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Abstract

Seaweed, an abundant marine resource, is a rich source of bioactive phytochemicals with neuroprotective properties. This re-

view  explores  the  neuroprotective  effects  of  various  bioactive  compounds  found  in  seaweed,  including  polyphenols,

polysaccharides,  carotenoids,  and sterols.  These compounds exhibit  a  range of  biological  activities,  including antioxidant,

anti-inflammatory, and anti-apoptotic effects, which contribute to their potential in preventing and mitigating neurodegen-

erative diseases such as Alzheimer's and Parkinson’s disease. The mechanisms underlying these effects involve modulation

of oxidative stress, inflammatory pathways, and neuronal cell survival. Despite promising in vitro and in vivo studies, fur-

ther research is required to fully understand the therapeutic potential and safety of these phytochemicals in the clinical sett-

ing. Developing seaweed-based nutraceuticals could offer a natural and sustainable approach to neuroprotection and man-

agement of neurodegenerative conditions.
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Introduction

Seaweeds,  an  integral  part  of  marine  ecosystems,

have garnered significant attention because of their diverse

array of  bioactive phytochemicals  [1].  These marine plants

are classified into three major groups: green (Chlorophyta),

brown  (Phaeophyta),  and  red  (Rhodophyta)  algae,  which

contain many compounds with notable health benefits  [2].

Among  various  applications,  the  potential  neuroprotective

effects  of  seaweed-derived  bioactive  compounds  have  be-

come a  focus  of  research in recent  years  [3].  Neuroprotec-

tion refers to the strategies and mechanisms that protect the

nervous system from injury and degeneration, which is cru-

cial  in  the  context  of  neurodegenerative  diseases,  such  as

Alzheimer's  disease,  Parkinson's  disease,  and  Huntington's

disease [4].  These diseases are characterized by progressive

neuronal loss and cognitive decline. Current treatments for

these  conditions  are  limited  and primarily  focus  on  symp-

tom management,  rather than disease modification or pre-

vention [5]. Seaweeds, often known as edible marine algae,

are  an  abundant  source  of  phytosterols,  carotenoids,  and

polysaccharides  among  other  bioactive  substances.  In  re-

cent years,  components produced from seaweed have been

shown  to  not  only  live  in  the  bloodstream  but  also  pass

through  the  blood-brain  barrier  and  perform  neuroactive

tasks in both pathological and homeostatic settings [6]. As a

result, owing to their neuro-immunomodulatory and neuro-

protective  properties,  components  produced from seaweed

are  becoming  increasingly  popular  as  potential  treatments

for a variety of neurodegenerative diseases. Because they ex-

hibit  anti-inflammatory  properties,  improve  phagocytic

clearance of neurotoxic peptides, and stimulate neuroplastic-

ity, phytosterols produced from seaweed have drawn partic-

ular attention as potential treatments for neurodegenerative

diseases. However, there has been a recent increase in inter-

est  in  the  anti-inflammatory  and  antioxidative  qualities  of

other  substances,  such  as  carotenoids,  phenols,  and

polysaccharides  [7].  During  ischemic  stroke,  other  brain

traumas, or pathological or physiological aging, the support-

ing  cells  and  neurons  of  the  brain  undergo  degenerative

changes.  Alzheimer's  disease  (AD)  and Parkinson's  disease

(PD) are  examples  of  degenerative  brain  disorders  that  re-

sult  from abnormal  brain  ageing,  characterized  by  the  loss

of neurons in specific regions of the brain [8]. These illness-

es are the main cause of dementia in the elderly worldwide

[9]. These brain disorders share some pathophysiology, in-

cluding  oxidative  stress  (OS),  neuroinflammation,  mito-

chondrial  dysfunction,  protein  misfolding,  and  a  malfunc-

tioning protein clearance mechanism, which further compli-

cates the disease, even though the precise etiologies of these

disorders are still unknown [10,11].

More  than 70% of  the  Earth’s  surface  is  made up

of  a  marine  ecosystem,  which  is  home  to  a  vast  range  of

macro- and microorganisms. Inherent to their unique nutri-

tional makeup, sea algae are particularly interesting among

these organisms because of their therapeutic characteristics.

By differentiating themselves from terrestrial plants, marine

algae are rich in bioactive chemicals and secondary metabo-

lites  including  peptides,  lectins,  carotenoids,

polysaccharides,  fatty  acids,  flavonoids,  and  phytosterols

[12-14]. A vast range of macro- and microorganisms can be

found  in  marine  ecosystems,  which  make  up  over  70%  of

the planet's  surface [1].  Among these species,  marine algae

are particularly interesting because of their unique nutrition-

al  makeup,  which  has  led  to  the  attribution  of  their  thera-

peutic  capabilities.  Marine  algae  differ  from  terrestrial

plants  in  that  they  are  a  rich  source  of  secondary  metabo-

lites  and  bioactive  chemicals,  including  peptides,  lectins,

carotenoids,  polysaccharides,  fatty  acids,  flavonoids,  and

phytosterols [15]. Seaweeds live in both intertidal and subti-

dal  waters  because  they  need  0.1%  photosynthetic  light  to

survive.  Since  the  potential  medical  benefits  of  seaweed

have  long  been  investigated  in  traditional  East  Asian

medicine, China and Indonesia are currently the two coun-

tries that cultivate and consume the most seaweed [7].

Therefore, there is a pressing need for novel thera-

peutic  approaches  that  offer  neuroprotection  and  slow  or

halt disease progression. Seaweeds are a rich source of a vari-

ety  of  bioactive  compounds,  including  polyphenols,

polysaccharides,  carotenoids,  and  sterols  [16,17].  These

compounds  exhibit  a  range  of  biological  activities  that  are

beneficial  for  neuroprotection,  including  antioxidant,  an-

ti-inflammatory,  and  anti-apoptotic  effects.  Antioxidants,

for  instance,  can  neutralize  reactive  oxygen  species  (ROS)

and reduce oxidative stress, which is a major contributor to

neuronal damage in neurodegenerative diseases [18,19]. An-

ti-inflammatory compounds can mitigate chronic inflamma-
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tion in the brain, which is another key factor in neurodegen-

eration  [20].  Furthermore,  anti-apoptotic  agents  can  help

preserve neuronal integrity by preventing programmed cell

death [21]. This review explores the neuroprotective poten-

tial  of  various  bioactive  phytochemicals  found  in  seaweed.

This review discusses the mechanisms through which these

compounds exert their effects, presents evidence from both

in vitro and in vivo studies, and considers the potential ap-

plications of seaweed-based nutraceuticals in the prevention

and treatment of neurodegenerative diseases. By examining

the  current  state  of  research  and  identifying  future  direc-

tions,  this  review highlights  the  promising  role  of  seaweed

phytochemicals  in  neuroprotection  and  their  potential  to

contribute to innovative therapeutic strategies for neurode-

generative conditions.

Bioactive Phytochemicals in Seaweed

Seaweeds or marine macroalgae are rich sources of

bioactive  phytochemicals.  These  compounds  are  produced

as  secondary  metabolites  and  play  crucial  roles  in  the

growth,  reproduction,  and  defence  mechanisms  of  sea-

weeds.  The  study  of  these  bioactive  phytochemicals  has

garnered  significant  attention  because  of  their  potential

health benefits and applications in various industries. They

can  be  classified  into  several  categories,  including

polysaccharides,  polyphenols,  carotenoids,  alkaloids,  and

sterols. Each compound exhibits unique biological activities

that can be harnessed for therapeutic, nutritional, and indus-

trial  purposes.  The  chemical  composition  of  algae  is  spe-

cies-specific, location-specific, weather-dependent, and har-

vesting-time-dependent. Seaweeds are currently regarded as

potential organisms for contributing new physiologically ac-

tive chemicals to the manufacture of innovative foods (nu-

traceuticals),  cosmetics  (cosmeceuticals),  and  medicinal

compounds  because  of  their  wide  range  of  molecules.  A

wide range of bioactive substances have been identified, in-

cluding polyphenolic compounds, carotenoids, minerals, vi-

tamins, phlorotannins, peptides, tocotrienols, proteins, toco-

pherols, and carbohydrates (polysaccharides).

A  multitude  of  bioactive  chemicals  found  in  sea-

weeds have the potential  to  be  utilized in the development

of  innovative  functional  food  ingredients  as  well  as  in  the

treatment  or  prevention  of  chronic  illnesses  (Table  1).  As

consumers  are  becoming  more  aware  of  natural  bioactive

compounds  as  functional  ingredients  in  foods,  seaweeds

may  provide  an  alternative  source  of  synthetic  chemicals

that  could  improve  consumer  well-being  when  added  to

new functional foods or drugs. However, eating seaweed re-

quires  knowledge  of  the  risks  to  human  health  because  of

the  likely  presence  of  dangerous  pollutants,  such  as  heavy

metals  or  their  high  iodine  content.  Seaweeds  have  been

used as a source of bioactive secondary metabolites with po-

tential  applications  in  medicine  (Figure  1).  Significant  ad-

vancements have been made in specific seaweed chemicals,

focusing  on  their  composition  and  use  in  animal  and  hu-

man nutrition.  Seaweeds  are  used as  animal  feed and have

been  employed  in  energy,  fertilizers,  pharmaceuticals,  cos-

metics, industrial agar, and alginate biosynthesis. The inclu-

sion of minerals, vitamins, phenols, polysaccharides, sterols,

and various other bioactive components is primarily respon-

sible  for  the  health  benefits  of  seaweeds.  Antioxidant,  an-

ti-inflammatory,  anticancer,  antibacterial,  and  antidiabetic

properties appear to be present in these substances [22].

Extraction and Analysis of Phytochemicals

The  extraction  of  bioactive  phytochemicals  from

seaweed involves various methods, including solvent extrac-

tion,  supercritical  fluid  extraction,  and  enzymatic  extrac-

tion. Analytical techniques such as high-performance liquid

chromatography  (HPLC),  gas  chromatography-mass  spec-

trometry (GC-MS),  and nuclear  magnetic  resonance (NM-

R) spectroscopy have been employed to identify and quanti-

fy  these  compounds  [23,24].  Non-nutritive  plant  com-

pounds with anti-inflammatory or disease-preventive prop-

erties are called phytochemicals. Human consumption is re-

quired.  Nevertheless,  it  has  been  demonstrated  that  these

substances  safeguard  both  plants  and the  people  who con-

sume them. A variety of distinct phytochemicals found only

in  seaweeds  are  absent  in  terrestrial  plants.  Therefore,  edi-

ble  seaweed  may  be  the  only  significant  dietary  source  for

some of these criteria. Numerous studies have reported the

high  antioxidant  contents  of  various  edible  seaweeds.  An-

tioxidant  enzymes,  polyphenolic  chemicals,  and  sulfated

polysaccharides all contribute to this ability. The secondary

metabolites found in seaweeds used as medicines are abun-

dant  and  comprise  alkaloids,  glycosides,  flavonoids,

saponins, tannins, steroids, and other related active metabo-
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lites. These metabolites exhibit significant therapeutic effica- cy [25].

Figure 1: An illustration of the different bioactive phytochemicals present in the seaweeds

Table 1: A list of the different bioactive compounds of seaweed and their therapeutic potential

Sr.
No. Name of Seaweed Isolated Bioactive

Compounds Effect and Potential

1 Laminaria japonica Fucoxanthins Antitumoral activity on lung cancer cells

2 Colpomenia sinuosa,
Sargassum prismaticum Fucoxanthins Antitumoral activity on lung cancer cells

3 Undaria pinnatifida Fucoxanthins Antitumoral activity on SiHa,
Malme-3M cells

4 Cladosiphon okamuranus Fucoxanthins Antimicrobial activity

5 Laminaria japonica Fucoxanthins Antimicrobial activity

6 Fucus vesiculosus Fucoxanthins Antimicrobial activity

7 Fucus evanescens Fucoxanthins Antiviral activity against ECHO-1,
HIV-1, HSV-1, HSV-2

8 Sargassum patens Sulfate polysaccharide Antiviral activity against HSV-1, HSV-2

9 Gracilaria lemaneiformis Sulfate polysaccharide Anti-obesity, antidiabetic activities

10 Ecklonia cava Phloroglucinol Anti-inflammatory activity

11 Padina tetrastromatica Carrageenan Anti-inflammation

12 Ulva sp. Ulvans Anti-aging

13 Laminaria japonica Laminaran Antioxidant activity
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Alginate, agar, and carrageenan are carbohydrates

that constitute seaweed and can be isolated and refined into

hydrocolloids. The physicochemical characteristics of carbo-

hydrates vary, and hydrocolloids can gel when dissolved in

water. Conventional extraction techniques as well as several

environmentally  friendly  extraction  techniques  have  been

suggested and explored to obtain targeted hydrocolloids for

certain  uses  and  functions  (Table  2).  Solvent  extraction

(SLE)  is  a  conventional  extraction  method.  On  the  other

hand,  green  extraction  techniques  include  reactive  extru-

sion, which automatically selectively presented as a promis-

ing method for extracting hydrocolloids from seaweed, mi-

crowave-assisted extraction (MAE), ultrasound-assisted ex-

traction  (UAE),  supercritical  fluid  extraction  (SFE),  and

pressurized  solvent  extraction  (PSE)  [26].

Table 2: depicts the various extraction processes of phytochemicals from seaweeds along with their pros and cons

Sr.
no. Method Advantages Disadvantages

1 Conventional Extraction The method has been tested
initially.

Long extraction time, using a lot of
solvents, acids and bases resulted in
the degradation of polysaccharide

2 Microwave-Assisted
Extraction (MAE)

Short extraction time with a
relatively small amount of

solvent.

High heat causes the degradation of
polyphenols.

3 Ultrasound-Assisted
Extraction (UAE)

The extraction time is short. The
method works at low

temperatures using a relatively
little solvent.

Degradation and changes in the
structure of polysaccharides.

4 Supercritical Fluid
Extraction (SFE)

CO was removed from the extract
easily and did not cause structural

degradation of the compound.

High pressure to retain solvent
which hurts the compound.

5 Pressurized Solvent
Extraction (PSE)

The method is similar to Soxhlet
extraction, but the solvent has

high extraction properties.

The combination of high
temperature and pressure to increase

the solubility and diffusion of the
solvent is difficult.

6 Enzyme-Assisted Extraction
(EAE)

Does not use organic solvents but
high yield. Extraction results
depend on the time, pH, and

enzyme temperature. Efficiency
depends on the nature of the

enzyme.

Does not use organic solvents but
high yield. Extraction results depend

on the time, pH, and enzyme
temperature. Efficiency depends on

the nature of the enzyme.

Polyphenols

Polyphenols are a diverse group of phytochemicals

found in seaweed that exhibit potent antioxidant properties.

They  play  a  significant  role  in  protecting  the  cells  from

oxidative  stress  by  scavenging  free  radicals.  Common  po-

lyphenols  in  seaweeds  include  phlorotannins,  flavonoids,

and phenolic  acids.  These  compounds have  been linked to

various  health  benefits,  such  as  anti-inflammatory,  anti-

cancer,  and  cardiovascular  protective  effects  [23,24].

Polysaccharides

Seaweed is rich in polysaccharides, which are long

chains  of  carbohydrates.  The key  polysaccharides  found in

seaweeds  include  fucoidan,  alginate,  and  carrageenan.  Th-

ese compounds are known for their bioactive properties, in-

cluding antiviral, anticoagulant, and immunomodulatory ac-

tivity.  Fucoidan,  for  instance,  has  been  shown  to  enhance

immune responses and inhibit cancer cell growth [23,24].
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Carotenoids

Carotenoids are pigment compounds that give sea-

weeds  distinctive  colours.  Fucoxanthin,  a  prominent

carotenoid in brown seaweed, has garnered attention owing

to its antioxidant and anti-obesity effects.  Carotenoids also

play a role in protecting seaweeds from the damage caused

by UV radiation. Their potential health benefits include re-

ducing the risk of chronic diseases such as cancer and car-

diovascular disorders [23,24].

Sterols

Sterols are a class of lipids found in seaweeds that

resemble  cholesterol  in  structure.  Fucosterol  is  the  most

abundant sterol in seaweed and has various biological activi-

ties,  including  anti-inflammatory  and  antioxidant  effects.

Sterols from seaweed can contribute to lowering cholesterol

levels in humans and have potential applications in treating

metabolic disorders [23,24].

Biological Activities and Health Benefits

Research  has  demonstrated  that  seaweed-derived

phytochemicals  exhibit  a  range  of  biological  activities  in-

cluding  antioxidant,  anti-inflammatory,  antimicrobial,  and

anticancer  properties.  These  compounds  can  help  reduce

oxidative  stress,  inhibit  the  growth of  pathogenic  microor-

ganisms, and prevent cancer cell proliferation. Additionally,

they have been shown to improve cardiovascular health and

boost the immune system [23,24].

Applications of Seaweed Phytochemicals

Bioactive  phytochemicals  from  seaweeds  have  di-

verse  applications  in  nutraceuticals,  pharmaceuticals,  cos-

metics, and agriculture. They are used in the formulation of

functional  foods  and  dietary  supplements,  development  of

therapeutic  drugs,  production  of  skincare  and  anti-aging

products,  and  enhancement  of  livestock  feed  [23,24].  Al-

though thousands of bioactive compounds have been identi-

fied, the number of new diseases and the urgent need for in-

novative  therapeutic  chemical-resistant  varieties  of  mi-

crobes and foods high in phytochemicals need to undoubt-

edly be a component of a well-balanced diet. Beyond nutri-

tion, the human body can fight oxidative stress through vari-

ous physiological, biochemical, and enzymatic mechanisms.

The path taken by a large range of phenolic chemicals to en-

ter  the  bloodstream,  their  bioavailability,  and  the  distribu-

tion and half-life of certain elements in the human body are

poorly  understood.  Prior  research  on  intervention  studies

involving  dietary  antioxidant  consumption  has  increased,

but  there  has  not  been  a  corresponding  shift  in  the  body's

overall  antioxidant  capacity.  body.  Although this  calls  into

question the value of increasing polyphenolic consumption

to reduce oxidative stress,  it  must be noted that such com-

pounds may have other physiological effects [25].

Mechanisms of Neuroprotection

Antioxidant Effects

The presence of free radicals, including reactive ni-

trogen  species  (RNS)  and  reactive  oxygen  species  (ROS),

within the human body can lead to cellular damage or apop-

tosis,  contributing to premature aging and conditions such

as liver cirrhosis. Antioxidants play a crucial role in mitigat-

ing  the  detrimental  effects  induced  by  these  free  radicals.

Antioxidant  effects  are  a  key  mechanism  of  neuroprotec-

tion, involving scavenging of free radicals and reduction of

oxidative  stress  in  neuronal  cells.  Neuroprotective  agents

with  antioxidant  properties  help  neutralize  ROS,  thereby

preventing  cellular  damage  and  maintaining  neuronal

health.  These  effects  are  crucial  in  mitigating  the  progres-

sion of neurodegenerative diseases such as Alzheimer's and

Parkinson’s  disease  [27].  Recent  studies  have  highlighted

the potential of metal and metal oxide nanoparticles synthe-

sized from brown seaweeds as effective antioxidants. For ins-

tance,  gold  nanoparticles  derived  from Sargassum longi-

folium  have demonstrated significant antioxidant proper-

ties, showcasing their ability to scavenge free radicals effec-

tively [28]. Similarly, iron oxide nanoparticles synthesized

from Spatoglossum asperum have also been reported to ex-

hibit notable antioxidant activities [29]. These findings un-

derscore the therapeutic potential of seaweed-derived nano-

particles  in  combating  oxidative  stress-related  disorders.

The potential mechanism of the antioxidative effects of sea-

weed derived compounds for neuroprotection is given in

the figure 2.
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Figure 2: Shows the wider significance of the compounds derived from seaweed

Anti-inflammatory Effects

Inflammation plays a significant role in the patho-

genesis  of  several  neurodegenerative  diseases.  Anti-inflam-

matory  effects  involve  inhibition  of  pro-inflammatory  cy-

tokines  and  pathways  that  contribute  to  neuronal  damage.

Neuroprotective agents that exert anti-inflammatory effects

can  reduce  inflammation  in  the  central  nervous  system,

thereby protecting neurons from inflammation-induced da-

mage and improving overall brain health [30].

Anti-apoptotic Effects

Apoptosis  or  programmed  cell  death  is  a  natural

process that can be exacerbated in neurodegenerative diseas-

es, leading to excessive neuronal loss. Anti-apoptotic effects

refer  to  the  ability  of  neuroprotective  agents  to  prevent  or

delay  apoptosis  of  neuronal  cells.  This  can  be  achieved

through the modulation of  apoptotic  pathways and inhibi-

tion of key pro-apoptotic factors, thereby promoting neuro-

nal survival and function [31].

Alzheimer’s Disease

Alzheimer's  disease (AD) is  characterized by pro-

gressive cognitive decline and memory loss. Potential appli-

cations of neuroprotective agents in Alzheimer's disease in-

clude the use of antioxidants to reduce oxidative stress, an-

ti-inflammatory agents to decrease neuroinflammation, and

anti-apoptotic  compounds to prevent neuronal  death (Fig-

ure  1).  These  approaches  aim  to  slow  disease  progression

and improve the quality of life of patients [31].

Parkinson's Disease

Parkinson's  disease  primarily  affects  motor  func-

tion  due  to  the  degeneration  of  dopaminergic  neurons  in

the  substantia  nigra.  Neuroprotective  strategies  in  Parkin-

son's disease focus on antioxidant therapy to mitigate oxida-

tive  damage,  anti-inflammatory  treatments  to  reduce  neu-

roinflammation,  and  anti-apoptotic  agents  to  protect  do-

paminergic neurons. These interventions have the potential

to  preserve  motor  function  and  delay  disease  progression

[30].

Other Neurodegenerative Conditions

Other neurodegenerative conditions such as amy-

otrophic  lateral  sclerosis  (ALS),  Huntington's  disease,  and

multiple sclerosis (MS) also benefit from neuroprotective ap-
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proaches  (Figure  3).  These  include  the  use  of  compounds

that  target  oxidative  stress,  inflammation,  and  apoptotic

pathways to protect neurons and support neural functions.

The  application  of  neuroprotective  agents  in  these  condi-

tions  aims  to  alleviate  symptoms,  improve  patient  out-

comes,  and  enhance  quality  of  life  [27].

Figure 3: Neuroprotective potential of seaweeds

Therapeutic Potential of Seaweeds

Seaweeds represent an emerging resource of signif-

icant therapeutic potential due to their abundance, ecologi-

cal  sustainability,  and  rich  composition  of  bioactive  com-

pounds.  These  marine  organisms  have  been  extensively

studied for their role in combating a wide array of diseases,

ranging  from  cancer  and  inflammatory  disorders  to

metabolic and neurodegenerative conditions. The genus Sar-

gassum has been a major focus of research due to its diverse

bioactive  compounds.  Fucoidan,  a  sulfated  polysaccharide

found in Sargassum spp., exhibits potent anti-cancer proper-

ties by inducing apoptosis, modulating the Bax/Bcl-2 expres-

sion  ratio,  and  suppressing  tumor  angiogenesis  through

VEGF inhibition [32]. Additionally, fucoidan protects ker-

atinocytes  from  UV-induced  oxidative  damage  and  has

shown anti-inflammatory and antioxidant effects relevant

to diabetes, neurological diseases, and other chronic disor-

ders [33]. Another compound, mojabanchromanol, demons-

trates anti-inflammatory and anti-cancer potential by sup-

pressing inflammatory cytokines and proteins like COX-2,

iNOS, and NF-κB [34]. Fucosterol, also from Sargassum sp-

p., has been shown to modulate pathways involved in in-

flammation and oxidative stress, including NF-κB/MAPK

and Nrf2/HO-1 [35].  Beyond Sargassum,  other  seaweeds

like Ecklonia spp., Undaria pinnatifida, and Ulva spp. have

shown  promise.  Ecklonia  spp.  is  rich  in  phlorotannins,

which exhibit  anti-inflammatory  properties  by  inhibiting

MAPK and NF-κB signaling. These compounds also reduce

acetylcholinesterase  activity,  suggesting  potential  in

Alzheimer’s  disease  treatment  [36,37].  Sulfated

polysaccharides such as ulvans and fucoidans have neuro-

protective  effects,  scavenging  free  radicals  and  reducing

oxidative stress, thereby preventing neuronal damage [38].

Seaweeds  also  exhibit  significant  benefits  in

metabolic  health.  Polysaccharides  like  fucoidan  and  lami-

narin from Sargassum and other species help regulate blood

sugar levels and modulate gut microbiota, enhancing gut

health and addressing obesity and diabetes [39]. These com-

pounds promote the growth of beneficial bacteria such as Bi-

fidobacterium while inhibiting harmful microbes [40]. Pro-

tein hydrolysates from seaweeds like Palmaria palmata and

Gracilariopsis lemaneiformis show cardioprotective proper-

ties by inhibiting angiotensin-1 converting enzyme (ACE)

and dipeptidyl peptidase, contributing to the management
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of  hypertension  and  diabetes  [41].  Furthermore,  sea-

weed-derived compounds have applications in cancer thera-

py. Studies highlight their roles in reducing oxidative stress,

modulating  apoptosis,  and  regulating  pathways  like

ERK/MAPK, making them promising candidates for skin,

liver, and colorectal cancers [35,42]. Their ability to modu-

late inflammatory and immune responses positions them as

valuable agents in managing chronic diseases and enhanc-

ing general health [43,44].

Nanoencapsulation of seaweed bioactives

Nanoencapsulation  involves  enclosing  bioactive

compounds within nanocarriers to protect them from envi-

ronmental degradation and enhance their delivery to target

sites in the body [45]. Nanoencapsulation protects bioactive

compounds from degradation caused by heat, light, and oxy-

gen  exposure  during  storage  and  digestion.  By  facilitating

better absorption through the gastrointestinal tract, nanoen-

capsulated seaweed bioactives can achieve higher concentra-

tions in systemic circulation, enhancing their therapeutic ef-

fects [46]. The encapsulation process can be designed to al-

low for a sustained release of bioactives over time, beneficial

for  chronic  conditions  like  neurodegenerative  disorders

where prolonged exposure to therapeutic agents is desirable

[47].

Antioxidants derived from seaweeds may help re-

duce amyloid plaque formation and oxidative stress associat-

ed  with  Alzheimer's  pathology.  For  example,  Ecklonia

cava extracts have shown promise in inhibiting acetylcho-

linesterase (AChE), an enzyme linked to cholinergic dys-

function in AD [48]. Compounds like fucoidan from Fucus

vesiculosus  have  demonstrated  neuroprotective  effects

against dopaminergic neuron degeneration in PD models

by modulating inflammatory responses [49]. Certain sea-

weed extracts have been noted for their calming effects; for

instance, Sargassum fusiforme has been associated with re-

duced anxiety-like behaviors in animal studies due to its an-

tioxidant properties [50]. Undoubtedly, the nanoencapsula-

tion of seaweed bioactives presents a promising strategy for

enhancing the efficacy of natural compounds in treating ner-

vous disorders. By improving stability, bioavailability, and

controlled release profiles, these advanced formulations can

potentially lead to more effective therapeutic interventions.

Future research should focus on clinical trials to validate the

safety and efficacy of these nanoencapsulated formulations

in human subjects suffering from neurological conditions.

The integration of marine-derived compounds into thera-

peutic strategies could significantly impact the management

of neurodegenerative diseases and related disorders.

Challenges and Future Directions

Seaweeds are a rich source of bioactive phytochem-

icals,  including  polyphenols,  polysaccharides,  carotenoids,

and sterols, which have demonstrated potential neuroprotec-

tive properties. These compounds can mitigate neurodegen-

eration  through  antioxidant,  anti-inflammatory,  and  an-

ti-apoptotic  mechanisms.  Their  diverse  bioactivities  make

seaweed-derived  phytochemicals  promising  candidates  for

the development of neuroprotective therapies. Efficient and

cost-effective extraction methods must be developed to iso-

late bioactive compounds from seaweeds. Additionally, stan-

dardizing these extracts to ensure consistent bioactivity and

dosage remains a significant challenge because many bioac-

tive  compounds  from  seaweed  have  low  bioavailability,

which limits their effectiveness. Innovative delivery systems

are  required  to  enhance  the  absorption  and  bioavailability

of these compounds in the human body [30]. Regulatory ap-

proval for the use of bioactive seaweed compounds in neuro-

protective  therapies  is  a  lengthy and complex process.  It  is

essential  to  ensure  the  safety  and  efficacy  of  these  com-

pounds through rigorous clinical trials. Sustainable harvest-

ing and cultivation of seaweed is crucial to prevent overex-

ploitation and ensure a steady supply of raw materials for ex-

traction.  Environmental  impact  and  ethical  considerations

must be addressed. Continued research on the neuroprotec-

tive mechanisms of seaweed bioactive compounds is essen-

tial. This includes identifying new compounds, understand-

ing  their  modes  of  action,  and  optimizing  the  extraction

and  formulation  methods  [27].  Conducting  well-designed

clinical trials to validate the neuroprotective effects of bioac-

tive  seaweed  compounds  is  critical.  These  trials  should  fo-

cus  on  efficacy,  safety,  and  potential  therapeutic  applica-

tions in neurodegenerative diseases. The development of ad-

vanced  delivery  systems,  such  as  nanoparticles,  liposomes,

and encapsulation techniques, can improve the bioavailabili-

ty and targeted delivery of seaweed-derived neuroprotective

compounds. Advanced delivery systems, such as nanoparti-
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cles, liposomes, and encapsulation techniques, are pivotal in

optimizing the bioavailability and targeted delivery of neuro-

protective  compounds  sourced  from  seaweed.  Nanoparti-

cles  facilitate  the  effective  transport  of  these  compounds

across  the blood-brain barrier,  ensuring precise  delivery to

therapeutic  targets.  Liposomes  offer  a  biocompatible  and

versatile  platform  for  encapsulating  bioactive  substances,

safeguarding  them  from  degradation  and  enabling  con-

trolled  release.  Encapsulation  techniques  further  improve

stability and solubility, enhancing the overall efficacy of th-

ese neuroprotective agents.

To  address  the  regulatory  challenges  associated

with  these  advanced  delivery  systems,  a  systematic  ap-

proach  is  imperative.  This  entails  conducting  comprehen-

sive  preclinical  studies  to  evaluate  the  safety,  efficacy,  and

pharmacokinetics of the delivery systems in relevant animal

models.  Following positive preclinical  outcomes,  a detailed

clinical trial protocol should be developed, specifying the ob-

jectives, design, and methodology for human trials. Early en-

gagement  with  regulatory  authorities,  such  as  the  FDA  or

EMA, is  essential  to incorporate their  feedback and ensure

adherence to safety and efficacy standards. Conducting clini-

cal  trials  in  phases—starting  with  small-scale  Phase  I  trials

to assess safety, followed by larger Phase II and III trials to

evaluate  efficacy—will  facilitate  a  thorough  assessment  of

the delivery systems. By adhering to these structured steps,

researchers  can  effectively  navigate  the  regulatory  lands-

cape,  promoting  the  successful  clinical  application  of  sea-

weed-derived neuroprotective compounds.

Conclusions

Bioactive  phytochemicals  in  seaweed  represent  a

promising  frontier  for  neuroprotection.  A  diverse  array  of

compounds,  including  polyphenols,  polysaccharides,

carotenoids,  and  sterols,  have  shown  significant  potential

for mitigating neurodegenerative processes through their an-

tioxidant, anti-inflammatory, and anti-apoptotic properties.

The  therapeutic  potential  of  these  compounds  is  substan-

tial, offering potential interventions for a range of neurode-

generative diseases, such as Alzheimer's and Parkinson’s dis-

ease. However, several challenges must be addressed to fully

harness  the  neuroprotective  potential  of  bioactive  phyto-

chemicals  in  seaweed.  These  include  the  need  for  efficient

and cost-effective  extraction  methods,  improved bioavaila-

bility and delivery systems, rigorous regulatory and safety as-

sessments,  and  sustainable  harvesting  practices.  Overcom-

ing  these  challenges  requires  a  concerted  effort  from  re-

searchers,  industry  stakeholders,  and  policymakers.  Look-

ing forward, future directions should focus on continued re-

search  and  development  to  uncover  new  bioactive  com-

pounds and elucidate their mechanisms of action. Conduct-

ing well-designed clinical trials is essential to validate the ef-

ficacy  and  safety  of  these  compounds  in  neuroprotective

therapies. Additionally, innovative delivery systems need to

be  developed  to  enhance  the  bioavailability  of  these  com-

pounds, ensuring their therapeutic effectiveness. Collabora-

tion  across  sectors  will  be  crucial  to  promote  sustainable

practices  and  facilitate  the  translation  of  these  promising

compounds  into  viable  therapeutic  agents.  In  conclusion,

seaweed  bioactive  phytochemicals  offer  a  rich  and  largely

untapped  resource  for  neuroprotection.  By  addressing  the

existing challenges and focusing on future research and de-

velopment,  we  can  unlock  the  full  potential  of  these  com-

pounds, paving the way for new and effective treatments for

neurodegenerative diseases.
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