role for TRPA1, which contradicts the find-
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ings of previously reviewed studies. Such differences can presumably be explained, inter
alia, by the phase of colitis, as well as by different experimental conditions. It was demon-
strated that in a mouse model of DSS-induced colitis pretreated with TRPA1 antagonist
HC-030031, TRPA1 agonist allyl isothiocyanate (AITC) induced visceral hypersensitivity
mediated by colonic chemical stimulation [81]. It is important to note that sensitivity
to AITC is not the result of hypersensitivity to mechanical stimuli associated with the
intracolonic administration procedure.

3.2.3. Other Models of Colitis

Studies on other animal models of colitis or colitis-like inflammation are also con-
ducted, since there is a need for comprehensive research on the role of TRP channels in
colon inflammation and identification of new effects, including negative ones.

Capsaicin-induced sensory denervation of TRPV1 was found to result in excessive
neutrophil accumulation in a neonatal mouse model of oxazolone-induced colitis [82].
However, no significant changes in CGRP and SP expression were detected, indicating that
mechanisms underlying the progression of colitis presumably regulate pathways other
than sensory neuropeptide-induced neurogenic inflammation. Therefore, further research
is needed to understand the effects of CGRP and SP on intestinal inflammation.

Wild-type mice with oil of mustard (OM)-induced colitis have been reported to show
an increase in levels of neuronal TRPA1, while TRPV1 activation in the colon was not
significant [83]. During the 72 h period of colitis induction, the mRNA levels of various
neuropeptides and mediators increased. Specifically, cytokines and chemokines such as
IL-1B, IL-6, GM-CSF and MCP-1, which are associated with pain and inflammation, were
found to be increased. These results suggest the presence of a neurogenic component in
OM colitis, combined with an inflammatory component associated with myeloid cells,
independent of T and B cells.

A dinitrobenzene sulfonic acid (DNBS)-induced colitis model revealed severe inflam-
mation in Trpv1−/−-deficient mice, indicating that TRPV1 is required to modulate sensory
pathways that regulate the response following the onset of colonic inflammation [84].

Three channels TRPA1, TRPM2 and TRPV1 have been shown to influence apoptosis in
mice with colitis-associated colon cancer (azoxymethane (AOM)/DSS model) [85]. Thus,
activation of these channels caused increased apoptotic and oxidative effects in colon cancer
cells, wherein their inhibition with Sambucus ebulus L. reduced the pro-inflammatory effect.

Based on the available evidence, it is apparent that the results obtained from various
animal models of colitis are contradictory. These discrepancies arise due to the diverse
effects of the colitis-inducing substance on the severity of colitis and the consequences of
intestinal inflammation. Furthermore, the contradictions can be attributed to differences
in experimental conditions, variations in the concentration of the administered colitis-
inducing substances, and small sample sizes. The studies were mainly conducted on the
DSS-induced colitis model. In this model, TRPM2, TRPV1, TRPV2, and TRPV4 channels
have demonstrated pro-inflammatory effects, while TRPM3 has increased hypersensitivity.
TRPM8 and TRPA1 have shown both pro- and anti-inflammatory effects. The results
obtained for the TNBS-induced colitis model are partially confirmed by the DSS colitis
model, and new findings are also presented. Thus, TRPM2, TRPV1, TRPV2, and TRPV4
promote visceral hypersensitivity and intestinal inflammation, as well as TRPA1 which
demonstrates pro-inflammatory effects. The molecular mechanisms underlying the synergy
of different TRP channels require further study. Additional research is also needed for
TRP channel antagonists, which have demonstrated therapeutic potential. Conflicting
results have been shown in rare colitis models induced by oxazolone, DNBS, AOM and
OM, particularly regarding the protective effect of TRPV1 channel and the absence of CGRP
and SP effect on intestinal inflammation. These findings need confirmation through further
investigation, either using the same colitis model with more samples, other colitis models
or human samples.
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When comparing the findings in different animal models of colitis with the limited
results in human intestinal samples and human epithelial cell lines in CD and UC, similar
outcomes are reported. Thus, TRPA1 may exhibit a protective effect, while TRPV1 and
TRPV4 channels enhance intestinal inflammation in both humans and animals. However,
according to existing data on other TRP channels and the observed effects in animal colitis
models, there is a need to study positive/negative events associated with TRPM2, TRPM3,
TRPM8, and TRPV2 channels in humans (Figure 1, Table 2).
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Figure 1. Major and possible molecular pathways associated with TRP channels in IBD and sepsis. The
dotted lines indicate the suggested paths. Blunt arrows (⊥) indicate inhibition. The red arrows («↑»)
indicate upregulation and the black arrows («↓») show downregulation associated with TRP molecular
pathways. Symbol «?» reflects putative interactions. The red font lettering represents elements of the
molecular pathways involved in the pro-inflammatory response. (A) Schematic representation of the
molecular pathways involved in IBD; (B) Schematic representation of the molecular pathways involved
in sepsis. ECs, epithelial cells; DC, dendritic cell; Th1, Th2, Th17, T-helper cells; TLR4, Toll-like receptor 4;
Tregs, regulatory T cells; IgA, immunoglobulin A; CGRP, Calcitonin Gene-Related Peptide; SP, substance
P; NKA, neurokinin A; NKB, neurokinin B (original scheme).

Table 2. Main effects of TRP in animal colitis models.

TRP
Channel Model Object Confirmed and/or Expected Effects References

TRPA1

TNBS-induced colitis model mice Increased inflammation and fibrosis, acute pain [69]

TNBS-induced colitis model rat Visceral hypersensitivity (a synergistic effect with TRPV1) [70]

DSS-induced colitis model mice Protective role in colitis [28]

DSS-induced colitis model mice Visceral hypersensitivity mediated by TRPA1 agonist AITC [81]

OM-induced colitis mice Increased mRNA levels of various neuropeptides and
mediators associated with pain and inflammation [83]

AOM/DSS model mice Increased apoptotic and oxidative effects in colon cancer cells
(combined effect of TRPA1, TRPM2 and TRPV1) [85]
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Table 2. Cont.

TRP
Channel Model Object Confirmed and/or Expected Effects References

TRPV1

TNBS-induced colitis model rat Visceral hypersensitivity (a synergistic effect with TRPV2) [71]

TNBS-induced colitis model rat Visceral hypersensitivity (a synergistic effect with TRPA1) [70]

DSS-induced colitis model mice Increased inflammation, increased release of CGRP and SP,
visceral hypersensitivity and pain-related behavior [30,31,78,80]

Oxazolone-induced colitis mice Excessive neutrophil accumulation [82]

DNBS-induced colitis model mice Modulating of sensory pathways involved in colonic
inflammation, possible protective effect [84]

AOM/DSS model mice Increased apoptotic and oxidative effects in colon cancer cells
(combined effect of TRPA1, TRPM2 and TRPV1) [85]

TRPV2
TNBS-induced colitis model rat Visceral hypersensitivity (a synergistic effect with TRPV1) [71]

DSS-induced colitis model mice Increased inflammation [35,79]

TRPV4
TNBS-induced colitis model mice Intestinal inflammation and colitis-associated pain [61]

DSS-induced colitis model mice Pro-inflammatory effects [36]

TRPM2

TNBS-induced colitis model rat Increased visceromotor reflexes caused by balloon pressure,
visceral hypersensitivity [68]

DSS-induced colitis model mice Progression of colitis through its possible implication in
oxidative stress signaling [73]

AOM/DSS model mice Increased apoptotic and oxidative effects in colon cancer cells
(combined effect of TRPA1, TRPM2 and TRPV1) [85]

TRPM3 DSS-induced colitis model mice Perception of noxious stimuli in colitis, colonic
hypersensitivity [74]

TRPM8
TNBS-induced colitis model mice Visceral hyperalgesia [75]

DSS-induced colitis model mice Anti-inflammatory effects [76]

4. Sepsis: A Contemporary Menace

Sepsis is a complex pathological process, which is based on the body’s response in
the form of systemic inflammation to infections of various origin resulting in acute organ
dysfunction [86]. Sepsis is associated with systemic inflammatory response syndrome
(SIRS) to endotoxins, and septic shock is its most severe form. Clinical manifestations of
sepsis start with inflammation and progress to circulatory dysfunction. Despite advances
in understanding the pathogenesis of sepsis and the availability of supportive treatments,
sepsis mortality rates remain high globally. The reason is not only the antibiotic resistance
of pathogens and immunosuppression caused by sepsis, but also the poorly understood
sepsis pathophysiology and low awareness of the consequences of systemic inflammation.

The main infectious agents associated with sepsis are typically members of the ES-
KAPE pathogen group. This group is the primary cause of nosocomial infections worldwide
and includes Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter
baumannii, Pseudomonas aeruginosa, Enterobacter spp. [87]. Studying the molecular mecha-
nisms of antimicrobial resistance in pathogens can facilitate the development of new clinical
methods to neutralize key molecules involved in the onset and progression of sepsis [88].
In addition to studying the features of sepsis-inducing pathogens, research is focused on
understanding the molecular and signaling pathways that underlie the human immune
system response to an infectious agent [89]. In sepsis, the immune response triggered
by the invading pathogen results in the development of a pathological syndrome. This
syndrome is characterized by persistent excessive inflammation and immune suppression.
In the early stages of sepsis, the innate and adaptive immune systems release a range of
inflammatory cytokines to eliminate pathogens. Cells of the innate immune system express
pattern recognition receptors (PRRs) to identify pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) of different pathogens and
molecular structures [90]. Of these, Toll-like receptors (TLRs), NOD-like receptors (NLRs),
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and RIG-I-like receptors (RLRs) play an essential role in inflammatory responses by recog-
nizing extracellular or endosomal molecular patterns associated with pathogens, resulting
in the release of pro- and anti-inflammatory molecules. Anti-inflammatory cytokines in-
clude IL-4, IL-10 and interleukin-37 (IL-37). IL-4 induces differentiation of CD4+ T cells
into Th2 and promotes autocrine mast cell signaling. It also stimulates the release of other
anti-inflammatory cytokines while inhibiting the release of pro-inflammatory IL-2 and
IFN-γ through activated Th1 [91]. IL-10 exacerbates immunosuppression by reducing the
release of pro-inflammatory cytokines, such as TNF-α, inhibiting CD4+ T-cell proliferation,
and promoting the differentiation of CD4+ T cells into regulatory T cells (Tregs). IL-37
is associated with the severity of sepsis-induced immunosuppression by inhibiting the
release of pro-inflammatory cytokines from monocytes and neutrophils. Sepsis-induced
immunosuppression is mediated by disorders of both innate and adaptive immunity [92].
Further, monocytes exhibit a decreased ability to produce pro-inflammatory cytokines in
response to endotoxin exposure, and CD4+ T-cell proliferation is also decreased. Prolonged
sepsis results in immune cell dysfunction, including impaired release of anti-inflammatory
cytokines, T-cell depletion, and overproduction of immunomodulatory cells such as Tregs
and myeloid-derived suppressor cells (MDSC). Innate immune dysfunction and suppres-
sion of adaptive immunity are responsible for multiple organ damage and septic death [93].
Therefore, it is equally important to maintain a balance between inflammatory and anti-
inflammatory responses, as well as normal innate and adaptive immune functions.

4.1. The Gut Microenvironment in Sepsis

It is believed that GI plays a crucial role in the pathophysiology of sepsis by simultane-
ously promoting and maintaining multiorgan dysfunction [94]. The gut microenvironment
comprises three interacting elements: the epithelium, the local immune system, and the
intestinal microbiome. These elements absorb nutrients and maintain a barrier to prevent
the penetration of intraluminal microbiota or their products [95]. The microenvironment
is protected by a balance of three elements. However, during sepsis, an imbalance occurs,
resulting in pathological changes that cause localized damage and an inflammatory and
anti-inflammatory response. This collectively favors the progression of the disease and
exacerbates organ dysfunction. Therefore, the gut may play a role not only in mediating
intra-abdominal sepsis but also in the spread of extra-abdominal sepsis. As such, it is
known that abdominal sepsis is a severe complication associated with SIRS that can lead to
destructive processes in the organs of the abdominal cavity and retroperitoneal space [96].

Sepsis can cause dysfunction of the intestinal barrier, resulting in impaired perme-
ability [97]. The intestinal barrier maintains selective permeability through the apical tight
junction, which contains multiple isoforms of claudin, occludin, and ZO-1 [97]. However,
sepsis causes disturbances in the intestinal tight junctions, leading to changes in the cellular
localization of claudins 1, 3, 4, 5, and 8, as well as the activation of claudin 2, resulting
in increased permeability [97]. It has also been shown that myosin light chain kinase
(MLCK), which leads to the contraction of the actin–myosin ring, is activated in sepsis and
increases paracellular permeability. This is accompanied by elevated levels of IL-6, TNF,
and IL-1B [98].

The interaction between the microbiome and the immune system is complex. Subsets
of T-helper cells, especially Th17 and Tregs, are involved in protecting the intestine from
pathogenic influences and immune-mediated damage in dysregulated inflammation [99].
Th17 prevent intestinal infections by attracting neutrophils to the intestinal barrier and
promoting the elimination of pathogens. On the other hand, Tregs suppress Th17 re-
sponses, preventing excessive inflammation that can cause tissue damage. Dendritic cells
induce differentiation of CD4+ T cells and stimulate the production of cytokines IFN-γ
and IL-10, which control inflammation under conditions of constant exposure to intestinal
antigens [100]. Recognition of intestinal pathogens by dendritic cells results in the produc-
tion of pathogen-specific Immunoglobulin A (IgA) in Peyer’s patches, which specifically
inhibits the overgrowth of bacterial pathogens [101]. In sepsis these mechanisms are im-



Int. J. Mol. Sci. 2024, 25, 4784 14 of 27

paired and the later stages of sepsis are associated with cell apoptosis, hyperinflammation,
and pathogenic bacteria expansion [102].

At the moment, the exact mechanisms responsible for changes in the gut microenviron-
ment caused by sepsis remain unclear. Further research is needed, particularly to enhance
our comprehension of the molecular basis for the development of abdominal sepsis.

4.2. TRP Channels as Sensors of Bacterial Endotoxins

The results of studies demonstrate that pathogen detection depends not only on the
signaling mechanisms of PRRs expressed in immune cells. Additionally, the data reflect
another role of TRP channels as sensors of bacterial endotoxins [103]. Sepsis is known
to cause somatic or visceral pain, in addition to severe inflammation. These symptoms
are associated, among other things, with TRP channels. Their activation increases the
concentration of intracellular Ca2+, which mediates the release of mediators, ultimately
leading to pain. Intracellular Ca2+ acts as a secondary messenger and is involved in the
TLR4-dependent immune response to bacterial endotoxin [104]. However, the mechanisms
underlying the inflammatory response and the increase in intracellular Ca2+ in response to
pathogens are poorly understood. The intersection of TLR4 and TRP signaling pathways, as
well as the TRP-mediated effect on sepsis development and the immune response identified
to date, represent a promising area of research. This will bring us closer to understanding
the pathophysiology of sepsis and open new therapeutic approaches for the treatment of
systemic inflammation [105].

It has been established that TRP channels are capable of recognizing lipopolysaccha-
ride (LPS) from Escherichia coli before the initiation of TLR4 signaling during inflammation.
This can lead to acute neurogenic inflammation and pain induced by the bacterial endo-
toxin [106]. LPS binding to TLR4 activates a complex of intracellular signaling pathways
involving mitogen-activated protein kinase (MAPK) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), activating protein-1 (AP-1) and Interferon regulatory
factor 3 (IRF-3) transcription factors that play a crucial role in the inflammatory response.
As such, pain and acute vascular responses, including neurogenic inflammation with CGRP
release, depend on the activation of TRP channels in nociceptive sensory neurons and
develop independently of TLR4 activation. It is noteworthy that TRP channels can be a
functional target of LPS, which suggests that they may play an important role in linking the
stimulation of sensory afferent fibers and immune responses during sepsis. However, the
precise mechanism of how LPS activates TRP in the gut and its resulting effects are yet to
be fully understood. Additionally, the interaction between intracellular signaling pathways
triggered by TLR4 activation and TRP activation remains an unresolved issue.

Further, we will review studies that examine the potential influence of TRP channels
on the development of sepsis in humans, as well as studies in various animal models of
sepsis. This will reflect the differences in results obtained depending on the chosen model
and the object of study.

4.3. TRP Channels and Sepsis in Humans

Currently, there is limited research on the impact of TRP channels on sepsis in humans.
Studies in this area primarily utilize human cell lines.

Previous research has investigated the role of TRPM2 in LPS-induced cytokine pro-
duction by human THP-1 monocytes [38]. LPS application resulted in an increase in
intracellular Ca2+ concentrations and TRPM2 expression in THP-1 cells. TRPM2 regulated
LPS-induced production of pro-inflammatory cytokines IL-6, IL-8, IL-10, and TNF-α, al-
lowing Ca2+ to pass through the plasma membrane. Considering the pro-inflammatory
effects of TRPM2 in IBD, this channel could also be a potential target for sepsis therapy.

It was shown that LPS impairs plasma membrane integrity and activates the TRPV1,
TRPM3 and TRPM8 channels, while TRPV2 remains unaffected on human embryonic
kidney HEK293T cells [103]. Furthermore, the disruption of the plasma membrane induced
by LPS led to a non-selective passive entry of Ca2+ from the extracellular solution, resulting
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in a non-specific increase in intracellular Ca2+ in HEK293T cells. It is worth noting that LPS
can elicit significantly stronger responses in HEK293T cells transfected with human TRPV1
than in untransfected cells. The results suggest that TRP channels may function as LPS
sensors, which can compromise membrane stability. Additionally, TRPV1 may be directly
involved in pain and inflammation associated with bacterial infection.

It has been shown that overexpression of TRPC3 channel in HEK293 cells expressing
human TLR4/MD2/CD14 sequences (HEK-TLR4 cells) resulted in a significant increase in
the expression levels of pro-inflammatory genes PTGS2, TNFA and IL-12B following LPS
treatment compared to the control [107]. HEK-TLR4 cells transfected with G652A-TRPC3
mutant exhibited decreased levels of PTGS2, TNFA, IL-1B, and IL-12B compared to cells
transfected with the wild-type TRPC3 construct after LPS treatment. These results suggest
that TRPC3 channel plays a role in LPS-activated inflammatory reactions and the immune
response to bacterial endotoxins.

It is worth noting that the few studies conducted on human cell lines have shown the
significant role of TRP channels, specifically TRPM2, TRPM3, TRPM8, TRPV1, and TRPC3,
in identifying bacterial infectious agents and the immune response (Table 3). Further
research will enhance our comprehension of the molecular mechanisms underlying TRP
channel function as bacterial endotoxin sensors, and will bring us closer to developing
improved sepsis therapy using TRP channel antagonists.

Table 3. TRP effects in human cell lines.

TRP Channel Human Cell Line Confirmed and/or Expected Effects References

TRPV1 HEK293T cells LPS sensor, impaired membrane stability, pain and
inflammation associated with bacterial infection [103]

TRPM2 Human THP-1 monocytes Regulation of LPS-induced production of pro-inflammatory
cytokines IL-6, IL-8, IL-10, and TNF-α [38]

TRPM3 HEK293T cells LPS sensor, impaired membrane stability [103]

TRPM8 HEK293T cells LPS sensor, impaired membrane stability [103]

TRPC3 HEK293 cells (HEK-TLR4 cells)
Significant increase in the expression levels of

pro-inflammatory genes PTGS2, TNFA and IL-12B, immune
response to bacterial endotoxins

[107]

4.4. TRP Channels and Sepsis in Animal Models

Animal models are a useful alternative to study the cellular and molecular mechanisms
underlying sepsis. Abdominal sepsis is a severe complication associated with SIRS, leading
to destructive processes in abdominal and retroperitoneal organs. The animal models
suggest inducing abdominal sepsis to imitate this process in humans [96]. Currently,
the most common experimental models of abdominal sepsis include injection of a toxic
agent, such as intraperitoneal or intravenous injection of LPS, which leads to systemic
activation of the innate immune system; injection of live pathogens, known as the bacterial
inoculum model; disruption of barrier tissue integrity, specifically the colon ascendens
stent peritonitis (CASP) model, which reproduces the clinical picture of polymicrobial
acute diffuse peritonitis, and cecal ligation and puncture (CLP), which reflects the clinical
course of intraperitoneal abscess and polymicrobial peritonitis [108]. However, it should be
noted that animal models of sepsis do not encompass all clinical aspects of this complex
pathology [109].

This section reviews studies investigating the role of TRP channels in the development
of sepsis in animal models. However, there are very few studies examining the possible
contribution of TRP channels to the onset and progression of abdominal sepsis. Therefore,
there is a need for experimental work in this direction. The findings will confirm or refute
existing research and provide new insights into the role of TRP channels in sepsis.
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4.4.1. A Model of LPS-Induced Sepsis

In order to model sepsis, one of the simplest methods is to administer LPS intra-
venously or intraperitoneally. LPS induces systemic inflammation, resulting in the pro-
duction of pro-inflammatory cytokines TNF-α and IL-1, and multiorgan failure with high
mortality [110]. However, the use of the LPS-induced sepsis model has limitations. There-
fore, caution should be exercised when extrapolating results from this model to human
sepsis. Specifically, the model sepsis induced by endotoxin of Gram-negative bacteria
is characterized by rapidly increasing cytokine levels. In contrast, human pathology is
associated with prolonged cytokine elevation.

The mechanism of TRP channel activation by LPS remains unclear. However, LPS
has been shown to naturally activate TRPA1 [111]. The type of LPS affecting the channel
determines the consequences of TRPA1 activation. For instance, E. coli LPS causes more
significant structural changes in the plasma membrane than LPS of Salmonella minnesota. It
was found that TRPA1 can recognize E. coli LPS independently of TLR4, which activates
sensory neurons in mice isolated from the nodose and trigeminal ganglia, leading to acute
neurogenic inflammation and pain [106]. Based on these results, it appears that TRPA1
plays a role in the initial response to pathogens by detecting potentially harmful compounds
and triggering the production of pro-inflammatory cytokines.

TRPV1 can also be activated by LPS, but less efficiently than TRPA1 [103]. It has
been demonstrated that LPS significantly enhances the sensitivity of TRPV1 to capsaicin.
This effect can be blocked by a selective TLR4 antagonist [112]. This indicates the ability
of LPS to directly activate trigeminal neurons in mice and sensitize TRPV1 through a
TLR4-mediated mechanism.

Thus, it seems that TRPA1, TRPV1, and TLR4 act as synergistic sensors to detect the
presence of pathogens. However, the exact mechanism of LPS-induced activation of TRPV1
and TRPA1 in the gut and its consequences still remains to be clarified.

Although the role of TRPV1 in inflammation, including sepsis, is mainly pro-inflammatory,
there is evidence suggesting its anti-inflammatory effects in animal models of sepsis [113].

It was shown that TRPV1 activation was associated with visceral pain in LPS-induced
peritonitis in mice [114]. Furthermore, in the late phase of peritonitis, TRPV1 was found
to have an anti-inflammatory effect on the spleen, resulting in reduced levels of pro-
inflammatory cytokines TNF-α, IL-6, IL-10 and IFN-γ. This effect is believed to be mediated
by the activation of the sympathetic nervous system and/or noradrenergic neurons induced
by LPS-dependent TRPV1 activation. The neuropeptides responsible for the protective
effect of TRPV1 in sepsis and the mechanisms of their activation are yet to be determined.
However, it is suggested that TRPV1 triggers the release of SP and CGRP, which activate
neurokinin-1 (NK1) and stimulate the sympathetic axis necessary for organ protection in
endotoxemia [115].

Early studies investigated the role of afferent neurons in the development of LPS-induced
intestinal obstruction in mice through the interaction between TRPV1 and CGRP [116]. Thus,
afferent neurons that produce the neuropeptide CGRP and express TRPV1 play a crucial
role in transmitting information from the periphery to the central nervous system during
LPS-induced intestinal obstruction. Accordingly, blocking CGRP and TRPV1 may be a
potential new strategy for treating endotoxin-induced intestinal obstruction. Another study
demonstrated that peritoneal macrophages derived from TRPV1KO knockout mice exhibited
reduced phagocytosis ability when stimulated with LPS [117]. Additionally, treatment with
TRPV1 antagonist SB366791 decreased phagocytosis in attached wild-type macrophages.
These findings suggest that TRPV1 can affect bacterial infection by enhancing the antibacterial
function of macrophages.

TRPV4 has been shown to mediate the release of pro-inflammatory cytokines in
LPS-stimulated mice [118]. LPS induced the production of cytokines IL-1B and IL-10 by
macrophages. As such, in LPS-treated TRPV4−/− knockout mice, IL-1B levels increased
while IL-10 levels decreased. Therefore, TRPV4 may have a significant role in the cytokine
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response to bacterial infection-induced damage and may also be relevant to LPS-stimulated
macrophage phagocytosis.

TRPM2-mediated Ca2+ influx induces the production of the chemokine CXCL2 in mouse
monocytes, macrophages, and microglia under oxidative stress and LPS/IFN-γ stimula-
tion [39]. It is worth noting that CXCL2 and inducible nitric oxide synthase were reduced in
TRPM2 knockout mice. The results indicate that TRPM2, which is expressed in macrophages
and microglia, worsens peripheral and spinal nociceptive inflammatory responses and con-
tributes to the development of inflammatory and neuropathic pain. TRPM2 plays a crucial
role in CXCL2 secretion and the recruitment of peripheral and spinal immune cells, as well
as the excitability and pathological increase in Ca2+ in damaged neurons, which exacerbate
pathological pain.

In mice, TRPM7 was found to mediate LPS-induced Ca2+ influx into macrophages.
It regulates TLR4 endocytosis and stimulates the secretion of inflammatory cytokines
associated with sepsis [119]. TRPM7-deficient macrophages cannot produce IL-1B and
other important pro-inflammatory cytokines. Consequently, mice with TRPM7 deletion
are protected from LPS-induced peritonitis. These findings highlight the significance of
Ca2+ signaling in macrophage activation and identify TRPM7 as a key component of TLR4
pathway. However, the molecular mechanism responsible for LPS-dependent TRPM7
activation remains unclear.

In TRPC1−/−-deficient mice, the secretion of IL-1B and IL-18 by macrophages was
found to increase after LPS injection, regardless of caspase-1 activation [120]. Addition-
ally, caspase-11 regulates the secretion of IL-1B and IL-18 both at the level of cytokine
maturation through caspase-1 and extracellular release through TRPC1. Caspase-11 reg-
ulates inflammatory responses and cell death by controlling IL-1B secretion, enhancing
caspase-1 activation, and inducing caspase-1-independent pyroptosis [121]. These findings
suggest that TRPC1 plays a role in caspase-11-dependent IL-1B secretion and caspase-11-
independent IL-18 secretion, indicating a potentially wider role for TRPC1 in regulating
the immune response during bacterial infection.

Administering a Pyr10 inhibitor to block TRPC3 channel alleviated the development
of LPS-induced sepsis in mice by reducing the activation of several pro-inflammatory genes,
including PTGS2, TNFA, IL-1B, and IL-6 [107]. These results suggest a protective role for
TRPC3 in bacterial infections. Additionally, another study demonstrated that TRPC5 and
TRPC4 can form a functional complex, promoting the accumulation of peritoneal leukocytes
and the release of inflammatory mediators in mice [122]. In Trx+LPS model, mice were
initially treated with E. coli-derived thioredoxin (Trx), which activates TRPC5, followed by
LPS injection. This resulted in organ dysfunction-related mortality in mice, accompanied
by a decrease in leukocyte accumulation, upregulation of IL-6 and IL-10 cytokine release
into the peritoneum, and impaired phagocytosis mediated by peritoneal macrophages.
However, dual blocking of TRPC4/TRPC5 using ML204 inhibitor with pre-injection of LPS
and Trx (Trx+LPS+ML204 model) further increased mouse mortality and hypothermia,
while maintaining macrophage phagocytosis. These findings suggest that the effects of
bacterial Trx in combination with LPS may be mediated by TRPC4 and TRPC5, reflecting a
possible mechanism of bacterial virulence and the pathophysiological role of these channels
in sepsis.

Studies on LPS-induced sepsis models demonstrate that various TRP channels can
detect harmful compounds and pathogens and induce the production of pro-inflammatory
cytokines. There is evidence of a beneficial synergy between TRPA1, TRPV1, and TLR4
that enhances sensory and immune functions to eliminate bacterial endotoxins. Novel anti-
inflammatory effects of TRPV1 in LPS-induced sepsis are also highlighted, wherein human
models of TNBS- and DSS-induced colitis and IBD report predominantly pro-inflammatory
characteristics of this channel. Furthermore, it is worth noting the role of TRP channels,
specifically TRPM2, TRPM7, TRPC4, and TRPC5, in activating macrophages and regulating
the secretion of inflammatory mediators. However, further studies are required to obtain
more information on the effects and molecular mechanisms related to other TRP channels.
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Additionally, it is important to confirm or refute the already discovered effects in other
models (Figure 1, Table 4).

4.4.2. Cecal Ligation and Puncture

Cecal ligation and puncture (CLP) is a standard animal model for abdominal sepsis,
which reflects the clinical course of intraperitoneal abscess and polymicrobial peritoni-
tis [123]. The model allows to reproduce the activation of pro- and anti-inflammatory
immune responses, early and late hypodynamic phases, multiple organ dysfunction, hy-
pothermia, metabolic changes and cytokine response kinetics observed in humans. CLP
also affects colonic tight junctions, causing changes in the cellular localization of claudins 1,
3, 4, 5, 8 and activation of claudin 2 [97]. There is also a similar model (colon ascendens
stent peritonitis (CASP)), which reproduces the clinical situation of polymicrobial acute
diffuse peritonitis with systemic inflammation and production of cytokines such as TNF-α,
IL-1, IL-12, IL-18, IFN-γ, KC/GRO-α and MCP-1 [124]. However, CASP is not as commonly
used as CLP and is more difficult to obtain because the biphasic immune response is not
reproducible in sepsis [125]. To date, no studies have examined the possible effects of TRP
channels in the CASP model.

In the CLP model, TRPV1 knockout in mice was found to accelerate the onset of SIRS
and enhance local inflammation [117]. Liver samples obtained from CLP TRPV1KO knock-
out mice showed an increase in bacterial rRNA compared to wild-type animals, indicating
increased bacterial colonization of the abdomen. At the same time, a decrease in viable
macrophages and MCP-1 and MIP-1β formation, as well as an increase in the levels of TNF-
α, IL-10 and IL-6 in CLP TRPV1KO knockout mice, may contribute to immune suppression
by deactivating macrophages and limiting the production of pro-inflammatory mediators.
The impaired immune response may facilitate bacterial replication, thereby increasing the
likelihood of severe infection. Based on the results obtained, TRPV1 appears to provide
protection against immune and inflammatory reactions in the abdominal cavity, as well as
subsequent SIRS. However, the mechanisms by which TRPV1 exerts this protective effect
and its impact on SIRS are not yet fully understood.

It has been reported that aged Trpv1−/− knockout mice had a reduced ability to
resist polymicrobial sepsis in the CLP model [126]. A similar result was obtained for aged
animals that were administered the selective TRPV1 antagonist AMG517. The data suggest
that the role of TRPV1 in systemic inflammation changes from anti-inflammatory to pro-
inflammatory with aging. This shift may be due to changes in TRPV1 suppressive control
of TNF-α production, among other factors. Therapy with TRPV1 antagonists in aged
patients may potentially suppress the systemic inflammatory response, thereby reducing
their resistance to bacterial infection and sepsis.

TRPV4 has been reported to be involved in the hyperinflammatory response and
mortality associated with sepsis [127]. Thus, the highly selective inhibitors GSK2193874 and
HC067047 were used to block TRPV4 in mice with CLP, resulting in reduced mortality by
decreasing the levels of pro-inflammatory cytokines TNF-α, IL-1 and IL-6, and subsequently
maintaining intracellular Ca2+ influx. These results suggest that TRPV4 antagonists may
have therapeutic value in the treatment of sepsis.

TRPA1 activation has been demonstrated to play a protective role in a mouse model
of CLP by regulating the anti-inflammatory response [128]. Vagus nerve TRPA1 signaling
inhibited cytokine release, inducing hypothermia and reducing mortality due to infection.
Additionally, it has been shown that TRPA1 can mediate sepsis-induced immunosuppres-
sion in response to IL-1B. Further research is required to assess the potential importance of
molecular pathways in vagal IL-1B/TRPA1 signaling and their combined role in immune
regulation during sepsis.

In a mouse model of CLP, TRPM2 channel has been demonstrated to be crucial in
controlling invading bacteria by regulating the production of pro-inflammatory cytokines and
the expression of heme oxygenase 1 (HO-1) [129]. HO-1 is an enzyme that protects against
damage during inflammation and microbial sepsis by enhancing bacterial clearance [130]. It



Int. J. Mol. Sci. 2024, 25, 4784 19 of 27

is suggested that TRPM2 involvement in eliminating bacterial agents may be mediated by
HO-1. This finding correlates with TRPM2-mediated Ca2+ influx regulating HO-1 expression
in macrophages. Additionally, in bone marrow-derived macrophages from both wild-type
mice and wild-type mice with CLP, HO-1 reduced the bacterial load. Disrupting TRPM2
decreased HO-1 expression and increased the bacterial load. Furthermore, TRPM2−/− mice
have been reported to experience increased mortality, suggesting the potential for targeting
TRPM2 channel as an immunoadjuvant therapy for sepsis in humans.

Another channel, TRPM4, also developed a protective effect in a mouse model of
CLP [131]. Ca2+ influx is crucial for the functioning of all hematopoietic cells. However,
TRPM4 deficiency resulted in the impaired Ca2+ flow in macrophages, inhibiting their
phagocytic activity, thereby leading to excess bacterial growth. Additionally, the lack of
TRPM4 compromised the peritoneal macrophage population, elevated systemic levels of
Ly6C+ inflammatory monocytes, and increased the production of pro-inflammatory cy-
tokines. These findings demonstrate the important role of TRPM4 in regulating Ca2+ influx
in immune cells and the consequent response to infection. Nevertheless, the mechanisms
responsible for Ca2+ regulation in immune cells have not been clarified yet.

Limited studies on CLP models suggest that TRP channels, specifically TRPV1, TRPA1,
and TRPM4, provide protection against immune and inflammatory responses (Table 4).
However, the mechanisms by which these TRP channels exert their protective effects and
their influence on SIRS are not yet fully understood. In the CLP model, similar to the LPS-
induced sepsis model, TRPV1 demonstrates anti-inflammatory effects, which contradicts the
findings for human models of colitis and IBD. Additionally, it has been suggested that TRPV4
and TRPM2 antagonists may have therapeutic potential in treating sepsis. Further research
is necessary to reconcile these discrepancies and enhance comprehension of the molecular
mechanisms underlying TRP-mediated pathogen recognition and immune response.

Table 4. Main effects of TRP channels in animal sepsis models.

TRP Channel Model Object Confirmed and/or Expected Effects References

TRPA1
LPS-induced sepsis model mice

Recognition of E. coli LPS independently of
TLR4, possible role in the initial response to
pathogens, acute neurogenic inflammation

and pain

[106]

CLP model mice Protective role, regulation of the
anti-inflammatory response [128]

TRPV1

LPS-induced sepsis model mice LPS sensor [112]

LPS-induced peritonitis mice Visceral pain [114]

LPS-induced peritonitis mice Anti-inflammatory effect on the spleen,
protective effect in sepsis [115]

LPS-induced sepsis model mice Enhancing the antibacterial function of
macrophages [117]

CLP model mice Protective role in bacterial infection and
inflammation [117]

TRPV4
LPS-induced sepsis model mice

Regulation of pro-inflammatory cytokine
release and LPS-stimulated
macrophage phagocytosis

[118]

CLP model mice Hyperinflammatory response and mortality
associated with sepsis [127]

TRPM2

LPS-induced sepsis model mice
Stimulation of the chemokine CXCL2

production, inflammatory and
neuropathic pain

[39]

CLP model mice Regulation of pro-inflammatory cytokine
production and expression of HO-1 [129]
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Table 4. Cont.

TRP Channel Model Object Confirmed and/or Expected Effects References

TRPM4 CLP model mice Protective effect [131]

TRPM7 LPS-induced sepsis model mice
Regulation of TLR4 endocytosis and

stimulation of inflammatory cytokine
secretion associated with sepsis

[119]

TRPC1 LPS-induced sepsis model mice
Regulation of caspase-11-dependent IL-1B

secretion and caspase-11-independent
IL-18 secretion

[120,121]

TRPC3 LPS-induced sepsis model mice Protective role in bacterial infections [107]

TRPC4/TRPC5
functional
complex

Trx+LPS model mice
Promotion of peritoneal leukocyte
accumulation and inflammatory

mediator release
[122]

5. Concluding Remarks

This review has provided valuable insights into the complex roles of TRP channels in
both IBD and sepsis. In the context of IBD, a number of TRP channels, including TRPV1,
TRPV2, TRPA1, TRPM2 and TRPV4, have emerged as pivotal mediators of inflammatory
responses, demonstrating pro-inflammatory and/or anti-inflammatory effects depending
on the animal model used. primarily due to the differences in experimental conditions and
the diverse effects of colitis-inducing substances on the severity of colitis and intestinal
inflammation. The data obtained are generally consistent with the limited results in human
epithelial cell lines and human intestinal samples of CD and UC patients.

In sepsis, particularly in models such as LPS-induced sepsis and CLP, TRP channels
exhibit diverse functions in modulating immune and inflammatory processes. For instance,
TRPC3 blockade has shown promise as a therapeutic intervention in mitigating sepsis develop-
ment, while the interaction between TRPC5 and TRPC4 contributes to leukocyte accumulation
and the release of inflammatory mediators. Similarly, investigations using the CLP model
have unveiled the intricate effects of TRPV1 deletion or activation on local inflammation
and SIRS, underscoring the multifaceted nature of TRP involvement in sepsis pathogenesis.
Furthermore, TRPA1 signaling in vagal afferents has been implicated in inhibiting cytokine
release, inducing hypothermia, and reducing mortality from infection, highlighting its protec-
tive role. Additionally, TRPM2 and TRPM4 channels have been shown to enhance bacterial
clearance and regulate inflammatory responses in CLP-induced sepsis.

In general, the diverse roles of TRP in sepsis and IBD should be highlighted, which
are likely the result of a complex interplay between multiple factors, including the different
mechanisms of activation in colitis and sepsis, the localization of TRP channels (immune
cells, neurons, etc.), the microenvironment, the degree of colon inflammation, and the
organism type (human or animal model). Furthermore, to overcome the existing limitations,
future studies of TRP involving specific models of colitis or sepsis should consider the
following aspects: different models may demonstrate inconsistent data depending on
the experimental protocol, inductor substance, object, agonists/antagonists applied; the
obtained results in view of the clinical correlation shall be interpreted cautiously; it is
important to take into account the potential synergistic effects of different TRP channels
and the ambiguous role (pro-inflammatory and/or anti-inflammatory) that they may play
depending on the model used.

Despite the progress achieved, numerous challenges and unanswered questions per-
sist, necessitating further research to elucidate the intricate molecular pathways underlying
TRP-mediated immune modulation and pathogen recognition. Addressing these gaps
not only advances our comprehension and management of sepsis but also sheds light on
the broader implications of TRP channels in inflammatory disorders such as IBD. Future
investigations are warranted to explore the therapeutic potential of targeting specific TRP
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channels in the management of sepsis and related inflammatory conditions, thereby paving
the way for novel therapeutic interventions in critical care medicine.
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Abbreviations

TRP Transient receptor potential channel
IBD Inflammatory bowel disease
CD Crohn’s disease
UC Ulcerative colitis
GI Gastrointestinal tract
EC Epithelial cell
DC Dendritic cell
Th T-helper cells
TLR4 Toll-like receptor 4
Tregs Regulatory T cells
IgA Immunoglobulin A
CGRP Calcitonin Gene-Related Peptide
SP Substance P
NKA Neurokinin A
NKB Neurokinin B
IL Interleukin
TNF Tumor necrosis factor
IFN Interferon
NGF Nerve growth factor
PAR2 Protease-activated receptor 2
APC Antigen-presenting cell
TGF-β Transforming growth factor beta
PDE4 Phosphodiesterase-4 inhibitor
JAK Janus Kinase Inhibitor
SMAD7 Mothers against decapentaplegic homolog 7
S1P Sphingosine-1-phosphate receptor 1
4α-PDD 4α-phorbol-12,13-didecanoate
siRNA Small interfering RNA
TNBS 2,4,6-Trinitrobenzene sulfonic acid
DRG Dorsal root ganglion
NG Nodose ganglion
DSS Dextran sulfate sodium
WDR Wide dynamic range
AITC Allyl isothiocyanate
OM Oil of mustard
DNBS Dinitrobenzene sulfonic acid
AOM Azoxymethane
SIRS Systemic inflammatory response syndrome
PRRs Pattern recognition receptors
PAMPs Pathogen-associated molecular patterns



Int. J. Mol. Sci. 2024, 25, 4784 22 of 27

DAMPs Damage-associated molecular patterns
NLRs NOD-like receptors
RLRs RIG-I-like receptors
MDSC Myeloid-derived suppressor cell
LPS Lipopolysaccharide
MAPK Mitogen-activated protein kinase
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
AP-1 Activating protein-1
IRF-3 Interferon regulatory factor 3
CASP Colon ascendens stent peritonitis
CLP Cecal ligation and puncture
HO-1 Heme oxygenase 1
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