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DIET-INDUCED DIABETES CAUSES VASOREGRESSION AND 
IMPAIRMENT OF FUNCTIONAL OUTCOME AFTER ISCHEMIC STROKE 

(Under the direction of Dr. ADVIYE ERGUL) 

Acute ischemic stroke is the leading cause of long-term disability in the United 

States. While it is known that diabetes worsens stroke outcome and diet-induced 

metabolic disease is on the rise, the impact of diabetes and especially diet-induced 

metabolic disease, on repair and recovery after stroke is unclear. Accordingly, the 

goal of this stud)' is to test the hypothesis that diet-induced diabetes impedes 

vascular restoration and functional recovery after ischemic stroke. Hypothesis: 

Neovascularization and functional outcome after ischemic stroke are impaired in 

diet-induced diabetes. Methods: Diabetes was induced by a combination of high 

fat (45%) diet and low dose (30mg/kg) streptozotocin (STZ) in male Wistar rats. 

Rats fed by control diet were used as control group. 8 weeks after the induction of 

diabetes, control or diabetic rats were subjected to 90-minute temporary middle 

cerebral artery occlusion and neurobehavioral outcome was assessed at Days 1, 3, 

I 0 and 14. After FITC injection, the cerebral angioarchitecture was assessed by 3-

dimensional reconstruction of the vasculature using z-stacks images obtained by 

the confocal microscopy. Vascular volume, surface area, branch density and 

tortuosity were assessed as indices of neovascularization. In vitro, brain 

microvascular endothelial cells grown in normal, high glucose or high palmitate 

media and exposed to normoxic or oxygen glucose deprivation (OGD) conditions 



were assessed for cell survival and migration. Results: The average blood glucose 

was 230 and 84 mgldL in diabetic and control groups, respectively. All indices of 

neovascularization (ipsilateral cortex and striatum) were lower and neurological 

deficit (composite score) was worse in diabetic animals. High glucose combined 

palmitate attenuate endothelial cell viability, migration and tube formation. 

Conclusion: These results suggest that diet-induced diabetes impairs 

neovascularization and functional outcome after ischemic stroke. Further 

understanding of underlying mechanisms will identify new targets towards 

developing therapeutic agents for stroke recovery in diabetes. 
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Chapter I 

INTRODUCTION 

A. Statement of the Problem and Specific Aims 

Acute ischemic stroke is one of the leading causes of long-term disability in the 

United States. While it is known that diabetes worsens stroke outcome, our limited 

understanding of the impact of diabetes and especially diet-induced metabolic 

disease, on repair and recovery after stroke poses a barrier to develop novel targets 

to reduce the burden of disability and improve the quality of life of so many. The 

objective ofthis study is to address this gap by investigating the impact of high fat 

diet-associated metabolic disease on neurovascular repair and ultimately functional 

outcome after stroke. Accordingly, we hypothesite that impairment of endothelial 

survival and vascularization contributes to poor functional recovel) after stroke in 

diet-induced diabetes (Fig I). 

Aim 1. Test the hypothesis that high fat diet-induced diabetes impedes 

vascula r restoration and functional recovery after ischemic st roke. In this 

translational aim, using high fat diet combined streptozotocin-induced diabetes and 

ischemic stroke model, we will define: 

a. the impact of diet-induced diabetes on cerebrovascular repair. 

b. the impact of diet-induced diabetes on long-term functional outcome. 

Our hypothesis predicts that diabetes impairs vascular repair and this is associated 

with poor functional recovery after ischemic stroke. 



Aim 2. Test the hypothesis tha t high fa t a nd high glucose impair brain 

microvascular endothelial survival a nd angiogenic potential after ischemic 

inju ry. Using in vitro models of diabetes and stroke, we will define: 

a. the impact of palmitate and/or glucose on brain microvascular endothelial cell 

survival under normoxic and hypoxic conditions. 

b. the impact of palmitate and/or glucose on endothelial migration. 

Our hypothesis predicts that palmitate and glucose impair endothelial survival and 

angiogenesis after hypoxia/reoxygenation injury in an synergistic manner. 

High fat diet and STZ 

Increased vascular injury 

Poor outcomes/recovery 

2 

Fig I. Schematic picture of overall hypothesis that impainnent of endothelial 

survival and vascularization contributes to poor functional recovery after stroke in 

diet-induced diabetes 
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B. Review of Related Literature 

1.1 Diabetes Mellitus 

Diabetes mellitus has a long history. Polyuric diseases have been described 

for over 3500 years. The name of diabetes mellitus was recognized in the late 18th 

century 1• Diabetes mellitus can be classified as type I diabetes (T l D), type 2 

diabetes (TID), other specific types and gestational diabetes mellitus 
2

• Tl Dis 

primarily caused by ~-cell destruction although insulin resistance is also present. 

TID, which accounts for more than 90% of those with diabetes, is characterized by 

insulin resistance with relative insulin deficienc). The underlying mechanism of 

TID is still unclear, but the evidence shows that it is closely associated with obesity 

and physical inactivity3
. 

1.1.1 Epidemiology and Pathogenesis ofT2D 

The prevalence of TID is increasing fast worldwide. More than 382 million 

people worldwide have diabetes in 20 13, making it one of the most common 

diseases globally. TID is a complex disease with a heterogeneous pathophysiology, 

mainly characterized by insulin resistance and a progressive failure of pancreatic ~

cells. Both decreased sensitivity to insulin and downregulation of insulin receptors 

contribute to the insulin resistance in TID. Insulin resistance is also worsened by 

chronic hyperglycemia, which itself causes inc;ulin resistance 
4

. Many factors are 
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known to be associated with increased risk oftype 2 diabetes. Some of these risk 

factors such as obesity and physical inactivity are close!) associated with a western 

lifestyle s. 

1.1.2 Obesity and Diabetes 

Obesity is defined as a chronic disorder of having excessive body fat. 

Obesity is the most important modifiable risk factor for TID and an abdominal 

distribution of body fat is also closely associated with T2D 6• 
7

. The underlying 

mechanisms that obesity increases risk of TID is not fully understood until now, 

but the evidence shows that the main adverse effect of obesity is on the action of 

insulin, particularly in liver, muscle and adipose tissue. Obesity also affects insulin 

secretion. Insulin resistance is strongly associated with obesity. It was reported that 

an excess of body fat promotes insulin resistance and impairs insulin secretion. 

Several mechanisms mediating the interaction between obesity and diabetes 

have been identified. The increased supply of free fatty acid from adipose tissue 

depots competes with glucose utilization, particularly in skeletal muscle, which is 

an organ that oxidizes the largest proportion of glucose8 
• Elevated free fatty acid 

also directly impaired insulin action. It is reported that obese subjects and those 

with TID have high intramyocellular lipid accumulation. This accumulation can 

cause an activation of a serine - threonine kinase cascade leading to serine

threonine phosphorylation of insulin receptor substrate I (IRS-I) and IRS-2 which 

may lead to an impairment of insulin signaling9 
• Thus, free fatty acid plays a 

critical role in insulin resistance in obesity. 
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In addition, multiple circulating hormones and cytokines such as 

adiponectin, interleukin 6 (IL-6), IL-l 0, monocyte chemotactic protein I (MCP-1) 

contribute to the development of insulin resistance and diabetes. Among them, 

tumor necrosis factor a. (TN F-a.) that originates in the adipocyte and modulates 

insulin action is one of the most important factors. Increasing TNF-a. induces many 

adverse effects such as inhibition of glucose uptake because of an impairment of 

insulin signaling and suppression of glucose transporter type 4 (GLUT 4) 

expression, a reduction of lipoprotein lipase expression and activity, and an 

. . 1. I . to 11 mcrease m tpo ysts · . 

1.1.3 Vascular Complications in Diabetes 

All forms of diabetes are characterized by hyperglycemia, lack of insulin 

action, and the development of vascular complications. These vascular 

complications can be classified as microvascular and macrovascular complications. 

While diabetic retinopathy and nephropathy are considered microvascular 

complications, peripheral arterial disease, coronary artery disease and stroke are 

categorized as macrovascular complications of diabetes. 

In long-term diabetes, progressive narrowing and eventual occlusion of 

vascular lumina occurs and finally results in impaired perfusion, ischemia and 

dysfunction of the affected tissues. The progressive narrowing and occlusion of 

lumina are accompanied by loss of microvascular cells. Diabetes induces apoptosis 

of MUller cells and ganglion cells, endothelial cells and pericytes in the retina12
• 

13
. 

In the glomerulus, loss ofpodocytcs causes widespread capillary blockage and 
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declining renal function13
• Degeneration of endothelial cells and pericytes occurs 

in the vasa nervorum of diabetic nerves, and leads to functional abnormalities of 

peripheral nerves14 
• Increased apoptosis of cells in the retina, renal glomerulus and 

peripheral neurons in diabetes may also cause damage to adjacent cells. 

Diabetic microvascular complications are caused by prolonged exposure to 

high glucose. This has been confirmed by several large scale prospective studies for 

both Tl 0 and T2015
• 

16
• Intracellular hyperglycemia damages tissues by several 

major mechanisms: increased flux of glucose and other sugars through the polyol 

pathway17, increased intracellular formation of advanced glycation end products 

(AGEs) and the receptor for AGEs (RAGE)18
, activation of protein kinase C 

(PKC) isoforms19
, and overactivity of the hexosamine pathwal0

• 
21

• It is also 

reported that intracellular hyperglycemia induced mitochondrial overproduction of 

the reactive oxygen species (ROS) superoxide may activate all the mechanisms 

above as a single upstream event for the development of diabetic complications
21

• 

22 

Macrovascular complications develop in patients with Tl 0 and T2D
23

• 
24

• 

The critical pathological mechanism in macrovascular complications is the process 

of atherosclerosis that causes narrowing of arteries throughout the body. Both 

metabolic and hemodynamic mediators contribute to the pathogenesis of diabetic 

macrovascular complications25
. Metabolic factors include glucose and glucose 

metabolites such as AGEs and RAGE. Hemodynamic factors include the renin 

angiotensin system, other vasoactive hormones such as endothelin and urotensin 



systems. Both pathways interact with each other and lead to oxidative stress and 

inflammation, and finally cause endothelial dysfunction and atherosclerosis. 

I .2 Diabetes and Stroke 

1.2.1 Overview of Stroke 

7 

Seven hundred ninety five thousand patients suffer a new or recurrent stroke 

in USA every year 26• 27• Stroke or brain infarct is the fourth cause of death and the 

number one cause of functional disability among its survivors. It is classified as 

either I) Ischemic (83% AIS) due to an occluded artel), or 2) Hemorrhagic (17%) 

as a result of arterial rupture. (n acute ischemic stroke, the neurovascular unit 

components of brain, vessels, neurons and glial cells, are deprived of oxygen and 

nutrients. The infarct area is divided into 2 regions: 

I. The core which is irreversibly damaged. 

2. The penumbra which is the area at risk of death and that could be salvaged 

within a limited time if reperfusion is adequately restored. 

The key to acute ischemic stroke treatment is rapid clearance of thrombus in the 

cerebrovascular system to reestablish the blood flow. The only FDA approved 

treatment for ischemic strokes is tissue plasminogen activator (tPA), which has a 

very narrow therapeutic window and needs to be administered within the first 4.5 

hours of stroke onset. Unfortunately, diabetes increases the risk of cerebral 

hemorrhage, known as hemorrhagic transformation, in acute stroke patients treated 

with intravenous tPA 28
'
32

. 
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1.2.2 Stroke and Type-2 Diabetes 

Over I ,000,000 stroke survivors suffer persistent neurological deficit making it the 

leading cause of long term and serious disability in the US 26
•

33
•
34

• T2D is a rapidly 

growing modifiable risk factor in stroke management. At least 65% ofT2D patients 

die of heart disease or stroke 35• 
36

• Ischemic stroke relative risk in diabetics is 2-6 

fold higher than normal population 37
, with as many as 20% of strokes attributable 

to TID 38• 39• Non-diabetics with insulin resistance, the cardinal feature ofthe 

metabolic syndrome, also have higher risks for cerebral infarction 
40

• There are 

many factors such as hyperglycemia, hypertension, dyslipidaemia that are often 

found in patients with TID that increase risk of stroke. Moreover, genetic, 

demographic, and lifestyle factors in diabetes also contribute to stroke risk. 

Nevertheless, after adjustment all the risk factors above, diabetes still increases the 

risk of stroke more than 2 fold 41
• 

1.2.3 Stroke Injury and Diabetes 

Clinical evidence has shown that diabetes is associated with slower or poorer 

recovery of function and independence 42
• 
43

• Diabetes leads to poorer recovery 

even after adjusting for confounding factors such as age and stroke severity
44

• The 

mechanism in which diabetes leads to poor stroke recovery is not well understood. 

Earl} experimental studies have approached this problem in general as 

"hypergl}cemic" but not '·diabetic" stroke, and have shown increased infarct size, 

edema and hemorrhage in hyperglycemic animals as compared to normal 

counterparts 45•46• In these studies, hyperglycemia was induced either by glucose 
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injection prior to stroke or with STZ a few days prior to stroke surgery. In recent 

years, there is a growing number of stroke studies in T2D models as recently 

reviewed47
. For example, cerebral ischemia causes greater infarction siLe in the 

db/db mouse, a genetic model ofT2D48
•

49
• Review of the literature on diabetic 

stroke suggests that severity of diabetes impacts the neurovascular injury. Studies 

in GK rats, a mild and lean model ofT2D, showed that 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 animals50
. Moreover, there was greater hemorrhage formation, 

an important complication of reperfusion, as discussed with the use of tPA. 

Although these rats had smaller infarctions, the neurologic deficit was greater 

suggesting that increased bleeding may contribute to functional outcomes in 

diabetes. 

The obese Zucker rat is a commonly used model of metabolic syndrome that 

presents with dyslipidemia and slightly elevated blood pressure but blood glucose 

is within the normal range51
• Stroke results in significantly greater neuronal 

damage, i.e. increased infarct, in this model and this is associated with inward 

remodeling of the cerebrovasculature. A recent study reported that high-fat diet that 

increased body weight by 15% increased infarct size and bleeding into the brain 

and worsened functional outcomes in the absence of overt metabolic changes52
• 

In summary, the effect of diabetes on ischemic brain injury is quite complex 

and depends on the duration and severity of diabetes and metabolic changes. 

Mild/moderate diabetes may not increase neuronal injury but it is clear that there is 



greater vascular injury; hemorrhagic transformation and edema, in all forms of 

diabetes and this is associated with poor outcomes. 

1.2.4 Stroke Recovery and Diabetes 

10 

Clinical evidence has shown that diabetes is associated with slower and poorer 

recovery of function and independence42
• 

43
• Diabetes leads to poorer recovery even 

after adjusting for confounding factors such as age and stroke severity44 
• The 

mechanism in which diabetes leads to poor stroke recovery is not well understood 

and experimental studies are very limited. Sweetnam and colleagues reported 

blunted neuronal repair and recovery after stroke in Tl D53
. A recent study showed 

that diabetes impairs recovery in the GK model ofT2D, which develops greater 

bleeding into the brain after ischemic stroke. Poor functional recovery in this model 

was associated with vasoregression and lack of reparative neovascularization54
• 

Summary of Background and Significance: Acute ischemic stroke is the leading 

cause of long-term disability in the United States55
. Enhancing the brain's 

endogenous capacity to repair holds great potential to improve recovery. Clinical 

and experimental studies suggested that angiogenic genes in the peri infarct area are 

upregulated within minutes after stroke and angiogenesis promotes neuronal 

recovery56• 
57

• While it is known that diabetes worsens stroke outcome, how 

diabetes impacts the brain's ability to repair after stroke is not understood4-5
. This 

poses a barrier to develop novel approaches to stimulate the brain's plasticity for 

recovery. Given that diet-induced metabolic diseases are on the rise and that the 

effects of diabetes on stroke recovery may be quite variable depending on the 
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model, the current study investigated the impact of diet-induced diabetes on 

functional recovery and vascularization after ischemic stroke. 
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Chapter II 

Experimental Design 

Aim 1: Test the hypothesis that high fat diet-induced diabetes impedes vascular 

restoration and functional recovery after ischemic stroke. 

Rationale: It is known that diabetes mellitus worsen stroke outcome. Our group 

has shown that vascular repair and functional recovery after ischemic stroke are 

impaired in a lean model of T20. The impact of high fat diet induced type 2 

diabetes on neovascularization and long-term recovery after ischemic stroke 

remains to be determined. 

Experimental Design: Study groups C1l 
.:.I. 
0 .... .... 

"' included: I) Control diet, and 2) 
Ill 

u ·;:;; 
·e "' c 

HF diet or C1l Behavior test "' IIF+Low dose STZ (1-STZ), as a model .s::. .s::. 

control diet STZ 
u 

_._ -. :) 
:!! 01 03 07 010014w 

of T20 and diet-induced metabolic + + + t I I 

disease that is increasingly receiving 
Week 4 7 12 14 

I Fig 2. Experimental scheme and groups for study I. 
recognition in studies focusing on 

diabetic complications58
• 

52 (Fig 2). For this study, male rats were fed by high fat 

diet (45% fat) or control diet (10% fat) from Research Diets Inc. Ischemic stroke 

was induced by middle cerebral artery occlusion (MCAO) 

• 
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by the filament method for 90 minutes. Cerebral blood flow was monitored by laser 

Doppler (PIM Ill, Perimed Systems) to detect flow changes and confirm successful 

occlusion59
• Animals were followed for 14 days and tested for neurobehavioral 

deficits at Days I, 3, 7, 10 and 14. At Day 14, animals were injected with 0.5mL of 

50mg/mL FITC-Fluorescein lsothioc)anate-Dextran (molecular weight 2,000,000, 

Sigma-Aldrich, St. Louis, MO) through the jugular vein under pentobarbital 

anesthesia as we reported and brains were processed to study vascularization 

pattems60
· 

61
. 

Evaluation of long-term functional outcomes: Modified Bederson's score, beam 

walk test and grip strength test, which assess sensorimotor function and novel 

object recognition (NOR) test which evaluates the memory function were 

performed blindly before stroke and on day I, 3, 7, 10, 14 after stroke60
· 

61
• 

54
· 

62
• 

63
. 

All animals were handled and trained on these tests for a week prior to MCAO. All 

the rats were housed in 12h light dark cycles and all the behavior tests were 

performed at the end of the day with ambient light of about 30 lux. 

Neurobehavioral analysis were done in a blinded fashion. Bederson's score for 

each rat was obtained by using 3 parameters which include (a) observation of 

spontaneous ipsilateral circling, graded as 2 (no circling), I (partial circling), 0 

(continuous circling), (b) contralateral hindlimb retraction, (c) forelimb retraction 

which measures the ability of the animal to replace the limb after it is displaced 

laterally by 2 to 3 em, graded I (immediate replacement) and 0 (replacement after 

minutes or no replacement). Maximum score of 5 \\aS given to a normal rat. A 
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lower scores represents a poor neurological outcome. Beam walking ability was 

based on 7-point scale method. A score 7 was assigned for a rat that readily 

traverses a 2.4-cm-wide, 80-cm-long beam with no more than 2 foot slips, 6 for rat 

that crosses the beam with the help of the affected paw but slips more than twice, 5 

for a rat that crosses the beam with limited use of the affected limb, 4 for a rat that 

crosses the beam and puts the affected paw on the beam but not use it for 

movement, 3 for a rat that crosses the beam dragging the feet, 2 for a rat that puts 

the affected the limb on the horizontal surface and maintains balance for 5 sec, and 

I for a rat unable to place the affected hindpaw on the horizontal surface of the 

beam. Composite neurological score (maximum 12 indicating best outcome) was 

composed of the sum of the Bederson's score and the scores obtained from the 

beam walking test. 

Grip strength was measured with a standard grip strength meter (Columbus 

Instrument). The rat was gently held with their forepaws grasping the mesh under 

tension, attached the grip strength meter and then pulled back consistently with its 

tail. The digital recording obtained from 3 trials was averaged and recorded as one 

observation. 

Spontaneous novel object recognition (NOR) test: NOR test was performed in a 

grey plastic box of (63L x 38W x 4211 em approx.) that was layered with animal 

bedding. Animals were habituated to the box one day prior to the day of testing 

with no objects in it. Objects with greater intricacy and details and similar in 

appearances with equal and unbiased preferences for one over the other were 

chosen to perform the test. On the day of testing, the rats were allowed to explore 
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two identical objects during the N A session for a period of 5 minutes. The rats 

were returned to their home cages for a delay/retention interval of 15 minutes 

following which the rats were confronted to AlB sessions consisting of 5 minutes, 

during which a novel object was paired with a familiar object used in the NA 

session. All objects were cleaned after each session with 30% ethanol and the 

bedding was ruffled and cleaned to discard cues. The objects were placed 

equidistant from the walls of the box, in the center and spaced 20 em apart and the 

rats were placed in between both the objects at the start of the experiment. The time 

spent in exploring each object during the AlB session was recorded and recognition 

indices were calculated by the ratio of time spent in exploring the novel object over 

the total time spent in exploring both the objects. NOR was based on the natural 

tendency of rodents to investigate a novel object instead of a familiar one. The 

choice to explore the novel object reflects the use of learning and (recognition) 

memory processes. 

Evaluation of neovascularization: Isolated brain was processed in 4% 

parafonnaldehyde (24 h) and 30% sucrose in phosphate-buffered saline (PBS). 

Brains were cut into 2 mm slices (labeled A-G rostral to caudal) and then sectioned 

into I 00 ~m slices and mounted on slides. Z-stacked confocal images of 100 J..lm 

sections from Region C (medial where the MCA branches out to supply the frontal 

motor cortex, bregma 1 to -1) were acquired using Zeiss LSM 510 confocal 

microscope in the regions of interest (ROis) within the cortex and striatum. ROis 

were based on our previous findings demonstrating the location of infarcts and 
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hemorrhage in the diabetic and control rats. An overall representation of these 

regions was obtained by imaging ROis from three different sections obtained from 

one slice. Values were obtained from each ROI, and a mean value of3 images from 

each section was calculated. Each measurement from one animal comprised of an 

average of 9 images from either the cortical or striatal region. Image stacks were 

imported into Volocity (Improvision, Lexington, MA), and reconstructed in 30. 

The FITC channel was classified to establish an intensity threshold, set to 

intensities 5X above background immunofluorescence (calculated from random 

adjacent areas where no vasculature is observed). 

Vascular density refers to the density of FITC stained vasculature from the 

merged planes over the total area of the section. This parameter determines the 

change in vascularization in a given reference area and is independent of Z

function. 

Vascular volume refers to the ratio of the volume of the vasculature to the total 

volume (reference volume) of the section on a Z-stack. 

Surface area represents absolute surface area of the vasculature and a proportional 

increase in surface area with vascular volume represents increased vasculature. 

Vessel structure and morphometry was assessed using Fiji software and axially 

projected into an 8-bit image as we described. Centerlines reduced to !-pixel size 

were extracted to obtain binary skeletonized images, which were then used to 

determine the tortuosity and the number of branch points associated with the 

penetrating arterioles. For vessel tortuosit), the centerline line extracted images 
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was anal)zed by longest-shortest distance method without pruning the ends to 

measure the actual length of the vessels. A ratio of this value over the euclidean 

distance provides the tortuosity or skewness of the vessel. Branch density refers to 

the number of branch points found over unit length of a vessel 64
• 

65
• 

66
• 

67
. 

Aim 2. Test the hypothesis that high fat and high glucose impair brain 

microvascular endothelial survival and angiogenic potential after ischemic injury. 

Rationale: While it is established that diabetes worsens outcome, the impact of 

high glucose and high fat alone on vascular repair after stroke is not known68
• 

69
• 

Thus, this aim uses an in vitro approach to address this question. 

Experimental Design: The HF + 1-STZ model was mimicked in vitro by exposing 

brain microvascular endothelial cells (BMVECs) to high glucose (HG 12.5 mM, 

levels observed in the animal model), palmitate (Pal, 200 J..LM) coupled to bovine 

serum albumin as an in vitro model of HFD, or JIG plus palmitate. Medium 

containing normal glucose (0.9g!L) was used as controls. Sodium palmitate was 

dissolved in 50% ethyl alcohol solution, then added to pre-heated I 0% fatty acid

free BSA in media at 50°C to create an intermediatestock solution of palmitate 

coupled to BSA. Palmitate, a saturated free fatty acid, rapidly increases in plasma 

after a high fat meal 70
• 

71
• Palmitate is selected based on a previous report that 

400J..LM palmitate induces inflammation in retinal endothelial cells 72
• 
13

• However, 

our preliminary data suggested that this concentration is toxic to brain endothelial 

cells. Thus, we used 200 J..LM. 
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Study groups included: I) HG, 2) Pal, 3) HG+Pal, and 4) NG. Cells were grown in 

normal glucose media or media containing high glucose, palmitate or HG+Pal for 

14 hours before exposing to normoxia or oxygen glucose deprivation (OGD) to 

mimic the ischemic stress during stroke by incubating cells in hypoxic (0.2% ~) 

chamber in a low glucose medium. After OGD or normoxia, cells were grown back 

in HG, Pal, JIG+ Pal or control media respectively (Fig 3). 

Evaluation of endothelial survival: Endothelial survival were evaluated by MMT 

assay and cell counting74
• 

75 
. Endothelial cell suspension was used to count cell by 

hemocytometer. To confirm the cell counting results, MTT test were also 

performed. The Endothelial cell were cultured in medium containing NG, HG, Pal, 

HG +Pal before exposed to OGD or normoxia for 6 hours. Cell viability was then 

assessed following previously described method76
• The absorbance of the treated 

cells was then taken by using a microtitre plate reader at 570nm. The results were 

presented as percentage of cell viability to that of control. 

Evaluation of angiogenesis: Cells were processed for angiogenic potential by tube 

formation and cell migration assay. 

NG 

HG 

Pal 

HG+Pal 

OGD 
or 
Normoxia 
for6 h 

Normoxia 
30h 

Cell viability 

( Cell migration J 

( Tube formation ) 

Fig 3. Experimental groups and endpoints for in vitro study. 
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Data analysis: Statistical significance for all analyses was assessed at an alpha 

level of 0.05 using SAS® (SAS Institute, Cary, NC) version 9.3 or later. Data was 

assessed for normality, as well as for other assumptions of ANOVA, and 

appropriate transformations were used when necessary. For significant ANOVA 

results, the means were compared using a Tukey's adjustment for multiple 

comparisons. In aim 1, two tailed t-test was used to compare neovascularization 

indices between control and diabetic group. For functional outcome, area under the 

curve {AUC) was used to assess recovery overtime. In aim 2, one way ANOV A 

was used to analyze the impact of high fat, high glucose and combination on 

angiogenesis and endothelial survival after stroke. 



20 

Chapter III 

Results 

3.1 Metabolic Parameters 

Wistar rats were fed an isocaloric control or 45% HF diet for 8 weeks starting at 4 

weeks of age and diabetes was induced by low dose 30mglkg streptozotocin (STZ) 

injection at 7 weeks of age. Metabolic parameters at 12 weeks of age are 

summarized in Table I. As expected, in the diabetes group plasma insulin was 

lower. 8 week HF plus STZ diet significantly increased free fatty acid (FFA), 

cholesterol and glucose (Table 1). Previous studies in our laboratory showed that 

liFO or STZ alone at this dose did not increase blood glucose or alter lipids (data 

not shown). 

Table I. Metabolic parameters of animals on control and high fat diet. 

n 3-5. *p<0.05 

Before Stroke 

Body Weight(g) 

Blood Glucose(mg/dl) 

One Week Post-stroke 

Body Weight(g) 

Blood Glucose(mg/dl) 

Two Weeks Post-stroke 

High Fat Diet+ STZ 

454.8±8.10 
230±56 . 

Control Diet 

438.1±3.87 

84±11 

High Fat Diet + STZ Control Diet 

431.3±12.25 

121±42 

406±11.79 

78±13 

High Fat Diet+ STZ Control Diet 

449.6±9.36 432.7±7.58 

1.09±0.58° 4.73±1.49 

110.71±6.54 92.86±3.63 

• 179.92±5.80 126.64±3.48 

• 
0.66±0.17 0.25±0.11 

130±42 87±16 
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3.2 Diabetes impairs neovascularization after ischemic stroke 

Post-stroke vascularization pattern significantly differed in diet-induced diabetic 

rats as shown in the representative images in Fig 4. In the ipsilateral cortex, 

vascular volume, surface area and branch density were significantly lower in HF + 

STZ group compared to control group. In the contralateral side, vascular and 

branch density were also lower in diabetes group and there was a trend for less 

surface area. Interestingly, branch density was significantly greater on the 

contralateral side in both control and diabetic animals (Fig 5, Fig 6). 

In striatum, similar results were obtained. In the ipsilateral side, vascular 

volume, surface area and branch density were decreased in diabetic group. In the 

contralateral side, vascular volume surface area and branch density were impaired 

in the HF + STZ group compared to control group (Fig 7, Fig 8). 
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Fig 4. Representative images depicting the locali/ation ofthe infarct border zone, 

regions of interest that is used to measure the vascular volume, surface area and 

branch density. Images are taken from cortex (yellow) and striatum (red) in 

ipsilateral side and contralateral side. 
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Fig 5. Representative vascular images in cortex and vascular volume, surface area. 

FITC were injected through the jugular vein. The brain was cut into sections and 

the images from regions of interest \\ere acquired using confocal microscope. A. 

The representative images in corte>.. in both ipsilateral and contralateral side. B. HF 

+ TZ impaired vascular \Oiume in both ipsilateral and contralateral side. Surface 

area is onl) decreased in ipsilateral side of corte:.... 'While there is a trend in 

contralateral side. it is not statisticall) significant. 6-8. • means p<0.05 
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Fig 6. Representative skeletoniLed images of cortex and branch density, tortuosity. 

Images arc skeletonized by software to analy:,rc the branch density and tortuosity. 

A. Representative images skeletoni1cd from corte:--. B. Branch densit} decreased in 

IIF T7 group compared to control in both sides of corte\.. The difference of 

vascular tortuosit} is not significant. 6-8. • means p<O.O 
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Fig 7. Representative images in striatum and vascular \Oiume, surface area. A. The 

25 

representative images in striatum. B. The percentage vascular volume is decreased in 

both ipsilateral and contralateral side in II F + TZ group compared to control group. 

The surface area of both sides is also impaired in both sides in striatum in HF + STZ 

group. N 6-8, * means p<O.OS. 
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Fig 8. Representative skeletonized images and branch density, tortuosity in striatum. 

A. Representative skeletonized images from ipsilateral and contralateral side of 

striatum. B. The branch density is lo'"er in IIF + T/ group compared to control 

group. The difference in vascular tortuosit) is not significant!). - 6-8. *means 

p<O.OS. 
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3.3 Diet-induced Diabetes Worsens Functional Outcome After Ischemic Stroke 

Neurological function was assessed by multiple tests. Composite score was similar 

at baseline, but post-stroke recovery was significantly impaired in diabetic group 

compared to control group (Fig 9). While control rats returned to baseline levels, 

diabetic rats showed a blunted response. Similar results were obtained with the 

forelimb grip strength after stroke (Fig I 0). Cognition and memory function were 

evaluated by novel object recognition test (Fig II). 
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Fig 9. Neurological deficit is greater in diabetic animals. Sensorimotor functions is 

represented by composite neurological score. Baseline of all rats before stroke is 

12, that means no deficit. Post stroke composite neurological score is decreased in 

HF + STZ group. Improvement in HF + STZ group is also slower compared to 

control group. N=6 in male HF STZ group, N- 8 in male control group. *p<0.05, 

#p<O.OI 
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Fig I 0. Grip strength is impaired in diabetic group after stroke. The baseline level 

of grip strength test pre stroke shows the similar result in both groups. After 

ischemic stroke, the grip strength on da) I in HF + STZ group is lower than the 

control group. Diabetes also impairs the long-term recovery after stroke. The grip 

strength post stroke in HF + STZ group is not restored after 14days. N=6 in male 

IIF STZ group, N=8 in male control group. •p<0.05 
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Fig II. Diabetes dampens recognition index. Diabetes impairs recognition and 

memory function even before stroke. The baseline level in HF + STZ group is 

lower than the control group. The recognition index post ischemic stroke at various 

time points is also impaired in HF + STZ group. N- 6-8, * p<O.OS 



3.4 High Fat And Glucose Impair Brain Microvascular Endothelial Survival and 

Angiogenic Potential after Ischemic Injury. 
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Cell survival was analyzed by two approaches: cell counts and MMT assay. One 

way ANOVA analysis showed that under normoxic conditions, cell counts were 

significantly decreased in palmitate and high glucose containing medium and 

palmitate plus high glucose medium showed a synergistic efTect further reducing 

cell numbers (Fig 11 A). Under hypoxic conditions, a similar effect was observed. 

The impact of each growth condition on cell survival under normoxic and hypoxic 

conditions (2 X 2 design) was further analyzed by a 2-way ANOVA. Hypoxia or 

hyperglycemia alone reduced cell number but there was no additive effect of 

hyperglycemia under hypo>...ic conditions (Fig II B). While there was no difference 

in cell number in cells grown in high glucose or palmitate containing media alone 

under normoxia or OGD, high glucose plus palmitate significantl) reduced cell 

number under normoxic and OGD conditions (Fig tiC and 0). Endothelial cell 

viability was also evaluated by MTT assay and similar results were obtained. Cell 

proliferation was significantly decreased in high glucose containing medium and 

palmitate plus high glucose medium showed further reducing cell proliferation (Fig 

12A). Two-way ANOVA showed that hypoxia or hyperglycemia alone decreased 

cell proliferation and there was synergistic effect of hyperglycemia under OGD 

conditions (Fig 12B). While hypoxia decreased cell proliferation in high glucose 

containing media, there is no an additive effect of cell proliferation in high glucose 

and palmitate in OGD condition (Fig 12C). Palmitate showed an effect of 

decreasing cell proliferation in hypoxia condition and there was synergistic effect 
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of inhibiting cell proliferation by high glucose and palmitate containing medium in 

OGD condition. 

Scratch assay were performed to evaluate endothelial cell migration. The 

brain microvascular endothelial cells cultured in NG, HG, Pal or HG +Pal 

containing media were scratched and exposed to OGD or normoxic condition for 6 

hours. The representative images were shown in Fig 13A, B. The percentage 

migration was calculated to evaluate the cell migration. In normoxic condition 

there was no significant difference in cell migration between different groups. 

Two-way ANOVA indicated that the OGD impaired the cell migration in normal 

glucose, high glucose, palmitate or high glucose plus palmitate containing medium 

(Fig 13C). There was an synergistic effect of high glucose plus plamitate compared 

to palmitate only in OGD condition (Fig 13 0). 

Tube formation assay was also performed. The cells were cultured in NG, 

IIG, Pal or HG + Pal medium before seeding into 96 well plates coated by gel 

matrix. The cells were exposed to normoxic or OGD condition for 6 hours and 

images are taken by microscope. The tube length was calculated to evaluate 

tubologenesis. Representative images of tube formation were shown in Fig 1 4A. In 

normoxic condition, palmitate and high glucose plus palmitate imapaired 

tubulogenesis while in OGD high glucose, palmitate and high glucose plus 

palmitate impaired the tubulogenesis (Fig 148). Two-way ANOVA showed that 

OGD impair tubulogenesis in normal glucose or high glucose containing medium, 

there was addictive effect by high glucose (Fig 14C). The Palmitate and high 

glucose both impaired the tubulogenesis in normoxic or OGD condition, there was 



S) nergistic effect by high glucose plus palmitate of impairing tubulogenesis in 

nonnoxic or OGD condition (Fig 140, E). 

33 
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Fig II. A. Cell counts in normal glucose (NG), high glucose (HG), palmitate (Pal) 

and high glucose plus palmitate (JIG+ Pal) medium. *p<0.05 vs G under normoxic 

conditions, #p<0.05 vs NG under hypoxic conditions. Comparison of gro~ th 

conditions (HG, Pal, or HG Pal) under normo:\ic or h}pO:\ic conditions are given in 

Panels B (*p<0.05 \S normo:\ia, p<0.05 \S NG). C and D (*p<0.05 \S HG or Pal). 

Mean EM. n 3 e:\periments performed in duplicate. 
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Fig 12. Effects of ra. HG, Pal and HG Pal culture in normo'\ic or OGD condition. 

Cells cultured in normaL high glucose, palmitate and high glucose plus palmitate 

medium ''ere exposed toO'\) gen glucose depri,ation. A. Cell "iabilit) is impaired in 

IIG. HG• Pal group in normo:'\ic condition \\hilc in OGD. IIG or HG + Pal impaired 

the cell migration. *menas p<0.05. Mean SL'\11. N 3. experiments are performed in 

duplicate. B. Two-way ANOVA analysis ofNG and I IG group. *means p<0.05 vs 

normoxic group. C. Two-way ANOY A analysis of JIG and I IG + Pal group. *. 

p<0.05 vs normoxic group. D. Two-way A NOVA analysis of Pal and HG +Pal group. 

* means p<0.05 vs normoxic group. 
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Fig I 3. Scratch assay are performed to evaluate endothelial cell migration. A. The 

brain microvascular endothelial cells were seeded into 24 well plates with different 

media (NG, HG, Pal, HG + Pal). The scratch was performed when cell were 

confluent, then the cells were exposed to OGD or normoxic condition for 6 hours. 

The representative images in normoxic condition were shown. B. The 

representative images in OGD groups. C. The migration percentage was decreased 

by HG and HG + Pal group in OGD. Mean ± SEM. N=3, experiments were 

triplicate. • means p<0.05, # p<O.O I. D. Two-way ANOV A showed that OGD 

decreased percentage migration in HG and JIG +Pal condition. p<0.05 vs 

normoxia. OGD decreased migration percentage in Pal and HG + Pal condition. 

p<0.05 vs normoxia. 
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Fig 14. Brain microvascular endothelial cells tubulogcncsis. A. Representative images 

of tube formation after 6 hours ofOGD or normo:\ic C\.posurc. B. Pal and HG + Pal 

decreased tube length in normoxic condition ''hilc JIG. Pal and HG ._Pal decreased 

tube length in OGD condition. 3. e:\perirnents "ere performed in 



39 

duplicate. Mean± SEM, • means p<0.05. C. Two-way ANOVA indicated that 

OGD decreased tube length in nonnal glucose or high glucose. P<0.05 vs 

normoxia. D. Two-way ANOV A indicated that OGD decreased tube length in HG 

or HG+ Pal group. P<0.05 vs nonnoxia. E. Two-way ANOV A indicated that OGD 

decreased tube length in Pal and HG + Pal group. P<0.05 vs nonnoxia. 
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Chapter IV 

Discussion 

The aim of the current study is to investigate the impact of diet-induced diabetes on 

neovascularization and functional outcomes after ischemic stroke. Previous studies 

in our lab provided evidence that GK rats, a lean model ofT20, exhibit enhanced 

neovascularization. However, when these rats are subjected to ischemic reperfusion 

injury, neovascularization and neurological function are impaired during recovery. 

In this stud}, we tested the h) pothesis that high fat diet combined streptozotocin

induced diabetes, a new model of type 2 diabetes, impedes vascular restoration and 

functional recovery after ischemic stroke. We found that cerebrovascular volume 

and patterning after ischemic stroke were significantly decreased in the diabetic 

group compared to the control group. In the in vitro model, we confirmed that the 

high glucose plus palmitate impaired the endothelial survival and angiogenesis 

during OGD. 

Previous studies in experimental models of diabetes reported increased 

infarct, edema and hemorrhage in h) perglycemic animals after stroke. However, 

most of these studies focus on the importance ofh)perglycemia in acute ischemic 

stroke. Clinically, obesity is a most important modifiable risk factor for T20. T20 

is often associated not only with hyperglycemia and insulin resistance, but also 

d)slipidemia and obesity or metabolic syndrome. So in the current study, we used 

HFD plus low dose STZ model as a model ofT20 associated with metabolic 
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syndrome or obesity77 • In this model, animals are fed with high fat diet for 8 weeks 

and are injected with low dose (30mglkg) STZ at week 3. A study suggested that 

high fat diet for 2 weeks caused insulin resistance in rats77
• The body weight was 

about I 0% higher than the control diet group right before stroke. While this is not 

considered obesity, they definitely had dysl ipidemia and hyperglycemia. A 

previous study in our lab has reported that high fat diet alone did not cause these 

metabolic abnorrnalities52
• Prepresence of hyperglycemia induced by STZ in this 

study, however, caused changes in lipid profi le. We also showed that high fat diet 

alone increased infarct size and bleeding into the brain leading to worsened 

outcome in the absence of metabolic changes52
. However, effect on repair and 

recovery after stroke remained unknown. In the current study, we found that diet

induced diabetes impairs neovascularization after ischemic stroke. These studies 

collectively suggest that HFD alone impacts stroke injury and HFD-induced 

diabetes impairs recovery in the absence of obesity. 

Despite the known association between obesity and increased 

cardiovascular disease in the general population, there have been conflicting reports 

about the link benveen obesity and mortality among individuals with 

cardiovascular disease including stroke. While the underlying mechanisms remain 

unknown, numerous studies reported that obesity confers a survival advantage in 

patients with stroke, a phenomenon known as the "obesity paradox"
78

• 
79

• However, 

the impact of obesity on repair and recovery of patients who survived the initial 

injul) is poorly understood. In the current study, the animals were not obese. 
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However, our findings suggest that HFD impairs recovery and further studies with 

obese models are needed. 

Bleeding after ischemic stroke is known as hemorrhagic transformation 

(HT), an important complication of ischemic stroke. The occurrence of HT is 

greater in stroke patients with diabetes. Our lab reported increased HT after 

ischemic stroke in the GK model as well as HFD rats52
•
60

• HT is undoubtedly a 

vascular associated risk but how HT contributes to the impaired neovascularization 

and vascular remodeling after ischemic stroke is still unclear. One hypothesis is 

that heme activates toll like receptor (TLR) 4 - mediated inflammatory injury after 

ischemic stroke. Numerous studies reported TLR4 as a potential mechanism that 

causes injury in intracerebral hemorrhage80
· 

81
• Current studies in our laboratory are 

investigating whether activation of the TLR4 pathwa) contributes to decreased 

vascularization in HFD-induced diabetes. 

We also introduced the in vitro model to mimic the high fat plus low dose 

STZ model of type 2 diabetes. We usc high glucose plus palmitate to mimic the in 

vitro model of TID. High glucose model is widely used in vitro as a model of 

diabetes. We choose l2.5mM to mimic the blood glucose about 220 mgldL. 

Previous report used high 400J.LM palmitate in vitro as a mimic of high fat diet
73

. 

After experimental trials, we decided that a relatively low concentration of200~ 

palmitate combined 12.5mM glucose is the best mimic in vitro to the type 2 

diabetes. Palmitate as saturated fatty acid can lead to inflammation. This is one of 

the important reasons of obesity induced inflammation and has been reviewed 

recent1l2•84• We think that palmitate and glucose combination also induces 



inflammation and causes endothelial dysfunction and leading to impairment of 

neovascularization. 

43 

There are several limitations for the current study. The most important 

weakness is the lack of a sham group. Our group previously showed that diabetic 

animals present with increased yet dysfunctional neovascularization of the brain60
• 

More importantly, when these animals arc subjected to stroke, there is a significant 

loss of vascularization while control animals exhibit reparative angiogenesis. Thus, 

we first need to determine the impact of liFO on neovascularization to be able to 

make comparisons to vascularization patterns after stroke. Another limitation is the 

lack of evaluation of non-FITC perfusing vessels. We used FITC injection method 

to fill and visualize the vasculature in the brain but this method is not sufficient to 

label newly formed vessels. Our group successful!} used isolectin staining, which 

labels endothelial basement membrane to identify newly formed vessels that may 

not be perfusing. Future studies are needed to complement our FITC-based 

approach. Current study focused on endothelial cells only but in the brain many 

other cell types like astrocytes and neurons also play important role in angiogenesis 

and communicate with endothelial cells. Impact of HFO-induced diabetes on 

neuronal and glial responses after stroke needs to be established. In this study, 

novel object recognition was performed to evaluate the cognitive and memory 

function. However, it is possible that decreased novel object recognition index we 

observed may be due to the increased anxiet) of the animals. Currently we are 

measuring additional parameters such as time spent on each object to differentiate 

the impact of anxiety and memory function. 
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In conclusion, this study found that the cerebrovascular density and 

patterning after stroke is different in control and HFO-induced diabetic animals and 

these vascular differences are associated with impeded recovery. Our in vitro data 

suggest that endothelium is an important target in liFO. 



CHAPTERV 

SUMMARY 

In summary, diet-induced diabetes leads to impaired cerebral 

neovascularization after ischemic stroke. Diabetes mediates structural alteration, 

such as vascular volume, surface area and branching density. 
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Long term recovery is also impaired by diet-induced diabetes. lmpainnent 

in neovascularization co-existed with greater neurological deficits caused due to 

stroke in diabetes. Diet-induced diabetes associated with stroke undennined the 

rates of functional recovel) such as sensorimotor deficits, cognition and memory. 

The in vitro study was perfonned with brain microvascular endothelial cells 

isolated from rats. Endothelial cell survival, cell migration and tube fonnation were 

all impaired by OGD. Cells cultured in high glucose and palmitate had additional 

impainnent in cell survival, migration and tube fonnation after OGD. This 

con finned the result in the animal model that neovascularization after ischemic 

stroke is decreased by diabetes. 
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