
Impact of diabetes and ischemic stroke on the 
cerebrovasculature: A female perspective

Victoria Wolf1,2, Yasir Abdul1,2, Weiguo Li1,2, Adviye Ergul1,2

1Ralph H. Johnson VA Medical Center, Charleston, SC;

2Department of Pathology & Laboratory Medicine, Medical University of South Carolina, 
Charleston, SC

Abstract

There is a very complex interaction between the brain and the cerebral vasculature to meet 

the metabolic demands of the brain for proper function. Preservation of vascular networks 

and cerebrovascular function ultimately plays a key role in this intricate communication 

within the brain in health and disease. Experimental evidence showed that diabetes not only 

affects the architecture of cerebral blood arteries causing adverse remodeling, pathological 

neovascularization, and vasoregression, but also alters cerebrovascular function resulting in 

compromised myogenic reactivity and endothelial dysfunction. Coupled with the disruption of 

blood brain barrier (BBB) integrity, changes in blood flow and microbleeds into the brain can 

rapidly occur. When an ischemic insult is superimposed on this pathology, not only is the 

neurovascular injury greater, but repair mechanisms fail, resulting in greater physical and cognitive 

deficits. While clinically it is known that women suffer disproportionately from diabetes as well 

as ischemic stroke and post-stroke cognitive impairment, the cerebrovascular architecture, patho/

physiology, as well as cerebrovascular contributions to stroke recovery in female and diabetic 

animal models are inadequately studied and highlighted in this review.
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Introduction

The cerebral circulation has unique features that are critical for brain function. First, the 

brain is a highly metabolic organ needing about 20% of cardiac output with each systole 

and as such relies on constant cerebral blood flow (CBF)1. Second, tight autoregulation 

of CBF achieved by myogenic, metabolic, chemical, and endocrine processes protects the 

brain from fluctuations in perfusion pressure and provides the blood supply2. Third, cerebral 

perfusion is fine-tuned by neurovascular coupling to deliver blood where there is a higher 

need3. Fourth, the blood brain barrier (BBB), formed by the endothelium, basal lamina, 

astrocytes and pericytes, provides extra protection for the brain. Thus, it is not surprising 
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that an extensive vascular network with specialized architecture exists to achieve such 

complex functions1. It is also not surprising that brain health is linked to cardiovascular 

health4. Metabolic diseases such as obesity, insulin resistance, and diabetes are not only 

major risk factors for cardiovascular disease but also cerebrovascular diseases including 

stroke and cognitive impairment5. In this context, it has to be recognized that there are 

sex differences in cerebrovascular function/architecture as well as in the metabolic diseases 

that have detrimental impact on the cerebrovasculature6,7. A recent comprehensive review 

on cerebrovascular physiology highlighted that while considerable work has been reported 

in male animal models under physiological and pathological conditions, our knowledge of 

cerebrovascular function and structure in females is limited8. Here we will focus on what is 

known about the sex dependent influences of diabetes on recovery from ischemic stroke.

Sex hormones and their receptors in the cerebrovasculature mediate many of the sex 

differences in cerebrovascular reactivity and regulation of blood flow6, angiogenesis 

and cerebrovascular remodeling9, and inflammation and oxidative stress10,11. The 

cerebrovasculature is an important target of sex hormones, including androgens, estrogens, 

progestins, and their derivatives, throughout the female lifespan. Steroid hormone receptors 

ER-alpha, ER-beta, and AR have been identified in human brain microvascular endothelial 

cells and vascular smooth muscle cells in both males and females12,13. The variations 

in sex hormone levels throughout a female’s reproductive lifespan have been associated 

with persistent sex differences in cerebral blood flow6. However, more research is needed 

to understand how fluctuations in sex hormones spanning from puberty, pregnancy, and 

menopause contribute to underlying changes in cerebrovascular structure and function.

The purpose of this review is to provide an update on cerebrovascular structure and function 

in metabolic diseases and stroke from a female perspective. The review is organized into 

two main sections focusing on cerebrovascular structure/architecture, including BBB, and 

cerebrovascular function, including vasoreactivity and CBF. Each section starts with what is 

known under physiological conditions, followed by what is known in diabetes and finally 

how ischemic stroke affects the cerebrovasculature under these experimental conditions, 

if known. We also point out specific examples of sex hormonal influence on parts of the 

cerebrovasculature.

A. Cerebrovascular Networks and Structure

There are three tiers of vasculature that supply blood to the brain14,15. Surface pial 

arteries and veins forming the top level provide circulation of the surface of the brain2,16. 

Penetrating arteries originating from this network form the second level and give rise 

to penetrating arterioles that dive deep into the brain parenchyma17. The third tier is 

the 3-dimensional capillary network. Intracerebral arterioles and capillaries form the 

neurovascular unit where there is constant bidirectional communication among neurons, 

glial cells, and the vasculature to couple neuronal signals to vascular responses17. 

In population-based studies, microvascular dysfunction manifesting as white matter 

hyperintensities18,19 or as lacunes20 are associated with increased risk for stroke and global 

or selective cognitive deficits, changes in mood, decrease motor function21,22. Thus, there is 

a great interest to better understand the cerebrovascular networks but imaging of the small 
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vessels, especially capillaries, has been challenging. Most of our knowledge of the network 

topology and angioarchitecture of the brain comes from multiphoton imaging modalities, 

which have high resolution but are restricted to cortical layers due to penetration limitations, 

or reconstructed from 3-dimensional confocal imaging of brain sections, mostly from male 

animals8,23.

A1. Cerebrovascular angioarchitecture in female and male experimental 
models—There are intrinsic structural differences between sexes in cerebrovascular 

angioarchitecture in animal models, such as young Sprague-Dawley (SD) rats24. Female 

middle cerebral arteries (MCAs) have a smaller wall thickness and inner diameter than male 

MCAs and are associated with diminished myogenic response and CBF autoregulation24. 

Female MCAs also have less vascular smooth muscle cells and more collagen in the tunica 

media than males. Although these structural differences do not lead to altered neurovascular 

coupling and cognition in young SD rats, it is currently unclear if they play a role in 

the development of CVD in aged animals. We discuss additional sex differences in other 

experimental models as they relate to diabetes and cerebrovascular angioarchitecture in 

section A2.

A recent elegant study provided comparative information with respect to geometry, topology 

and complexity of the cerebrovasculature of the entire brain as well as brain region specific 

information in both female and male mice using high resolution micro-CT imaging25. This 

study used vascular corrosion casts made by transcardial perfusion of a polyurethane resin in 

3-month-old mice. Analysis of the whole brain vasculature showed that vessels in the 2–15 

μm range formed the largest proportion of vessels in both female and male mice (Figure 

1). There were very intriguing sex differences. Total vascular volume was higher in females 

(2.2 × 1010 ± 4.0 × 109μm3) than in males (1.3 × 1010 ± 1.7 × 109μm3). On the other 

hand, intervessel distance was higher and revealed a larger number of parenchymal spaces in 

male mice. Fractal dimension, an index of complexity of structures, was greater in females 

suggesting a more intricate network. When the authors looked at the primary somatosensory 

cortex, they noted that 4 and 6 μm capillaries represented approximately 60% of the total 

population of vessel-vessel connections. Within this group of capillaries, they noted that 

branch points of 6 μm vessels were greater in female mice. The authors also reported 

subregion specific differences. For example, the density of capillaries was highest in the 

primary somatosensory cortex and lowest in the dentate gyrus in both female and male mice. 

Capillary length in the cingulate gyrus was higher in males, whereas in the medial orbital 

frontal cortex, females had greater values. In the context of ischemic stroke, the authors 

suggested that in addition to sex hormone effects, a greater total number of capillaries 

organized into a more complex network may be an important factor contributing to lower 

vulnerability to ischemic injury in adult female mice25. It was also noted that rarefaction 

of the cerebral collateral circulation reported with hormonal decline and/or metabolic risk 

factors may explain more severe ischemic injury after menopause26.

In terms of BBB, it is well established that female sex and sex hormones confer protective 

effects. Endothelial cells are the mainstay of BBB. Recent studies showed there are 

sex specific differences in endothelial cell biology/pathology27,28. For example, brain 

endothelial cells from female animals are more resistant to cell death28, which may 
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contribute to better BBB integrity in females. Studies, however, suggest that the protective 

effect of estrogen on BBB integrity declines with age and other disease conditions. Readers 

are referred to a recent review that summarizes sex differences in BBB permeability, tight 

junctions, leukocyte migration, water homeostasis and transport6.

A2. Diabetes, stroke and the cerebral vascularization in female and male 
experimental models—Metabolic diseases have been shown to induce remodeling and 

alterations of the structure of cerebrovasculature, but most studies were conducted using 

male animals8,29,30. Leptomeningeal arteries including pial arteries perfuse the superficial 

surface of the brain and provide collateral circulation. In a comprehensive study, different 

mouse models of hyperlipidemia, obesity, and diabetes were compared for pial collateral 

number as well as diameter in response to an ischemic insult in both sexes26. In obese mice 

(Lepob/ob) pial collateral numbers were equivalent to wild type but collateral diameter was 

reduced. However, fewer native pial collaterals were observed in mice with hyperlipidemia 

and moderate obesity (Ldlr−/− fed a Western diet), hyperlipidemic mice (Apoe−/− fed a 

normal diet), and type 1 diabetic mice (Ins2Akita). Mice with metabolic syndrome (Lepob/ob; 

Ldlr−/−) that have type 2 diabetes, hypertension, moderate obesity, and hyperlipidemia had 

pronounced reduction in perfusion as well as number and diameter of pial collaterals26. 

The authors did not report any sex differences. On the other hand, greater tortuosity as 

well as collateral numbers and size in the pial vasculature were reported in male Goto 

Kakizaki (GK) rats, a nonobese model of diabetes31. Diabetes significantly increased intra-

tree arteriole-to-arteriole anastomoses between pial anterior and middle cerebral arteries 

and the BBB permeability through the decrease in tight junction proteins31. Further studies 

using 3-dimensional reconstruction of the fluorescein isothiocyanate (FITC)-filled vessels 

showed greater cortical and striatal vascularization as evidenced by greater vascular density, 

volume, surface area, and branching in the GK model as compared to control Wistar 

rats32,33. As reported in other species, vascularization was greater in the cortex than striatum 

and these newly formed/remodeled vessels lacked proper pericyte coverage. Furthermore, 

colocalization of the FITC signal with isolectin B4, an endothelial cell marker, showed that 

there was relatively more isolectin staining in diabetic sections suggesting the presence of 

more non-perfused vessels32. These alterations that occurred early in the disease process did 

not progress as animals aged34.

A different model of diabetes, the Leprdb/db model, also showed greater branch density 

and tortuosity with a trend for decreased lumen diameter of the penetrating arterioles. 

There was an increase in vascular volume and surface area that was more dominant in 

the microvasculature32,33. Similar cortical and striatal aberrant vascularization patterns were 

observed in male rats in which diabetes was induced by a high fat diet/low streptozotocin 

(HFD/STZ) combination35. However, the same brain regions in female rats showed no 

difference in vascular volume, surface area, or density between control and HFD/STZ 

diabetic rats (unpublished data). Vascular density appeared to be greater in control and 

diabetic female rats than male rats as reported in control mice (Figure 2, unpublished 

results). On the other hand, a direct comparison of the vascularization status of the dentate 

gyrus, an important domain for learning and memory, between control and diabetic female 

and male rats suggested sex differences36. While diabetes was associated with higher branch 
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density in both sexes, surface area was lower in diabetic males but higher in diabetic 

females. Interestingly, male diabetic rats had less neurons, but diabetes did not affect 

neuronal counts in females36.

As described above, diabetes alters both the structure and function of the cerebrovasculature. 

These changes may not only increase the risk but may also worsen the recovery and 

functional outcome when the brain is challenged with a second insult such as stroke37–39. It 

is now well accepted that protection of neuronal death is not sufficient for a recovery from 

stroke and neuro-restoration should be accompanied and supported by vascular restoration. 

It has been shown that male GK rats that exhibit pathological excessive vascularization 

as described above develop hemorrhagic transformation and profound loss of vasculature 

14 days after stroke in peri-infarct area, cortex and striatum relatively distal to the 

injured zone38,40. This loss is associated with increased endothelial apoptosis driven by 

peroxynitrite-mediated switch of VEGF-akt1-cell survival pathway to VEGF-MAPK-cell 

death pathway41. Treatment with metformin during the 14 day recovery period following 

stroke prevents this dramatic loss of vasculature resulting in better functional outcomes.

On the other hand, in type 1 diabetes, vascular density was reported to be increased in the 

peri-infarct area 14 days after stroke42. Another study measured vessel density and sprouting 

after photothrombotic stroke in a model of type 1 diabetes using elegant histological and 

in vivo time lapse imaging43. Stroke injury increased vascular density in both control and 

diabetic animals, and this was postulated to be a result of the robust dilation rather than the 

sprouting of vessels. Interestingly, this study also reported lesser branch points indicative of 

increased pruning after stroke as seen in GK rats but to a lesser extent43.

Studies with the HFD/STZ model of diabetes suggested that the loss of cerebrovasculature 

after stroke may be dependent on the extent of vascular injury and presence of hemorrhagic 

transformation induced by ischemia35. Indeed, a recent follow-up study showed that 

iron chelation by deferoxamine after thromboembolic stroke prevented the cerebral 

vasoregression and this was associated with better functional outcomes 14 days after 

stroke in male diabetic rats44. In diabetic female rats, thromboembolic stroke caused 

severe hemorrhagic transformation45 but in contrast to males, there was no obvious 

vasoregression (Figure 2, unpublished results). It is recognized differences between animal 

strains, experimental models, duration of insult and the number of metabolic risk factors 

present within each of these models may contribute to these differences but at least in 

the HFD/TZ model, same strain of animals were matched for age and duration/severity 

of diabetes were similar. In vitro studies utilizing male and female brain microvascular 

endothelial cell lines suggest that male cells may be more susceptible to ferroptosis, an iron 

dependent form of cell death, when challenged with iron or hypoxia44, whereas, female cells 

survive and undergo phenotypic changes such as endothelial mesenchymal transition under 

similar conditions (unpublished results). These differences in endothelial cell responses and 

vascular restoration patterns may be critical for developing sex specific therapies after stroke 

and warrant further investigations.
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B. Cerebrovascular Function

Diabetes has been associated with accelerated impairment of neurovascular coupling16. The 

cerebrovasculature relies on neurovascular coupling to maintain homeostasis of the cerebral 

microenvironment. Impairments in neurovascular coupling can lead to poor delivery of 

energy substrates necessary for neuronal activity and build-up of potentially harmful toxic 

by-products of brain metabolism3. Iadecola has provided two excellent reviews that provide 

an extensive overview of the potential mediators of neurovascular coupling, including the 

role of each cell type within the neurovascular unit3,46. In the following sections, we will 

discuss how some of these mediators are affected by sex and disease, leading to alterations 

in cerebrovascular function.

B1. Cerebrovascular physiology and CBF in female and male experimental 
models—CBF is tightly regulated by mechanisms intrinsic to the vascular wall, i.e. 

myogenic autoregulation, as well as responses to vasoactive factors. An earlier study 

compared myogenic tone in middle cerebral arteries (MCA) from male and female mice 

as well as in ovariectomized (OVX) and estrogen supplemented female mice. The authors 

provided evidence that sex and estrogen status affect myogenic reactivity of cerebral arteries 

and that inhibition of nitric oxide synthase (NOS) mediated greater myogenic tone in 

arteries from male mice47. Another study reported that MCA myogenic and distensibility 

characteristics exhibit significant sex- and strain-dependent differences48. For example, 

myogenic reactivity was impaired in male Wistar Kyoto (WKY) rats as well as in stroke-

prone spontaneously hypertensive rats (SHRSP) when compared to females in each strain. 

Comparison of SHRSP with WKY in males revealed similar myogenic reactivity, but in 

females SHRSP exhibited augmented myogenic reactivity. Stress-strain relationships in 

WKY rats showed stiffer vessels in females than in males. Conversely, in SHRSP, male 

vessels were stiffer than female vessels. A recent comparative study showed that aging 

augmented the myogenic reactivity of MCAs in female rats, but the effect was attenuated 

in males. The authors also reported that this effect in females was due to downregulation of 

large conductance potassium (BK) channels49. These differences in myogenic reactivity and 

tone may contribute to the differences in stroke-related cerebrovascular events in female and 

male animals.

Vasoactive substances may also exert sexually dimorphic contractile and/or dilatory 

responses. MCAs from female rodents display greater NO-dependent vasodilatation50,51. 

In general, estrogen promotes the production of vasodilatory factors such as NO and 

prostacyclin. However, as recently reviewed, estrogen-mediated vasoreactivity shows sex 

differences under pathological conditions6. It is interesting to note that contractile responses 

to endothelin-1 (ET-1) and angiotensin II are attenuated in human cerebral arteries isolated 

from women52. While regulation of cerebral vasoreactivity is multifactorial, given that 

ET-1 is the most potent vasoconstrictor with proliferative, proinflammatory and prosclerotic 

properties that has been shown to contribute to cerebrovascular dysfunction/remodeling 

associated with diabetes as discussed below, it is important to summarize the brain ET 

system with respect to sex differences for the purpose of this review53.
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The family of endothelins, consisting of three related vasoactive peptides, ET-1, ET-2, 

and ET-3, plays important roles in cardiovascular (patho)physiology and embryonic 

development54,55. While ET-1 was the first isoform to be isolated from endothelial cells 

as the most potent vasoconstrictor peptide, ETs mediate a wide spectrum of physiological 

functions via two distinct G protein-coupled receptor subtypes, ETA and ETB. The ETA 

receptor, localized mainly on vascular smooth muscle cells (VSMCs) of arteries and 

arterioles as well as on pericytes surrounding capillaries, is responsible for the contractile 

and proliferative responses to ET-1. It was recently shown that this receptor could be found 

on brain microvascular endothelial cells (BMVECs), which were previously thought to 

have exclusively ETB receptors56. The role of ETB in vasoreactivity is more complex. For 

instance, ETB receptor located on endothelial cells mediates vasodilation via the release of 

relaxing factors such as NO. This receptor subtype can also lead to vasoconstriction when 

the receptors are expressed on VSMCs, as occurs in disease conditions57. Sex differences 

with respect to expression and biological effects of ET-1 and its receptors have been reported 

in the kidney58. In the brain, a recent study showed that plasma and brain ET-1 levels were 

similar in both female and male Wistar rats under physiological conditions59. The same 

study also reported that a human BMVEC line established from a male patient (hBEC5i) 

secretes 10-fold higher levels of ET-1 than female BMVECs (hCMEC/D3) do. Both female 

and male BMVECs were found to express the ETA receptor which was previously reported 

in primary BMVECs isolated from male rats. Whether these interesting in vitro findings 

hold in vivo remain to be demonstrated.

With respect to CBF, it is known that CBF is higher in women than in men across the 

lifespan60–62. Given that men have a thicker cortex and higher synaptic density as compared 

to women, this has been puzzling. As discussed earlier, comparative analysis of the 

cerebrovascular angioarchitecture in male and female mice showed greater microvascular 

density and complexity in females. This finding may explain sex differences in CBF and 

deserves further investigation to determine the physiological significance25. In this regard, 

it is interesting to note that an early study reported that ET-1 secreted from brain capillary 

endothelial cells causes actin cytoskeleton reorganization and morphological changes in 

pericytes in a paracrine manner via ETA-induced increase in intracellular calcium levels63. 

While in vivo evidence is lacking, in light of the fact that capillaries constitute about 85% of 

the cerebrovasculature, capillary endothelial cells and pericytes may have a profound effect 

on regulation of CBF, and ET-1 is likely to be an important contributor64,65.

B2. Diabetes, stroke, and cerebrovascular dysfunction in female and 
male experimental models—Diabetes is associated with endothelial dysfunction and 

morphological changes in the cerebral arteries, which collectively set a platform for 

impaired myogenic response. Various experimental studies, mostly using male animals, 

have demonstrated that arteries isolated from diabetic animals tend to develop more tone 

than control animals in response to increases in pressure in both type 1 diabetes and 

type 2 models (please see8 for complete review). Zimmermann et al reported that diabetes 

increases myogenic tone in MCAs isolated from female Sprague-Dawley rats66. MCAs 

isolated from GK rats rapidly lose their myogenic tone after ischemic injury30 which may be 

in part responsible for increasing the incidence of hemorrhagic transformation in diabetes67. 
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ET-1 increases myogenic tone of isolated pial arteries and relatively smaller parenchymal 

arterioles in rodents68. VSMC ETB receptors are upregulated in basilar and MCAs in 

diabetes and after ischemic events53,57. Treatment with a dual antagonist that blocks both 

ET receptor subtypes prevents this increase in myogenic tone of small arteries isolated 

from male rats69. ET antagonism also reverses the myogenic dysfunction when treatment 

is given after vascular disease is established in diabetes57. Unfortunately, comparative 

studies on cerebrovascular function in female animals under physiological, diabetes and/or 

stroke conditions are lacking. Coming back to the ET system, one recent study reported 

higher plasma ET-1 levels in both female and male diabetic rats as compared to controls. 

Comparison of plasma ET-1 in diabetic female and male animals subjected to sham or stroke 

surgery also revealed higher levels in male rats, especially after stroke59. At the cellular 

level, hypoxia further increased ET-1 secretion in male BMVECs but lowered it in female 

cells. In addition, male BMVECs expressed more ETA receptors than female cells59. Both 

hypoxia and diabetes-mimicking growth conditions increased the expression of this receptor 

subtype. Although group size is small, these intriguing findings need to be further explored.

Conclusions

It is well established that diabetes increases the risk and severity of stroke as well as 

impairing physical and cognitive recovery after stroke. Given that 1) constant CBF and 

BBB integrity are essential for brain homeostasis, and 2) cerebral circulation is an early 

target in diabetes, it is highly likely that changes in cerebrovascular structure and function 

play an important role in the detrimental effects of diabetes on stroke injury and repair. 

Sex differences in the overall incidence and mortality associated with stroke have been well-

documented70,71. Interestingly, diabetes appears to confer a greater risk of vascular dementia 

and stroke in women compared to men72,73. However, we would like to emphasize that 

with the exception of a few studies, most of the preclinical studies referenced in this review 

studied cerebrovasculature only in male animals. There is an urgent need to incorporate 

age and biological sex into experimental approaches to investigate cerebral circulation in 

health and disease. In this regard, diabetes, which promotes premature vascular aging, also 

serves as a model of metabolic aging to identify cerebrovascular protection and restoration 

strategies for brain health in both sexes.
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Figure 1. 
There are sex differences in the angioarchitecture of female and male mice. MicroCT 

analysis of cerebrovascular corrosion casts revealed greater intervessel distance in males 

whereas females exhibited greater vascular density. (Reproduced with permission from ref 

9).
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Figure 2. 
Cerebral vascularization in the frontal cortex of female and male rats exhibit sex differences 

in diabetes and after stroke. Diabetes promotes pathological angiogenesis in male rats 

whereas there are no changes in vascularization patterns in diabetic female rats as compared 

to controls. Ischemic stroke triggers reparative angiogenesis in control male rats whereas 

diabetic male rats develop vasoregression characterized by regulated endothelial cell death 

by Day 14 after stroke. In female control rats, stroke does not affect vascularization status, 

but diabetic female rats show phenotypic changes characteristic of endothelial mesenchymal 

transition.
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