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Abstract: Terpenoids are the largest and most chemically diverse class of natural
products, essential for plant functions such as growth regulation, defense, and
ecological interactions. Their extensive chemical variety and functional versatility
have also sparked significant industrial interest across many sectors. This review
highlights recent progress in terpenoid biosynthesis, especially focusing on the
mevalonate (MVA) and methylerythritol phosphate (MEP) pathways, which are the
main routes for isoprenoid precursor production. It explores the enzymatic
processes that create complex terpenoid skeletons, including detailed cyclization
and rearrangement steps carried out by terpene synthases and modifying
enzymes. Advances in metabolic engineering and synthetic biology now allow the
reconstruction and improvement of terpenoid pathways in microbial and plant
systems, greatly increasing production yields. The use of bioinformatics and
systems biology tools has further supported pathway discovery, enzyme analysis,
and strain development. Beyond their traditional uses in drugs, nutraceuticals,
flavors, and fragrances, terpenoids are also promising for biofuels and renewable
materials, emphasizing their industrial value. This review addresses challenges
such as pathway complexity, precursor supply, and regulatory control, and
suggests strategic directions for future research. Overall, these insights reinforce

the importance of terpenoids as key targets for sustainable biotech innovations.

Introduction

Isoprenoids are the most ancient and diverse class of
“natural products” having over 80,000 individual structures
with an eclectic array of carbon skeletons and functional
groups (1-4). Isoprenoids exhibiting a vast array of chemical
structures are mainly found in plants. It ranges from
universal primary metabolites, such as sterols (essential
components of biomembranes), carotenoids and chlorophyll
(photosynthetic pigments), ubiquinones, vitamins, and
hormones (involved in plant defense and communication), to
secondary metabolites including terpenoids (5-7). The word
“terpene” originated from turpentine, which is a semi-fluid
oleoresin extracted from coniferous trees (8). Terpenoids are
the modified derivatives of the terpene skeleton, which are
formed by chain elongation and cyclization with the inclusion
of functional groups on the hydrocarbon skeleton.
Terpenoids are primarily involved in plant defense
mechanisms, adaptation, reproduction, and chemical
signaling, ensuring survival under various conditions (7, 9).
Terpenoids possess several potent pharmacological
activities, including antimicrobial, anti-inflammatory, anti-
allergic, anti-parasitic, anticancer, antidiabetic, insecticidal,
and antimalarial effects (10-12). Two such commercially
successful anticancer drugs, Taxol and artemisinin, are
terpene derivatives from Taxus brevifolia and Artemisia

annua, respectively (13, 14). Recently, terpenoids have
emerged as a potential biofuel due to their chain, branched,
or ring hydrocarbon structures, as well as isopentanol and
farnesene, which are considered alternatives to gasoline
(15). The skeletal complexity in terpenes, leading to the
formation of such a diverse structure, is justified by an
understanding of terpenoid biosynthesis.

Methodology

A comprehensive review of literature published between
2000 and 2025 was conducted to examine the biosynthesis,
structural diversity, pharmacological significance, and
industrial applications of terpenoids. A systematic search
was performed using databases such as PubMed, Scopus,
Web of Science, and Google Scholar. The search strategy
employed specific combinations of keywords, including
“terpenoid biosynthesis,” “MEP pathway,” “MVA pathway,”
“terpenoid industrial applications,” “plant terpenoids,”
“synthetic biology terpenes,” and “metabolic engineering of
terpenoids.” The inclusion criteria encompassed peer-
reviewed original research articles, review papers, and book
chapters that provided insights into the biochemical
pathways, molecular mechanisms, and applied aspects of
terpenoid metabolism. Studies were excluded if they focused
on unrelated classes of natural products, were not peer-
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reviewed, were not available in English, or lacked specific
references to terpenoid pathways or applications. Emphasis
was placed on recent publications (2010-2025) to reflect
current advances in the field. Additionally, reference lists of
key articles were manually screened to identify further
relevant studies. Data extraction focused on elucidation of
pathways, bioengineering strategies, compound diversity,
and reported therapeutic or industrial uses, followed by a
qualitative synthesis of significant trends, challenges, and
gaps in current research.

Objectives

This review aims to examine recent advances in terpenoid
biosynthesis, with a focus on both the MVA and MEP
pathways. We discuss the enzymatic mechanisms that drive
chemical diversity, identify emerging industrial applications
and trends, and highlight both current challenges and future
directions for research. By positioning this review within the
broader context of growing global interest in sustainable
bioresources and pharmaceutical innovation, we seek to
provide insights into the untapped potential of terpenoids
and to offer a roadmap for future investigations.

Terpenoid Biosynthesis in Plants
Biosynthesis of all isoprenoids begins with two simple five-
carbon building blocks, isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP). They are classified by
the number of five-carbon units present in the core structure
(hemi, mono, sesqui, di, ses, tri, tetra, and poly-terpenes)
(16). In all eukaryotes (mammals, fungi, plants), archaea,
and some eubacteria, IPP and DMAPP are synthesized from
three molecules of acetyl-CoA in seven steps by the
mevalonate (MVA) or HMG-CoA reductase pathway, which
operates in the cytosol and mitochondria (Figure 1A) (17).

Before the 1990s, it was believed that isoprenes are only
synthesized by the MVA pathway. In the mid-1990s, Rohmer
and Arigoni discovered the existence of a second pathway
for IPP and DMAPP biosynthesis, which is now firmly
established in eubacteria, cyanobacteria, apicoplast-type
protozoa, and plants. This pathway starts with pyruvic acid,
glyceraldehyde-3-phosphate (GAP), leading to the formation
of IPP and DMAPP in seven enzymatic steps. In this
biosynthesis, the first pathway-specific intermediate is 2-C-
methyl-D-erythritol-4-phosphate (MEP), from which the
pathway derives its name (18). In addition to isoprenoid
synthesis, deoxy-xylulose phosphate (DXP) is the precursor
for the biosynthesis of thiamin (vitamin B;) and pyridoxol
(vitamin Bg); hence, the pathway is also known as the 1-
deoxy-D-xylulose 5-phosphate (DOXP) pathway (19).

Both the MVA and MEP pathways ultimately produce
DMAPP, and from this point onward, a similar enzymatic
machinery is used across organisms to generate the diverse
array of terpenoid compounds found in nature (Figure 1B)
(20). Hemiterpenes are the smallest known terpenes
produced by most plants, and the first terpenes formed from
DMAPP or IPP. The basic reaction in the isoprenoid pathway
is chain elongation, where the allylic carbocation formed
from isoprenoid allylic diphosphate, such as DMAPP, geranyl
diphosphate (GPP), farnesyl diphosphate (FPP), is added to
the double bond in IPP to form a growing allylic diphosphate
chain product. The chain elongation or head-to-tail or 1'-4
linkage is by far the most common and occurs in all
organisms (21). Terpenes are biosynthesized from isoprene
units by four fundamental reactions: chain elongation,

cyclopropanation, branching, and cyclobutanation. Chain
elongation is the basic reaction in the terpene biosynthesis.
Molecules generated by these reactions have head-to-tail or
regular carbon skeletons. The other three reactions produce
irregular carbon skeletons. Cyclopropanation (cl1'-2-3)
reaction is the first pathway-specific reaction in the
biosynthesis of triterpenoids, steroids, which are formed
through the cyclopropy! intermediate, pre-squalene (C30),
and carotene compounds through pre-phytoene (C40) found
in Archaea, some bacteria, and all Eukaryotes (22). Mealybug
mating pheromones such as planococcyl and maconelliol are
formed through irregular cyclobutation reaction (23).

A 3-methyl-1-butyl is the basic unit of isoprenoid carbon
skeletons (see Figure 2), which are joined in nine different
patterns (1, 24). The four structures followed a combination
in which C1' of one unit (blue) formed a bond (red) with the
single carbon of another unit (black) (1’-1, 1’-2, 1'-3, and
1-4). C1’ is joined to the other unit in a cyclic structure
(c1-1-2, c1’-2-3, and c1’-2-3-2). This pattern showed in three
structures, and in one structure, C1’ is inserted between
atoms in the other unit (2-1-3). Only one structure, which
follows the 4-4 combining pattern, does not involve C1'.
Regular terpenes commonly possess a 1’-4 linkage in the
isoprene units. Other attachment patterns are designated as
non-head-to-tail or irregular terpenes. Four of the basic
isoprenoid structures (1'-2, 1’-4, c1’-2-3, and c1’-2-3-2) are
synthesized by joining simpler units, whereas the other four
(1’-1, 1"-3, 2-1'-3, and cl1’-1-2) are produced by
rearrangement of 1°-2-3 structures. In the isoprenoid
biosynthesis pathway, all the isoprenoid skeletons are
formed before the modification reactions that are required
for the synthesis of a specific natural product, except for the
4’-4 attachment pattern.

The mechanism for the four fundamental steps involved
in terpenes biosynthesis is studied using deuterium isotope
to trace the key rearrangement and elimination steps
reported by Thulasiram et al. (25). In chain elongation, the
first step of the reaction is the formation of the dimethylallyl
cation (DMA") from DMAPP. Further, the reaction proceeds by
dissociative electrophilic alkylation of the IPP double bond by
the cation (see Figure 3). Stereospecific deprotonation of
the intermediate carbocation generates GPP. Chrysanthemyl
cation (C*) is a protonated cyclopropane intermediate
formed by the dissociative electrophilic alkylation of the
double bond DMAPP by dimethyl allyl cation (DMA¥) in C1',4-
addition. Further pro-S hydrogen lost from the C1 position of
the intermediate leads to chrysanthemyl diphosphate (CPP).
The rearrangement reaction in chrysanthemyl cation (C*)
forms lanvandulyl cation (L*), in the branching step, which
can be deprotonated to generate lavandulyl diphosphate
(LPP). Cyclobutanation of the lanvandulyl cation (L%)
generates a protonated cyclobutyl carbinyl cation
intermediate. Deprotection of the intermediate cation leads
to Maconellyl diphosphate (MPP).

Monoterpenoids are acyclic (linalool, myrcene, and
ocimene), or monocyclic (limonene, carveol, and carvone), or
bicyclic (camphene, sabinene, and pinene) compounds
synthesized from GPP catalyzed by monoterpene synthases
(see Figure 4). GPP binds to the active site of monoterpene
synthases as a complex with the divalent metal ion. GPP
undergoes ionization to form the linalyl cation, which then
undergoes further isomerization and cyclization to create a
diverse range of monoterpenes. In plants, monoterpenoids
are synthesized through the MEP pathway.
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Figure 2. Naturally occurring isoprenoid coupling patterns. C5 isoprenoid units are black and blue, and bonds between them are shown in red. 1'-4
regular coupling and all other couplings are regular.
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Farnesyl diphosphate (FPP), which lies at the juncture of
the terpene pathway, branched into sesquiterpenes,
squalene, farnesylated proteins (Ras), decaprenyl PP
ubiquinones, heme a, and dolichol PP (dolichol).
Sesquiterpenes are generated by the ionization of FPP,
followed by intermolecular cyclization. Squalene synthase
catalyzes 2 FPP condensation to form squalene, which is
further oxidized to the (3S)-oxidosqualene/2,3-oxido
squalene in the pathway, and it is the common substrate for
the biosynthesis of all the triterpenoids. Triterpenoids are
synthesized by cyclization of oxidosqualene, in which the
first step is a 2,3-peroxide bond cationic attack, which
generates a cyclic carbocation. 1,2-proton and methyl shifts
of cation intermediates lead to the formation of different
triterpenes. In plants, triterpenoids are stored in a
glycosylated form, known as saponins. Modification of
lanosterol and cycloartenol produces steroids and hormones.
Lanosterol synthesis is present in animals and fungi for
steroid synthesis, whereas cycloartenol synthase is involved
in the steroid biosynthesis of plants, protozoa, and
microalgae.

Diterpenoids are biosynthesized from GGPP, which is
formed by cyclization followed by several skeletal
modifications. Most diterpenoids are secondary metabolites
and are typically limited to specific plant taxa as signature
metabolites. Head-to-head condensation of two GGPP
molecules forms phytoene, which is used as a precursor for
tetraterpenoids. Polyprenoids are the linear polymers
produced from isoprene (6-100) with a primary alcohol at a
terminal. The reduction of a double bond at the a-residue
results in the formation of dolichols. Dolichols are
polyprenoids produced by bacteria and plants, and are
involved in N-glycosylation of proteins. Quinones are one of
the critical groups in polyprenoids, containing a polar head
group and a non-polar isoprenoid side chain. These quinones
are involved in the electron transport chain. Rhodoquinone
(RQ), the ubiquinone derivative with an amino group
substituting for a methoxy group, is present in purple
bacteria of the Rhodospirillaceae family.

Advances In Synthesis

Terpenoids have potential benefits in various sectors, hence
the demand is rapidly increasing (26-28). Low yields and
high costs restrict the direct extraction from plants and other
naturally occurring sources. Synthetic production, an
alternative source for terpenoid synthesis, produces several
isomers (29-31).

Metabolic engineering offers a powerful approach to
optimize host organisms for the efficient biosynthesis of
specialized terpenoids by rewiring native metabolic
pathways and introducing non-native modules. Central to
this strategy is the redirection of carbon flux toward the
mevalonate (MVA) and 2-C-methyl-D-erythritol 4-phosphate
(MEP) pathways, which generate the universal terpenoid
precursor isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP). Enhancing precursor supply has
been a primary target in model organisms like Escherichia
coli and Saccharomyces cerevisiae. For example,
overexpression of MVA pathway enzymes and optimization of
regulatory networks in S. cerevisiae significantly boosted
monoterpenoid and sesquiterpenoid production (32, 33).
Similarly, engineered E. coli strains expressing heterologous
MVA or MEP pathways demonstrated enhanced production of
compounds like amorpha-4,11-diene and artemisinic acid
(34).

Additionally, balancing the expression of rate-limiting
enzymes, minimizing the accumulation of toxic
intermediates, and compartmentalizing biosynthetic steps
have proven effective. For instance, the introduction of
dynamic control systems and feedback-insensitive enzymes
improved titers and pathway stability (35). Co-expression of
cytochrome P450 monooxygenases and their redox partners
is also essential for producing oxygenated terpenoids, such
as tanshinones and taxol intermediates (36). Host
engineering strategies, including the deletion of competitive
pathways and the engineering of organelles (e.g.,
peroxisomes or mitochondria), further enhanced product
yield and purity. Collectively, these metabolic engineering
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strategies enable the precise modulation of complex
biosynthetic networks, allowing for the production of high-
value, specialized terpenoids at industrial scales (37)

Protein engineering has emerged as a pivotal strategy for
enhancing microbial cell factories in the biosynthesis of
terpenoids, particularly by optimizing the function of key
enzymes such as terpene synthases and prenyltransferases.
These enzymes, in their native forms, often lack the required
specificity, stability, and catalytic efficiency for industrial-
scale production. To address these limitations, various
protein engineering techniques, including directed evolution,
structure-guided engineering, and rational design, have been
applied. For instance, directed evolution coupled with site-
saturation mutagenesis led to the development of a triple-
mutant isopentenyl diphosphate isomerase (IDI) variant
(L141H/Y195F/W256C) with a 2.53-fold increase in catalytic
activity, which resulted in 2.8-fold more lycopene production
in engineered strains (38, 39). Similarly, error-prone PCR was
used to create improved isoprene synthase (ISPS) mutants,
achieving a threefold increase in isoprene yields.

Another essential consideration is enzyme promiscuity, a
common feature of terpenoid synthases that often leads to
the production of undesirable by-products. For example,
levopimaradiene synthase (LPS) was engineered through
combinatorial mutation approaches, resulting in a variant
that produced a ~2600-fold increase in levopimaradiene
while minimizing isomeric side products (40). In the case of
Taxol biosynthesis, less than 10% of the precursor taxadiene
is naturally converted into the desired hydroxylated product.
Site-saturation mutagenesis of taxadiene synthase
successfully shifted the pathway toward preferred
intermediates, enhancing taxadiene-4(20)-11(12)-diene
production by 2.4-fold (41).

Despite these advances, several challenges persist in
protein engineering for terpenoid biosynthesis. The lack of
comprehensive structural and functional annotation of
enzymes restricts rational design efforts. Furthermore, fused
proteins can suffer from issues such as misfolding, reduced
catalytic efficiency, and low expression. These challenges
underscore the need for more detailed studies on domain-
linker interactions to facilitate the design of fusion proteins
with greater precision and effectiveness. Overall, protein
engineering remains a powerful and indispensable tool in the
development of efficient microbial cell factories for terpenoid
production (37).

Gene clustering plays a vital role in the regulation and
biosynthesis of specialized terpenoids by co-localizing
biosynthetic genes into operon-like structures in microbial
and plant genomes. These clusters enhance metabolic
efficiency by enabling co-regulation, coordinated expression,
and reduced metabolic crosstalk. Although gene clustering is
well-established in microbial systems, emerging evidence
also highlights its presence in plant genomes. For instance,
gene clusters responsible for the biosynthesis of compounds
such as momilactone, phytocassane, and oryzalexin have
been identified in Oryza sativa (rice), where key enzymes,
including terpene synthases and cytochrome P450s, are
spatially organized to facilitate efficient biosynthetic flux (42,
43). Similar clusters are involved in the biosynthesis of
thalianol and marneral in Arabidopsis thaliana (44). The
existence of these gene clusters suggests an evolutionary
advantage, as co-localization may arise through gene
duplication and divergence followed by neofunctionalization
within specific genomic regions. Furthermore, synthetic
biology has leveraged this natural architecture to reconstruct

and express entire gene clusters in heterologous hosts, such
as yeast or E. coli, thereby improving yields and pathway
control. These efforts demonstrate the utility of gene
clustering not only as an evolutionary strategy but also as a
practical tool for designing efficient cell factories for
terpenoid production.

Classification of Terpenoids

Terpenoids are classified according to the number of
isoprene units present in them, e.g., hemiterpenes,
monoterpenes, sesquiterpenes, diterpenes, sesterterpenes,
triterpenes, polyterpenes (see Table 1) (45). However, in
some cases, there are violations of the isoprene rule, such as
cryptone (2) and lavandulol (3) (46). The carbons contained
in cryptone, a naturally occurring ketonic terpenoid, are not
a multiple of five, and it contains only nine carbons.
Lavandulol is composed of two isoprene units, linked through
an exceptional C3 and C4 (3,4-linkage). Hemiterpenes are
the smallest and simplest terpenes, consisting of a five-
carbon single isoprene unit; they have low occurrence in
nature with no significant bioactivities, e.g., methyl butanol
(5) (47). Monoterpenes are reclassified based on rings
present in their structure as acyclic (citral (7), citronellol (8)),
monocyclic, e.g, menthol (9), a-terpineol, and bicyclic.
Bicyclic monoterpenes are further reclassified into three
classes according to the second ring size, such as 6+3
(carane) (10), 6+4 (pinane) (11), 645 (camphane) (12) (48).
Sesquiterpenoids are classified according to the number of
rings present in their acyclic (farnesol (14)), monocyclic
(bisabolene (15)), bicyclic (cadinene (16)), and tricyclic
(cedrol (17)) (49). The diterpenes are a diversified class of
terpenoids, biosynthesized by the combination of four
isoprenoid units. Diterpenoids are classified according to the
number of rings present in the structure: acyclic (phytol
(18)), monocyclic (vitamin A (19)), bicyclic (agathic acid
(20)), tricyclic (abietic acid (21)) (50).

Diterpenoids are further subdivided according to the
specific skeletal structures, like labdanes (4a), ent-kaurans
(4b), halimanes, clerodanes, pimaranes, and abeitanes (see
Figure 5). Labdane is a bicyclic diterpenoid; the name
originated from the labdanum, a resin derived from the gum
rockrose. ent-kauran is a bioactive class of tetracyclic
diterpenoids. Five isoprene-containing sesterterpenes are
rare compounds that are mainly isolated from marine
sponges. Triterpenes are biosynthesised from six isoprene
units and are a biologically important class of terpenes. It is
classified into acyclic (squalene (23)), tricyclic (ambrein
(24)), and tricyclic (lanosterol (26)). Tetraterpenes contain
eight isoprene units and are classified into acyclic (lycopene
(27)) and bicyclic (lutein (28)).

Table 1. Classification of terpene (51).

Terpenes Isoprene units Number of carbons
Hemiterpenes 1 5

Monoterpenes 2 10

Sesquiterpenes 3 15

Diterpenes 4 20

Sesterterpenes 5 25

Triterpenes 6 30

Tetraterpenes 8 40

Polyterpenes  >8 >40
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Cryptone (2) Lavandulol (4) Labdane (4a)

Kaurane (4b)

Figure 5. Example of terpenoid structures.

Carotenoid pigments are a crucial cyclic class of
tetraterpenes used as a natural food additive and in the
pharmaceutical industry. Xanthophyll pigments are the other
broadly distributed class of tetraterpenes, responsible for
flowers, vegetables, and fruit colouring (52). Polyterpenes
are the polymer of isoprene units (6-100) with the hydroxyl
group at the terminal. Rubber (29) is an extensively used
polyterpene for various human applications. It is present in
several plants in the latex form, e.g., Hevea
brasiliensis (Rubber tree). It is classified into di-trans-poly-
cis (dolichols) and tri-trans-poly-trans (solanesol (31)).
Quinones are one of the critical groups in polyprenoids,
containing a polar head group and a non-polar isoprenoid
side chain.

Hemiterpene Acyclic

Isoprene (5)  Methyl butanol (6)

Citral (7)

Citronellol (8)

Hemiterpene

Terpenoids Applications

Terpenoids represent a diverse class of molecules with
complex structures and functionalities, providing significant
opportunities to address various human social and health
issues. Terpenoids exhibit vast structural diversity and
multifunctionality, which underpin their broad spectrum of
industrial applications (53). Based on an extensive survey of
literature and recent biotechnological advancements,
terpenoids have been found to play pivotal roles across
multiple sectors, including pharmaceuticals, agriculture,
energy, food, cosmetics, and synthetic biology. Numerous
terpenoids are pharmaceutically active, displaying a wide
range of bioactivities, including anticancer, antimalarial,
antibacterial, and anti-inflammatory effects. (54, 55).
Terpenes, viz. ambroxides and santalol, play an essential
role in the fragrance industry in perfumery essential oils
(see Figure 6) (56). Terpenoids have pharmacological
properties, including anticancer, antimicrobial, antiallergenic,
antihyperglycemic, antispasmodic, and anti-inflammatory
properties (57, 58).

Hemiterpenes are the smallest terpenes with no
significant bioactivities. Pubescenoside-A, a hemiterpene
glycoside isolated from llex pubescens, is reported to exhibit
anti-platelet aggregation activity (59). Monoterpenes
produced in plants act as a chemical defense against
herbivores, as fragrances to attract pollinators, and also as
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Figure 6. Terpenes classification and chemical structures.
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phytotoxins to other plants (60). Limonene at a
concentration of 10 uM acts on the microtubules, leading to
membrane leakage in the transgenic Arabidopsis thaliana
weed (61, 62). Limonoids from Meliaceae family trees are
used for pest management due to their antifeedant and
insecticidal properties (63). In the food industry, terpenoids
are used as color, flavor, and fragrance enhancers. 1-
Menthol (34) is one of the most important flavoring agents in
pharmaceuticals, cosmetics, toothpaste, chewing gum, and
other personal care products, as well as in cigarettes (64).
1,8-cineole (36) is commonly used in the flavouring and
fragrance industries due to its pleasant taste and spicy
aroma (65-67). Cineole-based eucalyptus oil is used as a
flavouring agent at low levels (0.002 %) in various products,
including baked goods, confectionery, meat products, and
beverages (67). Safranal (37), biosynthesized from the
carotenoid degradation pathway, is one of the most
expensive spice flavour compounds present in Saffron
(Crocus sativus L.) (68). D-limonene (33) and perillyl alcohol
(35) are known to inhibit the development of carcinomas in
the liver, mammary, skin, lung, colon, prostate, and
pancreas (69, 70). Monoterpenes such as carveol (38) and
sobrerol (39) have shown activity against mammary
carcinomas (71). Menthol exhibited a bacterial activity
against S. aureus and E. coli. (72). Sesquiterpenes are less
volatile compared to hemiterpenes and monoterpenes and
function as semichemicals in plants and insects (73). It has
several pharmacological activities such as anti-inflammatory,
bactericidal, antioxidant, and antitumor activities (74). B-
Caryophyllene sesquiterpenes are the first known “dietary
cannabinoid” present in spices and have generally been
recognized as safe by the FDA as a standard food
component. B-caryophyllene in cancerous cell lines
stimulates apoptosis and suppresses growth (75).
Silphinenes and their derivatives exhibited insect antifeedant
activity against aphid, and Leptinotarsa decemlineata
species (76)

Sinugyrosanolide-A is a trans-neoclerodane type
diterpene and a psychoactive drug, ferruginol (44), has been
reported to possess anti-mycobacterial activity (10, 77). 3-
ingenyl angelate (48), a hydrophobic diterpene ester isolated
from Euphorbia peplus, is reported to be used as a topical
chemotherapeutic agent for skin cancer (78). Sesterterpenes
are rare in nature compared to other terpenes, and a
maximum of them was isolated from marine fungi. Manoalide
(54), a bioactive sesterterpene isolated from Luffarella
variabilis sponge. It exhibited various bioactivities, including
antihypertensive (calcium channel blocker), anti-
inflammatory, antimicrobial, and analgesic properties (79).
Betulinic acid (45) has been shown to induce apoptosis of
several human tumor cells, including melanoma and glioma.
It is used as an inhibitor for the NF-kB pathway (80, 81).

As discussed above, terpenoids are bioactive molecules
with structural and chemical diversity, providing
opportunities to discover new drug leads (82, 83). An in silico
docking study reveals the structural features in triterpenoids
that are crucial for antimycobacterial activity, highlighting
their potential as scaffolds in anti-tuberculosis drug discovery
(84). The isolation and purification of crude extracts facilitate
the characterization of bioactive constituents, which may aid
in the synthesis of large quantities, derivative formation,
determination of the mechanism of action, formulation as a
drug, and derivatization. Additionally, bioassays can be
developed for pure bioactive molecules, which is crucial for
screening them for various bioactivities and ensuring quality

control in therapeutic formulations for consumption as a drug
(85). Comprehensive review of pharmacological activities of
bioactive compounds, including terpenoids, isolated from
Acacia pennata, with in silico repurposing perspectives (53).
In nature, the plants are the primary sources of terpenoids.
In folk or traditional medicine, medicinal plant parts,
powders, or crude extracts were used for therapeutic and
experimental purposes. However, the use of these crude
preparations has several disadvantages, including variations
in the quantity of bioactive constituents, challenges in raw
material collection, storage, and preparation (86, 87).
Ethanolic extracts of Mentha viridis rich in terpenoids show
significant antidiabetic and antihyperlipidemic effects,
especially when combined with metformin (88). Comparative
phytochemical analysis confirms the abundance of
terpenoids in Azadirachta indica and Vernonia amygdalina,
supporting their broad medicinal applications (89).

Review highlights neuromodulatory effects of plant
secondary metabolites, including terpenoids, in prevention
and management of neurological disorders (90). Triterpene
glycoside glycyrrhizin and glycyrrhetinic acid act via the
PI3K/Akt/GSK3-B pathway to reduce cytoline production,
hence investigating their therapeutic potential for asthma
treatment (91). Natural rubber is the isoprene polymer,
which is extensively used for various applications, either
alone or in combination with other materials (92). Pandanus
amaryllifolius leaf extracts, containing triterpenoids/steroids,
exhibit notable antibacterial and antifungal activities, making
them suitable for anti-dandruff shampoo formulations (93).
The isolation of triterpenoid and steroidal cinnamates from
Vitellaria paradoxa demonstrates a strong antibacterial
potential against resistant pathogens (94). Fractions of
Detarium microcarpum lacking terpenoids but rich in other
phytochemicals display promising antioxidant activities (95).
MPLC is a robust, automated technique for developing an
effective, rapid, and reproducible protocol for the
preparative-scale isolation of natural products. Ultra-
performance liquid chromatography coupled with high-
resolution mass spectrometry is a technique that enables the
recognition of expected metabolites in complex plants or
biological mixtures, even at minor concentrations (nm-pm
range), with low sample requirements, high sensitivity,
rapidity, and high accuracy (96, 97). Aquilaria malaccensis
leaves containing triterpenoids accelerate wound healing in
second-degree burns, with higher concentration ointments
proving more effective (98). Ethanolic extract of Piper
ornatum leaves, containing terpenoids, shows potent
larvicidal activity against mosquito larvae (99). A
comprehensive review on the pharmacological activities and
industrial potential of terpenoids and other bioactive
compounds isolated from Acacia pennata, including their
chemical diversity and emerging therapeutic applications
(53).

Plant extraction protocols play the most crucial role in
the isolation and characterization of bioactive terpenoids.
The earlier extraction protocol was solely focused on the
analytical-scale isolation of a few targeted compounds;
therefore, an alternative technique is required that facilitates
the easy availability of these compounds on a large scale
(100, 101). Explores the antiepileptic potential of
Amaranthus spinosus methanol extract, highlighting the
presence of terpenoids among other phytochemicals,
suggesting therapeutic relevance, but not focused on
biosynthesis or industrial applications (102). Assesses quality
control of a polyherbal medicine (Paxherbal Bitter Tea) using
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thin-layer chromatography and phytochemical profiling,
identifying terpenoids among key components without
addressing biosynthetic advances (103).

However, terpenoid bioactive compounds have not been
explored efficiently due to their low bioavailability, which
significantly affects their bioactivities (104, 105). The
application of surfactant to enhance the solubility of

hydrophobic bioactive terpenoids in water, due to their
amphiphilic behavior, which tends to reduce the surface
tension of drugs, is one of the strategies to improve
bioavailability (106). Biotransformation is a green approach
used to expand the chemical diversity of terpenoids under
mild reaction conditions (107-109). Commonly used
terpenoids can be seen in Figure 7.
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Industrial Important Terpenoids

Clinically approved drugs, such as paclitaxel (a diterpenoid)
and artemisinin (a sesquiterpenoid), are prominent
examples, widely used in cancer chemotherapy and malaria
treatment, respectively (110, 111). In addition, menthol,
thymol, and camphor are employed in analgesics and
antiseptics, reinforcing the role of terpenoids in over-the-
counter therapeutic formulations (112-114). The discovery of
these bioactivities has led to increased interest in terpenoid
biosynthesis for the development of new drugs. The aroma
and flavor industries extensively utilize monoterpenes and
sesquiterpenes, which contribute to the characteristic scents
and flavors of many plant-derived products (115, 116).
Compounds such as limonene, linalool, and farnesol are
commonly used in perfumes, essential oils, and food
flavorings (117). The vital oils of species like Eucalyptus
globulus, Mentha spp., and Cymbopogon citratus owe their
commercial value largely to their terpenoid content. This
widespread use underscores the economic significance of
volatile terpenoids. Terpenoids function as natural
agrochemicals due to their role in plant defense mechanisms
(118). Compounds such as pyrethrins (derived from
Chrysanthemum) and azadirachtin (extracted from
Azadirachta indica) exhibit strong insecticidal properties and
are incorporated into eco-friendly biopesticides. Their
biodegradability and lower toxicity to non-target organisms
make them suitable alternatives to synthetic pesticides
(119). Furthermore, terpenoid-based semiochemicals are
being explored for pest deterrence and crop protection
strategies. Recent advances in synthetic biology have
enabled the microbial production of terpenoids with
properties similar to those of fuels (120). Compounds such as
isoprene, pinene, and farnesene are being investigated as
renewable alternatives to petroleum-derived fuels due to
their high energy density and combustion characteristics
(121). In the food industry, terpenoids are utilized as flavor
enhancers, colorants, and nutritional supplements. B-
Carotene, a tetraterpenoid, is widely used as a natural food
colorant and as a precursor to vitamin A. Other terpenoids,
such as carvone and limonene, impart characteristic flavors
to beverages, confectionery, and seasonings. The safety and
stability of these compounds have further accelerated their
adoption in food formulations (55, 122). Several terpenoids
are incorporated into cosmetic formulations due to their
aromatic, antimicrobial, and skin-soothing properties (112,
123). For instance, squalene, a triterpenoid, serves as an
emollient and antioxidant in skincare products. Menthol and
camphor are valued for their cooling and anti-irritant effects
(124). The increasing demand for natural and plant-based
cosmetics has driven market growth in terpenoid-derived
personal care products. Beyond their bioactivity, terpenoids
serve as chemical intermediates and biopolymers. Natural
rubber, composed of polyisoprene, is a polyterpenoid with
extensive use in the automotive and manufacturing
industries (125). Additionally, terpenoid alcohols and
aldehydes, such as geraniol and citral, are employed as
starting materials in fine chemical synthesis (126).
Advancements in metabolic engineering and synthetic
biology have enabled scalable and sustainable production of
high-value terpenoids (127). Terpenoids are being explored
for roles in nanoparticle synthesis, drug delivery systems,
and bio-based plastics. Their tunable structures and
biocompatibility open new avenues in green chemistry and
biomedical engineering (128, 129).

Conclusion

Terpenoids represent one of the most structurally and
functionally diverse classes of natural products, with
immense biological and industrial significance. Their
biosynthesis through the mevalonate (MVA) and
methylerythritol phosphate (MEP) pathways highlights the
intricate enzymatic processes that contribute to their
chemical diversity. From primary metabolites essential for
cellular functions to secondary metabolites involved in plant
defense and ecological interactions, terpenoids play
indispensable roles in nature.

The broad range of industrial applications, spanning
pharmaceuticals, fragrances, and biofuels, underscores their
potential in sustainable biotechnology. The successful
commercialization of terpenoid-based drugs, such as Taxol
and artemisinin, demonstrates their relevance in modern
medicine. At the same time, advancements in metabolic
engineering and synthetic biology continue to expand their
utility. Moreover, the increasing interest in terpenoids as
renewable biofuel alternatives further highlights their
potential in addressing global energy challenges.

Future research in terpenoid biosynthesis, particularly
through biotechnological innovations, holds promise for
enhancing production yields, diversifying structural
modifications, and optimizing their industrial applications. By
integrating insights from molecular biology, bioengineering,
and industrial biotechnology, continued advancements in
this field will pave the way for novel applications and
sustainable production strategies.

This review highlights the importance of further
investigating terpenoid biosynthesis and its industrial
applications,  ultimately  contributing to  scientific
advancements and economic growth across various sectors.
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