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ABSTRACT
The idea of standard glucose regulation emphasizes the feedback mechanisms of the Langerhans islets. The neuro-pancreatic 
axis, comprising the central nervous system, autonomic networks, and intrapancreatic ganglia, serves as a crucial regulatory 
element, as evidenced by increasing data. In metabolic and neurodegenerative disorders, neuro-immune-endocrine connections 
diminish. Excessive nutrition and hypothalamic neuroinflammation may induce autonomic dysfunction in type 2 diabetes and 
obesity. The dysfunction progresses from a compensatory phase characterized by parasympathetic hyperactivation to a decom-
pensated state dominated by sympathetic activity, resulting in β-cell exhaustion and persistent hepatic gluconeogenesis. Type 1 
diabetes initiates with an early autoimmune assault on peri-islet Schwann cells and intrapancreatic nerves, disrupting the neuro-
glial barrier and permitting leukocyte infiltration prior to β-cell demise. Alzheimer's and Parkinson's have pathophysiological 
similarities with diabetes, as central insulin resistance and autonomic neuronal atrophy directly impair islet secretory function. 
Interspecies differences, exemplified by the diminished cholinergic innervation and the predominance of peptidergic innervation 
in human islets relative to rat models, impede the practical implementation of these molecular discoveries. Contemporary in vitro 
technologies, such as human islet organoids, are deficient in spatial neuronal integration, hindering their ability to effectively 
replicate neuroendocrine interactions, which is crucial for understanding the complex interplay between the nervous system and 
pancreatic function in diabetes research. This review emphasizes the imperative transition from glucocentric to neurometabolic 
restorative therapy. Targeted neuromodulation, bioelectronic devices, and the simultaneous hormonal-neuromodulatory effects 
of GLP-1 receptor agonists may stabilize the neuro-pancreatic axis and maintain integrated endocrine function.

1   |   Introduction

Intrinsic islet feedback loops provide the conventional paradigm 
for understanding the maintenance of glucose homeostasis. 
However, emerging evidence identifies the neuro-pancreatic 
axis as a complementary regulatory layer governing glucose 
homeostasis. While islet endocrine output is a principal deter-
minant of basal glycemia, the central nervous system (CNS) 

specifically orchestrates adaptive metabolic responses by in-
tegrating multifaceted sensory and hormonal inputs. This or-
chestration is performed by hypothalamic nuclei, such as the 
arcuate nucleus (ARC) and ventromedial hypothalamus (VMH) 
(Thakkar et al. 2023). This regulatory process is facilitated by 
a dual autonomic architecture, wherein parasympathetic vagal 
efferents are responsible for driving cephalic-phase insulin re-
lease (CPIR), while sympathetic activity generally imposes an 
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inhibitory influence on insulin secretion, particularly in stress 
or hypoglycemia-related contexts. Despite the established 
framework, the precise spatiotemporal coordination between 
central commands and local pancreatic responses remains 
poorly defined.

Recent findings suggest that glucose control is not dictated by 
a singular β-cell controller but rather by a distributed network 
incorporating intrapancreatic ganglia as integrative relay nodes. 
These ganglia process autonomic, sensory, and enteric inputs 
prior to modulating the magnitude of islet hormone secretion. 
A substantial lacuna of knowledge exists concerning the man-
ner in which this multilayered architecture becomes compro-
mised during the course of metabolic disease. Specifically, the 
question remains unresolved as to whether autonomic dys-
regulation, characterized by heightened sympathetic tone and 
diminished vagal responsiveness, is a primary driver of β-cell 
decompensation or a secondary consequence of chronic gluco-
lipotoxicity. The temporal ordering of these neural alterations 
relative to established markers of islet failure is critical. These 
markers include impaired first-phase insulin secretion and are 
essential for defining the causal hierarchy of metabolic collapse 
(Hampton et al. 2022; Zaborska et al. 2022). Additionally, while 
rodent models demonstrate direct autonomic-islet connectivity, 
the extent to which these mechanisms translate to the sparsely 
innervated human islet environment remains a subject of active 
debate. Elucidation of these species-specific neurotransmitter 
dynamics is imperative for the development of targeted neuro-
modulatory therapies that aim to restore glycemic control by re-
calibrating central-peripheral coupling (Moullé 2022).

In this study, we utilize a control-systems framework to inves-
tigate the functional integrity of the neuro-pancreatic axis in 
models of metabolic dysfunction. It is hypothesized that chronic 
nutrient excess induces an early, maladaptive resetting of hypo-
thalamic homeostatic control parameters, which leads to sus-
tained autonomic imbalance and subsequent β-cell exhaustion. 
The aim of this study is twofold: firstly, to identify the precise 
neural phenotypes that precede overt hyperglycemia; secondly, 
to assess whether the preservation of vagal-pancreatic signaling 
can sustain β-cell secretory function during metabolic stress.

To ensure a comprehensive, objective, and rigorous scope for 
this review, a structured literature search was executed across 
the MEDLINE, Embase, and Web of Science databases for peer-
reviewed articles published from January 2010 to December 
2025. The search strategy was constructed around established 
MeSH terms and text words explicitly targeting the neuro-
pancreatic axis, including “neuro-pancreatic axis,” “brain-islet 
crosstalk,” “autonomic dysregulation,” “metabolic disease,” 
“neuro-immune interface,” “central insulin resistance,” and 
“neuromodulation.” Document selection was strictly restricted 
to English-language peer-reviewed original research, clinical 
trials, and high-impact scientific reviews. Gathered literature 
was systematically prioritized based on its direct mechanistic 
relevance to central and peripheral autonomic control of islet 
function, neuroendocrine integration, and the neuro-immune 
contributions to metabolic homeostasis and tissue decompensa-
tion. Isolated case reports, unindexed conference abstracts, and 
non-peer-reviewed preprints were excluded to preserve the high 
quality and analytical stringency of the synthesis.

2   |   Neuro–Pancreatic Axis Dysfunction in 
Metabolic Disease

2.1   |   Type 2 Diabetes Mellitus

The progression from early prediabetes to overt type 2 diabe-
tes mellitus (T2DM) is characterized by a staged pathological 
continuum, whereby there is a shift from reversible, functional 
autonomic dysregulation to permanent, structural small-fiber 
damage. In the early functional phase, the presence of insulin 
resistance and hyperinsulinemia leads to chronic activation of 
central autonomic circuits in the VMH and brainstem, thereby 
inducing a detrimental cycle in which sympathetic predom-
inance and localized inflammation result in impaired para-
sympathetic tone as indicated by reduced heart rate variability 
(HRV) and further exacerbate metabolic dysfunction. The phe-
nomenon of metabolic-sympathetic overdrive manifests prior to 
any structural neurovascular degradation, thereby presenting 
a critical diagnostic opportunity during which the autonomic 
shifts remain predominantly functional and amenable to ther-
apeutic reversal (Bakkar et al. 2020). As the disease progresses 
to overt T2DM, chronic exposure to glucolipotoxicity triggers 
mitochondrial dysfunction, oxidative stress, and microangi-
opathy, converting these functional deficits into irreversible 
structural neuropathy. This metabolic and vascular insult has 
been shown to preferentially destroy small unmyelinated and 
thinly myelinated axons, thereby driving the length-dependent 
degeneration of long vagal fibers. The result of this insult is fixed 
tachycardia, orthostatic hypotension, and multi-organ dysau-
tonomia (Williams et al. 2022; Limberg et al. 2022; Gunathilaka 
et al. 2024).

A fundamental unresolved question in this pathogenesis con-
cerns the temporal hierarchy and causal relationship between 
this autonomic dysregulation and progressive β-cell failure. 
Although clinical data demonstrate that autonomic abnormal-
ities often precede overt hyperglycemia and early reductions in 
first-phase insulin secretion (Coppola et al. 2024), the temporal 
association between these phenomena does not resolve the un-
derlying causality. Early metabolic stressors, including insulin 
resistance, nutrient excess, and glycemic variability, have been 
shown to perturb β-cell function and autonomic control in a si-
multaneous manner, producing correlated dysfunction absent a 
singular initiating lesion. Nonetheless, accumulating evidence 
suggests a compartmentalized, biphasic neuro-metabolic tra-
jectory. During the initial compensatory phase, early insulin 
resistance triggers a localized enhancement of parasympathetic 
(vagal) efferent signaling, specifically directed to the pancre-
atic islets. This tissue-specific parasympathetic hyperactivation 
drives compensatory hyperinsulinemia to maintain euglycemia. 
Nevertheless, when metabolic stress becomes chronic, the adap-
tive state is superseded by a systemic decompensated phase. 
This phase is characterized by impaired glucose-stimulated in-
sulin secretion (GSIS), progressive β-cell exhaustion, profound 
sympathetic predominance, and the irreversible attenuation of 
vagal signaling, which is typical of advanced autonomic neurop-
athy (Figure 1), when metabolic stress becomes chronic (Chen 
et al. 2025).

Experimental animal models primarily provide causal insights 
into this transition. In rodents, sympathetic hyperactivity has 
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been shown to directly inhibit GSIS through α2-adrenoceptor 
signaling on β-cells, while simultaneously promoting hepatic 
gluconeogenesis via heightened splanchnic nerve activity. CNS 
analyses further illustrate that modifications in hypothalamic 
neurotransmitter profiles and diminished GABA: glutamate 
ratios in brainstem autonomic nuclei precede peripheral secre-
tory dysfunction and correlate with atypical pancreatic polypep-
tide responses, a recognized indicator of vagal efferent output 

(Martinez-Sanchez et  al.  2022). Chronic hyperglycemia has 
been demonstrated to cause hypertrophy of intrapancreatic gan-
glia and interfere with the signaling of β-cell primary cilia at 
the tissue level. These structures are vital for neurovascular in-
tegration and stimulus-secretion coupling. Additionally, models 
of diabetic neuropathy exhibit heightened susceptibility to islet 
inflammation attributable to compromised sensory afferent pro-
tection (Xiong et al. 2025). Taken together, these results support 

FIGURE 1    |    Illustrates the dysregulation of the neuro-pancreatic axis in T2DM. Central nutrient-sensing defects in areas such as the ventrome-
dial hypothalamus (VMH), arcuate nucleus (ARC), and brainstem impair autonomic output. This impairment is characterized by a reduction in 
sympathoinhibitory tone and an increase in vagal efferent signaling. Consequently, these alterations lead to parasympathetic hyperactivation of 
pancreatic β-cell and sympathetic suppression of insulin secretion, which contribute to conditions of hyperinsulinemia and hepatic gluconeogenesis. 
Additionally, concurrent remodeling of intrapancreatic ganglia and sensory afferents worsens islet vulnerability. Under glucolipotoxic stress, pro-
gressive dysfunction of β-cell, dysregulation of α-cells, and disruption of δ-cell paracrine signaling occur. These changes establish a self-reinforcing 
loop that links central dysregulation, autonomic imbalance, and islet failure, thereby accelerating the progression of the disease.
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a self-reinforcing loop model instead of a one-way cause-and-
effect model. In this context, initial metabolic disturbances 
trigger central and peripheral neuroplastic alterations that dis-
rupt autonomic equilibrium. These alterations, some of which 
endure post-glycemic normalization or β-cell mass restoration, 
exacerbate islet cellular stress and secretory dysfunction. It is 
essential to delineate this causal hierarchy and ascertain which 
neural phenotypes precede and actively contribute to endocrine 
failure. This is important for deciding which therapeutic strate-
gies are more important: neuromodulatory or islet-intrinsic. It 
is also important for creating biomarkers that show how well 
the brain, autonomic nervous system, and islets work together 
in humans (Yan et al. 2025).

Impaired central nutrient sensing significantly contributes to 
hyperinsulinemia by disrupting hypothalamic regulation of 
autonomic outputs. These outputs control how much insulin 
the pancreas makes and how much glucose the liver makes. In 
models of diet-induced hyperinsulinemia, compromised cen-
tral glucose sensing in hypothalamic neurons interferes with 
autonomic control. Specifically, the compromised detection of 
elevated blood glucose in ventromedial hypothalamic neurons 
reduces sympathoinhibitory signaling to pancreatic islets and 
amplifies vagal efferent output. This autonomic imbalance has 
been demonstrated to induce chronic cholinergic activation of 
β-cell M3 muscarinic receptors, hence augmenting GSIS regard-
less of glycemic need. Simultaneously, diminished sympathetic 
tone does not inhibit hepatic gluconeogenesis via splanchnic 
nerves, thereby perpetuating fasting hyperglycemia and exac-
erbating insulin hypersecretion. In murine models of hyperin-
sulinemia, disruption of the vagus nerve rapidly restores normal 
insulin levels, suggesting that intact parasympathetic pathways 
are crucial for sustained insulin secretion (Siqueira et al. 2025). 
The precise origin of these anomalies, whether they stem from 
glucose-excited or glucose-inhibited neuron nutrient-sensing 
irregularities, remains to be elucidated. Translation is limited 
by differences in the density of autonomic islet innervation 
that are specific to each species. Hypothalamic inflammation 
has been demonstrated to induce leptin resistance, which sub-
sequently exacerbates hyperinsulinemia by impeding the α-
MSH-mediated reduction in vagal activity. This establishes a 
detrimental feedback loop in which pancreatic inflammation 
aggravates CNS dysfunction (Le et  al.  2024). Disruptions to 
central-peripheral neural circuits, hypothalamic inflammation-
induced leptin resistance, or loss of vagally mediated glucagon-
like peptide-1 (GLP-1) signaling exacerbate β-cell stress, impair 
glucose sensing, and alter neurotransmitter dynamics. This 
delineates specific neurometabolic phenotypes receptive to fo-
cused neuromodulation. Neuroimaging and molecular mark-
ers indicating early excitatory-inhibitory neurotransmitter 
irregularities in prediabetes provide additional evidence for the 
stratification of pathophysiology, correlating with disease pro-
gression and the severity of autonomic neuropathy. However, 
ambiguity persists regarding the causal primacy and specificity 
of neural stratification versus traditional phenotypes, particu-
larly given the potential of glucolipotoxicity and the disparities 
in species-specific autonomic innervation density. Recent find-
ings indicate that autonomic and central neural pathways play 
a role in metabolic regulation and may influence responses to 
incretin-based and sympatholytic therapies. While the poten-
tial of neural biomarkers to support phenotypic stratification is 

theoretically sound, there is a paucity of direct evidence demon-
strating that such classification improves therapeutic selection. 
For instance, there is a lack of evidence supporting preferential 
responses to GLP-1 receptor agonists (GLP-1RAs) in vagally im-
paired phenotypes or to sympatholytic agents in hyperadrener-
gic states. Further mechanistic and prospective clinical studies 
are necessary to ascertain whether treatment strategies guided 
by neural biomarkers can meaningfully improve metabolic out-
comes or attenuate β-cell functional decline (Lisco et al. 2023; 
Yamanouchi 2025).

2.2   |   Type 1 Diabetes Mellitus

Within the intricate neuro-pancreatic axis, peri-islet Schwann 
cells (pSCs) have been identified as not only secondary factors 
in β-cell degeneration but also as possibly active primary agents 
in the initial pathogenesis of type 1 diabetes mellitus (T1DM). 
The glial cells, devoid of myelin and expressing glial fibrillary 
acidic protein (GFAP) and S100β, closely encircle the islets of 
Langerhans (Calviño-Sampedro et al. 2019). These cells establish 
an essential neuro-glial barrier that preserves structural integ-
rity and provides trophic support to both endocrine cells and au-
tonomic nerve fibers innervating the islets. Immunohistological 
imaging and in vivo cellular investigations in nonobese diabetic 
mice models have demonstrated that this neuro-glial network 
is subjected to a targeted autoimmune assault by T-cells well in 
advance of β-cell apoptosis (Korpos et al. 2013). The immuno-
logical targeting and subsequent destruction of pSCs lead to a se-
vere breakdown of the islet's structural and immunomodulatory 
barrier, facilitating the unrestricted influx of diabetogenic leu-
kocytes into the islet core. The localized loss of glial cells leads 
to the production of neuroglial autoantigens, which are then ab-
sorbed by nearby macrophages and dendritic cells. This process 
is understood to enhance robust cross-presentation and epitope 
distribution. Consequently, the repertoire of autoreactive T-cells 
is increased in response to common neuroendocrine antigens. 
The disruption of the neuro-glial barrier results in localized 
insulitis and changes in pro-inflammatory cytokine signaling. 
These alterations disrupt normal sympathetic and parasympa-
thetic innervation, worsening β-cell stress and hastening cell 
death. Clinical serological studies highlight the importance of 
neuro-immune interactions, indicating that GFAP autoantibod-
ies serve as highly predictive early markers in human patients, 
signaling the imminent onset of illness before severe insulinope-
nia occurs. The initial dysfunction of pSC and the subsequent 
breakdown of the neuro-immune interaction are critical events 
in the onset of T1DM (Pang et al. 2017). This perspective sug-
gests that maintaining glial integrity is a vital therapeutic strat-
egy in combating autoimmune diabetes.

The hypothesis suggesting that autoimmune targeting of islet 
nerves may serve as an early and significant feature in T1DM, 
rather than merely a secondary result of β-cell destruction, war-
rants further investigation. Historically, the focus has been on 
autoimmune β-cell destruction. However, mounting evidence 
suggests that concurrent autoimmune targeting of islet neu-
ral components may be a fundamental early characteristic. 
Histopathological examinations of human T1DM cohorts indi-
cate that sympathetic innervation loss precedes substantial β-
cell depletion, corresponding with immune infiltration patterns 
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where autoreactive T cells restructure sympathetic axons around 
islets during insulitis. The presence of autoimmune cells has 
been observed to result in the attack on intrapancreatic ganglia 
and nerve fibers, thereby interfering with the autonomic regula-
tion of insulin and glucagon release. This neural dysregulation 
occurs before the onset of hyperglycemia in preclinical stages, 
suggesting that immune attacks on neural structures may trig-
ger or exacerbate β-cell susceptibility by modifying neurovas-
cular signaling and inflammation (Zhao and Veysman  2023). 
From a therapeutic standpoint, neural targeting perpetuates a 
feedback cycle of islet dysfunction, characterized by the loss of 
neuroprotective sensory afferents, an escalated susceptibility to 
inflammatory damage, and the disruption of compensatory in-
sulin pulsatility. The question of whether neural autoimmune 
aggression is an independent primary driver distinct from β-cell 
autoimmunity remains unclear. Such uncertainty is due to the 
fact that neural remodeling occurs concurrently with β-cell loss 
and may be influenced by innervation density variations across 
animal models. Nevertheless, acknowledging neural targeting 
as an initial occurrence guides treatment approaches, including 
neuromodulatory therapy to reduce neuroimmune crosstalk 
and maintain islet integrity before irreversible endocrine failure 
(Camaya et al. 2023).

Neural support loss has been shown to jeopardize the survival 
and regeneration of β-cell by disrupting neurotrophic signaling, 
vascular integrity, and proliferative pathways that are essential 
for maintaining islet function. Findings from human histology 
and animal models indicate that the loss of sympathetic inner-
vation in T1DM significantly threatens the survival of β-cell. 
This loss is due to the impairment of neurotrophic support sys-
tems and vascular integrity. The phenomenon of autoimmune-
mediated sympathetic nerve degeneration has been observed to 
occur prior to the occurrence of significant β-cell death. This 
results in the disruption of neurotrophic signaling pathways 
involving nerve growth factor (NGF) and brain-derived neuro-
trophic factor, which typically function as suppressors of apopto-
sis. Reduced sensory afferent innervation, especially of transient 
receptor potential vanilloid 1 (TRPV1)-positive neurons, hinders 
islet neurovascular coupling, limiting perfusion and angiogenic 
responses essential for β-cell function and proliferation (de León 
et al. 2021). Impaired parasympathetic input via M3 muscarinic 
receptors has been demonstrated to inhibit β-cell proliferation 
by diminishing cyclin D1 and c-Myc expression. Degeneration of 
intrapancreatic ganglia has been demonstrated to affect neuro-
genic pathways crucial for β-cell proliferation following injury. 
Preclinical models indicate that therapies designed to safeguard 
autonomic ganglia lead to an increase in β-cell mass. This obser-
vation indicates the possibility of neural signals affecting β-cell 
plasticity. Targeted neuromodulation has emerged as a prom-
ising intervention for preserving β-cell in patients with T1DM 
(Chidester et al. 2020).

In T1DM, where there is an autoimmune response affecting 
both β-cell and intrapancreatic nerves, neurotrophic strategies 
present a viable therapeutic avenue for preserving endocrine 
function by alleviating neural atrophy and its ramifications. 
Neurotrophic factors have been shown to enhance β-cell sur-
vival by impeding intrinsic apoptotic pathways, thereby preserv-
ing neurovascular integrity and facilitating neural regeneration. 
This, in turn, helps control insulin secretion and glucose sensing. 

Rodent model data demonstrate that interventions aimed at pre-
serving autonomic ganglia structural and functional integrity, 
or the administration of agonists such as GLP-1 receptor ligands, 
can enhance NGF production, thereby increasing β-cell number 
and pulsatile insulin release (Gumuslu et al. 2018). From a clin-
ical standpoint, this strategy may have the capacity to interrupt 
the neuroendocrine feedback loop associated with islet dysfunc-
tion in the initial phase of the disease. This disruption can be 
achieved by leveraging brain plasticity to enhance compensa-
tory mechanisms and delay β-cell depletion. However, several 
factors constrain the applicability of these findings to humans. 
First, there are species-specific variations in innervation den-
sity, which may limit the generalizability of findings to human 
subjects. Second, there is a potential for exacerbation of autoim-
mune inflammation due to the use of these substances. Third, 
there is a paucity of long-term efficacy data from longitudinal re-
search, which hinders the ability to make definitive conclusions 
about the long-term benefits of these substances. Nonetheless, 
focused neuromodulation has the potential to enhance immu-
notherapies, offering a dual-axis approach to maintain glycemic 
control in T1DM, particularly by improving the immune re-
sponse while managing inflammation associated with autoim-
mune conditions (Buscarinu et al. 2019).

2.3   |   Obesity and Metabolic Syndrome

Hypothalamic inflammation in obesity substantially impairs 
neuronal circuits regulating insulin secretion. Chronic over-
nutrition has been demonstrated to stimulate NF-κB and JNK 
signaling in hypothalamic nuclei, particularly the arcuate and 
VMH. This stimulation activates microglia and generates cyto-
kines that impair neuronal excitability and neurotransmission. 
This neuroinflammation interferes with the parasympathetic 
branch, evidenced by diminished vagus nerve tone and im-
paired cholinergic signaling. These are essential for anticipatory 
CPIR. As a result, less activation of the pancreatic M3 musca-
rinic receptor has been shown to slow down the release of burst 
insulin and the use of glucose (Malle et al. 2015). Concurrently, 
inflammation-induced suppression of hypothalamic insulin re-
ceptor substrate/PI3K signaling diminishes insulin efficacy in 
inhibiting hepatic glucose production and mitigates central in-
sulin's beneficial impact on pancreatic β-cell secretion, exacer-
bating hyperglycemia despite elevated insulin levels. It has also 
been shown that inflammation of the hypothalamus increases 
sympathetic outflow, which in turn increases α-adrenergic in-
hibition of insulin secretion. This improvement happens in two 
ways: direct islet innervation and the release of catecholamines. 
This autonomic disruption leads to dysregulated insulin kinet-
ics, accelerating β-cell depletion in obesity. Nonetheless, the 
variability in interspecies vagal innervation density necessitates 
caution in extrapolation. In clinical settings, hypothalamic dys-
function interferes with neuroendocrine insulin regulation in 
relation to metabolic demand, worsening glucose intolerance 
regardless of peripheral insulin resistance (Bays et al. 2024).

The role of gut-brain-pancreas peptides as hormones and neuro-
modulators is particularly pronounced in obesity and metabolic 
syndrome, where autonomic dysregulation impairs glycemic 
control. GLP-1 acts as a systemic hormone and a neurocrine 
modulator for pancreatic efferents. It works by binding directly 
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to β-cell receptors, which then activate vagal afferent neurons, 
which causes insulin to be released. These neurons send signals 
to the nucleus tractus solitarius (NTS), which is a key part of 
controlling many bodily functions. Neuromedin U influences 
glucose tolerance through a dual mechanism involving endo-
crine signaling and vagal-mediated suppression of gastric mo-
tility and direct pyloric contraction. This complex regulatory 
process illustrates the incorporation of peptide signals within 
neural circuits to regulate metabolic functions (Jarry et al. 2019). 
These pleiotropic signaling agents have been demonstrated to 
link humoral and neural circuits; VIPergic neurotransmission 
in intrapancreatic ganglia has been shown to regulate insulin 
pulsatility, while obesity-related synaptic plasticity has been 
observed to disrupt neuromodulatory and endocrine feedback 
loops (Saade et  al.  2020). However, the hierarchical predomi-
nance of these routes in various physiological settings remains 
a subject of debate, particularly in light of species-specific varia-
tions in pancreatic innervation density and neurovascular archi-
tecture. These variations may potentially highlight a distinction 
between hormonal and neural dominance. This integrated sig-
naling necessitates treatments that address both neuroendo-
crine interfaces and traditional receptor agonism.

Obesity-associated neural plasticity is only partially reversible, 
with functional adaptability coexisting with long-term struc-
tural alterations in neuropancreatic circuits. Obesity-induced 
plasticity has been shown to induce maladaptive hypothalamic 
neuroinflammation, abnormal vagal signaling, and intrapan-
creatic neural remodeling. Collectively, these factors impede 
insulin secretion and glucose homeostasis. The ingestion of 
dietary acetate has been demonstrated to enhance parasympa-
thetic drive, thereby stimulating insulin and ghrelin production. 
At the same time, hypothalamic inflammatory mediators, such 
as NF-kB, have been shown to disrupt autonomic homeostasis, 
leading to impaired insulin signaling and increased risk of met-
abolic disorders. Moreover, the persistent consumption of high-
fat diets has been observed to diminish pancreatic VIPergic 
fibers, which are imperative for optimal β-cell activity (Perry 
et al. 2016). It has been demonstrated that certain circuit func-
tions can be reversed. Similarly, central insulin sensitization has 
been demonstrated to increase GSIS. Finally, the inhibition of 
neuromodulators such as Nogo-A has been shown to increase 
cholinergic input to islets. Despite these adaptive responses, 
early-life diet-induced changes to the pancreatic intrinsic neural 
system persist after dietary normalization, indicating lasting al-
terations in synaptic connectivity that impact neuronal network 
dynamics. In a similar manner, acetate-mediated neuronal ad-
aptations in obesity prevent spontaneous regression. From a 
therapeutic standpoint, the observed partial reversibility indi-
cates that targeted neuromodulatory therapies may be capable of 
restoring functional outputs, such as insulin pulsatility, without 
achieving complete neuronal architecture normalization (Saade 
et al. 2020).

2.4   |   Neurodegenerative Disease

Alzheimer's disease (AD) can be viewed as a disorder charac-
terized by impaired insulin signaling, although insulin resis-
tance is likely not the only pathogenic mechanism involved. Aβ 
oligomers disrupt the autophosphorylation of insulin receptors, 

which triggers the phosphorylation of IRS-1 at serine residues by 
JNK. This process halts the PI3K/Akt survival signaling path-
way and leads to tau hyperphosphorylation by GSK3β. The sig-
nificance of mitochondria is highlighted by the fact that insulin 
resistance reduces PGC-1α-mediated mitochondrial biogenesis, 
which in turn increases oxidative stress. This rise in oxidative 
stress activates β-secretase and γ-secretase, thereby accelerating 
the production of Aβ and contributing to synaptic degradation 
(Daily et al. 2021). Clinically, decreased central insulin action 
links to poor cerebral glucose metabolism in AD-susceptible 
brain areas, but causal hierarchy in humans remains unknown, 
as amyloid-PET studies show contradictory relationships be-
tween peripheral insulin resistance and brain Aβ load. Diabetes 
induces neurodegeneration through non-Aβ-mediated mecha-
nisms. Intranasal insulin studies underscore insulin signaling 
significance for enhancing cognition, though hypoglycemic 
medicines like metformin demonstrate neuroprotection partly 
via AMPK-mediated mitochondrial repair (Kouvari et al. 2022).

In the realm of metabolic management, GLP-1RAs activate vagal 
afferents through GLP-1 receptors found on nodose ganglion 
neurons. This activation triggers brainstem-hypothalamic cir-
cuits, resulting in an increase in insulin production stimulated 
by glucose via descending vagal efferents that target pancreatic 
β-cell. The neurocrine pathway plays a regulatory role in gas-
tric emptying and the actions of incretins. Research has shown 
that GLP-1RAs can enhance insulin secretion from pancreatic 
β-cell directly, functioning independently of neural mediation. 
In neurodegenerative conditions, GLP-1RAs reach vulnerable 
brain areas like the hippocampus and cortex, exerting direct 
neurotrophic and neuroprotective effects via increased NGF 
production, reduced ischemia–reperfusion damage via MAPK 
pathway modulation, and restored synaptic plasticity via cAMP-
dependent pathways uninfluenced by peripheral glycemia (Gad 
et  al.  2020). Olfactory bulb GLP-1 receptors have also been 
demonstrated to mediate odor-induced CPIR, thereby indicat-
ing a phenomenon of CNS-mediated endocrine integration. In 
parallel, distinguishing indirect endocrine activities and their 
impact on systemic glucose homeostasis, as well as the neuro-
toxic glucose excursions resulting from direct neuronal effects 
in  vivo, remains a subject of active research. Consequently, 
while neural systems regulate acute metabolic processes, neuro-
protection is contingent on direct CNS effects. Nonetheless, the 
extrapolation of findings to human dementia is complicated by 
alterations in blood–brain barrier (BBB) permeability observed 
in animal models (Samadian et al. 2025).

Neurodegeneration significantly impedes insulin secretion 
by disrupting central and peripheral neural circuits that regu-
late β-cell function. Neuropathologies associated with AD and 
Parkinson's disease (PD) disrupt the central autonomic reg-
ulation of β-cell. In PD, the degeneration of brainstem nuclei 
disrupts the equilibrium between the vagal and sympathetic 
systems, resulting in diminished glucose-dependent insulin 
responses. Significant peripheral mechanisms are also at play, 
including the pathological degeneration of neurons in the pan-
creas, which diminishes the enhancement of insulin secretion 
by vasoactive intestinal peptide (VIP). Dopaminergic depletion 
in the islets leads to heightened insulin inhibition via D2 re-
ceptors in murine models of PD (Bucolo et al. 2019). Moreover, 
neurodegeneration may indirectly hinder insulin secretion due 
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to β-cell fatigue induced by sustained compensatory hyperinsu-
linemia stemming from central insulin resistance. The hypoth-
esis that amyloid-β obstructs insulin exocytosis in peripheral 
organs is a plausible proposition. Although distinguishing be-
tween neural and endocrine failure in human studies presents 
challenges, clinical correlations indicate impairment; AD pa-
tients exhibit reduced insulin secretion that correlates with the 
severity of cognitive impairment, while PD patients show im-
paired insulin responses regardless of the presence of peripheral 
neuropathy (Adachi et al. 2021). Therefore, neurodegeneration 
disrupts insulin dynamics through neuroendocrine pathways, 
suggesting that neuromodulation could serve as a potential ther-
apeutic intervention to preserve β-cell function.

2.5   |   The Neuro–Immune–Endocrine Interface in 
Metabolic Disease

Immunohistochemical investigations demonstrate direct infil-
tration of macrophages (F4/80+) and CD4+ and CD8+ T lympho-
cytes into the pancreatic neuropil in humanized mouse models 
and human pancreata, suggesting that immune-mediated neu-
ral disturbances play a substantial role in T1DM development 
(Campbell-Thompson et  al.  2021). Neural injury has been 
demonstrated to reduce insulin pulsatility by disrupting Ca2+ 
oscillations in pancreatic ganglia, which coordinate β-cell ac-
tivity. Disruption of α-cell regulation via GABAergic inhibitory 
tone deficiency is also observed, causing autonomic instability 
and glucagon hypersecretion. This, in turn, leads to suboptimal 
counter-regulation during hypoglycemia. Concomitant nerve 
degeneration is characterized by reduced neurotrophic support, 
as evidenced by decreased NGF production in diabetic islets and 
abnormal reinnervation patterns in transplanted islets without 
effective parasympathetic responses. Despite this, the species-
specific neural-islet architecture changes that have been ob-
served limit the human application of this technology. TRPV1+ 
sensory fibers have been shown to contribute to insulitis by 
disrupting neural-islet crosstalk via substance P/neurokinin 
signaling and macrophage-driven TNF-α release. Sympathetic 
hyperinnervation in inflamed areas has been shown to worsen 
β-cell stress by overstimulating noradrenergic receptors. The 
causal relationship between neuronal atrophy and autoimmune 
activation remains to be elucidated. At the same time, preserv-
ing islet innervation integrity is a primary objective in stabiliz-
ing endocrine function (Cinti et al. 2021).

Islet macrophages function as pivotal signal amplifiers within 
the neuro-immune-endocrine interface, thereby establishing 
a connection between neural inputs and endocrine outputs. 
These macrophages are capable of recognizing neurotransmit-
ter signals and subsequently releasing paracrine substances, 
a process that serves to augment hormone production and 
regulate inflammation. In the early stages of diabetes, β-cells 
engage in vesicle transfer to macrophages, which promotes an-
tigen presentation and enhances neuronal signaling through 
cytokine-mediated pathways, such as substance P/neurokinin 
signaling (Hughes et al. 2018). Research indicates that sensory 
neuron ablation can confer protection against inflammation, 
even amid persistent autoimmunity. This protection is linked to 
decreased production of TNF-α by macrophages and modifica-
tions in synaptic-like interactions within islet neuropil (Müller 

et  al.  2024). The mechanisms underlying this phenomenon 
include neuropeptide-dependent immunomodulation, which 
interferes with cholinergic transmission and desynchronizes 
insulin pulsatility. Furthermore, the hypothesis has been pro-
posed that sustained sympathetic overactivity contributes to a 
state of neuro-immune dysregulation. In this state, noradrener-
gic signaling within inflamed microenvironments may promote 
β-cell dedifferentiation (Secco et al. 2022).

3   |   Methodological Advances

3.1   |   Experimental Models

A multi-model strategy has been demonstrated to be the most 
effective approach for capturing human neural-endocrine inte-
gration, given that no single experimental system fully recapit-
ulates the complexity of human autonomic and neuroendocrine 
architecture. Existing models are constrained by interspecies 
variations in autonomic innervation density and neurotrans-
mitter profiles (Figure  2, Table  1). Concurrently, integrating 
diverse approaches can yield valuable insights. Transplantation 
models, such as intraocular syngeneic islet grafts in mice, have 
been pivotal in enabling noninvasive visualization and manip-
ulation of autonomic axons via topical pharmacological agents. 
Simultaneous observation of systemic glycemia and hormone 
dynamics has revealed a direct neural modulation of insulin se-
cretion that transpires independently of central inputs. On the 
other hand, pharmacological and genetic neural circuit interro-
gation, like the intracerebroventricular GLP-1 infusion model 
in rodents, picks up central efferent pathways and boosts GSIS 
through vagal cholinergic relays to pancreatic β-cell (Papazoglou 
et al. 2022). Improvements in 3D imaging technology have made 
it easier to understand the afferent and efferent nerve networks 
in healthy pancreatic tissues, which has improved anatomical 
accuracy. Significantly, the validation of functional neural-
endocrine crosstalk continues to be a subject of active investi-
gation. The integration of humanized organoids with induced 
pluripotent stem cell-derived neurons in co-culture remains in 
the preliminary stages of physiological studies. Consequently, 
a multi-model strategy integrating transplantation for circuit 
manipulation with human tissue mapping and targeted neuro-
modulation is most effective for addressing the complex neuro-
endocrine axis across scales. It should be noted that quantifying 
neurotransmitter release kinetics during metabolic perturba-
tions in vivo remains uncertain (Chien et al. 2019).

Key mechanistic inquiries remain unresolved due to limitations 
in the current experimental methodology. A substantial deficit 
has been identified in the real-time neurotransmitter dynamics 
within intact neuro-pancreatic circuits during metabolic distur-
bances. Pharmacological and genetic interventions have indicated 
the presence of neuromodulatory functions. However, the existing 
models lack the necessary spatiotemporal resolution to quantify 
vesicular release kinetics or synaptic cleft concentrations in vivo 
during glycemic transitions (Campbell-Thompson and Tang 2021). 
Furthermore, species-specific autonomic innervation density 
and receptor expression disparities complicate the observation of 
human neural-endocrine interactions. Reductionist models are 
inadequate in capturing multisystem integration, particularly 
the phenomenon of neuroimmune-microbiota cross-regulation. 
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While the effects of gut-derived serotonin on β-cell mass and the 
disruption of dysbiosis-induced vagal GLP-1 signaling are well-
established, no current system replicates the dynamic interac-
tion between neuronal activity, enteroendocrine feedback, and 

immune cell recruitment in metabolic inflammation. Finally, 
circadian-entrained neuroendocrine oscillations, such as hypo-
thalamic–pituitary–adrenal (HPA)-insulin interactions during 
wake-fast cycles, cannot be studied longitudinally ex  vivo or in 

FIGURE 2    |    A comparative mechanistic overview of neuro-pancreatic regulation and structural divergence in rodent versus human islets is 
presented herein. The schematic illustrates key differences between human and rodent diabetes models. The structural and functional compart-
mentalization of the neuro-pancreatic axis underscores the necessity for cautious interpretation when translating findings from animal models to 
human diabetes research. Regarding rodent pancreatic islet architecture, the system is characterized by dense parenchymal autonomic innervation, 
which provides direct neuro-cellular regulation. Parasympathetic postganglionic fibers are known to release ACh, VIP, and gastrin-releasing peptide 
in close proximity to endocrine cells. ACh has been observed to bind to M3 muscarinic acetylcholine receptors on beta cells, thereby potentiating 
glucose-stimulated insulin secretion. In contrast, sympathetic inputs utilize norepinephrine, neuropeptide Y, and galanin to exert tone. The archi-
tecture of human pancreatic islets exhibits a neurovascular regulatory pattern characterized by the termination of autonomic axons primarily on 
peri-vascular structures outside the islet core. Parasympathetic signaling involves ACh, VIP, and pituitary adenylate cyclase-activating polypeptide, 
while sympathetic mediators are restricted to norepinephrine and neuropeptide Y. In the absence of sufficient direct innervation, human islets have 
developed a robust intra-islet paracrine network to compensate. In this network, alpha cells function as a non-neuronal source of ACh, directly sig-
naling to neighboring beta cells to preserve their insulin secretory capacity.
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TABLE 1    |    Comparative analysis of pancreatic islet physiology: Rodent versus human models.

Physiological 
criterion Rodent models (Mouse/Rat)

Human 
models References

Islet architecture Core–mantle arrangement; β-cells 
segregated in the core, surrounded by 
a peripheral mantle of α- and δ-cells

Mosaic 
arrangement; 
intermixed, 
contiguous 

distribution of 
α-, β-, and δ-

cells throughout 
the islet 

architecture

Moullé (2022), Bosco et al. (2010)

β-cell proliferative 
capacity

High baseline proliferative capacity 
and robust regenerative potential 

in response to metabolic stress

Markedly 
constrained 
proliferative 

capacity with 
minimal 

regenerative 
baseline in 
adulthood

Darwish et al. (2025), 
Wang et al. (2015)

α-cell sensitivity & 
dynamics

Lower glycemic threshold for glucagon 
suppression; distinct excitation-

secretion coupling profiles

Highly sensitive, 
tightly regulated 

counter-
regulatory 
glucagon 
dynamics 

with complex 
paracrine 

modulation

Bahl et al. (2021), Hill et al. (2024)

Metabolic progression 
kinetics

Rapid onset of peripheral insulin resistance 
paired with abrupt metabolic transitions

Prolonged 
pathogenic 
continuum; 

characterized 
by an extended 
compensatory 

phase prior 
to ultimate 

β-cell failure

Cui et al. (2024), Hudish 
et al. (2019)

Autonomic innervation 
pattern

Dense, penetrative intra-islet neural 
network providing direct neuro-

cellular regulation to endocrine cells

Sparse, 
structural 

neural network 
restricted 

primarily to 
perivascular 

compartments 
(neurovascular 

regulation)

Moullé (2022), Rodriguez-
Diaz et al. (2011)

Incretin component 
dynamics

Heavily dependent on peripheral 
portal–vagal neuro-reflexive pathways 

for systemic nutrient signaling

Dominated 
by a highly 

developed intra-
islet paracrine 

network driven 
by local α-cell 

GLP-1 synthesis

Moullé (2022), Campbell 
et al. (2020)
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static co-cultures, making it difficult to investigate how chron-
odisruption increases diabetes risk (Nakata et  al.  2021). These 
discrepancies persist due to technical challenges in concurrently 
recording intact brain circuits, systemic feedback loops, and oscil-
latory processes.

While human islet organoids successfully mimic pancreatic mi-
croarchitecture and cellular diversity by self-organizing pluripotent 
stem cells into glucose-responsive β-, α-, and δ-cell lineages, these 
platforms primarily model basal, autonomously regulated micro-
physiology dominated by cell-intrinsic nutrient sensing and intra-
islet paracrine loops, rather than neuronally integrated systemic 
metabolism. Single-cell transcriptomics has demonstrated that 
stem cell-derived islets can attain mature phenotypic signatures 
and adult-like stimulus-secretion coupling posttransplantation 
(Hill et al. 2024). However, contemporary organoid models exhibit 
a critical structural deficiency in neural integration. This limita-
tion is characterized by the absence of spatially organized vagal 
and sympathetic axons, leaving human islet organoids completely 
decoupled from functional autonomic synapses. Consequently, 
these non-innervated models remain blind to the parasympathetic 
acetylcholine and sympathetic noradrenaline/neuropeptide inputs 
that natively modulate hormonal output during cephalic priming, 
exercise, and acute stress. Co-culture strategies with iPSC-derived 
neurons have demonstrated preliminary electrophysiological 
connectivity in  vitro, yet they face significant translational bot-
tlenecks, including inconsistent neuropeptide-mediated insulin 
potentiation and unvalidated synaptic vesicle release kinetics at 
endocrine cell contacts. This isolation is particularly restrictive 
during hypoglycemia, where systemic counter-regulation de-
pends entirely on CNS-driven efferent pathways. In native islets, 
sympathetic activation coordinates a precise dual response: it 
activates an insulinostatic pathway via β-cell α-adrenoceptors to 
attenuate GSIS through cAMP/TRPM2 depression, while concur-
rently overriding glucose-mediated suppression to drive glucagon 
release from α-cell via α- and β-adrenergic receptors (Kurashina 
et al. 2015; Thorens 2024).

Because contemporary organoids lack these functional synaptic 
conduits, they are inherently incapable of replicating catechol-
aminergic insulin restraint, adrenergic glucagon stimulation, or 
the systemic counter-regulatory defense against glycopenic stress 
(Fredrikson et al. 2025). Furthermore, these isolated systems can-
not recapitulate higher order multisystem integration, such as 
the gut-brain-pancreas axis, which transmits peripheral nutrient 
signals via vagal afferents to central nuclei to modulate islet func-
tion through efferent networks. While advanced 3D bioprinting 
and microfluidic organs-on-a-chip offer superior spatial approx-
imations of neural-islet topography, the functional validation of 
neurotransmitter dynamics and oscillatory hormonal patterns 
governed by central circadian inputs remains unrealized (Zhao 
et  al.  2024). Therefore, while organoids remain exceptional for 
decoding autonomous cell machinery, their readouts must be con-
textually interpreted as isolated endocrine hubs entirely decoupled 
from the neuronally integrated metabolic axis.

3.2   |   Technologies

Technologies facilitating accurate circuit manipulation have in-
stigated a paradigm shift in the mechanistic understanding of 

neuroendocrine integration, transcending basic descriptive map-
ping. Chemogenetic and optogenetic techniques have enabled the 
elucidation of how specific neuronal populations influence hor-
mone levels. This phenomenon is illustrated by the identification 
of VMH SF1 neurons that regulate hyperglycemia via parabra-
chial connections and olfactory bulb GLP-1 circuits, which mod-
ulate sympathetic tone to augment insulin secretion. Microfluidic 
pulsatile delivery systems have elucidated the temporal dynamics 
of neurotransmitter effects on islet function, demonstrating the 
synchronization of β-cell activity by acetylcholine pulse patterns. 
The combination of intersectional viral tracing, tissue clearing, 
and three-dimensional imaging has made clear the multisynap-
tic pathways that connect hypothalamic nuclei to metabolism in 
the body. In vivo electrophysiology utilizing endocrine biosensors 
has clarified real-time adaptations, including dysregulated pro-
opiomelanocortin (POMC) neuron glucose sensing in the context 
of mitochondrial fission impairment, supported by genetic abla-
tion models. This emphasizes the essential function of transient 
receptor potential canonical 3 channels in central glucose sensing 
(Chrétien et al. 2017). The synergistic efficacy of these technologies 
in overcoming the limitations of correlative anatomy facilitates 
the dissection of effector mechanisms. Nonetheless, uncertainty 
persists regarding the functionality of neurotransmitters within 
physiological microenvironments. This indicates the necessity 
for noninvasive monitoring systems capable of detecting neural-
endocrine interactions during metabolic transitions.

Optogenetic approaches may not fully capture human physiolog-
ical regulation due to significant interspecies differences, which 
restricts the ability to draw direct comparisons. Although opto-
genetics has transformed neuroendocrine research by allowing 
precise spatiotemporal control of specific neuronal populations 
for dissecting central-peripheral metabolic circuits, discrepan-
cies in neurotransmitter kinetics and receptor expression profiles 
between species present notable limitations. Rodent optogenetic 
studies frequently depend on cholinergic mechanisms, such as 
VMH-SF1 neuron stimulation impacting hepatic glucose produc-
tion via catecholaminergic signaling. In contrast, human islets 
exhibit sparse direct cholinergic innervation and depend more on 
peptidergic pathways (Shimazu and Minokoshi 2017). Optogenetic 
activation has been demonstrated to generate nonphysiological fir-
ing patterns, thereby oversimplifying the endogenous oscillatory 
dynamics that regulate pulsatile insulin secretion and HPA-axis 
crosstalk. This phenomenon has been documented in human is-
lets and autonomic ganglia; however, it remains irreproducible 
in vitro. Optogenetic interventions have been demonstrated to lack 
the capacity to replicate the integrated gut-brain-pancreas feedback 
mechanisms that are intrinsic to human cephalic responses. This 
limitation is evidenced by the absence of vagal-mediated GLP-1 
potentiation in models that lack enteroendocrine signaling. While 
optogenetics has elucidated the principles of conserved neurocir-
cuit function, uncertainties persist regarding the role of hypotha-
lamic AMPK/mTOR pathways in human energy sensing and the 
effects of invasive hardware-induced inflammation on artificially 
elevated corticosterone levels and the stress axis. A critical limita-
tion is the inability to adequately model circadian-neuroendocrine 
integration, a hallmark of human metabolic regulation that is dys-
regulated in shift workers (Fernandes and Kothare 2025). While 
optogenetics is essential for establishing causal neural connec-
tions, its ability to encompass the intricate neuromodulatory pro-
cesses that regulate human glucose homeostasis is limited.
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Multi-omics approaches, when combined with advanced neu-
roimaging techniques and temporal sampling methods, can 
shed light on the complex interactions between neural circuits 
and endocrine function. However, methodological challenges 
hinder the achievement of comprehensive temporal resolution. 
Transcriptomics and epigenomics clarify circadian-regulated 
gene expression patterns in metabolic neurons, while mass 
spectrometry-based metabolomics detects fluctuations in 
neurotransmitters such as dopamine and serotonin during 
glucose challenges. Nonetheless, integrating these datasets 
is confounded by asynchronous sampling intervals across 
molecular layers. The application of functional neuroimag-
ing (fMRI, MRS) in conjunction with plasma proteomics has 
enabled the delineation of discrete hypothalamic activation, 
correlating it with peripheral incretin release. This research 
has elucidated that GLP-1-mediated vagal signaling phases co-
incide with insulin secretion windows, thereby suggesting the 
occurrence of pulsatile signaling. The scarcity of human CNS 
tissue biopsies has impeded the validation of neural omics 
dynamics in relation to endocrine endpoints, such as gluca-
gon pulsatility (Wang et  al.  2022). Combining time-resolved 
neural recordings obtained through in vivo electrophysiology 
with single-cell RNA sequencing from sorted hypothalamic 
neurons could facilitate a more comprehensive analysis of 
the oscillatory firing patterns that regulate pancreatic islet 
function, as suggested by studies in rodent models focused on 
nutrient sensing. In parallel, the scalability of this approach 
to human diurnal variations is uncertain due to ethical and 
technical constraints on acute neural sampling. Multi-omics 
platforms, such as the Human Connectome Project, enable 
temporal alignment of neurochemical fluxes with systemic 
hormones. Nonetheless, these platforms presently lack the 
necessary granularity to elucidate millisecond-scale synaptic 
events that affect hormone exocytosis. This limitation under-
scores the necessity for computational frameworks that can 
reconcile low frequency omics sampling with high-speed elec-
trophysiological data. The frameworks are crucial for compre-
hensively understanding the interactions between the neural 
and endocrine systems across different physiological contexts 
(Nguyen et al. 2023).

4   |   Translational and Therapeutic Implications

4.1   |   Neuromodulation Strategies

Neuromodulation serves as a complementary approach to 
pharmacological therapies; however, it is not expected to com-
pletely replace them in the treatment of neuroendocrine and 
metabolic disorders. Neuroelectronic interfaces have proven 
capable of enabling precise manipulation of neurometabolic 
circuits, thus overcoming the constraints of pharmacokinet-
ics and the detrimental effects of systemic medications. This 
advancement can augment the effectiveness of treatments for 
neuroendocrine and metabolic disorders by offering targeted 
interventions that improve patient outcomes and minimize 
side effects relative to conventional pharmacological meth-
ods. Deep brain stimulation aimed at hypothalamic POMC 
neurons has been shown to affect appetite and sympathetic 
activity in adipose tissue. Vagus nerve stimulation (VNS) ac-
tivates pancreatic β-cell through the release of acetylcholine 

from parasympathetic terminals, thereby simulating CPIR 
(Seicol et  al.  2019). Clinical evidence indicates that vagal 
neuromodulation markedly enhances glycemic regulation 
in individuals with T2DM. This enhancement occurs in two 
manners: by augmenting insulin secretion contingent upon 
glucose levels and by inhibiting hepatic gluconeogenesis via 
the vagus nerve. The bioelectrical inhibition of splenic nerves 
has been demonstrated to reduce the release of inflammatory 
cytokines, presenting an alternative to immunomodulatory bi-
ologics. Neuromodulation has proven effective in overcoming 
pharmacological resistance mechanisms. Specifically, VNS 
can produce sustained insulinotropic effects in patients with 
autonomic neuropathy, a condition where the efficacy of GLP-
1RAs is reduced. Simultaneously, several factors constrain the 
potential for pharmacotherapy substitution. First, there is an 
incomplete understanding of human-specific neural anatomi-
cal divergence. Second, there are technical challenges, such as 
foreign body reactions, device durability, and imprecise mod-
ulation of heterogeneous neural populations, which hinder the 
effective implementation of these hybrid techniques in clinical 
settings. Hybrid electroceutical-pharmacological techniques 
that incorporate neuromodulation for organ-specific circuit 
regulation have the potential to optimize metabolic outcomes 
while minimizing drug loads. Nevertheless, the available ev-
idence on the long-term efficacy of these techniques remains 
limited (Raoufinia et al. 2024).

The theoretical viability of closed loop brain–pancreas control 
systems is evident, yet their technical and biological implemen-
tation remains challenging. These cells utilize neuroendocrine 
feedback mechanisms to regulate the production of insulin by 
β-cell and glucagon output by α-cells. The proof-of-concept is 
based on artificial pancreas (AP) devices that use continuous 
glucose monitoring and algorithmic insulin infusion to mimic 
basic feedback loops. This shows that diabetes can be greatly 
improved. Neuromodulation methods, including VNS, have 
been shown to enhance insulin secretion acutely via parasym-
pathetic acetylcholine release in preclinical and select clinical 
scenarios (Aydin et  al.  2021). Importantly, the incorporation 
of these modalities into authentic brain-pancreas interfaces is 
fraught with substantial challenges, including inadequate spa-
tiotemporal resolution of noninvasive neuroimaging techniques 
to decode central glucose-sensing neuronal activity in real-time, 
ethical constraints on chronic brain device implantation, and 
interspecies neuroanatomical wiring disparities, particularly 
the sparsity of cholinergic innervation of human islets relative 
to rodents, necessitating reliance on peptidergic communica-
tion. In the context of metabolic illnesses, bidirectional neuro-
pancreatic communication may be compromised by autonomic 
neuropathy or hypothalamic inflammation, thereby reducing 
system reliability. Emerging techniques, like optogenetic control 
of intrapancreatic ganglia or 3D-mapped neural transplantation, 
have the potential to provide circuit-specific therapies. Despite 
this, these techniques require human validation before they 
can be considered for clinical use. Consequently, while hybrid 
electroceutical-metabolic devices have the potential to enhance 
glycemic stability, the development of dynamically adaptive, 
fully integrated brain-pancreas systems is contingent on the 
resolution of critical challenges, including enhancing neural 
decoding fidelity, elucidating species-specific neurocircuitry, 
and ensuring long-term biocompatibility. The lack of clinical 
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prototypes and the dependence on rodent models for mechanis-
tic insights exacerbate these issues, as these limitations hinder 
the translation of research findings into effective treatments for 
humans (Le Thuc et al. 2026).

Neuromodulatory interventions carry distinct endocrine risks 
from unintended disruption of neuroendocrine pathways and 
organ-brain communication. Direct activation of autonomic 
afferents or central nuclei may unintentionally stimulate HPA 
axis circuits, as evidenced by ozone-induced hyperglycemia 
resulting from increased corticosterone levels without inflam-
mation; similarly, exogenous glucocorticoid treatment can pro-
duce analogous effects, which may exacerbate insulin resistance 
and dyslipidemia in vulnerable individuals (Jani et  al.  2021). 
Nonselective VNS has been observed to disrupt the gut-brain-
pancreas axis, where human islets are innervated by peptidergic 
rather than cholinergic neurons. Such off target neuromodula-
tion may result in impaired glucose-dependent insulin secretion 
or incretin-mediated cephalic responses, thereby reducing the 
efficacy of GLP-1RAs in models of autonomic neuropathy. The 
persistent implantation of devices has been shown to provoke for-
eign body reactions and mild inflammation in β-cell, potentially 
leading to diminished functionality or cell death. Imbalanced 
modulation of hypothalamic nuclei has been shown to cause 
dysregulation in hypoglycemia responses, resulting in mal-
adaptive synaptic remodeling or abnormal sympathetic outflow. 
Consequently, neuromodulatory strategies pose the risk of iatro-
genic hyperinsulinemia, delayed glucagon counter-regulation, 
or sustained neurogenic inflammation. This highlights the im-
perative for circuit-specific targeting and biocompatible mate-
rials to alleviate endocrine consequences (Gernone et al. 2022).

4.2   |   Pharmacological Targeting

The regulation of metabolic homeostasis is achieved through 
the actions of both endogenous gut-derived GLP-1 and long-
acting pharmacological GLP-1RAs, which govern this process 
through distinct, anatomically segregated signaling pathways. 
The native GLP-1 operates primarily as a short-lived paracrine 
and neuro-reflexive signal rather than a systemic endocrine hor-
mone (Holter et al. 2022). A consequence of the rapid enzymatic 
cleavage of the active peptide by dipeptidyl peptidase-4 (DPP-4) 
in the portal bed and liver is that only 10%–15% of the active pep-
tide reaches the systemic circulation. Consequently, its physio-
logical actions are mediated via a portal–vagal neuroendocrine 
axis, where high local concentrations of gut-derived GLP-1 ac-
tivate GLP-1R-positive vagal afferents in the nodose ganglia to 
modulate lipid metabolism and insulin secretion through gut–
brain reflexes. While rodent models heavily rely on these ro-
bust vagal reflexes for nutrient regulation, human islets feature 
sparser autonomic innervation and instead depend on a highly 
developed intra-islet paracrine network (Figure 2). In humans, 
approximately 40% of α-cells produce GLP-1, yielding intra-islet 
concentrations nearly 50-fold higher than those in mice, which 
directly bolsters GSIS via neighboring β-cell GLP-1Rs (Campbell 
et al. 2020).

In stark contrast, long-acting GLP-1RAs are engineered to re-
sist DPP-4 degradation, allowing them to bypass peripheral 
vagal pathways and directly access the CNS (Figure 3). Instead 

of crossing the BBB universally, these compounds enter the 
brain via fenestrated capillaries in the circumventricular or-
gans, including the area postrema (AP), the subfornical organ, 
and the median eminence (Hoffman et al. 2022). Once inside, 
they directly bind to ARC neurons, where they stimulate an-
orexigenic POMC/CART circuits and suppress orexigenic NPY/
AgRP pathways via GABAergic mechanisms to mediate weight 
loss, independent of vagal or paraventricular GLP-1R signaling. 
This central appetite regulation is further amplified by GLP-1R 
neurons in the dorsomedial hypothalamus (DMH) that encode 
pre-ingestive satiation. Crucially, while hindbrain AP GLP-1R 
neurons are broadly tuned to visceral aversion and act as the 
primary emetic hub driving nausea, AP ablation studies demon-
strate that this region is dispensable for metabolic efficacy; the 
long-term anorectic and glucose-lowering benefits of GLP-1RAs 
remain fully preserved through distributed hypothalamic and 
NTS networks (Secher et al. 2014). The extensive utilization of 
GLP-1RAs in medicine has not resolved the contentious debate 
surrounding the molecular mechanisms behind their efficacy. 
This disagreement stems from the differing roles of central and 
peripheral receptor populations in regulating metabolism and 
weight. Electrophysiological recordings have shown direct cen-
tral GLP-1 receptor signaling, where GLP-1 activates POMC 
neurons in the ARC while inhibiting the firing of neuropeptide 
Y and agouti-related peptide (AgRP) neurons. Furthermore, 
studies using fluorescently tagged liraglutide have confirmed 
that the drug infiltrates hypothalamic and brainstem regions, 
particularly the area postrema and the nucleus of the solitary 
tract. These alterations have been associated with a decrease in 
energy consumption and a change in dietary choices. However, 
substantial data primarily support the significance of peripheral 
processes. Strong incretin effects on pancreatic β-cell account 
for 50% to 70% of postprandial insulin secretion (Chon and 
Gautier 2016). The activation of vagal afferents transmits satiety 
signals to the brainstem without reliance on central GLP-1 re-
ceptor activation. Moreover, direct interventions in the liver can 
inhibit glucose synthesis without affecting insulin or glucagon 
concentrations. Nevertheless, findings from studies employing 
neuronal-specific GLP-1 receptor knockout mice are incongru-
ous. In some instances, metabolic responses to exogenous GLP-1 
agonists continue even after the removal of central receptors. In 
some cases, the anorectic and glucose-lowering effects are re-
duced, suggesting the presence of compensatory mechanisms or 
differences in species-specific GLP-1R distribution and function 
(Moaket et al. 2025; Zheng et al. 2024). The translational rele-
vance of rodent data is unclear for three reasons. The permea-
bility of the BBB to GLP-1 analogs varies among various species. 
Secondly, GLP-1R expression exhibits variability across several 
regions of the brain. The preclinical dosage exceeds the clinical 
dosage. To address this issue, we must employ novel techniques, 
such as the targeted manipulation of various populations of GLP-
1R-expressing cells in humans or nonhuman primates by che-
mogenetics or optogenetics (Brierley et al. 2021). Furthermore, 
it is crucial to develop peripherally limited GLP-1 agonists for 
efficacy comparison and to utilize quantitative PET with partic-
ular GLP-1R radiotracers to assess receptor occupancy during 
therapeutic treatments. The comparative quantitative effects of 
central versus peripheral GLP-1R signaling on clinical efficacy 
remain unknown until definitive data are acquired, which has 
implications for the advancement of next-generation medications 
and personalized therapeutic approaches (Wang et al. 2025).
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Modern metabolic interventions, such as dual GIP/GLP-1RAs 
and SGLT2 inhibitors, operate through a highly integrated 
neuro-cardiometabolic axis, exerting direct CNS and auto-
nomic neuromodulatory effects that extend far beyond sim-
ple glycemic control. Tirzepatide has been shown to achieve 
unprecedented reductions in HbA1c and body weight by ex-
ploiting synergistic, nonredundant gastric inhibitory polypep-
tide receptor (GIPR) and GLP-1R signaling pathways within 
interconnected brain satiety circuits (Margoni et  al.  2025). 
Upon accessing circumventricular organs, the dorsal vagal 
complex, and hypothalamic hubs, such as the arcuate, dor-
somedial, and paraventricular nuclei, these dual agonists 
activate distinct but intermingled satiety-regulating cell pop-
ulations. The aforementioned signaling ultimately converges 
onto neurotensin-expressing neurons in the central amygdala, 
a critical neuroanatomical junction. In order to unlock the 
amplified, synergistic therapeutic effects of co-agonism over 
monotherapy, central GIPR activation is absolutely mandatory 
(Feetham et al. 2025).

Concurrently, SGLT2 inhibitors modulate metabolic homeosta-
sis through an entirely different neuro-immune-cardiovascular 
mechanism, primarily by executing true central and peripheral 

sympatholysis to quieten chronic sympathetic overdrive. Both 
preclinical and clinical data demonstrate that SGLT2 inhibition 
lowers blood pressure and normalizes circadian dipping pat-
terns and sympathetic nerve activity rhythms without trigger-
ing a compensatory reflex tachycardia. This direct autonomic 
remodeling is supported by evidence showing that dapagliflozin 
acutely reduces blood pressure via direct activation of central 
autonomic nuclei independent of rapid glycemic shifts, while 
empagliflozin rapidly optimizes HRV and heart rate turbulence 
indices, restoring cardiac sympathetic-parasympathetic balance 
(Özel et al. 2025). Critically, because these multisystemic drugs 
inherently alter fluid dynamics, renal pathways, and neural 
networks simultaneously, interpreting true autonomic recov-
ery or drug-specific sympatholysis is immensely challenging. 
Dissecting these intricate mechanisms necessitates the imple-
mentation of rigorously matched, truly normal baseline controls 
and placebo-controlled designs with comparable glycemic and 
metabolic profiles. As elegantly demonstrated by the EMBODY 
trial, maintaining equivalent glucose levels between cohorts is 
a methodological prerequisite to confidently uncouple direct, 
drug-specific autonomic neuromodulation from generic im-
provements secondary to systemic metabolic repair (Brierley 
et al. 2021).

FIGURE 3    |    Illustrates the integrated neuro-immune-microbiota-endocrine-GLP-1 axis in T2DM. It illustrates the interplay between gut dysbio-
sis, intestinal barrier impairment, immune activation, CNS inflammation, and pancreatic islet dysfunction. Dysbiosis results in decreased produc-
tion of short-chain fatty acids (SCFAs) and changes in bile acid signaling, which hinder the secretion of GLP-1 and disrupt communication between 
the gut and brain through vagal afferents. Disruption of the barrier facilitates LPS translocation, initiating TLR4-mediated immune responses and 
systemic inflammation. Cytokine signaling leads to inflammation in the hypothalamus, activation of microglia, and an imbalance in the autonomic 
nervous system, which is marked by a higher sympathetic tone and a lower vagal output. These alterations interfere with the secretion of insulin and 
glucagon, worsening hyperglycemia and sustaining a self-reinforcing cycle within the neuro-immune-metabolic axis.
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While circuit-specific pharmacological targeting is theoretically 
sound, its practical translation for metabolic diseases remains in 
its infancy. Central dopamine D2 receptor agonists, such as bro-
mocriptine, provide a clinical proof-of-concept for this approach; 
by restoring the circadian hypothalamic dopaminergic tone, 
bromocriptine suppresses aberrant sympathetic output, thereby 
reducing endogenous glucose production without directly stim-
ulating pancreatic β-cells (DeFronzo 2011). However, achieving 
true therapeutic circuit specificity in humans is severely con-
strained by ligand promiscuity, restrictive BBB permeability, 
and our incomplete mapping of intrapancreatic ganglionic inte-
gration sites. To bypass these limitations, next-generation neu-
rochemical ligands must exhibit enhanced anatomical delivery 
to targeted central nuclei (Yang 2025). Yet, current investigative 
pipelines are hindered by the invasive nature of specific target-
ing protocols and a critical deficit in noninvasive pharmaco-
dynamic tools capable of auditing precise neuronal circuits in 
human subjects.

In a similar vein, the clinical efficacy of central insulin sensi-
tizers is hindered by substantial biological and translational 
impediments. In principle, enhancing central insulin sensitiv-
ity has the potential to rectify defective hypothalamic signaling 
pathways, with a specific focus on restoring insulin-mediated 
Akt phosphorylation within the arcuate and ventromedial hy-
pothalamic nuclei (Yuan et al. 2020). This, in turn, aims to op-
timize efferent autonomic conduits toward peripheral metabolic 
organs. However, systemic administration of such agents faces 
formidable obstacles: the physical barrier of the BBB limits cen-
tral bioavailability, while potential compensatory neuroendo-
crine disruptions, such as hyperactivation of the HPA axis, pose 
safety risks (Sweeney et al. 2019). Furthermore, marked cross-
species divergence in neural wiring, exemplified by cholinergic 
versus peptidergic islet innervation patterns, precludes the direct 
extrapolation of rodent data to human physiology. The transla-
tional viability of these central agents remains uncertain due to 
the absence of long-term efficacy profiles, robust safety data re-
garding off target neural disruptions, and a clearer understand-
ing of how central insulin sensitization interacts with adaptive 
metabolic states, such as pregnancy (Jais and Brüning 2022).

5   |   Conclusion

Recent advancements in neuroendocrinology and metabolic re-
search suggest that diabetes should be regarded as a systemic 
condition arising from the disturbance of the neuro-pancreatic 
communication axis, rather than solely as a fundamental dys-
function of the pancreatic β-cell. This paradigm shift indicates 
that diabetes is not just caused by a failure of an individual 
pancreatic β-cell but is instead a result of a more extensive dys-
function within the intricate regulatory network governing neu-
roendocrine function and metabolic processes. Investigations in 
both mechanistic and conceptual realms demonstrate that cen-
tral metabolic control centers, particularly the hypothalamus 
and brainstem, are crucial for regulating metabolic flux and 
coordinating islet hormone secretion via autonomic pathways. 
In both T1DM and T2DM, early autonomic dysregulation, hy-
pothalamic neuroinflammation, and diminished central insu-
lin sensitivity manifest prior to β-cell dysfunction. This results 
in the loss of CPIR, dedifferentiation of β-cell, and escalating 

metabolic instability. These findings necessitate a paradigm 
shift in therapeutic approaches, transitioning from a purely 
glucocentric framework to neurometabolic restoration through 
neuroprotection and tailored neuromodulation. Bioelectronic 
methodologies, neurogenic organoid systems, and AI-facilitated 
decoding of autonomic signaling possess significant potential 
for investigating and resynchronizing the axis, especially in 
augmenting communication between the nervous system and 
metabolic processes to enhance overall metabolic health. This 
paradigm recognizes the brain system as a unique regulator of 
metabolic homeostasis, thereby initiating a new era of disease-
modifying therapies that integrate diabetes and neurodegenera-
tion within a common framework of impaired neural regulation. 
The aim is to restore integrated, centrally coordinated metabolic 
function, rather than simply normalizing blood glucose levels.
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