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phosphate (IPP), dimethyl allyl diphosphate (DMAPP), mevalonate and deoxyxylulose
biosynthetic pathways. Terpenes play a very important role in human health and have sig‐
nificant biological activities (anticancer, antimicrobial, anti-inflammatory, antioxidant, anti‐
allergic, skin permeation enhancer, anti-diabetic, immunomodulatory, anti-insecticidal).
According to new research, terpenes cineole (a spicy eucalyptus-derived flavoring oil) are
ready to be directly converted to biofuel as soon as they are produced. This book provides
an overview and highlights recent research in the phytochemical and biological understand‐
ing of terpenes and terpenoid and explains the most essential functions of these kinds of
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1. Terpenes and terpenoids

Natural products are the compounds which isolate from different natural sources such as 
plants, animals, microbes, insects, plant pathogens, and endophytes and marine. These are 
known as secondary metabolites since they are formed due to the enzymatic resections of 
primary metabolites (amino acids, sugars, vitamins, etc.). Terpenes belong to the biggest 
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Figure 2. Structure of monoterpene.

class of secondary metabolites and basically consist of five carbon isoprene units which are 
assembled to each other (many isoprene units) by thousands of ways. Terpenes are simple 
hydrocarbons, while terpenoids are modified class of terpenes with different functional 
groups and oxidized methyl group moved or removed at various positions. Terpenoids 
are divided into monoterpenes, sesquiterpenes, diterpenes, sesterpenes, and triterpenes 
depending on its carbon units (Figure 1). Most of the terpenoids with the variation in their 
structures are biologically active and are used worldwide for the treatment of many dis-
eases. Many terpenoids inhibited different human cancer cells and are used as anticancer 
drugs such as Taxol and its derivatives. Many flavorings and nice fragrances are consisting 
on terpenes because of its nice aroma. Terpenes and its derivatives are used as antimalarial 
drugs such as artemisinin and related compounds. Meanwhile, terpenoids play a diverse 
role in the field of foods, drugs, cosmetics, hormones, vitamins, and so on. This chapter 
provides introduction and information on the bioactive terpenes isolated currently from dif-
ferent natural sources.

2. Monoterpenes

Monoterpenes consist of 10 carbon atoms with two isoprene units and molecular formula 
C10H16. These are naturally present in the essential and fixed oils of plants and related sources. 
Monoterpenes are structurally divided into the acyclic, monocyclic, and bicyclic type of 

Names Plant source Activity Ref.

9-OH-isoegomaketone 
[(2E)-1-(3-furanyl)-4-OH-4-
Me-2-penten-1-one

Leaves of Perilla 
frutescens var. 
crispa

It exhibited inhibitory activity on nitric oxide (NO) 
production in lipopolysaccharide (LPS)-activated 
RAW264.7 cells with an IC50 value of 14.4 μM. Compounds 
in the SC-CO2 extracts of the radiation mutant cultivar and 
the original plant were quantified by high-performance 
liquid chromatography with diode array detection.

[2]

Table 1. Source and biological activities of some monoterpenes.

Terpenes and Terpenoids2

compound. The compounds belong to this class usually have strong aroma and odor and 
are used in many pharmaceutical companies. Mixture of different monoterpene-based oils is 
used as fragrances for making perfumes and in other cosmetics. Most of the monoterpenes 
are active biologically with strong antibacterial activities. Several studies have shown in vitro 
and in vivo antitumor activity of many essential oils obtained from plants. The antitumor 
activity of essential oils of many species has been related to the presence of monoterpenes in 
their composition [1]. Herein, we are discussing some of the recently published active mono-
terpenes (Table 1, Figure 2).

3. Sesquiterpenes

Sesquiterpenes are the class of secondary metabolites consisting of three isoprene units (C15H24) 
and found in linear, cyclic, bicyclic, and tricyclic forms. Sesquiterpenes are also found in the 
form of lactone ring (Table 2). Many of the latex in latex-producing plants contain sesquiter-
pene, and these are potent antimicrobial and anti-insecticidal agent. Artemisinin, a sesquiter-
pene lactone, one of the most active compounds in Artemisia annua shoots and roots (Figure 3).

Names Plant source Activity Ref.

Arvestolides H and I Artemisia vestita H and I showed inhibitory effects on nitric 
oxide production in BV-2 cells induced by 
lipopolysaccharide with IC50 values of 43.2 
and 39.9 μM, respectively.

[3]

Drimenin Canelo tree Drimys winteri Potency for drimenin at the hα4β2 AChR 
(0.97 μM) is several folds higher than that 
for other clinically used antidepressants 
using the same method. It could be used as 
a molecular scaffold for the development of 
more potent inhibitors with higher selectivity 
for the hα4β2 AChR.

[4]

Artefreynic acid B, C, 
and G

Artemisia freyniana B, C, and G exhibited inhibitory effects 
against LPS-stimulated nitric oxide (NO) 
production in RAW 264.7 macrophage cells 
with IC50 values of 10.8, 12.6, and 11.7 μM, 
respectively.

[5]

Chrysanthemulide A Chrysanthemum indicum Mechanistic study revealed that the potential 
anti-inflammatory activity of A appears to be 
mediated via suppression of an LPS-induced 
NF-κB pathway and downregulation of 
MAPK activation.

[6]

14-O-Acetylinsulicolide 
A, 6β,9α-dihydroxy-14-p-
nitrobenzoylcinnamolide,  
insulicolide A

Marine-derived Aspergillus 
ochraceus fungus

These compounds were evaluated for their 
cytotoxicities against three renal carcinoma 
cell lines, ACHN, OS-RC-2, and 786-O cells, 
and it displayed activities with IC50 values of 
0.89–8.2 μM. Further studies indicated that 
it arrested the cell cycle at the G0/G1 phase 
at a concentration of 1 μM and induced late 
apoptosis at a concentration of 2 μM after a 
72 h treatment of 786-O cells.

[7]

Introductory Chapter: Terpenes and Terpenoids
http://dx.doi.org/10.5772/intechopen.79683

3



Figure 2. Structure of monoterpene.

class of secondary metabolites and basically consist of five carbon isoprene units which are 
assembled to each other (many isoprene units) by thousands of ways. Terpenes are simple 
hydrocarbons, while terpenoids are modified class of terpenes with different functional 
groups and oxidized methyl group moved or removed at various positions. Terpenoids 
are divided into monoterpenes, sesquiterpenes, diterpenes, sesterpenes, and triterpenes 
depending on its carbon units (Figure 1). Most of the terpenoids with the variation in their 
structures are biologically active and are used worldwide for the treatment of many dis-
eases. Many terpenoids inhibited different human cancer cells and are used as anticancer 
drugs such as Taxol and its derivatives. Many flavorings and nice fragrances are consisting 
on terpenes because of its nice aroma. Terpenes and its derivatives are used as antimalarial 
drugs such as artemisinin and related compounds. Meanwhile, terpenoids play a diverse 
role in the field of foods, drugs, cosmetics, hormones, vitamins, and so on. This chapter 
provides introduction and information on the bioactive terpenes isolated currently from dif-
ferent natural sources.

2. Monoterpenes

Monoterpenes consist of 10 carbon atoms with two isoprene units and molecular formula 
C10H16. These are naturally present in the essential and fixed oils of plants and related sources. 
Monoterpenes are structurally divided into the acyclic, monocyclic, and bicyclic type of 

Names Plant source Activity Ref.

9-OH-isoegomaketone 
[(2E)-1-(3-furanyl)-4-OH-4-
Me-2-penten-1-one

Leaves of Perilla 
frutescens var. 
crispa

It exhibited inhibitory activity on nitric oxide (NO) 
production in lipopolysaccharide (LPS)-activated 
RAW264.7 cells with an IC50 value of 14.4 μM. Compounds 
in the SC-CO2 extracts of the radiation mutant cultivar and 
the original plant were quantified by high-performance 
liquid chromatography with diode array detection.

[2]

Table 1. Source and biological activities of some monoterpenes.

Terpenes and Terpenoids2

compound. The compounds belong to this class usually have strong aroma and odor and 
are used in many pharmaceutical companies. Mixture of different monoterpene-based oils is 
used as fragrances for making perfumes and in other cosmetics. Most of the monoterpenes 
are active biologically with strong antibacterial activities. Several studies have shown in vitro 
and in vivo antitumor activity of many essential oils obtained from plants. The antitumor 
activity of essential oils of many species has been related to the presence of monoterpenes in 
their composition [1]. Herein, we are discussing some of the recently published active mono-
terpenes (Table 1, Figure 2).

3. Sesquiterpenes

Sesquiterpenes are the class of secondary metabolites consisting of three isoprene units (C15H24) 
and found in linear, cyclic, bicyclic, and tricyclic forms. Sesquiterpenes are also found in the 
form of lactone ring (Table 2). Many of the latex in latex-producing plants contain sesquiter-
pene, and these are potent antimicrobial and anti-insecticidal agent. Artemisinin, a sesquiter-
pene lactone, one of the most active compounds in Artemisia annua shoots and roots (Figure 3).

Names Plant source Activity Ref.

Arvestolides H and I Artemisia vestita H and I showed inhibitory effects on nitric 
oxide production in BV-2 cells induced by 
lipopolysaccharide with IC50 values of 43.2 
and 39.9 μM, respectively.

[3]

Drimenin Canelo tree Drimys winteri Potency for drimenin at the hα4β2 AChR 
(0.97 μM) is several folds higher than that 
for other clinically used antidepressants 
using the same method. It could be used as 
a molecular scaffold for the development of 
more potent inhibitors with higher selectivity 
for the hα4β2 AChR.

[4]

Artefreynic acid B, C, 
and G

Artemisia freyniana B, C, and G exhibited inhibitory effects 
against LPS-stimulated nitric oxide (NO) 
production in RAW 264.7 macrophage cells 
with IC50 values of 10.8, 12.6, and 11.7 μM, 
respectively.

[5]

Chrysanthemulide A Chrysanthemum indicum Mechanistic study revealed that the potential 
anti-inflammatory activity of A appears to be 
mediated via suppression of an LPS-induced 
NF-κB pathway and downregulation of 
MAPK activation.

[6]

14-O-Acetylinsulicolide 
A, 6β,9α-dihydroxy-14-p-
nitrobenzoylcinnamolide,  
insulicolide A

Marine-derived Aspergillus 
ochraceus fungus

These compounds were evaluated for their 
cytotoxicities against three renal carcinoma 
cell lines, ACHN, OS-RC-2, and 786-O cells, 
and it displayed activities with IC50 values of 
0.89–8.2 μM. Further studies indicated that 
it arrested the cell cycle at the G0/G1 phase 
at a concentration of 1 μM and induced late 
apoptosis at a concentration of 2 μM after a 
72 h treatment of 786-O cells.

[7]

Introductory Chapter: Terpenes and Terpenoids
http://dx.doi.org/10.5772/intechopen.79683

3



Figure 3. Structures of sesquiterpenes.

Names Plant source Activity Ref.

Santhemoidin A Tarchonanthus camphoratus 
and Schkuhria pinnata

A was the most active compound found 
in this study, with IC50 values of 0.10 μM 
against Trypanosoma brucei rhodesiense 
trypomastigotes and selectivity indices of 
20.5, respectively.

[8]

Table 2. Source and biological activities of some sesquiterpenes.

Terpenes and Terpenoids4

4. Diterpenes

Diterpenoids belong to a versatile class of chemical constituents found in different natural 
sources having C20H32 molecular formula and four isoprene units (Figure 4). This class of com-
pounds showed significant biological activities including anti-inflammatory, antimicrobial, 

Figure 4. Structure of diterpenes.
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anticancer, and antifungal activities. Some of the diterpenes also have cardiovascular activity, 
such as grayanotoxin, forskolin, eleganolone, marrubenol, and 14-deoxyandrographolide. 
Kaurane and pimarane-type diterpenes are also biologically active metabolites isolated from 
the roots and leaves of different plants (Table 3).

5. Sesterpenes

Sesterpenes consist of 25 carbon atoms with 5 isoprene units and molecular formula 
C25H40 (Figure 5). These are naturally present in the fungus, marine organism, insects, 
sponges, lichens, and protective waxes of insects. These types of compounds are biologi-
cally active having anti-inflammatory, anticancer, antimicrobial, and antifungal activities 
(Table 4).

Names Plant source Activity Ref.

Genkwanine P and 
laurifolioside A

Buds of Wikstroemia 
chamaedaphne

Compounds exhibited potential antihepatitis 
B virus activities with IC50 46.5 and 88.3 mg/mL 
against HBsAg.

[9]

Cephinoids H Cephalotaxus fortunei var. 
alpina and C. lanceolata

H demonstrated an inhibition of 49.0% by 
administration to zebra fish at a dose of 60.0 ng/mL, 
compared to cisplatin (DDP, 22.4%) at 15.0 μg/mL. It 
might affect the NF-κB signaling pathway rather than 
binding to microtubules. Additionally, it showed 
almost equal anti-inflammatory activities compared 
to the positive control, MG132.

[10]

Nudiflopene F and I Leaves of Callicarpa 
nudiflora

F and I have strong interactions with the iNOS 
protein by targeting residues of the active cavities of 
iNOS n BV-2 cells (IC50 28.1 and 23.3).

[11]

Drechmerin B Endophytic fungus 
Drechmeria sp.

B displayed antimicrobial activity against C. albicans 
with an MIC value of 12.5 μg/mL.

[12]

Nicaeenin F Latex of Euphorbia 
nicaeensis

F showed significant potential to inhibit 
P-glycoprotein (P-gp) activity in two MDR cancer 
cells (NCI-H460/R and DLD1-TxR).

[13]

Nicaeenin G Latex of E. nicaeensis G showed significant potential to inhibit 
P-glycoprotein (P-gp) activity in two MDR 
cancer cells (NCI-H460/R and DLD1-TxR). G also 
significantly stronger chemosensitized NCI-H460/R 
cells to DOX compared to Dexverapamil due to 
prolonged effect of P-gp inhibition that persisted for 
72 h.

[13]

Eupheliotriol F and L Euphorbia helioscopia F and L exhibited significant cytotoxicity against 
MCF-7 and PANC-1 cell lines.

[14]

Table 3. Source and biological activities of some diterpenes.

Terpenes and Terpenoids6

Figure 5. Structures of sesterpenes.

Names Plant source Activity Ref.

Cybastacines A 
and B

Nostoc sp. Cyanobacterium A and B showed moderate in vitro antibiotic 
activities. Sesterterpenes are rare among microbial 
secondary metabolites, with only one report 
of a previous alkaloid—sesterterpene found in 
cyanobacteria. This discovery represents a significant 
addition to the novel chemical structures active 
against resistant bacterial strains.

[15]

Scalarane 
sesterterpenes

Mushroom species, Pleurotus 
ostreatus and Scleroderma 
areolatum

This compound exhibited moderate micromolar 
activity against P. falciparum 3D7 and T. cruzi 
Tulahuen C4 parasites. It showed <50% inhibition at 
25 μM, when incubated with the tumoral liver cell 
line, HepG2 (HB-8065) for 72 h.

[16]

Table 4. Source and biological activities of some sesterpenes.
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C25H40 (Figure 5). These are naturally present in the fungus, marine organism, insects, 
sponges, lichens, and protective waxes of insects. These types of compounds are biologi-
cally active having anti-inflammatory, anticancer, antimicrobial, and antifungal activities 
(Table 4).

Names Plant source Activity Ref.

Genkwanine P and 
laurifolioside A

Buds of Wikstroemia 
chamaedaphne

Compounds exhibited potential antihepatitis 
B virus activities with IC50 46.5 and 88.3 mg/mL 
against HBsAg.

[9]

Cephinoids H Cephalotaxus fortunei var. 
alpina and C. lanceolata

H demonstrated an inhibition of 49.0% by 
administration to zebra fish at a dose of 60.0 ng/mL, 
compared to cisplatin (DDP, 22.4%) at 15.0 μg/mL. It 
might affect the NF-κB signaling pathway rather than 
binding to microtubules. Additionally, it showed 
almost equal anti-inflammatory activities compared 
to the positive control, MG132.

[10]

Nudiflopene F and I Leaves of Callicarpa 
nudiflora

F and I have strong interactions with the iNOS 
protein by targeting residues of the active cavities of 
iNOS n BV-2 cells (IC50 28.1 and 23.3).

[11]

Drechmerin B Endophytic fungus 
Drechmeria sp.

B displayed antimicrobial activity against C. albicans 
with an MIC value of 12.5 μg/mL.

[12]

Nicaeenin F Latex of Euphorbia 
nicaeensis

F showed significant potential to inhibit 
P-glycoprotein (P-gp) activity in two MDR cancer 
cells (NCI-H460/R and DLD1-TxR).

[13]

Nicaeenin G Latex of E. nicaeensis G showed significant potential to inhibit 
P-glycoprotein (P-gp) activity in two MDR 
cancer cells (NCI-H460/R and DLD1-TxR). G also 
significantly stronger chemosensitized NCI-H460/R 
cells to DOX compared to Dexverapamil due to 
prolonged effect of P-gp inhibition that persisted for 
72 h.

[13]

Eupheliotriol F and L Euphorbia helioscopia F and L exhibited significant cytotoxicity against 
MCF-7 and PANC-1 cell lines.

[14]

Table 3. Source and biological activities of some diterpenes.
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Figure 5. Structures of sesterpenes.

Names Plant source Activity Ref.

Cybastacines A 
and B

Nostoc sp. Cyanobacterium A and B showed moderate in vitro antibiotic 
activities. Sesterterpenes are rare among microbial 
secondary metabolites, with only one report 
of a previous alkaloid—sesterterpene found in 
cyanobacteria. This discovery represents a significant 
addition to the novel chemical structures active 
against resistant bacterial strains.

[15]

Scalarane 
sesterterpenes

Mushroom species, Pleurotus 
ostreatus and Scleroderma 
areolatum

This compound exhibited moderate micromolar 
activity against P. falciparum 3D7 and T. cruzi 
Tulahuen C4 parasites. It showed <50% inhibition at 
25 μM, when incubated with the tumoral liver cell 
line, HepG2 (HB-8065) for 72 h.

[16]

Table 4. Source and biological activities of some sesterpenes.
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6. Triterpenes

A major class of secondary metabolites are known as triterpenes and it usually contains 
30 carbon atoms consisting of 6 isoprene units (Figure 6). It is derived from the squalene 
biosynthetic pathway. Triterpenes have many methyl groups and it can be oxidized into 
alcohols, aldehydes, and carboxylic acids, which make it complex and differentiate it bio-
logically. Triterpenes have many active sites for the glycosylation which converts it into 
another big class of compounds, namely, saponins (triterpene glycoside). Herein, we are 
discussing some recently published bioactive triterpenes (Table 5).

Figure 6. Structure of triterpenes.
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7. Meroterpenes

Meroterpenes are the secondary metabolites with partial terpenoid skeleton. Meroterpenoids 
were partially derived from mevalonic acid pathways and widely derived from animals, plants, 

Names Plant source Activity Ref.

Polyporenic acid B Fruiting bodies of 
Fomitopsis palustris

It showed strong cytotoxicity against the HCT116, A549, 
and HepG2 cell lines with IC50 values of 8.4, 12.1, and 
12.2 μM, respectively.

[17]

Pardinol B Tricholoma pardinum Compound showed strong cytotoxicity against HL-60 
SMMC-7721 A-549 MCF-7 SW480, 8.3, 15.0, 14.4, 12.7, 
15.0 μM, respectively.

[18]

Pardinol E T. pardinum E exhibited strong cytotoxicity against HL-60 SMMC-
7721 A-549 MCF-7 SW480, 9.8, 11.7, 9.8 11.9, 15.6, μM, 
respectively

[18]

Pardinol F T. pardinum F showed strong cytotoxicity against HL-60 SMMC-7721 
A-549 MCF-7 SW480, 11.2, 15.6, 12.6, 10.5, 14.1 μM, 
respectively.

[18]

Xuedanencins G 
and H

Tubers of Hemsleya 
penxianensis

G and H were evaluated for cytotoxic activity against 
the Hela human cancer cell line and compounds showed 
significant cytotoxicity with IC50 value at 1.82 and 
2.45 μM, respectively.

[19]

Cyclocariols A, B, 
and H

Leaves of Cyclocarya 
paliurus

A, B, and H were tested against human colon tumor 
(HCT-116) cell lines, exhibited good activities with IC50 
values of 6.53, 4.94, and 6.48 μM, respectively.

[20]

Table 5. Source and biological activities of some triterpenes.

Figure 7. Structures of meroterpenes.
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bacteria, and fungi [21] (Figure 7). Meroterpene biosynthesis expands the diversity available 
to isoprenoid pathways alone and allows for the assembly of natural products with highly 
unique structural attributes. Organisms belonging to the fungal kingdom have become profi-
cient at exploiting this broad chemical synthesis platform for complex metabolite production. 
Herein, we are discussing some of the recently published bioactive meroterpenes (Table 6).
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Abstract

South Africa flora is one of the most important mega floras with high endemic species 
percentage. Lamiaceae is an important family in South Africa with ±308 species in 41 
genera and contains many important plants (~23%) traditionally used for treatment of 
different human diseases. The chemical profile of Lamiaceae is very rich in terpenoids in 
general and more specifically diterpenes. Genera like Leonotis and Plectranthus are well 
studied, while on the other hand, genus like Stachys (~41 species, ~50% endemic) didn’t 
receive any attention. Different classes of diterpenes were identified and some of them 
demonstrating important biological activities.

Keywords: South African flora, Lamiaceae, Leonotis, Plectranthus, chemical constituents, 
terpenoids

This work is dedicated to Prof. Benjamin Rodriguez (Instituto de Quimica Organic General, CSIC, Spain) for his 
contributions in the field of natural products and specially in the chemistry of Lamiaceae family.

1. Introduction

The Green economy concept has been driven as an urgent need for addressing global chal-
lenges in vital fields like energy, environment, and health. Green economy is expected 
to play a very important role in changing the way that society manages the interaction 
of the environmental and economic domains. Consequently, a new paradigm has been 
established and shifted toward green economy or green growth. Natural products rep-
resent one of the most important elements required to build safe and effective economy 
especially in health sector. South Africa (SA) is recognized as one of the most biodiverse 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

South Africa flora is one of the most important mega floras with high endemic species 
percentage. Lamiaceae is an important family in South Africa with ±308 species in 41 
genera and contains many important plants (~23%) traditionally used for treatment of 
different human diseases. The chemical profile of Lamiaceae is very rich in terpenoids in 
general and more specifically diterpenes. Genera like Leonotis and Plectranthus are well 
studied, while on the other hand, genus like Stachys (~41 species, ~50% endemic) didn’t 
receive any attention. Different classes of diterpenes were identified and some of them 
demonstrating important biological activities.

Keywords: South African flora, Lamiaceae, Leonotis, Plectranthus, chemical constituents, 
terpenoids

This work is dedicated to Prof. Benjamin Rodriguez (Instituto de Quimica Organic General, CSIC, Spain) for his 
contributions in the field of natural products and specially in the chemistry of Lamiaceae family.

1. Introduction

The Green economy concept has been driven as an urgent need for addressing global chal-
lenges in vital fields like energy, environment, and health. Green economy is expected 
to play a very important role in changing the way that society manages the interaction 
of the environmental and economic domains. Consequently, a new paradigm has been 
established and shifted toward green economy or green growth. Natural products rep-
resent one of the most important elements required to build safe and effective economy 
especially in health sector. South Africa (SA) is recognized as one of the most biodiverse 
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country in the world with 20,456 indigenous vascular plant taxa recorded where 13,265 
(65%) are endemic [1, 2].

The Lamiaceae (formerly Labiateae, mint family) is a cosmopolitan family with ~7136 
species in 236 genera. Most species are shrubby or herbaceous and trees are extremely 
rare [3]. The Lamiaceae family has great economic value, as it contains several horticul-
tural species, most of which are used as culinary herbs like salvia, rosemary, ocimum, 
mint, Leonotis, etc. Lamiaceae species are known to contain pharmacologically active ter-
penoids with a wide spectrum of bioactivity and expected to play more important roles 
in the process of drug discovery as well as cosmetic, food, and pesticides industries [4–6]. 
In the Sub-Saharan region, ~60 genera with ±980 species were reported [7]. SA considers 
as a diversity spot of Lamiaceae with ±308 species in 41 genera [8]. The species occur 
predominantly in the summer and/or winter rainfall areas. The habitats are different and 
vary to a great extent [9].

However, the South African flora is one of the most important mega floras for its unique 
diversity and endemism, it receives low attention in terms of bioprospecting, and the number 
of research paper every year dealing with chemical/biological profiling is still beyond the 
required level. This review serves as a background for the chemistry of all species belong-
ing to the family Lamiaceae growing in SA and it covers publications till 2017. The articles 
information’s abstracted from Sci-finder database [10] and includes all species growing in SA 
as well as other places. This chapter doesn’t cover the essential oils and Plectranthus barbatus, 
which recently reviewed by others [11, 12].

2. Terpenoids of different genera of South African Lamiaceae

Different classes of secondary metabolites have been identified from Lamiaceae, the 
majority of the isolated compounds are terpenoids (~71%), and additionally other classes 
of compounds like flavonoids, α-pyrone derivatives, phenolic acids, and alkaloids were 
reported. Mono-, sesqui-, and tri-terpenoids are relatively small in number (~15%) when 
compared to diterpenoids and it was reported that more than 100 of different diterpene 
skeletons were identified which indicate the high evolutionary index of Lamiaceae [13]. 
According to the literature, the genera Leonotis (known as wild dagga) and Plectranthus 
have received the highest attention where 70 (Leonotis) and 94 (Plectranthus) compounds 
were identified so far, the majority of the isolated compounds are labdane diterpenes. 
In this chapter, the different genera have been listed alphabetically and the trivial names 
have been retained in the cases where they were given by authors and/or chemical 
abstracts.

2.1. Aeollanthus genus

Aeollanthus genus represented by 43 species globally and 7 in SA. From A. buchnerianus, an abie - 
tane diterpene, [(rel)-14α-acetoxyabiet-7-en-18-oic acid] (1) [14], 3β-acetoxy-7,15-isopimaradiene 
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(2), 3β-acetoxy-7,15-isopimaradien-19-ol (3) and 19-acetoxy-7,15-isopimaradien-3β-ol (4), 
7,15-isopimaradien-19-ol (5, akhdarenol) and 7,15-isopimaradien-3β,19-diol (6, virescenol), 
a mixture of 19-isobutyryloxy- and 19-butyryloxy-8β-hydroxy-15-isopimarene (7), and a 
3:1 mixture of 5-stigmasten-3β-ol and β-sitosterol were isolated from the aerial parts of 
A.  rydingianus. 5 and 6 showed activity against S. aureus and Enterococcus hirae [15].

2.2. Ballota genus

Ballota is represented by one species in SA vizB africana. Hispanolone (8) was isolated from 
the aerial parts [16].

2.3. Cedronella genus

Cedronella genus is represented by only one species in SA viz C. canariensis. The phytochemical 
studies of the aerial parts resulted in isolation of a dimer of d-pinocarvone (9), cedronellone 
(10), and ursolic acid (11) [17].

2.4. Clerodendrum genus

Seven species were recorded in SA and clerodendrumic acid (12) was isolated from 
C.  glabrum var. glabrum and showed weak antifungal, antibacterial, and cytotoxic  activities 
[18].

2.5. Hoslundia genus

Hoslundia genus is represented by one species in SA vizH. opposite. The phytochemical 
studies of the aerial parts yielded an interesting and rare pyrano and furanoflavonoid 
derivatives in addition to euscaphic and (13) ursolic acid (11) [19, 20]; four abietane-type 
esters, 3-O-cinnamoylhosloppone (14), 3-O-benzoylhosloppone (15), 3-O-benzoylhosloquin-
one (16), and 3-O-benzoylhinokiol (17); 13 was found to exhibit MIC of 50 μg/mL against  
M. tuberculosis, while 14 inhibits the growth of the MDR strain K1 of Plasmodium falciparum 
in vitro with an IC50-value of 0.4 μg/mL [21].

2.6. Hyptis genus

Three species were recorded in SA. The triterpenes 3α,19α-dihydroxyurs-12-en-28-oic acid 
(18) and 3β-acetoxyoleanan-13β,28-olide (19), Me betulinate (20), oleanolic acid/acetate (21/22),  
and ursolic (11) and maslinic acids (23) were isolated from H. mutabilis [22].

From H. spicigera, seven labdane diterpenes; 19-acetoxy-2α,7α,15-trihydroxylabda-8(17),(13Z)-diene (24); 
15,19-diacetoxy-2α,7α-dihydroxylabda-8(17),(13Z)-diene (25); 7α,15,19-triacetoxy-2α-hydrox-
ylabda-8(17),(13Z)-diene (26); 19-acetoxy-2α,7α-dihydroxylabda-8(17),(13Z)-dien-15-al (27);  
19-acetoxy-7α,15-dihydroxylabda-8(17),(13Z)-dien-2-one (28); 2α,7α,15,19-tetrahydroxy-ent-labda- 
8(17), (13Z)-diene (29); and 19-acetoxy-2R,7R-dihydroxylabda-14,15-dinorlabd-8(17)-en-13-one (30) were 
isolated from the aerial parts [23].
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2.7. Leonotis genus

Seven species were recorded in SA and two of them were extensively studied. Traditionally, 
this genus is used to substitute hemp and called as wild dagga; however, there is no much 
scientific biological evidences supporting such claim. The chemistry was started in early 
60s of the last century by South African researchers. Many labdane diterpenes have been 
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isolated. The chemistry of the genus was covered previously by a review published by 
Piozzi et al.[24].

2.7.1. Leonotis leonurus

The chemistry of Leonotis was commenced in 1962 and some compounds were identified; mar-
rubiin (31) compounds, X (32) and Y (33), the stereoisomers of premarrubiin (34) and (35) 
(the C-13 epimeric forms of premarrubiin). Leonurun (36) has been isolated and the relative 
stereochemistry was determined using single-crystal X-ray diffraction analysis [24, 25]. After 
two years, labdane (13S)-9α,13α-epoxylabda-6β(19),15(14)-dioldilactone (37) was isolated, this 
compound caused significant changes in blood pressure of anesthetized normotensive rats, 
and also was found to exhibit a negative chronotropic effect [26].

The organic extract of L. leonurus showed 99% growth inhibition against M. tuberculosis at 1.0 
mg/mL, subsequent phytochemical studies resulted in the identification of three labdane-type 
diterpenoids: 9,13:15,16-diepoxy-6,16-labdanediol (38), 6-acetoxy-9,13-epoxy-15-methoxy-
labdan-16,15-olide (39), and 9,13-epoxy-6-hydroxylabdan-16,15-olide (40). None of the iso-
lated compounds were active against M. tuberculosis [27].

Recently, Fang et al. [28] identified leonurenones A–C (41–43), in addition to 9,13:15,16- 
diepoxy-6,16-labdanediol (38) and nepetifolin (44). The leonurenones contain an uncom-
mon α,β-unsaturated enone moiety in ring B. Compound 38 was isolated as epimeric 
form, (at C-16, ratio 3:1). Compound 41 was isolated from aqueous extract of the leaves 
and the authors proposed the possible formation of 43 as an artefact via oxidation and 
lactonization of the more polar intermediate (41) during the isolation process. The total 
aqueous extract, at concentration of 1.0 g/mL, showed an 81% inhibition in a binding 
assay at the GABAA site. Compounds 41 and 43 did not show activity (<50% inhibition) 
in this assay [28].

In the following year, Wu and co-workers (2013) were successful to isolate and identify 
eleven labdanoides, viz leoleorins D–J (41–43, 45–48) and 16-epi-leoleorin F (49), leoleorin 
A [corresponding to compound Y (33)], leoleorin B (50) (anhydro derivative of compound 
Y), and leoleorin C [9,13-epoxy-6-hydroxylabdan-15,16-olide (40)]. The absolute configura-
tions of leoleorin A (33) and D (41) were established by X-ray crystallographic analyses. It 
is important to indicate that new compounds “leoleorins G-I”, which were isolated in this 
study, were reported in the previous work under the names of leonurenones A–C (41–43) (13C 
data showed exchange positions C12 and C14 for leonurenones C/leoleorin H between the two 
references) [29].

From L. leonurus’ flowers, an acyclic diterpene ester, 1,2,3-trihydroxy-3,7,11,15-tetramethyl-
hexadecan-1-yl-palmitate (51), along with geniposidic acid (52) were isolated, the compounds 
exhibited neither cytotoxicity on mammalian kidney fibroblasts (Vero cells) nor antimicrobial 
activities [30].
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2.7.2. Leonotis nepetaefolia

The chemistry of L. nepetaefolia started almost simultaneously with L. leonurus. Leonotin (53), 
nepetaefuran (54), nepetaefuranol (55), nepetaefolin (44) methoxynepetaefolin (56), nepetaefoli-
nol (57) and leonotinin (58) the dilactone (8β,17,9,13-diepoxylabdane-16,15,19,6β-diolactone, 59)  
were characterized [31–36].

From the species collected from India, nepetaefolinol (57), dehydrated nepetaefolinol (60) and 
isomeric tetrol (61) (15,16-epoxy-labda-13(16),14-diene-6β,9,17,19-tetrol: the reduction prod-
uct of leonotinin) were identified [37]. Leonitinic acid (62) with free C-17 carboxyl group was 
also isolated [38].

From a commercially material, originally collected from Peru, five inseparable epi-
meric mixtures of bis-spirolabdane diterpenoids, resulted from biosynthetic epimer-
ization of three different structures around C-13 and C-15, have been isolated and 
identified as leonepetaefolin A (63) and its epimeric isomer 15-epi-leonepetaefolin A 
(64) (ratio 1:1), leonepetaefolin B(65)/15-epi-leonepetaefolin B (66) (2:3), leonepetaefolin 
C(67)/15-epi-leonepetaefolin C (68) (1,1), leonepetaefolin D (69)/15-epi-leonepetaefolin D 
(70) (7,10), leonepetaefolin E (71)/15-epi-leonepetaefolin E (72) (2,3) [39]. Additionally, 
methoxynepataefolin (56), nepetaefolin (44), nepetaefuran (54), dubiin (73), 19 chlroro 
derivative of nepetaefolin (74), leonotinin (58), leonotin (53), and LS-1 (75) were isolated. 
The absolute configuration of the epimeric mixture 63 and 64 was determined by X-ray 
crystallographic analysis [39].

Terpenes and Terpenoids18

The isolated compounds were evaluated for their binding activities to a panel of CNS 
G-protein-coupled receptors including adrenergic, dopaminergic, histaminic, muscarinic, 
opioid, and serotonergic receptors and neurotransmitter transporters and showed no interest-
ing activity.[39]. From the material collected from Japan, five iridoid glycosides: 10-O-(trans-
3,4-dimethoxycinnamoyl) geniposidic acid (76), 10-O-(p-hydroxybenzoyl) geniposidic acid 
(77), geniposidic acid (52), mussaenoside (78), and ixoside (79) were isolated [40].

2.7.3. Leonotis ocymifolia

L. ocymifolia was studied under different synonyms viz; L. dubia (L. ocymifolia, var. ocymifolia), 
L. leonitis; L. leonitis var. hirtfolia (L. ocymifolia, var. ocymifolia) and L. dysophylla Benth. (L. ocymifolia 
var. raineriana) and L. ocymifolia var. raineriana (Burm f) Iwarsson var. raineriana (Visiani) Iwarsson. 
The chemical studies resulted in the isolation of dubiin (73), 9α,13(S)-epoxy-8β-hydroxylabdane-
6β,19;16,15-diolide (80), and leonitin (81). 20-acetoxy-9α,l3-dihydroxy-15(16)-epoxylabd-
14-en-6β(19)-lactone (82) and 6β-acetoxy-9α,l3α-epoxylabda-20(19),16(15)-diol-dilactone 
(83) are from the leaves, in addition to compound X (32)[24, 41] Finally, nepetaefolin (44), 
leonotinin (58), and leonotin (53) were identified from the material collected from Pretoria  
(South Africa) [42].

Chemistry of South African Lamiaceae: Structures and Biological Activity of Terpenoids
http://dx.doi.org/10.5772/intechopen.77399

19



2.7.2. Leonotis nepetaefolia

The chemistry of L. nepetaefolia started almost simultaneously with L. leonurus. Leonotin (53), 
nepetaefuran (54), nepetaefuranol (55), nepetaefolin (44) methoxynepetaefolin (56), nepetaefoli-
nol (57) and leonotinin (58) the dilactone (8β,17,9,13-diepoxylabdane-16,15,19,6β-diolactone, 59)  
were characterized [31–36].

From the species collected from India, nepetaefolinol (57), dehydrated nepetaefolinol (60) and 
isomeric tetrol (61) (15,16-epoxy-labda-13(16),14-diene-6β,9,17,19-tetrol: the reduction prod-
uct of leonotinin) were identified [37]. Leonitinic acid (62) with free C-17 carboxyl group was 
also isolated [38].

From a commercially material, originally collected from Peru, five inseparable epi-
meric mixtures of bis-spirolabdane diterpenoids, resulted from biosynthetic epimer-
ization of three different structures around C-13 and C-15, have been isolated and 
identified as leonepetaefolin A (63) and its epimeric isomer 15-epi-leonepetaefolin A 
(64) (ratio 1:1), leonepetaefolin B(65)/15-epi-leonepetaefolin B (66) (2:3), leonepetaefolin 
C(67)/15-epi-leonepetaefolin C (68) (1,1), leonepetaefolin D (69)/15-epi-leonepetaefolin D 
(70) (7,10), leonepetaefolin E (71)/15-epi-leonepetaefolin E (72) (2,3) [39]. Additionally, 
methoxynepataefolin (56), nepetaefolin (44), nepetaefuran (54), dubiin (73), 19 chlroro 
derivative of nepetaefolin (74), leonotinin (58), leonotin (53), and LS-1 (75) were isolated. 
The absolute configuration of the epimeric mixture 63 and 64 was determined by X-ray 
crystallographic analysis [39].

Terpenes and Terpenoids18

The isolated compounds were evaluated for their binding activities to a panel of CNS 
G-protein-coupled receptors including adrenergic, dopaminergic, histaminic, muscarinic, 
opioid, and serotonergic receptors and neurotransmitter transporters and showed no interest-
ing activity.[39]. From the material collected from Japan, five iridoid glycosides: 10-O-(trans-
3,4-dimethoxycinnamoyl) geniposidic acid (76), 10-O-(p-hydroxybenzoyl) geniposidic acid 
(77), geniposidic acid (52), mussaenoside (78), and ixoside (79) were isolated [40].

2.7.3. Leonotis ocymifolia

L. ocymifolia was studied under different synonyms viz; L. dubia (L. ocymifolia, var. ocymifolia), 
L. leonitis; L. leonitis var. hirtfolia (L. ocymifolia, var. ocymifolia) and L. dysophylla Benth. (L. ocymifolia 
var. raineriana) and L. ocymifolia var. raineriana (Burm f) Iwarsson var. raineriana (Visiani) Iwarsson. 
The chemical studies resulted in the isolation of dubiin (73), 9α,13(S)-epoxy-8β-hydroxylabdane-
6β,19;16,15-diolide (80), and leonitin (81). 20-acetoxy-9α,l3-dihydroxy-15(16)-epoxylabd-
14-en-6β(19)-lactone (82) and 6β-acetoxy-9α,l3α-epoxylabda-20(19),16(15)-diol-dilactone 
(83) are from the leaves, in addition to compound X (32)[24, 41] Finally, nepetaefolin (44), 
leonotinin (58), and leonotin (53) were identified from the material collected from Pretoria  
(South Africa) [42].

Chemistry of South African Lamiaceae: Structures and Biological Activity of Terpenoids
http://dx.doi.org/10.5772/intechopen.77399

19



2.8. Neophyptis genus

Neophyptis genus is represented by N paniculata in SA. Isoneocembrene-A (84), β-caryophyllene 
oxide(85), α-himachalene (86), the isolates showed weak to moderate antibacterial activity 
against five strains of S. aureus [43].

2.9. Ocimum genus

Ocimum genus comprises 65 aromatic species, distributed in tropical and subtropical regions 
worldwide. Species belonging to this genus are popularly used in Africa and Asia for treat-
ing diabetic symptoms. The genus is represented by 16 species in SA and the phytochemical 

Terpenes and Terpenoids20

study of O. amercanium afforded four compounds of the copane series (copan-3-ol (87), cop-
l1(12)-en-3-o1 (88), cop-3(15)-en-11-ol (89), and cop-l0(ll)-en-3,12-diol(90)) [44].

2.10. Orthosiphon genus

Orthosiphon genus comprises 40 species recorded from the old world: in tropical and sub-
tropical regions including Southern Africa and Madagascar. Three species were found in 
SA. Three labdanoids (+)-trans-ozic acid (91), labda-8(17),12E,14-trien-2α,18-diol (92), and 
2α-hydroxylabda-8(17),12E,14-trien-18-oic acid (93) have been isolated from an ethanol 
extract. Compound 93 exhibited activity against M. tuberculosis, while 92 showed cytotoxic 
activity against MCF-7 and decreased the production of all the pro-inflammatory cytokines. 
From the same source, pheophytin a, the acidic degradation product of chlorophyll a, was 
isolated and showed inhibition of HIV-1 protease [45, 46].

2.11. Paltstoma genus

Only one species was recorded in SA. From the ethyl acetate extract of P. rotundifolium, cas-
sipourol (94), β-sitosterol, and α-amyrin were identified [47].

2.12. Plectranthus genus

About 300 species distributed in tropical and warm regions of the old World, 45 species recorded 
in SA, from which 19 species were studied for their chemical and/or biological constituents. The 
genus is characterized by the presence of orange glands that distributed in the aerial parts and 
contain highly oxygenated (and modified) abietane-type diterpenoids. Others, e.g., kaurane, 
labdane, phyllocladane as well as the rare skeleton halimane diterpenoids were described.

2.12.1. Plectranthus ambiguus

The plant afforded a series of tetracyclic phyllocladane-type (= 13β-kaurane) diter-penoids: 
(16R)-2α-senecioyloxy-3α-acetoxyphyllocladan-16,17-diol (95), (16R)-2α-senecioyloxy-3α,17-
diacetoxy-16-hydroxyphyllocladane (96), (16R)-2α-isovaleroyloxy-3α-acetoxyphyllocladan-16, 
17-diol (97), (16R)-2α-isovaleroyloxy-3α,17-diacetoxy-16-hydroxyphyllocladane (98),  
(16R)-3α-acetoxyphyllocladan-16,17-diol (99), (16R)-2α-senecioyloxy-16,17-dihydroxyphyllocladan-3-one  
(100), and (16R)-2α,3α-diacetoxyphyllocladan-16,17-diol (101). The authors discriminated 
between phyllocladane and ent-kaurane tetracyclic skeletons after extensive spectroscopic inves-
tigation as well as chemical transformations [48, 49].

2.12.2. Plectranthus amboinicus

Thymoquinone (105) was identified as an active nonpolar ingredient to suppress the expres-
sion of lipopolysaccharide-induced tumor necrosis factor-alpha (TNF-α) [50]. The total extract 
showed cytotoxic activity against MCF-7, using HPLC-based metabolomics approach, and 
7α-acetoxy-6β-hydroxyroyleanone (102) was identified as the main active constituent. Other 
minor compounds like coleon E (103) and royleanone (104) were also identified [51].

Chemistry of South African Lamiaceae: Structures and Biological Activity of Terpenoids
http://dx.doi.org/10.5772/intechopen.77399

21



2.8. Neophyptis genus

Neophyptis genus is represented by N paniculata in SA. Isoneocembrene-A (84), β-caryophyllene 
oxide(85), α-himachalene (86), the isolates showed weak to moderate antibacterial activity 
against five strains of S. aureus [43].

2.9. Ocimum genus

Ocimum genus comprises 65 aromatic species, distributed in tropical and subtropical regions 
worldwide. Species belonging to this genus are popularly used in Africa and Asia for treat-
ing diabetic symptoms. The genus is represented by 16 species in SA and the phytochemical 

Terpenes and Terpenoids20

study of O. amercanium afforded four compounds of the copane series (copan-3-ol (87), cop-
l1(12)-en-3-o1 (88), cop-3(15)-en-11-ol (89), and cop-l0(ll)-en-3,12-diol(90)) [44].

2.10. Orthosiphon genus

Orthosiphon genus comprises 40 species recorded from the old world: in tropical and sub-
tropical regions including Southern Africa and Madagascar. Three species were found in 
SA. Three labdanoids (+)-trans-ozic acid (91), labda-8(17),12E,14-trien-2α,18-diol (92), and 
2α-hydroxylabda-8(17),12E,14-trien-18-oic acid (93) have been isolated from an ethanol 
extract. Compound 93 exhibited activity against M. tuberculosis, while 92 showed cytotoxic 
activity against MCF-7 and decreased the production of all the pro-inflammatory cytokines. 
From the same source, pheophytin a, the acidic degradation product of chlorophyll a, was 
isolated and showed inhibition of HIV-1 protease [45, 46].

2.11. Paltstoma genus

Only one species was recorded in SA. From the ethyl acetate extract of P. rotundifolium, cas-
sipourol (94), β-sitosterol, and α-amyrin were identified [47].

2.12. Plectranthus genus

About 300 species distributed in tropical and warm regions of the old World, 45 species recorded 
in SA, from which 19 species were studied for their chemical and/or biological constituents. The 
genus is characterized by the presence of orange glands that distributed in the aerial parts and 
contain highly oxygenated (and modified) abietane-type diterpenoids. Others, e.g., kaurane, 
labdane, phyllocladane as well as the rare skeleton halimane diterpenoids were described.

2.12.1. Plectranthus ambiguus

The plant afforded a series of tetracyclic phyllocladane-type (= 13β-kaurane) diter-penoids: 
(16R)-2α-senecioyloxy-3α-acetoxyphyllocladan-16,17-diol (95), (16R)-2α-senecioyloxy-3α,17-
diacetoxy-16-hydroxyphyllocladane (96), (16R)-2α-isovaleroyloxy-3α-acetoxyphyllocladan-16, 
17-diol (97), (16R)-2α-isovaleroyloxy-3α,17-diacetoxy-16-hydroxyphyllocladane (98),  
(16R)-3α-acetoxyphyllocladan-16,17-diol (99), (16R)-2α-senecioyloxy-16,17-dihydroxyphyllocladan-3-one  
(100), and (16R)-2α,3α-diacetoxyphyllocladan-16,17-diol (101). The authors discriminated 
between phyllocladane and ent-kaurane tetracyclic skeletons after extensive spectroscopic inves-
tigation as well as chemical transformations [48, 49].

2.12.2. Plectranthus amboinicus

Thymoquinone (105) was identified as an active nonpolar ingredient to suppress the expres-
sion of lipopolysaccharide-induced tumor necrosis factor-alpha (TNF-α) [50]. The total extract 
showed cytotoxic activity against MCF-7, using HPLC-based metabolomics approach, and 
7α-acetoxy-6β-hydroxyroyleanone (102) was identified as the main active constituent. Other 
minor compounds like coleon E (103) and royleanone (104) were also identified [51].

Chemistry of South African Lamiaceae: Structures and Biological Activity of Terpenoids
http://dx.doi.org/10.5772/intechopen.77399

21



2.12.3. Plectranthus caninus

Plectranthus caninus afforded coleons M (106), N (107), P (108), Q(109), R (110), S (111), and T 
(112) and barbatusin (113) [52, 53].

2.12.4. Plectranthus ecklonii

Plectranthus ecklonii is traditionally used in South Africa for treating stomach aches, nausea, 
vomiting, and meningitis. Ecklonoquinone A (114) and B (115) and parviflorons D (116) 
and F (117) were isolated [54, 55]. Compound 117 showed potent activity against Listeria  
monocytogenes and M. tuberculosis and both 116 and 117 were found to be very toxic against 
vero cell lines. The potency of parvifloron D (116) was further confirmed and showed fast and 
potent apoptotic inducer in leukemia cells [56].

2.12.5. Plectranthus ernstii

Two pimaranes rel-15(ζ),16-epoxy-7α-hydroxypimar-8,14-ene (118): rel-15(ζ),16-epoxy-7-oxo pimar-
8,14-ene (119) and a labdane 1R,11S-dihydroxy-8R,13R-epoxylabd-14-ene (120) were isolated. The 
three compounds showed activity against M. tuberculosis and different strains of S. aureus [57].

2.12.6. Plectranthus fruticosus

Plectranthus fruticosus cultivated in Porugal afforded 4 labdanes, ent-labda-8(17),12Z,14-trien-
2β-ol (121),ent-2α-acetoxylabda-8(17),12Z,14-trien-3β-ol (122), ent-3β-acetoxylabda-8(17), 
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12Z,14-trien-2α-ol (123),3β-acetoxylabda-8(17),12E,14-trien-2α-ol (124), 10 kauranes (ent-12β-
acetoxy-15β,16β-epoxykauran-19-oic acid (125), ent-7β-hydroxy-15β,16β-epoxykauran-19-oic 
acid (126), ent-15β,16β-epoxykauran-19-oic acid (127), ent-15β,16β-epoxykauran-19-ol (128), 
ent-12β-acetoxy-15β-hydroxykaur-16-en-19-oic acid (129), ent-12β-acetoxy-7β-hydroxykaur-
16-en-19-oic acid (130),methyl ent-12β-acetoxy-16-kauren-19-oate (131), ent-7β-hydroxykaur-
15-en-19-oic acid (132), methyl ent-12β-acetoxy-7β-hydroxykaur-15-en-19-oate acid (133), 
ent-12β-acetoxy-17-oxokaur-15-en-19-oic acid (134), methyl ent-12β-acetoxy-15-kauren-19-
oate (135), additionally, armendrance (136), caryophyllene α-oxide (137), ursolic/oleanolic 
acids (2,1 mixture) β-sitosterol, stigmasta-5,22E-dien-3β-ol, and β-amyrin. Some of the com-
pounds showed moderate anti-staphylococcus activity [58, 59]. P. fruticosus growing in India 
showed abietane diterpene pattern and 7α-acetoxy-6β-hydroxyroyleanone (102), 6,7-dehy-
droroyleanone (138) and 7α,6β-dihydroxyroyleanone (139) were isolated [60].

2.12.7. Plectranthus grandidentatus

In addition to 14-hydroxytaxodione (140), coleons U (141) and V (142), a series of abietane 
dimers namely grandidone A (143), B(145), and D(147) and their epimers 7-epigrandidone 
A(144), B(146), and D (148) and grandidone C (149) [61] were identified. Also, royleanone 
(103), 6,7-dehydroroyleanone (138), horminone (150), 6β-hydroxyroyleanone (151), and 7α- 
acetoxy-6β-hydroxyroyleanone (102) together with a mixture of fatty acid esters of 7α-acyloxy-
6β,12-dihydroxy-abieta-8,12-diene-11,14-dione (152), 7α,6β,-dihydroxyroyleanone (139), and 
9α-(2-oxopropyl)abietane derivative(156) were isolated [62–67].

Fatty acid esters of 7α-acyloxy-6β-hydroxyroyleanone (152) showed moderate antibacterial 
activity [62]; coleon U exhibited potent cytotoxicity against a panel of human cancer cell lines 
[63, 65] also showed potent inhibition of mouse splenocyte proliferation induced by ConA or 
LPS mitogens [64]. Coleons U 141 is considered as a promising compound and deserves fur-
ther evaluation as an anti-cancer drug [68]. Coleon U (141), 7α-acetoxy-6β-hydroxyroyleanone 
(102), and horminone (150) showed activity against methicillin-resistant S. aureus (MRSA) 
and vancomycin-resistant Enterococcus faecalis (VRE). Recently, the biological activity of 102 
was reported and showed selective cytotoxicity against MCF-7. Other derivatives of the same 
compound showed potent cytotoxic [69, 70] and antimicrobial [66] activities.

2.12.8. Plectranthus hereroensis

Horminone (150), 16-acetoxy-7α,12-dihydroxy-8,12-abietadiene-11,14-dione (153) and 7α-12- 
dihydroxy-17(15→16)-abieta-8,12,16-triene-11,14-dione (157);3β-acetoxy-6β,7α-12-trihydroxy- 
17(15→16)18(4→3)bisabeo-abieta-4(19)8,12,16-triene-11,14-dione (158) were isolated [13, 66, 
71], on the other hand, the structure of an aristolane sesquiterpene aldehyde (159) have been 
revised [72], all compounds showed moderate antimicrobialactivity [13, 66, 71, 72], while 158 
showed antiviral activity [73].

2.12.9. Plectranthus madagascariensis

Plectranthus madagascariensis is used as a traditional medicine in Southern Africa. Three con-
stituents were isolated and identified as 6β,7β-dihydroxyroyleanone (154), 7β-acetoxy-6β-
hydroxyroyleanone (155), and coleon U (141). The compounds exhibited inhibitory activity 
on α-glucosidase, S. aureus and Enterococcus faecalis [74].
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2.12.10. Plectranthus ornatus

Traditionally, the plants were used for treatment of stomach and liver diseases and as a substi-
tute of P. barbatus. The phytochemical studies resulted in the isolation of 11 neoclerodanes (plec- 
trornatins A (160) [75], 11R*-acetoxykolavenic acid (161), 11R*-acetoxy-2-oxokolavenic acid 
(162), 11R*-acetoxy-3β-hydroxyneocleroda-4(18),13E-dien-15-oic acid (163) [76], ornatins A–E 
(164-168), 3β-hydroxyneocleroda-4(18),13E-dien-15-oic acid (169) [77]; 7 labdanes (plectrorna-
tins B (170), C (171), [75],6-O-acetylforskolin (172); 1,6-di-O-acetylforskolin (173), 1,6-di-O-acetyl-
9-deoxyforskolin (174) [76, 78], rhinocerotinoic acid (175) [66], 8β-hydroxylabd-13-en-15-oic acid 
(176) [77]); 2 abietanes (14-O-acetyl-coleon U (177), coleon R (110)) and a halimane derivative, 
(11R*-acetoxyhalima-5,13E-dien-15-oic acid (178) [79]) in addition to β-sitosterol and stigmas-
terol, 3β-acetyl-α-amyrin, and friedelin. Inversion at C-13 of 1,6-di-O-acetyl-9-deoxyforskolin 
(174) was carried out based on correlations between 13C NMR experimental data and HF/6-31G* 
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calculation [80]. 160, 161 showed moderate antimicrobial. 178 exhibited growth inhibitory activ-
ity against five Staphylococcus and five Enterococcus strains [75]. Ornatin C, D, E and three related 
diterpenes displayed marginal bactericidal or bacteriostatic effects against the Gram-positive 
strains [77].

2.12.11. Plectranthus porcatus

(13S,15S)-6β,7α,12α,19-tetrahydroxy-13β,16-cyclo-8-abietene-11,14-dione (179) has been iso-
lated and showed weak antibacterial activity against S. aureus [81].

2.12.12. Plectranthus saccatus

Ent-7α-acetoxy-15-beyeren-18-oic acid (180), ent-3β-(3-methyl-2-butenoyl) oxy-15-beyeren-
19-oic acid (181), and ent-3β-(3-methylbutanoyl) oxy-15-beyeren-19-oic acid (182). Both 181 
and 182 showed insect antifeedant activity against Spodopteralittoralis, while 180 showed no 
antibacterial activity [81, 82].
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2.12.13. Plectranthus strigosus

9 abietanes (parviflorones A (183), B (184), C (185), D (114), E (186), F (115), G (187), and H 
(188) [83], and hinokiol (189)) [84]), 3 kauranes (ent-16-kauren-19-ol (190), ent-16-kauren-19-
oic acid (191), xylopic acid (192), xylopinic acid (193)), and 2 sesquiterpens (4β,6β-dihydroxy-
1α,5β(H)-guai-9-ene (194) 4β,6β-dihydroxy-1α,5β(H)-guai-10(14)-ene (195)), were isolated 
[84]. A bioactivity study revealed herpetic inhibitory properties for (190) and (191) [84].

2.13. Salvia genus

The genus Salvia is known as sage and is the largest genus in Lamiaceae, comprising over 900 
species distributed throughout the world. Salvia is represented by 30 species in SA, distrib-
uted mainly in great cape region. The chemistry of Salvia is rich in diterpenoids and different 
skeletons have been reported, also, many members of this genus is well known for its curative 
and medicinal properties like S. officinalis and S. miltiorrhiza.

Terpenes and Terpenoids26

2.13.1. Salvia africana-lutea

Carnosol (196), rosmadial (197), and carnosic acid (198-characterized as its methyl ester) were 
isolated. Compound 198 exhibited potent activity against M. tuberculosis and cytotoxic activ-
ity against a breast (MCF-7) human cancer cell line [45].

2.13.2. Salvia chamelaeagnea

Four compounds were isolated: carnosol (196), 7-O-methylepirosmanol (200), oleanolic and 
ursolic acids as the active principles against S. aureus [85].

2.13.3. Salvia coccinea

Momordic acid, methyl ester (201) [86], salviacoccin (202) [87], dehydrouvaol (203), and uvaol 
(204) [88] were isolated.

2.13.4. Salvia disermas

The aerial parts afforded ocotillol II (205) [89].

2.13.5. Salvia radula

Betulafolientriol oxide (206) was isolated [90].

2.13.6. Salvia reflexa

Four neoclerodanes were isolated and identified as salviarin (207), 6β-hydroxy salviarin(208), 
15,16-epoxy-8α-hydroxyneocleroda-2,13(16),14-triene-17,12R:18,19-diolide (209), and 5,6-sec-
oclerodane, 7,8-didehydrorhyacophiline (210) [91].

2.13.7. Salvia repens

The whole plant extract yielded 12-methoxycarnosic acid (199) with antiprotozoal activity 
against Leishmania donovani amastigotes and cytotoxicity against the L6-cells [92].

2.13.8. Salvia verbenaca

The plant yielded β-sitosterol, ursolic acid, dehydroursolic acid, sitosteryl-3-β-D-glucoside 
[93], taxodione (211), horminone (150) and 7α-acetoxy-6β-hydroxyroyleanone (102) [94],  
verbenacine (212) and salvinine (213) [95].

2.14. Solenostemon genus

Solenostemon genus is from S. rotundifolius; oleanolic acid was isolated as a major component [96].
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2.15. Tetradenia genus

Seven species were recorded in SA, one of them T. riparia is widely distributed in Africa and 
showed interesting chemical profile. Several compounds have been isolated from the 
leaves of this plant, including 8(14),15-sandaracopimaradiene-7α,18-diol (214) [97], 8(14), 
15-sandaracopimaradiene-2α,18-diol (215) [98], 9β,13β-epoxy-7-abietene (216), 6,7-dehydro-
royleanone (136) [99], and ibozol (217) [100].

Compound (214) exhibited antimicrobial activity (213). Compound (215) showed papaverine-
like antispasmodic activity on guinea pig ileum contracted by methacholine, histamine, or 
BaCl2 and on the noradrenaline-induced contractions of rabbit aorta [101]. It also showed 
activities against Trichomonasvulgaris with MIC of 20–40 μg/mL [102], wheat rootlets inhibi-
tion activity (MIC7.81 μg/mL) [103], and M. tuberculosis[104].

Terpenes and Terpenoids28

2.16. Teucrium genus

Three species were recorded in SA. From T. africanumtafricanins A (218) and B(219), teutrifi-
din (220) and 4α,18-epoxytafricanin A (221) were isolated [105].

2.17. Vitex genus

Vitex genus is represented by 12 species in SA. The fraction responsible for antimicrobial 
activity of V. rehmannii was purified to give a labdane diterpene as an inseparable epimeric 
mixture of 12S,16S/R-dihydroxy-ent-labda-7,13-dien-15,16-olide (222). The extract and the 
labdane diterpene exhibited good antimalarial activity, with the labdane diterpene being the 
most active IC50: 2.39 ± 0.64 μg/mL [106].

3. Conclusion

South African flora characterized by high endemism and unique floral kingdom is only located 
in the great cape region. Lamiaceae is represented by ~308 species widely distributed all over the 
country. In general, the bioprospecting of SA flora including Lamiaceae is not reached; yet the 
required level and more attention are required to explore the potential of their chemical constitu-
ents. The present work shades the light on the isolated terpenoids of all listed species in updated 
SA flora checklist. It is interesting to indicate that Plectranthus genus contains mostly abietane 
diterpenes and shows potent activity as demonstrated by coleon U and parviflorons F and D. On 
the other hand, leoleorin C from L. Leonurus showed moderate binding affinity (Ki = 2.9 μM) to the 
Sigma 1 receptor. These compounds and others may be considered as a model for drug discovery 
for human benefits.
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Abstract

A fact which favors the increase in morbidity and mortality of malaria cases in the world is 
the resistance to chemotherapeutic agents that the parasite presents. Therefore, it is neces-
sary to identify new potential targets specific to the parasite in order to be able to perform 
a rational planning. One target for the evaluation of potential antimalarial compounds 
is isoprenoid synthesis, which occurs via the 2-C-methyl-d-erythritol-4-phosphate path-
way in Plasmodium falciparum. Several intermediaries and final products of this pathway 
were identified in the parasite and lead us to the conclusion that it is different from the 
vertebrate host. In this chapter, we describe the effect of some monoterpenes and sesqui-
terpenes on Plasmodium falciparum and Plasmodium berghei as potential antimalarial drugs.

Keywords: terpenes, malaria, Plasmodium falciparum, Plasmodium berghei, isoprenoid

1. Introduction

Malaria is one of the major threats to human health, affecting an estimated number of 216 
million peoples in 2016 all over the world, leading to 445,000 deaths, mainly in the African 
continent [1]. The human malaria is caused by six different species of the genus Plasmodium, 
which are P. falciparum, P. vivax, P. ovale, P. malariae, Plasmodium knowlesi and P. simium, where 
the last one is exclusive to the Brazilian Atlantic Forest [2].
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Plasmodium was first described in 1880 by Laveran, who observed it in human erythrocytes. 
In human Plasmodium genus, the life cycle is very similar between species, being character-
ized by a sexual phase in vector Anopheles and an asexual phase in the human host that can be 
divided into liver phase and intraerythrocytic phase [3] (Figure 1).

The cycle begins with the injection of infective sporozoites of salivary glands of Anopheles into 
the human host bloodstream. Once there, the sporozoites make their way into the liver, where 
they infect hepatocytes to start the first massive replication, an asexual process, known as exo-
erythrocytic schizogony. After 9–16 days, those new-formed merozoites are then released into 
the bloodstream in hepatocyte-derived vesicles [4], called merosomes, to avoid its capture by 
Kupffer cell. This liver endures this phase differently across different species which can last 
an average of 6 days (P. falciparum), 10 days (P. vivax), or 15 days (P. ovale and P. malariae) [5].

In the bloodstream, the merosomes are then disrupted liberating the merozoites, each merozoite 
infecting a single red blood cell (RBC). The process of invasion is complex, relying on diverse 
cell machineries, which permit the parasite to attach, reorientate, and invade, forming the para-
sitophorous vacuole [6]. Once in the erythrocyte, the parasite starts its asexual division, passing 
through different stages. The early trophozoite, called “ring stage”, starts to develop, enlarging to 
a mature trophozoite that has a high metabolic index. In the late stage, multiple nuclear divisions  

Figure 1. Malaria parasite life cycle. Schematic life cycle of P. falciparum in the invertebrate (left) and vertebrate hosts 
(right). 1. Hepatocytes invasion and exoerythrocytic schizogony to merozoites formation. 2. Release of merosomes in 
the blood stream. 3. Intraerythrocytic phase. 4. Parasite differentiation to gametocytes which ones could be ingested by 
invertebrate host. 5. Sexual phase in the midgut of invertebrate host. 6. Migration of sporozoites into salivary glands. 7. 
Injection of sporozoites during the blood meal.
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are triggered without cytokinesis, forming schizonts. Each schizont holds an average of 32 mero-
zoites (10 merozoites in average for P. knowlesi [7]) that are unleashed upon the RBC lysis. The 
whole process can take about 36–48 h in P. falciparum, 48 h in P. vivax and can reach even 72 h in 
P. malariae, but in P. knowlesi the cycle is 24 h, which is one factor that leads to its high virulence 
in humans [8]. Cell lysis coincides with fever symptoms, a response of immune system to the 
liberation of hemozoin and other parasite products into the bloodstream [9].

Within the red blood cells, the parasite can follow another path of development, differentiat-
ing into gametocytes. During a blood meal in an infected individual, the Anopheles female 
ingests those gametocytes. In the female of the Anopheles mosquito the parasite undergoes a 
meiotic division. Inside the mosquito gut, the gametocytes mature to form male and female 
gametes. The gametes undergo fertilization, forming the zygote, which transforms into an 
ookinete. The ookinete then penetrates the midgut and installs itself developing into oocyst. 
Under multiple cellular divisions, thousands of sporozoites are formed, which migrate to the 
salivary glands of the mosquito, to get expelled with anticoagulant factor contained in saliva 
during the next blood meal, restarting the cycle [10] (Figure 1).

Although P. vivax is the most prevalent parasite in the world, P. falciparum is responsible 
for most cases of severe malaria, being the most prevalent malarial parasite in the African 
continent, which accounts for 80% of the global disease burden. The groups with higher risk 
of malaria disease includes pregnant women, patients with HIV/AIDS, infants and children 
under 5 years old, whereas P. falciparum is responsible for about 70% of the malaria-related 
deaths. Although a lot of efforts have been made aiming to eradicate malaria, the World 
Health Organization (WHO) strives to reduce the mortality rates and malaria cases in 90% up 
to the year of 2030 [11]. The acquired drug resistance of the parasite continues to be a struggle 
in the fight against the disease, which led to rising of malaria-related death.

The resistance to antimalarial drugs is due to the indiscriminate use of the drugs and its incor-
rect use in treatment of malaria cases, such as wrong dosage, drug quality problems, erroneous 
diagnosis, not sticking to treatment, and others. These are characterized as treatment failure but 
can lead to a strong selective pressure in parasites, resulting in drug resistance. In recent years, 
with the emergence of artemisinin derivatives, resistance has allowed the number of cases to 
grow fast, especially in East Asia. Artemisinin, a sesquiterpene lactone, and its derivatives were 
adopted in the early 2000s as a first-line treatment in combined therapy for P. falciparum [12]. 
Artemisinin and its derivate can clear early trophozoites (ring stage), but the drug has a short 
span in vertebrate organisms, making it necessary to combined it with other drugs. In countries 
where P. vivax is the main malaria transmitter, the first-line treatment remains using chloro-
quine and primaquine, although WHO suggests that changes must be made to artemisinin-
based combined therapy (ACT) when the rate of chloroquine resistance have reached more 
than 10%. Some strategies have been adapted to control malaria, such as vector control; insec-
ticide-treated bed nets, indoor residual spraying, preventive treatment for pregnant women, 
and rapid diagnosis and treatment of infected individuals [1, 12, 13]. But considering the fast 
acquirement of resistance by parasites and vectors to drugs and insecticides, respectively, the 
development of an effective vaccine turns out to be an important issue. However Plasmodium 
species, especially P. falciparum, has a highly variant antigen pool, responsible for the adhesion 
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zoites (10 merozoites in average for P. knowlesi [7]) that are unleashed upon the RBC lysis. The 
whole process can take about 36–48 h in P. falciparum, 48 h in P. vivax and can reach even 72 h in 
P. malariae, but in P. knowlesi the cycle is 24 h, which is one factor that leads to its high virulence 
in humans [8]. Cell lysis coincides with fever symptoms, a response of immune system to the 
liberation of hemozoin and other parasite products into the bloodstream [9].

Within the red blood cells, the parasite can follow another path of development, differentiat-
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ingests those gametocytes. In the female of the Anopheles mosquito the parasite undergoes a 
meiotic division. Inside the mosquito gut, the gametocytes mature to form male and female 
gametes. The gametes undergo fertilization, forming the zygote, which transforms into an 
ookinete. The ookinete then penetrates the midgut and installs itself developing into oocyst. 
Under multiple cellular divisions, thousands of sporozoites are formed, which migrate to the 
salivary glands of the mosquito, to get expelled with anticoagulant factor contained in saliva 
during the next blood meal, restarting the cycle [10] (Figure 1).

Although P. vivax is the most prevalent parasite in the world, P. falciparum is responsible 
for most cases of severe malaria, being the most prevalent malarial parasite in the African 
continent, which accounts for 80% of the global disease burden. The groups with higher risk 
of malaria disease includes pregnant women, patients with HIV/AIDS, infants and children 
under 5 years old, whereas P. falciparum is responsible for about 70% of the malaria-related 
deaths. Although a lot of efforts have been made aiming to eradicate malaria, the World 
Health Organization (WHO) strives to reduce the mortality rates and malaria cases in 90% up 
to the year of 2030 [11]. The acquired drug resistance of the parasite continues to be a struggle 
in the fight against the disease, which led to rising of malaria-related death.

The resistance to antimalarial drugs is due to the indiscriminate use of the drugs and its incor-
rect use in treatment of malaria cases, such as wrong dosage, drug quality problems, erroneous 
diagnosis, not sticking to treatment, and others. These are characterized as treatment failure but 
can lead to a strong selective pressure in parasites, resulting in drug resistance. In recent years, 
with the emergence of artemisinin derivatives, resistance has allowed the number of cases to 
grow fast, especially in East Asia. Artemisinin, a sesquiterpene lactone, and its derivatives were 
adopted in the early 2000s as a first-line treatment in combined therapy for P. falciparum [12]. 
Artemisinin and its derivate can clear early trophozoites (ring stage), but the drug has a short 
span in vertebrate organisms, making it necessary to combined it with other drugs. In countries 
where P. vivax is the main malaria transmitter, the first-line treatment remains using chloro-
quine and primaquine, although WHO suggests that changes must be made to artemisinin-
based combined therapy (ACT) when the rate of chloroquine resistance have reached more 
than 10%. Some strategies have been adapted to control malaria, such as vector control; insec-
ticide-treated bed nets, indoor residual spraying, preventive treatment for pregnant women, 
and rapid diagnosis and treatment of infected individuals [1, 12, 13]. But considering the fast 
acquirement of resistance by parasites and vectors to drugs and insecticides, respectively, the 
development of an effective vaccine turns out to be an important issue. However Plasmodium 
species, especially P. falciparum, has a highly variant antigen pool, responsible for the adhesion 
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of infected red blood cells (RBCs) to small vessels, which causes aggregation that leads to severe 
stage of the disease, making difficult advances in this area of interest [9]. The pathogenesis of 
P. falciparum relies on a complex interaction of RBC alterations, microcirculatory anomalies, 
and immune response. The infected RBCs start to agglomerate in small vessels by action of 
adhesins expressed by the parasite on the surface of infected RBCs. Those adhesins are capable 
of interacting with endothelial cells of small vessels, to avoid the clearance of infected RBCs by 
the spleen, leading to a sequestration in diverse organs, such as brain, lungs, and placenta. This, 
together with other factors, causes the severe forms of malaria [9].

The increasing resistance of the parasite to practically all current medications, such as arte-
misinin in five countries in Asia, Southeast Asia and probably South America [1], calls for 
the use of combination drug therapy, as well as for the identification of new targets [12, 13]. 
Targets targeting the parasite for the development of new therapies for the treatment of 
malaria encompass both cellular functions, such as detoxification of heme or ferriprotopor-
phyrin IX (Fe (III) PPIX), and folate metabolism, already explored for drugs established as 
antimalarial, as well as other metabolic pathways, such as fatty acid synthesis, and isoprenoid 
biosynthesis, both of which are found in the apicoplast [14].

The apicoplast, an organelle originating from a secondary endosymbiotic origin of red algae, 
has lost its photosynthetic function in the course of evolution [15], and speculations have 
demonstrated its importance in the formation of essential components incorporated into the 
membrane of the parasitophorous vacuole [16]. Recently, it has been shown that isoprenoid bio-
synthesis is not only essential for the parasite but, in fact, is the only function of the apicoplast 
during blood stage growth [17] and sexual forms [18]. Parasites that lacked apicoplast can be 
chemically rescued by addition of isopentenyl pyrophosphate (IPP) to the growth media [17].

2. Isoprenoids in Plasmodium spp

All isoprenoids are derived from a common precursor, IPP and its dimethylallyl pyrophos-
phate isomer (DMAPP) [19] (Figure 2). The identification and characterization of farnesyl 
pyrophosphate (FPP) in P. falciparum [20], as well as the presence of proteins covalently modi-
fied by isoprenoids [21, 22] and dolichols [23], were the first evidence for the study of isopren-
oid biosynthesis in Plasmodium. In the last decade, there has been a broad characterization of 
isoprenoid biosynthesis products in the parasite [22–27] resulting from the alternative route 
2-C-methyl-d-erythritol-4-phosphate (MEP) [28, 29] (Figure 2). The essential and important step 
in the metabolism of the biosynthesis of all isoprenoids is the elongation of the isoprene chain by 
enzymes called prenyltransferases. These enzymes are classified according to the chain length 
of the final product and the stereochemistry of the double bond formed by condensations, with 
FPPS (farnesyl pyrophosphate synthase) and GGPPS (geranylgeranyl pyrophosphate synthase) 
being the most studied prenyltransferases [30]. FPPS catalyzes the condensation of IPP with 
DMAPP and geranyl pyrophosphate (GPP) to form the 15-carbon isoprenoid compound, farne-
syl pyrophosphate (FPP). FPP is the substrate that catalyzes the first step in the biosynthesis of 
ubiquinone, carotenoids, dolichols, and protein prenylation. FPP can also be condensed with an 
additional molecule of IPP by the enzyme GGPPS to form the 20-carbon isoprenoid, geranyl-
geranyl pyrophosphate (GGPP), also essential in protein isoprenylation [30] (Figure 2).

Terpenes and Terpenoids42

For several decades, the mevalonate pathway, present in animals and plants, was considered 
the only route for synthesis of the isoprene units in isoprenoid biosynthesis. The existence of 
a second pathway for the biosynthesis of isoprene units was discovered in 1988 by Flesch and 
Rohmer when they were studying the hopanoids biosynthesis (pentacyclic triterpenic steroids) 
in bacteria [31]. Originally called the Rohmer’s pathway or mevalonate-independent pathway, 
its name was changed after the identification of the first step in the pathway (pyruvate/glycer-
aldehyde-3-phosphate GAP pathway) or the first intermediate, 1-deoxy-d-phosphate (DOXP 
pathway). However, the most accepted name is MEP [32], since this compound is the first 
exclusive pathway precursor. One particularly intriguing target from the MEP pathway is 
1-deoxy-d-xylulose-5-phosphate synthase (DXS). DXS catalyzes the first and rate-determining 
step of MEP and the condensation of pyruvate and d-glyceraldehyde-3-phosphate to 1-deoxy-
d-xylulose-5-phosphate (DXP) and CO2, this reaction being the first and rate-determining step 
of MEP [33]. The reactions catalyzed by DXS and DXR (1-deoxy-d-xylulose-5-phosphate reduc-
toisomerase) practically share the full control of the flux through MEP pathway. It was shown 

Figure 2. MEP pathway and final products in P. falciparum. In the left box, the MEP pathway to the formation 
of isoprenic units (IPP and DMAPP). In the right, final isoprenic products biosynthetized by P. falciparum. The 
circles are representing inhibitors tested against the parasite and the gray circles correspond to terpenes which 
its inhibitory effect on final isoprenic products biosynthesis was demonstrated. Abbreviations: Precursors: 
GAP, glyceraldehyde 3-phosphate; DOXP, 1-deoxy-d-xylulose 5-phosphate; MEP, 2C-methyl-d-erythritol 
4-phosphate; CDP-ME, 4-(cytidine-5′-diphospho)-2C-methyl-d-erythritol; CDP-MEP, 4-(cytidine-5′-diphospho)-
2C-methyl-d-erythritol 2-phosphate; MEcPP, 2C-methyl-d-erythritol 2,4-cyclodiphosphate; HMBPP, 1-hydroxy-
2-methyl-2-(E)-butenyl 4-diphosphate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; 
GPP, geranyl pyrophosphate; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate. Enzymes: 
DXS, 1-deoxy-d-xylulose 5-phosphate synthase; DXR, 1-deoxy-d-xylulose 5-phosphate reductoisomerase; MCT, 
2C-methyl-d-erythritol 4-phosphate cytidine transferase; CMK, 4-(cytidine-5′-diphosph)-2C-methyl-d-erythritol 
kinase; MCS, 2C-methyl-d-erythritol 2,4-cyclodiphosphate synthase; GcpE, hydromethylbutenyl pyrophosphate 
synthase; Lyt B, hydromethylbutenyl pyrophosphate reductase; IPP isomerase, isopentenyl pyrophosphate 
isomerase. Inhibitors: FTS, s-farnesylthiosalicylic acid; POH, perillyl alcohol.
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that reducing the flux through the pathway by inhibiting enzymes (DXS & DXR inhibition) is 
an important mechanism of action of some drugs leading to killing of the malarial parasite [34].

Fosmidomycin is a natural product antibiotic with activity against a number of important 
pathogens (Figure 2). It is a phosphoric acid that is a substrate mimic and direct inhibitor of 
the first dedicated MEP pathway enzyme, in which DXP is converted to MEP by DXR (also 
called IspC) [35, 36]. The use of fosmidomycin as a single-drug treatment for P. falciparum 
malaria has been hampered by low bioavailability, recrudescent, and rapid clearance from 
the parasite, although the compound has been used more successfully in combination with 
clindamycin [37]. Many efforts, with great results, have been made to improve the efficacy of 
fosmidomycin as modifications to the phosphonate group, extensions to the hydroxamic acid 
group [38, 39], and substitution of the α-position [40, 41] or, more recently, β-position [42]. 
The inhibition of downstream enzyme IspD (2-C-methyl-d-erythritol 4-phosphate cytidylyl-
transferase) which catalyzes the cytidylation of MEP to cytidine diphosphate methylerythri-
tol (CDP-ME) is also metabolically apparent in fosmidomycin-treated cells. Although IspD 
homologs are not directly inhibited by fosmidomycin in vitro, this enzyme has been shown as 
a promising target in isoprenoid pathway for some new antimalarial drugs studied [43, 44].

The first evidence for the study of isoprenoid biosynthesis in Plasmodium were the identifica-
tion and characterization of farnesyl pyrophosphate (FPP) [45], dolichols [23], and prenylated 
proteins in P. falciparum [21, 22]. Other products were functionally characterized, shown to be 
essential for the survival of the parasite, such as vitamin K2 (menaquinone-4) [24] and vitamin 
E (tocopherol) [25], for example. It was demonstrated that the vitamin K2 biosynthesized by 
the parasite acts as electron transporter in the respiratory chain in microaerophilic conditions 
and that this biosynthesis can be inhibited treating parasite culture with RO 48-8071, a spe-
cific inhibitor of manequinone-4 biosynthesis [24]. The biosynthesis of tocopherol (vitamin E) 
was characterized in the parasite and has been shown essential for antioxidant that protects 
against environmental stress, including maintaining ROS levels [46]. The parasite lives in a 
pro-oxidant environment that contains oxygen and iron and therefore have evolved extensive 
detoxifying and protective mechanisms, which both limit the production of and potential 
damage by ROS [27, 46]. Further, tocopherol has been showing excellent results in antimalarial 
drug studies, presented excellent results with usnic acid, a drug that inhibits hydroxyphenyl-
pyruvate dioxygenase, the enzyme that catalyzes the conversion of p-hydroxyphenylpyruvic 
acid to homogentisic acid, a precursor of vitamin E biosynthesis [27] (Figure 2).

The enzymes are important tool for study the parasite physiology and an important target 
for antimalarial drugs, due to its specificity. The essential step in all isoprenoids biosynthesis 
is the elongation of the isoprene chain by enzymes called prenyltransferases. These enzymes 
are classified according to the chain length of the final product and the stereochemistry of 
the double bond formed by condensations [47]. The most studied of these prenyltransferases 
has been FPPS and GGPPS in P. falciparum [20]. The gene coding for FPPS and GGPPS have 
already been identified and characterized in several species such as Saccharomyces cerevisiae 
[48], Trypanosoma cruzi [49], T. brucei [50], Toxoplasma gondii [51], P. vivax [52] and P. falciparum 
[20]. Both P. falciparum and T. gondii enzymes are bifunctional (FPPS/GGPPS), being able to cat-
alyze the biosynthesis of the isoprene compounds FPP and GGPP [20, 51], the main precursors 
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of all secondary products from isoprenoids pathways. Transcriptional analyses of the FPPS/
GGPPS gene have shown a high variability in alternative splicing of this P. falciparum gene [53]. 
It has been proven that the importance of this enzyme for the MEP pathway, due to the com-
plexity of the gene regulation, is necessary for the formation of the main precursors. Therefore, 
FPPS/GGPPS is a potential and promising target for new antimalarial drugs.

Risedronate, a bisphosphonate containing nitrogen (N-BP), showed potent activity against the 
blood phases of P. falciparum “in vitro” which inhibits FPPS/GGPPS activity by competitive 
inhibitor toward GPP and FPP [20] (Figure 2). Bisphosphonates are inhibitors of bone resorp-
tion and are in clinical use for the treatment and prevention of osteoporosis [54]. The activity 
of the risedronate was confirmed because only farnesyl-PP and geranylgeranyl-PP restored 
the growth intraerythrocytic stages of P. falciparum, after treatment with risedronate [55]. This 
drug also showed a significant inhibitory effect against murine blood stage malaria, without 
showing toxicity effects to the animals [55] and showed great results in synergism experi-
ments with other drugs in P. falciparum [56]. Also, crystallography assays of the P. vivax GGPP 
enzyme inferred that GGPP could be a major target for the lipophilic bisphosphonates [57].

Many studies of novel antimalarial drugs have been performed using enzymes as the primary 
target of action [58–60], although in isoprenoid biosynthesis of P. falciparum, few enzymes 
are still known and studied. The enzyme OPP/PSY (octaprenyl pyrophosphate synthase/phy-
toene synthase) was characterized in the parasite as a bifunctional [25, 61] responsible for 
form two important secondary products of the isoprenoid biosynthesis— carotenoids [25], 
important for antioxidant protection, and ubiquinone [24], essential for electron transfer in 
respiratory chain among other functions. Squalestatin, a carboxylic acid inhibitor of squalene 
synthase, the enzyme responsible for the first step of sterol biosynthesis, presented promis-
ing results as an antimalarial drug, specifically inhibiting OPP/PSY [62]. This results have 
proven then that the first carotenoid phytoene is essential for parasite development during 
the intraerythrocytic cycle [62], probably due its antioxidant protection function [25]. Also, 
through studies in silico characterized the secondary and tertiary structures of this enzyme, 
OPPS/PSY presented an unconserved unique loop in P. falciparum then be exploited for struc-
ture based drug designing against malaria parasite [63].

Since it was shown that the MEP pathway provides IPP precursors for the biosynthesis of 
higher isoprenic compounds, one of the strategies to identify secondary products of the MEP 
pathway was the metabolic labeling using a radioactive precursor and a posterior analysis by 
an appropriate method. In this context, it was identified in P. falciparum prenylated proteins 
[22], dolichols [23], ubiquinones [24], carotenoids [25], vitamin K2 [26], and vitamin E [27].

Different types of terpenes that exert antifungal, antibacterial, and antimalarial activity can be 
easily found in literature [19, 64, 65]. However, not all authors described a clear explanation 
about their mechanism of action. Recently, Silva et al. [66] listed 114 terpenes and their semi-
synthetic derivate with antimalarial activity, but only three have their mechanism of action 
elucidated. For several years, studies have been made of the large diversity of prenylated 
compounds biosynthesized by P. falciparum. That is why some research groups investigate the 
possibility of developing new antimalarial drugs that could interfere with the biosynthesis of 
isoprenoid compounds [19]. This interference in biosynthesis of isoprenoid compounds could 
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that reducing the flux through the pathway by inhibiting enzymes (DXS & DXR inhibition) is 
an important mechanism of action of some drugs leading to killing of the malarial parasite [34].

Fosmidomycin is a natural product antibiotic with activity against a number of important 
pathogens (Figure 2). It is a phosphoric acid that is a substrate mimic and direct inhibitor of 
the first dedicated MEP pathway enzyme, in which DXP is converted to MEP by DXR (also 
called IspC) [35, 36]. The use of fosmidomycin as a single-drug treatment for P. falciparum 
malaria has been hampered by low bioavailability, recrudescent, and rapid clearance from 
the parasite, although the compound has been used more successfully in combination with 
clindamycin [37]. Many efforts, with great results, have been made to improve the efficacy of 
fosmidomycin as modifications to the phosphonate group, extensions to the hydroxamic acid 
group [38, 39], and substitution of the α-position [40, 41] or, more recently, β-position [42]. 
The inhibition of downstream enzyme IspD (2-C-methyl-d-erythritol 4-phosphate cytidylyl-
transferase) which catalyzes the cytidylation of MEP to cytidine diphosphate methylerythri-
tol (CDP-ME) is also metabolically apparent in fosmidomycin-treated cells. Although IspD 
homologs are not directly inhibited by fosmidomycin in vitro, this enzyme has been shown as 
a promising target in isoprenoid pathway for some new antimalarial drugs studied [43, 44].

The first evidence for the study of isoprenoid biosynthesis in Plasmodium were the identifica-
tion and characterization of farnesyl pyrophosphate (FPP) [45], dolichols [23], and prenylated 
proteins in P. falciparum [21, 22]. Other products were functionally characterized, shown to be 
essential for the survival of the parasite, such as vitamin K2 (menaquinone-4) [24] and vitamin 
E (tocopherol) [25], for example. It was demonstrated that the vitamin K2 biosynthesized by 
the parasite acts as electron transporter in the respiratory chain in microaerophilic conditions 
and that this biosynthesis can be inhibited treating parasite culture with RO 48-8071, a spe-
cific inhibitor of manequinone-4 biosynthesis [24]. The biosynthesis of tocopherol (vitamin E) 
was characterized in the parasite and has been shown essential for antioxidant that protects 
against environmental stress, including maintaining ROS levels [46]. The parasite lives in a 
pro-oxidant environment that contains oxygen and iron and therefore have evolved extensive 
detoxifying and protective mechanisms, which both limit the production of and potential 
damage by ROS [27, 46]. Further, tocopherol has been showing excellent results in antimalarial 
drug studies, presented excellent results with usnic acid, a drug that inhibits hydroxyphenyl-
pyruvate dioxygenase, the enzyme that catalyzes the conversion of p-hydroxyphenylpyruvic 
acid to homogentisic acid, a precursor of vitamin E biosynthesis [27] (Figure 2).

The enzymes are important tool for study the parasite physiology and an important target 
for antimalarial drugs, due to its specificity. The essential step in all isoprenoids biosynthesis 
is the elongation of the isoprene chain by enzymes called prenyltransferases. These enzymes 
are classified according to the chain length of the final product and the stereochemistry of 
the double bond formed by condensations [47]. The most studied of these prenyltransferases 
has been FPPS and GGPPS in P. falciparum [20]. The gene coding for FPPS and GGPPS have 
already been identified and characterized in several species such as Saccharomyces cerevisiae 
[48], Trypanosoma cruzi [49], T. brucei [50], Toxoplasma gondii [51], P. vivax [52] and P. falciparum 
[20]. Both P. falciparum and T. gondii enzymes are bifunctional (FPPS/GGPPS), being able to cat-
alyze the biosynthesis of the isoprene compounds FPP and GGPP [20, 51], the main precursors 
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of all secondary products from isoprenoids pathways. Transcriptional analyses of the FPPS/
GGPPS gene have shown a high variability in alternative splicing of this P. falciparum gene [53]. 
It has been proven that the importance of this enzyme for the MEP pathway, due to the com-
plexity of the gene regulation, is necessary for the formation of the main precursors. Therefore, 
FPPS/GGPPS is a potential and promising target for new antimalarial drugs.

Risedronate, a bisphosphonate containing nitrogen (N-BP), showed potent activity against the 
blood phases of P. falciparum “in vitro” which inhibits FPPS/GGPPS activity by competitive 
inhibitor toward GPP and FPP [20] (Figure 2). Bisphosphonates are inhibitors of bone resorp-
tion and are in clinical use for the treatment and prevention of osteoporosis [54]. The activity 
of the risedronate was confirmed because only farnesyl-PP and geranylgeranyl-PP restored 
the growth intraerythrocytic stages of P. falciparum, after treatment with risedronate [55]. This 
drug also showed a significant inhibitory effect against murine blood stage malaria, without 
showing toxicity effects to the animals [55] and showed great results in synergism experi-
ments with other drugs in P. falciparum [56]. Also, crystallography assays of the P. vivax GGPP 
enzyme inferred that GGPP could be a major target for the lipophilic bisphosphonates [57].

Many studies of novel antimalarial drugs have been performed using enzymes as the primary 
target of action [58–60], although in isoprenoid biosynthesis of P. falciparum, few enzymes 
are still known and studied. The enzyme OPP/PSY (octaprenyl pyrophosphate synthase/phy-
toene synthase) was characterized in the parasite as a bifunctional [25, 61] responsible for 
form two important secondary products of the isoprenoid biosynthesis— carotenoids [25], 
important for antioxidant protection, and ubiquinone [24], essential for electron transfer in 
respiratory chain among other functions. Squalestatin, a carboxylic acid inhibitor of squalene 
synthase, the enzyme responsible for the first step of sterol biosynthesis, presented promis-
ing results as an antimalarial drug, specifically inhibiting OPP/PSY [62]. This results have 
proven then that the first carotenoid phytoene is essential for parasite development during 
the intraerythrocytic cycle [62], probably due its antioxidant protection function [25]. Also, 
through studies in silico characterized the secondary and tertiary structures of this enzyme, 
OPPS/PSY presented an unconserved unique loop in P. falciparum then be exploited for struc-
ture based drug designing against malaria parasite [63].

Since it was shown that the MEP pathway provides IPP precursors for the biosynthesis of 
higher isoprenic compounds, one of the strategies to identify secondary products of the MEP 
pathway was the metabolic labeling using a radioactive precursor and a posterior analysis by 
an appropriate method. In this context, it was identified in P. falciparum prenylated proteins 
[22], dolichols [23], ubiquinones [24], carotenoids [25], vitamin K2 [26], and vitamin E [27].

Different types of terpenes that exert antifungal, antibacterial, and antimalarial activity can be 
easily found in literature [19, 64, 65]. However, not all authors described a clear explanation 
about their mechanism of action. Recently, Silva et al. [66] listed 114 terpenes and their semi-
synthetic derivate with antimalarial activity, but only three have their mechanism of action 
elucidated. For several years, studies have been made of the large diversity of prenylated 
compounds biosynthesized by P. falciparum. That is why some research groups investigate the 
possibility of developing new antimalarial drugs that could interfere with the biosynthesis of 
isoprenoid compounds [19]. This interference in biosynthesis of isoprenoid compounds could 
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be produced by inhibiting the enzymes as isoprenyl diphosphate synthases and isoprenyl 
transferases. Thus, research in the area can benefit from obtaining better knowledge about the 
antimalarial activity of natural terpenes. Due to their structural similarity, it was suggested 
that terpenes might interfere with the parasite’s polyisoprenoid biosynthesis through inhibi-
tion of the isoprenyl diphosphate synthases which condense molecules of IPP among other 
isoprenic substrates to form isoprene chains [67]. Terpenes could also establish a competition 
with several enzymes which use isoprenic compounds as substrates. In fact, several terpenes, 
such as farnesol or linalool, have already demonstrated a capacity to inhibit at least one point 
of isoprenoid biosynthesis including isoprenic chain of ubiquinone and dolichol biosynthesis 
and protein isoprenylation [67]. These results suggest a widespread inhibitory action. Studies 
on antimalarial activity, drug combination, and mechanisms of action of different compounds 
are commonly performed in vitro (Figure 2).

It is known that IPP, FPP, and GGPP are substrates of the enzymes prenyltransferases involved 
in the biosynthesis of dolichol, the isoprenic side chain of ubiquinones, and the isoprenic chains 
attached to proteins, among other plasmodia prenylated compounds [68]. In order to deter-
mine if different drugs produce biosynthesis inhibitory effects on specific isoprenic compounds, 
treated cultures (using drugs concentration under the IC50 value), or untreated cultures can be 
radiolabeled by isoprenic precursors such as [1-(n)-3H]geranylgeranyl pyrophosphate triammo-
nium salt ([3H]GGPP), 1-(n)-3H]farnesyl pyrophosphate triammonium salt ([3H]FPP), or [1-14C]
isopentenyl pyrophosphate triammonium salt ([14C]IPP). Using these precursors, it is possible to 
label most isoprenic compounds without performing prenyl diphosphate pool substrate deple-
tion, as it is necessary in other cell systems [69]. This fact suggests that the Plasmodium may have 
a different kind of isoprenic precursor uptake from the extracellular medium in comparison to 
other organisms [24, 67, 69]. After purifying infected red blood cells containing parasites at dif-
ferent stages, prenylated compounds can be isolated by diverse methods, once their radioactiv-
ity incorporation is evaluated [19]. For apolar compounds, such as dolichol and ubiquinones, 
the apolar extracts are commonly obtained and chromatographed by different TLC or HPLC 
methods, while isoprenylated proteins can easily be isolated in a polyacrylamide electrophore-
sis gel. Specific proteins such as Ras or Rap proteins can be easily immunoprecipitated [67, 70].

Prenylated proteins are post-translational modified by farnesyl transferase and geranylgeranyl 
transferase by attaching isoprenic chains to C-terminal cysteine groups. Protein prenylation 
had already been characterized in several parasites such as Giardia lamblia, [71] Trypanosoma 
brucei [72] and Schistosoma mansoni [73]. P. falciparum expresses different classes of lipidic-mem-
brane-associated prenylated proteins such as GTPases Ras, Rho, and Rab including endosomal 
vesicles Rab7 protein [74] farnesylated PfPRL tyrosine phosphatase, SNARE protein Ykt6.1 
[75, 76], and some putative plasmodial isoprenylated proteins such as Rab2 and Rab11a [77]. 
In fact, proteins of 21 to 24 kDa and 50 kDa are identified using specific prenylated protein 
antibodies [22, 67, 78]. Some terpenes and prenyltransferase inhibitors have already shown 
interesting anti-cancer and anti-plasmodial activities [21, 79]. Limonene, linalool, and perillyl 
alcohol (POH) are some examples of these antineoplastic and antimalarial activities, and the 
mechanisms of action of most of them seem to be related to protein isoprenylation interfer-
ences [67, 80–82]. Several terpenes and protein isoprenylation inhibitors were studied for its 
antimalarial activity. Limonene, nerolidol, farnesol, perillyl alcohol, linalool and an terpene 
modified as s-farnesylthiosalicylic acid (FTS) are just a few examples of compounds tested in 
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P. falciparum and for the IC50 value in 3D7 P. falciparum isolate was calculated [67, 82]. All these 
compounds have demonstrated to produce a dose–response inhibition. The lowest IC50 values 
were found for nerolidol (IC50  ̴760 nM), perillyl alcohol (IC50  ̴489 μM), FTS (IC50  ̴14 μM) and 
farnesol (IC50  ̴64 μM), whereas limonene and linalool showed IC50 values in the millimolar 
scale [67, 82]. All this compounds showed effects on protein isoprenylation which vary in 
function of the parasitic stage and the given isoprenic radiolabeled precursor. Different drug 
effects in function of the parasitic stage and the given isoprenic radiolabeled precursor allow 
us to understand compound mechanism of action at the different intraerythrocytic stages of 
the parasite. Treatments on protein isoprenylation seem to be specific, since there was no sig-
nificant effect on L-[35S] methionine-labeled proteins [22, 67].

Anti-p21ras or anti-p21rap antibodies were used for immunoprecipitation with [3H]FPP or 
[3H]GGPP labeled proteins of untreated and treated parasites at different stages. Results indi-
cate that schizont p21rap radioactive incorporation is reduced after treatment with nerolidol, 
farnesol, linalool, limonene, and FTS. Farnesol inhibits isoprenylation of Ras and Rap proteins 
in all plasmodium intraerythrocytic stages whereas linalool inhibits Ras isoprenylation in ring 
and schizont stages. Also in the schizont stages, this effect on Ras proteins was observed as 
well as after FTS and limonene treatments. At ring stages, the limonene reduced the radioac-
tive incorporation into Rap and Ras proteins, and linalool reduced incorporation into 21 kDa 
band. In trophozoite stages, these effects in Rap radioactive incorporation were observed after 
limonene and nerolidol treatments [67]. FTS is a prenylated compound that also restrains the 
development of some tumors by inhibiting specifically Ras post-translational modifications 
[83]. As mentioned, the inhibition of Ras post-translational modifications in schizont stage 
and the hindrance of the parasite at this stage were also demonstrated for P. falciparum.

Carotenoids, dolichol, and coenzyme Q are examples of prenylated compounds biosynthe-
sized by P. falciparum isolated by diverse methods. Coenzyme Q has a role in mitochondrial 
respiration, in pyrimidine biosynthesis, and in preventing membrane lipoperoxidation, 
among other functions [84]. Carotenoids are believed to avoid oxidative stress; and dolichol 
and its phosphorylated derivatives can participate in protein prenylation [85] or act as lipids’ 
carriers, being used for several glycoconjugates [86] including N-linked glycoproteins. Those 
play an important role in the parasite’s intraerythrocytic stages differentiation [87]. The P. 
falciparum bifunctional enzyme OPPS/PSY is involved in the biosynthesis of carotenoids and 
isoprenic side chains attached to benzoquinone rings derived from p-hydroxybenzoic acid. 
The parasite is able to synthesize several carotenoids and at least two homologs of coenzyme 
Q (Q8 and Q9) that differ on the isoprenic units of the lateral chain [24, 25, 61]. Some authors 
suggested that the homologs might act against different kinds of oxidative stress conditions 
[24]. Several terpenes also demonstrated effects on dolichol and ubiquinone biosynthesis in 
different organisms. In hepatoma and Neuro2A cells, the monoterpenes limonene and linalool 
interfered in the biosynthesis of dolichol and the isoprenic side chains of benzoquinones [81]. 
Similarly, in P. falciparum, both monoterpenes and also farnesol and nerolidol interfered in 
the biosynthesis of dolichol and ubiquinones when the parasite was [14C]IPP labeled. Only the 
monoterpenes limonene and linalool interfered in geraniol and farnesol radioactive incorpo-
ration. That is why some authors suggested that limonene and linalool could be interfering in 
the condensation between IPP and DMAPP, while farnesol or nerolidol could be interfering in 
the isoprenic chains’ elongation [67]. In order to demonstrate terpenes, specifically effects on 
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be produced by inhibiting the enzymes as isoprenyl diphosphate synthases and isoprenyl 
transferases. Thus, research in the area can benefit from obtaining better knowledge about the 
antimalarial activity of natural terpenes. Due to their structural similarity, it was suggested 
that terpenes might interfere with the parasite’s polyisoprenoid biosynthesis through inhibi-
tion of the isoprenyl diphosphate synthases which condense molecules of IPP among other 
isoprenic substrates to form isoprene chains [67]. Terpenes could also establish a competition 
with several enzymes which use isoprenic compounds as substrates. In fact, several terpenes, 
such as farnesol or linalool, have already demonstrated a capacity to inhibit at least one point 
of isoprenoid biosynthesis including isoprenic chain of ubiquinone and dolichol biosynthesis 
and protein isoprenylation [67]. These results suggest a widespread inhibitory action. Studies 
on antimalarial activity, drug combination, and mechanisms of action of different compounds 
are commonly performed in vitro (Figure 2).

It is known that IPP, FPP, and GGPP are substrates of the enzymes prenyltransferases involved 
in the biosynthesis of dolichol, the isoprenic side chain of ubiquinones, and the isoprenic chains 
attached to proteins, among other plasmodia prenylated compounds [68]. In order to deter-
mine if different drugs produce biosynthesis inhibitory effects on specific isoprenic compounds, 
treated cultures (using drugs concentration under the IC50 value), or untreated cultures can be 
radiolabeled by isoprenic precursors such as [1-(n)-3H]geranylgeranyl pyrophosphate triammo-
nium salt ([3H]GGPP), 1-(n)-3H]farnesyl pyrophosphate triammonium salt ([3H]FPP), or [1-14C]
isopentenyl pyrophosphate triammonium salt ([14C]IPP). Using these precursors, it is possible to 
label most isoprenic compounds without performing prenyl diphosphate pool substrate deple-
tion, as it is necessary in other cell systems [69]. This fact suggests that the Plasmodium may have 
a different kind of isoprenic precursor uptake from the extracellular medium in comparison to 
other organisms [24, 67, 69]. After purifying infected red blood cells containing parasites at dif-
ferent stages, prenylated compounds can be isolated by diverse methods, once their radioactiv-
ity incorporation is evaluated [19]. For apolar compounds, such as dolichol and ubiquinones, 
the apolar extracts are commonly obtained and chromatographed by different TLC or HPLC 
methods, while isoprenylated proteins can easily be isolated in a polyacrylamide electrophore-
sis gel. Specific proteins such as Ras or Rap proteins can be easily immunoprecipitated [67, 70].

Prenylated proteins are post-translational modified by farnesyl transferase and geranylgeranyl 
transferase by attaching isoprenic chains to C-terminal cysteine groups. Protein prenylation 
had already been characterized in several parasites such as Giardia lamblia, [71] Trypanosoma 
brucei [72] and Schistosoma mansoni [73]. P. falciparum expresses different classes of lipidic-mem-
brane-associated prenylated proteins such as GTPases Ras, Rho, and Rab including endosomal 
vesicles Rab7 protein [74] farnesylated PfPRL tyrosine phosphatase, SNARE protein Ykt6.1 
[75, 76], and some putative plasmodial isoprenylated proteins such as Rab2 and Rab11a [77]. 
In fact, proteins of 21 to 24 kDa and 50 kDa are identified using specific prenylated protein 
antibodies [22, 67, 78]. Some terpenes and prenyltransferase inhibitors have already shown 
interesting anti-cancer and anti-plasmodial activities [21, 79]. Limonene, linalool, and perillyl 
alcohol (POH) are some examples of these antineoplastic and antimalarial activities, and the 
mechanisms of action of most of them seem to be related to protein isoprenylation interfer-
ences [67, 80–82]. Several terpenes and protein isoprenylation inhibitors were studied for its 
antimalarial activity. Limonene, nerolidol, farnesol, perillyl alcohol, linalool and an terpene 
modified as s-farnesylthiosalicylic acid (FTS) are just a few examples of compounds tested in 
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P. falciparum and for the IC50 value in 3D7 P. falciparum isolate was calculated [67, 82]. All these 
compounds have demonstrated to produce a dose–response inhibition. The lowest IC50 values 
were found for nerolidol (IC50  ̴760 nM), perillyl alcohol (IC50  ̴489 μM), FTS (IC50  ̴14 μM) and 
farnesol (IC50  ̴64 μM), whereas limonene and linalool showed IC50 values in the millimolar 
scale [67, 82]. All this compounds showed effects on protein isoprenylation which vary in 
function of the parasitic stage and the given isoprenic radiolabeled precursor. Different drug 
effects in function of the parasitic stage and the given isoprenic radiolabeled precursor allow 
us to understand compound mechanism of action at the different intraerythrocytic stages of 
the parasite. Treatments on protein isoprenylation seem to be specific, since there was no sig-
nificant effect on L-[35S] methionine-labeled proteins [22, 67].

Anti-p21ras or anti-p21rap antibodies were used for immunoprecipitation with [3H]FPP or 
[3H]GGPP labeled proteins of untreated and treated parasites at different stages. Results indi-
cate that schizont p21rap radioactive incorporation is reduced after treatment with nerolidol, 
farnesol, linalool, limonene, and FTS. Farnesol inhibits isoprenylation of Ras and Rap proteins 
in all plasmodium intraerythrocytic stages whereas linalool inhibits Ras isoprenylation in ring 
and schizont stages. Also in the schizont stages, this effect on Ras proteins was observed as 
well as after FTS and limonene treatments. At ring stages, the limonene reduced the radioac-
tive incorporation into Rap and Ras proteins, and linalool reduced incorporation into 21 kDa 
band. In trophozoite stages, these effects in Rap radioactive incorporation were observed after 
limonene and nerolidol treatments [67]. FTS is a prenylated compound that also restrains the 
development of some tumors by inhibiting specifically Ras post-translational modifications 
[83]. As mentioned, the inhibition of Ras post-translational modifications in schizont stage 
and the hindrance of the parasite at this stage were also demonstrated for P. falciparum.

Carotenoids, dolichol, and coenzyme Q are examples of prenylated compounds biosynthe-
sized by P. falciparum isolated by diverse methods. Coenzyme Q has a role in mitochondrial 
respiration, in pyrimidine biosynthesis, and in preventing membrane lipoperoxidation, 
among other functions [84]. Carotenoids are believed to avoid oxidative stress; and dolichol 
and its phosphorylated derivatives can participate in protein prenylation [85] or act as lipids’ 
carriers, being used for several glycoconjugates [86] including N-linked glycoproteins. Those 
play an important role in the parasite’s intraerythrocytic stages differentiation [87]. The P. 
falciparum bifunctional enzyme OPPS/PSY is involved in the biosynthesis of carotenoids and 
isoprenic side chains attached to benzoquinone rings derived from p-hydroxybenzoic acid. 
The parasite is able to synthesize several carotenoids and at least two homologs of coenzyme 
Q (Q8 and Q9) that differ on the isoprenic units of the lateral chain [24, 25, 61]. Some authors 
suggested that the homologs might act against different kinds of oxidative stress conditions 
[24]. Several terpenes also demonstrated effects on dolichol and ubiquinone biosynthesis in 
different organisms. In hepatoma and Neuro2A cells, the monoterpenes limonene and linalool 
interfered in the biosynthesis of dolichol and the isoprenic side chains of benzoquinones [81]. 
Similarly, in P. falciparum, both monoterpenes and also farnesol and nerolidol interfered in 
the biosynthesis of dolichol and ubiquinones when the parasite was [14C]IPP labeled. Only the 
monoterpenes limonene and linalool interfered in geraniol and farnesol radioactive incorpo-
ration. That is why some authors suggested that limonene and linalool could be interfering in 
the condensation between IPP and DMAPP, while farnesol or nerolidol could be interfering in 
the isoprenic chains’ elongation [67]. In order to demonstrate terpenes, specifically effects on 
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P. falciparum isoprenoid-related enzymes, nerolidol was used to inhibit the OPPS/PSY activity 
using [3H]FPP and [14C]IPP as substrates. OPPS/PSY activity was competitively inhibited by 
nerolidol (Ki ̴ 15 nM) [61].

As we have seen, some MEP pathway and isoprenoid pathway inhibitors show good antima-
larial activity and produce important metabolic alterations in P. falciparum. Different authors 
asked if using terpenes individually or in combination with other drugs could be a good 
strategy to treat malaria. It is well established that fosmidomycin and clindamycin, when 
combined, produce a synergistic activity in vitro and in vivo [88], and several drugs which 
act at different points of the MEP/isoprenoid showed supra-additive in vitro effects when 
combined [56]. These kinds of drug combination studies are useful for a better understanding 
of the interactions between the different intermediates of the MEP and isoprenoid pathways 
and to evaluate its antimalarial potential. Fosmidomycin, risedronate, nerolidol and squales-
tatin (supposed to be a phytoene synthase inhibitor) are drugs which are believed to act in 
different cellular compartments, and all of them seem to inhibit at least one point related to 
isoprenoid metabolism [56]. Except nerolidol-risedronate, most binary combinations between 
fosmidomycin, risedronate, nerolidol and squalestatin showed a supra-additive effect [56]. 
Probably it is because they target different enzymes in the same biosynthetic pathway. On the 
other hand, nerolidol and risedronate when combined showed a sub-additive effect. It was 
suggested that this fact could be explained because both compounds affect the same target of 
isoprenoid pathways [56]. Nerolidol affects the synthesis of several isoprenoid compounds, 
including protein isoprenylation as well as risedronate [55, 67].

Due to the terpenes effectiveness to inhibit the P. falciparum growth in vitro, several studies 
have been focused on studying these effects on experimental models of malaria by P. berghei 
infection. Nerolidol for example, being administered on Balb/c mice at a dose 2000 mg/kg/
day by oral and intranasal via, had an inhibitory effect on the P. berghei ANKA growth, since 
the parasitemia were reduced and the survival rates were increased significantly with the 
nerolidol treatment [89]. Also, some derivatives of 4-nerolidylcatechol, at oral doses of 50 mg/
kg/day, had suppressed P. berghei NK65 in infected BALB/c mice by 44%, showing marked 
improvement over the parasite’s growth [90].

On the other hand, some metabolites derived from limonene, such as perillyl alcohol, have 
also been shown to be effective against the severe conditions development caused by P. ber­
ghei infection. C57BL/6 mice infected with P. berghei ANKA and treated with 500 mg/kg/day 
intranasal via had a significant increase in survival rates, showing a preventive effect against 
the experimental cerebral malaria development [82].

Furthermore, plant extracts that contain several terpenes have also been tested on experimen-
tal models. The antimalarial activity of ethanolic bark extract of A. lebbeck was determined. 
Phytochemical screening revealed the presence of alkaloids, flavonoids, phenols, saponins, 
terpenes, and phytosterols [91].

Limonoids isolated from the residual seed biomass from Carapa guianensis were tested against 
P. berghei and 6α-acetoxy-gedunin was more active than 7-deacetoxy-7-oxogedunin. At oral 
doses of 50 and 100 mg/kg/day, 6α-acetoxy-gedunin suppressed parasitemia versus untreated 
controls by 40 and 66%, respectively, evidencing a clear dose response [92].
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In other studies, methanol extracts of Carpesium rosulatum were found to have potential antima-
larial activity in vivo when tested against P. berghei in mice. A dose of 2, 5, 10 mg/kg/day exhib-
ited a significant blood schizonticidal activity in four-day early infection with a significant 
mean survival time comparable to that of the standard drug, chloroquine (5 mg/kg/day) [93].

Some others triterpenes isolated from the African medicinal plant, Momordica balsamina L. 
such as, balsaminoside B, karavilagenin C, and the karavoates B and D were synthesized by 
diacylation from these extracted terpenes. Derivatives exhibited sub-micromolar IC50 in vitro 
against P. falciparum strains and exhibited greater in vivo antimalarial activity. Orally and 
subcutaneously administered karavoate B exhibited the greatest in vivo antimalarial activity 
(55.2–58.1% maximal suppression of parasitemia at doses of 50 mg/kg/day) [94].

3. Conclusion

Plasmodium spp. has an organelle, the apicoplast, which is essential for the development of the 
parasite because it is linked to two metabolic pathways, one of which is the isoprenoid biosyn-
thesis that is different in several steps from the isoprenoid pathway in the vertebrate host. The 
biosynthesis pathway is an important target for evaluating new antimalarial drugs and the 
terpenes for being derived from the isoprenoid pathway and having a similar structure can 
interfere in the synthesis of isoprenoids and should be evaluated as antimalarial potentials.
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The development and progression of many diseases is related with an inflammatory
process, which could affect different organs or tissues. Currently, many drugs are used to
treat inflammation. However, some of these compounds induce severe side effects. For
this reason, the search of new therapeutic options for the treatment of inflammation is
very desirable. Medicinal plants have been an interesting source for obtaining new active
compounds, including several terpenes and terpenoids with anti-inflammatory activity.
This book chapter includes 62 sesquiterpenes, 34 diterpenes, and 22 triterpenes with anti-
inflammatory activity. The anti-inflammatory effect was evaluated using in vitro, in vivo,
and both models. These terpenes were obtained from 44 plant species belonging to 25
botanical families. Eight of theses species belong to the Asteraceae family and four to
Lamiaceae family, respectively, and the other species belong to 13 different botanical
families, one sesquiterpene was obtained from a sponge and two diterpenes were isolated
from corals.
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diabetes, obesity, stroke, and cancer [1, 2]. The symptomatology of inflammation is charac-
terized by pain, redness, swelling, heat, and loss of function. Depending on the time of
duration, inflammation might be categorized into acute and chronic. Acute inflammation is
considered as a protective response and occurs within minutes, hours, or few days after
exposure to infections and/or tissue damage. Acute inflammation is characterized by the
exudation of fluid (edema), elevated blood flow, and migration of neutrophils [3]. Chronic
inflammation occurs when the initial response fails to repair tissue damaged or when a
noxious stimulus is persistent, and is characterized with more tissue destruction, fibrosis,
long presence of lymphocytes [4]. Macrophages, dendritic cells, and mast cells initiate the
inflammatory process secreting pro-inflammatory cytokines such as interleukin 6 (IL-6) and
interleukin 8 (IL-8), tumor necrosis factor-α (TNF-α), and inducing the production of reac-
tive oxygen species (ROS), which play an important role in the modulation of inflammation
[5]. The long-term use of current drugs for the treatment of inflammation, including non-
steroidal anti-inflammatory drugs (NSAIDs), the disease-modifying anti-rheumatic drugs
(DMARDs), and steroids display several undesirable side effects such as gastric ulcers,
nephrotoxicity, and hepatotoxicity, among others [6]. The search of new anti-inflammatory
agents with less side effects is highly desirable. Furthermore, the efficient treatment of
inflammation may be an interesting and effective way to prevent chronic diseases like
cancer.

2. Terpenes

Natural products are a good source of anti-inflammatory compounds [7]. Terpenes, containing
a C5 isoprene unit, are the large group of natural compounds found mostly in higher plants,
but also in lower invertebrates. There are approximately more than 50,000 terpenes that have
been isolated from different plant species. Terpenes, composed of isoprene units (C5H8), play a
variety of vital roles in plant species, including growth and development and defense against
herbivores and environmental stress [8]. Terpenes possess a great variety of biological activi-
ties as antimicrobial, against cancer, malaria, and anti-inflammatory effects in acute and
chronic inflammatory conditions like chronic obstructive pulmonary disease and osteoarthritis
[9, 10].

Cyperus rotundus, a perennial plant, has several pharmacological activities, including anti-
bacterial [11], antimutagenic [12], and anti-inflammatory [13]. Isocyperol, a sesquiterpene
isolated from the rhizomes of C. rotundus, inhibited the production of NO and PGE2, decr-
eased the levels pro-inflammatory interleukins (IL-1β and IL-6) and the monocyte chemotactic
protein-1 (MCP-1), and suppressed the gene expression of iNOS and COX-2 in RAW-264
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murine macrophages stimulated with lipopolysaccharide (LPS). In addition, isocyperol
reduced the serum levels of NO, PGE2, and IL-6 in LPS-induced septic shock in mice, via
suppression of the NF-кB and STAT3 signaling pathways [14]. Dodonaea viscosa induces
gastroprotective [15], antibacterial [16], analgesic, and anti-inflammatory activities [17, 18].
Hawtriwaic acid, an ent-clerodane diterpene, was isolated from D. viscosa and showed anti-
inflammatory activity on the murine ear edema induced with 12-O-tetradecanoylphorbol-13-
acetate (TPA) by one or multiple applications. In both models, the compound diminished the
edema [19]. Hawtriwaic acid at doses of 5, 10, and 20 mg/kg decreased knee inflammation in a
murine model of monoarthritis induced with kaolin/carrageenan, by the reduction of serum
levels of the pro-inflammatory interleukins Il-1β, IL-6, and TNF-α, and the increase in the
serum levels of the anti-inflammatory interleukin IL-10 [20]. Ursolic acid, a pentacyclic
triterpene found in many plant species, was identified for the first time in 1920 in the epicutic-
ular waxes of apples. Ursolic acid exerts cytotoxic effects in various cancer cells by the inhibi-
tion of the STAT3 signaling pathway [21] and the induction of apoptosis [22]. Ursolic acid has
protective effects on lung, kidney, liver, and brain, exerts anabolic effects on skeletal muscle
[23], and induces antinociceptive activity in abdominal constriction test induced by acetic acid
and the formalin test in mice [24]. Ursolic acid decreased the paw edema induced with
carrageenan in rats [25], decreased the ear edema induced with Croton oil in mice [26],
reduced the levels of iNOS, COX-2, IL-1β, IL-6, and TNF-α, and increased the level of IL-10 in
macrophages stimulated with LPS [27].

The sesquiterpenes, vernomelitensin and onopordopicrin, isolated from Onopordum illyri-
cum and the triterpene, Sootepin F, obtained from Gardenia sootepensis, decreased each NF-
κB activity with IC50 values of 3.6, 8.6, and 20.3 μM, respectively [28, 29].

The pro-inflammatory enzymes: (1) inducible the nitric oxide synthase (iNOS), which is
involved in the nitric oxide (NO) production, and the cyclooxygenase-2 (COX-2) involved in
the prostaglandin production, are estimated in LPS-induced macrophages to evaluate the
in vitro anti-inflammatory activity. IL-1 and TNF-α stimulate the production of NO. The
inhibitory concentration 50 (IC50) for these two pro-inflammatory enzymes has only been
reported in some studies. The sesquiterpenes hydroxycostunolide (IC50 = 0.68 μM),
costunolide (IC50 0.3 μM), and artemorin (IC50 = 0.16 μM), obtained from Inula montana,
showed similar or higher potency in the inhibition of NO, compared to that reported for
the positive control dexamethasone (IC50 = 0.45–4.33 μM) [30]. Further studies are
recommended to be performed with theses sesquiterpenes. Toxicological studies to guaran-
tee their safety in long-term studies are also necessary. The in vivo studies evaluate swelling,
redness, and pain mainly in rodents.

In the table is show the structure of 62 sesquiterpenes, 34 diterpenes, and 22 triterpenes with
anti-inflammatory activity, isolated from 44 plant species, 1 sponge, and 2 corals.
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3. Conclusion

This book chapter indicates that there has been an increase in the search of terpenes with anti-
inflammatory activity in recent years. This fact indicates that terpenes are a topic of interest.
The possible mechanisms involved in the anti-inflammatory effects of the terpenes are pointing
out on the inhibition of NF-κB, TNF-α, PGE2, and pro-inflammatory cytokines such as IL-6.
NF-κB is one of the current targets for the development of new anti-inflammatory drugs [71].
In addition, the molecular targets of terpenes are highly desirable to find target-specific anti-
inflammatory drugs. The mechanism of action of many terpenes remains to be studied. The
combination of terpenes with high anti-inflammatory activity and with studied mechanism of
action and currently used drugs could be another strategy for further anti-inflammatory
therapy.
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3. Conclusion

This book chapter indicates that there has been an increase in the search of terpenes with anti-
inflammatory activity in recent years. This fact indicates that terpenes are a topic of interest.
The possible mechanisms involved in the anti-inflammatory effects of the terpenes are pointing
out on the inhibition of NF-κB, TNF-α, PGE2, and pro-inflammatory cytokines such as IL-6.
NF-κB is one of the current targets for the development of new anti-inflammatory drugs [71].
In addition, the molecular targets of terpenes are highly desirable to find target-specific anti-
inflammatory drugs. The mechanism of action of many terpenes remains to be studied. The
combination of terpenes with high anti-inflammatory activity and with studied mechanism of
action and currently used drugs could be another strategy for further anti-inflammatory
therapy.
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Abstract

Recent developments in selected sesquiterpenoids are reviewed for the past one decade 
(2005–2017) with special reference to Mechanisms of multistep molecular rearrangements 
of some sesquiterpenes or derivatives based on isotopic labeling studies and extensive 
spectroscopic analysis such as molecular rearrangement of acetyl cedrene to cedrene fol-
lower, acid catalyzed rearrangement of moreliane-based triketone, synthesis of (−)-iso-
comene and (−)-triquinane by acid-catalyzed rearrangement of (−)-modhephene, Total 
synthesis of (+)-cymbodiacetal, BF3 catalyzed molecular rearrangements of mono epox-
ides of α- and β-himachalenes, santonic acid: Zn-HCl-ether reduction. Insights into bio-
synthesis of albaflavenone, caryol-1(11)-ene-10-ol, (+)-koraiol, pogostol, patchouli alcohol 
and valerenadiene are discussed. Congeners for probing structure-biosynthetic relation-
ship. This approach is discussed with the availability of very interesting results on the 
isolation of highly oxygenated secondary metabolites from endophytic fungi, Xylaria sp.

Keywords: molecular rearrangements, mechanisms, synthetic application, CCR, 
biosynthesis, labeling experiments, congeners

1. Introduction

Sesquiterpene carbon frameworks comprise the largest group of terpenoids or sometime 
referred as isoprenoids. Farnesyl diphosphate (FPP) having three olefinic linkages undergo 
cyclization to produce very large number major cyclic frameworks which are further modi-
fied by oxidative cleavages, molecular rearrangements, loss of carbon atoms. The aim of 
this chapter is to provide an overview of the recent developments in sesquiterpenes with 
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 particular reference to molecular rearrangements, biosynthesis and structural relationship 
among congeners. The coverage is not comprehensive but a focused review of the literature 
(2005–till September 2017) and only the relevant research articles having a link with the above 
areas are selected for discussion.

2. Mechanisms of multistep molecular rearrangements, insight 
into biosynthesis and congeners for probing structure-biosynthetic 
relationship of selected natural products

2.1. Molecular rearrangement of acetyl cedrene to cedrene follower

The acetylation of cedrene 1 can lead to various products depending on the reaction condi-
tions. Paknikar et al. [1] undertook a detailed study on the acetylation of cedar wood oil 
(Virginia) with acetic anhydride and polyphosphoric acid in dichloromethane which leads, 
besides acetyl cedrene 2, also to a minor product, 1,7,7-trimethyl-2,3-(3′4’-dimethylbenzo)
bicyclo[3.2.1]-octane 3, called the follower. Structural analysis of 3 (Scheme 1) shows that 
rings A, B, C of 2 are rearranged as B, A, C in follower 3.

Formation of 3 from 2 can only be explained by a multistep intramolecular rearrangement. 
This shows that: (i) ring C of 2 has undergone initial ring enlargement and subsequent ring 
contraction; (ii) cleavage of the C6–C7 bond of 2 and formation of the new C6-C2 bond; (iii) 
enlargement of ring A of 2 with concomitant loss of water. The mechanism for the formation 
of 3 from 2 when 1-13C labeled acetic anhydride was used is shown in Scheme 2.

Scheme 1. Acetyl cedrene 2 and its follower 3. The numbering in the brackets is the one from acetyl cedrene.

Terpenes and Terpenoids88

One characteristic feature of the formation of the follower 3 is sluggish reaction rates. Density 
Functional Theory (DFT) calculation of B3LYP/6-31G* type using the Gaussian version 09 
(Gaussian) revealed that the first neutral intermediate 4 (Scheme 2) is higher in energy than 
acetyl cedrene by ~20 kcal. A series of further cascade- like cationic rearrangements is involved 
with breaking and bond-forming intermediates.

The formation of the neutral intermediate 4 is supported by the observation that this process 
is the reverse pathway for the biosynthesis of α-cedrene from FPP, which has been estab-
lished previously [2]. Few other feasible mechanisms for the formation of follower 3 could 
be devised, and only the one presented fits the observation of 13C enriched label at the C-3′ 
position of follower 3. Hence the key rearrangement is cyclopropylcarbinyl cation-cyclopro-
pylcarbinyl cation rearrangement (CCR) [3, 4]. During the deuteriation of commercial acetyl 
cedrene, the follower was also deuterated, and it was observed that aromatic protons are 
exchanged. Interestingly, the product was only monodeuterated (Scheme 1) and the isotope 
was shared equally between the C-5′ and C-6′ positions of the follower 3. This equal dis-
tribution of one deuterium atom between C-5′ and C-6′ can be accounted for by the facile 
1,2-hydride and 1,2-deuteride shifts and equilibration.

2.2. Acid catalyzed rearrangement of moreliane based triketone. Characterization of 
keto lactone, a 1-11 seco-moreliane

An interesting molecular rearrangement has been reported by Morales and co-workers [5]. 
They observed that triketone 5 on treatment with p-TSA in benzene resulted in the formation 
of a keto lactone 6, a 1–11 seco-moreliane derivative and also the first representative of this 
group (Figure 1).

The rearrangement depicted in Scheme 3 involves initial cyclobutane ring expansion of the 
protonated triketone, generation of carbocationic intermediate 7 which rearranges via transi-
tion state in to protonated seco-moreliane 8. These steps are supported by DFT calculations.

Scheme 2. Mechanism for the formation of follower 3 from acetyl cedrene 2.
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2.3. Synthesis of (−)-isocomene and (−)-triquinane by acid catalyzed rearrangement 
of (−)-modhephene

Triquinanes have received considerable attention by their unique structure as well as their 
reported biological activities. (−)-Modhephene 9 of established absolute stereochemistry was 
subjected to acid catalyzed carbocation rearrangements which led to an interesting synthesis 
of (−)-isocomene 10 and (−)-triquinane 11[6]. This study was extended further by preparation 
of (−)-modhephene 9d stereospecifically at 14β geminal methyl group. Under same experi-
mental conditions, deuterium labeled (−)-triquinane 11d a stereospecific 1,2-migration of 7/4β 
methyl group was observed (Scheme 4).

2.4. Total synthesis of (+)-cymbodiacetal

In 2010, Hayes and his co-workers reported [7] a total synthesis of (+)-Cymbodiacetal 12 by a 
biomimetic route proposed earlier [8, 9] using (R)-(+)-limonene 13, the key step involves het-
ero Diels-Alder cycloaddition which proceeds with an endo selectivity (2:1) in a quantitative 

Figure 1. Skeletons of longipinane, moreliane and 1–11 seco-moreliane.

Scheme 3. Acid catalyzed rearrangement of triketone 5 to 1–11 seco-moreliane derivative 6.

Terpenes and Terpenoids90

yield. Exploitation of exo-isomer with m-CPBA followed by acid catalyzed opening afforded 
(+)-cymbodiacetal 12 (Scheme 5). The uncertainty in absolute stereochemistry was indepen-
dently established by X-ray crystallography. These studies also clarified discrepancies in the 
previously published work [8, 9].

Scheme 4. Molecular rearrangement of (−)-modhephene 9 to (−)-isocomene 10 and (−)-triquinane 11.

Scheme 5. Total synthesis of (+)-cymbodiacetal 12.
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2.5. BF3 catalyzed molecular rearrangements of mono epoxides of α- and 
β-himachalenes

Previous examples of acid catalyzed rearrangements of sesquiterpenes have shown that the 
opening of the epoxide triggers the reaction and directs the subsequent molecular rearrange-
ments. In practically, among all the cases the aim is to valorize the naturally occurring sesqui-
terpene hydrocarbons.

Manoury and co-workers [10] observed that on treatment of α-himachalene monoepoxide 
14 with BF3-Et2O in CH2Cl2 at room temperature afforded a tricyclic ketone 16 (71% isolated 
yield) product along with an unsaturated alcohol 17 (18%). The structure 16 was unambigu-
ously assigned to ketone based on 1H, 13C, 1H-2D NMR experiments. The proposed mechanism 
(Scheme 6) involves ring opening of epoxide followed by participation of terminal methylene 
group to generate a tricyclic bridgehead carbocation 18 by ring contraction of seven mem-
bered ring to generate intermediate 19. A stereospecific 1,4-hydride transfer is proposed in 
the last step to the formation of 16.

Inspection of molecular models of intermediate 19 shows that the proposed stereospecific 
1,4-hydride shift is unlikely and therefore a different process is responsible for the formation 
of ketone 16.

The structure assignment 17 to the minor product, a tricyclic unsaturated alcohol is based on 
spectral analysis and confirmed by single crystal X-ray data. The characteristic feature of 17 is 
the presence of a double bond involving a bridgehead carbon.

β-Himachalene monoepoxide 15 under identical experimental conditions gave two products 
major product (62%) and aryl-himachalene (10%). The major product was assigned structure 
20. The proposed mechanism explains formation of 20 (Scheme 7). The gross structure of this 
compound an allo-himachalol, a natural product isolated from Cedrus deodara [11].

Scheme 6. Proposed mechanism for the formation of unsaturated alcohol 17 and tricyclic ketone 16.
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Compounds 16, 17 and 20 are all optically active and since the absolute stereochemistry 
of himachalenes are known, it is observed that C7 α-H of α-himachalenes remains intact 
throughout the rearrangement. The absolute stereochemistry of 16, 17 and 20 is shown in 
Figure 2.

2.6. Santonic acid: Zn-HCl-ether reduction

Santonic acid 21 (the diketocarboxylic acid obtained from santonin on digestion with aq. 
alkali) was subjected to reduction with the Zn-HCl-ether system [12] with an aim to obtain 
the previously prepared pinacol 22 via intramolecular pinacolisation primarily because of 
conformational structure of santonic acid with close proximity of the 1,4-diketone system. 
Under these conditions santonic acid 21 did not afford the pinacol 22, but yielded a 60:40 mix-
ture (GCMS, 1H NMR) of succinic anhydride derivatives 23 and 24. It is clear that the reaction 
proceeds via pinacol 22, which, under strong acidic conditions, undergoes further rearrange-
ment to give anhydrides 23 and 24 (Scheme 8).

Scheme 7. Mechanism for BF3 catalyzed transformation of β-himachalenes monoepoxide 15 to ketone 20.

Figure 2. Absolute stereochemistries of ketone 16 alcohol 17 and ketone 20.
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proceeds via pinacol 22, which, under strong acidic conditions, undergoes further rearrange-
ment to give anhydrides 23 and 24 (Scheme 8).

Scheme 7. Mechanism for BF3 catalyzed transformation of β-himachalenes monoepoxide 15 to ketone 20.

Figure 2. Absolute stereochemistries of ketone 16 alcohol 17 and ketone 20.
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2.7. Biosynthesis of albaflavenone

The tricyclic sesquiterpene antibiotic albaflavenone 25 isolated from the gram positive soil 
bacteria Streptomyces coelicolor A3 and Streptomyces albidoflavus is biosynthesized by enzymes 
encoded in a two-gene operm [13]. Initially, the sesquiterpene epi-isozizaene synthase cata-
lyzes the cyclization of 2E, 6E-farnesyl diphosphate (FPP) to (+)-epi-isozizaene 26. A two-step 
allylic oxidation of 26 catalyzed by a single cytochrome P450170A1 (crP170A1) results in the 
formation of (+)-albaflavenone 25 via an epimeric mixture of (5S)-albaflavenol 27 and (5R)-
albaflavenol 28 intermediates (Scheme 9) [14].

The mechanism and stereochemistry of FPP to epi-isozizaene 26 via (3R)-nerolidyl diphos-
phate 29 has been conclusively established by labeling studies [15]. The entire biosynthetic 
process from FPP to epi-isozizaene is shown (Scheme 10). A two-step chemical synthesis of 
albaflavenone 25 from epi-isozizaene 26 was reported in this study.

Scheme 8. Mechanistic pathway for the conversion of santonic acid 21 to bicyclo[3.3.0] octanes 23 and 24.

Scheme 9. Biosynthetic pathway of albaflavenone 25.

Terpenes and Terpenoids94

Ito and co-workers [16] reported a concise nine step total synthesis of albaflavenone without 
use of any protecting groups. Moreover, the absolute configuration of naturally occurring 
(+)-albaflavenone has been unambiguously established as 1S, 7S and 8R.

2.8. The biosynthesis of caryol-1(11)-ene-10-ol: on the mechanism of the formation 
of caryolene: a putative biosynthetic precursor to caryol-1(11)-ene-10-ol

In 2013, Nguyen and Tantillo [17] investigated the mechanism of the formation of caryolene 30, 
a putative biosynthetic precursor to caryol-1(11)-ene-10-ol 31 by DFT calculations (Figure 3).

Quantum chemical calculations indicated the mechanism involving a secondary carbo-
cation intermediate 32 is not energetically viable. They proposed two mechanisms for 
caryolene 30 formation (pathway a and b). The pathway involves a base catalyzed depro-
tonation/reprotonation sequence and a tertiary carbocation minima (more likely) whereas 

Scheme 10. Mechanism of the cyclization of E,E-FPP to epi-isozizaene 26 via (3R)-nerodilyl diphosphate 29.

Figure 3. Structures of caryolene 30 and caryol-1(11)-en-10-ol 31.
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pathway b involves intramolecular proton transfer and the generation of a secondary car-
bocation minima. Both mechanisms are predicted to involve concerted suprafacial/supra-
facial [2 + 2] cycloaddition, whose asynchomicity allows them to avoid the constrains of 
orbital symmetry (Scheme 11).

2.9. Biosynthesis of (+)-koraiol

As an outcome of Tantillo’s mechanism for caryolene 30 [17], biosynthetic pathway for koraiol 
31 becomes evident (Scheme 12).

Scheme 11. Proposed mechanisms for the formation of 1,10-caryolene 30.

Terpenes and Terpenoids96

9-epi-E-Caryophyllene 32, caryophyllene 33 and (+)-koraiol 31 were identified by Dickschat 
and co-workers [18, 19] who carried out investigation on the volatiles of Fusarium fujikuroi by 
the use of CLSA-GCMS. The sesquiterpenoids were divided in to two groups based on their 
proposed biosynthetic pathways. Volatile sesquiterpenoids produced by sesquiterpene cyclase 
Ffsc4 were characterized as β-caryophyllene and an optically active alcohol (+)-koraiol 31.  
The structure 31 was assigned by extensive spectral analysis. The relative configuration 
of (+)-koraiol was elucidated by NOESY experiments. The cis fusion of rings A and B was 
deduced from the NOESY couplings of the bridge head hydrogen atoms 1H and 9H with each 
other with methyl protons 15-H and the pro-5-methylene protons 3-H. Interestingly, Khan 
et al. isolated (+)-koraiol, [α]D + 31.7° from the oleoresin of Korean pine (Pinus koraiensis Sieb.). 
The relative stereochemistry as shown in 31 has been established by X-ray analysis [20]. The 
absolute stereostructure of the rare sesquiterpene (+)-9-epi-E-caryophyllene, an enantiomer 
of 32 was isolated from Dacrydium cupressinum by Weavers and co-workers [21] (Figure 4).

It is tempting to speculate (+)-koraiol 31 is biosynthesized from 9-epi-E-caryophyllene 32.

Scheme 12. Biosynthesis of (+)-koraiol 31.

Figure 4. Structures of 9-epi-E-Caryophyllene 32, caryophyllene 33 and (+)-koraiol 31.
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2.10. Biosynthesis of Pogostol

Biosynthesis of pogostol 34 by the endophytic fungus Geniculosporium was investigated 
by Dickschat and co-workers [22]. In this study, six 13C labeled isotopomers of mev-
alonolactone were synthesized and used in feeding experiments with the endophytic 
fungus Geniarlosperium. Feeding experiments with 35a and 35b gave insights into the 
stereochemical course of the terpene cyclization. The methyl group of the mevalonolac-
tone that is labeled in these two isotopomers is converted into terminal (z)-methyl group 
of FPP (C-13). Both feeding experiments showed that the deprotonation step leading to 
germacrene A 36 proceeds with stereospecific deprotonation of C-13 and not C-12 of FPP 
(Figure 5).

The volatile fraction was extracted by closed loop stripping apparatus followed by direct 
13CNMR analysis (CLSA-NMR) newly developed by the same group. The biosynthesis of 
pogostol 34 proceeds through initial formation of germacrene-A 36. Protonation of 4,5 double 
bond initiates a second cyclization to cation which gets neutralized with water to give pogos-
tol 34 (Scheme 13).

In view of correlation of (−)-pogostol 37 with (+)-bulnesol 38 with known absolute stereo-
chemistry, (−)-pogostol be represented by the stereostructure 37 [23–25]. The stereostructure 
34 thus represents (+)-pogostol (Figure 6).

2.11. Biosynthesis of patchouli alcohol (patchoulol)

The history of patchouli alcohol 39 from its isolation till date has narrated in a recent exhaus-
tive review article [26]. Biosynthetic pathways were proposed based on experimental work 
for the conversion of FPP to patchouli alcohol 39 (Scheme 14).

Figure 5. Biosynthesis of Pogostol 34 using isotopomers of mevalonolactone.

Terpenes and Terpenoids98

Scheme 13. Mechanism of pogostol 34 formation from FPP.

Figure 6. Absolute stereochemistry of (−)-pogostol 37—correlation of (−)-pogostol 37 and (+)-bulnesol 38.

Scheme 14. Mechanism proposed for cyclization and rearrangement of FPP to patchoulol 39.
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Scheme 15. Biosynthetic pathways for the conversion of [2-2H1]-FPP to patchoulol isotopomer.

Croteau et al. [27] and Akhila et al. [28] proposed biosynthetic pathways for the conversion of 
FPP to patchouli alcohol 39 based on experimental work. Croteau et al. reported the 1,3-shift 
for conversion of 40 to 41 while Akhila et al. proposed two consecutive 1,2-hydride shifts for 
the same conversion (Scheme 15).

The recent isotopic labeling studies of Coates and colleagues [29] unrevealed the biosynthetic 
pathways for 39 which confirmed the 1,3-hydride shift across the five membered ring ruling 
out two consecutive 1,2-hydride shifts (Scheme 16).

Scheme 16. Proposed biosynthesis of patchouliol 39 from deuterated FPP.

Terpenes and Terpenoids100

Incubation of isotopically pure [2-2H1] (E,E)-farnesyldisulfate with recombinant patchoulol 
synthase (rPTS) from Pogostemon cablin afforded a 65:35 mixture of monodeuterated and di-
dueterated patchouliols and several hydrocarbons of which eight have been identified. This is 
confirmed by extensive NMR analysis on the labeled patchouliol mixture and comparison with 
those of unlabeled patchouliol. Deuterium label was located at position C5 (both isotopomers 
ca. 100%) and at C12 (minor isotopomer, 30–35%). The formation of [5,12-2H2] patchouliol is 
rationalized through an unknown (so far) hydrocarbon 42 which could incorporate deuterium 
at C12. This significant observation may have implication on the biosynthesis of nor-patchou-
liol 43 a congener of patchouliol, the biosynthesis is based on the earlier work [26] (Figure 7).

The interesting observation which can be made on the patchouli oil constituents that though 
α-guaine 44 and α-bulnesene 45 are genuine natural products [26], (+)-guaiol 46 and (+)-bul-
nesol 38 has never been reported to be present in patchouli oil.

2.12. Biosynthesis of Valerenadiene

Pyle et al. [30] reported the first enzymatic synthesis of valerena-4,7(11)-diene 47 (numbering  
used for valarenic acid) by a unique TPS from Valeriana officinalis. They identified two TPS’s 
VoTPS1 and VoTPS2. Transgenic yeast expressing VoTPS1 produced germacrene B 48, ger-
macrene C 49 and germacrene D 50. On the other hand, VoTPS 2 produced valerena-4,7(11)-
diene 47 as a major compound was substantiated by 13CNMR and GC–MS comparison with 
the synthetic standard. Minor products were identified as bicyclogermacrene 51 and alloaro-
madendrene 52. The proposed mechanism involves ring contraction of germacrane ring to 
a nine-membered intermediate having isobutenyl side chain. Cyclization gives valerena-
4,7(11)-diene 47 (Scheme 17).

Yeo et al. [31] proposed a mechanism wherein the isobutyl side chain is derived by the inter-
mediacy of a caryophyllenyl carbocation 53. A 1,2-hydride shift followed by opening of the 
cyclobutyl ring. In this way the two methylene carbons of the isobutenyl side chain are pre-
dicted to arise from C1 and C11 of the originating FPP and therefore should become labeled 
when [1-13C] acetate is incorporated into FPP by mevalonate pathway operating in yeast 
(Scheme 18).

Valerina-1-10-diene 47 and related sesquiterpenes retain an isobutyl side chain whose origin 
has been recognized as enigmatic because a chemical rationalization for their biosynthesis  
has not been obvious. They identified seven Valeriana officinalis, terpene synthase genes 
(VoTPSs) and two were functionally characterized as sesquiterpene synthase VoTPS1 and 

Figure 7. Structures of nor-patchouliol 43, α-guaiene 44, α-bulnesene 45, (+)-guaiol 46 and (+)-bulnesol 38.
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Scheme 17. Biosynthesis pathway for valerena-4,7(11) diene 47 and other sesquiterpenes from VoTPS1 and VoTPS2.

Scheme 18. Three biosynthetic pathways for valerena-4,7(11) diene 47 and other sesquiterpenes from VoTPS1.

Terpenes and Terpenoids102

VoTPS7. VoTPS7 encodes for a synthase that biosynthesizes germacrene C 49 (90%) whereas 
VoTPS 1 catalyzes conversion of E,E-FPP to valerena-1-10-diene 47. Overexpression of VoTPS 
produced valarena-1-10-diene 47 on the basis of one and two dimensional NMR analysis, 
further confirmed by comparison with published spectral data, GC retention time and EIMS 
fragmentation pattern. The most characteristic feature of the [1-13C] acetate is the FPP derived 
from the incorporation of [1-13C] acetate had labels located at C1, C3, C5, C7, C9 and C11 
as expected using a yeast expression system, specific labeled [1-13C] acetate. FPP was cata-
lytically cyclized (using VoTPS1) and produce valeriana-1,10-diene 47 whose 13C labels were 
found at C3, C5, C7, C9, C1 and C11. Of these C1 and C11 were adjacent carbons of the 
isobutyl side chain. The proposed mechanism involves an intermediate of a caryophyllenyl 
carbocation 53, 1,2-hydride shift followed by cleavage of C10-C11 bond generates a neutral 
monocyclic triene 54. The proposed scheme also indicates formation of other sesquiterpenes 
through intermediates tamariscenyl cation 55 and valerenyl cation 56.

Based on the experimental labeling data of Pyle et al. [30] and Yeo et al. [31], Paknikar et al. [4]  
proposed a new alternate biosynthetic route (Scheme 19) from IPP to valerenadiene 47 which 
fits the unusual 13C labeling found in valerian and avoids the previously unreported triene 54.

In Scheme 19, the 2-1-10-11 sequence of carbons in the first cyclic intermediate 57 from E,E-
FPP becomes 2-10-1-11 in valerenadiene 47 which fits the 13C labeling pattern formed from 
[1-13C] acetate [4]. The biosynthetic pathway involves one neutral intermediate; bicycloger-
macrene 36 found in valerian [32]. The key reaction is a cyclopropylcarbinyl cation-cyclopro-
pylcarbinyl cation rearrangement (CCR) analogues to a key reaction in the biosynthesis of 
squalane from resqualene [3]. Structure interrelationships of the congeners of valerenadiene 
47 including bicyclogermacrene 36, aromadendrene 51, germacrene C 49, germacrene D 50, 
α-gurjunene 58 and malliol 59 were considered in this alternate pathway.

Scheme 19. A cyclopropropane route to valerenadiene 47 (numbering based on FPP).
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Bicyclogermacrene 36 appears also to be an intermediate in the biosynthesis of related set of 
sesquiterpene with different stereochemistry found in Valeriana officinalis, including tamar-
iscene 60, pacifigorgiol 61 and (+)-pacifigorgia-1,10-diene 62 (Scheme 20). In this scheme also 
the key reaction is again cyclopropylcarbinyl cation-cyclopropylcarbinyl cation rearrange-
ment (CCR) with this time with a different stereoisomer.

Based on the results of three groups [4, 30, 31] a new consolidated mechanism for the biosynthe-
sis of valerenadiene 47 from FPP via bicyclogermacrene 36 through alloaromadendryl cation 63  
and CCR is presented which also explains formation of alloaromadendrene 64 (Scheme 21) 
replace alloaromadendryl cation with allo-aromadendryl cation.

2.13. Congeners of Xylaria sp.: structural interrelations

Endophytic fungi are reported to produce a number of bioactive metabolites and serve as an 
excellent source of highly oxygenated compounds which are likely to be potential drugs and 
also for the applications in crop science. The fungi belonging to genus Xylaria produces plethora 
of biologically related and structurally fascinating cadinenic and eudesmanic sesquiterpenes.

Liu and coworkers [33] reported isolation of highly oxygenated cadinane based compounds, 
three new xylaric acid A 65, xylaric acid B 66 and xylaric acid C 67 and nine known compounds 
xylaric acid D 68, heptelidic acid (avocetlin) [34] 69 hydroheptelidic acid 70, gliocladic acid 71, 
chlorheptelidic acid 72, trichoderonic acid A 73. The structure assignments are based on exten-
sive spectral analysis. All these congeners belong to cadinane or seco-cadinane group of ses-
quiterpenes (Figure 8). The stereochemistry at C6 and C7 is unchanged for all the metabolites 
where C1 remains same for 66, 67, 69, 70, 72 and 73 and changes for 65, 68 and 71.

Scheme 20. Biosynthetic pathway of tamariscene 60, pacifigorgiol 61 and (+)-pacifigorgia-1,10-diene 62 from 
bicyclogermacrene 36.
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Scheme 21. Proposed new consolidated mechanism for the biosynthesis of valerenadiene 47.

Figure 8. Structural interrelations among the congeners of Xylaria sp. and the sequence of formation of isolated 
metabolites 65–73.
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Knowing the absolute stereochemistry of the congeners and their fungal origin, they belong to 
the “antipodal” set of compounds and they can be regarded as a result of extensive oxidative 
reactions of (−)-γ-cadinene 74. Recently, Rabe et al. [35] have reported isolation of several ses-
quiterpenes including (−)-γ-cadinene, [α]D-32.3° by incubation of FPP with six purified bacte-
rial terpene cyclases. The results were further supported by labeling experiments with 13C 
labeled isotopomers of FPP. Interestingly, antipodal cadinenic sesquiterpenes with known 
absolute configurations have been isolated from Indian vetiver oil (Vetiveria zizanioides) [36].  
Isolation of (−)-γ-cadinene 74, khusinol 75 and khusinol oxide 76 could be regarded as the 
 precursors for the metabolites of Xylaria sp. A very clean sequence indicating a plausible 
order of formation of Xylaria sp. metabolites associated with the termite nest is presented 
(Scheme 22). We believe that this presentation will be useful while investigating the biosyn-
thetic pathways using isotopic labeling studies.

3. Conclusions

This chapter gives overview of some of the interesting molecular rearrangements of sesquiter-
penes reported over last decade. Further biosynthesis of albaflavenone, caryol-1(11)-ene-10-ol, 
(+)-koraiol, pogostol, patchouli alcohol and valerenadiene are also presented. The recent trends 
in the biosynthesis of natural products is focused on enzymatic synthesis using isotopic label-
ing, nevertheless discussions on structural interrelationships of various congeners provides 
insights in to natural occurrence of these molecules and finding their biosynthetic links.

Scheme 22. Proposed plausible order of formation of Xylaria sp. metabolites from FPP.
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Abstract

Diterpenes are one of the classes of natural products with about 7000 structures. The 
basic skeleton of diterpene contains 20 carbon atoms. Microbes contain a large number of 
diterpenoid with many oxidized carbons and nitrogen atoms. To date, a number of sec-
ondary metabolites have been isolated from fungal sources, and some of these examples 
showed diverse structural features and interesting biological activities. These classes of 
compounds have attracted the interest of natural product scientist due to their potential 
biological activities. This chapter includes recently (2013–2018) isolated compounds from 
various fungal sources especially cythane, clerodanes, halimanes, abietane, and indole-
type diterpenes. Biosynthetic pathway of plants and fungi diterpenes showed homology 
at initial steps but showed differences at latter steps. The biological activity and 13C-
NMR data of these recently isolated compounds have been discussed. These diterpenes 
exhibited potential nitric oxide, anticancer, antioxidant, and antitumor properties. The 
diterpenes are clerodane, labdane, and kaurane derivatives. A brief discussion on the 
13C-NMR chemical shifts of these diterpenes has been discussed at the end of each type.

Keywords: fungal, biosynthesis, diterpenes, biological activities, 13C-NMR

1. Introduction

Terpenoids comprise the largest, structurally most diverse family of natural products and 
play important roles in all living organisms [1, 2]. Fungi (Ascomycota and Basidiomycota) are 
prolific producers of structurally diverse terpenoid compounds. Classes of terpenoids identi-
fied in fungi include the sesqui-, di-, and triterpenoids.
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As the largest group of documented natural products, terpenoids have attracted attention 
from a broad scientific community and have been heavily investigated due to their interesting 
structural characteristics and profound biological effects [3–6].

Fungi are important source of potential bioactive compounds which play an important role in 
pharmacology industry [7–11]. Among fungi, mushrooms are the most attractive sources of 
bioactive compounds both of chemical and biomedical interests. Approximately 2000 mush-
rooms are safe for human consumption, and about 650 of them have medicinal properties 
out of 15,000 documented species of mushrooms [12]. These are also important in industrial 
processes to enhance composition of bioactive compounds in fermented grain assays [13–15].

2. Diterpene biosynthesis

Diterpenoid biosynthesis has been studied in plants, bacteria, and fungi [16]; still lots of 
work are required to clone many important respective genes to characterize and engineer 
diterpenoid pathways in these representative organisms which remain a big challenge [17]. 
Fungal di-TPS enzymes show homology to plant enzymes in terms of its size and the combi-
nation of biochemical studies with molecular genetics. This also facilitated the comparison 
of plant and fungal biochemical pathways leading to the formation of gibberellins in plants 
and fungi [18].

The first committed step in diterpenoid biosynthesis is the cyclization of GGPP to pro-
duce the diterpene scaffold, which occurs via a carbocation cascade. Classically, activa-
tion of the carbocation cascade by terpene synthases corresponds to the removal of the 
pyrophosphate group from the linear substrate. This ionization-dependent reaction is 
catalyzed by class I terpene synthases [19]. Fusicoccanes are potent phytotoxins known 
to be synthesized by a few fungal species. P. amygdali was the first monofunctional diter-
pene synthase cloned and characterized in E. coli [20, 21]. Diterpenoids cyclized by the 
first, one-step route involves a monofunctional class I diterpene synthase that catalyzes 
ionization-dependent diphosphate cleavage and subsequent carbocation migration and 
quenching using a mechanism similar to sesquiterpene synthases, except the prenyl chain 
is now longer by one isoprene unit [22].

Biosynthesis of labdane-type diterpenoids requires a two-step cyclization pathway involving 
first a protonation dependent cyclization of GGPP to form the characteristic labdane bicycle 
and, in the second step, ionization-dependent cyclization at a separate active site to generate 
the final cyclic product (Figure 1). Cyclization of GGPP to ent-CDP and then to the tetracyclic 
ent-kaurene generates the precursor for gibberellin (gibberellic acids, GA) phytohormones 
that are major regulators of plant growth and development. It is believed that because of its 
essential role in plants, ent-kaurene represents the ancestral diterpenoid cyclization pathway 
from which alternative cyclization routes evolved to generate the large diversity of labdane-
type compounds known today [22]. In fact, it has been shown that single amino acid changes 
are sufficient to alter the product profile of the class I ent-kaurene synthase to form new cyclic 
scaffolds [23, 24].

Terpenes and Terpenoids112

Figure 1. Overview of diterpenoid biosynthesis: (a) monofunctional-2,10(14)-diene is modified into different fusicoccane 
compounds and (b) bifunctional diterpene synthases make different labdane-related scaffolds that are modified into 
bioactive compounds.
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3. Diterpenoid classification

3.1. Bicyclic diterpenoids

3.1.1. Clerodane diterpenes

Clerodane diterpenes are the natural group of secondary metabolites holding an utmost 
pharmacological significance. These are bicyclic structures consisting of a fused ring (decalin 
moiety from C-1 to C-10) with a six-carbon side chain (C-11 to C-16) attached at C-9. The 
rest of the carbons (C-17 to C-20) are bonded at C-8, C-4, C-5, and C-9, correspondingly [25]. 
Only 25% of the clerodane diterpenes showed 5:10 cis ring junction, while the rest possess 
5:10 trans ring fusion as presented here in the form of columbin and clerodin, respectively. 
Columbin exhibited dose-dependent anti-inflammatory activity as well as chemopreventive 
activity against colorectal cancer [26–28]. During the last 25 years, over 1300 diterpenoids and 
nor-diterpenoids with the clerodane carbon skeleton have been isolated [29, 30]. The detailed 
classification of clerodane diterpenes is given in Figure 2.

3.1.1.1. Clerodane diterpenes by biotransformation from endophytic fungi

Three strains of endophytic fungi L. gonubiensis, N. ribis, and P. stromaticum produced one 
known and five unknown compounds (B1–B4) through a process of biotransformation, while 
compounds Q1–Q2 are derived as chemical derivatization of compound 2 [30]. These com-
pounds were actually isolated for the first time from Croton argyrophylloides (Euphorbiaceae) 
and further biotransformed by Cunninghamella echinulata and Rhizopus stolonifer fungi and 
produced a new diterpene, as previously described by Monte et al. [31] and Mafezoli et al. 
[32] (Figure 3).

Figure 2. Clerodane skeleton, cis and trans structures of clerodane.

Terpenes and Terpenoids114

3.1.1.2. 13C-NMR date

13C-NMR spectra of substrate 1 and B2 suggested the C-7 hydroxylation making the signal 
at δ 70.1 (CH) in B2. Compound B2 is identified as new metabolite (4S,5S,7R,8R,9S,10S)-
4,7-dihydroxy-15,16-epoxy-3,12-dioxocleroda-13(16),14-diene, and its molecular formula 
C20H28O5 is sorted by HRMS. Compound B3 was unique for cultures of N. ribis. The 13C-
NMR spectrum of B3 showed the presence of one at δ 72.2 in the spectrum confirmed that 
compound 1 was regioselectively bioreduced at C-3. The new compound B3 was named 
(3R,4S,5S,7R,8S,9R,10S)-3,4,7-trihydroxy-15,16-epoxy-12-oxocleroda-13(16),14-diene, which 
is in agreement with the molecular formula C20H30O5. The biotransformation product B4 was 
obtained only in the P. stromaticum culture. The 13C-NMR spectrum of B4 showed no reduc-
tion of carbonyl group at δ 213.5 (C-3) and the appearance of carbinol methane group at δ 71.8 
(C-6). And it is named as (4S,5R,6R,8S,9R,10S)-4,6-dihydroxy-15,16-epoxy-3,12-dioxocleroda-
13(16),14-diene, which is in agreement with the molecular formula C20H28O5. The new 
compound Q1 was named (4S,5S,7R,8R,9S,10S)-7-propionyloxy-4-hydroxy-15,16-epoxy-3,12-
dioxocleroda-13(16),14-diene. The new derivative Q2 was named (4S,5S,7R,8R,9S,10S)-7-
benzyloxy-4-hydroxy-15,16-epoxy-3,12-dioxocleroda-13(16),14-diene [30].

3.1.1.3. Biological activity

Clerodane diterpenes possessed effective insect antifeeding and related insecticidal proper-
ties. There are approximately more than 400 natural and semisynthetic products that have 
been assayed in the laboratories showing potential antifeedant properties [33].

Figure 3.  Chemical structures of the metabolites by and chemical derivatives of the (3R,4S,5S,8S,9R,10S)-3,12-dioxo-
15,16-epoxy-4-hydroxycleroda-13(16),14-diene (compound 1) [35].
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3.1.2. Labdanes

The labdane-related diterpenoids are a special group, consisting of over 7000 members, which 
are distinguished by their unique biosynthesis. Gibberellin phytohormones as well as antibi-
otics such as some of phytoalexins and phytoanticipins fall into this family [34]. Labdanolic 
acids have been identified as biomarkers for the botanical origin of French ambers [35], while 
copalic acid and its relatives have been associated with the biological activity of the resins 
from Copaifera species. The lanceolatins are a group of labdanes and abietanes which were 
obtained [40] from Cephalotaxus lanceolata (Cephalotaxaceae). Some of the abietanes were 
described in this chapter as well (Figure 4).

3.2. Tricyclic diterpenoids

See Figure 5

3.2.1. Abietanes

Abietane is a class of diterpenoids with excellent metabolic profile. Compounds of this class 
showed broad spectrum antiviral, antibacterial, and antifungal activity [36, 37]. Abietane 
diterpenoids are extracted from few fungal species [38]. The intervention of quinone methides 
in the antioxidant activity of the phenolic diterpenoids ferruginol and carnosic acid has been 
discussed. The antifungal activity of some abietic acid esters in the context of their use as 
wood preservatives and the antiviral activity of podocarpic acid derivatives have been exam-
ined. In case of human cells, antiproliferative effect on tumor cells has been reported [39].

About 200 compounds of this family have been identified commonly known as dehydroabi-
etic derivatives (dehydroabietanes) [40] assuming 20-carbon saturated aromatic ring I, abi-
etane as standard (Figure 6).

3.2.1.1. Tricyclic abietatrienes

This group of abietane terpenes includes a tricyclic ring, three double bonds on B or C rings. 
Carboxylic acids are representatives of this group, of which the earliest example is the biologi-
cally active dehydroabietic acid (Figure 6), which possess an acid group at C-18 [42].

Figure 4. Skeleton of labdanes.
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3.2.1.1.1. Abietic acid

Abietic acid was extensively studied in various organisms for its biological activities. Current 
data also suggest that abietic acid is an important compound for synthesis of novel metabo-
lites. They contribute to the body of knowledge related to compound 1 and deepen the under-
standing of the potential and properties of 1 and its derivatives (Figure 7).

3.2.1.1.2. Dehydroabietic acid

Dehydroabietic acid displays not only antiulcer and antimicrobial properties but also anti-
tumor and anti-inflammatory effects (compound 2). Antimicrobial effects of DHA have been 
studied, specifically against methicillin-resistant strains of Staphylococcus aureus [43].

Biological activity: It also showed activity against other Gram-positive organisms such as 
Salmonella sp., Bacillus subtilis, and E. coli [44]. This latter study also described the inhibition of 
nitric oxide (NO) production by DHA, which was reported by other researchers as well [49]. 
Kawada et al. [45] have reported in relation with the inhibition of pro-inflammatory cytokines 
that DHA is useful for treating obesity-related diseases.

Figure 5. Classification of tricyclic abietane diterpenes.

Figure 6. Abietane skeleton with some standard compounds [41].
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lites. They contribute to the body of knowledge related to compound 1 and deepen the under-
standing of the potential and properties of 1 and its derivatives (Figure 7).

3.2.1.1.2. Dehydroabietic acid

Dehydroabietic acid displays not only antiulcer and antimicrobial properties but also anti-
tumor and anti-inflammatory effects (compound 2). Antimicrobial effects of DHA have been 
studied, specifically against methicillin-resistant strains of Staphylococcus aureus [43].

Biological activity: It also showed activity against other Gram-positive organisms such as 
Salmonella sp., Bacillus subtilis, and E. coli [44]. This latter study also described the inhibition of 
nitric oxide (NO) production by DHA, which was reported by other researchers as well [49]. 
Kawada et al. [45] have reported in relation with the inhibition of pro-inflammatory cytokines 
that DHA is useful for treating obesity-related diseases.

Figure 5. Classification of tricyclic abietane diterpenes.

Figure 6. Abietane skeleton with some standard compounds [41].
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3.2.1.1.3. Ferruginol

Ferruginol (abieta-8, 11, 13-triene-12-ol) is the simplest phenolic abietane diterpenoid (3). This 
abietane occurs in plants belonging to the Podocarpaceae and Lamiaceae families [22].

Biological activity: This diterpene has attracted much attention since it has exhibited important 
bioactivities, such as antimicrobial [46], miticidal [47], cardioactive [48], and antioxidative [49]. 
Moreover, it accelerates the gastric ulcer healing process, and such effects have been related 
with the ability of ferruginol to increase the gastric prostaglandin content in vitro [50–52].

3.2.1.1.4. Callitrisic acid

Callitrisic acid is a diterpenoid acid contained in the resins of several Callitris species 
(Cupressaceae). It was simultaneously reported as a new natural product [53, 54]. This acid 
also occurs in plants of the genus Juniperus and Calceolaria, and it has also been found in the 
genus Illicium. Recently, a series of related acids to callitrisic acid having a C-19 carboxylic 
group have been isolated [55].

Biological activity: All these acids demonstrated important antiviral activity and significant 
anti-inflammatory activity [56].

3.2.2. Abietatriene 20-7 lactones

The abietatriene lactones are a group of compounds which possess an oxygen-containing 
ring which predominantly is in the form of lactones (i.e., abietatrien-20,7-olides). This group 

Figure 7. Synthesis of compounds 2–10 [42].
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of abietanes are exemplified by carnosol (11,12-dihydroxy-8,11,13-20,7-olide). Carnosol pos-
sesses an aromatic C ring, carbon C-20 is a keto group, and carbons C-11 and C-12 are hydroxy 
groups. This abietane has displayed several biological activities. It displayed antioxidant, 
antimicrobial, anti-inflammatory, antitumor, and anti-HIV (IC50 = 8.0 μM) properties [57, 58].

3.2.3. Abietatetraenes

The abietatetraenes are a group of compounds which possess a fourth double bond which can 
be located at different positions. Among the 5,6-dehydro derivatives are coleon C and coleon 
U and related compounds (Figure 8). These metabolites are common in plants of the genus 
Coleus (synonym Plectranthus) and have described to possess antitumor, antimicrobial, and 
antiproliferative activity [59, 60] (Table 1).

3.3. Tetracyclic diterpenoids

3.3.1. Cythane diterpenes

Cyathus is a genus of fungi in the Nidulariaceae, a family collectively known as the bird’s 
nest fungi. Such compounds are named so, as they resemble tiny bird’s nests filled with 
“eggs,” structures large enough to have been mistaken in the past for seeds. The first cyathin 
A3 and allocyathin B3 were reported from fungus C. helenae in 1972, and since then a number 
of other diterpenes being isolated and documented from different species belong to genus 
Cyathus [61]. In particular, the species belonging to the genus Cyathus is recognized as pro-
lific producer of bioactive cyathane diterpenoids with inimitable tricyclic ring skeleton [62]. 
Cyathane diterpenoids also represent a group of natural products with versatility both in 
structure and bioactivity [63, 64]. Cyathane diterpenes are important bioactive metabolites 
extracted from the genus Cyathus, Hericium, and Sarcodon. Genus Cyathus is beneficial in 
producing healthy food and possesses the potential of nitric oxide (NO) inhibition and anti-
bacterial activities [64].

3.3.1.1. Diversity of cythane diterpenes

A number of other biologically significant cyathane diterpenoids have been isolated from 
the fruiting bodies of mushroom Sarcodon scabrosus [65–67], Sarcodon glaucopus [68, 69], and 
Sarcodon cyrneus [70, 71] and the culture of fungi C. helenae [72], C. africanus [73], C. earlei 

Figure 8. Representative member of tricyclic abietatrienes Callitris species.
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3.2.1.1.3. Ferruginol

Ferruginol (abieta-8, 11, 13-triene-12-ol) is the simplest phenolic abietane diterpenoid (3). This 
abietane occurs in plants belonging to the Podocarpaceae and Lamiaceae families [22].

Biological activity: This diterpene has attracted much attention since it has exhibited important 
bioactivities, such as antimicrobial [46], miticidal [47], cardioactive [48], and antioxidative [49]. 
Moreover, it accelerates the gastric ulcer healing process, and such effects have been related 
with the ability of ferruginol to increase the gastric prostaglandin content in vitro [50–52].

3.2.1.1.4. Callitrisic acid

Callitrisic acid is a diterpenoid acid contained in the resins of several Callitris species 
(Cupressaceae). It was simultaneously reported as a new natural product [53, 54]. This acid 
also occurs in plants of the genus Juniperus and Calceolaria, and it has also been found in the 
genus Illicium. Recently, a series of related acids to callitrisic acid having a C-19 carboxylic 
group have been isolated [55].

Biological activity: All these acids demonstrated important antiviral activity and significant 
anti-inflammatory activity [56].

3.2.2. Abietatriene 20-7 lactones

The abietatriene lactones are a group of compounds which possess an oxygen-containing 
ring which predominantly is in the form of lactones (i.e., abietatrien-20,7-olides). This group 

Figure 7. Synthesis of compounds 2–10 [42].
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of abietanes are exemplified by carnosol (11,12-dihydroxy-8,11,13-20,7-olide). Carnosol pos-
sesses an aromatic C ring, carbon C-20 is a keto group, and carbons C-11 and C-12 are hydroxy 
groups. This abietane has displayed several biological activities. It displayed antioxidant, 
antimicrobial, anti-inflammatory, antitumor, and anti-HIV (IC50 = 8.0 μM) properties [57, 58].

3.2.3. Abietatetraenes

The abietatetraenes are a group of compounds which possess a fourth double bond which can 
be located at different positions. Among the 5,6-dehydro derivatives are coleon C and coleon 
U and related compounds (Figure 8). These metabolites are common in plants of the genus 
Coleus (synonym Plectranthus) and have described to possess antitumor, antimicrobial, and 
antiproliferative activity [59, 60] (Table 1).

3.3. Tetracyclic diterpenoids

3.3.1. Cythane diterpenes

Cyathus is a genus of fungi in the Nidulariaceae, a family collectively known as the bird’s 
nest fungi. Such compounds are named so, as they resemble tiny bird’s nests filled with 
“eggs,” structures large enough to have been mistaken in the past for seeds. The first cyathin 
A3 and allocyathin B3 were reported from fungus C. helenae in 1972, and since then a number 
of other diterpenes being isolated and documented from different species belong to genus 
Cyathus [61]. In particular, the species belonging to the genus Cyathus is recognized as pro-
lific producer of bioactive cyathane diterpenoids with inimitable tricyclic ring skeleton [62]. 
Cyathane diterpenoids also represent a group of natural products with versatility both in 
structure and bioactivity [63, 64]. Cyathane diterpenes are important bioactive metabolites 
extracted from the genus Cyathus, Hericium, and Sarcodon. Genus Cyathus is beneficial in 
producing healthy food and possesses the potential of nitric oxide (NO) inhibition and anti-
bacterial activities [64].

3.3.1.1. Diversity of cythane diterpenes

A number of other biologically significant cyathane diterpenoids have been isolated from 
the fruiting bodies of mushroom Sarcodon scabrosus [65–67], Sarcodon glaucopus [68, 69], and 
Sarcodon cyrneus [70, 71] and the culture of fungi C. helenae [72], C. africanus [73], C. earlei 

Figure 8. Representative member of tricyclic abietatrienes Callitris species.
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[74], C. striatius [75], Strobilurus tenacellus [76], and Hericium erinaceus [77–84]. Some cyathane 
diterpenoids represented interesting and significant biological activities.

3.3.1.1.1. Cythane diterpenes from Cyathus gansuensis

Cyathus gansuensis was reported in 2002 and produced valuable bioactive metabolites from 
fermented grains of barley and rice [13] by transformation. Recently, seven new [85] metabo-
lites (8–14) named have been isolated from fruiting body of C. gansuensis as presented in 
Figure 9. The L69 fungal strain was used to isolate these compounds (8–14).

Biological activity: NO inhibition activity was tested on mouse monocyte, macrophages. 
Seven newly discovered cyathane diterpene derivatives showed inhibitory activity against 
the NO production in LPS-activated macrophages. The fungus can be a good choice for a 
transformation on a large scale to acquire enough pure metabolites for the future [85].
13C-NMR structural elucidation: The detail of 13C-NMR is presented in Table 2. 13C-NMR data 
for compounds 8–14 revealed 20 carbons ascribable for 4 methyls, 4 methylenes (one oxygen-
ated), 4 methines (two oxygenated), two quaternary carbons, and six sp2 carbons. According 
to NMR and HRTOFMS at m/z 341.2079, [M + Na] + presented molecular formula of 8 and 9 
(cyathin J and K) as C20H30O3 (six degrees of unsaturation), 10 (cyathin L) C22H32O5 (seven degrees 
of unsaturation degrees), 11 (cyathin M) C20H30O5 (six degrees of unsaturation), 12 (cyathin N) 
C20H28O5 (seven degrees of unsaturation), 13 (cyathin O) C20H30O5 (six degrees of unsaturation), 
and 14 (cyathin P) C20H28O5 (seven degrees of unsaturation) [85].

3.3.1.1.2. Cythane diterpenes from Cyathus africanus

Cyathus africanus is a medicinal basidiomycete fungus. Diterpenes have been reported to pos-
sess multiple bioactivities consisting of antimicrobial and anti-inflammatory properties [86]. 
The presently reported metabolites in this text are collected by the study of various scientists. 
Moreover, they have been characterized on the basis of their structural elucidation by spectro-
scopic methods and discussed in detail in this chapter (Table 2). Some of the new metabolites 
documented by various scientists are isolated from C. africanus. Cyathin Q (15) an important 
metabolite (Figure 10) showed autophagy-dependent apoptosis [87]. The gene sequence of this 

Figure 9. Representative members of abietatetraenes.
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[74], C. striatius [75], Strobilurus tenacellus [76], and Hericium erinaceus [77–84]. Some cyathane 
diterpenoids represented interesting and significant biological activities.

3.3.1.1.1. Cythane diterpenes from Cyathus gansuensis

Cyathus gansuensis was reported in 2002 and produced valuable bioactive metabolites from 
fermented grains of barley and rice [13] by transformation. Recently, seven new [85] metabo-
lites (8–14) named have been isolated from fruiting body of C. gansuensis as presented in 
Figure 9. The L69 fungal strain was used to isolate these compounds (8–14).

Biological activity: NO inhibition activity was tested on mouse monocyte, macrophages. 
Seven newly discovered cyathane diterpene derivatives showed inhibitory activity against 
the NO production in LPS-activated macrophages. The fungus can be a good choice for a 
transformation on a large scale to acquire enough pure metabolites for the future [85].
13C-NMR structural elucidation: The detail of 13C-NMR is presented in Table 2. 13C-NMR data 
for compounds 8–14 revealed 20 carbons ascribable for 4 methyls, 4 methylenes (one oxygen-
ated), 4 methines (two oxygenated), two quaternary carbons, and six sp2 carbons. According 
to NMR and HRTOFMS at m/z 341.2079, [M + Na] + presented molecular formula of 8 and 9 
(cyathin J and K) as C20H30O3 (six degrees of unsaturation), 10 (cyathin L) C22H32O5 (seven degrees 
of unsaturation degrees), 11 (cyathin M) C20H30O5 (six degrees of unsaturation), 12 (cyathin N) 
C20H28O5 (seven degrees of unsaturation), 13 (cyathin O) C20H30O5 (six degrees of unsaturation), 
and 14 (cyathin P) C20H28O5 (seven degrees of unsaturation) [85].

3.3.1.1.2. Cythane diterpenes from Cyathus africanus

Cyathus africanus is a medicinal basidiomycete fungus. Diterpenes have been reported to pos-
sess multiple bioactivities consisting of antimicrobial and anti-inflammatory properties [86]. 
The presently reported metabolites in this text are collected by the study of various scientists. 
Moreover, they have been characterized on the basis of their structural elucidation by spectro-
scopic methods and discussed in detail in this chapter (Table 2). Some of the new metabolites 
documented by various scientists are isolated from C. africanus. Cyathin Q (15) an important 
metabolite (Figure 10) showed autophagy-dependent apoptosis [87]. The gene sequence of this 

Figure 9. Representative members of abietatetraenes.
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strain has also been reported and submitted to GenBank with an accession numbers JX103204. 
Sequences of analysis exhibited 100% homology with that of fungus C. africanus. Compounds 
16–20 (D–H) structurally represented new group of metabolites, while neosarcodonin O (21), 
cyathatriol (22), and 11-O-acetylcyathatriol (23) are also known cyathane diterpenes. Five novel 
compounds are isolated from C. africanus and show potential NO inhibition and cytotoxicity 
against HeLa cell line in vitro [88]. The structural elucidation is also described in Figure 11.

Ten new polyoxygenated cyathane diterpenoids, named as neocyathins (24–33), together with 
four known diterpenes are isolated from fungus Cyathus africanus (Figure 12). These com-
pounds were isolated and identified by 13C-NMR technique [90] (Figure 13).

Biological activity: Diterpenes with diverse bioactivities have been identified from plants 
and fungi [91]. Cyathin Q has the capacity to induce the apoptosis in HCT116 cells in a 
time- and dose-dependent manner. It was observed, when HCT116 cells exposed to 10 mM 
cyathin Q for 24 h exhibited apoptotic cells 82.07% [87]. This compound induced hallmarks 
of apoptotic events in HCT116 cells, including caspase activation, cytochrome c release, 
poly (ADP-ribose) polymerase (PARP) cleavage, and depolarization of the mitochondrial 
inner transmembrane potential. Nitric oxide has the capacity to react with aqueous oxygen, 

Figure 10. Newly (8–14) isolated metabolites from C. gansuensis [85].

Figure 11. Structures of cyathane Q (15) isolated from C. africanus [87].
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superoxide, and transition metals like iron or zinc-sulfur clusters, and overproduction of NO 
is involved in many pathogenic diseases, including inflammation and cancer. The inhibition 
of NO overproduction in cells may prevent the occurrence of inflammatory diseases and 
cancer. The inhibition capacity (IC50) was more pronounced for 16, 17, and 19 by exhibiting 
NO inhibition 79.44, 89.2 and 84.33% reduction, respectively [91]. Moreover, inhibition of NO 
is concentration dependent as compounds 16–23 showed no NO inhibition at concentration 
100 μM [88, 89]. COX-2 and iNOS are two major inflammatory mediators in brain neurode-
generation [92, 93]. Compounds isolated from C. africanus [90] showed strong COX-2 and 
iNOS capacities. Western blot analysis demonstrated that compounds 24 and 28 significantly 
suppressed LPS-induced COX-2 expression, whereas compounds 27, 28, 30, 31, and 33 mark-
edly inhibited LPS-induced iNOS expression. Among these compounds, 28 showed strong 
inhibitory effects on both COX-2 and iNOS. Interestingly, 30 abolished LPS-induced iNOS 
expression but did not affect LPS-induced COX-2 expression. In addition, we also assayed 
the activities of iNOS enzyme [90].
13C-NMR structural elucidation: The 13C-NMR spectrum of some of the compounds isolated 
from C. africanus presented in Table 2.

3.3.1.1.3. Cythane diterpene from Hericium erinaceus and H. flagellum

Hericium genus is among the most blessed medicinal and eatable mushrooms and known 
to produce secondary metabolites with the potential to treat neurodegenerative diseases. 
It enables improvement of many brain-related disorders [94]. In this regard, neurotrophins 
are nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) involved 

Figure 12. Structures of metabolites isolated from C. africanus [88, 89].
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in survival, maintenance, and regeneration of specific neuronal populations in the adult 
brain [95]. Therefore, the metabolites extracted from Hericium are important source of 
metabolites and source as remedy in the fight against neurodegenerative diseases such as 
Parkinson’s, Alzheimer’s, and Huntington’s diseases, which are accompanied by decreased 
neurotrophic factor expression [102]. Two new potential metabolites have been isolated 
from H. erinaceus (strain STMA 06157B) and H. flagellum (strain CBS 103681) [96] (Figure 14).

Figure 13. Structures of metabolites isolated from C. africanus [90].

Figure 14. Structural elucidation of metabolites isolated from H. erinaceus and H. flagellum [96].
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Biological activity and 13C-NMR analysis: All of the metabolites isolated from H. erinaceus 
and H. flagellum exhibited strong neutrotrophin capacity [95, 96]. Metabolites were also 
studied through 13C-NMR; compound 34 exhibited the presence of five non-proton-bearing 
carbons, including three olefinic (δC 139.9, 136.6, 138.6) and two aliphatic carbons (δC 40.6, 
49.2). Furthermore, five methylene groups with corresponding carbons between δC 28.4 and 
38.5 ppm, a further oxygenated methylene group at δC 65.1, vicinal to two aliphatic methines 
at δC 40.4, and six methines at δC 69.6–105.3 ppm were observed. 13C shifts and correlations 
of the HSQC-DEPT spectrum showed high similarity to 35 which was a derivative of the 
cyathane diterpenoid 34. The major difference between the two compound spectra was the 
missing methoxy group at C-11 in 35 (Figure 13). The detail of 13C-NMR data is described in 
Table 2.

3.3.2. Indole diterpenes

Indole diterpenes are the broad class of secondary metabolites with enormous structural 
and functional diversity. They mostly occur in filamentous fungal members having most 
abundance in Penicillium, Aspergillus, Neotyphodium, and Claviceps [97, 98]. This class of 
diterpenes is generally divided into two main groups, paxilline type and non-paxilline 
type [98], though it mainly consists of cyclic diterpenoid backbone in addition to an indole 
moiety.

3.3.2.1. Diversity of indole diterpenes

3.3.2.1.1. Indole diterpenes from Aspergillus nidulans

The marine fungi A. nidulans was reported to be the source of 19-hydroxypenitrem A (1) and 
19-hydroxypenitrem E (2). The 13C-NMR spectrum of 19-hydroxypenitrem A (C37H44ClNO7) 
provided 37 resonance states from 5 methyl, 8 methylene (with 2 sp2 terminal), 1 sp2 and 7 sp3 
methines (with 5 oxygenated), and 16 quaternary (with 5 oxygenated sp3 and 9 sp2) carbon 
atoms. In comparison, 19-hydroxypenitrem E (C37H45NO7) lack chlorine atom but have one 
additional hydrogen atom [98] (Figure 15).

3.3.2.1.2. Drechmeria sp.: a rich source of indole diterpenes

An endophytic fungi Drechmeria sp. was found to be the reservoir of diverse indole diter-
penes including drechmerin A (38), drechmerin B (39), drechmerin C (40), drechmerin D (41), 

Figure 15. Indole diterpenes from A. nidulans [98].
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drechmerin E (42), drechmerin F (43), drechmerin G (44), terpendole A (45), terpendole C (46), 
terpendole I (47), and dehydroxypaxilline (48) [99] (Figure 16).

The 13C-NMR spectrum of drechmerin exhibited 28 carbon resonances, comprising 8 aromatic 
carbons, 4 oxygenated carbons, 6 methylene carbons, 2 methine carbons, 3 quaternary car-
bons, and 5 methyl carbons [100]. The detail of 13C-NMR data is given in Table 3.

3.3.2.1.3. Indole diterpenes from marine A. flavus
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(C32H39NO3) exhibits 14 degrees of unsaturation and consists of an indole chromophore and 
a carbonyl group. As per 13C-NMR spectrum, the respective structure owns resemblance to 
β-aflatrem, except that a methine replaced an oxygenated quaternary carbon, thereby result-
ing in an isopentenylated indole diterpenoid. Moreover, 9-isopentenyl paxilline (C32H39NO4) 
comprised hexacyclic indole diterpenoid skeleton [100] (Figure 17).

Figure 17. Skeleton by NMR indole diterpenes from A. flavus [100].

Carbon 
Number

Compound 36g 37g 38c 39c 40c 41c 42c 43c 44c

5’ 29.0 29.0 26.1 21.3 21.7 20.6

36 19.8 19.8

37 142.5 142.5

38 110.7 110.7

39 19.9 19.8

40 16.9 17.1

Ref. [98] [98] [99] [99] [99] [99] [99] [99] [99]

a13C-NMR at a 125 MHz.
b13C-NMR at 75 MHz in CDCl3.
c13C-NMR at 150 MHz CD3OD.
g13C-NMR at 125 MHz for 13C, measured in DMSO-d6.

Table 3. 13C-NMR data of indole diterpenoids.
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3.3.2.1.4. Penitrem D from Penicillium crustosum

Penitrem D (C37H45NO4) was first isolated from P. crustosum in 1983. It is a complex structure 
with 9 rings, an indole core, and 11 stereocenters [101] (Figure 18).

3.3.2.1.5. Emindole SB from Emericella striata

The mycelium of E. striata was reported to naturally produce emindole SB (C28H39NO). 
In its structure an indole unit fused to a tricyclic carbon scaffold, and it presented six 
stereocenters, including vicinal quaternary centers on the western cyclohexyl ring [103] 
(Figure 19).

3.3.2.1.6. Paspaline obtained from Claviceps paspali

The ergot fungus Claviceps paspali was found to be the source of paspaline (C28H39NO2) in 1966. 
The structure owes similarity with emindole SB but contains one more ring comparatively 
[104] (Figure 20).

Figure 18. Structure and compound isolated from P. crustosum [102].

Figure 19. Structure and compound isolated from E. striata [103].
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3.3.2.2. Biological activity

The indole diterpenes, famously called tremorgenic mycotoxins, put forward promising 
insecticidal potential via regulation of their glutamategated chloride ion channels [105], 
antibiotic activity [107, 108], antiproliferative against human breast cancer cells [109], and 
antifungal efficacy [110].
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