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Abstract: Terpenoids, biosynthetically related ubiquitous compounds found in virtually all living or-
ganisms from marine invertebrates to blooming plants, are derived from the same precursor but their
structures and biological and/or pharmacological activities are widely different. Our review concerns
terpenoid compounds with antiviral activities, from the simplest sesquiterpenes to diterpenes and

sesterterpenes. They include commercially produced therapeutics, compounds with documented anti-
viral effects and potential future medical use, as well as substances in different stages of clinical re-
search and testing. All of them are based on natural compounds, with only partial man-made changes in the basic structure

or mere substituent modifications.
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INTRODUCTION

Viral infections, whose fast spreading and the sheer
numbers of afflicted people (more than 40 million with HIV
alone) represent a major medical problem worldwide, have
spurred intensive search for efficient antiviral drugs. Al-
though viral infections are so widespread, until recently very
few antiviral drugs were available. At present, more than 30
antiviral drugs are available, not only against the AIDS, but
also for the treatment of other viral diseases such as hepatitis
B, influenza, herpes simplex, and cytomegalovirus infec-
tions. The fast replication rate and high variability of the
HIV give rise to new drug-resistant strains, whose manage-
ment calls for new therapeutic approaches and new antivi-
rals. As stated by Tziveleka et al. [1]: in spite of current ad-
vances in molecular biology, gene therapy and computer —
assisted drug design, the need for new drugs effective against
drug-resistant pathogens and multi-drug resistant cancers and
instrumental in combating Alzheimer disease and the HIV
infections is as persistent as before. Besides tailored synthe-
sis, the richest source of products that may prove effective in
this context is nature. Screening of natural products derived
from numerous species has revealed compounds that exhibit
significant antiviral activities. New antiviral compounds are
sought in the marine environment, which is still relatively
unexplored despite the intensive exploration efforts of the
last 5 decades, as well as in the much more thoroughly ex-
plored terrestrial plant and animal kingdoms. The main
strategies that are being used for discovering new antiviral
drugs from nature involve either targeting the producer or-
ganism or targeting the therapy. Therapy-targeting app-
roaches make use of in vitro drug target-directed biochemi-
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cal assays that offer specificity and avoid the effects of toxic
components, which would dominate intact cell-based assays.
They also allow high-throughput screening [2]. Selective
extraction and purification protocols are used to optimize the
yield of the bioactive compounds, and state-of-the-art spec-
troscopic techniques and experiments allow the structural
elucidation of complex structures isolated even in minute
quantities.

Since the spectrum of antiviral and potentially antiviral
compounds that are being described, characterized chemi-
cally and in terms of biological effects is vast, a selection
had to be made along certain lines in writing this article —
chemical nature and the structures of the bioactive metabo-
lites, their phylogenetic origin, biological features, therapeu-
tic potential or practical medical relevance. We chose to ad-
here to the chemical line and focused our attention on terpe-
noid and steroid antiviral substances of different origin, with
special attention being paid to structure-activity relation-
ships.

Natural anti-HIV compounds have been the subject of
several reviews in the last years [2-4]. Some reviews were
devoted to particular topics such as anti-HIV compounds
isolated from plants [5], actinomycetes [6], or marine organ-
isms [1], others were dealing with structurally similar groups
of compounds [7] or with the progress in the field of search-
ing for and characterizing anti-HIV agents [8-10].

SESQUITERPENES

Two recent reviews were devoted to naturally occurring
iridoids and secoiridoids and their biological activities [11,
12].

Well-known antimalarial sesquiterpene lactone, artemis-
inin (1), isolated from Artemisia anuua [13] showed anti-
HIV activity with an 1Cso of 100 pM and ECs, of 100 uM.

© 2009 Bentham Science Publishers Ltd.
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The antiviral activity against flaviviruses of artemisinin,
a safe drug obtained from Artemisia annua and commonly
used to treat malaria, has been investigated [14] using bovine
viral diarrhoea virus, which is a member of the Flaviviridae
family. Antiviral activity was estimated by comparing it with
that of ribavirin (a known antiviral agent), and artemisinin
(up to 100 pM) induced no toxicity in host cells. These re-
sults suggest a potential usefulness of artemisinin in combi-
nation with current pharmacological therapy for the treat-

ment of human and veterinary infections by flaviviruses. HIV-1 integrase, the enzyme responsible for provirus
entry into the host cell nucleus and integration into the host
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genome [15], is critical for viral replication and is absent in
the host, and is therefore a potential target for the develop-
ment of non-toxic antiviral therapy. Integric acid (2), a novel
eremophilane sesquiterpenoid, has been discovered in a Xy-
laria sp. [16]. Integric acid inhibited 3 -end processing (ICs,
= 10 uM), and strand transfer (ICso = 10 pM) reactions. It
also inhibited the disintegration reactions catalyzed by either
truncated core domain (52-212 amino acids) or the full-
length integrase enzyme with ICsy values of 5 and 15 uM,
respectively. Most importantly, it inhibited strand transfer
reactions catalyzed by pre-integration complexes isolated
from HIV-1 infected cells with an ICs5y of 30 pM.

Chemical and enzymatic modification of integric acid
(2), identified as an inhibitor of HIV-1 integrase, led to the
preparation of several selective chemical derivatives of in-
tegric acid. Preparation, HIV-1 inhibitory activity, and the
structure-activity relationship in coupled and strand transfer
assays have been described. It appears that most of the
groups present in the natural product are required for inhibi-
tion of HIV-1 integrase strand transfer activity. In contrast,
inhibition of 3' processing activity is less stringent suggest-
ing distinct SAR for the two integrase reactions.

All these compounds were evaluated in the coupled and
strand transfer versions of HIV-1 integrase assays. The cou-
pled assay requires both the 30 processing and strand transfer
activities of the enzyme. In the coupled assay these com-
pounds exhibited the following ICsq; 2: 3 uM; 3: 11 uM; 4:
40 pM; 5: 73 uM; 6: 3 uM; 7: 5 uM; 8: 5 uM; 9: 88 uM; 10:
81 uM; 11: 30 pM; 12: 75 pM; 23: 100 puM; 24: 45 uM; 25:
24 uM; and 26: 10 pM.

The ethyl acetate soluble fraction of a MeOH extract of
the dried stems and roots of Capsicum annum yielded ten
new sesquiterpenes, canusesnols A-J (14-21, 25, 26) and
nine known compounds [17]. Compounds 14-21, 25, 26
showed negligible activities as inhibitors of human tumor
cell replication or anti-HIV activity.

Ra Ry Ris AN
25 H OH H -
26 =0 OH =

The eudesmane sesquiterpenoid, verticillatol (22), as well
as the lignans, (+)-5'-demethoxyepiexcelsin, and (+)-epiex-
celsin, were isolated from Litsea verticillata [18]. The eudes-
mane sesquiterpenoid (22) demonstrated weak activity
against HIV-1 (ICso = 34.5 pg/mL (144.7 uM)) which was
notable because of the complete lack of toxicity up to a con-
centration of 20 pg/mL. The concentration at which 22 me-
diates a 50% cytotoxic (Table 1) response (CCsg) could not
be determined because of the limited quantity of isolated
material.

Two new sesquiterpenes, leitneridanin A (13) and leit-
neridanin B (27), and seven known compounds were isolated
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from Leitneria floridana [19]. The new compounds 13 and
27 were inactive in both cytotoxic and anti-HIV evaluation.

Table1. Anti-HIV Activity and Cytotoxicity of Compounds
Isolated from Litsea verticillata

Compound Cytotoxicity to HOGRS Anti-HIV
(CCso pM) activity (ICs)
22 Nontoxic at 20 mg/mL 144.7
Demethoxyepiexcelsin 59.8 42.7
Epiexcelsin Nontoxic at 20 mg/mL Inactive

OHC

OH

27

As stated above, HIV-1 integrase is one of the most
promising new drug targets for anti-retroviral therapy with
potentially significant advantages over existing therapies.
The bicyclic dihydroxy epoxide lactone, integrasone (28),
inhibited the strand transfer reaction of HIV-1 integrase with
an ICs5p of 41 uM [20]. Enantioselective total synthesis of the
recently isolated, novel polyketide natural product (+)-
integrasone has been published [21].

o OH

28

A new iridoid diglucoside, lupulinoside (29), and eight
known iridoid glucosides, acetylbarlerin (30), ipolamiidoside
(31), 6-O-acetylshanzhiside methyl ester (32), barlerin (33),
shanzhiside methyl ester (34), mussae-nosidic acid (35), 8-
O-acetylshanzhiside (36), and shanzhiside (37) have been
isolated from the flowers of Barleria lupulina [22]. When
tested for anti-herpes simplex type 1 activity, only compound
31 exhibited antiviral properties. None of the compounds
showed cytotoxic effects on Vero cells (ICso > 50 pg/mL)
and none of them inhibited cyclooxygenase-2 enzyme. Iri-
doids 29-34, 36 and 37 were assayed for antiviral (HSV-1)
activity. Only compound 31 was active in the test, with ICs
of 41.1 pg/mL. It is interesting to note that compound 31 was
the only iridoid with a C-5 hydroxy group. It is thus sup-
posed that one of the structural requirements for an iridoid to
exhibit anti-HSV-1 activity could possibly be the presence of
a 5-hydroxy group. The sesquiterpene (38) had antiviral ac-
tivity (HSV-1) with ICso 41.1 pg/mL [22].

A novel structural type of sesquiterpene was isolated
from the twigs and leaves of Litsea verticillata [23]. The
litseaverticillol A (39) was obtained as a racemate through
bioassay-guided fractionation and found to inhibit the repli-
cation of HIV-1 with an ICsy value of 5.0 ug/mL (21.4 uM).
It also demonstrated toxicity to HOGRS cells, with a CCs
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value of 13.2 pg/mL (56.4 uM). This yields an unfavorable
selectivity index value (CCs¢/ICsp) of 2.6 that excludes 39
from consideration for more advanced studies with in vivo
models of HIV infection.

Two years later, bioassay directed-fractionation led to the
identification of litseaverticillols A-H (39-46) from the
leaves and twigs of Litsea verticillata [24]. These new ses-
quiterpenes 39-46, which constitute a new class of anti-HIV
agents, inhibited HIV-1 replication in HOGRS cells with
ICsy values ranging from 2 to 15 pg/mL (8-58 uM) while
affecting the growth of HOGRS at concentrations 2 - 3-fold
higher (Table 2).

The first total synthesis of litseaverticillols B (40), E
(43), 1 (47), and J (48) as well as the structural reassignment
of litseaverticillol E have been achieved by means of a
biomimetic sequence of transformations [25, 26].

10-Norparvulenone (49) is a novel anti-influenza virus
antibiotic recently isolated from Microsphaeropsis sp.; pre-

liminary in vitro assays have shown this compound to be a
very promising anti-influenza virus drug [27].
OH (0]

HO

49
OH

DITERPENES

Kaurane diterpenoid, 16p,17-dihydroxy-ent-kauran-19-
oic acid (50) isolated from methanolic extracts of the fresh
fruits of Annona squamosa, significantly inhibited HIV with
an ECsg value of 0.8 mg/mL (TI > 5) [28]. Linearol (51), an
ent-kaurane diterpenoid isolated from Sideritis akmanii and
its semisynthetic derivatives showed significant anti-HIV
activity against HIV-1 replication in H9 lymphocyte cells
[29].

Table 2. Anti-HIV Activity and Cytotoxicity of Compounds (39-46) Isolated from L. verticillata
Cytotoxicity to HOG.RS CCs Anti-HIV activity IC5 (ng/mL a
Compound (pg/mL (M) M) .
39 13.2 (56.2) 5.0(21.4) 2.6
40 5.7 (24.4) 2-3(8.5-12.8) 2819
41 17.5 (74.8) 7.1 (30.3) 24
4 >20 (80) 14.4 (57.6) >1
43/44 12.4 (49.6) 4.0 (16) 3.1
45 20.0 (80) 11.3 (45.2) 1.7
46 2.5-5.0(10.1-20.2) Toxic -

* SI = selectivity index = CCsy/ICs.
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The widely distributed plant Scoparia dulcis has long been
used as a traditional medicine in Paraguay, India, and Tai-
wan for hypertension, toothaches, blennorhagia and stomach
disorders. Due to these diverse medicinal properties, consid-
erable phytochemical investigations were carried out on this
plant by different groups to identify the active constituents.
Hayashi and co-workers [30, 31] isolated and characterized a
number of structurally unique tetracyclic diterpenoids pos-
sessing a new carbon skeleton (scopadulane diterpenes), ex-
emplified by scopadulcic acid A (52) and B (53), from the
Paraguayan crude drug prepared from the whole plants of S.
dulcis [32] and scopadulciol (54) from plants collected in
Taiwan [30]. Scopadulciol has also been isolated earlier from
a Bangladesh collection of S. dulcis [33] and is also present
in specimens from China and Thailand [31]. During the past
decade, Hayashi and co-workers proved that these natural
products, and some derivatives, exhibit an amazing

OH
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ORs
Table 3. Inhibition of HIV-1 Induced CPE and Activation of PKC by Phorbol and its Derivatives
R, R, R; R, ICi00 CC,y % MAC (pg/mL)

56 H Ac CisH3:0 H 15.6 62.5 0
57 H Tig CisH3:0 H 7.81 62.5 14
58 Ac Tig H H 125 500 16
59 C1oH100 2-Me-Bu H H 7.81 31.3 0 >50
60 Tig 2-Me-Bu H H 313 62.5 10
61 Ac C1oH100 H H 0.0076 62.5 0 >100
62 2-Me-Bu CioH100 H H 15.6 62.5 16
63 CuHo,0 Ac H H 0.00048 313 100 0.01
64 H H H H - 1000 8
65 Bz Bz Bz H - 313 100
66 Ac Ac CisH3:0 H 7.81 62.5 0
67 C1oH100 2-Me-Bu Ac H 3.9 15.6 10 >50
68 Ac C1oH100 Ac H 15.6 313 11
69 Ac CioH100 Ac Me - 1.95 0
70 CuHo,0 Ac Ac H 15.6 62.5 0
71 CuHo,0 Ac Ac Me - 15.6 0
72 Ac CuHo,0 H H - 125 0
73 Ac CuHo,0 CuHo,0 H 62.5 125 0
74 Ac H H H - 500 13
75 H Ac H H 125 >1000 0
76 Ac Ac H H - >1000 57
77 Ac Ac Ac H 62.5 125 0
78 Ac Ac Ac Me 313 125 0
79 Ac Ac Ac Ac 125 250 0

DS8000 3.9 >1000 -

MAC, minimum concentration for maximum activation of PKC; 2-Me-Bu = 2-Me-butyryl, Tig = tigloyl

pattern of biological activities, including antiviral, antitumor,
inhibition of gastric acid secretion and bone resorption as
well as potentiation of known antiviral drugs [34]. The con-
tinued investigation of Hayashi's group on this plant resulted
in isolation and characterization of a novel tetracyclic aphidi-
colane diterpenoid scopadulin (55) in 1990.

A number of phorbol derivatives were evaluated [35] for
their inhibition of human immunodeficiency virus (HIV)-1

induced cytopathic effects (CPE) on MT-4 cells, as well as
their activation of protein kinase C (PKC), as indices of anti-
HIV-1 and tumor promoting activities, respectively.

Through bioactivity-guided fractionation, eight phorbol
diesters, including five new ones (56-60), were isolated from
the seeds of Croton tiglium collected in Egypt [36]. Table 3
shows the inhibitory activity of 56-63 against the cytopathic
effects (CPE) of HIV-1 in MT-4 cells and their activation of
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PKC (protein kinase C). The 13,20-diesters, 56 and 57, dem-
onstrated complete inhibition of CPE at concentrations
(ICy00) of 15.6 pg/mL and 7.81 pg/mL, with minimum cyto-
toxic concentrations (CCy) of 62.5 ng/mL for both. However,
phorbol 12,13-diesters, which contained long-chain and
short-chain acyl groups (long-chain at C-12 as in 63 [37], or
at C-13 as in 61), demonstrated potent inhibition of HIV-1-
induced CPE at very low concentrations of 0.48 ng/mL and
7.6 ng/mL, respectively. Compound 59, with C10 and C5
acyl groups, completely inhibited HIV-1 at 7.81 pg/mL,
while 62, with C5 and C12, demonstrated the same inhibi-
tory potency as 56. Phorbol diesters containing two short
acyl residues (57 and 60) showed no appreciable anti-HIV
CPE activity. It was found that 63, the most potent tumor
promoter known so far, activated PKC by almost 100% at a
concentration of 10 ng/mL. However, 61, which demon-
strated potent anti-HIV-1 effects, showed no activation of
PKC at concentrations of 10-100 ng/mL. Compounds 56 and
59 did not activate PKC at 10 ng/mL, while 57, 58, 60, and
62 demonstrated 10-16% increases in the activity of PKC.
Compound 58 was also a selective inhibitor of HIV-1, and
the very potent effects of 61 indicated that the effects of
phorbol esters were influenced by chain length and acyl
group position.

Also, 12-O-acetylphorbol-13-decanoate (61) effectively
inhibited the cytopathic effect of HIV-1 on MT-4 cells with
ICygo value of 7.6 ng/mL and CC, value of 62.5 pg/mL [39].

12-O-Tetradecanoylphorbol-13-acetate (63) was found to
be a potent inhibitor of HIV-1-induced cytopathic effect on
MT-4 cells with complete inhibitory concentration (IC,qg)
value of 0.48 ng/mL and minimum cytotoxic concentration
(CCy) value of 31.3 pg/mL. In addition, it was found to be an
effective activator of PKC (96% activation at 10 ng/mL).

Apart from the potent inhibition of CPE observed in 61
and 63, the former also showed a strong PKC activation ac-
tivity, while the latter showed no activity at 10 ng/mL. Both
activities were generally observed in those phorbol deriva-
tives with an A/B trans configuration, but not in isophorbol
derivatives with an A/B cis configuration. Acetylation of 20-
OH in the phorbol derivatives significantly reduced the inhi-
bition of CPE, as shown in 67 (ICyop = 15.6 pg/mL) vs. com-
pound 61 (ICyop = 7.6 ng/mL), and 69 (IC;pp = 15.6 pg/mL)
vs. 63 (IC;pp = 0.48 ng/mL), except in the case of 59 and 72.
The reduction of a carbonyl group at C-3 abruptly reduced
the inhibition of CPE, as observed in 77 (IC;p = 500 pg/mL)
vs. 75 (ICygo = 62.5 pg/mL). Although 63 was equipotent in
the inhibition of CPE and activation of PKC, both activities
were abruptly decreased by the acetylation as in 69 and 70,
respectively. On the other hand, its positional isomer 71
showed neither activity. The removal of a long acyl group in
63 led to a substantial loss of both activities, as shown in 74.
Of the 12-O-acetyl-13-O-acylphorbol derivatives, the highest
inhibition of CPE was observed in 61, which has a dode-
canoyl residue at C-13. Both an increase and decrease in the
number of fatty acid carbon chains resulted in significant
reduction of the inhibition of CPE.

Phorbol ester, prostratin (80), isolated from Homalanthus
nutans, showed a potent HIV inhibitory property with IC,oo >
1 uM (0.39 pg/mL) and weak PKC activation. 12-
Deoxyphorbol 13-(3E,5E-decadienoate) (81), isolated from
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leaves and stems of Excoecaria agallocha inhibited HIV-1
RTase [39].

12-Deoxyphorbol-13-phenylacetate (DPP) (82), an anti-
tumor-promoting phorbol ester originally isolated from the
West African plant Euphorbia poissonii, induced the expres-
sion of HIV-1 in latently infected T cells (ICsp =4 nM, TI =
11 500) and rendered them sensitive to killing by an immu-
notoxin targeted to the viral envelope glycoprotein. The
combination of high potency and anti-tumor promoting ac-
tivity make DPP an attractive candidate for the adjunctive
therapy of persistent HIV-1 infection [40].

OR

&
0\\

o CH,OH
R
80 Ac
81 0
L‘t’s,)K/\/\/\/\

82

A new cancer cell growth inhibitor designated pedilstatin
(83) was isolated from Pedilanthus sp. collected in Maldives
[38]. Pedilstatin was found to significantly inhibit the growth
of the P388 lymphocytic leukemia cell line with an EDsy of
0.28 pg/mL, to afford, at concentrations of 2-5 pM, protec-
tion (to 80%) of human-derived lymphoblastoid CEM-SS
cells from infection and cell-killing by HIV-1. The activity
of pedilstatin as a ligand for protein kinase C was measured
by inhibition of binding of [20-’H]phorbol-12,13-dibutyrate
to protein kinase C,. The K; for pedilstatin was 620 nM. This
value shows good agreement with the measured biological
potency of pedilstatin in the P388 assay. The modest potency
relative to typical phorbol esters is consistent with the obser-
vation that biological activity is dependent on the AB ring
system being in a trans configuration.

X\/\/\
[e) (o]
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Caesalpinia minax is a prickly shrub growing in the trop-
ics and subtropics. The seeds of this plant have long been
used as Chinese folk medicine for the treatment of common
cold, fever and dysentery. The extract of the seeds was found
to show in vitro anti-respiratory syncytial virus activity, and
a subsequent bioassay-guided study led to the isolation of a
novel rearranged vouacapane diterpenoid possessing a new
carbon skeleton, now designated spirocaesalmin (84) [41].
Spirocaesalmin has been found to exhibit significant activity
against respiratory syncytial virus (ICsp = 19.5 pg/mL, TCsg
=126.9 pg/mL and SI = 6.5) in cell culture, the correspond-
ing values for the positive control (ribavirin) being 3.6
pg/mL, 62.5 pg/mL and 17.4, respectively.

COOMe

A bioassay-guided study led to the isolation of five new
cassane furanoditerpenes, designated as caesalmin C (85), D
(86), E (87), F (88), and G (89), along with stigmasterol from
the seeds of Caesalpinia minax [42]. Furanoditerpenoids 85-
89 showed significant activity against the para3 virus, with
ICs¢ values ranging between 7.8 and 14.8 pg/mL. However,
compound 89, which is the only furanoditerpenoid lactone, is
highly toxic, with a TI value of 3.0. It is noteworthy that the
TI value of compound 85 is almost the same as that of ri-
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bavirin, which serves as a positive control in the bioassay.
Investigation of the chloroform fraction of this extract re-
sulted in the isolation of two new, but inactive, furanoditer-
penoid lactones, caesalmin A (90) and B (91). It can be con-
cluded that the anti-para3 virus activity of tetracyclic furano-
diterpenoids is better than that of the furanoditerpenoid lac-
tone.

From the CH,Cl, extract of seed kernels of Caesalpinia
crista from Myanmar, two rare and biogenetically interesting
methyl migrated cassane-type furanoditerpenes, i.e. caesal-
pinins MM (92) and MN (93) and two normal cassane-type
furanoditerpenes caesalpinins MO (94) and MP (95) have
been isolated, together with eight known cassane-type diter-
penes, 1-deacetoxy-1-oxocaesalmin C (96), 1-deacetylcae-
salmin C (97), caesalmin C (85), bonducellpin C (98), cae-
saldekarin (99), 2-acetoxycaesaldekarin (100), 2-acetoxy-3-
deacetoxycaesaldekarin (101), and norcaesalpinin (102) [43].
Among the known compounds, compounds 96 and 97 were
isolated for the first time from a natural source.

Further investigation of the active components of the
chloroform fraction of the seeds of Caesalpinia minax led to
the isolation of a new cassane furanoditerpenoid, caesalmin
H (103), together with two known furanoditerpenoid lac-
tones, caesalmin B (104) and bonducellpin D (105). Reduc-
tion of the naturally abundant caesalmin D (86), E (87) and F
(88) resulted in three furanoditerpenoid derivatives 105-107
[44]. The inhibitory activities of these compounds on the
para3 virus were evaluated by cytopathogenic effects (CPE)
reduction assay (Table 5). The furanoditerpenoids 91, 108
showed moderate activity against para3 virus and exhibited
high toxicity with TI values of 2.8 and 2.7, respectively. Re-

Table4. Antiproliferation Activity of Compounds 85-89 Against the Para3 Virus
Compound ICs) (ng/mL) TCso(ng/mL) TI
85 8.2 196.3 23.9
86 9.6 182.4 19.1
87 10.3 165.0 16.0
88 7.8 136.5 17.5
89 14.8 44.7 3.0
Ribavirin 2.6 62.5 24.0
TableS. Inhibitory Effects of Compounds on the Para3 Virus Induced Cytopathogenicity
Compound ICsy(Mx107%) TCs (Mx107) TI
91 5.5 15.6 2.8
105 52 379 7.3
106 6.1 48.9 8.0
107 6.4 120.0 18.8
108 4.8 12.9 2.7
Ribavirin 1.0 24.0 24.0
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duction of the acetoxyl group significantly decreased the
activity when comparing the ICsy values of the compounds
with the corresponding parent furanoditerpenoids 86-88. It is
noteworthy that the toxicity of compound 107 is significantly
lower than that of other compounds with a TI value compa-
rable to its parent furanoditerpenoid 88.

A novel cassane-type furanoditerpenoid lactone, named
macrocaesalmin (109), possessing a ten-membered macro-
cyclic 1,5-diketone ring and an unprecedented cis B/D ring
fusion mode, has been isolated from the seeds of Caesalpinia
minax [45]. Macrocaesalmin showed inhibitory activity
against the RSV with ICsy = 24.2 pg/mL, TCsy = 138.3
pg/mL and SI = 5.7 in cell culture, and the corresponding
values for positive control (ribavirin) were 3.4 pg/mL, 60.6
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TCso = 137.5 pg/mL and SI = 2.6, and the corresponding
values for the positive control were 2.7 pg/mL, 62.5 ng/mL
and 23.1, respectively. Similarly, 109 was also inactive
against the Flu-A virus.

pg/mL and 17.8, respective'ly. The antiviral activity of 109 Ruas Rug
was not better than the positive control; however, the selec-
tivity index SI>4 for natural products was considered signifi-
cant. However, unlike other furanoditerpenoids, 109 was %2 O Me
inactive against the para-3 virus with IC5y = 51.9 pug/mL, 93 Me OH
RiB
2m, COnIR 40
. g
R ;
Ee
Rip Ria R, Rs R R; Rua R A AP A
85 H OAc H H OAc OAc =CH, - - -
86 H OAc H H OAc OAc OH Me - - -
87 H OAc H H OAc OAc Me OH - - -
93 H OAc H H OAc OAc Me OMe - - -
94 =0 - - OAc OAc =CH, = - -
95 H OAc H H H H Me - - = =
96 =0 H H OAc OAc =CH, - - -
97 H OH H H OAc OAc =CH, - - -
98 H OAc H H H OH H COOMe - - -
99 H OAc H OAc H H Me - - = =
100 H OAc OAc OAc H Me - - = =
101 H OAc OAc H H H Me - - = =
102 H OAc H H H OH =0 - - -
104 H OAc H H H OH Me H - - -
105 H OH H H OAc OAc OH Me - - -
106 H OH H H OH OH Me OH - - -
107 H OH H H OAc OAc Me OMe - - -
108 H H H H OAc H Me H - - -
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Diterpene lactone, andrographolide (110) isolated from
Andrographis paniculata prevented HIV-infected cells from
arresting in G2 phase in which viral replication is optimal. It
has also been reported to inhibit cell-to-cell transmission,
viral replication and syncytia formation in HIV-infected cells
[46]. A phase I dose-escalating clinical trial of andrographol-
ide revealed a significant rise in the mean CD4+ lymphocyte
level (from a baseline of 405 cells/mm’ to 501 cells/mm”; P
= 0.002) of HIV-1 infected subjects after 2 weeks” admini-
stration of 10 mg/kg andrographolide.

Andrographolide (110), neoandrographolide and 14-
deoxy-11,12-didehydroandrographolide, ent-labdene diter-
penes isolated from Andrographis paniculata showed viri-
cidal activity against herpes simplex virus 1 (HSV-1) with
1Csp ~10 pg/mL [47].

Another diterpene lactone, nortripterifordin (111) isolated
from Tripterygium wilfordii, inhibited HIV replication in H9
lymphocytes [48]. Diterpenes from Homolanthus acuminatus
and Chrysobalanus icaco have shown HIV-inhibitory activ-
ity in in vitro screening [49].

o

e
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The derivatives extracted from the dried roots of
Euphorbia kansui have various biological activities, includ-
ing anti-HIV activity, due to inhibition of virus adsorption to
the host cells [50-52]. Among the ingenol derivatives, 13-
hydroxyingenol-3-(2,3-dimethylbutanoate)-13-dodecanoate
(RD4-2138) (112) proved to be exquisitely potent (ICsq: 0.07
nM) against HIV-1(Illg strain) in MT-4 cells, and selective
(50% cytotoxic concentration (CCsg): 8.7 mM). The mecha-
nism of anti-HIV action of RD4-2138 could at least in part
be attributed to down-regulation of the CD4 receptor for
gp120, thus accounting for the inhibitory activity of this
class of compounds on virus adsorption.

Although ingenol derivatives are highly potent inhibitors
of HIV-1 replication in acutely infected cells, it was recently
shown that some ingenol derivatives enhance HIV-1 replica-
tion in chronically infected cells, whether or not through
activation of the nuclear factor kB (NF-kB) and protein
kinase C (PKC).

Cyanthiwigin U (113) and further cyanthiwigins (A-D),
are diterpenes isolated from Jamaican sponge Myrme-
kioderma styx and they exhibited moderate anti-HIV inhibi-
tory activity in cell-based in vitro anti-HIV assay [53].

113

Avarone (114) and avarol (115) isolated from the sponge
Dysidea avara showed anti-HIV activity, but controlled
studies failed to confirm their utility in treatment of HIV-
infection.

Avarol and avarone derivatives (from the Red Sea sponge
Dysidea cinerea) [54] have all been reported to inhibit the
reverse transcriptase (RT) activity of HIV-1, noncompeti-
tively with respect to the natural substrate (ANTP). In neither
case was the anti-HIV-1 activity determined in cell culture,
so it is not clear whether any of these compounds is a really
effective inhibitor of HIV replication, and, if so, whether
they inhibit HIV replication through an inhibitory effect on
HIV-1RT.

Illimaquinone (116), isolated like avarone and avarol
from a Red Sea sponge, i.e. Smenospongia, has been re-
ported to inhibit the RNase H activity, associated with the
HIV-1 reverse transcriptase (RT), at a concentration of 5-10
pg/mL, while not being active against the RNA dependent
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DNA polymerase (RDDP) and DNA-dependent DNA po- Table 6. Effect of Different Avarol and Avarone Derivatives
lymerase (DDDP) activities of the enzyme at a concentration on HIV-I' RT-Associated RNA-Dependent DNA
of 50 ug/mL [55]. The meaning of this finding is unclear, as Polymerase (RDDP) and RNase H Activities
the activity of illimaquinone against HIV replication in cell
culture was not assessed. HIV-1 RT enzymatic activity (%)
RDDP? RNase H
Avarone A 27 (6.8) 46
Avarone B 30 (5) 59
Avarol C 100 (>50) 86
Rs Ry
Avarone D 98 (>50) 96
8 R
A ! R. Rs Avarone E 9 (1.0) 6
114 = Me - Avarol F 28 (7.0) 0
o (e)
: A diterpenoid ovatodiolide (120) from Anisomeles indica
-~ was reported to exhibit anti-HIV activity [57]. Ovatodiolide
115 - Me - inhibited the cytopathic effects of HIV-1 infection over a
HO OH modest concentration range (ECso = 0.10 pg/mL; ICs5o = 0.10
pg/mL) with maximum cellular protection of 80-90% but
- was completely cytotoxic to the host cells at 5.0-6.0 pg/mL.
116 ) OMe _ The anti-HIV activity of 120 was compared with that pro-
duced by a known anti-HIV drug, AZT (ECs, 0.0037
o ° pg/mL).
HO -
117 - Nre =
HO Pl
118 - e Me Me
O{%O Secondary metabolites isolated from the brown alga Dic-
WA tyota dichotoma and the brown alga D. linearis [58] included
the diterpenes isopachydictyolal (121) acquired from D. di-
119 = pve Me - chotoma and 4a-acetyldictyodial (122) from D. linearis. The
antiviral activity of metabolites isolated in adequate amounts
° ° was evaluated in laboratory assays against herpes simplex
N virus I (HSV 1) and poliomyelitis virus I, using Vero cells as
" hosts. The isolated metabolites did not exhibit significant

Quinone and hydroquinone subunits are featured in a
variety of natural products, including a family of marine me-
tabolites represented by avarone (114), avarol (115), ilima-
quinone (116), smenospongine (117), mamanuthaquinone
(118), and avarone E (119) [56]. Among the exciting and
diverse biological properties exhibited by all members of this
family, the antimitotic, antileukemic, and antiviral effects
reported (Table 6) for 114 and 115 are particularly notewor-
thy. Although the chemical origins of these biological prop-
erties remain obscure, the redox properties of the hydroqui-
none-quinone system present in 114 and 115 may be held
accountable for such a profile.

The figures in parentheses (Table 6) are values calculated
for the inhibition of HIV-1 RT-associated RDDP activity by
the different compounds. These values represent the inhibitor
concentrations in pg/mL.

antiviral activity against the two viruses in concentrations
lower than their maximal non-toxic dose (MNTD) and
proved to be toxic for Vero cells in different dilutions. Every
concentration was tested in duplicate and the highest assayed
concentration was 100 pug/mL. The MNTD for the metabolite
120 was found to be 10 pg/mL.

CHO

Specimens of Dictyota pfaffii from North-East Brazil
afforded the rare dolabellane diterpene 10,18-diacetoxy-8-
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hydroxy-2,6-dolabelladiene (123) and the new 10-acetoxy-
8,18-dihydroxy-2,6-dolabelladiene (124) [59]. Reduction of
123 yielded 8,10,18-trihydroxy-2,6-dolabelladiene (125),
also present in the crude extract of D. pfaffii. All these sub-
stances showed strong anti-HSV-1 activity in vitro but only
125 inhibited the reverse transcriptase enzyme of HIV-1. At
a concentration of 50 uM, the compounds 123-125 reached
89, 87 and 81% of cytopathic effect inhibition of herpes vi-
rus respectively (Table 7).
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Chemical investigation of Junceella juncea has resulted
in the isolation of two novel briarane-type diterpenoid com-
pounds, juncenolides F (131) and G (132) [65].

:5: R\\\\“" N ‘ .‘"I///Cl
o, %
126 R=H o
Ry 131 R = OOCCH,CH(CHa),
OAc
B OAc
A CH,O0R,
R, R, R;
123 OAc OAc OH
124 OH OH OAc
125 OH OH OH
Table7.  Cytopathic Effect Inhibition of Compounds 123-125
on Herpes Virus R, R,
127 H H
Compound CC M TCIDsy (%
P o (M) o (%) 128 OAc H
123 185 89 129 OAc Me
124 189 87
125 184 81
Acyclovir 850 79

TCID - tissue culture infective dose.

Briaranes are diterpenoid y-lactones of highly substituted
bicyclic six- and ten-membered rings that are extensively
produced by marine octocorals including gorgonians [60,
61]. The majority of these compounds are endowed with
different biological activities including antiviral ones [62].

Fractionation of the acetone extract of the red gorgonian
coral Junceella juncea collected in Taiwan resulted in the
isolation of a new briarane, designated juncenolide A (126)
[63]. General biological study revealed that compound 126
exhibited moderate cytotoxicity against human colon adeno-
carcinoma and oral epidermoid carcinoma (KB-16) cells at a
concentration of 3.4 and 5.9 ug/mL, respectively.

In addition to the known juncenolide A, three new bri-
aranes, juncenolides B (127), C (128), and D (129), have
been isolated from the acetone extract of Junceella juncea
collected in Taiwan [64]. Juncenolide C exhibited mild cyto-
toxicity against human hepatoadenocarcinoma (HEPA
59T/VGH) and oral epidermoid carcinoma (KB-16) cells at
concentrations of 6.6 and 7.8 ng/mL, respectively. However,
compounds 127-130 were inactive toward these cell lines.

Further, new briarane diterpenes, briarlides A — H (133,
135-138, 140, 141, 143), have been isolated from a gorgo-
nian Briareum sp., collected in Japan [66] and their semisyn-
thetic derivatives have also been obtained (134, 139, 142).
Their structures and cytotoxity toward Vero and MDCK
cells were described. The inhibitory activity of 133-138 and
140-142 against Vero and MDCK cells was 2.07-62.1 and
2.49-67.1 pg/mL, respectively (Table 8). Compound 133
showed the strongest inhibitory activity of them all. The
compounds 142 and 143, without a substituent at C-4, and
compounds 135-138, possessing a hydroxyl group(s) at C-2
and/or C-3, were less inhibitory. Compound 138, with a
longer aliphatic chain, was more active than 137, with a
shorter chain. When the octanoyl group at C-4 was rear-
ranged to C-3, the activity was decreased, as seen in the case
of 138 and 140. The activity of compound 135, possessing
an acetyl group at C-12, was stronger than that of 136, with a
hydroxyl group at C-12.
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Table8. Cytotoxic Activity (CCsy pg/mL) of Compounds

133-136, 138-141 and 143

133 | 134 | 135 | 136 | 138 | 139 | 140 | 141 | 143

Vero 2.07 1 9.80 | 18.9 | 62.1 | 424 | 2.26 | 4.26 | 22.2 | >100

>100

MDCK | 4.74 | 28.8 | 154 | 38.6 | 491 | 249 | 349 | 67.1

Further investigations of the Briareum sp. secondary me-
tabolites have yielded 10 new briarane diterpenes, briarlides
I-R (14-153) [67]. Bioactivity tests for the new compounds
could unfortunately not be performed because of their insuf-
ficient amount.

Four new briarane-type diterpenoids, pachyclavulides A
(154), B (155), C (156), and D (156), were isolated from the
Okinawan soft coral Pachyclavularia violacea [68].

Chemical investigation of the soft coral Cespitularia hy-
potentaculata resulted in the isolation of eight new diterpe-
nes, cespihypotins E-L (158-165) [69]. The new metabolites
comprise six verticillene-type diterpenes, one cespitularane
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R, R, R;

150 OOC(CHy)sCH; OH OAc
151 OAc OH OAc
152 OOC(CH,)sCH; OAc OH
153 H OAc OH

tone ring. Immunomodulatory and antiviral activities of 158-
165 were tested and evaluated. The isolated diterpenes 158-
165 were tested in vitro against HSV-1 virus. As indicated in
Table 9, they exhibited weak activity as compared with acy-

derivative, and one derivative with 14-membered lac-  clovir. A preliminary study on resting cells and cells acti-
R, R, R Ry R, R

133 Ac Me OAc OAc H OAc
134 H Me OAc OAc H OAc
135 Ac Me OAc OH H OAc
136 Ac Me OAc OH H H

137 Ac Me OOC(CH,),CHs OH H OAc
138 Ac Me OOC(CH,)¢CHs OH H OAc
139 H Me OOC(CH,)¢CHs OH H OAc
140 Ac Me OH OOC(CH,)¢CHs H OAc
141 Ac Me H OAc H OAc
142 H Me H OAc H OAc
143 H Me H OAc H OH
144 Ac Me OOC(CH,)¢CHs H OAc OAc
145 H Me OAc H OH OAc
146 Ac Me OOC(CH;),CH; H OH OAc
147 Ac Me OOC(CH,)¢CHs H H OAc
148 H CH,OH OOC(CH,),CHs H H OAc
149 Ac Me OAc H H OAc
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vated with PHA was performed with compounds 158-165 at
100 uM. The inhibition or enhancement of cell proliferation
was determined by tritiated thymidine uptake. As indicated
in Table 10, compound 7 showed significant enhancement of
cell proliferation, while compound 165 inhibited phytohe-
magglutinin induced proliferation of peripheral blood mono-
nuclear cells.

OAc
OAc OAc

CH,OR

OAc

o
N

155R=H o
156 R = OAC

H

OAC

160R=H
H 163
161 R = OCOCH=CH,

162 R = Ac

oW

(¢
HO//,, :‘\\ \\

165
H

Shinjulactone C (166), possessing an unusual structure
and isolated from Brucea javanica and Brucea antidysen-

terica [70], showed anti-HIV activity with therapeutic index
of more than 25.
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Table9. Inhibition of *HSV-1 Replication by Compounds
158-165
Compound (100 pM) Inhibitory activity (%)
158 18.5
159 5.2
160 19.4
161 6.6
162 13.7
163 21.8
164 10.0
165 223

*HSV-1: Herpes simplex virus type 1.

Table 10. Effects of Compounds 158-165 on PBMC Prolifera-
tion Induced by PHA
Activity (%)
Compound (100 pg/mL)
Resting PHA (5 pg/mL)

158 —-61.9+4.5 89.4+£2.4
159 7.0+1.0 —8.6+£0.3
160 37.8+£8.9 26.7+0.2
161 —37.8+£2.6 -2.6+4.0
162 4.3+4.6 —27.8+6.5
163 31.6£8.9 2.9+0.1
164 45.7£8.5 162.6+63.7
165 11.5+1.1 —84.2+1.5

Cyclosporine A (2.5 pg/mL) -15.9+4.4 —92.246.8

Negative represents inhibitory activity; positive represents enhancement of prolifera-

tion.

The limonoids, limonin (167) and nomilin (168), isolated
from Citrus spp. inhibited HIV-1 replication in PBMC (pe-
ripheral blood mononuclear cells) including those with
chronic infection and in monocytes/macrophages with ECs
values ranging from 20 to 80 uM [71]. A dose-dependent
inhibition of viral replication was observed in PMBC iso-
lated from healthy donors and infected with HIV-1 strain
after incubation with limonin and nomilin. These also inhib-
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ited the production of HIV-1 p-24 antigen in infected mono-
cytes/macrophages. The mechanism of anti-HIV-1 effect of
limonoids was found to be inhibition of HIV-1 protease.

Another limonoid, clausenolide-1-ethyl ether (169) iso-
lated from the rhizomes and the roots of Clausena excavata
showed anti-HIV activity in a syncytium assay with an ECs,
value of 34.4 uM, exhibiting low cytotoxicity (ICso = 548
uM) [72]. The compound also exhibited HIV inhibitory ac-
tivity in 1A2 cell line in syncytium assay.

167

Bioassay guided purification of the ethyl acetate extract
of leaves of Melia azedarach led to the isolation of the li-
monoid  1-cinnamoyl-3,11-dihydroxymeliacarpin ~ (170),
which showed ICsy values of 6 uM and 20 uM for vesicular
stomatitis (VSV) and herpes simplex (HSV-1) viruses, re-
spectively [73].

/// 170

A new seco-abietane-type diterpenoid, 13S-hydroxy-9-
0x0-9,10-seco-abiet-8(14)-en-18,10a-olide (171) was iso-
lated along with a known lignan from the stem bark of Picea
glehni [74]. In order to assess their cancer chemopreventive
potential, the inhibition of Epstein-Barr virus early antigen
(EBV-EA) activation induced by 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) was examined for compound 171,
and its synthetic analogue, 9,10-seco-8S,13S-epoxy-abiet-
8(14)-en-18,100-olide (172). The inhibitory effect of 172 on
EBV-EA induction was strong (0, 20.7, 67.1 and 89.2% in-
hibition at 1000, 500,100 and 10 mol ratio/TPA). The ICs, of
172 was 226 mol ratio/32 pmol/TPA.
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Two known spirodihydrobenzofuran terpenes (173 and
174) were isolated from a mycelium extract of the fungus
Stachybotrys nephrospora [75]. Compound 173 (Mer-
NF5003F, stachybotrydial) exhibited potent antiviral activity
(an ICsy value of 4.32 pg/mL) comparable to the standard
drug, acyclovir, while compound 174 was inactive against
the HSV-1 virus. Both 173 and 174 possessed antiplasmodial
activity (ICso values of 0.85 and 0.15 pg/mL for 173 and
174, respectively), and were not toxic towards the Vero cell
line.

CHO

Ho“w‘ Hovw“

n,

S
<

173 174

Eight new compounds - hamigeran A (175), debromo-
hamigeran A (176), hamigeran B (177), 4-bromohamigeran
B (178), hamigeran C (179), hamigeran D (180), hamigeran
E (181), and debromohamigeran E (182) with a unique car-
bon skeleton have been isolated from the sponge Hamigera
tarangaensis [76]. Compounds 178-180 showed moderate in
vitro cytotoxicity against P-388, while 177 showed 100% in
vitro virus inhibition against both the herpes and polio vi-
ruses, with only slight cytotoxicity.

OH (¢] OH o

~lllOH

H
&
\\\\

175R=Br 177R=H

176 R=H 178 R=Br

The interesting biological properties of the hamigerans
(hamigeran A (181) and hamigeran B (182)) wherein
hamigeran B is a potent antiviral agent with low cytotoxicity
to host cells make these deceptively simple looking struc-
tures challenging synthetic targets. For this reason,
hamigeran B has been repeatedly synthesized — see, e.g., the
studies [77, 78].
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In 1995, Hara and co-workers [79] reported the isolation
of a great number of clerodanes and ent-halimanes from
Polyalthia langifolia. Compound 183 is the first ent-
halimane diterpene which possesses cytotoxic and antiviral
activity against, e.g., HELAM cells (ICso = 5.0 pM), MDCK
(ICsp=5.1 uM) and influenza virus (IC5y = 6.8 uM).

Novel rearranged labdane-type diterpenoids were isolated
from the stem bark of Picea glehni, together with known
diterpenoids (184-188) [72]. Compounds 184-188 showed
potent inhibitory effects on Epstein-Barr virus early antigen
(EBV-EA) activation induced by the tumor promoter 12-O-
tetradecanoylphorbol 13-acetate (Table 11).
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R3

R1 RZ R3
184 COOH H,
185 Me =0
186 COOMe =0 OH

z

187

Two novel compounds, stachyflin (189) and acetyl-
stachyflin, have been isolated by solid-state fermentation of
Stachybotrys sp. RF-7260 [80, 81]. Stachyflin showed antivi-
ral activity against influenza A virus (HIN1) in vitro with an
1Cso value of 0.003 uM. Acetylstachyflin was about 77-fold
less active than stachyflin but about 1760 times more than
amantadine.

HN

OH

Table 11. Percentage of Epstein-Barr Virus Early Antigen Induction in the Presence of Compounds 184-188 with Respect to a Posi-
tive Control (100%0)
Concentration (mol ratio/TPA)
Compound
1000 500 100 10
184 0(70) 30.6 75.0 95.2
185 0 (60) 20.7 68.4 89.3
186 0(70) 30.2 74.7 95.0
187 0(70) 242 63.7 90.5
188 0(70) 28.1 72.9 95.0
B-carotene 9(70) 34 82.0 100
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For decades, gorgonians (Order Gorgonacea, Phylum
Cnidaria), commonly known as sea feathers, sea whips and
sea fans, have been recognized as a rich source of chemically
diverse compounds. Many of these compounds have been
isolated and are known to be useful for treating various dis-
eases. Particularly useful among these are the pseudopteros-
ins. They are a family of diterpene pentose glycosides, which
have been shown to have potent anti-inflammatory and anti-
proliferative properties, and analgesic activity equivalent in
potency to the industrial standard indomethacin [82-85]. The
potential medicinal use of these compounds, which were
originally isolated from the Caribbean Sea whip Pseudotero-
gorgia elisabethae, has been intensively studied (see below).

Investigations are reported that identify the biosynthetic
source and origins of the pseudopterosins, pharmacologically
important diterpene glycosides, in the gorgonian coral P.
elisabethae [86]. The isolation of physiologically significant
levels of endogenous pseudopterosins A, B, C, and D (190-
193) from purified symbionts identified as the dinoflagellate
Symbiodinium microadricum was described. These results
reveal for the first time that pseudopterosin biosynthesis is
occurring within the algal symbiont and suggest the physio-
logical implications of this biosynthesis.

This finding facilitates the production of pseudopterosins
from this symbiont as a renewable source and avoids the
destruction of coral reefs. S. microadricum can be replicated
in large numbers in an in vitro culture and produce pseudop-
terosins at a level comparable to that found in naturally oc-
curring coral.

As part of an ongoing program to explore the chemical
constituents of Caribbean marine invertebrates, a family of
13 new diterpene glycosides, pseudopterosins P-Z (194-204)

Rezanka et al.

and seco-pseudopterosins H (205) and I (206), have been
isolated from the organic extracts of two collections of P.
elisabethae procured on the shore of the Colombian South-
western Caribbean Sea [87]. Pseudopterosin Q (195) inhib-
ited thromboxane B-2 (TXB2) (ICs5o = 4.7 uM) and superox-
ide anion O, (IC5p = 11.2 pM) generation from E. coli
lipopolysaccharide (LPS) - activated rat neonatal microglia
in vitro. In contrast, pseudopterosins P (194), U (199), V
(200), W (201), and X (202) as well as seco-pseudopterosins
H (205) and I (206) demonstrated minimal effects on both
TXB, and O,* release. In addition, some of the new com-
pounds displayed strong antituberculosis, antiviral, antima-
larial, and anticancer activity. Pseudopterosin P (194) was
also subjected to antiviral testing against herpes simplex vi-
ruses HSV-1 and HSV-2. Acyclovir (ACV) was used as a
control. The tests showed pseudopterosin P to be very toxic
against each virus (ECso = 2.9 uM), with SI values of <2.4
(ACV ECs = 0.95 uM). Compound 194 also showed strong
antiviral activity against human cytomegalovirus and
varicella-zoster virus with ECsq values of 2.9 and 2.6 uM (SI
values <3.6 and <3.2, respectively).

Seco-pseudopterosins (207-210) isolated from a Carib-
bean Sea whip of the genus Pseudopterogorgia [84] are
arabinose glycosides possessing aglycones of the serrulatane
class; the compounds in the series are mono-acetate
positional isomers. The seco-pseudopterosins possess potent
anti-inflammatory and analgesic activities equivalent to
commercial anti-inflammatory drugs.

The majority of reef-building corals in the tropical shal-
low waters belong to the Subclass Hexacoralia whereas only
a few species belong to the subclass Octocoralia. The blue
coral Heliopora coerulea is one of such octocorals. In spite

R: R, C, R: R, C:
190 H a R 199 d H S
191 H b R 200 c H S
192 H c R 201 f H S
193 H d R 202 e H S
194 i H S 203 a H S
195 j H S 204 f H R
196 1 H S 218 h H R
197 k H S 219 H h R
198 h H S 223 b H S
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of extensive chemical investigations since the 1960s on oc-
tocorals, i.e. soft corals and gorgonians, blue coral has es- Ry R
caped the attention of organic chemists, presumably because
of its calcareous skeleton. In H. coerulea were found seven 205 d H
bioactive diterpenes, helioporins A-G (211-217). Structurally 206 b H
are these compounds related to the aglycones of anti-
inflammatory pseudopterosins isolated from P. elisabethae. 207 H a
The pseudopterosins, p_articularly pseudopterosin E, are re- 208 H b
ported to be potent anti-inflammatory and analgesic agents,
which act by a novel mechanism of pharmacological action. 209 H c
The sugar moiety appears to be important for these com-

L - 210 H d
pounds to be anti-inflammatory. No activity has been re-
ported with the related terpenes without sugars, which have 220 m H
been isolated from a species of the same genus. Helioporins :
A and B were found to be inactive in the topical anti- 221 . H
inflammatory assay but they exhibited antiviral activity 299 i H

against HSV1 while helioporins C-G showed cytotoxicity
against P388.

Other structurally similar compounds (218-223) are
given here for the sake of completeness, although their bio-
logical effects are not known.

OR,

OR;
(o]
OR;
R1 Rz RS - \)
a H H H g
b Ac H H wnnnnnn
c H Ac H =
=
d H H Ac
e Ac H Ac
f H Ac Ac
ge’ OR;
OR,
(o]
OR;
R R
R R, R3 212 o H 216
H X
h H H H Yd
i H H Ac ‘g\ "y
i H Ac H 213 i B 217 )\/\/:\
K Ac H Ac ~ ' / NN i

| H Ac Ac 214 )\/\/g\
m Ac H H AN ' /
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After removing lipophilic material, the ground root bark
of Quassia africana was extracted and pronounced activities
were shown by the chloroform and ethyl acetate crude ex-
tracts against herpes simplex, Semliki forest, coxsackie and
vesicular stomatitis viruses [88]. Two quassinoids, i.e., quas-
sin (224) and simalikalactone D (225) were isolated. Si-
malikalactone D was responsible, at least in part, for the high
antiviral activity observed with the chloroform crude extract.
For quassinoids the ester group at C-15 and the ep-
oxymethano bridge between C-8 and C-13 appeared to be
important structural features in order to exhibit a pronounced
antiviral activity. Both compounds were tested for their anti-
viral activities in a concentration range from 20 to 0.2
pg/mL. Quassin was not active and showed no cytotoxicity.
Simalikalactone D exhibited pronounced activity against
herpes simplex virus type 1 and vesicular stomatitis virus,
both being enveloped viruses, with an RF of 10% at a test
concentration of only 0.2 pg/mL. Poliomyelitis and Semliki
forest viruses were inhibited at a ten-fold higher concentra-
tion. At a test concentration of 5 pg/mL simalikalactone D
was cytotoxic.

OR

X = X X X N\

(o]

o
X X o
: ﬂ ﬂ
[e]
229 R=H
o 230R=Me O OH o "oH
~ o o
231 R=Me 232 R=Me
Y o
: 224 HO, OH HO, OH
SESTERTERPENES g T\
A relatively small group of terpenopid compounds are e ote e :j ove
called sesterterpenes; their biosynthesis can be derived from 233 R=Me 234 R=Me
five isoprene units.
Norsesterterpene peroxide acids and their methyl esters x x CooH
are frequently isolated secondary metabolites from marine / \
. . . . e . . 235
sponges. They display a wide range of bioactivity including o

antiviral activity. A new norsesterterpenoic acid, named mu-
qubilone (226), along with the known muqubilin (227) and
sigmosceptrellin-B (228), were isolated from the Red Sea
sponge Diacarnus erythraeanus [89]. Sigmosceptrellin-B
exhibits significant in vitro antimalarial activity against 2x
Plasmodium falciparum (D6 and W2 clones) with ICs, val-
ues of 1.2 and 3.4 pg/mL, respectively. Muqubilin and mu-
qubilone show in vitro antiviral activity against herpes sim-
plex type 1 (HSV-1) with EDs, values of 7.5 and 30 pg/mL,
respectively. Muqubilin and sigmosceptrellin-B display po-
tent in vitro activity against Toxoplasma gondii at a concen-
tration of 0.1 pM without significant toxicity.

ZT

Variabilin (229) is a major component in all New Zea-
land sponges of the genera Ircinia, Psamminia, and Sarco-
tragus [90]. The decomposition products of variabilin (230-
235) exhibit biological activity (against Polio vaccine virus
type I and Herpes simplex virus type I) similar to that shown
by variabilin but thatare stable in the presence of light and air.

Further paper about of bioactive substances from the
massive Indo-Pacific sponge Fascaplysnopsis reticulata has
yielded unusual salts (reticulatine A 236, reticulatine B 237,
and fascaplysin B 238). Each has a sesterterpenoid anion
associated with an alkaloid cation [91].




Antiviral Sesqui-, Di- and Sesterterpenes

The bioactive constituents of Fascaplysinopsis reticulata
collected from the Benga Lagoon of the Fiji islands were
described [92]. The investigation of F. reticulata has re-
vealed new sesterterpenes isodehydrouffariellolide (239) and
dehydroluffariellolide diacid (240); unique alkaloid-
sesterterpene salts fascaplysin A (241) [fascaplysin cation/
dehydroluffariellolide diacid anion] and homofascaplysin A
cation/dehydroluffariellolide diacid anion (242), and further
neutral alkaloids. The most important finding in this study is
biological activity profile against the HIV reverse transcrip-
tase that is reported for selected metabolites. Assay against
reverse transcriptase (at 1 mg/mL) revealed inhibitions: 239
= 81%, 240 = not active, 241 = 58%, and 242 =94%.

[e]

Unusual chemicals produced by the ‘blue oyster’ diatom,
Haslea ostrearia, include numerous polyunsaturated
sesterterpenes — haslenes [93]. Three haslenes (243-245)
exhibit in vitro and in vivo activities against human lung
cancer cells (ICsy of 243 is >30, 244 = 13.4 and 245 = 3.8
pg/mL). The most active haslene is the most unsaturated and
unsaturation in the haslenes increases with increasing algal
growth temperature.

Terpestacin (246) is a sesterterpene natural product that is
produced by a number of fungi. It was first isolated in 1993
by Oka and co-workers from an Arthrinium species [94-96].
In 2001 Grife and co-workers isolated terpestacin from a
Ulocladium fungus; however, they assigned the enantiomeric
structure to their isolate [97]. In 2002 Miyagawa and co-
workers reported the isolation of siccanol, to which they as-
signed the 11-epi-terpestacin structure, from yet a third fun-
gal source, Bipolaris sorokiniana [98], but it was subse-
quently demonstrated that siccanol is identical to terpestacin.
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The C24 acetoxy derivative of terpestacin, fusaproliferin,
was isolated by Randazzo and co-workers in 1993 from
Fusarium proliferatum, a fungal pathogen of maize [99].
Terpestacin is a potent inhibitor (IDsp 0.46 pg/mL) of the
formation of syncytia, large multinucleated cells that are
associated with the pathology of HIV infection [96, 97]. It
has also been reported to inhibit angiogenesis on the basis of
assays in bovine aortic endothelial cells and in chorioallan-
toic membrane from chick embryos [100]. Furthermore,
terpestacin has been reported to have only modest antimicro-
bial activity, suggesting that it is not an indiscriminate cyto-
toxin and may therefore be a useful lead compound for the
development of anticancer as well as anti-AIDS chemothera-
peutics.

246

CONCLUDING REMARKS

Terpenoids, the largest group of naturally occurring sub-
stances produced by a wide variety of plants and animals,
provide a rich source of drugs and lead compounds possess-
ing a broad range of biological properties including cancer
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chemopreventive effects, antimicrobial, antifungal, antiviral,
antihyperglycemic, anti-inflammatory, and antiparasitic ac-
tivities. They can be also used as skin penetration enhancers
and agents with powerful activity against pathogens that can
be used in the prevention and therapy of inflammatory dis-
eases. All this points to the need for larger-scale use of ter-
penoids in modern medicine. Terpenoids also participate in
plant defense responses, and isolation of new secondary me-
tabolites can be used in controlling pests, pathogens and
weeds.

In the last decade, terpenoids have therefore been recog-
nized as interesting and valuable biologically active com-
pounds and research into these secondary metabolites has
gathered momentum. The low concentration at which some
of them can be extracted and isolated from natural sources
may be the main reason why the pharmacological properties
of these compounds have not been fully explored and the
relevant literature covers almost exclusively studies about
extraction, isolation and structural characterization. The re-
cent development of new high-yield procedures made possi-
ble the synthesis of some of these compounds in larger quan-
tities so that more detailed studies on their pharmacological
properties could be carried out. The data on the synthesis and
pharmacological properties of terpene derivatives so gath-
ered should pave the way to detailed studies aimed at search-
ing for efficient terpenoids from novel natural sources and
development of new environmentally friendly, cheap and
high-yield synthetic routes for acquiring these compounds in
large amounts. Although progress has been made in elucidat-
ing terpenoid biosynthetic pathways at the gene and enzyme
levels, regulation of terpenoid metabolism by factors control-
ling enzymes and genes of secondary metabolism is still
largely unknown. Metabolomics approaches revealing the
dynamic changes of many primary and secondary metabo-
lites, in combination with transcriptome data, will help to
understand these regulatory networks and facilitate genetic
engineering of the secondary metabolism of terpenoid-
producing organisms. All these efforts will provide further
insights into their pharmacological profiles and lead to the
improvement of their biological activity and the development
of novel antiviral, anti-cancer, anti-inflammatory and anti-
microbial compounds.
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