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Preface

Forty-five years ago, agricultural and pharmaceutical chemistry appeared to be following
divergent paths. On the agricultural scene industrial companies were concentrating on the
synthesis of various classes of compounds and when a successful chemical candidate was
discovered, there was a good deal of joy among the synthetic chemists. We were told that
as a result of chemistry life would be better and, indeed, it was. Armed with synthetic agro-
chemicals, the American farmer became the envy of the world. Essentially, with a vast
series of chemical permutations, the synthetic chemist had tamed nature and the biblical
admonition to subdue the natural world was well underway. One large agricultural chem-
ical company, now out of the business, had in its arsenal plans to pursue “cyclohexene”
chemistry among its many portfolios. Plans were already in motion to produce the series
and on the drawing board was the synthesis of abscisic acid, later discovered in both cotton
bolls and dormant buds of Acer pseudoplatanus as a biologically active natural product. The
chemical elucidation led, in part, to the winning of the Nobel Prize by Dr. John W. Corn-
forth. How different the history might have been if the chemical company in question had
synthesized the molecule quite by accident. In the field of pharmacy, natural product ther-
apy was, at one time, the mainstay. With the rapid development of synthetic chemistry in
the mid to late 1900s, those agents soon began to replace natural remedies. Even so, several
natural products are still used today with examples that include morphine, codeine, lovas-
tatin, penicillin, and digoxin, to name but a few. Incidentally, griseofulvin was first
reported in 1939 as an antibiotic obtained from Penicillium griseofulvum. However, its use in
the treatment of fungal infections in humans was not demonstrated until almost 1960. Dur-
ing the 20 years following its discovery, griseofulvin was used primarily as an agrochemi-
cal fungicide for a short period. Interestingly, it is a prescription systemic fungicide that is
still used in medicine today.

Certainly, the thought that natural products would be successfully used in agriculture was
a foreign concept at the beginning of the 1950s. True, the Japanese had been working assid-
uously on the isolation, identification, and practical use of gibberellic acid (GA) since the late
1920s. And later, in the early 1950s, both British and American plant scientists were busy iso-
lating GA; and noting its remarkable effects on plant growth and development. But, during
the same period, some of the major chemical companies had floated in and out of the GA
picture in a rather muddled fashion, and more than one company dropped the project as
being rather impractical. To date, 116 gibberellins have been isolated and characterized.

There was no doubt that ethylene, the natural product given off by maturing fruit, nota-
bly bananas (and, of course, smoking in the hold of banana ships was strictly forbidden
because of the explosive properties of the gas) had potential, but how was one to use it in
unenclosed systems? That, of itself, is an interesting story and involves Russian research on
phosphate esters in 1945. Suffice it to say the problem was finally resolved on the practical
level with the synthesis of the phosphate ester of 2-chloroethanol in the early 1970s. The
chlorinated compound was environmentally benign and it is widely employed today as a
ripening agent. Indole-3-acetic acid, another natural product which is ubiquitous in plants
and controls growth and development, has been used as a chemical template, but has not
found much use per se in agriculture. Indole-3-butyric acid, a purely synthetic compound,
has large-scale use as a root stimulant for plant cuttings. The cytokinins, also natural prod-
uct plant growth regulators, have found limited use since their discovery in stale fish
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sperm, in 1950, mainly in tissue culture. Brassinolide, isolated from canola pollen, has
taken almost 35 years to come to market in the form of 24-epibrassinolide and promises to
be a highly utilitarian yield enhancer. However, there is no doubt that synthetic agrochem-
icals have taken the lion’s share of the market.

In the 1980s something went wrong with the use of “hard” pesticides. Problems with
contaminated groundwater surfaced. Methyl bromide, one of the most effective soil ster-
ilants and all purpose fumigants, was found in well water in southwest Georgia. There was
concern that the product caused sterility in male workers and, worse, the material was con-
tributing to the ozone hole above the polar caps. Chlorinated hydrocarbons, such as DDT
(1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane), were causing problems in the food chain
and thin egg shells in wild birds was leading to declining avian populations. Never mind
that following World War II, DDT was used at European checkpoints to delice and deflea
refugees. The former ensured that the Black Plague, which is still with us in certain loca-
tions in the U.S., was scotched by killing the carrier, the flea. The elimination of yellow
fever and malaria, endemic in Georgia in the early 1940s, also was one of the beneficial
results of DDT. To date it is difficult to envisage that two thirds of the population of Savan-
nah, GA was wiped out by yellow fever 2 years before the Civil War.

During the late 1980s and 1990s, a movement to use natural products in agriculture
became more apparent. Insecticides, like the pyrethroids which are based on the natural
product template pyrethrin, came to the marketplace. Furthermore, natural products had
certain inherent desirable features. They tended to be target specific, had high specific
activity, and, most important, they were biodegradable. The last point should be empha-
sized because while some biologically active organic natural products can be quite toxic,
they are, nevertheless, very biodegradable. Another feature that became obvious was the
unique structures of natural products. Even the most imaginative and technically capable
synthetic chemist did not have the structural visions that these molecules possessed.
Indeed, nature seems to make with great facility those compounds that the chemist makes,
with great difficulty, if at all. This is especially true when it comes to fermentation products.
It is almost a point of irony that agrochemistry is now at the same place, in terms of the
development of new products, as that of pharmaceutical chemistry 50 years ago, as we
shall see.

A major turning point in the pharmaceutical industry came with the isolation and dis-
covery of penicillin by Drs. Howard W. Florey and Ernst B. Chain who, after being
extracted from wartime England because of the threat of the Nazi invasion, found their
way to the USDA laboratories in Peoria, IL, with the Agricultural Research Service. The lat-
ter, in those days, was preeminent in fermentation technology and, as luck would have it,
two singular pieces of serendipity came together. First, “Moldy Mary”, as she was called
by her colleagues, had scared up a cantaloupe which happened to be wearing a green fur
coat; in fact, Penicillium chrysogenum, a high producer of penicillin. Second, there was a
byproduct of maize, corn steep liquor, which seemed to be a useless commodity. However,
it caused P. chrysogenum to produce penicillin in large quantities, unlike those experiments
in Oxford where Drs. Florey and Chain were able to produce only very small quantities of
“the yellow liquid.”

This discovery gave the pharmaceutical industry, after a great many delays and back-
room maneuvering, a viable, marketable medicine. Furthermore, it gave a valuable natural
product template with which synthetic chemists could practice their art without deleting
the inherent biological properties. History records that many congeners followed, includ-
ing penicillin G, N, S, O, and V, to name but a few. But, more importantly, the die was cast
in terms of the search for natural product antibiotics and other compounds from fermenta-
tion and plants. That does not mean that synthetic programs for “irrational” medicinals
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had stopped but, rather, that the realization that nature could yield novel templates to con-
quer various ills was a reality rather than a pipe dream. To use an old cliché, no stone would
go unturned; no traveler would return home from an overseas trip without some soil stick-
ing to the soles of his shoes.

The common denominator in both agrochemical and pharmaceutical pursuits is, obvi-
ously, chemistry. Because of the sheer numbers of natural products that have been discov-
ered, and their synthetic offspring, it was inevitable that the two disciplines would
eventually meld. Examples began to emerge wherein certain agrochemicals either had
medicinal properties, or vice versa. The chlorinated hydrocarbons which are synthetic
agrochemicals evolved into useful lipid reducing compounds. Other compounds, such as
the benzodiazepine, cyclopenol from the fungus P. cyclopium, were active against Phytoph-
thora infestans, the causal organism of potato late blight that brought Irish immigrants in
droves to the New World in search of freedom, the pursuit of happiness, and, as history
records, the presidency of the U.S. for their future sons; and, one hopes in the future, their
daughters. While not commercially developed as a fungicide, the cyclopenol chemical tem-
plate has certain obvious other uses for the pharmacist. And, conversely, it is possible that
certain synthesized medicinal benzodiazepines, experimental or otherwise, have antifun-
gal properties yet to be determined. It also is of interest to note that the B-lactone antibiotic
1233A/F, [244/L; 659, 699], which is a 3 hydroxy-3-methyl glutaryl CoA reductase inhibi-
tor, has herbicidal activity. Interweaving examples of agrochemicals that possess medicinal
characteristics and, conversely, medicinals that have agrochemical properties occur with
increasing regularity.

In producing a book, there are a number of elements involved, each very much depen-
dent on the other. If one of the elements is missing, the project is doomed to failure.

First, we sincerely thank the authors who burned the midnight oil toiling over their
research and book chapters. Writing book chapters is seldom an easy task, however much
one is in love with the discipline, and one often has the mental feeling of the action of
hydrochloric acid on zinc until the job is completed. We thank, too, those reviewers whose
job is generally a thankless one at best.

Second, we thank the Agrochemical Division of the American Chemical Society for their
encouragement and financial support, and especially for the symposium held at the 214th
American Chemical Society National Meeting, Las Vegas, NV, 1997, that was constructed
under their aegis. As a result, two books evolved: Biologically Active Natural Products: Agro-
chemicals and Biologically Active Natural Products: Pharmaceuticals.

Third, the School of Pharmacy at Mercer University has been most generous with infra-
structural support. The Dean, Dr. Hewitt Matthews, and Department Chair, Dr. Fred Farris,
have supported the project from inception. We also thank Vivienne Oder for her editorial
assistance.

Finally, we owe a debt of gratitude to the editors of CRC Press LLC who patiently guided
us through the reefs and shoals of publication.

Stephen J. Cutler
Horace G. Cutler
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Editors

Stephen J. Cutler, Ph.D., has spent much of his life in a laboratory being introduced to this
environment at an early age by his father, “Hank” Cutler. His formal education was at the
University of Georgia where he earned a B.S. in chemistry while working for Richard K.
Hill and George F. Majetich. He furthered his education by taking a Ph.D. in organic medic-
inal chemistry under the direction of Dr. C. DeWitt Blanton, Jr. at the University of Georgia
College of Pharmacy in 1989. His area of research included the synthesis of potential drugs
based on biologically active natural products such as flavones, benzodiazepines, and aryl
acetic acids. After graduate school, he spent 2 years as a postdoctoral fellow using micro-
organisms to induce metabolic changes in agents which were both naturally occurring as
well as those he synthesized.

The latter brought his research experience full circle. That is, he was able to use his formal
educational training to work in an area of natural products chemistry to which he had been
introduced at an earlier age. He now had the tools to work closely with his father in the
development of natural products as potential pharmaceuticals and /or agrochemicals either
through fermentation, semisynthesis, or total synthesis. From 1991 to 1993, the younger
Cutler served as an Assistant Professor of Medicinal Chemistry and Biochemistry at Ohio
Northern University College of Pharmacy and, in 1993, accepted a position as an Assistant
Professor at Mercer University School of Pharmacy. He teaches undergraduate and gradu-
ate pharmacy courses on the Medicinal Chemistry and Pharmacology of pharmaceutical
agents.

Horace G. (Hank) Cutler, Ph.D., began research in agricultural chemicals in February 1954,
during the era of, “we can synthesize anything you need,” and reasonable applications of
pesticides were 75 to 150 Ib/acre. His first job, a Union Carbide Fellowship at the Boyce
Thompson Institute for Plant Research (BTI), encompassed herbicides, defoliants, and
plant growth regulators (PGRs); greenhouse evaluations, field trials, formulations; and
basic research. He quickly found PGRs enticing and fell madly in love with them because
of their properties. That is, they were, for the most part, natural products and had charac-
teristic features (high specific activity, biodegradable, and target specific). After over
5 years at BTI, he went to Trinidad, West Indies, to research natural PGRs in the sugarcane,
a monoculture.

It quickly became evident that monocultures used inordinate quantities of pesticides
and, subsequently, he returned to the U.S. after 3 years to enter the University of Maryland.
There, he took his degrees in isolating and identifying natural products in nematodes
(along with classical nematology, plant pathology, and biochemistry). Following that, he
worked for the USDA, Agricultural Research Service (ARS) for almost 30 years, retired,
and then was appointed Senior Research Professor and Director of the Natural Products
Discovery Group, Southern School of Pharmacy, Mercer University, Atlanta. He has pub-
lished over 200 papers and received patents on the discovery and application of natural
products as agrochemicals (the gory details are available at ACS online). Hank’s purloined,
modified motto is: “Better ecological living through natural product chemistry!”
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David E. Wedge and N. Dwight Camper
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ABSTRACT Antibiotics, antineoplastics, herbicides, and insecticides often originate
from plant and microbial defense mechanisms. Secondary metabolites, once considered
unimportant products, are now thought to mediate plant defense mechanisms by provid-
ing chemical barriers against animal and microbial predators. This chemical warfare
between plants and their pathogens consistently provides new natural product leads.
Whether one studies toxins, herbicides, or pharmaceuticals, chemical compounds follow
basic rules of pharmacokinetics and pharmacodynamics. Chemical properties of a mole-
cule dictate its cellular and physiological responses, and organisms will act to modulate
those chemical responses. Discovery and development of new biologically derived and
environmentally friendly chemicals are being aggressively pursued by leading chemical
and pharmaceutical companies. Future successful development and approval of these new
chemicals will require knowledge of their common mechanisms in toxicology and pharma-
cology regardless of their applications to plants or animals.

1.1 Introduction

Animals, including humans, and most microorganisms depend directly or indirectly on
plants as a source of food. It is reasonable to assume that through evolution plants have
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developed defense strategies against herbivorous animals and pathogens. Plants also must
compete with other plants, often of the same species, for sunlight, water, and nutrients. Like-
wise, animals have developed defensive strategies against microbes and predators.* Exam-
ples include the complex immune system with its cellular and humoral components* to
protect against microbes; weapons, armor, thanatosis (death), deimatic behavior, aposema-
tism (conspicuous warning), flight; or development of a poison or defense chemical.! How-
ever, plants cannot move to avoid danger; therefore, they have developed other mechanisms
of defense: the ability to regrow damaged or eaten parts (leaves); mechanical protection (i.e.,
thorns, spikes, stinging hairs, etc.); thick bark in roots and stems, or the presence of hydro-
phobic cuticular layers; latex or resins which deter chewing insects; indigestible cell walls;
and the production of secondary plant metabolites.> The latter may be the most important
strategy for plant defense. Examples of an analogous mechanism are found in many insects
and other invertebrates, i.e., many marine species;® some vertebrates also produce and
store protective metabolites which are similar in structure to plant metabolites. In some
cases animals have obtained these toxins from plants, e.g., the monarch butterfly (Danaus
plexippus) and the poison dart frogs (Dendrobatidae) found in the rain forests of Central and
South America.3”# While the function of many plant secondary metabolites is not known,
we can assume these chemicals are important for survival and fitness of a plant, i.e., pro-
tection against microorganisms, herbivores, or against competing plants (allelopathic inter-
actions) and to aid in reproduction (insect attractants). Plants produce numerous chemicals
for defense and communication, but also plants can elicit their own form of offensive chem-
ical warfare targeting cell proliferation of pathogens. These chemicals may have general or
specific activity against key target sites in bacteria, fungi, viruses, or neoplastic diseases.

Throughout recorded time humans have knowingly and unknowingly utilized plant
metabolites as sources of agrochemicals and pharmaceuticals. Discovery of vincristine and
vinblastine® in 1963 by R. L. Noble and his Canadian co-workers!® and its successful use-
patent by Eli Lilly launched the pharmaceutical industry into the search for natural product
leads for the treatment of various cancers. Recent natural product discovery and develop-
ment of avermectin (anthelmintic), cyclosporin and FK-506 (immunosuppressive), mevin-
olin and compactin (cholesterol-lowering), and Taxol and camptothecin (anticancer) have
revolutionized therapeutic areas in medicine.!! Similar successful development of azox-
ystrobin (B-methoxyacrylate) fungicides and spinosad (tetracyclic macrolides) pesticides
have created a renewed interest in natural product agrochemical discovery. Because biolog-
ically derived chemicals are perceived by consumers as having less environmental toxicity
and lower mammalian toxicity, chemical companies currently have a greater desire to dis-
cover and develop natural product-based plant protectants.

1.2 General Characteristics

Biological activity of a natural product involves several key characteristics that apply regard-
less of whether the activity is for an agrochemical or pharmaceutical application. One
involves the classical dose-response relationship. Paracelsus recognized, in 1541, the need
for proper experimentation to determine the toxic level of a chemical. He distinguished
between therapeutic and toxic properties of a chemical and recognized that these may be
indistinguishable except by dose. He stated: “All substances (chemicals) are poisons; there
is none which is not a poison. The only difference between a remedy and a poison is its
dose.” Most drugs are therapeutic over a narrow range of doses; they are also toxic at higher
doses. The problems of proper dose in order to achieve the desired pharmaceutically effective
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concentration and other physiological parameters are the subject of pharmacokinetics. Activ-
ity of plant growth regulators is governed by the same principle. 2,4-Dichlorophenoxyacetic
acid (2,4-D) is an effective herbicide at high concentrations (kg/ha), but at low concentrations
(mg/1) it has growth promotive effects in in vitro plant culture systems. Relatively low con-
centrations of indole-3-acetic acid that promotes growth of stems (10-° to 103 M) is inhibitory
to roots as compared to that which promotes root growth (10! to 10-1° M).12

1.3 Pharmacokinetics

Agrochemicals and pharmaceuticals are subjected to absorption, metabolism, distribution,
and excretion or compartmentalization. Metabolic action can result in activation or inacti-
vation of the chemical. A fermentation product of Streptomyces hygroscopicus, Bialophos, is
apparently converted to glufosinate [2-amino-4-(hydroxymethylphosphinyl)butanoic
acid]. Bialophos is used as a herbicide in field-grown and containerized nursery plants and
is a glutamine synthase inhibitor.’® In mammals, carbon tetrachloride is converted to an
active toxic metabolite by cytochrome P450 and is active in inducing liver necrosis through
a free radical mechanism.! Many other examples of metabolic changes could be cited
which result in biotransformation to toxic or carcinogenic compounds. The converse of
metabolic conversion is detoxification or degradation rendering the final product of the
agrochemical or pharmaceutical inactive. Acetaminophen, transformed by N-oxidation to
N-acetyl-p-benzoquinonimine, is rapidly conjugated to glutathione by glutathione trans-
ferase and channeled into the excretory system. The herbicide atrazine is detoxified by con-
jugation with glutathione by glutathione transferase in maize.!

Absorption, distribution, and excretion or compartmentalization influence the biological
activity of both pharmaceuticals and agrochemicals. For pharmaceuticals, interactions of a
chemical with an organism involves exposure, toxicokinetics, and toxicodynamics. Expo-
sure is usually intentional and the chemical then undergoes absorption into the circulatory
system, distribution among tissues, and elimination from the body or deposition in specific
tissues. The extent to which an agrochemical is absorbed by plants depends on the anatomy
of leaves, stems, and roots and the structural and chemical characteristics of the cuticle and
epidermis. Membranes pose barriers to the absorption and distribution of both pharma-
ceuticals and agrochemicals. These cellular structures must be penetrated in order for the
chemical to reach its site of action. Compounds that can easily cross cell membranes,
through simple diffusion or active transport mechanisms, will be more easily absorbed
than compounds which cannot. Chemicals with a high degree of lipid solubility may pen-
etrate the cellular membrane more efficiently than a chemical which is more polar in
nature. While excretion is not a usual method of distribution of an agrochemical from a
plant, root exudation may occur for certain chemicals. Other chemicals may be sequestered
in the plant vacuoles, or conjugated; both processes usually render the chemical biologi-
cally inactive or unavailable for induction of a physiological response.

1.4 Pharmacodynamics

Structure-activity relationships relate the chemical structure of a molecule to its affinity for
a receptor and intrinsic or biological activity. Relatively minor modifications in the chemical
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molecule may result in major changes in biological properties. This relationship was first
proposed by Paul Ehrlich from his chemotherapy studies of arsenicals effective against
syphilis in the late 1800s. He also postulated the existence of receptors in trying to explain
the stereospecificity of drug effects. Changes in molecular structure affect physical/chem-
ical properties of the molecule such as solubility, hydrophilic/hydrophobic balance (parti-
tion coefficient), and molecular “fit” (stereochemistry) at the active site. These chemical
characteristics ultimately affect absorption, distribution, excretion (in the case of plants,
compartmentalization in a vacuole), bioactivation, and inactivation. Alterations in the
basic structure of a drug or plant growth regulator can also affect the dose required to
induce a particular biological response. Diphenhydramine, a highly flexible molecule, has
both anticholinergic and antihistaminic action.’® Introduction of a t-butyl group in the
ortho position (2-position) results in a high anticholinergic and a low antihistaminic activ-
ity, while introduction of a methyl group in the para position (4-position) results in high
antihistaminic and a low anticholinergic activity.'”!® Studies with a series of substituted
dinitroaniline herbicides on inhibition of tobacco callus tissue showed that substitution of
an ethylpropyl group for an N-sec-butyl group on the amino nitrogen resulted in a 50-fold
increase in inhibitory response.’

Binding characteristics of drugs to their complementary receptors can reveal important
aspects of their behavior. Biologically active compounds react with some receptor molecule
within the cell which then initiates a cascade of events leading to a response. Characteris-
tics of biologically active molecules are a consequence of the chemical interactions with bio-
chemical components of the organism (e.g., recognition of receptor sites). Among the drug
and hormonal receptors that have been isolated and structurally identified in cellular
membranes are cholinergic, nicotinic, muscarinic, a- and B-adrenergic subtypes, benzodi-
azepines, and the insulin family of receptors. Studies with plant systems and endogenous
hormones have identified cytoplasmic/nuclear binding proteins which apparently stimu-
late the transcription of genes that are either directly or indirectly involved in the cell
response to the plant hormones (auxins, cytokinins, etc.).? The data obtained for the cyto-
plasmic/nuclear auxin receptor agree with the model proposed for steroidal hormones.?02

1.5 Direct-Acting Defense Chemicals — Mitotic Inhibitors
and DNA Protectants

Since the discovery of vinca alkaloids in 1963, many of the major known antitubulin agents
used in today’s cancer chemotherapy arsenal are products of secondary metabolism. These
“natural products” are probably defense chemicals that target and inhibit cell division in
invading pathogens. Other phytochemicals such as resveratrol,?* ellagic acid, beta-caro-
tene, and vitamin E may possess antimutagenic and cancer-preventive activity.?? There-
fore, it is reasonable to hypothesize that plants produce chemicals that act in defense
directly by inhibiting pathogen proliferation, or indirectly by disrupting chemical signal
processes related to growth and development of pathogens or herbivores. Specific com-
pounds or chemical families will be discussed in the following sections.

Colchicine is a poisonous tricyclic tropane alkaloid from the autumn crocus (Colchicum
autumnale) and gloriosa lily (Gloriosa superba). This alkaloid is a potent spindle fiber poison,
preventing tubulin polymerization.” Colchicine has been used as an effective anti-inflam-
matory drug in the treatment of gout and chronic myelocytic leukemia, but therapeutic
effects are attainable at toxic or near toxic dosages. For this reason, colchicine and its analogs
are primarily used as biochemical tools in the mechanistic study of new mitotic inhibitors.
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Vinca alkaloids were discovered accidentally while evaluating the possible beneficial
effects of periwinkle (Catharanthus rosea) in diabetes mellitus. Periwinkle produces about
30 chemical compounds in its alkaloid complex. The vinca alkaloids are cell-cycle-specific
agents and, in common with other drugs, block cells in mitosis. The biological activities of
these drugs can be explained by their ability to bind specifically to tubulin and block its
polymerization into microtubules.? Through disruption of the microtubules of the mitotic
apparatus, cell division is arrested at c-metaphase.?® The inability to segregate chromo-
somes correctly during mitosis presumably leads to cell death.

Podophyllotoxin existence was recorded over 170 years ago in the U.S. Pharmacopeia in
1820. A resinous alcohol extract, obtained from the dried roots of the mandrake plant or
Mayapple (Podophyllum peltatum) was used by native Americans and the colonists as a
cathartic, an anthelmintic, and as a poison. Mandrake was identified as having a local anti-
tumor effect as early as 1861. Two semisynthetic glycosides (etoposide and teniposide) of
the active principle, podophyllotoxin, have been developed and show therapeutic activity
in several human neoplasms, including pediatric leukemia, small-cell carcinomas of the
lung, testicular tumor, Hodgkin’s disease, and large-cell lymphomas.?” Etoposide and teni-
poside are similar in their actions and in the spectrum of human tumors affected, but do
not arrest cells in mitosis; rather, these compounds form a ternary complex with topoi-
somerase II and DNA. This complex results in double-stranded DNA breaks. Strand pas-
sage and resealing of the break that normally follow topoisomerase binding to DNA are
inhibited by etoposide and teniposide. Topoisomerase remains bound to the free end of the
broken DNA strand, leading to an accumulation of DNA breaks and cell death.?®

Camptothecin (CPT) and its analogs are aromatic, planar alkaloids that are found in a
very narrow segment of the plant kingdom. Potent antitumor activity of CPT was first dis-
covered serendipitously in 1958 in fruit extracts from Camptotheca acuminata. The com-
pound was isolated and the structure elucidated by Wall et al.?? Camptothecin and its
many analogs have a pentacyclic ring structure with only one asymmetric center in ring E,
the pyridone ring D moiety, and the conjugated system linking rings A, B, C, and D.3%%! Ini-
tial Phase I and II trials with CPT and topotecan have shown that responses have been
obtained in the treatment of lung, colorectal, ovarian, and cervical cancers. CPT is a cyto-
toxic plant alkaloid that has a broad spectrum of antitumor activity. The drug is highly spe-
cific and kills cells selectively in the S phase. CPT inhibits both DNA and RNA synthesis;
it produces a large number of single-stranded breaks in the presence of DNA topoi-
somerase I. CPT interferes with the breakage-reunion reaction of mammalian DNA topoi-
somerase | by trapping the key intermediate.” It appears that CPT causes arrest of the DNA
replication fork that may be largely responsible for the termination of cellular processes.
The presence of the o-hydroxy lactone moiety is one of several essential structural require-
ments for activity of CPT and its analogs.

Paclitaxel. The toxic properties of the yew have been known for at least 2000 years, but
it was not until 1964 when Monroe Wall’s group began working with bark extracts from the
pacific yew (Taxus brevifolia) that its anticancer activity was demonstrated.?? Paclitaxel
(Taxol, now a patented trademark of Bristol-Myers Squibb) may be one of the most success-
ful anticancer drugs of the decade. Taxol, more than most plant-derived medicines, exem-
plifies both the promise and the problems of natural product drug development (solubility
and supply). Once scientists discovered the unique mechanism of action of Taxol and dem-
onstrated its success in treating refractory ovarian cancer, Taxol became a focal point of con-
flict between human survival and natural resource exploitation. Paclitaxel is a diterpenoid
compound that contains a complex taxane ring as its nucleus. Paclitaxel has undergone ini-
tial phases of testing in patients with metastatic ovarian and breast cancer; it has significant
activity in both diseases. Early trials indicate significant response rates in lung, head and
neck, esophageal, and bladder carcinomas. Paclitaxel binds specifically to the B-tubulin
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FIGURE 1.1

Ellagic acid is an astringent, hemostatic, antioxidant, antimutagenic, and possibly an antineoplastic agent from
strawberries, raspberries, grapes, walnuts, and pecans. Its human dietary role in cancer prevention is uncertain
and in planta function is unknown.

subunit of microtubules and appears to antagonize the disassembly of this key cytoskeletal
protein, resulting in bundles of microtubules and aberrant structures and an arrest of mito-
SiS.33’34

Ellagic Acid, a phenolic glucose derivative of castalagin, is the lactone form of a gallic
acid dimer that occurs in plants, fruits, and nuts either in a free or conjugated form
(Figure 1.1). Ellagic acid is present in high concentrations in walnuts and pecans and in
fruits such as strawberries and raspberries.® Stoner3 Proposed that when fruits and nuts
are consumed by humans, the glucose moieties of ellagitannins are probably removed by
enzymatic activity in the digestive system, thus “freeing up” ellagic acid for absorption.
Numerous derivatives of ellagic acid, formed through methylation, glycosylation, and
methoxylation of its hydroxyl groups, exist in plants. These differ in solubility, mobility,
and activity in plant as well as in animal systems.?”38 The role of dietary ellagic acid in
tumor suppression appears to be related to its antioxidant activities and activation of
endogenous detoxification mechanisms. Both antioxidant and detoxification activities may
be mediated by the quinone forms of ellagic acid. Previous interest in ellagic acid was
largely due to its use in fruit juice processing and wine manufacturing. More recently, how-
ever, interest has focused on ellagic acid as a regulator of the plant hormone indole acetic
acid, insect deterrent, blood-clotting agent, and anticarcinogen.-%-

In our continuing interests in natural product discovery,*#! ellagic acid and an extract of
fruit from Melia volkensii (MV-extract) were screened for inhibition of Agrobacterium tume-
faciens-induced tumors using the potato disk assay.#2 This bioassay is useful for the exam-
ination of plant extracts and purified compounds which inhibit crown gall tumors (a plant
neoplastic disease) that may have potential human anticancer activity.*>#

Antitumor activity of ellagic acid and MV-extract were compared with that of CPT using
the potato disk assay described by Galsky and Wilsey* and modified by Ferrigni et al.#
Ellagic acid and MV-extract show dose-dependent activity against A. tumefaciens-induced
tumors (Figure 1.2). Inhibition of tumor formation by CPT was similar for all doses tested
and is consistent with its potent anticancer activity. Ellagic acid had greater antitumor
activity at each concentration when compared with MV-extract, but had significantly less
activity when compared with that of CPT. These data are consistent with the literature
which states that ellagic acid may inhibit the initiation stage of carcinogensis that takes
place in humans.?
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FIGURE 1.2

Tumor inhibition at three levels of Camptothecin (CPT), ellagic acid, and MV-extract tested in the Agrobacterium
tumefaciens-induced tumor system. DMSO was used in the same concentrations as that used to test its respective
dosage for each test compound. Error bars are indicative of +1 standard error, n = 15.

1.6 Indirect-Acting Defense Chemicals — Fatty Acid Inhibitors
and Signal Transduction

Plant resistance to pathogens is considered to be systemically induced by some endoge-
nous signal molecule produced at the infection site that is then translocated to other parts
of the plant.®® Search and identification of the putative signal is of great interest to many
plant scientists because such molecules have possible uses as “natural product” disease
control agents. However, research indicates that there is not a single compound but a com-
plex signal transduction pathway in plants which can be mediated by a number of com-
pounds that appear to influence arachidonate metabolism. In response to wounding or
pathogen attack, fatty acids of the jasmonate cascade are formed from membrane-bound
o-linolenic acid by lipoxygenase-mediated peroxidation.*” Analogous to the prostaglandin
cascade in mammals, linolenic acid is thought to participate in a lipid-based signaling system
where jasmonates induce the synthesis of a family of wound-inducible defensive protein-
ase inhibitor genes® and low- and high-molecular-weight phytoalexins such as flavonoids,
alkaloids, terpenoids.5!>2

Fatty acids are known to play an important role in signal transduction pathways via the
inositol phosphate mechanism in both plants and animals. In animals, several polyunsatu-
rated fatty acids like linolenic acid are precursors for hormones. Interruption of fatty acid
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FIGURE 1.3
Arachidonic acid cascade.

metabolism produces complex cascade effects that are difficult to separate independently.
In response to hormones, stress, infection, inflammation, and other stimuli, a specific phos-
pholipase present in most mammalian cells attacks membrane phospholipids, releasing
arachidonate. Arachidonic acid is parent to a family of very potent biological signaling
molecules that act as short-range messengers, affecting tissues near the cells that produce
them. The role of various phytochemicals and their ability to disrupt arachidonic acid
metabolism in mammalian systems by inhibiting cyclooxygenase (COX-1 and COX-2)
enzyme-mediated pathways is of major pharmacological importance.

Eicosanoids which include prostaglandins, prostacyclin, thromaboxane A2, and leuko-
trienes are a family of very potent autocoid signaling molecules that act as chemical mes-
sengers with a wide variety of biological activities in various tissues of vertebrate animals.
It was not until the general structure of prostaglandins was determined, a 20-carbon unsat-
urated carboxylic acid with a cyclopentane ring, that the relationships with fatty acids was
realized. Eicosanoids are formed via a cascade pathway in which the 20-carbon polyunsat-
urated fatty acid, arachidonic acid, is rapidly metabolized to oxygenated products by sev-
eral enzyme systems including cyclooxygenases® or lipoxygenases,>> or cytochrome
P450s%¢ (Figure 1.3). The eicosanoids maintain this 20-carbon scaffold often with cyclopen-
tane ring (prostaglandins), double cyclopentane ring (prostacyclin), or oxane ring (throm-
boxanes) modifications. The first enzyme in the prostaglandin synthetic pathway is
prostaglandin endoperoxide synthase, or fatty acid cyclooxygenase. This enzyme converts
arachidonic acid to unstable prostaglandin intermediates. Aspirin, derived from salicylic
acid in plants, irreversibly inactivates prostaglandin endoperoxide synthase by acetylating
an essential serine residue on the enzyme, thus producing anti-inflammatory and anticlot-
ting actions.>”

Jasmonic acid is an 18-carbon pentacyclic polyunsaturated fatty acid derived from lino-
lenic acid, plays a role in plants similar to arachidonic acid,® and has a structure similar to
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Jasmonic acid in plants plays a similar role to arachidonic acid in animals.
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FIGURE 1.5
Salicylic acid is an important signal molecule inducing plant responses to pathogens.

the prostaglandins (Figure 1.4). It is synthesized in plants from linolenic acid by an oxida-
tive pathway analogous to the eicosanoids in animals. In animals, eicosanoid synthesis is
triggered by release of arachidonic acid from membrane lipids into the cytoplasm where it
is converted into secondary messenger molecules. Conversion of linolenic acid through
several steps to jasmonic acid is perhaps a mechanism analogous to arachidonate that
allows the plant to respond to wounding or pathogen attack.” Linolenic acid is released
from precursor lipids by action of lipase and subsequently undergoes oxidation to jas-
monic acid. Apparently, jasmonic acid and its octadecanoid precursors in the jasmonate
cascade are an integral part of a general signal transduction system that must be present
between the elicitor-receptor complex and the gene-activation process responsible for
induction of enzyme synthesis.®>>>° Closely related fatty acids that are not jasmonate pre-
cursors are ineffective in signal transduction of wound-induced proteinase inhibitor
genes.>® Arachidonic acid, eicosapentaenoic acid, and other unsaturated fatty acids
(linoleic acid, linolenic acid, and oleic acid) are also known elicitors for sesquiterpenoid
phytoalexins and induce systemic resistance against Phytophthora infestans in potato.*

Evidence is accumulating that salicylic acid plays an important role in pathogen response
and plant resistance mechanisms (Figure 1.5). Jasmonic acid and salicylic acid appear to
sensitize plant cells to fungal elicitors as they relay the signal in the induction of systemic
acquired resistance. Acetylsalicylic acid (aspirin) inhibits the wound-induced increase in
endogenous levels of jasmonic acid,* a response similar to the inhibition of prostaglandins.
Both compounds induce resistance to plant pathogens and induce the synthesis of patho-
genesis-related proteins.®! Salicylic acid is an important endogenous messenger in thermo-
genesic plants.5? Exogenous application of salicylic acid and aspirin to plants elicits a
number of responses, one of which is blocking of the wound response.®% It appears that
polyunsaturated fatty acids derived from lipid breakdown (peroxidation), perhaps
induced by wounding (injury) or in response to microbial invasion, may play important
roles in signal transduction in many different organisms. This pathway may also prove to
be a target site for control and protection not only of plants, but for new pharmaceuticals
with quite specific activity. Toxicity of both synthetic and naturally occurring chemicals in
biological systems frequently involves lipid peroxidation. Free radical production and sub-
sequent actions are involved in mechanisms of herbicide action in plants as well as in other
systems.
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Increasing evidence suggests that plant cellular defenses may be analogous to “natural”
immune response of vertebrates and insects. In addition to cell structural similarities, plant
and mammalian defense responses share functional similarities. In mammals, natural
immunity is characterized by the rapid induction of gene expression after microbial inva-
sion. A characteristic feature of plant disease resistance is the rapid induction of a hyper-
sensitive response in which a small area of cells containing the pathogen are killed. Other
aspects of plant defense include an oxidative burst leading to the production of reactive
oxygen intermediates (ROIs), expression of defense-related genes, alteration of membrane
potentials, increase in lipoxygenase activity, cell wall modifications, and production of
antimicrobial compounds such as phytoalexins.®

In mammalian immune response, ROIs induce acute-phase response genes by activating
the transcription factors NF-xB and AP-1 genes,* and salicylic acid may play a role in the
expression of NF-kB-mediated transcription.® In plants, ROIs and salicylic acid regulate
pathogen resistance through transcription of resistance gene-mediated defenses. Func-
tional and structural similarities among evolutionarily divergent organisms suggest that
the mammalian immune response and the plant pathogen defense pathways may be built
from a common template.®” We believe that similar biosynthetic processes involved in sig-
naling pathogen invasion and stress in plants and animals may account for the physiolog-
ical cross activity of various fatty acid intermediates and other pharmacologically active
phytochemicals.

1.7 New Chemistries and Modes of Action

Strobilurins, inspired by a group of natural products produced by edible forest mushrooms
that grow on decaying wood, are being developed by Zeneca, Ag Products as azoxystrobin
(Figure 1.6) and kresoxim-methyl (Figure 1.7) by BASF. Naturally occurring antifungal
compounds, strobilurin A and oudemansin A, provide the wood-inhabiting mushroom
fungi Strobilurus tenacellus and Oudemansiella mucida with a competitive advantage against
other fungi.® Azoxystrobin (B-methoxyacrylate) was selected from 1400 compounds syn-
thesized by Zeneca based on these naturally occurring antifungal products. Azoxystrobin
had high levels of fungicidal activity, a broad-spectrum activity, low mammalian toxicity,
and a benign environmental profile. In vivo greenhouse trials demonstrated LCy; values
below 1 mg AlI/l (active ingredient/liter) and broad-spectrum activity against important
diseases caused by ascomycete, basidiomycete, deuteromycete, and oomycete plant patho-
gens. Strobilurins possess a novel mode of action by inhibiting mitochondrial respiration
through prevention of electron transfer between cytochrome b and cytochrome c,,% by
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FIGURE 1.6
Azoxystrobin (B-methoxyacrylate) is one of 1400 synthesized from the lead compound, strobilurin A.
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FIGURE 1.7
Kresoxim-methyl is based on the same strobilurin A lead compounds in which variations of the methoxyacrylate
moiety produced the methoxyiminoacetate pharmacophore.

binding to the Q,-site on cytochrome b.””! Because of their novel mode of action, these
compounds will offer control of pathogens resistant to other fungicides. Strobilurins have
both disease preventative and curative properties and are active against spore germination,
myecelial growth, and sporulation. More importantly, these compounds appear to be envi-
ronmentally friendly. Azoxystrobin application rates as low as 200 g Al/ha have typically
given control of potato late blight (Phytophthora infestans) and show low acute mammalian
toxicity because fungal toxicity is not linked to mammalian toxicity. Knowledge of struc-
tural configuration and conformation and biological properties of strobilurin A has
allowed the preparation of analogs in which both fungicidal activity and photostability
have been improved. The importance and future of strobilurins as a new class of fungicides
is seen by the fact that 21 companies have filed 255 patent applications primarily for use as
fungicides.®

Spinosyns are a group of naturally occurring pesticidal compounds produced by the act-
inomycete Saccharopolyspora spinosa that were isolated from soil collected at a sugar mill
rum still”> (Figure 1.8). This group of macrolides, originally discovered by Eli Lilly scien-
tists in the search for new pharmaceuticals, led to the discovery of more than 20 spinosyns
and development of a new chemical class, spinosyns.” Two spinosyns are being commer-
cially developed by DowAgro under the label name of Conserve SC for insect control in
turf and ornamentals. Conserve or spinosad (common name) is composed of the two most
active macrocyclic lactones in a mixture of 85% spinosyn A and 15% spinosyn D.7
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FIGURE 1.8

Spinosyn A and D are new natural product-based pesticidal macrolides originally discovered by Eli Lilly
scientists in search for new pharmaceuticals.
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Spinosyns act as both a contact and a stomach poison in insects, but are about five times
more active orally in some species of insects such as the tobacco budworm (Heliothis vire-
scens). Because spinosyns have a high efficacy and are especially active against a variety of
lepidopterous pests,”> Conserve is active at very low rates. Low rates of 0.08 Ib/acre will
control sod webworms (Pediasia sp.) and small armyworms (Spodoptera mauritia), a midrate
of 0.27 Ib/acre will control small cutworms (Agrostis ipsilon), and a high rate of 0.4 Ib/acre
will control large cutworms (Agrostis ipsilon) and armyworms (Spodoptera mauritia).”® Spi-
nosyns degrade very rapidly in the environment and have residual activities comparable
to pyrethroids. Other attributes such as a unique mode of action, minimum impact on ben-
eficial insects, low mammalian and nontarget toxicity, and rapid degradation by photolysis
will make the spinosyn class of newly released natural products important pest controls for
turf and ornamentals.

1.8 Conclusions

Plants and microorganisms are a proven source of numerous pharmaceutical and agro-
chemical agents, and it is reasonable to believe that there are additional agents in existence
that remain undiscovered. These “natural products” are probably defense chemicals tar-
geting and inhibiting the cell division processes of invading plant pathogens.””8 Inhibition
of pathogen-induced DNA alteration and mutation may influence mechanisms common to
the etiology of both animal and plant disease. Therefore, phytochemicals available from
food components may affect tumorigenesis in humans by altering cellular responses to
genetic damage or mitogenic stimulants. Ellagic acid is only one of many polyphenolic sub-
stances available from certain fruits, and human in vivo bioactivity of these phytochemicals
is still speculative. However, ellagic acid available from a raspberry puree is now being
evaluated for its ability to inhibit colon cancer in human clinical trial patients (Nixon, per-
sonal communication). Study of fresh fruits for use in dietary prevention, intervention, and
recovery of cancer is ongoing at the Hollings Cancer Center at the Medical University of
South Carolina. This research should provide data and help clarify cancer benefits attrib-
uted to some phytochemicals for human patients.”

Plant pathologists and breeders have realized for decades that phytochemical defense
comes at an ecological cost; there are trade-offs between defense (resistance) and produc-
tivity.®0 Plant defense strategies were summarized into the optimal-defense theory by
McKey?®! and elaborated by Rhoades,®? but simply stated, you don’t get something for noth-
ing; there is a cost to everything. Information presented in this chapter supports reason to
investigate phytochemicals further as sources for new chemistry. It also demonstrates fur-
ther linkages between plant pathology and pharmacognosy in the study of phytochemistry
and plant-related defense mechanisms.

Future development of value-added crops, nutraceuticals, phytopharmaceuticals, genet-
ically enhanced fruits and vegetables, replacement crops for tobacco, and plant sources for
the rapidly expanding herbal medicine industry will fuel the growth of alternative agricul-
tural crops for nontraditional uses. The need to support research in alternative agriculture
for the U.S. can be appreciated by the fact that the herbal /nutritional supplement market
alone is valued at approximately 2 billion nationwide and 15 billion worldwide with an
annual increase of 15%. Although the vast majority of the plant material is either collected
from wild populations or grown outside the U.S., this situation provides U.S. growers with
a major opportunity for expansion into alternative agricultural crops. Humanity’s future
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success in discovery and development of useful natural products will depend on knowl-
edge and understanding of the diverse roles that phytochemicals play in the natural world
and, of course, a healthy dose of serendipity.
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2.1 Introduction

In the U.S. for the year 1998, it is estimated that about 1,228,600 persons will be diagnosed
with invasive cancer, and additionally about 1 million people will contract basal or squa-
mous cancers of the skin. Furthermore, over 1500 persons per day (or over 560,000 Ameri-
cans) will die in 1998 from cancer.! Plant natural products have had, and continue to have,
an important role as medicinal and pharmaceutical agents, not only as purified isolates and
extractives, but also as lead compounds for synthetic optimization.2 For example, if cancer
chemotherapeutic agents are considered, there are now four structural classes of plant-
derived anticancer agents on the market in the U.S., represented by the Catharanthus
(Vinca) alkaloids (vinblastine, vincristine, and vindesine), the epipodophyllotoxins (etopo-
side and teniposide), the taxanes (paclitaxel and docetaxel), and the camptothecin deriva-
tives (camptotecin and irinotecan).”!° Plant secondary metabolites also show promise for
cancer chemoprevention, which has been defined as “the use of non-cytotoxic nutrients or
pharmacological agents to enhance intrinsic physiological mechanisms that protect the
organism against mutant clones of malignant cells.”"" There has been considerable prior
work on the cancer chemopreventive effects of constituents of certain culinary herbs, fruits,
spices, teas, and vegetables, in which their ability to prevent the development of cancer in
laboratory animals has been demonstrated.!?13 Moreover, ellagic acid, isothiocyanates from
Brassica species, and vanillin have been demonstrated mechanistically as carcinogenesis
blocking (anti-initiating) agents, while curcumin, epigallocatechin gallate, limonene, and
quercetin are effective carcinogenesis-suppressing (antipromotion/antiprogression)
agents.! Clinical trials as cancer chemopreventive agents on plant products such as
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