
Published: June 08, 2011

Copyright r 2011 American Chemical Society and
American Society of Pharmacognosy 1539 dx.doi.org/10.1021/np200391c | J. Nat. Prod. 2011, 74, 1539–1555

REVIEW

pubs.acs.org/jnp

The Relevance of Higher Plants in Lead Compound
Discovery Programs†

A. Douglas Kinghorn,* Li Pan, Joshua N. Fletcher, and Heebyung Chai

Division of Medicinal Chemistry and Pharmacognosy, College of Pharmacy, The Ohio State University, Columbus, Ohio 43210, United States

’ INTRODUCTION

As society enters the second decade of the 21st century, there
remains a considerable interest in the use of organic molecules
from organisms in drug discovery for a diverse range of disease
states.1,2 Of the new small-molecule drugs of natural origin
introduced to Western medicine over the last 10 years, the
majority have been derived from terrestrial microbes, with others
from higher plants, marine organisms, and terrestrial animals.3,4

The terms “natural product” and “secondary metabolite” now
have a common meaning, with such compounds evolving to
enhance the survival of the producing organism.5 Natural
products are biosynthesized in the correct chiral form to exhibit
biological activity in many in vitro and in vivo laboratory test
systems and are regarded as being complementary to compounds
produced by synthesis and combinatorial chemistry for drug
discovery programs.6,7 Although natural product drug discovery
research is no longer regarded in such favorable terms as it once
was by many large pharmaceutical companies, newly refined
bioassay and other procedures have been developed for enhanc-
ing the purification of natural product samples, leading, in part,
to the more rapid elucidation of lead compound structures.2,8,9

Medicinal plants have been used for millennia as one of the
main sources of therapeutic agents for mankind.10 Of the approxi-
mately 270 000 terrestrial plants that have been classified
taxonomically,11 some 10 000 higher plants are usedmedicinally.12

Drug discovery from medicinal plants in the 19th century led to
the purification of several early drugs inclusive of codeine,
digitoxin, morphine, and quinine, which are all still widely used.13

The discovery of new drug leads from medicinal plants may be
aided by ethnopharmacology, which is a mode of scientific
investigation relating to the indigenous medicinal uses of a
particular species.14 Fabricant and Farnsworth documented 122
plant natural products with therapeutic use in their pure form, of
which over 70% were developed at least partially as a consequence
of the availability of ethnopharmacological information.15 From
210 small-molecule therapeutic agents included in a recentWorld
Health Organization Model List of Essential Medicines, 17 of these

are of plant origin.16Moreover, in a recently published textbook of
pharmacognosy, most of the compounds included are derived
from plants, rather than other types of organisms.17

Therefore, there remains much interest in the constituents of
plants as therapeutic agents. This may be strongly supported by
the relatively large number of plant-derived drugs that have been
approved by the U.S. Food and Drug Administration (FDA) in
the first decade of the 21st century (Table 1). It may be seen from
this table that 15 pure substances are tabulated, with 10 being
new structural entities. Several compounds are well-known and
have been approved for the first time for the use(s) specified.
Veregen, a standardized mixture of the catechins of green tea
[Camellia sinensis (L.) Kuntze; Theaceae], is the first of a new
class of botanical prescription drugs to be approved by the FDA,
and in order for this to have occurred, stringent standards of both
quality control procedures used and clinical testing carried out
were met.18 Newly approved oncological applications for pre-
viously approved anticancer agents such as docetaxel and irino-
tecan are not included in this table.

In terms of the discovery of new natural products that might
reach the drug market in the future, considerable progress is
being made in relation to the development of new leads from
terrestrial microbial,19,20 marine,20�22 and higher plant20,23

sources. However, on comparing the secondarymetabolites from
plants with those from terrestrial microbial andmarine sources, it
may be perceived that there is a comparable lack of structural
novelty among the compounds under investigation. There are
about 200 000 secondary metabolites that have been reported to
date from plants,24 with isoprenoids, phenolic compounds, and
alkaloids representing the major compound groups biosynthe-
sized. Crude plant extracts tend to be very complex, which has the
effect of making the workup of biologically active constituents
using solvent partition and chromatographic methods quite
lengthy. Moreover, many plant extracts contain “vegetable

Received: May 6, 2011

ABSTRACT: Along with compounds from terrestrial microorganisms, the
constituents of higher plants have provided a substantial number of the natural
product-derived drugs used currently in Western medicine. Interest in the
elucidation of new structures of the secondary metabolite constituents of plants
has remained high among the natural products community over the first decade
of the 21st century, particularly of species that are used in systems of traditional
medicine or are utilized as botanical dietary supplements. In this review,
progress made in the senior author’s laboratory in research work on naturally
occurring sweeteners and other taste-modifying substances and on potential anticancer agents from tropical plants will be described.
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tannins”, polyphenolic substances that interact nonspecifically
with protein biological targets due to hydrogen-bond interac-
tions, which require special treatment for removal.25 Plant
collections relying on access to biodiversity in developing
countries require intellectual property (IP) negotiations that
may be time-consuming to formulate, especially if ethnopharma-
cological observations are involved.26 According to Appendino
and Pollastro, the necessity of dealing with IP considerations is a
major reason that large pharmaceutical companies have tended
to phase out drug discovery work on plants, in particular.26

In spite of the above-mentioned complications in terms of drug
discovery, there is today a very great deal of interest among
members of the global natural products community in investigating
new plant constituents. To give some support for this, Figure 1
shows pie charts of new compounds published in the Journal of
Natural Products in two single years at the beginning (2001) and

end (2010) of the past decade. The compounds are grouped
according to the major classes of organism of origin. It may be seen
that during both time periods, larger percentages of new plant
compounds were reported in this journal when compared with
compounds derived from terrestrial microorganisms and fungi and
all types of marine and aquatic organisms. There are many reasons
for this, and paramount among these is a strong interest in
investigating the chemical and biological properties of the consti-
tuents of medicinal plants, in countries representative of every
continent except Antarctica.27�32 In addition, among other plant-
focused studies, investigators have scrutinized the constituents of
botanical dietary supplements and food plants,33�36 followed up on
plant ethnomedicinal leads,37,38 and elucidated the constituents of
toxic plants.39,40

In the next two major sections of this review, work in the
senior author’s laboratory directed toward the search for two

Table 1. Plant Natural Products and Derivatives Approved by the U.S. FDA from 2001 to 2010a

year approved generic name natural lead compound trade name indication

2001 galanthamine galanthamine Razadyne dementia associated with Alzheimer’s disease

2002 nitisinoneb leptospermone Orfadin hereditary tyrosinemia type 1

2003 miglustatb 1-deoxynojirimycin Zavesca type 1 Gaucher disease

2004 tiotropiumb bromide atropine Spiriva COPD and exacerbation of COPD

2004 trospiumb chloride atropine Sanctura overactive bladder

2004 solifenacinb quinine VESIcare overactive bladder

2005 paclitaxel (protein-bound) paclitaxel (taxol) Abraxane breast cancer

2006 sinecatechinsc green tea phenols Veregen genital warts

2006d nabiloneb Δ9-tetrahydrocannabinol Cesamet chemotherapy-induced nausea

2008 methylnaltrexoneb bromide morphine Relistor opioid-induced constipation

2008 tetrabenazineb emetine Xenazine Huntington’s-associated cholera

2009 artemetherb and lumefantrine artemisinin Coartem malaria

2009 colchicine colchicine Colcrys gout

2010 cabazitaxelb paclitaxel (taxol) Jevtana hormone-refractory metastatic prostate cancer

2010 dextromethorphan and quinidine morphine and quinidine Nuedexta pseudobulbar affect

2010 capsaicin capsaicin Qutenza postherpetic neuralgia
a Information taken from www.drugs.com. bNewmolecular entity. cApproved as a mixture of compounds as a “botanical drug”. dOriginally approved in
1985, but only introduced to the market in May 2006 (www.valent.com).

Figure 1. Comparison of the types of organisms of origin of new compounds published in the Journal of Natural Products in the years 2001 and 2010.
(Totals of 1142 and 1369 natural products from all types of organisms were published in 2001 and 2010, respectively. All types of organisms with a
marine or aquatic habitat are grouped together. An example of an unspecified organism is propolis.)
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distinct groups of new bioactive agents from plants will be
featured, namely, highly sweet compounds and taste modifiers,
and potential cancer chemotherapeutic agents.
Naturally Occurring Sucrose Substitutes and Taste-Modifying

Agents. Commercially Used Plant-Derived Sweet Substances.
Owing to health concerns caused by consuming calorie-rich food
sweetened by sugars, there is a great demand for low-caloric and
noncariogenic sucrose substitutes in the human diet.41 Such
compounds are typically some fifty to several hundred times
sweeter than sucrose on a weight basis.41 In the United States,
there are five synthetic “high-potency” or “intense” sweeteners
currently approved, namely, acesulfame K, aspartame, neotame,
saccharin, and sucralose.42,43 Approximately 100 discrete natural
products are also highly sweet and are based on about 20 different
structural types, with most of these being either isoprenoids,
flavonoids, or proteins.42 The structures of several of these sweet-
tasting plant constituents were determined by the group of the
late Prof. Osamu Tanaka, of Hiroshima University in Japan, most
notably rebaudioside A (see below).42 All of the highly sweet
compounds to date from Nature have been found in green
(vascular) plants, with there having been no reports of such
compounds from either terrestrial microbes or marine
organisms.42,44 Several highly sweet compounds from plants are
approved as sucrose substitutes in various countries around the
world, as summarized in Table 2. The sweet-tasting natural
products concerned will be discussed briefly in turn in the
following paragraphs. The so-called “bulk” or “reduced calorie”
sweeteners of plant origin used as food additives, inclusive of
several monosaccharides, disaccharides, and polyols, will not be
described below, since they have been dealt with by others
recently.45,46

Glycyrrhizin (1), also known as glycyrrhizic acid, is an
oleanane-type triterpene diglucuronic acid glycoside constituent
of the roots and stolons of licorice (Glycyrrhiza glabra L. and
otherGlycyrrhiza species) (Fabaceae) and based on the aglycone
glycyrrhetinic acid. Glycyrrhizin is approximately 50�100 times
sweeter than sucrose on a weight basis, depending on
concentration.47 A Glycyrrhiza sp. decoction containing glycyr-
rhizin (1) became the first natural product intense sweetener
used in Japan in the early part of the 20th century, when it was
also found to suppress the salty taste of pickled foods and dried
seafoods.48 Efforts have been made to modify the structural units
of compound 1 in order to enhance its sweetness potency, and

the monoglucuronide of glycyrrhetinic acid (MGGR; 2) was
found to be over 900 times sweeter than sucrose. MGGR may
be produced from glycyrrhizin (1) by hydrolysis using a micro-
bial enzyme and has use in Japan to sweeten certain dairy
products and soft drinks.47 In the United States, ammoniated
glycyrrhizin, monoammonium glycyrrhizinate, and licorice ex-
tract are not approved sweetening agents, but are used as
flavoring agents and are included on the Generally Regarded as
Safe (GRAS) list.49 Licorice root (“Glycyrrhizae Radix”) is used
very widely as an ingredient in Oriental systems of traditional
medicine, since in addition to its flavoring properties, it has
reported harmonizing and detoxifying effects.50 However, the
Ministry of Health, Labor and Welfare in Japan has imposed a
daily upper limit on glycyrrhizin consumption of 200 mg, due to
its well-known glucocorticomimetic effects, which may lead to
pseudoaldosteronism.47

The intense sweetness of leaves of the Paraguayan herb Stevia
rebaudiana (Bertoni) Bertoni (Asteraceae) was reported initially
in the Western literature at the turn of the 20th century.51

Altogether, nine sweet-tasting ent-kaurane glycosides have been
isolated and structurally characterized from S. rebaudiana leaves
and are all based on the aglycone steviol (ent-13-hydroxykaur-16-
en-19-oic acid).42 The two most abundant of these diterpene
glycosides in the plant are stevioside (3) and rebaudioside A
(4).42 Extracts of S. rebaudiana began to be used in Japan in the
early 1970s, due in part to perceived difficulties in obtaining
Glycyrrhiza species from other Asian countries and in an attempt
to overcome the latent sweet-tasting effect of glycyrrhizin (1).48

Three types of refined S. rebaudiana leaf preparations have use in
the sweetening and flavoring of a wide range of foods and
beverages in Japan. These are “stevia extract” (consisting of
about 90% steviol glycosides and 50�55% stevioside), “rebau-
dioside A-enriched stevia extract” (containing a higher propor-
tion of rebaudioside A than the 20�25% in “stevia extract”), and
“sugar-transformed stevia extract” (a trans-R-1,4-glucosylated
product of “stevia extract” using an enzymatic procedure). It is
considered that the last two mentioned of these products exhibit
improved taste characteristics when compared to “stevia
extract”.48 Following the successful utilization of S. rebaudiana
refined leaf extracts containing stevioside (3) and rebaudioside A
(4) in Japan, several other countries also began to permit the use
of sweet-tasting products from this plant in foodstuffs and/or
beverages, including Brazil and Korea (Table 2).52 A major step

Table 2. Commercially Available Plant-Derived Intense Sweetenersa

compound name examples of countries in which approved

glycyrrhizin (1)b Japan

monoglucuronide of glycyrrhetinic acid (MGGR)c (2) Japan

stevioside (3)d Argentina, Brazil, Japan, Paraguay, People’s Republic of China, South Korea

rebaudioside A (4) France,e Japan, United Statesf

mogroside V (5)g Japan

phyllodulcin (6) Japan

neohesperidin dihydrochalcone (7)h European Union, Switzerland, Turkey

thaumatinh Australia, European Union, Japan
aThe purity levels for the compounds included in this table differ from country to country. bThe salts ammoniated glycyrrhizin and monoammonium
glycyrrhizinate have GRAS status as flavoring agents in theUnited States. c Semisynthetic compound. dRefined Stevia rebaudiana extracts, with stevioside
as the major ent-kaurene glycoside component, are used as a dietary supplement in the United States. eApproved in September 2009 in anticipation of
general EU approval (source: www.sweeteners.org). f Steviol glycoside mixtures with rebaudioside A as the major component received GRAS status
in the United States in December 2008. gGRAS status for a Siraitia grosvenorii extract with a standardized mogroside V content was accorded in
January 2010 in the United States (source: www.biovitorria.com). hHas GRAS status as a flavoring agent in the United States.
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forward in the more widespread use of sweet products from
S. rebaudiana was establishment of temporary specifications
established for the acceptable daily intake (ADI) of steviol
glycosides in humans by the Joint FAO/WHO Expert Commit-
tee on Food Additives (JECFA) in Europe in 2004, which were
updated recently.53 In 2008, steviol glycoside sweetener mixtures
with rebaudioside A (4) as the major constituent were accorded
GRAS status by the U.S. Food and Drug Administration, leading
to the introduction of many products on the market, including
table-top sweetener brands.53 This positive decision was under-
pinned by a series of new safety and metabolism studies on
rebaudioside A (4).53,54 Progress in the recent development of
marketed rebaudioside A-containing food and beverage products
has been very rapid, especially when it is considered that from
1991 to 1995 there was a ban by the FDA on the import of
S. rebaudiana leaves to the United States.52

There are several other highly sweet plant-derived natural
sweeteners, with some having a more restricted commercial use
than either glycyrrhizin (1) or the steviol glycosides stevioside
(3) and rebaudioside A (4). These substances comprise the
triterpenoid glycoside mogroside V (5), the phenols phyllodul-
cin (6) and neohesperidin dihydrochalcone (7), and the protein
thaumatin.42,47 Mogroside V (5) is the major cucurbitane glyco-
side constituent of the dried and roasted fruits of the Chinese
plant Siraitia grosvenorii (Swingle) C. Jeffrey ex A.M. Lu & Zhi Y.
Zhang (Cucurbitaceae) and has been rated as 250�425 times the
sweetness potency of sucrose, with a relatively pleasant taste, and
having improved solubility in water when compared with many
other plant glycosides. Its plant of origin is used in traditional
Chinese medicine and is known as “lo han guo”, while refined
extracts containing compound 5 are used in Japan to sweeten
certain foods and beverages.42,47 Safety studies on extracts of
S. grosvenorii and mogroside V have not been numerous, but are
supportive of a wider use for sweetening purposes.42,47 Phyllo-
dulcin (6) is a dihydroisocoumarin aglycone produced from its
natural glycosidic form by crushing or fermenting the leaves of
Hydrangea macrophylla Seringe var. thunbergii (Siebold) Makino
(Saxifragaceae). This species is used to make a sweet-tasting
ceremonial tea in Japan, with its sweet constituent, compound 6,
having been evaluated as about 400 times the sweetness potency
of sucrose. However, phyllodulcin is very water insoluble and
exhibits a delay in the onset of sweetness after being tasted and
has a licorice-like aftertaste. There have been several attempts
to improve on the sweetness parameters of phyllodulcin (6) by

synthetic modification, but none of these compounds has
present commercial use.42,47 Neohesperidin dihydrochalcone
(7) is a semisynthetic dihydrochalcone glycoside prepared from
a flavonoid constituent of Citrus auranticum L. (Rutaceae)
(Seville orange).42 This compound was approved as a sweetener
in the European Union countries in 1994 and also has GRAS
status in the U.S. as a flavoring ingredient. Compound 7 is
approximately 400�600 times sweeter than sucrose at concen-
trations used in foodstuffs, but it suffers from a delay
in sweetness onset after first being tasted and also has an
aftertaste.55 Finally, thaumatin is a sweet protein isolated
from the fruits of the west African plant Thaumatococcus danielli
Benth. (Maranaceae). Of five different thaumatin analogues
known, the major compounds, thaumatins I and II, have
207 amino acid residues each.56 The sweetness potency of
thaumatin protein has been rated as high as 1800�3000 times
in comparison to sucrose. Thaumatin is approved as a sweetener
in several countries, has GRAS status in the U.S. as a flavor
adjunct, and is used in a number of applications, including
chewing gum.47

Natural Product Sweetener Discovery. For several years while
at theUniversity of Illinois at Chicago (UIC), amajor focus of the
laboratory research of the senior author was on the discovery of
new sweetening agents from higher plants, with this work
performed in collaboration with plant taxonomist Dr. Djaja
Djendoel Soejarto and other faculty colleagues. More recently,
laboratory work has begun on naturally occurring taste-
modifying substances at The Ohio State University. Over the
years, several reviews and book chapters have been published by
our group on plant-derived sweeteners42,47,53,57�62 and sweet-
ness inhibitors.,42,47,58,63

It is only relatively recently that the human taste receptor has
been elucidated as a G-protein coupled receptor, composed of a
heterodimer of two proteins, TAS1R2 and TAS1R3 (formerly
T1R2 and T1R3).64 Indeed, it is only in the past few years
that high-throughput screening procedures using receptor-
binding techniques have become available for new sweetener
discovery.65 Therefore, in our work performed prior to this on
natural sweetener discovery, it was necessary to use volunteer
human subjects to taste crude extracts, chromatographic frac-
tions, and pure compounds for the presence or absence of
sweetness. Prior to tasting any fractions or pure compounds,
their crude extract of origin was evaluated for acute toxicity in
mice and for mutagenicity in a forward mutation assay.57,59,66,67

This required prior approval from both the Institutional Review
Board (responsible for human subjects) and the Animal Care
Committee at UIC. Pure compounds were evaluated for sweet-
ness potency by a small human taste panel of three members, by
dilution in water until perceived to taste equally sweet to a 2%
w/v aqueous sucrose solution standard.66 However, prior to
being evaluated in this manner, lack of activity in both mouse
acute toxicity and mutagenicity tests was established, requiring
the consumption of some 50�100 mg of compound for this
purpose.42,57,59 Therefore, it was not always possible to evaluate
a sweet compound for potency relative to sucrose if only a few
milligrams were isolated, especially with limited water solubility
evident.
One of the approaches our group used toward locating

candidate sweet-tasting plants was by making inquiries in
medicinal plant marketplaces and then following up on this
by collecting the same species in the field.67 This work was
carried out before the ratification of the United Nations
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Convention on Biological Diversity in Rio de Janeiro in 1992,
a topic described in detail in a recent book chapter by
Dr. Geoffrey Cordell.68 However, as a consequence of the
“Rio Convention”, in order to carry out this same approach
today, relevant benefit-sharing agreements would have to
be worked out in advance of performing field work, and
“prior informed consent” would need to be approved by an
Institutional Review Board, so that the relevant indigenous
traditional knowledge would not be at risk of being exploited
unfairly.59 Given that many sweet-tasting plants turn out
to contain high concentration levels of either sugars and
polyols69 or phenylpropanoids such as trans-anethole,70 the
chance of actually discovering a potently sweet substance
representing a new structural type as a result of following up
an ethnobotanical lead is quite low.
In the paragraphs following, a number of compounds dis-

covered in our laboratory with sweet-tasting or taste-modifying
properties are described briefly.
Hernandulcin and 4β-Hydroxyhernandulcin. In the early

1980s, Cesar Compadre came to graduate school at the
University of Illinois at Chicago with a sample of the aerial parts
of the sweet-tasting plant Lippia dulcis Trev. (Verbenaceae),
purchased from a marketplace near Mexico City. He succeeded
in isolating and structurally characterizing a bisabolane sesqui-
terpenoid (8) as a minor constituent of this plant, which was
rated as being about 1000 times more potently sweet than
sucrose by a human taste panel, on a weight basis. However, the
compound also exhibits some bitterness and has a rather
unpleasant aftertaste. (þ)-Hernandulcin proved to be the first
highly sweet-tasting sesquiterpenoid reported in the literature
and was assigned its trivial name in honor of Dr. Francisco
Hern�andez, a Spanish physician from the 16th century who first
documented L. dulcis as a sweet-tasting plant under its Aztec
name in a monograph entitled “Natural History of New
Spain”.71�73 This sweet compound was synthesized in racemic
form in our laboratory by directed-aldol condensation, from
two commercially available ketones.71,73 It was found that
only the 6S,10S- configuration of hernandulcin exhibits a sweet
taste, when all four diastereomers were synthesized byMori and
Kato.74 In a follow-up study performed by former postdoctoral
Norito Kaneda on a Panamanian sample of the leaves
and flowers of L. dulcis provided by Dr. Mahabir Gupta, a
related sweet sesquiterpenoid, (þ)-4β-hydroxyhernandulcin
(9), was isolated.75 Although established as being sweet-tasting,
the sweetness potency of compound 9 was not determined
due to the small quantity of this substance isolated. It was found
that (þ)-hernandulcin (8) was present in this Panamanian
sample in a much higher yield (0.154% w/w) than in the
original Mexican sample investigated (0.004% w/w), with the
latter sample accumulating high levels of camphor.71,75

In keeping with this observation, it has been confirmed by
others that there is more than one chemotype of L. dulcis.76,77 In
2006, Ono and colleagues isolated six new and two known
bisabolane sesquiterpenoids closely related in structure to
hernandulcin from a freshly collected sample of the aerial parts
of L. dulcis cultivated in Fukuoka, Japan, with three of these
compounds containing a hydroperoxy group. The occurrence
of hernandulcin (8) itself and the presence or absence of
sweetness for the eight sesquiterpenoids isolated were not
reported.78

More than 25 years have passed since the initial discovery by
our group of the structure and highly sweet properties of (þ)-
hernandulin (8). The compound has been synthesized on several
occasions, both as a racemate and as the naturally occurring (þ)-
isomer, and hernandulcin has also been produced by both hairy
root and shoot cultures of L. dulcis, as summarized recently.42 As
a result of producing several derivatives of hernandulcin (8)
modified structurally at various functionalities, our group estab-
lished that three key functionalities are necessary in mediating
the sweet-tasting effect of this compound, namely, the C-6
carbonyl, the C-10 hydroxy group, and the C-40, C-50 double
bond.79 The intermolecular distances of these three functional-
ities conform with the Shallenberger�Acree�Kier model for
sweet compounds.80 Unfortunately, it does not look as though
this compound will be developed further for commercial use as a
sweetener, because of its inherent thermal instability, a lack of
significant water solubility, and unacceptable hedonic taste
attributes. However, there has been some interest in developing
hernandulcin as a sweetener for use in dentifrices, wherein its
unpleasant taste profile could be masked by other flavor
components.81 In view of its structural simplicity and high
sweetness potency, hernandulcin (8) remains of interest as a
standardmolecule in studies on how sweet substances bind to the
human taste receptor.82

Abrusosides A�E. Abrusoside A (10) is the prototype member
of a group of sweet-tasting cycloartane-type triterpenoid glycoside
constituents of the leaves ofAbrus precatorius L. (Fabaceae) (rosary
pea; precatory bean), one of 12 species in the genus Abrus.83,84
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While native to India, A. precatorius has become a commonly
introduced species in various tropical and subtropical regions of the
world. The roots of this plant are sweet-tasting and have been used
as a substitute for licorice.84 It was suggested that our group work
on A. precatorius leaves by the late Dr. Julia F. Morton, Director,
Morton Collectanea, University of Miami, Miami, Florida, and the
initial isolation work was performed by then graduate student
Young-Hee Choi. Prior to our work, glycyrrhizin (1) had been
regarded as the sweet-tasting principle of this species.85,86 In our
hands, when examining A. precatorius leaves collected in southern
Florida, no glycyrrhizin was detected, with instead four sweet
principles, abrusosides A�D (10�13) being isolated in the initial
work.83,84 In a follow-up phytochemical study, another compound
of this type, abrusoside E (14), was purified by former postdoctoral
Ed Kennelly from a re-collection of the leaves in Florida.87

Compounds 10�13 were identified in a second species in the
genus, Abrus fruticulosusWall., collected in Thailand.88

Abrusosides A�E (10�14) are based on a common aglycone
with a new carbon skeleton, abrusogenin (15), for which the
structure was established by single-crystal X-ray crystallography
of the methyl ester.83 These five glycosides vary from one
another structurally only in terms of their respective saccharide
substituent attached to C-3 on the aglycone. After initial safety
testing, the ammonium salts of compounds 10�13 were rated as
between 30 and 100 times sweeter than 2% sucrose solution.84 In
abrusoside E (14), there is a transposition of the two sugar units
when compared to abrusoside D (13). However, compound 14
was found to have very poor solubility properties in several
solvents, requiring its NMR data to be measured in the form of a
monomethyl ester derivative.57,87 Abrusoside A methyl ester
(16) was partially synthesized from abrusogenin (15) at the
University of Illinois at Chicago, by former graduate student
Nam-Cheol Kim, in work conducted in collaboration with Dr.
Darrick Kim. Compound 16 was produced through methylation
of abrusogenin (15), coupling with 1-chloro-2,3,4,6-tetra-O-
acetylglucopyranose in the presence of AgOTf and TMU in
CH2Cl2, and by deacetylation performed with methanolic
K2CO3.

89 The abrusosides have several positive aspects as sweet
compounds, in that they are generally thermostable and can be
rendered water-soluble using ammonium hydroxide, and they
exhibit a pleasant sweet taste. However, these compounds
produce a long-lasting sweet sensation when tasted and occur
in the leaves only as minor constituents, representing less than a
1% w/w combined yield.57 Moreover, the plant of origin of the
abrusosides, A. precatorius, is a vine and has very light leaves that
must be carefully separated from the seeds of this plant, which
contain a well-known type II ribosome-inactivating protein toxin,
abrin, occurring as four discrete isoforms.90,91

Miscellaneous Sweet-Tasting and Taste-Modifying Plant
Constituents. A number of additional highly sweet-tasting sub-
stances of plant origin have been isolated and characterized in our
laboratory, representative of the terpenoid glycoside, steroidal
saponin, and phenolic types, and several examples will be
mentioned briefly in turn. The labdane-type diterpene glycoside
gaudichaudioside A (17) was isolated by then graduate student
Fekadu Fullas from the aerial parts of the Paraguayan plant
Baccharis gaudichaudiana DC. (Asteraceae) and found to exhibit
a sweetness intensity 55 times that of 2% w/w sucrose solution,
with a pleasant taste profile having limited bitterness.67 Also
obtained from the same plant sample were five additional labdane
arabinosides, gaudichaudiosides B�F (18�22), which proved to
be sweet-bitter, neutral tasting, wholly bitter, sweet-bitter, and

wholly bitter, respectively.67,92 On comparing the structures of
compounds 17�22, while all six compounds have an allylic
primary hydroxy group, the sweet-tasting substance gaudichau-
dioside A (17) is the only one with a primary aldehyde group at
C-8, with the remaining compounds being variously substituted
at this key functionality.67,92

A further sweet oleanane-type triterpenoid glycoside, perian-
drin V (23), was purified from a sample of Periandra dulcis roots
collected in Brazil, provided by the late Prof. Yohei Hashimoto,
of Kobe Women’s College of Pharmacy (now Kobe Pharmaceu-
tical University) in Japan. This compound was characterized
structurally by former graduate student Rutt Suttisri and found to
contain a terminal D-xylopyranosyl sugar unit in place of the
terminal D-glucuronopyranosyl moiety of the parent compound
in this series, periandrin I (24).93 Periandrin V (23) was rated as
possessing a sweetness potency of about 200 times that of 2%
w/v sucrose and about twice that of compound 24.57,94

One of the most potently sweet compounds found in our
laboratory work is polypodoside A (25), isolated from the
rhizomes of Polypodium glycyrrhiza DC. Eaton (Polypodiaceae)
(licorice fern), a plant long suspected of containing glycyrrhizin
as the sweet principle.66 From a plant sample collected in
Oregon, former graduate student Jinwoong Kim isolated three
related bidesmosidic steroidal saponins, polypodosides A�C
(25�27), with saccharide substitution at C-3 and C-26.66,95

The structure of compound 25 was determined as the 7,8-
dehydro derivative of osladin, a sweet constituent of the fern
Polypodium vulgare L.66 However, the structure of osladin (28)
was reassigned by the late Prof. Mugio Nishizawa (Tokushima
Bunri University, Tokushima, Japan) as a result of a synthetic
and X-ray crystallographic investigation.96 Working with Prof.
Nishizawa, the configurational assignments of compounds 25
and 28 were shown to be the same (22R,25S,26R), from a
chemical interconversion experiment.97 In this work, an inter-
mediate obtained during the synthesis of osladin (28) was
converted to an enone of the same structure produced upon
the hydrolysis and silylation of compound 25.57,97 Polypodoside
A (25) was rated as 500�600 times sweeter than sucrose, with
polypodoside B (26) having a monosaccharide sugar unit at C-3,
being marginally sweet. Polypodoside C (27), the 300-O-methyl
derivative of 26, was devoid of any sweet taste.57,66,97 Despite the
promising sweetness intensity of polypodoside A (25), it is
unlikely to be used commercially as a sweetener, since extraction
from a rather fragile epiphytic fern and separation from a bitter-
tasting constituent, (þ)-afzelechin 7-O-β-D-apioside, would be
needed.98

From the mature rhizomes of another fern, Selliguia feei Bory
(Polypodiaceae), collected in Java, Indonesia, selligueain A (29)
was isolated by former postdoctoral Nam-Im Baek as a new
sweet-tasting ring-A doubly-linked proanthocyanidin of the
propelargonidin (afzelechin/epiafzelechin) subgroup.99 This
was obtained as a major constituent of the rhizomes in 0.69%
w/w yield by chromatography over silica gel, and the structure
was characterized by the application of spectroscopic methods
after peracetylation, thiolysis, and desulfurization steps.99 Sell-
igueian A (29) was rated as exhibiting about 35 times the
sweetness potency of a 2% w/v sucrose solution.99 Four other
trimeric proanthocyanidins have been found to be sweet-tasting
previously, two each from the fronds of the fern Arachniodes
sporadosora (Kunze) Naikaike (Drypopteridaceae) and the root
bark of Cinnamomum sieboldii Meisn. (Lauraceae).42 However,
the sweetness potencies of these compounds relative to sucrose
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have not been determined, and compound 29 differs from them
structurally in possessing an afzelechin C (terminal) unit.99

Further isolation work on S. feei led to the purification and
structural characterization of selligueain B, a further new ring-A
doubly linked proanthocyanidin that was not sweet.100 Sell-
igueian A (29) was later isolated from Polypodium triseriale Sw.
(Polypodiaceae) by Bohlin and co-workers and shown to be
inhibitory toward elastase, a proteolytic enzyme.101 Proantho-
cyanidins are widely distributed in common foods, and several
health benefits have been attributed to this compound class.102

Therefore, a sweet representative of this series such as selligueain
A (29) might be of future use as a “functional food” ingredient.
In more recent work carried out at The Ohio State University, a

search for bitterness-blocking agents103 has been performed on the
leaves ofEriodictyon californicumDecne. (Hydrophyllaceae).104,105

This is a native U.S. plant known as “Herba Santa”, and its leaves
exhibit an initial bitter taste, before turning sweetish when chewed,
and hence this species may be regarded as a promising lead to
search for constituents with taste-modifying constituents.104,105 In
previous related work on the taste-modifying flavonoid constitu-
ents of this plant carried out in Germany, the sodium salt of the
known flavanone homoeriodictyol (30) was found to be able to
block the bitter taste effected by caffeine.106 Hesperetin (31), a
further flavanone from E. californicum, has also been documented
as a sweetness-enhancing agent.107

In the work performed in our laboratory on E. californicum,
nine flavanones and one flavone were isolated from the leaves, all
of previously known structure.104,105 The plant specimen used
was collected originally in California by World Botanical Associ-
ates (Laurel, MD) for work on its potential chemopreventive
constituents performed by the group of Dr. John M. Cassady.108

The compounds were screened against HEK-293T cells expres-
sing a chimeric G-protein R-subunit, transfected with the human
bitterness receptor, hTAS2R31 (formerly hTAS2R44).109 Of the
compounds evaluated, the C-7 methoxylated flavanones sakur-
anetin (32) and 6-methoxysakuranetin (33) and the flavone
jaceosidin (34) were found to be selective inhibitors to the
response to saccharin, with IC50 values of 3.6, 2.5, and 11.3 μM,
respectively.105 In addition, 40-isobutyrylhomoeriodictyol (35)
was determined to be a potent agonist against a human bitterness
receptor, with an IC50 value of ca. 2 μM (Fletcher, J. N.;
Kinghorn, A. D.; Slack, J. P.; Jia, Z., unpublished results).
Therefore, the change in taste profile of E. californicum leaves
when chewed can be explained, at least in part, as due to its
flavonoid constituents. The practical utility of the purified
flavonoid taste-modifying agents in E. californicum seems to be
limited by the water insolubility of these substances.

Outlook for Future Research on Naturally Occurring Sweet-
eners and Taste-Modifying Agents. It may be confidently
predicted that there will be a continued public demand for
low-caloric foods and beverages in both the near- and long-term

future, so there will be a need for the inclusion in these products
of new sweeteners, sweetness enhancers, and bitterness blockers
of natural origin. Criteria for the development of a new sweet-
ener, however, are quite daunting and include considerations of
hedonic qualities, potency, stability, and water solubility, as well
as economic aspects.110 As far as prospects for discovering new
sweeteners are concerned, it is probable that most of the highly
sweet plants in the world are already known, since their sensory
properties would have become known to taxonomists at the time
of their classification. It is still possible that plants with highly
sweet constituents may be found in remote locations that have
not become widely known, however. One method of finding new
sweet compounds is to investigate further already known sweet-
tasting plants obtained in large quantities. For example, very
recently, several minor ent-kaurenoid diterpenoids have been
isolated and characterized from Stevia rebaudiana leaves obtained
from Malaysia, although it was not stated if the compounds
obtained are sweet-tasting or not.111 Now that receptor-binding
methods are available for high-throughput in vitro screening, it
can be predicted that many more natural compounds will be
detected as being sweet-tasting, although their sweetness will still
need to be confirmed by sensory methods with human taste
panels. Analogous to work that has been performed on flavonoid
“co-effectors” of St. John’s Wort (Hypericum perforatum L.;
Clusiaceae), which modify the water solubility of the antidepres-
sant principles,35 it is possible that other constituents of the
plants of origin of sweet-tasting and other taste-modifying
substances may enhance the overall effects experienced.
Potential Cancer Chemotherapeutic Agents from Se-

lected Tropical Plants. Introductory Remarks. Cancer remains
one of the major causes of death among the populations of
developed and developing countries alike. For example, in the
United States in 2010, it was determined that for persons under
85 years of age, cancer now accounts for more deaths than heart
disease, with over half a million fatalities occurring annually.112

For some 50 years, substances from terrestrial micro-organisms
and higher plants have afforded some relief from this scourge and
are representative of some of the most important anticancer
agents available. Thus, from microbial sources, important cancer
chemotherapeutic agents include the anthracyclines, bleomycin,
dactinomycin, and mitomycin C, while four major classes of
plant-derived compounds are used therapeutically in the U.S.
(camptothecin derivatives; Catharanthus indole alkaloids; epi-
dophyllotoxins; taxanes).113 The first approved marine-derived
antitumor agent, trabectidin, is now in clinical use in
Europe,21,114 and more recently eribulin mesylate, a synthetic
analogue of the sponge constituent halochondrin B, has been
approved by the U.S. FDA for metastatic breast cancer
treatment.115 Several authors have pointed to the future promise
of additional new natural product oncology agents.1,4,113,116,117

With respect to potential, new antitumor agents of plant
origin, a number of compounds representative of a variety of
skeletal types are currently in clinical trial. The continued
influence of the seminal discoveries of camptothecin (36)118

and taxol (37)119 (now known as paclitaxel) by the group of the
late Dr. Monroe Wall and of Dr. Mansukh Wani, of Research
Triangle Institute in North Carolina, remains evident, as a result
of the several camptothecin and taxane analogues now in
advanced clinicial trials.120 Other plant-derived compounds
under development are flavopiridol, indirubin, phenoxidiol,
and analogues of combretastatin, homoharringtonine, and
vinblastine.4,120,121 In spite of this, there is a perception among
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some members of the natural products community that plants
have not been as productive as other types of organisms in
yielding structurally diverse compounds and, therefore, that
additional work on plants as sources of new anticancer agents
may not be so beneficial. Newman and Cragg have stated the
following: “On the basis of recent experience using the National
Cancer Institute (NCI) 60-cell line screen, the potential for the
discovery of a new chemotype from plants, comparable to the
taxanes or camptothecins, appears to be relatively low. In spite of
work covering vascular plants from extensive collections in the
tropics in the last 18þ years, no novel chemotypes have, as yet,
been reported.”122 However, there is more than one way of
interpreting these two sentences, even when it is considered how
exceptional the discoveries of both camptothecin and taxol
(paclitaxel) and their derivatives have been to biomedical re-
search and clinical practice. For example, it could be that the use
of even a very informative in vitro screen is not a substitute for the
use of relevant in vivo testing early in the drug discovery process
of a plant anticancer lead. It should be noted that several
important lead antitumor agents from plants, many of which
are still of interest today, were discovered in the 1970s and 1980s,
including homoharringtonine (38),123 maytansine (39),124 bru-
ceantin (40),125 pancratistatin (41),126 and combretastatin A-4
(42).127 For each of these five compounds, there was the early
involvement of in vivo testing during the discovery process, and
this is also true for camptothecin (36)118 and taxol (paclitaxel)
(37).119 Today, there aremany groups all over the world working
on the elucidation of additional examples of plant-derived antic-
ancer agents, all aiming at the a discovery of a compound of
eventual clinical oncological prominence.

In the following paragraphs, recent progress made in our
laboratory in the discovery of new potential anticancer agents
from tropical plants will be described. It has been our practice for
phytochemists and biologists to work closely together on this
project, in order to obtain as much information as soon as
possible on promising lead compound potency, selectivity,
in vivo efficacy, and mechanism of action. A simple standardized

solvent extraction scheme modified by the late Dr. Monroe Wall
has been used.25 Another feature of our work has been the use
of the in vivo hollow fiber assay as a secondary bioassay, to
maximize the chances of obtaining compounds having in vitro
activity in a cell- or mechanism-based bioassay, with subsequent
in vivo activity in a xenograft model.128,129 We have been very
fortunate over the years to have obtained significant funding from
the U.S. National Cancer Institute, both through the “National
Collaborative Drug Discovery Groups” (NCDDG) and program
project (P01) mechanisms, involving in the last five years groups
from several universities (The Ohio State University; University
of Illinois at Chicago; University of North Carolina�
Greensboro; North Carolina Central University), a private,
nonprofit research institute (Research Triangle Institute, North
Carolina), a large pharmaceutical corporation (Bristol-Myers
Squibb, Pharmaceutical Research Institute, Princeton, New
Jersey), and a small biotechnology company (Mycosynthetix,
Inc., Hillsborough, North Carolina). Several reviews have docu-
mented earlier the organization of this project team, the proce-
dures used, and compounds of promise as antitumor agents
obtained.130�132 As a result of an earlier organizational grouping
(University of Illinois at Chicago; Research Triangle Institute;
Glaxo Wellcome Medicines Research Centre, U.K.) of this
same NCDDG project, the triterpenoid betulinic acid was
isolated as a constituent of the plant Ziziphus mauritiana Lam.
(Rhamnaceae), collected in Zimbabwe. This apoptotic com-
pound inhibited selectively the growth of human melanoma
cancer cells, and in athymic mice bearing human melanoma
cells it exhibited in vivo activity.133 Betulinic acid is now in phase
I/II clinical trials at the College of Medicine, University of
Illinois at Chicago, under the direction of Dr. Tapas Das
Gupta, for the potential topical therapy for dysplastic melano-
cytic nevi.121

Aromatic Tropane Alkaloid Esters from Erythroxylum Spe-
cies. The genus Erythroxylum (family Erythroxylaceae) com-
prises about 200 species that occur principally in tropical regions
of South America and Africa.134 While cocaine appears to be a
rare constituent within this genus, several species contain other
tropane alkaloids.134 Phytochemical work by former postdoctor-
als Gloria Silva and Baoliang Cui in the laboratory of the senior
author when at the University of Illinois at Chicago led to the
initial isolation of nine tropane aromatic ester alkaloids from the
roots of Erythroxylum pervillei Baillon, including the six new
compounds pervilleines A�F (43�48), of interest as potential
multidrug resistance (MDR) inhibitors.135 Thus far, there have
been no MDR inhibitors approved as adjuncts to cancer che-
motherapy, although some compounds have reached clinical
trials for this purpose.136 The plant material was selected
for research and collected in southern Madagascar by our
collaborator, Prof. Philippe Rasoanaivo, of IMRA, Antananarivo,
Madagascar. Recently, the stereostructure proposed for
(þ)-pervilleine C (45) was confirmed by enantiomeric total
synthesis.137 When evaluated against a small panel of human
tumor cells, pervilleines A�F (43�48) were found to bemore or
less selectively inhibitory for the KB-V1þ (vinblastine-resistant
oral epidermoid carcinoma) cell line in the presence of vinblas-
tine, while being inactive for the parent KB and other cell lines.135

In work conducted at UIC by then graduate student Qiuwen Mi,
under the supervision of Dr. John M. Pezzuto, the parent
compound, pervilleine A (43), was found to restore the sensi-
tivity of CEM/VLB100 (multidrug-resistant human leukemic
lymphoblast CEM cells (EC50 0.2 μM) and to be an effective
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inhibitor of P-glycoprotein.138 Further, this same alkaloid was
demonstrated to be active as a MDR inhibitor when co-adminis-
tered with vinblastine to KB-V1þ and KB-8-5 cells in hollow
fibers implanted into NCr nu/nu mice.138 Pervilleines B (44), C
(45), and F (48) were also found to reverse multidrug resistance
when co-administered with vinblastine, in an analogous manner
to pervilleine A (43).139,140

Phytochemical work was carried out by former postdoctoral
Daniel Chavez on the stems of Erythroxylum rotundifolium
Lunan, collected in the Dominican Republic. Five additional
cytotoxic tropane aromatic esters (49�53) were isolated in this
work, with the new compound 49 containing a Z-3,4,5-tri-
methoxycinnamyl ester unit at C-3.141 One of the tropane ester
alkaloids (53) isolated from E. rotundifolium proved to be
identical to pervilleine A (43), except for the aromatic ester
groups at C-3 and C-6 being transposed, which led to a loss
of specificity for the KB-V1þ cell line and weak broad
cytotoxicity.135,141 Workup of a large-scale re-collection of the
stem bark of E. pervillei (see below) at The Ohio State University
by former Research Scientist Young-Won Chin led to the
isolation and characterization of pervilleines G (54) and
H (55), in addition to cis-pervilleines B (56) and F (57).142 In
the latter two compounds, a Z-3,4,5-trimethoxycinnamyl ester
unit occurred at C-6. Compounds 54�57 were not evaluated for
their MDR-modulatory activities.142

The most potent and selective MDR-inhibitory pervilleine
derivatives of the tropane alkaloid type found in our work
(43�48) all contain an E-3,4,5-trimethoxycinnamoyl unit at-
tached to C-6 and are consistent structurally with other modula-
tors of theMDR response in possessing a nitrogen atom flanked by
two planar aromatic rings.143 Prior to our phytochemical work,
tropane alkaloids had not been associated with cancer chemother-
apy. Teodori and associates have developed a new class of highly
potent syntheticMDR inhibitors in part using pervilleine A (43) as
a model compound.144 In a pharmacological study performed by
Dr. Popat N. Patil at TheOhio State University, the hydrochloride
salt of pervilleine A (43) was found to show weakly competitive
inhibition of the cholinergic response in the guinea pig ileum and
also did not affect carbachol-induced contractions of the rat
anoncoccygeus smooth muscle.146 The free base form of pervil-
leineH (55) was inactive in both these evaluations. The absence of
any significant cholinergic or adrenergic effects by alkaloid 43 is
supportive of its further development as a MDR inhibitor.145

Pervilleines A�C and F (43�45, 48) were found to be all of
approximately equal abundance in the roots of E. pervillei, their

plant of origin (yields in the range 0.0035�0.0043% w/w).135 As
a result of their promising MDR-inhibitory activities, which were
comparable in potency to that of a positive control, verapamil,
these compounds were selected for further development through
the former RAID (“Rapid Access to InterventionDevelopment”)
program of the U.S. National Cancer Institute.146 Dr. Gordon
Cragg served as the Program Director of this peer-reviewed
award. The primary purpose of this project was to select one of
the pervilleines (A�C or F) for preclinical development as a
MDR inhibitor. Therefore, with the collaboration of Prof.
Rasoanaivo, as well as staff members of the Missouri Botanical
Garden, St. Louis, and its Madagascar office, 50 kg of both the
stem bark and roots of E. pervillei was re-collected from southern
Madagascar in 2003, with the aim of purifying gram quantities of
compounds 43�45 and 48. As a result of further testing carried
out by Dr. Melinda Hollingshead at NCI-Frederick, it was
determined that pervilleine A (43) is the best tropane alkaloid
ester from E. pervillei as a potential MDR inhibitor.144 Scale-up
isolation of the hydrochloride salt of pervilleine A (43) was
performed, with the compound then sent to NCI-Frederick for
additional testing. Thus, following a further successful hollow
fiber test, pervilleine AHCl salt was evaluated in a HCT-15 colon
tumor xenograft model in combination with vincristine. How-
ever, while there was a slowing of tumor growth in a mixture of
the HCl salt of 43 with vincristine, compared with the same level
of the latter compound alone, this was found not to be
statistically significant at the doses used.
Rocaglate Derivatives from Aglaia Species. The genus Aglaia

Lour. is the largest in the family Meliaceae, with over 100 timber
species occurring in southeast Asia, tropical regions of east Asia,
Papua New Guinea, northern Australia, and certain islands of
Polynesia and Micronesia.147 The taxonomy of this genus has
presented several problems in terms of species delimitation.147 In a
review of antileukemic natural product extracts of plant andmarine
origin as evaluated biologically at the U.S. National Cancer
Institute, Aglaia was designated as a “hot” genus and thus worthy
of further phytochemical investigation.148 Similarly, in work
carried out by former graduate student Marcy Balunas, in which
cytotoxicity screening data were correlated over a 15-year period
for extracts of plants that were largely of tropical origin, several
Aglaia species were found to exhibit promising ED50 values.

149

Members of a series of aromatic compounds, known most
commonly as “rocaglate” or “flavagline” derivatives, have been
found as bioactive principles from members of the genus
Aglaia.150,151 Somewhat unusually for this now quite large group
of plant secondary metabolites, the structure of the first rocaglate
derivative, rocaglamide (58), was elucidated as recently as 1982.
In this initial paper, King et al. characterized the structure and
relative configuration of (�)-rocaglamide by single-crystal X-ray
diffraction and demonstrated the activity of this compound
in a P338 (murine lymphocytic leukemia) model.152 Using
an enantiomeric synthetic procedure, Trost et al. determined
the absolute configuration of (�)-rocaglamide (58) as
(1R,2R,3S,3aR,8bS) in 1990.153 Spectroscopic data for this
cyclopenta[b]benzofuran derivative were first published by
Isman and Towers in 1993, who also showed rocaglamide to
exhibit potent insecticidal activity against two variegated
cutworms.154 Since this initial work, more than 100 rocaglate
derivatives have been isolated from some 35 Aglaia
species.150,151 These compounds have been classified into three
basic types, namely, the cyclopenta[b]benzopyrans, the
cyclopenta[bc]benzopyrans, and the benzo[b]oxepines, with
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most of the known biologically active representatives of the
“flavaglines” being members of the first of these three groups.151

In our initial laboratory work at the University of Illinois at
Chicago on a species in the genus Aglaia, the stems and fruits of
A. elliptica Blume, collected in Thailand, were purified by former
postdoctoral Baoliang Cui to afford the known compound
methyl rocaglate (59) and four new flavaglines (60�63). All
five of these compounds showed strong growth-inhibitory effects
against a panel of 12 human cancer cell lines, with compound 60
(40-demethoxy-30,40-methyldeoxymethyl rocaglate) being the
most potent.155 In a follow-up biological study performed by
then graduate student Sang Kook Lee in the laboratory of Dr.
John Pezzuto, compound 60 was found to inhibit the growth of
BC1 (breast) human cancer cells implanted in athymic mice
(administered at 10 mg/kg body weight, three times a week,
ip).156 It was also shown that in Lu2 lung cancer cells compounds
59�63 are cytostatic inhibitors of protein biosynthesis.156

Methyl rocaglate (59) was found also as a biologically active
constituent of the leaves and twigs of Aglaia rubiginosa (Hiern)
Pannell collected in Indonesia, together with two other known
rocaglate derivatives and the new cytotoxic compound 1-O-
acetylrocagloal (64).157 Rocaglaol (65), the parent compound
of 64, was isolated as the only rocaglate constituent of the bark of
Aglaia crassinervia Kurz ex Hiern collected in Indonesia.158 In a
follow-up biological study on rocaglaol (65), carried out by then
postdoctoral Qiuwen Mi under the supervision of Dr. Steven M.
Swanson, this compound was found to be a potent cytotoxic
agent that causes G2/M cell cycle arrest through the mitochon-
drial pathway.159

Activity-guided isolation work on the bark of Aglaia edulis from
Indonesia was carried out by former graduate student Soyoung
Kim, leading to the isolation of two new cytotoxic cyclopenta-
[b]benzofuran derivatives, compounds 66 and 67.160 It was found
that compound 67 was considerably more cytotoxic than 66 for
three cancer cell lines in a small panel, but both compounds were
equally cytotoxic when tested against the nontumorigenic HU-
VEC line. However, when evaluated in the P-388 lymphocytic
leukemia in vivo model (4.5 mg/kg/injection, ip), compound 67
was found to be inactive.160 Several additional new compounds

were isolated from A. edulis bark, representative of the cyclopenta-
[bc]benzopyran, benzo[b]oxepine, and amide classes, but none of
these proved to be appreciably cytotoxic.160,161 Some compounds
of the cyclopenta[bc]benzopyran type have been found to exhibit
potent biological activity, however. As an example, former post-
doctoral Angela Salim isolated and characterized ponapensin (68)
as a new member of this class from the stems of Aglaia ponapensis
Kaneh., collected in the Eastern Caroline Islands. Compound 68
exhibited potent NF-kB inhibitory activity in an enzyme-based
Elisa assay, as evaluated in the laboratory of Dr. Esperanza
Carcache de Blanco at The Ohio State University (IC50 0.06
μM).162 Other compounds of the rocaglate class have previously
been found to exhibit inhibition of NF-kB.163

The fruits and twigs of Aglaia foveolata Pannell [originally
misidentified asAglaia silvestris (M. Roemer)Merrill] were found
to contain a new compound, (�)-silvestrol (69), a compound
with an interesting structural modification of the cyclopenta-
[b]benzofuran structural motif, in possessing also a C-6-attached
dioxanyl ring.164 Silvestrol was found to have a similar nanomolar
cytotoxic potency to camptothecin and paclitaxel for a small
panel of cancer cell lines at the University of Illinois at Chicago. It
proved to be substantially more cytotoxic than its analogue,
methyl rocaglate (59), which has the same cyclopenta-
[b]benzofuran unit but with a C-6 methoxy group.164 Also
isolated from the stems of A. foveolata was (�)-episilvestrol
[(�)-5000-episilvestrol, 70)], which also proved to be a very
potent cytotoxic agent.164 The initial isolation of silvestrol was
performed by former postdoctoral Bang YeonHwang, while then
Research Scientist Baoning Su completed the initial phytochem-
ical investigation of A. foveolata and performed scale-up isolation
work. The structure and absolute configuration of silvestrol were
determined as a result of the X-ray crystallographic analysis of the
5000,6000-di-p-bromobenzoate of 69, performed at UIC by Drs.
Bernard Santarsiero and Andrew Mesecar.164 Silvestrol (69) was
evaluated in vivo in the P-388 murine leukemia model by Drs.
William Rose and Robert Wild at Bristol-Myers Squibb, Phar-
maceutical Research Institute, Princeton, New Jersey. When
administered ip daily at a maximal tolerated dose of 2.5 mg/
kg/injection for five days, silvestrol was active and exhibited a
maximum increase in lifespan equivalent to a T/C of 150%. In
the P-388 iv leukemiamodel, the compoundwas also active when
injected iv twice daily (T/C 129%; total of 2 mg/kg/day).164 In
addition, silvestrol (69) showed activity when evaluated in the
in vivo hollow fiber assay at UIC, using KB (human
nasopharygeal), LNCaP (human prostate), and Col2 (human
colon cancer) cells, at the dose range 0.625�5 mg/kg body
weight, with better activity in each case at the ip site of
administration when compared with the sc site.164 In preliminary
mechanistic work carried out at UIC under the supervision of Dr.
Steven Swanson, in LNCaP cells, silvestrol (69) produced a p53-
independent blockade of the G2/M checkpoint165 and also
induced apoptosis through themitochondrial/apoptosome path-
way, without the activation of caspases-3 and -7.166 Silvestrol has
now been subjected to total synthesis by the groups of Porco167

and Rizzacasa168,169 with the stereostructure that our team
proposed being confirmed as a result. It should be pointed out
that in a U.S. patent that predated our work on A. foveolata, two
cyclopenta[b]benzofuran constituents were documented from
Aglaia leptanthaMiq. and shown subsequently to have the same
NMR parameters as silvestrol (69) and episilvestrol (70),
although only their planar structures were proposed.170 In a
murine xenograft study, “compound A” from A. leptantha was
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found to inhibit the growth of PC-3 human prostate cancer
cells.170

In view of an inability to obtain intellectual property protec-
tion on its potential anticancer properties, interest in silvestrol
(69) declined significantly for some time. However, after the
senior author moved to The Ohio State University in 2004, work
began in the laboratory of Drs. Michael Grever and David Lucas
on the effects of this compound on human leukemic cell lines
from cancer patients. It was found that silvestrol exhibited a LC50

value of 7 nM in chronic lymphocytic leukemia (CLL) cells, with
the compound being more potent against B-cells than T-cells,
and showed depletion of the antiapoptotic protein Mcl-1.171

Furthermore, when given at a dose of 1.5 mg/kg/body weight
every other day on a three-week dosing schedule, in an aggressive
in vivo mode of acute lymphoblastic leukemia (ALL), silvestrol
treatment showed a significant improvement in survival.171 A
pharmacokinetic study has been performed on silvestrol (69)
formulated in hydroxypropyl-β-cyclodextrin at The Ohio State
University Medical Center, in collaboration with the National
Cancer Institute, using C57BL/6 mice. It was found that the
systemic availability this compound was 100% when adminis-
tered intraperitoneally, but there was only 1.7% bioavailability
when given orally. Silvestrol proved to be more stable in mouse
and human plasma than in rat plasma.172 While it is possible that
silvestrol has multiple cellular targets, independent work by
Pelletier and colleagues has shown silvestrol to be an inhibitor
of translation.173,174 A more detailed review of the biological
activity of silvestrol has been included in a review by Lucas
et al.175

More recent phytochemical work on A. foveolata has been
carried out at The Ohio State University, in which postdoctoral
Angela Salim showed that silvestrol (69) occurs in the leaves of

this plant, albeit at a lower yield (0.002% w/w) than in the stem
bark (0.02% w/w).176 This is a potentially important result, since
it might be possible to grow the source plant of silvestrol (69)
and periodically crop the leaves for the extraction of this
compound as a renewable resource. A number of other flava-
glines were isolated from A. foveolata leaves, but the only one of
these that proved to be cytotoxic for a panel of cancer cells was
foveoglin B (71), a cyclopenta[b]benzopyran derivative with a
benzoyl-1,4-butanediamide moiety.176 When a large-scale re-
collection of A. foveolata obtained in 2007 from Kalimantan,
Indonesia, was processed phytochemically, two additional minor
constituents of silvestrol (69) were isolated, namely, 5000-episil-
vestrol (72) and 2000,5000-diepisilvestrol (73).177 On evaluation of
these new compounds for their cytotoxicity against the HT-29
cell line, they were much less active than the parent compounds
69 and 70. This indicates that the chiral carbon C-2000 in the 1,4-
dioxanyloxy moiety of silvestrol (69) is important for the
mediation of optimum cytotoxicity in this compound class.177

Figure 2 shows a diagram summarizing the effects of structural
modification of the molecule of silvestrol (69) on the resultant
cytotoxicity.165,170,177,178

Owing to its promise in treating B-cell malignancies such as
CLL and ALL, silvestrol (69) is now undergoing preclinical
development under the auspices of the U.S. NCI, as part of the
NExT program.179 Dr. David Newman is the Project Director,
and in view of the existing patent assigned to the government of
the State of Sarawak,171 the plant source is Aglaia stellatopilosa
Pannell (previously identified as Aglaia leptantha Miq.) from
Malaysia;180,181 this will be supplied for evaluation through the
Sarawak Biodiversity Centre, Kuching.
Miscellaneous Potential Anticancer Agents from Plants. In

this section, a number of other new compounds that have
provided structural interest and/or shown potential as cancer
chemotherapeutic agents will be described briefly. Former
graduate student Yuny Seo isolated vatdiospyroidol (74), a
complex resveratrol tetramer, from the stems of Vatica diospyr-
oides Sym. (Dipterocarpaceae), collected in Thailand.182 The
structure elucidation process for this structurally complex poly-
hydroxylated compound was protracted and involved 2D NMR
data interpretation, derivatization, andmolecular modeling steps.
At the time of its isolation, compound 74 was one of two
resveratrol tetramers found to exhibit cytotoxic activity against
a panel of human tumor cells [best activity, oral epidermoid

Figure 2. Preliminary structure�activity relationship diagram for silvestrol.
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carcinoma (KB) cells, EC50, 1.0 μg/mL].182 In the same year as
our report (1999), another resveratrol tetramer, hopeaphenol,
was shown to be cytotoxic for KB and two other types of cancer
cells.183 The resveratrol tetramer, vaticanol C, obtained as a
constituent of Vatica rassak Blume demonstrated a cytotoxic
effect for the HL60 leukemia and SW480 colon cell lines and
induced apoptosis in the latter cell line by affectingmitochondrial
transport.184 The antineoplastic potential of the resveratrol
oligomer compound class has been supported by work on a
plant extract (Vateria indica L.; Dipterocarpaceae), containing
hopeapheol and vaticanol C, which inhibited tumor growth in an
allografted sarcoma S-180 model in mice.185 Vaticaphenol A, a
second new resveratrol oligomer, was isolated and characterized
in our work onV. diosyroides.182 Although this compoundwas not
cytotoxic for any of the cell lines in which it was evaluated, in
more recent work this same compound as a constituent of Vatica
oblongifolia var. oblongifolia Hook. exhibited inhibitory activity
against methicillin-resistant Staphyloccococcus aureus (MIC value
25 μg/mL).186

As a result of input from several isolation chemists, work
has been performed on the stems of Amomum aceuleatum
Roxb. (Zingiberaceae), collected in Indonesia, leading to the
purification of some compounds based on the unusual 1,7-
dioxadispiro[5.1.5.2]pentadecane skeleton, including the parent
compounds aculeatins A (75) and B (76).187,188 Also isolated
were two new compounds, amomols A (77) and B (78), having a
1-oxospiro[4.5]decane skeleton, but for which it was not possible
to establish the C-2 configuration, due to the small quantities of
each compound isolated.188 These two compounds and some
analogues were recently obtained by total synthesis.189 We have
previously reviewed the work on the initial isolation and the
determination of the structure of aculeatin A (75).133 When
seven natural products from A. aculeatum and nine semisynthetic
derivatives of compounds 75 and 76 were evaluated against a
small panel of three human cancer cell lines in our laboratory, it
was found that most of the substances were quite cytotoxic, and
the most active compound was determined to be aculeatin A
(75). This compound was evaluated in the in vivo hollow fiber
assay at the University of Illinois at Chicago and was found to
inhibit the growth of MCF-7 breast cancer cells by 10�60%
when administered ip in the dose range 6.25�50 mg/kg body
weight.188 However, aculeatin A (75) was not active for two
further cell lines in the hollow fiber assay or against two in vivo
models (P388murine lymphocytic leukemia and a human A2780
ovarian carcinoma xenograft) as evaluated at Bristol-Myers
Squibb.188 It would seem worth following up the positive result
of 75 in the hollow fiber test system with a breast cancer
xenograft model. The aculeatins have proven to be attractive
targets for synthetic chemists.190�192 Some of the aculeatin and
amomol derivatives synthesized have shown promising in vitro
antiplasmodial inhibitory activities.189,190

Investigation by postdoctoral Yulin Ren of the stem bark of
Garcinia lateriflora Blume (Clusiaceae), a species collected in
Indonesia, led to the isolation and structural characterization of
several biflavonoids with proteasome-inhibitory activity, with the
known compound morelloflavone (79) being the most active
(IC50 1.3 μM). In addition, several “caged” xanthones proved to
be cytotoxic for HT-29 human colon cancer cells, with another
known compound, (�)-morellic acid (80), found to be the most
potent of these (ED50 0.36 μM).193 In work on compound 80,
conducted in collaboration with the group ofDr. Daneel Ferreira,

of the University of Mississippi, the absolute configuration for a
“caged” xanthone at carbons C-5, C-7, C-8, C-8, C-10a, and C-27
was determined for the first time using electronic circular
dichroism (ECD) spectroscopy.193 However, (�)-morellic acid
(80) was not active when evaluated in the in vivo hollow fiber
assay at the University of Illinois at Chicago (ip; highest dose
tested, 20 mg/kg body weight).193 (�)-Gambogic acid (81) is a
structurally related compound, and by comparison of its CD
spectrum with that of compound 80, its absolute configuration
could be established.194 Compound 81 is undergoing clinical trial
in the People’s Republic of China as an anticancer agent.195

Outlook for Future Work on Plant-Derived Anticancer
Agents. When the entire past track record of the discovery of
anticancer agents derived from plants is considered over the last
50 years, it can be stated confidently that outstanding progress
has been made, with such compounds having affected in a
positive manner the lives of millions of cancer patients all over
the world. Plant-derived anticancer agents have frequently shown
novel mechanisms of action and have proven to be tantalizing
targets for synthetic chemists. Therefore, efforts to purify and
elucidate the structures of new promising lead compounds from
plants should be enhanced in the future. However, such work
needs to be tightly focused, with activity-guided fractionation
occurring preferentially on leads that have been prioritized for
potential novelty from a taxonomic point of view and having
shown selectivity and potency in relevant bioassays at the crude
extract stage. Purified natural product lead compounds with
potential anticancer activity need to be optimized using modern
medicinal chemistry approaches. Work of this type is necessarily
multidisciplinary, but a great deal can be accomplished suc-
cessfully by highly committed smaller teams of investi-
gators.119,120,124�128 Cragg, Grosthaus, and Newman have sum-
marized work showing that certain anticancer agents of plant
origin may be biosynthesized also by associated endophytic
fungi, which in the future may offer a means of controlled drug
production by fermentation.118 However, as evidenced by a
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recent study on the production of camptothecin (36) by the
endophytic fungus Fusarium solani, the instability of the biosyn-
thetic genes of this organism resulted in decreased amounts of
the desired alkaloid on repeated subculturing.196 Therefore,
present-day methods of manipulation of endophytic fungi will
need to be enhanced in order for commercial fermentation of
important plant-derived compounds to occur, but the potential
for this is clearly evident. Another approach that offers the
possibility of increasing the potential chemical diversity based
on a given anticancer lead compound is directed biosynthesis
conducted by feeding with unnatural substrates.197

’CONCLUSIONS

Even today, a majority of the world’s population relies on
plants as a primary source of traditional medicine.15 As a
consequence, investigating the scientific basis for the use of these
medicinal plants is expected to be of prime interest to natural
product researchers for the foreseeable future. As judged by the
biomedical literature over the last 15 years, there has been an
explosion of interest in the analysis, biological testing, chemical
composition, clinical evaluation, and utilization of botanical
dietary supplements. New specific avenues of inquiry for these
agents are still being elucidated, such as active principle water
solubility enhancement35 and compound synergy research.198 In
the United States, the opportunity of developing additional
examples of the new class of “botanical drugs”will be challenging
but could be very rewarding.18 In terms of searching for new
single chemical entities from plants, still only a relatively small
percentage of higher plants have ever been investigated for any
type of biological activity. Unfortunately, it has been predicted
that as a result of potential climate change, significant losses in
the global vegetative species will occur by 2050.199 Therefore, the
search for such new biologically active compounds should be
accelerated rather than be de-emphasized in the next few years. In
this review, plant-derived secondary metabolites have been
described for just two (sweet-tasting/taste-modifying and po-
tential anticancer) general types of biological activity. However,
in vitro and in vivo bioassays have been developed for numerous
other types of health-related effects. In an era when hundreds if
not thousands of samples can be evaluated in a single day through
high-throughput screening, and the data obtained catalogued
through advances in informatics, the opportunities for new drug
discovery from the small-molecule constituents of temperate and
tropical plants seem highly propitious.
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