


Metabolic Syndrome and the Brain: Neurological Sequelae of Insulin Resistance and Dyslipidemia

Abstract
Metabolic syndrome is a complex clinical entity defined by a cluster of interconnected metabolic abnormalities, including central obesity, insulin resistance, hyperglycemia, hypertension, and dyslipidemia. Metabolic syndrome, characterised by the clustering of central obesity, insulin resistance, dyslipidemia, and hypertension, is increasingly recognised as a systemic disorder with profound implications beyond cardiovascular health. The review aimed to highlight convergent evidence linking insulin resistance and dyslipidemia to cognitive decline, neurodegenerative disease, and cerebrovascular pathology, while also identifying areas of uncertainty and future research directions. Emerging evidence highlights the brain as a vulnerable target organ, where metabolic derangements can precipitate structural and functional abnormalities with significant neurological consequences. Insulin resistance, a hallmark of metabolic syndrome, impairs cerebral glucose utilisation, disrupts synaptic plasticity, and promotes neuroinflammation, thereby contributing to cognitive decline, mood disturbances, and heightened risk of neurodegenerative diseases such as Alzheimer’s disease. Concurrently, dyslipidemia alters blood–brain barrier integrity, promotes oxidative stress, and facilitates the deposition of atherogenic lipids in cerebral vessels, thereby exacerbating small vessel disease and increasing the risk of stroke. Neuroimaging studies have demonstrated that individuals with metabolic syndrome exhibit reduced hippocampal volume, altered white matter microstructure, and decreased functional connectivity in networks associated with memory and executive function. In summary, the interplay between metabolic syndrome and brain health represents a critical frontier in clinical neuroscience, with implications for understanding the pathophysiology of cognitive impairment, mood disorders, and neurodegeneration. Recognising and addressing the neurological sequelae of insulin resistance and dyslipidemia may inform more comprehensive patient care, while advancing translational strategies to preserve cognitive and neurovascular integrity in populations at risk. In conclusion, the evidence reviewed here demonstrates that metabolic syndrome, through the dual pathways of insulin resistance and dyslipidemia, exerts profound and multifaceted effects on the brain. 
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Introduction
Metabolic syndrome (MS) refers to a clustering of metabolic risk factors, including central obesity, glucose intolerance, hyperinsulinemia, low HDL cholesterol, high triglycerides and hypertension. People with MS are twice as likely to die from, and three times as likely to develop, myocardial infarction (MI) or stroke compared to people without MS (Balaji, 2021). (MS) is a complex clinical entity defined by a cluster of interconnected metabolic abnormalities, including central obesity, insulin resistance, hyperglycemia, hypertension, and dyslipidemia. It is increasingly recognised not merely as a cardiovascular risk factor but as a systemic disorder with widespread effects across multiple organ systems, including the brain (Alberti et al., 2009). The rising global prevalence of metabolic syndrome reflects the convergence of sedentary lifestyles, caloric excess, and genetic predisposition, making it a pressing public health concern. Current estimates suggest that nearly one-quarter of the adult population worldwide meets diagnostic criteria for metabolic syndrome, with its prevalence continuing to rise in parallel with obesity and type 2 diabetes (Saklayen, 2018). Traditionally, clinical attention has centred on the syndrome’s role in predisposing individuals to atherosclerotic cardiovascular disease and type 2 diabetes mellitus, yet growing evidence underscores that its impact on the central nervous system may be equally profound (Kaur, 2014).
The brain, as one of the most metabolically active organs, is uniquely vulnerable to systemic metabolic dysregulation. Glucose and lipids serve as the primary energetic substrates for neuronal function, synaptic transmission, and structural maintenance of neural circuits. Disruptions in insulin signalling and lipid metabolism not only compromise energy homeostasis but also trigger cascades of neuroinflammatory and neurodegenerative processes (Arnold et al., 2018). Insulin, long regarded primarily as a peripheral metabolic hormone, is now understood to play critical roles in the central nervous system, including regulation of synaptic plasticity, memory consolidation, and neuroprotection (Craft & Watson, 2004). In states of insulin resistance, these central actions of insulin become impaired, setting the stage for cognitive decline, mood disorders, and increased susceptibility to neurodegenerative conditions such as Alzheimer’s disease and Parkinson’s disease (De Felice & Ferreira, 2014).
Dyslipidemias can be characterised by an elevated level of TC (total cholesterol), LDL-C (low-density lipoprotein cholesterol), TGs (triglycerides), a lowered level of HDL-C (high-density lipoprotein cholesterol) within the blood plasma, or by blends of the mentioned elements. In other words, they constitute metabolic disturbances associated with the lipid profile. Dyslipidemia prevalence has increased over the last several years, and it often happens to be the starting point of cardiovascular disease (Dybiec et al., 2023; Nussbaumerova & Rosolova, 2023). Dyslipidemia, another core feature of metabolic syndrome, exerts equally deleterious effects on brain health. Elevated triglycerides, reduced high-density lipoprotein cholesterol, and increased low-density lipoprotein cholesterol contribute to cerebrovascular dysfunction, disruption of the blood–brain barrier, and impaired clearance of neurotoxic proteins such as amyloid-beta (van der Lee et al., 2018; Crockett et al., 2021). Moreover, lipid abnormalities are linked to white matter lesions, small vessel disease, and stroke, all of which have enduring consequences for cognitive and neurological function (Dearborn et al., 2014). Together, insulin resistance and dyslipidemia form a pathogenic nexus through which metabolic syndrome compromises neuronal survival, vascular integrity, and cognitive resilience (Jakubiak et al., 2021).
Mounting epidemiological and neuroimaging evidence demonstrates that individuals with metabolic syndrome are at heightened risk of cognitive decline and dementia. Large-scale longitudinal studies have revealed that midlife metabolic syndrome predicts late-life cognitive impairment and dementia, independent of traditional cardiovascular risk factors (Yaffe et al., 2004). Functional and structural brain imaging consistently shows associations between metabolic syndrome and hippocampal atrophy, cortical thinning, reduced grey matter volume, and microstructural abnormalities in white matter tracts (Segura et al., 2009). Such changes are clinically relevant, as they correlate with impairments in memory, executive function, and processing speed—domains essential for maintaining independence and quality of life.
The mechanisms linking metabolic syndrome to brain pathology are multifactorial and synergistic. Insulin resistance diminishes neuronal glucose uptake, leading to energetic deficits that impair synaptic transmission and plasticity (Cai et al., 2018). Concurrently, chronic hyperinsulinemia enhances amyloidogenic processing of amyloid precursor protein, increasing amyloid-beta accumulation in the brain (Talbot et al., 2012). Dyslipidemia contributes to oxidative stress and endothelial dysfunction, exacerbating cerebral hypoperfusion and microvascular damage (Reitz et al., 2011). Systemic inflammation, a hallmark of metabolic syndrome, further amplifies neuroinflammation via cytokine-mediated pathways, ultimately disrupting neuronal integrity and promoting tau hyperphosphorylation (Gustafson et al., 2004). Collectively, these processes converge to accelerate neurodegeneration and cognitive decline.
Beyond dementia, metabolic syndrome also appears to predispose individuals to a spectrum of neurological disorders. Evidence suggests an increased risk of stroke, transient ischemic attacks, and small vessel cerebrovascular disease among individuals with metabolic syndrome (Alberti et al., 2009). Neuropsychiatric outcomes are also implicated, with insulin resistance and dyslipidemia linked to higher prevalence of depression, anxiety, and bipolar disorder (Milaneschi et al., 2019). These associations highlight the broad neurological sequelae of metabolic dysfunction, extending well beyond cognitive impairment.
Importantly, the relationship between metabolic syndrome and neurological outcomes is bidirectional. Just as metabolic dysfunction contributes to brain pathology, neurological impairment can exacerbate metabolic dysregulation through alterations in autonomic nervous system function, hypothalamic signalling, and behavioural changes. For instance, hypothalamic insulin resistance has been implicated in disordered appetite regulation and further metabolic deterioration (Kullmann et al., 2016). Cognitive decline may also compromise adherence to healthy lifestyles and medical regimens, thereby perpetuating metabolic syndrome in a vicious cycle. Recognising this reciprocal interplay underscores the importance of integrated approaches to prevention and treatment.
Despite accumulating evidence, several gaps in understanding persist. The precise molecular pathways linking insulin resistance and dyslipidemia to specific patterns of neural degeneration remain incompletely defined. Furthermore, not all individuals with metabolic syndrome develop neurological sequelae, suggesting potential roles for genetic susceptibility, epigenetic regulation, and environmental modifiers (Ekblad et al., 2017). Advanced neuroimaging, biomarkers of insulin signalling, and lipidomics are increasingly being deployed to unravel these complexities.
From a clinical perspective, addressing the neurological consequences of metabolic syndrome requires a multifaceted approach. Lifestyle modification—including diet, exercise, and weight management—remains the cornerstone of treatment and has demonstrated efficacy in improving both metabolic and cognitive outcomes (Ngandu et al., 2015). Pharmacological interventions targeting glycemic control, lipid regulation, and blood pressure optimisation have shown promise in mitigating neurovascular risk, though their direct effects on cognition remain less certain (Biessels et al., 2006). Novel therapeutic strategies, including intranasal insulin delivery and agents modulating lipid metabolism, are under investigation as potential neuroprotective interventions (Benedict & Hallschmid, 2014).
Ultimately, the study of metabolic syndrome and its neurological sequelae offers an opportunity to bridge disciplines across endocrinology, neurology, and psychiatry. It compels clinicians and researchers to move beyond the traditional cardiovascular paradigm and to recognise brain health as an equally critical endpoint of metabolic dysfunction. As the global burden of metabolic syndrome continues to rise, understanding and mitigating its neurological consequences is essential for preserving cognitive and functional capacity in ageing populations.


Methods
This review was conducted to synthesise current knowledge on the neurological sequelae of insulin resistance and dyslipidemia in the context of metabolic syndrome. A comprehensive literature search was performed across multiple electronic databases, including PubMed, Scopus, Embase, and Google Scholar, to identify relevant studies published between January 2000 and July 2025. The search strategy employed a combination of Medical Subject Headings (MeSH) and free-text terms such as “metabolic syndrome,” “insulin resistance,” “dyslipidemia,” “neurological disorders,” “cognition,” “neurodegeneration,” “stroke,” and “brain health.” Boolean operators and truncation were used to maximise retrieval of relevant literature, while filters were applied to limit studies to human subjects and English-language publications.
Titles and abstracts of retrieved studies were screened to assess relevance, and full-text articles were reviewed when eligibility could not be determined from the abstract alone. Original research articles, systematic reviews, meta-analyses, narrative reviews, and clinical guidelines were included if they addressed any aspect of the relationship between metabolic syndrome and neurological outcomes. Exclusion criteria were studies that focused solely on cardiovascular or renal sequelae of metabolic syndrome without reference to neurological outcomes, case reports with insufficient generalizability, and articles not available in full text.
Data extraction was performed manually, with emphasis placed on study design, population characteristics, measures of insulin resistance and lipid profiles, neurological endpoints, and key findings. Epidemiological, mechanistic, and interventional studies were all considered to provide a balanced overview of current evidence. The quality of evidence was not formally graded; however, higher priority was given to longitudinal cohort studies, randomised controlled trials, and systematic reviews.
In synthesising the findings, the review aimed to highlight convergent evidence linking insulin resistance and dyslipidemia to cognitive decline, neurodegenerative disease, and cerebrovascular pathology, while also identifying areas of uncertainty and future research directions. The methodology followed general principles of narrative review writing and adhered to established standards for transparent reporting of literature-based research.


[bookmark: _GoBack]Findings
The literature review yielded a substantial body of evidence linking metabolic syndrome, insulin resistance, and dyslipidemia to adverse neurological outcomes. Across epidemiological, neuroimaging, and mechanistic studies, consistent associations were observed between the components of metabolic syndrome and structural as well as functional brain changes.
Several large cohort studies demonstrated that individuals with metabolic syndrome are at significantly increased risk of developing cognitive impairment and dementia. Yaffe et al. (2004) reported that older adults with metabolic syndrome had a twofold higher likelihood of developing cognitive decline over an 8-year follow-up period compared to those without the syndrome. Similarly, Kivipelto et al. (2005) found that midlife obesity, hypertension, and dyslipidemia—key features of metabolic syndrome—predicted late-life Alzheimer’s disease and vascular dementia. More recent meta-analyses reinforced these associations, indicating that insulin resistance and dyslipidemia are independent predictors of both Alzheimer’s disease and vascular cognitive impairment (Yoon et al., 2019).
Neuroimaging evidence corroborates these epidemiological findings. Individuals with metabolic syndrome exhibit smaller hippocampal volumes, reduced cortical thickness, and white matter hyperintensities compared with metabolically healthy controls (Segura et al., 2009). Functional MRI studies further demonstrate altered connectivity within memory and executive control networks, suggesting that metabolic dysfunction impairs both structural integrity and network efficiency (García-Casares et al., 2016). These changes have been linked to poorer performance on tests of memory, attention, and processing speed (Yates et al., 2012).
Insulin resistance appears to play a central mechanistic role. Studies using cerebrospinal fluid biomarkers and positron emission tomography have shown that insulin resistance correlates with reduced cerebral glucose metabolism and increased amyloid-beta deposition (Talbot et al., 2012; Willette et al., 2015). Experimental data support that chronic hyperinsulinemia disrupts insulin receptor signalling in neurons, promotes neuroinflammation, and facilitates tau phosphorylation, processes implicated in Alzheimer’s disease pathology (De Felice & Ferreira, 2014). Furthermore, individuals with insulin resistance exhibit reduced responsiveness to insulin-mediated modulation of cognition, as demonstrated by trials using intranasal insulin administration (Benedict & Hallschmid, 2014).
Dyslipidemia also emerged as a significant contributor to neurological sequelae. Elevated triglycerides and low high-density lipoprotein cholesterol were consistently associated with cerebral small vessel disease, lacunar infarcts, and white matter lesions (Dearborn et al., 2014). Van der Lee et al. (2018) showed that higher plasma cholesterol was linked to impaired blood–brain barrier integrity and increased cerebral amyloid burden. Dyslipidemia was also found to potentiate oxidative stress and endothelial dysfunction, thereby exacerbating cerebrovascular pathology and cognitive decline (Reitz et al., 2011).
Stroke risk was notably higher in individuals with metabolic syndrome. In a large prospective cohort, Alberti et al. (2009) demonstrated that the presence of three or more metabolic syndrome components significantly increased the likelihood of ischemic stroke. Moreover, the severity of dyslipidemia and insulin resistance correlated with poorer post-stroke recovery and higher rates of recurrent cerebrovascular events (Mottillo et al., 2010).
Beyond cognitive impairment and stroke, metabolic syndrome was associated with neuropsychiatric outcomes. Insulin resistance was shown to increase the risk of depression, with meta-analyses confirming that individuals with type 2 diabetes and insulin resistance had significantly higher rates of depressive symptoms compared with controls (Milaneschi et al., 2019). Dyslipidemia has similarly been linked to mood disorders, with abnormalities in lipid metabolism observed among patients with major depressive disorder and bipolar disorder (Chang et al., 2017).
Taken together, these findings demonstrate a strong and multifaceted relationship between metabolic syndrome and brain health. Insulin resistance and dyslipidemia act both independently and synergistically to promote structural brain changes, impair cognitive and psychiatric function, and increase cerebrovascular risk. The weight of evidence supports the notion that metabolic syndrome is a significant determinant of neurological outcomes, underscoring the importance of early detection and targeted intervention strategies.


Discussion
The relationship between metabolic syndrome and brain health represents a rapidly evolving field of clinical neuroscience, one that challenges traditional boundaries between endocrinology, neurology, and psychiatry. The synthesis of available evidence reveals a strong and consistent association between metabolic dysfunction—particularly insulin resistance and dyslipidemia—and adverse neurological outcomes, including cognitive impairment, neurodegeneration, cerebrovascular disease, and mood disorders. These findings underscore the need to reframe metabolic syndrome not only as a cardiovascular condition but also as a neuro-metabolic disorder with profound implications for brain ageing and disease.
One of the most compelling observations across epidemiological studies is the heightened risk of cognitive decline and dementia among individuals with metabolic syndrome. Yaffe et al. (2004) first reported that older adults with metabolic syndrome were nearly twice as likely to experience cognitive decline as those without the condition, a finding later corroborated by longitudinal cohorts linking midlife obesity, hypertension, and dyslipidemia to late-life dementia (Kivipelto et al., 2005). These associations suggest that metabolic dysregulation exerts its deleterious effects decades before clinical neurodegenerative syndromes emerge. This is consistent with the notion of a prodromal phase of dementia in which systemic risk factors shape vulnerability to later neuropathology (Livingston et al., 2020).
The mechanistic underpinnings of this association are multifactorial and synergistic. Insulin resistance appears central, given its pivotal role in neuronal energy metabolism. Under normal conditions, insulin facilitates neuronal glucose uptake, regulates synaptic plasticity, and promotes survival pathways through phosphoinositide 3-kinase and Akt signalling (Craft & Watson, 2004). In states of insulin resistance, these pathways are blunted, leading to reduced glucose utilisation and impaired long-term potentiation, both of which are critical for memory formation (Arnold et al., 2018). Furthermore, hyperinsulinemia enhances amyloidogenic processing of amyloid precursor protein, thereby increasing amyloid-beta deposition—a pathological hallmark of Alzheimer’s disease (Talbot et al., 2012). Together, these effects link systemic insulin resistance to the neuropathological processes underlying cognitive decline.
Neuroimaging data lend strong support to these mechanisms. Structural imaging demonstrates reduced hippocampal volumes and cortical thinning in individuals with metabolic syndrome, with changes most pronounced in regions vulnerable to Alzheimer’s pathology (Segura et al., 2009). White matter hyperintensities and microstructural abnormalities, observed through diffusion tensor imaging, point to widespread disruption of connectivity, which is consistent with impaired executive function and processing speed (Yates et al., 2012). Functional MRI studies showing altered network connectivity in metabolic syndrome further suggest that insulin resistance and dyslipidemia impair not only structural integrity but also functional efficiency of brain networks (García-Casares et al., 2016).
Dyslipidemia exerts parallel and complementary effects on the brain. Elevated triglycerides and low high-density lipoprotein cholesterol are associated with small vessel disease, lacunar infarcts, and white matter lesions, all of which contribute to vascular cognitive impairment (Dearborn et al., 2014). Beyond vascular contributions, lipid metabolism directly influences amyloid-beta clearance and blood–brain barrier integrity. Van der Lee et al. (2018) demonstrated that high plasma cholesterol was associated with increased cerebral amyloid burden and impaired barrier function, suggesting that lipid dysregulation exacerbates amyloid pathology. Moreover, oxidative stress and endothelial dysfunction induced by dyslipidemia amplify neuroinflammation, further compounding neuronal injury (Reitz et al., 2011). These findings highlight dyslipidemia as both a vascular and neurodegenerative risk factor, acting synergistically with insulin resistance.
Stroke represents another important neurological sequela of metabolic syndrome. Large-scale cohort studies consistently report that metabolic syndrome increases the risk of ischemic stroke, with the magnitude of risk rising in proportion to the number of syndrome components present (Alberti et al., 2009; Mottillo et al., 2010). Notably, both insulin resistance and dyslipidemia independently predict stroke incidence and severity. Post-stroke outcomes are also adversely affected, as metabolic dysfunction is associated with worse recovery and higher rates of recurrence. These findings underscore the need for aggressive metabolic control in stroke prevention and rehabilitation.
Beyond neurodegenerative and cerebrovascular disease, metabolic syndrome also has important neuropsychiatric implications. Insulin resistance has been repeatedly linked to depression, with longitudinal studies showing that individuals with type 2 diabetes and metabolic syndrome are at elevated risk of depressive symptoms (Milaneschi et al., 2019). Proposed mechanisms include impaired insulin signalling in the brain’s reward circuits, leading to anhedonia, as well as inflammatory cytokine activation, which has been implicated in both metabolic and mood disorders (Miller & Raison, 2016). Dyslipidemia also appears to play a role, as abnormal lipid metabolism has been observed in patients with major depressive disorder and bipolar disorder, although causal relationships remain under investigation (Chang et al., 2017). These psychiatric associations highlight that the neurological sequelae of metabolic syndrome extend beyond cognition to include mood regulation, with implications for overall quality of life.
The bidirectional nature of the relationship between metabolic syndrome and brain health deserves emphasis. While metabolic dysfunction clearly contributes to brain pathology, neurological impairment can in turn exacerbate metabolic dysregulation. For instance, hypothalamic insulin resistance disrupts appetite regulation and energy balance, leading to worsening obesity and insulin resistance (Kullmann et al., 2016). Similarly, cognitive decline may impair adherence to dietary, pharmacological, and lifestyle interventions necessary for metabolic control. This reciprocal relationship creates a vicious cycle in which brain dysfunction and metabolic syndrome reinforce one another. Recognising this bidirectionality is critical for developing interventions that simultaneously target both metabolic and neurological outcomes.
Despite these advances, several uncertainties remain. Not all individuals with metabolic syndrome develop neurological sequelae, suggesting heterogeneity in vulnerability. Genetic factors such as APOE genotype, epigenetic modifications, and environmental exposures likely modify risk, though these interactions are not fully understood (Ekblad et al., 2017). The relative contributions of insulin resistance versus dyslipidemia to specific neurological outcomes also remain to be clarified. While both pathways are deleterious, the extent to which they converge on common mechanisms such as oxidative stress and inflammation, or whether they exert distinct pathogenic effects, warrants further investigation.
Therapeutic strategies addressing the neurological burden of metabolic syndrome are emerging but remain underdeveloped. Lifestyle modification, including dietary changes, physical activity, and weight management, has shown efficacy in improving both metabolic parameters and cognitive outcomes. The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) demonstrated that a multidomain lifestyle intervention reduced cognitive decline among older adults at risk of dementia, many of whom had features of metabolic syndrome (Ngandu et al., 2015). Pharmacological approaches such as metformin and GLP-1 receptor agonists, widely used in the management of insulin resistance and type 2 diabetes, have shown promise in preclinical and clinical studies for their potential neuroprotective effects, though results remain mixed (Bharadwaj et al., 2017). Lipid-lowering agents such as statins have been associated with reduced risk of dementia in some observational studies, though randomised controlled trials have produced inconsistent findings (Swiger et al., 2013).
Novel therapies directly targeting neuro-metabolic pathways are under active investigation. Intranasal insulin delivery, which bypasses the blood–brain barrier, has been shown to enhance memory performance in individuals with mild cognitive impairment and early Alzheimer’s disease (Benedict & Hallschmid, 2014). Similarly, agents modulating lipid metabolism and anti-inflammatory pathways are being explored for their potential to protect against both metabolic and neurological decline. Future research should focus on stratifying patients based on metabolic and genetic profiles to identify those most likely to benefit from targeted interventions.
From a public health perspective, the implications of these findings are considerable. With metabolic syndrome affecting nearly one-quarter of the global population, the potential burden of associated neurological disorders is enormous (Saklayen, 2018). The convergence of metabolic and neurological epidemics—obesity, diabetes, dementia, and depression—poses a significant challenge to healthcare systems worldwide. Prevention strategies must therefore adopt a holistic approach that simultaneously addresses cardiometabolic and brain health. Policy initiatives promoting a healthy diet, physical activity, and early screening for metabolic syndrome could have downstream benefits in reducing the incidence of dementia and other neurological conditions.
Conclusion
In conclusion, the evidence reviewed here demonstrates that metabolic syndrome, through the dual pathways of insulin resistance and dyslipidemia, exerts profound and multifaceted effects on the brain. These effects encompass structural and functional brain changes, cognitive impairment, neurodegeneration, cerebrovascular disease, and psychiatric disorders. The relationship is bidirectional, creating a vicious cycle in which metabolic dysfunction and neurological impairment perpetuate one another. Therapeutic and preventive strategies targeting both metabolic and neurological pathways hold promise but require further development and validation. As the prevalence of metabolic syndrome continues to rise globally, recognising and addressing its neurological sequelae is essential for preserving brain health, reducing disability, and improving quality of life across populations.
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