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characterization are examined for compound isolation and analysis. Results: Marine-derived
terpenoids and sterols exhibit diverse biological activities, including anticancer, anti-
inflammatory, antimicrobial, and neuroprotective effects. Compounds such as halichondrin B,
eleutherobin, and fucosterol have demonstrated significant therapeutic potential. Advances in
biosynthetic pathway engineering and omics technologies are unlocking new possibilities for
discovering novel compounds and optimizing their bioactivities. Challenges: Major
challenges include the sustainable harvesting of marine organisms, low yield of bioactive
compounds, and the complexity of chemical synthesis. Regulatory and ethical considerations,
such as compliance with the Nagoya Protocol, also impact drug development efforts.
Conclusions: Marine-derived terpenoids and sterols represent a promising frontier in natural
product research. Innovations in sustainable extraction methods, synthetic biology, and
artificial intelligence can mitigate challenges and enhance their potential as drug candidates.
Future research should focus on underexplored marine ecosystems and the development of

novel synthetic strategies to expand the chemical diversity of these bioactive compounds.

KEYWORDS: Marine-derived terpenoids, sterols, pharmacognosy, drug development,

bioactivity, sustainable harvesting, natural products.

1. INTRODUCTION

1.1 Background: Marine ecosystems, which encompass more than 70% of the Earth's
surface, are reservoirs of unparalleled biodiversity. They host a myriad of organisms,
including sponges, algae, corals, and marine microorganisms, many of which produce unique
secondary metabolites as part of their defense mechanisms or ecological interactions
(Lindequist, 2016). Among these, terpenoids and sterols stand out due to their structural

diversity and bioactivity, making them promising candidates for drug discovery.

Terpenoids, also known as isoprenoids, are a large class of naturally occurring organic
compounds derived from five-carbon isoprene units. These compounds exhibit a wide range
of biological activities, including anticancer, anti-inflammatory, and antimicrobial properties,
depending on their structural modifications (Touloupakis et al., 2022). Similarly, sterols,
characterized by their tetracyclic sterane structure, play crucial roles in membrane stability
and serve as precursors for hormones and other bioactive molecules. Marine-derived sterols
often exhibit unique structural features not found in terrestrial sources, contributing to their

potential as novel drug leads (Koopmans et al., 2020).
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1.2 Objectives: This review aims to provide an in-depth exploration of marine-derived

terpenoids and sterols, emphasizing their multifaceted roles in drug development. It seeks to:

Highlight the chemical diversity of these compounds, shaped by the unique conditions of

marine ecosystems.

i. Examine their pharmacological potential across various therapeutic domains, such as

oncology, immunology, and infectious diseases.
Discuss their significance in pharmacognosy, focusing on their extraction, isolation, and
challenges associated with sustainable sourcing.
Through this comprehensive analysis, the review underscores the importance of marine-
derived terpenoids and sterols as a frontier in natural product research and their potential

to address pressing medical challenges.

2. Chemistry of Marine-Derived Terpenoids and Sterols

2.1 Structural Diversity of Terpenoids

Classification: Marine-derived terpenoids exhibit a wide structural diversity, classified based

on the number of isoprene units they contain.

Monoterpenes (C10): Derived from two isoprene units, often displaying antimicrobial
and anti-inflammatory properties.

Sesquiterpenes (C15): Composed of three isoprene units, these compounds frequently
show cytotoxic and antiviral activities.

Diterpenes (C20): Four isoprene units; known for their anticancer and neuroprotective
effects.

Triterpenes (C30): Six isoprene units; they serve as precursors for sterols and saponins.
Polyterpenes (>C30): Complex compounds with extended chains, often less studied due

to extraction challenges (Sharma et al., 2021).

Unique Structural Features

Marine environments, characterized by high salinity, pressure, and limited light, drive the

evolution of unique terpenoid structures. For instance, halogenation (e.g., bromination and

chlorination) is a common feature in marine-derived terpenoids, enhancing their bioactivity
(Wang et al., 2020).
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Table 1: Representative Bioactive Marine-Derived Terpenoids and Their
Pharmacological Activities.
Compound Source Organism Activity Reference
. . Marine sponge - .
Siphonodictyal B Siphonodictyon Antimicrobial Wang et al. (2020)
Eleutherobin Coral Eleutherobia Anticancer Sharma et al. (2021)

Halichondrin B

Sponge Halichondria
okadai

Antimitotic (anticancer)

Lindequist (2016)

2.2 Structural Diversity of Sterols

Characteristic Sterol Skeletons

Sterols from marine organisms are structurally similar to cholesterol but often incorporate
unique functional groups, such as additional hydroxyl groups, double bonds, or unsaturated
side chains. These modifications contribute to enhanced bioactivities, including anti-
inflammatory and cytotoxic properties (Koopmans et al., 2020).

Table 2: Representative Bioactive Marine-Derived Sterols and Their Pharmacological

Activities.

Sterol Source Activity Reference
Fucosterol Bro_wn algae Fucus Antloxmant, anti- Gupta et al. (2022)
vesiculosus inflammatory

24-methylenecholesterol

Sea cucumber Cucumaria
frondosa

Antitumor

Koopmans et al.
(2020)

Gorgosterol

Gorgonian corals

Antiviral

Wang et al. (2020)

2.3 Biosynthesis Pathways

Enzymatic Processes and Metabolic Pathways

The biosynthesis of terpenoids and sterols begins with the condensation of isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), catalyzed by terpene
synthases. These pathways diverge to form various terpenoid classes or sterol precursors like
squalene (Sharma et al., 2021).

Influence of Marine Environmental Factors
Marine environmental factors such as high salinity and unique microbial symbiosis often
influence biosynthetic pathways, resulting in halogenated or highly oxygenated compounds

with enhanced bioactivities (Lindequist, 2016).
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3. Pharmacology of Marine-Derived Terpenoids and Sterols
3.1 Anticancer Activities
Marine-derived terpenoids and sterols exhibit significant anticancer properties by targeting

multiple pathways essential for tumor growth and survival.

Mechanisms of Action

o Apoptosis Induction: Compounds such as eleutherobin and halichondrin B trigger
programmed cell death through caspase activation and mitochondrial dysfunction
(Koopmans et al., 2020).

o Angiogenesis Inhibition: Some terpenoids, like sarcodictyin, suppress vascular
endothelial growth factor (VEGF) signaling, reducing tumor blood supply (Wang et al.,
2020).

Cell Cycle Arrest: Certain sterols, such as fucosterol, block cell cycle progression by

modulating cyclin-dependent kinases (Gupta et al., 2022).

Table 3: Mechanisms of Action and Pharmacological Activities of Selected Marine-

Derived Compounds.

Compound Source Mechanism Activity
Eleutherobin Coral Eleutherobia Mlcrqtub_ule Anticancer
stabilization
Fucosterol quwn algae Fucus Cell cycle arrest Cytotoxicity
vesiculosus

3.2 Anti-inflammatory and Immunomodulatory Effects
Marine-derived compounds modulate inflammatory and immune responses through specific

molecular targets.

Targets and Pathways

o NF-kB Pathway Inhibition: Marine terpenoids like siphonodictyal B inhibit the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB), reducing pro-
inflammatory cytokine production (Lindequist, 2016).

o COX and LOX Enzyme Suppression: Some sterols, such as 24-methylenecholesterol,
reduce prostaglandin and leukotriene synthesis, alleviating inflammation (Sharma et al.,
2021).

o Immunomodulation: Compounds like gorgosterol enhance T-cell activity and

macrophage function.
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3.3 Antimicrobial and Antiviral Activities
Marine-derived terpenoids and sterols exhibit broad-spectrum antimicrobial and antiviral

effects.

Mechanisms

o Membrane Disruption: Halogenated terpenoids from marine sponges disrupt bacterial
and fungal membranes.

o Inhibition of Viral Replication: Sterols such as gorgosterol interfere with viral entry and

replication mechanisms (Wang et al., 2020).

3.4 Neurological and Cardiovascular Benefits
Marine-derived compounds exhibit protective effects on the nervous and cardiovascular

systems.

Neuroprotective Effects

o Reduction of oxidative stress and inflammation in neurodegenerative diseases such as
Alzheimer's.

o Halichondrin B has shown potential in reducing amyloid-beta aggregation (Gupta et al.,
2022).

Cardioprotective Effects
o Terpenoids like siphonodictyal B improve endothelial function and reduce cholesterol

levels, lowering cardiovascular risk (Koopmans et al., 2020).

3.5 Other Pharmacological Applications

Marine-derived terpenoids and sterols have diverse additional pharmacological activities:

e Anti-diabetic Properties: Compounds such as fucosterol enhance insulin sensitivity and
reduce glucose levels.

e Antioxidant Activity: Marine sterols with hydroxyl groups scavenge free radicals,
reducing oxidative stress.

e Wound-Healing Potential: Terpenoids stimulate fibroblast proliferation and

angiogenesis, promoting tissue regeneration.
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4. Pharmacognosy of Marine-Derived Terpenoids and Sterols

4.1 Marine Organisms as Sources: Marine ecosystems host diverse organisms that serve as

prolific sources of bioactive terpenoids and sterols.

e Sponges: Sponges are among the richest producers of marine natural products. They
harbor symbiotic microorganisms that contribute to the biosynthesis of unique terpenoids,
such as halichondrins and siphonodictyal B (Wang et al., 2020).

e Algae: Brown, red, and green algae produce sterols like fucosterol and terpenoids with
antioxidant and anti-inflammatory properties (Koopmans et al., 2020).

e Corals: Soft corals like Eleutherobia synthesize terpenoids, such as eleutherobin, known
for their potent anticancer activities (Lindequist, 2016).

e Microorganisms: Marine bacteria and fungi often produce terpenoids with halogenated
or sulfated modifications, enhancing bioactivity and pharmacological potential (Sharma et
al., 2021).

4.2 Extraction and Isolation Techniques: Advances in extraction and isolation techniques

have significantly improved the identification and characterization of marine-derived

terpenoids and sterols.

e Bioassay-Guided Fractionation
This method involves sequential fractionation of crude extracts guided by biological
activity assays, enabling the identification of the most bioactive fractions (Gupta et al.,
2022).

e Chromatographic Methods
Techniques such as high-performance liquid chromatography (HPLC), gas
chromatography (GC), and preparative thin-layer chromatography (TLC) are widely used
to purify marine-derived compounds. Advanced methods like supercritical fluid
chromatography (SFC) enhance separation efficiency (Wang et al., 2020).

e Spectroscopic Characterization
Nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS), and infrared
(IR) spectroscopy play critical roles in determining the structure and functional groups of

isolated compounds.

Example Extraction Workflow
1. Collect marine samples (e.g., sponge or algae).

2. Extract bioactive compounds using solvents (e.g., methanol or ethanol).
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3. Purify using chromatographic techniques.

4. Analyze fractions using NMR and MS.

4.3 Challenges in Pharmacognosy

Sustainable Harvesting and Conservation of Marine Biodiversity

e Overexploitation: Many marine organisms, especially sponges and corals, are threatened
by excessive harvesting for natural product research (Koopmans et al., 2020).

e Conservation Strategies: Cultivation of marine organisms, such as algae farming and

aquaculture of sponges, is being explored as a sustainable alternative.

Technological Barriers in Compound Isolation

e Complexity of Marine Matrices: Marine extracts often contain a mixture of structurally
similar compounds, making isolation challenging.

e Low Yield: Many bioactive compounds are present in minute quantities, requiring large-
scale extraction or the development of synthetic analogs (Sharma et al., 2021).

e Advances in Metagenomics: Leveraging metagenomic and biosynthetic pathway
engineering helps bypass the need for large-scale harvesting by replicating biosynthesis in
laboratory settings (Lindequist, 2016).

5. Drug Development Prospects

5.1 Preclinical and Clinical Studies

Marine-derived terpenoids and sterols have gained significant attention for their therapeutic
potential. Some compounds have advanced to preclinical and clinical stages, highlighting

their promise for drug development.

Table 4: Developmental Status of Marine-Derived Compounds with Therapeutic

Potential.

Compound Source_ Therapeutic Development Reference
Organism Target Stage
Sponge .

Halichondrin B | Halichondria Mlc_rotubules FDA-approved Wang et al.

. (anticancer) (Eribulin) (2020)

okadai

Eleutherobin Coral Microtubules | Preclinical Sharma et al.
Eleutherobia (anticancer) studies (2021)

Fucosterol Algae Fucus Anti- Preclinical Koopmans et
vesiculosus inflammatory | studies al. (2020)
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Ongoing Research
Several compounds are being evaluated for their therapeutic potential against cancer,
inflammatory diseases, and neurodegenerative disorders. For example, siphonodictyal B from
marine sponges has shown promise as an anti-inflammatory agent in preclinical models
(Gupta et al., 2022).

5.2 Structure-Activity Relationships (SAR)

Insights into Structural Modifications for Enhanced Potency

The therapeutic potential of marine-derived compounds can often be improved through

structural modifications.

e Halogenation: Adding halogens (e.g., bromine or chlorine) to terpenoids enhances their
antimicrobial and anticancer activities.

e Hydroxylation: Introducing hydroxyl groups increases solubility and bioavailability.

e Side Chain Modifications: Altering sterol side chains enhances binding to specific

molecular targets, such as enzymes or receptors (Sharma et al., 2021).

Table 5: Structure-Activity Relationship (SAR) of Selected Marine-Derived Compounds.

Compound Modification Effect on Activity | Reference
Halichondrin B Increased_ Enr_lanced Wang et al. (2020)
halogenation anticancer potency

Improved anti-
inflammatory
activity

Side chain
extension

Koopmans et al.

Fucosterol (2020)

5.3 Challenges in Drug Development

Scalability and Synthetic Challenges

e Low Natural Abundance: Marine-derived compounds often occur in trace amounts,
making large-scale extraction impractical.

e Synthetic Complexity: The structural complexity of terpenoids and sterols poses
challenges for chemical synthesis. Advances in synthetic biology and pathway

engineering are being explored to address this limitation (Gupta et al., 2022).

Regulatory and Ethical Considerations
e Marine Bioprospecting: Ethical concerns arise from the exploitation of marine
biodiversity for drug discovery. Regulatory frameworks such as the Nagoya Protocol aim

to ensure fair access and benefit-sharing (Koopmans et al., 2020).

www.wipr.net | Vol. 14, Issue 3,2025 | I1SO 9001: 2015 Certified Journal | 1357



Nitish et al. World Journal of Pharmaceutical Research

Environmental Impact: Sustainable harvesting practices are essential to minimize

ecological disruption.

6. Future Perspectives

6.1 Emerging Technologies

Role of Omics Technologies in Marine Drug Discovery

Genomics: Sequencing marine organism genomes provides insights into biosynthetic
gene clusters (BGCs) responsible for terpenoid and sterol production. Genome mining
tools help uncover novel compounds (Gupta et al., 2022).

Proteomics and Metabolomics: High-throughput proteomics and metabolomics enable
the identification of proteins and metabolites involved in biosynthetic pathways,
improving compound characterization (Sharma et al., 2021).

Artificial Intelligence (Al) and Machine Learning (ML)

Predictive Modeling: Al-driven algorithms predict structure-activity relationships
(SARs), reducing the time and cost of drug design (Wang et al., 2020).

Virtual Screening: ML models analyze large datasets to identify potential drug
candidates from marine-derived libraries.

Automation in Bioassays: Al-powered robotics streamline high-throughput screening

processes, improving efficiency in marine natural product research.

6.2 Collaboration and Sustainability

Interdisciplinary Collaboration

Integration of Disciplines: Combining expertise in marine biology, organic chemistry,
pharmacology, and data science can accelerate marine drug discovery.
Global Networks: International consortia like the Global Ocean Sampling Expedition

enhance knowledge sharing and resource access (Koopmans et al., 2020).

Marine Conservation Efforts

Sustainable Practices: Adopting aquaculture, bioreactors, and synthetic biology to
reduce reliance on wild marine organisms.

Regulatory Frameworks: Strengthening adherence to protocols like the Nagoya
Protocol to ensure equitable benefit-sharing and biodiversity preservation.
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6.3 Unexplored Potential

Focus on Under-Researched Marine Organisms

e Deep-Sea Ecosystems: The extreme conditions of deep-sea environments harbor unique
microorganisms capable of producing highly bioactive compounds.

e Polar Regions: Organisms in polar ecosystems synthesize cold-adapted enzymes and
secondary metabolites with novel therapeutic applications (Lindequist, 2016).

e Symbiotic Relationships: Exploring symbiosis in marine organisms, such as sponge-

associated bacteria, could uncover untapped biosynthetic pathways (Sharma et al., 2021).

Unexplored Chemical Diversity

e Rare Compound Classes: Investigating marine terpenoids and sterols with
unconventional structural features for novel pharmacological properties.

e Synthetic Biology for Novel Analogues: Engineering marine microbial genomes to

produce derivatives of existing compounds, expanding chemical diversity.

7. CONCLUSION

Marine-derived terpenoids and sterols represent a treasure trove of bioactive compounds with
immense potential in modern pharmacology. These compounds exhibit remarkable structural
diversity and a wide range of pharmacological activities, including anticancer, anti-
inflammatory, antimicrobial, and neuroprotective effects. Advances in understanding their
chemistry, pharmacology, and pharmacognosy have facilitated the identification and
development of promising drug candidates.

The significance of marine ecosystems as a source of novel bioactive molecules cannot be
overstated. Innovations in omics technologies, synthetic biology, and Al-driven drug
discovery are unlocking new possibilities for exploring the chemical diversity of marine
organisms. However, challenges such as sustainable harvesting, regulatory complexities, and
scalability of production highlight the need for a balanced approach that prioritizes

conservation alongside innovation.

In light of the extraordinary potential of marine-derived terpenoids and sterols, there is an
urgent need for interdisciplinary collaboration among researchers, policymakers, and industry
stakeholders. By fostering sustainable exploration and investing in cutting-edge technologies,
we can unlock the full potential of marine biodiversity for the benefit of global health. Future

research must focus on underexplored marine habitats and develop innovative strategies to
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overcome the challenges in drug development, ensuring that these invaluable natural

resources are preserved for generations to come.
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