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Abstract

Stroke is a major cause of mortality and the leading cause of permanent disability. In this study, we
adopted the classic middle cerebral artery occlusion(MCAO) stroke model to observe the
therapeutic effects of coccomyxa gloeobotrydiformis(CGD) on ischemic stroke, and discuss the
underlying mechanisms. Low dose (50 mg/kg.day) and high dose (100 mg/kg.day) concentrations of
the drug CGD were intragastrically administrated separately for 8 weeks. Infarct volumes, neu-
rologic deficits and degree of stroke-induced brain edema were measured 24 hours after reper-
fusion. Furthermore, oxidative stress related factors (SOD and MDA), mitochondrial membrane
potential, and apoptosis regulatory factors (mitochondrial Cyt-C, Bcl-2, Bax, and caspase-3) were
all investigated in this research. We found that CGD attenuated cerebral infarction, brain edema
and neurologic deficits; CGD maintained the mitochondrial membrane potential and decreased
mitochondrial swelling. It also prevented oxidative damage by reducing MDA and increasing SOD.
In addition, CGD could effectively attenuate apoptosis by restoring the level of mitochondrial Cyt
C and regulating the expression of Bcl-2, Bax and caspase 3. These results revealed that CGD has
a therapeutic effect on ischemic stroke, possibly by inducing mitochondrial protection and an-
ti-apoptotic mechanisms.
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Introduction

Stroke is a significant etiologic factor for mortal-
ity and permanent disability on a worldwide scale.
Studies conducted in the United States, China and
Kuwait all provided significant statistics suggesting
that ischemic stroke accounts for 85-90% of all stroke
cases clinically observed. 'M12B3] In addition, there is
still no “silver bullet” to reverse acute ischemic stroke
at this point. The best outcome in stroke patients is
associated with fast and early arterial recanalization,

followed by prevention strategies against arterial
re-occlusion, and to promote neuroprotection 4. Sys-
temic recombinant tissue plasminogen activator
(r-tPA) remains the only approved treatment plan and
the fastest way to initiate thrombolysis for acute is-
chemic stroke within the first three hours after stroke
onset.’] Unfortunately, only a small number of pa-
tients are candidates for r-tPA therapy. Furthermore,
the reperfusion injury following the arterial recanali-
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zation often complicates ischemic stroke manage-
ment. Therefore, an effective neuroprotective medica-
tion with resistance to the ischemia-reperfusion injury
is urgently needed.

Coccomyxa gloeobotrydiformis (CGD) is a
newly found microalga, which can efficiently relieve
the stroke risk factors including hypertension, diabe-
tes mellitus and hyperlipermia.l®l The data obtained
showed a copious amount of a-linolenic acid(ALA),
approximately 24%. The increased ALA intake has
demonstrated improvements towards reperfusion
and reduced the risk of both MCAO-induced mortal-
ity rate and infarct volumes.’l Moreover, our previous
study has proved that CGD could prevent neuro-
degeneration and improve learning and memory
ability of aged rats ( See the supplementary material),
which suggested the neuroprotective effects of this
algae. Hence, this might be a favorable drug worthy of
further investigation for its properties against is-
chemic stroke, considering its anti-oxidant and neu-
roprotective effects.

In this study, we adopted the well-established
method of MCAO model to observe therapeutic ef-
fects of CGD on ischemic stroke in rats. Furthermore,
we discuss the underlying mechanisms of the drug
and its effects on the specimen.

Materials and methods

This animal study was approved by the Institu-
tional Animal Care and Use Committee. All proce-
dures in this study were carried out in accordance
with the recommendations in the guide for the care
and use of laboratory animals of China Medical Uni-
versity. All surgery was performed under anesthesia,
and all efforts were made to minimize pain and suf-
fering for the animals.

Animals

The rat MCAO model was used as a stroke
model. Adult male Sprague-Dawley rats weighing
250 to 280 g (Experimental animal center of Liaoning
Medical University) were anesthetized with 10%
chloralhydrate (300 mg/kg, ip.) and induced to
MCAO by using a previously described method 1.
During surgery, the rectal temperature was main-
tained at normal values by using a heating pad
throughout the procedure. After awakening from
anesthesia, the rats were kept in cages and allowed
free access to food and water. After 60 minutes of
MCAOQO, the blood flow was restored for 24 hours.
Animals in the control group underwent surgical
brain microdissection without ligating the arteries.
Animals were divided into four groups: Sham oper-
ated group (n=12); MCAO model control group
(n=16); low-dose CGD (50 mg/kg.day) treated MCAO

model group (n=16) and high-dose CGD (100
mg/kg.day) treated MCAO model group (n=16). The
CGD was administered intragastrically for a total
duration of 8 weeks. In the control group, a similar
volume of saline solution was administrated.

Neurological evaluations

Neurological evaluations were performed 24
hours after reperfusion by using neurological deficit
scoring scale adapted from Longa et al [°l. The scale
rates the presence or absence of neurological signs in
rats, as follows: 0'-no neurological deficit; 1'-retracts
left forepaw when lifted by the tail; 2'-circles to the
left; 3'-falls while walking; 4'-does not walk sponta-
neously; 5'-dead after surgery. Only those animals
showing a value greater than or equal to 1' in the
Longa scale 30 min after recovery from anesthesia
were considered stroke-affected and included in the
study. The above behavioral observations were car-
ried out in a blinded manner.

Infarct size

Animals were decapitated 24 hours after reper-
fusion under anesthesia, and the infarct volumes were
measured as described previously [0. Coronal sec-
tions of the brain (n=6) were cut into 2mm slices and
immersed in 2% 2,3,5-triphenyltetrazolium chloride
(TTC; Sigma, USA) at 37°C for 20 min, followed by
10% formaldehyde solution. The infarcted tissue re-
mained unstained (white), whereas normal tissue was
stained red by the TTC. The infarct zone was demar-
cated and analyzed by Image J software. Infarct areas
of all the sections were added to ascertain the total
infarct area, which was multiplied by the thickness of
the brain sections to obtain the total infarct volume.

Brain edema

Degree of stroke-induced brain edema was as-
sessed 24 hours after reperfusion using the wet-dry
method as described previously ['1l. The ipsilateral
MCAO brain hemisphere (n=4) was dissected in a
humidity chamber and the wet weight was recorded
immediately. The ischemic hemisphere was then in-
cubated at 100°C until a constant dry weight was ob-
tained. Brain edema was analyzed by calculating tis-
sue water content based on the formula: percentage of
brain water content = (1-dry weight/wet
weight)x100%.

Oxidative stress

Hippocampal tissues from 6 individual rats from
each group were collected 24 hours after reperfusion
and then placed into an ice-cold RIPA lysis buffer
(Beyotime institute of biotechnology, Shanghai, Chi-
na). The samples were then homogenized by a poly-
tron homogenizer, followed by centrifugation at 3000
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rpm/minute for 15 minutes. The supernatant was
collected for superoxide dismutase (SOD) and malo-
naldehyde (MDA) measurement. The total superoxide
dismutase assay kit with WST-1 (Beyotime institute of
biotechnology, Shanghai, China) and lipid peroxida-
tion MDA assay kit (Beyotime institute of biotech-
nology, Shanghai, China) were selected for SOD and
MDA measurement. The assay was conducted ac-
cording to the manufacturer's instructions.

Mitochondrial swelling and membrane Poten-
tial

Once more, Hippocampal tissues from 6 rats
from each group were collected 24 hours after reper-
fusion. Mitochondria isolation was then carried out as
per the manufacturer’s instructions (Mitochondria
isolation kit for tissue, Abcam). Measurment of mito-
chondrial swelling was done by the method of
Halestrap et al 2. Two-hundred microliters of iso-
tonic buffer was added to mitochondria (50mg pro-
tein) at 30°C for 5 min. The absorbance rate was
measured at 520nm. And then, Rhodamin 123, the
specific fluorescent dyes for mitochondria were added
to 2.5ml reaction buffer containing 10mg mitochon-
dria protein suspension and incubated for 5 min at
room temperature. Mitochondria were pelleted by
centrifugation and the fluorescence of the supernatant
was read with a spectrophotometer. The parameters
included an excitation wavelength of 503nm and an
emission wavelength of 527nm. When mitochondrial
membrane potential is high, it retains more dye and
the fluorescence intensity of the supernatant will de-
crease. If there is a loss of membrane potential, the
dye is free to leak out of mitochondria and the fluo-
rescence intensity in the supernatant will increase.

Immunoassay of Cyt-C

Cyt-C dissociates from the mitochondrial inner
membrane, moves into the intermembrane space, then
ultimately released into the cytosol. Therefore, it is
recognized as a key marker of oxidative
stress-induced apoptosis in the intrinsic pathway.
Cyt-C was derived from supernatant of mitochondria
isolation. Cyt-C content was analyzed using the Cyt-C
immunoassay kit (R&D system) according to the
manufacturer’s instructions.

Western Blot Analysis for Bcl-2, Bax, and
caspase-3 protein levels

Hippocampus protein lysates were subjected to
12% SDS-PAGE and transferred onto PVDF mem-
brane (Millipore Corp.). After blocking with 5% skim
milk, the membranes were incubated overnight at 4°C
with their respective primary antibodies (Bcl-2, 1:400,
Bax, 1:400, Santa Cruz, U.S.A; caspase-3, 1:1000, Cell

signaling technology, USA.). The membranes were
then incubated with the appropriate amount of sec-
ondary horseradish peroxidase-conjugated anti-rabbit
immunoglobulin G (IgG) antibodies at a 1:2000 dilu-
tion. Immunoreactive proteins were then visualized
using enhanced chemiluminescence (ECL). The sig-
nals were quantified by densitometry using a Western
blotting detection system where B-actin served as the
loading control.

Statistical Analysis

The data obtained was represented as
meantS.E.M. (Standard error of the mean) of at least
three independent preparations. Statistical analysis
was performed by the one-way analysis of variance
(ANOVA) with Tukeys' post hoc test. A difference with
p<0.05 was considered statistically significant.

Results

CGD attenuated cerebral infarction, brain
edema, and neurologic deficits

There was no cerebral injury in the
sham-operated group (Fig 1A); In the MCAO group,
the infarct area was observed in the left cortex and
striatum (Fig 1B). As expected, CGD significantly de-
creased infarct volumes (Fig 1C and D). In compari-
son to MCAO model group, CGD treated animals had
a significantly lower occurrence of edema in their ip-
silateral brain hemispheres (FiglE). The neuroprotec-
tive effects of CGD were assessed based on their
neurological deficit score. The higher the neurological
deficit score, the greater the severity of neurological
impairment. In agreement with infarct volume meas-
urement, CGD reduced the neurological deficit score
in a dose-dependent manner (Table 1).

CGD defend against oxidative damage

The activitity of SOD in the sham operated
group was 13.8+1.16 U/mg protein. MCAO caused a
significant reduction of SOD to 9.63+20.88U/mg pro-
tein. High dose of CGD could restore the activity of
SOD to its normal level (12.9+0.94 U/mg protein).
MDA is an index for lipid peroxidation. As shown in
Table 2, MDA level increased significantly in the
MCAO group, and CGD is capable of defending oxi-
dative damage by reducing MDA.

Table I. Neurological Deficit Grading System

Groups Sham  MCAO CGD50 CGD100

Score 0 2.67+0.36 1.92+0.23 1.17+0.29"

*P<0.01; compared with MCAO group
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Table 2. Level of hippocampal SOD and MDA

SOD, U/mg protein MDA, pmol/mg protein
Sham 13.80+1.16 2.89+0.33
MCAO 9.63+0.88™ 4.53+0.41"
CGD50  11.89+0.95 3.29+0.39#
CGD100  12.90+0.94# 2.94+0.32##

*P<0.01, compared with sham group; #P<0.05, #P<0.01, compared with
MCAO group.

CGD ameliorated mitochondrial membrane
swelling and restore membrane potential

Membrane swelling was measured after MCAO
for 60 min followed by reperfusion for 24 hours. Six
animals from each group were randomly selected for
the measurement of mitochondrial membrane swell-
ing. The absorbance of the mitochondria from the

MCAO group decreased significantly compared with
sham group, which can be restored by CGD (Fig 2A).
In the MCAO group, the fluorescence intensity in the
supernatant increased remarkablly in comparison to
the sham group. And CGD significantly decreased the
fluorescence intensity in the supernatant (Fig 2B). This
indicated a loss of mitochondrial membrane potential
during MCAQO/reperfusion and the restoration of the
membrane potential by CGD treatment.

CGD restored the level of mitochondrial Cyt C

As shown in Fig 3, concentration of mitochon-
drial Cyt-C in MCAO group decreased in comparison
to the sham group. CGD could restore the level of
mitochondrial Cyt-C, which also indicated that CGD
inhibited the oxidative stress-induced apoptosis in the
intrinsic pathway.
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Fig I. A. Infarct area of sham group. B. Infarct area of MCAO group. C. Infarct area of CGD 100 group. D. Percentage of infarct volume in each group. E.
Percentage of brain water content in each group. "P<0.05, “P<0.01, compared with MCAO group.
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Fig 2. A. Effect of CGD on the mitochondrial membrane swelling; B. Mitochondria membrane potential. Means+SEM n=6. “p<0.01, compared with sham
group; #p<0.05, #P<0.01, compared with MCAO group compared with MCAO group.
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Fig 3. Content of Mitochondrial Cyt-C by immunoassay. Means+S.E.M;
“p<0.01, compared with sham group; # p<0.05, compared with MCAO
group.
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CGD regulates the expression of Bcl-2, Bax
and caspase 3 proteins

The anti-apoptotic protein Bcl-2 and the
pro-apoptotic protein Bax are crucial determinants of
the apoptotic response and also control the release of
Cyt-C. We found that expression of Bcl-2 protein was
significantly higher in the CGD treated group com-
pared to MCAO group (Fig 4A), and the expression of
Bax was to the contrary played an opposing factor
(Fig 4B). As expected, cleaved caspase-3 the apoptotic
cell death marker, decreased significantly in the CGD
treated group (Fig 4C).
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Fig.4. Expression of Bcl-2, Bax and caspase 3 proteins by Western Blot. MeansS.E.M, “p<0.0 I vs sham group. # p<0.01 vs MCAO group.

Discussion

The most effective intervention for acute is-
chemic stroke is reperfusion of ischemic penumbra.
However, the accompanied ischemia-reperfusion in-
jury often causes death of neurocytes within this re-
gion, which may induce the ultimate infarction.
Therefore, anti-reperfusion injury and neuroprotec-
tion are two key problems faced during stroke man-
agement. It's well understood that oxidative stress is
the major mechanism of ischemia-reperfusion injury.

The mitochondrion is the fundamental site for reac-
tive oxygen species (ROS) production. It also plays a
major role in regulating neurocyte apoptotic pathway
during ischemic-reperfusion. This process involves
pro- and anti-apoptotic protein binding and the re-
leasing of cytochrome c (Cyt-C). As mentioned earlier,
CGD can effectively alleviate stroke risk factors, and
also contains a higher concentration of antioxi-
dant-ALA. These factors can improve reperfusion and
reduce both MCAO-induced mortality rate and in-
farct volumes. Our previous study showed that CGD
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increased the level of endothelial nitric oxide synthase
(eNOS), whose expression remarkably decreased is-
chemic stroke in animals 3. Prior reports have
demonstrated that eNOS is a source of NO* involved
in mitochondrial biogenesis [14l. Therefore, its con-
vincing that CGD plays the fundamental roles as an
antioxdant and a neuroprotector through its positive
impact on the mitochondrion.

This study showed that CGD could protect the
brain from ischemic injury as evidenced by the re-
duction in infarct size and improvement in neurolog-
ical function. Since neurons are highly susceptible to
ischemia-reperfusion injury, maintenance of mito-
chondrial integrity is, without question, a critical de-
terminant of cells fate. Mitochondrial transmembrane
potential is a sensitive indicator reflecting the mito-
chondrial function. The decline of mitochondrial
transmembrane potential was correlated with the
opening of the permeability transition pore, which
leads to the release of caspase-activating proteins and
swelling of mitochondria. Consequently, it disrupts
the outer mitochondrial membrane. Therefore, mito-
chondrial swelling also reflects the opening of the
permeability transition pore. In this study, MCAO
group showed a significant increase in mitochondrial
swelling and a prominent decrease in mitochondrial
membrane potential. Its apperant that CGD treatment
could both maintain mitochondrial membrane poten-
tial and decrease mitochondrial swelling. In addition,
CGD also prevents oxidative damage by reducing
MDA and increasing SOD. As a result, CGD has the
ability to relieve the ischemia- reperfusion injury and
reduce the infarct volumes during stroke through its
mitochondrial protective effects.

Apoptosis is one of the main forms of neurocyte
death in the ischemic penumbra during the progres-
sion of ischemic stroke, and mitochondrion is the es-
sential organelle involved in cell apoptosis. Interac-
tions between the pro-apoptotic Bax and an-
ti-apoptotic Bcl-2 family proteins on the mitochondri-
al outer membrane are believed to play an important
role in cell survival ['l. With apoptotic stimuli, Bax is
post-transcriptionally activated, and oligomerizes and
translocates to mitochondria, then it triggers Cyt-C
releasing from mitochondria. Cyt-C is a post mith-
ochondrial activator of apoptosis. Cyt-C releasing
activates downstream caspases of the intrinsic path-
way through the formation of the apoptosome, a
complex of dATP, cytochrome, procaspase 9 and
Apafllel. Our study showed a significant reduction of
mitochondrial Cyt-C in MCAO group, which may be
due to the up-regulated Bax level and down regulated
Bcl-2 level. And in the CGD treated group, mito-
chondrial Cyt-C was almost restored to the normal
level. So CGD could effectively attenuate apoptosis

through inhibiting Bax-induced Cyt-C releasing from
mitochondria. It might be the mechanism of the neu-
roprotetive effects of CGD on ischemic stroke.

In conclusion, this study is the first to demon-
strate the roles of CGD on ischemic stroke. Although
the underlying mechanisms are still to be verified, our
results suggest CGD is an effective neuroprotectant
against cell apoptosis through inhibiting Bax-induced
Cyt-C released from mitochondria. CGD is a naturally
produced drug with minimal side effects. It can miti-
gate ischemic reperfusion injury and reduce the in-
farct volumes during stroke through its mitochondrial
protective effects. Even though our present study was
exclusively based on animal testing, it proved our
initial theory of the drug. Post-treatment studies will
be performed in the near future to further advance
our knowledge of the clinical application of CGD.
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