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Abstract
We investigated the changes and the molecular mechanisms of cerebral vascular damage and
tested the therapeutic effects of Niaspan in type-1 streptozotocin induced diabetic (T1DM) rats
after stroke. T1DM-rats were subjected to transient middle cerebral artery occlusion (MCAo) and
treated without or with Niaspan. Non-streptozotocin rats (WT) were also subjected to MCAo.
Functional outcome, blood–brain-barrier (BBB) leakage, brain hemorrhage, immunostaining, and
rat brain microvascular endothelial cell (RBEC) culture were performed. Compared to WT-
MCAo-rats, T1DM-MCAo-rats did not show an increase lesion volume, but exhibited
significantly increased brain hemorrhage, BBB leakage and vascular damage as well as decreased
functional outcome after stroke. Niaspan treatment of stroke in T1DM-MCAo-rats significantly
attenuated BBB damage, promoted vascular remodeling and improved functional outcome after
stroke. T1DM-MCAo-rats exhibited significantly increased Angiopoietin 2 (Ang2) expression, but
decreased Ang1 expression in the ischemic brain compared to WT-MCAo-rats. Niaspan treatment
attenuated Ang2, but increased Ang1 expression in the ischemic brain in T1DM-MCAo-rats. In
vitro data show that the capillary-like tube formation in the WT-RBECs marginally increased
compared to T1DM-RBEC. Niaspan and Ang1 treatment significantly increased tube formation
compared to non-treatment control. Inhibition of Ang1 attenuated Niacin-induced tube formation
in T1DM-RBECs. Niaspan treatment of stroke in T1DM-rats promotes vascular remodeling and
improves functional outcome. The Ang1/Ang2 pathway may contribute to Niaspan induced brain
plasticity. Niaspan warrants further investigation as a therapeutic agent for the treatment of stroke
in diabetics.
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Introduction
Diabetes mellitus (DM) is a major health problem associated with both microvascular and
macrovascular diseases and leads to 3–4 fold higher risk of experiencing ischemic stroke
(Mast et al., 1995). Hyperglycemia and diabetes instigate a cascade of events leading to
vascular endothelial cell dysfunction, increased vascular permeability (Li et al., 2010) and
poor recovery after ischemic stroke (Capes et al., 2001). Therefore, the mechanisms by
which diabetes increase vascular damage are primary targets of diabetes-stroke research.

Disequilibrium of angiogenesis promoters and inhibitors in diabetes may lead to exuberant
but dysfunctional neovascularization. Angiopoietin-1 (Ang-1), a family of endothelial
growth factors, mediates vascular remodeling (Suri et al., 1996) and plays a role in the
recruitment of vascular smooth muscle cells (VSMCs) and pericytes (Sato et al., 1995; Suri
et al., 1996). Angiopoietin-2 (Ang2), as an antagonist for Ang1, inhibits Ang1-promoted
Tie2 signaling and decreases blood vessel maturation and stabilization. Retinal
overexpression of Ang-2 mimics diabetic retinopathy and enhances vascular damage in
hyperglycemia (Pfister et al., 2010). However, the changes of Ang1 and Ang2 expression
after brain ischemia in DM have not been investigated.

Treatment of stroke has historically focused on neuroprotection, which has yielded failed
clinical trials, except for the NINDS recombinant tissue plasminogen activator (rtPA) trial
(Adams et al., 1996). However, tPA treatment in stroke patients with DM induced an
incremental risk of death and spontaneous intracerebral hemorrhage and unfavorable 90-day
outcomes in patients with hyperglycemia (Alvarez-Sabin et al., 2003; Poppe et al., 2009).
Therefore, effective therapy of stroke in the normal blood glucose population may not
necessarily transfer to the diabetic population, prompting the need to specifically test
therapeutic agents for stroke in the diabetic population. Niacin (nicotinic acid) is the most
effective medication in clinical use for increasing high density lipoprotein (HDL) cholesterol
(Elam et al., 2000). Niacin improves endothelium-dependent vasodilation in coronary heart
disease patients (Chapman et al., 2004). Niaspan is a prolonged release formulation of
Niacin. Niaspan treatment of stroke increases Ang1/Tie2 axis activity and promotes vascular
maturation after stroke in normal blood glucose animals (Chen et al., 2007). However,
whether Niaspan treatment decreases brain hemorrhage, regulates Ang1 and Ang2
expression or impacts recovery after stroke in diabetic rats have not been investigated.

In this study, we investigated the differences of vascular and Ang1 and Ang2 angiogenic
factor changes between streptozotocin induced type-1 diabetic (T1DM) and Non-
streptozotocin (WT) rats subjected to stroke. We also tested whether Niaspan treatment of
stroke in T1DM rats improves neurological functional outcome and vascular remodeling in a
rat model of middle cerebral artery occlusion (MCAo). Molecular mechanisms underlying
vascular remodeling induced by Niaspan are described.

Materials and methods
All experiments were conducted in accordance with the standards and procedures of the
American Council on Animal Care and Institutional Animal Care and Use Committee of
Henry Ford Health System.

Diabetes induction
Adult Male Wistar rats (225–250 g) purchased from Charles River (Wilmington, MA) were
used. Diabetes was induced by a single intraperitoneal injection of streptozotocin (STZ, 60
mg/kg, Sigma Chemical Co., St. Louis, MO) to rat. The fasting blood glucose level was
tested by using a glucose analyzer (Accu-Chek Compact System; Roche Diagnostics,
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Indianapolis, IN). Animals were subjected MCAo 2 weeks after diabetes induction (fasting
blood glucose > 300 mg/dl) (Ye et al., 2011).

MCAo model and experiment groups
WT and T1DM rats were anesthetized and transient (2 h) MCAo was induced by using an
intraluminal vascular occlusion (Chen et al., 2001a, 2001b). Briefly, rats were anesthetized
with 2% isoflurane in a jar for pre anesthetic, and spontaneously respired with 1.5%
isoflurane in 2:1 N2O:O2 mixture using a facemask connected and regulated with a modified
FLUOTEC 3 Vaporizer (Fraser Harlake, Orchard Park, NY 14127). Rectal temperature was
maintained at 37 °C throughout the surgical procedure using a feedback regulated water
heating system (a recirculating pad and K module and monitored via an intrarectal type T
thermocouple). A 4-0 nylon suture with its tip rounded by heating near a flame, was inserted
into the external carotid artery (ECA) through a small puncture. The microsurgical clips
were removed. The length of nylon suture, determined according to the animal’s weight,
was gently advanced from the ECA into the lumen of the internal carotid artery (ICA) until
the suture blocked the origin of the middle cerebral artery (MCA). The nylon filament was
retained inside the ICA for 2 h and the neck incision was closed. The animals were moved to
their cage to awaken. After 2 h of MCAo, animals were reanesthetized with isoflurane, and
restoration of blood flow was performed by withdrawal of the filament until the tip cleared
the lumen of the ECA. The incision was then closed. Rats were randomized and assigned to
different groups and were gavaged starting 24 h after MCAo with: 1) saline for T1DM-
MCAo-control (n=25); 2) saline for WT-MCAo-control (n=16); 3) T1DM-Niaspan
treatment: 40 mg/kg Niaspan (Kos pharmaceuticals, Inc. Cranbury. NJ; dissolved in saline)
daily for 14 days in T1DM-rats (n=17). Our previous study has shown that treatment of
stroke with 40 mg/kg of Niaspan starting at 24 h after MCAo does not alter lesion volume
(Chen et al., 2007). Therefore, any beneficial effect derives from induction of
neurorestorative mechanisms. In this study, we investigate the neurorestorative effect of
Niaspan; therefore, Niaspan treatment was initiated at 24 h after stroke. Rats received
repeated intraperitoneal injections of the cell proliferation-specific marker 5-
bromodeoxyuridine (BrdU, 100 mg/kg) daily after 24 h of stroke induction until they were
euthanized 14 days after MCAo. A battery of functional tests was performed before MCAo
and at 1, 7 and 14 days after MCAo. Rats were sacrificed at 14 days after MCAo, and lesion
volume and brain hemorrhage were measured.

Neurological functional tests
Footfault, adhesive removal test and a modified neurological severity score (mNSS)
evaluation were performed before MCAo, and at 1 day after MCAo before treatment and 7,
14 days after MCAo by an investigator who was blinded to the experimental groups (Chen
et al., 2001a, 2001b).

mNSS is a composite of motor, sensory, balance and reflex tests. Neurological function was
graded on a scale of 0 to 18 (normal score 0; maximal deficit score 18) with one point
awarded for the exhibition of specific abnormal behavior or for lack of a tested reflex. A
greater impairment of normal function results in a higher score. Rats were excluded if mNSS
score less than 6 or over 13 24 h after MCAo.

HDL-cholesterol measurements
Serum HDL was measured (n=6/group) before MCAo and 14 days after Niaspan treatment
using the EZ HDL-Cholesterol kit (Trinity Biotech USA, Jamestown, NY 14701 USA). The
data are presented as μg/ml values. The animals were fasted 6 h before blood sample
collection.
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Quantitative evaluation of Evans blue dye extravasation
Rats (n=4/group) were sacrificed at 5 days after MCAo. 2% Evans blue dye in saline was
injected intravenously as a BBB permeability tracer at 2 h before sacrifice. Evans blue dye
fluorescence intensity was determined by a microplate fluorescence reader (excitation 620
nm and emission 680 nm). Calculations were based on the external standards dissolved in
the same solvent (Zhang et al., 2002a, 2002b).

Lesion volume, histological and immunohistochemical assessment
The brains were fixed by transcardial perfusion with saline, followed by perfusion and
immersion in 4% paraformaldehyde before being embedded in paraffin. Seven coronal
sections (a–g, see Fig. 1D) of tissue were processed and stained with hematoxylin and eosin
for calculation of volume of cerebral infarction and presented as a percentage of the lesion
compared with the contralateral hemisphere (Swanson et al., 1990).

A series of 6 μm thick sections was cut from the standard paraffin block (bregma −1 mm to
+1 mm). Every 10th coronal section for a total 5 sections was used for
immunohistochemical staining. Antibody against Von Willebrand Factor (vWF, a
endothelial cell marker, 1:400; Dako, Carpenteria, CA) (Chen et al., 2003a, 2003b), α-
smooth muscle actin (α-SMA, mouse monoclonal IgG 1:800, Dako), a SMC marker (Ho et
al., 2006), BrdU (a marker of proliferating cells, 1:100; Boehringer Mannheim), membrane-
associated zona occluden-1 (ZO-1, rabbit polyclonal IgG, 1:50, Zyemd, Camarillo, CA), a
marker of tight junction protein (Mark and Davis, 2002); endothelial barrier antigen (EBA,
specifically expressed by rat endothelial cells, 1:1000; Sternberg Monoclonals, Lutherville,
MD) (Morris et al., 2010), Desmin (rabbit monoclonal IgG, 1:700, Chemicon, Billerica,
MA), a pericyte marker (Hughes et al., 2006), Ang1 (rabbit polyclonal IgG, 1:2000, Abcam,
Cambridge, MA) and Ang2 (rabbit polyclonal lgG, 1:500, Abcam, Cambridge, MA)
(Nourhaghighi et al., 2003; Sandhu et al., 2004) were performed. Control experiments
consisted of staining brain coronal tissue sections as outlined above, but non-immune serum
was substituted for the primary antibody (Li et al., 1998). The immunostaining analysis was
performed by an investigator blinded to the experimental groups.

Mortality/hemorrhage rate and brain hemorrhage volume measurement
The number of dead animals in each group was counted (2 WT, 8 T1DM, and 5 Niaspan-
treatment), and the mortality rate is presented as a percentage of rats that died between 24 h
(initiation of Niaspan treatment) and 14 days (sacrifice time) after MCAo to the total
animals in each group. Brain hemorrhage rate and hemorrhage volume were measured by
using H&E staining under light microscopy in all animals including all the animals that died
in the early stage of (within 72 h) after stroke.

EBA, ZO1, Desmin, Ang1 and Ang2 expression quantification
Five slides from each brain, with each slide containing 8 fields from the ischemic boundary
zone (IBZ, Fig. 1F) were digitized under a 20× objective using a 3-CCD color video camera
interfaced with an MCID image analysis system (Calza et al., 2001; Chen et al., 2003a,
2003b). For quantitation, EBA-, ZO1- and Desmin-immunoreactive positive cells or positive
area were measured in total 20 enlarged positive blood vessels. Ang1 and Ang2 expression
in the IBZ was digitized under a 20× objective (Olympus BX40). The data are presented as
percentage of positive cell number or positive area of vessels or area in the IBZ, respectively
(Cui et al., 2011).
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Vascular perimeter and density measurement
Eight fields of view of vWF immunostaining from the IBZ were digitized using a 20×
objective via the MCID computer imaging analysis system. The total perimeter of ten
enlarged thin walled vessels, and vascular density in the IBZ was measured (Chen et al.,
2003a, 2003b).

α-SMA positive coated vessel density and arterial diameter measurement
α-SMA immunoreactivity was employed as a marker to identify arteries (Ho et al., 2006).
The density of α-SMA-stained vessels was analyzed with regard to small and large vessels
(≥ 10 μm diameter) in the IBZ. Twenty largest within-lumen arterial diameters (minimum
diameter) were measured. The numbers of α-SMA immunoreactive vessels and artery
diameters were counted.

Vascular endothelial cell (VEC) proliferation
For quantitation of VEC proliferation, 8 fields from the IBZ were digitized under a 40×
objective, and the percentage of BrdU-positive VECs to a total of VECs in 10 enlarged
vessels located in the IBZ was measured in each section using the MCID imaging analysis
system.

Western blot
An additional set of rats was sacrificed at 14 days after MCAo (n=4/group). Ischemic brain
tissues were extracted from the ischemic core (IC) and IBZ (Chen et al., 2007) (please see
Fig. 4C). Equal amounts of cell lysate were subjected to Western blot analysis, as previously
described. The following primary antibodies were used: anti-β-actin (1:2000; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-Ang1 (1:1000; Abcam, Cambridge, MA), and anti-
Ang2 (1:1000; Abcam, Cambridge, MA).

Regional cerebral blood flow (rCBF) measurements (Zhang et al., 1997)
Relative rCBF was measured using laser Doppler flowmetry (LDF), which was performed
with a PeriFlux PF4 flowmeter (Perimed AB, Järfälla, Sweden) with relative flow values
expressed as perfusion units. Under anesthesia with an intraperitoneal injection of Ketamine
(80 mg/kg body weight) and Xylazine (13 mg/kg body weight), animals underwent a right
unilateral craniotomy. Core body temperature was maintained at 37 °C to 38 °C by a
feedback controlled heating pad. Using a micromanipulator, one probe was positioned 2 mm
posterior to the bregma, 6 mm to right side of midline, being careful to avoid pial vessels
after reflection of the skin overlying the calvarium. Regional CBF within the right
hemisphere was simultaneously measured before MCAo (to calculate the baseline flow) and
at approximately 24 h after MCAo prior to and 2 h after Niaspan treatment (n=4/group). The
data were analyzed using Perimed data acquisition and analysis system (Perimed AB,
Järfälla, Sweden). Regional CBF is expressed as a percentage of preischemic baseline values
of WT rats.

Rat brain microvascular endothelial cell (RBEC) culture
RBEC culture was performed, as previously described (Chen et al., 2009). Briefiy, the
cortical brain tissue was isolated from WT and T1DM rats and digested in collagenase/
dispase, and the microvessels separated by centrifugation in a Percoll (Sigma) gradient.
Microvessels were seeded in flasks coated with rat-tail collagen and the medium was
changed every 2–3 days. RBECs were used for tube formation assay.
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Capillary-like tube formation assay
Capillary-like tube formation assay was performed as previously described (Rikitake et al.,
2002). Briefiy, 0.1 ml growth factor reduced Matrigel (Becton Dickinson) was added per
well. RBECs (2×104 cells) were incubated in (n=6/group): 1) WT-RBECs; 2) T1DM-
RBECs; 3) T1DM-RBECs+Niacin (1 mM); 4) T1DM-RBECs+ Ang1 (200 ng, mouse Ang1
peptide, Millipore, Temcula, CA); 5) T1DM-RBECs+Niacin+anti-Ang-1 antibody (1.125
μg/ml, Rabbit anti-angiopoietin-1 affinity purified polyclonal antibody, Millipore, Temcula,
CA) for 5 h. Matrigel wells were digitized under a 4× objective (Olympus BX40) for
measurement of total tube length of capillary tube formation.

Statistical analysis
The global test using Generalize Estimating Equation (GEE) was implemented to analyze
three correlated functional tests per animal. All measurements and analyses were performed
by normality of distribution, and the homogeneity of variances was tested including the
functional outcome, biochemistry, immunostaining, Western blot, and cell culture. One-way
ANOVA was used for the evaluation of lesion volume, mortality, hemorrhage rate and
volume, BBB leakage, immunostaining, Western blot and tube-formation analysis,
respectively. The analysis started with overall group effect, followed by “Contract/estimate”
statement to test the group difference if the overall group effect was detected at 0.05 level.
Spearman partial correlation coefficient analysis was employed for the correlation between
functional tests and histology evaluations at day 14 after MCAo adjusting for the study
groups. Chi-square or Fisher exact test was used to test the mortality and the incidence of
hemorrhage among the groups. All data are presented as mean±standard error (SE).

Results
Blood glucose level

T1DM rats had significantly increased blood glucose before and after MCAo (before-
MCAo: 374.1 ±30.1 mg/dl; 1 day after-MCAo: 376.2 ±28.3 mg/dl) and compared to WT-
rats (before-MCAo: 90.6±1.8 mg/dl, 1 day after-MCAo: 93.5 ±7.6 mg/dl; p<0.05). Niaspan
treatment of stroke did not alter blood glucose 14 days after stroke in T1DM-MCAo rats
(427.4 ±52.9 mg/dl) compared to non-treated T1DM-MCAo rats (383.6 ±25.3 mg/dl, p >
0.05).

HDL level
T1DM rats had significantly decreased blood HDL level (before-MCAo: 32.0±0.9 μg/ml;
after-MCAo: 32.3±1.2 μg/ml) compared to WT rats (before-MCAo: 38.0±2.5 μg/ml; after-
MCAo: 37.5±4.1 μg/ml; p<0.05). Niaspan treatment significantly increased HDL level
(38.3± 2.4 μg/ml) in T1DM-MCAo rats compared to non-treated T1DM-MCAo rats
(30.7±4.2 μg/ml, p<0.05).

Neurological outcome, lesion volume and mortality rate
To test whether Niaspan treatment regulates functional outcome after stroke in T1DM rats, a
battery of functional tests was performed. Fig. 1 shows that T1DM-MCAo rats exhibited
significantly attenuated functional outcome (A–C, p<0.05), but not an increase in lesion
volume (D) after stroke compared with WT-MCAo rats. However, Niaspan treatment
starting at 24 h after MCAo significantly improved functional outcome after stroke in
T1DM-MCAo rats compared to non-treated T1DM-MCAo control rats (A–C, p<0.05). Fig.
1E shows that the mortality rate in the T1DM rats was significantly higher than that in the
WT rats (F=7.644, p=0.014), but no difference was observed between T1DM-MCAo groups
with or without Niaspan treatment.
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Cerebral hemorrhage
To test whether Niaspan regulates brain hemorrhage in T1DM rats, brain hemorrhage rate
and volume using H&E staining were measured under light microscopy. Fig. 2A shows that
both the cerebral hemorrhagic rate and hemorrhage volume in T1DM rats were significantly
higher than in WT rats (p<0.05). The brain hemorrhage, including animals that died between
24 h and 14 days post stroke was evaluated. Niaspan treatment in T1DM rats did not
significantly decrease brain hemorrhage rates, but significantly decreased the hemorrhage
volume compared with non-treatment rats (F=5.58, P=0.012). We found that most rats died
during the early stage after stroke (24–72 h), and all animals that died exhibited cerebral
hemorrhage. Moreover, the cerebral hemorrhage volume was significantly correlated with
animal death (r=0.85, p<0.05).

BBB leakage and BBB function
Fig. 2B shows that BBB leakage significantly increased in T1DM-MCAo rats compared to
WT-MCAo rats (p<0.05). Niaspan treatment significantly attenuated the increased BBB
leakage in T1DM-MCAo rats (p<0.05). To test BBB integrity, ZO1, EBA and Desmin were
measured in the ischemic brain and contralateral hemisphere. Figs. 2C–E show that T1DM-
MCAo rats had significantly decreased BBB functional integrity identified by ZO1 (C),
EAB (D), expression, and Desmin (E) positive cells around vessels compared to WT-MCAo
rats (p<0.05). Niaspan treatment significantly increased EAB, ZO1 and Desmin expression
in the ipsilateral vessels in T1DM-MCAo rats compared to non-treated T1DM-MCAo
control rats (p<0.05).

Vascular changes in the ischemic brain
To test whether diabetes affects vascular change, vWF and α-SMA immunostaining were
performed. Figs. 3A–D show that the vascular density was significantly increased in the
ipsilateral hemisphere of T1DM-MCAo rats compared with the WT-MCAo rats after stroke
(Fig. 3B. vWF-density: F=9.26, p=0.01; Fig. 3D. α-SMA-density: F=48.874, p<0.001).
However, the vascular perimeter and arterial diameter were significantly decreased in the
ipsilateral hemisphere in T1DM-MCAo rats compared to WT-MCAo rats (Fig. 3B. Vascular
perimeter: F=6.125, p=0.008; Fig. 3D. arterial diameter: F=9.961, p=0.001). Niaspan
treatment in T1DM-MCAo rats exhibited significantly increased vascular and arterial
density as well as increased vessel perimeter and arterial diameter in the ischemic brain
(Figs. 3A–D). Figs. 3E and F show that there is no significant difference in vascular en-
dothelial cell (VEC) proliferation between WT-MCAo and DM-MCAo groups (p > 0.05).
However, Niaspan-treatment significantly increased VEC proliferation compared with the
non-treatment group in T1DM-MCAo rats (F=23.435, p<0.001).

rCBF measurement
To test whether Niaspan treatment in T1DM alters rCBF, rCBF was measured before and
after MCAo. Fig. 3G shows that T1DM rats exhibited significantly decreased rCBF before
and after MCAo compared to WT rats (p<0.05). Niaspan treatment in T1DM rats
significantly increased rCBF in the ipsilateral hemisphere (p<0.05) compared to non-
treatment T1DM control.

Ang1 and Ang2 expression
To test the mechanism of Niaspan decrease of BBB leakage in T1DM rats, Ang1 and Ang2
expression was measured in the ischemic brain. Figs. 4A–B show that T1DM-MCAo rats
exhibit significantly decreased Ang1, and increased Ang2 expression in the ischemic brain
compared to WT-MCAo rats (p<0.05, n=8/group). Niaspan treatment significantly increased
Ang1 (Fig. 4A, F=18.326, p<0.01) and decreased Ang2 (Fig. 4B, F=19.829, p<0.01)
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expression in the ischemic brain in T1DM-MCAo rats compared to non-treated T1DM-
MCAo rats. In addition, the functional outcome (mNSS) at 14 days after MCAo
significantly correlated with Ang1 level in the ischemic brain (Fig. 4D. p<0.05, r=0.65).

Western blot assay
Fig. 4C shows that the Western blot data were consistent with the immunostaining; T1DM-
MCAo rats exhibited decreased Ang1, but increased Ang2 protein expression in the
ischemic brain. Niaspan treatment in T1DM-MCAo rats significantly increased Ang1
(F=33.794, p=0.001) and decreased Ang2 (F=9.961, p=0.012) expression in the ischemic
brain.

Capillary tube formation assays
Fig. 4E shows that WT-RBECs (rats brain endothelial cells) marginally (p=0.06) increased
capillary tube formation, compared to T1DM-RBEC. Niaspan and Ang1 treatment
significantly increased tube formation compared to non-treatment control (p<0.05).
Inhibition of Ang1 attenuated Niacin-induced tube formation in T1DM-RBECs (p<0.05).

Discussion
We demonstrate that T1DM-MCAo rats exhibit increased mortality rate, BBB leakage, brain
hemorrhage and worse functional outcome after stroke compared to WT-MCAo rats.
T1DM-MCAo rats also show decreased BBB integrity as well as reduced relative levels of
Ang1 and increased Ang2 compared to WT-MCAo rats. Our data are the first to demonstrate
that Niaspan treatment of stroke starting 24 h after MCAo in T1DM rats significantly
reduces BBB leakage and promotes functional outcome but does not decrease lesion volume
compared to non-treated T1DM-MCAo control rats. Treatment of T1DM-MCAo rats with
Niaspan significantly increases the levels of Ang1 and decreases Ang2 in the ischemic brain.
Ang1 level is significantly correlated with functional outcome after stroke. Complementary
in vitro data support the hypothesis that Niaspan-induced increase of Ang1 and decrease of
Ang2 in T1DM-MCAo rats contribute to vascular remodeling in the is-chemic brain, which
plays an important role in functional outcome after stroke in T1DM-MCAo rats.

Intracerebral hemorrhagic transformation is a multifactorial process in which ischemic brain
tissue converts into a hemorrhagic lesion with blood-vessel leakage, extravasation, and
further brain injury. We found that T1DM-MCAo increases brain hemorrhage and evokes
worse functional outcome after stroke, which is consistent with data from Goto-Kakizaki
type-2 diabetic rats (Ergul et al., 2007). BBB rupture and brain hemorrhage occur in the
acute stage after stroke (Cui et al., 2011). Our previous study has found that BBB leakage
can be measured at 5 days after stroke (Chen et al., 2009). In addition, using MRI, Lee et al.
examined vascular permeability and spontaneous intracerebral hemorrhage in stroke-prone
spontaneous hypertensive rats (SHRsp) and found that all 12 rats that developed
spontaneous hemorrhages demonstrated concurrent or prior vascular permeability at the site
of the hemorrhage. In 4 of the 7 hemorrhages, evidence of vascular permeability was found
prior to the detection of hemorrhage, preceding it by up to 2 weeks (Lee et al., 2007).
Therefore, in the present study, BBB leakage was measured at 5 days and brain hemorrhage
was measured 1 to 14 days after MCAo. Early BBB disruption promotes intracerebral
hemorrhage. In this study, we found that most animals that died did so within 3 days after
MCAo. In addition, brain hemorrhage is significantly correlated with animal death (p<0.05,
r=0.85). The BBB function consists of a combination of endothelial cells with tight junctions
and pericytes. Tight junctions provide barriers between adjacent brain capillary endothelial
cells at the BBB, and stabilize angiogenic vessels (Hori et al., 2004). We found that T1DM-
MCAo rats exhibit significantly decreased EBA, tight junction protein and pericyte
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expression in the ischemic brain vessels and increase brain hemorrhage and BBB leakage in
the ischemic brain. Therefore, diabetes decreases BBB function and promotes BBB leakage
and brain hemorrhage after stroke which may contribute to the decrement of functional
outcome after stroke in T1DM-MCAo rats.

CBF alterations have a significant impact on brain homeostasis in pathological states.
Autoregulation of cerebral blood flow and vasodilation of cerebral arteries are impaired in
T1DM patients (Hoffman et al., 2004). Lower extremity and retinal capillary perfusion are
also impaired in DM rats and lead to diabetic retinopathy and neuropathy (Arora et al., 2002;
Ben-nun et al., 2004). We found that T1DM-MCAo rats exhibit increased vascular density
but significantly decreased vascular perimeter and artery diameter compared to WT-MCAo
rats. Niaspan treatment increased vascular remodeling. Consistent with in vivo findings,
tube formation in RBECs from T1DM-MCAo rats was significantly increased compared to
WT-MCAo rats. These data suggest that the increased vessels in diabetic rats are not
necessarily functional vessels. T1DM-MCAo rats show increased brain hemorrhage and
decreased endothelial cell and mural cell interaction which in concert may contribute to
pathological cerebral neovascularization and arteriogenesis and also disrupt the integrity of
the BBB and thereby contribute to the reduced functional outcome after stroke.

Niacin is an effective medication in clinical use for increasing HDL-C (Elam et al., 2000). In
this study, we found that Niaspan significantly increased HDL level, increases VEC
proliferation and decreased BBB leakage after stroke in T1DM rats. Growth of functional
arteries is essential for the restoration of blood flow to ischemic organs. Arteriogenesis
serves as the most efficient mechanism to restore flow after arterial occlusion (Hershey et
al., 2001). Niaspan treatment promotes arteriogenesis, as demonstrated by increased
functional arterial density and diameter in the ischemic brain in T1DM-MCAo rats. These
data indicate that Niaspan treatment increases vascular remodeling, decreases BBB damage
and improves functional outcome after stroke in T1DM rats.

Many factors regulate BBB leakage after stroke. The Ang–Tie system modulates pericyte
loss in diabetic retinopathy (Pfister et al., 2008). Ang-1 promotes pericyte recruitment,
remodeling, maturation, and stabilization of blood vessels (Iurlaro et al., 2003; Suri et al.,
1998), and prevents plasma leakage in the ischemic brain (Metheny-Barlow et al., 2004;
Zhang et al., 2002a, 2002b). Ang-1 gene therapy normalizes immature vasculature in type II
db/db mice (Chen and Stinnett, 2008). Ang-2 is linked to pericyte loss and subsequent
induces diabetic retinopathy. We found that T1DM-MCAo rats exhibit significantly
decreased Ang1 expression and increased Ang2 expression in the ischemic brain as well as
increased BBB leakage and brain hemorrhage compared to WT-MCAo rats. Niaspan
treatment of T1DM-MCAo rats attenuated the disequilibrium angiogenic factor expression,
by increasing Ang1 and decreasing Ang2 expression in the ischemic brain. Therefore, Ang1/
Ang2 disequilibrium may contribute to T1DM-induced BBB damage, brain hemorrhage and
thereby worsen functional outcome after stroke. Increasing Ang1 expression may contribute
to Niaspan-induced functional outcome after stroke in T1DM-MCAo rats. However, the
molecular mechanism of how Niaspan regulates Ang1 and Ang2 is not known and requires
further investigation. In addition, many factors may regulate the increased BBB leakage and
brain hemorrhage in diabetic animals, such as VEGF, MMP9 and tPA/PAI signaling
pathways (Rosell et al., 2008; Yepes et al., 2003; Zhang et al., 2000, 2002a, 2002b).
Whether Niaspan regulates these factors requires investigation.

There are a number of limitations and caveats to the present study. In this study, we used a
transient 2 h MCAo model in 2 week Type 1 diabetes induced rats which is an early stage of
diabetes. Additional studies are warranted under conditions of permanent focal stroke and a
late stage of diabetes animals. In addition, using perfusion-fixed brains, but not the
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irreversible vasodilator may, at least in part, influence artery diameter measurement.
However, we found a difference between control and treated populations in the tissue
prepared in identical ways and the use of irreversible vasodilators such as papaverine may
induce endothelial denudation (Mayranpaa et al., 2004).

Recently, clinical studies have found that high dose (2000 mg/daily) of extended-release
niacin offered no benefits beyond statin therapy alone in reducing cardiovascular-related
complications and induced small and unexplained increase in ischemic stroke rates (NIH
News, May 26, 2011). These data actually are consistent with our previous pre-clinical
findings using statins and Niaspan, that high doses of statins (atorvastatin 8 mg/kg) and
Niaspan (80 mg/kg) do not improve functional outcome after stroke and may have an
adverse effect on neurological recovery (Chen et al., 2003a, 2003b; Shehadah et al., 2010).
Our present study employs a low dose of Niaspan (40 mg/kg) in rats which is equivalent to a
human dose of (400–500 mg/day) as a neurorestorative treatment of stroke. Recent studies
have found that the rat MCAO model has failed to predict the outcome of clinical trials for
neuroprotective agents. This problem persists and has not yet been adequately addressed.

In conclusion, Niaspan treatment increases Ang1 and decreases Ang2 expression and
promotes vascular remodeling as well as improves functional outcome after stroke in T1DM
rats. Regulation of Ang1/Ang2 expression by Niaspan treatment may contribute to the
beneficial effect after stroke in diabetic rats. Further investigations into the use of Niaspan as
a therapeutic agent for the treatment of stroke in diabetics are warranted.
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Fig. 1.
Lesion volume is not increased in T1DM rats after stroke, but functional outcome is
significantly attenuated after stroke compared to WT-MCAo rats. Niaspan treatment
promotes functional outcome after stroke in T1DM rats. A–C: mNSS test (A), adhesive
removal-test (B) and foot-fault test (C) were measured before MCAo and at 1, 7 and 14 days
after MCAo. D: Seven sections of HE staining for lesion volume measurement and
quantitative data 14 days after MCAo. E: Mortality rate.

Ye et al. Page 14

Exp Neurol. Author manuscript; available in PMC 2012 January 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Brain hemorrhage, BBB leakage and vascular damage are increased in T1DM-MCAo rats
compared to WT-MCAo rats. Niaspan treatment of T1DM-MCAo rats decreases BBB
leakage, brain hemorrhage and vascular damage. A: HE staining for brain hemorrhage rate
and hemorrhage volume measurement. B: Evans blue assay for BBB leakage (n=4/group).
C–E: ZO1, EBA and Desmin expression in the IBZ (n=8/group).
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Fig. 3.
T1DM-MCAo rats have increased vascular density, but decreased vascular perimeter,
arterial diameter compared to WT-MCAo rats. Niaspan treatment of stroke increases
vascular remodeling in the ischemic brain in T1DM-MCAo rats. A–B: Vascular density and
vascular perimeter were measured by vWF immunostaining in the IBZ (n=8/group). C–D:
Artery density and arterial diameter was measured by α-SMA immunostaining in the IBZ
(n=8/group). The total number of α-SMA positive coated vessels per mm2 area is presented.
E–F: BrdU-positive VECs and quantatitive data. G: rCBF was measured before MCAo, after
MCAo and Niaspan treatment in WT-MCAo, T1DM-MCAo and T1DM-MCAo+Niaspan
treatment rats. The data are presented as percentage of baseline (before MCAo in WT rats).
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Fig. 4.
T1DM-MCAo rats show decreased Ang1 and increased Ang2 expression in the ischemic
brain compared to WT-MCAo rats. Niaspan treatment increases Ang1 and decreases Ang2
expression in the ischemic brain compared to non-Niaspan treatment T1DM-MCAo rats. A:
Ang1 expression in the IBZ (n=8/group). B: Ang2 expression in the IBZ (n=8/group). C:
Schematic map shows ischemic brain tissue extraction from IC and IBZ for Western blot
assay and Western blot quantitative data (n=4/group). D: Correlation Ang1 expression in the
IBZ and mNSS. E: Capillary-like tube formation measurements in the rat brain endothelial
cells (RBECs) in vitro.
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