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Abstract
Food intake and energy expenditure are sensed and processed by multiple brain centers to uphold energy homeostasis. Recent evidence points to the brain vasculature as a new critical player of energy balance regulation in close association with the local neuronal networks. Nutritional imbalances alter many properties of the neurovascular system, thus suggesting the existence of a bidirectional link between our nutritional milieu and neurovascular health. The Western diet and sedentary lifestyle are responsible for the current obesity epidemic, underscoring a pressing need to create innovative and effective interventions with urgency. Emerging pharmacological interventions (e.g., GLP-1 agonism) successfully trigger weight loss. However, whether these approaches can reverse the detrimental effects of prolonged exposure to the Western diet apart from weight loss and maintain long-term weight loss in addition to possible side effects associated with chronic use need to be clarified. Lifestyle interventions do revert the nutritional trigger and positively impact our overall health, including the cardiovascular system. Hence, they emerge as powerful tools to restore brain physiology by promoting a healthy neurovascular system. In this perspective, we examine how lifestyle interventions impact the neurovascular system and neuronal networks to identify new ways to treat energy balance disorders.
Introduction
The dynamic interplay between the brain and body in maintaining an energy balance is a sophisticated machinery involving complex and redundant neuronal circuits, which ensure a species survival1. These circuits sense and integrate signals from the body, thereby modulating internal homeostasis and driving appropriate responses. Key to this communication are circulating factors (i.e., nutrients, hormones, and metabolites) conveyed by the bloodstream2, alongside direct neural inputs from the peripheral nervous system3. The efficacy of these signals in reaching specific brain loci hinges on their diffusion properties and the permeability of the blood-brain barrier (BBB)4. 

The BBB, a critical diffusion barrier, emerges embryonically during the maturation of cerebral endothelial cells5. This maturation process selectively restricts trafficking routes through the endothelium while maintaining specific transport mechanisms. This barrier is an integral part of the neurovascular unit (NVU)6, a complex assembly of pericytes, fibroblasts, astrocytes, smooth muscle cells, and neurons in varied proportions, and which further controls and restricts the routes available to molecules from the bloodstream to the neural cells. Therefore, the NVU’s composition, which varies across brain regions and over time7, plays a pivotal role in determining how brain circuits sense circulating factors. Consequently, alterations in the molecular and cellular composition of the BBB could profoundly impact the brain’s response to feeding cues and as a result disrupt energy homeostasis. 

Beyond the BBB, the cerebrovasculature possesses two additional properties that could influence how neural cells sense nutrient fluctuations. First, the local cerebral blood flow (CBF), which adapts in response to neuronal activity and metabolic demands, ensures both an adequate nutrient supply and waste removal through neurovascular coupling (NVC)8. Alterations to CBF have been often documented in pathological conditions and may affect circuit functions by compromising NVC6. Secondly, the cerebral vascular network’s structure and density vary significantly across brain regions, with brain nuclei involved in energy homeostasis often exhibiting high vascularization densities9,10. This suggests that vascular density might be fundamental to modulate the function and activity of neurons confined in brain regions responsible for nutrient sensing. This hypothesis has been largely underexplored and could establish new horizons in the modulation of energy homeostasis. The development of novel techniques to explore neurovascular plasticity has rendered this long-standing formidable task achievable (Box 1). 

This perspective contrasts recent work to emphasize the need of exploiting the link between neurovascular interfaces and energy homeostasis in health and disease. We outline how these underexplored mechanisms can be harnessed for innovative therapeutic interventions, shedding light on a domain where the interplay of vascular, neuronal, and metabolic factors converges to regulate critical aspects of brain function and overall health. 

Neurovascular control of energy intake and its alterations in obesity
Multiple studies have focused on the involvement of the vasculature, together with its associated glial cells in the control of energy homeostasis. Two major glial cell types, which lie at the interface between the blood and neurons have been identified to play a major role in modulating neurovascular plasticity to control food intake: tanycytes and astrocytes. 

The arcuate nucleus of the hypothalamus (ARH) is the major hub in the central nervous system controlling energy homeostasis11. Its privileged location at the midline of the ventral hypothalamus positions it at a strategic nexus to sense circulating nutrients. Importantly, it is located between the median eminence (a circumventricular organ containing fenestrated capillaries), and the third ventricle which allows direct access to cerebrospinal fluid (CSF). There, tanycytes, a specialized population of glial cells lining the ventricle wall, form a plastic barrier ventral to the ARH that selectively exposes or shields its neurons from circulating compounds in the bloodstream and CSF12. Low glucose levels increase the permeability of this barrier via the expression of tanycytic vascular endothelial growth factor (VEGF)-A13, whereas the specific ablation of tanycytes in the region induces obesity in male mice14. Interestingly, the permeability of the fenestrated capillaries of the median eminence can also be directly modulated by distant melanin concentrating hormone neurons of the lateral hypothalamic area, capable of producing VEGF-A15. This demonstrates circular interactions between blood vessels, tanycytes, and neurons in the sensing of circulating nutrients. Investigating how the plasticity of tanycytes constitutes a bridge between neural cells and permeable blood vessels in the circumventricular organs holds considerable promise to modulate the brain control of food intake. 

In the ARH and throughout the brain, astrocytes are a major component of the NVU in nutrient sensing. Astrocytes establish end-feet that are in close apposition with surrounding microvessels, generating a complete coverage of virtually all cerebral capillaries16. They respond to nutrients and hormones and regulate the accessibility of these components to couple energy availability with the activity of neurocircuits involved in metabolic control10,17. The close association of astrocytes with vascular beds in the mediobasal part of the hypothalamus renders them particularly susceptible to peripheral metabolic changes in physiological conditions, or their alterations during obesity10 (Fig.1). This influence fosters adaptations aimed at preserving energy homeostasis through their intricate interactions with the vasculature in circumventricular organs, which can alter blood vessel integrity and permeability in a dynamic way10,18. 

Therefore, chronic overnutrition leading to obesity affects astrocytic functions in a multifaceted and remarkably diverse manner. Because of their importance in the makeup of the NVU, astrocytes could be one of the prime suspects linking obesity to cognitive impairments, through the disruption of vascular integrity and permeability. For instance, in diet-induced obesity, elevated leptin levels in the circulation have been shown to trigger the release of soluble factors such as astrocytic-derived VEGF, leading to alterations in the integrity and permeability of vascular beds and angiogenesis at the level of the microvasculature in both obese mice and humans10,18. This increases the leakiness of the parenchymal barrier to both the humoral and CSF circulation. Moreover, the loss of insulin receptors in astrocytes leads to reduced expression of glucose transporter 1 (GLUT1), resulting in restricted delivery of glucose into the brain19,20. Similarly, a hypercaloric diet induces transient alterations in brain glucose uptake by modulating GLUT1 expression on vascular endothelial cells21. These studies propose that the impact of glial cell-derived VEGF is crucial for sustaining brain glucose uptake. Improving its uptake by favoring high VEGF expression can alleviate cognitive impairments associated with obesity21.

Another important way neural cells can control nutrient sensing from the bloodstream is by modulating the CBF via NVC. When neural activity locally increases in response to nutrient sensing or humoral fluctuations, CBF in the active regions is enhanced22. It is generally thought that an increased blood flow is necessary to deliver the oxygen required to sustain brain functions during periods of elevated activity. However, changes in nutritional patterns could also underlie a supraphysiological support of key feeding neurons, ultimately sustaining their activity and reinforcing an increase in feeding. By understanding how NVC responds to nutrient sensing and other cues related to energy intake, we may uncover alternative mechanisms participating in appetite regulation. 

Obesity-induced changes in CBF can partly explain how chronic overnutrition interferes with nutrient sensing in the brain, which persists even after weight loss23. Indeed, in middle-aged and older adults, a higher BMI is associated with lower hippocampal CBF and cerebrovascular reactivity (CVR), the capacity of the brain’s vasculature to alter CBF in response to a stimulus24,25. The impact of obesity on CBF is more potent than aging, with an increase in waist circumference of 1.3 cm linked to the same reduction in CBF as 1 year of advanced aging26.

Plastic changes to NVC during nutrient shifts have been extensively studied in preclinical models. High glucose levels have been found to affect both NVC and cerebrovascular patterning, due to alterations in BBB integrity27. Hyperglycemia-induced neuronal activity leads to an elevated CBF as a compensatory mechanism. However, this prolonged effect may trigger a negative feedback mechanism, impairing nutrient sensing, neuronal activity, and NVC28. Exposure for 8 weeks to high fat diet (HFD) reduces the functional hyperemia that follows whiskers stimulation in the mouse, suggesting a reduction in the strength of cortical NVC early after a dietary shift29. These findings suggests that metabolic abnormalities occur earlier in the brain compared to the periphery. In rats, a short-term cafeteria diet, consisting of grocery store-purchased highly-processed food items, for 12-16 weeks increases resting CBF in the hippocampus and reduces CVR. This happens without impacting learning and memory30,31. Memory deficits are however seen after a long-term cafeteria diet (30 weeks)30,31. These variations can be attributed to the duration of the cafeteria diet, leading to different levels of metabolic dysfunction. Both conditions do not induce changes in the density of CA1 neurons, structural vascular alterations, nor alter cerebrovascular integrity, suggesting that changes in CBF and volume are more functional than structural. It would be important to determine in such models whether changes to the CBF are solely linked to a shift in the plasma concentration of nutrients or signaling factors, or if chronic changes to neural activity levels in specific regions also plays a direct role. 

Investigating the onset and duration of obesity in relation to NVC and cerebrovascular rewiring will provide a timeline to understand the brain’s adaptation to overnutrition. Moreover, the impact of obesity on CBF goes beyond nutrient sensing, as metabolic abnormalities contribute to a heightened risk of ischemic stroke32 or silent brain infarcts33. Higher adiposity in midlife is also associated with small vessel disease, leading to changes in white matter, impacting both subcortical and cortical regions, resulting in cognitive deficits34. In summary, obesity significantly impacts the brain’s vascular system, disrupting the exchange of metabolic signals between the periphery and the brain, therefore compromising both the ability of the brain to regulate energy homeostasis and overall brain health35.

Sexual dimorphism in the neurovascular landscape
Sex differences exert significant influence on the development and progression of the neurovascular landscape36. In cortical regions, young women demonstrate higher CBF than young men in the frontal and parietal lobes, with differences shrinking after age 65 indicating a greater decline in CBF for women37,38. On the other hand, age-related decline in BBB function of cortical regions is found to be more significant in men39. From epidemiological studies, sexual dysmorphisms are seen in the prevalence of metabolic and neurological disorders40. Men are at a greater risk for vascular complications associated with cognitive impairment and dementia41. The discrepancies in the neurovascular landscape and susceptibility to neurological disorders can be explained by the difference in hormonal and metabolic profiles. Both estrogen and androgens promote angiogenesis and cerebrovascular remodeling42. Estrogen decreases cerebral vascular tone and increases CBF, while androgens increase cerebral vascular tone and decrease CBF. The difference in body composition and hormonal profile between sexes contribute to a different metabolic profile, resulting in divergent downstream effects on the neurovascular landscape (Table 1). Understanding the role of hormones, metabolites, and nutrients on the rewiring of the neurovascular landscape will enhance our grasp on the impact of sex differences and pathological states (states of varied metabolic profile) on the neurovascular landscape.

The impact of lifestyle interventions on neurovascular health
With the surging occurrence of neurometabolic disorders, lifestyle interventions have advanced toward clinical implementation through dietary adjustments. Lifestyle intervention encompasses a range of activities aimed at enhancing the overall quality of life and reducing the risk of various chronic diseases43. The most effective interventions for managing metabolic and neurological risk factors involve intermittent fasting (IF), caloric restriction (CR), and physical activity (PA)44.  The beneficial impact of IF, CR and PA on peripheral and central metabolism responsible for energy homeostasis has been profoundly reviewed45,46. Here, instead, we will focus on the mechanisms through which these interventions enact their benefits on neurovascular health (Fig.2).

Intermittent fasting
Fasting triggers a transition from a sated state to a hunger state. This transition has a deep impact on neuronal activity and vasomotricity, which is visible at the level of whole-brain functional connectivity and regional CBF47. High-field functional MRI studies reveal specific patterns of functional connectivity during fasting, particularly in the hippocampus-cortex pathway, that may reinforce our urge for food47. IF has gained attention in recent years for its potential in weight management and addressing metabolic disorders. Periodic metabolic switching from glucose to ketones provide evolutionarily conserved responses that enhance metabolism and reduce inflammation48. While its effects on metabolic and cognitive functions in healthy, lean individuals are relatively modest49, the benefits of IF in aging and pathological states are significant48. For instance, a shortened eating window in middle-aged adults has shown promise in reducing the risk of cognitive impairment50. Furthermore, early time-restricted feeding in prediabetic individuals significantly improves various metabolic parameters including insulin levels and sensitivity, blood pressure, and oxidative stress51. Among older adults with mild cognitive impairment (MCI), IF over 36 months notably enhances cognitive performance52. In sum, the neuroprotective role of IF in humans is evident. 

In young mice, 3 months of IF yields remarkable effects on hippocampal neurogenesis and long-term potentiation of hippocampal synapses53. In aged mice, alternate day IF for 6 weeks reverses in dissociated neurons age-related synaptic changes in Ca2+ buffering and inhibitory transmission, albeit without mitigating cognitive impairments in vivo54. Beyond these limited neurophysiological observations, several pieces of evidence point to a positive impact of IF on neurovascular functions. For instance, preconditioning with IF over 16 hours of fasting for 4 months results in a substantial reduction in chronic cerebral hypoperfusion-induced neurovascular pathologies55. This reduction is achieved by attenuating microvascular leakage, enhancing BBB integrity, preventing tight junction breakdown, reducing white matter injury, and minimizing neuronal loss55. Additionally, in a rat model featuring middle cerebral artery occlusion (MCAO), 3 months of preconditioning with IF ameliorates neurological severity score and adhesive removal test and increases microvessel density56. Moreover, in mice that suffer from subcortical vascular dementia, postconditioning with IF for a month significantly attenuates cognitive impairments and neuronal loss without impacting the cerebrovasculature and white matter57.

These findings suggest that further investigations into the impact of IF on NVC in brain regions controlling energy homeostasis may yield interesting insights into its mechanisms of action, which are yet to be elucidated. Preclinical models should be used to elucidate the cellular and molecular impact of IF on the NVU, and whether this translates into a positive feedback loop on neurometabolic functions. To fully harness the potential of IF as an interventional tool, it is imperative to explore its effects in a variety of settings, using different models of pre- and postconditioning across various age groups. This comprehensive approach is essential to uncover the full spectrum of benefits and limitations associated with IF and neurological health.

Caloric restriction
The mechanistic link between food intake and neurovascular functions is better understood in models of CR. In rodents, most CR models range from 10 to 50% of CR from baseline, while in humans, most interventions aim for 10-25% CR per day46. CR leads to reductions in neuroinflammation and oxidative stress58. In healthy non-obese adults, a two-year regimen of CR leads to significant improvements in working memory59,60. Notably, the benefits of CR extend beyond these healthy populations to individuals with various medical conditions. For patients with multiple sclerosis, a 12-week CR plan results in improved brain health61, associated with elevated regional CBF in the bilateral inferior temporal gyri and bilateral fusiform gyri61. The underlying mechanisms still necessitate further clarification.

Preclinical studies suggest that the neuroprotective effects of CR involve NVC. In young mice, CR enhances CBF and improves BBB function by inhibiting mTOR expression and enhancing eNOS signaling62. These effects are also observed in aged mice, where CR helps maintain CBF in the hippocampus and frontal cortex, thereby preserving learning and long-term memory, and reducing anxiety62. In aged rats, 6 months of CR enhances vascular tone in cerebral and mesenteric arteries, with minor effects on vascular remodeling63. Moreover, in diet-induced overweight rats, 12 weeks of CR improves BBB leakage and glial activation by reducing neurogranin-associated calcium signaling64. When CR is prolonged in an aged and obese rat model, it improves oxidative stress and inflammation and increases plasma adiponectin levels65. As an insulin sensitizer, adiponectin plays a fundamental role in vascular physiology by regulating glucose uptake66. Disrupted adiponectin signaling is reported in various neurovascular diseases, therefore the capability of CR to ameliorate plasma adiponectin levels points to a possible mechanism through which CR enacts its neuroprotective effects66.

Studies that investigate the potential of CR in neuroprotection encompass a range of neurological diseases. Even in mice at a very early age (postnatal day 7), moderate CR offers protection against hypoxic ischemia, with benefits attributed to the suppression of p53 expression in the NVU67. This suppression leads to reduction in neurovascular damage and a decrease in microglia activation67. A preconditioning approach with 4 weeks of CR protects against transient focal ischemia-induced infarct by enhancing glucose metabolism and promoting adiponectin secretion68. In aged rats, an 8-week program of CR preceding experimental infarction prevents stroke-induced weight loss and enhances overall behavioral and metabolic recovery69. This protective effect is suggested to be partly mediated through gut microbiota70. In a mouse model of transient MCAO, postconditioning with 3 days of CR reduces infarct volume, while postconditioning with 56 days of CR promotes recovery in post-ischemia motor coordination71. This approach increases long-term neuronal survival, brain capillary density and reduces brain atrophy in the peri-infarct striatum71. Unraveling the mechanisms underlying CR-induced neuroplasticity necessitate further examination to understand the intricate interplay between circulating metabolites and modifications to the NVU structure. 

The impact of both IF and CR on obesity depends on the reversibility of obesity-induced neurovascular decoupling, cerebrovascular rewiring, and cognitive decline. This likely hinges on the severity of obesity. However, studying how the neurovascular system reacts to these interventions in the context of obesity may help to reverse its long-term alterations. Practicing IF and CR in overweight and obese adults enhances cognitive performances in tasks thought to involve hippocampal functions, albeit no differences are seen between the CR and IF regimen72,73. Among obese patients with MCI, a 12-month CR regimen leads to improvements in memory, executive function, global cognition, and language74. This improvement was more pronounced in younger seniors and carriers of the APOE4 allele, a variant of the APOE gene causing vascular defects associated with Alzheimer’s Disease74. In midlife adults with overweight and obesity, a 12-month intervention involving diet and exercise leads to a 10% weight loss and increased CBF in frontal, parietal, and subcortical regions75. Intriguingly, the combination of diet and exercise appears to modulate the CBF in a region-specific manner75.

Physical activity
Energy homeostasis is achieved through an intricate balance between energy intake and energy expenditure. Akin to energy intake, energy expenditure takes various forms including basal metabolic rate, thermogenesis, and PA76,77. While basal metabolic rate and thermogenesis are vital components of energy expenditure, in the context of NVC, most evidence highlights the significance of PA78. Moreover, PA is tunable in a voluntary manner. PA has emerged as a key lifestyle intervention in promoting cardiovascular health, reducing the risk of metabolic diseases, and extending lifespan. Beyond its physical benefits, regular exercise improves mental well-being, alleviates stress, and mitigates the risks of conditions such as dementia and depression. The recent surge in sedentary lifestyle in Western societies increases all-cause mortality and the risks for metabolic and neurological diseases79. Several PA interventions have been proposed to reduce disabilities and lengthen healthspan80. While the metabolic benefits of PA (e.g., improving blood lipid profiles) and its impact on neurological health (e.g., migraine prevention) have been thoroughly investigated81,82, the molecular mechanisms underlying the benefits of PA on the cerebral vascular system need to be deciphered. 

Chronic aerobic exercise is linked to improved cognition, a reduction in depression and anxiety83,84, white matter plasticity and episodic memory performance85. PA is a widely adopted intervention to supplement pharmacology in the treatment of neurodegenerative diseases86-89. The link between PA and neuroplasticity could in part involve the upregulation of an array of neurotrophic factors, including brain derived neurotrophic factor90,91. PA for 8 weeks reinstates brain insulin sensitivity in sedentary overweight and obese adults92. CBF responses to intranasal insulin differs for overweight and obese adults, with increased CBF in the middle frontal gyrus but decreased CBF in cortico-limbic regions93. The potential of lifestyle interventions to mitigate obesity-induced neuroinflammation and insulin resistance as well as restoring various signaling pathways requires further investigation into how nutrient shifts affect NVC. The consensus in all the outlined studies is that PA in patients alters NVC and CBF, with deeper structural changes in the cerebrovasculature potentially occurring in chronic interventions.

Supporting this notion, several preclinical studies have shown that neurovascular properties are affected upon exercise. Studies in the rat motor cortex have unveiled the induction of angiogenesis, an increase in cerebral blood volume, and heightened metabolism upon exercise94. In mice, PA can prevent cerebrovascular damage and white matter loss caused by 10 months of HFD feeding95. Although PA led to weight loss, the active HFD mice remains significantly heavier than sedentary control mice95. This suggests that the benefits of PA on brain health is partly independent of weight loss. PA reduces the interaction between MBP and IBA1, limits the number of CD68+ cells, and mitigates the reduction in endothelial cells and pericytes in the frontal partial cortex and corpus callosum without significantly preventing myelin loss95. The mechanisms involved in obesity-induced neurovascular decoupling and cerebrovascular rewiring, and whether these cerebral shifts are reversible in response to lifestyle interventions require further investigation. 

Still, these findings underscore a direct link between exercise and an enhanced NVC. The connection between exercise and neuroprotection is partly explained by an enhancement of the cerebral blood vessel plasticity. In a 6-month aerobic exercise intervention for middle-aged and older adults, improvements in cognitive function and cerebrovascular regulation are associated with augmentation of the vasodilatory effect mediated by CO283. Compared to sedentary individuals, active individuals have higher resting intracranial blood velocity and lower CVR in the middle and posterior cerebral arteries96,97. Both CBF and CVR decrease with age, but PA assists in preserving or enhancing these factors in healthy individuals98. A possible explanation for reduced CVR in active individuals is that chronic exposure to elevated CO2 concentration due to constant exercise results in the desensitization of the cerebrovasculature to CO2, thereby leading to a lack of vasodilation.

Together, lifestyle interventions are effective interventions to extend lifespan and healthspan, and prevention and treatment of metabolic and neurological diseases99. By alternating whole-body metabolic profile, these interventions are likely impacting the cerebral landscape through direct and indirect mechanisms. While their impact on cerebrovascular health largely overlaps, there are distinct nuances between the effects of IF, CR and PA (Table 2). Therefore, further research is required to distinguish the physiological and molecular differences with a temporal component on the onset, duration, and type of intervention. How such interventions affect cerebrovascular health from a mechanistic standpoint remains understudied. An urgent need exists to delineate the efficacy and safety of these inventions as an alternative to pharmacological treatments of the ever-increasing metabolic and neurological diseases associated with overnutrition and a sedentary lifestyle. Though pharmacological interventions lead to a greater weight loss compared to lifestyle modifications, weight regain often occurs after termination of these interventions. The addition of lifestyle modifications to complement pharmaceutical treatments will provide the opportunity to transition out of chronic usage and minimize weight rebound44. 

Conclusions
NVC plays a fundamental role in energy balance regulation, serving as an intermediary that facilitates the communication between central and peripheral systems. Lifestyle interventions are steadily growing in popularity. Understanding their impact on cerebrovascular health strengthens their effectiveness in complementing pharmacological interventions. The uncoupling of the neurovascular network observed in obesity establishes a connection between overnutrition and cognitive decline as well as neurological diseases. Establishing stronger mechanistic links between the alterations of the neurovascular system in key brain regions and metabolic disorders, inspired by the positive effects of lifestyle interventions remains a promising avenue to complement the current available pharmacological treatments of obesity. Whether the benefits of lifestyle interventions on the neurovascular landscape are through a direct mechanism or indirectly by affecting overall weight loss remains to be elucidated. Nonetheless, it is evident that these interventions demonstrate beneficial effects on the neurovascular landscape and can be utilize as tools to combat the pathological rewiring of the neuro-glial-vascular unit and cerebrovasculature. Highlighting the importance of lifestyle modifications offer the utmost chance to prevent the development of obesity and its comorbidities. 
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Box
Box 1. Advancements in the study of neurovascular plasticity
The brain's vasculature presents a complex network of arteries, capillaries, and veins spanning various scales, from millimeter-sized to micron-sized vessels. This complexity has historically posed challenges in quantifying structural changes in cerebrovascular topology across the brain. However, recent breakthroughs in technology have revolutionized our ability to visualize and quantify vascular plasticity at molecular, anatomical, and functional levels, offering unprecedented insights into neurovascular dynamics. Volumetric and intravital imaging together with spatial transcriptomics have emerged as complementary tools to identify the spatio-temporal dynamics of the cerebral landscape. 

Immunolabeling-based tissue clearing, such as iDISCO+, combined with 3D light-sheet microscopy, enables the generation of high-resolution maps detailing vessel tortuosity, length, and interruptions9. By referencing the Allen Brain Atlas, researchers can precisely identify regions of interest exhibiting hypervascularization or hypovascularization events.

Intravital imaging techniques, including functional ultrasound (fUS), have transformed our ability to capture dynamic microvasculature changes in response to brain activation with high spatio-temporal resolution100. Unlike traditional functional magnetic resonance imaging (fMRI), fUS provides superior spatio-temporal resolution, crucial for localizing vessel remodeling events.

Another advancement lies in studying the molecular significance of neurovascular topologic events within the neurovascular unit, where neuronal, vascular, and immune structures converge. Single-cell RNA sequencing (scRNA-seq) offers insights into the molecular identities of different neural cell types. However, to understand how specific configurations of cell types contribute to functional changes in remodeled brain regions require a spatial component. Spatial transcriptomics, such as visium, reveals the spatial organization of cell types and their molecular connectivity within the brain101.

Together, these advancements offer a comprehensive approach to study neurovascular plasticity, integrating structure, function, and molecular dynamics. By leveraging these cutting-edge technologies, modern neuroscience is poised to unravel the intricate adaptations of the cerebrovasculature in health and disease.

Figure legend
Figure 1. Pathological rewiring of the neurovascular landscape. Chronic overnutrition leads to excessive neuroinflammation to compensate for the continuous metabolic turnover. Pathological levels of glial activity increase BBB permeability and infiltration of peripheral immune cells, resulting in a vicious cycle of neurovascular uncoupling. Tanycytes lining up the ventricle become leaky and there is an altered inflow of CSF to the parenchyma. As a result, the impaired communication between the neuro-glial-vascular unit leads to an imbalance between afferent and efferent signals and overall energy dyshomeostasis. 

Figure 2. Lifestyle interventions on neurovascular health. A sedentary lifestyle paired with an obesogenic milieu leads to neurovascular decoupling and microvascular dysfunction, resulting in neuroinflammation, cognitive decline, and a higher risk of neurodegeneration. This leads to a feedback loop that perpetuates excessive food intake and physical inactivity. Implementing lifestyle interventions enhances neurovascular coupling and cerebrovascular health, leading to improved cognitive function and a reduced risk of neurodegeneration.  

Table
Table 1.
	Name
	Main sources
	Major effect on NVU

	Leptin
	Adipose tissue 
	· Promotes angiogenesis and vascular remodelling in a region specific manner10
· Regulates astrocytic release of soluble factors, such as VEGF, to modulate BBB function and properties10
· Promotes neurogenesis and angiogenesis after stroke102, and angiogenesis via pericyte STAT3 pathway upon Intracerebral Hemorrhage103

	Insulin
	Pancreas
	· Modulates angiogenesis in the cortex via astrocytes in young but not in aged mice104
· Regulates neurovascular coupling: glucose uptake handling couples with blood flow via astrocytes20,104 
· Both insulin and IGF-1 signaling in endothelium play a role in proliferation of retinal endothelial cells through the expression of vascular mediators105
· Pericyte insulin receptors modulate retinal vascular remodeling (vascular sprouting) and endothelial angiopoietin signaling to promote venous plexus development106

	Cytokines
(IL-1β, IL6, TNFα)
	Immune cells Macrophages
Glial cells
	· Regulates integrity and permeability of the BBB107 
· Vascular remodelling
· Enhances glia reactivity and local immune cell recruitment 
· Elevated levels  promotes inflammation  BBB dysruption108

	Adiponectin
	Adipose tissue
	· Not cross the BBB
· Adiponectin receptors on brain endothelial cells  modulate cytokine secretion109 
· Potential cerebroprotective action against CNS pathologies like stroke via receptor-mediated mechanisms110

	Ketone bodies
(beta-hydroxybutyrate: BHB)
	Liver
	· i.v. infusion of BHB: regulates glucose transport across the BBB  decreases in cerebral glucose consumption and increases blood flow in humans111,112 
· Ketogenic diet enhances neurovascular functions: elevates cerebral blood flow, particularly in the ventromedial hypothalamus113

	Lactate
	Muscle cells
Red blood cells
Glial cells
	·  Exercises increases lactate delivery into the brain and cerebral blood flow in humans114
· i.v. lactate infusion decreases brain glucose uptake and enhances oxygen consumption in humans114,115
· Lactate protects cerebral function during hypoglycemia: elevating lactate (within a normal range) significantly reduces symptomatic responses to hypoglycaemia116 

	Saturated fatty acids (SFAs)
	Adipose tissue
	· Ingestion of SFA-enriched diets are associated with increased risk of BBB dysfunction and neurovascular inflammation117
· Natural SFAs, like lauric acid, preserve brain microvascular functions, reducing infarct volumes and brain edema during ischemic insults, even with acute hyperglycemia118 
· Intra-arterially infused SFA emulsions open the BBB through tight junctions and promote drug delivery into the brain119 
· i.c.v. SFA infusion enhances NF-κB-mediated inflammation at the BBB via TLR4 receptor120 



Table 2.
	Intervention
	Major effect on NVU

	Intermittent fasting
	· Attenuates microvascular leakage and tight junction breakdown, and enhances BBB integrity after cerebral hypoperfusion61
· Increases microvessel density and ameliorates cognitive function after middle cerebral artery occulsion62
· Attenuates neuronal loss after subcortical vascular dementia63

	Caloric restriction
	· Enhances regional CBF and BBB function68,69
· Regulates vascular tone in cerebral and mesenteric arteries70
· Mitigates obesity-induced BBB leakage and glial activation71
· Reduces neurovascular damage and neuroinflammation after hypoxic ischemia74

	Physical activity
	· Enhances regional CBF in the middle frontal gyrus and attenuates CBF in cortico-limbic regions100
· Induces angiogenesis and increases cerebral blood volume101 
· Mitigates loss of endothelial cells and pericytes by reducing neuroinflammation102
· Elevates resting intracranial blood velocity and reduces cerebrovascular reactivity103,104
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