The molecular characterization of Boswellia, and the biosynthesis of incensole acetate — a
novel pharmacological agent from an ancient drug

Background

The genus Boswellia is centered in North-East Africa, where about 75% of the species are
endemic. Boswellia trees when cut, exude an oily gum resin of great commercial and cultural
value. This resin (“frankincense”; “olibanum”; “lebona”) is mentioned in numerous ancient
texts, and prized by many civilizations. Boswellia resin has been used as a major herbal
remedy, and in religious and cultural ceremonies for millennia, in Middle East traditions, as
well as other traditions. It is mostly used for its putative psychoactivity, and as an anti-
inflammatory remedy. It is also an important component of perfumes and toiletries, and is
marketed as a food supplement.

Numerous reports attribute the anti-inflammatory and cytotoxic properties of Boswellia resin
solely to boswellic acid and its derivatives (see Khanna et al., 2007 for a recent review), but up
to date no attempts were made to isolate the active components of the resin responsible for its
putative psycho-activity.

As the nuclear factor-kB (NF-kB) pathway is central in the inflammatory process, we focused
on the inhibitory effect of Boswellia resin on this pathway, and isolated two NF-kB inhibitors
from the resin, their structures elucidated as incensole acetate (IA) and its non-acetylated form,
incensole (IN). Both compounds are macrocyclic diterpenes of the cembranoid group, and are
considered to be biomarkers of Boswellia species (Hamm et al., 2005). IA inhibited TAK/TAB-
mediated IxB kinase activation loop phosphorylation, resulting in the inhibition of cytokine and
lipopolysaccharide-mediated NF-kB activation in a specific manner. IA inhibited the synthesis
of various cytokines and other inflammatory mediators in macrophage cell lines and primary
monocytes. In vivo, IA exerted a robust anti-inflammatory effect in a mouse inflamed paw
model (Moussaieff et al., 2007).

Scheme 1. The structure of incensole acetate (IA; R = Ac) and incensole (R = H).

We examined the effects of IA on the inflammatory process, and on the recovery of neurobehavioral
and cognitive functions in a mouse model of closed head injury (CHI). In the brains of post-CHI
mice, IA reduced glial activation, inhibited the expression of IL-1p and TNFa mRNAs, and induced
apoptosis in macrophages at the area of trauma. Subsequently, hippocampal neurodegeneration was
inhibited and a beneficial effect on functional outcome in post CHI-mice was attained (Moussaieft et
al., 2008a).

We also examined the effects of Boswellia extracts and purified components in several behavioral
models, and found that IA elicits an anxiolytic, anti-depressant and sedative effects. Concomitant
changes in c-Fos expression in the brain were observed (Moussaieff et al., 2008b). The sedative
effects of [A resemble the ones elicited by THC, the active ingredient in marijuana, and when tested
in the classical "cannabinoid tetrad" IA exhibits a cannabimimetic profile of action. However, when
injected with SR 141716, a specific CB1 receptor inhibitor, the effect of IA on locomotion was
abolished, while its effect in the other cannabinoid tests remained with no change (unpublished
data). These results imply that IA acts as a partial cannabimimetic compound, probably with relation
to its effect on TRP channels. We assayed the compound for its ability to bind to an array of related



receptors, transport proteins and ion channels. IA failed to bind to any of these targets, but robustly
activated transient receptor potential vanilloid (TRPV)3 ion channel (Moussaieff et al., 2008b). We
repeated the behavioral tests in TRPV3” mice and compared them to wild type mice. While
significant effects similar to the ones seen in Sabra mice were recorded in wild type C57BL/6 mice,
no anxiolytic-like or anti-depressive-like effects were noted in TRPV3™ mice, suggesting that these
effects are mediated via TRPV3 channels. Our results imply that TRPV3 channels in the brain play a
role in emotional regulation, suggesting for the first time a role for this channel in the central
nervous system (Moussaieff et al., 2008b).

IA is thus a novel pharmacological agent, which may potentially target unaddressed pharmaceutical
needs of large segments of the population. The identification of a new prototype drug with beneficial
effects in fields of considerable current interest may further open these fields to the discovery of
novel drugs for the treatment of diseases that pose unanswered challenges. Moreover, as there is no
pharmacological treatment to traumatic brain injury, and current treatments for inflammatory
conditions, as well as anxiety and depression conditions are limited by severe adverse effects, such
drugs may be of considerable importance. As the synthesis of IA is very difficult, we will try a
biosynthetic approach.

Objectives and methodology

A. Explore the transcriptome of Boswellia species by performing transcriptome analysis of
Boswellia resin-producing and non-producing tissues. For this aim, we will use a SOLEXA
apparatus and the 454 apparatus that is installed in the Weizmann Institute. Only several sequences
are currently available from Boswellia and we would like to generate a minimum of 30,000 contigs
for each tissue.

B. Elucidate the biosynthetic pathway of IA and its derivatives by investigating the
composition of IA and related cembrene diterpenoids in Boswellia species trough GC-MS conducted
on the same tissues employed for transcriptome analyses (see Moussaieff et al., 2007 for a GC-MS
finger print).

C. In-silico search for specific genes present exclusively in the resin producing tissues and
comparison of Boswellia transcriptome to Nicotiana tabacum transcriptome, a model plant, that is
able to synthesize cembrenoids - putative precursors of [A.

D. Genetically engineer the biosynthesis of IA and its derivatives in transgenic Nicotiana
tabacum and use of these plants as a "factory" for the production of IA which is very difficult to
produce synthetically.

E. Use IA and its derivatives as pharmacological tools for the study of TRP channels, their
linkage to the endocannabinoid system, and their role in neurodegenerative processes.

For these purposes we intend to:

1. Use the partial cannabimimetic effect of IA, and its robust effect on TRPV3 channel. To
this aim we will perform two sets of experiments: 1) Inject IA together with SR141716 — a CBI1
specific antagonist to TRPV3 null mice. 2) Inject IA to CBI null mice, and test the behavioral
effects of IA on these mice. This part of the work will be done in collaboration with Professor
Raphael Mechoulam from the Hebrew University.

2. Given the neuroprotective activity of IA, a TRPV3 channels activator, and the assumption
that TRP channels play an important role in neurodegenerative and neuroprotective processes
(Brayden et al., 2008), we intend to use IA as a ligand to TRPV3 channel in the CNS, and examine
the possible neuroprotective effects of theis channel. This part of the work will be done in
collaboration Professor Esther Shohami from the Hebrew University. We will then screen IA for its
effect on an array of other TRP channels. This part of the work will be done in collaboration with
Professor Baruch Minke from the Hebrew University and Professor Ardem Patapoutian from the
Scripps Institute.



3. We plan to examine whether the neuroprotective effects of IA can inhibit the progress of
neurodegenerative diseases. We will first test IA for its effect on the MPTP Parkinson model, and, at
a later stage, on Alzheimer animal models. This part of the work will be done in collaboration with
Professor Esther Shohami from the Hebrew University.

The proposed research project will take full advantage of the integration of the different
competences and skills of the participating researchers and research groups. Dr. Bertea and the
Italian research group have a wide expertise in molecular biology and biochemistry of plant
secondary metabolism and medicinal plants. The Weizmann research group headed by Asaph
Aharoni is focused on plant metabolome, and Arieh Moussaieff — the post doc in charge of this
study at the Weizmann Institute side of the collaboration - has a vast experience in the
chemistry and the pharmacology of Boswellia resin, and has made important contributions to
this topic.

Moreover, the collaboration between the two partners will be of paramount importance in terms
of technological transfer between the Italian and Israeli research labs and the development of
human resources. Students and members of the Italian research group will gain more
knowledge in transcriptome analysis and medicinal application of secondary metabolites.

Currently the laboratory of the Weizmann Institute is equipped with the following
analytical instrumentation:

GC-MS: COMBI PAL autosampler (CTC analytics), a Trace GC Ultra gas chromatograph
equipped with a PTV injector, and a DSQ quadrupole mass spectrometer (ThermoElectron
Cooperation, Austin, USA).

LC-MS: UPLC_Synapt HDMS™ system (Waters), with the UPLC instrument connected on-
line to a PDA detector (Waters, Acquity), and then to the Synapt HDMS detector.

UPLC: Waters, Acquity instrument equipped with an Acquity 2996 PDA detector.
GC-FID: Gas chromatograph equipped with a FID detector (ThermoElectron, Focus).
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Budget uses

The availability of different facilities at the Weizmann Institute of Science virtually eliminates
the need of investments in expensive durable equipments, since the laboratory is equipped with
most of the top analytical instrumentation. Nevertheless, this multidisciplinary study involves
transcriptomics, proteomics and metabolomics, and pharmacological assays, and requires a
preliminary investment in a high throughput sequencing followed by consistent amount of
investment in consumables (reagents and kits) as well in specialized manpower.

For the high throughput sequencing we will use the SOLEXA apparatus — DYN G.S. Caesarea,
Israel. The cost of such sequencing is approximately 10,000€. The 454 sequencing apparatus,
recently installed in the Weizmann Institute may be used to validate the data received from the
SOLEXA apparatus, at lower costs, as it is in-house.

The required materials will be mainly consumables (€ 5,000), as state above. A significant part
of the budget will be devoted to support Italian students involved in carrying out the project at
the Weizmann Institute of Science (€ 10,000).

Cost estimates:

Description Amount in euros
Travel Expenses of | €10,000

researchers/students and/or
grant holders from lItaly to

Israel

Expenses for professional | € 10,000
services

General Expenses | € 5,000
(consumables, instrument

maintenance, etc.)
Total budget € 25,000
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University of Amsterdam, BioCentrum, July 2000, Amsterdam, The Netherlands.

Ripening on chips. Zeneca Wheat Improvement Centre, March 2000, Norwich, UK.
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