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ARTICLE INFO ABSTRACT

Keywords: Chronic pain is a prevalent cause of disability worldwide and is increasingly recognized as a complex condition
Chronic pain involving alterations in neural processing, emotional regulation, and bodily awareness. Among the brain regions
Interoception implicated in persistent pain states, the insular cortex has consistently been identified as the most frequently

Insular cortex

Allostatic Ioad affected cortical region, playing a central role in the integration and interpretation of interoceptive signals.

Interoception enables the brain to monitor and regulate internal bodily states, and disruptions in this system may
contribute to the persistence of pain by altering how physiological signals are perceived and interpreted. This
narrative review synthesizes current evidence linking chronic pain with impaired interoceptive processing and
structural and functional alterations in the insular cortex. Particular attention is given to three biological
mechanisms capable of affecting insular function and interoception: neuroinflammation and immune signaling,
metabolic dysfunction, and chronic activation of stress-related neuroendocrine systems. We also summarize
anthropogenic lifestyle exposures that may activate these mechanisms and discuss non-pharmacological strate-
gies capable of modulating them. Integrating these findings within an interoceptive and allostatic framework
suggests that chronic pain may partly reflect disturbances in the brain’s capacity to accurately interpret and
regulate internal bodily states. This perspective may help bridge biological mechanisms with behavioral and
lifestyle interventions, opening new avenues for prevention and more comprehensive therapeutic strategies.

1. Introduction

Chronic pain is one of the leading causes of disability worldwide. It
affects 18% of the population in developed countries and has profound
personal, social and economic consequences (S4 et al., 2019; Stubhaug
et al., 2024). Beyond its association with tissue injury, chronic pain is
increasingly recognized as a complex, multidimensional condition
involving persistent changes in neural processing, affective regulation,
cognition, and bodily awareness (McCarberg and Peppin, 2019; Patel
et al., 2025; Yang and Chang, 2019).

Contemporary pain science has made significant advances in iden-
tifying peripheral and central mechanisms implicated in chronification,
including peripheral sensitization, central sensitization, maladaptive

neuroplasticity, and alterations in descending modulation (Lyndon,
2026). These advances have refined classification systems and led to
the introduction of constructs such as central, nociplastic, or primary
pain (Fitzcharles et al., 2021; Treede et al., 2019). Yet these conceptual
developments have also generated substantial controversy. Critics argue
that strict central-peripheral distinctions oversimplify a fundamentally
distributed process and that some diagnostic labels function more as
taxonomic placeholders than mechanistic explanations (Cohen et al.,
2023; Parraga and Castellanos, 2023). They also claim that circular
reasoning and gaps in translation between animal and human research
continue to limit interpretability (Cohen et al., 2013; Leone et al., 2025).
Meanwhile, mounting evidence indicates that chronic pain cannot be
fully grasped through linear stimulus-response models, but rather
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emerges from the dynamic interplay of neural, immune, endocrine and
contextual systems (Bijker et al., 2025; Lyndon, 2026; Pruimboom et al.,
2024).

Within this evolving landscape, a recent meta-analysis has shown
that the insular cortex (IC) plays a central role among all the affected
brain areas associated with chronic pain (Zeng et al., 2025). Repeated
structural imaging studies demonstrate alterations in insular grey matter
volume and thickness, while functional investigations reveal abnormal
activation and connectivity patterns. Neurochemical analyses also
identify region-specific shifts in excitatory and modulatory signalling
(Locatelli et al., 2025; Mandloi et al., 2023; Todd et al., 2024; Wang
et al., 2018). Meanwhile, the insula is widely regarded as the primary
cortical hub of interoception — the process by which the brain monitors,
integrates and interprets signals arising from the internal environment
(Gogolla, 2017; Locatelli et al., 2023). From this perspective, chronic
pain is characterized by a paradoxical interoceptive profile: diminished
objective accuracy in sensing internal signals coexisting with heightened
subjective attention and reduced bodily trust (Horsburgh et al., 2024;
Solca et al., 2020). This imbalance suggests that chronic pain unfolds
within an imprecise interoceptive landscape, where noisy or poorly in-
tegrated bodily inputs distort salience attribution and emotional
appraisal. In this narrative review, we examine converging mechanistic
pathways capable of reshaping insular structure and function, including
neuroinflammation, metabolic dysfunction, and chronic stress-related
neuroendocrine dysregulation. Despite their historical study in distinct
domains, these processes converge on the insula and interconnected
salience networks, resulting in alterations to excitability, connectivity,
and predictive integration of bodily signals. The persistent involvement
of the IC across inflammatory, metabolic, and stress-related conditions
suggests that chronic pain may, at least in part, reflect a disorder of
interoceptive integration, where altered internal signalling and mal-
adaptive predictive processes stabilize pain as a dominant perceptual
state.

Finally, the present study extends this perspective by discussing
anthropogenic and lifestyle-related risk factors capable of activating
these convergent mechanisms, and by considering whether in-
terventions targeting metabolic health, stress regulation, and systemic
inflammation may help restore insular integrity and recalibrate intero-
ceptive processing.

2. Interoception, the insular cortex and chronic pain conditions
2.1. Impaired interoception and chronic pain

Interoception refers to the process by which the nervous system
senses, integrates and interprets signals from within the body to create a
real-time representation of the body's physiological state. This process
transforms bodily signals (including pain) into conscious feelings and
motivational states that guide behaviour and support homeostatic and
allostatic regulation (Locatelli et al., 2023).

Interoceptive signals reach the insular cortex through vagal and
spinal C and AS fibres that project to the nucleus tractus solitarius,
parabrachial nucleus, and lamina I pathways of the spinal cord before
relaying through specific thalamic nuclei toward the posterior insular
cortex, particularly the dorsal granular fundus considered the primary
interoceptive cortex. From these posterior sensory-interoceptive repre-
sentations, information is progressively integrated within dysgranular
and anterior agranular insular regions involved in autonomic regulation,
motivational states, emotional salience, and behavioural responses
(Berntson and Khalsa, 2021; Fermin et al., 2022). Preclinical data
indicate that these pathways enable signals related to satiety, inflam-
mation, cardiovascular activity, stress responses, and nociceptive input
to converge within interconnected insular circuits (; F. Li et al., 2025;
Livneh et al., 2017; Z. Wang et al., 2025).
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The cortical processing of interoceptive signals relies on a distributed
network in which the IC plays a central integrative role (Shura et al.,
2014). Accumulating evidence indicates that chronic pain is associ-
ated with a profound disruption of interoceptive processing and brain
structural and functional alterations, mainly in the IC (Zeng et al., 2025).
Across conditions, a paradoxical pattern consistently emerges: reduced
objective interoceptive accuracy coexisting with heightened subjective
attention to bodily sensations, reflecting a system that is simultaneously
imprecise and hypervigilant (Horsburgh et al., 2024; Solca et al., 2020).

Objective measures of interoceptive accuracy reveal a diminished
capacity to detect internal physiological signals in multiple chronic pain
conditions. Individuals with CRPS show impaired performance in
heartbeat counting tasks and reduced cortical responses to cardiac sig-
nals, as indexed by attenuated heartbeat-evoked potentials (HEPs)
(Solca et al., 2020). Similar deficits in cardiac interoceptive accuracy
have been reported in fibromyalgia (Duschek et al., 2017), where poorer
performance correlates with greater negative affect and pain-related
reactivity (Garfinkel and Eccleston, 2025). Importantly, interoceptive
impairments may not be uniform across bodily domains. In endometri-
osis, deficits are more pronounced in visceral interoception—such as
gastric or bladder signal discrimination—while cardiac accuracy may
remain relatively preserved (Cantoni et al., 2025), suggesting
modality-specific disruptions of interoceptive mapping. Comparable
impairments have also been documented in musculoskeletal pain and
migraine, where individuals exhibit reduced ability to discriminate
levels of muscular tension (Blanchard et al., 1981; Di Lernia et al., 2016;
Flor et al., 1992a). Beyond chronic pain, in people with chronic physical
illnesses, poor symptom perception has recently been reported (Locatelli
et al., 2025).

Alongside this loss of objective precision, there is a distinct and
clinically relevant dissociation in subjective interoceptive sensitivity.
Meta-analytic data suggest that individuals with chronic pain tend to
score higher on measures of attentional focus towards bodily sensations,
while scoring lower on dimensions related to bodily trust and self-
regulation (Horsburgh et al., 2024). In other words, the results of the
meta-analysis suggest that those with chronic pain display impaired
interoceptive accuracy and enhanced interoceptive sensitivity. This
pattern has been observed in various conditions, such as fibromyalgia,
musculoskeletal pain, endometriosis and vulvodynia, where patients
report difficulty in disengaging their attention from bodily sensations
and experience their bodies as unsafe or unreliable (Cantoni et al., 2025;
Horsburgh et al., 2024; Scarpina et al., 2025).

Systematic reviews together with theoretical models of interoceptive
predictive processing suggest that reduced awareness or misinterpreta-
tion of bodily sensations —such as cardiac rhythms, fatigue, or visceral
sensations—plays a critical role in the amplification of pain and its
consolidation as the dominant bodily signal. When interoceptive preci-
sion is compromised, particularly in the perception of subtle physio-
logical cues, the brain’s capacity to predict and regulate internal states is
diminished. Under these conditions, the salience system may become
unstable, allowing pain to disproportionately capture attention, not
necessarily because it is more intense, but because it remains the most
coherent and reliably interpretable signal within an otherwise imprecise
interoceptive landscape (Di Lernia et al., 2016; Garfinkel and Eccleston,
2025; Horsburgh et al., 2024). Furthermore, altered interoceptive pro-
cessing may also interact with sensorimotor prediction mechanisms.
Experimental induction of visuo-proprioceptive incongruence in frozen
shoulder exacerbates pain and sensory discomfort, indicating that mis-
matches between predicted and actual bodily states are processed as
signals of threat (Mertens et al., 2026). In chronic pain, such incon-
gruence appears to be interpreted by interoceptive integration systems
as evidence of compromised bodily integrity, further amplifying
defensive responses and pain experience (Garfinkel and Eccleston, 2025;
McCabe et al., 2009, 2007; McCabe and Blake, 2007).
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Table 1
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Anthropogenic risk factors capable of activating neuroinflammatory, metabolic, and stress-related mechanisms affecting interoceptive-insular function. BBB: blood
brain barrier; GR: glucocorticoid resistance; HPA: hypothalamus-pituitary-adrenal; IR: insulin resistance; LGI: low grade inflammation; LR: leptin resistance.

Risk factor

Mechanisms affecting insular function and interoception

Neuroinflammation

Metabolic disfunction

Chronic stress system activation

Western / ultra-
processed diets

Sedentary behaviour

Sleep deprivation /
circadian
disruption

Social isolation /
social defeat

Environmental
pollutants

Smoking

Microglial activation, BBB damage, accumulation of
toxic amyloid (Wicckowska-Gacek et al., 2021)

Peripheral inflammation leading to microglia activation
and progressive neurodegeneration (Burini et al., 2020;
Wang et al., 2023)

Astrocyte and microglial activation, aberrant synaptic
pruning, glutamatergic excitotoxicity, BBB damage,
altered glymphatic drainage (Herrero Babiloni et al.,
2023; Ma et al., 2025; Xu et al., 2023)

Danger signals released in stress-responsive brain regions
activating resident microglia (Al Omran et al., 2022;
Weber et al., 2017)

Oxidative stress, microglial activation, mitochondrial

dysfunction, BBB damage (Campbell, 2004)

Endothelial dysfunction, cerebral hypoperfusion, BBB
damage, oxidative stress, microglial and astrocyte
activation (Ewees et al., 2025; Khanna et al., 2013)

Hyperinsulinemia, IR, hyperleptinemia, LR,
dyslipidaemia, LGI, gut dysbiosis, ectopic fat (
Grinshpan et al., 2024; Mendoza-Herrera et al.,
2021)

IR, mitochondrial dysfunction, metabolic
inflexibility, dyslipidaemia, LGI, ectopic fat (
Pinto et al., 2023)

IR,LR, dyslipidaemia, LGI, disrupt liver, muscle
and adipose tissue metabolism (
Briancon-Marjollet et al., 2015; Reutrakul and
Van Cauter, 2018)

IR, increase in hepatic gluconeogenesis, LGI (
Baumer et al., 2023; Song et al., 2023)

Oxidative stress, mitochondrial dysfunction,
IR, LGI, adipogenesis, dyslipidaemia (Khalil
et al., 2023; Mtynarska et al., 2025)

IR, dyslipidaemia, oxidative stress, LGI,
lipotoxicity (Aslam et al., 2025; Mukharjee
et al., 2020)

HPA axis hyperreactivity, central GR,
sympathetic activation (Hryhorczuk et al.,
2017; Shin et al., 2019)

Sympathetic activation, decreased
parasympathetic tone, HPA axis
dysregulation (Chauntry et al., 2022;
Daniela et al., 2022)

Central hyperarousal, sympathetic and
HPA desynchronisation, decreased
parasympathetic tone (Koch et al., 2017)

Sympathetic and HPA desynchronisation,
GR, decreased parasympathetic tone Jung
et al., 2015; Scata et al., 2023)
Sympathetic and HPA axis activation, GR (
El Kouche et al., 2025; Thomson, 2019)

HPA axis and sympathetic dysregulation
after chronic exposure (LaFond et al.,
2024; Rohleder and Kirschbaum, 2006)

At the neural level, these perceptual and regulatory failures converge
on dysfunction of the IC, a central hub for interoceptive integration
(Quadt et al., 2018). Human neuroimaging and tractography studies
indicate that the IC operates through a posterior-to-anterior hierarchy,
transforming primary representations of bodily state into subjective
feelings and motivational states (Shura et al., 2014). In people with
chronic pain due to diabetic neuropathy, fibromyalgia, trigeminal neu-
ralgia, spinal cord injury, psoriasis arthritis, and other chronic diseases,
consistent reductions in insular grey matter volume, cortical thickness,
and altered connectivity have been reported (Croosu et al., 2023a;
Locatelli et al., 2025; Mandloi et al., 2023; Sunzini et al., 2025; Todd
et al., 2024; Wang et al., 2018).

Converging evidence suggests that interoceptive processing and
insular function may also differ according to sex. In humans, women
generally report greater interoceptive sensibility and show stronger as-
sociations between subjective interoceptive measures and insular
morphology (Alfano et al., 2023). Moreover, metanalytic data indicated
that females demonstrated poor cardiac accuracy in counting and
discrimination tasks in comparison with males (Prentice and Murphy,
2022). Experimental studies further indicate sex-dependent patterns of
insular connectivity and pain-related processing. During acute visceral
pain, female rodents show greater intra-insular functional connectivity
reorganization and altered connectivity with the medial prefrontal
cortex, thalamus, and brainstem compared with males (Wang et al.,
2019). In a model combining temporomandibular disorder and irrita-
ble bowel syndrome, females exhibited increased and more persistent
insular activity associated with visceral hypersensitivity, whereas males
showed greater recruitment of descending inhibitory pathways and
faster resolution of pain-related responses (Da Silva et al., 2024).
Together, these findings suggest that sex-related differences in intero-
ceptive processing and insular network organization may contribute to
variability in chronic pain susceptibility and symptom expression.

A broad range of anthropogenic risk factors characteristic of modern
environments may activate biological pathways capable of altering
interoceptive processing and insular function through multiple behav-
ioural and physiological routes. Among the most consistently implicated
processes are neuroinflammatory signalling, metabolic dysfunction, and
chronic activation of stress systems. Although these mechanisms have
not yet been systematically integrated into dominant models of chronic

pain, they warrant consideration given their potential to bias insular
structure and function. Table 1 summarises common risk factors that
may contribute to the activation of these mechanisms.

2.2. Mechanisms affecting the structure and function of the insular cortex

2.2.1. Neuroinflammation and immune signalling

Neuroimmune and inflammatory signalling can influence intero-
ceptive processing and IC function across peripheral, central, and sys-
temic levels. It is a well-established fact that microglial activation
disseminates throughout the brain parenchyma, including the IC, after
peripheral insult (Labrakakis, 2023; Quadt et al., 2018). Experimental
inflammatory challenges in humans provide direct evidence that pe-
ripheral immune activation rapidly alters insular physiology. For
example, the administration of lipopolysaccharide or typhoid vaccine
increases metabolic activity and blood-oxygen-level-dependent re-
sponses in the mid/posterior and anterior insula within hours, alongside
microstructural changes detectable with quantitative magnetization
transfer imaging (Hannestad et al., 2012; Harrison et al., 2015, 2009;
Savitz and Harrison, 2018). These effects are biologically plausible given
that circulating cytokines can access the brain through circum-
ventricular organs (Dantzer et al., 2008) or endothelial pathways
(Banks, 2016; Wohleb et al., 2015), while experimental animas studies
demonstrate that vagal afferents relay immune information to the
caudal nucleus of the solitary tract and subsequently to the insula
(Goehler et al., 2000), establishing parallel humoral and neural routes of
immune-to-brain communication.

In line with these experimental findings, peripheral inflammatory
markers such as C-reactive protein (CRP) and interleukin—6 have been
shown to correlate with reduced functional connectivity between the
insula/frontal operculum and the posterior cingulate cortex, as well as
broader dysconnectivity within large-scale networks involved in inter-
oceptive and salience processing (Aruldass et al., 2021). In addition,
cortical thinning of the IC was observed in patients with ankylosing
spondylitis-induced low back pain (Wu et al., 2013). Human studies
using voxel-based morphometry have shown that chronic neuropathic
pain and inflammatory states result in a distinct pattern of decreased
grey matter volume (GMV) in the anterior insula and increased GMV in
the posterior insula (Gustin et al., 2011), and reductions in GMV across
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the thalamus, primary somatosensory cortex, and nucleus accumbens
are observed concurrently with insular changes in chronic pain in-
dividuals (Pan et al., 2015; Wang et al., 2021). In rats, in vivo micro-
dialysis has demonstrated an increase in extracellular serotonin and its
metabolite 5HIAA within the IC following carrageenan-induced
inflammation (Coffeen et al., 2024), while synaptic remodelling
involving the phosphorylation of GluA1 AMPA receptor subunits (Qiu
et al.,, 2014) and increased NMDA receptor expression (Qiu et al.,
2013) has been directly demonstrated in the IC of neuropathic mice.
Longitudinal and treatment-monitoring studies reinforce a causal
contribution of immune activity to these neural changes: anti-TNFa
therapy in rheumatoid arthritis modifies insular responses within 24 h,
preceding measurable peripheral clinical improvement (Hess et al.,
2011), while effective surgical treatment of neuropathic pain can
reverse insular cortical thinning (DeSouza et al., 2015), indicating that
structural abnormalities remain plastic and dependent on ongoing
nociceptive or inflammatory drive.

Beyond peripheral signalling, convergent evidence indicates that
centrally generated neuroinflammation also contributes to insular
dysfunction. Human TSPO-PET imaging demonstrates widespread
microglial activation in inflammatory neuropsychiatric states (Setiawan
et al., 2015), whereas FDG-PET, magnetic resonance spectroscopy, and
quantitative magnetization transfer studies reveal, respectively,
increased glucose metabolism (Hannestad et al., 2012), elevated pos-
terior insular glutamate (Harris et al., 2009), and rapid microstructural
alterations (Harrison et al., 2015) associated with fatigue, malaise, and
reduced pain thresholds (Harrison et al., 2015; Labrakakis, 2023).
However, it is important to note that much of this evidence emerges in
the context of peripherally induced inflammation, and therefore does
not unequivocally establish fully autonomous, primary neuro-
inflammation within the insula. Preclinical studies additionally suggest
that the insula may encode prior inflammatory experiences through
distributed neuronal ensembles capable of reinstating peripheral im-
mune responses when reactivated, (Koren et al., 2021; Koren and Rolls,
2022; Rolls, 2023). However, for this neuroimmunological memory to
be generated correctly, optimal recognition of neuroimmune inputs by
the IC should be necessary, and experimental animal studies and lesion
evidence reviewed by Gogolla demonstrated that when the IC is
damaged, the recognition and valence of sensory input, as well as the
regulation of emotion, are compromised (Gogolla, 2017).

In addition to the alterations that inflammation can cause in the IC,
research has been conducted on the direct effects on interception. Evi-
dence synthesized from experimental inflammatory challenge studies
and contemporary interoceptive frameworks suggests that inflammation
impairs the objective ability to accurately sense internal bodily signal
(Aruldass et al., 2021; Quadt et al., 2018; Savitz and Harrison, 2018),
while subjective interoceptive sensitivity may paradoxically increase,
generating inaccurate or noisy metacognitive awareness (Savitz and
Harrison, 2018). Within the Interoceptive Predictive Processing (IPP)
framework, it has been proposed that inflammation causes a mismatch
between descending predictions and actual afferent inputs, leading to
persistent prediction errors that the brain may eventually ignore,
resulting in the "locked-in" emotional numbness seen in depression
(Barrett et al., 2016; Quadt et al., 2018). Inflammation-related dyscon-
nectivity within salience-related networks further biases attention to-
ward pain and bodily distress and has been associated with fatigue,
malaise, anhedonia, and alexithymia (Quadt et al., 2018), shifts moti-
vational priorities away from reward-directed behaviour and enhancing
sensitivity to pain (Harrison et al., 2016; Savitz and Harrison, 2018).
Finally, poor symptom perception has been recently linked to chronic
diseases such as diabetes, cancer, and heart failure (Locatelli et al.,
2025), all of which are associated with LGI (Bertero et al., 2024;
Cifuentes et al., 2025). Together, these findings support a model in
which immune activity reshapes sensory perception and emotional
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interpretation of internal bodily states, which may explain, at least in
part, the persistence of pain.

2.2.2. Metabolic dysfunction

Accumulating evidence suggests that metabolic dysfunction —
encompassing insulin and leptin resistance, adipose tissue inflamma-
tion, and disrupted energy-balance signalling — can directly and indi-
rectly alter interoceptive processing and insular function, thereby
contributing to affective dysregulation and chronic pain vulnerability.
Convergent findings from human neuroimaging studies, preclinical
cellular studies, and theoretical interoceptive models suggest that the
insula functions as a key neural interface through which metabolic
signals shape bodily awareness, motivational states, and nociceptive
sensitivity.

In humans, the insula has been shown to behave as a primary insulin-
responsive cortical region (Cui et al., 2022; Kullmann et al., 2016).
Following intranasal insulin administration in healthy individuals,
increased cerebral blood flow has been observed (Schilling et al., 2014),
a response that is markedly blunted in obesity and type 2 diabetes (T2D),
consistent with central insulin resistance (Edwin Thanarajah et al.,
2019; Kullmann et al., 2015; Tschritter et al., 2006). Functional neu-
roimaging studies have shown that the insula has also been demon-
strated to dynamically track physiological satiation: its activity typically
decreases following glucose ingestion or feeding (Frank et al., 2013;
Kullmann et al., 2016; Zhao et al.,, 2025), whereas this inhibitory
response is absent in diabetes (Ten Kulve et al., 2015), indicating
impaired detection of bottom-up metabolic signals (Mehrhof et al.,
2025). Network-level alterations accompany these effects, including
reduced functional connectivity within the default mode network and
disrupted coupling between insular activity and reward-related cir-
cuitry, particularly in cases of hyperphagic depression (Simmons et al.,
2020, 2016), T2D (Hoogenboom et al., 2014; Musen et al., 2012), and
obesity (Kullmann et al., 2012). The presence of structural and func-
tional abnormalities has been demonstrated to further support the hy-
pothesis of insular involvement, with decreased mid-insular activation
linked to impaired interoceptive awareness in obesity individuals
(Brooks et al., 2013; Simmons et al., 2013), heightened anterior insula
reactivity to food cues associated with body mass index and motiva-
tional drive (Aboushaar and Serrano, 2024; Bud Craig, 2009; Elenkov
and Chrousos, 2002; Roeckner et al., 2021; Uddin et al., 2017) and
reduced anterior insular surface area has been observed in hyperphagic
depressive phenotypes (Toenders et al., 2020).

Preclinical research provides mechanistic resolution for these ob-
servations. The insula contains leptin receptor—positive glutamatergic
neurons whose excitability and firing increase in response to leptin, and
direct intra-insular leptin manipulation alters feeding behaviour and
body weight, demonstrating that long-term adiposity signals are enco-
ded within insular circuitry. These neurons project toward reward-
related regions such as the basolateral amygdala, linking metabolic
state sensing with motivational behaviour (Zhao et al., 2025). Parallel
evidence shows that insulin modulates synaptic plasticity, including
hippocampal long-term potentiation, which becomes impaired in dia-
betic or high-fat diet models but can be restored by insulin signalling
(Barber et al., 2021; Kullmann et al., 2016). Together, these findings
indicate that metabolic hormones act as bottom-up interoceptive inputs
shaping neural plasticity and behavioural regulation.

From an interoceptive systems perspective, metabolic dysfunction
degrades the precision of bodily signalling. Obesity-related insulin and
leptin resistance generate faulty afferent metabolic information,
reducing the reliability of bottom-up interoceptive signals and forcing
the brain to rely on inaccurate internal predictions of energy state
(Alhadeff and Yapici, 2024; Mehrhof et al., 2025). This disturbance is
consistent with theoretical models of interoceptive energy allostasis, in
which disrupted hormonal calibration produces persistent prediction
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errors, maladaptive top-down control, apathy, anhedonia, or hyper-
sensitivity to food reward (Barrett et al., 2016; Kleckner et al., 2017;
Mehrhof et al., 2025; Stephan et al., 2016). Diet-induced obesity may
additionally impair vagal gut-brain communication, potentially dis-
rupting the integration of short-term satiety signals within insular pre-
dictive models (Tellez et al., 2013; Van Galen et al., 2023).

These metabolic and interoceptive disturbances extend to chronic
pain risk. Visceral adiposity and adipose-derived inflammation are
strongly associated with persistent pain prevalence and severity, out-
performing body mass index as predictors (Wright et al., 2010; Xu et al.,
2025). Mechanistic and conceptual reviews suggest that
pro-inflammatory cytokines released from dysfunctional adipose tissue
sensitize peripheral and central nociceptive pathways and contribute to
anhedonia and neurodegeneration (Kempuraj et al., 2017; Milaneschi
et al., 2020), while experimental animal studies and translational re-
views indicate that insulin and leptin resistance within mesolimbic
dopamine circuits dampen reward responsiveness and promote
depression-like behaviours (Bruijnzeel et al., 2011; Kleinridders and
Pothos, 2019), frequently comorbid with chronic pain (Reis et al.,
2024). Neuroimaging in painful diabetic neuropathy further demon-
strates impaired activity in somatosensory, cognitive, and insula-related
pain-processing regions (Zhang et al., 2019).

Importantly, interventional and longitudinal evidence suggests that
these alterations are at least partially reversible. Weight loss following
bariatric surgery normalizes insular responses to food cues and reverses
obesity-related abnormalities in brain glucose metabolism (Frank et al.,
2014; Tuulari et al., 2013). Exercise improves insulin sensitivity within
reward circuitry linked to insular integration (Kullmann et al., 2022,
2016), whereas GLP—1 receptor agonists reduce food-related activation
in the insula and associated limbic regions (Van Bloemendaal et al.,
2014). Conversely, even brief exposure to high-calorie diets can
rapidly impair central insulin action (Kullmann et al., 2025), under-
scoring the dynamic sensitivity of insular and interoceptive networks to
metabolic state. Improvements in metabolic health—including caloric
restriction, hormonal modulation, and inflammation reduction—are
also associated with enhanced satiety signalling (Teeuwisse et al.,
2012; Zhao et al., 2025), which represents an improvement in the brain's
ability to restore interoceptive prediction, and such metabolic en-
hancements were proposed to alleviate chronic pain burden (Xu et al.,
2025).

2.2.3. Chronic stress system activation

A growing body of evidence indicates that chronic activation of
stress-related systems is closely associated with structural, functional,
and perceptual alterations within the insular cortex and broader inter-
oceptive networks. Prolonged activation of the hypothal-
amic-pituitary-adrenal (HPA) axis and the sympatho-adreno-medullary
(SAM) system produces cumulative allostatic load, which can impair the
brain's ability to monitor internal bodily states and regulate affective
responses (Schulz and Vogele, 2015; Vachon-Presseau, 2018).

In humans, chronic stress exposure is consistently linked to reduced
interoceptive accuracy—reflected in poorer heartbeat detection perfor-
mance and diminished HEPs—as observed in conditions characterized
by sustained sympathetic activation such as hypertension or early-life
adversity (Schulz et al., 2022; Yoris et al., 2018). Structural neuro-
imaging further shows that greater stress severity in chronic pain pop-
ulations is associated with reduced GMV in the right posterior insula
(Quideé et al., 2025), a region central to sensory-discriminative pain
processing (Bud Craig, 2009; Uddin et al., 2017), whereas larger volume
in the left anterior insula has been interpreted as a potential marker of
compensatory adaptation or resilience (Quide et al., 2025; Roeckner
et al., 2021). At the network level, human neuroimaging evidence that
chronic stress contributes to corticolimbic reorganization, shifting ac-
tivity from primary sensory regions toward medial prefrontal and
amygdalar circuits involved in emotional valuation and salience attri-
bution (Vachon-Presseau, 2018), a transition that parallels the
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chronification of pain and the emergence of maladaptive affective states
such as catastrophizing and hypervigilance (Aboushaar and Serrano,
2024). Sustained HPA axis activation may also evolve into hypo-
cortisolism (Elenkov and Chrousos, 2002), as well as into cortisol
resistance and alterations in intracellular p2-adrenergic signalling
(Walsh et al., 2021), weakening immune regulation and promoting LGI
that further perturbs brain structure and pain modulation (Marsland
et al., 2015).

Experimental and longitudinal observations support a mechanistic
role for stress-hormone signalling in shaping insular function. Basal
cortisol levels show inverse associations with HEPs amplitudes, sug-
gesting that chronic HPA axis activation may reduce the brain's sensi-
tivity to internal bodily signals (Schulz et al., 2013; Schulz and Vogele,
2015), whereas pharmacological noradrenergic challenges dispropor-
tionately reduce interoceptive accuracy in individuals with histories of
chronic adversity, suggesting enduring alterations in adrenergic sensi-
tivity within interoceptive circuits (Schulz et al., 2022). Experimental
data shows that acute elevations in cortisol can transiently enhance
cortical representation of visceral signals (Flasbeck et al., 2025), while
conceptual models propose that persistent dysregulation of stress sys-
tems may progressively reduce sensitivity to internal bodily informa-
tion, contributing to a shift from adaptive to maladaptive interoceptive
processing over time (Schulz and Vogele, 2015). Converging longitudi-
nal data further demonstrate that as back pain becomes chronic, neural
representation migrates from posterior insular sensory coding toward
limbic-affective circuitry (Hashmi et al.,, 2013), highlighting
stress-related network plasticity as a key feature of pain persistence.

Preclinical research offers complementary mechanistic insight,
demonstrating that chronic stress directly alters insular excitability,
synaptic plasticity, and gene expression. Chronic restraint stress in ro-
dents induces visceral hypersensitivity and hyperalgesia through
glucocorticoid-dependent activation of the IC, effects that are reversed
by local glucocorticoid-receptor blockade (X. Li et al., 2025). Physio-
logical stress exposure (e.g., foot shock) has been shown to produce a
complete loss of long-term potentiation in the anterior insula, while
psychological stress (witnessing a conspecific in fear) merely reduces it,
suggesting that direct physiological trauma may damage the capacity of
the IC for cognitive memory formation more severely than psychological
stress (Shi et al., 2022). In adult rats, prenatal stress induces sex-specific
transcriptomic vulnerability signatures involving inflammatory path-
ways in males and serotonergic dysregulation in females (Zonca et al.,
2025), while corticotropin-releasing factor signalling suppresses local
GABAergic inhibition and promotes excitatory information flow through
insular circuits (Rieger et al., 2022). Furthermore, although chronic
stress has been shown to produce CS, lesions of the bilateral insula
markedly inhibit stress-induced visceral hypersensitivity (Yi et al.,
2014), underscoring the necessity of this region for maintaining
stress-related pain states.

A schematic representation of the proposed mechanisms is shown in
Fig. 1.

Despite the IC being frequently conceptualised as a unified intero-
ceptive hub (Craig, 2002), converging evidence from human and
non-human primate studies indicates a more complex functional orga-
nisation than the classical posterior-interoceptive/anterior-awareness
model. Neuroanatomical and stimulation studies indicates that the IC
is organised along both anteroposterior and dorsoventral axes, with
relatively specialised subregions that support distinct nociceptive,
visceral, autonomic, motivational, and socio-emotional functions
(Evrard, 2019; Kurth et al., 2010; Simone et al., 2025). In humans, direct
electrical stimulation studies have shown that the posterior insula is
critically implicated in nociceptive and somatosensory processing and
can reliably evoke painful sensations. By contrast, stimulation of ante-
rior and dysgranular regions more frequently elicits visceral sensations
and autonomic responses (Kurth et al., 2010; Mazzola et al., 2019).
Posterior regions also demonstrate a somatotopic organisation distrib-
uted along a spino-cranial axis (Simone et al., 2025), while anterior
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Fig. 1. Conceptual model of interoceptive dysregulation in chronic pain. Schematic overview of the proposed framework linking anthropogenic and lifestyle-
related exposures with chronic pain. These factors converge on chronic stress, metabolic dysfunction, and neuroinflammatory processes, which collectively influence
the insular cortex as a central hub of interoceptive processing. Alterations in insular function may disrupt the integration of internal bodily signals, leading to reduced
interoceptive accuracy and increased hypervigilance. This imbalance may bias salience attribution, promoting pain as a dominant perceptual signal. Over time, these
processes are embedded within a feedback loop involving cumulative physiological burden (allostatic load), contributing to the persistence of chronic pain. Created

with BioRender.com.

regions exhibit a stronger association with salience detection, emotional
processing, autonomic regulation, and feeding-related functions (Cai
and Menon, 2025; Simone et al., 2025; Uddin, 2015). Complementary
evidence from macaque studies further refines this organisation,
showing that posterior dorsal sectors receive high-resolution intero-
ceptive afferents and are preferentially linked to body-centred and
skeletomotor functions, whereas ventral and anterior agranular regions
are more involved in socio-emotional and affiliative behaviours and act
as major visceromotor output areas involved in autonomic and behav-
ioural regulation (Evrard, 2019). Collectively, these findings suggest
that the mechanisms under discussion in this review may not affect the
insula uniformly, but rather preferentially influence specialised sub-
regions depending on the dominant physiological disturbance. Within
this theoretical framework, metabolic dysfunction may predominantly
affect anterior regions involved in feeding behaviour and energy regu-
lation, chronic stress may preferentially alter ventral anterior
insula-limbic connectivity, and inflammatory or nociceptive processes
may more strongly impact posterior body-specific interoceptive
representations.

3. Discussion

The results of the present review suggest that chronic pain may
develop within a destabilized interoceptive system influenced by cu-
mulative biological burden. Across diverse chronic pain conditions, the
IC emerges as the most consistently altered cortical region, with
converging evidence of reduced GMV and cortical thickness, micro-
structural changes, metabolic alterations, neurochemical imbalance,
and large-scale connectivity disruptions. This uniformity observed in

various pain conditions, in conjunction with other chronic pathologies,
indicates that insular involvement is not merely coincidental but rather
indicative of a shared neural substrate that underlies persistent pain
(Briancon-Marjollet et al., 2015; Croosu et al., 2023b; Reutrakul and Van
Cauter, 2018; Scata et al., 2023; Sunzini et al., 2025; Wieckowska-Gacek
et al., 2021; Xu et al., 2023; Yokum et al., 2011; Zeng et al., 2025).

In chronic pain, objective interoceptive accuracy is reduced, while
subjective attention towards bodily sensations is heightened and bodily
trust diminished (Di Lernia et al., 2016; Duschek et al., 2017; Garfinkel
and Eccleston, 2025; Horsburgh et al., 2024; Solca et al., 2020). This
dissociation is indicative of an imprecise yet hypervigilant system,
whereby bodily signals are poorly discriminated but disproportionately
prioritised. In such circumstances, pain could assume a privileged status
not simply because it is stronger, but because it is clearer and more
interpretable than other ambiguous internal signals. This open the
possibility that chronic pain may, at least in part, be a disorder of body
perception. Rather than reflecting continuous peripheral injury that
leads to central sensitisation, we hypothesised that pain may persist
because the internal model of the body has become distorted. The insula,
given its hierarchical organisation and role in transforming primary
bodily signals into subjective feeling states (Quadt et al., 2018; Shura
et al., 2014), is uniquely positioned to mediate this transformation. The
structural reductions and altered functional organisation of the IC sug-
gest that the integration of sensory, affective, and motivational infor-
mation is reshaped over time. As pain becomes chronic, there appears to
be a migration of representation from posterior sensory mapping to
anterior affective and evaluative circuits (Hashmi et al., 2013;
Vachon-Presseau, 2018), reinforcing the interpretation of bodily signals
through emotional and salience-based filters. This aligns with
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longitudinal and transversal findings showing that cognitive and affec-
tive factors predict pain chronification (Fillingim et al., 2025; Kelleher
et al.,, 2025), and with evidence linking insular changes to somatic
symptom severity (Quideé et al., 2025).

The concept of allostatic load provides a unifying framework for
understanding how chronic pain becomes embedded within interocep-
tive circuits (Guidi et al., 2021). Repeated activation of the stress axis,
chronic immune signalling and metabolic disfunction generates a cu-
mulative biological burden that reshapes neural architecture and func-
tion (Aruldass et al., 2021; Cui et al., 2022; Dantzer et al., 2008; Quidé
et al., 2025). Rather than a chronification of a localized lesion or linear
sensitization cascade, the aetiology of chronic pain may be better un-
derstood as reflecting instability within a bio-social regulatory
ecosystem (Borsook, 2025) in which the insula functions as a central
integrative node (Zeng et al., 2025). Prospective data lend further sup-
port to this interpretation. Large cohort studies demonstrate that a
greater burden of CNS symptoms —sleep disturbance, affective dysre-
gulation, neuroticism and stress exposure— in pain-free adults predicts
the subsequent development of chronic primary pain, but not other pain
categories over a 10-year period (Kelleher et al., 2025). These findings
suggest that pre-existing central vulnerability may confer risk for certain
pain phenotypes, while still leaving open the question of whether such
alterations represent primary pathology or markers of systemic dysre-
gulation. Furthermore, allostatic load indices have been shown to pro-
spectively predict the development of chronic pain (Borsook, 2025).
Longitudinal neuroimaging studies demonstrate that as back pain pro-
gresses to a chronic state, there is a shift in activity from sensory regions
to corticolimbic circuits (Hashmi et al., 2013), and errors in prediction
in reward circuitry have been shown to be a reliable predictor of tran-
sition to chronic pain (Biichel, 2023).

Within this framework, the insula functions as both a mediator and
an amplifier. As primary interoceptive cortex (Gogolla, 2017; Shura
et al., 2014), it integrates metabolic, immune, autonomic, and noci-
ceptive signals into a unified representation of bodily state. Under sus-
tained stress, inflammation, or metabolic dysfunction, this integrative
process becomes biased. Chronic HPA-axis activation, sympathetic
overdrive, and glucocorticoid dysregulation impair interoceptive accu-
racy (Schulz et al., 2013, 2022; Schulz and Vogele, 2015; Yoris et al.,
2018), peripheral and central inflammatory signalling alters insular
microstructure, metabolism, and connectivity (Aruldass et al., 2021;
Hannestad et al., 2012; Harrison et al., 2009), and insulin and leptin
resistance degrade the precision of metabolic afferent signalling and
disrupt insular-reward coupling (Kullmann et al., 2015; Tschritter et al.,
2006; Zhao et al., 2025). In accordance with the latter, recent theoretical
work has proposed that metabolic signals are embedded within a
broader interoceptive system through which the brain predicts and
regulates internal energetic states. Rather than acting in isolation, hor-
mones such as insulin, leptin or ghrelin are integrated into hierarchical
predictive models that guide motivation and reward processing. Dis-
ruptions in this interoceptive energy allostasis may therefore alter
mesolimbic dopaminergic function, shifting effort allocation, reward
sensitivity and behavioural engagement. Within this framework, cu-
mulative allostatic load does not simply reflect peripheral wear and tear,
but a progressive destabilization of predictive brain-body regulation, in
which impaired metabolic signalling, inflammation and stress converge
to bias internal models toward energy threat or scarcity. Such biased
predictions may sustain motivational withdrawal, anhedonia and
altered salience attribution, while simultaneously reinforcing metabolic
dysfunction, generating a self-perpetuating loop between bodily dysre-
gulation and affective symptoms (Mehrhof et al., 2025).

These observations are also consistent with the concept of “allo-
sensitization”, whereby repeated physical, psychological, socioeco-
nomic, or environmental stressors progressively reduce resilience and
amplify pathological responses across interacting regulatory systems
(Borsook, 2025). From this perspective, chronic pain may be better
understood not solely as a disorder of nociceptive amplification, but as a
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dysregulation of the broader brain-body ecosystem that shapes intero-
ceptive inference and salience allocation. In this framework, allostatic
load captures the cumulative burden imposed by interacting neural,
endocrine, immune, metabolic, and social stressors, and chronic pain
may reflect instability within such a bio-social ecosystem rather than
dysfunction within a single pathway (Liang and Booker, 2024). This
interpretation is also compatible with evolutionary and exposome ac-
counts of chronic disease. Anthropogenic and lifestyle-related expo-
sures, including poor diet quality, visceral adiposity, physical inactivity,
sleep disruption, chronic psychosocial stress, loneliness, artificial light
exposure, and environmentally adverse conditions, may act in concert to
maintain prolonged activation of stress systems, low-grade inflamma-
tion, and metabolic dysregulation (Buntinx et al., 2025; Pruimboom
et al., 2024) In that context, mismatch between phenotype and expo-
some may bias insular processing toward threat, bodily deficit, and
maladaptive salience attribution, thereby lowering the threshold at
which pain becomes a coherent and dominant perceptual state
(Pruimboom et al., 2024).

Recent evidence further supports the integration of stress-system
dysfunction into this model. A systematic review and meta-analysis in
chronic primary pain found that greater pain sensitivity was associated
with higher basal cortisol, lower high-frequency heart rate variability
during recovery, and higher heart rate across different phases of the
stress response, implicating both HPA-axis and autonomic dysregula-
tion, although the certainty of evidence remained limited by methodo-
logical heterogeneity (Vyverman et al., 2026). These findings fit well
with the present framework, in which repeated stress exposure does not
simply accompany chronic pain, but may progressively destabilize
interoceptive and salience-processing systems that converge on the
insula and related networks (Vyverman et al., 2026). If so, therapeutic
models may benefit from moving beyond analgesia alone toward
multimodal strategies aimed at reducing allostatic load and restoring
interoceptive precision. Such approaches may include improving sleep
and circadian regularity, enhancing metabolic health, reducing excess
adiposity and inflammatory burden, increasing physical activity, and
targeting chronic stress and maladaptive threat-related appraisal
through psychologically informed interventions (Hamed Hamed et al.,
2023; Liang and Booker, 2024; Navarro-Ledesma et al., 2024b;
Ntnez-Cortés et al., 2025b; Runge et al., 2024). This does not imply that
lifestyle factors fully explain chronic pain, nor that a single causal
pathway operates across all phenotypes. However, prospective evidence
indicates that allostatic load predicts future chronic pain burden,
particularly through metabolic dysfunction, while systematic reviews
support sleep disturbance as a risk factor for chronic musculoskeletal
pain and identify physical activity as a central pillar of lifestyle-based
management (Liang and Booker, 2024; Nunez-Cortés et al., 2025b;
Runge et al., 2024) Together, these findings support the rationale for
integrated interventions acting across metabolic, immune, autonomic,
and affective domains (Borsook, 2025; Hamed Hamed et al., 2023; Liang
and Booker, 2024; Runge et al., 2024).

If chronic pain is partly maintained by a dysregulated interoceptive
system under conditions of elevated allostatic load, then treatment
models may need to move beyond analgesia alone towards multimodal
strategies aimed at restoring interoceptive precision and reducing cu-
mulative biological burden. Importantly, not all non-pharmacological
interventions are expected to act directly on the insula. Rather, they
may influence the interoceptive system at different levels; by reducing
systemic drivers such as inflammation, metabolic dysfunction, and
chronic stress-axis activation, or by modulating peripheral, autonomic,
nociceptive, and affective signalling that ultimately contributes to the
bodily information integrated within insular-related networks.

3.1. Clinical implications

The interventions discussed below are included as representative
non-pharmacological approaches that may interact, through different
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mechanisms, with the interoceptive-allostatic processes considered in
this review. Some may act primarily by reducing systemic inflammatory,
metabolic, or stress-related burden, whereas others may modulate pe-
ripheral, autonomic, nociceptive, or affective signalling that ultimately
contributes to the bodily information integrated within insular-related
networks.

Based on the proposed mechanisms that directly affect interoception
and in line with recent literature (Nijs et al., 2024), interventions for
chronic pain should individually assess which risk factors present in the
individual's life may be linked to the activation of the mechanisms
investigated in this manuscript, in order to eliminate them where
possible or minimise their impact when they cannot be completely
eliminated. In addition, identifying risk factors (e.g., poor diet, sleep
problems, social defeat, or sedentary lifestyle) helps to select and indi-
vidualise interventions and to consider the person's context when
planning treatment, something that the literature on chronic pain con-
siders very important (McCracken, 2023; Sherriff et al., 2022). On the
other hand, there are numerous non-pharmacological interventions to
act on neuroinflammation, metabolic dysfunction, and chronic activity
of the stress axes.

Diet affects the immune system, and systematic reviews have shown
that a diet rich in anti-inflammatory nutrients reduces the severity of
pain (Brain et al.,, 2019) and may even reduce the risk of neuro-
degeneration (Kurowska et al., 2023), while calorie restriction in ani-
mals has been shown to reduce microglial activity (Liu et al., 2018). In
this regard, the type of dietary fats is vitally important, as diets rich in
trans fatty acids, saturated fatty acids and omega—6 promote neuro-
inflammation, while diets higher in monounsaturated fatty acids,
omega—3 and sphingolipids can reduce neuroinflammation (Custers
et al.,, 2022). Likewise, diet improves metabolic dysfunction, espe-
cially by restoring insulin sensitivity, reducing lipotoxicity, and nor-
malising nutrient signalling. The greatest benefits are seen with
Mediterranean-type patterns, reduction of refined carbohydrates, and
calorie restriction or intermittent fasting strategies tailored to the indi-
vidual (Feng et al., 2025; Murillo-Cancho et al., 2025). In addition to
their composition, meal times must be taken into account in order to
optimise results (Mihaylova et al., 2023). Regarding the influence of diet
on stress axes, animal studies show that diet regulates stress axes mainly
by modulating basal activation and reactivity of the HPA axis, seroto-
nergic signalling, and gut microbiota. Western diets rich in fat/sugar
tend to hyperactivate or dysregulate these axes (Niu et al., 2019; Shin
et al.,, 2010; Zhang et al., 2024), while certain patterns and nutrients
(omega—3, tryptophan, better overall diet quality) can dampen the
stress response and normalise neuroendocrine signalling (Peixoto et al.,
2024; Shaikh et al., 2018). Finally, diet plays a fundamental role in
modulating the microbiota (Beam et al., 2021). The microbiota has been
demonstrated to act as a peripheral pain generator via the gut-brain axis
(Cai et al., 2025; Meerschaert and Chiu, 2025), supported by the results
of a recent systematic review suggesting that faecal microbiota trans-
plantation improves pain in people with fibromyalgia and irritable
bowel syndrome (Martin Pérez et al., 2025).

Physical exercise is proposed as a powerful immunomodulation
strategy, as shown by a 20-year systematic review analysing its effects
on autoimmune diseases (Luo et al., 2024). Numerous experimental
studies show that exercise reduces neuroinflammation, glial activation
and oxidative stress (Chen et al., 2025; Choi et al., 2024; De Miguel
etal., 2021), while improving myelination (Hahn et al., 2025) and levels
of anti-inflammatory cytokines (Zheng et al., 2024). The effects of ex-
ercise on metabolic dysfunction have been extensively researched. In
individuals with type 2 diabetes or metabolic syndrome, structured ex-
ercise programs (aerobic, resistance, or combined) lasting 8-24 weeks
reduce fasting glucose, insulin resistance, and HbAlc, even in the
absence of major weight loss (Liang et al., 2021; Sampath Kumar et al.,
2019; J. Wang et al., 2025). Exercise also has a modulating effect on the
HPA axis, reducing chronic stress and increasing physiological and
psychological resilience to stress (Franklin et al., 2021; Yilai et al.,
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2025). It also improves mood, sleep, self-esteem, and provides distrac-
tion and social support, all of them key factors in alleviating chronic
stress (Herbert, 2022; Hossain et al., 2024). The justification for physical
exercise as a therapeutic strategy for chronic pain is even more impor-
tant considering that a recent large-scale study showed that physical
inactivity is the most important unhealthy lifestyle factor for pain
severity in older adults (Ninez-Cortés et al., 2025a). Person-centred
strategies, education, and accessible environments have been identi-
fied as key factors for effectively promoting physical activity in in-
dividuals living with chronic pain (Leese et al., 2024).

Sleep and circadian rhythm interventions have shown potential to
reduce neuroinflammation by modulating microglia and astrocytes,
decreasing systemic cytokine levels and increasing the clearance of brain
metabolites (Camberos-Barraza et al., 2024; Miiller and Di Benedetto,
2025; Zielinski and Gibbons, 2022). Just one night of poor sleep can
affect the glymphatic drainage of the brain, impacting neuroimmune
interactions (Ma et al., 2025). Interventions that increase sleep show
consistent but generally moderate effects on weight, insulin sensitivity
and cardiometabolic profile (Depner et al., 2014; Duan et al., 2023),
although a meta-analysis has shown that the effects of sleep improve-
ment on glucose metabolism are still inconclusive (Kothari et al., 2021).
In terms of the chronic activity of stress axes, there is evidence that in-
terventions targeting sleep and the circadian rhythm can reduce and
synchronise the persistent activation of the HPA axis and autonomic
nervous system, particularly when addressing issues of
chrono-disruption and poor sleep quality over the medium to long term
(Agorastos and Olff, 2021; Laufer et al., 2025; Van Dalfsen and Markus,
2018). It is important to note that sleep interventions for pain, including
sleep hygiene (i.e. healthy sleep habits), mindfulness, relaxation
training, and cognitive behavioural therapy, have been shown to
improve sleep and alleviate chronic pain conditions (Abolhosseini et al.,
2025).

Photobiomodulation (PBM) has also emerged as a potentially rele-
vant non-pharmacological strategy within this framework (De Oliveira
et al., 2022; Gonzalez-Munoz et al., 2023). Experimental and trans-
lational studies suggest that PBM may exert anti-inflammatory and
immunomodulatory effects by reducing oxidative stress, modulating
inflammatory signalling, and promoting tissue repair (Al Balah et al.,
2025; Hamblin, 2017). With respect to metabolic dysfunction, PBM
appears to influence mitochondrial function and cellular bioenergetics,
mechanisms that may be relevant in conditions characterised by
impaired energy regulation and persistent nociceptive or inflammatory
drive (Al Balah et al., 2025; Hamblin, 2018). In relation to stress-related
physiology, the available literature is more limited, but some authors
have proposed that PBM may support cellular resilience and modulate
autonomic or neurophysiological regulation, although these mecha-
nisms remain less clearly established in chronic pain populations
(Afhami et al., 2025; Hamblin, 2018). In chronic pain, these effects may
be relevant insofar as reducing peripheral inflammatory and nociceptive
input could alter the intensity or salience of bodily signals reaching
higher-order interoceptive networks (De Oliveira et al., 2022; Ferreira
et al., 2026; Navarro-Ledesma et al., 2024a). Emerging evidence also
suggests that PBM may influence the gut microbiota and the gut-brain
axis, potentially through effects on intestinal bioenergetics, epithelial
barrier integrity, and immune-metabolic signalling (Da Silva et al.,
2025; N. F. Guimaraes et al., 2025). Recent reviews describe this as a
plausible extension of PBM’s systemic actions, while exploratory
experimental studies report shifts in microbial composition and me-
tabolites linked to inflammatory and neurobiological regulation (Cao
et al., 2025). Although this literature remains preliminary and is still
largely preclinical, these mechanisms are relevant to the present
framework because microbiota-related changes could, in principle,
modify inflammatory tone, visceral afferent signalling, and other bodily
inputs that contribute to interoceptive processing (Liebert et al., 2019).
However, although recent reviews suggest promising analgesic effects
and a favourable safety profile in some chronic pain conditions, the
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clinical literature remains heterogeneous in terms of protocols, pop-
ulations, and outcomes (Ferreira et al., 2026; Son et al., 2025).
Accordingly, PBM may currently be best considered as an adjunctive
approach within a broader multimodal model rather than as a core
strategy for restoring interoceptive-insular regulation.

Another promising strategy is intermittent hypoxia (IH) therapy. In
preclinical models of neurodegeneration, moderate IH has been shown
to exert neuroprotective and anti-inflammatory effects. In Alzheimer’s
disease models, it improves memory, reduces amyloid-p plaque burden,
and lowers pro-inflammatory cytokines in the CNS (Serebrovska et al.,
2025; Yue et al., 2021). In mice exposed to chronic hypoxia, intermittent
hypoxic conditioning reverses neurological deficits and reduces micro-
glial activation and inflammatory cytokine expression (Li et al., 2023).
Similarly, in experimental multiple sclerosis, acute IH decreases in-
flammatory cell infiltration and promotes a pro-repair micro-
glial/macrophage phenotype (Tokarska et al, 2023). Systematic
reviews suggest that repeated exposure to IH may induce neuro-
protective and anti-inflammatory adaptations when applied at low
doses. Interestingly, positive results were found in 75% of human studies
included (Damgaard et al., 2023). IH also has been studied for metabolic
dysfunction in humas, showing enhancements in cardiometabolic pa-
rameters, including reductions in blood pressure, LDL cholesterol, and
fasting glucose, although evidence remains limited and heterogeneous
(Behrendt et al., 2022; Bestavashvili et al., 2022; Uzun et al., 2025).
Regarding chronic stress, IH acts as a hormetic stressor that induce
cross-adaptation, as it temporarily activates stress axes but promotes
adaptation and a stress-buffering effect (Kurhaluk et al., 2024; Rybni-
kova et al., 2022; Shamenko et al., 2019).

Whole-body hyperthermia in the febrile range has been shown to
exert immunomodulatory and potentially neuroprotective effects.
Experimental studies indicate that it enhances mitochondrial function
and induces heat shock proteins, molecular chaperones with cytopro-
tective and immunoregulatory roles that may help modulate neuro-
inflammatory processes (Hunt et al., 2020; Smadja and Abreu, 2025).
Febrile-range hyperthermia can also reshape immune responses by
altering leukocyte populations and innate immune mediators, suggest-
ing a controlled reprogramming of inflammatory signalling (Koztowski
et al.,, 2025). Observational studies report that frequent sauna use is
associated with a substantially lower risk of dementia and Alzheimer’s
disease, effects partly attributed to anti-inflammatory, antioxidant, and
vascular adaptations, including improved cerebral perfusion (Hunt
et al.,, 2020; Laukkanen and Kunutsor, 2024; Reeder et al., 2023).
Experimental models further suggest that sauna-like thermal exposure
may reduce pathological tau phosphorylation and promote a more
anti-inflammatory cytokine profile (Guisle et al., 2022). Passive heat
exposure has been explored as a potential strategy to improve metabolic
function. Some intervention studies report reductions in fasting glucose,
insulin levels, body mass index, and lipid markers (Pallubinsky et al.,
2020; Shiralkar et al., 2018; Yadav and Devi, 2023). However, evidence
remains inconsistent, as recent meta-analytic findings indicate limited
overall effects on glycaemic control and lipid profiles, with only modest
improvements observed in some cardiovascular risk parameters
(Hamaya et al., 2025). Although acute heat exposure activates physio-
logical stress systems, when applied repeatedly under controlled con-
ditions, it promotes hormetic adaptations characterized by attenuated
cortisol responses and autonomic nervous system modulation consistent
with improved stress regulation (Ahokas et al., 2025; Patrick and
Johnson, 2021; Podstawski et al., 2021).

Manual therapy and other touch-based interventions appear to
induce multisystem responses involving both neuroimmune and
neuroendocrine regulation. Evidence suggests these approaches can
shift inflammatory activity toward a more anti-inflammatory profile,
with reductions in pro-inflammatory cytokines (e.g., IL—1p, TNF-a) and
increases in mediators such as IL—10, alongside changes in immune
markers including NK cells, CD4 lymphocytes, and circulating immu-
noglobulins. Preclinical studies further suggest potential effects on
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neuroinflammation, showing reduced glial activation and decreased
expression of neuroinflammatory markers (Keter et al., 2025). In par-
allel, touch-based interventions influence stress-related neuroendocrine
pathways, particularly the HPA axis, with several studies reporting
moderate to large reductions in cortisol (Packheiser et al., 2024) and
increases in oxytocin following tactile stimulation (Haavik et al., 2021;
Kovanur-Sampath et al., 2017). Some evidence also indicates changes in
the testosterone—cortisol ratio and that repeated sessions may enhance
stress-regulatory effects (Kovanur Sampath et al., 2024), although re-
sults for other neuroendocrine mediators such as adrenalin and
noradrenalin are generally inconsistent (Keter et al., 2025). Overall,
while these findings support a potential role for tactile interventions in
modulating inflammatory and stress-related physiology, the mechanistic
evidence remains heterogeneous and of generally low certainty.
Importantly, the interventions proposed in this review require
behavioural change, decision-making, and sustained effort from in-
dividuals. These processes depend partly on the proper functioning of
the brain reward system, which plays a central role in motivation and
reinforcement of adaptive behaviours (Lewis et al., 2021). Mesolimbic
circuits, particularly the ventral tegmental area and nucleus accumbens,
are closely linked to immune regulation through neuroendocrine and
sympathetic pathways, while cytokines can directly influence
reward-related neurotransmission (Wheeler and Quintana, 2025).
Experimental evidence indicates that activation of dopaminergic reward
circuits can enhance innate and adaptive immune responses
(Ben-Shaanan et al., 2018, 2016), whereas chronic peripheral inflam-
mation may impair central reward processing, contributing to anhe-
donia, reduced motivation, effort sensibility and maladaptive
behaviours that can further sustain inflammatory states (Alloy et al.,
2023; Miller et al., 2021; Nusslock et al., 2024; Zhu et al., 2025).
Accordingly, addressing systemic inflammation may be important to
restore reward sensitivity, effort tolerance, and facilitate engagement
with therapeutic lifestyle interventions. Providing individuals with
knowledge and meaningful explanations may enhance engagement,
supporting informed decision-making and adherence to recommended
behavioural changes. Moreover, acquiring relevant
knowledge—particularly when it helps individuals understand previ-
ously unexplained symptoms—may itself activate reward-related pro-
cesses (Cancela et al., 2025). Notably, the treatment strategies proposed
are closely aligned with physiological and natural sources of reward,
such optimal food, sleep, exercise, respiration practises, skin to skin
contact, social interaction, and cognitive challenges, which appears to
be the most consistent combination for optimal neuroimmune func-
tioning and greater resilience to stress (Dresp-Langley, 2023; Fujiwara
etal., 2022; Lewis et al., 2021). Therefore, beyond the specific biological
effects of each intervention, an additional mechanism worth considering
is the regulation of reward circuits, given their central role in coordi-
nating behavioural motivation and systemic responses to challenges that
impose allostatic load and may ultimately contribute to chronic pain.
An additional aspect warranting further investigation is the potential
influence of sex-related differences on the neuroinflammatory, meta-
bolic, and stress-related mechanisms discussed throughout this review.
Preclinical evidence suggests sex-dependent differences in insular
excitability, synaptic plasticity, inflammatory signalling, and stress-
related molecular pathways. For example, posterior insular pyramidal
neurons appear more excitable in male mice, whereas females show
stronger synaptic transmission and region-specific long-term potentia-
tion (lezzi et al., 2024). Similarly, early-life stress models demonstrate
distinct molecular signatures within the insula according to sex, with
inflammatory and collagen-related pathways predominating in vulner-
able males, whereas vulnerable females show reduced serotonergic
signalling (Zonca et al., 2025). Reviews focusing on neuroimmune and
stress-related mechanisms further suggest marked sex-dependent dif-
ferences in glial activation, cytokine signalling, and inflammatory
vulnerability that may contribute to the transition toward chronic pain
states (Bekhbat and Neigh, 2018; Gregus et al., 2021; Smith et al., 2025).
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These findings raise the possibility that neuroinflammatory, metabolic,
and stress-related disturbances may differentially influence insular
processing and interoceptive regulation according to sex, potentially
contributing to differences in chronic pain vulnerability and treatment
responses.

3.2. Limitations

Despite converging evidence across inflammatory, metabolic, and
stress-related pathways, several important limitations remain. First,
much of the human literature is based on cross-sectional and correla-
tional designs, providing only static snapshots of brain structure and
function and preventing firm conclusions about causality—specifically
whether insular alterations precede chronic pain or emerge because of
prolonged allostatic load and systemic dysregulation (Aruldass et al.,
2021; Mehrhof et al., 2025; Quidé et al., 2025; Rolls, 2023; Schulz et al.,
2025). Second, substantial heterogeneity across clinical populations,
symptom profiles, and insular subregions complicates interpretation of
findings, as different conditions or phenotypes (e.g., hyperphagia,
anhedonia, or distinct pain syndromes) may show divergent patterns of
structural or functional alteration (Afhami et al., 2025; Ferreira et al.,
2026). Third, methodological limitations further constrain current evi-
dence, including variability in neuroimaging acquisition and analytical
thresholds, indirect neuroimaging proxies of underlying biological
processes, debated validity of some interoceptive tasks (e.g.,
heartbeat-based measures), and potential metabolic, pharmacological,
or sampling confounders that may influence observed associations
(Quide et al., 2025; Walsh et al., 2021; Wang et al., 2021). In addition,
mechanistic insights derived from animal models—such as layer-specific
recordings, chemogenetic manipulations, or sex-specific molecular
signatures—cannot be directly translated to humans, limiting the extent
to which cellular or circuit-level findings can be extrapolated to clinical
pain conditions. In addition, competing theoretical interpretations
remain regarding the meaning of insular alterations, which may reflect
immune sensing, persistent nociceptive input, maladaptive predictive
processing, or broader system-level dysregulation, leaving the precise
causal pathways linking metabolic dysfunction, stress, inflammation,
and altered interoceptive processing to chronic pain incompletely
defined (Koren et al., 2021; Quadt et al., 2018; Rolls, 2023). Finally,
although several lifestyle and physiological interventions are discussed
as potential modulators of the mechanisms reviewed in this manuscript,
the clinical evidence supporting their effects on interoceptive-insular
pathways and chronic pain remain heterogeneous and often indirect.
Many findings derive from experimental or preclinical studies, and
further longitudinal and mechanistically informed clinical trials are
needed to determine their specific relevance for pain chronification.

3.3. Future directions

Future research should aim to clarify the causal relationships be-
tween interoceptive dysfunction, insular alterations, and the biological
processes associated with chronic pain. The integration of immune,
metabolic, and neuroimaging measures in longitudinal human studies
will be of particular importance in determining whether these alter-
ations precede the chronification of pain or emerge as its consequence.
Moreover, enhancing the ecological validity of interoceptive assessment
and formulating mechanistically informed interventions targeting
brain-body regulation may facilitate the translation of these conceptual
advances into more effective prevention and treatment strategies.

4. Conclusion

The evidence reviewed suggests that chronic pain may be understood
not only as a disorder of nociceptive persistence, but also as a distur-
bance in the brain’s capacity to accurately interpret and regulate in-
ternal bodily states. Within this framework, the insular cortex emerges
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as a central hub integrating immune, metabolic, autonomic, and stress-
related signals that shape interoceptive inference and behavioural re-
sponses to physiological challenge. Disruptions across these systems
may progressively bias internal models of the body towards persistent
threat and imbalance, reinforcing allostatic load and favouring pain
persistence. Understanding chronic pain through this integrative lens
may help bridge biological mechanisms with behavioural and lifestyle-
related interventions, opening new avenues for prevention and more
comprehensive therapeutic strategies.
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