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Biotransformation of Terpenoids: A Green Alternative for Producing Molecules with
Pharmacological Activity
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Abstract: Terpenoids are natural products of great interest due to their broad application scope. They are employed as agrochemicals,
drugs, fragrances, flavours and pigments. In the search of new derivatives with improved properties, the use of biocatalysts is being con-
stantly increased, especially in redox processes. They can give rise to stereo- and regioselective products and/or compounds functional-
ized in remote positions difficult to reach by means of traditional organic chemistry. In this review, the application of whole cell cata-
lyzed biotransformations of terpenoids to obtain new drug targets or to increase the pharmacological activity is presented.
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1. INTRODUCTION

Due to the wide application scope of terpenes and terpenoids
ranging from fragrances and flavors to their pharmacological activi-
ties such as antibacterial, antiviral, or cytotoxic properties, the in-
terest of these compounds has lately been increased, driving the
synthesis of new derivatives which can show improved properties
or be a potential source of new building blocks for asymmetrical
synthesis. In this sense, the bioconversion of terpenes plays an im-
portant role, since remote positions difficult to reach chemically can
be biocatalytically functionalized with high regio- and stereoselec-
tivity, as it occurs for instance in the hydroxylation of non function-
alized methylene groups.

Biotransformations can be defined as the use of biological sys-
tems to produce chemical changes on synthetic or natural com-
pounds. The employment of such processes is constantly growing
due to several reasons: i) the reaction conditions are mild and fre-
quently the protection of other reactive functional groups is not
necessary; ii) high stereoselectivities and regioselectivities can be
achieved, i.e. a single enantiomer is obtained; iii) the functionaliza-
tion on remote non activated positions is possible; and iv) they are
environmentally friendly and economically convenient.
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2. MONOTERPENES

Monoterpenes are important fragrant molecules widely distrib-
uted in nature (more than 400 structures), which can be isolated
from leaves, flowers and fruits of many plants. They are suitable
starting materials for the biotechnological production of natural
aroma chemicals useful in Food or Pharmaceutical industries.

Demyttenaere et al. [1] reported the biotransformation of pure
geraniol and nerol (Fig. 1), the mixture of both (citrol) and the mix-
ture of the aldehydes (citral) to 6-methyl-5-hepten-2-one by sporu-
lated surface cultures of Penicilium digitatum. Interestingly, it was
proved that the spores retained their biotransformation capacity
over a period of at least 6 weeks. Citral, an antitumoral terpene
which imparts the characteristic lemon scent to plants like lemon
grass, is a relatively inexpensive compound and represents an im-
portant ingredient in the perfumery industry employed for the syn-
thesis of menthol enantiomers [2, 3] and of citronellal [4, 5]. Bacte-
ria, yeasts and filamentous fungi were screened looking for enantio-
specific reduction of the o,B-unsaturated carbon bond of this com-
pound, remaining the other C=C bonds unaffected. The bacterial
strains produced preferentially the (S)-enantiomer of citronellal
with an enantiomeric excess (e.e.) of >99% for Z. mobilis and 75%
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Fig. (1). Structure of some remarkable monoterpenes and their metabolites obtained by biocatalysed processes.

In this review we present several stereo- and/or regioselective
redox biotransformations of terpenoids in order to obtain interesting
molecules, which can be used as drugs due to their pharmaceutical
activities or as key building blocks to prepare new synthetic or
semisynthetic drugs.
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for Citrobacter freundii. In contrast, the yeasts mainly produced
(R)-citronellal, like Candida rugosa, with an e.e. value of more than
98%.

Another interesting aroma compound is (R)-(+)-limonene (Fig.
1), which can be obtained from orange peel oil. Biotransformation
of this monoterpene by the basidiomycete Pletorus sapidus led to
cis/trans-carveol and carvone (Fig. 1) as the main products [6]. (S)-
Carvone (caraway-like flavor) and (R)-carvone (spearmint-like
flavor) are important aroma compounds for foods and beverages.
Both stereomers can be stereo- and chemoselectively reduced using
fungi [7, 8].

© 2009 Bentham Science Publishers Ltd.
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Furthermore, (+)-, (-)- and (+)-trans-carveol and cis-carveol
were enantio- and diastereoselectively biotransformed by Euglena
gracilis Z photoheterotrophically cultured [9].

3. SESQUITERPENES

Sesquiterpenoids are Cy5 compounds formed by the coupling of
three isoprenoid units. They are widespread in nature, mainly dis-
tributed in higher plants. Considering the structure of these com-
pounds, Ruzicka proposed the Biogenetic Isoprene Rule, which has
been accepted as the base of terpenoid chemistry in general. This
rule allowed establishing a kind of relationship within the numerous
structures presented by sesquiterpenes, which exist as acyclic,
monocyclic, bicyclic, tricyclic, and tetracyclic systems.

Farnesol and its derivatives are acyclic sesquiterpenes involved
in terpenoid biosynthesis. Several microbial cultures were screened
for their potential to oxifunctionalize a-farnesene (Fig. 2) [10],
since the introduction of oxygen in the terpene hydrocarbon (pref-
erably at the allylic position) can yield flavour compounds. In fact,
the major oxidation product in all cases, 3,7,11-trimethyldodeca-
1,3(E),5(E)10-tetraen-7-ol, showed a pleasant citrus-like odour,
which was measured by means of GC-olfactometry and a panel of
five persons. In particular, an Aspergillus niger strain isolated from
mango produced two terpene diastereomeric alcohols, menth-1-en-
3-[2-methyl-1,3-butadienyl]-8-ol, which represents a new natural
compound with an apricot-like odour.

Sesquiterpenoids also exist as monocycles with different ring
sizes. Cyclonerodiol (Fig. 2), isolated from marine-derived fungus
Myrothecium sp., is an example of a sesquiterpene with a five car-
bon atoms ring. Preparative-scale fermentation of this compound
with Penicilium sp. gave rise to a new glycosidic metabolite, 7-O-
(B-D-mannopyranosyl)cyclonerodiol [11]. In turn, fermentation
with a marine isolate of the actinomycete bacterium Streptomyces
sp. afforded two oxidized geometrical isomers, 10(Z)- and 10(E)-
cyclonerotriols (Fig. 3). Interestingly, 10(Z)-cyclonerotriol has
shown a preliminary decrease of 80% on the viability of HeLa cells,
a cervical carcinoma cell line.

Limberger et al. [12] reported the efficient biotransformation of
a-bisabolol (Fig. 2) to bisabolol-oxide B (Fig. 3) with the filamen-
tous fungi Bipolaris sorokiniana. a-Bisabolol, a precursor of many
natural products, is economically interesting due to its delicate flo-
ral odour and its anti-inflammatory and antiseptic activities. There-
fore, it is being widely employed in the pharmaceutical industry. In
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Fig. (2). Examples of most significant sesquiterpenoids.
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the present methodology, the high regio- and stereoseletivity ob-
served in the synthesis of one diastereomer of bisabolol oxide B
along with the high yield (84 %) make this biotransformation very
appealing. On the contrary, chemical oxidation of a-bisabolol with
m-chloroperbenzoic acid is not selective, leading to a mixture of
epoxidation products in poor yield.

Germacrane sesquiterpenes (Fig. 2) are important intermediates
in the biosynthesis of guaiane, eudesmane and other sesquiterpenes.
The biotransformation of several germacrane epoxides by a suspen-
sion of fresh chicory root (Cichorium intybus) was investigated
[13], leading to substituted guaianes and eudesmanes. Interestingly,
a different sesquiterpenoid skeleton was formed depending on the
position of the oxirane ring in the substrate. This way, (E,E)-1,5-
germacrenes and germacrane-1,10-epoxides derived from (E,E)-
1,5-germacrenes gave eudesmanes, whereas germacrane 4,5-
epoxides derived from (E,E)-1,5-germacranes led to guaianes.

Garcia-Granados’ group has intensively investigated the
biotrasformation of several kinds of sesquiterpenes, including ger-
macranes [14] and eudesmanes [15-18], 4B-hydroxyeudesmane-1,6-
dione among others (Figs. 2 and 3). Eudesmane sesquiterpenes are
extended in nature and they possess remarkable biological proper-
ties [19-22], such as antimicrobial, antimalarial, antifeedant, cell-
growth-inhibiting and plant-growth-regulating activities. The ma-
jority of these biotransformations were carried out using filamen-
tous fungi as Gliocadium roseum, which produced hydroxylation
reactions in remote positions of the molecules [23-25]. Likewise,
cadinane sesquiterpenes such as cadina-4,10(15)-dien-3-one (Fig.
2) were also stereoselectively oxidized/reduced by Beauveria bas-
siana [26] and Curvularia lunata [27].

Other bicyclic sesquiterpenoids with different ring sizes
(guaiane skeleton) such as (+)-y-gurjunene (Fig. 2) can also be
biotransformed [28], producing regioselective hydroxylations in
several positions of the molecule.

Tricyclic sesquiterpenoids such as (+)-1(10)-aristolene (Fig. 2)
from the crude drug Nardostachys chinensis, or plagiochilide (Fig.
2) from the liverwort Plagiochila fructicosa, were biotransformed
by Chlorella fusca var. vacuolata, Mucor sp. and Aspergillus niger
[29]. Green algae C. fusca var. vacuolata and Mucor species oxi-
dized the cyclohexane ring of aristolene. In turn, A. niger acted
stereoselectively on one methyl of the gem-dimethyl group at C-11
of aristolanes and 2,3-secoaromadendrane, yielding a C-12 primary
alcohol or a carboxylic acid.

(-)-a-Bisabolol

Plagiochilide Dehydrocostuslactone
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Fig. (3). Main sesquiterpene metabolites obtained by biotransformation.

Tricyclic lactones from cadinane skeleton, such as dehydrocos-
tuslactone (Fig. 2) and costunolide [30] or guaiane sesquiterpenes
(arteannuin B) [31], have also been biocatalytically transformed. In
the case of cadinane compounds, twenty strains of filamentous
fungi (from nine genera) and four species of bacteria were screened.
When Mucor polymorphosporus AS 3.3443 and Aspergillus can-
didus CICC 2360 were employed, stereo- and regiospecific hydro-
genation reactions, epoxidation and epoxide hydrolysis occurred.
Finally, other tricyclic sesquiterpenoids such as cedrol [32] or (-)-
ambrox® [33] have been biocatalytically hydroxylated. Recently, a
review about the regiospecificity in the bioconversion of sesquiter-
penes by Mucor plumbeus has also been published [34].

4. DITERPENES

Diterpenoids form a large group of C-20 substances derived
from geranylgeraniol pyrophosphate. They are mainly of fungal or
plant origin and include the resin acids and the gibberellin plant
growth hormones.

The research group of Reese has intensively investigated the
biotransformation of terpenoids in general, paying much attention
to sesquiterpenes and diterpenes in particular. Fungal transforma-
tion by Beauveria bassiana ATCC 7159 of Stemodia maritima L.
terpenes stemodin, stemodinone and stemarin (Fig. 4) was carried
out with the intention of gaining some derivatives with enhanced
antiviral activity than hydroxylated analogues previously produced
[35]. Stemodin gave rise to 20,13,18-trihydroxystemodane, stemod-
inone to 13,18-dihydroxystemodan-2-one and stemarin to two com-
pounds, 1B,13,19-trihydroxystemarane and 13-hydroxystemarane-
19-carboxylic acid. The synthesis and biotransformation of various
derivatives of stemodin have also been studied.

The same research group also examined the influence of the C-
2 oxygen function in the biotransformation of stemodin and ana-
logues by Rhizopus oryzae ATCC 11145 [36] (Fig. 4). In the case
of stemodin, hydroxylation occurred at C-7, C-3 and/or C-186, yield-
ing  20,7B,13(S)-trinydroxystemodane  and  2a,3p,13(S),160-
tetrahydroxystemodane. In turn, when stemodinone was subjected
to Rhizopus oryzae cells, hydroxylation took place in C-6, rendering
6a,13(S)-dihydroxystemodan-2-one. These results provide useful
information about the correlation between the functional groups of
the substrates and the structure of the compounds isolated from the
biotransformation. However, the yields of the metabolites obtained
were rather low (1-10%). Microbial transformation of some rear-
ranged stemodane derivatives has been studied by Reese et al.,
rendering only hydroxylation reactions [37]. Stemodin and/or de-
rivatives have been bioconverted by other microorganisms such as
Aspergillus niger [38], Mucor plumbeus [39], Whetzelinia scle-

Simeé and Sinisterra

R1=O, R2=OH, R3=R4=H
Ry =0,R,=R,=H, Ry = OH
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R, = aOH, R, =Ry=H, R;= OH

Metabolites isolated fron the biotransformation of 4f3-
hydroxyeudesmane-1,6-dione by Gliocadium roseum

rotiorum [39], Cunninghamella echinulata [40] and Phanerochaete
Chrysosporium [40].

The microbial transformation of terpenoids with fungi has also
been one of the aims of Fraga et al., particularly with Gibberella
fujikuroi. This fungus produces the gibberellin plant hormones and
the aim of these investigations was the preparation of new gibberel-
lin analogues to obtain information about the substrate specificity of
the enzymes involved in the biosynthesis of gibberellins. In this
context, biotransformation of ribenone (Fig. 4) by Gibberella fuji-
kuroi produced several hydroxylated metabolites and 2,3-seco-acids
[41]. 1t has been observed, that the compounds with a new oxygen-
ated function may be more likely transformed by the fungus.
Probably, the higher polarity with regard to ribenone facilitates its
transport across membranes. Fraga et al. also investigated the
biotransformation catalyzed by Gibberella fujikuroi of different
skeletons such as ent-kauren-type diterpenes [42-43], ent-pimarene
[44] and ent-manoyl oxide derivatives [45]. The latter substrates
have been biotransformed with other microorganisms, such as Cur-
vularia lunata [46], Fusarium moniliformis [47] and Mucor plum-
beus [48].

Labdane-diterpenes are also substrates commonly biotrans-
formed. When different strains were fed with isocupressic acid (15-
hydroxylabda-8(17),13(E)-dien-19-oic acid) (Fig. 4), several
oxygenated metabolites were produced [49]. Nocardia aurantia
ATCC 12674 catalyzed the cleavage of the 13,14-double bond to
yield a new nor-labdane metabolite. In turn, Cunninghamella
elegans NRRL 1393 hydroxylated the starting material in several
positions, giving 7p-hydroxyisocupressic acid and labda-7,13(E)-
diene-6p3,15,17-triol-19-oic acid, in which a isomerization of one
double bond took place. Mucor mucedo ATCC 20094 produced 2a-
hydroxyisocupressic acid and labda-8(17),14-diene-20,13-diol-19-
oic acid. Likewise, cupressic acid (13-hydroxy-8(17),14-labdadien-
19-oic acid), a diterpene obtained from Araucarea angustifolia
elegans, was biotransformed by Fusarium graminearum producing
four hydroxylated diterpene derivatives [50]. Sclareol, an antibacte-
rial labdane-diterpene, has also been hydroxylated by several strains
[51-53]. Furthermore, trachyloban-19-oic acid (Fig. 4) was
biotransformed by Rhizopus stolonifer, producing hydroxylation
and rearrangement reactions [54].

The synthetic abietane diterpene triptophenolide (Fig. 4) is me-
tabolized by the fungus Cunninghamella elegans to produce trip-
toquinone (35%), 5a,14-dihydroxybutenolide (12%) and 14B-
glucosyltriptophenolide (5%) (Fig. 5). In order to increase the yield
of triptoquinone (which shows anti-inflammatory activity) and to
minimise the formation of the other metabolites, the influence of
four factors (glucose, nutrient broth, and malt extract concentration,
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Fig. (4). Main diterpene structures.

Triptoquinone

60.-Hydroxy-5-episinuleptolide

Fig. (5). Metabolites produced by bioconversion of several diterpenes.

and biotransformation time) were examined [55], exhibiting that the
biotransformation time was a critical reaction parameter.

As mentioned in the introduction, the biotransformation of bio-
logically active molecules is of great interest due to the possibility
of preparing products difficult to obtain by chemical means and
with putative better properties. This is the case of taxol, which is a
highly valued drug in cancer chemotherapy. Bioconversion of
2a,50,10B,14p-tetraacetoxy-4(20),11-taxadiene by the fungi Cun-
ninghamella elegans and Cunninghamella echinulata was exam-

Isocupressic acid

2a,50,10R,14R-Tetraacetoxy-4(20),11-taxadiene

5a,14-dihydroxybutenolide

Sclareol

5-Episinuleptolide

OH
OH

14R-glucosyltriptophenolide

Rearrangement compound from 5-episinuleptolide

ined [56]. Hydroxylation and deacetylation reactions in several
positions took place. The same methodology has been pursued by
Regueiro-Ren et al. to obtain hydroxylated derivatives of antifungal
sordaricin [57]. Its antifungal activity was proved to be very sensi-
tive to modifications in the steric hindrance and/or hydrophobicity
of the diterpene skeleton.

Finally, biocatalytic transformation studies with 32 bacteria and
fungi of 5-episinuleptolide, isolated from several species of the soft
coral genus Sinularia, were carried out. It is an abundant norcem-



132 Mini-Reviews in Organic Chemistry, 2009, Vol. 6, No. 2
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Fig. (6). Significant triterpene compounds involved in biotransformation reactions.

branolide diterpene showing moderate cytotoxicity in assays against
four human cancer cell lines. The most convenient strain, Strepto-
myces lavendulae ATCC 8664, was used for a preparative scale
biotransformation of 5-episinuleptolide, rendering 6o-hydroxy-5-
episinuleptolide and a compound with a 3,8-bicyclized cembranoid
skeleton formed by rearrangement (Fig. 5) [58]. Unfortunately, 6a-
hydroxy-5-episinuleptolide was proven to be less active than start-
ing material in cytotoxicity studies.

5. TRITERPENES

Triterpenoids constitute the largest group of terpenoids. They
are widely distributed in nature, mainly in plants as free compounds
or as esters or glycosides. However, some of them have also been
found in the animal kingdom. There is a great structural variety of
triterpenoids, but all of them originate biogenetically from
squalene.

Ginsenosides, the major active component in Panax ginseng C.
A. Meyer (Araliceae), have been reported to exhibit antitumor ef-
fects [59], particularly the inhibition of tumor-induced angiogenesis
[60] and tumor invasion and metastasis [61, 62] and the control of
phenotypic expression and differentiation of tumor cells [63, 64].
The most interesting aglycones of ginsenosides are the dammaranes
20(S)-protopanaxatriol and 20(S)-protopanaxadiol. The research
group of Guo and colleagues tested the capability of 49 microbial
strains to biotransform ginsenoside Rb; (Fig. 6), a protopanaxadiol
saponine, showing that the fungi Rhizopus stolonifer and Curvu-
laria lunata produced four metabolites with different number of
glucose units [65]. Similar metabolites were identified when the

Argentatin B

Methyl ursolate

Simeé and Sinisterra

Nigranoic acid, Ry =R, =R3 = H
15p-hydroxynigranoic acid, R; = R, = H, R = OH
60,15p-dihydroxynigranoic acid, Ry =R3 =OH, R, = H
7p,15p-dihydroxynigranoic acid, R;= H, R, = R; = OH

Cycloartenol

same substrate (ginsenoside Rb;) was treated for 48 h with
Caulobacter leidyia GP45, which was isolated from the soil of
ginseng field [66].

Protopanaxatriol (Fig. 6) has shown a strong cytotoxic activity
against human leukemia cells (THP-1) by inducing DNA fragmen-
tation and cell apoptosis [67]. These results, together with those of
protopanaxadiol, suggest that the aglycones of ginsenosides are
responsible for the antitumor effects. Searching for more active
compounds derived from protopanaxatriol, four new metabolites
were produced by the fungus Mucor spinosus (AS 3.3450) by
means of oxidation reactions [68], 12-oxo0-150-hydroxy-20(S)-
protopanaxatriol, 27-hydroxy-20(S)-protopanaxatriol, 12-0x0-26-
hydroxy-20(S)-protopanaxatriol and  12-ox0-27-hydroxy-20(S)-
protopanaxatriol. All the new metabolites as well as the substrate
had significant cytotoxic effects on HL-60 cells (human leukemia
cells).

Argentatin B is another naturally occurring tetracyclic triter-
pene (Fig. 6). It presents a cycloartane-type structure and was iso-
lated from Parthenium argentatum x P. tormentosa. The microbial
transformation led to 16,24-epoxycycloartan-3a,25-diol (isoargen-
tatin D) by Nocardia corallina var. taoka ATCC 31338, Mycobac-
terium species NRRL B3683 and Septomyxa affinis ATCC 6737,
which also produced 16,24-epoxycycloartan-3f,25-diol (argentatin
D) and 1,2-didehydroargentatin B (isoargentatin D) [69]. Cycloar-
tane-type triterpenes are considered to be good sources to develop
potent antitumor-promoters (cancer chemopreventive agents) [70].
Akihisa et al. investigated the fungal transformation of cy-
cloartenol, 24-methylenecycloartanol and cycloartenone [71] using
Glomerella fusarioides. Different reactions took place, such as hy-
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droxylation, isomerization, oxidation, side chain fragmentation,
methylation and demethylation. It is worthy to mention that the
metabolite formed by side-chain degradation possessed a pregnane-
type C, side-chain.

Nigranoic acid (Fig. 6), an A-ring-secocycloartene triterpenoid
showing activity against tumor cell lines and HIV, could also be
biotransformed by the fungus Gliocadium roseum YMF1.00133.
This microorganism hydroxylated the starting material in several
remote positions, yielding 15B-hydroxynigranoic acid, 60,15p3-
dihydroxynigranoic acid and 7p,15B-dihydroxynigranoic acid [72].

Lupane-type triterpenes constitute also an important class of
biologically active compounds. Betulin, betulinic acid and their
derivatives have been reported to exhibit a variety of biological
properties, such as anti-inflammatory activity [73-75], inhibition of
human immunodeficiency virus (HIV) replication in H9 lympho-
cyte cells [76], blockage of HIV type 1 entry into cells [77], inhibi-
tion of DNA polymerase B [78] and inhibitory effects on Epstein-
Barr virus early antigen (EBV-EA) activation [79]. The research
group of Kouzi has paid much attention to different biotransforma-
tion reactions of these compounds. For instance, preparative
biotransformation of betulinic acid (Fig. 6) using resting-cells sus-
pensions of Cunninghamella sp. afforded 28-O-B-D-glucopy-
ranosyl-3p-hydroxy-lup-20(29)-en-28-oate, so that a selective bio-
catalytic glycosylation took place [80]. However, this metabolite
was not active against the tested melanoma cell lines when com-
pared to betulinic acid. These results suggest that the free carbox-
ylic acid group at C-28 is essential for cytotoxic activity against
melanoma. Incubation of betulinic acid with resting-cells suspen-
sions of phenobarbital-induced Bacillus megaterium ATCC 14581,
Cunninghamella elegans, Mucor mucedo and Bacillus megaterium
ATCC 13368 resulted in the production of metabolites differently
oxidized [81, 82]. The monooxygenase systems of these cultures
have demonstrated a high degree of similarity with mammalian
microsomal monooxygenases and the potential to serve as in vitro
models of mammalian drug metabolism.

Although fungal transformations of ursane-type triterpenes are
rare, methyl ursolate (Fig. 6) was successfully biotransformed by
Mucor plumbeus ATTC 4740, giving rise to a novel compound
hydroxylated in C-7 and C-21 with poor yield (1.2%) [83].

CONCLUSIONS

The broad application of biocatalysis with whole cells to obtain
new terpenoid derivatives has been shown. Oxidation/reduction
reactions and hydroxylations are the most common transformations,
although other processes are also possible. In several cases, mole-
cules with improved pharmacological properties have been re-
ported, enabling their potential application as drugs. These reac-
tions must be performed using whole cells because coenzyme re-
generation is necessary to scale up the process. Due to the advan-
tages of biocatalysis compared to traditional organic synthesis, this
field is gaining more and more interest, in particular with respect to
industrial applications, so that a promising future of terpenoid
biotransformations can be envisioned.
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