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Abstract
Introduction—Niaspan, an extended-release formulation of Niacin (vitamin B3), has been
widely used to increase high density lipoprotein (HDL) cholesterol and to prevent cardiovascular
diseases and stroke. We have previously demonstrated that Niaspan (40mg/kg) administered at 2
hours after stroke induces neuroprotection, while low dose Niaspan (20mg/kg) does not reduce
infarct volume. Tissue plasminogen activator (tPA) is an effective therapy for acute stroke, but its
use remains limited by narrow therapeutic window. We have previously demonstrated that
intravenous administration of tPA 4 hours after stroke in rats does not reduce infarct volume. In
this study, we tested whether combination treatment with low-dose Niaspan (20mg/kg) and tPA
administered 4 hours after embolic stroke in a rat model reduces infarct volume and provides
neuroprotection.

Methods—Adult male Wistar rats were subjected to embolic middle cerebral artery occlusion
(MCAo) and treated with low-dose Niaspan (20mg/kg) alone (n=7), tPA (10mg/kg) alone (n=7),
combination of low-dose Niaspan and tPA (n=7), or saline control (n=9), 4 hours after stroke. A
battery of functional outcome tests was performed. Rats were sacrificed at 7 days after MCAo and
lesion volumes were measured. To investigate the underlying mechanism of combination
treatment neuroprotective effect, deoxynucleotidyl transferase–mediated dUTP nick-end labeling
(TUNEL), cleaved caspase-3, tumor necrosis factor alpha (TNF-alpha), and toll-like receptor 4
(TLR-4) immunostaining were performed.

Results—Combination treatment with low-dose Niaspan and tPA significantly improved
functional outcome compared to the saline control group (p<0.05), while treatment with Niaspan
or tPA alone did not significantly improve functional outcome compared to saline control group.
Additionally, combination treatment significantly reduced infarct volume compared to saline
control group (p=0.006) and infarct volume was significantly correlated with functional outcome
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(p=0.0008; r=0.63). Monotherapy with Niaspan or tPA did not significantly decrease infarct
volume compared to saline control group.

Combination treatment reduced apoptosis as measured by significant reduction in the number of
TUNEL-positive cells and cleaved caspase-3 expression in the ischemic brain compared to saline
control group (p<0.05). Combination treatment also significantly reduced the expression of TNF-
alpha and TLR-4 in the ischemic brain compared to Niaspan, tPA and saline treatment groups
(p<0.05). A significant interaction between Niaspan and tPA on the TNF-alpha expression was
detected (p<0.05), indicating a synergy effect in the combination treatment group.

Conclusion—Treatment of stroke with combination of low-dose Niaspan and tPA at 4 hours
after embolic stroke reduces infarct volume, improves neurological outcome and provides
neuroprotection. The neuroprotective effects of combination treatment were associated with
reduction of apoptosis and attenuation of TNF-alpha and TLR-4 expression.
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Introduction
Niacin (nicotinic acid, vitamin B3) is the most potent available lipid-regulating agent to
increase HDL levels [1]. Several clinical trials have demonstrated that niacin, alone or in
combination with other lipid-lowering drugs, prevents cardiovascular diseases, stroke and
atherosclerosis [2, 3]. Niaspan, an extended-release formulation of Niacin, reduces the
niacin-induced major side effects of flush and hepatotoxicity [4]. We have previously
demonstrated that treatment of stroke with Niaspan (40mg/kg) at 2 hours after middle
cerebral artery occlusion (MCAo) reduces infarct volume, improves neurological outcome
and provides neuroprotection [5], while low dose Niaspan (20mg/kg) does not reduce infarct
volume [5]. In order to test our hypothesis that combination treatment of experimental stroke
with Niaspan and tPA reduces infarct volume and provides neuroprotection, we choose the
low dose of Niaspan (20mg/kg) since monotherapy with low dose Niaspan (20mg/kg) does
not reduce infarct volume.

Tissue plasminogen activator (tPA) is an effective therapy for acute stroke, but its use
remains limited by narrow therapeutic window. We have previously demonstrated that
intravenous administration of tPA 4 hours after stroke in rats does not reduce infarct volume
[6, 7].

In this study, we tested whether combination treatment with low-dose Niaspan (20mg/kg)
and tPA administered 4 hours after embolic stroke in a rat model reduces infarct volume and
provides neuroprotection.

Cerebral ischemia leads to neuronal damage through complex and interconnected
pathophysiological events. Apoptosis and inflammation play key roles in the delayed injury
in the penumbra [8, 9]. Caspases, a family of cysteinyl-aspartate family, are essential players
in apoptotic cell death after focal cerebral ischemia [10, 11]. Administration of broad
spectrum caspase inhibitors to ischemic rodents induced neuroprotection [12]. Caspase-3 is
the most abundant caspase family member in the adult rodent brain [11]. Neurons are the
predominant brain cells that undergo caspase-3–dependent apoptosis after hypoxia-ischemia
[13].

There is increasing evidence that the inflammatory response in the surrounding of cerebral
infarct contributes to the progression of the neuronal injury [14-16]. Tumor necrosis factor
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alpha (TNF-alpha) is one of the key immunomodulatory and pro-inflammatory cytokines
up-regulated after focal stroke and plays a detrimental role in neuronal survival [17, 18].
Inhibition of TNF-alpha effect in acute stroke have reduces the degree of ischemic injury in
animal models [19], while administration of TNF-alpha during an ischemic brain insult has
augments injury, as evidenced by increased tissue damage and neurological deficit [17].

Toll-like receptors (TLRs) are critical components of the innate immune system that mediate
ischemic injury [20]. TLRs are present in the brain, where expression was believed to be
limited to the glial cells [21]. However, recent evidence for the neuronal expression of TLRs
has increased, suggesting a role during physiological as well as pathological condition [21,
22]. Several models of cerebral ischemia have suggested a role for TLR-4 in
neuroinflammation and exacerbated stroke injury [23]. TLR-4 deficient mice subjected to
MCAo exhibit improved neurological outcome and reduced infarct volumes, as well as
reduced level of proinflammatory cytokines such as TNF-alpha and Interleukin-6 [24].

In the present study, we tested whether combination treatment with low-dose Niaspan
(20mg/kg) and tPA administered 4 hours after embolic stroke in a rat model provides
neuroprotection as measured by neurological behavioral tests and infarct volume. We also
investigated whether this neuroprotection is associated with reduction of apoptosis and
attenuation of the inflammatory response in the ischemic brain.

Materials and Methods
Animal middle cerebral artery occlusion (MCAo) model

Male Wistar rats weighing 350 to 450 g were subjected to embolic middle cerebral artery
occlusion (MCAo). [25]. Briefly, the animals were anesthetized with 4% isoflurane during
induction and then maintained with 2% isoflurane in a mixture of 30% O2 and 70% N2O.
Body temperature was monitored and maintained at 37°C using a feedback-regulated water
heating system. Under the operating microscope (Carl Zeiss), the right common carotid
artery (CCA), the right external carotid artery (ECA), and the internal carotid artery (ICA)
were isolated via a midline incision. A modified PE-50 catheter with a 0.3 mm outer
diameter was gently advanced from the ECA into the lumen of the ICA until the tip of the
catheter reach the origin of the MCA (~15 to 16 mm). Through the catheter, a single clot
(~0.8 μL) along with 2 to 3 μL of 0.9% saline was then gently injected. The catheter was
withdrawn immediately after injection, and the right ECA was ligated.

Experimental protocols
Recombinant human t-PA (tPA, Genentech, San Francisco, CA, USA) was infused
intravenously, through the tail vein, 4 h after ischemia at a dose of 10 mg/kg (10% bolus and
the remainder at a continuous infusion over a 30-minutes interval using a syringe infusion
pump; Harvard Apparatus, Holliston, MA, USA). This dose of tPA (10 mg/kg) is commonly
used for investigating the effect of fibrinolysis in rodents [26].

Niaspan (dissolved in water; Kos Pharmaceuticals, Canburry, NJ) was gavaged at dose of 20
mg/kg, 4 hours after embolic MCAo and was followed by a second dose 24 hours after
MCAo and daily for 7 days.

Four hours after the MCAo, rats were randomly separated into 4 groups:

1. Saline control: animals were infused with saline at 4 hours after MCAo (n=9).

2. Monotherapy with intravenous tPA (10mg/kg) at 4 hours after MCAo (n=7).
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3. Monotherapy with oral Niaspan 20mg/kg at 4 hours after MCAo and daily for 7
days (n=7).

4. Combination treatment with tPA (10mg/kg) once at 4 hours after MCAo and oral
Niaspan 20mg/kg at 4 hours after MCAo and daily for 7 days (n=7) .

All rats were sacrificed at 7 days after MCAo.

Functional tests
A modified neurological severity score (mNSS) and Foot-fault test were performed before
MCAo, and at 1, 3 and 7 days after MCAo by an investigator who was blinded to the
experimental groups.

Modified neurological severity score (mNSS)—Neurological function was graded on
a scale of 0 to 18 (normal score, 0; maximal deficit score, 18). mNSS is a composite of
motor, sensory, reflex, and balance tests. In the severity scores of injury, 1 score point was
awarded for the inability to perform the test or for the lack of a tested reflex; thus, the higher
score, the more severe is the injury [27].

Foot-fault test—Foot-fault test is tested for placement dysfunction of forelimbs. Animals
were placed on an elevated grid floor (45 cm × 30 cm), 2.5 cm higher than a solid base floor,
with 2.5 cm × 2.5 cm diameter openings. Animals tend to move on the grid with their paws
placed on the wire frame. When animals inaccurately place a paw, the front limb falls
through one of the openings in the grid. When the paw fall or slip between the wire, this was
recorded as a foot fault. Total 100 of steps (movement of each forelimb) were counted, and
the total number of foot faults for left forelimb was recorded. The percentage of foot fault of
left paw to total steps are calculated [28, 29].

Histological and immunohistochemical assessment
At seven days after MCAo, animals were sacrificed and brains were fixed by transcardial
perfusion with saline, followed by perfusion and immersion in 4% paraformaldehyde before
being embedded in paraffin. Seven coronal sections of tissue were processed and stained
with hematoxylin and eosin (H&E) for calculation of volume of cerebral infarction [30]. The
indirect lesion area, in which the intact area of the ipsilateral hemisphere was subtracted
from the area of the contralateral hemisphere, was calculated using the Global Lab Image
analysis system (Data Translation, Malboro, MA) [30]. Lesion volume is presented as a
volume percentage of the lesion compared with the contralateral hemisphere. Gross
hemorrhage, defined as blood evident to the unaided eye on the H&E stained coronal
sections, was evaluated on seven H&E stained coronal sections for each animal [31]. The
incidence of gross hemorrhage is presented as the percentage of animals per group with
identified gross hemorrhage on any coronal section.

Immunohistochemical staining
A standard paraffin block was obtained from the center of the lesion (bregma −1 mm to +1
mm). A series of 6 μm thick sections were cut from the block. Every 10th coronal section for
a total 5 sections was used for immunohistochemical staining. Antibody against cleaved
caspase-3 (rabbit polyclonal IgG; dilution 1:200, Cell Signaling Technology, Danvers,
Massachusetts), TNF-alpha (rabbit polyclonal IgG; dilution 1:200; Abcam PLC, Cambridge,
Massachusetts ), and TLR-4 ( goat polyclonal IgG; dilution 1:100; Cruz Biotech Inc, Santa
Cruz, California) immunostaining were performed. Control experiments consisted of
staining brain coronal tissue sections as outlined above, but the primary antibodies were
omitted, as previously described [32].

Shehadah et al. Page 4

J Neurol Sci. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling (TUNEL) for
measuring apoptosis was performed using a commercial kit (ApopTag kit, Chemicon,
S7100).

Quantitation
For measurement of apoptotic markers, each cleaved caspase-3 and TUNEL immunostained
coronal section was digitized using a 20X objective, via the MCID computer imaging
analysis system. In order to minimize the potential effect of infarct volume reduction on the
tested parameters, five sections from the standard reference coronal section and 8 brain
fields within each section were acquired and the total number of cleaved caspase-3 and
TUNEL positive cells in the 8 fields of the ischemic border area (IBZ),adjacent to the
ischemic core, were counted using the MCID computer imaging analysis system (Imaging
Research, St. Catharines, Canada). The total number of positive cells per mm2 area is
presented.

For quantitative measurements of TNF-alpha and TLR-4, five slides from each brain, with
each slide containing 8 fields from the IBZ were digitized under a 40x objective (Olympus
BX40) using a 3-CCD color video camera (Sony DXC-970MD) interfaced with an MCID
image analysis system (Imaging Research, St. Catharines, Canada) [33-35]. Data were
analyzed in a blinded manner and presented as percentage of positive area for, TNF-alpha
and TLR-4, respectively.

Statistical Analysis
Animals subjected to MCAo were randomized into one of four groups including saline
control group, Monotherapy with tPA 10mg/kg, Monotherapy with Niaspan 20mg/kg, and
Combination treatment with Niaspan 20mg/kg and tPA 10mg/kg. Behavior tests (mNSS and
foot-fault test) were performed before MCAo at 1, 3 and 7 days after MCAo. Considering a
two-sided test and α=0.05, the sample size of the experimental groups was planned to have
80% power to detect the difference among the groups with an effect size

, assuming equal space of means.

The study was designed to test the combination treatment effect on the functional recovery,
measured from two behavioral tests at day 7 as the primary outcome, at day 3 and the
treatment effect on histological measurements as secondary outcomes. Data were evaluated
for normality. Data transformation was considered if data were not normal. Since data were
not normal, ranked data were used for the analysis.

The global test using Generalized Estimating Equations (GEE) [36] was used to test the
group difference on functional recovery measured from multiple behavior tests. The analysis
was started by testing the treatment (Niaspan and tPA) interaction, followed by testing the
subgroup analysis, if the interaction or main effect was detected at the 0.05 level. The
Global Test on multiple outcomes was considered more efficient than a single outcome,
when the group effects were consistent on all the outcomes (e.g. positive correlation). The
significant treatment interaction may indicate synergy effects of the two treatments and no
interaction indicates the additive effects of the two treatments. Two-way ANOVA was used
to test the effect of combination treatment on infarct volume and Immunostaining measures
including cleaved caspase-3, TUNEL, TNF-alpha, and TLR-4 using similar approach.

Spearman correlation coefficients were calculated to study the correlation between
functional tests at day 7 and the histological and the immunohistochemical measurements.
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Results
Combination treatment with Niaspan and tPA, improves neurological outcome and
reduces infarct volume without increasing the incidence of gross hemorrhage

The mortality rates after stroke were 11% (one of 9) in saline control group, 14% (one of 7)
in Niaspan monotherapy group, 14% (one of 7) in tPA monotherapy group and 0% in the
combination treatment group. Physiological parameters of all analyzed animals were
comparable prior and after MCAo.

To test the effect of the combination treatment of stroke rats on functional outcome, GEE
statistical analysis was performed to detect the differences in functional recovery among the
4 groups (saline control, Niaspan monotherapy, tPA monotherapy and combination
treatment). On day 7, No treatment interaction was detected based on the global test
(p=0.81) indicating additivity of the two treatments (Niaspan, tPA). The global test showed
that combination treatment with Niaspan and tPA significantly improved functional outcome
at day 7 compared to saline control group (p<0.05), while treatment with Niaspan or tPA
alone did not significantly improve functional outcome compared to saline control group.
Additionally, combination treatment significantly improved functional recovery compared
with saline control in a modified Neurological Severity Score (p<0.05; Figure 1A) and foot-
fault test (p<0.05; Figure 1B).

On day 3, combination treatment significantly improved functional recovery compared with
saline control in a foot-fault test (p<0.05; Figure 1B) and marginally improved mNSS
compared with saline control group (p=0.06).

The combination treatment did not increase the incidence of gross hemorrhage (14%,1 out
of 7) compared to that in Niaspan monotherapy (14%, 1 out of 7), tPA monotherapy (14%, 1
out of 7) and saline control (11%, 1 out of 9).

Lesion Volume (Figure 1C)
Two-way ANOVA was used to test the differences in ischemic lesion volume between
treatment groups. Combination treatment significantly reduced infarct volume compared to
saline control group (p=0.0006) or tPA monotherapy (p=0.006), and marginally compared to
Niaspan monotherapy (p=0.08). Additionally, infarct volume was significantly correlated
with functional outcome (p=0.0008; r=0.63). Monotherapy with Niaspan or tPA did not
significantly decrease infarct volume compared to saline control group.

Combination treatment decreases the expression of TUNEL and cleaved caspase-3
To test whether combination treatment regulates apoptosis, two apoptotic markers, TUNEL
and cleaved caspase-3, were employed. Figure 2A-B show that combination treatment
significantly decreased the number of immunoreactive TUNEL-positive cells in the
ischemic brain compared to saline treated rats (p<0.05), as well as combination treatment
significantly decreased the number of cleaved caspase-3 positive cells compared with saline
control rats (p<0.0001) or with the tPA monotherapy group (p<0.05). We also observed that
Niaspan treatment group significantly reduced the number of cleaved caspase-3 positive
cells compared to saline control (p=0.0003). These data indicate that combination treatment
has an antiapoptotic role in the treatment of stroke.

Combination treatment attenuates the expression of TNF-alpha, and TLR-4 in the ischemic
brain

In order investigate the effect of combination treatment on the inflammatory reaction in the
ischemic brain, we measured the expression of TNF-alpha in the ipsilateral ischemic border
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area. Figure 2C shows that TNF-alpha expression decreased in the combination treatment
group compared with tPA (p<0.0001) or Niaspan monotherapy (p=0.006), as well as with
saline control (p<0.0001). A significant interaction between Niaspan and tPA on the TNF-
alpha expression was detected (p<0.05), indicating a synergy effect in the combination
treatment group.

To further investigate mechanisms underlying the Niaspan-induced neuroprotection after
stroke, TLR-4 expression was measured in the ischemic border. Figure 2D shows that
combination treatment significantly decreased TLR-4 expression in the ischemic brain
compared with tPA (p=0.024) or Niaspan (p=0.0015) monotherapy as well as with saline
control (p=0.0003).

Discussion
The results of the present study indicate that treatment of stroke with combination of low-
dose Niaspan and tPA at 4 hours after embolic stroke in the rat reduces infarct volume,
improves neurological outcome and provides neuroprotection. Combination treatment
significantly reduced apoptosis as evidenced by reduction of TUNEL and caspase-3
immunoreactive positive cells in the ischemic brain. Concomitant with the neuroprotective
effects in the combination treatment, is a significant attenuation of the TNF-alpha and
TLR-4 expression in the ischemic brain.

Combination treatment decreases the expression of TUNEL and cleaved
Apoptosis contributes to ischemic cell damage after stroke [37]. Caspase-3, an executioner
caspase, is present in a wide variety of cells [13]. During ischemia, caspase-3 is cleaved and
activated where upon it degrades multiple substrates in the cytoplasm and nucleus leading to
cell death [38]. Caspase-3 deficient adult mice were more resistant to ischemic stress both in
vivo and in vitro.[38]. Treatment with caspase-3 inhibitors reduced ischemic-induced brain
damage [39, 40]. Moreover, inhibition of Caspase-3 like protease activity prevented DNA
fragmentation in the ischemic brain [41].

Our data demonstrate that combination treatment inhibits cleaved caspase-3 expression and
decreases DNA fragmentation in the brain after embolic stroke. Therefore, combination
treatment has an anti-apoptotic role in the treatment of stroke in rats.

Combination treatment attenuates the expression of TNF-alpha, and TLR-4 in the ischemic
brain

The inflammatory, innate and adaptive immune mechanisms participate in many facets of
vascular disease [15]. The brain inflammatory response to injury is mediated in part by the
proinflammatory cytokines such as TNF-alpha [14]. Administration of recombinant TNF-
alpha excacerbated ischemic brain injury as evidenced by increased tissue damage and
neurological deficits [42]. Correspondingly, inhibition of TNF-alpha using an anti-TNF
neutralizing antibody [43] or inhibition of soluble TNF-alpha receptor type1 [44] reduced
ischemic damage and improved functional outcome after stroke [17].

It is increasingly clear that post-stroke neuroinflammation from TLR-4 signaling worsens
stroke outcome, as measured by infarct volumes, neurological function and inflammatory
markers [23]. Activation of TLR-4 signaling contributes to hippocampal neuronal death
following global cerebral ischemia/reperfusion [45], while TLR-4 deficient mice have lower
infarct volumes, better outcomes in neurological and behavioral tests, and less inflammatory
response after an ischemic insult [46]. Additionally, TLR-4 deficiency protects mice against
focal ischemia and axotomy-induced retinal ganglion cell degeneration [47].
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Our data suggest that combination treatment with Niaspan and tPA reduces the
inflammatory response after embolic stroke in rats as was demonstrated by reduction of
TNF-alpha and TLR-4 expression in the ischemic brain.

Effects of neuroprotectant drugs may be influenced by the occurrence of reperfusion;
however, cerebral blood flow monitoring was not performed which could be a limitation of
this study.

In summary, we demonstrated that treatment of stroke with combination of low-dose
Niaspan and tPA at 4 hours after embolic stroke reduces infarct volume, improves
neurological outcome and provides neuroprotection. The neuroprotective effects of
combination treatment were associated with reduction of apoptosis and attenuation of TNF-
alpha and TLR-4 expression in the ischemic brain.
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Figure 1. Neurological outcome and lesion volume measurements after stroke
Panels A-B show mNSS (A) and foot-fault (B) tests after stroke in the 4 experimental
groups (MCAo control, tPA-10mg/kg, Niaspan-20mg/kg, and Combination treatment tPA
and Niaspan treatment groups). Panel C shows the lesion volume in the 4 experimental
groups. SE = standard error. *p< 0.05 vs MCAo.
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Figure 2. Combination treatment with Niaspan and tPA reduces apoptosis and attenuates TNF-
alpha and TLR-4 expression
Panels A-B show that combination treatment significantly decreased the number of TUNEL-
positive (A) and cleaved caspase-3 (B) expression in the ischemic brain compared to saline
treated rats (p<0.05) . Panels C-D show that combination treatment significantly reduced the
expression of TNF-alpha (C), and TLR-4 (D) in the ischemic brain compared with tPA or
Niaspan monotherapy as well as with the saline control group (p<0.05). SE = standard error.
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