Original Paper

Cerebrovascular
Diseases

Cerebrovasc Dis 2016;42:139-154
DOI: 10.1159/000444810

Received: October 29, 2015
Accepted: February 17,2016
Published online: April 22,2016

MLC901 Favors Angiogenesis and
Associated Recovery after Ischemic

Stroke in Mice

Carine Gandin Catherine Widmann Michel Lazdunski

Catherine Heurteaux

Institut de Pharmacologie Moléculaire et Cellulaire, UMR7275 CNRS - Université de Nice Sophia Antipolis,

Valbonne, France

Key Words
Ischemic stroke - Angiogenesis - MLC601/901 - NeuroAid -
Blood brain barrier - Neurological deficits - Recovery

Abstract

Background: There is increasing evidence that angiogene-
sis, through new blood vessel formation, results in improved
collateral circulation and may impact the long-term recovery
of patients. In this study, we first investigated the preventive
action of a 5-week pretreatment of MLC901, an herbal ex-
tract preparation derived from Chinese medicine, against
the deleterious effects of ischemic stroke and its effects on
angiogenesis in a model of focal ischemia in mice. Methods:
The stroke model was induced by 60 min of middle cerebral
artery occlusion followed by reperfusion. MLC901 was ad-
ministered in the drinking water of animals (6 g/I) for 5 weeks
before ischemia and then during reperfusion. Results:
MLC901 treatment increased the survival rate, reduced the
cerebral infarct area and attenuated the blood brain barrier
leakage as well as the neurologic dysfunction following isch-
emia and reperfusion. We provide evidence that MLC901 en-
hances endothelial cell proliferation and angiogenesis by in-
creasing the number of neocortical vessels in the infarcted
area. MLC901 regulates the expression of hypoxic inducible

factor 1a and its downstream targets such as vascular endo-
thelial growth factor and angiopoietins 1 and 2. This work
also shows that erythropoietin is an important player in the
enhancement of angiogenesis by MLC901. Conclusions:
Theseresultsdemonstrate therapeutic properties of MLC901,
in addition to those previously described, in stimulating re-
vascularization, neuroprotection and repair of the neurovas-

cular unit after ischemic stroke. ©2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Although stroke is associated with high mortality and
serious long-term disability, therapeutic options for clin-
ical management remain quite limited. In the acute phase,
thrombolytic reperfusion with recombinant tissue plas-
minogen activator is still only used in <10% of all isch-
emic stroke patients [1]. During the chronic phase after
stroke, pharmacological treatment aimed at promoting
repair and regeneration of brain tissue damaged by isch-
emia may provide unique opportunities to improve the
clinical outcome of stroke patients. Recent developments
have strongly suggested that induction of brain angiogen-
esis has positive effects in the long-term recovery of stroke
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patients [2, 3]. It is well known that stimulation of angio-
genesis, which generates new vessels, aims to increase col-
lateral circulation [4].

In humans, angiogenesis takes place 3 or 4 days after
stroke. It is directly associated with neurogenesis since
blood supply is necessary for the survival of new neu-
rons [3]. In rodents, angiogenesis genes are upregulated
within minutes of the onset of stroke and angiogenic
proteins remain increased in the area of ischemia for
days to weeks [5]. Thus, therapeutic angiogenesis is an
approach of regenerative medicine that may help in im-
proving the outcomes of patients after an ischemic
stroke. Among the factors capable of modulating angio-
genesis and vascular maturation/remodeling, a particu-
lar interest has been given to vascular endothelial growth
factor (VEGF) and the angiopoietin/Tie receptor system
[6-8].

MLC601 (NeuroAiD™) and MLC901 (NeuroAiD™
IT) originated from Traditional Chinese Medicine have
been demonstrated to have both neuroprotective and
neurorestorative properties in preclinical models of
stroke, global cerebral ischemia and traumatic brain in-
jury [9]. Originally containing 9 herbal extracts and 5
non-herbal components in capsules, MLC601 was sim-
plified to MLC901, which contains only the herbal ex-
tracts. Clinical studies to assess the benefit and safety of
MLC601 in stroke patients using different clinical out-
come have been performed [10-18]. The Chinese Medi-
cine Neuroaid Efficacy on Stroke recovery (CHIMES)
trial, which compared MLC601 with placebo in 1,099 pa-
tients with acute ischemic stroke of intermediate severity,
reported a reduction in early recurrent vascular events
and vascular deaths in post-stroke patients [11, 19, 20].
Interestingly, in the Philippine cohort of the CHIMES tri-
al, which included more patients with predictors of poor-
er prognosis, functional and neurological outcomes were
improved in favor of MLC601 [15]. Stratification of the
entire CHIMES cohort by prognosis also showed that pa-
tients with 2 or more predictors of poorer outcome have
better treatment effect with MLC601 than patients with
single or no prognostic factor [21]. A recent extension
study of the CHIMES trial (CHIMES-E) revealed that a
3-month treatment with MLC601 after stroke improves
the functional outcome for up to 2 years among patients
with cerebral infarction of intermediate severity [22]. All
these clinical results are encouraging to pursue further
exploration of NeuroAid as a new efficient therapeutic
strategy against stroke. Two clinical trials with MLC901
are also ongoing for assessment in vascular cognitive im-
pairment patients [23] and in New Zealand patients with
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traumatic brain injury (https://www.anzctr.org.au/Trial/
Registration/TrialReview.aspx?id=364449).

Consistent with clinical observations of the benefit of
MLC601 in humans, preclinical data in rodents have es-
tablished that MLC601 and MLC901 prevent death of
threatened neuronal tissues, decrease cognitive deficits
and improve functional outcome by restoring neuronal
circuits in models of ischemia and traumatic brain injury
[24-26]. The efficacy of MLC601/MLC901 has also been
demonstrated in in vitro models of excitotoxicity [24] and
oxygen glucose deprivation [27]. MLC601 and MLC901
have been reported to display multiple effects in imped-
ing the ischemic cascade propagating from the core to the
penumbra as well as in stimulating proliferation and dif-
ferentiation of new neural cells to repair. Activation of the
Akt survival pathway and opening of K,p channels are
important steps in the neuroprotective properties of
MLC901 [9]. The ability of MLC901 to promote neuro-
genesis, neurite outgrowth and synaptogenesis coupled
to BDNF stimulation is a strong argument for a positive
effect of MLC901 on brain plasticity and restorative pro-
cesses after stroke [9].

Because the neural and vascular cell cross-talk is im-
portant in brain repair, and since MLC901 has repeatedly
been demonstrated to strongly stimulate neurogenesis,
we decided to further investigate the in vivo effects of
MLC901 on angiogenesis. For this, we analyzed the effects
of a 5-week MLC901 pre-treatment and during reperfu-
sion on the expression of angiogenesis-induced proteins
such as VEGF and angiopoietin 1 (Angl)/angiopoietin 2
(Ang2) in a model of transient middle cerebral artery oc-
clusion (MCAOQO)-induced ischemic stroke in mice. We
also investigated its mechanisms of action via regulation
of key proteins such as hypoxic inducible factor 1a (Hifla)
and erythropoietin (EPO), which are known to mediate
angiogenesis and cell survival after stroke.

Materials and Methods

Animals

Four-week-old C57BL/6 male mice (Janvier) were housed 5 per
cage on inversed 12-hour light/dark cycle (light on at 08:00 p.m.)
in an animal facility maintained at ambient temperature of 21 +
1°C. They were provided with food and beverage ad libitum. All
the experiments were performed in accordance with the policies
on the care and use of laboratory animals of European Commu-
nity laws (directive 2010/63/EU) and approved by the French Min-
istry of Higher Education and Scientific Research (approval num-
ber 01314.04). In this study, a total of 378 animals were used. The
researchers who carried out the ischemic surgery and all post-
stroke experiments were blinded to the treatment code.
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Drug Treatment

MLC901 combines 9 herbal extracts equivalent to the following
composition of raw herbs per capsule: 0.80 g Radix astragali, 0.16 g
Radix salvia miltiorrhizae, 0.16 g Radix paeoniae rubra, 0.16 g Rhi-
zoma chuanxiong, 0.16 g Radix angelicae sinensis, 0.16 g Carthamus
tinctorius, 0.16 g Prunus persica, 0.16 g Radix polygalae [24] and
0.16 g Rhizoma acori tatarinowii. MLC901 (batch BN112 provided
by Moleac, Singapore) was administered in drinking water (6 g/1) for
5 weeks before ischemia and during reperfusion until the sacrifice of
animals at different times post ischemia depending on the type of
experiment. The dosage used in this work has been determined ac-
cording to the formula currently used for dose translation from ani-
mal to human studies [28]. Considering thata mouse drinks 5 ml per
day and weights 25 g, the MLC901 dose ingested by mice at the con-
centration of 6 g/l was around 30 mg/day, which corresponds to a
HED of 97 mg/kg and to the dose used in humans for clinical trials.

Ischemic Stroke Model (MCAO)

The ischemic stroke model (focal ischemia) was performed on
9 weeks mice by transient (60 min) left MCAO and reperfusion,
using a 6-0 coated filament (Doccol, Redlands, Calif., USA) as pre-
viously described [24]. The regional cerebral blood flow was mon-
itored by laser Doppler flowmetry (Perimed, Craponne, France) to
control MCAO severity and reperfusion. Animals presenting with
sustained CBF reduction >70% during ischemia or a severe brain
hemorrhage after MCAO were excluded from the study (<1%).
Mice received MLC901 during both pre-treatment for 5 weeks be-
fore the induction of stroke and post-treatment until the sacrifice
of animals. The mortality rate was analyzed at 7 days after isch-
emia. The protocol and dose were selected based on our previous
studies [24]. Sham-operation was performed by inserting the
thread into the common carotid artery without advancing it to oc-
clude MCA. The animals were allowed to regain full consciousness
on a nursing cage during 24 h before returning to the home cage.

Neurological Deficits

Neurological deficits of mice were assessed 24 h post ischemia
in ablinded fashion according to a scoring scale in a postural reflex
test developed by Bederson et al. [29]: Grade 0 = no visible deficits,
Grade 1 = forelimb flexion, Grade 2 = unidirectional circling when
the animal is pulled by the tail, Grade 3 = circling and rolling move-
ment, Grade 4 = decreased level of consciousness, Grade 5 = death.
Mice with a neurological deficit above Grade 4 were excluded from
the study.

Measurements of Infarct Volume, Brain Edema and BBB

Leakage

To assess the infarct volume, mice were euthanized by decapi-
tation at 24 h after reperfusion. Coronal frozen sections of brain
(20 mm-thick) were stained using a solution of 1% cresyl violet in
0.25% acetic acid and mounted with Entellan. The striatal and cor-
tical areas of infarction, outlined in light were measured on each
section using a computer image analysis system and corrected for
brain edema according to Golanov and Reis [30]. Infarct volume,
expressed in mm?, was calculated by a linear integration of the cor-
rected lesions areas as previously described [24].

To measure blood brain barrier (BBB) leakage, the Evans blue
was used as a BBB permeability tracer. Briefly, 2% Evans blue solu-
tion (4 ml/kg), dissolved in normal saline, was injected intrave-
nously 4 h before the animals were euthanized. Mice were trans-

MLC901 Favors Angiogenesis and
Recovery after Ischemic Stroke in Mice

cardially perfused with normal saline to wash away the remaining
dye in the blood vessels. The brains were removed and coronal
sections from bregma-1 to 1 mm were performed to visualize the
blue staining at 24 h after MCAO.

To measure the vasogenic edema, animals were sacrificed 30 h
after ischemia. The brains were divided into the ipsilateral hemi-
sphere (ischemic side) and contralateral hemisphere. The ipsilat-
eral hemisphere was weighed to obtain the wet weight and then
dried at 110°C for 24 h. The percentage of brain water content in
the ipsilateral hemisphere was calculated as follows: water con-
tent = (wet weight — dry weight)/wet weight.

Accelerated Rotarod Test

The rotarod test is used to assess motor coordination and bal-
ance alterations after ischemic brain injury in the rodent [31]. The
rotarod apparatus consists of a striated rod (diameter 3 cm) subdi-
vided into 5 areas (width 5 cm) by disks 25 cm in diameter. Mice
(n = 20 per group) were conditioned to the accelerating rotarod
(Ugo Basile, France) for 3 days before MCA occlusion. To this end,
mice were first placed on the apparatus during 30 s with no rotation
and thereafter for 2 min with a constant low speed (4 rpm). They
were tested until they achieved a criterion of remaining on the ro-
tating spindle for 1 min. This procedure was performed only the
first day of training. After 10 min rest, each mouse then received a
single baseline trial on the accelerating rotarod in which the spindle
increased in speed from 4 to 40 rpm over a period of 6 min. The
same protocol was applied at Days 3-1. The test trial was performed
at different times after MCAO from day +2 to +15. The maximum
duration the animals were able to walk on the rotarod before falling
was measured (maximum value 6 min). Mice were tested over 3
daily trials in the accelerated condition (4-40 rpm). The daily mean
value was taken for each mouse and used for statistical analysis.

Pole Test

Gross sensorimotor function (integration and coordination of
movements as well as balance) was evaluated by ability of animals
to move along the pole [32]. The mouse was placed head upward
on the top of a vertical wooden rough-surfaced pole (diameter
1 cm, height 50 cm). Each mouse was habituated on the day before
MCAO and then allowed to descend 5 times on a single session.
The total time needed to turn completely head downward (‘time-
to-turn’) and the time until the mouse reached the floor with its 4
paws (‘time to come down’) was recorded. The testing trial was
carried out at day +3 after MCAO. Results were expressed as the
mean of 5 trials.

Analysis of Brain Endothelial Cell Proliferation and

Angiogenesis

Endothelial cell proliferation was identified by using BrdU la-
beling. BrdU treatment consisted of 4 injections (75 mg/kg, i.p.
each, 2 h interval) [24]. Brains were removed at 24 h after the last
injection. Serial sections of paraformaldehyde-perfused brains
were cut (40 um) throughout the brain at the level of the lesion on
a vibratome (Leica). Every sixth section throughout the brain was
processed for immunohistochemistry using a monoclonal sheep
anti-BrdU (Interchim, 1/200). To specifically identify BrdU-reac-
tive cells co-localized with endothelial cells, double immunofluo-
rescence labeling of BrdU with CD31 (platelet-endothelial cell ad-
hesion molecule), a specific marker for endothelial cells (Abcam,
ab24590, 1/500) was performed. Secondary antibodies were con-
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jugated with Alexa Fluor 488 or 594 (Molecular Probes, 1/1,000).
Confocal microscopy observations were performed with a Laser
Scanning Confocal Microscope (TCS SP, Leica, Rueil Malmaison,
France). BrdU-immunostained sections were digitized using a x40
objective via the Image] computer imaging analysis system. The
number of endothelial and BrdU-labeled cells within a total of 10
vessels located in the ischemic border area was counted in each
section by a blind experimenter. Data are presented as the percent-
age of number of the BrdU-immunoreactive cells within vessel/
total endothelial cell number.

The capillary count was assessed from immunostaining for the
endothelial-specific marker CD31 in the parietal cortex and stria-
tum of each experimental group (n = 6 per each experimental
group). CD31 labeling was characterized by a relatively strong
staining of the vascular perimeters of the blood vessels. The capil-
lary count was performed in 5 sets of 3 sections (10 um thick) cut
150 pm apart corresponding to stereotaxic coordinates of plates
12-16 in a mouse brain atlas [33]. Images spanning the full depth
of the parietal cortex and the entire area of the striatum were ob-
tained, which were digitized and analyzed using the Image] com-
puter imaging analysis system to determine the number of CD31-
positive capillaries per field.

ELISA Assay (VEGF and Hifla)

Ischemic brain tissue extracts (including core and penumbra)
from MLC901- and vehicle-treated mice 1, 3 and 14 days after
MCAO were dissected on ice and their wet weights were rapidly
measured. The tissues (150 mg/ml) were homogenized in DMEM
and centrifuged for 10 min at 10,000 g at 4°C. The brain extracts
were then divided into 200 pl triplicate samples. VEGF and Hifla
ELISA kits (M0050 and M0687, Elabscience Biotechnology, Clini-
science) were used to determine the VEGF and Hifla levels.

Western Blots

Whole-cell protein extraction was performed using standard
procedures. Samples were obtained from ischemic hemispheres
(vehicle- and MLC901-treated) and from sham-operated controls
(n = 3 per group). Fresh brain tissue was cut into pieces after dif-
ferent times of reperfusion and homogenized in 4 volumes of cold
lysis buffer (20 nmol/l Tris pH 7.5, 137 mmol/l NaCl, 2 mmol/l
EDTA, 1% Triton X-100, 10% glycerol and protease inhibitor cock-
tail) on ice. The homogenates were centrifuged at 12,000 g for 30
min at 4°C. The supernatant was stored at —70°C until further use.
Protein concentrations were measured using conventional Brad-
ford’s method. Fifty microgram proteins from each experimental
group were applied to 10% SDS-PAGE gels and electrophoresed
for 1 h at 100 mA. Proteins were transferred onto a PVDF mem-
brane in blotting buffer (156 mmol/l Tris, 1 mol/l glycine, PBS) for
90 min at 80 mA and blocked with 5% skim milk (Regilait) in PBS
for 2 h at room temperature. The blotted membrane was then in-
cubated with the different primary antibodies: rabbit polyclonal
primary antibody against VEGF 165B (Abcam, ab90719, 1/100),
rabbit monoclonal Hifla, 51608, 1/2,000), rabbit polyclonal Angl
(Abcam, ab134504, 1/500) and Ang2 (Abcam, ab8452, 1/500) for
overnight at 4°C. Western blots were incubated with horseradish-
peroxidase conjugated anti-rabbit IgG (Jackson ImmunoResearch,
diluted 1/15,000) for 1 h at room temperature and revealed using
diaminobenzidine (DAB) kit. To control for sample loading,
stripped membranes were re-hybridized with a B-actin antibody
(1:2,000, Proteintech Group Inc., Chicago, Ill., USA) as internal
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control. Films with specific bands were scanned and quantified us-
ing an imaging densitometer. The optical densities of specific
bands were analyzed with QUANTITY ONE software (Bio-Rad).
Western blots were duplicated with 3 independent sets.

Immunohistochemistry

Frozen brain sections (25 pum thick) were immersed in 0.3%
H,0,/PBS for 10 min, permeabilized in 0.1% Triton/PBS for 10 min
and blocked with 3% goat serum/PBS for 2 h at room temperature.
After a PBS rinse, sections were incubated with the primary anti-
body overnight. The monoclonal or polyclonal antibodies used
were the following: rabbit VEGF (Abcam, Ab46154, diluted 1/500),
rabbit polyclonal Angl (Abcam, ab134504, 1/200) and Ang2 (Ab-
cam, ab8452, 1/200), rabbit Hifla (Abcam, ab51608, 1/200), rabbit
EPO H-162 (Santa Cruz, sc-7956, 1/300), goat GFAP (Abcam,
ab53554,1/500), mouse CD31 (Abcam, ab24590, 1/500), sheep Von
Willebrand factor (Abcam, ab11713, 1/100), mouse Ibal (Abcam,
ab15690, 1/1,000), mouse NeuN (Millipore, MAB377, 1/300). After
the primary incubation and 3 rinses in PBS, sections were then in-
cubated in biotinylated horse anti-rabbit IgG (Jackson
ImmunoResearch, diluted 1/15,000) for 2 h at room temperature.
Protein expression was visualized by 3,3-DAB staining using
VectaStain ABC kit (Biovalley). All sections were washed and
mounted with Entellan. For fluorescent labeling, sections were in-
cubated with secondary antibodies conjugated with Alexa Fluor 488
and 594 (1/1,000, Molecular Probes) for 2 h. Sections were observed
using confocal and/or epifluorescence microscopy. Confocal mi-
croscopy observations were performed using a Laser Scanning Con-
focal Microscope (TCS SP, Leica) equipped with a DMIRBE invert-
ed microscope and an argon-krypton laser (laser excitation 488 nm,
acquisition 500-600 nm every 10 nm). Signal specificity was as-
sessed in negative control coverslips by omitting primary antibody.
Images were acquired as single transcellular optical sections and
averaged over at least 4 scans per frame. Epifluorescence micros-
copy images of protein labeling were captured with identical time
of exposition after spectral correction of the autofluorescence back-
ground. Analysis of the fluorescence intensity was performed by
using the NIH Image] software (http://rsbwebnih.gov/ij), which al-
lowed to measure the fluorescent intensity levels of cells of each
fluorescent image saved as a 16-bit TIFF file. Results are given as
ratio of mean fluorescence intensity in AU (arbitrary unit)/number
of labeled cells + SEM of 3 experiments.

Statistical Analysis

Statistical values are presented as mean + SEM. Statistical anal-
ysis of differences between groups was performed by using un-
paired t test or analysis of variance. Where F ratios were signifi-
cant, statistical analyses were extended and post-hoc comparisons
made by using Tukey’s test multiple comparison tests. In all analy-
ses, the level of significance was set at p < 0.05.

Results

MLC901 Protects against Ischemic Brain Infarction
and Reduces Functional Deficits
To evaluate the protective effects of MLC901 against

stroke, we tested the preparation in the mouse model of
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Fig. 1. Effects of MLC901 on survival rate, cerebral infarct volume,
hemispheric swelling and BBB leakage induced by focal ischemia.
A Percentage of survival rate 7 days post ischemia; B infarct volume
(mm?®); C percentage of brain water content in ipsilateral cortical
segments measured at 30 h post ischemia. Data are reported as
mean = SEM (n = 6 per experimental group, ** p < 0.05 vs. sham
operated group and * p < 0.05 vs. vehicle ischemic group). D Rep-
resentative images of Evans blue extravasation in the brains (left

focal ischemia. Animals (n = 10 per experimental group)
were first treated with MLC901 for 5 weeks before the in-
duction of ischemia and then until the sacrifice of mice.
There was no significant difference in the consumption
of food and drinking solution between vehicle- and
MLC901-treated groups (data not shown). Figure 1A
shows that at 7 days post ischemia, MLC901 induced a
marked reduction in mortality among MLC901-treated
mice compared to vehicle-treated ischemic animals.
MLC901 induced a survival rate of 85.2% as compared to
64.8% in the control group (fig. 1A).

MLC901 Favors Angiogenesis and
Recovery after Ischemic Stroke in Mice

panel) and brain sections (right panel) of mice submitted to focal
ischemia and observed 30 h after MCAO. MLC901 was adminis-
tered in the drinking water (6 g/l) for 5 weeks before MCAO and
then until the sacrifice of animals performed at different time
points after reperfusion (30 h (B-D) or 7 days (A), n = 10 per ex-
perimental group, mice were naive for each experimental ap-
proach).

Cerebral infarct and hemispheric swelling induced by
MCAO were evaluated 30 h following ischemia (n = 10
per experimental group). Total infarct volume was de-
creased in the MLC901-treated mice as compared with
vehicle-treated group (fig. 1B; 56.1 £ 0.3vs.39.8+£0.2;p <
0.01). The results of measured water content were consis-
tent with infarct volume measurements, the MLC901-
treated group showing significantly reduced brain edema
when compared to vehicle group (fig. 1C; p < 0.05;n =10
per experimental group). The brain water content signif-
icantly increased in the vehicle group with 80.9 + 2.1%

Cerebrovasc Dis 2016;42:139-154
DOI: 10.1159/000444810

143

Color version available online

Downloaded by

118.200.124.59 - 5/10/2016 3:26:00 AM



compared with the saline-treated sham group (74.8 *
0.2%). MLC901 significantly decreased the brain water
content by 78.1 + 1.1%, compared to the vehicle group
(fig. 1C; p < 0.05).

BBB disruption is a critical event in the progression of
ischemic stroke [34] and is induced at the onset of cere-
bral ischemia [35]. When BBB breakdown occurs, many
serum proteins that are detrimental to neurons pass
through the barrier, further worsening brain injury. To
evaluate BBB permeability after ischemic injury, BBB
leakage was measured 30 h after stroke using Evans blue
extravasation (n = 10 per experimental group). Represen-
tative photographs of Evans blue stained ischemic brain
sections demonstrated the beneficial effects of MLC901
on the BBB damage (fig. 1D). Evans blue extravasation
was strongly reduced in MLC901-treated mouse brain
compared with the vehicle controls.

Functional deficits are common neurological sequel-
ae in patients with brain injuries induced by stroke and
in animal models of stroke. The effects of MLC901 on
neurological function were studied by using behavioral
tests (n = 16 per experimental group). Ischemia-induced
neurological deficits, assessed by neurological Bederson
scores, were significantly attenuated in MLC901-treated
mice at 30 h after MCAO (1.8 +£ 0.5 vs. 3.25 + 0.3 in ve-
hicle group, p < 0.05; fig. 2A). The improvement of
the neurological outcome was confirmed in the pole
test on day +3 (fig. 2B). The ‘time to turn’ and ‘time to
come down’ were strongly decreased in MLC901-
treated mice as compared to those of vehicle-treated
group. The positive effects of MLC901 on the motor
outcomes were also observed in the test of the acceler-
ated rotarod (fig. 2C). There was no significant differ-
ence in performance between pre-ischemia groups with
or without MLC901 (p > 0.5). From day +2 to +9 after
MCADO, vehicle-treated mice showed a strong decrease
in their performances as compared to the correspond-
ing pre-ischemia and sham groups (p < 0.05). MLC901-
treated mice showed a significant improvement of their
performances on the rotarod compared with the vehi-
cle-treated ischemic group (fig. 2C; p < 0.05). At day 9
post ischemia, vehicle-treated mice still displayed a sig-
nificant negative difference in the time they could spend
on the rod compared to sham-operated and pre-isch-
emia groups (p < 0.05). Interestingly, as early as 3 days
after MCAO, MLC901-treated mice tended to behave
nearly as well as the sham group, revealing better per-
formance of MLC901-treated ischemic animals in com-
parison to vehicle-treated ischemic mice in the rotarod
assay.
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MLC901 Stimulates Angiogenesis and Modulates the
Expression of Angiogenesis-Regulated Molecules in
Response to Focal Cerebral Ischemia

Angiogenesis is a potent process in stroke [3]. To de-
tect angiogenesis that occurs in response to stroke in
mouse brain and to study the effects of MLC901, the
CD31-positive capillaries were counted in the perifocal
area 14 days after MCAO (fig. 3A, B, n = 6 per experimen-
tal group). Treatment with MLC901 significantly in-
creased the capillary density, vascular perimeters and
BrdU-reactive endothelial cell numbers in the ischemic
border, as compared with the vehicle-treated mice
(fig. 3A, B). Double immunostaining BrdU/CD31 showed
that BrdU-positive endothelial cells localized in the vessel
(fig. 3C), indicating that MLC901 enhanced endothelial
cell proliferation and angiogenesis by increasing the
number of neocortical vessels invading the ipsilateral in-
farcted area. MLC901 did not induce angiogenesis in the
contralateral hemisphere (data not shown).

VEGF and its receptors are central mediators of vascu-
logenesis and angiogenesis [6, 36]. They have been shown
to be upregulated after MCAO in rodents [5, 37, 38]. Un-
like VEGF, the angiopoietins (Angl and Ang2) exert their
functions at later stages of vascular development, that is,
during vascular remodeling and maturation [39]. To ex-
amine the contribution of VEGF and angiopoietins after
stroke and analyze the effects of MLC901, we investigated
the expression of these factors after MCAO in vehicle-
and MLC901-treated mice at 24 h, 3 and 14 days post
ischemia (n = 4 per experimental group and method
used). Figure 4A shows that VEGF levels, detected in the
ELISA assay, were transiently increased in vehicle-treated
ischemic brains compared with sham group (p < 0.05) at
24 h and 3 days after ischemia and then had a tendency to
return to basal levels at 14 days. Interestingly, MLC901
treatment exerted a dual effect on VEGF depending on
the time kinetics after MCAO. One day after MCAO,
MLC901 diminished the increase in VEGF levels seen in
the vehicle group, while at 3 and 14 days, it induced a sig-
nificant increase in levels of the growth factor compared
with the vehicle group (p < 0.05). The results and subse-
quent analysis of the Western blots (fig. 4B) confirmed
the data obtained by the ELISA method. Immunohisto-
chemical staining (fig. 4C) revealed, at 24 h after MCAO,
an intense VEGF immunoreactivity which was mainly lo-
calized in the cytoplasm of neurons in the peri-ischemic
area of vehicle-treated mice (fig. 4Cb). VEGF immunos-
taining was weaker in the MLC901-treated animals than
in the vehicle-treated group (fig. 4Cc). At 3 days post
stroke, an increase of VEGF expression was observed si-
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multaneously with the development of thickened endo-
thelial cell capillaries, mainly in the MLC901-treated
mice. MLC901 stimulated the growth of new vessels and
compared to mice treated with vehicle, where VEGF was
mainly expressed in neurons (fig. 4Ce), MLC901 en-
hanced earlier VEGF expression within endothelial cells
and pericyte inter-digitations, identified by their particu-
lar morphology (fig. 4Cf-h). Double labeling experi-
ments with VEGF/GFAP and VEGF/Ibal revealed that

MLC901 Favors Angiogenesis and
Recovery after Ischemic Stroke in Mice

VEGF was also expressed in microglial cells/macrophages
(Ibal marker; fig. 4Cj) but not in astrocytes (GFAP mark-
er; fig. 4Ci). The upregulation of VEGF persisted up to 14
days in the peri-ischemic area (data not shown).
Because Angl and its natural antagonist Ang2 have
been reported to be involved in the molecular mecha-
nisms of angiogenesis [8, 39, 40], we investigated their
expression in MCAO-induced ischemic brains of vehicle-
and MLC901-treated mice (n = 4 per experimental group

Cerebrovasc Dis 2016;42:139-154 145
DOI: 10.1159/000444810

o
S
]
I
=
S




60 7 O Sham
: W Vehicle
o O MLC901
E 404 1
S
>
© 304 %
o
>
o
e}
€ 2041
S
3
Q2
E 101
z
0 1 |
14 Days
B post-MACO

MLC901

BrdU/CD31

Fig. 3. MLC901 increased the neovascularization in the infarcted
zone 14 days after MCAO. A Representative photographs of CD31-
positive cells, which identified the capillaries in brain sections of
ischemic mice treated with vehicle (left panel) or MLC901 (right
panel). Scale bar: 50 um. The CD31 immunolabeling identified the
capillaries. B Histograms showing microvessel counts per 0.1 mm?
14 days after MCAO. Microvessels were counted from 10 fields of
the ischemic penumbra under a microscope at 400x magnifica-

and method used). Western blots showed that at 24 h post
ischemia, Angl levels of vehicle-treated mice decreased
compared with sham group, while the Ang2 expression
increased (fig. 5A, B). Interestingly, MLC901 treatment
reversed this situation by increasing Angl and decreasing
Ang2 expression. However, in the vehicle group, an up-
regulation of Angl and a downregulation of Ang2 protein
levels were observed at 3 days and persisted for at least 14
days. Again, MLC901 reversed the effects of MCAO on
these 2 proteins in the peri-focal area (fig. 5A, B). All these
data seem to indicate that MLC901 has marked effects
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tion. Data are mean + SEM (* p < 0.05 vs. sham operated group
and # p < 0.05 vs. vehicle ischemic group, n = 6 per experimental
group). C Double labeling of BrdU-labeled cells (red) with CD31
endothelial cell marker (green). Arrows indicate the BrdU/CD31
co-localization. Scale bar: 10 pm. MLC901 was administered in the
drinking water (6 g/1) for 5 weeks before MCAO and then 14 days
post MCAO.

both on the changes of the early and delayed expressions
of Angl and Ang2. Immunohistochemical staining con-
firmed the Western blot results and revealed that Angl
and Ang2 were mainly expressed in neuron-like and glial-
like cells in the first 24 h post ischemia and then in the
microvessels and endothelial cells at 3 and 14 days after
MCADO (fig. 5C).

A critical molecular pathway induced by hypoxia/
ischemia is the activation of hypoxia-inducible factor 1,
a transcriptional activator of genes encoding VEGF and
other important mediators of angiogenesis [41]. Hifla is
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Western blotting (B). In (B) p actin was used as internal control for
the loading of protein level. Left: Western blot of VEGF expression
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expression obtained in Western blots in the 3 experimental groups.
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periments (n = 4 per experimental group and method used). Val-
ues are expressed as a percentage of control. Data are mean + SEM
(* p < 0.05 vs. sham-operated group and # p < 0.05 vs. vehicle isch-
emic group). C Representative photomicrographs of VEGF immu-
nolabeling in the ipsilateral injured cortex at 2 time points of re-

the central transcriptional factor for the regulation
of oxygen-associated genes in response to hypoxia
[42]. Quantitative Western blotting and ELISA methods
(n = 4 per experimental group and methods used)
showed that cerebral ischemia induced by MCAO in

MLC901 Favors Angiogenesis and
Recovery after Ischemic Stroke in Mice

perfusion (24 h and 3 days, n = 4 per group). Ca—c VEGF expres-
sion in the 3 experimental groups (sham, vehicle and MLC901) at
24 h post MCAO. Scale bar: 30 um. Cd-f VEGF expression in the
3 experimental groups (sham, vehicle and MLC901) at 3 days post
MCAQO. Scale bar 30 um. Cg-h VEGF expression in the capillary
endothelium in MLC901-treated mice at 3 days post MCAO. Scale
bar 60 and 15 um. Ci Double labeling of VEGF-labeled cells (green)
with GFAP astrocyte marker (red) in MLC901 treated mice at
3 days post MCAO. Scale bar: 10 um. Cj Double labeling of VEGF-
labeled cells (green) with Ibal microglia marker (red) in MLC901-
treated mice at 3 days post MCAO. Arrows indicate the VEGF/
Ibal co-localization.

vehicle-treated mice triggered a 2-fold increase of Hifla
protein levels in the ischemic hemisphere as compared
with sham group at 3 days of recovery. The Hifla levels
remained elevated for at least 14 days (fig. 6A-C). Im-
munohistochemical analysis indicated that Hifla accu-
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Fig. 5. Effects of MLC901 on the changes in Angl and Ang-2 ex-
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emia. A Western blots of Angl (57 kDa) and Ang-2 (73 kDa) in
injured cortical tissue. B actin was used as internal control for the
loading of protein level. B Quantitation of Western blots normal-
ized to P actin. Data are representative of 3 separate experiments
(n = 4 per experimental group). Values (mean + SEM) are ex-
pressed as percentage of control (* p < 0.05 vs. sham-operated

mulation was mainly restricted to neurons and astro-
cytes in the peri-infarct area (fig. 6D). As already ob-
served for VEGF and angiopoietins, MLC901
particularly stimulated the late (14 days) upregulation of
Hifla (fig. 6D).
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group and # p < 0.05 vs. vehicle ischemic group). C Representative
photomicrographs of Angl and Ang2 immunolabeling in the ip-
silateral injured cortex in vehicle- and MLC901-treated mice at 2
time points of reperfusion (24 h (for Angl, scale bar: 30 um) and
3 days (for Ang2, scale bar: 10 pm, n = 4 per experimental group).
MLC901 increased Ang2 expression in the capillary endothelium
at 3 days post MCAO. Scale bar 60 and 15 pm.

EPO, a hematopoietic growth factor, is a downstream
target gene of HIFI. It increases oxygen availability dur-
ing hypoxia/ischemia and is associated with neuroprotec-
tion following hypoxia ischemia in several preclinical
models of stroke [43, 44]. Astrocytes and neurons are the
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Fig. 6. Effects of MLC901 on the changes in Hifla and EPO expres-
sion at different time points (24 h, 3 and 14 days) after ischemia.
A Western blotting analysis of Hifla (93 kDa) and EPO (37 kDa)
expression in injured cortical tissue (n =4 per experimental group).
Actin was used as internal control for the loading of protein level.
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assay showing the increase of Hifla expression after ischemia.
Data (mean + SEM) of Hifla and EPO protein levels are represen-
tative of 3 separate experiments (n = 4 per experimental group,
*p < 0.05 vs. sham-operated group and # p < 0.05 vs. vehicle isch-
emic group). D Representative photomicrographs of the upregula-
tion of Hifla expression by MLC901 in neurons and astrocytes
(arrows) of the ipsilateral injured cortex when compared to vehicle

major sources of EPO in the brain [43]. Quantitative
Western blots (n = 4 per experimental group) revealed
that MCAO induced a modulation of EPO expression in
the ipsilateral ischemic hemisphere in the vehicle-treated
mice, which started in the first 24 h after ischemia and

MLC901 Favors Angiogenesis and
Recovery after Ischemic Stroke in Mice

group after 14 days of reperfusion (n = 4 per experimental group,
scale bar: 50 um). E Representative photomicrographs of EPO im-
munolabeling in the ipsilateral injured cortex in vehicle- and
MLC901-treated mice 3 days after MCAO (Ea, b, scale bar: 20 pm).
Ec Double labeling of EPO-labeled cells (green) with MAP2 neu-
ronal marker (red) in MLC901-treated mice at 3 days post MCAO.
Scale bar: 10 um. Arrows indicate the EPO/MAP2 co-localization.
Ed Double labeling of EPO-labeled cells (green) with GFAP astro-
cyte marker (red) in MLC901 treated mice at 3 days post MCAO.
Scale bar: 20 um. Arrows indicate the EPO/GFAP co-localization.
Ee Double labeling of EPO-labeled cells (green) with VEGF (red)
in MLC901-treated mice at 3 days post MCAO. Scale bar: 10 pum.
Arrows indicate the EPO/VEGF co-localization.

peaked after 3 days of recovery (fig. 6A, B). At 3 days post
stroke, EPO contents in vehicle samples were 2-fold in-
creased versus sham non-ischemic hemisphere (p < 0.05).
MLC901 treatment stimulated by 1.75-fold the increase
of EPO when compared to vehicle group (p < 0.05; fig. 6A,
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B). The immunohistochemical study (n = 4 per experi-
mental group) confirmed the upregulation of EPO after
MCAO both in vehicleand MLC901 groups at 3 days post
MCAO (fig. 6E). At 3 days after occlusion, in the peri-
infarct region, an increase in the EPO immunoreactivity
was observed in MLC901-treated mice when compared
to vehicle group (fig. 6Ea, b). EPO immunolabeling was
mainly apparent in cortical MAP2-positive neurons iden-
tified (fig. 6Ec) and GFAP-positive astrocytes (fig. 6Ed)
surrounding the infarct (fig. 6Ed). It was often co-local-
ized with VEGF around endothelial cells and microves-
sels (fig. 6Ee).

Discussion

In the present study, we demonstrated that MLC901
administered for 5 weeks before the induction of isch-
emia, and then during the entire time of recovery, sig-
nificantly protected mice against brain injury after focal
cerebral ischemia. MLC901 increased the survival of mice
after MCAO, reduced the infarct volume and hemispher-
ic swelling and attenuated BBB disruption. The current
data also demonstrated that MLC901 treatment signifi-
cantly improved neurological function assessed by ro-
tarod and pole tests, which are a sensitive index for assess-
ing motor impairment after focal ischemia and traumatic
brain injury [45, 46]. In the rotarod test, mice exhibited
marked motor impairment at 2 days after stroke, and par-
tial recovery was detected in the vehicle-treated mice
from 11th day, which is consistent with the fact that par-
tial functional neurological recovery from a stroke occurs
commonly [47]. As currently observed in this MCAO
model, the vehicle-treated animals presented similar ro-
tarod performances compared to sham animals after
2 weeks of recovery. However, MLC901-treated mice
showed a significant early improvement of motor perfor-
mances compared with vehicle-treated animals. This ear-
ly MLC901-induced improvement in the rotarod test,
known to primarily detect motor impairment in the isch-
emic cortex is a good indication of the therapeutic poten-
tial of this drug. These beneficial effects are also con-
firmed by the pole test. These data are in line with previ-
ous preclinical studies indicating beneficial effects of
MLC901 on both the rate of recovery and on the func-
tional outcome in different rodent models of ischemia
and traumatic brain injury [9, 24-26].

All these beneficial effects of MLC901 on the early
phase of cerebral ischemia cannot easily be explained
with the more slowly working angiogenesis. The decrease

150 Cerebrovasc Dis 2016;42:139-154
DOI: 10.1159/000444810

of infarct volume, the suppression of brain swelling and
the attenuation of neurological dysfunction are probably
due to the early activation of neuroprotective K, p chan-
nels [27], the acute decrease of excitotoxicity [27] as well
as the stimulation of the Akt survival pathway, the reduc-
tion of apoptosis and free radical generation [25], imped-
ing the deleterious ischemic cascade propagation from
the core to the penumbra. At this point, it should be re-
minded that MLC901 could also stimulate neurogenesis
and synaptogenesis [24, 25] and increase BDNF produc-
tion, which is expected to prevent brain damage and stim-
ulate brain plasticity and hopefully subsequent neurore-
pair after brain injury. The results presented in this work
have been obtained with a MLC901 treatment given
5 weeks before MCAO, but the efficacy of MLC901 given
in post-treatment on acute cerebral ischemia has been
previously demonstrated by our laboratory in rodents [9,
24-26] and confirmed in clinical trials [11, 19].

In the key restorative mechanisms in response to
stroke, there is increasing evidences that angiogenesis,
through new blood vessel formation, results in improved
collateral circulation and may impact the long-term re-
covery of patients [2, 3, 6]. Indeed, the severe reduction
of blood flow to the brain tissue results in a lack of oxygen
and nutrient transportation, leading to brain hypoxia and
cell death. To counteract these deleterious effects, com-
pensatory mechanisms try to increase oxygen delivery to
the injured region by induction of angiogenesis. Newly
formed vessels would allow increased blood flow, thus
increasing perfusion of the suffering ischemic area. Stud-
ies using human brain samples have suggested that active
angiogenesis takes place at 3-4 days after stroke and in-
dicated that the number of new vessels in ischemic pen-
umbral regions appears to be correlated with survival
[48-50]. A key objective in the management of effective
treatment of cerebral ischemia is then to try to design
therapies able to enhance both new blood vessels and
neurogenesis particularly in an early period after stroke.

This work indicates that, in addition to stimulation of
neurogenesis, that has been previously reported [9, 24-
26], MLC901 also promotes angiogenesis in response to
MCAO by modulating the expression of angiogenesis-
related factors such as Hifla, EPO, VEGF and Angl/
Ang2 (fig. 7). These factors are known to not only mediate
the proliferation of endothelial cells, but also regulate vas-
cular differentiation, regression and permeability.

During and after stroke, brain vasculature becomes
leaky and unstable, and the normally impermeable BBB
breaks down [34]. Then, endothelial cells begin to prolifer-
ate, and angiogenesis occurs. Expression studies have
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shown that the key vascular factors are regulated, during
these processes, in a complex and coordinated manner
[51]. Hypoxia is an important driving force for angiogen-
esis, which begins when cells within a tissue respond to
hypoxia by increasing their VEGF production. Then,
VEGF promotes adult angiogenesis for re-establishment of
blood flow following ischemic damage [52]. This response
is orchestrated at the molecular level by Hifla, which is
responsible for the transcriptional activation of the VEGF
gene in hypoxic cells [41, 53]. This work demonstrated that
(i) MLC901 strongly decreases BBB breakdown and also
brain edema, which rapidly occurs after stroke injury, and
(ii) MLC901 promotes endothelial cell proliferation in the
ischemic border by regulating the expression of both Hifla
and VEGF. The early MLC901-induced downregulation of
Hifla and VEGF probably maintains BBB integrity pre-
venting brain swelling and late upregulation of both Hifla
and VEGF is believed to be associated with angiogenesis

MLC901 Favors Angiogenesis and
Recovery after Ischemic Stroke in Mice

modeling. Red and green colors indicate the deleterious and ben-
eficial effects. Ascending and descending arrows indicate the up-
or downregulation of angiogenic factors, respectively.

and vascular remodeling. Indeed, an early administration
of VEGF has been shown to increase vascular permeability
and to induce brain edema, while late treatment with
VEGF has been shown to improve histological as well as
both sensorimotor and cognitive deficits and functional
outcome [54]. These findings are also consistent with stud-
ies which have documented the biphasic nature of the
Hifla response [42]. It has been proposed that transient
increases in Hifla within the first 24 h after an injury con-
tribute to cell death in part through the transcriptional up-
regulation of pro-apoptotic target genes, while at a late
phase of activation, Hifla induces the expression of pro-
survival genes mainly implicated in angiogenesis [42, 54].
Thus, an increased expression of Hifla would be detri-
mental in the acute stages of ischemia whereas it would be
beneficial in the delayed/recovery stage of injury.

Angl and Ang2 also play an essential role in the step-
wise process of angiogenesis including destabilization of
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vessels, sprouting and branching of destabilized vessels,
proliferation and migration of endothelial cells and stabi-
lization of neomicrovessels [8, 39,40]. Angl and Ang2 are
the ligands for the endothelial specific receptor tyrosine
kinase, Tie2. Angl induces the auto-phosphorylation of
Tie-2 in cultured endothelial cells. It recruits pericytes
and potentiates microvessel stabilization and maturation
by supporting interactions between endothelial cells and
pericytes. Angl is a strong anti-permeability factor that
can reduce vascular leakage. Ang2 acts as a natural Angl
antagonist. It promotes a process of vessel wall disassem-
bly by blocking Angl-induced Tie-2 phosphorylation in
endothelial cells [55, 56]. Ang2 initiates extensive angio-
genesis, resulting in pericyte drop-off and vascular desta-
bilization and is considered as an important pro-angio-
genic factor [39, 55]. This work shows that MLC901 has
marked effects both on the changes of the early and de-
layed expressions of Angl and Ang2. These effects are
probably related to the reduction of the BBB leakage and
to the stimulation of angiogenesis, respectively. Indeed,
Ang2 acts synergistically with VEGF. Consistent with
previous studies [39], we observed in vehicle-treated mice
that unlike Angl, VEGF and Ang2 were significantly in-
creased in the infarcted area during the early period of
cerebral ischemia corresponding to the formation of
brain edema. Interestingly, MLC901 treatment reversed
the situation by increasing Angl and decreasing Ang2
and VEGF expressions in the early phase following isch-
emia. The early MLC901-induced modulation of these
factors is probably linked, as already mentioned, to a de-
crease of BBB leakage and subsequent brain edema. Con-
sistent with the previously discussed results, we have also
observed that MLC901 also prevents the early increases
in expression of Hifla after the onset of ischemia, an in-
creased expression that is known to upregulate VEGF and
downregulate the expression of Angl [57, 58]. In addi-
tion, it turns out that, the days following MCAOQ, the up-
regulation of both Angl and VEGF and downregulation
of Ang2 protein levels coincides with endothelial cell pro-
liferation and neovascularization at the border of the in-
farct. Thus, MLC901, by modulating protein levels of the
3 angiogenic factors (VEGF, Angl and Ang2), appears to
stimulate angiogenesis and the long-term vascular re-
modeling by stabilizing or enriching brain vasculature af-
ter ischemia.

EPO is the main identified target gene induced by
Hifla, the expression levels of which we have shown to be
regulated by MLC901. On the other hand, exogenous
EPO has been shown to be cerebroprotective [59, 60]. It
is possible that the observed beneficial effects of MLC901

Cerebrovasc Dis 2016;42:139-154
DOI: 10.1159/000444810

152

may be due to a stimulation of endogenous cerebral EPO
production. This study has shown that MLC901 induced
a continuous formation of EPO during the active evolu-
tion of the focal cerebral infarct. This highly suggests that
the EPO system, known to be an endogenous defense sys-
tem to protect the brain against damage consequent to a
reduction of blood flow or hypoxia [43, 44] might well be
involved in the processes of MLC901-induced neuropro-
tection and restructuring including angiogenesis after
stroke.

Results presented in this work strengthen previous
views that MLC901 is a therapeutic tool with multiple tar-
gets due to the many molecules that are present in the 9
herbal extracts of the cocktail. In the different herbs that
are extracted to manufacture MLC901, we have shown
that there are a number of identified molecules that are
neurobeneficial. However, at present, none of these mol-
ecules, alone or in combination in vitro or in vivo, can
reconstitute the overall properties of MLC901 in stroke
indicating the complexity of the therapeutic cocktail.

The MLC901 mode of action clearly appears to be a
potentiation of endogenous mechanisms that normally
take place in the neurovascular unit after stroke to allow
many of the stroke patients to recover, most of the time
partly and rarely completely, their initial behavioral and
motor activity [61]. We see MLC901 as a treatment that
limits stroke damage and that accelerates the time course
and increases the extent of the recovery process. Com-
pared to majority of studies on pharmacological neuro-
protection against stroke that are first tested in animal
models and failed in clinical trials, MLC901 has the ad-
vantage of having already demonstrated clinical efficacy
in stroke patients. Our preclinical studies provide further
scientific basis to describe its mechanisms of action and
help in future clinical trials.
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