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Abstract Triterpenes are naturally occurring deriva-
tives biosynthesized following the isoprene rule of
Ruzicka. The triterpenes have been reported to possess
a wide range of therapeutic applications including
anti-viral properties. In this review, the recent studies
(2010-2020) concerning the anti-viral activities of
triterpenes have been summarized. The structure
activity relationship studies have been described as
well as brief biosynthesis of these triterpenes is
discussed.
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Introduction

Triterpenes with diverse anti-viral activity reported
during 2010-2020 are summarized here with a focus
on their brief biogenesis, structure—activity relation-
ship, and reported mode of anti-viral actions. The
information presented in this article is retrieved from
the database search e.g. SciFinder, PubMed, and
Google Scholar for the “triterpene” with “virus” or
“anti-viral” as keywords and full text were obtained
from the respective publisher’s/journal’s website. The
retrieved information is further summarized according
to the virus followed by the triterpene sub-class they
belong to. In summary, a total of 342 triterpenoids
belonging to 10 sub-classes were found to exert anti-
viral effects against 14 different viruses (Fig. 1).
These triterpenes were identified from 42 plant species
belonging to 25 families. Several triterpenes were
explored against more than one virus, therefore, the
total number of entries has been increased to 406 and a
network-based correlation between viruses, plant
species, and their families are displayed in Fig. 2.
This review further highlights their structure—activity
relationship (SAR) and the biosynthesis of represen-
tative examples.

Its in-fact evident from the current pandemic that
despite tremendous advancement in drug discovery
and development, the human race is still vulnerable to
ever-evolving viral viruses. Therefore, emphasis on
lead identification and drug development on a larger
scale is required where triterpenes could play a major
role.

Biosynthetic aspects of triterpenes

Plant secondary metabolites are synthesized through
complex biosynthetic pathways which are tuned by the
presence of relevant enzymes catalyzing the synthesis
of a diverse array of derivatives. It is evident that these
metabolites are not essential for the survival of plants,
however, they may help in combating the stress, and
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Fig. 2 Cytoscape network between the plant species, families
they belong to, and virus against which they were evaluated. The
network shows a total of 42 plant species of 25 different families
acting on 13 different viruses. The most prominent point of
interest illustrated in the network shows that, out of 25 plant
families, 12 have activity against HSV, followed by 6 plant

pathogenic attack, or may act as a self-defense tool
against the herbivorous (Wink 1988; Isah 2019). Also,
many secondary metabolites play a significant role in

loranthaceae genticulate Neriifolia

families acting on IV and 5 having efficacy against HV. Network
analysis also indicates Leguminosae, Araliaceae, Ericaceae, and
Euphorbiaceae being the most interacting plant families acting
on more than three viruses. The majority of the plant species that
displayed effectiveness against HIV are falling under the
Schisandraceae family

the dissemination of pollens by attracting bees and
insects (Glover 2011; Rivest and Forrest 2020). The
biosynthesis of a particular class of secondary
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metabolites is restricted to the plant species belonging
to related genus or families, suggesting the presence of
genes responsible for the production of relevant
enzymes and catalytic systems for the biosynthesis
(Xu et al. 2004; Zhou and Pichersky 2020). Among
these secondary metabolites, terpene constitutes a
major class that is further sub-classified into monoter-
pene, sesquiterpene, diterpene, sesterterpene, triter-
pene, and tetraterpenoids.

The triterpenoids are the most widely disseminated
class of natural products typically derived from the
C30 backbone biosynthesized with rearrangement of
six isoprene units following the isoprene rule of
Ruzicka (Ruzicka 1953). Triterpenoids with over 100
different carbon skeletons arising out of rearrange-
ments have been reported, among which tetracyclic
(C6-C6—C6-C5) and pentacyclic (C6—C6—C6—-C6-C6
or C6-C6-C6—C6—C5) are the most abundant (Xu
et al. 2004). They continuously find importance due to
the enormous pharmacological activities displayed
owing to the structural diversity and complexity
offered through the protonation, deprotonation,
hydroxylation, cyclization, and ring arrangement
cascade on the 2,3-oxidosqualene, an indispensable
intermediate (Fig. 3). In addition, they may also
possess the sugar moieties, either linear or branched
to generate mono- bis- or tri-desmosides (Eschen-
moser et al. 1955; Morita et al. 2000).

A general scheme for the biosynthesis of terpenes is
depicted in Fig. 3 which essentially starts via the
mevalonic acid or 2-C-methyl-p-erythritol-4-phos-
phate (non-mevalonate) pathway to synthesize inositol
pyrophosphate (IPP), the primary C-5 unit, which is
further converted to GPP (C-10), FPP (C-15), GGPP
(C-20) and 2,3-oxidosqualene, a C-30 carbon skeleton
(Xu et al. 2004; Hunter 2007; Vranova et al. 2013;
Wang et al. 2021). It is now well documented that
oxidosqualene cyclases (OSCs) act on 2,3-oxi-
dosqualene to catalyze protosteryl and dammarenyl
cation mediated pathways (Xue et al. 2012; Hou et al.
2021). The first pathway mediated through protosteryl
cation intermediate leads to the genesis of tetracyclic
cycloartenol, lanosterol, and cucrbitadienol, while the
second intermediate dammarenyl cation generates
both tetracyclic (dammarane) and pentacyclic (lupane,
oleanane, and ursane) class of triterpenes. These
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transformations are mediated via chair/boat/chair
and chair/chair/chair conformation, respectively (Xu
et al. 2004, 2012; Thimmappa et al. 2014; Hu et al.
2020a; Hou et al. 2021).

Cycloartane triterpenes are widespread among the
plants with several new compounds in the series being
reported in the past few years and getting attention due
to their potential hypo-lipidemic, anti-inflammatory,
cytotoxic and anti-viral properties (Xiao et al. 2008;
Fang et al. 2019; Shi et al. 2020). It is now evident that
a relevant enzyme i.e. cycloartane synthase (CAS), a
2,3-oxidosqualene cyclase (OSC), is required for the
biosynthesis of cycloartane skeleton (Haralampidis
et al. 2002). Further, it is relevant to highlight that
several ring-opened cycloartane derivatives such as
3.4-seco-cycloartane, or expended B ring 9,10-seco-
cycloartane have marked their presence in nature. 3,4-
seco-triterpenes are common in nature while 9,10-
seco-triterpenes are rare and biosynthesized through
bond modifications. Almeida et al. 2020 reported the
genesis of 9,10-seco-cycloartane by the activation of
cyclopropane methylene (C-25) leading to the cleav-
age of the C9-C10 bond and thus generating an
expanded B-ring with unsaturation (Almeida et al.
2020; Shenvi et al. 2008) and possibly the same
pathway is followed by 10-23 (Lv et al. 2016) (Fig. 4).

At the same time, 3,4-seco-cycloartanes are pro-
posed to be generated through a photolytic cleavage of
3-oxo bearing cycloartenoids (Norrish I pathway or
Baeyer—Villiger oxidation) (Almeida et al. 2020). This
is evident from the co-occurrence of 3-oxo bearing
cycloartenoids (105, 107, 110) and 3,4-seco-cy-
cloartenoids (104, 106, 108, 109) in the seeds of
Pseudolarix amabilis (Zhao et al. 2020) and 194-196
in the Kadsura heteroclite (Xu et al. 2010). Interesting
diversifications are also observed through the side
chain; such as the formation of spiro lactone, an o, /-
unsaturated-y-lactone (104-106, 108, 109) via intra-
molecular rearrangements involving C-23 keto and
C-25 acid groups (107, 110) (Fig. 4) (Zhao et al.
2020). Transformations of A-ring into lactones is
another remarkable modification reported leading to
the generation of an unprecedented skeleton 7/6/6/5/6
(198) and 7/7/6/5/6 (199) wherein, precisely, A-ring is
transformed into 7 membered o, f-unsaturated lactone
along with the generation of six-membered o,f-
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Fig. 4 Plausible scheme for the biosynthesis of cycloartane derivatives

unsaturated lactone via cyclization of the side chain
along with B-ring modifications (Liang et al. 2014).

Another interesting triterpene sub-class, lanostanes,
along with cycloartanes are the precursors for the
biosynthesis of steroids which are devoid of C-28 and
C-29 methyl groups on the parent triterpenes (Sandjo
and Kuete 2013). Earlier it was believed that the
steroids are synthesized in animals through the
cyclization of 2,3-oxidosqualene to lanosterol and
via cycloartenol in the plants. Now it is evident that the
plants also can synthesize lanosterol via cyclization of
2,3-oxidosqualene catalyzed by functional lanosterol
synthase (LAS) (Suzuki et al. 2006; Ohyama et al.
2009). Cycloartanols differ from lanosterols by pos-
sessing a characteristic tetra-substituted cyclopropane
ring and their co-occurrence has been documented in
many plants. The lanosterols are also reported to
possess a diverse array of biological activities includ-
ing anti-cancer, anti-inflammatory, anti-diabetic, and
anti-viral (Lyu et al. 2016; Lv et al. 2016; Shehla et al.
2020; Su et al. 2020).

Similar to the cycloartanes, the side chain of the
lanostanes also provides scope for structural diversi-
fication owing to glycosylation (28, 30-35),

@ Springer

unsaturation (64—65), ring modifications (118-119,
201-203), and hydroxylation (241-270). Ring-open-
ing rearrangements mediated through relevant
enzymes may result in a completely new skeleton,
one such modified tricyclic lanosterol (201) is reported
to possess an 18(13 — 12)-abeo-13,17-seco-6/6/6-
fused tricyclic system generated by cleavage of the
bond between C-13 and C-17 i.e. D-ring opening
(Liang et al. 2013). Attention-grabbing modifications
constructed a tetra substituted cyclopropane bearing
17,18-cyclolanosterol (6/6/6/5/3), along with a buty-
rolactone moiety generated through the enzymatic
cascades on the side chain (67, Fig. 5) (Li et al.
2019a).

Cycloartane and lanostane offer similar ring-open-
ing cascades leading to the genesis of seco-derivatives,
and side-chain modifications. The side chain cycliza-
tion leading to the generation of o,f-unsaturated
lactone are reported for both the cycloartane and
lanostane class of compounds (67, 104-106, 108, and
109) reported from Abies nukiangensis and Pseu-
dolarix amabilis. This could be attributed to the
presence of similar catalytic enzymes owing to the
similarity in the genetic makeup, as both these plants
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Fig. 5 Plausible scheme for the biosynthesis of lanostane derivatives

belong to the Pinaceae family (Table 1) (Suzuki and
Muranaka 2007; Ohyama et al. 2009; Li et al. 2019a;
Zhao et al. 2020).

Dammaranes has marked their presence in many
medicinally and traditionally important plants, i.e.
Panax ginseng, Bacopa monnierie, displaying diverse
biological potential, but their contribution as anti-viral
agents are surprisingly less. The basic skeleton of
dammarane triterpenes consists of a tetracyclic ring
system possessing a side chain at C-17 position, which
is constructed in plants by cyclization of 2,3-oxi-
dosqualene with the assistance of OSC dammarene-
diol synthase (DDS) enzymes. Ginsenosides, the most
promising anti-viral dammaranes covered in the
present article, are synthesized by dammarenediol-II
synthase in Panax ginseng (Chu et al. 2020; Sawai and
Saito 2011) involving three major steps - cyclization,
hydroxylation followed by glycosylation (Tansakul
et al. 2006; Sawai and Saito 2011) of aglycone
protopanax-diol and protopanax-triol (24-27). The
distinctive diversifications of the ginsenosides are
offered through the hydroxylation and glycosylation at
C-3, C-6, C-12 positions (24-27).

Like cycloartanes and lanostanes, modifications on
the side chain of dammaranes generate chemically
diverse natural products having butyrolactone (115),
tetrahydrofuran (116), and oxane (339) moieties.

A-ring opened 3.4-seco-dammaranoids (200) also
marked their presence in concurrence with the side
chain modifications (116). The A-ring opening could
be mediated via Norrish I pathway affording seco-
dammarane type triterpenoids (200), and further intra-
molecular arrangements and hydroxylation may gen-
erate tetrahydrofuran (116) or butyrolactone (115)
moieties (Fig. 6).

Lupanes are another important group of pentacyclic
triterpenoids containing 6/6/6/6/5 ring system.
Cyclization and rearrangement of 2,3-oxidosqualene
through lupeol synthase (LUS) enzyme constructs the
basic lupane skeleton. Subsequent deprotonation from
one of the methyl groups permits the synthesis of very
well-known pentacyclic triterpene lupeol. Oxidation
of lupeol at C-28 by cytochrome P450, specifically
CYP716A12 enzyme produces another well-known
lupane triterpene betulinic acid (38) (Fukushima et al.
2011; Hu et al. 2020b). Hydroxylations at C-1, C-3,
C-6, C-7, and C-28, carboxylation at C-28, and
oxidation of hydroxyl to carbonyl at C-3 are the usual
modifications involved in the formation of lupane
derivative (121-132; 206-230). 2,3-seco-lupane
triterpene (127) is another remarkable modification
found in nature; synthesis of which is proposed by
Almeida et al. (2020) via oxidation of a 3-hydroxy-
lated lupane skeleton, resulting in 2,3-diketone

@ Springer
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followed by Bayer-Villiger oxidation to form an Dammarenyl cation generated by the action of OSC
anhydride, which is further hydrolyzed into 2,3-seco leads to the formation of lupenyl cation, which in
derivative (Almeida et al. 2020). The introduction of presence of amyrin synthase transform into penta-
groups like feruloyl at C-3 as observed in 129, 130, cyclic ring system (6/6/6/6/6), o or [-amyrin. o-
132, 224, and 279 might be due to the involvement of Amyrin with the assistance of multi-functional oxi-
specific enzyme like feruloyl transferase (Fig. 7). dosqualene cyclase (MOSC) form ursane class of
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triterpenes and f-amyrin with the action of f-amyrin
synthase (BAS) generate widely distributed and most
extensively studied class of triterpenes i.e. oleanane
(Lu et al. 2018; Stephenson et al. 2019). Further,
oxidative reactions on f-amyrin at C-30, and/or C-11
and/or glycosyl transfer reactions form the most
popular derivatives like 36, 133, and 235. Hydroxy-
lation reactions are also known to occur at many
positions leading to the generation of poly-oxygenated
derivatives (40-43, 134-138) but glycosylation reac-
tions occur mostly at C-3 and C-28 positions (44-57,
324-328). Beside these, several other modifications
such as C-3=0 (237-240), C-11=0 (36, 282-290,
292-299), double bond migration (72, 236-240),
multiple unsaturation (61-63, 68-71, 75, 291) or
intramolecular lactonization (74, 76, 145, 231) are
widespread among oleananes. Other interesting mod-
ification of oleanane includes feruloylation (142) and

Oxidation

Oxidation E

Dehydrogenation

epoxidation (C-11-0O—-C-12) (145). Oleanane saponins
are found to undergo oxidation to attain ketone at C-3,
C-11, and C-16, as evident from 231-240, 335-338
(Fig. 8). These events may be mediated by the
involvement of specific enzymes.

Another biologically interesting modification on
the A-ring led to the genesis of quinone methide
derivatives (1-4). The quinone methides in detail have
been reported earlier (Rokita 2009; Zhou 2009);
biogenesis of quinone methides has been linked with
the precursors 3f-friedelanol (6) and friedelin (8)
generated from the oxidosqualene in the Maytenusa
quifolium and Salacia campestris (Corsino et al.
2000). This finding is further supported by a recent
study on the Tripterygium wilfordii wherein Zhou and
co-workers described the biosynthesis of celastrol (1)
involving TwOSC1 and TwOSC3, the multiproduct
friedelin synthases (FRS; Fig. 8) (Zhou et al. 2019).
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This indicates that the friedelin skeleton acts as the key
intermediate in the biosynthesis of anti-covid natural
products (Corsino et al. 2000; Ryu et al. 2010; Chang
et al. 2012).

Oleanane and ursane triterpenoids are mostly found
together, as they share similar biosynthetic precursors.
The only significant difference in both skeletons
occurs at C-19 and C-20 methyl groups of ring E.
The most common example of a ursane backbone is
ursolic acid (37) generated from the a-amyrin. Ursane
undergoes similar reactions as oleanane to build its
derivatives imparting exclusive bioactivities. The
usual reaction like esterification to attain feruloyl
moiety at C-3 (39, 166-168), lactonization (101),
glycosylation at C-3, C-24, or C-18 (98-103), and
hydroxylation/oxidation on A-E rings are reported in
ursane skeleton as well. An 18,19-seco-ursane gener-
ated by enzymatic or photolytic cleavage of E-ring
functionalized with hydroxyl and carbonyl along with
migrated double bond (C13/C18) is also observed in
nature (103). Formation of 2,3-seco derivatives like
152 might follow the same pathway as for lupane 2,3-
seco derivatives (127). A series of reactions such as

@ Springer
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dehydrogenation, oxidative ring-opening, and cycliza-
tion are reported to construct an unprecedented 5/7/6/
6/6 fused pentacyclic ring system (146-147) (Fig. 9)
which is unique in this class and a plausible biogenetic
pathway is reported in detail earlier (Liu et al. 2017).
Apart from these, sulfur-containing triterpenoid sapo-
nin (169) reported from Illex asprella suggests inter-
esting phylogenetic modification by the involvement
of imperative enzymes, which needs exploration to
understand the  possible diversification  of
triterpenoids.

Shionones are the rare tetracyclic skeleton (6/6/6/6)
bearing triterpenoids with a side chain and a C-3
carbonyl in most of the derivatives. Sawai and co-
workers identified a shionone synthase (SHS), evolved
from the BAS, responsible for the cyclization of 2,3-
oxidosqualene into shionones via dammarenyl, bac-
charenyl, and an intermediate C-4 cation (Sawai et al.
2011). The shionones are known to exert in the roots
and rhizomes of Aster species and examples covered
in the current study are mostly side-chain derivatives
(83-97) (Fig. 10).
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The last classes of triterpenes covered under the
present study are structurally unique skeleton bearing
anti-viral nor-triterpenoids reported from the Schisan-
dra propinqua var. propinqua and Schisandra chi-
nensis (Schisandraceae). A couple of review in past
has detailed the triterpenoids (cycloartane, lanostane,
and norterpenoids) of the Schisandraceae family.
These norterpenoids are derived from the cycloartane
and can be further sub classified into schisanartane,
schiartane, 18-norschiartane, 18(13/14)-abeo-schiar-
tane, pre-schisanartane, and wuweiziartane (Xiao et al.

Ring Expansion

> \ HO
Dammarenyl cation

2,3-Oxidosqualene

HO

HO
Baccharenyl cation

2008; Xia et al. 2015). A hypothetical biosynthetic
pathway for the genesis of 77 is displayed in Fig. 11
wherein its biosynthesis is proposed via the generation
of 3,4-seco- and 9,10-seco-cycloartane skeletons fol-
lowed by rearrangements on the A-ring leading to the
generation of fused tetrahydro furan and butyrolactone
moieties and then the side chain rearrangements
leading to the genesis of 77 with the help of relevant
enzymes. A similar pathway may be followed for the
biosynthesis of 171 and other related compounds.

1,2 Hydride Shift

Methylation

Lupanyl cation

Fig. 10 Plausible scheme for the biosynthesis of shionone derivatives

Ring Formation

! o 1 Lactonization
. Cyclization 1 Oxidation
1 Hydroxylation ! Methylation

! Esterification

HOOC
Oxidation

Hydroxylation

.

Fig. 11 Plausible scheme for the biosynthesis of nor-terpene derivatives

@ Springer
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Chen et al. (2019b)

2.9 pg/mL

(20R)-20,25-epoxy-3-methyldammaran-2-en-60,12 -diol,(20R)-20,25-epoxy dammaran-2-en-

Lilium speciosum var

RSV

401

60,12 3-diol (339)

(Liliaceae)

Mulholland et al. (2011)

BHK21

Oleanolic acid (133)

Fadogia tetraquetra var.

tetraquetra

SFV oT

402
403
404
405
406

> 50 uM

3f-hydroxy-11a,12a-epoxyoleanan-28,13 f-olide (340)

3f-hydroxyurs-11-en-28,13-olide (341)

Ursolic acid (37)

> 50 uM
14.7 yM

(Rubiaceae)

uT

Abreu et al. (2019)

Vero

Loranthones B (342)

Stillingia loranthaceae

TT

ZIKV

(Euphorbiaceae)

The http://www.theplantlist.org/ was referred for extracting the families wherever not mentioned

Anti-viral triterpenes
Coronavirus (CoV)

Coronavirus is a single-stranded enveloped RNA virus
that belongs to the Coronaviridae family and subfam-
ily Coronavirinae. These viruses are further classified
into four subgroups, Alphacoronavirus, Betacoron-
avirus, Gammacoronavirus, and Deltacoronavirus,
based on the genome structure. Out of these four
subtypes, alpha and beta coronaviruses are known to
infect mammals while gamma and delta coronavirus
infect birds (Weiss and Leibowitz 2011; Woo et al.
2012; Li 2016; Payne 2017; Schwartz and Graham
2020; Pal et al. 2020). Of the one infecting mammals,
seven viruses, HCoV 229E, HCoV 0OC43,
HCoVNL63, HCoVHKU1, SARS-Cov, MERS-CoV,
and SARS-CoV-2, are known to cause mild to serious
infections in humans (Liu et al. 2021). The most recent
outbreak caused by SARS-Cov-2, a new member of
the coronavirus family and betacoronavirus genus,
turned out to be the most fatal pandemics of the
century (Pal et al. 2020). The SARS-CoV-2 RNA is a
30 kb single positive-strand RNA which encodes 27
proteins including the S protein which can bind with
the angiotensin-converting enzyme 2 receptors on the
cells (Bar-On et al. 2020; Pal et al. 2020).

It is pertinent to mention that both SARS-CoV and
SARS-CoV-2 share 89.8% identical sequences in the
S2 subunit of spike proteins which is essential for the
process of membrane fusion. The S1 subunits of both
of these viruses bind to the human angiotensin-
converting enzyme 2 (hACE2) for entry into the cells
via the receptor-binding domain. The S2 unit consists
of two hydrophobic internal fusion peptides (HR1 and
HR?2) that form a six-helix bundle (6-HB) fusion core
upon binding of RBD to the ACE-2 on the target cells.
This interaction brings the viral and cellular mem-
branes into close proximity leading to the fusion of the
virus with the host cells (Harrison 2008; Si et al. 2018;
Xia et al. 2020). Given the fact that the triterpenoids
are well known to inhibit the fusion process by
blocking the HR1-HR?2 interactions; it’s high time for
their evaluation against SARS-CoV-2 and other
corona viruses (Si et al. 2018; Li et al. 2020a). Besides
this, an investigation by Ryu et al. (2010) suggests that
the triterpenoid may also act as viral replication
inhibitors, and thus they may act at multiple targets
simultaneously. However, substantial efforts are
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required towards triterpenoid-based anti-covid drug
discovery and development.

Oleanane triterpenoids

In their phytochemical investigation on Tripterygium
regelii, Ryu and co-workers reported quinone-methide
triterpenes having potent dose-dependent SARS-CoV
3CLpro inhibitory activities. These quinone-methides,
namely celastrol (1), pristimerin (2), tingenone (3),
and iguesterin (4) displayed ICsy of 10.3 &+ 0.2,
5.5+£0.7,99 £ 0.1, and 2.6 £ 0.3 pM, respectively
(Table 1), compared to curcumin (23.5 £ 3.7 uM) as
a positive control (Ryu et al. 2010). These triter-
penoids feature partial oxidation of the C-29 methyl
group (1, 2) or loss of C-29 due to decarboxylation (3,
4) besides the presence of quinone-methide moiety.
They are relatively rare molecules featuring D:A-
friedo-nor-oleanane skeleton mostly present in the
Celastraceae family (Gunatilaka 1996; Taddeo et al.
2019). The reported kinetic analysis revealed a
competitive mode of action of these compounds. It
was further detailed that iguesterin (4) possessing
double bond bearing E ring displayed potent activity
while substitution at C-20 or C-21 position along with
the removal of double bond decreased the activity. The
presence of quinone-methide moiety is also essential
for the activity as the reduced analog (5) of 1 displayed
an [Cs9 21.7 £ 1.9 uM (Ryu et al. 2010).

In general, the quinone methides are reported to
exert their action via the formation of covalent
interactions with the bio-molecules like DNA,

proteins, and 3CLpro in the present case; and the O-
hydroxyl group enhances the activity via the formation
of hydrogen bonds (Zhou 2009; Ryu et al. 2010). This
is supported by the molecular docking analysis of 4
wherein C-3-OH is reported to form a hydrogen bond
with Cys44 carbonyl and Thr25 OH in domain I (Ryu
et al. 2010).

Another study reported the isolation of triter-
penoids from the leaves of Euphorbia neriifolia L.
and found that 3 -friedelanol (6) exhibited the most
potent anti-viral activity against human coronavirus
(HCoV-229E) cultured in MRC-5 cells, followed by
3p-acetoxy friedelane (7) and friedelin (8) (Table 1),
in comparison with actinomycin D as a positive
control (Chang et al. 2012). This suggests that the
friedelane skeleton has a potential role to play against
HCoV, whereas epitaraxerol (9) was most active
among taraxeranes, the other class of triterpenes
reported. The anti-viral potential was reported in
terms of MRC-5 (human fibroblasts) cell survival on
infection with HCoV229E strain. It was further
detailed that the C-3 position in friedelanes is decisive
to exert activity whereas acetylation or substitutions
significantly affect the activity; acetylation led to the
loss of activity in taraxeranes (Chang et al. 2012).
Further comparison of the structural features of these
two skeletons suggests that the orientation of methyl
groups and the absence of E-ring olefinic bond could
provide selectivity to friedelanes skeleton over tarax-
eranes towards HCoV, however, this needs further
experimental validation.

@ Springer
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Coxsackie B3 (CVB3)

Coxsackie B3 (CVB3) is a serotype of the coxsackie
virus belonging to the Picornaviridae family of the
genus Enterovirus. CVB3 is a non-enveloped, positive
sensed, single-stranded RNA virus, which transmits
through the gastrointestinal route (Feuer et al. 2002;
Lasrado et al. 2021). Interaction of virus with receptor
proteins coxsackievirus—adenovirus receptor (CAR)
and the decay-accelerating factor (DAF) play a
significant role in the pathogenesis of Coxsackie B
virus infection to the myocardial cells, which ulti-
mately leads to myocarditis (Feuer et al. 2002; Shieh
and Bergelson 2002; Lasrado et al. 2021; Milstone
et al. 2005). It is pertinent to mention that there is no
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specific treatment for the CVB infection to date,
however, few reports suggested a potential inhibitory
role of different skeletons bearing triterpenes. More-
over, the available reports suggest that therapeutic
interventions for the treatment of myocarditis and viral
infection-induced active inflammatory destruction of
the myocardium are limited to immunosuppressive
and immunomodulatory therapies (Pollack et al.
2015). No wonder that the triterpenoids are well
reported to exert these properties and demonstrated
their beneficial effects in myocarditis as well (Martin
et al. 2014; Xu et al. 2020).

Several studies have chalked out the role of
triterpenoids, as described below, belonging to the
four different skeletons. A total of 27 triterpenoids
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have been reported in these studies, among which only
glycyrrhizic acid (GA; 36) was evaluated extensively
in in-vitro and in-vivo models while other compounds
were evaluated for indicative anti-viral properties
without exploring the detailed mode of action. There-
fore, extensive anti-viral activities need to be under-
taken for exploration of the complete potential of these
triterpenes; further experimental and clinical correla-
tion concerning viral myocarditis is warranted.

Cycloartane triterpenoids

Lv et al. (2016) isolated a series of cycloartane,
lanostane, and ursane classes of triterpenes from twigs
and leaves of Lyonia ovalifolia and evaluated them
against Coxsackie B3, HSV-1, and influenza
A/95-359. Among the cycloartanes, lyonifolosides
A-K and their aglycones (10-23) obtained by acid
hydrolysis, compound 3o-[(S-D-glucopyranosyl)-
oxy]-25-hydroxy-9,10-seco-cycloartan-24-0x0-5(10)-
en-30-oic acid (lyonifoloside A; 10) its aglycone

lyonifolic acid A (11), lyofoligenic acid (13) the
aglycone of 3a-[(f-D-glucopyranosyl)-oxy]-24S,25-
dihydroxy-9,10-seco-cycloartan-5(10)-en-30-oic acid
(Iyonifoloside B; 12) has displayed potent activity
against CVB3 with ICsq value of 11.1 & 1.98,
2.1 £ 0.30, 4.8 £ 1.20 uM/L (Table 1), respectively
against the positive control pleconarild (ICs
0.001 4+ 0.0001 pM/L) and  ribavirin (ICso
292 4+ 9.04 uM/L) (Lv et al. 2016).

The IC5( of these cycloartane shows that 9,10-seco-
cycloartane skeleton bearing olefinic bond at 1(10)
position are less active in comparison with the one
bearing olefinic bond at 5(10) position. Furthermore,
the aglycones are more potent compared to their
respective glycosides, suggesting the potential role of
the C-3 bearing hydroxyl group. The presence of the
keto group at C-21 instead of the hydroxyl group
favored the CVB3 inhibition and further glycosylation
at C-21 hydroxy resulted in a loss of the activity (Lv
et al. 2016).
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Ry R2
12 SD-Glc H
13 H H
14 SD-Glc _ Ac H
15 SD-Glc a-L-Ara
16 SD-Glc _ Ac a-L-Ara
17 a-L-Ara o-L-Ara

Dammarane triterpenes

20(S)-Protopanaxtriol (24), of Panax pseudoginseng,
was reported to be potent anti-viral both in in-vitro
(ICsp 2.74 pg/mL, HeLa cells) and in-vivo. It also
lowered the virus titers and pathological alterations in
the hearts along with the plasma lactate dehydroge-
nase and creatine kinase, the biochemical markers of
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R4 Ro
18 SD-Glc _ Ac H
19 H H
20 [D-Glc _ Ac a-L-Ara
21 S-D-Glc o-L-Ara
22 SD-Glc AD-Glc
23 a-L-Ara a-L-Ara

myocardial injury (Wang et al. 2012). In another study
protopanaxatriol type ginsenoside Re, Rf, and Rg2
(25-27) demonstrated significant anti-viral activity
against CVB3 at 100 pg/mL concentration (Table 1).
At the same time the protopanaxadiol type ginseno-
sides (Rb1, Rb2, Rc, and Rd), were ineffective (Song
et al. 2014a); suggesting the possible involvement of
the C-6 o-OH.
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R,O

Ty

24

25

26

27

Lanostane triterpenoids

Among the lanostane triterpenoids (28-35) reported
by Lv et al. 2016 from leaves and twigs of Lyonia
ovalifolia, the aglycone, lyonifolic acid C (29) of 3a-
[(B-p-glucopyranosyl)-oxy]-24(S),25-dihydroxy-
lanost-8-en-30-oic acid (lyonifoloside L; 28) and 3a-
[(6-0-acetyl-f-p-glucopyranosyl)-oxy]-24(S),25-di-
hydroxylanost-8-en-30-oic acid (lyonifoloside M; 30)
have displayed potent activity against CVB3 with ICs,
value of 4.8 £ 1.16 and 11.1 & 1.17 uM/L, respec-
tively (Table 1). This suggests that the C-21 position is
important for the activity as the glycosylation resulted
in the loss of activity. Further, the aglycone is more
potent compared to their respective glycoside, but

R1 R, R3 R4
H H H H
H Glc?-Rha H Glc
H Glc?-Glc H H
OH Glc>-Rha H H

acetylation of the attached sugar at C-3 facilitated the
activity (Lv et al. 2016).

Oleanane triterpenes

GA (36) (Glycyrrhiza uralensis) is reported to block
viral replication, of CVA16, in a dose-dependent
manner and the anti-viral effects were found to be via
inactivation of viral particles. GA (36) markedly
inhibited the CVA16 associated cytopathic effect and
was reported to reduce CVA16 production by 3.5 and
6.0 logs at 3 and 5 mM, respectively. Time-of-drug
analysis conducted by the author suggested that GA
interferes with an early event of the CVA16 replica-
tion cycle (Wang et al. 2013).
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R4 R2
28 BD-Glc H
29 H H
30 S#D-Glc _ Ac H
31 H

Cytomegalo virus (CMV)

Cytomegalovirus (CMV) is the largest member of the
Herpesviridae family and belongs to the subfamily
Betaherpesvirinae. Currently, the available drug
includes viral DNA polymerase inhibitors like ganci-
clovir, foscarnet, cidofovir, and acyclovir. But there is
no single drug that is adequately potent and safe; also
the resistance mutations to gancyclovir have been
reported. This resistance mutation is suspected to
develop cross-resistance to other available anti-viral
drugs (Griffiths and Whitley 2002; Lurain and Chou
2010; Krishna et al. 2019).

The available therapies or more precisely the
targets for the development of anti-virals against
CMYV are viral DNA polymerase UL54, viral termi-
nase complex inhibitor, and viral kinase UL97
inhibitor against which the drugs are available (Schulz
et al. 2016; Krishna et al. 2019). The suggested course
of action also includes therapies against the CMV
latency, since pro-inflammatory signals and myeloid
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R R,

32 B#D-Glc a-L-Ara
33 SAD-Glc _ Ac a-L-Ara
34 AD-Glc AD-Glc

a-L-Ara

differentiation may reactivate these latently infected
cells (Sinclair and Sissons 2006; Krishna et al. 2019).
Moreover, during this latency period, the viral repli-
case inhibitors are ineffective in absence of any viral
replication and the US28 is expressed by CMV during
latent infection which could serve as a potential
therapeutic target (Lee et al. 2017). Flavonoid-based
molecules have already been explored against US28
(Kralj et al. 2013). Surprisingly, we could trace only
one report in the last decade, therefore, effort towards
the identification of potential therapeutic triterpenoid
leads is warranted to target both the latency and
replication stages.

Ursane triterpene

The only available study on triterpenoids reported that
ursolic acid (37) targeted guinea pig cytomegalo virus
(GPCMV-22122) replication in guinea pig embryo
lung fibroblasts (GPEL), but it could not prevent viral
entry into the cells. It displayed CCs, of 86.7 pg/mL
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and ECsy 6.8 pg/mL (Table 1) with a therapeutic
index of 13 (Zhao et al. 2012).

Dengue virus (DENV)

Dengue virus (DENV), a viral virus counting millions
of infections, is a member of the family Flaviviridae
and genus Flavivirus. It is the most common vector-
borne (Aedes mosquitos) viral disease counting mil-
lions of cases in tropical and subtropical regions every
year  (https://www.who.int/news-room/fact-sheets/
detail/dengue-and-severe-dengue). DENV is a sin-
gle-stranded, positive-sense RNA virus that consists of
approximately 11 kb genome. Antigenically four
serotypes of DENV are found worldwide i.e. DENV-1,
DENV-2, DENV-3, and DENV-4. The treatment of
which mostly lies around the management of the
symptoms, as over 90 years of efforts towards the
development of vaccines could achieve limited suc-
cess; and at the same time there is no specific anti-viral
drug is available to treat dengue virus infection
(Seema 2005; Halstead 2015; Behnam et al. 2016;
Murugesan and Manoharan 2019). Hence, the devel-
opment of a safe and effective anti-DENV agent is
required to reduce the mortality and morbidity burden
of the infection (Guzman et al. 2010; Tuiskunen and

inhibitors of the NS3 helicase, NS2B-NS3 helicase,
NS2B-NS3 protease, NS4B, NS5 methyltransferase,
and NS5 polymerase; and (iv) blocking NS5 nuclear
localization (Behnam et al. 2016). Despite the avail-
ability of several targets, only a few reports could be
traced in the last decade on natural products and rarely
triterpenoids as anti-DENV agents.

Lupane triterpenes

Recently, Loe et al. 2020 detailed the anti-viral
mechanism of betulinic acid (38) with CCsy and ICsg
values of 28.24 and 0.9463 uM in the DENV2-
infected Huh7 cells (Table 1), and a similar obser-
vation was recorded in other cells (BHK21, HepG2,
HEK?293T and Vero) as well. The study concluded
that betulinic acid decreased the DENV2 envelope
protein and NS4B proteins expression, a decrease in
nanoluciferase signal was also recorded supporting
the reduction in viral protein synthesis after infec-
tion. It was found not to affect the viral binding or
entry into the cells. This is supported by several
previous studies where it is reported to inhibit viral
NS5 RNA-dependent RNA polymerase (RdRp)
activities (Bourjot et al. 2012; Peyrat et al. 2017;
Loe et al. 2020).

Lundkvist 2013).

It is to mention that targets identified for the
development of drugs against the dengue virus
includes (i) stem domain, hydrophobic pocket (f-OG
pocket), and receptor-binding domain III of the DENV
envelope (E) glycoprotein, responsible for receptor
recognition, have been pursued as DENV entry
inhibitor drug targets; (ii)) DENV capsid protein C
hydrophobic core and N-terminal region are encour-
aging targets for anti-dengue drug development; (iii)

Ursane triterpenes

3-O-Trans-caffeoyltormentic acid (39) reported from
the leaves of Eriobotrya deflexa f. buisanensis exhib-
ited the most potent activity against dengue virus (ICs
12.4 £ 1.1 pM; serotype 2 strain PL046; Table 1)
(Chen et al. 2019a).
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Epstein-Barr virus (EBV)

Epstein-Barr virus (EBV) is a type of y-herpes,
contains a double-stranded DNA genome of approx-
imately 184 kb pair in length which encodes nearly
100 proteins. Two different types of EBV infection,
EBV-1, and EBV-2 (or A, and B), are documented
and both have more than 70-80% sequence homol-
ogy. EBV is known to infect more than 90% of the
adult population worldwide and persists for lifelong
in a person with latent infection of the B-lympho-
cytes and saliva (Arai 2021; Jenson 2011; Sausen
et al. 2021).

Many of the nucleoside and nucleotide anti-viral
approved by US-FDA against other viral disorders
were not effective against EBV infections probably
due to the difficulty in timely diagnosis, the required
high concentrations of anti-viral in the oropharynx.
The signs and symptoms associated with the disease
are not related to the viral replication but are the
immunological implications (Ernberg and Andersson
1986; Gershburg and Pagano 2005; Poole and James
2018; Keith et al. 2018; Andrei et al. 2019). Therefore,
there is no effective treatment available against this
virus. Several classes of synthetic (nucleoside, nucleo-
tide, and pyrophosphate analogs) and natural products
(including herbal extracts) are being explored and
developed against different targets like EBV protein
kinase BGLF4, EBV DNA polymerase, EBV nuclear
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antigen 1 (EBNA1), and other cellular targets essential
for viral replication such as topoisomerases I and II
(Kapadia et al. 2002; Cui et al. 2014; Andrei et al.
2019).

In the literature, only two studies concerning 24
oleanane triterpenoids were traced to exert their action
by inhibiting the EBV early antigen (EBV-EA)
activation. Both these studies, as described below,
reported poly-oxygenated oleanane skeleton bearing
aglycones and glycosides wherein the respective
aglycones displayed better activity owing to the
C-28 —COOH group.

Oleanane triterpenes

Terminalia chebula Retz is one of the most widely
acknowledged medicinal plants as a folklore medi-
cine. An investigation of the galls of 7. chebula
collected from Chiang Mai province in Thailand led to
the isolation of eight oleanane triterpenoids and their
glycosides along with hydrolyzable tannins. These
triterpenoids (40-47), exerted potent diminishing
effects on the 12-O-tetradecanoylphorbol 13-acetate
(TPA) induced EBV early antigen (EBV-EA) activa-
tion in Raji cells (ICsy 269-363 mol ratio/32 pmol
TPA). The number of hydroxyl groups may influence
the activity (43) as the presence of glycosidic linkage
at C-28 have diminishing effects (Table 1) (Manosroi
et al. 2013).

R

41 H

45  pD-Glc
R

43 H

47 pD-Glc
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Similarly, triterpenoids and other compounds iso-
lated from the kernels of Vitellaria paradoxa dis-
played activity against EBV early antigen (EBV-EA)
activation induced by TPA in Raji cells. The isolated
oleanane triterpenoids, 48-59, displayed ICs of 455,
456, 470, 460, 479, 348, 335, 368, 410, 360, 353, and
330, and compound 61-63 displayed ICs, of 380, 371,
and 339 Mratio 32 pmol 1 TPA respectively (Table 1)
(Zhang et al. 2014a). It was further concluded by the
authors that derivatives without any sugar attachment
at C-28 were more active suggesting the possible
involvement of the C-28 -COOH group in the activity,
whereas an increase in the number of sugars at the C-3
position reduced the activity (Zhang et al. 2014a).

Enterovirus (EV)

Enteroviruses (EV) of the family Picornaviridae are
the non-enveloped, positive sensed, single-stranded
RNA virus and contain a genome of approximately
7500 bases. The disease is named after its route of
transmission that is through the intestine and causes
hand, foot, and mouth disease (HFMD). It also causes
neurological disorders like brainstem encephalitis,
acute meningitis, and/or cardiopulmonary complica-
tions, hemorrhagic conjunctivitis, myocarditis, and
acute flaccid paralysis, etc. Although a couple of
vaccines have been approved for the prevention of
HEFMD in China, the clinically approved anti-virals are
still far away from reality (Oberste et al. 1999; Lin
et al. 2013; Zhai et al. 2016; Tang et al. 2020).
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48

49

50

51

52

53

54

55

56

57

58

59

60

/D-GIcA

SD-GIcA
S-D-GIcA
SD-GIcA
SD-Glc
S-D-GIcA
S-D-Glc
FD-MeGIcA
S-D-Glc-(1-3)-4D-Glc
S-D-GIcA
AD-Glc

H

H

OH

OH

OH

OH

OH

OH

OH

I

H

OH

R

61  D-MeGIcA

62 AD-Glc

63 H

a-L-Rha-(1-2)-a-L-Ara-
SD-Xyl-(1-4)-a-L-Rha-(1—-2)-a-L-Ara-
a-L-Rha-(1-3)-4D-Xyl-(1-2)-a-L-Rha-(1-2)-a-L-Ara-
S-D-Api-(1-3)-#D-Xyl-(1-2)-a-L-Rha-(1—2)-a-L-Ara-
a-L-Rha-(1-3)-4D-Xyl-(1-2)-a-L-Rha-(1—-2)-a-L-Ara-
H

H

H

Some of the potential targets against which several 2016; Ma et al. 2018; Tang et al. 2020). It is evident

synthetic molecules are being developed include viral from the literature that several natural products have
3C protein (3Cpro), a cysteine protease with chy- been reported to possess anti-EV activity with little
motrypsin-like specificity, VP1 one of the four coat contribution from the triterpenes (Wang et al. 2015).
proteins of the capsid, 2C helicases, entry, and Only six triterpenes have been found in the
replication inhibitors (Shia et al. 2002; Zhai et al. literature to exert their action either by inhibiting cell
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adhesion and uncoating, or blocking VP1 and VP2
protein expression; therefore, it is recommended that
more triterpenoids should be explored and a detailed
mechanism of action should be delineated which is
lacking at this moment. Further, it is dubious to
conclude the SARs due to the limited reports.

Dammarane triterpenes

Protopanaxatriol type ginsenoside Rg2 (27) of Panax
ginseng displayed anti-EV71 activity in Vero cells
among the seven tested ginsenosides (Table 1) (Song

et al. 2014a).

Lanostane triterpenes

Oleanane triterpenes

GA (36) (Glycyrrhiza uralensis) is reported to block
viral replication of EV71 in a dose-dependent manner
(Table 1) and the anti-viral effects were found to be via
the blockage of VP1 protein expression and post virus
cell entry events (Wang et al. 2013).

Hederasaponin B (66) from Hedera helix was
reported to possess significant EV71 C3 (ECsg
24.77 £ 12.56 ng/mL) and C4a (ECso
41.77 £ 0.76 pg/mL; Table 1) in Vero cells by
inhibiting viral capsid protein synthesis via blocking
the viral VP2 protein expression. Under the specified
condition the positive control ribavirin was ineffective
(Song et al. 2014b).

0]

Ganoderma lucidum, a mushroom used in traditional
Chinese medicines, derivatives lanosta-7,9(11),24-
trien-3-one,15;26-dihydroxy (64) and ganoderic acid
Y (65) displayed significant anti-EV71 activities
(strain-XiangYang-Hubei-09); at the same time, they
were reported to be non-cytotoxic in human rhab-
domyosarcoma (RD) cells (Table 1). The author
further reported that 64 and 65, featuring a conjugates
diene (C7=C8-C9 =C10), blocked the virus particle
adsorption to the cells and thus prevented uncoating of
the virus supported with computational interactions.
Accordingly, these compounds were reported to
inhibit the replication of the viral RNA by blocking
the cell adhesion and uncoating (Zhang et al. 2014b).

R, o-L-Rha-(1>2)-0-L-Ara-

R, aL-Rha-(1->4)-4D-Glu-(1-6)-4D-Glu-

Ursane triterpenes

Another investigation evaluated ursolic acid, oleanolic
acid, and asiatic acid against EV71 among which
ursolic acid (37) displayed the greatest inhibition of
EV71 in the human rhabdomyosarcoma (RD) cells
(Table 1) by decreasing the levels of VP1 viral protein
(Zhao et al. 2014).

Hepatitis virus (HV)

Hepatitis virus (HV), a member of Hepadnaviridae,
containing double-stranded circular DNA causes
inflammation of the liver and may lead to liver
cirrhosis or fibrosis. Hepatitis viruses are the most
common cause of hepatitis, a major health concern all
over the globe affecting millions of people each year.
Five main HV includes hepatitis A, B, C, D, and E,
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among which hepatitis B (HBV) and C (HCV) are
causing chronic diseases like liver cirrhosis and cancer
(Zuckerman 1996; Yuen et al. 2018; Naggie and Lok
2021; https://www.who.int/publications/i/item/
global-hepatitis-report-2017).

On the therapeutic front, the interferon-based
therapies and viral polymerase transcriptase inhibi-
tors, nucleotides/nucleosides, are the targets which
gained most of the attention for the drug development.
However, other targets for the development of anti-
HBYV agents gaining attention includes viral entry
inhibitors, capsid assembly modulator, transcription
modulators, and HBV surface antigen (HBsAg)
secretion inhibitors, etc. Similarly, several targets like
viral entry inhibitor, RNA dependent RNA poly-
merase inhibitor, capsid modulator, etc. are being
explored for the design and synthesis of tailor-made
molecules against HCV (Naggie and Lok 2021;
O’leary and Davis 2010; Haudecoeur et al. 2011;
Colpitts et al. 2016; Pei et al. 2017).

However, despite being a viral virus counting
millions of infections every year, very limited efforts
are documented towards the therapeutic interventions
employing natural products. Overall 37 anti-HBV and
anti-HCV triterpenoids bearing five different skele-
tons are documented here. Among these, ursane
appears to be most potent however the testimonial
needs further experimental validation under identical
test conditions and could join hands with other natural
products evaluated against the HV both in preclinical
and clinical studies (Wohlfarth and Efferth 2009;
Parvez et al. 2016; El-Tantawy and Temraz 2020).
Further target-specific evaluation is recommended to
delineate the mechanism of action and development of
potential leads against the available targets.

Cyclolanostane triterpenes

Li et al. 2019a reported the isolation of 17,18-
cyclolanostane triterpene, containing a unique 6/6/6/
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5/3 ring system, abinukitrine A (67) from the leaves
and twigs of Abies nukiangensis. It was reported to
display in-vitro anti-hepatitis C virus (HCV) activity
using GT1b cells (ECsy 6.52 uM) and was considered
a moderate inhibitor as compared to sofosbuvir (ECsy
0.04 uM; Table 1) (Li et al. 2019a).

Oleanane triterpenes

Cheng et al. 2011 reported the bio-assay-guided
isolation of nine oleanane triterpenoids against HBV
using the HepG?2 2.2.15 (human hepatocellular carci-
noma) cells. The oleananes fatsicarpains A-G (68-74),
3o-hydroxyolean-11,13(18)-dien-28-oic acid (75), 3a-
hydroxyolean-11-en-28,13 -olide (76) were isolated
from the twigs and leaves of Fatsia polycarpa. Among
these 68, 70, 71, 73, and 74 were reported with ICs
values of 18.9, 16.7, 28.8, 23.9, and 29.2 uM,
respectively, while compound 69, 72, 75, and 76
displayed ICs5y > 50 uM (Table 1). The author further
reported that the tested compound could not inhibit the
hepatitis B surface antigen (HbsAg) and hepatitis B e
antigen (HbeAg) in HepG2 2.2.15 cells (Cheng et al.
2011). The better activity displayed by 68 and 70
could be attributed to the substitution of -CHj5 at C-24
position with -CH,OH and —CHO, respectively. The
orientation of the hydroxyl group at C-3 seems to play
an important role in the activity as its replacement with
p-OS03 (69) decreased the activity. Further investi-
gations are required to establish the SAR studies.
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R R,

68  a-OH CH,OH

69 BOSOsH CHy

70  a-OH CHO

75  a-OH CHj R R,
74 OH CH,OH
76 OH CHs

Nor-terpenes

The phytochemical investigation on the aerial parts of
Schisandra propinqua var. propinqua by Lei and co-
workers resulted in the isolation of propindilactones
P-S (77-80), wuweizidilactones B and H (81 and 82);
the 18-nor-schiartane framework (C28) bearing triter-
penoids (Lei et al. 2010). The report further highlights
that among the compounds evaluated (78, 79, 81, and
82) against HBV activity in Hep G 2.2.15 cell line
using lamivudine as a positive control, only 81 was

reported to possess high cytotoxicity and low activity
against both antigens (HBsAg and HBeAg) with an SI
value < 1.0 while other compounds were inactive (Lei
et al. 2010). Careful examination of structural features
with reported activities suggests that 81 containing a
five-membered F ring is more active compared to
those bearing a six-membered F ring. This indicates
that compound 77 may also exhibit the activity with
due consideration of substitution at the C-7 position,
however, due to the small quantity it was not tested
(Lei et al. 2010).
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Shionone triterpenes

Shionane class of triterpenoids isolated from the roots
and rhizomes of Aster tataricus in three independent
studies were evaluated against HBV. The first study
published in 2010 reported the isolation of three
shionane-type triterpenes, shion-22-methoxy-20(21)-
en-3-one (83), shion-22(30)-en-3,21-dione (84),
shion-22-methoxy-20(21)-en-35-0l  (85). Among
these, the tested compounds 83 and 84 showed
inhibitory activities on HBsAg with ICsq values of
0.89 and 4.49 pg/mL, respectively. Additionally, 83
showed inhibitory activity on HBeAg with an ICs
value of 0.83 pg/mL (Table 1) (Zhou et al. 2010).
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In the second study shionane triterpenes astatari-
cusones A-D, astataricusol A, epishionol (86-91) were
evaluated for HBV antigen and DNA replication in the
HepG 2.2.15 cell line. Herein 87 displayed inhibitory
activities on HBsAg secretion (ICsq 23.5 uM), while
87 and 91 exhibited inhibitory potential on HBeAg
secretion (ICsq 18.6 and 40.5 pM), and cytotoxicity on
HepG 2.2.15 cells (CCsy 1724 and 137.7 uM),
respectively (Table 1). Compounds 87 and 91 also
displayed inhibitory actions on HBV (hepatitis B
virus) DNA replication with ICs, values of 2.7 and
30.7 uM, respectively (Table 1). Lamivudine (3TC)
was used as a positive control (Zhou et al. 2013).
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The third study in this series resulted in the
identification of astershionones A-F (92-97), where
94 displayed inhibitory potential against HBsAg and
HBeAg secretion (ICs9 23.0 and 23.1 uM), and
cytotoxicity against HepG 2.2.15 cells (CCsg
170.5 uM). It also demonstrated inhibitory properties
against HBV DNA replication with an ICsq value of
22.4 uM. HepG 2.2.15 cells (Table 1) (Zhou et al.
2014).

A comparison of these studies suggests that
shionone side chain might be playing an important
role in displaying anti-HBsAg activity since the tested
compounds 83, 84, 87, and 94 have similar A-D ring
orientations. Further, the presence of

the — C(CH3), —OCHj3; group in the side chain might
improve the potency. Similarly, 83 also displayed
potent anti-HBsAg activity whereas compounds with
modified side chains lead to a decrease in the activity.
It is also evident from these studies that the length of
the side chain may also have a significant role as 2-3
carbon-bearing side chains containing compounds
(92, 94, 95-97) were inactive.

Ursane triterpenes
An investigation on the aerial parts of Elsholtzia

bodinieri resulted in the isolation of ursane saponin
bodiniosides O (98) and P (99), which displayed
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potent anti-HCV activities with 1C50/SI of 0.41 nM/
30.63 and 1.58 nM/9.08, respectively (Table 1)
(Xiang et al. 2019). Another study on the same plant
yielded ursane-type saponins namely bodiniosides M
(100) and N (101), oblonganoside I (102), and
bodinioside A (103). Of these 100 (ECsy 11.50 nM,
SI 6.53) and 103 (ECsy 32.86 nM, SI 4.41) were
reported to possess potent activity against HCV, while
the other two compounds 101 (ECso 13.25 nM) and
102 (ECsq 160.36 nM) displayed SI 1.0 and 0.078
respectively in the Huh7.5.1 cells infected with HCV
J6/JHH-1 viral particles (Table 1). Ribavirin was used
as a reference standard (ECsq 9.57 and SI 10.03)
(Zhong et al. 2016).

Collectively these studies suggest that the ursane
skeleton favors the activity with 98 being most potent,
having SI as high as 30.63, featuring —-CH,-O-CO-
CHj; group at C-23 position along with glycosylation
at C-3 and C-28 positions. The substitutions at C-23
and C-28 position and ring modifications influence the
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activity, thus signifying the role of A and E rings for
the activity.

Herpes virus (HSV)

Herpes simplex viruses (HSV) are enveloped, double-
stranded DNA virus that contains 74 genes in their
genome. They are a member of Alphaherpesvirinae, a
sub family of Herpesviridae. The worldwide preva-
lence rate of infection is estimated to be about
65-90%. It has two sub-types HSV-1 and HSV-2, of
these HSV-1 mainly cause herpes labialize, herpetic
stomatitis, and keratitis and is considered to be a
pervasive and extremely contagious human pathogen
that has a high capability in disrupting host cell
functions. The HSV-2 virus is responsible for the
transmission of genital herpes (James et al. 2020;
Madavaraju et al. 2021; Kumar et al. 2016).



Phytochem Rev (2022) 21:1761-1842

1803

Ry Ry R3
98  pD-Xyl  -CO-CH,

99  p-D-Xyl H

HO

C-OR,
0O
RO
\ORz
R4 Ry Rj
100 AD-Xyl -CO-CHj,4

102 S-D-Xyl OH SD-Glc

The pathogenesis of HSV starts with its binding to
the cells of the skin and mucous membrane; releases
Vhs and degrades mRNA of the host cell to establish
primary infection and latency. The latent virus is
activated by factors such as sun exposure, psycholog-
ical stress, physical trauma, etc., thus establishing the
recurrent infection (Kimberlin et al. 2011). Its treat-
ment includes general anti-viral agents such as
aciclovir and valaciclovir to interfere with the virus
replication, decrease the severity of lesions outbreak,
and lower the risk of transmission. The ubiquitous use
of anti-HSV drugs resulted in drug resistance, thus,
new effective drugs are needed. In January 2020, a
comprehensive review article highlighted the promis-
ing anti-HSV natural products (Treml et al. 2020).

a-L-Rhm-(1-2)-4D-Glc

101 pD-Gle

D-Xyl-(1-56)-[#-D-Glc-(1-4)-a-L-Rhm-(1-2)]-#-D-Glc

103 pD-Glc

a-L-Rhm-(1-2)-4D-Glc

All together 96 anti-HSV triterpenoids of 7 differ-
ent classes are documented here, among these,
cycloartane and seco-cycloartane skeleton bearing
triterpenoids appear to exert better activity. However,
non-identical test conditions and the absence of target-
specific evaluation emphasize further extensive pre-
clinical evaluation for the development of clinically
relevant drug candidates.

Cycloartane triterpenes

A series of cycloartane triterpenoids, pseudolarnoids
(104-113), isolated from the seeds of Pseudolarix
amabilis (J. Nelson) Rehder were evaluated for their
anti-viral effect against HSV-1 in-vitro via the cyto-
pathic effect (CPE) assay. Among these,
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pseudolarnoid F (107), pseudolarolide C (108), and
pseudolarolide C acid (109) demonstrated potent anti-
viral effects on HSV-1 with ICsqy 153 £ 1.9,
1.1 £0.2, and 4.3 £ 0.4 uM and TI of 2.4 &+ 0.3,
6.8 £0.9, and 7.8 £ 0.7, respectively (Table 1)
against acyclovir as a positive control (ICs¢11.9-
+ 1.4, TI > 50), while others were inactive (Zhao
et al. 2020). The report further emphasized that among
the compounds bearing the 3,4-seco-cycloartane with
a spiro lactone moiety (104, 106, 108, and 109), only
108 could demonstrate a potent anti-HSV effect owing
to the presence of C-3 -OMe and a saturated y-lactone
(ring F) with a C-25 p-Me. Further, among the
cycloartanes possessing side chains at C-17 (107 and
110), the unsaturation has diminishing effect (Zhao
et al. 2020).

Another investigation, reported that among the
cycloartanes (10-23) of Lyonia ovalifolia, 10, 11 and
13 displayed potent inhibition with ICsy values of
11.1 £ 231, 37+£135, and 11.1 £ 1.65puM

@ Springer

(Table 1) while 3o-[(6-O-acetyl-f-p-glucopyra-
nosyl)-oxy]-24S-[(«-L-arabinopyranosyl)-oxy]-25-
hydroxy-9,10-seco-cycloartan-1(10)-en-30-oic  acid
(Iyonifoloside H; 20) displayed moderate activity
(ICs0 19.3 £ 3.31 uM). They displayed ST of 2.1, 4.3,
5.2,and > 5.2 respectively (Lv et al. 2016). Aglycone
devoid of C-3 glycosidic linkage demonstrated greater
activity this suggests the possible involvement of the
C-3 —-OH group. Further, the side chain bearing
different substitutions was also important for the
activity.

An investigation, by Shamsabadipour and co-
workers, on the aerial parts of an Iranian plant,
Euphorbia denticulate, afforded 24-methylene-cy-
cloart-3-ol, cycloart-23Z-ene-3f3,25-diol and
cycloart-23E-ene-3f3,25-diol  (114); wherein 114
showed anti-viral effect with an ECs, value of
86.63 £+ 0.03 pg/mL, and SI of 12.57 (Table 1)
(Shamsabadipour et al. 2013).
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Dammarane triterpenes

An investigation on the fruits and leaves of Aglaia
erythrosperma, reported the isolation of dammarane
triterpenoids, among which cabraleahydroxylactone
(115) showed anti-viral activity against herpes sim-
plex virus type-1 (ICs9 3.20 mg/mL) (Table 1), in
comparison with the acyclovir (IC591.90 mg/mL) as a
positive control. Whereas, aglinin A (116) was
reported as a moderate inhibitor of HSV-1 (Phong-
maykin et al. 2011). The greater activity demonstrated
by 115 could be attributed to the basic dammarane
skeleton whereas the A-ring opening (116) decreased
the activity.

MeO

Lanostane triterpenes

The 24-methyl-lanostane triterpenoids, fomitopsins b-
F (117-119), 120, and other compounds were reported
from fruiting bodies of the basidiomycete Fomitopsis
feei. Fomitopsin D (117) showed activity against
HSV-1 with an ICsy value of 17 pg/mL while other
compounds displayed ICsy, value > 50 pg/mL
(Table 1) (Isaka et al. 2017). It is observed that the
C-12 —OH bearing 117 has displayed better activity
than 119 which is devoid of the —OH group. At the
same time cyclization of the side-chain decreased the
activity.
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Among the lanostane triterpenes (28-35) reported
by Lv et al. 2016 from leaves and twigs of Lyonia
ovalifolia the aglycone, lyonifolic acid C (29), lyoni-
foloside M (30), 24(S)-[(B-p-glucopyranosyl)-oxy]-
30,25- dihydroxylanost-8-en-30-oic acid (lyoni-
foloside M; 31) and 3o-[(6-O-acetyl--p-glucopyra-
nosyl)-oxy]-24(S)-[(a-L-arabinopyranosyl)-oxy]-25-
hydroxylanost-8-en- 30-oic acid (lyonifoloside P; 33)
has displayed potent activity against HSV-1 with ICs,
values of 2.1 & 1.13, 6.4 £ 3.32, 23.1 & 7.23,
143 £ 2,10 pM/L and TCso of 16.0 &+ 2.30,
19.3 £ 0.86, 57.7 & 6.46 and > 100 uM/L, respec-
tively (Table 1). The better activity reported for 29
could be attributed to the absence of glycosylations;
suggesting the inverse role of the bulky group against
viral inhibition. This in turn signifies the role of
hydroxyl groups at C-3 and the side chain. Further,
acetylated-f-p-Glc at the C-3 position (30) has
displayed better activity in comparison with non-
acetylated-f-p-Glc.
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Lupane triterpenes

Lupane skeleton bearing pentacyclic triterpenes,
121-123, reported from Bursera simaruba were
recorded to possess anti-HSV-1 activity with ECs, of
26.0 £ 10.2, 17.7 £ 1.5, and 75.3 £ 6.1 pg/mL, in
CPE assay, and 119 4+ 7.0, 13.7 £0.3, and
88.5 £ 9.3 ng/mL, in plaque assay, respectively
(Table 1). The ECsy recorded against HSV-2 were
149 £ 14, 9.6 £ 3.6, and 110.6 = 5.9 pg/mL, in
CPE assay, and 124 + 1.5, 11.8 + 04, and
90.8 £ 16.3 pg/ml, in plaque assay, respectively for
121-123 (Table 1) (Alvarez et al. 2015). Among these
122 containing an additional olefinic bond exerted
better activity against both HSV-1 and HSV-2 in CPE
assay, however, differing results were observed in the
plaque assay. Nevertheless, the lupane skeleton devoid
of the —OH group at C-28 has better inhibitory
potential. Similarly, betulin (123) from Euphorbia
denticulate was reported for anti-HSV-1 activity
(ECso 84.37 £ 0.02 pg/mL; Vero cells CCsg
660.718 + 0.072 pg/mL) and SI of 7.83 (Shamsaba-
dipour et al. 2013).
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In another extensive phytochemical investigation
on the Rhododendron latoucheae resulted in the
isolation of 36 triterpenoids belonging to lupane,
124-132, and ursane class. Among the lupanes, 132
and 130 displayed potent activity against HSV-1 with
ICso of 0.71 £ 0.06 and 3.70 £ 0.2 pM, while 124
and 125 demonstrate moderate activities (Table 1).
Other compounds were reported to possess ICsg

greater than 33.3 pM (Liu et al. 2019). This suggests
a possible involvement of trans-feruloyl substitution at
the C-3 position for enhancement of the activity.
However, cis-feruloyl substitution led to a decrease in
potency. Furthermore, 3,20-dioxo-30 nor-lupane
skeleton (124, 125) displayed moderate activity,
confirming the importance of the C-3 position.
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Oleanane triterpenes

Oleanolic acid (133) from the roots of Achyranthes
aspera is reported by Mukherjee and co-workers to
possess anti-HSV-1 and 2 potentials with EC5 6.8 and
7.8 ug/mL (Table 1), respectively. It is reported a
maximum activity at 2-6 h post-infection and exerted
its action by inhibiting early-stage multiplication with
an SI value of 12 (Mukherjee et al. 2013).

GA (36) well known to appear from the Glycyrrhiza
glabra demonstrated strong anti-HSV-1 activity in
HelLa cells on simultaneous addition with the viruses,
whereas rapamycin had no activity. An improved anti-
viral effect was reported on the addition of 36 to the
cells 24 h before the viruses due to the production of a
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H B-OH
COOH
a—-OH H
H H
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131 OH

H3;CO o)

132
HO 0]

higher amount of autophagy activator Beclin 1 by
establishing resistance to the HSV-1 replication. Under
these settings, rapamycin was reported to display a
significant anti-HSV-1 activity (Laconi et al. 2014).

In another investigation, acylated oleanane triterpe-
nes, 134-138, were isolated from the hydrolysis product
of the extract obtained from the flower buds of Camellia
sinensis. These compounds demonstrated anti-HSV-1
effects at 10 M in Vero cells; wherein 138 displayed
20.5% inhibition at 2.5 uM, an equivalent inhibitory
effect as oleanolic acid [inhibition (%): 13.1 4 1.8 at
2.5 uM] (Table 1) (Yoneda et al. 2018). This suggests
that the modifications are favorable for the activity in
comparison with oleanolic acid (133), however, these
may be considered as moderate inhibitors.
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The oleanane triterpenoids of Rhododendron
latoucheae, 139-145, were evaluated against HSV-1
wherein 139, 140, and 143 displayed potent inhibition
of the virus with ICsqy of 3.70 £ 0.3, 8.62 4+ 0.5, and
3.70 £ 0.3 uM respectively against HSV-1 F strain
VR 733 in the Vero cells (Table 1) (Liu et al. 2019).
Among these, the quinonoid triterpenoids 139 and 140
displayed greater inhibition suggesting the possible
involvement of A-ring in the potentiation of the
activity. It is pertinent to mention that the substitution

CH,OH }/-—<\
d \

“'OH

pattern on the A ring is crucial for the activity as the
methylation at the C-4 position resulted in an almost
three-fold decrease in the activity. Another compound,
143, bearing a trans-feruloyl substitution at the C-3
position also exerted comparable activity with that of
139. Other oleanane derivatives displayed ICsq.
> 33.3 uM suggests that cis-feruloyl substitution at
C-3 position is unfavorable for the activity along with
11-12 epoxidation (145) and poly hydroxylation at A
ring (144) (Liu et al. 2019).
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Ursane triterpenes

Among the rhodoterpenoids A (146), B (147), C, and
D (148), isolated from Rhododendron latoucheae by
Liu and co-worker, 146 and 148 were reported as
excellent anti-HSV-1 triterpenes with ICsq values of
8.62 and 6.87 uM (Table 1) and SI of 2.2 and 7.0,
respectively in comparison with the acyclovir (ICsq
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145
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0.41 uM; SI > 100) (Liu et al. 2017). The 146 and 147
were reported to possess an unprecedented 5/7/6/6/6-
fused pentacyclic ring system. It was further detailed
by the authors that the methylene at C-16 in 146 is
extremely essential for the anti-HSV-1 activity. Its
replacement with the keto group resulted in the loss of
activity (147) (Liu et al. 2017).
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157 OH a-OH CHs, CH,OH

Another investigation on Rhododendron latou-
cheae identified 149-168 displaying ICs, in the range
of 1.23t033.33 uM (Table 1) (Liu et al. 2019). Ursane
triterpenes bearing trans-feruloyl substitution at the
C-3 position (166, 167) displayed potent activity,
while cis-feruloyl led 168 to lose the activity. A-ring

R4
153 OH a-OH CHs  CH,OH CH,C
154 H  a-OH CH,OH CHs gﬂzc
155 H =0  CH,OH CHs i

158 CH,OH OH CHs H OH
159  CH; H CH,OH OH H

opened 152 also displayed significant activity, thus
signifying the potential role of the A-ring pattern and
substitution towards the potency. Further modification
and substitutions at different positions decreased the
potency.
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In another investigation, two interesting sulfur-
containing triterpenoid saponins, asprellanoside A
(169) and oblonganoside H (170), were reported from
the roots of Ilex asprella, which showed anti-HSV-1
activities with a total inhibitory concentration of 0.14
and 0.18 mM (Table 1), respectively, while their
maximal noncytotoxic concentrations (MNCC)
against Vero cells (African green monkey kidney

@ Springer

cells) were higher than 1.00 mM, wherein acyclovir
displayed ICsy of 0.0043 mM (Zhou et al. 2012).
These compounds may be considered as moderate
inhibitors of the HSV-1; however, the role of the SO;H
group should be explored further as the other saponins
devoid of this group were reported inactive in this
study.
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Nor-terpenes

The last investigation document here reported a bio-
assay-guided fractionation and purification of 14
triterpenoids namely schinchinenins A-H, schinchi-
nenlactones A-C, and henrischinins A-C (171-176),
from the leaves and stems of Schisandra chinensis.
Among these 175 was found to be the most active
inhibitor of HSV-2, with an excellent selectivity index
of 29.95 (Song et al. 2013).

Broadly these triterpenes can be classified under the
seco-cycloartanes type terpenes bearing a unique 5/5/
7/6/5-fused pentacyclic ring system with a 3-one-2-
oxabicyclo-[3.2.1]-octane moiety. Further, it could be
noted that substitution at the C-25 position with acetyl/

170

hydroxyl groups is essential for the activity (Song
et al. 2013; Xia et al. 2015).

Human Immunodeficiency Virus (HIV)

HIV (human immunodeficiency virus) is a single-
stranded RNA retrovirus that belongs to the genus
Lentivirus. The viral RNA is converted to double-
stranded DNA wusing reverse transcriptase (RT)
enzyme which is an RNA-dependent DNA poly-

merase enzyme. HIV primarily shakes the human
immune system by attacking CD4% T cells and
macrophages. The destruction of CD4 cells reduces
cell-mediated immunity among infected patients thus
increasing the risk for the development of
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opportunistic infections like pneumonia, tuberculosis,
other common bacterial and viral infections. When
CD4" T-lymphocyte count drops due to gradual
destruction by HIV, this stage is referred to as
Acquired Immunodeficiency Syndrome (AIDS).
Patients with AIDS are particularly susceptible to
lymphomas and Kaposi’s sarcoma (Barré-Sinoussi
et al. 2013; Deeks et al. 2021; Vijayan et al. 2017).

The development of anti-retroviral therapy (ART)
has resulted in the slow progression of the disease and
lower viral loads among HIV patients enabling them to
live a healthy and productive life. ART also reduces
the risk of transmission of HIV during pregnancy and
breastfeeding (Simon et al. 2006; Bell and Nour-
sadeghi 2018). Despite this only 67% of people out of
38 million cases globally have access to anti-retroviral
drugs and around 7.1 million cases went undiagnosed
(https://www.avert.org/global-hiv-and-aids-
statistics). Being a virus of severe health concern,
several studies have chalked out the role of triter-
penoids against HIV as summarized below.

All together 66 triterpenoids belonging to five
classes were retrieved from the literature during the
study period and they displayed activity in the pM or
pg level, however, non-uniform experimental condi-
tions across the studies make it strenuous to draw a
determinative conclusion. Nevertheless, 6/6/6/6/5 and
6/6/6/5 skeleton bearing triterpenes i.e. lupane and
dammarane have displayed potent activities. The anti-
HIV triterpenes also displayed a higher number of
structural modifications through side-chain cycliza-
tion, ring-opening, and ring expansions. Thus these
molecules could offer better selectivity towards other
viruses as well and need experimental validation for
their clinical development.
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Cycloartane triterpenes

An investigation by Wu et al. 2019 on the roots of
Souliea vaginata resulted in the isolation of cycloar-
tane triterpenoids (177-188). They feature unique
structural modifications on the side chain resulting in
additional rings. Among these, beesioside 1 (177), a
tetracyclic cycloartane bearing pendant tetrahydrofu-
ran at C-17, exhibited the highest potency against
HIV-INL 4-3 in MT-4 cells with an ECs, value of
2.32 + 046 pM (CCsp > 40 mM) (Table 1) using
azidothymidine (AZT) as a standard drug. It was
further reported that the presence of oxygen bridge
between C-18/C-24 and substituent present on side-
chain might also influence the anti-HIV activity; as
178, 180, and 186 displayed significant loss in the
activity, while 179, 181, and 185 were inactive.
Further, acetylation of hydroxyl groups at C-15 and
C-16 on the p-ring favored the activity (Wu et al.
2019). Several semi-synthetic derivatives were also
prepared wherein small modification on aglycone
moiety of the 177 could remarkably enhance the anti-
viral activity. Mainly, the introduction of an acyl
group at the C-3 position led to significant enhance-
ment in both anti-HIV potency and selectivity index
(Wu et al. 2019)
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177 pD-Xyl Ac Ac H
178 pD-Xyl Ac H H
179 pD-Xyl Ac H OH

Ac = -COCHj

On the same line triterpenoids, 189-196, isolated
from Kadsura heteroclite were tested for their poten-
tial to inhibit HIV-1 protease and reverse transcriptase
(RT) (Xu et al. 2010). Among these 194 and 195
showed strong and 196 showed moderate inhibition of
HIV-1 PR, while others were weakly active (Table 1).

R0

Ri Ry R3
184 H H BD-Xyl
185 OH H B-D-Xyl

186 H  BD-Glc AD-Xyl

Ry R, Rs
180 B-D-Xyl OAc H
181 BD-Xyl OH OH
182 g-L-Rha(1-2)-4-D-Xyl H OH

183 BD-Glc(1—>3)-a-L-Rha(1—2)-p#D-Xyl H H

The greater activity displayed by 194 and 195 could be
attributed to the groups generated due to A-ring
opening i.e. 3,4-seco-cycloartane skeleton. Further
cyclization of the side-chain led to a decrease in the
activity (Xu et al. 2010).

187 o-OH  RD-Xyl
188 BOAc AD-Xyl
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Another study reported the isolation of cycloartane
nigranoic acid (195), lancifoic acid A (197),
schisphendilactone A and B (198-199), and lanostane
triterpenes from the stems of Schisandra sphenan-
thera. Among these 197, possessing a 2,3-seco-
cycloartane skeleton bearing —COOH and —-OH
groups, showed promising anti-HIV-1 activity (ECs
0.52 pg/mL) with a TT of 117.12 (Liang et al. 2014).
The absence of the —OH group, as in 195, resulted in a
multifold loss of activity (TI 2.03) (Table 1) (Liang
et al. 2014).

Dammarane triterpene

A 3,4-seco-dammarane triterpenoid, dammarenolic
acid (200), was identified from the bark of Aglaia
ignea to inhibit HIV-1 (NL4-3) (ICso 0.48 pg/mL;
Table 1) (Esimone et al. 2010). It also displayed
cytotoxicity and inhibited cell proliferation at a
relatively higher concentration of 10.69 pg/mL. The
methyl ester analog, methyldammarenolate, was
found to be inactive against HIV-1; thus signifies the
role of the acid group for the activity (Esimone et al.
2010).
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Lanostane triterpenes

Among the lanostanes, kadcotriones A — C
(201-203), and 12-f-hydroxycoccinic acid (204)
isolated from stems of Kadsura coccinea, 201 and
204 were reported to exert anti-HIV-1 activities (ECs
30.29 and 54.81 puM) and considered weak inhibitor in
comparison with AZT (ECso 0.02 uM) (Table 1).
Compound 201 featured a 12,14-f-dimethyl 6/6/6-
fused tricyclic skeleton, while 202 and 203 were
possessing a 6/6/5-ring system (Liang et al. 2013). As
mentioned in the cycloartane section, the lanostanes,
kadsuric acid (205), of Schisandra sphenanthera also
displayed considerable activity (ECsg 8.23 pg/mL; TI
5.98) (Table 1) (Liang et al. 2014).

203

Lupane triterpenes

An investigation on the stem of Cassine xylocarpa and
root bark of Maytenus cuzcoina resulted in the
identification lupane type triterpenoids (206-231)
possessing an inhibitory effect on HIV replication in
type 1 X4 tropic recombinant virus (NL4.3-Ren)
infected in a lymphoblastoid cell line (MT-2) (Callies
etal. 2015). The triterpenoids 206-208, 212, 215-217,
220, 222, 227, 228, and 230 had displayed more than
50% inhibition at 10 pM, among which 3-oxolup-
20(29)-en-30-al (212) exhibited the most potent
activity with ICsq of 1.4 £ 0.2 uM (Table 1).
Contrastingly, 217 and 215 displayed selectivity
index (SI: ratio CC5¢/ICs0) as high as 24.5 and 14.3
suggesting that these triterpenes could be further
developed as potential leads (Callies et al. 2015).
Further, the investigator detailed that oxygenation led
to an increase in the activity as compound bearing two

HOOC

oxygen groups displayed better activity (222, 227,
123, and 229 in comparison with 221; 220 with 219
and 206 with 213) (Table 1) (Callies et al. 2015).
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211 OH OH 219 H
217 H OH 220 OH
218
R R
226 a-OH 228 a-OH
227 S-OH

Oleanane triterpenes

An extensive investigation on Glycyrrhiza uralensis
by Song et al. 2014c reported licorice saponin E2
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229 230

(231), licorice saponin B2 (232), araboglycyrrhizin
(233), 223-acetoxyglycyrrhizin (234), 22f-acetoxyg-
lycyrrhetaldehyde, and 3-O-f-p-glucuronopyranosyl-
glycyrrhetinic acid (235) to possess anti-HIV potential
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(Li-Yang et al. 2007; Kitagawa et al. 1993; Song et al.
2014c). These compounds were found to be weak
inhibitors of the virus in comparison with efavirenz
(ICs509 of 0.0015 uM) (Table 1). The glycyrrhetinic
acid without substitution at C-3 position displayed
better activity led the author to conclude that substi-
tution with gluA is not favored for the activity (Song
et al. 2014c¢).

(0]

3-0—[f-D-gluA-(1—2)-5D-gluA]

HO '_‘/,,

OH 237 OH 238

/,,'

Another investigation reported potent anti-HIV
oleanane triterpenes, 236-240, from the stems of
Cassine xylocarpa. All the compounds displayed
varying inhibition of HIV replication in the X4 tropic
HIV (NL4.3-Ren) infected MT-2 cells, out of which
236 and 240 were most potent with ICsy values of
10.38, and 4.038 uM (Table 1), respectively (Osorio
et al. 2012). It is observed that the substitution pattern
on the A and E-ring is crucial for the activity.

3-0—[B-D-gluA-(1-2)-B-D-
gluA]

R
3-O—[a-L-ara-(1—2)4-D-gluA)]

, COOH
‘. HO —,

235

-D-GluA

239

Influenza virus (IV)

Influenza viruses (IV), causing flu, are enveloped
negative sensed RNA viruses with eight segmented
genomes that are members of the Orthomyxoviridae
family. Four main types of influenza virus, influenza
A, B, C, and D are known, among which influenza A-C
can infect human beings, whereas type D is assumed to
have the potential to infect animals. A subtype of
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influenza A virus HINI1 is liable to cause Spanish flu
pandemics in 1918 and swine flu in 2009 (Lim and
Mahmood 2011; Li et al. 2019b). The surface glyco-
proteins such as hemagglutinin (HA or H) and
neuraminidase (NA or N) are responsible for the
differentiation between the subtypes of influenza A.
The available therapeutic interventions include yearly
vaccination as recommended by WHO and anti-viral
agents like oseltamivir. However, these viruses regu-
larly change their surface glycoprotein hemagglutinin
(HA or H) leading to antigenic variations. Despite the
availability of vaccines, the continuous changes in the
antigenic variations and emergence of drug-resistant
strains such as Tamiflu-resistant 2005 H5N1 influenza
A are the major threats caused by this virus (Das
2012).

The life cycle of the influenza virus briefly includes
the following steps—(i) cell surface binding via
hemagglutinin (HA) and fusion (ii) release of viral
ribonucleoprotein complex (VRNP) into the host cell
cytoplasm mediated by M2 protein, (iii) transcription
and replication (iv) viral assembly and budding
(Watanabe et al. 2017). Some of these processes have
been utilized for the development of potential drug
targets includes M2 ion channel protein inhibitors,
neuraminidase inhibitors (Das 2012), virus nucleo-
protein inhibitors (Hu et al. 2017), and hemagglutinin
inhibitor (Li et al. 2015), besides viral replication
inhibitors and others. It is relevant to highlight that
several natural products have been reported to possess
anti-influenza activity and summarized earlier
(Musarra-Pizzo et al. 2021).

A large number of triterpenes (117) were found in
the literature to possess anti-IV potential in the eight
different studies bearing four triterpenoid skeletons.
Unlike other viruses discussed above all the studies
against influenza virus were performed in the virus-
infected MDCK cells but some studies were target
specific i.e. Neuraminidase (NA) inhibitors. Never-
theless, most of these compounds have displayed
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activities in pg or pM level with ICsq as low as
0.05 uM displayed by an oleanane triterpene. Inter-
estingly except for the lanostanes, most of the active
compounds are decorated with bulky groups such as
glycosidic linkages or feruloyl moieties, suggesting
their possible role in potentiating the activity. How-
ever, further experimental validation and SAR studies
are required for clinical lead development.

Cycloartane triterpenes

In an investigation, 10-23 were evaluated for the anti-
influenza A activity (A/95 —359) by the CPE inhibi-
tion method in the MDCK cells and the ICs( values are
displayed in Table 1. Aglycones (11, 13) obtained by
hydrolysis were reported to be the most potent
compounds; suggesting that C-3 —OH is essential for
the activity; whereas oxidation of hydroxyl to ketone
at C-24 significantly improved the potency (Lv et al.
2016).

Lanostane triterpenes

Among the lanostane triterpenoids (28-35) reported
by Lv et al. 2016, 29, 30, and 33 have displayed ICs, of
3.7 £1.08, 11.1 £+ 3.29, 33.3 + 6.31 pM/L. Similar
to the cycloartanes, C-3 —OH group and C-24 -C=0 on
the lanostanes were reported to be essential for the
potency (Lv et al. 2016).

Neuraminidase (NA) inhibitors are the potential
anti-viral agents for treating influenza. The investiga-
tion by Zhu et al. 2015 evaluated triterpenoids isolated
from mushroom Ganoderma lingzhi against NA of
several strains (HIN1, 09) NAHINI, N295S)
NA(H3N2, E119V) NA (H5N1), and NA(H7NO9).
Among these triterpenoids, 241-270, ganoderic acid
T-Q (241), and TR (242) were found to be potent
inhibitors of HSN1 and HIN1 NAs.
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Among these tested triterpenoids, 241, 242, and 243
displayed the highest activities against the
NA(HIN1,09) at 200 uM concentrations. Similarly,
241, 242, and 244 against NA (HIN1, N295S); 241,
242, and 248 against NA(H3N2, E119V); 241, 242,
and 243 against NA (H5N1) and 251, 254, and 256
against NA (H7N9) displayed potent activities. How-
ever, greater inhibition was displayed by triterpenoids
against HIN1, 09, and H5N1 neuraminidase with ICs,
values ranging from 1.2 £ 1.0 uM to > 200 uM. The
IC5( against H5N1 is displayed in Table 1 (Zhu et al.
2015). The in-silico studies by authors revealed that
amino-acid residues Arg292 and/or Glull9 of NA
were essential for the inhibition of HSN1 and HINI.
The SAR studies by the author indicated that among
the three backbone skeletons, backbone A (241-245),
unsaturation at C7/C8 and C9/Cl11, and carboxylic
acid in the side chain were the critical determinants for
the activity against N1 NA (Zhu et al. 2015). It was
further detailed that Rs is a critical position and acetyl
or hydroxy moieties favored N1 NA inhibition (Zhu
et al. 2015).

Lupane triterpenes

Triterpene betulinic aldehyde (271), isolated from the
bark of Alnus japonica was reported to possess an anti-
influenza effect against KBNP-0028 (ICsy 12.5 pg/
mL) (Table 1) compared to oseltamivir (ICsq
0.063 pg/mL), in the egg-bit assay. Other compounds
displayed ICsg > 100 pg/mL (Tung et al. 2010).
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Another study reported lupane triterpenoid sapo-
nins, 272-275, from bark extract of Burkea africana.
The bark extract displayed promising anti-viral effects
against H3N2 influenza virus A/Hong kong/68 (HK/
68) (ICso of 5.5 pg/mL), with no notable cytotoxicity
in Madin Darby canine kidney cells. Among these
saponins 272, 274, and 275 containing disaccharide
chain, displayed weak to no anti-influenza virus
activity, whereas 273 containing a branched trisac-
charide moiety displayed potent inhibition with ICs
values of 1.1 and 1.9 pM against HK/68 and Jena/
8178, respectively. The ICs, values against Jena/8178
are displayed in Table 1 (Mair et al. 2018).

The chemical investigation by Gong et al. 2017 on
the aerial parts of the mangrove plant Sonneratia
paracaseolaris resulted in the identification of com-
pounds bearing lupane, ursane, oleanane, and cycloar-
tane skeleton, however among these only 276 (ICs
28.4 pg/mL) exhibited > 50% inhibition (50 uM)
against influenza A HIN1 virus (IAV) employing
CPE (the cytopathic effects) assay in comparison with
positive control ribavirin (ICsq 24.6 pg/mL). The
better activity of the 276 might be due to the presence
of two hydroxyl moieties at C-1 and C-3, which were
not seen in other isolated compounds. Other com-
pounds (277-281, 221, 123, 128 and 38) displayed
7-46% inhibition. This shows that the hydroxyl group
substitution on A-ring might influence the activity
against the HINI1 virus. Further, substitution with
larger groups like p-coumaroyl also resulted in a
significant loss in the activity (Gong et al. 2017).
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Oleanane triterpenes

In an interesting report, a total of 28 oleanane
triterpenoid saponins, 36, 231-235, 282-303, isolated
from the roots of Glycyrrhiza uralensis Fisch were
evaluated against influenza virus A/WSN/33 (HIN1)
in MDCK cells employing Cell Titer-Glo luminescent
cell viability assay (Song et al. 2014c). The oleananes
were reported to have inhibitory activity against HIN1
ranging from 47.5-82.5% at 100 uM concentration;
the same concentrations were significantly non-cyto-
toxic in the uninfected MDCK cells. Uralsaponin M

Ry Ry
272 H  -pGlc(2—1)-BXyl

273 H  -BGlc-[(2->1)-AXyll-(4—>1)-a-Rha
274 OH -p-Glc(2—1)-B-Xyl

275 OH  -BGlc(2-1)-4Glc

R1 Rz R3 R4

276 OH H OH CH,OH
277 OH H a  CH,OH
278 OH H b CH,OH
279 H OH a  CH,OH
280 H OH b  COOH
281 H H a  COOH

(282), uralsaponin S (288), uralsaponin T (289), and
22 -acetoxyglycyrrhizin (234) exhibited good activ-
ities (Table 1) in comparison with the positive control
oseltamivir phosphate (ICsy 45.6 pM). GA (36), the
major saponin in licorice, showed an ICsy value of
158.0 uM (Song et al. 2014c). Saponins bearing a —
OCOCHj; at C-22 and —COOH at C-30 (234, 282) or
substitution at C-29 and C-30 (288, 289) have
displayed better activity than those having substitu-
tions at other positions (283, 284, 290, 292, 294-303).
Further studies are required to ascertain the role of the
sugar chain, its length, and position.
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Ry Ry R, R,

282 S2  CH;, OCOCH; COOH

283 S2 CH,OH H COOH

290 S1 CH,OH H CH;  COOH
292 S1 CH, H COH  CHs
293 S7 CH, OCOCH; COOH CH,

291 S1

289 S1

Mair and co-workers reported the promising anti-
viral effects of 304-309 (Burkea africana) against
H3N?2 influenza virus A/Hong kong/68 (HK/68). The
saponins 304-307 and their aglycones 308-309
displayed ICs in the range of 0.05 to 11.3 pM against
HK/68 while 305-309 displayed ICs, of 1.8 £ 0.03,

@ Springer

S1  BD-GluA(2->1)-3D-GluA

S2  BD-GluA(2—1)-3D-GalA

S3  pD-GluA(2—1)-4D-Gal

S4  BD-GluA(2—1)-3D-Xyl-(2—>1)-0-L-Rha
S5  pD-GalA(2-1)-3D-Glu-(2—1)-a-L-Rha
S6  BD-GluA(2—>1)-3D-Glu-(2—1)-a-L-Rha

S7  AD-GluA(2—1)-4#D-GluA-(2—1)-a-L-Rha

0.27 £0.13, 0.16 £0.07, 69 +£297, and
6.8 £+ 4.12 uM, respectively, against Jena/8178. The
results revealed that branched or linear trisaccharide
and tetrasaccharide exerted greater activity compared

to that of disaccharides and their respective aglycones
(Mair et al. 2018).
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A saikosaponins, 310-323, of Bupleurum margina-
tum var. stenophyllum were reported to possess
inhibitory potential against influenza A virus
A/WSN/33 (HIN1) in 293 T-Gluc cells using rib-
avirin (ECsy 17.95 uM, SI > 11.42) as a positive
control (Fang et al. 2017). The study further detailed
that 315 displayed the most potent inhibition with ICs
of 2.14 £ 0.72 uM but a poor SI (1.33) possibly due
to the presence of 13,28-epoxy group which enhances

the anti-viral potency as well as cytotoxicity; so is the
case for 311, 317. The best SI (> 26.08) was displayed
by 323 with an ICsy of 7.67 £ 2.48 uM. It was also
observed by the authors that the sugar chain (318, 319,
323), type of olefinic bond (314, 319, 322, 323) and
substitutions at C-11 and C-16 positions (313, 319,
320, 321) may have an impact on the activity and SI
(Fang et al. 2017).
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R, Rj
-f-Glc-[(2—1)-4-Xyl]-(4—1)-a-Rha H
-B-Glc-[(2—1)-4-Xyl]-(4—1)-a-Rha S
-FXyl(2—>1)--Xyl(2—1)-a-Rha S
-FXyl-[(2—>1)-4-Xyl(2—>1)-a-Rhal-(4—>1)-a- S
Rha

H S

R4

304 OH

305 OH

306 H

307 H

s= w0 308 OH

0

309 H

Porcine epidemic diarrhea virus (PEDV)

Porcine epidemic diarrhea virus (PEDV) is an enteric
coronavirus causing high morbidity and mortality in
porcine herds. It belongs to subgenus of Pedacovirus
of genus Alphacoronavirus and family of Coronaviri-
dae. PEDV is a positive sensed, enveloped, single-
stranded RNA having a genomic size of 28 kb (Jung
and Saif 2015; Pascual-iglesias et al. 2019). It is
relatively an old virus first identified in China in the
year 1980 however it gained attention in the year 2010
when a large outbreak cause severe economic con-
cerns (Wang et al. 2016) and it further marked its
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presence in the USA in late 2013 (Scott et al. 2016);
now it is present globally.

Some of the targets against which drugs are being
developed include 3CL protease, main protease, and
kinase inhibitors (Wang et al. 2017, 2020; Ye et al.
2020a; Raghuvanshi and Bharate 2021). Few natural
products, quercetin, and homoharringtonine (Dong
et al. 2018; Li et al. 2020b), and plant extracts (Trinh
et al. 2021) have also displayed potential against
PEDV including one study describing the promising
role of oleanane triterpenes.
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Oleanane triterpenes

In an investigation, fifteen oleanane triterpenes
(324-338), isolated from the flowers of Camellia
Jjaponica, were evaluated for their anti-viral activity
against PEDV replication, wherein potent inhibitors
(Table 1) displayed their effects on PEDV replication
by inhibiting genes encoding GP6 nucleocapsid, GP2
spike, and GP5 membrane protein synthesis. Further
studies by Yang and co-workers confirmed inhibition
of PEDV GP6 nucleocapsid and GP2 spike protein
synthesis during viral replication. Thus these com-
pounds could serve as a templet for further lead

3-0-4D-Glc-(1—-3)-4-D-Fuc
OH 3-O-4D-Glc-(1-3)-5-D-Fuc

3-0-4-Glc-(1->6)-[-a-L-Rha(1—4)]-3D-Glc

311  3-0-pD-Glc-(1—-3)-BD-Fuc

3-0-[6"-O-crotonyl]-#D-Glc-(1—3)-4D-Fuc

313 @OH OH 3-0-D-Glc-(1-3)-D-Fuc
319 BOH OH 3-0-pD-Glc-(1-3)-#D-Fuc

R4

a-OCH,

3-0-4Gle-(1—6)f-a-L-Rha(1—-4)]-4D-Glc ~ H

optimization (Yang et al. 2015). The SAR detailed by
the authors suggests that substitution pattern at C-16
and C-17 positions, type of sugar attachments, pres-
ence of additional double bond at C-17/C-18 have
influential effects on the SI, potency, and cytotoxic-
ities (Yang et al. 2015).
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Ry R, Rs Rs Rs Re
312 =0 OH 3-0-4D-Glc-(1-3)-4D-Fuc CH; CHj a-OH
314 BOH OH 3-O-4D-Glc-(1-3)-b-D-Fuc CH; CH,OH H
317 pBOH OH 3-O-pD-Fuc CH; CHj H
318 =0 OH 3-O-4D-Glc-(1-3)-4D-Fuc CH; CH, H
322 BOH OH 3-O-4Glc-(1-56)-[-a-L-Rha(1—4)]-4D-Glc CH; CHj H
323 BOH H  3-O-4Glc-(1-6)-[-a-L-Rha(1—4)]-#D-Glc CH; CHj H

Respiratory syncytial virus (RSV)

Respiratory syncytial virus (RSV) is a negative
sensed, single-stranded RNA virus of genus Orthop-
neumovirus and family Pneumoviridae. It is a major
contagious and common pathogen of the lower
respiratory tract of infants and in elderly adults. RSV
was isolated in 1956 from chimpanzees having a
common cold-like illness and subsequently from
young children having a pulmonary disease (Nam
and Ison 2019). Aerosolized ribavirin is a licensed
drug for the patient with the highest risk of RSV while
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palivizumab and motavizumab are the FDA-approved
monoclonal antibody for RSV prophylaxis in imma-
ture infants born with the cardiopulmonary disorder.
Several biological and pharmacological approaches
are being tested for the safe and effective vaccine and
drug development against RSV infection (Griffiths
et al. 2017). No wonder traditional medicines and
natural products have also been explored against RSV
and summarized earlier (Lin et al. 2016; Hu et al.
2021); surprisingly only one study could be traced
comprising triterpenes as anti-RSV agents.
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335 H
SD-GIuA

336 6'-methoxy-AD-GIuA
6’-methoxy—/D-GIuA

337 6’-methoxy-a-D-GIuA
6'-ethoxy-/-D-GIuA

(D-Glu(1->2)-4D-Gal(1—3)-4D-GluA
[3-D-Gal(1—2)]-4D-Glc(1-2)-4D-Gal(1-53)]-4D-GIcA

H
R1 R2

330 CH,0H BD-GluA

331 CH,0OH H
332 CHO BD-GIuA
333 COOH  [#D-Gal(1-2)]-#D-Glc(1-52)-4-D-Gal(1->3)]-4#D-GIcA

334 COOH SD-GIuA

Dammarane triterpenes var. gloriosoides Baker displayed potent activity

against the respiratory syncytial virus (RSV) (ICsg

(20R)-20,25-epoxy-3-methyldammaran-2-en-60,12 - 2.9 pg/mL; SI 11.3) compared to ribavirin while other
diol,(20R)-20,25-epoxydammaran-2-en-6c,, 12[-diol were moderate to weak inhibitor (Chen et al. 2019b).
(339), isolated from the flowers of Lilium speciosum
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Semliki Forest Virus (SFV)

The Semliki Forest virus (SFV), the positive-stranded
RNA virus, contains approximately 13,000 base pair
genomes which encode nine proteins. Uganda Virus
Research Institute first identified SFV from mosqui-
toes of the Semliki Forest in 1942 and it spreads by
mosquito bites (Atkins et al. 1999; Contu et al. 2021;
Fazakerley 2002).

No specific anti-viral drugs are available and
treatment lies around supportive care (Ekstroom
et al. 2006). Very few studies concerning natural
products having inhibitory potential against SFV are
reported. However, one study investigated in-silico
exploration of a handful of natural products including
triterpenes acteol which selectively interacted with
SINV protease (Byler et al. 2016).

Oleanane and ursane triterpenes

Among the four triterpenoids, 133, 340-341 and 37
isolated from the leaves of Fadogia tetraquetra var.
tetraquetra, showed strong activity against the SFV
(ICsp 14.7 uM) but also reported to possess significant
cytotoxicity (68% reduction in cell viability after 24 h
exposure at 50 uM) towards baby hamster kidney
(BHK21) host cells (Mulholland et al. 2011). The
activity result suggests that the basic skeleton (37)
favored the activity.

Zika virus (ZIKV)

Zika virus (ZIKV; genus Flavivirus, family Flaviviri-
dae) is an arthropod-borne viral disease first isolated
from a non-human primate rhesus monkey in 1947,
from mosquito species in 1948, and humans in 1952
(MacNamara 1954; Newman et al. 2017). The clinical
presentation of the Zika virus is similar to dengue and
chikungunya and can be transmitted by several
mosquito species. The first ZIKV outbreak occurred
in 2007 in the western pacific island of Yap and was
followed by the larger epidemic in 2013-2014 in the
south Pacific where infection-associated neurological
complications were reported for the first time (Duffy
et al. 2009; Musso and Gubler 2016). ZIKV circulated
silently for decades in the human population in
sporadic form, and sudden outbreaks were believed
to be due to environmental factors and changes in
genetics and virulence (Strottmann et al. 2019). The
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viral entry into humans occurs mostly by mosquito
bite wherein skin cells such as epidermal ker-
atinocytes, dermal fibroblast, and dendritic cells and
adhesion factors SIGN, AXL, Tyro, and TIM-1 play
an important role (Hamel et al. 2015). Currently, no
vaccine is available and according to the CDC
guideline best way to protect one from the ZIKA
virus is to avoid Aedes mosquito bites (https://www.
cdc.gov/zika/prevention/index.html).

Although the ZIKV is known for many years, recent
outbreaks promoted the research towards drug devel-
opment, and many synthetic compounds are being
developed as anti-ZIKV agents; recently Bernatchez
and group have summarized the possible drug targets
and therapeutic interventions including the natural
products and their derivatives as anti-ZIKV agents
(Bernatchez et al. 2019). The only traceable study on
the triterpenes as anti-ZIKV agents highlights the
potential role of taraxeranes.

Taraxerane triterpenes

From the root bark of Stillingia loranthacea four
28-nor-taraxarenes derivatives, loranthones A-D along
with diterpenoids were isolated by Abreu and co-
workers. Compound loranthones B (342) exhibited
significant anti-viral activity with 1.7 log10 TCIDsy/mL
reduction in ZIKV replication against an epidemic Zika
virus (ZIKV) strain circulating in Brazil (ZIKV/H.
sapiens/Brazil/PE243/2015) (Abreu et al. 2019).
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Summary

Isoprene polymers, particularly triterpenes, are an
important group for biologically active natural com-
pounds with numerous new derivatives being reported
every year. Only a small portion of these studies
explored them for anti-viral properties. All together
342 triterpenoids representing 10 sub-classes have
been covered in this review (2010-2020) displaying
varying anti-viral potential against 14 different viruses
(Fig. 12). Of those so explored, have shown potent to
mild/weak activity in preliminary screening. Most of
these studies are indicative, lacking a systematic
exploration of their anti-viral properties in in-vitro and

Fig. 12 Cytoscape network depicting the correlation between
14 viruses (purple nodes) and 342 triterpenes. Interaction of
viruses and triterpenes is indicated by grey edges. The most
abundant oleanane terpenes are active against most of the
viruses, followed by lanostane, ursane, lupane, and cycloartane.

in-vivo models; except the studies concerning 20(S)-
protopanaxtriol (24), oleanolic acid (133), and GA
(36). This indicates that in-depth exploration was
carried out for the compounds available in large
quantities while the studies on the structure elucida-
tion of new triterpenes were restricted to the initial
anti-viral activity only. This could be attributed to the
dubiety of getting the new to nature triterpenes in the
quantity sufficient for the detailed in-vitro and in-
vivo exploration.

On the same line, the most abundant triterpenes
such as GA (36), ursolic acid (37), betulinic acid (38),
ginsenosides (24-27) and betulin (123) were studied
against more than one virus; which signify their

0000060060

Triterpenes like cyclolanostane, dammarane, nor-terpenoids,
taraxerane, and shionone displayed inhibitory effect on limited
number of viruses. Each color indicates a different class of
triterpenoid. Triterpene 36, 37, and 123 are the most interacting
triterpenes
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Fig. 13 Sunburst chart representing the selective/therapeutic
index of triterpenoids, against different viruses. The chart de-
picts the three groups, in which the first group represents the

affinity towards different targets of viral lifecycles. On
the other hand, the mode of action of unfamiliar
triterpenoids against the specific virus is still
unmapped. Further to depict the correlation between
the triterpenes evaluated against different viruses a
network is constructed (Fig. 12); wherein among the
most abundant triterpenes the GA (36) is showing anti-
viral properties against the most number of viruses
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virus, the second represents the class of triterpenoid and the third
group shows the triperpenes having SI/TI > 10

namely CVB3, EV, IV, and HSV distinctly; followed
by 37 and 123 having activity against CMV/EV/SFV
and HIV/HSV/IV, respectively. Interestingly, CVB3
and EV belong to the same virus family yet, the
interaction of 36 occurs at different stages of replica-
tion. Among the 22 compounds isolated from Lyonia
ovalifolia, (10-23, 28-35), 11 and 13 have shown viral
inhibition against all three tested viruses i.e. CVB3,
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HSV, and IV. This suggests that cycloartane triterpe-
nes bearing 6/7/6/5 ring possessing carboxylic group
at C-14, and hydroxyl or ketone group at C-21, without
any glycosylation, may act on similar target or life
stage of different viruses. Moreover, a little variation
in structure may alter its activity against same or
different viruses as observed for the 29, 30, 31 and 33
against CVB3, HSV and IV. It also suggest the
influence of glycosylation at the C-3 position against
these viruses (Lv et al. 2016). Therefore, triterpenes
having activity against more than one virus can be
studied for their mechanism of action to understand
their complex relationship with different viruses for
the development of potential drug candidates.

On the biosynthetic front mevalonic acid or non-
mevalonate pathway generates 30 carbon-bearing 2,3-
oxidosqualene, the divergent point for the biosynthesis
of different skeletons catalyzed by relevant OSCs.
Further, similar modifications observed on the basic
skeletons such as cyclization of the side chain, ring-
opening cascades, glycosylations, feruloylation,
hydroxylations, or acetylations signifies their chemo-
taxonomic relevance within the family they belong to.
For example, triterpenes, 115-116 and 200 reported
from the plant of Meliaceae family belong to
dammarane class, and across these species, 116 and
200 displayed 3,4-seco derivatization possibly due to
the presence of similar catalytic enzymes. Similarly,
five species belonging to the Schisandraceae have
generated triterpenes 77-82 (nor-terpene), 171-176
(nor-terpene), 189-197 (cycloartane), and 201-205
(lanostane) of diverse chemical structures. Cycloar-
tane and lanostane follow a similar biosynthetic route
while the discussed nor-terpenoids are generated from
the cycloartane, suggesting the presence of relevant
OSCs owing to the genetic similarities. A careful
examination suggests that these triterpenes represent
structural uniqueness such as A or D ring-opening, A
and B ring expansion, side-chain cyclization, or
combinations of ring-opening, expansion, and cycliza-
tions possible due to the presence of similar catalytic
system among the plants of Schisandraceae family. At
the same time, different classes of triterpenoids i.e.
cycloartane (10-23), lanostane (28-35), lupane
(124-132), oleanane (139-145), and ursane
(149-168) are also reported from the species belong-
ing to the same family i.e. Ericaceae.

Besides the OSCs, the role of heme-containing
cytochrome P450 mono-oxygenase enzymes is

indispensable for catalyzing different reactions such
as C-C and C-O bond coupling, rearrangements,
cyclization, hydroxylations, and reductions, etc. The
specific role of the cytochrome P450 enzyme-cat-
alyzed reactions is described in the reviews published
earlier (Banerjee and Hamberger, 2017; Guengerich
and Munro, 2013; Kumari et al. 2013) and these multi-
step reactions including rearrangements are complex
processes for which a lot more is yet to be unveiled.

In the present review, the most complex and
structurally unique nor-triterpenes 77 and 171 dis-
played an inimitable skeleton bearing 7 ring system. It
is evident that the nor-terpenes are generated from
cycloartanes and the plausible biosynthesis of 77 and
171 may start with the genesis of 9,10-seco cycloar-
tane (F1la) from the 3-oxo-cycloartenoids (F11)
followed by ring opening of the 3-oxo bearing A-ring
giving rise to a 3,4-seco/9,10-seco derivative (F11b).
The relevant enzymes may catalyze the formation of
lactone (F11c¢) and hydro furan ring (F11e). Genesis of
Fllc may also follow the 3,4-seco derivatization
followed by 9,10-seco modifications (F11-F11d-F11c
or F11-F11d-F11b-Fllc). The next step involves
rearrangements at the side chain leading to the genesis
of complex bicyclic systems of 77 and 171 (Fig. 11).
These complex steps must have been catalyzed by the
relevant cytochrome P450 enzymes present in the
Schisandraceae family.

In general, triterpenoids derivatives with glycosidic
linkages were relatively less active, whereas substitu-
tion such as acetylation or oxidation led to an increase
in the potency. This indicates that the increase in the
hydrophilicity imparted by bulky sugar groups is
unfavorable for the activity while the introduction of
small and/or lipophilic groups improved the potency.
Also, the possible involvement of the point of
attachments needs in-depth analysis. Therefore, the
futuristic medicinal chemistry approach considering
SAR studies should be undertaken for further leads
optimization. For this purpose, the triterpenes dis-
playing better SI/TT could be considered for drug
development against respective viruses. Muller and
co-workers have critically discussed different aspects
of TI (Muller and Milton, 2012); by and large, the
higher the selectivity index or therapeutic index, the
drug is likely to be safe and effective in in-vivo con-
ditions during any viral infection; as the SI/TI is a
measure of the ratio of cytotoxicity and anti-viral
efficacy (Muller and Milton, 2012). A higher SI/TT is
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obtained when a drug is toxic at a higher concentration
while displaying its anti-viral activity at a fairly low
concentration.

As displayed in Fig. 13 20 triterpenes with SI/TI
greater than 10 were traced belonging to cycloartane,
dammarane, lupane, nor-terpene, ursane, and oleanane
classes against seven different viruses (DENV, HV,
HSV, HIV, 1V, PEDV, and RSV). Among these
oleanane (306, 309, 321-323) appears to be the
therapeutically better triterpenes against IV and most
of them featured glycosidic linkages at the C-3
position. As discussed, in most of the cases the C-3
position of triterpenes is important for the anti-viral
activity; however, at the same time, C-3 functionalities
might have improved the cytotoxicities and thus
lowered their SI/TI. Therefore, C-3 glycosides have
displayed better SI/TT and must be developed further
with suitable substitutions at C-3 positions to improve
the SI/TL. In this context, nor-terpenes (174-176) of
Schisandraceae family also displayed satisfactory SI
against the HSV virus.

Lancifoic acid A (197), the seco-cycloarate triter-
pene, of Schisandra sphenanthera (Schisandraceae)
displayed the most promising TI of 117.12 against
HIV in comparison with AZT (TI 234,520.60) (Liang
et al. 2014). Since the cycloartane and cycloartane
derivatives (nor-terpenes) have displayed better ther-
apeutic indexes, these triterpenes should be taken up
and preferred over triterpene glycosides as a template
for further lead optimization and drug discovery. Also,
cycloartanes, especially the seco-derivatives, may be
explored against other viruses as well.

The last couple of centuries have introduced several
new viruses to the human race crossing species barrier
and many of them have been proven fatal counting
millions of lives. In the present review, we could trace
the triterpenoids having efficacy against 14 different
viruses during the study period of 2010-2020, among
which SARS-CoV-2 is of major health concern now.
This pandemic emphasized the role of traditional
medicines in absence of any proven drug with
challenges of new drug discovery taking a long time.
In this context, large-scale exploration of the triterpe-
nes against different strains of SARS-Cov-2 is of great
importance wherein the friedelan skeleton-bearing
compounds and quinone-methides could play a major
role. Moreover, the possible role of shionones as anti-
covid agents cannot be ruled out as they bear a similar
skeleton on the A/B/C rings.
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Conclusion and future direction

Triterpenes are therapeutically important natural
products of which only a few were explored system-
atically for their anti-viral properties. In general, the
natural products obtained employing a bio-assay
guided approach provide an important template for
the medicinal chemistry-based lead optimization and
activity-guided rational drug design. In the present
review, most of the studies had focused on the
structural characterization of unreported triterpenes;
nevertheless, few reports also adopted the futuristic
approach of target-specific SAR-guided lead opti-
mization. At the same time, many studies have not
documented the TI or SI of the identified triterpenes
which makes it arduous to conclude. In near future, the
triterpenes displaying better SI or TI may serve as the
potential leads for drug development with due con-
sideration of their multi-target potential.

At the same time multi-directional efforts — (i) ap-
plication of synthetic biology for the large scale
production, (ii) development of sustainable cultiva-
tion, conservation, and extraction technologies, (iii)
utilization of synthetic chemistry for the total synthe-
sis of the potential leads, (iv) medicinal chemistry-
based lead optimization, and (v) pre-clinical valida-
tion and clinical studies, are required for the develop-
ment of triterpenoidal drug candidates. Moreover,
with the emergence of potential markets for botanical
drugs and nutraceutical products, future research may
also focus on the development of these plant-based
drugs with an amalgamation of ethnopharmacology
and traditional knowledge with the modern scientific
interventions such as the network pharmacology
approach with quality marker analysis for standard-
ization. Parallel investigations for the identification of
new to nature triterpenes should be promoted employ-
ing bio-assay-guided approach to generate a pool of
triterpenes for further development. This may be
facilitated with the emergence of newer hyphenated
instrument based de-replication and quality marker
strategies.

It is evident that the major complications and
fatalities arising from viral infections are due to the
overexpression of pro-inflammatory cytokines, this
event is known as ‘cytokine storm’. Therefore, for
viral infections, including SARS-CoV-2, anti-inflam-
matory, and immunomodulatory therapy may improve
the outcome (Fajgenbaum and June 2020; Ye et al.
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2020b). When all is said and done, the anti-inflam-
matory potential of the triterpenes should be leveraged
in concurrence with their anti-viral properties.
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