
Neamine induces neuroprotection after acute ischemic stroke in
type one diabetic rats

Ruizhuo Ning, MD1, Michael Chopp, PhD1,4, Alex Zacharek, MS1, Tao Yan, MD1,2, Chunling
Zhang, BS1, Cynthia Roberts, BS1, Mei Lu, PhD3, and Jieli Chen, MD1,2,*

1Department of Neurology, Henry Ford Hospital, Detroit, MI, USA
2Department of Neurology, Tianjin Neurological Institute, Tianjin Medical University General
Hospital, Tianjin 300060, China
3Biostatistics and Research Epidemiology, Henry, Ford Hospital, Detroit, MI, USA
4Department of Physics, Oakland University, Rochester, MI, USA

Abstract
Introduction—Angiogenin is a member of the ribonuclease superfamily and promotes
degradation of basement membrane and extracellular matrix. After stroke in Type one diabetes
(T1DM) rats, Angiogenin is significantly increased and the Angiogenin is inversely correlated
with functional outcome. Neamine, an aminoglycoside antibiotic, blocks nuclear translocation of
Angiogenin, thereby abolishing the biological activity of Angiogenin. In this study, we therefore
investigated the effect and underlying protective mechanisms of Neamine treatment of stroke in
T1DM.

Methods—T1DM was induced in male Wistar rats by streptozotocin (60mg/kg, ip), and T1DM
rats were subjected to embolic middle cerebral artery occlusion (MCAo). Neamine (10 mg/kg i.p.)
was administered at 2h, 24h and 48h after induction of embolic MCAo. A battery of functional
outcome tests was performed. Brain blood barrier (BBB) leakage, and lesion volume were
evaluated and immunostaining, and Western blot were performed.

Results—Neamine treatment of stroke in T1DM rats significantly decreased BBB leakage and
lesion volume as well as improved functional outcome compared to T1DM-control. Neamine also
significantly decreased apoptosis and cleaved caspase-3 in the ischemic brain. Using
immunostaining, we found that Neamine treatment significantly decreased nuclear Angiogenin,
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) activity, advanced glycation
endproducts receptor (RAGE) number, the positive area of toll-like receptor 4 (TLR4) and
increased Angeopoietin-1 expression compared to T1DM-MCAo control rats. Western blot results
are consistent with the immunostaining.

Conclusion—Neamine treatment of stroke is neuroprotective in T1DM rats. Inhibition of
neuroinflammatory factor expression and decrease of BBB leakage may contribute to Neamine
induced neuroprotective effects after stroke in T1DM rats.
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Introduction
Stroke is a major cause of death and long-term disability with unusually high accompanying
social and medical costs. Diabetes mellitus (DM) is a severe health problem associated with
both microvascular and macrovascular disease and leads to 3–4 fold higher risk of
experiencing ischemic stroke and arteriosclerosis (Mast et al., 1995). Ischemic stroke
patients with type one diabetes (T1DM) or type two diabetes (T2DM) exhibit a distinct risk-
factor, etiologic profile and a worse vascular prognosis than non-DM patients (Putaala et al.,
2011). Treatment of stroke has historically focused on neuroprotection, which has yielded
failed trials, except for the NINDS recombinant tissue plasminogen activator (rtPA) trial
(Brott et al., 1998). However, even within 3 hours after stroke, tPA treatment of stroke in
patients with DM induces an incremental risk of death and spontaneous intracerebral
hemorrhage and unfavorable 90-day outcomes with increasing admission hyperglycemia
(Alvarez-Sabin et al., 2003, Poppe et al., 2009). Studies by our group and several others
have found that tPA treatment within 2 hours after stroke in T1DM rats significantly
increases brain hemorrhage and blood-brain barrier (BBB) leakage and failed to improve
functional outcome after stroke (Fan et al., 2012, Ning et al., 2012). Thus, there is a
compelling need to develop therapeutic approaches to reduce neurological deficits after
stroke in the DM population.

Previous studies have found that T1DM significantly increased vascular density, BBB
leakage and cerebral hemorrhagic transformation after stroke (Ye et al., 2011a). Angiogenin
expression was also increased in the ischemic brain of T1DM rats compared to wild type
(WT) non-DM-MCAo rats (Chen et al., 2011). The increased Angiogenin expression is
correlated with worse functional outcome and BBB leakage in T1DM stroke rats (Chen et
al., 2011). Angiogenin is a small protein with ribonucleolytic activity and is a potent
angiogenic factor implicated in angiogenesis and tumor growth (Strydom, 1998, Gao and
Xu, 2008). Angiogenin degrades the basement membrane and extracellular matrix (ECM)
thereby acting as a stimulus that promotes the invasion and migration of endothelial cells
into the surrounding tissue towards the source of stimulus (Hu et al., 1994). Angiogenin also
stimulates proliferation of human umbilical artery smooth muscle cells and is associated
with inflammation and atherosclerosis (Xu et al., 2001). Levels of Angiogenin are inversely
related with ejection fraction and correlated positively with coronary atheroma scores in left
ventricular systolic dysfunction patients (Patel et al., 2009). Therefore, we hypothesize that
inhibition of Angiogenin activity may provide a neuroprotective effect after stroke in T1DM
stroke animals.

To inhibit Angiogenin activity, agents that block nuclear translocation of Angiogenin are a
better choice than those that neutralize Angiogenin protein directly, because it is not
necessary to neutralize all the circulating Angiogenin (Tsuji et al., 2005). The
aminoglycoside antibiotic neomycin (Hu, 1998) has been shown to block nuclear
translocation of Angiogenin thereby abolishing the biological activity of Angiogenin
(Hirukawa et al., 2005). Neamine is less toxic than neomycin and is an effective inhibitor of
nuclear translocation of Angiogenin and has been shown to serve as an inhibitor for
Angiogenin-induced angiogenesis and cancer progression (Hirukawa et al., 2005, Tsuji et
al., 2005, Ibaragi et al., 2009, Zhao et al., 2010). In this study, we investigate the effects of
Neamine treatment of stroke in T1DM rats on functional outcome and neuroprotection.
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Materials and Methods
All experiments were strictly conducted in accordance with the Henry Ford Hospital
Institutional Animal Care and Use Committee.

Induction of diabetes in rats
Adult (2–3 months) Male Wistar rats (225–250g) purchased from Charles River
(Wilmington, MA) were used in this experiment. Diabetes was induced by a single
intraperitoneal injection of streptozotocin (STZ, Sigma Chemical Co., St. Louis, MO)
(60mg/kg dissolved in sodium citrate, 0.1mM, pH4.5) to rats (Cossel et al., 1985). The
fasting blood glucose level from a tail vein sample was tested by using a glucose analyzer
(Accu-Chek Compact System; Roche Diagnostics, Indianapolis, IN). Diabetes was defined
by a fasting blood glucose >300mg/dl. Animals were subjected to stroke 2 weeks after
diabetes induction.

Embolic middle cerebral artery occlusion (MCAo) model and experimental groups
T1DM rats were initially 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 catheter is 2–3mm from the
origin of the MCA. Using 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 legated (Zhang et al., 1997). Rats were randomized and assigned to
different groups and were treated starting 2 hours after embolic MCAo with:

1. T1DM-MCAo control: phosphate-buffered saline (PBS) for vehicle control in
T1DM-MCAo rats (n=8).

2. T1DM-MCAo+Neamine treatment: Neamine (10mg/kg, ip injection) was injected
in T1DM-MCAo rats (n=8). The dose used (i.e. 10 mg/kg i.p.) is well tolerated in
mice (Hirukawa et al., 2005, Ibaragi et al., 2009), and converting to the rats, the
Neamine dose of 10mg/kg represents a moderate dose for the rats. Therefore, the
dose of 10mg/kg (ip injection) was employed at 2h, 24h and 48h after induction of
embolic MCAo. A battery of functional outcome tests was performed before
MCAo and at 2h, 24h and 48h after induction of embolic MCAo.

Functional tests
A battery functional tests including Foot-fault test, adhesive removal test and a modified
neurological severity score (mNSS) test were performed prior to MCAo, and at 2h (before
treatment), 24h, 48h after induction of embolic MCAo by an investigator who was blinded
to the experimental groups, mNSS is a composite of motor, sensory, balance and reflex tests
(Chen et al., 2001a, Chen et al., 2001b). Rats were excluded if modified neurological
severity score was <6 or >13 before treatment. The foot-fault test evaluates placement
dysfunction of forelimbs (Barth et al., 1990, Schallert et al., 2000). In addition, the adhesive
removal test was performed both pre- and postoperatively (Schallert et al., 1982).

Histological and immunohistochemical assessment
At 2 days after induction of embolic MCAo, animals were sacrificed and brains were fixed
by transcardial perfusion with saline, followed by perfusion and immersion in 4%
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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 (Swanson et al., 1990). 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) (Swanson et al., 1990). Lesion volume is presented as a volume percentage of the
lesion compared with the contralateral hemisphere.

Blood pressure (BP) and rectal temperature measurements—At 2 days after
induction of embolic MCAo, rats (n=4/group) 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). Intra-arterial blood pressure was measured at 2h after
last treatment by the insertion of a Mikro-tip pressure catheter (AD Instruments, Colorado
Springs, CO, USA) into the internal carotid artery. Arterial pressure was measured using a
DC amplifier (AD Instruments) and mean arterial pressure (MAP) and heart rate (HR) were
determined using a PowerLab Data Acquisition System (AD Instruments) averaged over 20–
30 minutes. Rectal temperature was recorded using a rectal probe (AD instruments).

Quantitative evaluation of Evans blue dye extravasation
To test blood brain barrier (BBB) permeability and Western blot assay, an additional set of
rats (n=4/group) were sacrificed at 48h after induction of embolic MCAo. 2% Evans blue
dye in saline was injected intravenously at 4h before sacrifice. Evans blue dye fluorescence
intensity was measured using a microplate fluorescence reader (excitation 620nm and
emission 680nm). The amount of extravasated Evans blue dye was quantified as micrograms
per ischemic hemisphere (Zhang et al., 2002).

Immunohistochemical staining
A standard paraffin block was obtained from the center of the lesion (bregma −1 mm to +1
mm). A series of 6 εm 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), advanced glycation end products (RAGE, 1:400; Dako, Carpenteria, CA,
USA), toll-like receptor 4 (TLR-4) (goat polyclonal IgG; dilution 1:100; Cruz Biotech Inc,
Santa Cruz, California), nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB) (1:500; Abcam, Cambribridge, MA, USA), Angiogenin (monoclonal, 1:500, Abcam
Cambridge, MA) and Angiopoietin-1 (Ang1) (Ang1, 1:2,000, Abcam) immunostaining were
performed. Control experiments consisted of staining brain coronal tissue sections as
outlined above, but the primary antibodies were omitted, as previously described (Li et al.,
1998). The immunostaining analysis was performed by an investigator blinded to the
experimental groups.

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

Immunostaining quantitation
For measurement of apoptotic markers, each cleaved caspase-3 and TUNEL immunostained
coronal section was digitized using a 40X objective, via the MCID computer imaging
analysis system (Imaging Research, St. Catharines, Canada). 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
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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. The total number of positive cells per mm2 area is
presented.

For quantitative measurements of Angiogenin, Angiopoietin-1 (Ang1), NFkB, RAGE and
TLR-4, five slides from each brain, with each slide containing 8 fields from the IBZ were
digitized under a 40x or 20x objective (Olympus BX40) using a 3-CCD color video camera
(Sony DXC-970MD) interfaced with an MCID image analysis system (Calza et al., 2001,
Chen et al., 2003a, Chen et al., 2003b). Data were analyzed in a blinded manner and
presented as percentage of positive area for Ang1, RAGE and TLR-4, percentage number of
nuclear positive cells for Angiogenin and NFkB, respectively.

Nuclear and Cytoplasmic Extraction
Nuclear extracts were isolated using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific) following standard protocol. Briefly, 40mg of tissue was
weighed and resuspended in buffer and a Dounce homogenizer was used to break up the
tissue. Afterwards the tissue was treated with lysis reagents for 1min on ice before they were
centrifuged (16,000g), providing the cytoplasmic extracts in the supernatant. The pellet was
then subjected to a second stage of lysis while being stored on ice for 40min, vortexing for
15sec every 10min. Afterwards the samples were centrifuged (16000g) for 10min and
supernatant (nuclear extract) was removed.

Western blot assay
Protein was isolated from samples using Trizol (Invitrogen), following standard protocol.
Protein concentration was measured using the BCA (Thermo Scientific) kit. 40ug of protein/
lane in a 10% SDS PAGE precast gel (Invitrogen). Gel was transferred to a nitrocellulose
membrane (Bio Rad) by running the transfer at 400mA for two hours. Nitrocellulose
membrane was blocked in 2% I-Block (Applied Biosystems) in 1× TBS-T for one hour, and
then either Ang1 (Abcam 1:1000), Ang (Abcam, 1:1000), RAGE (R&D Biosystems, 1:500),
TLR4 (Santa Cruz, 1:500), or NFkB (Abcam, 1:1000) primary antibodies were added in 2%
I- Block in TBS-T, and incubated on a shaker overnight at 4°C. Following morning, the
membrane was washed three times for 5 minutes with 1× TBS-T. Secondary antibodies,
(anti-mouse, anti-rabbit, or anti-rat, (Jackson ImmunoResearch) was added at 1:1000
dilution in 2% I-Block in 1 × TBS-T on a room temperature shaker for one hour. After the
incubation the membranes were washed three times for 5 minutes with 1 × TBS-T. After the
final wash, Luminol Reagent (Santa Cruz) was added and allowed to react with the
membranes for 2 minutes. The membranes were then developed using a FluorChem E
Imager system (ProteinSimple) exposing them for 1 – 30 minutes depending on the intensity
of the band

Statistical analysis
One-way Analysis of Variance (ANOVA) was used for the evaluation of functional outcome
and histology, respectively. “Contract/estimate” statement was used to test the group
difference. Spearman partial correlation coefficient analysis was employed for the
correlation between functional tests and histology evaluations at two days after induction of
embolic MCAo. If an overall treatment group effect was detected at p<0.05, pair-wise
comparisons were made. All data are presented as mean ± standard error (SE).
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Results
Neamine significantly decreases lesion volume and improves functional outcome after
stroke in T1DM rats (Figure 1)

To test whether Neamine regulates blood pressure (BP) and body temperature (BT), BP and
BT were measured at 2h after last treatment before sacrifice. The non-treatment control
group recorded a mean systolic/diastolic pressure of 120/97mmHg±3.6mmHg with mean
heart rate of 365±13 BPM, while the treatment group recorded a mean systolic/diastolic
pressure of 123/90mmHg±4.2mmHg with mean heart rate of 350±11 BPM. The control
group exhibited body temperatures of 36±1°C on day 2 after induction of embolic MCAo,
while the Neamine treatment group exhibited 36.7±0.3°C on day 2 after induction of
embolic MCAo. There are no significant differences in BP, heart rate and rectal temperature
between Neamine treatment and non-treatment control (p>0.05)

To test whether Neamine treatment induces a neuroprotective effect, a battery of functional
outcomes and lesion volume were measured. Figure 1 shows that Neamine treatment starting
2h after induction of embolic MCAo significantly decreased lesion volume and improved
functional outcome after stroke in T1DM rats measured by mNSS, foot-fault and adhesive
removal test compared to PBS treated T1DM-MCAo control rats (p<0.05). The data suggest
that Neamine treatment promotes neuroprotection after stroke in T1DM rats.

Neamine treatment decreases BBB leakage and the expression of TUNEL and cleaved
caspase-3 (Figure 2)

To test whether Neamine regulates BBB leakage, Evans blue dye assay was employed.
Figure 2A shows that Neamine treatment of stroke in T1DM rats significantly decreased
BBB leakage in the ischemic brain compared to PBS treated T1DM-MCAo control rats
(Figure 2A).

To test whether Neamine treatment regulates apoptosis, two apoptotic markers, TUNEL and
cleaved caspase-3, were employed. Figure 2B–E show that Neamine treatment significantly
decreased the number of immunoreactive TUNEL-positive cells and cleaved- caspase-3 in
the ischemic brain in T1DM rats compared to PBS treated T1DM-MCAo control rats
(p<0.05). These data indicate that Neamine treatment has an anti-apoptotic role after stroke
in T1DM rats.

Neamine treatment attenuates expression of RAGE, TLR-4, Angiogenin and NFkB activity
and increases Ang1 expression in the ischemic brain (Figure 3A–E)

To further investigate the molecular mechanisms underlying the Neamine-induced
neuroprotection after stroke, RAGE, TLR-4, NFkB and Ang1 expression were measured in
the ischemic border. Using immunostaining, Figures 3A–E show that Neamine treatment
significantly decreased TLR4 and RAGE expression and increased Ang1 expression
compared to PBS T1DM-MCAo control rats (p<0.05). Neamine treatment also significantly
decreased activity (nuclear location) of Angiogenin and NFkB compared to PBS treated
T1DM-MCAo control rats.

Consistent with immunostaining, Western blot assay also showed that Neamine treatment of
T1DM-MCAo rats significantly decreased TLR4, RAGE, Angiogenin and nuclear NFkB
and increased Ang1 expression in the ischemic brain compared to PBS treated T1DM-
MCAo control rats (Figure 4). These data suggest that Neamine treatment in T1DM-MCAo
rats decreases inflammatory mediators in the ischemic brain.
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Discussion
In the present study, we demonstrated that treatment of stroke with Neamine in T1 diabetic
rats improves functional outcome and significantly decreases brain infarct volume, BBB
leakage and the expression of inflammatory mediators RAGE,NFkB, and TLR4 as well as
increases Ang1 expression in the ischemic brain. Inhibition of neuroinflammatory factor
expression and decrease of BBB leakage may contribute to Neamine induced
neuroprotection effects after stroke in T1DM rats.

Neamine decreases cleaved caspase-3 and apoptosis
Cerebral ischemia leads to neuronal damage through complex and interconnected
pathophysiological events. Apoptosis is an important contributor to cell death after stroke.
Diabetes stroke animals have significantly increased apoptosis compared to no-DM stroke
animals (Rizk et al., 2005). Neuronal apoptosis is an important contributing factor to
neurological deficiencies associated with diabetes, and these deficiencies are exaggerated
following ischemic stroke (Rizk et al., 2006). Apoptosis and inflammation play key roles in
the delayed cell death and injury in the penumbra (Becker, 1998, Graham and Chen, 2001).
In our previous studies have found that diabetes significantly increases RAGE, TLR4,
NFkappaB and Angiogenin expression and increases neuroinflammatory effects in the
ischemic brain (Chen et al., 2001b, Ye et al., 2011b). Neuroinflammatory factors upregulate
apoptosis (Ding et al., 2013). Downregulation of TLR4/NFkappaB activity inhibits
apoptosis and inflammation induced by cerebral ischemic reperfusion injury and improves
the neurobehavioral function of rat (Hua et al., 2007, Guo et al., 2010). In the present study,
we found that Neamine treatment significantly decreases the neuroinflammatroy factors
such as RAGE, TLR4 expression and NFkappaB activity. Therefore, decreases of
neuroinflammatoryy factors may contribute to the Neamine treatment induced decrease of
apoptosis after stroke in T1DM rats. We also found that Neamine treatment significantly
decreased cleaved caspase-3 as well as decreased lesion volume in the ischemic brain.
Caspases, a family of cysteinyl-aspartate family, are essential players in apoptotic cell death
after focal cerebral ischemia (Endres et al., 1998, Schulz et al., 1999). Administration of
broad spectrum caspase inhibitors to ischemic rodents induced neuroprotection (Rabuffetti
et al., 2000). Caspase-3 is the most abundant caspase family member in the adult rodent
brain (Namura et al., 1998). Neurons are the predominant brain cells that undergo caspase-3-
dependent apoptosis after hypoxia-ischemia (Manabat et al., 2003). Therefore, a decrease in
cleaved-caspase-3 by Neamine treatment may play an important role in attenuating
apoptosis and decreasing lesion volume after stroke in T1DM rats.

Neamine decreases Angiogenin nuclear translocation and attenuates BBB leakage
Angiogenin is a member of the ribonuclease superfamily and promotes degradation of
basement membrane and extracellular matrix, allowing endothelial cells to proliferate,
penetrate and migrate into the perivascular tissue (Hu et al., 1997). Diabetes is associated
with abnormal angiogenesis which may lead to vascular abnormalities of various organs
(Stitt et al., 2005). Our previous studies have found that Angiogenin expression was
increased in the ischemic brain in T1DM rats compared to wild type (WT) non-DM-MCAo
rats (Chen et al., 2011) and the increased Angiogenin was correlated with worse functional
outcome in T1DM rats (Chen et al., 2011). In this study, we found that Neamine treatment
of stroke in T1DM rats significantly decreases Angiogenin nuclear translocation in the
endothelial cell, as well as decreases BBB leakage and improves functional outcome after
stroke compared to non-treatment T1DM rats. Angiogenin is rapidly endocytosed and
translocated to the endothelial cell nucleus where it accumulates in the nucleolus and binds
to the promoter region DNA (Hu et al., 2000) and stimulates ribosomal RNA (rRNA)
transcription (Xu et al., 2003, Kishimoto et al., 2005). Nuclear translocation is the key for
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Angiogenin to exert its biological activity and is a critical step in the process of angiogenesis
(Moroianu and Riordan, 1994a, b). Decreasing angiogenin endothelial cell nuclear
translocation may contribute to the decreased BBB leakage.

Neamine decreased RAGE, TLR4 and NFkB activity
The neuroinflammatory response is progressive after stroke and leads to the evolution of
brain tissue injury (Barone and Feuerstein, 1999) and is associated with vascular disease
(Chamorro and Hallenbeck, 2006). In addition, inflammation also plays a key role in the
development and progression of diabetic complications. Previous studies have found that
diabetic stroke animals significantly increased inflammatory factors high-mobility group
box 1(HMGB-1) and its receptors, such as RAGE, and TLR4 expression in the ischemic
brain (Ye et al., 2011b). RAGE has been implicated as a pro-inflammatory factor in chronic
inflammatory conditions such as diabetes mellitus and it functions as a sensor of necrotic
cell death and contributes to inflammation and ischemic brain damage. TLR4, as one of the
receptors of HMGB1, is important in the activation of the innate immune system that
contributes to inflammation and may increase neuroinflammation and exacerbate stroke
injury. Inflammatory response, which is tightly regulated by the TLR4/NFkB pathway,
promotes brain damage after cerebral ischemia-reperfusion (I/R) injury, Activation of
inflammatory receptors results ultimately in the activation of NFkB, inducing the up-
regulation of leukocyte adhesion molecules, production of pro-inflammatory cytokines and
angiogenic factors in both hematopoietic and endothelial cells, thereby promoting
inflammation (Nogueira-Machado and de Oliveira Volpe, 2012). NFkB, a pivotal player in
inflammatory responses is induced in neurons during human stroke. Activation of NFkB in
the brain contributes to infarction in permanent MCAo (pMCAO) (Nurmi et al., 2004). The
resident inflammatory brain cells, microglia, are especially activated in response to ischemic
insults, many of which are regulated by NFkB. Therefore, suppression of RAGE/TLR4/NF-
κB signaling has become a promising target for the anti-inflammatory treatment in ischemic
stroke (Ceulemans et al., 2010). We found that Neamine treatment of stroke in T1DM rats
significantly decreased inflammatory factors such as RAGE and TLR4 expression in the
ischemic brain as well as inhibits NFkB activity. Therefore, decreasing RAGE/TLR4/NFkB
signaling activity may mediate the neuroprotective effect of Neamine after stroke in T1DM
rats.

Neuroinflammatory response has been associated with the deleterious effects of increased
temperature during the acute phase of stroke (Ceulemans et al., 2010). Hypothermia has
been introduced as a promising neuroprotective strategy (Joseph et al., 2012). Long-term
hypothermia may be a viable clinical approach to protect the brain from cerebral injury
(Joseph et al., 2012). Hypothermia decreases inflammatory factor gene and protein
expression and promotes antiinflammatory effects as well as decreases lesion volume after
stroke (Florian et al., 2008, Meybohm et al., 2010, Jenkins et al., 2012, Gu et al., 2013). In
the present study, using Neamine, an aminoglycoside antibiotic, treatment of stroke in
T1DM rats did not significantly decrease body temperature, but significantly decreases
inflammatory factor expression. Therefore, decrease of neuroinflammatory mediators may
contribute to the Neamine treatment induced decrease of apoptosis after stroke in T1DM
rats.

Angiopoietin-1 signaling promotes angiogenesis and remodeling of blood vessels through its
receptor tyrosine kinase Tie2, which is expressed on blood vessel endothelial cells.
Angiopoietin-1 reduces endothelial permeability and enhances vascular stabilization and
maturation, and stimulates the mural cell recruitment process (Ye et al., 2007). Diabetic
stroke animals showed a significantly fdecreased Ang1 expression and Ang1/Tie2 signaling
activity as well as increased pericyte damage and BBB leakage that induce worse functional
outcome after stroke compared to non-DM animals (Cui et al., 2011). Ang1/Tie2 signaling
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system not only regulates angiogenesis, but also regulates anti- inflammatory effects. Ang1-
Tie2 blocks lipopolysaccharide (LPS)-induced activation of NFkB in macrophages (Gu et
al., 2010). Ang1 induces antiinflammatory response by inhibition of endothelial
permeability, and neutrophil adherence to endothelial cell (Pizurki et al., 2003). Ang1 also
decreases VEGF induced NF-kappaB transcription factor, vascular cell adhesion molecule-1
(VCAM-1), and E-selectin expressions (Ismail H, Mofarrahi, 2012). In this study, we found
that treatment of stroke in T1DM rats with Neamine significantly increased ischemic brain
Ang1 expression, decreased BBB leakage as well as promoted anti-inflammatory effects
identified by the decreased expression of proinflammatory factors and activity in the
ischemic brain. Therefore, increasing Ang1 expression may also contribute to Neamine
induced neuroprotective effects post stroke in the T1DM rat.

Limitation and caveat
Neamine, an aminoglycoside antibiotic, and has many effects. It not only has antibacterial
potency, but also inhibits nuclear translocation of Angiogenin and inhibits tumor cell
proliferation, migration, and has anti-tumor effects (Ibaragi et al., 2009, Zhao et al., 2010).
In this study, we for the first time demonstrate that Neamine treatment also promotes
neuroprotection after stroke in T1DM rats as well as decreases neuroinflammatory factor
expression. However, the underlying mechanisms by which Neamine induces
neuroprotective effects warrant further study. In the present study, the functional outcome
and lesion volume were only measured at 48h after MCAo, and long term functional
outcome after Neamine treatment warrant investigation.

Conclusion
We found that Neamine treatment of stroke significantly decreases lesion volume, BBB
leakage and promotes functional outcome after stroke in T1DM rats. Neamine induces anti-
inflammatory effects identified by the decrease in RAGE, TLR4 and NFkB activity in the
ischemic brain as well as an increase Ang1 expression. Increasing Ang1 and anti-
inflammatory effects may contribute to Neamine induced neuroprotective effects after stroke
in T1DM rats.
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Highlights

Neamine treatment of stroke decreases BBB leakage, lesion volume in T1DM rats.

Neamine treatment of stroke improves functional outcome in T1DM rats.

Neamine treatment of stroke increases Ang1 and decreases Angiogenin, NFkB, RAGE,
and TLR4 expression in T1DM rats.

Decreased inflammatory response may contribute to Neamine induced neuroprotection
effects on T1DM rats.
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Figure 1. Functional tests and lesion volume measurements
Neamine treatment of stroke in T1DM rats significantly improved functional outcome and
reduces lesion volume compared to PBS treated T1DM-MCAo rats. A: mNSS test. B:
Adhesive removal test. C: Foot-fault test. D: Lesion volume measurement.

Ning et al. Page 15

Neuroscience. Author manuscript; available in PMC 2015 January 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. BBB leakage and apoptosis changes in the ischemic brain
Neamine treatment of stroke in T1DM rats significantly decreased BBB leakage and
apoptotic cell numbers in the ischemic brain compared to PBS treated T1DM-MCAo rats.
A: Evans blue dye assay for BBB leakage. B-E: TUNEL and cleaved caspase-3
immunostaining and quantitative data in the IBZ.
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Figure 3. Angiogenin, Angiopoietin-1, TLR4, NFkB and RAGE expression in the ischemic brain
Neamine treatment of stroke in T1DM rats significantly increased angiopoietin-1 and
decreased TLR4, RAGE, nuclear Angiogenin and NFkB expression in the ischemic brain
compared to PBS treated T1DM-MCAo rats. A-E: Angiogenin, TLR4, NFkB, RAGE and
Angiopoietin-1, immunostaining and quantitative data in IBZ. Scale bar in A-E=0.1 mm.
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Figure 4. Western blot assay
Neamine treatment of stroke significantly increased brain tissue Ang-1, but decreased
Angiogenin, NFkB, RAGE and TLR4 levels in T1DM rats compared to non-treatment
T1DM-MCAo rats (P<0.05). A: Western blot assay; B-E: Ang1 (B), Angiogenin (C),
RAGE (D) and TLR4 (E) quantitative data from Western blot assay; F-G: Nuclear NFkB
activity measured by Western blot assay (F) and quantitative data (G).
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