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Abstract

We have shown that Goto-Kakizaki (GK) rats, a lean model of type 2 diabetes, develop significant
cerebrovascular remodeling by 18 weeks of age, which is characterized by increased media
thickness and matrix deposition. While early glycemic control prevents diabetes-mediated
remodeling of the cerebrovasculature, whether the remodeling can be reversed is unknown. Given
that angiotensin 1l Type 1 receptor blockers (ARBS) reverse pathological vascular remodeling and
function independent of changes in blood pressure in other vascular beds, we hypothesized that
azilsartan medoxomil, a new ARB, is vasculoprotective by preventing and reversing
cerebrovascular remodeling in diabetes. Control Wistar and diabetic GK rats (n=6-8/group), were
treated with vehicle (water) or azilsartan medoxomil (3 mg/kg/day) from 14 to 18 or 18 to 22
weeks of age before or after vascular remodeling is established, respectively. Blood glucose and
blood pressure were monitored and middle cerebral artery structure and function were evaluated
using pressurized arteriography. Blood glucose was higher in GK rats compared to Wistar rats.
Azilsartan treatment lowered blood glucose in diabetes with no effect on blood pressure. Diabetic
animals exhibited lower myogenic tone, increased wall thickness, and cross sectional area
compared to controls, which were corrected by azilsartan treatment when started at the onset of
diabetes or later after vascular remodeling is established. Azilsartan medoxomil offers preventive
and therapeutic vasculoprotection in diabetes-induced cerebrovascular remodeling and myogenic
dysfunction and this is independent of blood pressure.

Introduction

Type 2 diabetes, a disease that affects more than 20 million Americans, increases the risk
and worsens outcomes of cerebrovascular disease and stroke.1 Mounting evidence suggests
that inhibition of the renin-angiotensin-aldosterone system reduces cardiovascular and
cerebral complications including the primary and secondary stroke risk, and angiotensin 1l
Type 1 (AT1) receptor blockers (ARBS) are as effective as angiotensin converting enzyme
inhibitors.2 Regulation of cerebrovascular function and structure is critical for the
maintenance of cerebral blood flow, which ultimately is the most important determinant of
stroke.5 Several studies suggested that in experimental models of hypertension, a common
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confounding factor in patients with diabetes and stroke, ARBs reverse pathological vascular
remodeling and function independent of changes in blood pressure.6-9 The effect of ARBs
on cerebrovascular function and structure in diabetes remains unknown. We have recently
demonstrated hypertrophic cerebrovascular remodeling in GK rats, a non-obese and non-
hypertensive model of type 2 diabetes.10 We also showed that inhibition of vascular
remodeling reduces neurovascular injury if stroke is induced in this model.1! Given that
ARBs are one of the most commonly prescribed drugs in patients with diabetes, we used
both a preventive and a therapeutic approach to test the overall hypothesis that azilsartan
medoxomil, a new ARB, is vasculoprotective in diabetes by improving vascular function
and structure.

METHODS

Animals

All experiments were performed using male Wistar rats (Harlan; Indianapolis, ID) and age-
matched diabetic GK rats (In-house bred, derived from the Tampa colony or purchased from
the Tampa colony, Taconic; Hudson, NY). The animals were housed at the Georgia Regents
University animal care facility that is approved by the American Association for
Accreditation of Laboratory Animal Care. All protocols were approved by the institutional
animal care and use committee. Animals were fed standard rat chow and tap water ad
libitum. Body weights and blood glucose measurements were taken biweekly. Blood glucose
measurements were taken from tail vein samples using a commercially available glucometer
(Freestyle, Abbott Diabetes Care, Inc; Alameda, CA). Mean arterial pressure (MAP, mmHg)
was measured using the tail-cuff method. All animals were anesthetized with pentobarbital
sodium (Fatal-Plus, Vortech Pharmaceuticals Ltd; Dearborn, Ml), exsanguinated via cardiac
puncture, and decapitated to extract the brain. Middle cerebral arteries (MCA) were isolated
for structure and function studies as described below.

Experiment 1—To determine whether angiotensin Il antagonisms prevents the progression
or reverses established cerebrovascular remodeling and dysfunction, 4 groups were
included: 1) Control vehicle, 2) Control + azilsartan medoxomil, 3) GK vehicle and 4) GK+
azilsartan medoxomil. Starting at 18 weeks of age after the development of diabetes-induced
cerebrovascular remodeling, rats were treated with azilsartan medoxomil (3 mg/kg/day by
gavage) for 4 weeks.

Experiment 2—To determine whether angiotensin 1l antagonisms prevents the
development of cerebrovascular remodeling and dysfunction, 4 groups were included: 1)
Control vehicle, 2) Control + azilsartan medoxomil, 3) GK vehicle and 4) GK+ azilsartan
medoxomil. Starting at 14 weeks of age before the development of diabetes-induced
cerebrovascular remodeling, rats were treated with azilsartan medoxomil (3 mg/kg/day by
gavage) for 4 weeks. GK rats showed elevated blood glucose levels (Experiment 1: mean t
sem and Experiment 2: mean + sem) at the onset of treatment. Metabolic parameters
including body weight, blood glucose and blood pressure at the end of treatment are given in
Table 1.
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MCA function and morphometry

MCAs were quickly excised and used within 45 minutes of isolation to ensure viability of
the vessels. A pressure arteriograph system (Living Systems; Burlington, VT) was used to
evaluate MCA structure, myogenic tone, and mechanical properties. For these studies, MCA
segments approximately 200-250 um in diameter and proximal to the junction between the
MCA and the inferior cerebral vein were used exclusively. The vessels were first mounted
onto glass cannulas in an arteriograph chamber and HEPES bicarbonate buffer (in mM: 130
NaCl, 4 KCI, 1.2 MgS0O,, 4 NaHCOg3, 10 HEPES, 1.18 KHyPOQy, 5.5 glucose, 1.8 CaCly)
was circulated and maintained at 37+0.5°C. The MCA segments were then pressurized at 60
mmHg for 45 min to generate spontaneous tone. A video dimension analyzer connected to
the arteriograph system was used to measure media thickness (MT) and lumen diameter
(LD) at pressures ranging from 0-180 mmHg, in 20 mmHg increments. The first
measurement was taken at 5 mmHg because negative pressure is generated at 0 mmHg,
causing the vessel to collapse. All vessels were exposed to each pressure point for 5 min
before readings were recorded. Pressure-diameter curves were obtained, first in the presence
of Ca?* to observe the vessels’ contractile properties, and then in Ca2*-free buffer with the
addition of 10~7 M papaverine hydrochloride to evaluate the vessels’ passive properties.

Data calculations

Using the MT and LD measurements obtained in active conditions (in the presence of Ca2*)
and in passive conditions (in the absence of Ca%*), the following parameters related to MCA
structure, myogenic tone, and mechanical properties can be calculated: Media Thickness
(MT, um) = Left Wall + Right Wall; Outer Diameter (OD, pm) = LD + MT; Medial/Lumen
ratio (M/L) = MT/LD, and Percent Myogenic Tone (% tone) = 1 — (Active OD/Passive OD)
x 100; Circumferential stress (o) = (Intraluminal pressure x passive Lumen diameter)/2 X
Wall thickness; and circumferential strain (g) = (passive Lumen diameter — passive Lumen
diameter at 5 mmHg)/ passive Lumen diameter at 5 mmHg. The 3 coefficient is the slope of
the stress-strain curve (a higher p value is indicative of a stiffer vessel). Results are shown
across the pressure range (20-160 mmHg) and also at 100 mmHg pressure point, which is a
midpoint in the autoregulatory range.

Statistical analysis

% tone, lumen diameter, wall thickness, and wall:lumen ratio across the pressure range were
analyzed by one-way ANOVA with Tukey post-hoc analysis. The study had a 2 x 2 disease
(control vs diabetes) by treatment (vehicle vs azilsartam medoxomil) design. As such, %
tone, lumen diameter, wall thickness, and wall:lumen ratio at 100 mm-Hg pressure point
were analyzed using 2 way ANOVA to assess disease and treatment effects and interactions.
A Bonferroni adjustment for multiple comparisons was used for mean comparisons for
significant effects from all analyses. Data was expressed as Mean =+ SEM and p<0.05 was
considered significant.
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Effect of azilsartan medoxomil on metabolic profile

Body weight was slightly lower and blood glucose was higher in diabetic animals as
compared to control. There was no difference in mean arterial blood pressure (MAP). There
was a disease and treatment interaction with treatment with azilsartan medoxomil not
affecting body weight or blood pressure in either experiment but significantly decreasing
blood glucose in diabetic animals (Table 1).

Azilsartan medoxomil reverses established cerebrovascular remodeling and dysfunction

Several indices of remodeling were measured. At 22 weeks, 16 weeks after the onset of
diabetes, lumen diameter was decreased and wall thickness, cross sectional area and
wall:lumen ratios were all increased in diabetic animals across the pressure range as
compared to control Wistar rats (Fig LA-C and Fig 2A). At 100 mmHg, which is the
physiological pressure for these vessels,12: 13 there was no difference in lumen diameter
among control and diabetic vehicle or azilsartam-treated groups (1B). However, there was a
disease and treatment interaction such that wall thickness and wall:lumen ratio were
normalized to control levels with azilsartan medoxomil treatment in GK rats but had no
effect on control animals (Fig 1E and F). Cross sectional area (CSA) was greater in diabetic
animals and azilsartan medoxomil decreased CSA in both groups (Fig 2A and B).
coefficient, which is an indicator of vessel stiffness, was greater in diabetic group and
treatment reduced the stiffness again in both groups. Disease by treatment interaction
indicated that this effect is greater in diabetic rats (Fig 2C). Myogenic reactivity was lost in
GK rats and tone was significantly lower than in control rats. Treatment restored myogenic
tone in diabetes (Fig 3A and B).

Azilsartan medoxomil prevents cerebrovascular remodeling and dysfunction

At 18 weeks, 12 weeks after the onset of diabetes, lumen diameter was decreased and wall
thickness, cross sectional area and wall: lumen ratios were all increased in diabetic animals
across the pressure range as compared to control Wistar rats (Fig 4A-C and Fig 5A). At 100
mmHg pressure point, azilsartan medoxomil treatment improved lumen diameter and CSA
only in GK rats but decreased wall thickness and wall: lumen ratio in both control and
diabetic groups (Fig 4D-F and Fig 5B). Diabetic vessels were stiffer than control MCAs and
treatment reduced stiffness in both group of rats and the effect was greater in the diabetic
group (Fig 5C). Myogenic reactivity was lost in diabetes and myogenic tone was
significantly lower than in control rats (Fig 6A). Treatment improved myogenic tone in both
control and diabetic animals (Fig 6B). A comparison of remodeling indices at 18 w versus
22 weeks showed that established remodeling at 18 weeks did not progress any further.

DISCUSSION

The current study was designed to address the following important question: Do ARBs
prevent and/or reverse diabetes-induced structural and functional changes in the
cerebrovasculature independent of their blood pressure lowering effect? Our results
demonstrate that there is significant vascular remodeling characterized by increased wall to
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lumen ratio and CSA in diabetic animals as compared to their age-matched controls if left
untreated. This remodeling is associated with impaired myogenic reactivity and decreased
tone. When azilsartam medoxomil is started shortly after the onset of diabetes, these changes
are prevented. More importantly, angiotensin 1l type 1 receptor (AT1R) antagonism by
azilsartan medoxomil reverses pathological remodeling even if it is started after the
development of the cerebrovascular changes and this effect is independent of changes in
blood pressure.

Renin-angiotensin-aldosterone (RAAS) plays a key role in cardiovascular homeostasis and
as such ARBs are one of the most commonly used therapeutics to prevent/reduce
cardiovascular and renal complications associated with diabetes at the microvascular and
macrovascular levels.3 4 1415 |n addition to seminal clinical trials including VALUE (The
Valsartan Antihypertensive Long-term Use Evaluation) 14 and LIFE (the Losartan
Intervention for Endpoint reduction in hypertension)®, BPLTTC (the Blood Pressure
Lowering Treatment Trialists’ Collaboration) provided evidence that inhibition of the
Angiotensin Il system by ARBs or angiotensin converting enzyme inhibitors (ACEi) reduces
the relative risk of stroke, coronary artery disease and heart failure. ONTARGET (the
Ongoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial) which
compared ARB (telmisartan) and ACEi (ramipril) combination with either agent alone in
patients at high risk of cerebral, coronary and peripheral vascular disease including diabetic
subjects with target organ damage.16: 17 The study showed that telmisartan was equally
effective as ramipril for cardiovascular risk reduction.1®: 17 While these clinical studies
provided definitive evidence that ARBs reduce cerebrovascular events, they also led to new
questions regarding mechanisms underlying these beneficial effects which can be addressed
more systematically in preclinical studies.

We have reported diabetes-induced temporal changes in the structure and function of
cerebral blood vessels in the GK model of type 2 diabetes.19: 18 19 Numerous studies have
reported that increased blood pressure negatively influences cerebrovasculature and causes
eutrophic vascular remodeling.5: 13 GK rats are not hypertensive per se but start developing
slightly higher blood pressure beginning around 9-10 weeks of age. In our previous study,
we found that endothelin (ET-1) receptor antagonism given during 14-18 weeks also
prevents remodeling in this model. However, in that study this treatment also lowered the
blood pressure and we could not determine whether the prevention of remodeling was due to
lower blood pressure or a direct effect of ET-1 on vasculature. In a follow-up study we
showed that metformin treatment prevented the remodeling in the absence of any changes in
blood pressure suggesting that these vascular responses are independent of slightly higher
pressures in GK rats.19 Several studies suggested that in experimental models of
hypertension, a common confounding factor in patients with diabetes and stroke, ARBs
reverse pathological vascular remodeling and function independent of changes in blood
pressure.5-9 However, the impact of ARBs on diabetes-mediated cerebrovascular changes
remained unknown. The current study provides evidence for the first time that angiotensin |1
type 1 receptor (AT1R) antagonism by azilsartan medoxomil prevents and reverses
cerebrovascular remodeling and dysfunction in diabetes.
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Cerebral circulation regulates blood flow within a wide pressure range to maintain constant
nutrient and oxygen supply to the brain. The myogenic properties of vascular smooth muscle
cells (VSMC) contribute to this autoregulatory capacity.18-21 Previous studies reported
different myogenic reactivity in different diabetes models. Zimmermann et al reported
increased MCA tone in type 1 diabetes.?2 Another study reported temporal changes in
cerebrovascular function and showed increased tone in the obese BBZDR/Wor model of
type 2 diabetes with relatively high (>450 mg/dl) glucose levels.23 We have also shown that
GK rats develop more tone early in the disease but when remodeling develops, these vessels
lose their ability to hold tone. This would have important consequences because
cerebrovascular autoregulation is essential for the protection of downstream microvessels
from changes in perfusion pressure. Azilsartan medoxomil prevents this loss of tone if given
early in the disease or restores myogenic tone when given after disease is established and
thus offers vascular protection from a vascular function point of view as well.

We have used this spontaneously diabetic rat strain?4 because glucose intolerance can be
observed in GK rats as early as 2 weeks of age in these animals and onset of moderate
hyperglycemia can be as early as 5-6 weeks of age2°. During weeks 6-12, plasma insulin
levels are elevated and then decrease to levels lower than observed in Wistar rats?4 25, In
contrast to the severely hyperglycemic streptozotocin (STZ) rat model of diabetes, whose
glucose levels are typically above 300 mg/d?”: 28, GK rats are moderately hyperglycemic
with plasma glucose levels around 200 mg/dl. This non-obese model of type 2 diabetes is
ideal for these studies because diabetes-induced cerebrovascular alterations can be studied in
the absence of confounding comorbidities such as hypertension or hyperlipidemia25: 29,

In the current study, azilsartan medoxomil reduced blood glucose levels in diabetic animals.
Azilsartan has been reported to improve insulin sensitivity in different animal models.30-32
Recent studies also indicate that some ARBs that have peroxisome proliferator activated
receptor-y (PPAR-y) agonistic effects are more effective in inhibiting vascular smooth
muscle proliferation as well as improving metabolic parameters in metabolic syndrome
patients and experimental models.33: 34 Initial reports on azilsartan medoxomil reported that
this new ARB possesses PPAR-y agonistic properties.3? It is known that PPAR-y activation
provides cerebrovascular protection after stroke3® and in Alzheimer’s disease36 and
interference with PPAR-y signaling mediates cerebrovascular dysfunction.3” While the
protective effect we observe may be partly to improvement of blood glucose, it has to be
noted that blood glucose levels in treated animals are still higher that control rats suggesting
that azilsartan medoxomil has additional direct vasculoprotective effects. However, further
studies are needed for direct comparison of cerebrovascular protective effects of azilsartan
medoxomil with other ARBs with low or no PPAR-y agonistic properties such as valsartan
as well as with PPAR-y agonists.

In this translational study we did not include any mechanistic studies. Given that there is a
close interaction between the ET and angiotensin systems38 and that ET receptor antagonism
also partially prevents remodelingl®: 3% 40, whether azilsartan medoxomil modulates the ET
system remains to be determined.
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In conclusion, AT1 receptor antagonism by azilsartan medoxomil not only prevents
cerebrovascular remodeling and dysfunction that develops over time in diabetes but also
reverses established disease. Thus, ARBs can be used for both preventive and therapeutic
strategies in cerebrovascular complications of diabetes.
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Azilsartan medoxomil reverses established cerebrovascular remodeling in diabetes. Across
the pressure range, lumen diameter is lower while wall thickness and wall: lumen ratio are
greater in diabetic GK rats (A-C, *p<0.05). At 100 mmHg pressure point, lumen diameter at
is similar across groups (B) but wall thickness (E) and wall:lumen ratio (F) are greater in
diabetic rats (*p<0.05) and treatment restores these indices only in diabetic rats with no
effect in control animals (E, **p=0.022; F, **p=0.0138; disease treatment interaction,
#p<0.05 vs vehicle). Values are mean = SEM, n=6-8/group.
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Fig 2.

Aggiotensin Il antagonism reverses increased CSA in diabetes. A. CSA across the pressure
range is increased in diabetic GK rats and azilsartan medoxomil treatment lowers CSA in
diabetes as well as in control animals (*p<0.05 vs other groups). B. CSA at 100 mmHg
pressure point is greater in GK rats and treatment reduces it both control and diabetic
animals (*p<0.05 vs Wis, #p<0.05 vs untreated). C. B-coefficient was greater in diabetic
animals indicating stiffer vessels (*p<0.05 vs Wis, #p<0.05 vs vehicle, **p=0.0084; disease
treatment interaction). Values are mean + SEM, n=6-8/group.
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Fig 3.

Aggiotensin Il antagonism reverses reduced myogenic tone in diabetes. A. Myogenic
reactivity is impaired and myogenic tone across the pressure range is lower in diabetic GK
rats and azilsartan medoxomil treatment restores tone (*p<0.05 vs other groups). B. Tone at
100 mmHg pressure point is lower in GK rats and treatment restores it in diabetic animals
with no effect in controls (*p<0.05 vs Wis, #p<0.05 vs vehicle). Values are mean + SEM,
n=6-8/group.
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Fig 4.

Azilsartan medoxomil prevents cerebrovascular remodeling in diabetes. Lumen diameter is
lower and wall thickness and wall:lumen ratio are greater across the pressure range in
diabetic GK rats (A—C, *p<0.05 vs all other groups). D. Lumen diameter at 100 mmHg
pressure point is lower in GK rats and treatment prevents this change in lumen diameter in
diabetes (*p<0.05 vs Wis, #p<0.05 vs vehicle). Azilsartan medoxomil reduces wall
thickness (E) and wall:lumen ratio (F) in both control and diabetic rats when started at the
onset of diabetes (*p<0.05 vs Wis, #p<0.05 vs vehicle). Values are mean + SEM, n=6-11/

group.
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Fig5.

Angiotensin Il antagonism prevents an increase in CSA in diabetes. A. CSA across the
pressure range is increased in diabetic GK rats and azilsartan medoxomil treatment lowers
CSA in diabetes (*p<0.05 vs other groups). B. CSA at 100 mmHg pressure point is greater
in GK rats (*p<0.05 vs Wis) and treatment reduces it diabetic animals (#p<0.05 vs vehicle).
C. p-coefficient was greater in diabetic animals indicating stiffer vessels (*p<0.05 vs Wis,
#p<0.05 vs vehicle, **p=0.016; disease and treatment interaction). VValues are mean + SEM,

n=6-11/group.
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Fig6.

Aggiotensin Il antagonism prevents diabetes-induced decrease in myogenic tone. A.
Myogenic reactivity is impaired and myogenic tone across the pressure range is lower in
diabetic GK rats and azilsartan medoxomil treatment restores tone (*p<0.05 vs other
groups). B. Tone at 100 mmHg pressure point is lower in GK rats and treatment restores it in
diabetic animals with no effect in controls (*p<0.05 vs Wis, #p<0.05 vs vehicle). Values are
mean + SEM, n=6-11/group.
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