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Abstract

The neuroimmune—metabolic triad is emerging as a critical integrative framework in cancer biology, linking neural
signaling, immune modulation, and metabolic dysregulation. This review consolidates emerging insights into how
neuropeptides such as substance P, neuropeptide Y, and CGRP can mechanistically intersect with carcinogen-
triggered signaling networks in multiple tumor types. We dissect their roles in shaping the tumor microenvironment,
influencing cytokine balance, immune cell plasticity, and metabolic stress responses. Particular emphasis is placed
on translational implications: neuropeptides as dual-function biomarkers and druggable targets, and their relevance
to immunometabolic reprogramming and treatment resistance. We critically evaluate single-cell spatial omics,
brain—gut—tumor axis models, and ligand-receptor Al-mapping as tools to resolve triad interactions at high
resolution. Finally, we propose a neuroimmune—metabolic roadmap for clinical exploitation; spanning early
detection, therapeutic synergy, and personalized oncology. Framed within this conceptual model, the triad offers
actionable insights for advancing cancer prevention, diagnosis, and therapy.

Keywords: neuropeptides, carcinogenesis, neuroimmune—metabolic triad, inflammation, metabolic reprogramm-
ing, tumor microenvironment

Introduction
Cancer as a neuroimmune and metabolic disorder persistent low-grade inflammation do not occur in

Although cancer is traditionally viewed as a disease isolation; rather, they are orchestrated through

driven by genetic mutations and uncontrolled
cellular growth, accumulating evidence empha-
sizes its broader systemic dimensions; shaped by
chronic inflammation, metabolic imbalance, and
disruptions in neural signaling. Tumorigenesis is
now recognized as the product of continuous
interactions between the nervous system, immune
pathways, and metabolic reprogramming within the
Tumor Microenvironment (TME) [1, 2]. Hallmarks
such as immune evasion, metabolic rewiring, and

complex regulatory networks, including those
mediated by neuropeptides and their receptors [3].

Neuropeptides: Integrative regulators at the
neural-immune—-metabolic interface

Neuropeptides are small signaling molecules pro-
duced by neurons, immune cells, and endocrine
tissues. Traditionally viewed as neuromodulators,
many neuropeptides—including Substance P (SP),
Neuropeptide Y (NPY), Vasoactive Intestinal
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Figure 1: Neuropeptides as bridge for neural,
immune, and metabolic systems

Peptide (VIP), and somatostatin—have now been
implicated in immune regulation and metabolic
homeostasis [4—6]. These molecules act as key
integrators of homeostatic responses to stress,
inflammation, and environmental stimuli.

Through their pleiotropic receptor systems, neuro-
peptides exert influence over cytokine release,
immune cell recruitment, glucose metabolism, lipid
storage, and angiogenesis; all of which are altered in
tumor biology [7]. This central positioning allows
neuropeptides to act as bidirectional messengers that
bridge the Central Nervous System (CNS) with
peripheral immune—metabolic circuits in cancer
pathophysiology [8].

Carcinogens as neuroendocrine disruptors in
oncogenesis

Environmental and lifestyle-associated carcinogens;
ranging from tobacco smoke, polycyclic aromatic
hydrocarbons, heavy metals, to endocrine disruptors,
not only induce genotoxic damage but can also
interfere with neuroimmune and neuroendocrine
signaling pathways [9, 10]. These agents have been
shown to alter neuropeptide expression profiles in
brain regions and peripheral tissues, reprogram
receptor sensitivity, and generate oxidative stress that

perturbs synaptic and immune homeostasis [11]. For
instance, carcinogen-induced neuroinflammation
and altered neuropeptide signaling may contribute to
a microenvironment conducive to immune tolerance
and metabolic stress, thereby accelerating tumor
initiation and progression [ 12].

Aim and Scope: Introducing the neuroimmune —
metabolic triad as a translational framework

Given this multidirectional crosstalk, this review
introduces and frames the neuroimmune—metabolic
triad as a conceptual lens to understand how carci-
nogen exposure leads to coordinated disruptions in
neuropeptide signaling, immune function, and
metabolic homeostasis in cancer. We focus on
mechanistic insights into how neuropeptides serve
as molecular intermediaries linking these three
axes, and examine their roles in tumor-specific
contexts. This framework is not only timely but
translationally relevant, as neuropeptide pathways
are increasingly emerging as therapeutic targets and
biomarkers across several cancer types. By mapp-
ing these interactions, we aim to bridge gaps bet-
ween environmental oncology, neuroimmunology,
and metabolic cancer biology, offering new oppor-
tunities for therapeutic innovation.
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Carcinogen—neuropeptide interactions: Mole-
cular disruption and pathogenic consequences
Overview of environmental and endogenous
carcinogens

Carcinogenesis is driven not only by genetic muta-
tions but also by persistent environmental, dietary,
and lifestyle-related exposures that disrupt inter-
cellular communication networks. Environmental
carcinogens such as Polycyclic Aromatic Hydro-
carbons (PAHs), nitrosamines, heavy metals
(arsenic, cadmium), and air pollutants have been
shown to affect not only genomic integrity but also
neuroendocrine and immune signaling cascades [13,
14]. Endogenous sources, including Reactive
Oxygen Species (ROS), microbial toxins, and lipid
peroxidation byproducts (e.g., 4-HNE), contribute to
a chronic inflammatory milieu that intersects with
neuropeptidergic circuits [15]. Recent data suggest
that several carcinogens act upstream of infla-
mmation by perturbing neuronal and neuroendocrine
regulatory hubs, thereby disrupting immune and
metabolic homeostasis. These disturbances often
manifest as sustained neuroimmune activation,
Hypothalamic —Pituitary—Adrenal (HPA) axis dys-
function, and remodeling of neuropeptide signaling
networks mechanisms, not traditionally fore-
grounded in cancer pathophysiology [16, 17].

Carcinogen-induced modulation of neuro-
peptide signaling

Several carcinogens have been shown to alter
neuropeptide expression profiles either directly
through transcriptional dysregulation or indirectly
via inflammatory intermediates. For instance,
benzopyrene exposure leads to increased SP
expression and Neurokinin-1 Receptor (NK1R)
upregulation in airway epithelium, facilitating pro-
inflammatory cytokine release and tissue remode-
ling [18]. Heavy metals such as cadmium and
mercury have been reported to affect hypothalamic
levels of NPY, disrupting appetite and metabolic
regulation with downstream oncogenic implica-
tions in tissues such as breast and colon [19]. In vitro
models demonstrate that nitrosamine exposure
modifies VIP and somatostatin secretion in gut
epithelium, disrupting gut-immune signaling and
barrier function factors; now implicated in colorec-
tal tumorigenesis [20]. These observations support
the hypothesis that carcinogens engage with neuro-
peptidergic pathways early in the disease trajectory,
potentially preceding overt genomic damage or
inflammation.

Epigenelic alterations
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Figure 2: Molecular pathways of carcinogen-induced neuropeptide signaling disruption
Epigenetic and receptor-level disruption of neuropeptide genes
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Epigenetic and receptor-level disruption of
neuropeptide genes

Epigenetic alterations constitute a key mechanism by
which carcinogens reprogram neuropeptide sig-
naling. Promoter hypermethylation of the SST gene
has been documented in various cancers, including
pancreatic and lung tumors, correlating with reduced
somatostatin expression and aggressive tumor
phenotypes [21]. Similarly, histone deacetylation
suppresses the expression of NPY in glioblastoma
and prostate cancer, altering neuroimmune signaling
within TME [22].

Carcinogen exposure also affects receptor expression
and sensitivity. For example, upregulation of NK1R in
response to chronic nicotine or alcohol intake
enhances sensitivity to SP, amplifying neurogenic
inflammation and vascular remodeling in preneo-
plastic lesions [23]. Moreover, alterations in G-
Protein-Coupled Receptor (GPCR) trafficking and
desensitization contribute to dysfunctional receptor
recycling, further distorting neuropeptide signal
fidelity [24].

Oxidative stress, neuroinflammation, and synaptic
immune rewiring

Carcinogens frequently elicit oxidative stress—a
primary trigger of neuroinflammation and synaptic
remodeling. Elevated ROS and Reactive Nitrogen
Species (RNS) compromise neuropeptide vesicular
transport and synaptic release, disrupting neuro-
immune communication across central and peri-
pheral tissues [25]. Chronic oxidative injury alters
neuronal excitability and glial activation patterns,
particularly microglia and astrocytes, which can
modify local neuropeptide gradients [26]. In the
periphery, this manifests as immune cell desensiti-
zation, altered cytokine—neuropeptide cosignaling,
and inappropriate activation of neuroimmune
synapses. For instance, SPand CGRP dysregulation
in inflamed mucosa have been implicated in

aberrant macrophage polarization and fibroblast
activation, contributing to carcinogen-driven
mucosal malignancies [27].

Clinical relevance of disrupted neuropeptide —
receptor binding in cancer

Aberrant neuropeptide—receptor interactions, shaped
by carcinogen exposure are now recognized as
clinically actionable events in oncology. Upregulated
SP/NKIR signaling has been associated with poor
prognosis in glioma, breast, and colorectal cancer,
driving angiogenesis and epithelial- mesenchymal
transition (EMT) [28]. Conversely, loss of
SST/SSTR expression correlates with advanced
tumor grade in neuroendocrine and gastrointestinal
cancers [29]. Targeting these disrupted axes using
NKI1R antagonists (e.g., aprepitant), somatostatin
analogs (e.g., octreotide), or VIP receptor modulators
has shown promising results in preclinical and early
clinical studies, offering a rationale for their
integration into multimodal cancer therapy [30, 31].
These findings underscore the translational
imperative to understand how carcinogen—neuro-
peptide interactions shape the tumorigenic landscape
and influence therapeutic responsiveness.

Neuropeptides as bidirectional mediators of
immune and metabolic dysfunction

Neuropeptides serve as integrative messengers
linking neural input with immune surveillance and
metabolic homeostasis. In the cancer context, this
triadic communication becomes dysregulated,
creating a permissive environment for tumori-
genesis. Several neuropeptides through their speci-
fic GPCRs modulate inflammation, angiogenesis,
cellular metabolism, and immune cell trafficking in
ways that promote or suppress tumor growth
depending on context, concentration, and receptor
subtype engagement.
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Figure 3: Bi-directional roles of neuropeptides in immune and metabolic modulation

across cancer states

Substance P and NK1R: Inflammation, angio-
genesis, and tumor progression

SP, a tachykinin family neuropeptide, exerts potent
pro-inflammatory and angiogenic effects via its
primary receptor, NKIR. Within the TME, SP-
NKIR signaling promotes the release of interleukin
(IL)-1B, Tumor Necrosis Factor-o (TNF-a), and
Vascular Endothelial Growth Factor (VEGF),
fostering chronic inflammation and neovascula-
rization [32]. Upregulation of SP and NK 1R has been
detected in glioblastoma, breast, prostate, and
colorectal cancers, where it correlates with tumor
aggressiveness and reduced survival [33, 34].
Mechanistically, SP enhances proliferation, chemo-
resistance, and EMT through downstream activation
of MAPK and PI3K—Akt pathways [35]. Pharmaco-
logical NK1R antagonists such as aprepitant have
shown antiproliferative effects in preclinical models,
suggesting therapeutic potential beyond their current
antiemetic use [36].

Neuropeptide Y system: Immunosuppression
and metabolic reprogramming

NPY, widely expressed in the hypothalamus and
sympathetic nerves, regulates both energy homeo-

stasis and immune suppression. In the cancer
setting, NPY acts as an immunosuppressive modu-
lator, inhibiting Natural Killer (NK) cell activity,
reducing macrophage phagocytosis, and skewing
dendritic cells toward tolerogenic phenotypes via
Y1 and Y2 receptor engagement [37]. NPY also
modulates lipid and glucose metabolism in tumors
by promoting glucose uptake, lipogenesis, and
adipokine release, creating a metabolically favo-
rable niche for cancer progression [38]. Over-
expression of NPY has been linked to poor prog-
nosis in Ewing sarcoma, neuroblastoma, and breast
cancer [39]. Importantly, metabolic reprogramming
via NPY may confer resistance to standard therapies
by fueling mitochondrial flexibility and autophagic
survival [40].

VIP, CGRP, and tumor-promoting vasoregu-
lation

VIP and Calcitonin Gene-Related Peptide (CGRP)
are potent neurovascular regulators implicated in
tumorigenesis through immune and endothelial
modulation. VIP, acting through VPACI1 and VPAC2
receptors, suppresses pro-inflammatory cytokine re-
lease and promotes T-regulatory cell expansion,
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thereby facilitating immune escape in tumors such as
pancreatic, colorectal, and prostate cancers [41, 42].
Similarly, CGRP promotes vasodilation and angio-
genesis while dampening macrophage and neutro-
phil activity [43]. In head and neck squamous cell
carcinoma and melanoma, CGRP has been shown to
promote tumor growth by enhancing vascular
permeability and inhibiting cytotoxic T cell traffic-
king [44]. These findings highlight the double-edged
role of vasoregulatory neuropeptides in shaping the
TME toward immune evasion and nutrient influx.

Somatostatin: Tumor-suppressive and antiinfla-
mmatory roles

In contrast to other neuropeptides, somatostatin
functions as a tumor suppressor and anti-inflam-

matory agent. Acting via five somatostatin receptor
subtypes (SSTR1-5), it inhibits hormone secretion,
angiogenesis, and cytokine release in a cell- and
context-specific manner [45]. Downregulation or

epigenetic silencing of somatostatin and SSTR2
have been observed in several malignancies,

including pancreatic neuroendocrine tumors,
colorectal cancer, and hepatocellular carcinoma

[46]. Somatostatin analogs such as octreotide and
lanreotide are approved for clinical use in

Gastroenteropancreatic Neuroendocrine Tumors
(GEP-NETs), where they prolong progression-free
survival and exert antiproliferative effects [47].
Somatostatin also inhibits insulin and glucagon
secretion, thereby influencing tumor metabolism,

particularly in insulin-sensitive tissues [48].

Table 1: Key neuropeptides and their clinical roles in tumor-immune-metabolic dysregulation

Neuropeptide| Primary | Immuno-Metabolic Cancer-Associated Translational
Receptors Roles Functions Relevance

Substance P |[NKI1R Pro-inflammatory Promotes tumor cell NKIR antagonists

(SP) cytokine release, proliferation, angiogenesis, |in clinical trials
modulation of T-cell |and migration in colorectal, |(e.g., aprepitant)
activity breast, and gliomas

Neuropeptide | YIR, Regulates appetite, Enhances tumor growth, Y1R/Y5R

Y (NPY) Y2R, Y5R |adipogenesis, and neoangiogenesis, and inhibitors under
immune suppression |immune escape in breast, investigation

prostate, and neuroblastoma

Vasoactive VPAC1, |Anti-inflammatory, |Immunosuppression in tumor | VPAC receptor

Intestinal VPAC2 vasodilatory, microenvironment; linked to | modulators in

Peptide (VIP) modulates glucose lung and prostate cancer preclinical
metabolism evaluation

Somatostatin |SSTR1-5 |Inhibits hormone Anti-proliferative, anti- FDA-approved

(SST) secretion, angiogenic effects; diagnostic |analogs (e.g.,
downregulates marker in neuroendocrine octreotide,
inflammatory tumors lanreotide)
mediators

Continued...
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Calcitonin CALCRL/ |Modulates Supports neurogenic CGRP-targeting
Gene-Related | RAMP1 nociception, inflammation, tumor- therapies in migraine;
Peptide inflammation, and associated pain, potential role | potential in cancer
(CGRP) vascular tone in brain tumors pain control
Galanin GALRI1-3 |Appetite regulation, |May contribute to tumor Galanin receptor
modulates progression or suppression subtyping under
inflammation and depending on receptor exploration for
insulin signaling subtype precision therapy
Orexins OXI1R, Regulate arousal, Induce apoptosis in some Selective orexin
(Hypocretins) |OX2R energy homeostasis, |tumors (e.g., colon, prostate); |receptor agonists
and immune cell controversial effects in drug deve-
activation lopment

NKIR: Neurokinin-1 Receptor; VPAC1/2: Vasoactive Intestinal Peptide Receptors; YIR-Y5R: Neuropeptide Y Receptors;
SSTRs: Somatostatin Receptors;, GALRs: Galanin Receptors; OXIR/2R: Orexin Receptors

Neuropeptide interactions with insulin, leptin,
and metabolic hormones in tumor metabolism

Neuropeptides not only mediate immune function
but also intersect directly with metabolic hormones,
notably insulin, leptin, ghrelin, and Glucagon-Like
Peptide-1 (GLP-1). This crosstalk can amplify or
dampen oncogenic metabolic rewiring. For
example, SP and NPY have been shown to enhance
insulin resistance, while leptin increases SP expres-
sion, forming a feedback loop that promotes
inflammation and glycolytic metabolism in breast

Similarly, somatostatin suppresses insulin and leptin
signaling, potentially mitigating hyperinsulinemia-
associated tumor growth. VIP, in contrast, enhances
pancreatic insulin secretion and may support tumor
proliferation via anabolic cues [50]. Such neuropep-
tide-hormone interactions can critically rewire
tumor bioenergetics, alter systemic metabolism, and
modify patient responses to treatment, particularly
in obesity- and diabetes-associated cancers [21].

and colon cancer [49].
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Figure4: Schematic illustration of neuropeptide interactivity with
insulin, leptin, and metabolic hormones in tumor metabolism
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The neuroimmune—metabolic triad in carcino-
genesis

Conceptualizing the triad: A systems-level view
Cancer development involves a convergence of dys-
regulated immune responses, metabolic perturba-
tions, and neural inputs. This systems-level perspec-
tive introduces the neuroimmune— metabolic triad, a
conceptual framework that positions neuropeptides
at the interface of neural signaling, immune
modulation, and metabolic regulation. Rather than
functioning in isolation, these axes form a dynamic,
interactive network that underlies the systemic
milieu conducive to carcinogenesis. Disruption in
neuropeptide signaling, whether by environmental
carcinogens, epigenetic modifications, or receptor
pathway reprogramming can simultaneously impact
immune surveillance and metabolic homeostasis,
ultimately skewing tissue microenvironments
toward tumor-permissive states.

Carcinogen-induced neuropeptide pathways
as immune modulators

Carcinogens such as polycyclic aromatic hydro-
carbons, aflatoxins, heavy metals, and endocrine
disruptors modulate neuropeptide signaling by altering

gene transcription, post-translational processing, or
receptor expression. This dysregulation compromises
neuropeptides' immunomodulatory roles, including
the inhibition or promotion of cytokine cascades, mast
cell activa-tion, and leukocyte trafficking [22]. For
instance, carcinogen-mediated upregulation of SP may
promote chronic inflammation and angiogenesis,
while suppression of VIP signaling can impair anti-
inflammatory responses, facilitating immune evasion
and tumor growth.

Metabolic dysregulation: Obesity, lipotoxicity,
and insulin resistance

Metabolic dysfunction, including insulin resis-
tance, adipokine imbalance, and lipotoxic stress,
often accompanies or precedes oncogenic transfor-
mation. Neuropeptides such as NPY, somatostatin,
and leptin-modulating peptides participate in regu-
lating appetite, glucose metabolism, and lipid
storage. Carcinogen-induced neuropeptide dys-
regulation may disrupt this delicate balance, fueling
a metabolic phenotype that favors cellular proli-
feration, oxidative stress, and mitochondrial dys-
function; all key enablers of neoplastic trans-
formation [35,36].
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Figure 5: Neuroimmune-metabolic triad in carcinogenesis
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Immune-metabolic reprogramming in the
tumor microenvironment

Within the TME, immune and metabolic networks
are reprogrammed by cancer cells to promote
survival and expansion. Neuropeptides contribute to
this remodeling by modulating T-cell polarization,
macrophage phenotype switching (M1/ M2), and
NK cell activity, while also regulating angiogenesis,
hypoxia adaptation, and nutrient scavenging
pathways [51]. SP, CGRP, and NPY are known to
affect vascular permeability, immune cell infiltration,
and glycolytic flux, linking neurogenic signaling
with immunometabolic plasticity in the TME.

Interlocking feedback loops in tumor initiation
and progression

The neuroimmune—metabolic triad does not operate
linearly; rather, it is characterized by interlocking
feedback loops. For instance, chronic inflammation
elevates SP and CGRP, which in turn amplify cytokine
production and vascular remodeling. Simultaneously,
metabolic derangements such as hyperinsulinemia
and adipokine excess further stimulate neuropeptide
expression, closing a pathological loop that fosters
tumor progression [52]. Breaking these circuits
through neuropeptide receptor antagonism, metabolic
correction, or immunomodulation, offers a promising
translational opportunity.

Tumor-typeillustrations of the triad in action
The molecular complexity of cancer is contextually
shaped by tissue type, carcinogenic exposure, and
neuroimmune—metabolic interactions. This section
examines how the neuroimmune—metabolic triad
manifests across selected cancers with varying
environmental and endogenous risk factors.

Colorectal cancer: Carcinogens, microbiota,
and neuropeptide modulation

Colorectal Cancer (CRC) presents a prototypic case
where environmental carcinogens (e.g. dietary
nitrosamines, heterocyclic amines) and gut-derived
endotoxins converge on neuroimmune circuits.
Neuropeptides such as SP, neurotensin, and VIP are
dysregulated in response to epithelial barrier disrup-
tion and microbial dysbiosis, modulating colonic
inflammation and tumorigenesis [53]. NKIR over-
expression in CRC tissues correlates with increased
proliferation and angiogenesis, potentially linking
microbial-derived inflammation with SP-mediated
oncogenic signaling [54]. Moreover, microbial meta-
bolites such as butyrate modulate neuropeptide gene
expression epigenetically, reinforcing the gut—
brain—tumor axis [14].

Breast cancer: Adipose—neuropeptide crosstalk
and immune escape

In breast cancer, metabolic dysfunction driven by
adiposity establishes a permissive microenviron-
ment for tumor progression. NPY, leptin, and Pro-
Opiomelanocortin (POMC)-derived peptides are
highly expressed in peritumoral adipose tissue,
driving immunosuppression, estrogenic signaling,
and metabolic reprogramming [55]. NPY-Y1R
signaling modulates myeloid-derived suppressor
cell recruitment and angiogenesis, while adipo-
kine—neuropeptide interactions exacerbate insulin
resistance and chronic low-grade inflammation
[56]. The neuroimmune—metabolic feedback
between breast adipose tissue and tumor cells
exemplifies how neuropeptides orchestrate both
local and systemic immune evasion.
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Brain and lung tumors: Neurogenic inflamma-
tion and hypoxia-driven shift

Primary brain tumors (e.g. gliomas) and lung
cancers demonstrate a convergence of neural
plasticity, hypoxia, and neurogenic inflammation.
SP and CGRP levels are elevated in peritumoral
neural circuits and cerebrovascular beds, promoting
vasodilation, immune cell trafficking, and Blood
Brain Barrier (BBB) permeability [47]. In lung
tumors, neuropeptides interact with Hypoxia
Inducible Factors (HIFs) to enhance angiogenic and
glycolytic pathways, with SP-NKI1R and NPY-
Y5R axes contributing to tumor cell invasiveness
and macrophage polarization [55]. These malig-
nancies illustrate how neuroimmune signaling
under metabolic stress drives tumor aggressiveness.

Pancreatic cancer: Metabolic stress and neuro-
peptide dysregulation

Pancreatic Ductal Adenocarcinoma (PDAC) exempl-
ifies the extreme end of tumor-associated metabolic
dysfunction. Carcinogen exposure (e.g. smoking-
related nitrosamines) and exocrine pancreatic
insufficiency contribute to oxidative stress and neuro-
inflammatory responses that upregulate SP, VIP, and
Neuropeptide FF (NPFF) [50]. These neuropeptides
regulate fibrotic stromal remodeling, immune evasion,
and insulin-glucagon imbalance in the tumor
microenvironment [31]. Notably, VIP signaling may
influence pancreatic B-cell exhaustion, reinforcing the
bidirectional influence of tumor metabolism and
neuropeptide-driven endocrine disruption [42].

Table 2: Tumor-type specific mechanisms illustrating the neuroimmune—metabolic triad

Tumor | Neuropeptide Immune Metabolic Key mechanisms and | References
Type dysregulation | dysregulation alterations interactions
Colorectal| 1 SP, VIP, Gut Altered SCFA Carcinogen and [13-26]
Cancer neurotensin; microbiota- metabolism; microbiota-induced
altered gut- | mediated TLR epigenetic neuropeptide signaling
brain peptide activation; silencing of via NK1R and VIPR
signaling chronic tumor promotes angiogenesis
mucosal suppressors and immune evasion
inflammation
Breast 1 NPY, Expansion of Insulin Adipose—neuropeptide [37-39]
Cancer | leptin—~POMC MDSCs, resistance, axis fuels
interactions; Tregs; increased Immunosuppressive,
upregulated estrogen- | leptin/adiponecti |estrogenic, and metabolic
Y1R/Y5R driven n ratio, crosstalk promoting
immune adipokine-driven tumor growth
escape inflammation
Continued...
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Brain 1 SP, CGRP, Microglial HIF-driven Neuropeptide-driven [40, 41]
Tumors VIP; BBB- activation; glycolysis, vascular permeability,
permeable neurogenic mitochondrial |macrophage polarization,
neuropeptides | inflammation; | reprogramming | and hypoxia-adapted
tumor- immunity
associated
macrophages
Lung |1 SP, NPY, VIP Tumor- Aerobic Hypoxia-induced [42]
Cancer | under hypoxia; | associated glycolysis; neuropeptide signaling
elevated neutrophils and metabolic promotes immune escape
Y5R/NKIR | macrophages; | reprogramming | and metabolic rewiring
elevated PD- via HIFla
L1
Pancreatic| 1 SP, VIP, Fibrotic Lipotoxicity, - Carcinogen-driven [43-45]
Cancer NPFF; stroma, T cell | cell dysfunction, | inflammation triggers
disrupted B- |exclusion; M2 | glucagon—insulin | VIP/SP-mediated stromal
cell-tumor macrophage imbalance remodeling and
signaling polarization endocrine dysfunction
Blood 1 SP, B cell receptor| Altered glucose | SP and NPY modulate [46-48]
Cancers neurotensin, and TLR and lipid bone marrow stroma,
(eg, altered cross-talk; metabolism in | immune exhaustion, and
Leukemia, CNS-bone |cytokine storm| hematopoietic | hematopoietic metabolic
Lymphoma) marrow in acute cases niches demand
neuropeptide
axis

Targeting the neuroimmune—metabolic axis:
translational strategies and therapeutic horizons
Neuropeptide receptor blockade (NKIR, Y1R,
VIPR): Preclinical and clinical trials

Neuropeptide receptors represent tractable drug
targets for modulating oncogenic signaling
cascades. NK1R antagonist aprepitant has shown
preclinical efficacy in inhibiting tumor growth in
colorectal, pancreatic, and hematological cancers by
antagonizing substance P-induced proliferation and
angiogenesis [57, 58]. Similarly, Y1R antagonists,
which counteract the tumor-promoting effects of
NPY, have demonstrated immunostimulatory and
anti-metabolic reprogramming effects in breast and
prostate cancers [59]. Vasoactive Intestinal Peptide

Receptors (VIPRs); notably VIPRI1, are over-
expressed in brain tumors and exhibit immuno-
suppressive functions; early-phase trials using
VIPR antagonists suggest potential for reversing
tumor immune evasion [2].

Peptidomimetics and antagonists: Therapeutic
development and safety profiles

Peptidomimetics; synthetic analogs of neuropeptides
have emerged as promising agents due to enhanced
stability and receptor selectivity. For example, NK1R
-selective antagonists such as fosaprepitant and
netupitant not only suppress tumor proliferation but
also mitigate chemotherapy-induced nausea, thus
offering dual therapeutic utility [S0]. Developmental
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focus now includes multi-receptor modulators
targeting Y1R/VIPR interactions, although safety
and off-target effects remain concerns. Importantly,
neuropeptide-targeting agents show favorable
tolerance profiles in initial human studies, encourag-
ing broader investigation.

Epigenetic modulators of neuropeptide gene
expression

Given the epigenetic dysregulation observed in
neuropeptide gene promoters following carcinogen
exposure, DNA Methyltransferase inhibitors
(DNMTs) and Histone Deacetylase inhibitors
(HDACis) offer a means of restoring normal
neuropeptide signaling. For instance, HDACi
treatment has been shown to upregulate somato-
statin expression in colon cancer, exerting anti-
proliferative effects [51]. Moreover, epigenetic
therapies may enhance receptor responsiveness to
endogenous peptides, sensitizing tumors to adjunc-
tive immunotherapy or metabolic agents.

Combinatorial approaches: Integrating immuno-
therapy and metabolic interventions

The bidirectional role of neuropeptides in immune
and metabolic regulation supports combinatorial
strategies. For example, checkpoint inhibitors
(anti-PD-1/PD-L1) may be potentiated by
neuropeptide receptor blockade, which reduces
local immunosuppression. Concurrently, metfor-
min, a metabolic reprogrammer, can synergize with
neuropeptide antagonists to inhibit insulin/IGF-1
signaling pathways co-opted by cancer cells [59].
Such integrative paradigms targeting neuroimmune
—metabolic nodes offer prospects for personalized,
tissue-specific therapy.

Lifestyle, diet, and microbiome-based adjunctive
therapies

Modulation of lifestyle factors can influence
neuropeptide signaling. Dietary polyphenols (e.g.,
curcumin, resveratrol) modulate NPY and VIP
expression and attenuate inflammation in preclinical
models [60]. Microbiome-based interventions,
including probiotics and prebiotics, alter gut-brain
axis neuropeptide output and may reduce systemic
inflammation and metabolic dysfunction; key
features of the tumor-promoting environment. These
low-risk, patient-accessible strategies complement
pharmaceutical interventions in neuroimmune
—metabolic cancer control

This table summarizes selected compounds that
modulate neuropeptide-related signaling along
immune and metabolic axes, either through direct
receptor targeting, epigenetic control, or systemic
modulation. It includes approved drugs, experi-
mental compounds, and adjunct nutraceuticals with
emerging roles in oncology.

Emerging models and tools to investigate
neuropeptide—cancer networks

Single-cell and spatial multi-omics of the tumor
—neuroimmune niche

Recent advances in single-cell RNA sequencing
(scRNA-seq) and spatial transcriptomics have
revolutionized the ability to dissect TME at single-
cell resolution. These approaches uncover the cell-
type-specific expression of neuropeptides (e.g., SP,
NPY, VIP) and their receptors (e.g., NK1R, Y1R,
VPAC1), alongside immune checkpoints, meta-
bolic sensors, and epigenetic regulators within the
neuroimmune—metabolic triad [54, 55]. Studies in
breast and colorectal cancer have revealed spatially
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restricted zones of neuropeptide—immune cell
crosstalk, particularly near perivascular niches and
hypoxic regions [26]. Coupling these datasets with
proteomics and metabolomics enables integrative
profiling of neuropeptide-driven metabolic rewir-
ing and immune polarization across tumor types.

Brain—gut—tumor axis organoids and co-culture
systems

Organoid systems derived from patient-specific
tumors, intestinal epithelia, and neural crest-derived
cells are enabling physiologically relevant investiga-
tions into brain—gut-tumor axis interactions [17].
Co-culture platforms combining tumor spheroids
with enteric neurons, immune cells, or adipocytes
allow for functional interrogation of neuropeptide-
mediated modulation of cytokine release, epithelial-
mesenchymal transition, and insulin resistance [18].
Organoid—microbiota models are especially useful in
colorectal cancer to study butyrate-VIP interactions
and SP-induced inflammation [19]. Despite their

Neuropeptide Receptor
Antagonists
HK1R antagonisis ¥1R antagonists
Apreputant Blﬂum

Fasaprepiant

Y1R antagonists
WiPhyt
Peptidomimeatica/

Synthetic Antagonists
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Plectide, Intardotes

Antagonists
5P anaiogs Dict. Lifestyle
L-731.060 Microbiome

CAHCEI!

1-733,060 LWKSS ‘
o

promise, standardization and reproducibility remain
technical limitations.

Al and in silico models of ligand—receptor sig-
naling

Artificial Intelligence (AI) and machine learning
models have emerged as tools to decode the
complexity of neuropeptide ligand-receptor
signaling within the TME. Computational docking,
network-based modeling, and dynamic pathway
simulation platforms can predict interactions
between neuropeptides (e.g., NPY, CGRP) and
receptor isoforms under various metabolic or
inflammatory states [30]. In silico tools are increa-
singly used to identify synergistic drug combina-
tions targeting both neuropeptide receptors and
immune/metabolic nodes, facilitating repurposing
efforts (e.g., aprepitant with immune checkpoint
inhibitors) [11]. Multi-omics integration powered
by Al is crucial to prioritize biomarkers for trans-
lational validation.
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Figure 6: Therapeutic map of neuropeptide-targeted interventions in cancer
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Table 3: Clinical and preclinical agents targeting neuropeptide—-immune—metabolic pathways

Agent/ Target Mechanism Cancer Clinical
Class of Action Type(s) Status
Aprepitant |NKIR Antagonizes SP-NK1R Glioblastoma, |Approved
(Substance P signaling, reducing breast, (antiemetic); under
receptor) proliferation, angiogenesis, [pancreatic cancer trials [34, 35]
and inflammation
L-822429 Y 1R antagonist [Blocks NPY-Y1R Ovarian, Preclinical[34, 35]
signaling, modulates prostate
immune cell activity and (preclinical)
stress response
Sr140333 NKIR Inhibits SP-mediated MAPK|Pancreatic, Preclinical [37]
antagonist and NF-«xB activation colorectal
VIP analogs |VPAC1/2 Anti-inflammatory; NSCLC, Phase I-1I trials [38]
(e.g., RO 25- |receptors promotes regulatory T cell |melanoma
1553) activity; inhibits tumor-
associated macrophages
Somatostatin|SST receptors  |[Inhibits GH/IGF-1 axis, Neuroendocrine |Approved [49]
analogs (SSTRI1-5) angiogenesis, and immune |tumors
(Octreotide, dysregulation
Lanreotide)
Valproic HDAC inhibitor |Epigenetic modulation of Breast, glioma |[Phase II trials [50]
acid neuropeptide gene expression;
enhances T cell activity
Butyrate GPR41/43, Enhances VIP/NPY Colon, liver Nutritional/adjunctive
(microbiota- |epigenetic expression via [51]
derived) pathways gut-brain—immune axis;
anti-inflammatory
Melatonin  |Multi-target Restores circadian Breast, prostate |Phase II-III trials [52]
(immune- neuropeptide rhythms,
metabolic antioxidant, modulates
modulation, leptin/insulin signaling
neuropeptides)
Palmitoyleth |[PPAR-a agonist, |Inhibits neurogenic Glioma, Nutraceutical; early
anolamide |neuroimmune [|inflammation, SP and CGRP|neuroblastoma |[trials [53]
(PEA) modulator release (preclinical)
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Neuroimmune humanized mouse models and
translational relevance

Humanized mouse models that mirror the neuro-
immune—metabolic interface are critical for robust
preclinical assessment. Immunodeficient or human
cytokine knock-in strains, when reconstituted with
human hematopoietic stem cells and patient-derived
tumor grafts, enable detailed evaluation of human-
specific neuropeptide-immune interactions (such as
NK1R-T-cell signaling and VIP-driven M2 macro-
phage polarization) [11,13]. Brain tumor platforms
incorporating restored vagal or sympathetic
innervation further elucidate neurogenic infla-
mmatory pathways implicated in glioma and lung
cancer progression. Nonetheless, cross-species
discrepancies in neuropeptide receptor profiles
remain a major constraint on the translational fidelity
of these models

Limitations and barriers to clinical translation

Despite mechanistic clarity from preclinical models,
the clinical translation of neuropeptide-targeted
interventions faces key hurdles. First, the pleiotropic
roles of neuropeptides across homeostatic and
pathological contexts challenge selective targeting
without off-target effects [34]. Second, redundancy
and compensation among neuropeptide families
(e.g., overlapping effects of VIP and PACAP) may
dampen monotherapeutic efficacy. Third, inter-
patient heterogeneity, especially in tumors influenced
by obesity or microbiota, complicates biomarker-
driven patient stratification. Finally, regulatory
pathways governing the classification of neuropep-
tide-targeting compounds; ranging from nutra-
ceuticals to peptidomimetics, remain poorly harmo-
nized globally.

Table4: Experimental models for investigating neuropeptide—-immune—metabolic interactions

in cancer
Model/System | Key Features | Neuropeptid| Applications Limitations | References
e Targets
Single-cell High-resolution | SP/NKIR, Mapping Cost, data [15,16]
RNA-seq + mapping of cell | NPY/Y1R, | tumor—neuroim | integration
spatial types and VIP/VPACI1 | mune niches; complexity
transcriptomics | ligand-receptor identifying
expression; therapeutic
spatial archi- targets
tecture retained
Brain—gut—tum | Co-culture of VIP, NPY, Colorectal and | Standardization, | [17-18]
or axis intestinal CGRP, pancreatic reproducibility
organoids epithelium, PACAP tumor studies;
tumor cells, microbiota—neur
microbiota, opeptide
neurons signaling
Continued...
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Multi-omics Al | Integrates All Predictive Requires curated | [21]
platforms genomics, neuropeptide | modeling of datasets and

proteomics, classes neuropeptide—re | validation

metabolomics ceptor sig-

with naling; drug

ligand-receptor target priori-

inference tization
In silico Predicts binding | NK1R, Drug screening; | Lack of full [22]
docking & affinities, VPACI, Y1R | mutation impact | biological
pathway downstream analysis context
simulators signaling

cascades
Humanized Engrafted with | SP, VIP, Functional Species-specific | [23]
mouse models | human immune | NPY validation of neuropeptide
(neuroimmune- | system and pathways neuropeptide—i | differences; high
competent) tumors mmune cost

interactions;
drug testing

Neuronal co- 2D/3D models | CGRP, SP, Investigating Limited [24]
culture systems | combining NPY neurogenic systemic
with tumor tumor cells with inflammation interactions
spheroids autonomic and perineural

neurons invasion

SP = Substance P, VIP = Vasoactive Intestinal Peptide, NPY = Neuropeptide Y, CGRP = Calcitonin Gene-Related Peptide,
PACAP = Pituitary Adenylate Cyclase-Activating Polypeptide

Future directions and open questions

The neuroimmune—metabolic triad represents a
powerful conceptual framework for dissecting
carcinogenesis across molecular, cellular, and
systemic levels. However, several open questions
remain that can shape the next decade of cancer
research and therapy:

Can neuropeptide signatures predict carcinogen
susceptibility?

Given their responsiveness to environmental stimuli,
neuropeptides may serve as early biosensors of
carcinogenic exposure. For instance, upregulation of
SP or NPY has been observed in response to stressors

and toxins, preceding overt oncogenesis [25, 26].
Integrating neuropeptide profiling into exposome-
wide association studies could offer new insights into
susceptibility and inter-individual risk variability.

Biomarker potential for early detection and
risk stratification

The secretory and measurable nature of neuropep-
tides makes them attractive candidates for non-
invasive cancer biomarkers. Recent efforts have
identified plasma SP, VIP, and CGRP levels as
correlates of tumor burden or progression in
colorectal, lung, and neuroendocrine cancers [27-29].
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However, systematic validation in large, longitudinal
cohorts is necessary to distinguish causative patterns
from reactive changes.

Sex, age, and epigenetic variability in neuropep-
tide-driven tumorigenesis

Hormonal and epigenetic differences between
sexes and age groups may significantly alter neuro-
peptide receptor expression and downstream
effects [30, 31]. For example, estrogen modulation
of NPY and VIP pathways may underlie gender-
specific cancer risks or treatment responses.
Personalized oncology models should account for
these demographic factors in trial designs and
therapeutic development.

Designing precision oncology trials for neuro-
peptide—targeted therapies

Despite preclinical promise, neuropeptide antagonists
(e.g., NKIR, Y1R blockers) remain underutilized in
oncology trials. Precision stratification based on
receptor expression, neuropeptide levels, and immune
—metabolic profiles could enhance trial success.
Moreover, peptidomimetics and multi-target drugs
offer new avenues to integrate neuropeptide
modulation with existing immunotherapies and
metabolic interventions [32, 33].

Integrating the triad into cancer prevention and
risk-reduction frameworks

The triad framework opens new opportunities for
preventive oncology. Dietary modulation of the
gut-neuropeptide axis, stress reduction, and metabolic
correction (e.g., insulin sensitizers, microbiome
interventions) could be repurposed for early-stage
interventions or high-risk populations [34]. Risk
models incorporating neuropeptide biomarkers,
environmental exposures, and metabolic phenotypes
may offer more holistic preventive tools

Conclusion

The convergence of neuropeptide signaling,
immune modulation, and metabolic reprogramm-
ing constitutes a triadic axis that increasingly
defines the landscape of carcinogenesis. This
review establishes the neuroimmune-metabolic
triad as a systems-level framework that unites
disparate molecular events into a cohesive model of
cancer pathogenesis. By elucidating how carcino-
gens perturb neuropeptide pathways to disrupt
immune and metabolic homeostasis, we highlight
under-recognized mechanisms that are both patho-
genic and potentially targetable. Critically, the
translational relevance of this triad is underscored
by emerging therapeutic agents; ranging from
neuropeptide receptor antagonists and epigenetic
modulators to combinatorial immunometabolic
strategies and microbiome-informed interventions.
Case studies across colorectal, breast, brain, lung,
pancreatic, and hematologic cancers further reveal
how this integrative model manifests in tumor-type-
specific contexts. As the oncology field moves
toward precision and prevention, embracing
neuropeptides as both biomarkers and therapeutic
nodes offers a promising direction. Bridging neuro-
science, immunology, and metabolic medicine, the
neuroimmune—metabolic axis represents a new
frontier for interdisciplinary collaboration in cancer
research and clinical practice. Future investigations
should prioritize translational modeling, demogra-
phic variability, and early-stage trials to fully realize
the triad's diagnostic and therapeutic potential.
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