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Cerebral small vessel disease (CSVD) is a leading cause of stroke and vascular 
cognitive impairment, but its metabolic determinants are not fully understood. 
Emerging evidence indicates that insulin resistance (IR) plays a crucial role in CSVD 
through vascular, inflammatory, and oxidative mechanisms. Higher IR levels may be 
associated with greater burdens of white matter hyperintensities, lacunes, cerebral 
microbleeds, and enlarged perivascular spaces. Mechanistic studies suggest that 
IR impairs endothelial nitric oxide signaling, disrupts the blood–brain barrier, 
promotes vascular remodeling, and alters astrocytic aquaporin-4 polarization, 
which together aggravate both ischemic and hemorrhagic microvascular injury. 
Clinically, IR represents a modifiable target, and interventions that reduce IR, including 
the use of pioglitazone, metformin, glucagon-like peptide-1 receptor agonists, 
physical activity, and dietary modification, may help slow CSVD progression. This 
mini review summarizes current epidemiological and mechanistic evidence linking 
IR to CSVD and highlights the potential of metabolic regulation as a strategy to 
prevent or mitigate small-vessel–related brain injury.
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1 Introduction

Cerebral small vessel disease (CSVD) encompasses a group of pathological processes 
affecting the small arteries, arterioles, venules, and capillaries of the brain (Wardlaw et al., 
2019). The characteristic imaging features include white matter hyperintensities (WMH), 
lacunes, cerebral microbleeds (CMBs), enlarged perivascular spaces (EPVS), and brain atrophy 
(Wardlaw et al., 2013). CSVD is highly prevalent in the elderly population and has been 
recognized as a major contributor to stroke, cognitive decline, gait disturbances, and late-life 
depression (Ostergaard et al., 2016; Su et al., 2022; Castello et al., 2022). With the global 
demographic shift toward aging societies, the burden of CSVD is expected to increase 
substantially, making the identification of modifiable risk factors and the elucidation of 
underlying mechanisms of paramount importance.

Insulin resistance (IR), defined as a diminished sensitivity of peripheral tissues to insulin, 
represents a key metabolic abnormality that underlies type 2 diabetes and metabolic syndrome 
(Lee et al., 2022). Beyond its established role in cardiovascular disease, IR has recently gained 
attention as a potential contributor to cerebrovascular pathology (Tian et al., 2022; Frosch et 
al., 2017). While extensive research has focused on the link between IR and large-vessel 
atherosclerosis (Reardon et al., 2018), emerging evidence suggests that IR may also play a 
critical role in microvascular injury and, consequently, in the pathogenesis of CSVD (Nam et 
al., 2020; Teng et al., 2022). Notably, these effects may occur independently of overt diabetes, 
highlighting IR as an early and potentially modifiable risk factor (Wu et al., 2022).

Despite growing interest, the relationship between IR and CSVD remains insufficiently 
explored. Most existing studies have focused on diabetic populations or metabolic syndrome 
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as a whole, while fewer have specifically addressed IR. Moreover, 
diverse surrogate indices have been used to quantify IR, which 
complicates comparisons across studies and limits clinical translation. 
This review aims to summarize current evidence linking IR with 
CSVD, discuss potential mechanisms, evaluate different IR indices, 
and highlight the clinical implications for prevention and 
management.

2 Assessment of IR

The hyperinsulinemic–euglycemic clamp is the gold standard for 
assessing IR but is impractical for large studies (Delai et al., 2022; Kim, 
2009). Therefore, several surrogate indices have been developed using 
routine biochemical parameters. The homeostasis model assessment 
of insulin resistance (HOMA-IR) is the most commonly used, though 
it depends on fasting insulin assays (Anoop et al., 2021; Kosmas et al., 
2024; Aliyu et al., 2025). It is calculated as fasting insulin (μU/
mL) × fasting glucose (mmol/L) divided by 22.5. The triglyceride-
glucose (TyG) index, calculated from fasting triglycerides and glucose, 
has gained popularity as a simple and reliable alternative that 
correlates well with clamp results and predicts metabolic and vascular 
outcomes (Son et al., 2022; Wu et al., 2021). It is defined as the natural 
logarithm of [fasting triglycerides (mg/dL) × fasting glucose (mg/
dL)/2]. Other indices, including the metabolic score for insulin 
resistance (METS-IR) and the quantitative insulin sensitivity check 
index (QUICKI), also provide feasible measures of insulin sensitivity 
(Bello-Chavolla et al., 2018; Skrha et al., 2004). Among these, the TyG 
index appears particularly suitable for CSVD research because it is 
simple, reproducible, and applicable in large-scale epidemiological 
settings.

3 Relationship between IR and 
imaging findings of CSVD

3.1 White matter hyperintensities

WMH are hyperintense lesions on T2-weighted or fluid attenuated 
inversion recovery (FLAIR) magnetic resonance imaging (MRI), 
located in periventricular and deep white matter, and represent chronic 
ischemic injury of presumed vascular origin (Wardlaw et al., 2013). 
Multiple cross-sectional studies have demonstrated that IR is positively 
associated with WMH burden. In a Korean cohort of over 2,600 
individuals, the TyG index showed a dose–response association with 
WMH volume, outperforming HOMA-IR in multivariable models 
(Nam et al., 2020). Similarly, in Japanese non-diabetic stroke patients, 
higher HOMA-IR independently predicted severe WMH grades 
(Katsumata et al., 2010). In the Maastricht Study, WMH volumes 
increased progressively from normoglycemia to prediabetes and type 
2 diabetes, highlighting that metabolic dysfunction contributes to 
white matter injury even before overt diabetes develops (van Agtmaal 
et al., 2018). Nevertheless, prospective evidence is less consistent: in the 
Atherosclerosis Risk in Communities cohort, baseline IR score did not 
significantly predict 10-year WMH progression after full adjustment 
(Dearborn et al., 2015). The IR score was constructed via principal 
components analysis to capture combined effects of central obesity and 
insulin resistance, based on key variables like body mass index, waist 

measures, insulin, and HOMA-IR. Overall, a potential relationship 
between IR and WMH has been reported in cross-sectional studies, 
but longitudinal evidence remains limited or inconclusive.

3.2 Lacunes

Lacunes are defined as round or ovoid, cerebrospinal fluid-filled 
cavities (3–15 mm in diameter) in the deep gray or white matter, 
reflecting the chronic sequelae of small subcortical infarcts (Wardlaw 
et al., 2013). Both cross-sectional and longitudinal data support a robust 
association between IR and lacunes. In the cohort of non-diabetic 
adults, higher IR was significantly associated with lacunes, with 
mediation analyses showing that 30–40% of the effect was explained by 
elevated blood pressure (Zhou et al., 2024). In a large community-based 
cohort of nondiabetic adults in southeastern China, lower HOMA-IR 
was independently associated with a higher prevalence of lacunes and 
greater total CSVD burden (Zhou et al., 2022). Longitudinally, a cohort 
demonstrated that an IR composite score predicted incident lacunes 
over a decade, even when WMH progression was not significantly 
associated (Dearborn et al., 2015). Together, these findings suggest that 
IR may be an important risk factor for lacunes, potentially acting both 
directly and through its association with hypertension.

3.3 Cerebral microbleeds

CMBs appear as small hypointense lesions on T2-weighted or 
susceptibility-weighted MRI, reflecting hemosiderin deposits from 
prior microhemorrhage (Wardlaw et al., 2013). The evidence linking 
IR to CMBs is limited but emerging. A hospital-based study in older 
Chinese CSVD patients found that individuals in the highest 
HOMA-IR quartile had more than double the odds of CMBs compared 
with the lowest quartile, independent of age, blood pressure, and lipids 
(Li et al., 2023). In contrast, the Maastricht Study, conducted in a 
middle-aged community sample, found no significant association 
between prediabetes or diabetes and CMBs prevalence (van Agtmaal 
et al., 2018). These discrepancies may reflect differences in population 
risk profiles, lesion burden, and imaging sensitivity. Importantly, the 
distribution of CMBs reflects distinct pathologies. Deep CMBs, located 
in the basal ganglia, thalamus, or brainstem, are linked to hypertensive 
arteriopathy. Lobar CMBs, found in cortical and subcortical areas, are 
more typical of cerebral amyloid angiopathy (CAA) (Kuo et al., 2024). 
Current evidence suggests that IR may preferentially contribute to deep 
CMBs through mechanisms related to vascular remodeling and 
endothelial dysfunction in the context of metabolic syndrome (Hayden, 
2024). However, most existing studies do not distinguish between deep 
and lobar lesions. Failure to account for this anatomical heterogeneity 
may obscure mechanistic links and dilute observed associations. Future 
longitudinal studies with topographic stratification of CMBs are 
needed to clarify whether IR specifically contributes to hypertensive-
type microangiopathy versus amyloid-related vascular injury.

3.4 Enlarged perivascular spaces

EPVS are small, linear or ovoid fluid-filled structures along 
penetrating vessels, visible on T2-weighted MRI, and reflect impaired 
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interstitial fluid clearance and microvascular dysfunction (Wardlaw et 
al., 2013). Emerging evidence implicates IR in EPVS burden. In a 
study of 235 non-diabetic Chinese older adults, higher HOMA-IR 
values were independently associated with a greater likelihood of 
moderate-to-severe basal ganglia EPVS, even after adjustment for 
conventional vascular risk factors (Wu et al., 2020). Another study 
using the TyG index showed significant associations with moderate-
to-severe EPVS, particularly in the centrum semiovale (Cai et al., 
2022). Although regional differences were noted, current studies 
suggest a potential link between IR and perivascular dysfunction. 
However, the evidence is limited, predominantly cross-sectional, and 
requires confirmation in longitudinal studies across diverse 
populations.

3.5 Global CSVD burden

Composite CSVD scores integrate WMH, lacunes, CMBs, and 
EPVS, offering a holistic measure of microvascular injury. Studies 
consistently report that insulin-resistant individuals have higher total 
CSVD scores. In a Chinese cohort of 156 non-diabetic adults, IR was 
significantly associated with greater CSVD burden, with a dose-
dependent relationship between HOMA-IR levels and total CSVD 
score (Yang et al., 2019). In a larger cohort, IR was similarly linked to 
higher CSVD scores, with mediation analyses showing that 40–50% 
of the effect was explained by blood pressure (Zhou et al., 2024). These 
findings imply that IR may contribute to diffuse cerebral microvascular 
injury, potentially affecting multiple lesion types rather than a 
single marker.

Taken together, IR appears to be associated with multiple MRI 
features of CSVD, with the most consistent evidence for lacunes and 
EPVS. The link to CMBs and WMH is supported by preliminary 
studies but remains less conclusive (Table 1). Importantly, IR correlates 
with higher global CSVD burden, reinforcing its role as a systemic risk 

factor for diffuse microvascular injury. While part of this effect is 
mediated by hypertension and obesity, consistent independent 
associations suggest direct microvascular effects of IR. Longitudinal 
and interventional studies are needed to establish causality and to 
evaluate whether reducing IR can slow CSVD progression.

4 Pathophysiological mechanisms 
linking IR and CSVD

IR influences CSVD through a multifactorial network of interrelated 
mechanisms. These include endothelial dysfunction, blood–brain 
barrier (BBB) disruption, vascular remodeling via hypertension, chronic 
inflammation and oxidative stress, impaired glymphatic clearance, and 
neurovascular unit (NVU) dysfunction involving glial activation 
(Figure 1). Each of these processes contributes to the development of 
hallmark CSVD features such as WMH, lacunes, CMBs, and EPVS.

4.1 Endothelial dysfunction and impaired 
nitric oxide signaling

In healthy endothelium, insulin signaling activates the PI3K–Akt 
pathway, stimulating nitric oxide (NO) production and vasodilation 
(Hernandez-Resendiz et al., 2015). In IR, this pathway is selectively 
impaired, while the MAPK pathway remains active, leading to 
diminished NO bioavailability, increased endothelin-1 release, and 
heightened vasoconstriction (Quinones et al., 2005; Bai et al., 2022). 
Clinical studies link higher HOMA-IR or TyG index to reduced flow-
mediated dilation and elevated circulating markers of endothelial 
injury (Zhu et al., 2024; Berezin et al., 2016). Experimental data 
further show that IR diminishes endothelial NO synthase (eNOS) 
activity, resulting in microvascular rarefaction and impaired cerebral 
autoregulation (Katakam et al., 2012; Carter et al., 2023). These 

TABLE 1  Key studies examining the association between IR and CSVD imaging markers.

Study Study 
design

Metabolic exposure CSVD marker(s) Main findings

Nam et al. (2020) Cross-sectional TyG index WMH Higher TyG index was associated with WMH volume

Katsumata et al. 

(2010)

Cross-sectional HOMA-IR WMH Higher IR was associated with greater WMH severity

van Agtmaal et al. 

(2018)

Cross-sectional OGTT WMH, CMBs Prediabetes and T2DM were associated with greater WMH 

burden, but not CMBs

Dearborn et al. 

(2015)

Longitudinal IR score WMH, Lacunes IR score was associated with lacunes but not WMH progression

Zhou et al. (2024) Cross-sectional HOMA-IR Lacunes, WMH, Global 

CSVD burden

Blood pressure partially mediated the association between IR and 

lacunes, WMH, and CSVD total burden

Zhou et al. (2022) Cross-sectional HOMA-IR, Insulin sensitivity 

index (ISI0,120)

Lacunes, WMH, Global 

CSVD burden

Higher IR was associated with greater lacunes, WMH, and CSVD 

total burden

Li et al. (2023) Cross-sectional HOMA-IR CMBs IR was associated with presence and burden of CMBs

Wu et al. (2020) Cross-sectional HOMA-IR EPVS Higher IR was independently associated with EPVS burden

Cai et al. (2022) Cross-sectional TyG index EPVS Elevated TyG index was associated with increased EPVS

Yang et al. (2019) Cross-sectional HOMA-IR Global CSVD burden IR was an independent risk factor for total CSVD burden

CMBs, cerebral microbleeds; CSVD, cerebral small vessel disease; EPVS, enlarged perivascular spaces; HOMA-IR, homeostasis model assessment of insulin resistance; IR, insulin resistance; 
TyG, triglyceride-glucose; OGTT, oral glucose tolerance test; WMH, white matter hyperintensities.
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abnormalities reduce perfusion in vulnerable white matter regions, 
predisposing to WMH and lacunes formation.

4.2 Blood–brain barrier disruption

The BBB maintains brain homeostasis through tight junctions 
between endothelial cells (Ashby and Mack, 2021). IR-related 

endothelial dysfunction destabilizes these junctions by reducing NO 
signaling, increasing oxidative stress, and upregulating matrix 
metalloproteinases (MMP)(Alshammari et al., 2024; Chen et al., 2025; 
de Aquino et al., 2018). Dynamic MRI studies demonstrate increased 
BBB permeability in IR and diabetic patients, even before overt CSVD 
lesions appear (Chen et al., 2021; Starr et al., 2003; Zhang et al., 2019). 
Disrupted barriers permit extravasation of plasma proteins and 
inflammatory mediators, which accumulate in perivascular spaces, 

FIGURE 1

Mechanistic pathways linking insulin resistance to cerebral small vessel disease and potential interventions. (A) Insulin resistance may promote CSVD 
via endothelial dysfunction, BBB disruption, inflammation, vascular remodeling, impaired clearance, and glial activation. (B) Both pharmacologic and 
lifestyle interventions targeting insulin resistance show potential to mitigate CSVD-related brain injury through diverse mechanisms and evidence 
levels.
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exacerbate white matter injury, and promote CMBs formation (Jia et 
al., 2024). IR-related BBB impairment therefore contributes to both 
ischemic and hemorrhagic CSVD manifestations.

4.3 Hypertension and vascular remodeling

IR is closely linked to hypertension via sympathetic activation, 
sodium retention, and vascular stiffness (Sinha and Haque, 2022). 
Chronic hyperinsulinemia augments renin-angiotensin-aldosterone 
system (RAAS) activity and enhances vascular smooth muscle growth, 
promoting arteriolosclerosis and lipohyalinosis (Tanaka, 2020). 
Pathological remodeling narrows the lumen of penetrating arterioles, 
leading to chronic hypoperfusion and increased risk of vessel rupture 
(Katsi et al., 2024). Epidemiological mediation analyses confirm that 
blood pressure partially explains the association between IR and 
CSVD burden, particularly lacunes and WMH (Zhou et al., 2024). 
Thus, IR-driven hypertension acts as both a mediator and amplifier of 
microvascular pathology.

4.4 Inflammation and oxidative stress

IR represents a state of chronic low-grade inflammation 
characterized by elevated tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), and C-reactive protein (CRP)(Suren Garg et al., 
2023). These mediators activate NF-κB signaling in endothelial cells, 
increasing adhesion molecule expression and leukocyte infiltration 
(Menon et al., 2023). Concurrently, oxidative stress from 
mitochondrial ROS and advanced glycation end-products (AGEs) 
damages vessel walls, uncouples eNOS, and promotes demyelination 
(Ji et al., 2022; Haase et al., 2024; Deng et al., 2018; He et al., 2019). 
Clinical data indicate that inflammatory biomarkers, including 
TNF-α, IL-6, and CRP, are positively correlated with CSVD lesion load 
(Zhang et al., 2022). Experimental studies further demonstrate that 
antioxidants ameliorate white matter damage in diabetic animal 
models (Wang et al., 2019; Infante-Garcia and Garcia-Alloza, 2019). 
Together, inflammation and oxidative stress provide a unifying 
mechanism for WMH progression, lacune formation, and 
microvascular fragility underlying CMBs (Wan et al., 2023).

4.5 Impaired glymphatic and perivascular 
clearance

The glymphatic system removes interstitial solutes via perivascular 
pathways (Iliff et al., 2012). IR impairs this system through multiple 
mechanisms. It causes arterial stiffening that reduces perivascular 
pulsatility, promotes vascular wall thickening that narrows 
perivascular channels, and induces astrocytic dysfunction that 
disturbs aquaporin-4 (AQP-4) polarization (Meng et al., 2023; Ozkan 
et al., 2023). Rodent models of diabetes demonstrate slowed interstitial 
clearance and cognitive decline (Deng et al., 2024), while human 
studies reveal associations between IR indices and increased EPVS 
burden (Wu et al., 2020; Cai et al., 2022). Impaired clearance leads to 
accumulation of metabolic wastes such as amyloid-β, further 
damaging vessel walls and aggravating CSVD pathology (Lee et 
al., 2024).

4.6 Glial activation and neurovascular unit 
dysfunction

The NVU coordinates neuronal activity with vascular responses. 
IR disrupts this system by inducing astrocytic gliosis, microglial 
activation, and pericyte degeneration (Hayden, 2019). Microglia in 
insulin-resistant states adopt a pro-inflammatory phenotype, 
releasing cytokines and proteases that injure myelin and 
endothelium (Sun and Mi, 2025; Jackson et al., 2020). Astrocytic 
dysfunction impairs gliovascular coupling, reducing adaptive 
vasodilation in response to neuronal demand (Masamoto et al., 
2015). These changes result in chronic hypoperfusion, 
demyelination, and progressive WMH. Functional imaging studies 
corroborate impaired cerebrovascular reactivity in individuals with 
IR (Chantler et al., 2015), linking NVU dysfunction to cognitive 
decline in CSVD.

Taken together, IR exerts a multifaceted impact on the cerebral 
microvasculature. Endothelial dysfunction, BBB breakdown, 
hypertension, inflammation, impaired clearance, and glial activation 
converge to drive CSVD pathology. These mechanisms act 
synergistically, creating a self-perpetuating cycle of vascular injury. 
Future studies should focus on disentangling direct versus indirect 
effects of IR, clarifying longitudinal causal pathways, and evaluating 
whether interventions that reduce IR can prevent or mitigate CSVD 
progression.

5 Potential intervention strategies

Given the converging epidemiological and mechanistic evidence 
that IR contributes to the burden of CSVD, the clinical implications 
of these findings deserve attention. Recognition of IR as a modifiable 
metabolic abnormality provides opportunities for both risk 
stratification and therapeutic intervention in patients with CSVD 
(Figure 1).

Targeting IR pharmacologically represents a promising 
therapeutic approach. A large randomized controlled trial showed that 
pioglitazone reduced recurrent vascular events in non-diabetic 
patients with IR after ischemic stroke, supporting the therapeutic 
potential of targeting metabolic dysfunction in cerebrovascular 
disease (Kernan et al., 2016). Long-term metformin use has been 
linked to lower CSVD burden and better post-stroke outcomes in 
patients with CSVD, though causal effects remain to be validated in 
randomized trials (Teng et al., 2021; Akiyama et al., 2024). Glucagon-
like peptide-1 receptor agonists, which improve metabolic control and 
reduce stroke incidence in large outcome trials, offer another 
promising class with potential cerebrovascular benefits (Stefanou et 
al., 2024). Although these agents have not yet been specifically 
validated for CSVD, their pleiotropic effects, including improvement 
of endothelial function, reduction of inflammation, and mitigation of 
vascular risk, make them attractive candidates for future investigations.

Lifestyle interventions remain the cornerstone of IR management 
and may indirectly protect the cerebral microvasculature. Aerobic 
exercise reduces IR, enhances cerebrovascular reactivity, and has been 
linked to healthier white matter integrity (Pani et al., 2022). Adherence 
to Mediterranean-style diets correlates with lower white matter lesion 
volumes and improved microstructural connectivity, likely via anti-
inflammatory and antioxidative effects (Samuelsson et al., 2023). 
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Sustained weight loss reduces IR and may modestly attenuate lesion 
progression (Espeland et al., 2016). Multidomain approaches, as tested 
in the Finnish Geriatric Intervention Study, integrate diet, exercise, 
and vascular risk management, and have shown cognitive benefits in 
at-risk populations, suggesting potential applicability to CSVD 
prevention (Ngandu et al., 2015).

6 Limitations and interpretation of 
current evidence

Despite accumulating evidence linking IR to CSVD, several 
important limitations should be considered when interpreting current 
findings. First, CSVD represents a heterogeneous spectrum of imaging 
phenotypes, including WMH, lacunes, CMBs, and EPVS, which may 
reflect partially distinct underlying pathophysiological processes. 
Associations observed for one CSVD marker may not necessarily 
generalize to others, and pooling these phenotypes may obscure 
marker-specific relationships.

Second, most available studies are cross-sectional in design, 
limiting causal inference. Although longitudinal data suggest that IR 
may precede progression of certain CSVD features, these findings 
remain inconsistent and are vulnerable to residual confounding. In 
particular, hypertension and obesity frequently coexist with IR and 
may act as important confounders or mediators, especially for deep 
perforator-related lesions. Disentangling the independent contribution 
of IR from these closely related vascular risk factors remains 
challenging.

Third, interventional evidence linking improvement of IR to 
changes in CSVD imaging outcomes is scarce. While pharmacological 
and lifestyle interventions targeting IR have demonstrated benefits 
on vascular events and cognitive outcomes, dedicated trials 
incorporating CSVD imaging endpoints are largely lacking. As a 
result, current conclusions regarding therapeutic modulation of 
CSVD through IR should be viewed as hypothesis-generating rather 
than definitive.

Overall, these limitations underscore the need for well-designed 
longitudinal studies and interventional trials with standardized CSVD 
imaging outcomes to clarify causal pathways and clinical relevance.

7 Conclusion and outlook

IR is an emerging and potentially modifiable contributor to 
CSVD. Based on current evidence, the following points summarize 
key insights:

While most evidence linking IR to CSVD is cross-sectional, 
emerging studies suggest associations across multiple imaging 
markers.

IR may influence CSVD through endothelial dysfunction, 
inflammation, and impaired vascular homeostasis.

Its modifiable nature makes IR a potential target for interventions 
aiming to preserve brain health.

Longitudinal and interventional studies with neuroimaging 
endpoints are needed to clarify causal pathways and therapeutic value.
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