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In an era where antimicrobial resistance severely threatens our ability to treat infections, the discovery of
new drugs that belong to different chemical classes and/or bear original modes of action is urgently
needed. In this case, diterpenoids comprise a productive field with a proven track record in providing
new anti-infectives to tackle bacterial infections and malaria. This review highlights the potential of both
naturally occurring and semi-synthetic bi- and tricyclic diterpenoids to become leads in search of new
drugs to treat infections caused by bacteria, fungi, viruses and protozoan parasites. The literature from
the last decade (2013-2023) is covered, focusing on naturally occurring and semi-synthetic bicyclic
(labdanes and labdane-type) and tricyclic (all classes) diterpenoids, detailing their relevant biological

rsc.li/npr activities in the context of infection, which are explained through structure—activity relationships.
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1. Background and introduction

Naturally occurring and semi-synthetic bi- and tricyclic diter-
penoids have been studied over the past years in the search for
new leads to boost drug discovery. However, a comprehensive
review of their potential interest in the field of infection has
been missing. Among the bicyclic diterpenoids, both cler-
odanes* and halimanes® have been the topic of extensive
reviews. However, in the case of labdanes, no literature review

This journal is © The Royal Society of Chemistry 2024
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has been published concerning their bioactivities since 2004.
Thus, prior reviews*® are outdated, and a work dating 2010 (ref.
6) is solely dedicated to the chemistry of the labdane skeleton. A
recently published work” accounts for naturally occurring
antimicrobial diterpenoids but only covers the last 5 years and
is devoid of semi-synthetic derivatives. Another review focused
on natural diterpenes against tuberculosis,® and some reports
are available on the bioactivities of the aromatic abietane
dehydroabietic acid.**® Herein, we cover the literature from the
last decade (2013-2023) concerning naturally occurring and
semi-synthetic bicyclic (labdanes and labdane-type) and tricy-
clic (all classes) diterpenoids, providing details of their relevant
biological activities in the context of infections caused by
bacteria, fungi, viruses and protozoan parasites. Furthermore,
their anti-infective bioactivities are explained through struc-
ture-activity relationships (SARs), and directions for future
research in this field are provided.
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1.1 Infection and antimicrobial resistance

In 2019, infectious diseases were responsible for 24.2% of
global mortality, resulting in 13.7 million deaths, with low-
income countries bearing a disproportionate burden.'*'?
Lower respiratory tract infections and diarrhoeal diseases are
ranked as the fourth and eighth leading causes of global
mortality, respectively, while malaria, tuberculosis (TB), and
HIV/AIDS remain among the top ten causes of mortality in low-
income countries.”* Among the deaths attributed to a single
causative agent, bacterial infections account for 64.8% of the
infectious disease mortality globally, followed by viruses (6.1%),
fungi (2.4%), and parasites (1.0%).**

The discovery of antibiotics marked a significant milestone
in modern medicine, shifting the burden of death from
communicable to non-communicable diseases such as cardio-
diseases, chronic respiratory diseases,

vascular cancer,
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diabetes, and neurological disorders. However, the increasing
antimicrobial resistance (AMR) now threatens these advance-
ments. With an estimated 4.95 million AMR-related deaths in
2019 alone, the urgency for new antimicrobials is critical.” The
intrinsic or acquired resistance of certain pathogens, such as
carbapenem-resistant Acinetobacter and Enterobacterales
(CRE), methicillin-resistant Staphylococcus aureus (MRSA), drug-
resistant Mycobacterium tuberculosis (DR-TB), and Candida
auris, undermines conventional treatment approaches.'>'®
Presently, over 20% of bacterial infections are caused by drug-
resistant strains, including pan-drug-resistant Gram-negative
bacteria, which are non-susceptible to all agents in all antimi-
crobial categories and have been reported in over twenty
countries worldwide." In 2019, the average resistance to twelve
priority antibiotic-bacterium combinations reached 30% in
G20 countries and 20% in 17 Organization for Economic Co-
operation and Development (OECD) countries, marking a 3%
increase since 2009. Even with a deceleration trend, resistance
to last-line antibiotics such as carbapenems can increase by 3.2
times, by 2035, when compared to 2005 levels."”

In 2019, eight pathogens including Escherichia coli, Staphy-
lococcus aureus, Klebsiella pneumoniae, Streptococcus pneumo-
niae, Acinetobacter baumannii, Pseudomonas aeruginosa,
Mycobacterium tuberculosis (Mtb) and Enterococcus faecium were
responsible for 80% of AMR-associated deaths globally. In all
cases except Mtb, over 60% of the deaths were linked to the
AMR variant of the pathogen.'*'® These organisms are priori-
tised on the WHO Priority Pathogens List (PPL) to guide the
research and development of urgently needed effective drugs.'®
Additionally, the WHO has created the Fungal Priority Pathogen
List (FPPL) to address the increasing threat of invasive fungal
diseases. The critical pathogens in this list include Cryptococcus
neoformans, Candida auris, Aspergillus fumigatus, and Candida
albicans.® The emergence of drug resistance in neglected
tropical diseases, such as human African trypanosomiasis®* and
leishmaniasis,* caused by protozoans also poses a significant
global health challenge. These diseases disproportionately
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affect vulnerable populations, and the limited discovery of new
agents exacerbates the problem.>® Moreover, the spread of drug
resistance to most of the available antimalarial drugs is also
a major concern.”

Many pathogens can form biofilms, which are microbial
communities that adhere to surfaces and are encased in a self-
generated matrix.”> Biofilms are a major virulence factor in
various human infections, especially those linked to medical
devices and chronic conditions such as chronic wounds and
cystic fibrosis.** They shield microorganisms from environ-
mental stresses, antimicrobials, and the immune system,
making them highly resilient and hard to eliminate. Biofilm-
related infections show inherent antibiotic tolerance, leading
to additional treatment challenges and therapeutic failures.
Their presence also promotes resistance evolution, as observed
in pathogens such as Staphylococcus aureus, Pseudomonas aer-
uginosa, and nontuberculous mycobacteria (NTM), notably
Mycobacterium abscessus in cystic fibrosis patients, as well as in
Mtb in tuberculosis, where biofilms interfere with the efficacy of
antibiotics.”””** AMR poses a risk not only to infectious disease
treatment but also to the safety and efficacy of surgical proce-
dures, immunosuppressive chemotherapy, sustainable food
production, and the environment.*® Factors such as antibiotic
misuse, globalisation, natural disasters, and geopolitical
instability contribute to AMR proliferation.** However, despite
the dynamic preclinical research, the clinical pipeline for novel
antimicrobials remains insufficient, primarily comprised of
derivatives of existing antibiotic classes, with few new
compounds entering the pipeline.*** The need to safekeep new
antibiotics for use in the case of a major sanitary crisis further
detracts large pharmaceutical companies from antibiotic
development, leaving academic institutions and smaller
companies to bear the R&D burden.*® However, despite new
policy initiatives to improve the pipeline via push and pull
incentives, overall it is believed that at present there is still
insufficient targeted support and coordination for academia
and small- and medium-sized companies, with drug discovery
activities struggling to supply the necessary discovery and
preclinical programmes.*

1.2 The impact of terpenoids in the discovery of novel anti-
infective drugs

The historical value of natural products (NPs) and their deriv-
atives as sources of new drugs is indisputable, as documented
in the comprehensive work by Newman and Cragg.** In partic-
ular, the area of anti-infectives has remained totally dependent
on NPs and their structures. About 48% of the total number of
antibacterial drugs approved between 1981 and 2019 was either
a NP or a NP derivative, and 22.2% was totally synthetic but
based on the well-known quinolone scaffold. The pleuro-
mutilins (1-2) (Fig. 1) and the resin acids (3-5) (Fig. 2) are
example diterpenoids used for their antibacterial properties, as
discussed in Section 2.4.

Only two antifungal drugs were approved in the same period,
both NP-based, reflecting the dearth of research into this topic
over the past few decades. Notably, one of the most recent

This journal is © The Royal Society of Chemistry 2024
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Lefamulin (2) R=

Community-acquired pneumonia

Fig. 1 Terpenoids currently in clinics.
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Fig. 2 Main resin acids.

approvals in this field is the triterpene ibrexafungerp (6) (Fig. 1),
for both the treatment and reduction of the incidence of vul-
vovaginal candidiasis.®® Ibrexafungerp (6) is a glucan synthase
inhibitor that is a derivative of the NP echinocandin enfuma-
fungin, with a better bioavailability profile, which makes it
suitable for oral administration. This compound interacts with
the enzyme at a site that is distinct but partially shared with that
of the echinocandins. Notably, ibrexafungerp (6) is active
against several Candida strains including the multi-drug resis-
tant Candida auris, which causes severe illness and spreads
easily among patients in a nosocomial environment, as well as
against Candida glabrata and Aspergillus species.®*® Finally,
artemisinin (7) (Fig. 1), a sesquiterpene lactone isolated from
Artemisia annua, with an unusual endoperoxide bridge, is still
an important antimalarial agent to date, especially if used in
combination regimens to treat drug-resistant malaria, and for
helminth infections.?” Its modes of action have been proposed
to involve not only the parasite haemoglobin-digestion
processes but also the mitochondria and the sarcoplasmic/
endoplasmic reticulum Ca**-ATPase (SERCA).

This journal is © The Royal Society of Chemistry 2024
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2. The diterpenoids
2.1 Introduction to diterpenoids

Diterpenoids (C20), which are composed of four isoprene units,
are members of a large super-family of >12 000 natural prod-
ucts, originating from (E,E,E)-geranylgeranyl diphosphate
(GGPP) (Fig. 3A).**® In plant plastids, the methylerythritol
phosphate (MEP)-dependent pathway generates GGPP from
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP). In contrast, fungal diterpenoids are usually syn-
thesised via the mevalonate (MVA) pathway.***° Both plants and
bacteria can use either pathway, but in plants, these pathways
exist with a clear spatial separation, given that the MVA pathway
operates only in the cytosol and peroxisomes.***' Although the
subcellular compartmentalization of the MVA and MEP path-
ways allows them to operate independently, metabolic exchange
can occur between these two pathways.***°

Diterpenoid biosynthesis can be initiated by two different
types of reactions, both involving carbocationic cascades but
triggered in different ways. The reactive allylic bond in GGPP
invariably undergoes lysis/ionisation wvia a carbocationic
cascade of reactions mediated by class I diterpene synthases (EC
4.2.3.x). However, this can be preceded by a protonation-
initiated (bi)cyclisation reaction, catalysed by class II diter-
pene cyclases (EC 5.5.1.x), which leaves the allylic diphosphate
ester bond of GGPP intact for the subsequent action of class I
diterpene synthases (Fig. 3A).*® The formed labda-13-en-8-yl
cation intermediate (I-IV) can lead to four different isomers,
with a fixed trans configuration across the decalin ring (Fig. 3A).
The isomers are named “normal” or antipodal/enantiomeric
“ent”, depending on their absolute configuration compared to

Nat. Prod. Rep., 2024, 41, 1858-1894 | 1861
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A R

GGPP

labdane-type

Fig. 3
mediated by class | diterpene synthases. OPP = diphosphate group.
pimarane, and cassane) diterpenoids discussed in this work.

the stereochemistry of the analogous A/B rings in cholesterol,
namely in copalyl diphosphate (CPP), ent-CPP, syn-CPP and syn-
ent-CPP. The most observed isomers are ent-CPP and CPP,
whereas the production of syn-ent-CPP has not been observed,
with the syn-ent stereochemistry only recognized from plants of
the Calceolaria genus.**

The most basic structures in the labdane-related diterpenoid
super-family are the bicyclic labdane, clerodane and hal-
imadane families formed by relevant class II diterpene cyclases,
with relevant class I synthases presumably simply removing the
diphosphate without catalysing cyclisation (Fig. 3B). The over-
whelming majority of further cyclised labdane-related diterpe-
noids, including the tricyclic diterpenoids abietanes, and
pimaranes, are derived from the action of relevant class I

1862 | Nat. Prod. Rep., 2024, 41, 1858-1894
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oPP
oPP

oPP

oPP

oPP

syn-ent-CPP

pimarane-type cassane-type

(A) Bicyclisation of GGPP to copalyl diphosphate (CPP) mediated by class Il diterpene synthases. This reaction generally precedes that

(B) General structures of the bicyclic (labdane) and tricyclic (abietane,

diterpene synthases on the various stereoisomers of CPP
(Fig. 3B).%*

2.2 Structure and occurrence of the labdane-type
diterpenoids

The labdane diterpenoids are secondary metabolites widely
distributed in different parts of plants including their roots,
barks, tubers, seeds and leaves, as well as in tissues of fungi,
bacteria, insects and marine organisms.>** A plethora of plant
families can be listed as sources of labdanes including Aster-
aceae, Labiatae, Cistaceae, Pinaceae, Cupressaceae, Tax-
odiaceae, Acanthaceae, Annonaceae, Caprifoliaceae,
Solanaceae, Apocynaceae, Verbenaceae and Zingiberaceae.
Another important source of labdanes are coniferous plants.’

This journal is © The Royal Society of Chemistry 2024
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The scientific literature concerning diterpenoids and their
natural terrestrial sources was regularly reviewed by Hanson
from 1996 to 2019.f The general skeleton of labdane-type
diterpenoids is depicted in Fig. 3B, which is comprised of
a decalin core and a side chain at C9, consisting of six carbons
and can be open or closed. Another common modification
involves a furan ring on the side chain. Labdanes occur in
nature in both the normal and antipodal series.’

2.3 Structure and occurrence of the tricyclic diterpenoids

Conifer resin is an abundant source of abietanes, as known as
resin acids, among which the main compounds are abietic (3),
dehydroabietic (4) and pimaric (5) acids (Fig. 2).** Rosin, i.e., the
solid portion of resin after the evaporation of volatiles, and its
derivatives, have been widely used for industrial purposes in
glues, inks, varnishes, adhesive plasters, soldering glues and
sealing waxes.**** Rosin has also been used as a glazing agent in
medicines and chewing gum. Besides conifer resin, both abie-
tanes and other tricyclic diterpenoids can be found in plant
families including Lamiaceae, particularly in the genus Salvia,
and in fungi, bacteria and marine organisms.'*** The general
skeleton of the different classes of tricyclic diterpenoids is
depicted in Fig. 3B. Abietanes bear an isopropyl side chain at
C13, whereas that of the pimaranes and cassanes is unsatu-
rated. The location of the ring C methyl substituent varies in the
pimarane and cassane series.*®

2.4 Diterpenoids in clinics

Diterpenoids have historically provided important drugs for the
treatment of human illnesses. Among them, the diterpene tax-
ane paclitaxel or Taxol® (8) (Fig. 1), which is present in the bark
of the Pacific yew, is the best known, having widespread use as
a broad-spectrum anticancer drug.* Its four-membered oxetane
ring and complex ester side chain are both essential for its
antitumoral activity, which occurs through inhibition of
microtubule polymerisation, causing cell cycle arrest at the G2/
M phase, and finally cell death.”” Paclitaxel (8) is used to treat
a variety of cancers including ovarian, lung, breast, head and
neck, and melanoma.” Ingenol mebutate (Picato™) (9) is
another relevant diterpenoid derivative that was approved for
the treatment of actinic keratosis (a premalignant skin condi-
tion) in 2012, but was later discontinued.*®

Regarding anti-infectives, the pleuromutilins (1-2) (Fig. 1)
and resin acids (3-5) (Fig. 2) are significant examples.**"** The
pleuromutilins have been known since the 1950s, when the
compound that names the class, ie., pleuromutilin, was iso-
lated from the mushroom Pleurotus mutilus.*® The pleuro-
mutilin scaffold is comprised of a unique annelation of five-,
six-, and eight-membered rings and eight stable chiral centres,
as well as a glycolic ester moiety as a side chain. The pleuro-
mutilins inhibit bacterial protein synthesis by binding to the
50S ribosomal subunit at the peptidyl transferase centre, pre-
venting the correct positioning of transfer ribonucleic acid

t All the reviews on diterpenoids by James R. Hanson (1996-2019) are available
from the Nat. Prod. Rep. online database.

This journal is © The Royal Society of Chemistry 2024
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(tRNA) for peptide transfer and new bond formation.* Due to
this mode of action, they exhibit a broad spectrum of action
against Gram-positive, Gram-negative and atypical respiratory
pathogens, and more importantly low potential for the devel-
opment of resistance.* Topical retapamulin (1) (Fig. 1) was the
first to be approved for the treatment of impetigo, infected
small lacerations, abrasion or sutured wounds caused by
Staphylococcus aureus or Streptococcus pyogenes.*® In 2019, the
FDA approved lefamulin (2) (Fig. 1) for the treatment of adults
with community-acquired pneumonia.*

The antimicrobial properties of the tricyclic abietane-type
diterpenoids known as resin acids have been known for several
decades, especially in countries in Northern Europe such as
Finland, where home-made spruce resin salve has long been
used as traditional folk medicine for wound-healing.>*
Research has shown that the antimicrobial and wound-healing
properties of the resin salve are due to the presence of resin
acids, which comprise about 90-95% of its solid portion, with the
most significant being abietic (3), dehydroabietic (4) and pimaric
(5) acids.* At present, Norway spruce (Picea abies) resin salve is
commercially available as Abilar® for the treatment of a plethora
of conditions including wounds, scratches, bruises and abra-
sions, bite and puncture wounds, paronychia, burn injuries,
chicken pox-related skin infections and impetigo (where Staph-
ylococcus aureus is an important pathogen), infected and surgical
wounds, and skin cracks.”® Moreover, abietic acid (3) is an
important component of dental filling materials such as Nishika
Plast Seal Quick®, which is commercially available in Japan.*

3. Anti-infective labdane-type
diterpenoids

The labdane-type diterpenoids portrayed in the literature over
the past decade with significant anti-infective activity are
detailed in the following sections. The structures of both
naturally occurring and semi-synthetic compounds are depicted
in Fig. 4-11, with that from natural sources categorised
according to their side chain at C9. Section 3.6 is devoted to
labdane-type diterpenoids produced by biotransformation. The
data for all reported sources and biological activities for each
compound are summarised in Tables 1 and 2. For consistency,
we include values for the different reported biological activities
only up to roughly 160-200 uM. At concentrations above these
values, the compounds are generally too toxic or poorly soluble.

3.1 Naturally occurring labdane-type diterpenoids with an
acyclic side chain at C9

The antibacterial activity of the labdane alcohol manool (10)
(Fig. 4), which is present in Salvia species, has been extensively
documented (Table 1, entry 1). Manool (10) is active against
streptococci,* and notably against enterococci, with minimum
inhibitory concentration (MIC) values ranging from 4 to 32 pg
mL "5 Manool (10) was reported to inhibit both ATP production
mediated by ATP synthase and ATP hydrolysis. Its ability to bind
to this enzyme was further studied by docking and molecular
dynamics simulations, which revealed that 10 forms lipophilic

Nat. Prod. Rep., 2024, 41, 1858-1894 | 1863
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Table 2 Biological activity of labdane-type diterpenoids produced via biotransformation
Entry Compound Microorganism Reported biological activity® Ref.
1 77 Cunninghamella elegans MIC (Candida albicans) = 1.1 pg mL™" (3.1 pM) 63
MIC (Candida tropicalis) = 4.4 pg mL ™" (13 uM)
2 78 MIC (Candida albicans) = 1.1 ug mL™" (3.1 uM)
MIC (Candida tropicalis) = 4.4 pg mL™" (13 uM)
3 79 Aspergillus brasiliensis MIC (Candida glabrata) = 12.5 pg mL™" (36 pM) 84
4 80 MIC (Candida glabrata) = 12.5 pg mL~" (34 uM)
5 81 MIC (Candida glabrata) = 12.5 pg mL™" (36 uM)
6 82 MIC (Candida glabrata) = 12.5 pg mL ™" (36 uM)

% Units reported according to the original reference. Conversion into
concentration.

interactions with the binding site residues and its terminal vinyl
group participates in a NH-7v interaction with the backbone
nitrogen of residue A278.> Although the hydroxy group is the
only polar group in 10, the simulation revealed that strong H-
bonding to specific amino acid residues significantly contrib-
utes to the anchoring of this compound to its binding site in the
enzyme, which was confirmed through experimental data.”

The diols sclareol (11) and 14a-epoxysclareol (12) (Fig. 4)
were overall less active against bacteria than manool (10) (Table
1, entries 2 and 3).*® Sclareol (11) and clindamycin displayed
synergistic activity, i.e., their fractional inhibitory concentration
index (FIC) was lower than 0.5, against MRSA.*® The antifungal
activity of sclareol (11) against Candida spp was investigated.®”
This compound inhibited the growth of Candida albicans,
Candida auris and Candida parapsilosis with an MIC value of 50
ug mL " (Table 1, entry 2), inducing apoptosis-like cell death in
Candida albicans, with depolarization of the mitochondrial
membrane potential and increase in the reactive oxygen species
(ROS) levels. Sclareol (11) was also able to inhibit biofilm
formation in Candida albicans in a dose-dependent manner,
with a decrease in biofilm-related factors including ZAP1,
ADH5, CSH1, TPO4 and CAN2. Hyphal formation was inhibited
by more than 50% at the MIC value of sclareol (11), both in yeast
extract peptone dextrose (YPD) and spider medium.*” Notably,
the activity of sclareol (11) was synergistic with that of mico-
nazole against Candida albicans (FIC value of 0.31), with the co-
treatment resulting in a 4-fold increase in potency for
miconazole.””

Salvic acid (13) (Fig. 4) isolated from the aerial parts of
Eupatorium salvia Colla was only active against Gram-positive
bacteria, namely Staphylococcus aureus and Bacillus cereus
(Table 1, entry 4).°® ent-Copalic acid (14) (Fig. 4), the most
abundant diterpene in the oleoresin of Copaifera species,
displays potent antimicrobial action against staphylococci and
streptococci, including clinical isolates,* and against anaerobic
pathogens associated with dental infections and dental biofilm
formation (Table 1, entry 5).*°

The antibacterial effects of 14 were potentiated by combi-
nation with chlorhexidine, a commonly used disinfectant.
Significant reductions in the bacterial burden, i.e., from 3 log
units, were observed after the treatment of Peptostreptococcus
anaerobius with 6.25 ug mL™" of (14) alone, after 48 h. More
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micromolar is shown in brackets (uM). MIC = Minimum inhibitory

importantly, ent-copalic acid (14) could eradicate (3 log units)
pre-formed biofilms of both Peptostreptococcus anaerobius and
Actinomyces naeslundii at 62.5 and 1000 pg mL ™", respectively.
Another study reported that 14 is also active against dermato-
phytes including Trichophyton rubrum and Microsporum gyp-
seum (Table 1, entry 5).*° A significant reduction in Trichophyton
rubrum hyphal growth was observed by fluorescence microscopy
after treatment with ent-copalic acid (14) at sub-inhibitory
concentrations. Scanning electron microscopy (SEM) revealed
the inhibition of hyphal growth and an irregular growth pattern
following treatment with the compound.

Notably, labdane-type di-acid 15 and compound 16 (Fig. 4),
also present in Copaifera species, were both active against drug-
resistant MRSA (Table 1, entries 6 and 7, respectively), with 15
displaying no cytotoxicity at concentrations of up to 100 pg
mL~", in a panel of cell lines.®* Good antibacterial activity
against MRSA was also observed for triene di-acid 17 (Fig. 4),
isolated from Caesalpinia decapetala (Table 1, entry 8§).°
However, ent-agathic acid (18) (Fig. 4) was not active against
bacteria but it displayed antifungal activity against the derma-
tophytes Trichophyton rubrum and Trichophyton mentagrophytes
(Table 1, entry 9).** Di-acid 19 (Fig. 4) inhibited the growth of
Candida tropicalis and Candida albicans with MIC values of 9.3
and 74.3 pM, respectively (Table 1, entry 10).*

The activity of three labdane-type diterpenoids, including
anticopalic acid (20), anticopalol (21) and 8(17)-ladben-15-ol
(22) (Fig. 4), against the Gram-positive Staphylococcus aureus,
Enterococcus faecalis and Bacillus cereus was reported (Table 1,
entries 11-13, respectively).***> The four labdane-type diterpe-
noids (23-26) (Fig. 4), isolated from Cunninghamia lanceolata,
were active against Staphylococcus aureus and Bacillus subtilis,
with ICs, values below 25 uM (Table 1, entries 14-17, respec-
tively).®® Pahangensin B (27) (Fig. 4) was reported to have mild
activity against Bacillus cereus (Table 1, entry 18),*” whereas
labdane (28) (Fig. 4), isolated from Elytropappus rhinocerotis,
was active against Brevibacterium agri (Table 1, entry 19).%

Vitexolin B (29) (Fig. 4), from Vitex vestita, was active against
Bacillus cereus standard environmental and clinical isolates, with
MIC values ranging from 25 to 50 uM (Table 1, entry 20).® The
5,9-dihydroxylated derivative (30) of isocupressic acid (Fig. 4) was
isolated from the fungus Talaromyces scorteus AS-242 and found
to inhibit the activity of the Gram-negative Vibrio

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Naturally occurring labdane-type diterpenoids with an acyclic side chain at C9.

parahaemolyticus, which is responsible for gastroenteritis in
humans, with an MIC value of 8 ug mL™" (Table 1, entry 21).”
The sclareol-type labdane (31) and the triol (32) (Fig. 4),
isolated from Leucas stelligera, inhibited the growth of Myco-
bacterium tuberculosis, with IC5, values of 5.95 and 8.94 ug mL ™"
(Table 1, entries 22 and 23, respectively), whereas no significant
activity was observed against Escherichia coli or Mycobacterium
smegmatis.”* Compound (32) was particularly selective given
that no significant cytotoxicity was observed in any of the cell

This journal is © The Royal Society of Chemistry 2024

lines tested, namely MCF-7, Thp-1 and HepG2, at 100 pug mL ™.
The di-aldehyde labdane (33) and its epoxide analogue (34)
(Fig. 4) have been isolated from diverse plant sources. Both
compounds are active against a panel of bacteria, both Gram-
positive and -negative (Table 1, entries 24 and 25, respec-
tively).””® The labdane-type diterpenoid (35) (Fig. 4), where
lactonisation occurs at C6 and C19, was isolated from Salvia
leriifolia and found to bear modest antibacterial activity against
Staphylococcus aureus (Table 1, entry 26).7*
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Labdane 36 and alepterolic acid (37) (Fig. 4), isolated from
Piliostigma thonningii, were tested against the amastigotes of
Leishmania donovani and Trypanosoma brucei (Table 1, entries
27 and 28, respectively).”” The hydroxyl group at C3 was
important for their antiprotozoal activity against Trypanosoma
brucei. Several labdanes (38-41) (Fig. 4) were isolated from
Psiadia arguta and evaluated for their antimalarial effects, with
ICs, values ranging from 22.2 to 36.6 uM against Plasmodium
falciparum (Table 1, entries 29-32, respectively).”

On African green monkey kidney Vero cells, stachyonic acid A
(42) (Fig. 4) was reported as an antiviral agent against Dengue
virus, with an ICs, value of 1.4 uM (Table 1, entry 33).”” Another
study reported that this compound is also active against the West
Nile virus and human influenza viruses HIN1 and H3N2.”®

COOH

43 R'=R*=R5=H; R? = CH,0H, R®= CH; R®=0OH
44R"=0OH, R?=CH,0H, R®=CH;, R*=R5=R® = H
45R"=R*=R6=H, R? = COOH, R® = CH;, R% = OH
49 R =R5=R6=H, R? = CH,0H; R%= CH,;, R* = OH
50 R'=0OH, R2=R3=CH;, R*=R5=R®=H

51 R'=R%=R%=R6=H, R? = CH,0H, R®= CH,
52R'=R*=R5=R6=H, R2= COOH, R® = CH,
54R'=R*=R5=R®=H, R?=CH; R®=COOH

COOH

R R2

46 R' = CH,0H, R = CH, 47 53
48 R!= COOH, R? = CH,
55 R' = CH, R? = CH,0H

o

56

Fig. 5 Naturally occurring labdane-type diterpenoids with an acyclic
side chain at C9 (Cont.).
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Forsypensins A-E (43-47), forsyshiyanins A (48) and B (49), and
other labdanes (50-55) (Fig. 5), isolated from Forsythia suspensa,
were all active against the influenza (H1N1) and respiratory
syncytial viruses (RSV) (Table 1, entries 34-46), respectively, but
less potent than ribavirin, which was used as a positive
control.”*

Cyslabdane A (56) (Fig. 5), produced by Streptomyces cyslab-
danicus K04-0144, although not an antibacterial compound
itself, was reported to enhance the activity of B-lactam antibi-
otics against MRSA by 8-32-fold (penam), 4-32-fold (cephem),
and 128 to over 1000-fold (carbapenem).””

3.2 Naturally occurring labdane-type diterpenoids bearing
a furan ring on the side chain at C9

The activity of ent-polyalthic acid (57) (Fig. 6), present in the
oleoresin of Copaifera species, was studied in a similar fashion
to that of ent-copalic acid (14) (Fig. 4) against oral pathogens
(Table 1, entry 47).5%> However, unlike 14, synergy studies with
chlorhexidine did not result in an improvement in activity.
Compound (57) could inhibit biofilm formation in Porphyr-
omonas gingivalis and in the clinical isolate Peptostreptococcus
micros only by 50% at 6.5 pug mL™ ', but unable to eradicate
established biofilms. ent-Polyalthic acid (57) was not toxic when
tested on the Caenorhabditis elegans model, even after 72 h, at
a high concentration of 1000 pg mL~".*> The potential of ent-
polyalthic acid (57) to affect the parasite Toxoplasma gondii
residing inside BeWo cells and in human villous explants was
also studied. This compound could inhibit the proliferation of
Toxoplasma gondii tachyzoites at concentrations of 32 and 64 pg
mL~' (BeWo cells) and 64 pg mL™"' (villous explants),
respectively.?>%

The authors observed that ent-polyalthic acid (57) could
downregulate the levels of IL-6, IL-8 and TNF-a in villous
explants regardless of Toxoplasma gondii infection and sug-
gested that this immunomodulation of the placental microen-
vironment could be relevant for targeting the parasite.*® Finally,
ent-polyalthic acid (57) was also found to have a significant
antifungal effect against the dermatophytes Trichophyton
rubrum and Trichophyton mentagrophytes, with ICs, values of 6.8
and 4.3 ug mL ", respectively (Table 1, entry 47).*

Coronarin E (58) (Fig. 6), isolated from Hedychium ellipticum
Buch.-Ham. ex Sm., exhibits activity against Mycobacterium
tuberculosis but with a low selectivity index (SI) (<10), as

57 58 59

Fig. 6 Naturally occurring labdane-type diterpenoids bearing a furan
ring on the side chain at C9.
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assessed on a panel of human cell lines (Table 1, entry 48).%
Otostegindiol (59) (Fig. 6), isolated from the leaves of Otostegia
integrifolia Benth, a plant used in Ethiopia for the treatment of
malaria, could to induce the maximum decrease of 73% in
parasite burden in mice infected with Plasmodium berghei at
a dose of 100 mg kg™ * per day.*®

3.3 Naturally occurring labdane-type diterpenoids bearing
a lactone on the side chain at C9

Andrographolide (60) (Fig. 7) is one of the most studied
labdane-type diterpenoids. It is naturally occurring in Androg-
raphis paniculata, a herbaceous plant of the Acanthaceae family,
native to Asian countries and cultivated in Scandinavia and
other parts of Europe.®® This plant has traditionally been used
for medicinal purposes since ancient times and its reported
activities include antibacterial, antipyretic, antiviral and anti-
oxidant. Andragrapholide (60) has been identified as its major
component and its antiprotozoal and antiviral properties have
been documented.””* Andragrapholide (60) dose-dependently
inhibited the growth of the procyclic (insect vector) forms of
the parasite Trypanosoma brucei, with an ICs, of 8.3 uM (Table 1,
entry 49) and SI of 8.5.%® Severe morphological alterations such
as extensive swelling and disintegration of the cell membrane
were observed after treatment with this compound. SEM
showed swollen parasites with the loss of flagella, in compar-
ison to the controls.

Cell cycle arrest at the sub-G,/G; stage occurred, with exter-
nalisation of phosphatidylserine, conclusive of apoptotic-like
cell death. In the parasite-treated cells, apoptotic nuclei were
observed, with the accumulation of lipid-storage bodies in the

HO™"

60 61R"=R3= H, R2=OH 63
62R"=0H, R2=R3=H

64 65 66

Fig. 7 Naturally occurring labdane-type diterpenoids
a lactone on the side chain at C9.

bearing
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cytoplasm, and oxidative stress was triggered by an increase in
intracellular ROS. Further evidence of apoptotic-like cell death
following treatment with 60 came from the induction of loss of
membrane potential, depletion of the antioxidant thiol levels
and increase in lipidic peroxidation. Andragrapholide (60) was
also reported to be active against the promastigotes of Leish-
mania martiniquensis, with an ICs, value of 4.04 ug mL™ " (Table
1, entry 49), but its cytotoxicity was high in the same concen-
tration range.*” This compound was also active against the
intracellular forms of the parasite.?”

The antiviral effects of 60 were studied against Chikungunya
virus (CHIKV), the causative agent of chikungunya fever, prev-
alent in Africa, India, Southeast Asia, and the Americas (Table 1,
entry 49).% Its action was also studied against the hepatitis C
(HCV)* and the Dengue”°** viruses. A study found that 60
caused a 3 log unit decrease in CHIKV burden within HepG2
cells, with an ECs, of 77 uM (Table 1, entry 49) and without
cytotoxicity.® Andrographolide (60) was suggested to act at the
post-virus entry stages, given that the reduction of viral protein
expression and virus titer was most significant immediately
after the infection period of the cells.*” Andrographolide (60)
treatment of both Ava5cells, containing the HCV subgenomic
replicon, and HCVcc-infected Huh-7 cells resulted in a decrease
in viral protein and RNA, with ECs, values of 6 and 5.1 uM,
respectively, and without cytotoxicity.?® Synergistic effects were
observed with co-treatment of the infected cells with 60 and
IFN-a, the HCV NS3/4A protease inhibitor telaprevir and the
NS5B polymerase PSI-7977 inhibitor. Moreover, the antiviral
effects of 60 were shown to involve the induction of the p38/
MAPK/Nrf,/HO-1 pathway.” The expression of haem oxygenase-
1 (HO-1) was upregulated upon treatment with andrographolide
(60), leading to increased levels of biliverdin, which suppressed
HCV replication by promoting the antiviral responses mediated
by IFN and inhibiting NS3/4A protease activity.”® The antiviral
effects of 60 were attenuated upon the use of either a HO-1
inhibitor or HO-1 gene knockdown, which evidenced its role
in the mode of action of the compound.®

The phosphorylation of p38 mitogen-activated protein
kinase (MAPK) was activated in the presence of (60), which
resulted in the stimulation of nuclear factor erythroid-2 (Nrf,)-
mediated HO-1 expression.” The antiviral activity of androgra-
pholide (60) against Dengue virus was somewhat less potent.”**
This compound inhibited the levels of viral infection in both
HepG2 and HelLa cell lines, with ECs, values of 21.3 and 22.7
uM, respectively, and reduction of viral proteins DENV E and
NS3 in both cell lines.”* In the case of CHIKV, the time of
addition studies also showed that the activity of 60 is confined
to the post-infection stage. A proteomic analysis of the anti-
Dengue virus activity of 60 on HepG2 cells revealed that this
activity can be cell-type dependent to a certain extent.”
Andrographolide (60) treatment of infected cells impacts several
processes, ultimately resulting in a reduction in viral replica-
tion. The authors proposed that the increase in phosphoryla-
tion of eukaryotic initiation factor 2 (eIF2a) in response to
andrographolide (60) is indeed a major determinant of its anti-
Dengue activity and that it occurs as a consequence of the
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effects of this compound, either direct or not, in the critical
regulator of the unfolded protein response GRP78.%*

The labdane-type lactones vitexolide A (61), 12-epivitexolide
A (62), vitexolide D (63) and vitexolide E (64) (Fig. 7) were
assessed against a panel of 46 Gram-positive bacteria species,
including clinical isolates (Table 1, entries 50-53).® Among
them, vitexolide A (61) was the most potent with MIC values
ranging from 6 to 96 uM.*

Lactone 65 (Fig. 7) displayed selective activity against path-
ogenic Mycobacterium tuberculosis, with an IC5, of 5.02 pg mL ™,
and no significant activity against non-pathogenic Mycobacte-
rium smegmatis (Table 1, entry 54).”* No significant cytotoxicity
was observed for compound 65 against MCF-7, Thp-1 or HepG2
cells at a concentration of 100 ug mL, "7

Labdane 66 (Fig. 7), isolated from Hedychium ellipticum
Buch.-Ham. ex Sm., also displayed antitubercular activity but
with a low SI (<10) when assessed on a panel of human cell lines
(Table 1, entry 55).%¢

3.4 Naturally occurring epoxy labdane-type diterpenoids

Labdanes 67-70 (Fig. 8), isolated from Colophospermum mopane,
displayed MIC values ranging from 46.9 to 62.5 pg mL~ " against
a panel of bacterial strains (Table 1, entries 56-59, respec-
tively).** Acuminolide (71) (Fig. 8), from Vitex vestita, was active
against Bacillus cereus N190 with an MIC value of 23 uM (Table
1, entry 60).%°

3.5 Other naturally occurring labdane-type diterpenoids

Spiro-tetrahydrofuran labdane derivative 72 (Fig. 9), isolated
from Leucas stelligera, inhibited the growth of Mycobacterium
tuberculosis (Table 1, entry 61). This compound also inhibited
the growth of MCF-7 cells by roughly 40%, at 100 pg mL ™',
displaying moderate cytotoxicity.”™

Isoambrenolide (73) (Fig. 9), isolated from Vitex folia, was
also active against Mycobacterium tuberculosis H37Rv, with an
MIC value of 100 ug mL™" (Table 1, entry 62).% The bis-lambda-
triene lactone pahangensin A (74) (Fig. 9), isolated from Alpinia
pahangensis, was moderately active against Gram-positive
bacteria and devoid of activity against Gram-negative bacteria
(Table 1, entry 63).” Two labdane-type alkaloids for-
syqinlingines A (75) and B (76) (Fig. 9), from the ripe fruits of

67 R=0H 69 7
68 R = OAc
70R=H

Fig. 8 Naturally occurring epoxy labdane-type diterpenoids.
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73 75 76

Fig. 9 Other naturally occurring labdane-type diterpenoids.

Forsythia suspensa, displayed antiviral activities against influ-
enza A (H1N1) and respiratory syncytial viruses (RSV), with ICs,
values in the range of 6.9-7.7 uM and 4.8-5.0 uM (Table 1,
entries 64 and 65), respectively.®

3.6 Labdane-type diterpenoids produced by
biotransformation

Among the labdane-type diterpenoids, 77 and 78 (Fig. 10),
produced by biotransformation with Cunninghamella elegans,
displayed a significant improvement in antifungal activity
against several Candida strains (Table 1, entries 1 and 2,
respectively).®® Compounds 77 and 78 were 40- and 2.5-fold
more potent than the reference fluconazole against Candida
albicans and Candida tropicalis, respectively. The microbial

81 A8°
82 A7£, (9S)

79R=H
80R=0H

Fig. 10 Labdane-type diterpenoids produced by biotransformation.
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transformation of ent-polyalthic acid (57) (Fig. 6) with Asper-
gillus brasiliensis afforded compounds 79-82 (Fig. 10), with
potent antifungal effects against Candida glabrata (Table 2,
entries 3-6), being 4-fold more potent than fluconazole.®*

3.7 Semi-synthetic labdane-type diterpenoids

A panel of salvic acid (13) (Fig. 4) esters was synthesised to probe
the effect of increased lipophilicity on their antibacterial
activity.” Similar to salvic acid (13), the presence of carboxylic
acid at C15 was crucial for the antibacterial activity. The optimal
length of the ester at C7 was achieved in compounds 83-89
(Fig. 11), with an 8- to 16-fold improvement in antibacterial
potency, displaying MIC values ranging from 3.13 to 6.25 ng
mL ™. However, none of these compounds were active against
Gram-negative bacteria.>®

Among a panel of amide derivatives of ent-polyalthic acid
(57) (Fig. 6), compounds 90 and 91 (Fig. 11) displayed the best

COCH o

83 R = CO(CH,),CH; 90R= §nu_ oM
84 R = CO(CH,),CH
S 91R= §nn [ )
85 R = COCH,CH(CHj), N\
86 R = COCHC(CH;), 92R = E,NHH
87 R = CO(CH,),CH W
A 93R= §N
88 R = COCgH,, —
89 R = CO(CH,)sCHj 94R= iN o
95R= §N N
96R= §-NH_ N
H
97R= §N_~ ~_OH

107 R' = OH, R? = CH,OH, X = H
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antileishmanial activity against Leishmania donovani axenic
amastigotes, with ICs, values of 6.73 and 3.84 pg mL™},
respectively, and compound 90 was also active against Trypa-
nosoma brucei trypomastigotes with an ICs, of 2.54 ug mL ™. In
the case of antileishmanicidal activity, bulky lipophilic groups
were generally preferred as in 91, 92 and 93, with cyclic amides
94 and 95 not showing significant activity. All the amides were
active against Trypanosoma brucei, with the exception of 96 and
97, and also diols 98, 99 and 100. The parent ent-polyalthic acid
(57) displayed ICs, values of 8.86 and 3.87 ug mL ' against
Leishmania donovani and Trypanosoma brucei, respectively, and
neither 57 nor any of the compounds was more potent than
pentamidine or amphotericin B, used as positive controls.*®
Amides 95 and 97 and amines 101 and 102 (Fig. 11),
produced from ent-polyalthic acid 57, were also tested against
the Gram-positive bacteria Enterococcus faecalis, Enterococcus
faecium, Staphylococcus epidermidis and Staphylococcus aureus,

HN

AcO™

AcO

109

108 R' = OAc, R?=CH,0Ac, X =H

110 R1=H,R2=CH3'X=CI

Fig. 11 Semi-synthetic labdane-type diterpenoids.

This journal is © The Royal Society of Chemistry 2024

Nat. Prod. Rep., 2024, 41, 1858-1894 | 1873


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4np00021h

Open Access Article. Published on 07 October 2024. Downloaded on 6/16/2026 11:54:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Natural Product Reports

with MIC values ranging from 8 to 32 pg mL~'.* The inhibition
of Staphylococcus epidermidis biofilm formation was achieved in
less than 1 log unit (~97%) with compounds 95 and 101 only, at
a high concentration of 512 mg mL ™.

The derivatives of ent-copalic acid (14) (Fig. 4), compounds
103-105 (Fig. 11), prepared by oxidation and aldol condensa-
tion, displayed antitubercular activity with MIC values ranging
from 6.25 to 25 pg mL~" against Mycobacterium tuberculosis
H37Rv, and negligible cytoxicity."” Among a panel of syn-
thesised derivatives of hedychenone, compound 106 (Fig. 11)
was the only one showing antibacterial activity against Staphy-
lococcus aureus, as evaluated by the well diffusion assay.**

The synthesis of oxindole derivatives of andrographolide (60)
(Fig. 7) led to the discovery of compound 107 (Fig. 11), where the
NH-group of the oxindole moiety was crucial for its activity,
considering that any derivative devoid of it, lost the antiviral
potency against the CHIKV.'* Diacetylated compounds 108 and
109 (Fig. 11) were only slightly less potent, suggesting that the
hydroxyl groups on the decalin core were not relevant for the
activity. The authors also ruled out that the ent series was not
preferred, and that side chain (E) isomers performed better
than their (Z) counterparts. Finally, compound 110 was
observed to be a potent inhibitor against two isolates from
human patients, with minimal cytotoxicity. This compound
displayed both prophylactic and therapeutic effects on the host
cells, where it was shown to interfere with viral replication.'*

4. Anti-infective tricyclic diterpenoids

The tricyclic diterpenoids portrayed in the literature over the
past decade, with significant anti-infective activity, are detailed
in the following sections. The structures of both naturally
occurring and semi-synthetic compounds are depicted in
Fig. 12-20, with semi-synthetic compounds grouped according
to their parent diterpenoid. The data for all the reported sources
and biological activities for each compound are summarised in
Tables 3 and 4 and follows the same inclusion criteria as
described in Section 3.

4.1 Naturally occurring abietane-type diterpenoids

The activity of abietic acid (3) (Fig. 2) against a panel of bacterial
strains has been well documented and found to be more
significant against Gram-positive bacteria (Table 3, entry
1).19%1% One study determined the susceptibility of standard
American Type Culture Collection (ATCC) strains as well as that
of multi-resistant Staphylococcus aureus and Escherichia coli
strains to abietic acid (3), where this compound was consis-
tently less active against Gram-negative and resistant strains.'®
However, in Escherichia coli, the combination of sub-inhibitory
concentrations of abietic acid (3) with either the aminoglycoside
gentamicin or the fluoroquinolone norfloxacin could decrease
the MIC of both antibiotics. Combination regimens of cipro-
floxacin or the pump inhibitor ethidium bromide with abietic
acid (3) were also effective in inhibiting the growth of Staphy-
lococcus aureus strains overexpressing NorA or MepA, two genes
coding for efflux pumps in bacterial cells. Abietic acid (3) was
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reported to significantly inhibit the growth of the cariogenic
bacteria Streptococcus mutans and limit biofilm formation by
this species by 2 log units at a concentration of 64 pg mL™".1%
The integrity of the bacterial membrane was compromised after
treatment with this compound and under SEM, the bacterial
surfaces appeared rough and irregular. Abietic acid (3) was
mostly toxic to human cells at concentrations higher than 168
pg mL~', apart from monocytic cells, where toxicity was
observed at 64 pg mL ', suggesting that oral rinse products will
be more suitable for inclusion of abietic acid (3) to lessen its
toxicity towards epithelial cells and fibroblasts.'*

The ability of dehydroabietic acid (4) (Fig. 2) to limit biofilm
formation in Staphylococcus aureus strains was first reported
following the observation that two abietane-type diterpenoids,
namely, 4-epi-pimaric acid and salvipisone, were bacterial bio-
film inhibitors.*” This compound was found to prevent biofilm
formation in the low micromolar range, displaying a good
cytocompatibility index, i.e., being well tolerated by human cells
(Table 3, entry 2). With an MIC value of 70 uM, dehydroabietic
acid (4) could affect the viability and biomass of established
biofilms at only 2- to 4-fold higher concentrations, an effect that
could not be observed in the presence of antibiotics such as
penicillin G and vancomycin, even at the impractical concen-
trations of 400 uM.'*71%8163 Qther studies evaluated the antimi-
crobial and antibiofilm potential of dehydroabietic acid (4)
against  several = Gram-positive = and  Gram-negative
strains.>'*>111%4 Qverall, similar to abietic acid (3), dehy-
droabietic acid (4) was mostly active against Gram-positive
bacteria.

Taxodone (111) (Fig. 12) was reported to be a moderate
antistaphylococcal and antifungal agent, with MIC values of
31.25 and 62.5 pg mL ™' against Staphylococcus aureus and
Candida albicans, respectively (Table 3, entry 3)."** Taxodione
(112) displayed an ICs, value of 0.05 uM against Trypanosoma
brucei rhodesiense trypomastigotes, with very high selectivity,
and was also active against Trypanosoma cruzi amastigotes and
Plasmodium falciparum, but with low selectivity (Table 3, entry
4)."** Taxodone (111) and 7-(2’-oxohexyl)-taxodione (113) were
both less potent and selective than taxodione (112) (Table 3,
entry 5). Taxodione (112) was also active against Leishmania
donovani, Leishmania amazonensis and Leishmania infantum and
exhibited antifungal and antimicrobial activities."*>*"” Hormi-
nones 114 and 115 (Fig. 12) displayed antistaphylococcal
activity (Table 3, entries 6 and 7, respectively) and were syner-
gistic (FIC value of 0.2) against MRSA when combined.'*>"*
Horminone 115 displayed antimycobacterial activity, with
MICy, values ranging from 11.93 to 44.19 uM, and was active
against Leishmania donovani promastigotes."*>'*® Plectran-
throyleanones B (116) and C (117) (Fig. 12) had moderate
activity against the Gram-negative Klebsiella pneumoniae, with
MIC values of 37.5 pg mL ™" (Table 3, entries 8 and 9, respec-
tively)."*® A paper disk test revealed that compounds 118-121
(Fig. 12) from Caryopteris mongolica were potentially active
against Gram-positive bacteria including Staphylococcus aureus,
Enterococcus faecalis and Micrococcus luteus.**

The presence of inhibition zones also indicated the potential
antimicrobial activity of royleanones 122-125 (Fig. 12), isolated
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Table 4 Biological activities of semi-synthetic tricyclic diterpenoids®

Entry Compound Reported biological activity” Ref.
1 190 MIC (Staphylococcus epidermidis*) = 16 ug mL™" (40 pM) 104
MIC (Rothia mucilaginosa*) = 31 pg mL ™" (77 uM)
2 191 MIC (Staphylococcus aureus®) = 16 ug mL™~" (35 uM) 145
MIC (Cryptococcus neoformans var. grubii) = 4 ug mL™" (8.8 uM)
MIC (Candida albicans) = 8 pg mL™" (18 uM)
3 192 MIC (Candida albicans) = 15.62 ug mL ™" (23 uM) 146
4 193 MIC (Staphylococcus aureus*) = 1.56-3.13 ng mL™" (2.5-5 uM) 110
5 194 MIC (Staphylococcus aureus™*) = 1.25-3.13 ng mL™! (2-5.1 uM)
6 195 MIC (Staphylococcus aureus™*) = 1.56-3.13 pg mL™* (2.9-5.8 uM)
7 196 MIC (Staphylococcus aureus™*) = 0.39-6.25 ug mL™" (0.8-13 uM) 111
8 197 MIC (Staphylococcus aureus”*) = 1.25-3.13 pg mL™" (2.7-6.8 uM)
9 198 MIC (Staphylococcus aureus™*) = 1.56-3.13 ng mL™" (3.2-6.4 uM)
10 199 MIC (Staphylococcus aureus®*) = 1.56-6.25 pg mL™* (2.7-10 uM) 147
11 200 MIC (MRSA¥) = 7.8-31.2 ug mL ™! (24-94 uM) 153
MIC (Staphylococcus aureus®) = 15.6-31.2 ug mL ™" (47-94 pM)
12 201 MIC (MRSA¥) = 3.9-7.8 ug mL™* (11-23 uM)
MIC (Staphylococcus aureus*) = 7.8-15.6 ug mL ™" (23-45 puM)
13 202 MIC (MRSA¥) = 15.6-31.2 pg mL™! (43-87 uM)
MIC (Staphylococcus aureus®) = 31.2 pg mL ™" (87 uM)
14 203 MIC (MRSA¥) = 31.2-62.5 pg mL™! (83-167 uM)
MIC (Staphylococcus aureus®) = 62.5 ug mL™" (167 uM)
15 204 MIC (Staphylococcus aureus*, Escherichia coli**) = 3.1 ug mL™" (6 uM) 106
MIC (Pseudomonas fluorescens**) = 6.3 ug mL™ " (12 pM)
MIC (Bacillus subtilis*) = 12.5 pg mL ™" (24 uM)
16 205 MIC (Staphylococcus aureus*, Escherichia coli**, Pseudomonas fluorescens**) = 1.6 ug mL™" (3.1 uM)
MIC (Bacillus subtilis*) = 3.1 pg mL ™" (6 uM)
17 206 MIC (Bacillus subtilis*) = 1.9 pg mL ™" (4.1 uM) 148
MIC (Escherichia coli**) = 3.9 ug mL™" (8.4 uM)
MIC (Staphylococcus aureus*) = 7.8 pug mL™" (17 uM)
MIC (Pseudomonas fluorescens**) = 15.6 pg mL ™" (34 uM)
MIC (Candida albicans) = 31.2 pg mL™" (67 uM)
18 207 MIC (Escherichia coli**, Pseudomonas fluorescens**) = 7.8 ug mL™" (17 uM)
MIC (Bacillus subtilis*, Staphylococcus aureus*®) = 15.6 ug mL™" (34 pM)
MIC (Candida albicans, Candida tropicalis) = 31.2 ug mL™~" (69 uM)
19 208 MIC (MRSA¥) = 31.2 ug mL™" (74 uM) 149
20 209 MIC (Staphylococcus aureus®) = 1.9 pg mL™" (3.6 pM) 150
MIC (Bacillus subtilis*) = 3.9 pg mL ™" (7.4 uM)
MIC (Pseudomonas fluorescens**) = 7.8 ug mL™" (15 uM)
MIC (Escherichia coli**) = 15.6 pg mL ™" (30 uM)
MIC (Candida albicans, Candida tropicalis, Aspergillus niger) = 7.8 ug mL™" (15 uM)
21 210 MIC (Bacillus subtilis*) = 0.9 pg mL ™" (1.6 uM)
MIC (Staphylococcus aureus®) = 1.9 pg mL™" (3.4 pM)
MIC (Escherichia coli**, Pseudomonas fluorescens**) = 7.8 pg mL ™" (14 uM)
MIC (Candida albicans, Candida tropicalis) = 31.2 pg mL™" (56 uM)
22 211 ICs (pref, Staphylococcus aureus*) = 33.2 uM; ICs, (post?, Staphylococcus aureus*) = 86.1 uM; fold® = 3 108 and 112
MIC (Staphylococcus aureus*) = 60 pM
23 212 ICs (pref, Staphylococcus aureus*) = 9.4 uM; ICs, (post?, Staphylococcus aureus*) = 27.9 uM; fold® = 3
MIC (Staphylococcus aureus*) = 15 pM
ICs, (Leishmania donovani) = 5 uM, SI = 24
24 213 MIC (Staphylococcus epidermidis*, Streptococcus mitis*) = 8 pg mL™" (20 pM) 104
MIC (Cutibacterium acnes*) = 16 pg mL ™" (40 uM)
MIC (Rothia mucilaginosa*, Salmonella typhimurium**) = 31 pg mL™" (77 uM)
25 214 MIC (MRSA¥*) = 7.4 uM 151
MIC (Staphylococcus aureus*) = 15 pM
26 215 ICs (Trypanosoma cruzif) =4.2pM, ST =8 152
ICs, (Leishmania donovani) = 6.6 pM, SI = 14
27 216 ICs (Trypanosoma cruzé) = 3.9 uM, SI = 20
ICs, (Leishmania donovani) = 2.3 uM, SI = 15
28 217 ICs, (Leishmania donovani) = 9 uM, SI = 33
29 218 ICs (Trypanosoma cruzid) = 1.4 uM, SI = 17
30 219 ICs (Trypanosoma cruzt'f) =7.1uM,SI =314 153
31 220 ICs, (Leishmania infantum®) = 2.5 pM, SI = 51.8 154

ICs (Leishmania amazonensis®) = 11.6 uM, SI = 11.2
ICs, (Leishmania guyanensis®) = 14.2 uM, SI = 9.1
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Entry Compound Reported biological activity” Ref.
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32

33

34

35
36

37

38

39

40

41

42

43

44

45

46

47
48

221

222

223

226
227

228

229

230

231

232

233

234

235

236

237

238
239

ICs (Leishmania donovani®) = 14.8 uM, SI = 8.8

ICs, (Leishmania infantum”) = 37.2 uM, SI = 3.5

ICs, (Leishmania amazonensis') = 31.4 uM, SI = 4.1

ICs (Leishmania amazonensis®) = 3.9 uM, SI = 8.7

ICs, (Leishmania infantum?®) = 5.0 uM, SI = 6.8

ICs, (Leishmania guyanensis®) = 5.9 puM, SI = 5.8

ICs (Leishmania donovani®) = 9.21 uM, SI = 3.7

MIC (Aspergillus fumigatus, Aspergillus terreus) = 25 ug mL™~ " (83 uM)
MIC (Aspergillus niger) = 50 pg mL™" (165 pM)

ECso (DENV-2Y) = 1.4 uM, SI = 57.7

ECs (ZIKVY) = 6.3 uM

ECs, (Brazilian ZIKVY) = 7.7 uM

ECs, (Colombian CHIKV') = 9.8 uM

ECso (HHV-2Y) = 19.2 uM

MIC (Staphylococcus aureus*, Escherichia coli**) = 30 pM

ICs (Leishmania donovanif) =0.06 uM

ICso (Leishmania donovani™) = 0.37 pM, SI = 63

ICs (Trypanosoma cruzé) = 0.6 uM, SI = 58

ICs (Leishmania donovani®) = 2.2 pM, SI > 90

ICs, (Leishmania infantum®) = 3.1 pM, SI > 64

ICs, (Leishmania amazonensis®) = 3.7 uM, SI > 54

ICs (Leishmania infantumh) = 4.7 uM, SI > 42

ICso (Leishmania amazonensis™) = 5.0 uM, SI > 40

ICs, (Leishmania guyanensis®) = 20.4 uM, SI > 10

ICs, (Leishmania donovani®) = 3.2 pM, SI > 62

ICs, (Leishmania infantum®) = 3.3 uM, SI > 18

ICso (Leishmania infantum”) = 3.3 uM, SI > 61

ICs (Leishmania amazonensish) =3.5uM, SI > 57

ICs, (Leishmania amazonensis®) = 20.7 puM, SI > 100

ICs, (Leishmania amazonensis") = 3.7 uM, SI > 54

ICs, (Leishmania donovani®) = 5.4 M, SI > 37

ICs, (Leishmania amazonensis®) = 12.2 pM, SI > 16

ICs, (Leishmania infantum”) = 17.5 uM, ST > 11

ICs, (Leishmania infantum®) = 23.9 uM, SI > 8§

ICs, (Leishmania guyanensis®) = 38.5 uM, SI > 5

ICs, (Leishmania infantum”) = 2.5 pM, SI > 80

ICs (Leishmania amazonensis™) = 3.0 uM, SI > 67

ICs, (Leishmania donovani®) = 4.0 uM, SI > 50

ICs (Leishmania amazonensis®) = 4.9 pM, SI > 41

ICs, (Leishmania guyanensis®) = 8.6 uM, SI > 23

ICs, (Leishmania infantum®) = 8.7 uM, SI > 23

ICs¢ (Plasmodium falciparum) = 0.086 uM, SI > 290

ICso (Plasmodium falciparun?) = 0.20 pM, SI > 124

MIC (Enterococcus casseliflavus*) = 0.98 pg mL ™" (1.9 pM)

MIC (Enterococcus faecium®) = 1.95 pg mL ™" (3.7 uM)

MIC (Enterococcus faecalis”*) = 1.95-3.91 ug mL™" (3.7-7.4 uM)
MIC (MRSA*)® = 3.91-7.81 pg mL™* (7.4-15 uM)

MIC (Staphylococcus aureus®*) = 3.91-15.63 ug mL ™" (7.4-30 uM)
MIC (Enterococcus faecium®) = 0.98 pg mL™" (1.9 uM)

MIC (Enterococcus faecalis”*) = 0.98-1.95 ug mL™* (1.9-3.7 uM)
MIC (MRSA*®, Enterococcus casseliflavus*) = 3.91 pg mL ™" (7.5 uM)
MIC (Staphylococcus aureus”*) = 3.91-62.5 ug mL™" (7.5-119 uM)
MIC (Cryptococcus neoformans var. grubii) = 16 pg mL ™" (29 uM)
MIC (Candida albicans) = 32 pg mL™" (58 uM)

MIC (Cryptococcus neoformans var. grubii) = 16 pg mL™~" (29 uM)
MIC (Candida albicans) = 32 pg mL™" (58 uM)

ICs (Leishmania major®) = 23.32 pg mL ™" (47 uM)

ICs (Leishmania major®) = 9.8 pg mL ™" (18 uM)

ICso (HIN1) = 3.5 uM, SI = 200

155

156 and 157

158
159

160

125

121

161

157

162

¢ Units reported according to the original reference. Conversion into micromolar is shown in brackets (uM). MIC = Minimum inhibitory
concentration; IC5, = Concentration that inhibit the growth of a species by 50%; EC5, = concentration corresponding to 50% growth inhibition
of the parasite or cells; SI = Selectivity index; MRSA = Methicillin-resistant Staphylococcus aureus; DENV = Dengue virus; ZIKV = Colombina
Zika virus; CHIKV = Chikungunya virus; HHV = Herpes virus; HIN1 = Influenza A virus; *Gram-positive; **Gram-negative. b Several strains.
© Prior to biofilm establishment. ¢ After biofilms are established. °ICso(post)/ICse(pre). / Parasites residing inside cells. ¢ Promastigotes.
" Amastigotes. ’ Post-infection stage.’ Chloroquine-resistant.
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124 R'=R*=0OH, R?=H, R®= OAc
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126 R'=R2=H 129
127R" R?2=0

119 R'=H, R2= OH (5S)
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137 R'= 0-OH, R2 = H (55)

OH
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141 R' = OH, R2 = OCOPh(p-OCH,)

142 R' = OH, R2 = OCOPh(p-Cl)

146

147

Fig. 12 Naturally occurring abietane-type diterpenoids.

from Plectranthus punctatus, against Escherichia coli, Bacillus
subtilis, Micrococcus luteus, Pseudomonas agarici and Staphylo-
coccus warneri.**® Compound (126) (Fig. 12), isolated from

This journal is © The Royal Society of Chemistry 2024

130 R'=R?=R3= OH 131
132R'=R2=H, R®= OH

144 145

148R'=R2=H
150 R' = Ac, R2=H

149R=H
151 R = Ac

Kaempferia roscoeana, displayed an MIC value of 25 ug mL ™"
against both Staphylococcus epidermidis and Bacillus cereus,
whereas 127 (Fig. 12) was only active against Staphylococcus
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aureus (Table 3, entries 10 and 11, respectively)."* Compounds
128 and 129 (Fig. 12) showed antimycobacterial activity, with
MICy, values of 5.61 to 45.41 pM, against Mycobacterium
tuberculosis H37Rv (Table 3, entries 12 and 13, respectively).'*®
Compound 128 was also active against Enterococcus species.'”
Torganol E (130), 6,7-seco-abietane (131) and compound 132
(Fig. 12) displayed antimycobacterial activity against Mycobac-
terium tuberculosis H37Rv (Table 3, entries 14-16, respec-
tively)."* Compound (132) also against
Staphylococcus aureus, with an MIC value of 16 ug mL~'.1?

Ferruginol (133) (Fig. 12) had antimicrobial activity against
Staphylococcus aureus including MRSA strains, but was devoid
of antifungal activity."*® Ferruginol (133) was also reported as an
inhibitor of Leishmania major promastigotes, with an ICs, value
of 12.1 pg mL™" (Table 3, entry 17),'** and Leishmania donovani
promastigotes and Leishmania amazonensis amastigotes,
although with low SI values."*>'” Among the abietane diterpe-
noids isolated from the roots of Salvia sahendica, ferruginol
(133) and A%*”-ferruginol (134) (Fig. 12) were potent antimalarial
agents against Plasmodium falciparum with moderate selectivity
(Table 3, entry 18)."***** Miltiodiol (135) and 7a-ethoxyrosmanol
(136) (Fig. 12) were active against Trypanosoma brucei rhode-
siense, but inactive against Trypanosoma cruzi (Table 3, entries
19 and 20, respectively)."** 6a-Hydroxysugiol (137) and 7,8-seco
abietane (138) (Fig. 12), isolated from Taxodium distichum, were
active against Leishmania species (Table 3, entries 21 and 22,
respectively)."”” 6a-Hydroxysugiol (137) was also active against
Mycobacterium tuberculosis H37v, with an MIC value of 16 ng
mL ™" and Staphylococcus aureus, with an MIC value of 4 pg
mL~'."?2 12-Methoxycarnosic acid (139) (Fig. 12) inhibited the
growth of axenic Leishmania donovani amastigotes with an ICs,
value of 0.75 uM and SI value of 23.2 (Table 3, entry 23).'*
Royleanones 140-142 (Fig. 12) completely (~100%) inhibited
the growth of both Trypanosoma cruzi epimastigotes and
amastigotes at a concentration of 5 ug mL ™" with low selec-
tivity.**” Leriifoliol (143) and leriifolione (144) (Fig. 12), two
rearranged abietanes isolated from Salvia leriifolia, displayed
good antiprotozoal properties (Table 3, entries 24 and 25,
respectively).”® Leriifoliol (143) was very effective against Plas-
modium falciparum, with an ICs, value of 0.4 uM and SI value of
84."”® Mangiolide (145) and compound (146) (Fig. 12) were also
potent antimalarial agents against both chloroquine-sensitive
and -resistant Plasmodium falciparum strains (Table 3, entries
26 and 27, respectively).”*® In addition, 145 inhibited the growth
of Cryptococcus neoformans, MRSA and vancomycin-resistant
Enterococcus (VRE); however, its selectivity was poor."*® Among
the panel of compounds isolated from Plectranthus barbatus
Andr., compound 147 (Fig. 12) was both a potent and selective
antiprotozoal agent, especially against macrophages infected
with Trypanosoma brucei amastigotes, where it displayed an ICs,
of 1.9 uM, with a high SI of 50.5 (Table 3, entry 28)."'® Abietanes
148-152 (Fig. 12 and 13) were moderate inhibitors of Giardia
lamblia and Entamoeba histolytica (Table 3, entries 29-33,
respectively).'*

The three ent-abietanes (153-155) (Fig. 13), isolated from the
leaves of Croton cascarilloide, were modest antimicrobial agents
against only Gram-positive bacteria (Table 3, entries 34-36,

was active
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158 159R=CH3
160 R = CH,OH

161 162

Fig. 13 Naturally occurring abietane-type diterpenoids (Cont.).

respectively).”** Eupholides F (156), G (157), and H (158) (Fig. 13)
were the only active compounds against Mycobacterium tuber-
culosis, among the 15 abietanes isolated from the roots of
Euphorbia fischeriana, with MIC values of 50 uM (Table 3, entries
37-39, respectively).’* The ent-abietane derivatives jolkinolide B
(159) and 17-hydroxyjolkinolide (160) (Fig. 13), also isolated
from Euphorbia fischeriana, were active against Mycobacterium
smegmatis with MIC values of 25 and 1.5 ug mL™"' (Table 3,
entries 40 and 41),"** whereas ent-abietanes 161 and 162
(Fig. 13), isolated from a different Euphorbia species, were only

This journal is © The Royal Society of Chemistry 2024
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177R' = OH, R? = «-OH, R® =H, R* = OMe

Fig. 14 Naturally occurring pimarane-type diterpenoids.

active against Gram-positive bacteria (Table 3, entries 42 and
43), respectively.***

4.2 Naturally occurring pimarane-type diterpenoids

Icacinlactones H (163) and B (164) (Fig. 14) inhibited the growth
of both standard and multi-drug resistant strains of Helicobacter
pylori, with MIC values ranging from 8 to 16 pg mL™" (Table 3,
entries 44 and 45, respectively).’** Icancinlactone B (164) had an
additive effect against this bacterium when used in combina-
tion with metronidazole or clarithromycin. Pimaranes 165 and
166 (Fig. 14), isolated from the arctic fungus Eutypella spp. D-1,
were active against Escherichia coli, Staphylococcus aureus,
Bacillus subtilis and Vibrio vulnificus, but cytotoxic (Table 3,
entries 46 and 47, respectively).”****” Compound 166 also
inhibited the growth of Streptococcus agalactiae and Aeromonas
hydrophila and displayed antifungal activity against a panel of
fungal strains (Table 3, entry 47). Eutypellenoid C (167) and
Eutypenoid C (168) (Fig. 14) were overall less potent and devoid
of antifungal activity (Table 3, entries 48 and 49, respectively)."*’

Isopimaranes 169 and 170 (Fig. 14), isolated from the fungus
Xylaria spp., inhibited the growth of Pleomorphomonas oryzae
with MIC values of 32 and 16 ug mL™~" (Table 3, entries 50 and
51), respectively.**® Both compounds also displayed antifungal
activity.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Natural Product Reports

166 R'=OH,R?=H
167 R'=H, R? = OH

168

179
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Ent-pimarane 171 (Fig. 14) showed the best activity against
Plasmodium falciparum compared to other protozoal parasites,
with an ICs, value of 3.8 uM and SI of >10 (Table 3, entry 52)."*
Compound 172 (Fig. 14), obtained by fungal biotransformation,
was active against a panel of bacterial strains, with MIC values
ranging from 8 to 25 pg mL~" (Table 3, entry 53).*° Talascor-
tenes C-G (173-177) (Fig. 14) from the endozoic fungus Talar-
omyces scorteus displayed antibacterial activity against several
strains (Table 3, entries 54-58, respectively). Talascortene G
(177) was active against the Gram-negative Pseudomonas aeru-
ginosa, with an MIC value of 32 ug mL~".”° Pimaranes 178-180
(Fig. 14) were modest antiprotozoal agents, with poor selectivity
(Table 3, entries 59-61, respectively).'>***°

4.3 Naturally occurring cassane-type diterpenoids

Compounds 181 and 182 (Fig. 15), isolated from the root bark of
Swartzia simplex, could inhibit the growth of Candida albicans,
with MIC values of 32 ug mL™"', and limit its ability to form
mature biofilms with MIC values of 50 and 25 ug mL ™" (Table 3,
entries 62 and 63, respectively)."** Treatment of Candida albi-
cans with 182 resulted in alterations and breakage zones of the
plasma membrane, which were evident disorganisation of the
cytoplasm and the nuclear membrane. This compound also
hampered the budding ability of the fungus. The cassane-type

Nat. Prod. Rep., 2024, 41,1858-1894 | 1883
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Fig. 15 Naturally occurring cassane-type diterpenoids.

diterpenoid bokkosin (183) (Fig. 15) was reported as a potent
antiprotozoal agent targeting Trypanosoma brucei, Trypanosoma
congolense and Leishmania mexicana, with low ECs, values, and
no cross-resistance to pentamidine or diminazene in the case of
Trypanosoma species (Table 3, entry 64)."*> The best selectivity
index (>200) was obtained for wild-type strains of Trypanosoma
brucei. The effect of 183 was dose-dependent, leading to growth
arrest and cell death, after exposure to 2- or 4-times the ECs,
value, after 2 h. Compounds 184-188 (Fig. 15), isolated from
Caesalpinia sappan, were active against the chloroquine-
resistant K1 strain of Plasmodium falciparum, with 1Cs, values
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ranging from 0.52 and 15.7 uM, and SI values above 10, with the
exception of compound 185, which was poorly selective (Table
3, entries 65-69, respectively)."** 6B-Cinnamoyl cassane (189)
(Fig. 15), isolated from Caesalpinia pulcherrima, was moderately
active against the promastigotes of Leishmania major (Table 3,
entry 70)."*

4.4 Semi-synthetic tricyclic diterpenoids

Several abietane-type derivatives have been prepared starting
from the parent abietic (3) and dehydroabietic (4) acids (Fig. 2),
dehydroabietylamine and ferruginol (133) (Fig. 12), given that
they are available in greater amounts and high purity for
chemical synthesis. The most accessible positions of the abie-
tane scaffold for modification are the carboxylic acids attached
to ring A, C7 on ring B, C12 on ring C, and C15 on the isopropyl
side chain.

4.4.1 Abietic acid derivatives. The activity of the r-serine
methyl ester derivative of abietic acid 190 (Fig. 16) was found to
be limited to inhibit the growth of the bacteria Staphylococcus
epidermidis and Rothia mucilaginosa, with MICq, values of 16
and 31 pug mL ™, respectively (Table 4, entry 1).2* The 7-formyl
derivative 191 (Fig. 16) displayed good antifungal activity
against Candida albicans and Cryptococcus neoformans var. gru-
bii, with MIC values of 8 and 4 ug mL™ ", respectively (Table 4,
entry 2)."** This compound was active against Staphylococcus
aureus at 32 pg mL™", but inactive against Gram-negative
bacteria. VO(wv)-bis(abietate) complex 192 (Fig. 16) showed
activity against Candida albicans, with an MIC value of 15.6 uM
(Table 4, entry 3).**¢

4.4.2 Dehydroabietic acid derivatives. A series of N-sulfo-
naminoethyloxime, 7-N-acylaminoethyl/propyloxime and 12-
oxime and O-oxime derivatives of dehydroabietic acid (4) was
tested against Staphylococcus aureus Newman and a panel of
multi-drug resistant Staphylococcus aureus strains (Table 4,
entries 4-14)."**'**'*7 Compounds 193-198 (Fig. 17) were potent

192

Fig. 16 Abietic acid derivatives.
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Fig. 17 Dehydroabietic acid derivatives.

antistaphylococcal agents with MIC values ranging from 1.25 to
6.25 pg mL~". Compound 199 (Fig. 17) was stable in plasma and
devoid of significant toxicity against human cells. None of the N-
sulfonaminoethyloxime or 7-N-acylaminoethyl/propyloxime
derivatives studied displayed activity against the Gram-negative
Escherichia coli even at a high concentration of 50 ug mL ™.
The presence of an oxime on the isopropyl side chain
alongside a hydroxyl group at C12 was also noted as important
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for the activity of derivatives 200-203 (Fig. 17) against staphy-
lococci (Table 4, entries 11-14, respectively).'*® The activity of
compound 201 was particularly noteworthy, given that its MIC
values on all strains, both drug-resistant and drug-sensitive,
ranged from 7.8 to 15.6 pg mL™ ', with some values being
lower than that of penicillin and gentamicin. Compound 201
was not cytotoxic at concentrations of up to 250 pg mL™" and
no haemolysis was observed after treatment of peripheral
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blood mononuclear cells (PBMC) with 4-16 times its MIC
value.*®®

Among a library of 86 abietanes, compounds 204 and 205
(Fig. 17), bearing triazole rings substituted with pyridyl or pyr-
imidyl groups, displayed MIC values as low as 1.6 and 12.5 pg
mL ™" against both Gram-positive and Gram-negative bacteria
(Table 4, entries 15 and 16, respectively), with low cytotoxicity
against normal foreskin fibroblasts and liver cells.**®

1,3,4-Oxadiazin-5(6H)-one derivatives 206 and 207 (Fig. 17)
were active against both Gram-positive and Gram-negative
bacteria, and fungi (Table 4, entries 17 and 18, respectively).'*®
However, compound 206, bearing a chlorine substituent, was
cytotoxic, as opposed to 207, bearing a cyano group. A C-H
activation protocol allowed the functionalization of the other-
wise difficult to modify C19 of abietanes.'*® Among a series of C-
19 arylated derivatives of dehydroabietic acid (4), compound
208 (Fig. 17) displayed desirable antimicrobial activity against
MRSA, with an MIC value of 32 pg mL™" (Table 4, entry 19).*
The presence of a free carboxylic acid on the aryl moiety was
relevant for the observed activity, and also for the solubility of
the compound to allow the screening of its bioactivity."*

In a series of N-substituted 1H-dibenzo[a,c]carbazole deriv-
atives of dehydroabietic acid (4), the compounds bearing
piperazine or azole heterocyclic moieties bridged by flexible
ethyl chains were active against Bacillus subtilis, Staphylococcus
aureus, Escherichia coli and Pseudomonas fluorescens, with MIC
values ranging from 0.9 to 15.6 pug mL™*.5

Derivative 209 (Fig. 17), bearing an N-methyl piperazine and
derivative 210, with a 2-methyl-5-nitro-imizazole moiety, were
the most active, with 210 being as potent against Bacillus subtilis
as the reference drug amikacin (Table 4, entries 20 and 21,
respectively). Compound 209 was also active against the fungi
Aspergillus niger, Candida albicans and Candida tropicalis, with
a low MIC value of 7.8 pg mL~'.*%

Among a panel of hybrid compounds bearing the dehy-
droabietic acid (4) scaffold and an amino acid side chain,
compounds 211 and 212 (Fig. 17) displayed improved antimi-
crobial and antibiofilm activity against staphylococci compared
to the parent compound (Table 4, entries 22 and 23, respec-
tively).**®*%* Both compounds could affect pre-formed biofilms
at concentrations only 3-fold higher than that required to limit
biofilm formation by Staphylococcus aureus. Compound 212 was
particularly active, displaying an MIC value of 15 uM against
planktonic Staphylococcus aureus and reducing the viability and
biomass of the cells in pre-formed biofilms by 50% at
a concentration of 27.9 uM, an effect that could not be achieved
with either penicillin G or vancomycin at a concentration of 400
uM. Moreover, it was deemed relatively safe given that no
significant reduction in the viability of HL cells was observed
after treatment with 212 at concentrations of up to 100 uM.
Compound 212 has an unusual cyclohexyl -L-alanine side chain
attached to ring A and a free carboxylic acid, which was found to
be essential for the antibiofilm activity of the prepared hybrid
compounds.'®® However, in the case of derivative 213, it was
observed to exhibit activity against several strains of bacteria
including Rothia mucilaginosa (Table 4, entry 24), even if the
methyl ester was not converted into a free carboxylic acid.'**
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Compound 214 (Fig. 17), also devoid of a free carboxylic acid,
was highly potent against the virulent Staphylococcus aureus
strain UAMS-1 and the MRSA strain Mu50, with MIC values of
7.4 uM (Table 4, entry 25).** Compound 212 and a few other
hybrids namely, 215-218 (Fig. 17) were also potent anti-
protozoal agents against Trypanosoma cruzi or Leishmania
donovani, without significant general toxicity (Table 4, entries
26-29, respectively).’** In the case of compounds 212 and 217,
inhibition of the growth of Leishmania donovani residing inside
human macrophages was observed with ICs, values of 5 and 9
puM and high SI values of 24 and 33, respectively. In the case of
compound 218, a 3-pyridyl-p-alanine methyl ester derivative,
a 1.5-fold increase in potency was observed compared to the
reference compound benznidazole for inhibiting the growth of
Trypanosoma cruzi residing inside rat skeletal muscle myoblasts
(L6 cells), with an SI of 17.*** Derivative 219 (Fig. 17), syn-
thesised from abietic acid (3), was 3 times more potent than
benznidazole against the amastigote forms of T cruzi, with an
ICs value of 7.1 uM and very low cytotoxicity (Table 4, entry
30).">* When tested in vivo on BALB/c albino mice infected with
the parasite for 5 consecutive days at a dose of 5 mg per kg per
body mass per day, it could reduce the rate of infection by 80%
after 5 days, being more efficient than benznidazole, and to
reduce parasitemia and prevent reactivation of the infection.
Among the plausible modes of action investigated, the activity
of 219 on the parasite glucose metabolism and inhibition of the
activity of superoxide dismutase (SOD) were notable. Incubation
of 219 with the parasite epimastigotes revealed morphological
disturbances such as swollen mitochondria, the presence of
small vacuoles in the cytoplasm and a lack of ribosomes.*** The
oxidised derivatives of methyl dehydroabietate 220 and 221
(Fig. 17) were potent antiprotozoal agents against the promas-
tigote forms of several Leishmania species (Table 4, entry 31 and
32, respectively), with ICs, values in the low micromolar range,
and being more potent than the reference drug miltefosine in
some of the tested strains."* The hydroxyl group at position C12
in compound 221 had a remarkable effect on the SI of the
compounds in the case of Leishmania infantum, where
compound 220 was deemed exceptionally safe with an SI of 58.1
compared to that of 221, which was 6.8. However, compound
220 was both less potent and more toxic when tested against the
amastigote forms of both Leishmania amazonensis and Leish-
mania infantum (Table 4, entry 31).***

Modest antifungal activity was reported for 12-hydrox-
yabietane 222 (Fig. 17), with MIC values of 25 and 50 pg mL ™"
against Aspergillus fumigatus and Aspergillus terreus, respectively
(Table 4, entry 33).**

4.4.3 Ferruginol derivatives. The 18-(phthalimide-2-yl) fer-
ruginol derivative 223 (Fig. 18) was the most promising among
a series of C18 or C19-functionalized abietane derivatives when
tested against Colombina Zika virus (ZIKV) strains and CHIKV
(Table 4, entry 34) (135).** It had been previously shown that 223
affected the post-infection stages in DENV-2 with an ECs, of 1.4
uM, herpes virus type 2 (HHV-2) with an ECs, of 19.2 pM and
a Brazilian Zika clinical isolate (ECs, of 7.7 uM).** This was also
confirmed for infections with CHIKV, where 223 displayed
a dose-dependent effect in the post-infection stages with an EC5,

This journal is © The Royal Society of Chemistry 2024
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of 6.3 uM after 72 h of treatment and with Colombian CHICK
(ECso of 9.8 uM). The authors confirmed that compound 223
could inhibit the production of viral particles, the replication of
viral genome and the production of viral proteins and concluded
that successful antiviral activity for ferruginol derivatives was
obtained with the presence of a C12 hydroxyl group and the C18
phthalimide group. Compound 223 was also studied against the
Dengue Virus type 2 (DENV-2) and its effects were similar to the
results described above against Zika and CHIKYV, affecting the
post-infection stages of infection with an ECs, of 1.4 uM and high
SI value of 57.7, and therefore deemed as a promising antiviral
agent worth further investigation.” Following these observa-
tions on the promising antiviral properties of phthalimide
derivatives of ferruginol, fluorinated analogues 224 and 225
(Fig. 18) were prepared and tested against the human coronavi-
rus 229E."”° Both could reduce the viral titer by approximately 2
log units, at a concentration of 6.7 pM."”°

4.4.4 Dehydroabietylamine derivatives. Dehydroabietyl-
amine derivative compound 226 (Fig. 19) was found to be
a modest antimicrobial agent (Table 4, entry 35) with a great
impact on membrane integrity, given that it could cause
significant ATP efflux from Staphylococcus aureus cells after 1 h
of exposure at a concentration of 100 pM.**

Compound 227 (Fig. 19), an amide of dehydroabietylamine
and acrylic acid, was identified among a library of dehy-
droabietylamine derivatives as the most promising anti-
protozoal agent against Leishmania donovani and Trypanosoma
cruzi (Table 4, entry 36).**° This compound displayed an ICs,
value of 0.37 uM against Leishmania donovani axenic amasti-
gotes, with an outstanding SI of 63. It could inhibit the growth
of intracellular amastigotes in Leishmania donovani-infected
human macrophages, with a low ICs, value of 0.06 uM.
Compound 227 was 3-times more potent than the reference
compound benznidazole in inhibiting the growth of

Fig. 18 Ferruginol derivatives.
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Fig. 19 Dehydroabietylamine derivatives.

Trypanosoma cruzi residing inside L6 cells, and no general
toxicity was observed (SI of 58). A set of benzamide derivatives
228-231 (Fig. 19) had potent antiprotozoal activity against
several species of Leishmania (Table 4, entries 37-40, respec-
tively).'® These compounds were more potent than the refer-
ence compound miltefosine when tested on Leishmania
infantum and Leishmania amazonensis amastigotes and did not
display significant cytotoxicity (Table 4, entries 37-40).*°

18-Phthalimide derivative 232 (Fig. 19) was reported as
a potent antimalarial agent, active against both chloroquine-
sensitive and chloroquine-resistant strains of Plasmodium fal-
ciparum, with ECs, values of 86 and 201 nM, respectively, and
very high selectivity (Table 4, entry 41)."** This study found that
the presence of the phthalimide group was better than a free
amino group at the same position, and that the presence of
chlorine substituents on the phthalimide group was not
advantageous for the activity of the compound.

4.4.5 Other semi-synthetic tricyclic diterpenoids. A set of
royleanones, including compounds 233 and 234 (Fig. 20), was
prepared and tested against a panel of bacterial strains (Table 4,
entries 42 and 43, respectively).”** Despite having low MIC
values against a few of the strains, they were found to be cyto-
toxic. Compounds 235 and 236 (Fig. 20), prepared from levo-
pimaric acid, displayed antifungal activity against Cryptococcus
neoformans and Candida albicans, with MIC values of 16 and 32
pug mL™' (Table 4, entries 44 and 45), respectively.’®® The
oxidation of the cassane-type diterpenoids from the roots of
Caesalpinia pulcherrima gave compounds 237 and 238 (Fig. 20),
which displayed activity against Leishmania major with ICs,
values of 9.18 and 23.32 ug mL ™', but with low selectivity (Table
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Fig. 20 Other semi-synthetic tricyclic diterpenoids.

4, entries 46 and 47), respectively.*** Maleopimaric acid deriv-
ative 239 (Fig. 20), bearing a r-tyrosine moiety, was particularly
effective against influenza virus A/Puerto Rico/8/34 (H1N1), with
an ICs, value of 3.5 uM and very high SI of 200 (Table 4,
entry 48).'*

5. Structure—activity considerations

The outstanding chemical diversity of the labdanes that stems
from their biosynthetic origin is well portrayed across the natu-
rally occurring anti-infective labdane-type diterpenoids. Semi-
synthetic derivatives tested for anti-infective properties remain
scarce, with the exception of a few derivatives of salvic (13), ent-
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polyalthic (57) and ent-copalic (14) acids, where a modest
improvement concerning bioactivity/selectivity has been ach-
ieved compared to their parent compounds. Among the anti-
infective labdanes, stachyonic acid A (42) (Fig. 4), belonging to
the “normal” series of labdanes, with the particular E-configu-
ration on the diene side chain, has promising broad-spectrum
antiviral properties worth further investigation, where chemical
derivatization should establish important SAR in this field.
Among the tricyclic diterpenoids, phthalimide derivative 223
(Fig. 18) showed the best potential to affect several viruses in the
post-infection stage, and its hydroxyl group at position 12 was
very important for this particular activity (Fig. 21).

Concerning antifungal compounds, the labdane-type diter-
penoids produced by fungal biotransformation stand out as
compounds among the diterpenoid classes portrayed herein
with the most promising activity. The ent-labdane di-acids with
acyclic side chains (15) and (19) (Fig. 4), 77 (Fig. 10) and deriv-
ative 78 (Fig. 10) were all active, but the presence of the addi-
tional hydroxymethyl groups introduced by biotransformation
in 77 and 78 was particularly relevant for the antifungal activity.
Biotransformation of labdanes with a furan ring on the side

E- diene side chain
for antiviral activity;
“normal” series

Acyclic side chainfor
antifungal activity; R3
furan less active
R, R* diacids for
antifungal properties;
R2 “ent-" series

R2

Extra R? hydroxymethyl
H groups for antifungal
R1 activity, “ent-"series

Isopropyl side chain for antibacterial and
antiprotozoal activities; pimaranes bestfor
targeting Gram-negative bacteria

R?relevant for
antiviral activity

Quinone moietyor a
highly oxygenated ring
for antiprotozoal activity

Polar groups in core good
for targeting Gram-
negative bacteria

&t

Amino acid side chains for antibacterial
and antibiofilm activity; amides for
antiprotozoal activity

Fig. 21 Relevant SAR for
diterpenoids.

labdane-type (A) and tricyclic (B)
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chain at C9 was not as beneficial, which is consistent with the
more modest antifungal activity of the furan labdane ent-poly-
althic acid (57).

Overall, both the naturally occurring labdanes and the tricy-
clic diterpenoids of all classes are mostly active against Gram-
positive bacteria with the significant exception of the highly
oxygenated pimaranes talascortenes (173-177) (Fig. 14), isolated
not from plants but from fungal sources, which can target
important Gram-negative pathogens including Escherichia coli
and Pseudomonas aeruginosa. Their highly oxygenated structures
suggest that a decrease in lipophilicity is advantageous when
targeting Gram-negative bacteria because this facilitates perme-
ation through the outer membrane via hydrophilic B-barrel
protein pores,'”* which is consistent with the common knowl-
edge in the antibiotics field. Despite the focus on Gram-positive
bacteria, the activity of dehydroabietic acid (4) and of the semi-
synthetic derivatives bearing amino acid side chains 211 and
212 (Fig. 17) to target bacterial biofilms has been well docu-
mented.'*®'®* The ability to limit biofilm formation and/or to
affect bacterial biofilms once they are fully established can be
advantageous, for instance, when looking for synergistic effects
to revive the action of traditional antibiotics. Finally, the pres-
ence of a lactone in both labdanes 65 and 66 (Fig. 7) and abietane
60 (Fig. 13) seems relevant for their activity against mycobacteria.

The tricyclic diterpenoids should be regarded as an indis-
putable source of potential leads for new antiprotozoal agents,
especially among the abietanes. Several naturally occurring
abietanes display potent activity against parasites causing
malaria, Chagas disease and leishmaniasis, with very high
selectivity indexes. The presence of a quinone moiety or a highly
oxygenated ring as in 112, 133-135, 139, 143 and 147 (Fig. 12)
seems very important for this activity. In this regard, chemical
derivatization work has already allowed the confirmation of the
potential of abietanes to produce new leads for the treatment of
diseases caused by protozoan parasites. Several amides prepared
from dehydroabietic acid (4) and dehydroabietylamine, namely
compounds 215-218 (Fig. 17) and 227-231 (Fig. 19), are very
potent antiprotozoal agents, with outstanding selectivity, which
can target parasites inside infected cells, i.e., during the most
relevant stages of the disease. In addition, phthalimide derivative
232 (Fig. 19) is an outstanding antimalarial agent.

6. Conclusions and future
perspectives

This review clearly shows that new drug leads for infection can
be found among the bi- and tricyclic diterpenoids of the classes
covered herein. The road to the clinic is a long one, with the
final goal still out of reach. In this regard, the economic burden
of anti-infective drug development on major pharmaceutical
companies, which fail to see return for their investment, is still
a significant roadblock. As humanity becomes increasingly
aware of the global impact of AMR on human health, we hope
that this issue will be overcome. In fact, finding new molecules
with original modes of action that can either act as self-standing
agents or revive the action of clinically used anti-infectives
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through synergy will be key for future breakthroughs to over-
come resistance.

Therefore, additional work is needed for deconvolution of
the primary targets of the most promising bi- and tricyclic
diterpenoids, which will prompt medicinal chemistry optimi-
sation campaigns to drive the compounds forward along the
pipeline. It is also relevant to go beyond in vitro assessment of
pathogen growth inhibition/death alone to report the actions of
the compounds as broadly as possible, i.e., including effects on
biofilms, mixed species communities, synergy studies, and
effects inside infected cells. New developments in pathogen
biology, druggable targets, and infection models are currently
emerging, especially in the case of bacteria, which are worth
following closely, and will surely aid in improving the quality of
future bioactivity data produced.

The overwhelming majority of the compounds reported
herein originate from plant sources; however, the few origi-
nating from fungi, and especially that produced by biotrans-
formation with fungi display very interesting anti-infective
activity. This suggests that not only should the kingdom of fungi
be investigated in more detail in search for novel bioactive
compounds, but also exploited as an outstanding biotransfor-
mation factory to allow the unusual functionalization of diter-
penoids of several classes and sources. Biotransformation is an
important source of chemical diversity, which allows access to
scaffold positions otherwise very difficult to modify via common
synthetic chemistry, and the introduction of polar groups that
make the compounds overall more hydrophilic. This hydro-
philicity can be advantageous, for instance, in making the
diterpenoids more “drug-like” in the long run, which is desir-
able for any anti-infective activity, with the goal of developing
oral drugs. Designing novel bi- or tricyclic diterpenoids that are
more hydrophilic should also not be overlooked for trying to
shift their predominant antibacterial activity against Gram-
positive bacteria towards a more broad-spectrum effect, given
that the harder infections to treat at present are mostly caused
by resistant Gram-negative bacteria.

We envision that interesting new diterpenoids will continue
to be investigated during the next decade, with important
disclosures on the more precise modes of antiprotozoal and
antibacterial actions of the tricyclic diterpenoids, which should
continue to steer research in this field. Among the natural
sources portrayed in this review, half of the compounds reported
were tested as antibacterials and one quarter as antiprotozoal
agents, whereas their antifungal and antiviral activities remained
far less exploited. We encourage all researchers in this field to
bridge this gap and focus on all anti-infective activities when
possible, harmonising the presentation of the results for the sake
of producing data that is fully comparable, ie., including the
reported activities in molar units, with reference to a positive
control, and including the selectivity index.

/7. Data availability

No primary research results, software or code has been included
and no new data were generated or analysed as part of this
review.
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