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Abstract

Marine algae are a rich source of structurally diverse bioactive metabolites with significant pharmacological potential.
These organisms, including green, brown, and red algae, produce a wide range of secondary metabolites such as
alkaloids, terpenoids, phenolics, polysaccharides, and sterols. These compounds exhibit various biological activities,
including antioxidant, antimicrobial, anti-inflammatory, antiviral, anticancer, and antidiabetic properties. Marine algae
derived metabolites have gained considerable attention due to their natural origin, low toxicity, and therapeutic efficacy.
In addition, their role in drug discovery and development has expanded significantly in recent years. This review
highlights the diversity of marine algal metabolites and their pharmacological applications, emphasizing recent advances
in biomedical research. Furthermore, challenges related to extraction, standardization, and large-scale production are
discussed. Understanding the pharmacological potential of marine algae can contribute to the development of novel
drugs and sustainable therapeutic agents.
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products.

1. Introduction

Marine algae, commonly referred to as seaweeds, are a diverse group of photosynthetic organisms that inhabit a wide
range of marine environments, from intertidal zones to deep ocean waters. They are broadly classified into three major
groups based on pigmentation, biochemical composition, and evolutionary lineage: green algae (Chlorophyta), brown
algae (Phaeophyta), and red algae (Rhodophyta). These groups exhibit remarkable diversity in morphology, ranging
from unicellular microalgae to large multicellular macroalgae, as well as variability in ecological distribution and
metabolic capabilities (Guiry & Guiry, 2020). Marine algae are recognized as prolific producers of bioactive secondary
metabolites, which play critical roles in their survival and adaptation to dynamic and often harsh marine environments.
These organisms are continuously exposed to factors such as salinity fluctuations, ultraviolet radiation, temperature
stress, and intense competition for space and nutrients. As a result, they synthesize a wide array of chemically diverse
compounds, including polyphenols, carotenoids, sulfated polysaccharides, alkaloids, terpenoids, and sterols, which
function as defense molecules against herbivores, pathogens, and environmental stressors (Holdt & Kraan, 2011; Plaza
et al., 2008). The unique physicochemical conditions of marine ecosystems contribute to the structural novelty and
functional diversity of algal metabolites. Compared to terrestrial plant compounds, marine-derived metabolites often
possess distinct chemical scaffolds, enhanced bioactivity, and improved pharmacokinetic properties. This has led to
increasing scientific interest in marine algae as a promising source of novel natural products for pharmaceutical
applications (Blunt et al., 2018). In recent decades, extensive research has demonstrated that marine algal metabolites
exhibit a broad spectrum of pharmacological activities. These include antioxidant, antimicrobial, anti-inflammatory,
antiviral, anticancer, and antidiabetic effects. For instance, phlorotannins from brown algae have shown strong
antioxidant and anti-inflammatory properties, while sulfated polysaccharides such as fucoidan and carrageenan exhibit
antiviral and anticoagulant activities (Smit, 2004; Cornish & Garbary, 2010). Such bioactivities highlight the therapeutic
potential of marine algae in the prevention and treatment of various chronic and infectious diseases. Beyond their
pharmaceutical relevance, marine algae have gained considerable importance in nutraceutical, cosmetic, and industrial
applications. They are widely used as functional foods due to their high nutritional value, including proteins, vitamins,
minerals, and essential fatty acids. In the cosmetic industry, algal extracts are incorporated into formulations for their
antioxidant and anti-aging properties. Furthermore, their renewable nature and rapid growth rates make them sustainable
resources for biotechnological exploitation (Holdt & Kraan, 2011). Despite these advantages, several challenges hinder
the large-scale utilization of marine algal metabolites. These include seasonal and geographical variations in metabolite
composition, difficulties in biomass cultivation and harvesting, and limitations in extraction, purification, and
standardization processes. Additionally, the translation of laboratory findings into clinical applications requires further
investigation through rigorous pharmacological and toxicological studies (Plaza et al., 2008).
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Therefore, there is a growing need for comprehensive research that integrates marine biology, chemistry, and
pharmacology to fully explore and utilize the potential of marine algae. This review aims to provide an in-depth
overview of the pharmacological potential of marine algae, focusing on their bioactive metabolites, mechanisms of
action, and therapeutic applications, while also addressing current challenges and future prospects in this field.

2. Classification of Marine Algae

Marine algae, commonly referred to as seaweeds, are taxonomically diverse photosynthetic organisms that are primarily
classified into three major groups based on their pigmentation, reserve food materials, cell wall composition, and
evolutionary lineage. These groups—Chlorophyta (green algae), Phaeophyta (brown algae), and Rhodophyta (red
algae)—exhibit significant variation in morphology, biochemical composition, and ecological distribution (Guiry &
Guiry, 2020; Lee, 2008).

2.1 Green Algae (Chlorophyta)

Green algae are characterized by the presence of chlorophyll a and b, which give them a bright green coloration similar
to that of higher plants. They store starch as their primary reserve food material within chloroplasts. The cell wall is
mainly composed of cellulose, and many species exhibit simple morphological forms, ranging from unicellular to
multicellular thalli. Marine green algae are predominantly found in shallow coastal waters where light penetration is
sufficient for photosynthesis. Common genera include Ulva (sea lettuce) and Caulerpa, both of which are widely
distributed and ecologically significant. From a pharmacological perspective, green algae are rich in bioactive
compounds such as carotenoids, polyphenols, vitamins, and essential fatty acids. These compounds exhibit antioxidant,
anti-inflammatory, and antimicrobial properties, making them valuable in nutraceutical and pharmaceutical applications
(Cornish & Garbary, 2010).

2.2 Brown Algae (Phaeophyta)

Brown algae are predominantly multicellular and represent some of the largest and most structurally complex marine
algae. Their characteristic brown color is due to the presence of the accessory pigment fucoxanthin, which masks the
green color of chlorophyll a and c¢. They store food in the form of laminarin and mannitol, and their cell walls contain
cellulose along with alginic acid. These algae are commonly found in colder marine environments and form dense
underwater forests, contributing significantly to marine ecosystems. Representative genera include Sargassum,
Laminaria, and Fucus. Brown algae are particularly important due to their high content of biologically active
polysaccharides such as alginate, fucoidan, and laminarin. These compounds have been widely studied for their
pharmacological properties, including anticoagulant, antiviral, anticancer, and anti-inflammatory activities (Holdt &
Kraan, 2011). Additionally, fucoxanthin has gained attention for its antioxidant and anti-obesity effects.

2.3 Red Algae (Rhodophyta)

Red algae are distinguished by the presence of phycoerythrin and phycocyanin pigments, which impart a reddish
coloration and allow them to absorb light efficiently at greater depths. Unlike green algae, they lack flagellated stages
and store reserve food in the form of floridean starch. Their cell walls are composed of cellulose and unique sulfated
polysaccharides such as agar and carrageenan. Red algae are widely distributed in both shallow and deep marine
environments. Common genera include Gracilaria and Gelidium, which are commercially important for the production
of agar, and Kappaphycus, a major source of carrageenan.

Pharmacologically, red algae are known for their sulfated polysaccharides, which exhibit antiviral, anticoagulant, and
immunomodulatory activities. These compounds have shown potential in inhibiting viral replication and enhancing
immune responses, making them promising candidates for therapeutic applications (Plaza et al., 2008).\

3. Bioactive Metabolites of Marine Algae

Marine algae are prolific producers of structurally diverse secondary metabolites that exhibit a wide range of biological
and pharmacological activities. These metabolites are synthesized as part of adaptive strategies to survive in dynamic
marine environments characterized by salinity fluctuations, UV radiation, and biotic pressures such as predation and
microbial competition. The major classes of bioactive compounds include phenolics, terpenoids, polysaccharides,
alkaloids, and sterols/fatty acids, each contributing uniquely to therapeutic potential (Holdt & Kraan, 2011; Blunt et al.,
2018).

3.1 Phenolic Compounds

Phenolic compounds are among the most extensively studied metabolites in marine algae, particularly in brown algae
where they occur as phlorotannins. These compounds are polymers of phloroglucinol and are known for their strong
antioxidant capacity due to their ability to scavenge free radicals and chelate metal ions. Phlorotannins also exhibit anti-
inflammatory, anticancer, and antimicrobial properties by modulating signaling pathways and inhibiting oxidative
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stress-related damage. Their role in protecting algal cells from UV radiation further highlights their ecological
importance (Li et al., 2011).

3.2 Terpenoids

Terpenoids constitute a large and structurally diverse group of natural compounds found across green, brown, and red
algae. They include mono-, sesqui-, di-, and diterpenes, many of which possess potent biological activities. Marine algal
terpenoids have demonstrated antimicrobial, antiviral, anti-inflammatory, and anticancer effects. These compounds
often act by disrupting microbial cell membranes, inhibiting enzyme activity, or inducing apoptosis in cancer cells. Red
algae, in particular, are rich sources of halogenated terpenoids with unique bioactive properties (Blunt et al., 2018).

3.3 Polysaccharides

Marine algae are rich in structurally unique sulfated polysaccharides, which are among the most important bioactive
compounds with wide-ranging pharmacological applications. Key examples include: Fucoidan (brown algae), Alginate
(brown algae) and Carrageenan and agar (red algae). These polysaccharides exhibit anticoagulant, antiviral, anticancer,
and immunomodulatory activities. Fucoidan, for instance, has been shown to inhibit tumor growth and enhance immune

responses, while carrageenan is widely used for its antiviral and pharmaceutical properties (Fitton, 2011; Plaza et al.,
2008).

3.4 Alkaloids

Alkaloids are nitrogen-containing compounds that occur in relatively smaller quantities in marine algae compared to
terrestrial plants, yet they possess significant biological activities. Marine algal alkaloids exhibit antimicrobial, antiviral,
and cytotoxic properties, making them potential candidates for drug development. These compounds often act by
interfering with DNA replication, protein synthesis, or enzyme activity in target organisms. Although less explored,
marine-derived alkaloids are gaining attention due to their structural novelty and pharmacological potential (Mayer et
al., 2010).

3.5 Sterols and Fatty Acids

Marine algae contain a variety of sterols and polyunsaturated fatty acids (PUFAs) that contribute to their therapeutic
value. One of the major sterols found in brown algae is fucosterol, which exhibits anti-inflammatory, antioxidant, and
anticancer activities. Additionally, marine algae are rich in omega-3 fatty acids, such as eicosapentaenoic acid (EPA),
which are known for their cardioprotective and anti-inflammatory effects. These compounds play an important role in
reducing the risk of cardiovascular diseases and improving overall health (Holdt & Kraan, 2011).

4. Pharmacological Activities of Marine Algae

Marine algae-derived metabolites exhibit a broad spectrum of pharmacological activities owing to their structural
diversity and unique biochemical properties. These bioactive compounds act through multiple molecular mechanisms,
making them promising candidates for therapeutic applications in the treatment and prevention of various diseases
(Holdt & Kraan, 2011; Smit, 2004).

4.1 Antioxidant Activity

Marine algae are rich in natural antioxidants such as polyphenols (phlorotannins), carotenoids (fucoxanthin), and
vitamins, which play a crucial role in neutralizing reactive oxygen species (ROS). Excessive ROS generation leads to
oxidative stress, which is associated with chronic diseases such as cancer, diabetes, and cardiovascular disorders.
Phlorotannins exhibit strong radical-scavenging activity by donating hydrogen atoms or electrons, while carotenoids
protect cells by quenching singlet oxygen and inhibiting lipid peroxidation. These mechanisms collectively reduce
oxidative damage and enhance cellular defense systems (Cornish & Garbary, 2010; Li et al., 2011).

4.2 Antimicrobial Activity

Marine algal extracts demonstrate significant antimicrobial activity against a wide range of pathogens, including
bacteria, fungi, and viruses. Bioactive compounds such as terpenoids, alkaloids, phenolics, and fatty acids disrupt
microbial cell membranes, inhibit enzyme activity, and interfere with DNA replication. For example, terpenoids can
alter membrane permeability, leading to cell lysis, while phenolic compounds inhibit microbial growth by denaturing
proteins. These properties make marine algae promising alternatives to synthetic antibiotics, especially in the context of
increasing antimicrobial resistance (Plaza et al., 2008).

4.3 Anti-inflammatory Activity

Inflammation is a key factor in many chronic diseases, and marine algal metabolites have shown the ability to modulate
inflammatory responses. Compounds such as fucoidan, phlorotannins, and sterols inhibit the production of pro-
inflammatory mediators, including cytokines (e.g., TNF-a, IL-6) and enzymes such as cyclooxygenase (COX) and
lipoxygenase (LOX). Fucoidan, a sulfated polysaccharide from brown algae, has been widely studied for its anti-
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inflammatory properties, acting through the suppression of signaling pathways such as NF-«kB. These effects contribute
to reduced inflammation and improved immune regulation (Fitton, 2011).

4.4 Anticancer Activity

Marine algae-derived compounds exhibit potent anticancer properties by targeting multiple pathways involved in tumor
development and progression. These metabolites induce apoptosis (programmed cell death), inhibit cell proliferation,
suppress angiogenesis, and prevent metastasis. For instance, fucoidan and phlorotannins have been shown to activate
apoptotic pathways through mitochondrial dysfunction and caspase activation. Additionally, carotenoids such as
fucoxanthin inhibit tumor growth by modulating cell cycle regulation and oxidative stress (Smit, 2004; Mayer et al.,
2010).

4.5 Antidiabetic Activity

Marine algae contain bioactive compounds that help regulate glucose metabolism and improve insulin sensitivity.
Polysaccharides and polyphenols inhibit carbohydrate-hydrolyzing enzymes such as a-amylase and a-glucosidase,
thereby reducing glucose absorption. Furthermore, these compounds enhance insulin signaling pathways and reduce
oxidative stress associated with diabetes. The presence of dietary fibers and bioactive molecules in marine algae
contributes to their potential as functional foods for diabetes management (Holdt & Kraan, 2011).

4.6 Antiviral Activity

Sulfated polysaccharides from marine algae, particularly carrageenan (red algae) and fucoidan (brown algae), exhibit
strong antiviral activity against a variety of viruses. These compounds inhibit viral attachment, penetration, and
replication by interacting with viral surface proteins or host cell receptors. Carrageenan has been widely studied for its
effectiveness against respiratory and sexually transmitted viruses, while fucoidan has shown activity against influenza
and herpes viruses. Their low toxicity and high efficacy make them promising candidates for antiviral drug development
(Plaza et al., 2008).

5. Bioactive Compounds and Their Pharmacological Activities in Marine Algae

Compound Specific Algal source Pharmacological Mechanism of
Type Compound Activity Action
Phenolics Phlorotannins Brown algae | Antioxidant, anti- | Scavenge free
(Sargassum, inflammatory radicals, inhibit
Fucus) oxidative stress
pathways
Polysaccharides | Fucoidan Brown algae | Anticoagulant, Inhibits clot
(Laminaria, antiviral, anticancer formation,  blocks
Fucus) viral entry, induces
apoptosis
Polysaccharides | Carrageenan Red algae | Antiviral, Prevents viral
(Gracilaria, immunomodulatory attachment and
Gelidium) replication
Polysaccharides | Alginate Brown algae | Wound healing, drug | Forms  hydrogels,
(Laminaria) delivery promotes tissue
regeneration
Alkaloids Various alkaloids | Green & red | Antimicrobial, Disrupts microbial
algae cytotoxic metabolism and
DNA synthesis
Terpenoids Diterpenes, Red & brown | Anticancer, Induces apoptosis,
sesquiterpenes algae antimicrobial disrupts cell
membranes
Sterols Fucosterol Brown algae | Anti-inflammatory, Inhibits
(Sargassum) anticancer inflammatory
mediators, regulates
cell cycle
Fatty acids Omega-3  (EPA, | Green & brown | Cardioprotective, Reduces lipid levels,
DHA) algae anti-inflammatory modulates
inflammatory
pathways
Pigments Fucoxanthin Brown algae Antioxidant, anti- | Enhances
obesity, anticancer metabolism,
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scavenges ROS
Pigments Phycobiliproteins | Red algae Antioxidant, Protects against
neuroprotective oxidative neuronal
damage

6. Extraction and Analytical Techniques

The efficient extraction and characterization of bioactive metabolites from marine algae are critical steps in evaluating
their pharmacological potential. Due to the structural diversity and varying polarity of algal compounds, a combination
of conventional and advanced extraction techniques, along with sophisticated analytical methods, is employed to ensure
maximum yield and accurate identification (Holdt & Kraan, 2011).

6.1 Extraction Techniques

Solvent Extraction

Solvent extraction is the most widely used method for isolating bioactive compounds from marine algae. Common
solvents include methanol, ethanol, chloroform, acetone, and water, selected based on the polarity of target compounds.
Polar solvents such as methanol and ethanol are effective for extracting phenolics and polysaccharides, while non-polar
solvents like chloroform are used for lipids and terpenoids.

Soxhlet Extraction

Soxhlet extraction is a conventional technique that allows continuous extraction of compounds using heated solvents. It
is particularly useful for obtaining high yields of bioactive metabolites from dried algal biomass. However, prolonged
heating may lead to degradation of thermolabile compounds.

Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction utilizes ultrasonic waves to disrupt cell walls and enhance solvent penetration. This
method improves extraction efficiency, reduces extraction time, and minimizes solvent usage. UAE is especially
suitable for extracting heat-sensitive compounds such as antioxidants and pigments (Plaza et al., 2008).

Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction, particularly using carbon dioxide (CO.), is an advanced and eco-friendly technique for
extracting bioactive compounds. It operates under high pressure and temperature, allowing selective extraction of non-
polar and moderately polar compounds such as lipids and terpenoids. SFE offers advantages such as solvent-free
extracts, high purity, and minimal thermal degradation.

6.2 Analytical Techniques

Gas Chromatography—Mass Spectrometry (GC-MS)

GC-MS is widely used for the identification and quantification of volatile and semi-volatile compounds such as fatty
acids, sterols, and terpenoids. It provides detailed information on molecular structure and composition.
High-Performance Liquid Chromatography (HPLC)

HPLC is a powerful technique for separating, identifying, and quantifying non-volatile and thermally unstable
compounds, including phenolics, pigments, and polysaccharides. It is commonly coupled with detectors such as UV-Vis
or mass spectrometry for enhanced sensitivity.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is used to identify functional groups present in bioactive compounds by analyzing their vibrational spectra. It is
particularly useful for characterizing polysaccharides, proteins, and complex organic molecules.

Additional Techniques (Advanced Studies)

Nuclear Magnetic Resonance (NMR) — Structural elucidation of complex molecules, Liquid Chromatography—Mass
Spectrometry (LC-MS) — High sensitivity and compound identification and UV-Visible Spectroscopy — Quantification
of pigments and phenolics

6.3 Importance of Extraction and Analysis

The choice of extraction and analytical techniques significantly influences the yield, purity, and identification of marine
algal metabolites. Optimizing these methods is essential for: Enhancing bioactive compound recovery, Ensuring
reproducibility and standardization and Supporting drug discovery and development.

7. Challenges and Limitations

Despite the immense pharmacological potential of marine algae, several scientific, technical, and economic challenges
hinder their large-scale utilization and commercialization. Addressing these limitations is essential for translating
laboratory findings into viable pharmaceutical and industrial applications.
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7.1 Seasonal and Environmental Variability

One of the major challenges in marine algal research is the seasonal and geographical variation in metabolite
composition. The concentration and type of bioactive compounds are influenced by environmental factors such as
temperature, light intensity, salinity, and nutrient availability. This variability leads to inconsistencies in the quality and
yield of bioactive metabolites, making standardization difficult. As a result, reproducibility of pharmacological studies
and industrial-scale production becomes challenging (Holdt & Kraan, 2011).

7.2 Difficulty in Large-Scale Cultivation

The large-scale cultivation of marine algae faces several practical constraints, including: Requirement of specific
environmental conditions, Susceptibility to contamination by microorganisms and High operational and maintenance
costs. Open sea farming and controlled aquaculture systems both present limitations in terms of scalability and
sustainability. Additionally, maintaining optimal growth conditions for metabolite production remains a significant
challenge.

7.3 Extraction and Purification Challenges

Efficient extraction and purification of bioactive compounds from marine algae are complex processes due to: Structural
diversity of metabolites, Presence of complex matrices and Low concentration of target compounds. Conventional
extraction methods may result in low yields or degradation of sensitive compounds. Moreover, purification processes
are often time-consuming and expensive, limiting their industrial feasibility. The need for advanced, cost-effective, and
eco-friendly extraction technologies is therefore critical (Plaza et al., 2008).

7.4 Limited Clinical Trials and Toxicological Studies

Although numerous in vitro and in vivo studies have demonstrated the pharmacological potential of marine algal
metabolites, clinical validation in humans remains limited. The lack of extensive clinical trials restricts the translation of
these compounds into approved therapeutic agents. Additionally, comprehensive toxicological and pharmacokinetic
studies are required to ensure safety, efficacy, and dosage standardization. Regulatory approval processes further add to
the complexity and time required for drug development (Smit, 2004).

7.5 Regulatory and Commercial Constraints

The commercialization of marine algal products is also affected by: Stringent regulatory frameworks, Intellectual
property issues and High costs of product development and validation. These factors can delay the entry of marine
algae-derived compounds into the pharmaceutical market. While marine algae offer significant potential as sources of
bioactive compounds, challenges such as environmental variability, cultivation difficulties, extraction inefficiencies, and
limited clinical validation must be addressed. Advancements in biotechnology, cultivation techniques, and analytical
methods, along with increased clinical research, are essential to overcome these limitations and fully harness the
therapeutic potential of marine algae.

8. Results and Discussion

Marine algae have emerged as a highly promising source of bioactive metabolites with diverse pharmacological
properties, as evidenced by numerous experimental and analytical studies. The results from various investigations
indicate that marine algal compounds exhibit significant therapeutic potential against a wide range of diseases, including
cancer, diabetes, inflammatory disorders, and infectious diseases. These findings highlight the importance of marine
algae as a valuable resource in natural product-based drug discovery (Blunt ef al., 2018; Holdt & Kraan, 2011). One of
the key observations is the unique chemical diversity of marine algal metabolites compared to terrestrial plants. The
extreme and dynamic conditions of marine environments, such as high salinity, variable light intensity, and intense
ecological competition, have driven the evolution of structurally novel compounds with enhanced biological activity.
This chemical uniqueness provides a significant advantage in identifying new lead molecules for pharmaceutical
development (Plaza et al., 2008). The pharmacological activities observed across different studies are largely attributed
to major classes of compounds such as phenolics, terpenoids, sulfated polysaccharides, and sterols. For instance,
phlorotannins demonstrate strong antioxidant and anti-inflammatory effects, while fucoidan and carrageenan exhibit
potent antiviral and anticancer activities. These metabolites act through multiple mechanisms, including free radical
scavenging, enzyme inhibition, modulation of signaling pathways, and induction of apoptosis, thereby confirming their
multifunctional therapeutic potential (Fitton, 2011; Smit, 2004). Despite these promising results, several limitations have
been identified that hinder the large-scale application and commercialization of marine algal products. A major concern
is the variability in metabolite composition, which is influenced by environmental factors such as season, geographical
location, and growth conditions. This variability affects reproducibility and consistency, posing challenges for
standardization and quality control (Holdt & Kraan, 2011). Another critical issue is the lack of standardized extraction
and purification protocols, which leads to variations in yield and bioactivity of the extracted compounds. Conventional
extraction methods may not be sufficient to preserve the structural integrity of sensitive metabolites, thereby affecting
their pharmacological efficacy. Advanced extraction techniques and optimization strategies are therefore necessary to
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improve efficiency and scalability (Plaza et al, 2008). Furthermore, the transition from laboratory-scale research to
clinical and industrial applications remains limited. Although many studies have demonstrated bioactivity in vitro and in
vivo, there is a significant gap in clinical validation and regulatory approval. This highlights the need for comprehensive
toxicological and pharmacokinetic studies to ensure safety and efficacy in humans (Smit, 2004). To overcome these
challenges, recent research emphasizes the integration of advanced biotechnological approaches, such as genetic
engineering, metabolic pathway analysis, and omics technologies. These approaches can enhance metabolite production,
improve consistency, and enable the development of high-value compounds. Additionally, interdisciplinary
collaboration among marine biologists, chemists, pharmacologists, and biotechnologists is essential to fully exploit the
therapeutic potential of marine algae. The results clearly demonstrate that marine algae are rich sources of
pharmacologically active compounds with significant therapeutic potential. However, challenges related to variability,
standardization, and clinical validation must be addressed. Future advancements in biotechnology and interdisciplinary
research will play a crucial role in translating these findings into practical applications.

9. Conclusion

Marine algae represent an invaluable reservoir of bioactive compounds with significant pharmacological potential,
owing to their remarkable chemical diversity and adaptability to dynamic marine environments. The wide range of
secondary metabolites, including phenolics, terpenoids, sulfated polysaccharides, alkaloids, and sterols, contribute to
diverse biological activities such as antioxidant, antimicrobial, anti-inflammatory, anticancer, antidiabetic, and antiviral
effects. These properties underscore the importance of marine algae as promising candidates for the development of
novel therapeutic agents. In addition to their pharmaceutical relevance, marine algae play a crucial role in nutraceutical,
cosmetic, and biotechnological applications, highlighting their multidisciplinary significance in modern research. Their
renewable nature and sustainable availability further enhance their appeal as eco-friendly bioresources. However,
challenges such as variability in metabolite composition, limitations in large-scale cultivation, and insufficient clinical
validation must be addressed to fully realize their potential. Future research should focus on advanced extraction
technologies, metabolic engineering, and comprehensive clinical studies to improve efficiency, consistency, and safety.
Overall, the integration of interdisciplinary approaches and technological innovations will be essential to harness the full
potential of marine algae, enabling their effective and sustainable utilization in drug discovery and development.
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