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Summary - A much greater percentage of Western medicines
owe their discovery and development to natural products
research than is generally recognized. The plant species that
comprise the forests of the world are a rich source of pharma-
ceuticals. In their search for new medicines, modern drug
discovery programs continue to depend on plants and microbes
as sources of chemical diversity. Programs that screen plants
as sources· of biologically active chemicals have traditionally
used either random, taxonomic, or ethnobotanical collecting
strategies. Recent studies indicate that at least some ani-
mals may use plants medicinally, which could provide an addi-
tional method for locating species with high potential. Argu-
ments are presented that tropical plants are more likely to
yield biologically active compounds than the plants of temper-
ate regions. As tropical forests are cleared, the information
lost is not only that pertaining to the individual species
of a given ecosystem but also the information concerning all
of the coevolutionary relationships among these species.

INTRODUCTION
The plants of the earth's ecosystems have proven to be

mankind's medicine chests. Eighty percent of people in devel-
oping countries rely on medicines derived from plants (Farns-
worth, 1990). These people generally have an intimate knowl-
edge of their medicinal flora and exploit a wide variety of
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species, more than 1300 plant species are used medicinally in
northwestern Amazonia alone (Schultes, 1980). Drugs derived
from plants are a major part of the pharmacopia of western
medicine as well, many adopted from traditional folk remedies.
The early European botanical gardens were primarily collec-
tions of medicinal plants rather than display gardens. The
plants then formed the basis of Western medicine. The impor-
tance of natural chemicals in the development of Western medi-
cine can be illustrated by studying the evolution of the
twenty best-selling drugs in the United states. This analysis
demonstrates that most of these modern medicines, (which
accounted for six billion dollars in sales in 1988), have
benefitted from natural products research. Plants played a
key role in the development of seven of these twenty medi-
cines, supplying either the actual medicines, leads for medic-
inal chemists, or precursors for drug synthesis (Appendix A).

The top twenty selling U.S.A. drugs with total sales
approaching 6 billion dollars in 1988 (IMS International) fall
into 11 therapeutic classes (Appendix A). The role of naturai
products research in the development and understanding of
these therapeutic classes and the role of screening in the
discovering the lead compound which resulted in these drugs,
was abstracted mainly from the work of Sneader (1986) but see
also Gilman et al. (1990) andVagelos (1991). Natural prod-
ucts from exogenous sources (plants, microbes, and non mammal-
ian animal tissues) were involved in understanding the pharma-
cology of all therapeutic classes with the exception of female
sex hormones, which were isolated from mammalian tissue. In
eight of these therapeutic classes, the natural chemicals were
used therapeutically as is, or as synthetic chemical deriva-
tives, to treat human ailments at one stage in the development
of the current medicines. Three of the classes still use nat-
urally derived chemicals. The role of screening in the devel-
opment of these medicines was discerned by identifying how the
lead compound (the direct bioactive chemical ancestor of a
drug) was discovered. This analysis indicates that the twenty
top selling drugs were developed from fourteen lead compounds.
Random screening, where no significant structural pre-
conditions were used to select the compound, resulted in seven
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of the fourteen leads. Analogue screening, where structures
of a hormone or an enzyme's substrate were used to synthesize
analogues, resulted in the discovery of three of the fourteen
lead compounds. Unexpected observations, whether in the
clinic, or during screening were responsible for the discovery
of three of the fourteen lead compounds. In the case of the
female sex hormones, the lead compound was the natural bioch-
emical itself. This is in contrast with the other leads which
antagonize the activity of biological molecules.

Of all of the medicines marketed in the United states,
Farnsworth (1990) has estimated that 199 or about 25% contain
active ingredients extracted from plants. The value of the
medicines derived directly or indirectly from natural
resources in 1984, was estimated at greater than 20 billion
dollars (Farnsworth, 1984). The figures above indicate that
directly or indirectly, the majority of Western medicines owe
their existence to natural products research.

DISCOVERY OF MODERN MEDICINES
Advances in medicinal science during the last century led

to the realization that specific chemical compounds are
responsible for the effects of drugs. During this century
research into the mode of action of these bioactive chemicals
has shown that they have utility because they inhibit or stim-
ulate specific target molecules (protein-based receptors or
enzymes) in the diseased animal. In addition, the direct
ancestors (leads) of today's top drugs were found by random or
analogue screening, or else by chance observation (Appendix
A). Therefore, the modern rational approach to drug discovery
uses our knowledge of disease states and biology to identify
protein based targets which when agonized or antagonized are
hypothesized to yield a useful medicinal effect. However, as
the structure of such bioactive chemicals cannot be adequately
predicted, large numbers of chemicals, either analogs of
enzyme substrates or hormones (102-103) and/or randomly
selected synthetic chemicals and extracts of natural products
(103-106) are screened to yield the first generation of bioac-
tive chemicals. From the derived structure/activity relation-
ship, a synthetic chemical analogue program can, if required,
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be initiated to reduce toxicity, and improve biological acti-
vity and bioavailability. The challenge to the technologists
using the random screening technique is to obtain a large and
diverse collection of chemicals and to supply analytical tech-
nology to screen the collection in a reasonable time. Devis-
ing the screen to test large numbers of samples requires a
major commitment and considerable analytical skill. Advances
with techniques in cell biology and biotechnology also allow
most of the protein based targets to be supplied in quantities
to support large scale random screens. Microanalytical meth-
ods combined with computerized data handling allow high
throughput screens to be devised and results analyzed.
Advanced separations and structure elucidation methodologies
allow the isolation of natural product chemicals and the
assignment of structure. When combined with a keen awareness
for the opportunities available from an unexpected observa-
tion, this technology consistently produces lead compounds
suitable for development into new medicines.

PLANTS AS SOURCES OF NEW MEDICINES
Given the historical importance of plants as sources of

medicines and these improved technologies, there has been a
resurgence in interest in screening plants for pharmaceuticals
(Tyler, 1986). Three strategies exist for collecting plants
for screening programs (Cox, 1990; Rinehart et al., 1990;

Spjut and Perdue, 1976; Waterman, 1990); random, taxonomic,
and ethnobotanical. Random collecting is an attempt to sample
as much taxonomic diversity as possible. Barclay and Perdue
(1976) analyzed the results of the first 20,525 species tested
in the National Cancer Institute's plant screening program,
which relied primarily on random collection. They concluded
that genera within families often exhibited considerable chem-
ical diversity, but species within a genus were likely to be
chemically similar. Their conclusions indicate that increas-
ing the generic diversity among samples should increase the
chemical diversity within a given screen. One limitation of
random collecting is that it often yields samples that are
often taxonomically biased by the geographical restriction of
collecting. Thus, collecting in regions of high taxonomic
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diversity is likely to increase significantly the chemical
diversity screened. Taxonomic collecting is based on the gen-
eral tendency, as shown by Barclay & Perdue (1976), for
related taxa to contain related compounds. This leads to two
general applications of this method. First, when the source
of a bioactive compound is known, screening related taxa may
yield compounds of similar structure with greater efficacy or
reduced toxicity. Taxonomic screening of this type led to
examination of additional species of Catharanthus (Tin-Wa &
Farnsworth, 1975), after vincristine and vinblastine had been
isolated from C. roseus (L.) G. Don. A second application of
taxonomic collecting is to search for better sources of known
compounds. Taxonomic collecting was employed in this manner
in the search for high-yielding strains of Cinchona, the
source of quinine, when access to the Asian plantations became
impossible during World War 11. collecting guided by ethnobo-
tanical data has been applied in two ways to drug discovery
programs. One approach is the study of the uses of various
plants in traditional medicine, followed by a testing of their
true effectiveness in these applications. Positive results
from this type of work depend upon careful disease recognition
and precise documentation of uses of herbal remedies, as dis-
cussed by Croom (1983). The second approach has been random
screening of plants used in traditional medicine based on the
assumption that they have a higher probability of yielding
bioactive compounds (Balick, 1990). The use of the ethnobo-
tanical approach has the advantage of providing a "prescreen"
in the sense of Cox (1990). Another potential "prescreen" for
pharmacologically active plants, not previously discussed in
the literature, is based on observations that some animals may
use certain plants as medicines in the same manner as indige-
nous peoples. For example, chimpanzees in eastern Africa
apparently utilize plants to treat various ailments. The ani-
mals generally chew the leaves of their food plants but swal-
low whole the leaves of three species of Aspilia Thours.
(Asteraceae) (Wrangham & Nishida, 1983), which have been found
to be rich in the bioactive compound Thiarubine-A (Rodriguez
et al., 1985). Chimpanzees have also been reported to use
Vernonia amygdalina Del. (Asteraceae) to combat symptoms of
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lethargy, lack of appetite, and irregularity of bodily excre-
tions (Huffman & seifu, 1989). The same species of Vernonia

is used by local people to treat a wide variety of medical
problems. As with Aspila, the chimpanzees ate Vernonia in an
unusual manner. The pith was chewed out of stems, the astrin-
gent juice was swallowed, and the remains were spit out. An
analogous situation was reported for elephants in east Africa
in which a tree of the family Boraginaceae was eaten to induce
labor (Cowen, 1991). Again, the same plant species is used
for the same medical function by local women. As studies of
this type emerge, they may provide another means of identify-
ing plants likely to yield useful pharmaceuticals.

IMPORTANCE OF TROPICAL FORESTS
Tropical forests are much more diverse than temperate for-

ests and a much smaller proportion of the species in tropical
areas have been studied, either in general or as possible
sources of new drugs. While 0.1 ha. plots of forest in the
central united states contained 20-26 species of woody plants
with a diameter of 2.5 cm diameter at breast height, plots of
similar size in the forests of western Colombia yielded
258-265 species (Gentry, 1988), approximately a tenfold
increase in the number of species per unit area. There is
also good reason to believe that individual tropical species
are more likely to yield bioactive compounds than those from
temperate regions. Most bioactive compounds derived from
plants are secondary metabolites that have the presumed func-
tion of protecting the plant from herbivores or pathogens.
Plant secondary compounds have been classified as qualitative,
compounds with presumed specific toxicity, or quantitative,
compounds that reduce the digestibility of the plant (Hegarty,
in press). Hartwell (1976) surveyed the chemical compounds
exhibiting antitumor activity that had been isolated from
higher plants in the National Cancer Institute's drug discov-
ery program. Of the twelve classes he examined, the quassi-
noids, ansamacrolides, and alkaloids were regarded as the most
promising and all are qualitative secondary compounds. Most
compounds of this type are thought to be defenses that plants
produce against bacterial or fungal infections or herb ivory
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and the evolutionary selection pressures that lead to produc-
tion of these qualitative compounds should increase in propor-
tion to the diversity of insects and pathogens that confront a
plant population. This in turn suggests that the production
of these compounds should be highest in the tropics where
organismal diversity is greatest. Levin (1976) showed that
tropical plants were richer in alkaloids than those from tem-
perate regions, and that overall alkaloid diversity was
inversely correlated with latitude. He concluded that this
was a response to greater diversity of herbivores in the trop-
ics where selection favors a greater variety of defense com-
pounds. Microbial diversity is also much greater in tropical
forests, so the same pattern should also hold for phytoalex-
ins, a group of compounds that are produced transiently in
response to microbial infection and have shown promise as
potential pharmaceuticals (Barz et al., 1990). Another reason
for intensifying work in tropical regions is their threatened
environmental status. The tropical forests, are also the most
diverse with about 40% of the world's organisms (Myers, 1984)
in only 7% of the land surface area. The temperate ecosystems
of North America and Eurasia have been seriously altered by
man, but have achieved some stability and, although they are
still under human pressure, less extinction due to human acti-
vity is expected than in tropical areas. If the extremely
high extinction rates predicted for the tropics (simberloff,
1986) are accurate, priority should be given to sampling trop-
ical species while they still exist.

CONSERVATION OF TROPICAL FORESTS
The forests of the world can continue to be an important

source of medicines. Those of tropical regions are of partic-
ular interest in that they have the highest taxonomic diver-
sity and in addition tropical plants may be more diverse in
qualitative secondary metabolites. Yet the forests with the
most potential are rapidly vanishing. The tropical forests
that originally covered 16% of the earth's land surface have
been reduced today to 7% of its surface (Gentry, 1990). Mada-
gascar retains less than 10% of its original forest cover, and
regions with large forest tracts that are still intact, such
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as Amazonia, are under heavy threat. It has been predicted
that these large forest expanses will be reduced to small for-
est patches early in the next century (Sirnberloff, 1986). As
these forests with their component species disappear, a valu-
able source of potential pharmaceuticals and other natural
products will disappear with them. As Cox (1990) and Balick
(1990) have argued, ethnobotany may provide us with a more
rapid method of assessing the pharmaceutical value of individ-
ual species when there is not time to test them all. The
studies cited above indicate that we may be able to derive
similar types of information from animals. However, these
studies also tell us something else; that an intact ecosystem
with its full complement of plant and animal species, as well
as indigenous peoples, contains far more information than the
sum of its component species. The fungi that can exist, both
free-living and syrnbiotically are being lost rapidly and
irreversibly as cutting and clearing progresses. Many of
these live only in intact forests, and have been a rich source
of medicines. As the tropical forests are reduced to patches
smaller than a minimum critical survival size, component
species are lost, and consequently we lose not only the infor-
mation in the species themselves but also the valuable infor-
mation concerning their coevolutionary relationships, interre-
lationships, and interactions. While seed banks and DNA banks
allow us to preserve some of this information, and are prob-
ably the only viable means for saving many of the tropical
species threatened with extinction, we can preserve the full
information content of a forest only if all of its component
species are maintained in their original setting.
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