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Abstract

Mast cells, characterized by a broad repertoire of surface receptors, are increasingly recog-
nized for activation pathways extending beyond the classical IgE/FceRI axis, particularly in
the context of neurogenic inflammation. Substance P (SP), a neuropeptide of the tachykinin
family, is a potent activator of mast cells, inducing the release of histamine, cytokines, and
other inflammatory mediators. Through complex bidirectional communication, mast cells
and SP play a pivotal role in neuro-immune interactions. This narrative review provides
an updated overview of mast cell-SP crosstalk, with a focus on underlying molecular
mechanisms, receptor-mediated signaling pathways, and their contribution to pathophysi-
ological processes. In addition, we aim to reinterpret established clinical models within the
spectrum of pseudoallergic conditions and to explore innovative, etiology-driven thera-
peutic strategies. Finally, we discuss future perspectives and highlight the need for robust
translational models to support clinical and pharmacological research.

Keywords: mast cells; substance P; neurogenic inflammation

1. Introduction

Traditionally, mast cells have been primarily considered in the context of allergic
diseases, in which the canonical activation pathway is represented by IgE-mediated cross-
linking of FceRI-bound antibodies [1]. This mechanism provides the “textbook” explanation
for immediate hypersensitivity reactions and type 2 inflammation, with downstream conse-
quences including itch, bronchospasm, mucus hypersecretion, and tissue edema. However,
it is increasingly evident that mast cell biology extends beyond IgE [2]. Over the last decade,
multiple IgE-independent pathways have been characterized and linked to clinically rele-
vant phenomena ranging from pseudoallergic drug reactions to neurogenic inflammatory
cascades. Among these, the Mas-related G protein-coupled receptor X2 (MRGPRX2) has
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emerged as a key mast cell receptor at the crossroads of innate immunity, neuropeptide
signaling, and drug hypersensitivity. Unlike FceRI, MRGPRX2 activation does not require
prior sensitization and can be triggered by a broad spectrum of ligands, including endoge-
nous neuropeptides, host defense peptides, and several pharmacological agents [3]. This
feature positions MRGPRX2 as a plausible mechanistic substrate for inflammatory phe-
nomena characterized by rapid onset, unpredictable recurrence, and poor alignment with
traditional IgE biomarkers.

Substance P (SP), an 11-amino acid tachykinin encoded by the TACI gene, repre-
sents a well-established example of the neuroimmune role of neuropeptides. Historically
recognized as a neurotransmitter involved in pain transmission, SP is now regarded as
a multifunctional mediator capable of coordinating neuronal, immune, and vascular re-
sponses [4]. Importantly, SP is not produced exclusively by neurons: it can also be synthe-
sized and released by several non-neuronal immune and structural cells, including mast
cells themselves, T lymphocytes, monocytes/macrophages, dendritic cells, epithelial cells,
and endothelial cells. In tissues, SP is rapidly degraded by enzymes such as neprilysin.

The best-characterized receptor for SP is the neurokinin-1 receptor (NK1R), which
is widely expressed in neuronal and non-neuronal cells [5]. NK1R signaling activates
canonical G protein-coupled receptor pathways and can propagate both acute effects
(calcium mobilization and vascular changes) and longer-term transcriptional programs
(NF-kB-driven cytokine expression). Receptor internalization and (3-arrestin recruitment
add further layers of temporal regulation, supporting sustained intracellular signaling
even after ligand exposure. Nevertheless, SP-induced mast cell activation is not limited to
NK1R but also involves MRGPRX2. The identification of MRGPRX2 as an SP-responsive
mast cell receptor provides a mechanistic bridge between neurogenic inflammation and
pseudoallergic responses, supporting a model in which SP can activate mast cells rapidly
and independently of sensitization.

A distinctive feature of mast cell-SP interactions is their ability to generate self-
reinforcing loops. SP induces mast cell degranulation, with the release of histamine and
proteases that promote vasodilation, increased permeability, and immune cell recruitment.
Mast cell tryptase can activate protease-activated receptor-2 (PAR-2) on sensory nerve
terminals, facilitating further SP release and enhancing nociceptor excitability [6]. This
feed-forward circuit provides an elegant explanation for the amplification of symptoms
such as pain, itch, and localized edema, particularly in conditions characterized by dense
tissue innervation and abundant mast cells. In this sense, neurogenic inflammation can be
conceptualized not as a unidirectional neuron-immune event, but rather as a bidirectional
circuit in which mast cells act both as effectors and as modulators of neuronal activity.

Beyond peripheral tissues, growing interest has focused on neurogenic inflammation
within the central nervous system (CNS). Mast cells have been identified in the meninges,
perivascular spaces, and neuroendocrine regions such as the hypothalamus [7]. In these
sites, mast cells interact with neurons, astrocytes, microglia, and the vascular endothe-
lium of the blood-brain barrier (BBB). SP signaling may contribute to changes in BBB
permeability and promote neuroinflammation through the release of mast cell mediators.

This narrative review was conducted through a structured literature search aimed
at identifying the most relevant experimental and clinical studies on the mast cell-SP
axis. The primary databases consulted were PubMed /MEDLINE, Scopus, and Web of
Science. The search covered the period from January 2000 to January 2026, with additional
landmark studies included for historical and mechanistic context. The main search terms in-
cluded combinations of “mast cells”, “substance P”, “MRGPRX2”, “neurokinin-1 receptor”,
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“neurogenic inflammation”, “pseudoallergic reactions”, and “neuroimmune interaction”.
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Studies were selected based on their relevance to receptor signaling mechanisms, mast
cell activation pathways, neuroimmune crosstalk, and translational or clinical implications.
Both preclinical and human studies were considered. Particular attention was given to
experimental models allowing mechanistic interpretation and to clinical investigations
providing evidence of disease association or therapeutic modulation.

Given the heterogeneity of available data, this review does not aim to provide a
systematic quantitative synthesis but rather a concept-driven integration of molecular,
cellular, and clinical evidence to frame the mast cell-SP axis as a modular neuroimmune
entity linking mechanistic pathways to complex clinical phenotypes.

2. Mast Cells: Phenotypes and Mediator Repertoire

Neurogenic inflammation is a complex biological process resulting from the dynamic
interaction between the nervous and immune systems and is characterized by the release
of neuropeptides from sensory nerve endings, leading to vascular, immune, and neuronal
responses. Among the mediators involved, SP and mast cells play a central and mutu-
ally reinforcing role [8]. Mast cells are tissue-resident immune cells that originate from
hematopoietic stem cells in the yolk sac and bone marrow under the influence of stem cell
factor and subsequently migrate to peripheral tissues, where they complete their matura-
tion [9]. Once differentiated, mast cells localize preferentially at neurovascular interfaces,
including the skin, respiratory and gastrointestinal mucosa, meninges, and perivascular
regions of the central and peripheral nervous systems [10]. Their strategic positioning
allows them to function as sentinels at sites where environmental, immune, and neuronal
signals converge [11].

Upon activation, mast cells exert profound biological effects through both rapid de-
granulation and de novo synthesis of mediators [12,13]. These include biogenic amines such
as histamine and serotonin, proteases including tryptase and chymase, lipid-derived medi-
ators such as prostaglandins and leukotrienes, and a broad array of cytokines, chemokines,
and growth factors [9,14,15]. Through these mediators, mast cells regulate innate and
adaptive immune responses, modulate inflammation, influence vascular permeability, and
contribute to tissue repair, fibrosis, angiogenesis, and tumor progression [16-19]. Human
mast cells are classically divided into two major subtypes based on their protease content:
connective tissue mast cells (MCTC), which are abundant in the skin and perivascular
tissues, containing both tryptase and chymase, and mucosal mast cells (MCT), which pre-
dominate in the respiratory and gastrointestinal mucosa, containing tryptase only [20,21].
Importantly, MCTC display a receptor profile that renders them particularly responsive to
neuropeptides, underscoring their role in neurogenic inflammation [22].

Mast cells exhibit substantial phenotypic heterogeneity that is influenced by the local
cytokine milieu and tissue microenvironment [23], as also supported by transcriptomic
analyses [24-26]. In addition, several mast cell markers are expressed independently of
maturation or activation status. For example, CD117 is present across mast cell populations
regardless of activation state, while the expression of other surface antigens may vary
according to tissue environment, maturation stage, and disease context [27,28]. This vari-
ability reflects the complex interplay between mast cells and microenvironmental signals
across different tissues [29]. Consequently, commonly used immunohistochemical markers
such as tryptase, chymase, and CD117 primarily identify mast cell presence rather than
specific activation states. Notably, they cannot be considered definitive indicators of mast
cell activation and should therefore be interpreted cautiously [30], highlighting the need
for biomarkers capable of distinguishing mast cell activation from mast cell burden and
underscoring current diagnostic limitations [31].
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2.1. Mast Cell Activation Pathways: IgE-Mediated and Non-IgE Mechanisms

Mast cells are traditionally recognized as key effectors of T-helper-2-dominated im-
mune responses and allergic inflammation [32,33]. In this context, activation occurs pri-
marily through the high-affinity immunoglobulin E receptor FceRI. Cross-linking of FceRI-
bound IgE by specific allergens initiates intracellular signaling cascades involving phos-
pholipase C activation, inositol triphosphate generation, intracellular calcium mobilization,
and engagement of mitogen-activated protein kinase pathways. These events culminate in
immediate degranulation with release of preformed mediators, followed by delayed syn-
thesis of lipid mediators and cytokines such as interleukin-4, interleukin-5, interleukin-9,
and interleukin-13 [34]. Histamine and interleukin-4 play key roles in allergic inflammatory
disorders such as urticaria, atopic and allergic contact dermatitis, by inducing pruritus
through activation of sensory nerve fibers and by promoting type 2 immune responses
characterized by increased vascular permeability and altered smooth muscle tone [35-37].

In addition to IgE-dependent mechanisms, mast cells can be activated through IgE-
independent pathways that are highly relevant to neurogenic inflammation [38,39]. A
key receptor mediating this process is MRGPRX2, which is preferentially expressed on
MCTC [40,41]. MRGPRX2 belongs to the family of Mas-related G protein-coupled receptors,
characterized by seven transmembrane o-helices, and was initially identified in murine
mast cells as Mrgprb2, with subsequent characterization of the human ortholog. Unlike
FceRI-mediated activation, MRGPRX2 signaling does not require prior sensitization and
is rapidly triggered by a wide range of endogenous and exogenous ligands, including
neuropeptides, host defense peptides, and several clinically used drugs [42].

SP represents one of the most potent endogenous activators of mast cells through
MRGPRX2 [43]. Binding of SP to the extracellular domain of MRGPRX2 induces confor-
mational changes that enable G protein coupling and activation of downstream signaling
pathways [44,45], with a critical requirement for Ca®* influx and PI3K activation, and
additional modulatory contributions from ERK1/2 pathways [46]. This results in rapid
mast cell degranulation and the release of histamine, tryptase, and chemokines, which
promote vasodilation, increased vascular permeability, and recruitment of innate immune
cells such as neutrophils, monocytes, and macrophages [47,48]. Mast cell-derived tryptase
further activates PAR-2 on sensory afferent neurons, stimulating additional release of SP
and establishing a feed-forward loop that amplifies local inflammatory responses [49,50].
This bidirectional communication between mast cells and sensory neurons is a defining
feature of neurogenic inflammation and contributes to peripheral nerve sensitization, pain,
and itch [51-53].

2.2. Receptor Hierarchy in Human Mast Cells: NKIR Versus MRGPRX2

Although SP can signal through both NK1R and MRGPRX2, their relative contribution
to mast cell activation appears to differ substantially in human systems. Several studies
have reported limited or variable expression of NK1R in human skin mast cells, whereas
MRGPRX2 is consistently and highly expressed, particularly in connective tissue mast
cells. This distribution suggests that rapid SP-induced degranulation in human tissues is
predominantly mediated by MRGPRX2 rather than NKIR [19].

Functional data further support this hierarchy. MRGPRX2 activation induces imme-
diate calcium influx and rapid exocytosis of preformed mediators, a kinetic profile that
closely matches the early vascular and neurogenic responses observed in vivo [46]. In
contrast, NK1R signaling in mast cells appears to be more closely associated with transcrip-
tional regulation, cytokine production, and sustained inflammatory responses, although its
functional relevance in primary human mast cells remains less clearly defined [42,54].
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Important interspecies differences must also be considered. The murine ortholog Mrg-
prb2 shares functional similarities with human MRGPRX2 but differs in ligand selectivity
and signaling properties, limiting direct translational extrapolation [55]. This distinction is
critical when interpreting data derived from rodent models of neurogenic inflammation
and pseudoallergic reactions.

Current evidence supports a model in which MRGPRX2 represents the dominant
receptor for SP-induced rapid mast cell activation in humans, whereas NK1R may play a
complementary or context-dependent role, particularly in regulating late-phase inflamma-
tory programs. In fact, MRGPRX2 and NK1 receptors activate partially overlapping but
functionally distinct pathways. MRGPRX2 primarily triggers rapid G-protein-dependent
signaling leading to calcium influx and immediate mast cell degranulation. In contrast,
NK1 receptor activation more commonly engages (3-arrestin recruitment, receptor internal-
ization, and sustained MAPK and NF-«B signaling, contributing predominantly to cytokine
production and longer-term inflammatory responses [4,53,56].

Moreover, NK1R desensitization is well-documented: multiple studies demonstrate
that SP induces rapid NK1R desensitization through phosphorylation and {3-arrestin
recruitment [57-59]. This represents classical G protein-coupled receptor desensitiza-
tion mechanisms.

For MRGPRX2, the evidence appears more nuanced: while SP has been shown to
induce receptor desensitization through (-arrestin recruitment [56], other studies empha-
size the rapid secretory responses and distinctive trafficking dynamics associated with
MRGPRX2 activation [60,61]. Interestingly, a potential relationship exists between MRG-
PRX2 desensitization and rapid mast cell degranulation. In ex vivo human skin mast cells,
maximal responses were observed after 1 min following MRGPRX2 stimulation, whereas
FceRlI-triggered activation reached its peak only after 8 min [62].

3. Substance P Biology and Receptor Signaling

SP is an amphiphilic neuropeptide composed of 11 amino acids and belongs to the
tachykinin family. It is generated from the precursor preprotachykinin A, encoded by
the TAC1 gene located on chromosome 7. Alternative splicing of the TACI gene gives
rise to multiple mRNA variants, enabling the production not only of SP but also of other
tachykinins, including neurokinin A (NKA), neurokinin B (NKB), neuropeptide K, and
neuropeptide y [63-65]. Although these peptides share structural similarities, they display
preferential receptor selectivity: SP primarily activates NK1R, NKA preferentially binds
neurokinin-2 receptor (NK2R), and NKB mainly signals through neurokinin-3 receptor
(NK3R) [66]. Among these tachykinins, SP appears to play the most prominent role in mast
cell activation and neuroimmune signaling [67].

In humans, TAC1 expression is particularly high in transient receptor potential vanil-
loid 1-positive nociceptive neurons, highlighting the close association between SP and pain
signaling pathways [18,48,68].

Although SP is classically regarded as a neurotransmitter, it is now well established
that it is also produced and released by a wide range of non-neuronal cells [69]. These
include mast cells, T lymphocytes, monocytes, macrophages, dendritic cells, endothelial
cells, epithelial cells, and eosinophils [15,18,70,71]. This broad cellular distribution under-
scores the role of SP as a neuroimmune mediator capable of coordinating responses across
multiple biological systems [72]. SP is highly conserved among mammalian species and
exerts its biological effects exclusively through receptor-mediated mechanisms, as it is
unable to cross cellular membranes [65,73]. The positively charged N-terminal region of
the peptide is critical for receptor binding, whereas the hydrophobic C-terminal region
confers amphiphilic properties [48,74,75].
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In tissues, SP has a short half-life ranging from seconds to minutes and is rapidly
degraded by cell-surface metalloproteases such as neprilysin [76]. Its biological actions
are mediated primarily through neurokinin receptors and MRGPRX2 [77]. Neurokinin
receptors are G protein—coupled receptors widely expressed on neurons, immune cells,
endothelial cells, smooth muscle cells, fibroblasts, and mast cells. Among the three known
subtypes, the NK1R exhibits the highest affinity for SP and exists in both full-length and
truncated isoforms with distinct tissue distributions and signaling capacities [5]. In the
nervous system, NKI1R receptor expression is upregulated in dorsal horn neurons during
inflammation, facilitating enhanced nociceptive transmission [48,70,78-80].

Engagement of SP with NK1R or MRGPRX2 activates intracellular signaling path-
ways, including the mitogen-activated protein kinase, phosphoinositide 3-kinase-Akt,
and nuclear factor kappa B pathways [20,81,82]. Binding of SP to NK1R induces receptor
phosphorylation by G protein-coupled receptor kinases and subsequent recruitment of
[-arrestin, leading to receptor internalization and desensitization while also supporting
sustained intracellular signaling [48,83]. Activation of phospholipase C results in inos-
itol triphosphate-mediated calcium release and diacylglycerol-dependent activation of
protein kinase C, whereas stimulation of adenylyl cyclase generates cyclic adenosine
monophosphate and activates protein kinase A [68]. These signaling cascades converge on
transcription factors such as nuclear factor kappa B and peroxisome proliferator-activated
receptors, promoting the expression of pro-inflammatory cytokines, chemokines, and
adhesion molecules [15,53,84,85].

The downstream effects of SP signaling include enhanced neuronal excitability, mod-
ulation of synaptic transmission, and facilitation of immune cell recruitment to sites of
inflammation (Figure 1). In the spinal cord, SP contributes to central sensitization by en-
hancing the function of x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
and N-methyl-D-aspartate (NMDA) receptors and sustaining inflammation-induced hyper-
excitability [70,86,87]. This process transforms non-nociceptive neurons into nociceptive
neurons and perpetuates chronic pain states [20,88]. Peripheral and central sensitization are
further supported by the increased production of arachidonic acid metabolites, including
prostaglandins and lipoxygenase products, which act synergistically with SP to maintain
inflammatory signaling [84,89].

SP SOURCES
Sensory nociceptors
Mast cells
Immune & epithelial cells
Endothelial cells

Rapid degradation: neprylisin

NK1R PATHWAY MRGRPX2 PATHWAY
GPCR —PLC/IP3/Ca?* FEED FOWARD LOOP GPCR-»Ca2*/PI3K
PKC, MAPK, NF-kB Tryptase #PAR2(sensory ERK 1/2

; s IgE-indipendent activtation
Cytokine/Chemokine nerves) - )
. itabili Rapid t cell d lat
expression Neuronal excitability apid mast cell degranulation

o 4SP release Histamine, tryptase
Vascular permeability Pseudoallergic response

OUTCOMES
Itch/pain
Edema
Barrier dysfunction
Neurovascular/BBB effects
Glial activation

Figure 1. Substance P-mast cell neuroimmune axis. SP released from sensory nociceptors and
non-neuronal cells engages two parallel receptor pathways on mast cells. NK1R activation promotes
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intracellular signaling cascades leading to cytokine and chemokine production and vascular effects,
whereas MRGPRX2 activation induces rapid, IgE-independent mast cell degranulation with release
of histamine and proteases. Mast cell tryptase activates protease-activated receptor-2 (PAR-2) on
sensory nerve endings, generating feed-forward loops that amplify SP release, neuronal excitability,
barrier dysfunction, and neuroinflammatory signaling, including effects at the neurovascular unit
and blood-brain barrier. SP, substance P; NK1R, neurokinin-1 receptor; MRGPRX2, Mas-related G
protein-coupled receptor X2; GPCR, G protein-coupled receptor; PLC, phospholipase C; IP3, inositol
trisphosphate; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor
kappa B; PI3K, phosphatidylinositol 3-kinase; ERK1/2, extracellular signal-regulated kinases 1/2;
PAR-2, protease-activated receptor 2; BBB, blood-brain barrier; IgE, immunoglobulin E. Created with
BioRender, Ginaldi L. (2026) https:/ /BioRender.com/tfn7he8 (accessed on 29 January 2026).

SP also promotes vascular effects, including endothelial activation, vasodilation, in-
creased vascular permeability, and edema formation by inducing the expression of endothe-
lial leukocyte adhesion molecules and stimulating nitric oxide and vascular endothelial
growth factor release [15,90]. Through these mechanisms, SP facilitates leukocyte extrava-
sation and amplifies inflammatory responses [18,91]. Functionally, SP plays a fundamental
role in nociception by increasing postsynaptic sensitivity to glutamate, enhancing neu-
roactive mediator release at nociceptor terminals, and stimulating trigeminal and spinal
pain pathways. Beyond pain transmission, SP influences emotional processing, stress re-
sponses, and mood regulation, linking neurogenic inflammation to anxiety and depressive
disorders [20,48,84,92,93].

4. Mast Cell-Substance P Axis: Experimental Models

The experimental evidence of the mast cell-SP axis derives from different model sys-
tems that vary in their capacity to reproduce physiological mast cell responses, including
immortalized mast cell lines, primary human mast cells, and animal models of neuro-
genic inflammation (Table 1). These cellular models differ in origin and physiological
relevance [94]. Primary human mast cells can be isolated from tissues such as skin or lung
through enzymatic digestion followed by density-gradient separation. Alternatively, mast
cells can be generated in vitro from hematopoietic progenitors obtained from peripheral
blood or umbilical cord blood and differentiated under cytokine stimulation. In addition,
immortalized mast cell lines such as LAD2 and HMC-1 are widely used for mechanistic
studies because they provide reproducible systems for investigating intracellular signaling
pathways. These complementary models form the experimental basis for the evidence
summarized in the following sections.

Table 1. Experimental evidence supporting substance P-mast cell signaling.

Experimental System

Receptor/Source Receptor Involved Functional Outcome

In vitro mast cell lines
(LAD2, HMC-1) [95-99]

Calcium influx, degranulation,

Human MRGPRX2, NK1R .
cytokine release

Primary human skin mast cells

Rapid degranulation, histamine and

[41,99-105] Human MRGPRX2 (predominant) tryptase release
Cord blood-derived mast cells Human MRGPRX2 IgE-independent activation
[106-111]
Murine mast cells Degranulation, vascular
[42,55,112-115] Mouse (Mrgprb2) Mrgprb2 permeability, nociceptor activation
Animal models of neurogenic .
inflammation Mouse/rat Mrgprb2, NKIR Edema, leukocyte recruitment,

[19,43,97,116-121]

pain sensitization
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4.1. Mast Cell Lines

Immortalized human mast cell lines, particularly LAD2 and HMC-1, allow investi-
gation of MRGPRX2-mediated signaling. LAD2 cells express functional MRGPRX2 and
exhibit calcium mobilization, degranulation, and chemokine production following stimu-
lation with SP and other cationic secretagogues [22]. These cells have been instrumental
in identifying downstream signaling pathways including PI3K/AKT, PLCy activation,
ERK1/2 phosphorylation, and G-protein-dependent signaling cascades [122].

HMC-1 cells express lower levels of MRGPRX2 and show limited degranulation ca-
pacity, although responsiveness can be enhanced experimentally through latrunculin-B
pretreatment [96]. Despite their usefulness for mechanistic studies, both cell lines show
reduced expression of mast cell proteases such as tryptase and chymase compared with
primary mast cells, and HMC-1 cells display an immature phenotype, unsuitable for degran-
ulation assays [95]. Furthermore, variability and lack of methodological standardization
across studies using mast cell lines have been reported [123]. These models therefore pro-
vide robust information on signaling pathways but have limited physiological relevance.

4.2. Primary and Cord Blood-Derived Human Mast Cells

Primary human mast cells provide stronger evidence for the physiological relevance
of SP-induced activation. Human skin mast cells have been shown to express high levels of
MRGPRX2 and undergo rapid degranulation with histamine and tryptase release follow-
ing SP stimulation [100]. Studies using freshly isolated mast cells confirmed MRGPRX2-
dependent histamine release, demonstrating receptor-specific antagonism [101]. The kinet-
ics of this response are extremely rapid, with histamine release occurring within 10-20 s
after stimulation [102], consistent with the rapid onset of neurogenic inflammatory reactions
in vivo.

Among the most direct evidence, novel MRGPRX2 antagonists have been shown to
inhibit the degranulation of human cord blood-derived mast cells induced by SP and other
basic secretagogues, while IgE-challenged cells remained resistant to these antagonists [107].
Supporting evidence showed that SP strongly activated mature human cord blood mast
cells, inducing CXCLS8 expression and histidine decarboxylase transcription [108]. However,
CD133+ cord blood-derived mast cells showed minimal histamine release in response to
SP stimulation, suggesting heterogeneity in responsiveness depending on culture proto-
cols [111]. Overall, the evidence strongly supports MRGPRX2-mediated, IgE-independent
SP activation in cord blood-derived mast cells.

4.3. Murine Mast Cells and Animal Models of Neurogenic Inflammation

In mice, the functional ortholog of the human MRGPRX2 receptor is Mrgprb2, which
mediates mast cell activation in response to cationic secretagogues, including SP. The role
of this receptor was first demonstrated in knockout models showing that secretagogue-
induced histamine release, inflammatory responses, and airway contraction are abolished
in Mrgprb2-deficient mice [42]. Subsequent studies confirmed that SP activates murine
mast cells through Mrgprb2, inducing rapid intracellular Ca?* mobilization and degran-
ulation with the release of preformed mediators such as histamine, resulting in vasodi-
lation, increased vascular permeability, and local inflammatory responses [113]. More
recently, SP-induced degranulation has been demonstrated in Mrgprb2-expressing bone
marrow-derived mast cells, further supporting the role of this receptor in murine mast cell
activation [55].

These findings have also linked Mrgprb2 signaling to neuroimmune interactions. SP
released from sensory neurons contributes to the transmission of pain and itch and can
activate cutaneous mast cells through Mrgprb2-dependent mechanisms [114]. However, di-
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rect evidence demonstrating that Mrgprb2 signaling itself modulates nociceptor activation
remains limited, and most studies support an indirect mast cell-neuron feed-forward loop.

Despite their functional similarity, important differences exist between human MRG-
PRX2 and its murine ortholog Mrgprb2. While both receptors respond to SP and other
cationic peptides and trigger rapid mast cell degranulation through Ca?*-dependent signal-
ing pathways, they differ in ligand specificity, pharmacological responsiveness, and expres-
sion patterns [55]. Human MRGPRX2 displays broader ligand promiscuity and is highly
expressed in connective tissue mast cells, particularly in the skin, whereas murine Mrgprb2
shows a more restricted ligand profile and is primarily studied in bone marrow—derived
mast cells and tissue mast cells in experimental models. These interspecies differences
represent an important limitation when translating mechanistic findings from murine
models to human disease.

Animal models of neurogenic inflammation in both mice and rats have further clari-
fied the roles of Mrgprb2 and NK1 receptors in inflammatory responses. In mice, Mrgprb2
has been shown to mediate inflammatory mechanical and thermal hyperalgesia and to be
required for the recruitment of innate immune cells at sites of tissue injury [43]. Similarly, ex-
tensive evidence supports a role for NK1 receptor signaling in neurogenic inflammation. In
rat models, NK1 receptors have been shown to mediate neutrophil and eosinophil adhesion
as well as plasma leakage in tracheal neurogenic inflammation [117], while studies using
NK1R-deficient mice demonstrated marked reductions in SP-induced plasma extravasation
and leukocyte infiltration [118]. Additional experimental models of neuropathic pain have
documented NK1R-associated edema and polymorphonuclear leukocyte accumulation
following nerve injury [120]. Collectively, these studies highlight the contribution of both
Mrgprb2- and NK1R-dependent pathways to neurogenic inflammatory responses, includ-
ing edema formation and immune cell recruitment, although direct mechanistic evidence
linking these receptors specifically to pain sensitization remains relatively limited.

5. Central Nervous System Implications and Stress-Related Pathways

In recent years, increasing attention has been devoted to the role of the SP-mast cell
axis within the central nervous system, where neurogenic inflammation is increasingly
recognized as a contributor to both neurodegenerative and neuropsychiatric disorders.
Mast cells are present in the meninges, perivascular spaces, thalamus, hypothalamus, and
other brain regions involved in neuroendocrine regulation and stress responses [124]. In
these locations, mast cells are positioned to interact closely with neurons, astrocytes, mi-
croglia, and endothelial cells of the BBB. SP released from central or peripheral afferent
fibers can activate mast cells in these regions, leading to the release of cytokines, proteases,
and vasoactive mediators that may alter BBB permeability and promote neuroinflamma-
tion [48,125-128]. This mechanism has been proposed to facilitate immune cell infiltration
into the central nervous system and to sustain glial activation, thereby contributing to
chronic neuroinflammatory states [9,15,19,129].

In particular, microglial cells, the resident immune cells of the central nervous system,
are also responsive to SP and can be indirectly activated by mast cell-derived mediators.
This tri-cellular interaction among neurons, mast cells, and microglia amplifies inflamma-
tory signaling and may exacerbate neuronal dysfunction [130]. In experimental models, SP
has been shown to enhance microglial production of pro-inflammatory cytokines and reac-
tive oxygen species, promoting neuronal sensitization and, in some contexts, neurotoxicity.
These observations suggest that neurogenic inflammation mediated by SP and mast cells
may represent a common pathogenic pathway linking peripheral inflammation to central
nervous system disorders [18,20,131-133].
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Another emerging aspect of SP-mediated neurogenic inflammation involves its in-
teraction with stress-related pathways. Owing to the localization of SP and NKI1R in
brain regions implicated in the modulation of stress and anxiety, SP is able to mediate
cytokine release in response to stressful stimuli, where other neurotransmitters such as
dopamine, acetylcholine, serotonin, and noradrenaline are also present. Both psychologi-
cal and physical stress are known to induce the release of SP from sensory neurons and
central stress-responsive circuits. Notably, stress-related factors inhibit the physiological
negative feedback mechanism that limits SP release through NK1 receptor activation, re-
sulting in altered SP tissue levels or changes in SP immunoreactivity across multiple brain
regions [134].

In cold water-exposed mice, mast cells exhibit increased phagocytic capacity, enhanced
adhesion, and elevated free radical production. Additionally, evidence indicates an in-
creased production of cytokines originating both from stressed mast cells and from mast
cells activated by SP [96].

Elevated levels of prostaglandin E2 (PGE2) have also been observed in stressed
macrophages, which may contribute to stress-induced immune suppression implicated
in the exacerbation of inflammatory skin diseases, asthma, irritable bowel syndrome,
and chronic pain syndromes. In this context, mast cells act as key transducers of stress
signals into inflammatory responses, thereby providing a mechanistic link between psy-
chosocial stressors and disease exacerbations. Furthermore, the ability of SP to modulate
hypothalamic—pituitary—adrenal axis activity further highlights its role in integrating neu-
roendocrine and immune responses [95,96].

These findings suggest potential therapeutic implications for the treatment of depres-
sion and anxiety. Both pharmacological and endogenous NK1 receptor antagonists have
been shown to attenuate stress-induced mast cell activation. For example, capsaicin, a
well-known SP antagonist, has been reported to reduce stress-induced cytokine production
in murine model, such as interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-x) by
approximately threefold [135,136].

6. Pathophysiological Relevance and Peripheral Clinical Correlates of
Substance P

Accumulating evidence from human studies suggests that the SP-MRGPRX2 axis
contributes to inflammatory and neuroimmune processes across multiple tissues (Figure 2),
although the strength of evidence varies considerably between diseases. Tissue-based
studies indicate that MRGPRX2 expression is frequently upregulated in inflammatory
conditions affecting the skin, gastrointestinal tract, and airways, even if in many cases
the available data remain largely associative and do not clearly distinguish whether SP
signaling represents a primary pathogenic driver or a secondary amplification mechanism.

Increased levels of SP and mast cell infiltration have been documented in the synovial
fluid of patients with rheumatoid arthritis, in the plasma and skin of individuals with
atopic dermatitis, in acute bronchoconstriction and in the bronchoalveolar lavage fluid of
patients with asthma [137,138]. SP has also been implicated in histamine-mediated vascular
leakage in eczema, and sustained pain and fatigue in fibromyalgia [139,140]. Additional
associations have been reported in migraine, myocardial infarction, pulmonary fibrosis,
and neuropsychiatric disorders [35,141].

Across these conditions, clinical studies consistently report correlations between ele-
vated SP levels and increased disease severity or adverse outcomes [142-146], although
most studies remain correlational and do not establish causality. Rheumatoid arthritis, fi-
bromyalgia, migraine, and neuropsychiatric disorders may represent additional contexts in
which SP is associated with symptom severity, pain sensitization, and stress-related exacer-
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bations. In these conditions, the mast cell-SP axis is best interpreted as a network amplifier
that links peripheral inflammation, neuronal excitability, and central symptom perception.
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Figure 2. Multisystem clinical spectrum associated with substance P signaling. SP acts as a shared
molecular mediator across skin, respiratory and cardiovascular systems, gastrointestinal tract, mus-
culoskeletal tissues, and the central nervous system, contributing to inflammatory, pseudoallergic,
pain-related, and neuropsychiatric manifestations. The figure illustrates the broad clinical relevance of
SP-associated pathways across multiple organ systems. SP, substance P; AD, atopic dermatitis; ACD,
allergic contact dermatitis; IBD, inflammatory bowel disease. Created with BioRender, Ginaldi L.
(2026) https:/ /BioRender.com/hkxqywh (accessed on 29 January 2026).

Beyond its pro-inflammatory effects, SP influences cellular growth, proliferation, and
tissue remodeling in multiple cell types, including fibroblasts, smooth muscle cells, syn-
oviocytes, endothelial cells, and bone marrow-derived cells. These actions contribute to
extracellular matrix remodeling, angiogenesis, and wound repair but may also promote
pathological fibrosis and chronic inflammation when dysregulated [70,147]. Collectively,
the intricate crosstalk between SP and mast cells represents a fundamental mechanism
linking the nervous and immune systems [148]. Dysregulation of this axis amplifies in-
flammatory responses, sustains peripheral and central sensitization, and contributes to
the development and persistence of numerous inflammatory, allergic, and pain-related
diseases [19,91,149].

Nevertheless, interpretation of clinical findings is further complicated by the hetero-
geneity of clinical phenotypes and by substantial variability in methods used to quantify SP
levels, including differences in biological matrices and analytical techniques. Robust pre-
clinical evidence supports a role for SP in inflammatory skin responses [150], asthma [151],
neuropsychiatric conditions such as depression and anxiety [152], and neurodegenerative
disorders including Parkinson’s disease [153]. In contrast, clinical evidence remains limited
and inconsistent, with many studies providing primarily associative observations.

Gut, Skin, Airways, and Pseudoallergy: Primary Driver or Secondary Amplifier?

In the gastrointestinal tract, SP participates in visceral hypersensitivity and mucosal
immune activation. In irritable bowel syndrome, its role appears to be primarily linked to
sensory neuron-mast cell interactions sustaining pain and dysmotility, while in inflamma-
tory bowel disease SP contributes to cytokine production and leukocyte recruitment. In
particular, in inflammatory bowel disease, SP promotes interleukin-17 release within the
intestinal mucosa, whereas in psoriasis it enhances interleukin-17 production in the skin,
contributing to keratinocyte proliferation and chronic inflammation [154,155].
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Dermatological disorders provide some of the strongest evidence for a neurogenic
component of inflammation. The skin is characterized by dense sensory innervation and a
high prevalence of connective tissue mast cells expressing MRGPRX2. In antihistamine-
resistant chronic spontaneous urticaria, increased expression of MRGPRX2 and enhanced
responsiveness to neuropeptides suggest that SP-driven mast cell activation contributes
primarily to disease severity and symptom persistence rather than to disease initiation [156].

Similarly, in the airways SP has been implicated in bronchial hyperreactivity, plasma
extravasation, and immune cell recruitment [157]. Experimental models support a mech-
anistic role for neurogenic inflammation in asthma phenotypes, whereas human studies
primarily demonstrate elevated neuropeptide levels and increased mast cell density, consis-
tent with a disease-modifying rather than disease-initiating role [158-160].

Taken together, the available evidence suggests that SP-driven mast cell activation
more likely acts as a neuroimmune amplifier rather than a primary disease trigger, at least
in these models of chronic inflammatory disease, although definitive causal relationships
remain difficult to establish from current clinical studies.

However, a different pathogenic scenario may emerge in conditions characterized by
transient or limited mast cell activation, such as clinical settings associated with pseudoal-
lergic reactions. As discussed above, the MRGPRX2 receptor displays activation kinetics
that differ substantially from the classical IgE-FceRI pathway, being characterized by
rapid, IgE-independent mast cell degranulation triggered by a broad range of cationic
ligands. In addition to endogenous neuropeptides such as SP, MRGPRX2 can be activated
by several pharmacological agents, including cationic drugs such as fluoroquinolone an-
tibiotics (e.g., ciprofloxacin, levofloxacin), neuromuscular blocking agents, and other basic
secretagogues [161].

Certain plant-derived compounds and dietary components have also been reported
to interact with mast cell activation pathways, including flavonoids such as quercetin
and bioactive molecules present in spices. These latter may contribute to pseudoallergic
reactions in susceptible individuals [19].

In these contexts, the cellular and molecular pathways associated with MRGPRX2
activation may translate into specific clinical settings, such as drug-induced acute urticaria,
rather than chronic disease forms, as well as early mast cell activation observed in some
spice-related adverse reactions [162,163]. In contrast to chronic inflammatory disorders,
where the SP-mast cell axis appears to function primarily as an amplification mechanism,
these settings may represent situations in which MRGPRX2-mediated mast cell activation
acts as a primary driver of the inflammatory response.

Taken together, these observations indicate that both primary pathogenic driver and
secondary inflammatory amplifier may operate within SP-mediated mast cell activation.
The relative contribution of each mechanism may depend on the temporal dynamics,
intensity, and clinical context of mast cell activation.

Further studies in well-characterized clinical cohorts, in addition to experimental
models, will be required to clarify the pathophysiological relevance of these mechanisms
and their potential translational implications, including the development of targeted thera-
peutic strategies.

7. Therapeutic Implications and Translational Perspectives

The SP-mast cell axis represents an attractive but challenging therapeutic target. NK1R
antagonists have been extensively investigated for their potential to modulate pain, inflam-
mation, and mood disorders [70,91,164,165]. While preclinical studies have demonstrated
robust anti-inflammatory and analgesic effects, clinical outcomes have been variable, likely
reflecting the complexity and redundancy of neuroimmune signaling networks (Table 2).
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Similarly, direct targeting of mast cell activation through stabilizing agents or inhibition of
specific signaling pathways downstream of MRGPRX2 has gained interest. Given the role
of MRGPRX2 in pseudo-allergic drug reactions and neurogenic inflammation, selective
modulation of this receptor could offer potential therapeutic benefits while avoiding the
broad immunosuppressive effects associated with traditional anti-inflammatory drugs [166].
MRGPRX2-targeting DNA aptamer and small molecule antagonists represent potential
strategies to target this receptor, as demonstrated by preclinical trials [107,167]. Additional
studies have demonstrated that pharmacological inhibition of MRGPRX2 can effectively
suppress mast cell activation both in vitro and in ex vivo human skin preparations, support-
ing its potential therapeutic relevance [168]. Nevertheless, these findings remain confined
to preclinical and translational experimental settings, and clinical efficacy in humans has
yet to be demonstrated [169].

Table 2. Clinical and translational evidence supporting the substance P-mast cell axis.

Experimental System Source Receptor Involved Functional Outcome
Human tissue studies (skin,
airways, gut, CNS) Human MRGPRX2 Association with disease activity

[19,141,158-160,170-172]

(upregulated expression)

Clinical studies measuring SP Human Indirect evidence of Correlation with symptoms and
levels [142-146] SP signaling disease severity
Clinical trials with NK1R Human NKIR Variable clinical efficacy

antagonists [173-177]

MRGPRX2 modulators
[168,169,178,179]

Inhibition of MC degranulation and
Experlmfental quels MRGPRX2 attenuation of 1nﬂammatqry
(preclinical studies) responses in vitro and in vivo.

No clinical trials currently available.

CNS: central nervous system; SP: Substance P; MRGPRX2: Mas-Related G Protein—-Coupled Receptor X2; NK1R:
Neurokinin 1 Receptor; MC: mast cell.

The discrepancy between robust preclinical results and modest or negative clinical
outcomes observed with NK1R antagonists likely reflects the complexity of neuroimmune
signaling networks [65]. One major factor is receptor redundancy within the tachykinin
system, which allows alternative ligands and receptors to maintain inflammatory signaling
despite pharmacological blockade of NK1R.

In addition, SP-induced mast cell activation in human tissues can occur through MRG-
PRX2, a pathway that is not affected by NK1R antagonism. This receptor bypass mechanism
may be particularly relevant in pseudoallergic reactions and neurogenic inflammation of
barrier tissues [43,179].

Disease heterogeneity and the lack of patient stratification represent another critical
issue [80,180]. NK1R blockade may be effective only in specific endotypes characterized by
neurogenic inflammation and SP upregulation, whereas unselected patient populations
dilute potential therapeutic signals. Pharmacokinetic limitations and insufficient tissue
penetration in highly innervated peripheral compartments may have further contributed
to suboptimal clinical responses.

Enzymatic regulation of SP availability represents another potential therapeutic strat-
egy. One possible approach involves the enhancement of neprilysin activity [181]. This
endopeptidase plays a key role in the degradation of several neuropeptides, including SP
and B-amyloid, thereby contributing, particularly in the brain, to the modulation of inflam-
matory and neurodegenerative processes [182]. Furthermore, studies in which synthetic
SP analogues have been designed and tested suggest a potential future development of
peptidic drugs aimed at fine-tuning SP signaling in specific tissues [183]. These analogues
were specifically engineered to exhibit reduced biological activity while ensuring strong
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tissue binding, especially in the brain, by protecting the carboxyl terminus, the site targeted
by SP-degrading enzymes [136].

In addition, a well-documented association exists between chronic infections and au-
toimmune diseases, along with evidence that neurotransmitters can mediate the transition
of microglia from an immunosuppressive to a pro-inflammatory state under pathological
conditions. On this basis, future combined therapeutic approaches targeting both neuronal
and immune components of neurogenic inflammation may be required to achieve sustained
clinical efficacy, particularly in chronic inflammatory and pain disorders. A notable exam-
ple is the observation of reduced insulin resistance and a lower risk of Alzheimer’s disease
development in patients with rheumatoid arthritis treated with TNF-« inhibitors [184].

A precision-medicine approach may suggest that therapeutic modulation of the mast
cell-SP axis could be more effective in disease endotypes characterized by neurogenic
inflammation, mast cell hyperresponsiveness, and stress-related symptom exacerbation.

These conditions may include antihistamine-resistant chronic spontaneous urticaria,
chronic pruritus associated with atopic dermatitis, neurogenic asthma phenotypes, irrita-
ble bowel syndrome with visceral hypersensitivity, and chronic pain syndromes such as
fibromyalgia. In these settings, symptom severity often shows poor correlation with con-
ventional inflammatory biomarkers, supporting the concept of a potential neuroimmune
amplification loop.

Identification of such endotypes will require integrated biomarkers combining neu-
ronal, immune, and mast cell-derived mediators.

8. Discussion

Neurogenic inflammation represents a key interface between the nervous and immune
systems, in which sensory neurons act not only as signal transmitters but also as active
effectors of inflammatory responses. Nociceptive afferents can release neuropeptides such
as SP and calcitonin gene-related peptide in peripheral tissues in response to chemical, me-
chanical, or thermal stimuli, triggering vasodilation, increased vascular permeability, and
leukocyte recruitment. Although initially considered a protective reflex aimed at neutraliz-
ing local insults, neurogenic inflammation is now recognized as a contributor to chronic
conditions characterized by persistent neuroimmune activation and tissue dysfunction.

Within this context, mast cells play a central role. As long-lived tissue-resident im-
mune cells located at environmental interfaces and in close proximity to nerves and vessels,
they act as sentinels capable of integrating neuronal, immune, and environmental signals.
Upon activation, mast cells rapidly release preformed mediators such as histamine, pro-
teases (tryptase, chymase), and heparin and subsequently produce a broad array of lipid
mediators, cytokines, and growth factors, thereby influencing vascular responses, immune
cell recruitment, barrier function, and tissue remodeling, and fibrosis.

The extension of this model to the CNS also opens new directions. Mast cells at the
neurovascular interface may influence BBB integrity and glial activation, linking peripheral
neurogenic inflammation to central symptom domains such as fatigue, mood dysregulation,
and cognitive complaints.

A tri-cellular axis involving neurons, mast cells, and microglia may amplify inflamma-
tory signaling through cytokines and reactive oxygen species, potentially linking periph-
eral inflammatory triggers to central symptoms including pain sensitization, fatigue, and
mood disturbances.

Clinically, the relevance of the SP-mast cell axis spans a broad spectrum of inflamma-
tory, allergic, and pain-related disorders, involving peripheral neuroimmune responses.
Evidence of elevated SP levels and mast cell interaction has been reported in atopic der-
matitis, asthma, inflammatory bowel disease, rheumatoid arthritis, and chronic pain syn-
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dromes. In many of these conditions, symptom intensity is not fully explained by classical
immune markers alone, suggesting that neuroimmune amplification may act through
viscero-somatic cross-sensitivity and the convergence-projection phenomena [185,186].

Overall, the convergence of mast cell biology, SP signaling, and neuroimmune feedback
loops provides a compelling scenario to reinterpret a range of pathophysiological conditions
under the definition of neurogenic inflammation and pseudoallergic mechanisms.

Within the spectrum of mast cell-related diseases such as urticaria, clinical phenomena
of pseudoallergy have already been recognized, for example, in adverse reactions to contrast
media and non-steroidal anti-inflammatory drugs (NSAIDs), which could not be fully
explained by the classical IgE-FceRI axis and instead suggested mechanisms related to mast
cell releasability and drug metabolism [187]. Nevertheless, clinical presentations of acute
urticaria independent of IgE-mediated sensitization still occur, particularly among early
immediate reactions characterized by poor reproducibility or dose dependence. In these
cases, the interaction with the MRGPRX2 receptor may provide a plausible explanation for
such pseudoallergic phenomena, as well as for adverse reactions to certain drugs or spices.

Interestingly, chronic urticaria itself may also be functionally influenced by the neu-
rogenic loops discussed above, through mechanisms of secondary neuroimmune ampli-
fication that may coexist with other inflammatory foci. Among these, gastrointestinal
complaints have been reported as relatively frequent comorbidities in patients with chronic
urticaria [21,188].

Within the cutaneous compartment, where MRGPRX2 is highly expressed in mast
cells, the implications of neurogenic inflammation may also extend to other dermatological
conditions, including atopic dermatitis, allergic contact dermatitis, and pruritic dermatoses,
particularly in cases poorly responsive to antihistamines. In such conditions, scratching
itself may act as a neurogenic amplifier through stimulation of cutaneous peptidergic nerve
endings. This mechanism may be particularly relevant in senile eczema and in forms of
secondary non-histaminergic pruritus, possibly related to age-associated anatomical and
functional changes, immunosenescence [189,190], and common hepatic or renal comorbidi-
ties in elderly individuals [191].

Accordingly, a key strength of this review is the proposal of an integrated SP-mast
cell model that links molecular mechanisms of central and peripheral neuroinflammation
to multisystem clinical manifestations. By jointly considering NK receptor-dependent and
MRGPRX2-mediated signaling and integrating evidence from both in vitro and in vivo
studies, this framework highlights mast cells as a shared neuroimmune interface across
seemingly distinct diseases, including both Th2-driven allergic conditions and non-Th2
inflammatory disorders. Importantly, this perspective also emphasizes the context and
tissue-dependent behavior of the SP-mast cell axis, ranging from a primary inducer of mast
cell activation in acute pseudoallergic reactions to a secondary amplifier of neuroimmune
signaling in chronic inflammatory states.

From a translational standpoint, however, targeting this axis has proven challenging,
and important limitations remain to be addressed.

9. Limitations and Future Perspectives

Despite the growing body of literature on the mast cell-SP axis, several limitations
should be acknowledged. A substantial proportion of mechanistic data derives from animal
models or transformed mast cell lines, whereas studies performed on primary human
mast cells remain relatively limited. This imbalance constrains the direct translational
interpretation of receptor-specific signaling pathways, while most available clinical studies
are associative rather than interventional, and therefore do not allow definitive conclusions
regarding causality.
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Moreover, the tachykinin system is characterized by marked redundancy, with multi-
ple ligands and receptors capable of partially compensating for each other. This complexity
makes it difficult to attribute disease mechanisms to a single neuropeptide pathway and
may explain the heterogeneous outcomes observed in clinical trials targeting NK1R.

NKIR antagonists have shown anti-inflammatory and analgesic effects in preclinical
models, yet clinical outcomes have been inconsistent. Several factors may explain this
discrepancy: the redundancy within the tachykinin system and the presence of multiple
receptors; the SP signaling through MRGPRX2 on mast cells, which may bypass NK1R
blockade; finally, the disease- and tissue-specific variation in SP production and degradation.

MRGPRX2 itself represents a therapeutic opportunity. On the one hand, its ligand
promiscuity and sensitization-independent activation make it an attractive target for pseu-
doallergic drug reactions and neurogenic inflammatory conditions. Even so, to our knowl-
edge, no human clinical trials targeting MRGPRX2 have been reported to date. Current
evidence is limited to preclinical studies, including the development of small-molecule
antagonists capable of inhibiting mast cell degranulation and preventing systemic allergic
responses in experimental models [178].

In addition, MRGPRX2 is expressed in tissue-resident mast cells across multiple
organs, which may complicate tissue-specific therapeutic targeting and raises potential
safety concerns related to systemic mast cell modulation and the possibility of off-target
effects. These considerations highlight the need for the development of highly selective
receptor modulators and for a better understanding of tissue-specific MRGPRX2 signaling.

In addition, reliable biomarkers that identify SP-dependent disease endotypes are
currently lacking. Circulating levels of substance P, tissue expression of MRGPRX2, and
mast cell mediator signatures are promising candidates, but their clinical validity and
reproducibility remain to be established.

Evidence linking SP signaling to human disease spans multiple pathological contexts.
For example, cardiovascular studies have reported marked variability in circulating SP
concentrations attributable to differences in sampling procedures and analytical methodolo-
gies [192], limiting cross-study comparability. Similarly, investigations in neuropsychiatric
disorders emphasize that available clinical data remain incomplete and insufficient to
define a clear pathogenic role for SP [152,174]. More broadly, many studies rely on small
and heterogeneous cohorts and lack standardized protocols for SP quantification or pa-
tient stratification. Although gastrointestinal diseases have also been associated with SP
signaling, clinical evidence in this area remains comparatively underdeveloped.

Multiple analytical approaches are used to measure SP in neuroinflammation research,
with important methodological differences between preclinical and clinical settings. In ex-
perimental studies, SP is commonly detected in tissue samples using immunohistochemical
techniques [193] and quantified using ELISA-based assays [80], while molecular analyses
may employ real-time reverse transcriptase PCR to assess SP mRNA expression in immune
cells [194]. In clinical studies, however, measurement of circulating SP presents significant
methodological challenges. Reported plasma concentrations can vary considerably depend-
ing on sample preparation procedures, such as peptide extraction protocols, and on the
analytical detection methods employed [195]. This variability represents a major obstacle
to the standardization and comparability of SP measurements across clinical studies.

Furthermore, this review itself has some intrinsic limitations. The available evidence
derives from heterogeneous experimental systems and their integration may at times
suggest a degree of mechanistic consistency not fully supported across models. In addition,
several signaling pathways are presented in an integrative manner, although not all steps
have been directly demonstrated in mast cells and are in some cases inferred from other
cellular systems. Finally, the hypothesis that certain clinical entities may be reinterpreted
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within a pseudoallergic framework driven by substance P-mast cell interactions remains
largely speculative, as current evidence does not always allow a clear distinction between a
primary pathogenic role and a secondary amplifying effect.

Future studies should aim to define biomarker-based strategies for identifying patients
with SP-dependent neuroimmune endotypes. In particular, to address the limitations of
current studies, spatial transcriptomic mapping of neuroimmune interfaces in barrier
tissues and at the neurovascular unit may provide crucial information on the cellular
organization of these circuits.

Finally, to improve the design of clinical studies, and considering the heterogeneity
of mast cells, tissues, and disease phenotypes, an effective strategy may involve longitu-
dinal clinical studies with careful patient stratification, including the assessment of stress
biomarkers and inflammatory markers. Serial measurements of SP and mast cell mediators
will also be required to clarify the causal relationships and temporal dynamics underlying
neurogenic inflammation.

10. Conclusions

The mast cell-SP axis can be interpreted as a modular neuroimmune circuit poten-
tially operating across multiple tissues and coordinating vascular, immune, and neuronal
responses. In most chronic inflammatory conditions, available evidence suggests that this
axis functions predominantly as a secondary amplifier of ongoing immune responses rather
than as a primary etiological trigger. However, in specific contexts such as pseudoallergic
reactions or acute mast cell-driven responses, rapid MRGPRX2-mediated activation may
instead act as a primary inducer of inflammation. This dual behavior highlights the context-
and tissue-dependent nature of SP-mediated mast cell activation.

Despite growing experimental and clinical interest, several important knowledge gaps
remain. Mechanistic insights still derive largely from experimental models, whereas studies
performed on primary human mast cells and well-characterized clinical cohorts remain
limited. In addition, the redundancy of the tachykinin system, the coexistence of NK1R- and
MRGPRX2-dependent signaling pathways, and the lack of validated biomarkers capable
of identifying SP-dependent disease endotypes continue to represent major obstacles for
translational progress.

Future advances will require integrated translational approaches combining experi-
mental models with carefully designed human studies, improved standardization of SP
measurement, and biomarker-based patient stratification. A deeper understanding of
the mast cell-SP axis may ultimately facilitate the identification of neurogenic inflamma-
tory endotypes and support the development of targeted therapeutic strategies aimed at
modulating this neuroimmune interface.
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