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Abstract

Cerebrovascular complications make diabetic patients 2—6 times more susceptible to a stroke
event and this risk is magnified in younger individuals and in patients with hypertension and
complications in other vascular beds. In addition, when patients with diabetes and hyperglycemia
experience an acute ischemic stroke they are more likely to die or be severely disabled and less
likely to benefit from the one FDA-approved therapy, intravenous tissue plasminogen activator.
Experimental stroke models have revealed that chronic hyperglycemia leads to deficits in
cerebrovascular structure and function that may explain some of the clinical observations.
Increased edema, neovascularization and protease expression as well as altered vascular reactivity
and tone may be involved and point to potential therapeutic targets. Further study is needed to
fully understand this complex disease state and the breadth of its manifestation in the
cerebrovasculature.
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Introduction

The steadily increasing prevalence of obesity in developed nations has contributed to the
alarming rate of diagnoses of type 2 diabetes (T2D) and prediabetes, even in children. In
addition, there is an equally alarming increase in the number of younger patients diagnosed
with type 1 diabetes (T1D).2:34 Given the mortality and morbidity due to cardiovascular
diseases (CVD) associated with diabetes, this increase in the incidence of diabetes will have
an avalanche effect in health care. Hyperglycemia ravages all vascular beds in the human
body, and in the brain, this has devastating consequences. A growing body of literature
indicates that the cerebrovascular sequelae of diabetes may play an important role in the
pathogenesis of cerebral complications of diabetes including stroke®® and other neurological
diseases including Alzheimer’s Disease and Vascular Cognitive Impairment.”8 Since
diabetes is the fastest growing risk factor for stroke globally, this review will focus on stroke
as a complication of diabetes and readers are referred to recent reviews for the
neurodegenerative complications of diabetes.8:9.10.11 While traditionally stroke is considered
a macrovascular complication of diabetes, there is increasing evidence that the
microvasculature of the brain is severely affected in both forms of diabetes.”8 In the
following review, we will present the mechanisms and consequences of cerebrovascular
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damage due to diabetes, using both experimental and clinical evidence, and especially focus
on the role of microvascular disease in stroke pathogenesis and outcomes in diabetes.

Diabetes and Stroke Incidence

Patients with diabetes mellitus are at markedly increased risk of death due to
cerebrovascular disease, and this is true of both T1D and T2D.12 In fact, although T2D
patients make up the vast majority of diabetic stroke (97% in the Nurses’ Health Study),13
the relative risk is actually greater in T1D, with more than 4 fold higher rates of stroke at all
ages of the disease.13 This is magnified at younger ages, with T1D patients between 15 and
34 years of age having stroke rates more than 16 times that of the general population.14
Other vascular complications, in particular, diabetic nephropathy, predicted even greater risk
of up to 75 times that of the stroke rate of aged matched controls.1* Nevertheless, most
diabetic stroke occurs in T2D and most epidemiologic and prevention data reflects this bias.

A prospective population based study, with approximately 20 year follow-up, evaluated the
effect of T2D alone on CVD in 13,105 subjects. The study showed an increased relative risk
for developing stroke of 1.5 to 2 fold in men and 2 to 6.5 fold in women.1® This increased
risk is seen even early after diagnosis. In a short term study conducted to evaluate 5-year
risk of stroke in newly treated T2D patients, the relative risk of stroke was 2.1 (95% Cl, 1.8
to 2.3) in the T2D group, compared to the general population. Additionally, younger patients
(30 to 44 years old) had higher relative risk for stroke compared to older patients.16

Glucose Control and Stroke Risk

Although it is clear that diabetes increases the risk of stroke, it has proven difficult to
determine whether controlling glucose effectively reduces this risk. The United Kingdom
Prospective Diabetes Study (UKPDS) 33 was a randomized, prospective, multicenter trial
that evaluated the effects of intensive glycemic control with insulin or sulphonylureas
compared with standard glycemic control with diet on microvascular and macrovascular
complications and stroke was included as an important macrovascular outcome. Although
the investigators were successful in lowering glucose (target fasting blood glucose (FBG) of
< 6 mmol/L), and reducing some of the vascular complications like nephropathy and
retinopathy, there was no significant reduction in stroke and myocardial infarction.1”
However, in UKPDS 34, which aimed to achieve intensive glycemic control with metformin
compared with conventional therapy (diet alone), the results were different. The study
concluded that compared to intensive sulphonylureas or insulin control, intensive therapy
with metformin (target FBG < 6 mmol/L), led to a significantly greater risk reduction of
developing any diabetes-related endpoint, defined as death due to macrovascular, such as Ml
and stroke, and microvascular complications, such as retinopathy, (P=0-0034), all-cause
mortality (P=0-021), and stroke (P=0-032).18

Uncertainty regarding the effect of intensive glycemic control on decreasing CVD risk in
T2D patients led to the launch of several longer term trials. The main objective of these
trials was to compare the effects of intensive therapy with conventional therapy on CVD
outcome in T2D patients. In the Action to Control Cardiovascular Risk in Diabetes
(ACCORD) study, 10,251 patients received either intensive therapy (goal HbAlc <6%) or
standard therapy (goal HbAlc 7 to 7.9%). Baseline characteristics included the following,
mean age 62 years, mean duration of T2D of 10 years, and median HbAlc of 8.1%. At one
year, the intensive group achieved HbA1c of 6.4%, and the conventional group achieved
HbAlLc of 7.5%. The rate of nonfatal stroke was not statistically significantly different in the
intensive group compared to the conventional group (1.3% vs. 1.2%, respectively; P=0.74).
The intensive group experienced more frequent hypoglycemia compared to the conventional
group (P<0.001). Subjects were to be treated and followed for 4 to 8 years; however, the
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trial was terminated early, at 3.5 years. This was due to an increased mortality rate in the
intensive group compared with conventional group (257 vs. 203 deaths; HR 1.22; 95% Cl,
1.01 to 1.46; P=0.04).19 In the Action in Diabetes and Vascular Disease (ADVANCE) study,
11,140 patients were randomized to intensive therapy (goal HbAlc < 6.5%) or standard
therapy. Of note, participants had an average duration of T2D of 8 years and median
baseline HbAlc of 7.2%. The intensive and standard groups achieved a median HbAlc of
6.3% and 7%, respectively. Results showed that combined microvascular and macrovascular
primary endpoints were significantly reduced in the intensive therapy group compared to
standard therapy (18.1% vs. 20%, respectively. HR, 0.90; 95% CI, 0.82 to 0.98; P = 0.01);
this was primarily due to a 21% relative reduction in nephropathy (P=0.006). Therefore,
there was a statistically significant reduction in microvascular complications (P=0.01).
Reduction in macrovascular (stroke and MI) events were not statistically significant
(P=0.32). There was no statistically significant increase in mortality rate between groups.20

Lastly, the Veterans Affairs Diabetes Trial (VADT) randomized 1791 patients with T2D to
intensive glycemic control (goal HbAlc < 6%) or standard glycemic control. Baseline
characteristics included a mean duration of T2D of 11.5 years and median HbAlc of 9.4%.
Median HbAlc achieved in the intensive and standard groups were 6.9% and 8.5%,
respectively. During a median 5.6 year follow-up period, the primary outcome of composite
CVD events occurred in 235 patients in the intensive arm compared to 264 in standard group
(HR, 0.88; 95% Cl, 0.74 to 1.05; P=0.14). Although patients in the intensive group had
lower stroke events compared to the standard group, it was not statistically significant (28
vs. 36 events, respectively; P = 0.32). The intensive group had more CVD deaths compared
to the standard group (38 vs. 29), but the difference was not significant.2!

The Diabetes Control and Complications Trial (DCCT), performed in T1D patients
randomized 1141 patients to either intensive (achieving HbA1lc of 7.4%) or conventional
therapy (HbALc of 9.1%) for a period of 6.5 years. In long term follow-up (mean of 17
years), early intensive glucose control resulted in a significant 57% reduction in the
combination of nonfatal MI, stroke or cardiovascular death (p=0.02), despite the fact that the
glycemic control did not remain different after the 6.5 years.2?

In summary, it is likely that tight glycemic control reduces the risk of cerebrovascular
disease and it takes many years of follow-up to demonstrate this benefit in patients.

Blood Pressure and Stroke Risk

In patients with T2D, CV risk increases by 2-3 fold in patients with elevated systolic blood
pressure.23 ACCORD Blood Pressure (BP) was a randomized, non-blinded, multi-center
trial that evaluated the effects of intensive BP lowering on CVD risk in T2D patients. A total
of 4,733 patients were randomly assigned to intensive BP therapy (goal SBP <120 mm Hg)
or standard therapy (goal SBP < 140 mm Hg). Mean baseline systolic and diastolic BP were
139 mm Hg and 76 mm Hg, respectively. The primary endpoint was a composite of nonfatal
stroke, M, or death from CV events. Pre-specified secondary endpoints included fatal and
nonfatal stroke. Mean systolic BP achieved in the intensive and standard groups were 119.3
m Hg and 133.5 mm Hg, respectively. Although there was no significant difference in the
primary endpoint between the intensive and standard groups (1.87% vs. 2.09%, respectively;
P=0.20), there was a significant difference in the intensive arm compared to standard arm in
the annual rate of total stroke (0.32% vs. 0.53%; HR, 0.59; 95% ClI, 0.39 to 0.89; P=0.01)
and nonfatal stroke (0.30% vs. 0.47%; HR, 0.63; 95% CI, 0.41 to 0.96; P=0.03). Therefore,
the data point to the importance of intensive BP control to reduce cerebrovascular
complications of diabetes.24
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Lipid Lowering and Stroke Risk

The most impressive results in reducing stroke risk in diabetes have been seen with the use
of statin therapy. The Collaborative Atorvastatin Diabetes Study (CARDS) was a
multicenter, randomized, placebo-controlled trial aimed to evaluate the effect of atorvastatin
10mg/day for primary prevention of major CV events in patients with T2D. The study
randomized 2,838 patients to atorvastatin or placebo. Inclusion criteria included patients
with low density lipoprotein cholesterol (LDL-C) levels < 160 mg/dL. In the atorvastatin
group, 83 patients had at least 1 major CVD event compared with 127 patients in the
placebo group (P=0.001). When clinical outcomes were assessed separately, the rate of
stroke was reduced by 48%. The authors concluded that atorvastatin is effective in reducing
the risk of stroke in diabetic patients, even when the patient has normal LDL-C levels.2
Similarly, in the Heart Protection Study (HPS) trial, 5,963 diabetic patients and 14,573 non-
diabetic patients with occlusive arterial disease were randomized to receive either
simvastatin 40 mg or placebo. Results showed that simvastatin was associated with a 24%
reduction in the occurrence of combined vascular event (95% CI 19-28, P < 0.0001).
Among diabetic patients there was a significant 24% reduction in fatal or non-fatal stroke
(P=0.01).26

The benefits of lipid lowering appear to be particularly evident with statin therapy. In the
ACCORD Lipid trial, 5,518 patients, who were on simvastatin therapy, were randomized to
receive either fenofibrate or placebo. Although reductions in cholesterol were achieved in all
groups, the primary outcome was not significantly reduced in the fenofibrate group, as
compared with placebo (2.2% vs. 2.4% respectively, P=0.32). Similarly, no difference
between the two groups with respect to stroke (P=0.48 in nonfatal stroke and P=0.80 in any
stroke event) was seen. The authors concluded that combination therapy did not significantly
reduce CV events, compared to simvastatin alone.2’

In terms of primary prevention of cerebrovascular complications, treatment of diabetes
requires a multi-factorial approach. Intensive approaches have been suggested, including
tight glycemic control, hypertensive management, and reduction of LDL —C and all have
been shown to reduce stroke risk in some studies.

Diabetes and Stroke outcome

Admission hyperglycemia is a well-established independent predictor of neurological
worsening and poor outcome following stroke.28:2% Diabetic hyperglycemic ischemic stroke
patients are at a 2-fold higher relative risk of 30-day mortality.30 Although there is a lack of
evidence regarding optimal acute management of hyperglycemia, the American Stroke
Association recommends managing hyperglycemia following stroke to a target glucose level
of < 300 mg/dL.3! There is a lack of evidence supporting tight glycemic control in diabetic
hyperglycemic ischemic stroke patients. In fact, there is evidence of a J-shaped curve
describing the relationship between blood glucose and neurologic outcome after ischemic
stroke. 32 In this study of more than 1,440 stroke patients in a single institution, admission
blood glucose <3.7 and >7.3 mmol/L (<66 and >130 mg/dL) were associated with poor
outcomes at 24 h and 12 months. The potential dangers of aggressive glucose control in
acute stroke were also demonstrated in a 40 patient randomized controlled trial of glucose,
potassium and insulin infusion in patients with blood glucose > 126 mg/dL.33 Although the
investigators were successful in lowering serum glucose and brain lactate (measured by
magnetic resonance imaging — MRI) within 6 hours, there was no effect on infarct growth at
7 days. It was somewhat alarming that 76% of the treated group became hypoglycemic
during treatment. Large randomized clinical trials are planned to evaluate the safety and
efficacy of modest glucose control in acute ischemic stroke patients. An important issue that
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remains to be resolved is the relative roles of acute hyperglycemia versus diabetes in stroke
outcome. A meta-analysis suggests that patients that present with hyperglycemia and no
history of diabetes suffer the most from acute ischemic stroke.30

Diabetes and Reperfusion Injury after Stroke

The importance of serum glucose in the complications of reperfusion therapy for acute
ischemic stroke was first reported by Demchuk when 138 consecutive patients that received
tissue plasminogen activator (rtPA) within 3 hours of the onset of stroke were studied.3*
Symptomatic intracerebral hemorrhage (sICH), the dreaded complication of reperfusion
therapy, occurred in 9% of patients and admission serum glucose was the only independent
predictor of sICH in multivariate analysis. In patients with admission glucose > 11.2 mmol/
L, the rate was more than 25%. This was replicated in the PROACT II study, where acute
ischemic stroke patients were treated with intra-arterial prourokinase within 6 hours of onset
of symptoms. In this study, patients with blood glucose > 200 mg/dL (11 mmol/L)
experienced sICH at a rate of 36%.3°

Other evidence supports the fact that increasing admission glucose leads to a loss of
efficacy,36 and less safety.36: 37 There is also evidence that the damaging effects of high
glucose may be particularly seen with reperfusion38 and elevated blood pressure.3 It is
unclear whether the acute effects of hyperglycemia in the ischemic stroke patient are
modulated by the duration and severity of preexisting diabetes. Since more than 70% of
stroke patients with admission blood glucose values greater than 200 mg/dL (11 mmol/L)
have diabetes, 3% it is difficult to separate the two with regards to the occurrence sICH and
dampened improvement after rtPA.

Stroke Types in Diabetes

Since the etiology of ischemic stroke may affect prognosis, outcome and management of the
disease, the landmark Trial of Org 10172 in Acute Stroke Treatment (TOAST)39 classified
stroke into five subtypes: 1) large artery atherosclerosis, 2) cardioembolism, 3) small vessel
occlusion (lacunar), 4) stroke of other etiology and 5) stroke of undetermined etiology. The
same study found that hyperglycemia worsened outcome in non-lacunar stroke but not in
lacunar stroke.“0 Evidence also suggests that lacunar infarcts resulting from occlusion of a
small penetrating arteriole are more common in diabetic patients.4%41 However, when one
looks at the recent clinical trials, Glucose Regulation in Acute Ischemic Stroke patients
(GRASP) and Treatment of Hyperglycemia in Ischemic Stroke (THIS), only 15-29% of the
patients had lacunar whereas the rest had non-lacunar strokes.#243 It also has to be noted
that silent infarcts may be more common in diabetic patients contributing to greater
incidence of cognitive impairment.#44° Clearly, there is a compelling need to further our
understanding of micro and macrovascular complications with relevance to stroke
pathogenesis and management.

Summary of Clinical Evidence

Diabetic patients are at 2—6 fold increased risk of stroke, compared to their age-matched
counterparts, and the highest relative risks occur in young, T1D diabetics. In addition,
hyperglycemia at the time of acute ischemic stroke is associated with increased death and
dependency. Acute hyperglycemia, especially > 200 mg/dL, increases the risk of severe
intracerebral hemorrhage after treatment with reperfusion therapy and decreases the
likelihood of neurologic recovery. Although trials are ongoing to test the efficacy of glucose
control in the acute stroke period, the risk of hypoglycemia is an ever present threat.
Understanding the mechanisms and consequences of cerebrovascular damage due to
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diabetes, using experimental models, may assist in the design of therapeutic strategies that
are vascular protective.

Cerebrovascular Complications of Diabetes: Evidence from Experimental Studies

Undoubtedly, regulation of cerebrovascular function and structure is very important for
proper cerebral perfusion and neuronal function. Vascular health is not only important for
maintenance of cerebral blood flow to provide nutrients and remove metabolites from this
highly metabolically active organ but also for structural and functional stability of the blood
brain barrier (BBB). Therefore, micro and macrovascular disease of the brain can have
profound effects on neurologic function in diabetes especially when a secondary injury is
superimposed on this existing pathology. In this section, we will first summarize diabetes-
induced changes in cerebrovascular function and structure and then discuss how these
alterations can influence stroke outcomes in experimental diabetes.

Cerebrovascular Structure

In the clinical studies above, stroke is considered a macrovascular complication of diabetes
due to accelerated atherosclerosis and carotid artery disease.*® However, there is emerging
evidence that the cerebral microvasculature is affected by the disease and the brain has been
recognized as a target organ for microvascular complications of diabetes.4”® Therefore, we
will mainly focus on diabetes induced changes in the cerebral microvessels. Numerous
studies, mostly using streptozotocin (STZ)-induced T1D model, have reported that there is
thickening of the cerebral microvascular basement membrane characterized by collagen
deposition and amorphous nodules described as “cotton tufts.”48:49:50.51.52,53 The widening
of the basement membrane compromises the integrity of adjacent vascular smooth muscle
cells, pericytes and astrocytic end feet that sit on the basement membrane and serve as a
functional bridge between the vasculature and neuronal cells of the brain.>! There is diffuse
swelling of the astrocytic endfeet>%:51 and vascular smooth muscle mitochondria and
endoplasmic reticulum.®* There is also degeneration of the endothelium.>* It has to be noted
that these changes are similar to what have been reported in the retinal microvasculature and
as such, it has been proposed that retinal microvascular image analysis can be used as a
potential screening tool for cerebrovascular disease.>®

In addition to these ultrastructural alterations, there is significant vascular remodeling as
early as 4 weeks after the STZ induction of diabetes (blood glucose levels over 300 mg/dl)
when vessels become tortuous.>? Interestingly, we have found that in a mild and lean model
of T2D, namely the Goto-Kakizaki (GK) rats, there is extensive vascular remodeling
characterized by increased tortuosity, collateral numbers and collateral size.>6:57 These
changes occur 5-6 weeks after the spontaneous onset of diabetes in this model that has
average blood glucose levels around 150-180 mg/dl. Moreover, these changes were
accompanied by parallel increases in matrix metalloprotease (MMP)-2 and -9. Both
glycemic control with metformin, one of the most commonly used oral hypoglycemic agents
for the treatment of diabetes, and MMP inhibition with minocycline, started at the onset of
diabetes, prevented these vascular changes. 2657 In an earlier study, we reported that a
longer duration of diabetes (~10-12 weeks) also caused significant extracellular matrix
deposition and increased wall thickness of middle cerebral arteries in an endothelin (ET-1)-
dependent manner.8 Glycemic control with metformin or ET receptor antagonism
prevented this remodeling response.®?:60 While numerous growth factors can be involved in
cerebrovascular remodeling of the micro and macrovasculature in diabetes, one potential
target is ET-1, the most potent vasoconstrictor with proliferative properties. The role of
ET-1 has been recently reviewed as it plays a very important role in vascular complications
of diabetes.1 Microvessels in the brain are unique in that, through tight junctions between
endothelial cells, they form a horizontal layer of stability which is reinforced vertically by

Endocr Metab Immune Disord Drug Targets. Author manuscript; available in PMC 2013 August 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ergul et al.

Page 7

the strong interaction between astrocytic end-feet and basal lamina.62:63 Altogether, this
unique dynamic structure allows the communication within the endothelial cells, glial cells
and neurons of the neurovascular unit and defines the integrity of the blood brain barrier
(BBB). Changes in vessel structure in diabetes ultimately affect BBB permeability. Studies
reported increased BBB permeability to albumin as early as 2 weeks after the induction of
T1D.54 While Mayhan et al did not find evidence for increased FITC-labeled albumin
leakage in their STZ model, %4 Hawkins et al reported increased BBB permeability and
altered tight junctions 2 weeks after STZ-induced diabetes.%> As an underlying mechanism,
authors reported decreases in protein levels of tight junction proteins, occludin and zona
occludens, with parallel increases in MMP levels. Insulin replacement started 1 week after
the diabetes induction prevented BBB leakage. Another group found similar decreases in
occludin but not zona occludens levels.56 We have extended these observations to T2D and
reported increased permeability in the GK model after 5-6 weeks of diabetes.>” Increases in
BBB permeability was associated with concurrent increases in MMP-2 and 9, a decrease in
occludin, but no change in claudin-5 or collagen IV which is the major matrix protein in the
basement membrane of the microvasculature.5’

Not only the structure, but also the density of the vasculature can change with diabetes.
Numerous studies have reported decreased vessel density and angiogenesis in the peripheral
vasculature.57:68.69 On the other hand, it is well established that excessive pathological
angiogenesis leads to retinopathy in diabetes.”:70 The effect of diabetes on brain
microvascular density is not clear. We have reported increased neovascularization in T2D
GK rats.5” As reported above, these animals also displayed increased tortuosity and
collateral numbers which indicate arteriogenesis. Furthermore, the overall vessel density in
the brain was greater in diabetic animals as compared to controls®’ and our most recent
results suggest augmented angiogenesis in this model (unpublished results). Interestingly,
Beaquis et al reported decreased number of microvessels in the dentate gyrus of the
hippocampus in the same model of diabetes.”! These intriguing results strongly support the
idea that the effect of the type of diabetes and the degree and duration of hyperglycemia on
spatial and temporal regulation of cerebral angiogenesis needs to be further studied.

Cerebrovascular Function

Vessel diameter, a primary determinant of stroke outcome, is regulated by several pathways
that ensure sufficient blood flow under normal physiological conditions. These include nitric
oxide production by nitric oxide synthase, activation of potassium channels leading to the
hyperpolarization of vascular smooth muscle, and beta-adrenergic stimulation of adenylate
cyclase.” Diabetes induces alterations in these dilator pathways that lead to impaired
reactivity and contribute to the pathogenesis of stroke.>? Studies investigating T1D effects
on the vasculature using STZ-induced models predominate the literature; however, there are
some reports in genetic models of T2D.

Endothelium-dependent relaxation is attenuated in patients as well as experimental animal
models of diabetes.50.73.74.75.76 |5 cause is multifactorial and has been attributed to
increased oxidative stress,”* 77.78.79 disturbances in NO synthesis and production, 72 7580
impairment of vascular smooth muscle ion channels,81:82:83 and inhibition of Rho-kinase
activity.”#

The duration of the disease influences vascular reactivity to vasoactive agents as well as
vessel function. Endothelial-dependent dilator responses of cerebral arterioles to
acetylcholine are impaired after 5-6 weeks of diabetes.84 There are conflicting reports of
vascular responses to 5-hydroxytryptamine (5-HT). Initial reports suggest that responses to
5-HT are not affected within 10 weeks of diabetes,8%:86 whereas Van Buren, et al reported
enhanced sensitivity to 5-HT in short-term diabetes (4 weeks) and decreased sensitivity in
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long-term diabetes (40 weeks).8” We have shown that after 12—14 weeks of diabetes,
pressurized MCAs isolated from T2D rats have reduced myogenic tone compared to those
taken from rats that were exposed to 4—-6 weeks of diabetes. Furthermore, we have reported
that treatment with oral metformin starting at the onset of diabetes restored myogenic tone in
18 week-old rats.>®

Vascular responses in the cerebral macro- and microvasculature are differentially affected
by diabetes. Acetylcholine-induced dilation in basilar arteries (BAs) from rats is impaired
after 8-12 weeks of diabetes and is reversed by insulin treatment.88 Constrictor responses in
these vessels to norepinephrine (NE) and potassium ions were not different from non-
diabetic counterparts.8 In an STZ model, BA responses to the vasoconstrictors
endothelin-1, angiotensin 1, arginine vasopressin, and thromboxane are unaffected by 12-16
weeks of diabetes and are unaltered by L-NMMA, suggesting that these responses are
independent of nitric oxide synthesis or release. 8689 [_arge-conductance Ca?*-activated K*
(BKcja) channels are downregulated in STZ-treated rats fed a high fructose diet,
consequently increasing vascular tone and blood pressure in this model. We have reported
that BAs from a rodent model of T2D have heightened sensitivity to endothelin-1 that is
abolished by chronic ET 4 receptor blockade.%C In posterior cerebral arteries, long-term
diabetes (20-32 weeks) decreases dilation to histamine and mediates increased myogenic
tone in diabetic BBZDR/Wor rats.?! In middle cerebral arteries (MCAs) isolated from
alloxan-treated rabbits, contractile responses to 5-HT and histamine were similar to non-
diabetic controls. Furthermore, there were no differences in dilator responses to
acetylcholine. Vessels from diabetic rabbits did, however, exhibit non-endothelium
dependent diminished contractile responses to noradrenaline and neuropeptide Y.%2 MCAs
from STZ-treated rats display increased vasoconstriction resulting from decreased sensitivity
to ATP-sensitive K+ channel openers such as pinacidil and levcromakalim in an
endothelium-dependent manner.82 We have reported that MCAs from T1D diabetic rats
have heightened sensitivity to endothelin-1 that is abolished by chronic ET p receptor
blockade. Cerebral arterioles develop endothelial dysfunction sooner than cerebral
macrovessels such as the basilar artery8” and extracranial vessels such as the carotid
artery.84 Dilator responses to acetylcholine, adenosine 5’-diphosphate, and beta-adrenergic
receptor activation are reduced in cerebral arteries,’2>:79 whereas contractile responses to
norepinephrine, 5-HT, and prostaglandin F2 alpha are similar non-diabetic controls.?3 NOS-
dependent reactivity in cerebral arterioles is impaired, in part, by the generation of excess
free radicals, particularly superoxide. Angiotensin Il has been implicated in the attenuation
of eNOS-dependent reactivity in cerebral arteries — an effect that was alleviated by losartan-
mediated reductions in superoxide production.®* Treatment with enalapril, 8% apocynin,®
tempol, 2 chronic ETA receptor blockade,? and poly (ADP-ribose) polymerase (PARP)
inhibition’2 can also rescue NOS-dependent reactivity by reducing oxidative stress,
underlining the multifactorial nature of cerebrovascular dysfunction in diabetes.

Effect of Diabetes on Stroke Injury and Functional Outcomes in Experimental Models

While the clinical studies reviewed above support that the risk of having stroke is increased
and the outcome is poorer in patients with diabetes, the underlying mechanisms are still not
fully understood. Until recently, experimental studies have approached this problem in
general as “hyperglycemic” but not “diabetic” stroke. As recently reviewed, numerous
studies have shown increased infarct size, edema and hemorrhage in hyperglycemic animals
as compared to normal counterparts.>9. In these studies, hyperglycemia was induced either
by glucose injection prior to stroke or with STZ a few days prior to stroke surgery. Our
knowledge on the effects of diabetes on stroke outcomes is relatively limited compared to
acute elevations in blood glucose. In the following paragraphs, we will summarize the recent
literature on stroke research first in T2D and then in T1D.
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It was reported that cerebral ischemia causes greater infarction size in the db/db mouse, a
genetic model of T2D.%7:9 These mice also showed a delayed and blunted inflammatory
response after ischemic injury which led the investigators to conclude that diabetes may
worsen stroke damage by impairing the healing process mediated by inflammatory cells.%8
The same group recently reported that pretreatment with the peroxisome proliferator-
activated receptor (PPAR)-y agonist, darglitazone, for one week normalizes the acute
inflammatory response in the ob/ob mice and significantly reduces the infarct size to levels
lower than that seen in the wild-type animals treated with the same agent.% Interestingly, it
was also reported that infarct sizes are greater in the male but not female db/db micel00 and
this difference was not explained by differences in regional cerebral blood flow or high
energy reserves. These findings, along with emerging evidence that there are gender
differences in stroke pathophysiology and outcomes, call for special attention to the effects
of diabetes on cerebrovascular complications.101: 102,103 Another study reported that
subacute use of PPAR-+y agonists, rosiglitazone and pioglitazone, also confer
neuroprotection in db/db mice when given either at 4 hours before ischemia or 6 hours after
reperfusion without changing the blood glucose levels in these animals. These results
strongly suggest that PPAR-y agonists have direct neuroprotective actions and the greater
neuronal injury observed in the severely diabetic db/db model is not related to blood glucose
levels at the time of the stroke.1%4 The finding that pretreatment with these agents for 3
weeks prior to stroke normalized the blood glucose levels and significantly improved the
neuroprotection compared to animals treated subacutely suggests that chronic
hyperglycemia contributes to greater neuronal injury in diabetes. A recent study provided
evidence that telmisartan, an angiotensin Il type 1 receptor blocker, reduced ischemic brain
damage in another T2D model, KK-Ay mice, and co-treatment with a PPAR-y antagonist
prevented this protective effect.195 Collectively these studies suggest that while chronic use
of PPAR-y agonists can be beneficial from a prevention perspective, acute use of these
agents in stroke and especially in diabetic stroke may also be an effective strategy to reduce
the burden of the disease.

Our ischemic brain injury studies in GK rats, a mild and lean model of T2D as discussed
above, yielded very interesting results. In this model, ischemic injury induced by a 3 hour
occlusion of the middle cerebral artery followed by 21 hours reperfusion caused the
development of smaller infarcts mainly localized to the striatum as compared to control
animals.>® Furthermore, there was greater hemorrhage formation, an important complication
of reperfusion, as detailed in the clinical section above. Despite the fact that these rats had
smaller infarctions, the neurologic deficit was greater in diabetic rats suggesting that the
infarct size is not the sole determinant of poor outcomes. As discussed under
“cerebrovascular structure” above, these animals displayed extensive cerebrovascular
remodeling and neovascularization.®’ In the absence of reperfusion, there was no
hemorrhage. It is highly likely that increased neovascularization may have spared the cortex
from infarction but these newly remodeled vessels were susceptible to reperfusion injury
and bleeding causing hemorrhagic transformation of the infarct. In a follow-up study, we
reported that prevention of vascular remodeling either by chronic glycemic control with
metformin or MMP inhibition with minocycline decreased hemorrhage and improved
functional outcomes9 emphasizing the importance of vascular protection in diabetic
stroke. Moreover, acute atorvastatin treatment given at the beginning of reperfusion, almost
abolished hemorrhagic transformation in this model and this finding suggests that, in
addition to chronic glycemic control, acute interventions can be beneficial in reducing
neurovascular injury after stroke in high risk groups.10”

The obese Zucker rat is a commonly used model of metabolic syndrome. It was reported that
ischemic brain injury results in significantly greater neuronal damage in this model and this
is associated with inward remodeling of the cerebrovasculature. It has to be noted that
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Zucker rats have dyslipidemia and slightly elevated blood pressure but blood glucose is
within the normal range.1%8 Blood pressure control prevents cerebrovascular remodeling and
improves stroke severity in this model. These findings highlight the differences in stroke
injury in different models of diabetes and metabolic syndrome and emphasize the
compelling need for additional studies investigating the complex interaction of
hyperglycemia, high blood pressure and dyslipidemia in experimental stroke research.

Use of models of T1D allows investigators to directly study the effects of hyperglycemia.
Towards this end, STZ-induced diabetes with blood glucose above 350 mg/dl is the most
commonly used model in experimental stroke studies. Rizk et al reported that temporary
MCA occlusion for 2 hours caused greater infarction as well as apoptotic response in the
sensory-motor cortex and the CA1 and CAS3 regions of the hippocampus in diabetic
animals.199 High dose insulin replacement (12 U/kg) which reduced blood glucose levels to
250 mg/dl as compared to 502 mg/dl in the untreated group was able to reduce lesion size
and apoptosis. Interestingly, acute insulin treatment at the same dose given 30 min before
stroke had no effect on blood glucose (517 mg/dl) but reduced injury significantly,
suggesting that insulin may have other protective effects. In addition, acute administration of
insulin like growth factor (IGF-1) 30 min prior or 2 h after MCA occlusion reduced infarct
size and apoptosis in this model without any effect on blood glucose.19 Taken together,
these studies suggest that IGF-1signaling may be promoting the neuroprotective properties
of insulin. Muranyi et al also suggested that the activation of the apoptotic pathway to a
greater degree may be responsible for exaggerated brain damage in diabetes.111 Reduced
fibrinolytic activity has been proposed to be another player in greater ischemic damage in
diabetes. An interesting study reported that T1D reduces neuroserpin levels, which inhibits
endogenous tPA and activation of microglia after ischemic injury and this is associated with
greater ischemic lesion size in diabetic animals. It was postulated that a decrease in this
protein can cause greater activation of microglia and as well as leakage of tPA into the brain
parenchyma worsening neuronal damage.112 On the other hand, another report demonstrated
that diabetes downregulates tPA in rat brain capillaries and this impairs restoration of blood
flow after ischemia leading to augmented brain injury.113 In summary, the effect of diabetes
on ischemic brain injury is quite complex and depends on the duration (acute vs chronic),
severity and presence of other confounding factors (hyperglycemia alone vs metabolic
syndrome). It is clear that gender differences in ischemic brain injury in diabetes have not
been adequately explored. Equally important, most studies to date focused on mostly
neuronal injury but vascular complications of ischemic injury in diabetes need to be
explored to develop novel therapeutic strategies.

Conclusion

The brain is a site of both macrovascular and microvascular complications of diabetes.
Microvessel structural and functional changes due to acute and chronic hyperglycemia lead
to increased incidence and worsened outcomes from stroke in diabetic patients. Acute
hyperglycemia also reduces both the safety and efficacy of reperfusion therapy in acute
ischemic stroke patients. Lessons learned from experimental models of acute, chronic, mild
and severe diabetes help explain some, but not all of these clinical observations. More
investigations need to be performed to identify novel targets for therapeutic intervention so
that the consequences of cerebrovascular complications can be mitigated in patients with
diabetes.
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Fig. 1. Cerebral Complications of Diabetes

Hyperglycemia leads to microvascular dysfunction, triggering both neuronal/glial and
vascular injury pathways. While pathologic neurovascular remodeling increases the risk of
bleeding after ischemic stroke and reperfusion, cell damage to neurons and glial cells also
play a part in blood brain barrier disruption and cognitive impairment
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Table 1

Cerebrovascular Complications of Diabetes: Key Findings

Findings References
Clinical

Chronic 2-6 x increased incidence 5,6,13,14
Increased mortality 12
Decreased event rate with glycemic control 18, 20, 22
BP lowering decreases risk 24
Statin therapy decreases risk 25, 26

Acute Increased mortality 30
Worsened outcome 28,29, 32,33
Increased hemorrhage after reperfusion therapy 34-38

Experimental
Chronic
Structure  Thick basement membrane 48 -53
Swollen astrocytic endfeet 50, 51
Degeneration of endothelium 54
Increased remodeling 51, 56, 57
Increased neovascularization 57
Increased BBB permeability 57, 64, 65
Increased MMP2/9 56, 57
Function Decreased vasodilation 50, 72 -90

Decreased myogenic tone 59, 82, 91

Acute Increased infarct size 5, 56, 96 — 98, 100 — 103
Increased edema 5, 96
Increased reperfusion injury/hemorrhage 5, 56, 96

BP = Blood pressure; BBB = Blood brain barrier; MMP= Matrix metalloprotease
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