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ABSTRACT

The anti-inflammatory effects of agmatine
on transient focal cerebral ischemia in diabetic rats
Jeong Min Kim

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Bon Nyeo Koo)

Background: Diabetes mellitus is a metabolic disorder associated with structural
and functional alterations of various organ systems, including the central
nervous system. The aim of the present study was to investigate the
neuroprotective effect of agmatine (AGM) on cerebral ischemic damage in

diabetic rats.

Method: Normoglycemic (n = 30) and streptozotocin-induced diabetic rats (n =
82) were subjected to 30 minutes of suture occlusion of the middle cerebral
artery (MCAO) followed by reperfusion. Thirty-nine diabetic rats were treated
with AGM (100 mg-kg™, intraperitoneal) immediately after 30 minutes of
MCAO. Modified neurological examination and rotarod exercise were
performed to evaluate motor function. Brain infarct volume was assessed by
triphenyl tetraxolium chloride staining and microPET imaging. Western blot
and immunohistochemical analysis were performed to determine the expression
of inflammatory cytokines in ischemic brain tissue. Real-time PCR (RT-PCR)
was performed to measure the mRNA expression of high-mobility group box 1
(HMGBL), Receptor for Advanced Glycation Endproducts (RAGE), Toll-like
Receptor (TLR)2, and TLRA4.

Result: AGM post-treatment improved the neurobehavioral activity and motor
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function of diabetic MCAO rats at 24 and 72 hours after reperfusion. The
infarct size was reduced in AGM-treated diabetic rats compared with diabetic
rats without AGM post-treatment (p < 0.01). Immunohistochemical analysis
showed that AGM treatment significantly decreased the expression of
inflammatory cytokines in diabetic MCAO rats at 24 and 72 hours after
reperfusion (p < 0.01). Western blotting and RT-PCR results indicated that
AGM treatment significantly decreased the expression of HMGB1, RAGE,
TLR2, and TLR4 in diabetic rats at 24 and 72 hours after reperfusion (p < 0.05).

Conclusion: Immediate AGM treatment after 30 minutes of MCAO reduced the
infarct size and neurological deficit in diabetic rats at 24 and 72 hours after
reperfusion. This effect of AGM was associated with modulation of the

post-ischemic neuronal inflammation cascade.

Key words: agmatine, diabetes, inflammation, innate immunity,
ischemia-reperfusion injury



The anti-inflammatory effects of agmatine on transient focal cerebral
ischemia in diabetic rats

Jeong Min Kim

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Bon-Nyeo Koo)

I. INTRODUCTION

Ischemic stroke is the leading cause of long-term disability and death
worldwide.™ Such disabling and frequently fatal event casts substantial burden
on not only family members but also the medical professionals who care for
stroke victims.!

Diabetes mellitus (DM) is an important risk factor for ischemic stroke.
Worldwide, 347 million people have DM,? either the type 1 or 2 forms being the
most typical.” In a meta-analysis of prospective studies, which included 530,083
participants, the reported hazard ratio for ischemic stroke was 2.3 (95% ClI,
2.0-2.7) in people with DM compared to those without DM.®> Tureyen et al
reported that brain damage and inflammation were exacerbated in Type 2
diabetic mice that were subjected to focal ischemia.® This is thought to be, at
least in part, due to the increased neuroinflammation found in patients
diagnosed with DM, compared with those without DM.” The increased level of
inflammation has been attributed to the effects of poorly controlled DM which
triggers NF-kB activation and the release of pro-inflammatory cytokines.®
NF-kB can be activated protein kinase c® through either the aldose reductase
pathway,'® or ligand binding to the advanced glycation end-products receptors
(RAGE)." These pathways are all activated by hyperglycemia in microglia.>™

Cerebral ischemia is a condition of complex pathology that includes
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several inflammatory events, such as aggregation of inflammatory cells and
upregulation of cytokines. The immune system participates in ischemic brain
damage and the damaged brain, in turn, exerts an immunosuppressive effect that
promotes fatal infections that threaten survival after stroke. Inflammatory
signaling is involved in all stages of the ischemic cascade, from the early
damaging events triggered by arterial occlusion to the late regenerative
processes underlying post-ischemic tissue repair.*? An crucial component of this
response is the activation of the innate immune system.™® Numerous studies
have reported that high-mobility group box 1 (HMGBL1) is released from
neurons early after ischemic injury. HMGBL plays a key role in the homeostatic
regulation of brain functions and actively participates in neuropathology and
neuroinflammatory responses.™ In patients with ischemic stroke, the serum or
plasma levels of HMGB1 wasdramatically higher compared with age and sex
matched controls.*>*®

Agmatine (AGM) is a locally synthesized, endogenous agonist of the
imidazoline receptor, a non-catecholamine ligand for a2 adrenergic receptors,
and may act as a neurotransmitter.” AGM treatment reduces infarct area in a
mouse model of transient focal cerebral ischemia and protects cultured neurons
from ischemia-like injury via the nitric oxide synthesis pathway.'® Fairbanks et
al have reported that AGM significantly reduces the pain induced by
inflammation, neuropathy, and spinal cord injury.*® However, much uncertainty
still exists about the relationship between AGM and the anti-inflammatory
mechanism of neuroprotection after ischemic injury.

This study investigated the neuroprotective effect of AGM
post-treatment on cerebral ischemic damage in streptozotocin-induced diabetic
rats subjected to 30 minutes of middle cerebral artery occlusion (MCAO). The
effects of AGM on the inflammatory cascade, including the innate immunity of

neuronal cells, after ischemic damage were also evaluated.



Il. MATERIALS AND METHODS

Animal preparation

All animal procedures were performed according to a protocol that was
approved by the Yonsei University Animal Care and Use Committee and was in
accordance with National Institutes of Health guidelines for care and use of
laboratory animals. A total of 112 adult male Sprague—-Dawley rats, aged 8-10
weeks and weighing 280-320 g, were obtained from Orientbio Inc. (Seongnham,
GyeonGi-Do, Korea) for this study. Rats were allowed free access to food and

water before and after surgery.

Diabetic modeling

DM was induced in 8-week-old Sprague-Dawley rats by a single
intraperitoneal injection of streptozotocin (STZ, 60 mg-kg™ dissolved in 0.1
mM sodium citrate, pH 4.5; Sigma-Aldrich, St. Louis, MO, USA). Three days
after STZ injection, blood samples were collected from the tail vein of rats
which were fasted for 12 h. The blood glucose levels were measured using a
glucometer (One Touch Ultra LifeScan, Milpitas, CA, USA). DM was defined
as blood glucose >350 mg-dL™. Animals were used 4 days after without any

insulin supplements.

The Middle Cerebral Artery Occlusion Model and Grouping

The experimental middle cerebral artery occlusion (MCAQO) model was
generated as previously described.”® Under an operating microscope, the right
common carotid artery (CCA), external carotid artery (ECA), and internal
carotid artery (ICA) were exposed through a midline incision. The ECA was
ligated, coagulated, and cut down just proximal to the lingual and maxillary
artery branches. All other branches of the ECA were coagulated and transected.
The ICA was then isolated from the vagus nerve to avoid damage. A 4-0

monofilament nylon suture (Dermalone, United States Surgical, CT, USA) with
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a flame-rounded head was inserted through the ICA via a small incision in the
ECA stump. The distance from bifurcation of the CCA to the tip of the suture
was approximately 18.5 mm in all rats, which is consistent with published
descriptions of the MCAO model. Cerebral blood flow was monitored by laser
Doppler flowmetry (LDF, Omega flow, FLO-C1, Neuroscience, Tokyo, Japan)
using a flexible probe placed in the cortical areas that are supplied by the MCA
(2 mm posterior and 6 mm lateral to bregma). After the MCA occlusion by the
thread insertion, rats that did not show a cerebral blood flow reduction of at
least 70% were excluded from the experiment. After 30 min of occlusion, the
thread suture was withdrawn, the skin was sutured, and the rats were allowed to
recover. All rats were sacrificed 24 or 72 hours after reperfusion.

Rats were allocated into 6 groups: (1) M: 30 minutes of MCAO,
followed by 24 hours of reperfusion (n = 15) or 72 hours of reperfusion (n = 15)
in normoglycemic rats; (2) D-M: 30 minutes of MCAO, followed by 24 hours
of reperfusion (n = 22) or 72 hours of reperfusion (n = 21) in diabetic rats; and
(3) D-M-A: 30 minutes of MCAO with an immediate intraperitoneal injection
of AGM (100 mg-kg™ dissolved in saline, Sigma, St. Louis, MO, USA),
followed by 24 hours of reperfusion (n = 19) or 72 hours of reperfusion (n = 20)
in diabetic rats. A researcher performed randomization before MCAO and
prepared the study drug. Another researcher who was blinded to the treatment
group performed the MCAO procedure and administered the study drug.

AGM was injected at the beginning of reperfusion. The dose of AGM
in this study was based on the previous studies.? Previously, we have reported a
successful reduction in both infarct area and brain edema with 100 mg-kg™
AGM in a brain ischemia model.”® These results suggested that 100 mg-kg™
could be an efficient AGM dose to reverse the changes during an ischemic

insult in vivo.



Neurobehavioral Assessment
Animals were examined for neurological deficits 24 hours after reperfusion by
an investigator who was blind to the identity of the groups using 6 tests
developed and described by Garcia et al.”* The score assigned to each rat at the
completion of the evaluation was the sum of all 6 test scores: (1) spontaneous
activity; (2) symmetry in the movement of the 4 limbs; (3) forepaw
outstretching; (4) climbing; (5) body proprioception; and (6) response to
vibrissae touch. The final maximum neurological score was 18. The rotarod test
was used to assess the recovery of impaired motor function after MCAO (n = 15
in each group). The accelerating rotarod test (ENV-577, Med Associates Inc.,

Geordia, VT, USA) was carried out as described by Hunter et al.?

with a slight
modification. Exercise time was measured as the amount of time the animal
remained on an accelerating rotarod cylinder. The speed was increased from
4-40 rpm within 5 minutes. The trial ended if the animal fell off the rungs or
gripped the device and spun around for two consecutive revolutions without
attempting to walk on the rungs. The exercise time for each rat was measured 5

times per day just before MCAO, and 24 and 72 hours after MCAO.

Measurement of Brain Infarct Volume
After 24 or 72 hours of reperfusion, animals were anesthetized with a mixture
of Zoletil® and Rompun®, and were decapitated. The brains were quickly
isolated and sectioned into serial 2 mm thick coronal slices. Brain infarct
volume was determined by 2, 3, 5-triphenyl tetraxolium chloride (TTC)
(Sigma-Aldrich, St. Louis, MO, USA) staining using a computer-assisted image
analysis system (Optimas ver 6.1, Optimas, Bothell, WA, USA). The result was
corrected for the presence of edema using a previously published method.” The
infarct volume was calculated in mm® by integrating the infarct sizes for each
slice which contained infarcted brain tissue. The edema volume was calculated

by subtracting the volume of the contralateral hemisphere from the ipsilateral
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hemisphere.

Biochemical Assessment

Immunohistochemistry

Five rats from each group were deeply anesthetized and transcardially
perfused with 4% paraformaldehyde in phosphate-buffered saline (PBS) 24 or
72 hours after MCAOQ. The brain was quickly removed and post-fixed overnight
in 4% paraformaldehyde at 4 °C. Paraffin sections (4 um) were dewaxed and
rehydrated. Endogenous peroxidase was blocked using 0.1% H,0, in PBS for
30 minutes. The sections were pre-incubated in 5% normal goat serum in PBS
for 30 minutes and incubated overnight at 4 °C with the following primary
antibodies: anti-NF-kB (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-IL-1pB (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-TNFa
(Chemicon, Temecula, CA, USA). Antigens were detected with
3,3-diaminobenzidine (DAB) (Vector Laboratories, Burlingame, CA, USA)
using an Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) and
hematoxylin (Sigma-Aldrich, Saint Louis, MO, USA) was used as a
counterstain. The samples were incubated in hematoxylin for 5 minutes and
dehydrated through 70%, 95%, and 100% graded ethanol. The sections were
mounted with Vectashield mounting media (Vector Laboratories, Burlingame,
CA, USA). Staining was observed under a microscope with a digital camera.
Immunoreactive cells in the cortex and striatum region were counted in 5
coronal sections (bregma, —0.8 to 1.2 mm) per brain in 5 rats per group using a
CAST Grid system (Computer-Assisted Stereological Toolbox; version 2.1.4
Olympus, Denmark A/S, Ballerup, Denmark). The number of positive cells was
estimated as the number of counted cells divided by the sampling fraction.
Within the cortex and striatum boundaries, counting frames of 48.6 x 36.1 um
in size were systematically and randomly sampled on the first counting area and

moved through all counting areas until the entire delineated area was sampled.

8



Actual counting was performed using a x100 oil objective lens. The estimate of
the total number of positive cells was calculated according to the optical
fractionator formula. The data are expressed as the total number of positive cells
and presented as mean * standard error of the mean (SEM) within the

investigated region.

Immunofluorescent staining
The samples were fixed with 3.7% formaldehyde and sectioned at 20-um
thickness by a cryotome. Samples were immunostained with anti-lba-1 (1:100,
Abcam, Cambridge, UK) and anti-NF-xB (1:60, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). After washing with PBS, samples were incubated with
Rhodamine- and FITC-conjugated secondary antibodies (1:200, Millipore,
Bedford, MA, USA), and counterstained with DAPI. Immunolabeled cells were
observed under an LSM 700 confocal laser scanning microscope (Carl Zeiss,
Thornwood, NY, USA). The immunofluorescent intensity present on each slide
was measured using ImageJ. Relative intensity was divided by the number of
cells. Four images from the ipsilateral and contralateral cortex and striatum

were used in this analysis.

Immunoblotting Assay

Five rats from each group were killed 24 or 72 hours after MCAOQ. The
brain was quickly removed and the bilateral hemispheres were dissected. All
procedures were carried out while maintaining the brain on ice. The dissected
tissue was either frozen or used immediately. Tissue was homogenized in a
modified RIPA-buffer [50 mM Tris-HCL pH 7.4, 150 mM NacCl, 1% NP-40,
0.25% sodium deoxycholate, complete protease inhibitor cocktail
(Sigma-Aldrich)] and incubated for 20 minutes on ice. After 15 minutes of
centrifugation (13,000 rpm, 4 °C), the protein concentration of the supernatant

was determined using a bicinchoninic acid-containing reagent (BCA Protein
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Assay Reagent kit, Pierce, Rockford, IL, USA). Samples (50 pg protein/well)
were separated on an 8% acrylamide gel using sodium dodecyl
sulfate-poly-acrylamide  gel electrophoresis. The gels were then
electro-transferred onto polyvinylidene difluoride membranes (PVDF,
Millipore, Bedford, MA, USA). Membranes were blocked with 5% nonfat skim
milk (dissolved in tris buffered saline with 0.1% Tween 20, TBST) for 1 hour at
room temperature and then incubated overnight at 4 °C with the following
antibodies: anti-p-actin (Abcam, Cambridge, MA, USA), anti-NF-xB (Santa
Cruz Biotechnology), anti-IL-1B (Santa Cruz Biotechnology), anti-TNFa
(Chemicon), anti-RAGE (Abcam), anti-GAPDH (Santa Cruz Biotechnology),
anti-HMGB1 (Abcam), anti-Histon (Abcam), anti-TLR4 (Abcam), and
anti-TLR2 (Novus Biologicals, Littleton, CO, USA). The membranes were
extensively washed with TBST and incubated with horseradish peroxidase
(HRP) conjugated anti-rabbit, mouse, or goat IgG secondary antibodies. The
bands were visualized with enhanced chemiluminescence reagents (ECL Plus;
Amersham Biosciences, Piscataway, NJ, USA) and developed using x-ray films
(Kodak, Rochester, NY, USA). The optical density of the bands were quantified
using a computer-associated image analysis system (National Institutes of
Health, Image J). Target proteins were normalized to B-actin, GAPDH, and

Histon.

Real-time PCR

MRNA expression analysis of TLR4, TLR2, HMGBL, and RAGE were
performed as reverse transcription with total RNA, and complementary DNA
(cDNA) were synthesized by polymerase chain reaction (PCR). The primers
that were used are as follows: TLR4: forward, 5’-CTT GGT TGA ATA AGG
GAT GTC AT- 3’; reverse, 5°- GAAGCT ACT GCA GGA GG TA-3’; HMGBL1:
forward, 5’-TCC TTC GGC CTT CTT CTT GT-3’; reverse, 5’-CTC TCC TAG
TTT CTT CGC AAA A-3’; forward, 5°>-TGA TGC TGC CAT TCT CAT TC-3’;
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reverse, 5’-CGC CGC TCT CAG ATT TAC CC-3’; RAGE: forward, 5’-AGG
ACC AGG GAA CCT ACA GC-3’; reverse, 5’-CCT GAT CCT CCC ACA
GAG C-3’. The PCR was performed with following condition: initial
denaturation at 95 °C for 5 min, amplification by 39 cycles of 10 sec at 95 °C,
30 sec at 60 °C, and for 5 min, amplification at 72 °C for 10 sec. The target
genes were analyzed with CFX manager software from Bio-Rad (Bio-Rad
Laboratories, Berkeley, CA, USA). The expression of mMRNA was normalized to

B-actin.

Micro positron emission tomography (PET)

Twenty-four hours after reperfusion, each rat was given an intravenous
(1V) injection of **F-fludeoxyglucose (FDG), a standard radiotracer via the tail
vein for 65 minutes. Rats were anesthetized with 2% isofluorane in oxygen in a
chamber. After this, rats were scanned using a Siemens Inveon microPET
scanner. Optimal PET acquisition time was 20 minutes. Serial autoradiographic
images were obtained after brain uptake of ®FDG and evaluated using 3D
ordered-subset expectation maximization (OSEM). The region of interest (ROI)
template included 58 regions according to a rat template (data courtesy of
Wynne Schiffer). Co-registration and ROI analysis were performed using
Powell’s  convergence  optimization = method  (PMOD)  software
(http://lwww.pmod.com). The measurements obtained from ROIs on the
ipsilateral side were divided by the contralateral measurements. This provided a
regional quantification of relative changes in cerebral blood flow or glucose

uptake in the same animal.

Statistical Analysis
All statistical analyses were performed using SPSS software (version
20.0, SPSS Inc., Chicago, IL). Most of the statistical assessments were

performed using 1-way analysis of variance (ANOVA), followed by post hoc
11
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multiple comparison tests (Tukey). The neurological scores were compared by
Kruskal-Wallis and 1-way ANOVA, and multiple comparison tests using the
Dunn method. All data are presented as mean + SEM. Statistical significance
refers to results where p < 0.05 and p < 0.01 were obtained.
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I1l. RESULTS

Body weight and blood glucose in the STZ-induced diabetic rat

The mean body weight of diabetic rats in both the D-M group and the
D-M-A group was reduced after STZ injection and was lower than the mean
body weight in the M group throughout the experiment period (p < 0.05, Figure
1A). After STZ injection, blood glucose level increased and was 410.8% higher
than the that of the normal rats three days later, and remained higher until the
day of surgery (416.8 + 13.2 versus 101 + 5.8 mg/dL). Treatment with AGM 1
week after STZ injection induced a mild decrease in the blood glucose level in
diabetic rats. The lowering of plasma glucose lasted from 30 minutes to 6 hours
and reached its maximum at 2 hours (416.8 + 13.2 vs. 337.0 £ 7.7 mg/dL, p <
0.05). Twenty-four hours after AGM injection, no difference in the mean plasma
glucose level of the diabetic rats were seen either treated with or without AGM
(392.8 + 15.2 vs. 419.8 + 12.4 mg/dL, Figure 1B).
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Figure 1. The changes in body weight and blood glucose

Body weight (A) and blood glucose (B) were assessed in the M, D-M, and
D-M-A groups. (A) Diabetes mellitus (DM), induced by streptozotocin (STZ),
resulted in significant weight loss with and without AGM treatment, before and
after MCAO. (B) After the STZ injection, blood glucose levels were increased
and remained high until the day of surgery. Treatment with AGM after STZ
injection induced a mild decrease in blood glucose level compared with the
D-M group. Data are presented as mean £ SEM (n = 10 per group). MCAO:
middle cerebral artery occlusion; AGM: agmatine; M: normoglycemic rats
subjected to MCAO; D-M: diabetic rats subjected to MCAQO; D-M-A: diabetic
rats post-treated with AGM immediately after reperfusion. *p < 0.05 versus the
M group (A), *p < 0.01 versus the M group, and Tp < 0.05 versus the D-M
group (B).
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Regional Cerebral Blood Flow
Regional cerebral blood flow during occlusion and the first 5 minutes

of reperfusion were not significantly different among the 3 groups.

120 4
= —— N =
100 - —O- DM . 4
A D-M-A
Z 80
:{‘.
- 60
= 40 ¥
'
—————— A= -._‘_t!_ —
20
0 .
0 10 20 30 40
Time (min)

Figure 2. Regional cerebral blood flow (rCBF) in normoglycemic and
diabetic rats

The rCBF was measured using a laser-Doppler flowmetry before, during, and
after middle cerebral artery occlusion. There was no difference in rCBF
between groups. The data are presented as mean + SEM (n = 5 per group). M:
normoglycemic rats subjected to MCAO; D-M: diabetic rats subjected to
MCAO; D-M-A: diabetic rats post-treated with AGM immediately after

reperfusion.
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Agmatine reduced infarct volume

To measure infarct volume, TTC staining was performed at 24 and 72
hours after reperfusion. The mean infarct size of rats subjected to 30 minutes of
MCAO was larger in the D-M group compared with the M group at 24 and 72
hours after reperfusion (all p < 0.01). The mean infarct volume was smaller in
the D-M-A group compared with the D-M group at 24 and 72 hours after
reperfusion. (all p < 0.01) Agmatine significantly reduced the infarct size in
diabetic rats subjected to 30 minutes of MCAQ. There was no significant
difference in the infarct volume between the M and D-M-A groups at 24 and 72

hours after reperfusion (all p > 0.05, Figure 3).
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Figure 3. The effect of AGM on infarct volume
(A) Representative infarct volume was determined by staining with 2% TTC at
24 hours after reperfusion for each group. Infarct volume was larger in the D-M
group compared with the M group and AGM efficiently decreased infarct
volume in the D-M-A group. (B) Infarct volume in all groups was measured at
72 hours after reperfusion. (C) Quantitative data of infarct volume. The graph
shows that augmented volume of infarct in the D-M-A group was reduced
compared with that in the D-M group after treatment with AGM. Data were
presented as mean + SEM (n =5 per group). TTC: 2, 3, 5-triphenyl tetraxolium
chloride; M: normoglycemic rats subjected to MCAO; D-M: diabetic rats
subjected to MCAOQO; D-M-A: diabetic rats post-treated with AGM immediately
after reperfusion. *p < 0.01 versus the M group, Tp < 0.01 versus the D-M

group.
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Agmatine preserved glucose metabolism, measured by microPET
imaging

FDG microPET scans were performed according to the schedule
detailed in the methods section. The ROI template included 58 regions
following a standard rat template (data courtesy of Wynne Schiffer). Our
hypothesis was that the MCAO would influence **FDG uptake in the ipsilateral
hemisphere; therefore, we separated the template into ipsilateral versus
contralateral regions. The ratio of ®FDG signal between the ipsilateral and
contralateral ROl was significantly lower in the D-M group compared with
other groups (Figure 4).

The ®FDG uptake ratio between the ipsilateral and contralateral
hemisphere was inversely proportional to infarct volume. AGM significantly
conserved ®FDG uptake in diabetic rats subjected to 30 minutes of MCAO.
There was no significant difference in *FDG uptake between the M and D-M-A
groups at 24 hours after reperfusion (all p > 0.05, Figure 4).
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Figure 4. Preservation of glucose metabolism after treatment with AGM

detected by microPET imaging.

The ®FDG uptake in the region of interest (ROI) was lower in the ipsilateral
hemisphere than in the contralateral hemisphere in each model. The ratio
between the ipsilateral and contralateral ROl was significantly lower in the D-M
group compared with the other groups. Data are presented as mean £+ SEM (n =
5 per group). M: normoglycemic rats subjected to MCAQO; D-M: diabetic rats
subjected to MCAOQO; D-M-A: diabetic rats post-treated with AGM immediately
after reperfusion. *p < 0.01 versus the M group, Tp < 0.01 versus the D-M

group.
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Agmatine preserved neurological function

The rotarod test was performed to evaluate the protective properties of
AGM on neurological functions (Figure 5). There was no difference in exercise
time on the rotarod with accelerating speed from 4 to 40 rpm between the 3
groups before surgery. After MCAOQ, a marked reduction in exercise time at 24
and 72 hours after reperfusion was shown (Figure 5A). The exercise time in the
D-M group was lower compared with other groups at 24 and 72 hours after
reperfusion (both p < 0.01). The D-M-A group showed better motor
performance than the D-M group at 24 and 72 hour after reperfusion. There was
no significant difference in exercise time between the D-M-A group and the M
group at 24 and 72 hours after reperfusion (both p > 0.05). The exercise time on
the rotarod was longer in the D-M-A group compared with the D-M group at 24
and 72 hours after reperfusion (both p < 0.01).

No neurological deficit was present in any experimental animal before
surgery. The modified neurological exam score was lower in the D-M group
compared with the M group at 24 and 72 hours after reperfusion (both p <
0.01). AGM treatment improved the neurological score in the D-M-A group at
24 and 72 hours after reperfusion when compared with the D-M group (p <
0.01).
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Figure 5. The ameliorating effect of AGM on neurological functional
deficits

(A) The duration of time spent on the rotarod. The D-M group showed severe
functional deficits; however, rats in the D-M-A group showed better functional
performance at 24 and 72 h reperfusion. (B) Neurological deficits were scored
using the modified neurological examination. The neurological score was lower
in the D-M group compared with the M group at 24 and 72 hours after
reperfusion. AGM treatment improved the neurological score more in the
D-M-A group compared with the D-M group. Data are presented as mean *
SEM (n = 10 per group). M: normoglycemic rats subjected to MCAQO; D-M:
diabetic rats subjected to MCAO; D-M-A: diabetic rats post-treated with AGM
immediately after reperfusion. *p < 0.01 versus the M group, Tp < 0.01 versus

the D-M group.
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AGM suppressed the activation of microglia.

Many activated microglia, which were detected by Iba-1
immunoreactivity, were easily observed in the ischemic cortex and striatum in
the D-M group and the M group also showed many lba-1-positive cells.
However, agmatine suppressed the activation of microglia in the D-M-A group
compared with the other groups (Figure 6A and 6B). In the contralateral
hemisphere, less Iba-1 immunoreactivity was observed compared with
ipsilateral hemisphere (Figure 6C and 6D). In the D-M-A group, the number of
Iba-1-positive cells was reduced in the cortex and striatum compared with the D

and D-M groups.
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(C) 24h Reperfusion-contralateral cortex (D) 24h Reperfusion-contralateral striatum
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Figure 6. The distribution of microglia after treatment with AGM

(A and B) After ischemic injury, many Iba-1-positive cells (green) were
observed in ipsilateral cortex and striatum in all groups. In the M and D-M
groups, high levels of Iba-1 expression were found in the ischemic cortex. The
relative intensity of immunofluorescence was divided by the total number of
cells. (A) There were a greater number of Iba-1-positive cells in the D-M group
compared with the M group. In contrast, after agmatine treatment, the number
of Iba-1-positive cells was reduced in the ischemic cortex in the D-M-A group.
(B) In the ischemic striatum, Iba-1 expression had the same pattern as in the
ischemic cortex. (C and D) In the contralateral hemisphere, Iba-1 expression
had the same pattern compared with the ipsilateral hemisphere. However, the
expression of Iba-1 was reduced in the contralateral cortex (C) and striatum (D)

compared with ipsilateral striatum and cortex. DAPI was used as a counterstain.
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Scale bar = 100 pum). M: normoglycemic rats subjected to MCAOQO; D-M:
diabetic rats subjected to MCAO; D-M-A: diabetic rats post-treated with AGM
immediately after reperfusion. *p < 0.01 versus the M group, tp < 0.01 versus
the D-M group.

AGM ameliorates the expression of NF-kB, IL-1, and TNF-a and
microglial activation

The most studied cytokines related to inflammation in acute ischemic
stroke are tumor necrosis factor-alpha (TNF-o) and the interleukins (such as
IL-6). TNF-o can activate nuclear factor-kB (NF-kB) in microglia, thus
increasing the production of cytokines from microglia. To evaluate the
expression of pro-inflammatory cytokines, we compared the number of
immunoreactive cells using a CAST Grid system. In our study, the
immunohistochemistry results demonstrated a significant increase in NF-xB
(stealth arrow), a pro-inflammatory cytokine, and microglia (open arrow) in the
D-M group at 24 and 72 hours after reperfusion (Figure 7A). After ischemia and
reperfusion, NF-kB-positive cells and microglia were discriminated using
brown dye in the ipsilateral and contralateral hemispheres of the M, D-M, and
D-M-A groups. Twenty-four hours after reperfusion, more densely double
positive cells were observed in the D-M group than the M group. However, after
treatment with AGM, the number of merged cells was effectively reduced in the
ipsilateral and contralateral hemispheres. Merged cells at 72 hours after
reperfusion were augmented compared with 24 hours after reperfusion. The
same patterns were found as in rats assessed 24 hours after reperfusion: strong
expression of NF-kB -positive cells and microglia in the D-M group with a
reduction in NF-xB and microglia-immunoreactivity in the D-M-A group
(Figure 7B).

To assess whether AGM affects the nuclear translocation of NF-xB

(p65), immunofluorescent staining was performed at 24 hours after ischemia

25



(Figure 8). In response to ischemic injury, NF-xB in the cytosol was activated
and translocated into the nucleus. Z-stack images (3D image stacks) created by
the confocal microscope showed that the activated form of NF-xB, NF-kB p65,
was remarkably expressed in the nucleus of the M and D-M groups. In the
D-M-A group, NF-kB was expressed in a peri-nuclear scattered pattern. AGM
suppressed the nuclear translocation of NF-xB (Figure 8).

To investigate whether AGM downregulated the pro-inflammatory
cytokine, IL-1B, and microglia, immunolabeling was conducted at 24 and 72
hours after reperfusion (Figure 9A). The number of double positive cells (IL-1p
and microglia positive cells) of the ipsilateral hemisphere in the D-M group was
higher compared with the M group at 24 and 72 hours after reperfusion.
Efficiently reduction of the number of double positive cells was observed after
AGM treatment in the ipsilateral hemisphere at 24 and 72 hours after
reperfusion. There was no difference in the number of merged cells between the
M and D-M-A groups. The number of merged cells in the contralateral
hemisphere 24 hours after reperfusion was similar at 72 hours after reperfusion
in all 3 groups (Figure 9B).

TNF-a and microglia immunoreactivity was visualized at 24 and 72
hours after reperfusion by using immunohistochemistry (Figure 10A). The data
demonstrated that in ipsilateral hemisphere at 24 and 72 hours after reperfusion,
double positive cells (TNF-a and microglia positive cells) were not noticeably
expressed in the M group. However, TNF-a expression, microglial activation,
and double positive cells were significantly increased in the D-M group. After
treatment with AGM, TNF-a expression and microglia were downregulated in
the D-M-A group.

The contralateral hemispheres of all 3 groups showed the same pattern
as ipsilateral hemisphere (Figure 7B, 9B, and 10B). As shown in the figures,
inflammatory cytokines were increased in the D-M group in the contralateral

hemisphere compared with the other groups.
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Figure 7. Decreased NF-kB expression and microglia number after
treatment with AGM

(A) Double staining for NF-xB (stealth arrow) and microglia (open arrow) was
performed at 24 h and 72 h after reperfusion in all 3 groups. (B) The
quantitation graph presents the number of NF-kB, microglia, and merged cells
were increased in ipsilateral (left) and contralateral (right) hemisphere of the
D-M group compared with in the M and D-M-A groups. Data were presented as
mean £ SEM (n = 5 per group). M: normoglycemic rats subjected to MCAO,;
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D-M: diabetic rats subjected to MCAO; D-M-A: diabetic rats post-treated with
AGM immediately after reperfusion. *p < 0.05 versus the M group, fp < 0.05
versus the D-M group.

(A) (B) (C)

Figure 8. The activation of NF-kB (p65) after treatment with AGM

(A and B) Activation of NF«xB (red) was confirmed with
immunohistochemistry. After ischemic insult, NF-xB was highly expressed in
the ischemic areas. In the M and D-M groups, the activated form of NF-kB p65
was intensely expressed and NF-xB p65 was translocated into the nucleus. (C)
Agmatine inhibited the translocation of NF-xB p65 into the nucleus, compared
with the M and D-M groups. DAPI was used as a counterstain.
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Figure 9. Decreased IL-1p expression and microglia number after
treatment with AGM

(A) The IL-1PB expression (stealth arrow), and microglia (open arrow), were
observed by immunohistochemistry at 24 and 72 hours after reperfusion in all 3
groups. (B) The graph of the number of IL-1B positive cells, microglia, and
merged cells were upregulated in contralateral (right) and ipsilateral (left)
hemisphere in the D-M group, compared with in the M and D-M-A groups.
Data are presented as mean £ SEM (n=5 per group). M: normoglycemic rats

subjected to MCAO; D-M: diabetic rats subjected to MCAQ; D-M-A: diabetic
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rats post-treated with AGM immediately after reperfusion. *p < 0.05 vs. the M
group, p < 0.05 versus the D-M group.
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Figure 10. Decreased TNF-a expression and microglia after treatment with

AGM.

(A) The TNF-o expression (Stealth arrow), and microglia (open arrow) were
detected by immunohistochemistry at 24 and 72 hours after reperfusion in all 3
groups. (B) The number of TNF-a positive, microglia, and double positive cells
were increased in the ipsilateral (Ieft) and contralateral (right) hemisphere in the
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D-M group compared with the M and D-M-A groups. Data are presented as
mean = SEM (n = 5 per group). M: normoglycemic rats subjected to MCAO;
D-M: diabetic rats subjected to MCAO; D-M-A: diabetic rats post-treated with
AGM immediately after reperfusion.*p < 0.05 versus the M group, fp < 0.05
versus the D-M group.

AGM suppressed the protein levels of NF-kB, IL-1 B, and TNF-a

To examine whether AGM affects the protein expression of NF-«B,
IL-1B, and TNF-a, western blot analysis was performed at 24 and 72 hours after
reperfusion (Figure 11A). The protein levels of NF-xB, IL -1B, and TNF-o were
significantly increased in the D-M group at 24 and 72 hours after reperfusion
compared with the M group. Although rats were given the same injury as the
D-M group, the AGM-treated group presented efficiently decreased protein
levels of NF-kB, IL-1B, and TNF-a. These western blot results were concurrent
with the immunohistochemistry results of NF-xB, IL-18, and TNF-a. The
optical density of the bands was normalized to B-actin optical density (Figure
11B).
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Figure 11. The protein levels of pro-inflammatory cytokines, NF-kB, IL-18,
and TNF-a-after treatment with AGM at 24 hours after reperfusion

(A) Western blot analysis was performed to measure the protein levels of
NF-«B, IL-1B, and TNF-a. The NF-kB band (MW: 65 kDa), IL-1p band (MW:
31 kDa), and TNF-o. band (MW: 17 kDa) were detected in the ipsilateral
hemisphere of rat brain. (B) The relative optical density showed elevated levels
of NF-«xB, IL-1B and TNF-a in the D-M group compared with the M and
D-M-A groups. AGM treatment decreased the levels of NF-xB, IL-1p, and
TNF-a protein. The optical density of the bands was normalized to the optical

density of B-actin bands. Data are presented as mean = SEM (h =5 per group).
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M: normoglycemic rats subjected to MCAO; D-M: diabetic rats subjected to
MCAO; D-M-A: diabetic rats post-treated with AGM immediately after
reperfusion. *p < 0.05 versus the M group, 1p < 0.05 versus the D-M group.

AGM downregulated the protein levels of HMGB1, RAGE, TLR2,
and TLR4 at 24 hours after reperfusion

HMGBL is normally located in the nuclei; however, it translocates to
the cytoplasm and/or extracellular space and mediates inflammation after
exposure to damaging processes, such as ischemia and inflammation.?* To
confirm the translocation of HMGBL1, subcellular fractions (the
nuclear/cytosolic fraction) were obtained and examined using western blotting.
It was found that cytosolic HMGB1 was highly upregulated in the ipsilateral
hemisphere in the D-M group after MCAO. Relatively lower levels of nuclear
HMGBL1 were detected in the same group. Translocation of HMGB1 from the
nucleus to the cytoplasm in the D-M-A group was downregulated compared to
the D-M group. The levels of HMGBL in the cytosol and nucleus in the M and
D-M-A groups did not show any differences (Figure 12A and B).

Immunoreactivity for HMGB1 receptors, such as RAGE, TLR2, and
TLRA4, were seen in all 3 groups. As shown in Figure 13A, quantitation of the
relative density showed high levels of RAGE protein in the D-M group. The
protein levels of RAGE were decreased in the D-M-A group (Figure 13A). In
addition, western blot analysis showed that protein levels of TLR4 and TLR2 in
ipsilateral hemisphere were increased in the D-M Group. However, the levels of
TLR4 and TLR2 were markedly lowered after AGM treatment in the D-M-A
group (p < 0.05, Figure 12 and 13B, C).
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Figure 12. The protein levels of HMGBL1 after treatment with AGM at 24
hours after reperfusion

(A and B) By using western blot analysis, HMGB1 protein levels in the
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cytoplasm (A) and nucleus (B) were measured in all 3 groups. Nuclear HMGB1
was significantly reduced and cytosolic HMGB-1 was efficiently increased in
the D-M group. The HMGB1 band (MW: 29 kDa) was detected in the
ipsilateral hemisphere of the rat brain. The optical density of the bands was
normalized to optical density bands for B-actin and histon. Data are presented as
mean £ SEM (n = 5 per group). M: normoglycemic rats subjected to MCAO,;
D-M: diabetic rats subjected to MCAQO; D-M-A: diabetic rats post-treated with
AGM immediately after reperfusion. *p < 0.05 versus the M group, fp < 0.05
versus the D-M group.
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Figure 13. The levels of inflammation associated proteins, RAGE, TLR2,
and TLR4 after treatment with AGM at 24 hours after reperfusion

(A) The relative optical density showed a reduced level of RAGE in the
D-M-A group compared with D-M group (B and C) Protein levels of TLR2 and
TLR4 were upregulated in the D-M group. However, after AGM treatment,
TLR2 and TLR4 were decreased in the D-M-A group. The RAGE band (MW:
45 kDa), TLR2 band (MW: 90 kDa), and TLR4 (MW: 96 kDa) were detected in
the ipsilateral hemisphere of the rat brain. The optical density of the bands was
normalized to the optical density of p-actin and GAPDH bands. Data are
presented as mean = SEM (n = 5 per group). M: normoglycemic rats subjected
to MCAO; D-M: diabetic rats subjected to MCAO; D-M-A: diabetic rats treated
with AGM immediately after reperfusion. *p < 0.05 versus the M group, fp <
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AGM downregulated mRNA expression of HMGB1, RAGE, TLR2,
and TLR4 at 24 hours after reperfusion

To investigate whether AGM could change mRNA expression of
HMGB1, RAGE, TLR2, and TLR4, real-time PCR was performed to measure
MRNA levels 24 hours after reperfusion. Assessment of HMGB1, RAGE,
TLR2, and TLR4 mRNA in the ipsilateral hemisphere from the D-M group
revealed a significant increase relative to the M and D-M-A groups. After AGM
treatment, mMRNA expression of HMGB1, RAGE, TLR2, and TLR4 were
markedly attenuated in the ipsilateral hemisphere (Figure 14). These data were

consistent with the results from the western blot analysis.
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Figure 14. The mRNA expression of inflammation associated proteins,
HMGB1, RAGE, TLR2, and TLR4 after treatment with AGM at 24 hours
after reperfusion

The mRNA expression of HMGBL1 (A), RAGE (B), TLR2 (C), and TLR4 (D),
were measured by real-time PCR. In the ipsilateral hemisphere of the D-M
group, HMGB1, RAGE, TLR2, and TLR4 mRNA expression was highly
upregulated. However, levels of HMGB1, RAGE, TLR2, and TLR4 were
lowered in the ipsilateral hemisphere of the D-M-A group compared with the

D-M group. mRNA expression was calculated as the relative change in each
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target gene normalized to B-actin. *p < 0.05 versus contralateral of M group. p
< 0.01 versus ipsilateral of M and D-M-A. There is no significance between the
same symbol.
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IV. DISCUSSION

The current study found that a single intraperitoneal injection of 100
mg-kg" AGM reduced the expression of inflammatory cytokines and their
effects on brain injury after ischemia/reperfusion injury in diabetic rats. AGM
reduced the increase of HMGB1, RAGE, TLR2, TLR4, NF-xB, IL-1B, and
TNF-a. This suggests the possible neuroprotective effect of AGM in
ischemia/reperfusion injury in diabetic rats is associated with suppressing
neuroinflammation. Improved motor function and reduced infarct volume by
AGM in diabetic rats could be due to reduced inflammation after
ischemia/reperfusion.

Rizk et al®® have reported that the brain infarct volume in diabetic rats
after 2 hours of MCAO, followed by 24 hours of reperfusion, was
approximately 10 times larger than in non-diabetic rats. In this study, the
restoration of blood flow after 30 minutes of MCAO in non-diabetic rats
produced a minimal infarct, but the infarct volume increased almost 4 to 6 times
in STZ-induced diabetic rats under the same condition (Figure 2).
Hyperglycemia itself is assumed to be a major factor responsible for excessive
generation of reactive oxygen species (ROS). In DM, ‘glucose toxicity’ caused
by augmentation of the intracellular glucose oxidation process and
non-enzymatic glycation of protein molecules leads to overproduction of
ROS.? In addition, the gene expression of IL-1B and IL-6 is much higher in
type 2-diabetic mice with compared with normoglycemic mice.® Thus, enhanced
oxidative stress and inflammatory responses induced by hyperglycemia may
substantially contribute to the exacerbation of cerebral injury caused by
transient ischemia and subsequent reperfusion in the diabetic state. The present
findings seem to be consistent with other research stating the upregulated
inflammatory cytokines in diabetes. The expression of inflammatory cytokines
such as NF-«B, IL-1p, and TNF-a was increased in contralateral hemisphere of

diabetic rats compared with normoglycemic rats (p < 0.05, Figure 6-11). In
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addition, cytosolic HMGB1, RAGE, TLR2, and TLR4 were upregulated in the
contralateral hemisphere of diabetic rats compared with normoglycemic rats (p
< 0.05, Figure 13, 14). It is possible to hypothesize that such post-ischemic
inflammation is likely to occur excessively in diabetes compared with
normoglycemia, because baseline inflammation was upregulated in the diabetic
rats. The current study has found that post-ischemic brain damage was more
severe in the DM group compared with the normoglycemic control group.**"?
These findings confirm the association between post-ischemic brain
inflammation and brain injury in a diabetic model.

2930 and is known

AGM is a putative neuromodulator in CNS neurons,
to act as an agonist of imidazoline I and ay-adrenergic receptors, an antagonist
of N-Methyl-D-aspartic acid (NMDA) receptors, and an inhibitor of
neuronal/inducible nitric oxide synthases (nNOS/iNOS).?**® Recently, AGM has
received considerable attention due to its neuroprotective effects on ischemic
neuronal injuries.’®*"* Most studies in the field of the neuroprotective effect of
AGM have focused on the NOS pathway.?>**" There has been little
quantitative analysis of AGM’s anti-inflammatory effect on post-ischemic
neuronal damage. The most important clinically relevant finding in this study
was that AGM post-treatment reduced post-ischemic neuronal inflammation in
the diabetic rats subjected to MCAO. AGM decreased the expression of
pro-inflammatory cytokines to less than half of the expression in DM rats
subjected to 30 minutes of MCAO (Figure 6-11). The reduced infarct size was
associated with a suppression of inflammatory changes in ischemia-reperfusion
injury (Figure 3).

Inflammatory neurodegeneration is a crucial process contributing to
cerebral damage after ischemia and reperfusion.® Inflammation is an integral
part of the cascade of events triggered by ischemia and reperfusion.”> HMGB1
is a ubiquitous and abundant nuclear protein; however, it is released from

necrotic and inflammatory cells and induces an inflammatory cascade after
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stimulation from a danger signal.*®* HMGB1 can function as an immune
cytokine to enhance both innate and adaptive immune responses.”® Recently,
HMGB1 has received particular attention with respect to its pathological role in
cerebral ischemia. In a rodent MCAO model, HMGB1 was found to be
translocated from the nuclei into the cytoplasmic compartment at the early
phase of ischemia.***? High levels of serum HMGB1 are observed in stroke
patients compared with healthy control subjects.’® This early release of HMGB1
into the extracellular space after ischemic injury may contribute to the initial
state of inflammatory response in the ischemic penumbra. It binds to receptor
for advanced glycation end products (RAGE), toll-like receptor(TLR)2, and
TLR4.2? In the MCAO model, RAGE functions as a sensor for necrotic cell
death and contributes to inflammation and ischemic brain damage.'® TLR2 and
TLR4 upregulate pro-inflammatory gene expression through the transcription
factor NFk-B and TNF-a.*** NF-xB and TNF-o have been shown to play
crucial roles in brain ischemia.”*’ Activation of NF-kB leads to an increase in
the expression of cyclooxygenase-2 (COX-2), iNOS, and pro-inflammatory
cytokines, including TNFa, IL-1f, and IL-6, which accelerate inflammatory
responses and promote neuronal cell death in the ischemic region.* Muhammad

et al'®

have demonstrated that a neutralizing anti-HMGB1 antibody and an
antagonist of HMGBL1 at RAGE ameliorate ischemic brain damage in stroke
patients. He has reported that the neutralizing anti-HMGB1 antibody, or the
HMGBL1 antagonist A box, may be used as specific tools to interfere with
inflammation in stroke. In this study, AGM’s effect of lowering the cytosolic
translocation of HMGB1 reduced ischemic brain damage in diabetic rats with
MCAQO. These results match those observed in earlier studies.

To date, the neuroprotective effect of AGM on ischemia-reperfusion
injury was known to be inhibitory to both nNOS and iNOS.*** As mentioned
previously, iNOS promotes neuronal cell death in the ischemic region and AGM

is neuroprotective after ischemia-reperfusion injury by inhibiting iNOS.?
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However, AGM interacts with many receptors, including the a-adrenergic,
imidazoline, and NMDA receptors.”®* In this study, AGM was neuroprotective,
via anti-inflammatory mechanisms, following ischemia-reperfusion injury in a
diabetic rat model. AGM reduced the expression of HMGB1, RAGE, TLR2,
and TLR4. In addition, AGM decreased the level of TNF-0, NF-kB, and IL-1f.
The increased infarct size in the diabetic brain, compared with the normal brain
after reperfusion, may be associated with already increased baseline
inflammatory cytokines before the ischemic event. Therefore, further studies
with greater focus on the anti-inflammatory effect of AGM in normoglycemic
conditions are suggested.

AGM also lowers plasma glucose in a diabetic rat model. Hwang et al
have reported that 60 mg-kg® AGM might enhance the secretion of
B-endorphins, resulting in a lowering of plasma glucose in diabetic rats that lack
insulin. Its maximal effect is reached at 30 minutes after AGM injection.*®
However, 24 hours after an intraperitoneal injection of 100 mg-kg™ AGM, no
difference in weight loss and glucose levels was found in this study.
Considering that the glucose lowering effect of AGM lasts less than 6 hours
after ischemia-reperfusion injury, the post conditioning single intraperitoneal
injection of AGM has a novel neuroprotective effect distinct from its glucose
controlling effect. In a similar context, AGM significantly conserved *FDG
uptake in diabetic rats subjected to 30 minutes of MCAO (Figure 4). *FDG
microPET imaging showed that the glucose metabolism in the ipsilateral
hemisphere of diabetic rats was more impaired compared with the other groups
and AGM produced a significant preservation of brain glucose metabolism after
ischemia-reperfusion injury. Nathan et al have demonstrated that brain glucose
metabolism, measured by microPET imaging, correlated well with cerebral
blood flow determined by Laser doppler flowmetry in a 2 hour MCAO model.*
Therefore, it can be suggested that AGM may attenuate the impairment of

neuronal glucose metabolism by reducing infarct wvolume after
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ischemia-reperfusion injury.

This study has successfully demonstrated that AGM reduces
cytoplasmic translocation of HMGB1 and reduces neuronal injury after
ischemia-reperfusion injury. Zhang et al have shown that HMGB1 translocation
is both time and cell-type dependent.” The translocation of HMGB1 may be the
result of chemical modification of HMGBL1, such as via acetylation,
phosphorylation, or methylation.>*** Previous studies have noted that cellular
release of HMGB-1 was detected by immunoblot analysis of cerebrospinal fluid
as early as 2 hour after ischemic reperfusion in 2 hour MCAO rat model.*
Based on the results of this study, post-conditioning using a single bolus dose of
AGM would reduce the initial inflammatory response, including HMGB1
release. This research has thrown up many questions in need of further
investigation. It would be interesting to assess on the dose-response effect of
AGM for diabetic rats. The AGM dose used in this study was based on previous
studies of which were tested in normoglycemic rats; therefore, different doses
may have resulted in a further decrease in infarct size and neurological deficit.
In addition, the neurological deficit was investigated for only a short recovery
period. Because neurological deficits can last years after the ischemic insult,

more research is needed to elucidate the long-term effect of AGM.
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V. CONCLUSION

In conclusion, AGM post-treatment immediately following 30 minutes
of MCAO reduced infarct size and neurological deficit in diabetic rats. AGM
effectively inhibited translocation of NF-xB and decreased the release of
inflammatory cytokines after transient cerebral ischemia in diabetic rats, which

might result from the down regulation of the innate immune response.
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