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ABSTRACT Cerebral ischemia, a condition with insufficient blood flow in the brain, is associated with cognitive and

behavioral changes. The underlying cellular mechanisms of ischemia-induced brain damage include oxidative stress and

inflammation. Cerebral ischemia is a major cause of death and long-term disability; thus, investigating novel dietary sources

and their therapeutic potentials have gained interest. Seaweed contains various functional phytochemicals with antioxidant

and anti-inflammatory effects. Studies have reported that consumption of seaweed is negatively associated with the risk of

cardiovascular disease and stroke in humans, but the cellular mechanisms of seaweed’s effects are less known. In this review,

we discuss the neuroprotective roles of seaweed phytochemicals in various models of cerebral ischemia. We further describe

the potential cellular mechanisms such as the effect of seaweed phytochemicals in ischemia-mediated oxidative stress and

inflammation. Additional preclinical studies are needed to develop effective dietary interventions for the prevention of

ischemia-associated brain damage in humans.
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INTRODUCTION

Cerebral ischemia is a condition that results from re-
ductions in blood flow to the brain. There are two types

of ischemia. Focal cerebral ischemia is caused by obstruc-
tion of blood flow to a specific area of the brain, which
commonly occurs during stroke, whereas global cerebral
ischemia results from the blockage of blood supply to the
whole brain, which is frequently brought on by cardiac ar-
rest.1 According to the American Heart Association, the
incidence of sudden cardiac arrest in the United States was
356,000 with a survival rate of only 9%, and the incidence of
stroke was 7.6 million accounting for 1 in every 19 deaths
annually in 2022.2 The brain is an energy-demanding organ.
Neurotransmission and neurodevelopment require high
metabolic activities. The brain uses *20% of the body’s
oxygen to produce energy.3 Thus, limited oxygen and glu-
cose delivery during cerebral ischemia challenges the brain
to meet its metabolic demands.

In addition, cerebral ischemia triggers the production of
reactive oxygen species (ROS), release of calcium, and
activation of signaling cascades including excitotoxic, ap-
optotic, and inflammatory pathways, which damage brain
cells.4

Neurons in the adult brain are mostly postmitotic; there-
fore, the brain is vulnerable to irreversible damage. Despite
advances in surgical and pharmacological approaches, there
has been an increasing interest in preventative strategies
aligned with lifestyle. Addition of seaweeds in the diet may
be preventive against ischemia-induced brain damage.
Seaweeds are rich in phytosterols, polyphenols, carotenoids,
and polysaccharides, which have antioxidant, anti-
inflammatory, and neuroprotective properties.5 They are
commonly consumed in East Asia. Although there are
limited studies demonstrating neuroprotective properties of
seaweed in the Western diet, seaweed intake has been in-
versely associated with the risk of cardiovascular diseases
including stroke in Japanese populations.6,7

The direct role of seaweed in cerebral ischemia in humans
is less known. However, increasing studies with rodent
models that mimic cerebral ischemia have suggested
mechanisms of seaweed-mediated neuroprotection. In par-
ticular, middle cerebral artery occlusion (MCAO) and
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bilateral common carotid artery occlusion (CCAO) in ro-
dents are well-established in vivo models to demonstrate
focal and global ischemia, respectively. In this review, we
investigate the effects of seaweed on various cerebral is-
chemia models and suggest cellular mechanisms that are
potentially associated with neuroprotection.

OVERVIEW OF BROWN
SEAWEED PHYTOCHEMICALS

Brown seaweed (Phaeophyta) is a type of algae that in-
cludes Undaria pinnatifida, Saccharina japonica, Fucus ve-
siculosus, and Laminaria sp.8,9 Brown seaweed is commonly
consumed as a part of the diet in East Asia. Although other
classes of seaweed such as green seaweed (Chlorophyta) and
red seaweed (Rhodophyta) contain various nutrients, brown
seaweed has distinctive bioactive compounds. Poly-
saccharides such as fucoidan and laminarin are the major
macronutrients that support membrane structure and serve as a
source of energy storage in brown seaweed.10 Although brown
seaweed contains a lower level of protein compared with green
and red seaweed, it has greater levels of lipids such as eico-
sapentaenoic acid (EPA) and phytosterol.9,11,12

In addition, fucoxanthin, a carotenoid that exhibits unique
brown pigmentation, is rich in brown seaweed. Vitamin E,
phenolic acids, and iodine are also abundant in brown sea-
weed. Antioxidant, anti-inflammatory, anticoagulant, and
antitumor effects of seaweed phytochemicals have been
reported in various disease models.9 Recently, there has
been an increasing interest in investigating the potential of
seaweed’s bioactive components to combat neuronal dam-
age from cerebral ischemia (Table 1).

This study utilized search strategies to identify relevant
articles from PubMed. The search terms used were selected
to reflect the focus of the study and included keywords such
as brown seaweed, brown algae, algal polysaccharide, fu-
coxanthin, fucoidan, laminarin, alginate, EPA, cerebral is-
chemia, ischemic stroke, ischemic injury, two vessel
occlusion, middle cerebral artery occlusion, common car-
otid artery occlusion, rodent model, in vivo, brain, neurons,
neuronal death, and cognition. Eligibility criteria for inclu-
sion in the study required that the studies used one of the
interventions of interest in in vivo rodent model of cerebral
ischemia and were published between 2000 and 2023.
Clinical studies and studies with other neurodegenerative
disease models such as Alzheimer’s disease and Parkinson’s
disease were excluded. Two authors independently screened
article titles and abstracts, and then full-text sources that met
the inclusion criteria were included in this review.

Fucoidan

Fucoidan is a sulfated polysaccharide with various sugar
molecules including fucose, galactose, and mannose. Fu-
coidan is extracted from brown seaweed. Especially, U.
pinnatifida (miyeok in Korean and wakame in Japanese) and
S. japonica (dasima in Korean and kombu in Japanese),
commonly consumed in Korea and Japan as a side dish, a
soup, or a snack, are rich in fucoidan. The chemical structure

of fucoidan varies by the monosaccharide ratio, sulfate
content, or the molecular weight,13 which potentially influ-
ence its bioactivity. Fucoidan exhibits antioxidant capacities
including hydroxy radical scavenging activity and ferric
reducing activity,14 and treatment with fucoidan prevents
oxidative stress–associated cellular damage by increasing
antioxidant enzymes such as catalase and superoxide dis-
mutase (SOD).15 In addition, fucoidan has demonstrated
anticoagulant and anti-inflammatory effects.16 These cellu-
lar and molecular functions of fucoidan may ameliorate the
pathological process of cerebral ischemia.

Kim et al. investigated the effect of fucoidan adminis-
tration on global cerebral ischemia in 6-month-old male
Mongolian gerbils.17 Animals were treated with vehicle, 25,
or 50 mg/kg of fucoidan followed by sham or CCAO pro-
cedure. The CCAs are the major vessels that supply blood to
the brain; therefore, experimental occlusion of CCA blocks
circulation in the whole brain mimicking global cerebral
ischemia. Animals in the intervention groups were subjected
to an intraperitoneal injection of 25 or 50 mg/kg fucoidan
extract from Fucus vesiculus for 5 days. Global ischemia
was induced by CCAO for 5 min.

The effect of fucoidan treatment was observed on loco-
motor activity, neuronal death, neuroinflammation, and ox-
idative stress. The higher dose of fucoidan (50 mg/kg)
pretreatment prevented global ischemia-induced hyperac-
tivity in animals. Loss of CA1 pyramidal hippocampal neu-
rons is well characterized in rodent models after induction of
global ischemia.18–20 Animals treated with 50 mg/kg fucoidan
retained NeuN signal and decreased Fluoro-Jade signal in the
CA1 region of the hippocampus indicating protection against
global ischemia-associated neuronal loss and neurodegenera-
tion, respectively. Although the mechanisms of fucoidan-
mediated neuronal protection in global ischemia are less known,
treatment with fucoidan was previously reported to decrease
intracellular calcium levels by regulating the N-methyl-D-
aspartate receptor in primary hippocampal neurons.21 Thus, fu-
coidan may prevent ischemia-induced excitotoxicity.

Kim et al. further reported that glial fibrillary acidic protein
(GFAP)–positive astrocyte and ionized calcium-binding
adaptor molecule 1 (IBA1)–positive microglia were decreased
in the fucoidan-treated group. Because astrocyte and micro-
glia contribute to oxidative stress and inflammation in the
brain, they further assayed oxidative stress markers such as 4-
hydroxynoneal (HNE) and dihydroethidium (DHE). Animals
treated with fucoidan before ischemia demonstrated signifi-
cantly decreased HNE and DHE-positive signals indicating
attenuation of ischemia-associated lipid peroxidation and
ROS production, respectively. Kim et al. further quantified the
abundance of SOD1 and SOD2 protein by applying immu-
nohistochemistry and immunoblotting. Fucoidan-treated ani-
mals were resistant to the loss of SOD1 and SOD2 after global
ischemia. However, administration of diethyldithiocarbamate,
an inhibitor of SOD, abolished the neuroprotective effect of
fucoidan suggesting the regulatory role of fucoidan on SOD
enzymes.

Similarly, Ahn et al. demonstrated the neuroprotective
effect of fucoidan in obese gerbils with global cerebral
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ischemia.22 Obesity is a risk factor for cerebral ischemia,
and obesity is known to exacerbate ischemia-associated
brain injury.23,24 Male Mongolian gerbils (6 months old)
were fed a normal-fat or high-fat diet for 12 weeks, and
50 mg/kg fucoidan was intraperitoneally administrated for
the last 5 days during high-fat diet exposure. Then, animals
were subjected to 5 min of global ischemia induced by
CCAO, and the time-course analysis was performed 1, 2,
and 5 days after global ischemia. Animals that underwent
CCAO showed the loss of CA1 pyramidal neurons in the
hippocampus. The hippocampal CA2 and CA3 regions are
normally resistant to ischemia-associated damage.25 How-

ever, neurons in the CA2 and CA3 regions of the hippo-
campus lost their morphology in the high-fat diet group.

Consistent with Kim et al.,17 NeuN and Fluoro-Jade
staining demonstrated that treatment with fucoidan pre-
vented global ischemia-induced neuronal loss in CA1. Their
results indicate fucoidan was effective to protect the CA2
and CA3 regions of the hippocampus in gerbils subjected to
a high-fat diet followed by global ischemia. Ahn et al. also
found that treatment with fucoidan prevents high-fat diet-
associated ROS production, DNA oxidation, and lipid
peroxidation in global ischemia evaluated by DHE, 8-
hydroxyguanosine, and DHE staining, respectively. In

Table 1. List of In Vivo Studies Investigating the Role of Seaweed Phytochemical in Cerebral Ischemia Models

Phytochemical Treatment Animal Cerebral ischemia Evaluation Ref

Fucoidan 25 and 50 mg/kg,
intraperitoneal

Male Mongolian gerbil, 6
months old

Global ischemia Neuronal death
Lipid peroxidation and ROS
Inflammation
Locomotor function

Kim et al.17

Fucoidan 50 mg/kg,
intraperitoneal

Male Mongolian gerbil, 6
months old

Global ischemia Neuronal death
Lipid peroxidation and ROS
DNA oxidation
Antioxidant enzymes

Ahn et al.22

Fucoidan 80 and 160 mg/kg,
intraperitoneal

Male Sprague-Dawley rats,
250–320 g

Focal ischemia Infarct volume
Inflammation
Antioxidant enzymes
Lipid peroxidation
Apoptosis
MAPK pathway
Neurological function

Che et al.32

Laminarin 50 mg/kg,
intraperitoneal

Male Mongolian gerbil, 22–24
months old

Global ischemia Neuronal death
Lipid peroxidation and ROS
Antioxidant enzymes
Inflammation

Park et al.43

Laminarin 10, 50 and 100 mg/kg,
intraperitoneal

Male Mongolian gerbil,
6 months old

Global ischemia Neuronal death
Inflammation

Lee et al.45

Laminarin 10 mg/kg,
intraperitoneal

Male Sprague-Dawley rats,
9 weeks old

Focal ischemia Infarct volume
Bioinformatic analysis
Neurological function

Luo et al.46

Fucoxanthin 30, 60 and 90 mg/kg,
intragastric

Male Wistar rats Focal ischemia Infarct volume
Brain edema
Lipid peroxidation and ROS
Apoptosis
Nrf2/HO1 pathway
Neurological function

Hu et al.58

EPA 500 mg/kg,
intraperitoneal

Male Mongolian gerbil,
13–15 weeks old

Global ischemia Neuronal death
DNA oxidation
Inflammation
Memory function

Okabe et al.61

EPA 30, 100 and
300 mg/kg,
oral gavage

Male Sprague-Dawley rats,
250–300 g

Focal ischemia Plasma EPA and arachidonic
acid quantification

Lipid peroxidation
DNA oxidation
Infarct volume
Rho-kinase activation
von Willebrand factor
Neurological function

Ueda et al.62

EPA 20 and 30 mg/kg, oral
via a gastric tube

Male C57BL/6, GRP40-/-,
GRP120 -/- mice, 8 weeks old

Focal ischemia Infarct volume
Inflammation
Apoptosis
Neurological function

Mo et al.63

EPA, eicosapentaenoic acid; MAPK, mitogen-activated protein kinase; ROS, reactive oxygen species.
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addition, obese gerbils injected with fucoidan retained
greater levels of SOD1 and SOD2 proteins in their hippo-
campus after an ischemic event. Together, these findings
suggest potential neuroprotective properties of fucoidan
in obese populations with a high risk of global cerebral
ischemia.

Oxidative stress is one of the major contributors to
ischemia-induced damage in the brain, and both studies
highlighted the effect of seaweed for attenuating ROS pro-
duction or preventing the loss of antioxidant enzymes in
global ischemia.17,22 Treatment with fucoidan prevents
ischemia-induced lipid peroxidation, superoxide accumu-
lation, and DNA oxidation in rodent models.17,22 Fucoidan
is previously reported to exhibit a strong free radical scav-
enging activity.26,27 However, it is unclear if intravenously
introduced fucoidan can be directly delivered to the brain.
Of interest, researchers suggest that fucoidan may regulate
receptor-mediated cell signaling pathways.28 Both studies
showed that treatment with fucoidan prevents the loss of
SOD1 and SOD2 in global ischemia.17,22

Although there are limited studies demonstrating the
mechanisms of transcriptional or translational regulation of
SODs in fucoidan treatment, fucoidan is reported to increase
the protein level of nuclear factor erythroid 2–related factor-
2 (Nrf-2) in the nuclear fraction in vitro.15,29 Because the
antioxidant response element (ARE) is found in the pro-
moter region of SODs, and Nrf-2 binds to ARE upregulating
SOD genes,30,31 treatment with fucoidan may increase pro-
tein levels of SOD via transcriptional regulation.

In addition to global cerebral ischemia, Che et al. inves-
tigated the effects of fucoidan in focal cerebral ischemia
using Sprague-Dawley rats that underwent MCAO.32 Fu-
coidan (80 or 160 mg/kg) was intraperitoneally injected 7
days before MCAO until being killed. Neurological deficits
were evaluated at 24 h after MCAO. Animals that underwent
MCAO showed partial paralysis on the affected side, but
treatment with fucoidan before MCAO significantly de-
creased the neurological deficit scores indicating improved
motor function. TTC staining showed that both 80 and
160 mg/kg fucoidan reduced infarct volume in the MCAO-
induced brain. Fucoidan treatment prevented MCAO-
induced MPO levels indicating inhibition of neutrophil
infiltration in the brain tissue. Consequently, levels of in-
flammatory cytokines such as tumor necrosis factor (TNF)-a,
interleukin (IL)-6, and IL-1b were decreased in the fucoidan-
treated group.

Because inflammation leads to oxidative stress, Che et al.
quantified malondialdehyde (MDA), a marker of lipid per-
oxidation, and SOD. Ischemia increased both MDA and
SOD levels, whereas treatment with fucoidan before MCAO
significantly decreased MDA and SOD. Che et al. further
explored cellular mechanisms of ischemia-mediated cellular
damage. Treatment with fucoidan increased the abundance
of anti-apoptotic Bcl-2 and decreased pro-apoptotic Bax in
focal ischemia, suggesting the mitochondrial apoptotic
pathway may be an important target.32 Mitochondria-
mediated apoptotic pathway is well-described in cerebral
ischemia. Ischemic insult stimulates activation of Bax, and

oligomerization of Bax in the mitochondrial membrane in-
creases membrane permeability.33,34 The loss of mitochon-
drial membrane integrity contributes to cytochrome c
release followed by apoptosome formation and caspase ac-
tivation. Strategies to prevent Bax activation have shown
neuroprotective properties in both in vivo and in vitro ce-
rebral ischemia models.35,36

In addition, approaches that protect anti-apoptotic pro-
teins such as Bcl-2 and Bcl-xL are neuroprotective by pre-
venting mitochondrial dysfunction.18,36 Furthermore, Che
et al. explored the role of fucoidan in the MAPK pathway.32

Treatment with fucoidan prevents the abundance of phos-
phorylated p38, extracellular signal-regulated kinase (ERK),
and c-Jun N-terminal kinase ( JNK) protein in ischemia-
induced brain damage. The MAPK pathway including p38
and JNK was previously reported to promote mitochondrial
translocation of Bax in other pathology models37–39; thus, it
is possible that fucoidan may inhibit the abundance of mi-
tochondrially localized Bax-supporting neurons to maintain
mitochondrial membrane integrity.

Laminarin

Laminarin is a low–molecular weight b-1, 3-glucan found
in brown seaweed such as Laminaria hyperborea, Lami-
naria digitata, and F. vesiculosus.40,41 Laminarin forms b-1,
6-branches with other sugar molecules such as glucose and
mannitol. The structure of laminarin including the ratio of
the side chain and the degree of polymerization is influenced
by the species of seaweed and the extraction conditions. The
level of laminarin in brown seaweed is also affected by the
season of collection. Laminarin exhibits anticancer proper-
ties by inhibiting cancer cell survival, colony formation, and
angiogenesis.42 Although there are limited data elucidating
the roles of laminarin in brain-associated diseases, recent
studies demonstrated the neuroprotective properties of
laminarin in global cerebral ischemia.

Park et al. intraperitoneally injected 50 mg/kg laminarin
followed by 5 min global ischemia.43 Of interest, this group
used 22- to 24-month-old Mongolian gerbils to demonstrate
the effect of laminarin in the aged brain. Treatment with
50 mg/kg laminarin rescued CA1 hippocampal neurons
against global ischemia. Park et al. quantified protein levels
of cytokines using immunohistochemistry. Global ischemia
increased proinflammatory cytokines such as IL-1b and
TNF-a, but decreased anti-inflammatory cytokines such as
IL-4 and IL-13. Treatment with laminarin prevented
ischemia-mediated changes in cytokine levels. Park et al.
further conducted time-course measurement of oxidative
stress markers. Laminarin was previously shown to scav-
enge free radicals by direct antioxidant properties.44 Park
et al. showed that global ischemia increases ROS production
and lipid peroxidation at 1 and 5 days after global ischemia,
whereas treatment with laminarin prevented ischemia-
induced oxidative stress in the brain.

Similarly, animals pretreated with laminarin were more
resistant to the loss of antioxidant enzymes SOD1 and SOD2
after global ischemia. Of interest, the antioxidant properties
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may be influenced by purification methods and chemical
composition of laminarin. Therefore, investigating different
types of seaweed extract may be important to develop
therapeutic strategies in the future.

Lee et al. intraperitoneally injected vehicle or laminarin
(10, 50, or 100 mg/kg) for 7 days in 6-month-old male
Mongolian gerbils. Then, injections were followed by 5 min
of global ischemia.45 Lee et al. found concentration-
dependent neuroprotection in laminarin treatment. Mongo-
lian gerbils injected with a lower concentration, 10 mg/kg,
before global ischemia showed the loss of CA1 pyramidal
neurons after ischemia. However, treatment with higher
concentrations including 50 and 100 mg/kg prevented the
ischemia-induced neuronal loss in the hippocampus evalu-
ated by cresyl violet, NeuN, and Fluoro-Jade staining. To
assess neuroinflammation-mediated neuronal death, acti-
vated astrocytes and microglia were visualized by applying
GFAP and IBA-1 staining, respectively. Intraperitoneal in-
jection of 50 and 100 mg/kg laminarin prevented ischemia-
mediated expression of GFAP and IBA-1. Lee et al. further
performed co-immunostaining of IBA-1 and IL-2. Although
there is no quantitative analysis, microglia in the ischemia
group were colocalized with IL-2, but IL-2 fluorescence was
decreased in the laminarin-treated group.

Recently, Luo et al. performed comparative transcriptome
sequencing and bioinformatic analysis in rat focal ischemia
models.46 Sprague-Dawley rats were subjected to 2 h MCAO
or sham followed by reperfusion. Then, animals underwent
intraperitoneal injection of laminarin (10 mg/kg) or saline for
7 days. Treatment with laminarin significantly decreased the
infarct volume, and improved neurological scores evaluated
by motor, sensory, balance, and reflex tests in animals with
MCAO procedures. Their transcriptomic profiles showed that
treatment with laminarin changed 957 genes in the brain. Of
note, genes that control inflammatory responses, apoptosis,
nervous system development, neuronal differentiation, cal-
cium signaling, and death receptor signaling were highly
regulated by laminarin. The mechanisms shown in global is-
chemia models such as inhibition of pro-inflammatory cyto-
kines and activation of microglia in the laminarin-treated
group may be attributed to its transcriptional regulation in
immune and inflammatory responses.

In addition, laminarin regulates genes that control cell
migration, vascular permeability, and blood vessel devel-
opment in MCAO-induced brain, suggesting the beneficial
effect during recovery after ischemia. Although it is un-
known whether the protective effects of laminarin would
persist over a longer period of time, this group showed that
treatment with laminarin alleviated MCAO-mediated neu-
rological deficit up to 7 days.

Fucoxanthin

Fucoxanthin is a marine carotenoid belonging to the xan-
thophyll family found mainly in brown algae such as U. pin-
natifida,47 Laminaria japonica,48 Sargassum fusiformis,49 F.
vesiculosus,50 and Hijikia fusiformis.51 Fucoxanthin is rapidly
hydrolyzed in the gastrointestinal tract into fucoxanthinol,

which is then converted into amarouciaxanthin A.52 One study
showed that the highest concentration of fucoxanthinol and
amarouciaxanthin A was detected 2 h after a single oral ad-
ministration of fucoxanthin in the plasma and the liver of
mice.52 Mice that underwent 1 week of oral administration
showed both fucoxanthin and its metabolites in various tissues
including liver, lung, kidneys, and adipose tissues.53 A toxicity
study showed that no mortality was found among mice treated
with a single dose of 1000 and 2000 mg/kg and chronic ad-
ministration of 500 and 1000 mg/kg for 30 days.54 This study
also demonstrated no significance in fucoxanthin-associated
body weight changes in male and female animals.

Fucoxanthin exhibits antioxidant properties by scaveng-
ing free radicals. Fucoxanthin is reported to scavenge
hydroxyl free radicals better than alpha-tocopherol.55 Fu-
coxanthin also exhibits anti-inflammatory properties in
glial cells by reducing levels of anti-inflammatory cyto-
kines.56,57 Neuroinflammation is associated with the onset
of neurodegeneration. Cerebral ischemia induces inflam-
matory response in the brain leading to elevated ROS levels
and consequently neuronal death. Fucoxanthin is a less
studied component of brown algae in cerebral ischemic
animal models. The capacity of fucoxanthin to cross the
blood–brain barrier is not confirmed, but it has demon-
strated neuroprotective activities in a few in vivo studies.

In a rodent model of focal cerebral ischemia, in-
tragastrically administered dosages of 30, 60, and 90 mg/kg
fucoxanthin 1 h before MCAO improved neurological defi-
cit score and reduced brain infarct sizes in rats.58 Im-
munoblotting data showed levels of apoptosis-related
proteins. Fucoxanthin treatment decreased the protein levels
of caspase-3 and Bax and increased anti-apoptotic Bcl-2
levels in the infarcted tissues. In addition, levels of antiox-
idant enzyme SOD were increased, whereas lipid perox-
idation marker MDA level was decreased in the infarcted
areas by fucoxanthin treatment in a dose-dependent manner.
The researchers concluded that fucoxanthin exerted pro-
tective effects against ischemic brain damage possibly by
targeting ischemia-induced oxidative stress.

To further explain the potential neuroprotective mecha-
nism of fucoxanthin in vitro, primary cortical neuron cul-
tures were subjected to oxygen-glucose deprivation and
reperfusion to mimic ischemia after 5, 10, and 20 lM fu-
coxanthin were administered. Similar to the in vivo study,
fucoxanthin treatment successfully protected the cortical
neurons from apoptosis. Fucoxanthin-treated neurons also
had higher expression of anti-apoptotic Bcl-2 and reduced
expression of pro-apoptotic Bax proteins like fucoxanthin-
treated brain tissue.

Eicosapentaenoic acid

EPA, an omega-3 polyunsaturated fatty acid, is one of the
primary fatty acids found in brown seaweed. In humans,
higher concentrations of EPA in serum were associated with
a lower risk of Alzheimer’s disease.59 EPA has shown
neuroprotective potential during cerebral ischemia in hu-
mans and animals. High blood levels of EPA have been
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shown to reduce brain infarction in patients with atrial fi-
brillation.60 The neuroprotective effect of EPA has been in-
vestigated in animal models of cerebral ischemia.
Intraperitoneally injected 500 mg/kg of EPA for 4 weeks in
Mongolian gerbils improved memory function and prevented
ischemia-mediated cell death in the CA1 region of the hip-
pocampus.61 Further investigation showed a reduced number
of activated microglia in the hippocampal CA1 area indicating
reduced inflammation. EPA treatment also prevented DNA
fragmentation, an apoptosis marker, in the hippocampus.

Ueda et al. investigated ethyl-EPA in a rat model of focal
cerebral ischemia. Animals received 100 mg/day ethyl-EPA
by oral gavage once daily for 3, 5 or 7 days before MCAO
surgery.62 Pretreatment with ethyl-EPA for 5 and 7 days
decreased cortical infarct volume and improved neurologi-
cal scores. Immunohistological analysis showed that pre-
treatment with ethyl-EPA decreased 8-OHdG, 4-HNE, and
phosphorylated adducin-positive cells suggesting the pro-
tective effects of EPA against DNA oxidation, lipid perox-
idation, and rho-kinase activation. Mo et al. administered in
the mice via a gastric tube in 10, 20, and 30 mg/kg doses for
2 weeks before MCAO.63 This group focused on inflam-
matory pathways investigating the role of NLR family pyrin
domain containing 3 (NLRP3), a critical regulator of innate
immunity and inflammation, under EPA treatment. Treat-
ment with 20 and 30 mg/kg EPA prevented ischemia-
associated infarct and neurological deficits and decreased
protein levels of NLRP3. NLRP3 knockout animals were

resistant to brain injury associated with MCAO-mediated
inflammatory responses.

To further confirm the inactivation of NLPR3 by EPA, an
in vitro oxygen-glucose deprivation model with glial cells
was used. Similar to the in vivo study, EPA can inhibit
NLPR3 activation by nigericin, an NLPR3 activator, indi-
cated by decreased levels of IL-1b, IL-18, and inhibition of
caspase-1 cleavage. G protein–coupled receptors found on
the surface of immune cells play an essential role in in-
flammatory pathways. This study also found that EPA
suppresses NLPR3 activation via GPR40 and GPR120 ob-
served in both in vitro and in vivo models. Absence of these
proteins inhibited the protective effects of EPA during is-
chemic injury. By tackling oxidative stress and inflamma-
tory pathways, EPA can exhibit neuroprotective properties
in global and focal ischemia models.

Alginate

Alginate is a structural edible anionic hetero-
polysaccharide found in the cell wall of brown seaweed.64 It
is composed of two isomers, b-d-mannuronate and a-l-
glucuronate along with hydroxyl and carboxyl functional
groups. Alginate exerts antioxidant and chelation activi-
ty.65,66 Alginate content for Ascophyllum nodosum and L.
digitata are 22–30% and 25–44% of dry weight, respec-
tively, and alginate constitutes 40% of dry weight in dif-
ferent brown algae species.64,67 Alginate and its derivatives

FIG. 1. Mechanisms of neuronal death during cerebral ischemia. Ischemia triggers a cascade of events that leads to brain cell death. These
include inflammation, which activates microglia and astrocytes, increases in pro-inflammatory cytokines production, and inflammasome acti-
vation, and neutrophil infiltration. The overproduction of ROS and the depletion of endogenous antioxidant enzymes lead to oxidative stress,
which results in lipid peroxidation, DNA damage, and protein oxidation. Inflammation and oxidative stress are interlinked processes that mutually
exacerbate each other during cerebral ischemia. In addition, inflammation and oxidative stress cause mitochondrial dysfunction, which impairs
ATP production worsening energy crisis-associated with ischemia-mediated oxygen and nutrient deficit. Damaged mitochondria are responsible
for triggering cell death mechanisms such as mPTP opening and apoptosis. Together, these pathways contribute to the pathogenesis of neuronal
death during cerebral ischemia. Studies discussed in this review demonstrated protective effects of various seaweed phytochemicals in the
ischemic brain by preventing inflammation, oxidative stress, and their downstream pathways. ATP, adenosine triphosphate; mPTP, mitochondrial
permeability transition pore; ROS, reactive oxygen species.
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exhibit protective effects against various cytotoxic chal-
lenges including oxidative stress, apoptosis, autophagy, and
neurodegeneration. Biomedical applications of alginate in-
clude cell and microorganism immobilization,68 anticoagu-
lant therapy,69 drug delivery,70,71 tissue engineering,72

wound dressing,67 transplantation of stem cells, and tissue
regeneration.73 In addition, alginate is a hydrocolloid com-
monly used in the food and pharmaceutical industry as a
biopolymer and gel-based agent owing to its high viscosity,
stability, biocompatibility, and biodegradability.74–76

Neuroprotective properties of alginate have been reported
in in vitro models. NT2 cells treated with sodium alginate
followed by H2O2 and FeSO4 challenges showed a greater
cell viability than the group without alginate treatment.77 In
addition, the cells treated with alginate increased HO-1,
GSH, glutamyl cysteine synthetase, and Nrf2 in H2O2 and
FeSO4 treatment suggesting resistance against redox chan-
ges. Similarly, Tusi et al. demonstrated the neuroprotective
effects of alginate during H2O2-induced oxidative stress.78

Treatment with alginate prevented apoptosis against oxi-
dative stress in PC12 cells. In addition, treatment with al-
ginate prevents H2O2-induced phosphorylation of p-38,
JNK, and ERK, the loss of Nrf2, and the induction of NF-jB
suggesting its role regulating MAPK, antioxidant, and in-
flammatory pathways. Although there is no in vivo study
demonstrating the protective effect of alginate in cerebral
ischemia, alginate may potentially exhibit protective effects
in ischemic brain by blocking oxidative stress or apoptosis.

Of interest, Xu et al. showed the delivery of neural stem
cells (NSCs) encapsulated with lipid-alginate microcapsule
decreased MCAO-induced brain infarct.79 This study also
showed that lipid-alginate encapsulation enhanced NSC
autophagy by inducing autolysosome formation and in-
creased cell survival after oxygen and glucose deprivation in
vitro. The cellular mechanisms of autophagy in lipid-
alginate encapsulation are less known; however, treatment
with alginate-derived oligosaccharides has been shown to
decrease Tau protein aggregation by enhancing the LC3-II/
LC3-I ratio and decreasing the p62 protein levels indicating
increased cell autophagy.80 Therefore, it may be important
to further expand investigation of biological functions of
alginate as a biodelivery tool and a neuroprotectant.

In conclusion, considering the alarming incidence of
cardiac arrest and stroke,2 cerebral ischemia is a major
public health concern. Recent evidence suggests that bio-
active compounds in brown seaweed may protect against
cerebral ischemia-induced neuronal damage. Phytochem-
icals in brown seaweed such as fucoidan, laminarin, fuco-
xanthin, and EPA have demonstrated neuroprotective
properties in in vivo models of focal and global ischemia
(Fig. 1). The consistency of the results of the studies in-
cluded in this review indicates that treatment with brown
seaweed extracts protects the brain from cerebral ischemia-
induced oxidative stress and inflammation in rodent models.

Further preclinical studies are needed to determine how
the different phytochemicals in brown seaweed may act in
synergy. Future studies can further elucidate the cellular
mechanisms underlying seaweed’s neuroprotective proper-

ties by examining various delivery approaches, determining
the optimal timing and duration of interventions, and in-
vestigating possible effects of biological sex on the outcome
measures. Nevertheless, results from recent animal studies
suggest a translational potential to develop strategies for
prevention of damage associated with ischemic injury in
humans.

AUTHORS’ CONTRIBUTIONS

K.A.F. was involved in study design, interpretation of
findings, drafting the original article, and editing of the ar-
ticle. S.S. was involved in interpretation of findings, drafting
the original article, and editing of the article. A.C.E. was
involved in drafting the original article and editing of the
article. H.-A.P. was involved in study design, interpretation
of findings, drafting the original article, and editing of the
article.

AUTHOR DISCLOSURE STATEMENT

No competing financial interests exist.

FUNDING INFORMATION

No funding was received for this article.

REFERENCES

1. Bramlett HM, Dietrich WD. Pathophysiology of cerebral ische-

mia and brain trauma: Similarities and differences. J Cereb Blood

Flow Metab 2004;24(2):133–150.

2. Tsao CW, Aday AW, Almarzooq ZI, et al. Heart disease and

stroke statistics—2022 update: A report from the American Heart

Association. Circulation 2022;145(8):e153–e639.

3. Watts ME, Pocock R, Claudianos C. Brain energy and oxygen

metabolism: Emerging role in normal function and disease. Front

Mol Neurosci 2018;11:216.

4. Qin C, Yang S, Chu YH, et al. Signaling pathways involved in

ischemic stroke: Molecular mechanisms and therapeutic inter-

ventions. Signal Transduct Target Ther 2022;7(1):215.

5. Begum R, Howlader S, Mamun-Or-Rashid ANM, et al. Anti-

oxidant and signal-modulating effects of brown seaweed-derived

compounds against oxidative stress-associated pathology. Oxid

Med Cell Longev 2021;2021:9974890.

6. Kishida R, Yamagishi K, Muraki I, et al. Frequency of seaweed

intake and its association with cardiovascular disease mortality:

The JACC Study. J Atheroscler Thromb 2020;27(12):1340–1347.

7. Murai U, Yamagishi K, Sata M, et al. Seaweed intake and risk of

cardiovascular disease: The Japan Public Health Center–based

Prospective ( JPHC) Study. Am J Clin Nutr 2019;110(6):1449–

1455.

8. Afonso NC, Catarino MD, Silva AMS, et al. Brown macroalgae

as valuable food ingredients. Antioxidants (Basel) 2019;8(9):365.

9. El-Beltagi HS, Mohamed AA, Mohamed HI, et al. Phytochem-

ical and potential properties of seaweeds and their recent appli-

cations: A review. Mar Drugs 2022;20(6):342.

10. Shevchenko NM, Anastiuk SD, Gerasimenko NI, et al. [Poly-

saccharide and lipid composition of the brown seaweed Lami-

naria gurjanovae]. Bioorg Khim 2007;33(1):96–107.

442 FERDOUS ET AL.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

A
la

ba
m

a 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
8/

12
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



11. Lorenzo JM, Agregan R, Munekata PES, et al. Proximate com-

position and nutritional value of three macroalgae: Ascophyllum

nodosum, Fucus vesiculosus and Bifurcaria bifurcata. Mar Drugs

2017;15(11):360.

12. Ayyad SE, Sowellim SZ, el-Hosini MS, et al. The structural

determination of a new steroidal metabolite from the brown alga

Sargassum asperifolium. Z Naturforsch C J Biosci 2003;58(5–6):

333–336.

13. Zhao Y, Zheng Y, Wang J, et al. Fucoidan extracted from undaria

pinnatifida: Source for nutraceuticals/functional foods. Mar

Drugs 2018;16(9):321.

14. Yu J, Li Q, Wu J, et al. Fucoidan extracted from sporophyll of

Undaria pinnatifida grown in Weihai, China—Chemical com-

position and comparison of antioxidant activity of different

molecular weight fractions. Front Nutr 2021;8:636930.

15. Wang L, Cui YR, Lee HG, et al. Fucoidan isolated from fer-

mented Sargassum fusiforme suppresses oxidative stress through

stimulating the expression of superoxidase dismutase and cata-

lase by regulating Nrf2 signaling pathway. Int J Biol Macromol

2022;209(Pt A):935–941.

16. Cumashi A, Ushakova NA, Preobrazhenskaya ME, et al.

A comparative study of the anti-inflammatory, anticoagulant,

antiangiogenic, and antiadhesive activities of nine different fu-

coidans from brown seaweeds. Glycobiology 2007;17(5):541–

552.

17. Kim H, Ahn JH, Song M, et al. Pretreated fucoidan confers

neuroprotection against transient global cerebral ischemic injury

in the gerbil hippocampal CA1 area via reducing of glial cell

activation and oxidative stress. Biomed Pharmacother 2019;109:

1718–1727.

18. Ofengeim D, Chen YB, Miyawaki T, et al. N-terminally cleaved

Bcl-xL mediates ischemia-induced neuronal death. Nat Neurosci

2012;15(4):574–580.

19. Park HA, Licznerski P, Alavian KN, et al. Bcl-xL is necessary

for neurite outgrowth in hippocampal neurons. Antioxid Redox

Signal 2015;22(2):93–108.

20. Pontarelli F, Ofengeim D, Zukin RS, et al. Mouse transient

global ischemia two-vessel occlusion model. Bio Protoc 2012;

2(18):e262.

21. Wu H, Gao S, Terakawa S. Inhibitory effects of fucoidan on

NMDA receptors and l-type Ca(2+) channels regulating the

Ca(2+) responses in rat neurons. Pharm Biol 2019;57(1):1–7.

22. Ahn JH, Shin MC, Kim DW, et al. Antioxidant properties of

fucoidan alleviate acceleration and exacerbation of hippocampal

neuronal death following transient global cerebral ischemia in

high-fat diet-induced obese gerbils. Int J Mol Sci 2019;20(3):554.

23. Dehlendorff C, Andersen KK, Olsen TS. Body mass index and

death by stroke: No obesity paradox. JAMA Neurol 2014;71(8):

978–984.

24. Deutsch C, Portik-Dobos V, Smith AD, et al. Diet-induced

obesity causes cerebral vessel remodeling and increases the

damage caused by ischemic stroke. Microvasc Res 2009;78(1):

100–106.

25. Yu DK, Yoo KY, Shin BN, et al. Neuronal damage in hippo-

campal subregions induced by various durations of transient

cerebral ischemia in gerbils using Fluoro-Jade B histo-

fluorescence. Brain Res 2012;1437:50–57.

26. Koh HSA, Lu J, Zhou W. Structure characterization and anti-

oxidant activity of fucoidan isolated from Undaria pinnatifida

grown in New Zealand. Carbohydr Polym 2019;212:178–185.

27. Wang Q, Tang XN, Yenari MA. The inflammatory response in

stroke. J Neuroimmunol 2007;184(1–2):53–68.

28. Hsu H-Y, Hwang P-A. Clinical applications of fucoidan in

translational medicine for adjuvant cancer therapy. Clin Transl

Med 2019;8(1):1–18.

29. Ryu MJ, Chung HS. Fucoidan reduces oxidative stress by regu-

lating the gene expression of HO1 and SOD1 through the

Nrf2/ERK signaling pathway in HaCaT cells. Mol Med Rep

2016;14(4):3255–3260.

30. Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev

Pharmacol Toxicol 2013;53:401–426.

31. Dreger H, Westphal K, Weller A, et al. Nrf2-dependent upre-

gulation of antioxidative enzymes: A novel pathway for protea-

some inhibitor-mediated cardioprotection. Cardiovasc Res 2009;

83(2):354–361.

32. Che N, Ma Y, Xin Y. Protective role of fucoidan in cerebral

ischemia-reperfusion injury through inhibition of MAPK sig-

naling pathway. Biomol Ther (Seoul) 2017;25(3):272–278.

33. Hetz C, Vitte PA, Bombrun A, et al. Bax channel inhibitors

prevent mitochondrion-mediated apoptosis and protect neurons

in a model of global brain ischemia. J Biol Chem 2005;280(52):

42960–42970.

34. Karch J, Kwong JQ, Burr AR, et al. Bax and Bak function as the

outer membrane component of the mitochondrial permeability

pore in regulating necrotic cell death in mice. Elife 2013;2:

e00772.

35. Wang X, Han W, Du X, et al. Neuroprotective effect of Bax-

inhibiting peptide on neonatal brain injury. Stroke 2010;41(9):

2050–2055.

36. Park HA, Licznerski P, Mnatsakanyan N, et al. Inhibition of Bcl-

xL prevents pro-death actions of DeltaN-Bcl-xL at the mito-

chondrial inner membrane during glutamate excitotoxicity. Cell

Death Differ 2017;24(11):1963–1974.

37. Kim B-J, Ryu S-W, Song B-J. JNK-and p38 kinase-mediated

phosphorylation of Bax leads to its activation and mitochondrial

translocation and to apoptosis of human hepatoma HepG2 cells.

J Biol Chem 2006;281(30):21256–21265.

38. Tsuruta F, Sunayama J, Mori Y, et al. JNK promotes Bax

translocation to mitochondria through phosphorylation of 14-3-3

proteins. EMBO J 2004;23(8):1889–1899.

39. Van Laethem A, Van Kelst S, Lippens S, et al. Activation of

p38 MAPK is required for Bax translocation to mitochondria,

cytochrome c release and apoptosis induced by UVB irradia-

tion in human keratinocytes. FASEB J 2004;18(15):1946–

1948.

40. Kadam SU, O’Donnell CP, Rai DK, et al. Laminarin from Irish

brown seaweeds Ascophyllum nodosum and Laminaria hy-

perborea: Ultrasound assisted extraction, characterization and

bioactivity. Mar Drugs 2015;13(7):4270–4280.

41. Kadam SU, Tiwari BK, O’Donnell CP. Extraction, structure and

biofunctional activities of laminarin from brown algae. Int J Food

Sci Technol 2014;50(1):24–31.

42. Zargarzadeh M, Amaral AJR, Custodio CA, et al. Biomedical

applications of laminarin. Carbohydr Polym 2020;232:115774.

43. Park JH, Ahn JH, Lee TK, et al. Laminarin pretreatment provides

neuroprotection against forebrain ischemia/reperfusion injury by

reducing oxidative stress and neuroinflammation in aged gerbils.

Mar Drugs 2020;18(4):213.

44. Rajauria G, Ravindran R, Garcia-Vaquero M, et al. Molecular

characteristics and antioxidant activity of laminarin extracted

NEUROPROTECTIVE POTENTIAL OF BROWN SEAWEED 443

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

A
la

ba
m

a 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
8/

12
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



from the seaweed species Laminaria hyperborea, using

hydrothermal-assisted extraction and a multi-step purification

procedure. Food Hydrocolloids 2021;112:106332.

45. Lee TK, Ahn JH, Park CW, et al. Pre-treatment with laminarin

protects hippocampal CA1 pyramidal neurons and attenuates

reactive gliosis following transient forebrain ischemia in gerbils.

Mar Drugs 2020;18(1):52.

46. Luo J, Chen D, Qin B, et al. Molecular mechanisms for the

prevention and promoting the recovery from ischemic stroke by

nutraceutical laminarin: A comparative transcriptomic approach.

Front Nutr 2022;9:999426.

47. Fung A, Hamid N, Lu J. Fucoxanthin content and antioxidant

properties of Undaria pinnatifida. Food Chem 2013;136(2):1055–

1062.

48. Wang WJ, Wang GC, Zhang M, et al. Isolation of fucoxanthin

from the rhizoid of Laminaria japonica Aresch. J Integr Plant

Biol 2005;47(8):1009–1015.

49. Dai Y-L, Jiang Y-F, Lu Y-A, et al. Fucoxanthin-rich fraction

from Sargassum fusiformis alleviates particulate matter-induced

inflammation in vitro and in vivo. Toxicol Rep 2021;8:349–358.

50. Shannon E, Abu-Ghannam N. Enzymatic extraction of fuco-

xanthin from brown seaweeds. Int J Food Sci Technol 2018;

53(9):2195–2204.

51. Peng J, Yuan J-P, Wu C-F, et al. Fucoxanthin, a marine carot-

enoid present in brown seaweeds and diatoms: Metabolism and

bioactivities relevant to human health. Marine Drugs 2011;9(10):

1806–1828.

52. Asai A, Sugawara T, Ono H, et al. Biotransformation of fucox-

anthinol into amarouciaxanthin A in mice and HepG2 cells:

Formation and cytotoxicity of fucoxanthin metabolites. Drug

Metab Dispos 2004;32(2):205–211.

53. Hashimoto T, Ozaki Y, Taminato M, et al. The distribution and

accumulation of fucoxanthin and its metabolites after oral ad-

ministration in mice. Br J Nutr 2009;102(2):242–248.

54. Beppu F, Niwano Y, Tsukui T, et al. Single and repeated oral

dose toxicity study of fucoxanthin (FX), a marine carotenoid, in

mice. J Toxicol Sci 2009;34(5):501–510.

55. Sachindra NM, Sato E, Maeda H, et al. Radical scavenging and

singlet oxygen quenching activity of marine carotenoid fuco-

xanthin and its metabolites. J Agric Food Chem 2007;55(21):

8516–8522.

56. Lee A, Shin H-Y, Park J-H, et al. Fucoxanthin from microalgae

Phaeodactylum tricornutum inhibits pro-inflammatory cytokines

by regulating both NF-jB and NLRP3 inflammasome activation.

Sci Rep 2021;11(1):1–12.

57. Pangestuti R, Vo T-S, Ngo D-H, et al. Fucoxanthin ameliorates

inflammation and oxidative reponses in microglia. J Agric Food

Chem 2013;61(16):3876–3883.

58. Hu L, Chen W, Tian F, et al. Neuroprotective role of fucoxanthin

against cerebral ischemic/reperfusion injury through activation of

Nrf2/HO-1 signaling. Biomed Pharmacother 2018;106:1484–1489.

59. Melo van Lent D, Egert S, Wolfsgruber S, et al. Eicosapentae-

noic acid is associated with decreased incidence of Alzheimer’s

dementia in the oldest old. Nutrients 2021;13(2):461.

60. Reiner MF, Baumgartner P, Wiencierz A, et al. The omega-3

fatty acid eicosapentaenoic acid (EPA) correlates inversely with

ischemic brain infarcts in patients with atrial fibrillation. Nu-

trients 2021;13(2):651.

61. Okabe N, Nakamura T, Toyoshima T, et al. Eicosapentaenoic

acid prevents memory impairment after ischemia by inhibiting

inflammatory response and oxidative damage. J Stroke Cere-

brovasc Dis 2011;20(3):188–195.

62. Ueda M, Inaba T, Nito C, et al. Therapeutic impact of eicosa-

pentaenoic acid on ischemic brain damage following transient

focal cerebral ischemia in rats. Brain Res 2013;1519:95–104.

63. Mo Z, Tang C, Li H, et al. Eicosapentaenoic acid prevents in-

flammation induced by acute cerebral infarction through inhibi-

tion of NLRP3 inflammasome activation. Life Sci 2020;242:

117133.

64. Zhu B, Yin H. Alginate lyase: Review of major sources and

classification, properties, structure-function analysis and appli-

cations. Bioengineered 2015;6(3):125–131.

65. Guo X, Wang Y, Qin Y, et al. Structures, properties and appli-

cation of alginic acid: A review. Int J Biol Macromol 2020;162:

618–628.

66. Yang J-S, Xie Y-J, He W. Research progress on chemical

modification of alginate: A review. Carbohydr Polym 2011;

84(1):33–39.

67. Qin Y. Alginate fibres: An overview of the production processes

and applications in wound management. Polym Int 2008;57(2):

171–180.

68. Lee KY, Mooney DJ. Alginate: Properties and biomedical ap-

plications. Prog Polym Sci 2012;37(1):106–126.

69. Alban S, Schauerte A, Franz GJ. Anticoagulant sulfated poly-

saccharides: Part I. Synthesis and structure–activity relationships

of new pullulan sulfates. Carbohydr Polym 2002;47(3):267–276.

70. Li Z, Ni C, Xiong C, et al. Preparation and drug release of

hydrophobically modified alginate. J Funct Mater 2009;1:93–96.

71. Dhamecha D, Movsas R, Sano U, et al. Applications of alginate

microspheres in therapeutics delivery and cell culture: Past,

present and future. Int J Pharm 2019;569:118627.

72. Rastogi P, Kandasubramanian B. Review of alginate-based hy-

drogel bioprinting for application in tissue engineering. Biofab-

rication 2019;11(4):042001.

73. Barralet J, Wang L, Lawson M, et al. Comparison of bone

marrow cell growth on 2D and 3D alginate hydrogels. J Mater

Sci Mater Med 2005;16(6):515–519.

74. Liu J, Yang S, Li X, et al. Alginate oligosaccharides: Production,

biological activities, and potential applications. Compr Rev Food

Sci Food Saf 2019;18(6):1859–1881.

75. Peteiro C. Alginate production from marine macroalgae, with

emphasis on kelp farming. In: Rehm BHA, Moradali MF, eds.

Alginates and Their Biomedical Applications: Berlin, Germany:

Springer; 2018p; 27–66.

76. Mollah M, Zahid H, Mahal Z, et al. The usages and potential uses

of alginate for healthcare applications. Front Mol Biosci 2021:918.

77. Eftekharzadeh B, Khodagholi F, Abdi A, et al. Alginate protects

NT2 neurons against H2O2-induced neurotoxicity. Carbohydr

Polym 2010;79(4):1063–1072.

78. Tusi SK, Khalaj L, Ashabi G, et al. Alginate oligosaccharide

protects against endoplasmic reticulum-and mitochondrial-

mediated apoptotic cell death and oxidative stress. Biomaterials

2011;32(23):5438–5458.

79. Xu R, Duan C, Meng Z, et al. Lipid microcapsules promoted

neural stem cell survival in the infarcted area of mice with is-

chemic stroke by inducing autophagy. ACS Biomater Sci Eng

2022;8(10):4462–4473.

80. Bi D, Xiao S, Lin Z, et al. Alginate-derived mannuronate oli-

gosaccharide attenuates tauopathy through enhancing autophagy.

J Agric Food Chem 2021;69(15):4438–4445.

444 FERDOUS ET AL.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

A
la

ba
m

a 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
8/

12
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 


