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ABSTRACT

Stroke is a leading cause of death and permanent disability in adults worldwide. Advanced
glycation endproducts (AGEs) are known to be increased in several chronic diseases and induce
inflammation and protein crosslinking.

The current study was designed to investigate the protective effect of benfotiamine, perindopril
(at a sub-hypotensive dose), and alagebrium on experimentally induced stroke in mice. All drugs
were administered for 9 days starting one week before middle cerebral artery occlusion (MCAO).

Benfotiamine, perindopril and alagebrium ameliorated the deleterious effects of MCAO as
indicated by the improvement in the performance of the animals in behavior tests and the reduction
in brain infarction. This was associated with normalization of the levels of receptor for advanced
glycation end products (RAGE) and its soluble form sSRAGE that were changed following MCAO.
In addition, benfotiamine, perindopril and alagebrium corrected the upregulation in the downstream
effectors TNF-a and VCAM-1.

The results of the current study represent a new indication for benfotiamine, perindopril,
alagebrium in the management of ischemic stroke.
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INTRODUCTION

Stroke is the second leading cause of
death and the most frequent cause of
permanent disability in adults worldwide
(Barakat, Safwet et al. 2014, Krishnamurthi,
Ikeda et al. 2020). Despite advances in
understanding the pathophysiology of
cerebral ischemia, therapeutic options for
acute ischemic stroke remain very limited
(Woodruff, Thundyil et al. 2011).

Acute occlusion of a cerebral artery
results in hypoxia in the core region of the
affected brain tissue, followed by a series of
inflammatory reactions causing further cell
death and functional deficits (Eltzschig and
Eckle 2011).

Accumulation of advanced glycation
endproducts (AGEs) and protein cross-
linking  occurs  with  ageing and

hyperglycemia (Bucala, Makita et al. 1994)
and they are implicated in diabetic
complications (Hammes, Wellensiek et al.
1998).

The receptor for advanced glycation end
products (RAGE) is implicated in various
disorders (Kalea, Schmidt et al. 2009).
Binding of RAGE to AGEs, high mobility
group box 1 (HMGB1), and S100 protein
(Kim, Hudson et al. 2005) leads to
activation of inflammatory pathways,
cytokine production, generation of reactive
oxygen intermediates, and nuclear factor-xB
activation (Lotze and Tracey 2005).

Soluble isoform of RAGE (SRAGE) can
function as a decoy to compete with RAGE
for ligand binding and consequently blocks
RAGE-associated intracellular  signaling
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(Kalea, Schmidt et al. 2009) and injury
(Aida, Kamide et al. 2019).

This study aims to investigate the
effects of some drugs that modulate AGEs
signaling as the synthetic derivative of
thiamine, benfotiamine that blocks AGEs
formation (Balakumar, Rohilla et al. 2010),
the centrally active angiotensin-converting
enzyme inhibitor, perindopril (Yamada,
Uchida et al. 2010) (at a sub-hypotensive
dose) that increases the plasma level of
SRAGE (Forbes, Thorpe et al. 2005) and the
AGEs crosslink breaker alagebrium chloride
(ALT-711) (Vaitkevicius, Lane et al. 2001,
Toprak and Yigitaslan 2019).

2. Materials and methods
2.1. Animals

Balb C mice (18-24 g) purchased from
Theodor Bilharz Research Center, Cairo,
Egypt were used in all experiments. The
mice  were  kept under  standard
environmental and nutritional conditions
throughout  the investigation. All
experimental procedures were approved by
the Ethical Committee for Animal Handling
at Zagazig University (ECAHZU).

Mice were randomly distributed into 5
groups (n=10) as follows: Sham operated
mice, Ischemic mice, Ischemic mice treated
with benfotiamine (70 mg/kg/day)(Katare,
Caporali et al. 2010), perindopril at a non-
hypotensive dose (1 mg/kg/day)(Min,
Kobayashi et al. 2017), or alagebrium (2
mg/kg/day).(Park, Kwon et al. 2011). All
drugs were administered for 9 days starting
one week Dbefore middle cerebral artery
occlusion (MCAOQO) as reported previously
using other drugs on MCAO model (Guo,
Wang et al. 2009, Park, Jang et al. 2010).
2.2. Induction of ischemia

Middle cerebral artery occlusion,
(MCAO) was performed according to the
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method described previously (Barakat,
Herrmann et al. 2009).
2.3. Behavioral test

Motor coordination (Bederson, Pitts et
al. 1986), and sensorimotor deficit using the
corner test (Zhang, Schallert et al. 2002)
were assessed.
2.4. Determination of the infarct volume
by Hematoxylin and Eosin staining

After 48 h, animals were anesthetized,
and perfused with 50 ml Ringer's solution
through the heart. The brain was carefully
isolated then stored at —80 °C. 20 pm
sections were prepared using cryostat
(SLEE, Mainz, Germany). The whole brain
was cut from olfactory bulb to the
cerebellum. The distance between sections
was 400 um. Brain sections were used for
the determination of infarct volume using H
& E staining as described previously (Aras,
Guven et al. 2015). The remaining brain
tissue was homogenized and extracted using
phosphate buffered saline and used for the
determination of brain tumor necrosis
factor-alpha (TNF-o) and vascular cell
adhesion molecule 1 (VCAM-1).
2.5 Determination of
biochemical parameters

Serum RAGE level was determined
using ELISA kits supplied by RayBiotech,
Inc., SRAGE was detected using ELISA Kits
supplied by AVISCERA BIOSCIENCE
INC., TNF-a level was detected using
ELISA Kkits supplied by RayBiotech, Inc.
and VCAM level was detected using ELISA
Kits supplied by RayBiotech, Inc.
2.6 Statistical analysis

Data are expressed as mean * standard
error of the mean. Statistical analysis was
performed using one way analysis of
variance (ANOVA) followed by Tukey's
post Hoc test using Graph pad Prism

different
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software version 5. For all analysis, the level
of statistical significance was set at p<0.05.

3. Results

3.1 Effect of MCAO and treatment with
benfotiamine, perindopril and
alagebrium on behavior:

Fig. 1 shows that MCAO caused a
significant increase in neurological score,
while  treatment  with  benfotiamine,
perindopril and alagebrium caused a
significant reduction in neurological scores
compared with ischemic group reaching
0.98, 0.82 and 0.93 vs 3.4 respectively (Fig.
1a).

In the corner test, animals subjected to
MCAO showed a significant increase in the
percentage of right turns reaching 95.3 in
ischemic day 1 vs 50.3 and 97.5 in ischemic
day 2 vs 49.6 compared with the same mice
prior to MCAO. Administration of
benfotiamine, perindopril and alagebrium
significantly decreased the percentage of
right turns in day 1 reaching 67.5, 61.5 and
63 vs 95.3 respectively compared to
ischemic mice day 1 and 65.5, 58.5 and 60.7
vs 97.5 respectively compared to ischemic
day 2 (Fig. 1b).

3.2 Effect of MCAO and treatment with
benfotiamine, perindopril and
alagebrium on infarct volume:

Mice subjected to MCAO showed brain
infarct. Treatment with benfotiamine,
perindopril and alagebrium significantly
decreased the infarct volume compared to
the ischemic group reaching 13.5, 10.8 and
11.8 vs 23.8 respectively as shown in Fig. 2.
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Fig.1l: Effect of MCAO and treatment with
benfotiamine, perindopril and alagebrium on a)
Neurological score, and b) Performance in the
corner test. Data are expressed as mean £ S.E.M.,
n=10. * Significantly different from the sham group,
# Significantly different from MCAO group at
P<0.05 using ANOVA followed by Tukey's post Hoc
test.
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Fig 2: Effect of MCAO and treatment with
benfotiamine, perindopril and alagebrium on infarct
volume. Data are expressed as mean = S.E.M., n=10.
* Significantly different from the sham group, #
Significantly different from MCAO group at P<0.05
using ANOVA followed by Tukey's post Hoc test.
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3.3 Effect of MCAO and treatment with
benfotiamine, perindopril and
alagebrium on RAGE and sRAGE:

After MCAO, the level of RAGE and
SRAGE was significantly increased reaching
76.6 vs 14.1 and 80.5 vs 15.1 respectively
compared to sham group, while treatment
with  benfotiamine,  perindopril  and
alagebrium caused a significant decrease in
RAGE and sRAGE level compared to the
ischemic group reaching 20.9, 18.2 and 16
vs 76.6 and 22.1, 19.8 and 17.1 vs 80.5
respectively as shown in Fig. 3a & b.
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Fig 3: Effect of MCAO and treatment with
benfotiamine, alagebrium, perindopril on: a) RAGE
b) SRAGE. Data are expressed as mean = S.E.M,
n=10. * Significantly different from the sham group,
# Significantly different from MCAO group at
P<0.05 using ANOVA followed by Tukey's post Hoc
test.

3.4 Effect of MCAO and treatment with
benfotiamine, perindopril and
alagebrium on TNF-a and VCAM-1:
MCAO caused a significant increase in
TNF-a and VCAM-1 reaching 57.5 vs 9.3
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pg/ml and 7.2 vs 1 ng/ml respectively
compared to sham group, while treatment
with  benfotiamine,  perindopril  and
alagebrium caused a significant decrease in
TNF-0 and VCAM-1 level compared to the
ischemic group reaching 18.1, 11.8 and 15.1
vs 57.5 pg/ml and 2, 1.7 and 1.4 vs 7.2
ng/ml respectively as shown in Fig. 4a & b.
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Fig 4: Effect of MCAO and treatment with
benfotiamine, alagebrium and perindopril on: a)
TNF-a and b) VCAM-1. Data are expressed as mean
+S.E.M, n=10. * Significantly different from the
sham group, # Significantly different from MCAO
group at P<0.05 using ANOVA followed by Tukey's
post Hoc test.

4. Discussion
Stroke is a leading cause of death and

disability worldwide (Katan and Luft 2018,
Krishnamurthi, Ikeda et al. 2020).

Cerebral ischemia is followed by a
strong inflammatory response (Kong and Le
2011) characterized by release of cytokines
and adhesion molecules that aggravate
ischemic brain injury (Caso, Pradillo et al.
2007).
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The generation of advanced glycation
endproducts (AGEs) occurs with normal
aging and is enhanced by oxidative stress,
acute inflammatory stimuli (Ramasamy,
Vannucci et al. 2005) and prolonged
hyperglycemia which contribute to diabetic
complications (Thomas, Baynes et al. 2005).

The current study aimed to study the
potential neuroprotective effect of agents
that modulate AGEs signaling against
ischemic brain injury induced in mice by
MCADO.

In the present study, MCAO but not
sham was associated with neurological
deficits as evidenced by the increased
neurological score and the increased
percentage of right turns in the corner test.
In addition, MCAO-induced infarction in
the brain tissue. Similar deleterious effects
of MCAO were previously shown (Chiang,
Messing et al. 2011, Barakat, Safwet et al.
2014).

Treatment with benfotiamine,
perindopril or alagebrium was associated
with an improvement in the behavioral
changes induced by MCAO and a reduction
in the infarct size.

In the present study, MCAO was
associated with an elevated level of RAGE
and sRAGE compared to sham group
indicating the involvement of AGE
signaling in the pathophysiological events
following ischemia.

We have previously shown the elevation
of AGEs following MCAO in mice (Yosry,
Abd-Elaal et al. 2017). Also, previous
studies have shown that, brain AGEs are
increased during normal aging and in
Alzheimer’s dementia (Bar, Franke et al.
2003). AGEs were shown to be neurotoxic
to cultured neurons (Takeuchi, Bucala et al.
2000) and mediate  migration  of
inflammatory cells (Ramasamy, Vannucci et
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al. 2005). Expression of the receptor for
advanced glycation endproducts (RAGE)
was increased following brain ischemia
(Aida, Kamide et al. 2019) and was shown
to mediate neuroinflammation and ischemic
injury (Greco, Demartini et al. 2017, Ye,
Zeng et al. 2019). In addition, deletion of
RAGE improved neuronal survival after
brain ischemia (Aida, Kamide et al. 2019).

SRAGE acts as a decoy for RAGE that
protects cells against RAGE-mediated injury
(Aida, Kamide et al. 2019). Serum level of
SRAGE is increased in stroke patients
(Tang, Yang et al. 2017, Ye, Zeng et al.
2019) and overexpression of SRAGE
improved neuronal survival after brain
ischemia (Aida, Kamide et al. 2019).

We have previously shown that
blocking RAGE signaling using sRAGE, a
neutralizing anti-HMGB1 antibody, or the
HMGB1 antagonist box A was effective
against both inflammation and delayed cell
death in stroke (Muhammad, Barakat et al.
2008).

In the current study, using
benfotiamine, perindopril or alagebrium was
shown to ameliorate the changes in RAGE
and sRAGE induced by MCAO.

Benfotiamine, perindopril or alagebrium
were previously shown to ameliorate the
elevated AGEs following MCAO (Yosry,
Abd-Elaal et al. 2017). Benfotiamine was
shown to reduce AGEs formation
(Nagai,Shirakawa et al. 2014) and reduce
diabetic vascular complications (Bozic,
Savic et al. 2015). ACE inhibition by
perindopril  was shown to reduce
accumulation of AGEs, increase SRAGE
(Forbes, Thorpe et al. 2005) and reduce
oxidative stress and RAGE activation in rats
(Goel, Bhat et al. 2016). Although
perindopril was previously shown to
increase SRAGE (Forbes, Thorpe et al.
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2005) in diabetic patients, however, in the
current study similar action was not shown
which might be attributed to the difference
in disease model, species and dose
administered.

In addition, MCAO was associated with
an increase in the inflammatory mediator
TNF-a and VCAM-1.

Following stroke, the level
inflammatory cytokines as tumor necrosis
factor is increased (Liu, Clark et al. 1994,
Lambertsen, Biber et al. 2012). This is
associated with impaired expression of
adhesion molecules including vascular cell
adhesion molecule-1 (VCAM-1) (Libby,
Sukhova et al. 1995). VCAM-1 is a pro-
inflammatory mediator that is increased by
IL-1p and TNF-a in stroke (Jin, Liu et al.
2013), leading to recruitment of leukocytes
(Libby, Sukhova et al. 1995). Elevated
VCAM-1 was reported in stroke patients
(Supanc, Biloglav et al. 2011) and blocking
VCAM-1 improved neurological deficits
and decreased neuronal death (Zhang and
Wei 2003).

Treatment with benfotiamine,
perindopril or alagebrium was able to reduce
TNF-a and VCAM-1 to near control values.

Benfotiamine has demonstrated anti-
inflammatory activity in vitro (Bozic, Savic
et al. 2015) and was shown to modulate NF-
kB and vascular endothelial growth factor
receptor 2 (VEGFR2) signaling pathways
(Raj, Ojha et al. 2018). The protective effect
observed following perindopril
administration might be attributed to its anti-
inflammatory action and modulation of
RAGE and sRAGE levels.

Perindopril is a centrally active
angiotensin-converting enzyme inhibitor
(Yamada, Uchida et al. 2010). Previous
studies have demonstrated the increase in
angiotensin Il type-1 (AT1) receptor
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following stroke (Edvinsson 2008) and the
protective effect of angiotensin receptor
blockers (ARBs) in animal stroke models

(Mecca, O'Connor et al. 2009). The
protective  effect observed following
perindopril ~ administration  might  be

attributed to its anti-inflammatory action and
modulation of RAGE level.

We have previously demonstrated the
effectiveness of candesartan (angiotensin
receptor blocker) in the management of
ischemic  stroke through their anti-
inflammatory action (Barakat, Safwet et al.
2014). In addition, perindopril was shown to
reduce vascular markers of inflammation
VCAM-1 (Lu, Ke et al. 2008, Vaccari,
Rahman et al. 2008).

5. Conclusion
The current study showed the role of

AGEs signaling in ischemic brain injury
induced in mice by MCAO as evidenced by
the elevation in RAGE and sRAGE which
was accompanied by an increase in the
inflammatory mediator TNF-a and VCAM-
1. Interestingly, modulation of AGEs
signaling by benfotiamine, perindopril or
alagebrium was successful in ameliorating
these deleterious effects induced by MCAO
and the accompanied neurological deficits.
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