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ABSTRACT

Terpenoids are a diverse class of phytochemicals derived from isoprene units that have
shown significant potential as antiviral agents. This review aimed to comprehensively
explore the antiviral activities of terpenoids and their implications in the field of
virology. Key findings from various studies have demonstrated the efficacy of terpenoids
against a wide spectrum of viruses, encompassing both enveloped and non-enveloped
viruses. Mechanistic insights into their antiviral action involve interference with viral
entry, replication, and modulation of the host immune responses. Their multifaceted
mechanisms of action make them attractive targets for combating viral infections and
offer opportunities for synergy with existing antiviral drugs. Despite substantial progress
in this field, several gaps must be addressed, including elucidation of specific molecular
targets and signaling pathways of different terpenoids, investigations of its safety and
potential side effects, and optimization of formulations and delivery methods for better
bioavailability and pharmacokinetics. In conclusion, this comprehensive review provides
a foundation for continued exploration and innovation in terpenoid-based antiviral
research with the ultimate aim of improving global health outcomes in the face of viral
threats.

INTRODUCTION

Infectious disease epidemics leading to pandemics often result from viral infections [1].
In December 2019, multiple reports of severe pneumonia emerged, and initial cases in
China were attributed to a novel virus, Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), which causes COVID-19, as identified by the World
Health Organization [2].

Pandemics have a significant effect on global health and can disrupt political, social,
and economic stability. Widespread infection has resulted in a large number of cases
and fatalities. Measures such as travel restrictions, school and market closures, and
sector-specific shutdowns indirectly influence the economic, social, and security aspects
[3,4]. Addressing pandemics is a global concern, and countries are actively striving to
overcome these challenges. The development of antivirals, particularly terpenoids from
natural or synthetic sources, has garnered considerable attention as a means to expedite
recovery and return to normal conditions [4].

Terpenoids are prevalent in microorganisms, marine organisms, plants, insects, and
fungi. Various terpenoids and isomers are found in this class. Research has highlighted
their diverse pharmacological effects and significant biological activities, particularly
their potential as hypoglycemic, anti-inflammatory, antiviral, and antitumor agents [5].
Recent studies have increasingly emphasized the potent antiviral properties of
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terpenoids [6]. These compounds demonstrate the ability to hinder viral adsorption and
invasion into host cells during early stages of infection, consequently impeding viral
replication after cell entry [5].

This review comprehensively examines the antiviral potential of terpenoids and focuses
on their mode of action against HIV, influenza viruses, hepatitis viruses, herpesviruses,
coronaviruses, and other viral infections. This review also discusses the classification,
biosynthesis, extraction, analysis, and improvement of terpenoid production to support
its utilization in a wide range of pharmaceutical applications.

TERPENOIDS: AN OVERVIEW

The term "terpene” was first coined in 1866, deriving from the Latin word "turpentine"
(Balsamum terebinthinae), which denotes a liquid extract obtained from pine trees.
Terpenes, which is the largest class of natural compounds, demonstrate extensive
structural diversity, that includes both linear hydrocarbons and carbocyclic skeletons
[7]. Terpenoids are formed by the oxygenation, hydrogenation, or dehydrogenation of
terpenes. Advancements in spectroscopic and chromatographic approaches greatly
contributed to the rapid discovery of novel terpenoids [8].

Terpenoids are isoprene-derived compounds that play crucial parts in the cellular
metabolism of all living organisms [9]. In plants, terpenoid diversity is abundant, with
many terpenoids functioning as secondary metabolites. These specialized plant
terpenoids serve as non-essential compounds and are involved in various ecological
interactions between animals and plants [10]. They act as allelochemicals, attracting
pollinators, deterring herbivores, or luring herbivore predators [11].

The number of identified terpenoids is extensive (Figures 1 and 2), and many are likely
yet to be characterized. Terpenoids play critical roles in various biological processes in
all living organisms [12]. They are involved in electron transport within the respiration
chain and contribute to the biosynthesis and stability of cell walls and membranes [13].
Terpenoids are indispensable for photosynthetic organisms because they facilitate the
conversion of light into chemical energy and are crucial for the function of
photosynthetic reaction centers. Plant terpenoids are known to have essential functions
in stress responses and defense mechanisms [13].

The broad spectrum of bioactivities of terpenoids makes them highly valuable in
cosmetics, pharmaceuticals, disinfectants, colorants, agrichemicals, fragrances, and
flavorings. Various terpenoids have been utilized to promote human health, such as
betulinic acid (anti-HIV-1), parthenolide (tumor cell growth reduction), artemisinin
(antimalarial), and taxol (anticancer) [14]. Additionally, carotenoids, including
astaxanthin and lycopene, have been studied for their potential health benefits and
disease-treatment properties [15]. The antiviral activities of the terpenoids are
summarized in the next section.

www.bsmiab.org/jabet

Orosco and Quimque, J Adv Biotechnol Exp Ther. 2024 Jan; 7(1): 221-238

222


http://www.bsmiab.org/jabet
https://www.zotero.org/google-docs/?6AgVOo
https://www.zotero.org/google-docs/?Nzhn0E
https://www.zotero.org/google-docs/?uX2Vqv
https://www.zotero.org/google-docs/?E7LL15
https://www.zotero.org/google-docs/?YMSYmX
https://www.zotero.org/google-docs/?vMoN0F
https://www.zotero.org/google-docs/?aTWj8j
https://www.zotero.org/google-docs/?RARdBc
https://www.zotero.org/google-docs/?gTg0Ys
https://www.zotero.org/google-docs/?irYF6j
https://www.zotero.org/google-docs/?Gfkq18

A. HEMITERPENES

~A S I A~

Prenol Angelic acid Isovaleric acid Tiglic acid
B. MONOTERPENES
Acyclic Monoterpenes Monoyclic Monoterpenes Blypllc Monoterpenes
N, oz o o I 5
l 0
I | | @<
NN
Citral  Myrcene Ocimene Carvone Menthol D-Limonene  a-Pinene a-Thujone B-Thujone
C. SESQUITERPENES

Acyclic Sesquiterpenes Monoyclic Sesquiterpenes  Biyclic Sesquiterpenes  Tricyclic Sesquiterpenes

o

S OH

|

Famnesol . /\ Thujopsene

a-Bisabolol Nootkatone
H
Nerolidol Patchouli alcohol
Humulene Chamazulene

Figure 1. Chemical structure of volatile terpenes. (A) Hemiterpenes, (B) Monoterpenes, and (C)
Sesquiterpenes [8].
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Figure 2. Chemical structure of semi- and non-volatile terpenes (A) Diterpenes, (B) Triterpenes, and (C)
Tetraterpenes [8].

INHIBITORY MECHANISMS OF TERPENOIDS AGAINST MAJOR VIRAL
DISEASES

Anti-HIV activity of terpenoids

Human Immunodeficiency Virus (HIV) primarily targets the host immune system and
potentially leads to AIDS. The epidemic has affected millions of people, with millions
succumbing to AIDS-related complications [16]. HIV is a retrovirus belonging to the
genus Lentivirus, with a spherical shape. It contains two copies of single-stranded RNA
that can be transcribed within the host [17]. There are two types: HIV-1, prevalent
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worldwide, and HIV-2, found mainly in West Africa and India [18]. Some terpenoid
compounds, both from natural and synthetic sources, have shown potential anti-HIV
activities (Figure 3).

Terpenoid compounds derived from the Euphorbiaceae species have shown anti-HIV-1
and anti-HIV-2 activities by inhibiting viral replication. Various phorbol ester
derivatives, including compounds 26-40, exhibited anti-HIV-1 potential (ICs0 range: 0.9
- 27.4 uM), with compound 29 being the most potent. Additionally, 12-deoxyphorbol
derivatives (compounds 41-43) displayed anti-HIV-1 potential (ICs range: 0.3 - 1.9 uM)
as well as ingerol ester derivatives (202 and 203) (ICso: 17 and 27 nM, respectively). The
anti-HIV activity is believed to involve the activation of protein kinase C isoenzymes
(PKC). Additionally, anti-PKC beta antibodies inhibited the activation of NF-xB and
HIV-1 induced by phorbol-12-myristate acetate (44) [19].

Terpenes obtained from Hyattella intestinalis sponge, namely spongiatriol and
isospongiatriol, exhibited significant inhibition of HIV replication by acting as NF-kB
inhibitors [20]. Damsin and canrenone from ethanolic extracts of Artemisia campestris
subsp. glutinosa (Besser) Batt. also demonstrated anti-HIV-1 potential in vitro by
blocking viral entry and interference with NF-KB and Sp1l [21] but require further
studies to identify their specific mode of action.
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Figure 3. Virus replication and terpenoid targets. Several terpenoids were identified in this review displaying

Transcription

Translation
Inhibitors

inhibitory activity against different viruses by inhibiting essential steps in virus infection cycle such as
binding, fusion, reverse transcription, transcription, translation, budding, and assembly.

Anti-influenza virus activity of terpenoids

Influenza viruses are RNA viruses belonging to the Orthomyxoviridae family, with
diverse antigenic characteristics. They are common viruses that cause severe infections
in animals and humans. Influenza A and B viruses are the major culprits behind
epidemics and outbreaks, significantly impacting public health and the economy [22,23].
In contrast, influenza C usually leads to sporadic mild upper respiratory symptoms [24].
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Glycyrrhizin (1), obtained from licorice roots, has a broad-spectrum antiviral activity
[25]. Based on 1, several derivatives were synthesized, and compounds 36-38 displayed
potent anti-influenza activity (ICso range: 4.3 - 7.2 uM) [26]. Additionally, a novel
triterpenoid saponin, uralsaponin M (40), extracted from Glycyrrhiza uralensis, exhibited
inhibitory action against influenza virus A/WSN/33 (HIN1) [27] but requires further
validation. Three terpenoids isolated from the leaves of Euphorbia leucocephala namely,
hollongdione, 3-acetoxy-lup-12,20(29)-diene, and -amyrin acetate demonstrated strong
anti-influenza activity [28].

In light of the numerous antiviral effects of PTs, a research team devised a drug
screening model to evaluate a collection of PT glycoconjugates for their potential in
combating influenza virus [29,30]. Through a plaque formation inhibition assay, we
identified two promising compounds, the acetylated galactose—OA conjugate Y3 (43)
and the acetylated galactose-UA conjugate Y5 (44), both displaying excellent anti-WSN
activity (ICso: 5 uM). Compound 43 demonstrated a broad antiviral spectrum (ICso
range: 2.72 - 7.41 uM). Notably, compound 43 did not induce resistance to influenza
viruses, an essential aspect for combating antiviral drug resistance.

Through the design and synthesis of multivalent PT-a-(3-, y-) CD conjugates (45—48),
potency against the influenza virus was improved [31]. Among these conjugates,
multivalent OA-f3-CD conjugate 46 exhibited the strongest antiviral potential against
influenza A virus (ICs0:1.6 uM). The multivalent conjugates have the ability to bind
with the influenza viral HA, thereby preventing the attachment to host cells.

Anti-SARS-CoV2 activity of terpenoids

SARS-CoV-2, which has caused the recent outbreak and COVID-19 epidemic, is highly
infectious and transmissible. The pathogenesis of SARS-CoV-2 infection starts upon
entry into the epithelial cells of the oral and nasal mucosa upon viral attachment to host
cell receptors, through the viral spike protein. The spike protein, a protrusion on the
virion’s surface, acts as the primary cell recognition system and entry [32]. Upon entry,
it hijacks host cellular machinery for genome replication, transcription, assembly, and
proliferation. Within these stages, key proteins and enzymes play vital roles in the
pathogenicity, virulence, and infectivity of SARS-CoV-2 [33]. Among these are the
structural spike protein and non-structural enzymes, such as RNA-dependent RNA
polymerase (RdRp), papain-like protease (PLpro), and 3-chymotrypsin-like protease
(83CLpro or Mpro) [34].

Santos et al. (2022) investigated proprietary formulations, which included a
combination of cannabidiol (52) and terpenes extracted from Origanum vulgare, Thymus
mastichina, and Cannabis sativa L., to reduce SARS-CoV-2 infectivity. The virucidal and
antiviral potentials of terpene-based formulations were assayed in vitro in several cell
lines. Formulation F2TC was found to reduce infectivity by 99% in A549 cells, while the
FITC formulation reduced infectivity by 43% in the HEK293T cell line [35].

Artemisinins, a group of antimalarial sesquiterpene lactone drugs, have recently been
explored as potential inhibitor for SARS-CoV-2. An in vitro assay was conducted to
evaluate the antiviral activity. The results of their study revealed that arteannuin B (53)
exhibited the strongest anti-SARS-CoV-2 potential followed by artesunate (54) and
dihydroartemisinin (55) [36]. Zhou et al. (2021) performed additional studies on the
potential of several artemisinins against SARS-CoV-2, particularly artesunate (54),
artemisinin (56), artemether (57), and Artemisia annua extracts. In the concentration-
response antiviral treatment assay, which is a SARS-CoV-2 spike glycoprotein
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immunostaining in vitro assay, artesunate (54) showed to be the most potent against
different cell types with an ECso range of 7-12 pg/mL. Compound 54 was also shown to
inhibit SARS-CoV-2 at after viral entry, based on time-of-addition experiments [37]. Hu
et al. provided further validation of the inhibitory activity of artemisinins against
SARS-CoV-2. The team screened three sesquiterpene lactone derivatives, arteannuin B
(53), artesunate (54), and artemether (57), along with other monomeric chalcones, that
displayed excellent anti-SARS-CoV-2 activities [38].

Diterpenes tanshinone IIA (58) and carnosic acid (59) also displayed inhibitory activity
against SARS-CoV-2 when tested in vitro via plaque reduction assay. In the same study,
they subjected the compounds to molecular docking analysis and molecular dynamics
simulations and found that tanshinone IIA (58) showed stable complexes with SARS-
CoV-2 Mpro and spike proteins [39].

Another possible strategy to inhibit SARS-CoV-2 is the downregulation of the
expression or inhibition of host receptor proteins such as ACE2 [40]. Kumar et al. (2020)
investigated the ACE2 inhibitory potential of several essential oils and their major
compounds. These results suggested that the monoterpenoids citronellol (60) and
limonene (61), the major components of lemon essential oils and geranium, respectively,
significantly suppressed ACE2 synthesis in epithelial cells [41].

Anti-hepatitis virus activity of terpenoids

Diverse hepatitis viruses, the causative agent of viral hepatitis, are classified into types
A, B, C, D, and E. Hepatitis A and E viruses lead to acute infections that are transmitted
through the fecal-oral pathway. Unlike hepatitis A, hepatitis B, C, and D viruses cause
chronic infections and are transmitted through blood and bodily fluids [42]. Terpenoids
have gained attention for treating viral hepatitis [43], which is discussed in this section.

Chronic hepatitis B (CHB) infection is a persistent, long-term illness that occurs as a
consequence of HBV infection, ultimately leading to liver problems such as hepatitis,
cirrhosis, and cancer [44]. The current treatment protocol incorporates the use of both
IFN and nucleoside drugs, including adefovir dipivoxil, clevudine, and lamivudine.
Despite the potential benefits, the limited success rate of treatment, the resistance to
nucleoside-based drugs, and the severe side effects of interferon have hindered their
widespread use in clinical settings [42].

Three new friedelolactones isolated from Viola diffusa Ging, including violalide, violaic
A, and violaic B, were found to inhibit HBsAg and HBeAg secretion [45]. The cleavage-
A-pentacyclic triterpene derivatives exhibited significantly increased inhibitory effects
on HBeAg secretion compared to the parent compound OA (8) [46]. Similar to
lamivudine, GL-3, a derivative of GL (1), showed strong inhibition HBV DNA
replication. Astragaloside IV (AS-IV, 49) demonstrated effective anti-HBV effects by
viral DNA replication and inhibiting cell proliferation [47]. Additionally, G-Rg3 (31)
demonstrated suppression of viral genome replication and protein synthesis, whereas
G-Rgl (32) improved the immune response to an anti-HBsAg vaccine, exerting an anti-
HBYV effect [48].

Chronic hepatitis C (CHC) affects approximately 185 million people, leading to liver
cirrhosis and liver cancer, which are common complications of HCV infection. NS3/4A
serine protease is involved in HCV replication by cleaving polyprotein precursors and
facilitating the maturation of nonstructural proteins. At present, more than 95% of CHC
patients are being treated with drugs that target NS3/4A proteases, resulting in a
sustained decrease in viral levels. Despite this, several liver cirrhosis patients develop
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hepatocellular carcinoma and drug resistance, and side effects continue to be significant
challenges [49].

Oleanolic acid (OA), an active ingredient of Dipsacus asperoides, has demonstrated
significant anti-HCV activity [50]. Its derivative, echinocystic acid (EA), also exhibits
activity against HCV by suppressing the binding interactions of HCV E2 protein to
CD81 thereby preventing HCV from being recognized by the host [51].

Terpenoids isolated from Artocarpus heterophyllus leaves by inhibiting the post-viral
entry stages such as HCV NS3 protein expression and HCV RNA replication with
marginal effects on the viral entry stage. Synergistic effect was also observed when A.
heterohyllus extract was combined with commercial anti-HCV drugs; Ribavirin,
Simeprevir, Cyclosporin A [52].

NS5b is essential for HCV RNA synthesis and replication, facilitating the replication of
HCV RNA genome [53]. Both OA and ursolic acid (UA) suppress NS5B and RNA
polymerase activities [53]. Additionally, G-Rg3 (31) inhibits HCV-infected cell
proliferation by regulating p21 expression, restoring mitochondrial division, and
suppressing HCV replication [54].

Anti-rotavirus activity of terpenoids

Rotavirus (RV) stands as a major contributor to severe enteritis in young children, as it
infects and damages the cells of the intestinal mucosa, triggering the release of harmful
toxins that can cause malnutrition and, in extreme cases, death. At present, no antiviral
drug is available for RV. However, 2a-Hydroxyursolic acid showed potent anti-RV
activity by stimulating IFN-y secretion, thereby enhancing immune function [55].
Additionally, UA inhibits RV replication and interferes with viral particle maturation
[56]. Furthermore, 20(S)-GRg3 and G-Rb2 act as immunomodulators and display
effective anti-RV effects [57]. Strong in vitro anti-rotaviral activity from terpenes
isolated from Achyrocline bogotensis (Kunth) DC was also reported with low intestinal
toxicity [58].

Anti-herpesvirus activity of terpenoids
Herpes simplex virus (HSV) activity of terpenoids

The herpes simplex virus (HSV), which is a member of the Herpesviridae family,
presents significant public health challenges. HSV-1 affects a substantial portion of the
global population under the age of 50 [59]. FDA-approved drugs, such as acyclovir and
its derivatives, are utilized for HSV treatment [60]. Nevertheless, their use is restricted
owing to harmful side effects and antiviral drug resistance [61]. Therefore, there is a
demand for innovative HSV inhibitors.

The medicinal plant Rhus javanica has demonstrated anti-HSV activity [62]. Two major
compounds from this plant, betulonic acid (66) and moronic acid (74), were isolated,
and their anti-HSV potentials were assessed in vitro and in vivo [63]. Compound 66
showed an effective concentration resulting in 50% plaque reduction of HSV-1 at 5.7
1M, whereas compound 74 exhibited this effect at 8.6 uM [62].

Ikeda et al. conducted a study of 15 oleanane-type triterpenoids to evaluate their anti-
HSV-1 potential [64]. Results revealed that sapogenol of glycyrrhizin (1) and
glycyrrhetic acid (2) exhibited higher anti-HSV-1 potency compared to glycyrrhizin (1).
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Soyasapogenol A had weaker antiviral activity against HSV-1 than soyasapogenol B,
indicating that hydroxylation at C-21 may decrease anti-HSV activity [64].

Gong et al. conducted a drug combination study to investigate the synergistic antiviral
activity of acyclovir and betulin against HSV-1 [65]. The researchers found that betulin
and acyclovir exhibited strong synergistic anti-HSV-1 effects at concentrations higher
than 4.4 uM and 0.9 uM, respectively. Additionally, synergistic anti-HSV-2 effects were
observed at concentrations of 2.0 uM Acyclovir and 19.0 uM betulin. This suggests that
the mechanism of action of betulin differs from that of Acyclovir.

Cytomegalovirus (CMV) activity of terpenoids

Cytomegalovirus (CMV) belongs to the Herpesviridae family and is the largest virus in
the Betaherpesvirinae subfamily. Current treatment options for CMV include DNA
polymerase inhibitors including acyclovir, ganciclovir, foscarnet, and cidofovir.
However, no single drug provides sufficient potency and safety, and the emergence of
ganciclovir resistance mutations has been reported. These resistance mutations may
also lead to cross-resistance to other antiviral drugs [66].

Current therapeutic targets for antiviral drugs against CMV include viral terminase
complex inhibitor, viral kinase UL97 inhibitor, and viral DNA polymerase UL54, for
which commercial drugs are available [67]. Additionally, therapies targeting CMV
latency have been suggested to address the reactivation of latently infected cells
mediated by myeloid differentiation and pro-inflammatory signals [66]. During latency,
inhibitors of the viral replicase are inefficient due to the lack of viral replication, and the
CMV protein US28 is expressed, offering a potential therapeutic target [68]. Despite
limited reports, identifying promising anti-CMV terpenoids is essential to effectively
target both replication and latency stages. Further studies are warranted in this regard.

Anti-dengue virus activity of terpenoids

Dengue virus (DENV) from Flaviviridae family is the causative agent of a range of
diseases from dengue-to-dengue shock syndrome [69]. It is prevalent in tropical regions
and consists of five types: DENV 1-5 [70] with approximately 390 million cases
annually [71]. The number of dengue fever cases and related deaths has been on the rise,
with reported cases increasing from 505,430 (year 2000) to 4.2 million (year 2019), and
deaths increasing from 960 (year 2000) to 4032 (year 2015) [72] further necessitating
more research efforts to find the next potent anti-DENV drug.

Andrographolide demonstrated inhibitory activity against DENV-2 [73] associated
with GRP78 and unfolded protein response [74]. Trigocherrin A (15) and
trigocherriolides A-B (18-19) from Trigonostemon cherrieri exhibit inhibitory effects
against DENV, with ICso values ranging from 3.1 16.0 uM [75]. Additionally, (+)-
ferruginol (63) and 18-oxoferruginol (62) show anti-DENV activity, with ICso of 1.4 and
5.0 uM, respectively [76].

Anti-zika virus activity of terpenoids

Zika virus (ZIKV) is a member of the genus Flavivirus under the family Flaviviridae. It
was initially identified in non-human primates in 1947, and later in mosquitoes and
humans in 1948 and 1952, respectively [77]. There are similarities in the clinical
presentation of ZIKV, chikungunya, and dengue, and these viral diseases are
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transmitted by mosquitoes. In 2007, an outbreak occurred in the South Pacific, which
was followed by another epidemic in 2013-2014. During these events, neurological
complications related to the infection were identified for the first time [78]. Currently,
vaccine is still under development, and the CDC recommends avoiding Aedes mosquito
bites as the best preventive measure against ZIKV [77].

Recently, the emergence of ZIKV outbreaks has spurred research into drug
development, leading to the synthesis of various synthetic compounds with anti-ZIKV
potential. Abreu et al. isolated diterpenoids and loranthones A-D from Stillingia
loranthacea. Among them, loranthone B demonstrated significant antiviral activity,
reducing ZIKV replication by 1.7 log10 TCIDso/mL against a ZIKV strain from Brazil
[79].

Anti-chikungunya virus activity of terpenoids

Chikungunya virus (CHIKV) is a member of the family Flaviviridae and is also
transmitted by the Aedes aegypti mosquito. The duration of CHIKV's incubation period
is relatively brief, ranging from 2 to 4 days. This virus presents symptoms like high
fever, joint pain, and a facial rash. CHIKV infection has been reported in various
regions of Asia, Europe, America, and Africa [80].

Several terpenes have demonstrated antiviral activities against CHIKV. Trigonostemon
cherrieri-derived daphnane diterpenes, including trigocherriolides A-C, trigocherrins A-
B, and trigocherrin F, exhibit stronger inhibition of CHIKV replication than chloroquine
[75]. Moreover, tonantzitlolone C, tonantzitlolone F, and tonantzitlolone B also
demonstrated significant CHIKV inhibition [81].

The marine cyanobacterium Trichodesmium erythraeum produces several terpenes with
anti-CHIKV activities, including anhydrodebromoaplysiatoxin, 3-
methoxydebromoaplysiatoxin, and debromoaplysiatoxin. Debromoaplysiatoxin
exhibited  superior inhibition of CHIKV infection compared  with
anhydrodebromoaplysiatoxin and 3-methoxydebromoaplysiatoxin. These terpenes
inhibit viral DNA polymerase, a crucial enzyme in the viral replication after entering
the host cell [82]. Additionally, Canistrocarpus cervicornis-derived dolastane
demonstrated potent inhibitory activity against CHIKV (ECso: 1.28 uM) [83].

Anti-norovirus activity of terpenoids

Norovirus (NoV) is a significant contributor to non-bacterial acute gastroenteritis,
commonly in infants and young children [84]. NoV represents a significant global
health risk, responsible for over half of viral gastroenteritis patients and more than 85%
of non-bacterial gastroenteritis patients worldwide [85]. The discovery of NoV
inhibitors has made substantial progress, and the exploration of natural products for
compounds with antiviral potential against NoV is a commendable approach. Recently,
astragaloside was identified as an anti-NoV agent that effectively reduces the
expression of TNF-a, IL-1(3, and IL-6, enhances patients' anti-inflammatory responses,
and promotes the elimination of viruses by intestinal immune cells [86]. Propolis-
derived terpenoids also showed antiviral potential against human norovirus GII.4 by
denaturing the viral capsid protein which may have prevented viral adsorption and
internalization to host cells [87].
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Anti-coxsackie virus V3 activity of terpenoids

Coxsackievirus B3 (CVB3) is a serotype of the coxsackievirus within the family
Picornaviridae, specifically the Enterovirus genus. CVB3 is a type of virus that is
transmitted through the gastrointestinal route and is identified by non-enveloped,
positive-sense, and single-stranded RNA. Notably, terpenoids have demonstrated
beneficial effects in viral myocarditis [88].

Various Lyonia ovalifolia-derived ursane, lanostane, and cycloartane triterpenes were
purified and assessed their effects against CV B3. Among these compounds,
lyonifolosides A-K and their aglycones were investigated, with lyonifolic acid A,
lyonifoloside A, lyonifoloside B, and lyofoligenic acid, demonstrating potent activity
against CVB3 [89].

The ICso values for these cycloartane compounds indicate that those with an olefinic
bond at the 5(10) positions are more active than those with a bond at the 1(10) positions.
Additionally, aglycones demonstrated greater potency than their glycoside
counterparts, highlighting the possible importance of C-3 hydroxyl group [89].

Lv et al. (2016) reported lanostane triterpenoids (28-35) from Lyonia ovalifolia's leaves
and twigs. Among these, lyonifolic acid C (29) and lyonifolic acid L (28) showed potent
anti-CVB3 activity. The presence of the C-21 position was found to be crucial for its
antiviral mechanism since glycosylation resulted in the weakening of the antiviral effect.
Additionally, the aglycone showed higher potency than its glycoside counterpart, while
acetylation of the attached sugar enhanced its antiviral effect [89].

Anti-enterovirus 71 activity of terpenoids

Enterovirus 71 (EV71) is a member of Picornaviridae family containing a non-enveloped
positive sense ssRNA virus. EV71 is responsible for hand, foot, and mouth disease
(HFMD) with potentially severe outcomes such as acute flaccid paralysis (AFP) and
epidemic encephalitis, leading to cardiopulmonary problems and fatalities in children.
Unfortunately, no effective treatment for EV71 infections is currently available [90].

Hedera helix-derived hederasaponin B exhibits potent inhibitory activity against EV71
[91]. Hederasaponin B effectively reduced cytopathic effects (CPE) in Vero cells without
causing cytotoxicity. Moreover, it demonstrated inhibitory effects on VP2 expression
which directly affects capsid protein synthesis. Notably, hederasaponin B showed
superior anti-EV71 activity compared to ribavirin, making it a top candidate due to its
broad-spectrum anti-EV71 properties [91].

The anti-EV71 activity of six newly synthesized PTs were also investigated [92]. The
inhibitory effects on VP1 protein expression were assessed through RT-PCR and
western blot analysis. Compounds 85, 86, and 87 exhibited stronger anti-EV71 activities
than their parent compounds and did not cause any significant cytotoxicity.

Anti-respiratory syncytial virus activity of terpenoids

Respiratory syncytial virus (RSV) is a member of the Pneumoviridae family and is
responsible for respiratory illnesses in infants and elderly individuals. Aerosolized
ribavirin, palivizumab, and motavizumab are approved treatments, while anti-RSV
drug development is ongoing [93]. Natural products are being explored for their anti-
RSV activities, including terpenes, although limited studies have been conducted in this
area [94]. As such, Lilium speciosum wvar. gloriosoides-derived (20R)-20,25-epoxy-3-
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methyldammaran-2-en-6a,123-diol demonstrated strong anti-respiratory syncytial
virus (RSV) activity whereas other compounds showed moderate to weak inhibition
[95].

Anti-epstein-barr virus activity of terpenoids

Epstein-Barr virus (EBV) causes infectious mononucleosis in humans and is also linked
to nasopharyngeal carcinoma and Burkitt's lymphoma in endemic regions. The
prevalence of EBV-related illnesses is growing, emphasizing the need for novel
antiviral agents for its prevention and treatment [96,97].

In a study by Lin et al., glycyrrhizin demonstrated dose-dependent activity against EBV
replication (ICso = 0.04 mM, CCso = 4.8 mM, SI = 120) [98]. The inhibitory effect of
glycyrrhizin was attributed to post-viral entry, indicating that its mechanism is distinct
from inhibitors of EBV’'s DNA polymerase (i.e., nucleoside analogs). These findings
suggest that glycyrrhizin and its derivatives are potential novel anti-EBV agents that
target the early steps in the EBV replicative cycle [98].

Chang and colleagues initially identified moronic acid (76) from Rhus chinensis and
Brazilian propolis as an effective compound with anti-EBV activity [96]. It targets Rta, a
critical transcription factor of EBV, inhibits its function, and reduces the expression of
Zta and EA-D proteins. This novel mechanism makes compound 76 a promising
candidate for anti-EBV drug development (ECso = 3.15 puM, CCso = 46.67 uM, SI = 14.8)
[96].

Anti-porcine reproductive and respiratory syndrome virus activity of terpenoids

Porcine reproductive and respiratory syndrome virus (PRRSV) poses a serious global
threat to pig populations and available vaccines offer limited immunity. GL (1) has
shown promise as an inhibitor of PRRSV by hindering cellular penetration and
reducing viral proliferation and protein expression [99,100]. Moreover, Gly CDs
derived from GL (1) exhibit antiviral effects against PRRSV by stimulating host innate
immunity, reducing intracellular reactive oxygen species accumulation, and regulating
the synthesis of NOS3 and DDX53 to impede viral replication [101]. These findings
suggest that GL and its derivatives are potential candidates for combating PRRSV
infection.

G-Rgl (32) demonstrated potent inhibition of PRRSV replication in both PAMs and
MARC-145 cells [102]. Its inhibitory effects encompass various PRRSV life cycle stages.
Notably, G-Rg1 (32) exhibited broad anti-PRRSV activity, including XH-gD, NADC-30,
JXAl, and classic strain VR2332. In addition to its antiviral actions, G-Rgl (32)
downregulated pro-inflammatory cytokines and mitigated NF-kB pathway activation
induced by PRRSV. Furthermore, a UA derivative, specifically compound 15, displayed
direct inactivation of PRRSV viral particles, leading to effective suppression of PRRSV
genome replication and exerting antiviral effects [103]. These findings highlight the
potential of G-Rgl (32) and the UA-derived compound 15 as promising candidates for
combating PRRSV infections.

Anti-porcine epidemic diarrhea virus activity of terpenoids

Porcine epidemic diarrhea virus (PEDV) causes significant mortality in the global swine
population. It is classified under the Pedacovirus subgenus within the Alphacoronavirus
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genus and Coronaviridae family. PEDV is characterized by its positive-sense, enveloped,
single-stranded 28 kb RNA genome [104]. Although it was first identified in China in
1980, its impact became more pronounced in 2010, during a large outbreak that caused
substantial economic concerns [105,106]. Subsequently, it emerged in the USA in late
2013 and has become a global presence [107].

In the quest for drug development against PEDV, researchers are exploring various
targets, such as kinase inhibitors, 3CL protease, and main protease [108]. Notably,
natural products such as quercetin and homoharringtonine, along with plant extracts,
have demonstrated inhibitory activity against PEDV, highlighting the antiviral
potential of oleanane triterpenes [109].

STRATEGIES TO IMPROVE TERPENOID PRODUCTION

The cellular regulation of terpenoid production is crucial, and the maximum
productivity is determined by rate-limiting steps in the MEP pathway. Recent studies
have attempted to overcome these limitations in cyanobacterial model organisms. DXS,
the enzyme responsible for the first step of the MEP pathway, has been identified as a
bottleneck [110]. Overexpression of DXS in Synechocystis led to increased carotenoid
levels, suggesting that optimizing gene expression and restricting synthesis of storage
compounds could enhance terpenoid yield in cyanobacteria [111]. However, another
study in Synechococcus sp. PCC 7002 showed no increase in terpenoid production when
glycogen synthesis was inactivated, but rather observed the secretion of central
metabolites unrelated to terpenoid biosynthesis [112].

In another recent study, overexpression of native enzymes DXS, IDI, and GDPS in
Synechocystis led to a 1.4-fold increase in limonene production, similar to the effect on
carotenoid formation observed in a previous study with overexpression of dxs alone
[113]. Similarly, in a study on a limonene-producing strain of Anabaena sp. PCC 7120,
heterologous overexpression of DXS from E. coli, IDI from Haematococcus pluvialis, and
GDPS from Mycoplasma tuberculosis resulted in a 2.3-fold increase in limonene
production under low light and a remarkable 6.8-fold increase under high light
conditions. Additionally, it was observed that limonene-producing strains exhibited
higher oxygen evolution under high light, indicating limonene production acted as an
extra carbon sink in the cells [113]. These findings suggest the potential advantage of
using heterologous enzymes to enhance carbon flux through the MEP pathway,
potentially avoiding interference from native enzyme regulation on their activity.

In a more advanced approach, as described earlier, Bentley et al. successfully
performed heterologous expression of the entire MEV pathway, controlled by the
psbA2 promoter, in an isoprene-producing strain of Symechocystis, resulting in a
remarkable 2.5-fold increase in isoprene yield. The enhanced product formation is
attributed to the availability of additional substrate for terpenoid synthesis, as the MEV
pathway utilizes acetyl-CoA instead of GAP and pyruvate [114]. However, the
observed increase in yield may still be constrained by potential bottlenecks in the
introduced pathway.

CONCLUSIONS

Terpenoids exhibited potent antiviral activities against a wide spectrum of human and
animal viruses. Their diverse structural and chemical properties offer promising
opportunities for developing novel antiviral agents. Various classes of terpenoids,
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including monoterpenes, sesquiterpenes, diterpenes, and triterpenes, exhibit potent
inhibitory effects on viral replication and entry processes.

Despite these promising results, there are still some research gaps that need to be
addressed. First, more in-depth investigations are necessary to elucidate the
mechanisms of action of different terpenoids against specific viruses. Explorations into
the safety and potential side effects of these compounds are crucial for their clinical
application. Furthermore, optimization of terpenoid formulations and delivery
methods for better bioavailability and pharmacokinetics requires further exploration.

Researchers should continue to explore novel natural sources to discover new
terpenoid compounds with potent antiviral properties. Moreover, the combination of
terpenoids with other antiviral agents or conventional drugs may lead to synergistic
effects and improve therapeutic outcomes. Advancements in biotechnology and
metabolic engineering can also contribute to enhancing terpenoid production through
synthetic biological approaches. By bridging gaps in knowledge, conducting rigorous
studies, and leveraging innovative approaches, terpenoids could revolutionize antiviral
therapy in the future.
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