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Abstract—Ginkgolides were always close to my heart. I continue to be strongly attracted to Ginkgo biloba, the ginkgolides and
bilobalide. Starting in 1963, I became fascinated by these molecules while working on their isolation and structure elucidation in
Sendai. Presumably, due to the ginkgolide studies, I received an invitation to join the faculty at Columbia University. After almost
three decades of not touching the ginkgolide project, we have unexpectedly resumed the studies, at this time because of their enig-
matic biological effects. This account is a reflection on earlier studies, as well as an outline of our current work.

© 2005 Elsevier Ltd. All rights reserved.

1. Ginkgo biloba and its extract

The tree Ginkgo biloba or maidenhair tree (Fig. 1) was
mentioned in the Chinese Materia Medica 5000 years
ago.! G. biloba L. is the only surviving member of the
Ginkgoaceae family and Ginkgoales order, which
underscores its unique phylogenetic status. Fossil re-
cords show that the Ginkgo genus was present some
180 million years ago. The Ginkgoaceae peaked 130 mil-
lion years ago with numerous widespread species, but
gradually gave way to modern angiosperm seed plants.
Today only one species, G. biloba, has survived. The
morphology of the Ginkgo tree itself appears to have
changed very little for over 100 million years and for this
reason it is often called a ‘living fossil’.

The Ginkgo takes its name from ginkyo in Japanese and
yinhsing in Chinese; both words translate to ‘silver apri-
cot’, referring to the appearance of the Ginkgo nuts. The
Ginkgo tree can grow up to 40 m high, with stem diam-
eters between 1 and 4 m, and can reach ages of more
than 1000 years. Vertical growth generally slows down
with the onset of sexual maturity at around 25 years.
The Ginkgo tree can persist under conditions of low
light and nutrient scarcity and is highly resistant to bac-
teria, fungi, and viruses. Furthermore, its resistance to
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air pollution has made G. biloba a popular roadside tree
in urban areas of Japan, Europe, and Northern
America.

The Ginkgo tree is deciduous, having separate male and
female trees with distinct sex chromosomes XY and XX.
The green, leathery, fan-shaped leaves turn golden-
yellow in autumn. The male leaves are divided into
two distinct lobes, hence, the notation biloba, while
female leaves are not divided (Fig. 2).

Figure 1. Ginkgo and Riverside Church, New York (left); Fall
Ginkgo, Tohoku University, Sendai campus.
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Figure 2. Female ginkgo leaves and nuts.

Along the Columbia River Plateau is found the Ginkgo
Petrified Forest Park in the State of Washington. A
remarkable feature of this park is that a variety of trees
and plants are represented. The tree had been cultivated
in China for several thousand years, and according to
some earliest references dating back to the early 11th
century Song dynasty, it was appreciated for its beauty
and its edible nuts. Today the Gingko tree is cultivated
partly to meet demands for its nuts, a delicacy in Chi-
nese and Japanese cuisines. Raw Ginkgo nuts contain
the toxin 4-O-methylpyridoxine, which can result in seri-
ous food poisoning. The tree was introduced into Japan
from China in the 12th century, and some 500 years later
to Europe and North America. The use of G. biloba for
medicinal purposes was first mentioned in 1505 AD in a
book by Liu Wan-Tai. In the Chinese Materia Medica
‘Pen Tsao Ching’ from 1578, G. biloba is described as
a treatment for senility in aging members of the royal
court. In these old records, it is mainly the use of nuts
that is described. The term ‘Ginkgo’ was first used by
the German physician and botanist Engelbert Kaempfer
in 1712, but Linnaeus provided the terminology ‘Ginkgo
biloba’ in 1771.

G. biloba has generated immense interest for its reputed
value in treatment of memory-related afflictions.> Over 7
billion dollars are spent annually on botanical medi-
cines, and Ginkgo biloba ranks first among herbal med-
ications. Fifty million Ginkgo biloba trees are grown,
especially in China, France, and South Carolina, USA,
producing over 8000t of dried leaves each year to ad-
dress the commercial demand for Ginkgo biloba
products.?

EGb 761,* a standardized extract of the leaves, contains
5-7% ginkgolides>® and bilobalide (BB),” collectively
called terpene trilactones, TTLs (Fig. 3), along with
22-24% of flavonoids, for example, quercetin, kaempfer-
ol, and isohamnetin, and less than 5 ppm ginkgolic acids
(also known as anacardic acids).* This limit was im-
posed because alkylphenols, such as ginkgolic acids,
have been reported to induce contact dermatitis;'® cyto-
toxicity was also reported for these compounds.'!

Ginkgolides C (GC)
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O

0o
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Figure 3. Ginkgolides and bilobalide.

Although recent research has focused on the medicinal
value of the leaves,'? almost nothing is known in terms
of the molecular structural basis of the mode of action
of the Ginkgo biloba extract. The extracts were reported
to behave as an anti-asthmatic,'3 scavenge radicals,'* re-
duce cerebral insufficiency,!> alleviate the symptoms of
mild to moderate Alzheimer-type dementia, and im-
prove short-term memory in healthy subjects.'®!” While
numerous investigations have attempted to determine
the effects of the individual constituents of Ginkgo biloba
extracts on the central nervous system,'® this aspect is
still not well understood. Studies involving TTLs might
provide the answers. The finding that ginkgolide B (GB,
BN 52021), a minor component of EGb 761, is a potent
inhibitor of the platelet-activating factor receptor
(PAFR) is quite significant and has led to a dramatic
interest in studies on G. biloba.'**° While platelet-acti-
vating factor receptor (PAF) has been linked to
long-term potentiation (LTP)?!' and an increase of intra-
cellular Ca*,22 the role of PAF in the CNS is not fully
understood. BB, the predominant TTL present in the
leaves, has been reported to strongly inhibit phospholi-
pase 2 (PLA,), whose activation initiates a cascade lead-
ing to neuronal death, activity in the brain, and may
contribute to the anti-ischaemic activity of EGb 761.%3

Among numerous effects displayed by EGb 761 in the
central nervous system,'® those related to AD,?>* demen-
tia, and memory?>~2 are of particular importance. AD
represents the most common form of dementia among
those over 65 years of age and is now the third most
expensive health care problem in the US, exceeded only
by cancer and cardiovascular disease. AD currently af-
fects ca. 4 million Americans and imposes an annual
economic burden estimated between $80 and $100 bil-
lion. There is rising interest in the development of phar-
macological agents, not only for the treatment of AD,
targeting numerous neuroreceptors,”® but also for the
much more common, mild cognitive decline associated
with normal, nondisease aging, defined as ‘age-associat-
ed memory impairment’ (AAMI). There is evidence sug-
gesting that the patients with AAMI have an increased
risk of developing dementia.?®

EGb 761 is among the most prescribed medications in
Germany and France,? and is recommended more often
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than the calcium channel blocker Nimotop (nimodipine)
for treatment of dementia.*® In some countries EGb 761
is marketed under trade names such as Tanamin® (Kor-
ea), Tanakan® (France), Rokan® (Germany), and
BioGinkgo®(USA) for the treatment of “...disturbed
performance in organic brain syndrome within the regi-
men of a therapeutic concept in cases of demential syn-
dromes with the following principal symptoms: memory
deficits, disturbances in concentration, depressive emo-
tional condition, dizziness, tinnitus, and headache. The
primary target groups are dementia syndromes, includ-
ing primary degenerative dementia, vascular dementia,
and mixed forms of both.”!

In two pivotal studies, a total of 549 AD patients were
evaluated for the effect of EGb 761.2%2° In both studies,
the extract significantly slowed the loss of cognitive
symptoms of dementia, and regression on certain data
points was delayed by 7.8 months. An indirect compar-
ison with similar data for the currently available AD
treatments, Aricept® (donezepil, 9.5 months) and Exe-
lon® (rivastigmine, 5.5 months), both acetylcholinester-
ase inhibitors, placed EGb 761 between these two drugs.
Aside from the above-mentioned clinical trials, many
clinical studies have been performed with extracts of
G. biloba,? and virtually all trials report positive results
regarding various aspects of cerebral insufficiency. Inter-
estingly, Beaufour Ipsen (France) and Yuyu Industrial
Co. (Korea) are developing EGb 761 in advanced clini-
cal trials for treatment of mild cognitive impairment and
neurodegenerative diseases.’> Recent studies on healthy
adults using a computerized test battery have shown
beneficial effects of G. biloba extract on the short-term
working memory,!” and similar results were reported
in two other recent studies.!®33

Although numerous studies have been carried out, the
specific effects of EGb 761 are not well understood. Sever-
al suggestions have been made; for example, changes in
brain function may be associated with the prevention of
age-related decreases in 5-HT binding* or o,-adrenergic
receptor density in cerebral membranes.?> Recently, it
was found that EGb 761 modulated the expression of sev-
eral genes, including genes believed to be involved in
AD.3¢

2. Outline of early chemical studies

I moved to Tohoku University, Sendai, from what now
is Tsukuba University (previously Tokyo Kyoiku Uni-
versity) in spring 1963 to succeed Professor S. Fujise
and started working on the isolation of the ginkgolides,
which Fujise had started in 1960. In 1964, we received
permission to fell five typhoon-damaged Ginkgo trees;
100 kg of the root bark (Fig. 4) gave after extraction,
chromatography, and a tedious 10- to 15-step fractional
recrystallization about 10 g of GA, 10 g of GB, 20 g of
GC, and 200 mg of GM (Scheme 1).

The isolation assay for ginkgolides was quite simple: fol-
low the bitter taste with our tongues. However, purifica-
tion of ginkgolides was seriously hampered by their

Figure 4. Group members and helpers processing root barks at the
corner of the Chemistry Department, Tohoku University, around
1965. My office was on the second floor corner.
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Scheme 1. Original extraction scheme.

remarkable tendencies to exhibit polymorphism and form
mixed crystals. These were pre-HPLC days, when
100 MHz (or 100 Me) NMR was the most powerful and
high resolution MS was not common; carbon NMR was
unheard of. We all derived great fun through the intense
day and night research, and for me it was the last classical
and romantic structural study. Numerous chemical reac-
tions were performed and structural elucidation of these
multioxygenated cage molecules was accompanied by
surprises and excitement, as if unfolding a mystery. Such
an experience is seldom encountered these days due to the
unromantic developments in isolation and especially
spectroscopic techniques. The intensive work of the gink-
golides team was rewarded with excitement when the
ginkgolides’ structures rapidly unfolded in September
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1966 after the finding of many extraordinary reactions
(about 50 derivatives were prepared and submitted to
NMR measurements by Maruyama and Terahara,
1967), as well as the first encounter with the NMR intra-
molecular nuclear Overhauser effect (NOE), unknown
at that time. Although no special biological activity was
found for these molecules at that time, hence, the tongue
assay, it is extraordinary that in 1985 the ginkgolides were
found to be potent and selective antagonists of PAF; a
host of additional activities have since been found.

The most unique constituents of G. biloba are the TTLs,
that is, ginkgolides and BB. Ginkgolides A, B, C, and M
were isolated from the root bark of G. biloba in 1967,
and their complex structures deduced. A few years later,
a related structure, BB, was established,’ and in 1987
ginkgolide J was isolated from the leaves of G. biloba.*’
Interestingly, ginkgolide J was found only in the leaves,
whereas ginkgolide M was found only in the root bark.
Terpenoids have long been regarded to be biosynthe-
sized through the mevalonate pathway, and a biosyn-
thetic scheme based on incorporation of *C-labeled
acetate, mevalonic acid, and methionine into ginkgo-
lides by the cotton-wick method was forwarded.>® How-
ever, using '>C NMR as the major tool, Schwarz and
Arigoni showed that ginkgolides were biosynthesized
through an alternative path through the glyceralde-
hyde—pyruvate pathway (Scheme 2).%°

Independently, Rohmer also showed the surprising exis-
tence of a similar nonmevalonate route in the ancient
hopanoids.*® Moreover, the sites of mevalonate and
nonmevalonate pathways appear to be compartmental-
ized, even in the same plant. The nonmevalonate biosyn-

thetic routes now appear to be quite common. Recently,
a ginkgolide biosynthetic gene was cloned and the in vi-
tro observation of an isolated ginkgolide biosynthetic
enzyme was reported.*!

Due to their structural complexity, TTLS have attracted
great interest as targets for total syntheses. The group of
E.J. Corey first synthesized BB,*? and shortly afterward
they accomplished the total syntheses of ginkgolide A*3
and ginkgolide B.** Crimmins and co-workers have
recently completed a new synthesis of ginkgolide B.*3
See Ref. 46 for a review describing our more recent
studies.

The rapidly increasing interest in G. biloba studies is
clear from the bar graph (Fig. 5) that shows the number
of publications on Ginkgo and trilactones. The slight in-
crease in the late 1960s reflects our structural studies,
while the conspicuous increase after the mid 1980s is
due to the finding that TTLs are PAFR antagonists.
However, very little is known regarding which compo-
nents of EGb 761 are efficacious; the molecular basis
for the action of G. biloba constituents on the CNS
and memory is hardly understood. Partially, this is be-
cause the neuroprotective action of EGb 761 and its ac-
tive components is extremely complex, and it is known
to affect a variety of biological pathways.*’

3. Ginkgolide structure determination by classical
methods, including IR and ORD

Ginkgolides are diterpenes with an aesthetically beauti-
ful cage skeleton consisting of six 5-membered rings,

OH

0 0o
Koy + wiyop — OWOP -
OH OH

pyruvate glyceraldehyde

0, O°
OH o-P-o,
oP — o}

OH OH
Me-erythrytol P

methylerythritol

1-deoxyxylulose 5-P

4-hydroxy-3-methyl-

2,4-cyclodiphosphate butenyl-2-enyl diphosphate

.)—;!\/\OPP

®

—

~0OPP

Scheme 2. The terpenoid nonmevalonate biosynthetic pathway.

)WOPP

IPP-PP




K. Nakanishi | Bioorg. Med. Chem. 13 (2005) 4987-5000

number of publications
N
G
3

av
=3
5]
-

< a 1 @ <+ @ <
= = o o o ) -
o @ o @ o @ o
- - - - - - -

@
T
@
-

1967: Structure determination

-+
\n
o
-

4991

1986: PAF receptor antagonist

\

@ o o <+ o <« @ Y ey -
In} -] o ~ ~ @ @ -3 - =]
@ o @ o @ @ @ @ & a
- - - - - - - - - ~

Figure 5. Number of publications with words G. biloba and ginkgolides in abstract/titles. CAPLUS database, Scifmder Scholar ACS, March 2005.

that is, a spiro[4.4]nonane carbocyclic ring, three lac-
tones, and a tetrahydrofuran (Fig. 3). The sesquiterpe-
noid bilobalide cage structure was determined in 1971
in collaboration with the groups of Professors Major
and Bihr at Virginia and Heidelberg, respectively.’

All ginkgolides are bitter tasting solids that have no
melting point. They are extremely stable towards acids:
evaporation to dryness of a ginkgolide nitric acid solu-
tion results in recovery of starting material. The molec-
ular composition of ginkgolides (GA C,yH»4O09; GB
C30H240,0; GC CyH»4011; GM CyH»40¢) was deter-
mined by elemental analysis. The molecular formula of a
relatively volatile GA dimethyl ether was determined by
HRMS calcd for C5,Hg,O9, 436.173; found: 436.168.

3.1. tert-Butyl group

Although the NMR (all spectra measured in TFA for
solubility reasons) always showed a 9-proton singlet at
1.2-1.3 ppm, the presence of the 7-Bu group was estab-
lished only after detection of a strong #-Bu peak in the
HRMS at 57.074 (calcd 57.070) and isolation of pivalic
acid or #-Bu carboxylic acid, characterized as its crystal-
line p-bromophenacyl ester, obtained by chromic acid
oxidation, or Kuhn Roth oxidation, of ginkgolide C.
G. biloba. TTLs are probably still the only terrestrial ter-
penoid carrying a ¢-Bu group (7-Bu groups are present in
several marine compounds).

3.2. Hydroxyl groups
The number and nature of hydroxyls, namely, sec- and

tert-OH groups, were determined by measurement of
NMR in DMSO-dg, before and after D,O addition.

3.3. Carbonyl functions
The single ill-defined IR (KBr) peak at 1780 cm ™' was

assigned as lactonic. Namely, it is replaced by carboxyl-
ate bands at 1540 and 1400 cm ! in Na salts prepared by

evaporating an aq NaOH solution. Conventional titra-
tion opened only two lactones (lactones F and C); how-
ever, when a solution of the ginkgolides in 1.0 N aq
NaOH was evaporated to dryness in vacuo at 50 °C
(IR KBr showed all lactones had been cleaved) and sub-
sequently redissolved in water and titrated with 1.0 N
HCIl, GA, GB, and GCE all consumed ca. 2.5 moles of
alkali. Namely, lactone E was opened under highly basic
conditions, that is, evaporation of NaOH solution, and
once cleaved it remained open upon dissolution in
water. The absence of a ketone group was also suggested
by the plain negative ORD (optical rotatory dispersion
curve; circular dichroic spectrometers were not yet avail-
able) that exhibited no Cotton effect (CE) in the 250-
270 nm range.

The first indication for three lactones came from analy-
sis of so-called ‘GA triether’, which was corroborated by
an ‘exhaustive’ lactone titration. Because the connectiv-
ity of proton groups in the ginkgolide structures is
blocked by the intervening quaternary carbons, the
ginkgolide NMR are overly simple so that they do not
impart much information (Fig. 6).

Without giving much thought to the outcome, GA was
reduced with LiAlH,4 to see what would happen; not sur-
prisingly this resulted in a seemingly useless syrup, an
octaol. However, drying the syrup, which must have
contained a trace of acid in an oven, gave a solid that
had sublimed to the oven ceiling; this became the critical
compound for structural studies, that is, ‘GA triether’
(because of ring D, it is in fact a tetraether). Further
amounts of the crystals were made by heating the pow-
der in vacuum at 150 °C for 3 h.

A detailed study of the NMR of GA triether by Vyn
Woods and Iwao Miura led to the observation of what
is now called NOE, which at that time was unknown®®.
To analyze the complex triether spectrum, a thorough
decoupling of the 7-Bu group was performed. They no-

ticed that irradiation of the #-Bu peak led to 10-33%
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Figure 7. Intramolecular nuclear Overhauser effects observed by Woods and Miura.

enhancements in the area of certain proton signals
(Fig. 7).

Instead of dismissing this as an integrator error, they
repeated the measurements until they were convinced
that the area increases were true and thought that it
may be related to the Overhauser effect that was known
in electron spin resonance spectroscopy (1966). Shortly
after he had interpreted the results correctly, the first
NOE paper by Anet and Bourn dealing with dimethyl-
acrylic acid and another cage molecule appeared
(1965). Vyn’s uncompromising attitude had led to the
finding of NOE. However, we were not fully aware of
the power of NOE and the title of our first paper dealing
with NOE was quite modest:*® ‘The ginkgolides. V.
Some aspects of their NMR spectra.” As depicted in Fig-
ure 6, irradiation of the #-Bu group in GC tetraacetate
enhances the integrated area of protons I and J by
20%; however, for proton H there is no increase.

A comparison of the complex triether and simple GA
spectra shows that except for peaks designated by small
case letters cc/, ee’, and ff’, the two are quite similar;
namely, the three doublets of doublet methylene peaks
were introduced by LiAlH4 reduction. This was con-
firmed by the ‘GA triether-ds’ spectrum resulting from
LiAID4 reduction in which all peaks denoted by small
case letters have disappeared. Moreover, similarity in
the GA and triether-d¢ NMR shows that the original
ring structure is retained despite the difference between
three lactones and three ether rings.

3.4. Ether linkage

Establishment of the number of OH and lactone groups
leaves one more oxygen function to be accounted for.
This is assigned to an ether bond. In classical structure
determinations, unaccounted oxygen functions are as-
signed to ethers (Scheme 3).
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3.5. Rings F and A (Scheme 3a)

In 2, peak H is W-coupled to the 2.22 ppm 14-Me peak.
Ring F is lost upon hydrogenolysis of 2 to give 3, the

ozonolysis of which generates a five-membered ketone
4 (CE at 290 nm).

3.6. Ring B and protons E, F, and H (Scheme 3b)

Substitution patterns on ring B were based on J values
of protons E, F and H. The IR of dehydro-GC 6 sug-
gests a five-membered ketone: the high frequency for
the five-membered ketone was attributed to the ring
strain originating in the attachment of the -Bu at C-8.

3.7. Ring C is an a-hydroxylactone (Scheme 3c)
It was suspected that one of the lactones C is an o-

hydroxylactone. If this is the case, oxidation should
yield an oxo-lactone. Hence, GA was submitted to

9. bisnor GA

N agCrZO 7

conc. H,SO,

10. dehydrobisnor-GA

vigorous oxidation of GA with concd sulfuric acid
and sodium bichromate expecting to get an oxolactone
with a characteristic UV. In fact, this had occurred to
give dehydro GA 7, but the product 7 was for some
time a source of confusion and misinformation.
Namely, since 7 underwent facile photocyclization,
even during TLC, to photodehydro GA 8 that has
no UV, for a while it was thought that GA contained
no a-hydroxylactone, thus leading to the proposal of a
tentative wrong structure. The unusual spectroscopic
and photochemical properties of 7 have been
clarified.*

3.8. Linking of rings B and C (Scheme 3d)

Alkali fusion of GA under vigorous conditions simply
resulted in the loss of two carbons as oxalic acid to give
bisnor GA 9. NMR showed that ring C was destroyed
but other rings were intact. Furthermore, it was clear
from decoupling that the newly formed proton N in 9
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was strongly coupled to proton E. Ring B is thus linked
to hydroxylactone C by sharing C-9.

With respect to remaining hydrogen J, its low chemical
shift at 6.2-6.3 ppm in ginkgolide and derivatives and
the fact that it retains its singlet nature require it to be
flanked by two oxygens. The only manner to do this is
to place it on C-12 and link C-12 to the remaining ether
oxygen.

Finally, the linking of #-Bu, GC part structure 1, rings B/
C, and ethereal oxygen in a systematic manner leads to
eight structures; seven of these can be readily eliminated
on the basis of NMR peak shifts in various derivatives
and NOE, thus leading to the ginkgolides structure.
Configurations of the hydroxyl groups were deduced
by comparison of NMR data and straightforward chem-
ical reactions.

4. Ginkgolides in the 21st century

4.1. Isolation of TTLs from G. biloba leaves or
commercial extracts

Despite being the main active ingredients of the
G. biloba extract, TTLs comprise only 6-7 wt %. Upon
resumption of ginkgolide studies in 2000, chopping of
typhoon-destroyed Ginkgo trees was no longer an op-
tion. In addition to developing an efficient extraction
protocol from leaves, we were fortunate to receive
generous supplies from Pharmanex of the extract
BioGinkgo™ that contains 22% flavonoids and 7%
TTLs. A modification of a literature procedure, yield-
ed a simple way of quantifying the TTL content in the
extract (Fig. 8).

The first facile extraction was accomplished by the Ger-
man postdoc Dirk Lichblau. In this protocol, the leaves
or BioGinkgo are boiled in water containing 5% H>O,,
followed by extraction into ethyl acetate.’! The key step

o]
HO,
o}
12/ H
e
Ro
Ry
BB
ppm 6.28

ppm .3 .2

Figure 8. Quantification of ginkgolides by NMR.

was the use of the peroxide that destroyed the constitu-
ents leading to formation of stable emulsions during the
subsequent extraction steps. Maintenance of pH 8-9 of
the aqueous phase neutralized the acidic components
in the mixture and led to efficient recovery of intact
TTLs. Such procedures afforded a fraction containing
ca. 60-70% TTLs in about 8 h.>!

The ginkgolides are difficult to separate because of sim-
ilar solubilities and chromatographic behavior. Howev-
er, Dr. Stan Jaracz and Dr. Shahid Malik, applying a
combination of benzylation, column chromatography,
and debenzylation, developed a procedure suitable for
a gram-scale isolation of individual ginkgolides and
BB (Scheme 4).

Drs. Sergei Dzyuba and Hideki Ishii have since come up
with an almost unprecedented short procedure to sepa-
rate the TTL fraction from the whole crude extract.
Namely, direct extraction of the solid powder of
BioGinkgo with ethyl acetate selectively and quantitative-
ly isolates all ginkgolides and BB, and nothing else, the
yield of TTL being 7%, which is the entire TTL content.>?

Other solvents such as THF, CH;CN, and MeOH were
inferior to EtOAc. They then attempted to use this pro-
cedure to isolate TTLs from G. biloba tree leaves, but
failed: although BB and ginkgolides were observed
(NMR) in the mixture, their complete separation from
other components turned out to be problematic. Separa-
tion of TTL mixture into the individual TTLs can be
accomplished by column chromatography, some pre-
derivatizations, or even by old fashion crystallization.

Such unique preparation also brings up an interesting is-
sue of how much we really know about the other com-
ponents of the G. biloba extract. The fact that only
TTLs are extracted into ethyl acetate might suggest that
originally flavanoids are all or mostly glycosylated, and
that sugars are cleaved during subsequent isolation steps
giving rise to many flavanoids.

"H-NMR of 3mg extract in 600ul dg-DMSO (containing
1umol maleic acid, MA, and 1pl acetic acid)
Integration of proton H-12

With calibration of MA as 2.00 proton, the area of H-
12 peaks is equal ro the amount (umol) of the terpene
trilactones in the NMR sample

GC GB GJ
6.10 6.08 6.05

048 046 0.21
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enriched extract

‘ chromatography

DMF, rt

Scheme 4. Multistep isolation of TTLs from the extract. TLC plate shows the separation of derivatized and nonderivatized finkgolides.

4.2. Core-modified ginkgolides

The main body of work on ginkgolides takes advantage
of distinct reactivities of hydroxyl functionalities present
on the ginkgolide skeleton. However, it is likely that the
unique biological properties of ginkgolides arise from its
cage-like structure. Modification of the cage structure or
hydroxyl functions could lead to unexpected modes of
biological interactions. The current chemical studies on
ginkgolides also explore a novel paradigm of diversify-
ing the structural pool of the ginkgolides—core-modi-
fied ginkgolides.

The example of such a modification was the GA trie-
ther, unexpectedly accomplished at Tohoku Universi-
ty. Further development along such lines was
challenging and nontrivial. Despite the excellent syn-
thetic hands of Hideki Ishii coupled with numerous
modifications of reaction conditions, the efficient pro-
duction of GA triether still led to sporadic results.
Finally, Sergei and Hideki screened several reducing
agents and found that GA triether can be reproduc-
ibly obtained in reasonable yields in just two steps
(Scheme 5). Also, they were able to obtain a series
of intermediate compounds that will be submitted to
bioassays.

Unique reactivity of o-hydroxy lactone ginkgolide
moiety toward NaBH4 was discovered by Dr. Katsunori
Tanaka and Professor Nina Berova.>® Further develop-
ments explored the reactivity of o-hydroxy lactone
moiety towards other nucleophilic reagents, such as
Grignard and alkyl lithium reagents. Elaboration of this
resulted in the preparation of lactols derivatives, which
presented an attractive scaffold for further functionaliza-
tion (Scheme 6).>

4.3. Interactions with glycine receptor

Glycine receptor (GlyR) is an anion-selective ligand-
gated ion channel that mediates inhibitory synaptic
transmission in the adult central nervous system.

We found that GC antagonizes glycine responses in the
embryonic rat cortex in a use-dependent manner, and
requires the presence of open channels in GLYR inhibi-
tion (Fig. 9).°

We then proceeded to SAR studies of GC. An enormous
amount of work was performed by Stan Jaracz, gradu-
ate student at the time, and Stromgaard and co-work-
ers,’® who made over 40 ether-, ester-, and carbamoyl-
derivatives of ginkgolide C leading to novel methods
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Scheme 6. Extending the cage to a bowl.
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Figure 9. GlyR inhibition by GC.

for indirect functionalization at the 1-position (Scheme
7). However, all of these compounds were less potent
than the native GC, leaving us with only one profound
conclusion: hydroxy-groups are important for antago-
nistic activity.

i) CICO,CeH4NOy, iPrEtN

o f-

GA-triether

Grubb's e
(2nd generation)
- -

CH,Cl,

4.4. Interactions with PAFR

In 1985, it was discovered that ginkgolide B was a
potent antagonist of the PAFR, a 39 kDa G-protein
coupled receptor.'®>7 This led to an extensive investiga-
tion into the clinical applications of ginkgolide B (BN
52021) as a PAFR antagonist by Beaufour Ipsen. The
studies went to phase III clinical trials,* but like many
other PAFR antagonists, ginkgolide B was never
registered as a drug, primarily due to the lack of efficacy.
These studies, however, showed that ginkgolide B was
well-tolerated and showed very few, if any, side effects.
The mechanism by which the PAFR and PAF (Fig.
10) are involved with the central nervous system is still
unclear,>® but there is no doubt that ginkgolides are
worthy candidates to elucidate the physiological and
pathological events associated with PAFR.

The findings that GB effects hippocampal LTP by inhib-
iting PAFR is the step in that direction.’® PAF is

Scheme 7. Indirect functionalization of ginkgolide C derivatives.

ii) NHR, R,
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Figure 10. Structure of PAF, 1-O-alkyl-2-acetyl-sn-glycero-3-phos-
phocholine. McPAF is a methyl carbamyl analog of the acetate.

involved in several events in the central nervous system,
including modulation of LTP, 21061 increase of intra-
cellular Ca?*>2 and immediate early gene expres-
sion.” % In LTP, PAF is believed to act as a
retrograde messenger,?! but using PAFR knock-out
mice, different observations were made: Shimizu and
co-workers showed that the PAFR is not required for
LTP in the hippocampal CAl region,®> whereas Chen
et al. showed that LTP was attenuated in hippocampal
dentate gyrus neurons.®® These discrepancies, however,
may be explained by the different hippocampal areas
observed.

Most of the studies on ginkgolide-PAFR interactions
were done using radioactive ['H] WEB 2086 displace-
ment assays. In addition, Sonja Krane used a nonradio-
active microphysiometry assay to evaluate the effects of
TTLs on PAFR (Fig. 11).7 Namely, inhibition of the
response of PAF agonist McPAF caused by ginkolides
was measured.

It is interesting that the presence or absence of one hy-
droxy-group at 7-position can convert GB, a potent
PAFR antagonist (K; 0.88 uM), into GC (K; 12.6 uM)
with low activity. Also fascinating is the fact that the
stereochemistry at this position might be the most
dominant factors: 7-epi-GC (7-0-OH) had a K value
of 4.26 uM. In addition, various functionalities, such
as halides, azides, and amines, exhibit various activities
(Table 1).%® Surprisingly, 7-chloro-containing ginkgolide
derivative, 7a-CI-GB, was shown to be the most potent
nonaromatic ginkgolide derivative (K; 0.11 puM).

o}
OR
R=H el R=Bn
HO™ s
120 0.,
P ‘i _I_

o]

100 4 —]:— _}

oy
=
i

% response
2

e
(=]
L

JAGANBERE o

mcPAF  GA GB GC GJ GM BB 10-0-
Bn-GB

Figure 11. Inhibition of PAFR responses in the presence of
ginkgolides.

Table 1. K; values of GB, GC and 7-derivatives

Compound R Ki (uM)*
GB H 0.88
GC B-OH 12.6
70-OAc-GB a-OAc 7.84
7-e0i-GC o-OH 4.26
70-OCOCH,Ph-GB a-OCOCH,Ph 2.40
70-N3-GB o-N3 0.55
7a-F-GB o-F 0.99
74-CI-GB a-Cl 0.11
7a-NHMe-GB o-NHMe 0.61
70-NHEt-GB a-MHEt 1.62
70-NH2-GB o-NH2 8.64

2 Inhibition of [PH]-WEB 2086 binding. Values are means of two
independent experiments performed in triplicate.

We intended to probe the ginkgolide-PAFR site-specific
interactions  through photolabeling experiments.
Fortunately, introduction of photoaffinity labels, such
as benzophenone, trifluoromethyldiazirine, and tetraflu-
orophenyl azide led to quite potent antagonists with K;
in the 0.09-0.15 uM range (Scheme 8).%°

However, this was not the case for acetates, which were
prepared as models for diazoacetates. Although a selec-
tive acetylation of ginkgolides was developed, all of the
acetate derivatives were less potent than the native gink-
golides (Scheme 9).7°

The numerous structure—activity studies (Fig. 12)
performed so far suggest further vast opportunities for
preparing more efficient compounds.

4.5. Relation to Alzheimer’s disease (AD)

Ginkgolides have long been promoted as memory-en-
hancing natural products, and the work from this and
other laboratories has provided some evidence that this
is obviously the case. Recent interest in G. biloba extract
as well as in ginkgolides has been driven by their inhib-
itory effects on the progression of AD.

In collaboration with the groups of Professors M.
Shelanski and O. Arancio, College of Physicians and
Surgeons, Columbia University, we were able to demon-
strate that ginkgolides are indeed the components of the
extract that inhibit or even eliminate the deadly effects of
amyloid peptides on LTP. In a series of electrophysio-
logical experiments, it was demonstrated that GA and
GJ are two of the native ginkgolides that can mimic/rep-
licate the effect of the TTL-enriched extract. Also, a
synthetic derivative of GA, GA triether, was demon-
strated to exhibit activity.

However, GJ is the least abundant ginkgolide in the
TTL fraction, which collectively is only 6-7% in the
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Scheme 8. Derivatization of GB with photoactivatable reagents.
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Scheme 9. Acetylation of GC.
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Figure 12. Ginkgolide-PAFR structure—activity relationship.

whole G. biloba extract. In order to secure large quanti-
ties of GJ for further biological and behavioral animal
studies, kilogram quantities of the extract will be re-
quired, which despite our recently developed efficient

DMF, rt

Ac,0, Pyridine

AcOH, H,S0, 10-OAc-GC

7-OAc-GC

1,7,10-tris-OAc-GC

isolation procedures still presents a major problem.
We have therefore started to explore synthetic methods
to convert the other more abundant ginkgolides, for
example, GC, into GJ. Such procedures may also pres-
ent an entry to new ginkgolide derivatives.

We have also addressed the issue of whether the
ginkgolides are capable of directly interacting with
amyloid peptides. This is quite an intriguing para-
digm, since for all these years our aim was to inves-
tigate the interaction of ginkgolides, with large
biomolecular receptors of several dozen kDa MW.
The current work, in contrast, is to study interactions
between the ginkgolides and small molecular peptides.
Amyloid peptides are particularly prompt to aggre-
gate starting from the monomeric species and proceed
to undergo a self-assembly process via formation of
low and high molecular weight oligomers, eventually
resulting in the formation of protofibrils and fibrils.
The ginkgolides have several potential avenues for
interaction by either affecting monomer to oligomer
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equilibrium or modulating the assembly of already
preformed amyloid oligomers. These studies per-
formed in collaboration with Professor David Lynn
at Emory University are opening new possibilities
of exploring the relationship of ginkgolides to AD.
Preliminary results are clearly showing that ginkgo-
lides are beneficial for memory improvement and
dementia treatment. Our goal is directed towards
clarifying the beneficial basis of the G. biloba dietary
supplement.

5. Concluding remarks

The studies on the ginkgolides that were inherited from
the late Professor S. Fujise upon my appointment as his
successor in 1963 are quite unexpectedly developing into
a worthwhile project that necessitates collaborative
studies among various science, bioscience, biomedical,
and biophysical disciplines.
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