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Foreword

Pharmacognosy is the pharmaceutical science that is hidden in plain sight. In part that is because it is a very broad-
based science with applications in pharmacy, agriculture, nutraceuticals, traditional medicine and phytotherapy, cos-
metics, perfumery and essential oils, aromatherapy, and the food industry. At almost any time during the day, there is
an application of pharmacognosy observable; it is amazingly pervasive in everyday life! Consequently, a single volume
discussing all of the aspects of pharmacognosy in society is impossible to imagine.

Although older descriptions restricted the definition to studies related to medicinal plants, originally focusing on
their identification and then on some of their chemical constituents, contemporary attempts at a definition of pharma-
cognosy seek a broader perspective. Thus, for me, pharmacognosy may be defined as “the study of biologically active
natural resources.” The resources involved in those studies may be any living organism, including plants, microorgan-
isms, marine organisms, animals, insects, etc. The nature of the studies are similarly broad, and are frequently focused
on examining traditional medicines for issues related to safety and effectiveness, searching for new, single agent mole-
cules for drug discovery and development, for preparations which may serve as natural herbicides, insecticides, as well
as developing new and established resources for nutraceuticals, cosmeceuticals, and veterinary agents, and assessing
foods for their safety in the marketplace. Underpinning these studies is the fundamental aspect of sustainability; that the
resource, whatever it is, can be maintained over time without damaging the environment or threatening the habitats of
those resources. The introduction of this factor is a component of “ecopharmacognosy.”

More recently, studies at the genome level in microorganisms have begun to characterize the major metabolic path-
ways in detail at the molecular level, and determine how they may be controlled to optimize metabolite formation, as
well as unearthing new sources of established metabolites. In order to achieve and accumulate scientific evidence and
make these dramatic advances, some of the most advanced technologies in the areas of chromatography, spectroscopy,
biotechnology, and biological evaluation are fundamentally important and routinely used.

This volume represents a comprehensive compilation of the philosophical, scientific, and technological aspects of
contemporary pharmacognosy. It examines the impact of the advanced techniques of pharmacognosy on improving the
quality, safety, and effectiveness of traditional medicines, and how pharmacokinetics and pharmacodynamics have a
crucial role to play in discerning the relationships of active metabolites to bioavailability and function at the active sites,
as well as the metabolism of plant constituents. As a precursor, the importance of traditional medicines in global health
care is discussed, and other aspects which contribute to pharmacognosy, including legal and regulatory issues, such as
the intellectual property rights which relate to traditional knowledge, access to the biome, and the global issues concern-
ing the registration of finished products.

Most organisms, plants, animals, marine systems, and microorganisms are essentially factories for the formation of
a structurally diverse collection of natural products. Individual chapters are devoted to the most important of these
metabolites, such as the various types of glycosides, the numerous alkaloid classes, the tannins, the various kinds of ter-
penoids, and a range of other plant metabolites. Marine organisms have been an impressive source of completely new
metabolic systems in the past 40 years, and, as this area has succumbed to improved structure elucidation techniques,
chapters are also devoted to the investigations and importance of the metabolites of marine animals, and to the broad
range of microbial metabolites that have dramatically changed chemotherapy in the past 50 years. Also embraced within
pharmacognosy and discussed in this volume are important commercial products used in many diverse industries such
as the carbohydrates, various important oils, resins, balsams, fats, and waxes. Proteins from various natural sources are
discussed and their importance in determining biological function emphasized. The fundamental importance of vitamins
is also presented.

To explain some of the biological effects of natural products, the form and function of animal cells is presented,
together with some of the applications of natural products as chemotherapeutic agents, as well as their specific use and
mechanism of action for the treatment of cardiovascular disease, and selected other malignant states. Some of the meta-
bolites that cross the blood—brain barrier are well-established psychoactive drugs, and they may also be of use as thera-
peutic agents in the future for pain and for addiction. Further progress in the investigation of natural products for new
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xx Foreword

drugs will depend on the development of new models and new targets for drug discovery, recognizing that the philo-
sophical and practical frontier now lies in the burgeoning area of network pharmacology. High throughput screening
has been in vogue for a while now for synthetic libraries and microfluidics plays an essential role in such studies.

Also presented in this volume are four areas of science which have assumed lead roles in the contemporary develop-
ment of pharmacognosy, and why it is often viewed as being the most high tech of the pharmaceutical sciences. These
are the diverse impacts of biotechnology, the applications of nanoscale technology, the tremendous advances in spectro-
scopic techniques, particularly nuclear magnetic resonance spectroscopy, and the significant impact that metabolomic
approaches have had in the analysis of plants with respect to the quality control of phytotherapeuticals and traditional
medicines, and to the clinical metabolic processes following chemotherapy. A final chapter discusses the significance
that bioscience companies can have in small developing economies.

This very diverse compilation of chapters related to the broad perspective of pharmacognosy reminds scientists in
many areas of research that pharmacognosy is far from dead. It is, indeed, very, very much full of life, is thriving as
new technologies are integrated into common practice, and provides societally important, scientifically-based contribu-
tions to human health and well-being in numerous areas of our lives.

Geoffrey A. Cordell, Ph.D.

College of Pharmacy, University of Florida, Gainesville, FL, United States; Natural Products Inc., Evanston, IL, United States



Preface

Drugs of natural origin, which have roots in many medical traditions, are of inordinate significance due to the substan-
tial growth in usage around the world. In addition, nature-based medicines are the topic of increased inquiry in the quest
for novel pharmacophores that hold the prospect of enhanced therapy. The award of the 2015 Nobel Prize in
Physiology or Medicine to nature-based drugs Avermectin and Artemisinin, used in the treatment of infections caused
by roundworm parasites and malaria, respectively, underscores such trends, and highlights, in particular, the potential
value of naturally derived medicines in targeting neglected tropical diseases. This development follows the World
Health Organization’s 2008 ratification of The Beijing Declaration, which promotes the safe and effective use of tradi-
tional and alternative medicines and calls for greater assimilation of these into national health care systems. Issues of
quality, safety, efficacy measurements, commercial production, regulation, and ethics of natural drugs are now, more
than ever, of paramount importance.

Pharmacognosy has evolved from a descriptive botanical subject to a multidisciplinary field inclusive of continuous
advances in cell and molecular biology, ethnobotany, phytotherapy, analytical chemistry, and phytochemistry. It has
embraced innovations for functional analysis of molecular targets that aid the development of targeted therapies. This
book therefore aims to provide the student of pharmacognosy, and the related fields of pharmacy, medicine, medical
herbalism, nursing, medicine, and pharmacology, a fundamental comprehension of naturally derived drugs within the
historical context of their development, in addition to providing an update on recent developments in the field.

The text comprises eight sections. The first section includes an overview of the fabric of pharmacognosy based on
plant metabolites, their origins, their diverse chemistry, and their impact on human diseases. A subsequent section,
unique to this text (as far as we are aware), highlights secondary metabolites and drugs derived from animal sources.
The section on animal anatomy and physiology will assist the student to comprehend the functional application of these
natural drugs. Several later sections of the book focus on a variety of topics covering latest opinions on industrial, tech-
nological, regulatory, ethical, and sustainability developments, which are of potential relevance to undergraduate and
graduate students, and researchers in the field, as well as policy makers. As humans exploit nature’s unique gifts for
alleviating disease, this should be achieved with safety, sustainability, and equitable benefit-sharing considerations in
mind. These were some of the ideas that inspired the content of this book, although it is in no way an attempt to be fully
comprehensive on all aspects of pharmacognosy.
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1.1 DEFINITIONS

Greek

+ _ Knowledge of
drugs

The discipline of Pharmacognosy has evolved in definition over the years. While the fundamental connectedness
among all definitions includes an understanding of drug entities, the combined descriptive variations from subtle to dis-
tinctive need highlighting. In the 1800s, Fliickiger (1828 —94) defined Pharmacognosy as “the simultaneous application
of various scientific disciplines with the object of acquiring knowledge of drugs from every point of view” [1].
Approximately one hundred years later, the application of science toward the understanding of drugs was still the focus.
However, this time, the origin of drugs was specifically toward a natural source as Pharmacognosy was defined by
Tyler [2] as “an applied science that deals with the biologic, biochemical, and economic features of natural drugs and
their constituents.” Within this same era, the definition of Pharmacognosy evolved from an application-based under-
standing of natural drugs to an overall systematic knowledge of not just natural drugs, but more specifically, crude
drugs from animal and vegetable origin as described by Greenish [3] who suggested that “Pharmacognosy is that
science which aims at a complete and systematic knowledge of crude drugs of animal and vegetable origin™ [1].

Almost a decade later, the Pharmacognosy definition transitioned to an understanding of plant-based products only,
from the previous animal- and plant-based definitions, as outlined by Kraemer [4], who described it as “the study of
medicinal plants and their crude products commonly designated as drugs.” Still, a century later, the meaning
of Pharmacognosy was once again redefined to incorporate the scientific study of crude drugs from animal origin in
addition to the plant-based products; however, the definition also included the study of crude drugs from other natural
sources, metals, and minerals [5].

Other definitions were more specific to the type of drug understanding as the discipline has been defined as “a
molecular science that explores naturally occurring structure—activity relationships with a drug potential” [6], while
others focus more on the structural, physical, chemical, and sensory characters of crude drugs of vegetable, animal, or
mineral origin [7]. A more succinct, yet broad definition of Pharmacognosy is “The study of biologically active natural
products” [8].

Pharmacognosy is connected to many other areas of science and a complete understanding of this field has to also taken
into account, but not be limited to, botany, chemistry, enzymology, genetics, pharmacology, toxicology, horticulture, quality
control, and biotechnology as described in Chapter 3, Areas of Science Embraced by Pharmacognosy, as well as ancillary
fields, such as pharmaceutics, pharmcoeconomics, pharmacovigilance, regulatory law, and conservation.

1.2 HISTORY OF PHARMACOGNOSY
1.2.1 General History

The word “Pharmacognosy” was first used in a work entitled “Analecta Pharmacognostical” by an Austrian physician
Schmidt in 1811, and then by Anotheus Seydler in 1815. During these early days, the term “Pharmacognosy” was used
to refer to a branch of medical science that was associated with drugs in their crude state. It was involved in the investi-
gation of “medicinal substances from the plant, animal, and mineral kingdoms in their natural, crude or unprepared state
or in the form of such primary derivatives as oil, waxes, gums, and resins” [9]. The descriptive and microscopic appli-
cations of Pharmacognosy were developed during the 19th and 20th centuries [10], and formed the regulatory basis for
the use of plants in health systems based on pharmacopoeial definitions. However, in the 1960s and 1970s, there began
a transition of Pharmacognosy from a descriptive botanical research discipline to a more integrated chemical and bio-
logically focused one [10].

Many great scientists have contributed to the development of Pharmacognosy as a discipline, and as a speciality
branch of academic pharmacy. These include Arthur E. Schwarting, Egil Ramstad, Varro E. Tyler, Jack L. Beal,
and Norman R. Farnsworth, all from the United States of America. Others of note are James W. Fairbairn, Edward J.
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Shellard, and Norman Bissett from the United Kingdom. Also included from Europe and East Asia are René R. Paris,
Egon Stahl, Ludwig Horhammer, Hildebert Wagner, Otto Sticher, Shoji Shibata, and Tsunematsu Takemoto [10].

As late as the 1960s, Pharmacognosy, as a discipline of pharmacy education, was primarily associated with botany.
At this stage, it was mostly concerned with the macro- and microscopic identification, description, and authentication
of drugs. This area of Pharmacognosy is referred to as classical Pharmacognosy, and is still of fundamental importance
in the field as a whole, especially for the purpose of preliminary standardization and quality control processes which
are helpful in the development of official pharmacopoeial standards. Specific attention was paid to the microscopic
identification of plant materials and to the determination of quantitative data such as foreign matter, ash values,
extractive values, and moisture content. Subsequently, chromatographic fingerprints, especially TLC, were used for
identification and standardization purposes. This classical Pharmacognosy, which focused initially on the pharma-
cognostic evaluation of plants, has been further extended to include other natural forms, such as various types of
microbes and marine organisms.

Over time, a shift occurred from the classical Pharmacognosy to a more chemically and biologically focused disci-
pline, one which involves the isolation and characterization of bioactive principles from natural sources, as well as the
evaluation of structure—activity relationships of the isolates for the purpose of optimizing their development into
medicinal agents for clinical use. DNA identification of natural products as a regulatory standard is also a current focus
in Pharmacognosy.

Today, Pharmacognosy, as an academic department, is well-established in some schools of pharmacy all over the
world, although the name might have been replaced by terms such as pharmaceutical biology, phytochemistry, and
natural product research in certain countries. The area of research pharmacognosists is involved in, includes analytical
chemistry, bioactivity assessment methods development, biocatalysis, biosynthesis, biotechnology, cell biology,
chemotaxonomy, clinical studies, cultivation of medicinal plants, ethnobotany, genetics, marine chemistry, microbial
biotransformations, molecular biology, synthetic modification of natural products, pharmacology, phytochemistry,
phytotherapy, standardization of traditional medicines, taxonomy, tissue culture, and zoopharmacognosy. [10].

Despite the promise of natural product research over the years, this field experienced a decline in attention relative
to other areas of research. Nonetheless, there is now a renewed interest in medicines, herbicides, and insecticides from
natural sources, and consequently Pharmacognosy and natural product research have experienced elevated attention.

The use of plants in the management of ailments dates as far back as the origin of man itself. Several cultures of the
world used herbs for healing rituals and certain carnivorous animals, e.g., Jaguar are also known to eat plants when ill.
Thus, the use of plants for medicinal purposes started long before any form of record. Notwithstanding, the first written
documentation of drugs obtained from natural products dates as far back as to the Sumerians and Akkadians in the third
millennium BC, as well as the Egyptian Ebers Papyrus (about 1550 BC) [10]. Galen, the first pharmacist, used many
pain killers from natural origin, including opium. Between 460 and 377 BC, Hippocrates, “the father of medicines,”
contributed to general medical development by proposing that causes of disease are not necessarily spiritual [11]. Thus,
he acknowledged treatment with plants and other natural products. By AD 40—80, Dioscorides had written “De Materia
Medica” which contained about 100 medicinal plants [11].

After this came the Islamic era between AD 770 and 1197 during which time natural products use gained further
attention in the treatment of diseases and infections. Abu Bakr Mohammad Ibn Zakariya Razi, also known as Rhazes
(AD 865—925), born in Iran, is known for extending the analytical approach of his predecessors, Hippocrates and
Galen, in some medical areas. His primary focus was urology, and he was the first to develop treatment for the kidney
calculi [12]. Avicenna, a Muslim scientist of the 10th and 11th centuries contributed significantly to the medical com-
munity then, and continues to do so through his work, Al Canon from which many publications and teaching programs
have arisen [13]. It is stated that Paracelsus (1493—1541), who played an important role in formulating drugs from
minerals, burned Avicenna’s Canon, the Bible of learned medicine, and justified his actions by saying “remove all the
old books of learning and practice medicine as I have learnt in the real world” [14].

John Gerarde (1545—1612) a botanist and herbalist first published in 1597 the most widely circulated botany book
in English of the 17th century “The Generall Historie of Plantes,” which comprised of 1480 pages [15]. By the 18th
century, researchers such as Johann Adam Schmidt contributed to the development of Pharmacognosy by being the first
to ascribe the term “pharmacognosis,” the precursor to Pharmacognosy. This in his handwritten manuscript described
the necessary skillset involved or needed for the development of medicine [1]. At the end of this century, crude drugs
were still being used as powders, simple extracts, or tinctures. By 1805, there began a new era in the history of medi-
cine/pharmacognosy which was the era of compound isolation [1]. Pure secondary metabolites were isolated from sev-
eral medicinal plants in the years that followed. These included morphine, strychnine, quinine, caffeine, nicotine,
atropine, colchicine, and cocaine. In the 20th century, the discovery of many drugs from natural sources became a major
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focus and this search was by no means limited to the plant kingdom. Drugs, particularly hormones and vitamins, were
discovered from the animal kingdom. Microorganisms and marine flora also became important sources of drugs, partic-
ularly for antibiotics following Fleming’s discovery of penicillin.

1.2.2 Regional History of Pharmacognosy

It is also important to introduce the global history of Pharmacognosy, an area discussed in more detail in Chapter 2,
Traditional Medicine. Such an introduction allows the reader to appreciate the differential impact of this paradigm on
our communities today, and the different contributions made to the medicinal plant systems in various communities
over time.

1.2.2.1 The Egyptian Records

The ancient Egyptian records date back to 3000 BC (The first recorded prescriptions were found in Egyptian tombs and
these include the Hieratic Papyri, Ebers Papyrus, and the Gynecologic Papyrus) [11]. Ebers Papyrus (1500 BC) contains
811 prescriptions and 700 drugs [16]. Egyptians were expert in using crude drugs for the treatment and cure of diseases.
This was usually done by priest doctors who diagnosed, prescribed, and prepared the needed medicines. The crude
drugs used included onions, coriander, melon, myrrh, aloes, gum, poppy, castor, anise, etc.

1.2.2.2 The Babylonian Records

The Babylonians used drugs of plant origin in their practice of medicine as far back as 1770 BC [17], and many drugs
from plant and mineral sources were listed in Babylonian medical recipes [18]. The earliest record had 250
vegetable drugs including opium, ricinus, myrrh, menthe thymus, and 120 minerals [19].

1.2.2.3 The Indian Records

The Riveda and Ayurveda medicines were practiced around 2000 BC and continue today. This involved the use of
sacred medicinal plants, the collection of which was done only by “innocent” religious persons. Important crude drugs
used at this time include sandalwood, aloes, sesame oil, castor oil, ginger, benzoin, cannabis, caraway, clove, carda-
mom, and pepper, etc.

1.2.2.4 The Chinese Records

Chinese traditional medicine is well acknowledged for acupuncture and has experienced many changes over the years.
It richly comprises plant-based products, as documented in the volume “Pen Ts’ao Kang Moa” (3000 BC) which
contained records of medicinal plants and drugs of animal origin as well. These medicinal agents included anise, gin-
seng, rhubarb, ephedra, and pomegranate [11]. The Traditional Chinese medicine (TCM) system, believed to be more
than 5000 years old, is based on two separate theories about the natural laws that govern good health and longevity,
namely yin and yang, and the five elements (wuxing). The legendary emperor Shen Nung discussed medicinal herbs in
his work, which was probably written about 2700 BC instead of their traditional date of 3700 BC [20]. However, TCM,
as a series of practices, was systematized and written between 100 and 200 BC. A complete reference to Chinese medi-
cine prescriptions is the Modern Day Encyclopedia of Chinese Materia Medica published in 1977. It lists nearly 6000
drugs of which 4800 are of plant origin [21]. However, the Chinese Pharmacopoeia of 2010 gives an updated record of
medicinal plants in use in TCM.

1.2.2.5 Greek and Roman Records

Pythagoras (560 BC), a Greek philosopher and mathematician, used mustard and squill preparations to treat particular
diseases, and the use of natural products toward the treatment of various ailments was also shared by Hippocrates,
a Greek physician (466 BC). Dioscorides, also a Greek physician, in 77 AD was one of the first to describe drugs in his
work, he is referred to as “the father of Pharmacogonosy” [22]. In his work “De Materia Medica,” he documented the
use of 944 drugs of which 657 were of plant origin [11,22]. Galen (CE 130—200), a Roman physician and Pharmacist
mentioned earlier, was known to use “Galenical preparations” to manage several diseases, such as Uvaeursi folium used
as an uroantiseptic and a mild diuretic continuing today. He also compiled the first list of drugs with supposedly similar
or identical actions and thus interchangeable, “De succedanus,” which are today not used given the pharmacological
disparities.
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1.2.2.6 The Arab and Persian Records

The physicians of Arabia added many new plants and medicaments to those already recorded by the Greeks and
Romans. In the days of the Arab contribution, pharmacy as a subject, attained elevated attention and recognition allow-
ing it to become an independent branch of medicine [23]. The medieval Persian traditional medicine was pioneered by
Rhazes (865—925 AD) and Avicenna (AD 980—1037), who are regarded as founders of the golden days of the Persian
medical sciences [24]. According to the literature, Freidoon used knife, fire, and many plant materials to treat injured
soldiers. He was known as the first Iranian surgeon and the pioneer of the “Saenamargha” school of medicine [25].

1.3 DEFINITION OF TERMS

The following are some essential terms belonging to the discipline of Pharmacognosy which are widely used. A brief
description is offered of some of these terms in anticipation that it will afford a more comprehensive understanding of
the relevant field in subsequent chapters.

Chromatography: This is a laboratory method used for separating mixtures of chemical compounds based on the
principle of adsorption. Different bonding properties of the molecules to be separated are very important in achieving
good separation which is usually achieved when the relative amounts of each solute are distributed between a moving
stream known as the mobile phase and a contiguous stationary phase. The mobile phase can be a liquid or a gas, while
the stationary phase is either a solid or a liquid. Chromatography is used in quantitative and qualitative analysis of
biological and chemical substances and is particularly useful in the separation of isomers and natural materials.
Although chromatography is mainly associated with purification, it also has wider applications for the identification of
compounds based on their chromatographic behavior.

Crude drugs: This refers to those natural products, such as plants or plant parts, and extracts and exudates that are
not pure compounds, which have known pharmacological actions as discussed in more detail in Chapter 11,
Terpenoids. In addition, crude drugs can be the harvested and usually dried plants, animals, or minerals of pharmaceuti-
cal or medicinal importance generally before processing or modification. Crude drugs can also be defined as “any
products that have not been advanced in value or improved in condition by grinding, chipping, crushing, distilling,
evaporating, extracting, artificial mixing with other process or treatment beyond what is essential to its proper packing
and the prevention of decay or deterioration pending manufacture” [26].

Crude drugs can be classified into two groups: organized and unorganized. Examples are:

Organized

Entire plants or animals: Mentha spp., Lobelia spp.

Entire organ of plants or animals; Senna, Clove, Fennel, Cinchona, Liquorice.
Minerals: Talc, Kaolin, Chalk.

Marine sources: Sponges, Red algae, Agar.

Unorganized

® Mixed preparations derived from plants or animals, such as opium, aloes, tragacanth, balsams, resins, musk, gela-
tine, and bees wax.

Ethnobotany: This is the study of the relationships between plants and the people in the field. It includes the use of
plants for furniture, shelter, transportation, as well studying the use of plants in medicine, alternative methods of
healing, wild food, agricultural crops, and in religious ceremonies.

Ethnopharmacology: This is the scientific study correlating ethnic groups with their health and how it relates to their
physical habitats, and their methodologies in creating and using plant-based medicines. According to the Journal of
Ethnopharmacology, ethnopharmacological research involves “multidisciplinary effort in the documentation of indige-
nous medical knowledge, scientific study of indigenous medicines in order to contribute in the long-run to improved
health care in the region of study as well as search for pharmacologically unique principles from existing indigenous
remedies” [27].

Extraction: This is a way of separating the desired substance(s) from a mixture using a suitable solvent in which the
desired substance is soluble. In other words, extraction techniques are used to separate compounds based upon their
different solubility in two immiscible solvents. This is a laboratory procedure commonly used when isolating or
purifying natural products. Phytochemistry uses solid—liquid, liquid—liquid, and acid—base extraction methods.
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Herbs: This term is more appropriately applied when referring to culinary plants and refers to crude materials, which
may be obtained from lichens, algae, fungi, or higher plants such as leaves, flowers, fruits, seeds, stem, back, roots,
rhizomes, or other parts which may be entire, fragmented, or powdered [28]. It is a term that is probably misused when
applied to medicinal plants for therapeutic use, unless there is a dual use, e.g., ginger, turmeric, or garlic.

Medicinal plants: These are either wild or cultivated plants used for the management and treatment of ailments, e.g.,
Menthapiperita.

Metabolomics: This is the systematic study of chemical processes that involve metabolites that represent unique fin-
gerprints left behind producing somewhat of a metabolite profile [29]. The collection of these metabolites left is
referred to as the metabolome [30]. The metabolome can be therefore through mRNA gene expression and proteomic
analyses unlock hidden answers on cellular processes while revealing the physiology of that cell and so creates room
for cellular manipulation toward disease amelioration.

Natural products: A generic term which can be an entire organism (plant, animal, microorganism, etc.), part of an
organism (leaf, flower, isolated glands, etc.), an extract, an exudate, a partially fractionated preparation, or isolated pure
compounds.

Phytotherapy: It is a part of Pharmacognosy that is concerned with the clinical use of crude drug extracts or partially
purified mixtures from plants. It can also be referred to as the area dealing with the scientific studies of the bioactivities
of plant-based medicines, as well as their clinical uses.

Spectroscopy: This is the study of the interaction of atoms and molecules with light also referred to as electromag-
netic radiation. Such information provides insight into the measurement of the radiation intensity as a function of
wavelength.

1.4 SCOPE OF PHARMACOGNOSY

The scope of Pharmacognosy has broadened in recent years to include the identification or authentication of crude drugs
(using macroscopic, microscopic, or chemical methods), and their biopharmacological and clinical evaluations [31].
Research studies in Pharmacognosy currently include studies in the areas of phytochemistry, microbial chemistry,
biosynthesis, biotransformation, bioinformatics, and chemotaxonomy. Pharmacognosy has also become an important
link between pharmacology and medicinal chemistry [32]. It covers areas such as isolation and/or analysis of
phytochemicals, structure—activity relationships, natural products as isolated or in silico models for the synthesis
of new drugs, natural drugs of direct therapeutic use, the investigation of biosynthetic pathways, the cultivation and
collection of medicinal plants, the preparation and qualitative and quantitative analysis of specific formulations, the
development of plant tissue cultures, as well as the application of several spectroscopic and molecular techniques for
natural product identification. Today such molecular biological techniques include DNA fingerprints (RAPD, RFLP,
AFLP) which are used to identify and authenticate various herbs. As a result of such phytochemistry and pharmacologi-
cal advances, testing methods are far more efficient [33].

1.5 EMERGING AREAS IN PHARMACOGNOSY

1.5.1 Forensic Pharmacognosy

There are many reported cases of the misuse of plant and plant-derived compounds. In most of these cases, the prosecu-
tion of offenders and criminals is often a very difficult task as sufficient evidence must be tendered in the court of law.
Today, several on-the-spot methods, including remote sensing and hand-held devices, and laboratory techniques are
employed for the identification of these substances, and this is the main thrust of Forensic Pharmacognosy. The word
“forensic” comes from the Latin word forénsis, which means “of or before the forum.” It relates to, or denotes the
application of, scientific methods and techniques for the investigation of a crime or suspicious incident. It is the use of
science and technology to investigate and establish facts in criminal or civil courts of law. Hence, forensic science is
the application of the full range of scientific techniques to answer questions of interest in a legal system, in relation to
either criminal or civil action [34].

Forensic Pharmacognosy is the application of the methods and techniques in Pharmacognosy for the investigation of
crimes arising from the misuse of plants and crude drugs obtained from plants, animals, and mineral origin. It utilizes
the methods and techniques of both conventional and modern Pharmacognosy, such as macroscopic, microscopic, quan-
titative microscopy, and phytochemical methods to unravel crimes arising from the misuse of plants. Such misuse
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includes for homicidal purposes, natural drug abuse, and the use of plants in sports to gain undue advantage; all are
within the scope of forensic Pharmacognosy.

Most plant secondary metabolites leave small traces in the human body after ingestion which makes their extraction
for analysis purposes a challenge [35]. Such challenges were and continue to be overcome with technological advances,
and so the development of analytical methods, such as high pressure liquid chromatography (HPLC) in the late 20th
century, allowed for the more effective detection of certain secondary metabolites like morphine, caffeine, and atropine
given the heightened sensitivity of these detection methods. A chemist, Jean Servais Stas, isolated nicotine from body
tissues thus becoming the first person to develop a method to extract plant alkaloids from organic material of the human
body [36]. Other toxicologists then developed qualitative tests to determine the presence of a variety of alkaloids and
other natural products, including various steroid formulations.

1.5.1.1 Analytical Methods Applicable in Forensic Pharmacognosy

1. Physical evaluation
Physical evaluation of crude drugs is achieved by the determination of various physical parameters using physi-
cochemical techniques. Such parameters include: the determination of solubility; specific gravity; optical rotation;
viscosity; refractive index; water content; degree of fiber elasticity; ash values, extractive values; and foreign
organic matter.
2. Biological evaluation
This refers to the evaluation of therapeutic/pharmacological, enzymatic, gene modulating, and toxicological
activity of the crude drug and/or its active principle using several models. A recent model of noted interest is
network pharmacology where multitarget drugs may prove more efficacious than traditional ones [37]. Ultimately,
biological evaluation determines therapeutic activity of the drug or active principle, potency, as well as toxicity,
based on the chemical constituents present and their content.
3. Morphological evaluation
This technique uses sensory organs (skin, eye, tongue, and nose) to obtain a qualitative evaluation of the plant.
Such evaluations involve macroscopic observations such as color, odor, taste, size, shape, and other special features
[38].
4. Microscopic examination
This involves a detailed examination of the drug and is mostly used for the qualitative evaluation of established
crude drugs in entire and powdered forms [39]. A microscope is used to detect various cellular tissues, such as
trichomes, stomata, starch granules, calcium oxalate crystals, and aleurone grains. Crude drugs can also be identified
microscopically by cutting the thin TS (transverse) or LS (longitudinal) sections of wood, and by staining them with
staining reagents. Some of these agents include: iodine which stains blue with starch and hemicelluloses; phloroglu-
cinol and HCI which stain pink with lignified tissue; and ruthenium red which stains pink with mucilage.
Microscopic evaluation also includes the study of the constituents in a complex, powdered drug mixture.
Quantitative aspects of microscopy comprise the stomata number and index, palisade ratio, vein-islet number, size
of starch grains, and length of fibers [38,40].
5. Chemical analysis
Chemical analysis is employed to either identify, quantitate, and/or evaluate the purity of drugs, secondary meta-
bolites, and extracts of crude drugs. Firstly, preliminary phytochemical screening may be important for the chemical
evaluation [38], such as the determination of acid saponification values. Methods that provide more definitive
answers, such as identification of active constituents and/or the quantitation of these, include: photometric analysis;
spectroscopic analysis (UV, IR, MS, and NMR); thin layer chromatography (TLC); high-performance liquid
chromatography (HPLC); and gas chromatography (GC).

1.5.2 Molecular Pharmacognosy

Using the methods and technologies of molecular cloning, genetic engineering, tissue culture, and molecular markers,
Pharmacognosy has developed rapidly in recent years, and now represents a highly interdisciplinary, cutting-edge
science. Molecular Pharmacognosy involves the classification, identification, cultivation, and conservation of medicinal
materials and the production of their components at a molecular level, as well as the modulation of secondary metabo-
lites [41]. It investigates medicinal materials at the level of nucleic acids and proteins.
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1.5.2.1 Concept of Molecular Pharmacognosy

a. Molecular Identification of Medicinal Raw Materials
Molecular identification has the advantage of not being impacted by the environment.
The identity of the medicinal raw materials is determined with the use of molecular markers.
It allows the morphological variation of medicinal raw materials to be described more precisely.
b. Phylogenetic Trees and the Evolution of Medicinal Plants and Animals
The phylogenetic trees of medicinal plant and animals are determined based on their gene sequence analysis of
chloroplast and nuclear genome, and may be used for the identification of new potential drugs among species
which are closely related to known medicinal species.
c. Evaluation and Preservation of Germplasm Resources
Germplasm resources are used in the selection and propagation of new medicinal species, and in the sustainable
use and development of available resources.
d. Biosynthesis and Regulation of Active Components in Medicinal Plants and Microorganisms
Molecular Pharmacognosy can also be involved in the biosynthesis and regulation of active plant metabolites.
Methods used in the regulation of secondary metabolites are biotransformation and recombinant DNA. Transgenic
techniques aimed at increasing the percentage of active components present in plants are also available.
e. Mechanism of Endangerment and Protection of Endangered Medicinal Plants and Animals
Conservation of genetic biodiversity is an essential objective in the protection of endangered species. Molecular
markers, based on DNA polymorphisms and gene sequences, facilitate the evaluation of DNA variation, thereby
identifying which plants and animals should be actively protected.

1.5.2.2 Techniques

Techniques in molecular Pharmacognosy include molecular markers, gene chips, recombinant DNA, and protein
analysis.

1.5.2.3 Applications of Molecular Pharmacognosy

Molecular Pharmacognosy has diverse applications which include quality control and standardization of plant-based
medicinal agents, identification and validation of new drugs, accumulation of secondary metabolites, DNA expression,
and genetic diversity.

1.5.2.4 Prospects of Molecular Pharmacognosy

® Molecular identification of medicinal plants.
® Functional genome research related to plant secondary metabolites.
® New ideas and methods for the core identification and collection of genes.

1.5.3 Ecopharmacognosy

The emerging term of ecopharmacognosy is defined as “the study of sustainable, biologically active natural resources.”
As a philosophical approach, it provides a consensual framework for developing new strategies and new scientific
perspectives which may improve future global product accessibility and assured beneficial outcome [42].

A wide range of ecological factors affects secondary metabolites. These include drought [43], salinity [44], tempera-
ture [45], climate change [46], light [47], and nutrient stress [48]. Therefore, if we continue to exploit our natural
resources the way we have, then the question is asked, “what will be the source of natural medicines decades
from now?”

1.6 PHARMACOGNOSISTS, WHAT THEY DO?

Pharmacognosy as a multiplex of overlapping and integrated sciences is at the forefront of numerous technological
advances, both in the laboratory and the field. Thus, Pharmacognosists are involved in a number of selected activities
and these include:

e Identification of natural drug sources.
® Determination of morphological characters.
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® Planning for the cultivation of medicinal plants.
Protocol development and/or implementation of processes involved in the collection, drying, and preservation of
crude drug material.

e Evaluation of crude natural drugs microscopically, macroscopically, genetically, chemically, and biologically, for
quality control purposes.

e Evaluation of the Pharmacology of crude extracts and active constituents.
Isolation and characterization of active secondary metabolites from natural sources.

® Involved in interdisciplinary relationships with ethnobotany, ethnopharmacology, botany, chemistry, enzymology,
genetics, pharmacology, horticulture, quality control, and biotechnology among others.

® Legal and regulatory issues.

1.6.1 The Function of Pharmacognosy in Society
Several gaps exist in the worldwide health care system and some of these are:

Per capita expenditures by countries on health care [49].

The number of trained physicians per thousand population in various countries [50].
The overall global access to medicinal agents including those for rare diseases [51—53].
The depletion of natural resources [40].

Ll

There is currently a major disparity in monetary allocations for medical research as approximately 90% of a US
$110 billion expenditure is used to treat 10% of global health problems [54]. Such worldwide expenditure by the medi-
cal community targets treatments primarily for the wealthy, and stifles innovation in the drug discovery arena, as 75%
of approved drugs in the United States, France, and Canada showed no added therapeutic benefit, and only 5% were
“breakthrough” drugs. Secondly, to date, despite the critical role of natural product sciences in global health care, there
is still a deficiency in the number of professionals in this arena, and the disparity of trained physicians per thousands of
the population is too grave in certain parts of the world. Thirdly, accessing certain drugs in some parts of the world is
a challenge, given the high cost of drug importation which makes traditional medicines the only rational alternative
approach. Finally, if natural resources are exploited as in the past, what happens decades from now for our children and
their children?

The question is then asked, how does Pharmacognosy fill these gaps? Encouraging collaborative efforts in natural
products research between developing and developed countries is certainly one way to proceed and this can be initiated
through an international context like WHO (World Health Organization) or through independent bodies like the recently
developed Society for Scientific Advancement (SoSA). In 2006, the WHO Commission on Intellectual Property,
Innovation, and Public Health (CIPIH) encouraged initiatives that boost patent protection within developing countries
toward improving the declining quality and quantity of drug innovation. Such initiatives are also geared toward filling
the gap of drug discoveries of the developing world. In addition, several funding agencies like TWAS, OWSD, and the
Gates Foundation are aggressive in their efforts to pump funds into developing countries toward filling these gaps.
Bodies like SoSA [55], facilitate intellectual discourse and collaborative ties with scientists from a first world context
with scientists from the developing world.

The number of trained experts in natural product research and medicine needs attention and these individuals also
need a forum of influence. Such efforts are evident in Japan, as the Japanese Liaison of Oriental Medicine (www.jlom.
umin.jp) provides an environment where major scientific societies involved in traditional medicine and the WHO
Collaborating Centers for Traditional Medicine based in Japan can come together. Such initiatives encourage an
increase in professionals in these fields and act as a source of advice for the government, steering the way for future
directional natural products research and drug development from these sources. In addition to these benefits, other
benefits to be had are an open discourse of the need for more feasible global access to relevant medicaments.

This takes us to the point of the prudent and urgent need to conduct natural products research in a sustainable
manner. Can Pharmacognosy fix this? Ecopharmacognosy, briefly mentioned previously, addresses this. It provides a
critical area for us to consider and implement sustainable approaches to medicinal plant preparation and utilization,
thereby safeguarding our natural resources and economic standing for the future. Every day, ecopharmacognosy has
applications in plant sourcing, drug discovery, DNA barcoding, and conservation. Such applications have paved the
way for safer recyclable solvents, enhanced efficient energy reactions, reduced use of chromatographic solvents, renew-
able feed-stocks, environmentally friendly by-products, and exploring common plants as chemical reagents [40].


http://www.jlom.umin.jp
http://www.jlom.umin.jp

12

PART | I Pharmacognosy 101

1.7 CONCLUSIONS

The paradigms of Pharmacognosy have evolved over the years, from the application of various scientific disciplines
used in the understanding of drugs to the study of sustainable biologically active natural resources. Pharmacognosy is
connected to numerous disciplines that together aim to contribute to the management of several diseases. As new
advances are developed and refined, such as network pharmacology, and forged with other regimes, old and new,
Pharmacognosy promises to make its mark on the advancement of medicine in a substantial way.

1.8 PRACTICE QUESTIONS
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Differentiate between classical and modern Pharmacognosy.

Several people contributed to the development of Pharmacognosy as a field of science, discuss.
Describe the relevance of Pharmacognosy to crime detection.

Discuss the history of Pharmacognosy as documented in certain areas of the world.

What is ecopharmacognosy?

Discuss the concepts, applications, and prospects of molecular Pharmacognosy.

What are crude drugs?
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Traditional medicine, as defined by the World Health Organization, is the sum total of the knowledge, skills, and
practices based on the theories, beliefs, and experiences indigenous to different cultures, whether explicable or not,
used in the maintenance of health as well as in the prevention, diagnosis, improvement, or treatment of physical and
mental illness. Some traditional medicine systems are supported by huge volumes of literature and records of the theo-
retical concepts and practical skills; others pass down from generation to generation through verbal teaching. To date,
in some parts of the world, the majority of the population continue to rely on their own traditional medicine to meet
their primary health care needs. When adopted outside of its traditional culture, traditional medicine is often referred as
“complementary and alternative medicine.” Among others, the most widely used traditional medicine systems today
include those of China, India, and Africa.
In this chapter, the Chinese, Indian, and African systems of traditional medicine are described.

2.1 TRADITIONAL CHINESE MEDICINE

Traditional Chinese medicine (TCM) is rooted in ancient Chinese philosophy and dates back over 3000 years. An integral
part of Chinese cultural heritage, it has evolved over time and continues to serve a vast population of people in many
places today by providing reliable, effective, and affordable health care options for patients. Other traditional systems of
medicine in the Orient, such as the Kampo medicine in Japan and the Hanja medicine in Korea, are greatly influenced by
TCM in many ways, including their fundamental principles, diagnostic approaches, and therapeutic modalities. In the
West, knowledge of TCM reached the Middle East and Europe in the early days along the Silk Route. It further spread to
the Western world after European trade was established with China during the 17th century. However, TCM has often
been viewed by the mainstream medical profession with skepticism and it has never been widely applied in the modern
Western context. Nevertheless, the last few decades have witnessed the movement toward alternative and complementary
approaches to conventional medicine and it has notably changed the landscape of health care. There is an increasing inter-
est in understanding and using TCM along with mainstream medicine. The resurgence of interest and desire for knowledge
about the application, safety, and efficacy of TCM is now seen around the world and the impact cannot be ignored.
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2.1.1 Fundamental Principles of TCM

Like many other traditional medicine systems, TCM was developed under the influence of the philosophical framework
that tried to explain the observations of events in the universe and the intertwining relationship among them. As a result,
many medical principles were lent from the philosophical thinking of the early time. Thus, the concept of TCM is
underpinned by the ideology of holism. The human body is viewed as a “small universe” (versus the surrounding envi-
ronment—the greater universe) which is composed of organs, tissues, and vital substances, each having its own unique
functions but yet they are correlated in a mutually interdependent manner with one another. Different parts of the body
are perceived to be interconnected by a complex, yet invisible, channel system known as the meridians, and the entire
body is nourished by the presence of vital substances, such as Qi (which has no counterpart in modern medicine but is
often perceived as a form of vital energy necessary to keep the body alive), blood, and body fluids. Analogous to an
idealistic world in which all components are interacting with one another in a dynamic and harmonious manner, good
health is seen as a result of internal balance among various organs, tissues, vital substances, and emotions, as well as a
harmony between men and the environment. Only in a balanced (homeostatic or equilibrium) state can the body func-
tion normally to maintain a healthy condition; and any disturbance of the harmony will lead to illness.

Most of the knowledge about TCM has been recorded in ancient texts and many of them pass on through the ages.
The most outstanding piece of medical works available today that outlines the fundamental doctrines of TCM is the
book of Huang-di Nei-jing (“Yellow Emperor’s Canon of Internal Medicine”), which is a medical compilation com-
pleted sometime between 300 and 200 BC. The book describes the basic ideas of medical concepts and provides
surprisingly detailed medical information such as body structure, physiological, and metabolic processes, causes and
development of diseases, clinical presentations, and therapeutic approaches.

Another important piece of classic works of TCM is the Shen-nong-ben-cao-jing (“Herbal of the Divine Plowman”
AD 100—-200). It is considered the first Chinese pharmacopoeial text (Materia Medica), and perhaps the earliest herbal
book in the world, in which 365 kinds of medicinal herbs are recorded together with morphological sketches.
Interestingly, these herbs are categorized into three classes according to their therapeutic potentials and toxicity. In this
regard, modern pharmacological concepts about therapeutic application and drug toxicity seem to echo the ancient
Chinese view.

Chinese medicine is deeply influenced by two fundamental principles of the universe: the Yin—Yang and Five-
Element theories. These principles give rise to the theories and practical guidelines of TCM and they are briefly
described as follows.

2.1.1.1 Yin and Yang

In ancient China the world was seen as the interplay of a pair of opposite qualities, Yin and Yang. Thus, the daily cycle
of the sun (representing brightness and warmness, ascribed to Yang) giving way to the moon (representing darkness
and coldness, ascribed to Yin), and vice versa, provided the basis from which the principle of Yin and Yang was
developed. The interrelation between Yin and Yang is complicated. On the one hand, they are opposite in nature and
are antagonistic to each other. But on the other hand, these two elements within the same entity interact with each
other and are complementary to each other. They are also interdependent to form a unity. More importantly, Yin and
Yang are often seen to exist in a dynamic state in which they maintain an equilibrium condition. A simple expression
of the Yin—Yang relationship is presented in Fig. 2.1.

When the Yin—Yang relationship is applied to the human body and health, they are used to classify the external and
internal body structures, to explain physiological functions, to analyze clinical manifestations, to determine the etiology
of diseases, to guide diagnosis, and to direct treatment protocols. Thus, an imbalance (either excess or deficiency) of

¢ Yin (black) and Yang (white) are apparently FIGURE 2.1 A simple expression of the Yin—Yang
opposite and contrary elements. relationship.

* Theyare complementaryto each other and
bound together to form a mutual whole (the
circle).

* Theyare interconnected.

* Theyare interdependent.

¢ Theyinteractdynamically.

* Theygiverise to each other as they interrelate.
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Yin and Yang elements in an internal organ will lead to a disease state. Illnesses are therefore grossly classified into
two major types: the Yang syndrome and the Yin syndrome. The Yang syndrome is caused by an excess of the Yang
element to result in the manifestation of heat (hot) symptoms such as fever, pathogenic assault, inflammatory reaction,
and stress. On the other hand, the Yin syndrome, arising from an overwhelming activity of the Yin element, will cause
cold condition of the body such as hypothermia and general weakness. The same Yin—Yang principle also applies to
therapies. To treat Yang (hot) syndromes, herbs possessing “cold” property are used to counteract the hot condition of
the body (to “cool down” the body); by the same token, to treat Yin (cold) syndrome, herbs with “hot” property must
be employed to dispel the excessive coldness in order to reestablish a balanced condition.

2.1.1.2 The Five Elements

In the ancient world, a person’s livelihood always depended on the availability of five indispensable substances
(elements), viz. wood, fire, earth, metal, and water. Each of these substances is seen not only to possess its own unique
characteristic properties, but also to have an active and dynamic relationship with one another. Thus, they constantly
interact with each other in either a promoting (generative) or restraining (inhibitory) manner (Fig. 2.2). The doctrine of
Five Element thus describes two cycles, a promoting cycle and a restraining cycle, of interactions between the elements.
Within Chinese medicine the effects of these two main relations are elaborated to explain how different parts of the
body work and how diseases are formed. The concept is further extended to guide the selection of treatment
strategy. For example, the five major visceral organs (i.e., heart, liver, spleen, lung, and kidney) are mapped onto the
five elements with the notion that the former interplay with each other in the same manners as the latter. Each of the
five visceral organs is seen to possess properties similar to one of the five elements, and therefore, correlations between
the functions of the five visceral organs and attributes of a particular element can be established. Thus, the kidney cor-
responds to the element of water because it regulates water metabolism; liver is associated with the element of wood
because of its ability to promote the flow of Qi just like plants flourish during the spring season; and the heart belongs
to the element of fire because of its role to circulate the blood in order to keep the body warm, like fire producing heat.
In clinical terms, the function of the kidney (water) can enhance the function of the liver (wood) just like water can
help the growth of trees, and therefore, in order to treat diseases caused by the weakened liver, herbs may be given to
nourish and strengthen the kidney functions. On the other hand, in the case where the liver (wood) is exceptionally
strong and overacts to restrain the normal functions of the spleen (earth), treatment would focus on either calming
(reducing) the liver activity and/or strengthening the spleen function in order to counteract the subduing action of the
liver. To this end, it is well known that, apart from the control of clinical symptoms, Chinese medicine regime often
aims at the modification of the functions of internal organs that may not be directly involved in pathological changes.

Promotion Restrain
(generation) (inhibition)

FIGURE 2.2 Dynamic relationships among the five elements and the major visceral organs.
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2.1.2 Practice in Traditional Chinese Medicine

TCM embraces a holistic approach to prevent and treat diseases. It seeks to restore Qi (energy) and to strike for a
balance among different components within the body through the use of a variety of modalities and therapies. While
the best-known approaches are the use of medicinal herbs (herbology) and needles (acupuncture), others include moxi-
bustion, medical massage and manipulation, cupping, exercise therapy, dietary therapy, and bone-setting techniques.
Regardless of the therapeutic type used, they are all guided by the same fundamental set of theories.

In terms of therapeutic applications, the use of herbs is the major and most important approach in TCM.
The Chinese herbal prescriptions normally compose of several herbal ingredients to make up the so-called poly-
prescription or multi-item medicinal formula. There are altogether over 10,000 standard prescriptions, which the herbal
doctors may modify to suit individual needs of the patients. Each prescription is made up by one or more primary herbs
which are responsible for the main therapeutic effect. Other herbs are added for secondary purposes such as enhancing
the effect of the primary herbs, harmonizing the properties of the ingredients, reducing side effects, or improving the
palatability of the prescription. Most often, the mixture is boiled in water to make a decoction (concoction) and taken
orally. Other forms are available for topical or suppository applications. Modern pharmaceutical products are also avail-
able nowadays as pills, powders, extracts, soluble granules, tablets, capsules, syrups, and oral liquids.

Apart from using herbs as therapeutic drugs, some of them can be used in making medicinal diets, often referred to
as dietary therapy. It is believed that a combination of food and herbs in the diet would have particular benefits,
produces beneficial physiological responses, and restores internal balance. Dietary therapy involves careful selection
of foods and herbs to treat mild visceral disorders, or address mild conditions of excess and deficiency. In addition,
certain foods and herbs are applied during different seasons to provide counteracting effects in order to resist any
undesirable impacts caused by environmental and weather changes. Good dietary practice is considered essential to
assure a healthy life and longevity.

The last decades have witnessed a rapid growth of the health-food industry all over the world, in which the so-called
functional foods, dietary supplements, or nutraceuticals are dominating the markets. Chinese medicinal herbs serve as
important source materials for the production of many herbal health-foods. Indeed, many claims of health-food products
are made on the basis of TCM theories, such as the energy-enhancing effect of ginseng root, blood-nourishing function
of angelica root, and general health-promoting action of astragalus root.

2.1.3 Chinese Medicinal Herbs

The Chinese herbs are classified according to their ability to affect any of the functional status of the organs (such as
reinforcing the Yang of the kidney or replenishing Qi of the lung) or to counteract the perceived pathological factors—
the “evils” (such as dispelling excessive coldness from the stomach or calming the fire in the heart). Each herbal drug
is characterized by specific properties that are correlated with their ultimate clinical effects. In general, drug properties
are described in terms of their taste (viz. bitter, sweet, acrid, salty, and sour) and nature (viz. hot, cold, warm, or cool).
They are then correlated to the therapeutic effects.

The principle of “opposite” applies in the selection of herbs. Huang-di Nei-jing states, “If the disease is due to
excessive coldness, warm it; if the disease is due to excessive hotness, cool it.” And the Herbal of the Divine Plowman
echoes this, saying “Cure cold diseases with warm medications, and cure hot diseases with cold medications.” On the
other hand, experiential evidence has shown that each of the five tastes of the herbal drugs indicates a generalized thera-
peutic effect. For example, sweet drugs are tonics (substances taken to gain vigor or well-being of the body) and they
can be used to treat various symptoms of deficiencies concerning Qi, blood, Yin or Yang. Thus, the Chinese/Korean
ginseng (Panax ginseng) root, which possesses a sweet and slightly bitter taste and has a warm nature, is useful to
nourish Yang function, to dispel coldness and to warm the body. On the other hand, the American ginseng (Panax
quinquefolium) root is sweet and slightly bitter but it has a cool nature; it is therefore suitable for use to nourish Yin
function and to remove excessive heat from the body. Some examples of commonly used Chinese medicinal herbs are
included in Table 2.1.

The plant kingdom is a rich source of natural chemical substances, many of which have been found to be important
natural pharmaceutical agents (such as caffeine, digitoxin, morphine, and paclitaxel). It is therefore not surprising that
Chinese medicinal herbs constitute a vast pool of pharmacologically active chemical compounds. Indeed, through
Pharmacognosy research, a number of active principles have been identified from Chinese medicinal herbs. These bio-
logically active natural products not only provide evidence, at least partially, for rational use of the medicinal herbs, but
also serve as drugs or templates for chemical modification into useful drugs. For example, ephedrine from Ephedra
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TABLE 2.1 Examples of Commonly Used Chinese Medicinal Herbs

19

Botanical Name Medicinal Part Nature Taste Major Effect

Angelica sinensis Root Warm Acrid and sweet Blood tonic

Artemisia capillaris Above-ground parts Cool Acrid and bitter Diuretic and clear heat
Astragalus membranaceus Root Warm Sweet Tonify Qi

Atractylodes macrocephala Root Warm Sweet and bitter Tonic; diuretic
Bupleurum chinense Root Cool Bitter Clear heat
Chrysanthemum morifolium Flower head Cool Sweet and bitter Clear heat
Cinnamomum cassia Young stem Warm Acrid and sweet Diaphoretic

Citrus reticulata Fruit rind Warm Acrid and bitter Regulate Qi
Codonopsis pilosula Root Neutral Sweet Tonify Qi

Coptis sinensis Rhizome Cold Bitter Clear heat

Crataegus spinnatifida Fruit Warm Sweet and Sour Digestive; stomachic
Ephedra sinica Stem Warm Acrid Diaphoretic

Fritillaria cirrhosa Corm Cool Bitter and sweet Antitussive; expectorant
Glycyrrhiza uralensis Root Neutral Sweet Tonify Qi

Lonicera japonica Flower Cold Sweet Clear heat

Panax ginseng Root Warm Sweet; slightly bitter Tonify Qi

Poria cocos Fungal body Neutral Sweet Diuretic

Prunella vulgaris Inflorescence Cold Acrid and bitter Clear heat

Prunus armeniaca Kernel Warm Bitter Antitussive

Rehmannia glutinosa Root (raw) Cold Sweet Clear heat; cool blood
Rehmannia glutinosa Root (steamed) Warm Sweet Tonify Yin; blood tonic
Rheum palmatum Rhizome Cold Bitter Purgative; Laxative
Salvia miltiorrhiza Root Cool Bitter Promote circulation; tonify blood
Zingiber officinale Rhizome Warm Acrid Dispel cold

Ziziphus jujuba Seed Warm Sweet and Sour Tonify Qi; sedative

sinica is a sympathomimetic agent used as a central nervous system stimulant, artemisinin is an antimalarial drug
obtained from the Artemisia annua herb, and camptothecin is an antitumor agent discovered from the tree Camptotheca
acuminata (Fig. 2.3).

2.1.4 The Way Forward

Over the last few decades, the world has witnessed the rapid and continuing growth of interest in TCM. The recognition
that conventional medicine fails to offer satisfactory cure to many diseases (such as allergies, autoimmune diseases,
chronic pains, and cancers) and that many drugs even have marked side effects have turned many attentions to search
for alternative therapies and herb-based supplements. The movement is expedited by the increasing awareness of health
issues, consciousness in disease prevention, and preference in improvement of the quality of life.

While Chinese medicine is a viable approach that holds great promise to improve people’s health, there remains a
clear and urgent need for a stronger evidence base to ensure and support the continuing development of this traditional
medicine in modern societies. Some important issues are highlighted below.



20 PART | I Pharmacognosy 101

* Found in Ephedra sinica (Ma-Huang)

* Acts as a sympathomimetic agent

* Used as a central nervous system stimulant

* A stereoisomer, pseudoephedrine, is a nasal decongestant

* Found in Artemisia annua (Qing-Hao)

* Acts against the malaria parasite, Plasmodium falciparum

* Used as an antimalarial drug

* Analogs such as artemether and artesunate are also used in malarial
therapy

*  Found in Camptotheca acuminata (Happy Tree)

* Acts as aninhibitor of topoisomerase |

* Useful as an anticancer drug

* Two analogs,topotecan and irinotecan, are used in cancer
chemotherapy

Camptothecin

FIGURE 2.3 Examples of active compounds found in Chinese medicinal herbs.

2.1.4.1 Clinical Evidence

In this era of evidence-base medicine, the biggest challenge to Chinese medicine is perhaps how to provide clinical
evidence that is properly assessed. There is no doubt that a vast body of literature is available on the clinical outcome
of Chinese medicine, but it is less clear what level of evidence it represents and how it can be properly assessed. It is
therefore important to develop reliable and practical protocols to ensure the quality of clinical research on Chinese
medicine so that the efficacy can be convincingly demonstrated.

2.1.4.2 Scientific Research

Developed largely on experiential basis, Chinese medicine is facing fierce challenges to demonstrate its safety, the
mechanisms of action, and quality of the herbal products. In this respect, vigorous research is needed to confirm
the evidence-based efficacy, to elucidate the mechanisms of action, to define pharmacological and toxicological
profiles, to evaluate the safety, and to ensure the quality of the medicinal products.

2.1.4.3 Regulatory System

In the market, the quality of Chinese herbal products may vary. Problems include inconsistent composition, batch-to-
batch variation, misleading labels, contamination, adulteration, and inclusion of undisclosed pharmaceutical ingredients.
The situation has resulted in part from the lack of adequate regulations and policies. It is anticipated that many of these
problems can be corrected under a well-planned regulatory framework.

2.1.4.4 Education

The strong consumer demand on alternative therapies including Chinese medicine requires better education and dissem-
ination of information to the general public. For example, consumers’ awareness of potential adverse reactions and
herb—drug interactions associated with certain herbal products has to be raised. On the other hand, the mainstream
medical professionals also need to receive adequate education about this kind of alternative therapy and to learn how to
assess critically the validity of its claims.
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2.2 THE INDIAN SYSTEMS OF MEDICINE

The health-promotive, preventive, and curative properties of herbs were recognized by the ancient sages and physicians
of India to form the theoretical and conceptual foundations of the Indian Systems of Medicine. Deeply rooted in the
traditions, culture, civilization, and religion of the people, these medicine systems can be broadly classified into two
categories, the classical and the traditional systems. Among the “classical” Indian systems are Ayurveda, Siddha,
Amchi, Unani, Yoga, and Naturopathy. They are universal in character and are neither location- nor language-specific.
All these systems are supported by well-codified written treatises. The practitioners of these systems were trained under
mentors in the old days and now in the schools of medicine. On the other hand, the “traditional” system of Indian medi-
cine is oral in character, location- and community-specific, often only practiced by certain ethnic groups, families, or
individuals. They are represented by the tribal, folkloristic, local health, and household remedies, as well as bone
setters, practitioners in treatment of poisonous bites, and birth attendants.

2.2.1 Ayurveda

Ayurveda deals with the physical, mental, and spiritual world of mankind. It identifies man as an integral part of nature
and stresses the necessity of maintaining harmony with all living and nonliving components of the surroundings (such
as air, soil, and water). Ayurveda is a prevention-oriented holistic science of natural healing developed by the great
masters of India. The term Ayur refers to “life” and Veda means “science,” and thus translates into the “science of
life.” Ayurveda accomplishes its goal by treating diseases as well as coordinating the body, mind, and soul nexus with
the help of vegetarian diet, medicinal herbs, exercise, and meditation. The origins of this science, though difficult to
pinpoint, have been placed by Indian scholars somewhere around 6000 BC. According to the different interpretations
made by the various scholars of Ayurveda, a number of treatises were derived.

The treatises of Charaka Samhita describe fundamental physiology, anatomy, etiology, and pathogenesis of diseases,
as well as diagnostic criteria, treatment protocols, and prognosis. In addition, it describes the principles of prevention
and social behavior conducive to emotional and physical health. There are detailed descriptions of treatments through
the use of medicinal plants in the elimination (by the administration of carminatives, digestives, etc.) and rejuvenation
therapies.

Sushruta is considered the father of surgery (particularly of plastic and reconstructive surgery). The Sushruta
Samhita thus contains detailed descriptions of over 1000 surgical instruments including scalpels, scissors, forceps, and
specula, and it includes procedures for the treatment of fractures, wounds, plastic reconstructions, abscesses, cesarian
(legends relating to the birth of Buddha appear to indicate that he was born at a cesarian section), and bowel surgery.
Anatomic details and their pathological alterations, embryology, toxicology, and therapeutics are impressively narrated.

2.2.1.1 Basic principles of Ayurveda

The following concepts in Ayurveda guide the preventive, health-promotive, and curative aspects of the practice.

2.2.1.1.1 The Three Principles of Nature

Satwa, Rajas, and Tamas are said to be the essences of nature in which all physical and physiochemical energies are
included. Thus, energy existing in all matters is due to Rajas, resistance and stability of matters is due to Tamas, and all
conscious manifestation of matters is due to Satwa. In nature, these three principles always exist in an interdependent
manner.

2.2.1.1.2 Five Gross Elements

The five gross elements are earth, water, fire, air, and space. Creation of all forms of life is credited to these
elements. The qualities of the five elements and their properties are given in Table 2.2.

Diseases are said to occur in the human body due to the imbalance of the five gross elements caused by a variety of
reasons. Therefore, the main objective of the treatment is to restore the balanced state. To detect this imbalance due to
the five gross elements, Ayurveda established the three humors, vital organs, and excretory products theories.

2.2.1.1.3 Three Humors

The three constituent humors are Vata, Pitta, and Kapha. These three concepts are broadly comparable to the modern
concepts of motion, energy, and inertia. The concept of the Kapha Dosha (inertia) helps in synthesizing the building
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TABLE 2.2 Five Gross Elements and Their Qualities

Five Gross Elements Properties

Earth Hardness, grossness, inertia, compactness, smell

Water Coldness, fluidity, viscosity, softness, unctuousness, taste

Fire Heat, color, form, lustier, digestive power, mental faculties, anger, velour, vision

Air Movement, lightness, impulse, all functional activities in the organism, all vibrations, sense of touch
Space Porosity, vacuum, sound, power of differentiation, hearing

blocks of cells and thus deals with cellular and intracellular structures of the human body. It is responsible for support
to, and stability of, the body. Pitta Dosha (energy) refers to the energy state of the body and is concerned with the meta-
bolic and biochemical processes which generate heat and energy. The function of the Vata Dosha (motion) is to regulate
the proper use of energy by the different cellular structures. Ayurveda describes the Vata Dosha as the controller of the
other two Doshas. The relationship between the five gross elements and the three humors is as follows: Space and Air
are predominant in Vata; Fire in Pitta; Water and Earth are predominant in Kapha.

2.2.1.1.4 Vital Organs/Tissues

There are seven vital organs derived from the functional units of the three humors; they include bone tissue, blood,
body fluids, muscular tissue, adipose tissue, nerve tissue, and bone marrow. The generative organs include sperm and
ovum.

2.2.1.1.5 Excretory Products

This concept deals with the waste products of the body. The foods consumed by the human body bring into existence
and build further the seven vital organs/tissues. During the metabolic process, each organ produces a specific waste
such as stool, urine, and sweat. Health according to Ayurveda is thus a balanced inter—intra state of all the three
humors, vital organs, and excretory products. However, these are subjected to quantitative and qualitative alterations.

2.2.1.2 Pathogenesis of Diseases and Principles of Treatment in Ayurveda

An individual is said to be born with a predominance of a particular humor which contributes to his constitution. Apart
from genetic influence, a person’s constitution is also affected by age, environment, and diet. Thus, depending on the
excess of any one of the three humors, a person would have one of the following constitutions: Kapha, Vata, or Pitta.
Constitution is said to sometimes decide the susceptibility of an individual to a disease. For example, individuals with a
Pitta nature are more prone to develop diseases with symptoms similar to peptic ulcer. Such a medical view is not
unique to Ayurveda. The Yin/Yang theory and the Hippocratic theory of four humors in Greek medicine have a similar
approach. The treatment is thus aimed at not only curing the disease but also enhancing the body vitality to minimize
the chances of a relapse. The different modes of treatment offered by Ayurveda include dietary alterations, drugs, exer-
cise, surgery, and stress management.

2.2.1.2.1 Diet

Ayurveda has laid great emphasis in the diet both for its direct effects on the physiological state of an individual and
also for its influence on drug action. A proper assimilation of the dietary constituents is essential for the maintenance of
good health. Improper assimilation or formation of intermediate products of digestion has toxic properties and they are
treated as foreign compounds by the body. Specific diets have been prescribed for psychiatric disorders. Recent
evidence indicates that brain levels of neurotransmitters such as serotonin, catecholamine, and acetylcholine can be
influenced by dietary constituents. Consequently, it has been suggested that normal brain functions and mental diseases
can be altered by diet. Ayurveda prescribes certain diets during drug therapies as dietary constituents are believed to
influence drug action.
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2.2.1.2.2 Drugs

Drug therapy is well-developed in Ayurveda. There are at least 70 books containing up to 8000 recipes for the prepara-
tion of drug combinations. The drugs used are derived from a wide range of plant materials, animals, and minerals. Rig
Veda is the oldest literary document that presents the knowledge about medicinal herbs. Ayurvedic pharmacology
explains the qualities and properties of drugs in terms of its taste, potency, metabolism, specific potency, and the other
properties. Detailed guidelines are available on locating, collecting, and identifying medicinal plants for the preparation
of drugs.

Many formulations ranging from simple distillates, decoctions, linctus, and powders to elaborate pharmaceutical pre-
parations like pills, fermented products, and medicated oils are available. Ghee medicated with herbs and medicated
oils are attractive techniques which use the process of incorporating drugs in oily particles to their site of action.
Another practice in Ayurvedic medicine is that of administering drugs in combination in order to reduce toxicity and
increase efficiency.

Drug therapy in Ayurveda is highly individualized. Thus the choice of drugs as well as their doses is not only influ-
enced by the disease state, but also by the constitution of the patient and the environmental conditions which are likely
to affect the balance of the humors and hence the response to the drugs. Piper longum and Zingiber ofiicinale, e.g., can
increase the Pitta humor and must be used cautiously in individuals with a Pitta constitution.

Many plant preparations are prescribed to strengthen the general host resistance. These drugs are called Rasayana,
Jeevanya, and Balya drugs, all of which increase tissue resistance to disease. For the promotion and maintenance of
positive health and prevention of disease, Ayurveda prescribes the observation of certain principles: daily routine,
nightly routine, seasonal routine, and the ethical routine, and also emphasizes that one must follow a regulated diet,
sleep, and regulated gratification of sex. Thus, Ayurveda is not merely a medical science but a way of life.

2.2.1.3 Ayurvedic Concepts in Modern View

Experimental studies on some of the concepts of Ayurveda have pointed to the assumption that Vata, Pitta, and Kapha
are neuron-humors liberated by the brain and its nerve endings. For example, Vata has been equated to acetylcholine
liberated by the cerebral cortex and peripheral and parasympathetic nerve endings; Pitta with catecholamines liberated
by the hypothalamus, sympathetic nerve endings and the adrenal medulla; and Kapha with histamine secreted by the
brain stem. The drugs, when administered, can act by promoting or destroying the respective humors. It was also
observed that a person with Vata humor is lean with an excess of acetylcholine, that of a Pitta humor is muscular with
an excess of catecholamines, and Kapha humor has a heavy body with an excess of histamines.

However, such studies lead to the path of Western medicine leaving the much acclaimed holistic approach to total
neglect. Hence, if Ayurveda has to sustain itself, it is essential to retain its concepts and plurality of outlook on health
and disease in its original form.

2.2.2 Siddha

Siddha is a system of medicine that is of truly Indian origin. It is practiced in the Tamil-speaking areas of southern
India. The principles and doctrines of the Siddha system have a close similarity to Ayurveda with specialization in
iatrochemistry. Mercury, sulfur, iron, copper, gold, bitumen, white-, yellow-, and red-arsenic, and other minerals as
well as vegetable poisons, marine and, animal products are extensively used in Siddha tradition.

Even though Siddha bears a close resemblance to Ayurveda, the evolution of this medicine system in a different
environment led to its own merits. Many diseases not mentioned in the Ayurvedic texts and many potent remedies are
included. While Ayurveda does not make use of plants like Acalypha indica, Dichrostachys cinerea, and Mukia mader-
aspatana, they are profusely employed in Siddha medicine for a variety of purposes.

2.2.3 Otbher Classical Indian Medical Systems

The Unani medicine system was introduced to India about a thousand years ago by the Muslims and became indigenous
to the country. It is now practiced in the Indo-Pakistan subcontinent. The Unani physicians who settled in India have
added new drugs to the system and therefore the Unani system practiced in India is somewhat different from the
original Greek form.

The Amchi system of medicine, also known as the Tibetan System, is practiced in northern India and some other
regions of the Himalayas particularly by the Buddhists. This system traces its origin to Ayurvedic system to include
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treatments by herbs, minerals, animal organs, spring and mineral waters, puncturing of veins, mysticism, and spiritual
powers.

Naturopathy (natural cure) is not only the system of treatment but a way of life. It is often referred to as drugless
treatment of diseases. Naturopathy is based on the ancient practice of simple laws of the nature. This system is closely
allied to Ayurveda as far as the fundamental principles are concerned.

2.2.4 Tribal Medicine and Local Health Traditions

The Indian subcontinent is inhabited by over 53 million tribal people belonging to 550 communities that come under
227 linguistic groups. They inhabit varied geographic regions and climatic zones and live in perfect harmony with the
ecosystem. Magico-religious beliefs predominate their way of living. The tribal people have acquired unique knowledge
about the flora and fauna by empirical observation and reasoning. They have perfected simple but effective remedies to
treat common ailments as well as methods to improve vigor and vitality. The resource base of their traditional remedies
is mainly plants. Animals and minerals also find their use to certain extent.

Apart from the tribal communities, the rural population of India, living in the villages, make use of a large number
of plants found in their neighborhood for treatment of a variety of ailments. This knowledge system mainly consists
of household remedies and finds application especially in the mother and child care and in the treatment of simple
ailments such as fever, cough, diarrhea, cut wounds, and sprains.

The Local Health Tradition system is widespread in India. The carriers of these traditions are housewives, traditional
birth attendants, bone setters, practitioners skilled in acupressure, ophthalmic physicians, dental physicians, veterinary
physicians, and village herbal medicine workers.

2.2.5 Current Status of Medicinal Plant and Natural Product Research in India

In India there are over 300,000 registered Ayurvedic medical practitioners, over 20,000 dispensaries, 2000 hospitals,
187 undergraduate teaching Institutions, 51 postgraduate departments, and 8400 pharmacies manufacturing Ayurvedic
medicines.

Several government and private institutions have been established exclusively for research on medicinal and aro-
matic plants. Over the years, these institutions have generated a wealth of information on the medicinal properties of a
large number of plants. In addition, they have been successful in introducing a number of scientifically validated herbal
remedies into the Indian market. Representative medicinal plants on which significant research leads have been
obtained in the Indian laboratories are listed below:

Picrorhiza kurroa—Antihepatotoxic
Phyllanthus amarus—Antihepatotoxic
Andrographis paniculata—Antihepatotoxic
Curcuma longa—Anti-inflammatory, anticancer
Withania somnifera—Adaptogenic

Acorus calamus—Tranquilizer

Sida rhombifolia—Anabolic

Albizia lebbeck—Immunomodulator

Trichopus zeylanicus—Immunomodulator
Valeriana wallichii—Tranquilizer

Some important plant-derived drugs manufactured in India include etoposide, tenoposide, vincristine, vinblastine,
quinine, taxoids, ajmaline, ajmalicine, morphine, codeine, papaverine, thebaine, emetine, digoxin, caffeine, hyoscya-
mine, hyoscine, xanthotoxin, psoralen, rutin, colchicine, berberine, strychnine, brucine, ergot alkaloids, senna glyco-
sides, artemisinin, etc.

2.2.6 The Way Forward

With India being a melting pot of different cultures—Dravidian, Aryan, Greek, and Islamic—each ethnic group
developed and nurtured its own system of medicine. Thus in the Indian subcontinent, we can trace the origin and devel-
opment of four classical systems of medicine, namely, Ayurveda, Siddha, Unani, and Amchi, each having its own theo-
retical and philosophical back grounds and therapeutic regimes. However, since these systems have coexisted in India
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for several centuries, they have liberally drawn and assimilated the best from each other, thus promoting the harmonious
growth and popularity of each system. After independence, the Government of India promoted the Indian systems of
medicine through the Department of AYUSH (Ayurveda, Yoga and Naturopathy, Unani, Siddha, and Homeopathy).
This Department was created in 2003 with a view to providing focused attention to the development of education and
research, quality control and standardization of drugs, in providing the availability of medicinal plants, and research
and development using state of the art scientific and technological knowledge and tools. Thus, Indian systems of medi-
cine are growing in a big way gaining popularity not only in the Indian subcontinent but also internationally.

2.3 AFRICAN TRADITIONAL MEDICINE

African traditional medicine is a diverse and multifaceted knowledge system, which remains largely transmitted from
generation to generation in oral form. As much as Africa is a large continent uniting very different cultures and ethnic
groups, traditional medical knowledge combines many global and local elements.

This section highlights the more common hallmarks of traditional medicine, explains the context and the different
types of healing practices, and discusses some aspects of African traditional medicine having its rightful place in
primary health care and health innovation.

2.3.1 The Context of African Traditional Medicine

Across Africa, healing and care are placed in the context of “Ubuntu” or “Botho” as it is called in Botswana. Both
terms describe a philosophy that emphasizes human relatedness, socially, with the natural environment, and with
the spiritual world. As a consequence of this relatedness, “Ubuntu” is based on certain values, such as generosity,
hospitality, loyalty, honesty, and respect for elders, ancestors, nature, and God.

The implication of “Ubuntu” for healing is that there has to be a holistic approach to human conditions and health
restoration, an approach that considers not only symptoms of a condition and medication to address them, but also the
root cause of disease and preventative measures encompassing social or pathogenic aspects of diseases.

The example in Box 2.1 illustrates this point. Health seeking is often coded and the traditional healer has to decode
before addressing physical issues. At the same time a social dimension has to be considered before health can be fully
restored. This social dimension recognizes that health matters are sometimes private and complex, hence the need to
negotiate in codes in order to avoid stigma and embarrassment—a critical aspect of “Botho.”

BOX 2.1 Backache—How are things at home?

Dikaelo Ndozi, an old healer in Maun, Northwestern Botswana, who has been a healer in the seventh generation of his family,
told us about a certain medicinal plant he uses for treatment and he mentioned backache as indication. He explained: “When a
man comes to me and complains about backache, 1 first ask him ‘how are things at home?” He most likely does not suffer from
backache. A man will use backache as a code that his love life is not intact. He will need something that heals impotence or if
he has a sexually transmitted infection (STI) things are a bit tricky. His partner also needs treatment. He needs advice on how to
handle this situation.”

2.3.2 The Principles of African Traditional Medicine
2.3.2.1 Concepts of Diseases

The basic concept of disease in African healing is that no one becomes sick without a reason. Conditions are seen as
consequences of an imbalance either in social relations, human/nature relations, or human/ancestral relations.
Therefore, measures for treatment and cure need to address not only symptoms but also the imbalances themselves.

Often one can distinguish two dimensions of disease causality: a proximal cause which addresses how a specific
disease has been contracted, and secondly an ultimate cause which accounts for why a disease has inflicted a particular
person. A mother may accept that her child has diarrhea because flies settled on his food (proximal cause), but she also
want to establish who sent the flies to harm her child (ultimate cause).
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A good healer is therefore a person who knows effective medicines, but at the same time has an intimate under-
standing of the relation of his/her client and the world around him/her. More concretely, three general categories of
causes leading to diseases can be distinguished, which are often related to each other.

2.3.2.2 Contact With Pollutants

It is well understood that people are exposed to pollutants originating in their environment, which can cause infection
and contagion. That understanding of proximal causes actually predated the arrival of Western biomedical concepts.
Pollutants are seen to accumulate in body fluids, such as semen, menstrual blood, blood in general, secretions, and dis-
charges. Therefore much attention is given to practices whereby such body fluids are exchanged. Additionally, death is
also considered as a form of pollution affecting the social environment of the deceased. Protection is sought through
sets of behavioral codes of conduct (“taboos”) which need to be observed and by taking protective measures in the
form of taking cleansing medicines or undergoing cleansing rituals.

2.3.2.3 Violating Taboos

Taboos are sets of rules to control exposure to pollutants and to avoid imbalances. In the African context taboos are
often related to sexual conduct, food, and taboos to maintain maternal health.

Sexual taboos, for example, include that no sexual intercourse should happen if a woman has her menstruation, has
had an abortion, or has recently miscarriaged. Here the intention is to reduce exchange of body fluids which could be
sources of pollution and therefore lead to infections. Other sexual taboos seek to prevent sexual intercourse with a per-
son who has recently become a widow or a widower. The rationale is to maintain psychological stability by allowing
grief to occur and to become ready for new relationships.

Food taboos include abstention from consumption of certain foods, which might have hygienic or cultural reasons.
For example, communities in Botswana are often aligned to a “Totem” animal, such as a crocodile or a type of ante-
lope. Members of that community are not allowed to eat the meat of their “Totem.” Maternal health taboos can include
restrictions on food intake in order to ensure the normal development of the baby. Other taboos prescribe a confinement
of the mother for a period of time to the house in order to give mother and child the opportunity to adjust to the new sit-
uation and also to reduce exposure of the newborn to potential infective agents as a consequence of a highly interactive
environment.

Essentially, taboos mediate basic hygiene procedures and help to avoid psychological disturbances that may lead to
mental conditions. Obedience to taboos strengthens the life force and health, while disobedience weakens it. Diseases
inflicted through violation of taboos require treatment regimen that involve general and specific cleansing procedures
performed by traditional healers.

2.3.2.4 Imbalance With Ancestral World

Good health and well-being is related to appropriate behavior in accordance with the values of “Ubuntu” that emphasize
respect for other human beings, nature and ancestors. When ancestors are disrespected, neglected, or forgotten they can
punish with diseases. Mitigation can only be achieved by prescribing medicines, specific foods, or beverages thought to
restore the lost connection to the ancestral world. The domain of mental conditions often falls in this category.
Concepts of infection and contagion, often perceived as sole domains of Western biomedicine, do exist in African
traditional medicine and are incorporated in the fabric of proximal and ultimate causes. An example illustrating this
point is a condition, which is called “Seswagadi/Boswagadi” in Setswana, the local language of Botswana (Box 2.2).

BOX 2.2 The condition of “Seswagadi/Boswagadi”

According to traditional healers of North Western Botswana “Seswagadi/Boswagadi” is an STI. Its symptoms include stiffness of
the neck, severe headache, and patients often cannot walk upright. As these symptoms do not constitute the classical hallmarks
of STls, and even children can be affected, we asked healers for clarification. They explained that the disease is a consequence
of a violation of certain sexual taboos, such as having had intercourse with a woman who had her menstruation or with a
woman whose partner had recently died or had a miscarriage. A person who has violated the taboos might get “Seswagadi/
Boswagadi,” which can be fatal if left untreated. According to the healers the condition is highly contagious. If one sits on the

(Continued)
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BOX 2.2 (Continued)

same chair as the “Seswagadi/Boswagadi” patient, the person will suffer from the condition as well. Even children might
acquire conditions as a consequence of exposure to “Seswagadi/Boswagadi,” with its own set of symptoms. Treating this
condition is considered as a domain of traditional healers who will prescribe in most cases a combination therapy consisting of
herbal medicines taken orally and for bathing with the purpose of general cleansing. Often all immediate contact persons of the
“Seswagadi/Boswagadi” patient are included in the therapy.

Interestingly, HIV/AIDS was initially considered by many healers as a form of “Seswagadi/Boswagadi.” Its cause was consid-
ered as a violation of sexual taboos by being too promiscuous. The condition was seen as contagious and being transferred
through exchange of body fluids and treatment was recommended urgently. Even though healers might not have had a concept
of viral infection, important aspects of HIV/AIDS were grasped and could have been incorporated in a comprehensive health
response.

This condition is not an STI in the sense of the biomedical concept where a pathogenic organism is the disease-causing
agent. Nevertheless, traditional healers subsume “Seswagadi/Boswagadi” under this category of diseases as the condi-
tion arises through sexual intercourse in a context where sexual taboos have been violated. The condition is contagious.

Having explained the connection of disease causes and imbalance in social and ancestral relations, it does not mean
that all conditions require a systemic approach to health restoration addressing the spiritual/ancestral domain. Concrete
physical procedures, such as blood-letting, small operations, healing of bone fractures, opening abscesses, treating
wounds, managing cough and asthma, treating headache/migraine, heart palpitations, stress-related conditions, and high
blood pressure, are daily practices of traditional healers. Furthermore, traditional birth attendants are very active in vari-
ous communities providing valuable services to pregnant women, before, during, and after delivery.

2.3.2.5 Witchcraft

During colonialization and with the arrival of Christian missionaries, African traditional healers were derogatorily
labeled as “Witch doctors” practicing “Witchcraft.” Most serious traditional healers would outrightly reject such an
association. However, generally no one would object to the fact that witchcraft exists. For example, illness can be
inflicted by people (relatives, neighbors, other community members) who have been offended by a victim’s behavior.
“Witchcraft” is therefore seen as a possible ultimate cause for ill health, which can only be counteracted by certain
rituals that deflect witchcraft and strict obedience to the norms of appropriate behavior.

2.3.3 Different Types of Traditional Healers

Given the above discussed concepts of diseases it follows that traditional healers in Africa need to unite a range of skills
which include a good understanding of nature and its resources, excellent social skills, and the ability to relate with the
ancestral world in order to exercise their profession.

However, during colonialization with the advent of missionary churches and the establishment of formal education,
traditional healers have evolved into internally differentiated groups. The spectrum includes herbalists, who only use
medicinal plants for healing practices. There are “diviners”—healers who use a set of bones which allow communica-
tion with ancestors and which is used for diagnostic purposes. Diviners often act on the basis of dreams during which
communication with ancestors occurs. Finally there are faith/prophetic healers.

The example of British-colonialized Botswana may help to understand why these separate groups of healers have
emerged. Early missionaries in Botswana considered traditional healers who communicated with ancestors as sorcery,
un-Christian and evil. These “diviners” were regarded as heathens and their practice was associated with witchcraft.
Herbalists on the other hand, since they used natural herbs only, were not seen as interfering or contravening the con-
cept of God. Efforts to eliminate traditional healers who are able to communicate with ancestors culminated in the
Witchcraft Proclamation Act of 1927 in Botswana, which banned all divining activities, while herbalism was permitted.
This separation undermined the totality of belief systems which considered diseases as a consequence of an overall
imbalance between the natural and the spiritual world.

However, even after centuries of efforts to eliminate the spiritual aspects from traditional healing, the proportion of
“diviners” is still relatively high. But the banning of their activities has created new spaces of healing practices for
churches and faith/prophetic healers to come into and compete for health-seeking choices. In difficult socioeconomic
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conditions the demand for traditional healing interventions are increasingly sought by workers, the unemployed, the
poor, but also by the upper class to secure protection and promotion.

In spite of separate groups of traditional healers, there also exists a continuum of practice. Faith/prophetic healers
use sometimes herbs, “diviners” use bones and dreams for diagnosis but prescribe herbal treatment. Herbalists are often
guided through dreams which medicinal plants to use.

Apart from the historical differentiation of traditional healers, a specialization of healing (professionalization) has
also emerged. Traditional healers can be general practitioners, who are mostly treating routine conditions, such as head-
ache, coughs, respiratory ailments, colds, minor and/or often occurring infections, stress-related conditions, pains, high
blood pressure, diabetes, gout, diarrhea, stomach complains, and fever. Other healers are specialists. These include
traditional midwives/birth attendants; healers who treat only children (traditional pediatricians), traditional surgeons
who perform circumcisions, removal of growths (e.g., piles), tooth extractions or scarification, traditional healers who
are very skilled in treating mental conditions (“Sangomas”), and a class of healers who exclusively treat bone fractures
or dislocations in humans and animal (bone setters).

2.3.4 Medicinal Plants, Mixtures, and Combination Therapies

African traditional medicines largely remain plant-based, although some preparations include animal parts and minerals.
The mode of administration of medicines varies and includes oral ingestion, topical applications, inhalation of steam,
sniffing, and smoking or exposure of affected areas to smoke.

Mostly a mixture of different medicinal plants is prescribed. A reason for this is that in most cases patients present
to traditional healers with conditions expressing themselves through multiple symptoms. Therefore medicinal plants are
mixed in a way that all symptoms are addressed. For the same reason often combination therapies are applied which
consist of two or more different treatment regimen. For example, if a patient suffers from a boil, the patient might be
prescribed a generally “cleansing” medicinal plant preparation for oral intake, and another mix of medicinal plants for
applying topically onto the boil or for washing the affected area.

2.3.5 African Traditional Medicine in the 21st Century

Traditional medical knowledge systems are not a thing of the past. African traditional healing forms a lively part of
pluralistic primary health care systems. People prefer to consult traditional healers for certain conditions, while they
will visit local clinics for others. Looking at health-seeking choices of patients there should be mutually respectful and
trustful coexistence of traditional health practices and biomedicine.

As traditional medical knowledge has accumulated over generations there are valuable health data from patient
observations that can meaningfully contribute to drug discovery processes.

African traditional medicine has found its global market often masked by shiny presentations and packages.
Particularly for chronic diseases cosmopolitan, health-conscious people prefer more balanced therapeutics to the “magic
bullets” of biomedicine. An example is Devil’s claw (Harpagophytum procumbens), which has a huge market in
Europe and the United States as an over-the-counter medicine for arthritis and rheumatic conditions. The Devil’s claw
tubers originate from Botswana and Namibia and are exported to the health industry in Europe which adds value by
manufacturing pills and ointments. Another example is Pelargonium sidoides, a medicinal plant which is indigenous to
South Africa. A tincture of this plant is widely sold, for example in Germany under the name “Umckaloabo” for treat-
ment of upper respiratory conditions. Other important African medicines are compiled in Table 2.3.

However, Africa needs to get a better share of the health sector than just being the supplier of raw materials. Value
addition to African traditional medicines should be realized on the continent itself so that African natural resources can
lead to better means to respond to health challenges and to create revenue and employment in a lively health industry.

2.3.6 The Way Forward

Health solutions can come out of Africa. But there are problems and challenges to be overcome. Firstly, the profession
of traditional healers should be formally and legally recognized by Governments through policy and regulatory frame-
works that can also ensure a transparent system for obtaining qualifications of this profession. This is needed to reduce
the number of fake healers and business seekers.

Secondly, the persisting negative attitude to traditional medicine by Western biomedicine needs to change in order
to facilitate fruitful collaborations. What unites the two spheres of knowledge is a deep concern for the well-being



TABLE 2.3 Important African Medicinal Plants

Plant species/
Family

Ancistrocladus
korupensis

Catharanthus
roseus

Harpagophytum
procumbens

Pelargonium
sidoides

Prunus africana

Piper guineense,
Pterocarpus osum,
Eugenia
caryophyllus, and
Sorghum bicolor

Warburgia salutaris

Origin/
Distribution

Cameroon

Madagascar/
all over
Africa

Botswana/
Namibia/
South Africa/

South Africa

Tropical and
subtropical
parts of
Africa

Nigeria

Eastern and
Southern
Africa

Traditional
Medical Use

Malaria

Blood cancer
treatment;
hypotension;
diabetes; hepatitis

Allergies,
analgesia,
arteriosclerosis,
neuralgia,
myalgia, migraine

Diarrhea,
dysentery,
sexually
transmitted
infections

Genitourinary
complaints,
inflammation,
kidney problems

Sickle cell
anemia

Important tonic;
treatment of
fever, colds,
pains, headache,
chest infections
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Pharmacological Properties

Alkaloids Michellamine A—C
possess anti-HIV properties,
particularly Michellamine B is
active against HIV-1 and HIV-2.

Dimeric alkaloids
vincaleukoblastine and vincristine
have antitumor and antileukemic
properties. Reserpine and
ajmalinine have hypotensive
characteristics. Leurosine sulfate
and vindolinine have
hypoglycemic properties.

Anti-inflammatory, analgesic, and
antioxidant properties. Some
clinical studies demonstrated
efficacy in treatment of rheumatic
symptoms and osteoarthritis.

Immune stimulation/immune
modulation; antibacterial and
antiviral effects. Clinical studies
have demonstrated shortening the
duration and severity of acute
bronchitis.

Contains inhibitors of prostatic
5a-reductase. Clinical studies
revealed efficacy and safety of
Prunus extracts in treatment of
mild to moderate benign prostatic
hyperplasia.

Niprisan (also known as Nicosan)
was found in clinical trials to be
effective in reducing severe
painful crises of sickle cell
anemia.

Drimane sesquiterpenoids are
highly active against Candida
(yeast) infections and can serve as
adjunct to antibiotic treatment of
microbials that have poor
membrane permeability.

Health Products

Development suspended as
toxicity too close to desired
antiviral activity dose.

Vinblastine and vincristine for
treatment of Hodgkin’s and other
forms of lymphoma, leukemia,
Wilm’s tumor in children and
breast cancer.

Devil’s claw in the form of
tinctures capsules, and ointments

“Umckaloabo” tincture for
treatment of upper respiratory
conditions particularly for
children

Extracts and capsules for
treatment of benign prostatic
hyperplasia

Marketed in capsules for
treatment of sickle cell anemia.

Freeze-fried Warburgia leaf
tablets for treating vaginal
candidiasis

Source: Modified from African Herbal Pharmacopoeia, Association for African Medicinal Plants Standards, Graphic Press: Baie du Tombeau, Mauritius

(www.aamps.org).

of humans. On the side of traditional healers there is the need to “professionalize” their practice. For example, record-
keeping of both patient’s cases and medicines is necessary. This would help in changing entrenched attitudes that
associate traditional healing with witchcraft and superstition.

Thirdly, new forms of participatory research need to be developed to make most out the synergy of scientific
investigation and patient observation (“clinical data”) by traditional healers. Only if knowledge holders and their
communities are part of a research process, just access- and benefit sharing models can be negotiated, where
scientifically evaluated traditional medicines in local production indeed lead to revenue and employment opportunities
and to a better health for all. In this respect it is significant to mention the contribution of the World Health
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Organization Regional Office for Africa (WHO-AFRO). Through many interventions in the framework of their first
(2001—10) and second (2011—20) Decade of African Traditional Medicine many countries have now adopted national
policies on traditional medicine, formulated legal frameworks for the practice of traditional medicine, and promoted
codes of ethical conduct for traditional healers.
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Teaching Goals

Understand the various fields of science that are incorporated in Pharmacognosy.
Gain exposure to these areas with an appreciation on how they contribute to the field.
Develop an integrated view of Pharmacognosy.

Consider aspects of the sciences of Pharmacognosy for further development.

3.1 BOTANY

Plants have been used to treat a variety of maladies for thousands of years, long before there was documentation of the
plant part, the process, or knowledge of the specific bioactive compounds. As pathogenic organisms become more resis-
tant to conventional drugs, there is growing interest in plant-based medicaments; therefore the science of plants, also
known as botany and plant life becomes an important and integral aspect of Pharmacognosy.

Plant taxonomy provides an essential, systematic approach to the global classification of plants. The organizational
hierarchy is based on the morphology, histology, physiology, and ecology of a particular species. It is estimated that
only about 30,000 of the approximately 250,000 botanical species of higher plants have been documented for their
medicinal properties [1]. Morphology refers to the gross form or external features of a plant, while histology describes
the internal structure. All physical and chemical processes occurring within the plant constitute the physiology, and
the ecology relates to the external environment in which the plant grows. Groups responsible for the classification
of plants include the International Association for Plant Taxonomy, the International Code of Nomenclature, the
International Code of Nomenclature for Cultivated Plants, the International Plant Names Index (www.ipni.org), and
Tropicos (www.tropicos.org).

Pharmacognosy. DOI: http://dx.doi.org/10.1016/B978-0-12-802104-0.00003-2
© 2017 Elsevier Inc. All rights reserved. 31
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TABLE 3.1 A List of Common Phytochemicals, Their Sources, and Medicinal Uses

Metabolite Class Source Medicinal Uses

Alkaloids Amaryllis, buttercups, fungi, nightshades, poppy, Cancer, cardiac stimulant, pain relief, vasoconstriction,
periwinkle sedative

Glycosides Almonds, apples, apricots, buguzhi, cherries, Angina, antioxidant, antiseptic, expectorant, heart
peaches, plums, raspberries failure,

Phenols Conifer wood, carnation, citrus fruits, coriander, Antioxidants, flavoring agents, fragrances

eucalyptus, lavender, lemon grass, lilies, peppermint
species, rosemary, sage, thyme

Phytosterols Cereals, fruits, nuts, legumes, seeds, vegetables, Lowering cholesterol
vegetable oils

Both the vegetative (leaves, roots, bark, stem) and reproductive (flowers, fruit, seeds) parts of plants have been used
as medicinal agents. These structures are known to contain phytochemicals, including alkaloids, glycosides, phenols,
tannins, terpenes, and sterols. Phenolic compounds found in medicinal and dietary plants include phenolic acids, flavo-
noids, stilbenes, curcuminoids, coumarins, lignans, and quinones, among other metabolites. Alkaloids belong to a class
of naturally occurring organic nitrogen-containing metabolites, and are often classified on the basis of their chemical
structure [2] (Table 3.1). There are more than 20,000 different alkaloids that have been identified in numerous plant
species [3]. Morphine, the potent active phytochemical of opium poppy latex, was the first alkaloid to be isolated and
crystallized in the early 19th century. Some alkaloids are illicit drugs and poisons with severe negative effects on
human health and society [2].

Glycosides comprise another group of medicinally important phytochemicals in plants. Inactive glycosides contain a
sugar and a nonsugar component and once separated, the nonsugar portion can exert its chemical effects on the body.
Tannins are bitter plant polyphenolic compounds which are widely distributed in many plant species; their astringency
is thought to provide protection against predators. Quebracho, chestnut, and mimosa are some common plant sources
of tannins. Terpenes and terpene-like compounds (terpenoids) are a class of plant secondary metabolites with several
different roles. These compounds are well-known for their pleasant smells, spicy taste, or specific pharmacological
effects [4]. Many plants produce volatile terpenes to attract insects for the purpose of pollination, and also serve as natu-
ral fragrant and flavoring agents. Other bitter-tasting or toxic terpenes act as antifeedants by preventing some plants
from predation by animals and insects. Investigations have also shown that terpenes may play a role as signaling com-
pounds and as plant growth regulators (phytohormones) [4].

Phytosterols encompass plant-derived sterols and stanols. Plant sterols are naturally occurring components of plant
cell membranes with similar structure and function to cholesterol in animal cells. The three most abundant plant sterols
are (-sitosterol, campesterol, and stigmasterol. Legumes, nuts, whole grains, and unrefined vegetable oils are food
sources rich in sterols. It is well-established that a high intake of plant sterols or stanols can lower serum total and LDL
cholesterol concentrations in humans [5—7]. Early human diets were rich in phytosterols, providing as much as 1 g/day;
however, the typical Western diet today is relatively low in phytosterols. Foods and beverages with added plant sterols
or stanols are now available in many countries throughout the world, and in some instances allow health claims for
such commercial products. In the United States, plant sterols and stanols added to a variety of food products are gener-
ally recognized as safe by the U.S. Food and Drug Administration (FDA) [8].

Phenolics are ubiquitous secondary metabolites in plants and have substantial antioxidant properties. Plants require
phenolic compounds for growth, pigmentation, reproduction, and resistance to pathogens. As these compounds are
deposited in the plant, fruits, and vegetables are the major sources of phenolic compounds in the human diet. In addi-
tion, spices, tea leaves, roasted coffee or cocoa beans, and red wine are also high in phenols. These phenolic substances
are mainly deposited in leaves or bark [9].

3.2 CHEMISTRY

Chemistry offers a comprehensive study of the building blocks of organic and inorganic matter at the atomic level in
terms of molecular complexity and diversity. This area of science is essential to Pharmacognosy given the abundance
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of chemical components from natural sources that are used toward a medicinal or biological outcome. These natural
compounds can be categorized as primary and secondary metabolites. Primary metabolites are substances produced by
the plants which are needed for survival, development and reproduction. Secondary metabolites are by-products of
primary metabolism which are not necessarily needed for the plant’s survival, and are often specific to a family or
genus of plants based on the evolved secondary metabolite enzymology. These compounds confer supporting properties,
including defense mechanisms against predators and structural or functional properties, such as attraction of insects
towards pollination [10].

The traditional uses of plants and natural preparations derived from them over the millennia have paved the way for
investigations of these materials as sustainable medicinal agents. Applications of chemistry are used to deduce the struc-
tures of the active principles, and a number have shown health benefits, and are thus currently on the market in pure
form. These include the powerful pain medications morphine and codeine from the poppy plant, salicylic acid from the
willow plant, anticancer alkaloids from the periwinkle plant, digitalis from foxglove, atropine from nightshade plant,
and physostigmine from the Calabar bean. Care in medicinal use should be taken however, since some secondary
metabolites have exhibited high toxicity at varied concentrations.

Delineation of many pathways for the production of secondary metabolites has been examined by use of the tracer
techniques. This is a quantitative method that utilizes radioactive (e.g., *H and '*C) and nonradioactive precursors (e.g.,
3¢, N, and '"®0) to monitor the fate of the precursors in metabolic pathways. A plethora of metabolic pathways (plant,
fungal, and bacterial) have been deduced using this technique [11]. These include terpene producing nucleoside
diphosphate sugar pathway or Cs precursor isopentenyl diphosphate, phenolic producing shikimate-cinnamate/malonate
acetate pathway and alkaloid-producing pathways [10].

As mentioned previously, several classes of phytochemicals have been classified based on their chemical structures and
properties, including: alkaloids, glycosides, flavonoids, phenolics, saponins, tannins, terpenes, anthraquinones, and steroids.
Overlapping information exists on the biosynthetic pathways and classification of these phytochemicals, and so this section
will discuss three key classes; polyphenols, alkaloids, and terpenes [12].

Phenols are also referred to phenolics. They are compounds containing a hydroxyl group (or a derivative thereof)
that is bound to an aromatic hydrocarbon nucleus (Fig. 3.1). Phenolic compounds are described as simple phenols or
polyphenols based on the number of phenolic units in the compound. Carbolic acid is the simplest phenolic compound,
while resveratrol is an example of a simple polyphenol derivative found in wine (Fig. 3.2). The antioxidant activity of
phenolic compounds is largely determined by the number and positions of the hydroxyl groups, as well as the substitu-
tions on the aromatic rings. Such biological activity is ubiquitous in higher plants.

Alkaloids are secondary metabolites usually derived from a select group of amino acids, and frequently containing
one or more basic nitrogen atoms in their structure. There are several classifications that are used to categorize these
compounds and this is due to the wide and vast diversity. Numerous classifications of alkaloids have been proposed;
the classification described below is one of the earliest, and for further review see Waller and Nowacki [13]. This clas-
sification system dictates that if the nitrogen is derived from an amino acid and is positioned in a heterocyclic ring,

OH

FIGURE 3.1 Phenol (formerly carbolic acid), the simplest phenol.

OH

HO O N O
OH
Resveratrol

FIGURE 3.2 The simple polyphenol resveratrol.
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Vitamin A
FIGURE 3.3 Vitamin A, a terpene.

then it is classified as a true alkaloid, if the nitrogen is from another source and also positioned in a heterocyclic ring,
then it is classified as a pseudo-alkaloid, as is the case with caffeine. Proto-alkaloids contain a nitrogen from an amino
acid source, however, the nitrogen atom is located in a position other than on the heterocyclic ring; hormones such as
adrenaline and ephedrine fall into this category. Alkaloids exhibit a wide array of pharmacological properties, such as:
morphine (powerful analgesic), cocaine (anesthetic), caffeine (CNS stimulant), berberine (antibacterial), and vincristine
(anticancer).

Terpenes are a class of secondary metabolites which derive their name from turpentine. Vitamin A is a well-known
example of a terpene (Fig. 3.3). Monoterpenes are frequently volatile compounds that have a hydrocarbon structure or pos-
sess simple oxygenation. They are quite similar in structure; however, they have modifications in their functional groups.

The biological properties of monoterpenes, such as menthol and camphor, include conveying a strong odor. They
are present in various commercial essential oils that are used in aromatherapy and for medicinal purposes. Further agri-
cultural uses include the potential to reduce parasitic attacks on plants.

For the commercial use of secondary metabolites, it is important that an understanding of the methods of separation
of these compounds is garnered. To access pure quantities of these metabolites, the methods mostly used include isola-
tion procedures involving solvent extraction, super critical fluid extraction, steam distillation, solvent partition, various
chromatographic separation techniques, and crystallization.

Extracting the maximum yield and therefore biological activity is dependent on the physical and chemical properties
of the compound, including polarity, and as such, isolation of the active components is dependent on the extraction
conditions, for which a number of solvents can be utilized. These range from nonpolar to polar, and include petroleum
ether, hexane, chloroform, dichloromethane, ethyl acetate, methanol, ethanol, and water. To extract a nonpolar com-
pound, a nonpolar solvent, such as hexane, is used. This solvent selectively extracts compounds that are fatty or waxy
in nature, such as long-chain aliphatic hydrocarbons. At the other extreme, the more polar solvents, such as methanol
and water, will extract the more polar compounds, including glycosidic compounds with numerous hydroxyl groups.
Structure analysis can also assist in optimizing the extraction conditions by revealing the number of hydroxy groups, as
these typically determine the polarity of the compound.

Typically, when the solvent extraction is carried out, a pure compound is not obtained. A next step at that point may
be a solvent partition against graduated solvent polarities to effect a partial separation of a complex mixture. Further
separation usually involves various chromatographic techniques. Several chromatographic options are available, with
the final choice dependent on the nature of the compound. The simplest chromatography technique is thin layer chroma-
tography (TLC), while more advanced technical methods include high pressure liquid chromatography (HPLC), gas
chromatography, and ultrapressure liquid chromatography, as well as high pressure counter current chromatography.
Data from these advanced chromatography techniques, which reflect the sequence of elution of the metabolites, are
summarized in a chromatogram. An example of such is seen in Fig. 3.4.

The basic principle of these separation techniques is the same. Chromatography involves a stationary phase and a
mobile phase; these two phases are used to separate the extract of interest by manipulating their polarities. Another
solvent extraction method that is more environmentally friendly is supercritical fluid extraction (SFE). It utilizes liquid
carbon dioxide at high pressure which expels different types of analytes (polar or nonpolar) at different pressures. The
extract derived from SFE is still complex and has to be further separated, as with solvent extraction.

Once the compounds are separated, the structures of the secondary metabolites can be elucidated by nuclear
magnetic resonance (NMR) techniques, such '>*C NMR, to identify the carbon frameworks and their attached protons
and certain functional groups or determine symmetry and in combination with 'H NMR to identify molecular
fragments. The NMR technique causes the nuclei within the compounds to absorb and emit electromagnetic radiation.
The patterns of emission obtained enable a trained chemist to elucidate the structure of the compound. Infrared and
mass spectrometry techniques are also used to aid in compound identification.

After compounds have been identified, in silico methodology can be used to further assess the compounds. In silico
technology is a computerized methodology that utilizes the knowledge of different proteins to evaluate the responses of
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FIGURE 3.4 An example of a chromatogram.
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compounds identified and hence could postulate the compounds uses and efficacy. This technology requires a massive
amount of database input and is somewhat limited by the available information on protein structures related to disease
state inhibition. Nonetheless, this method is advantageous in that it reduces the time needed to assess a compound, and
its potential synthetic derivatives, in comparison with that taken for in vitro, in vivo, and clinical studies.

3.3 ENZYMOLOGY

Enzymes constitute a major fraction of all known proteins, and serve the function of catalysts in the formation of
secondary metabolites. Additionally, enzymes are active in numerous biochemical processes which contribute to the
synthesis and breakdown of metabolites from plant and animal sources, and in the biological functions of medicinal
agents. Therefore, having a comprehensive understanding of enzyme chemistry and biochemistry is an essential aspect
of Pharmacognosy.

The four primary families of plant enzymes are proteases, amylases, lipases, and cellulases; the former three families
are also found in animals. When consumed, these enzymes are involved in the breakdown of macromolecules.
Specifically, proteases are responsible for the breakdown of long protein chains into smaller chains and eventually into
single amino acid units through the catabolism of peptide bonds. Amylases are vital for the breakdown of polysacchar-
ides to disaccharides (lactose, maltose, and sucrose) through the cleavage of «-1,4-glycosidic bonds. Lipases are critical
for reducing triglycerides to individual fatty acids and glycerol through hydrolysis. Cellulases breakdown certain carbo-
hydrates found in plant fibers through the hydrolysis of the 1,4-3-p-glycosidic bonds.

Numerous families of animal enzymes exist. Those of special interest to Pharmacognosy are the phase I and phase
II drug metabolizing enzymes, with particular interest in the phase I class. Phase I drug metabolizing enzymes are also
referred to as cytochrome P450s (CYP450). Of the 69 encoded by the human genome, approximately 15 are involved
in the metabolism of drugs and other xenobiotic chemicals [14]. CYPs are also termed “monooxygenases” based on
their primary mechanism of action. By using reducing agent cofactors, including nicotinamide adenine dinucleotide or
nicotinamide adenine dinucleotide phosphate [15], these enzymes are able to incorporate one oxygen atom from atmo-
spheric dioxygen into a substrate. The other oxygen atom is reduced to water as shown in the scheme below.

NADPH + H* + RH + O, - NADP* + H,0 + ROH
(RH = substrate, ROH = product/metabolite)

Most CYPs were once believed to be liver-specific enzymes, however, their extrahepatic expression is now well-
established [16]. Among the CYPs identified, 11 are expressed in a typical human liver (CYP1A2, 2A6, 2B6, CYP2C8/
9/18/19, CYP2D6, CYP2EI1, and CYP3A4/5), while the others are extrahepatically expressed (Fig. 3.5).

Based on their monooxygenase activity, these enzymes are able to modify xenobiotics, chemicals that are foreign to
the organism. This can lead to: (i) inactivation of the xenobiotic, resulting in the excretion of the drug; (ii) activation,
that is conversion to a more bioactive state, as in the case of prodrugs; or (iii) conversion to a reactive state, which
includes the formation of activated carcinogens. With this in mind, the FDA requires the elucidation of the metabolic
profile of each drug candidate. This entails that they be screened against the major CYP450 drug-metabolizing
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FIGURE 3.5 Human cytochrome P450
genes expressed in different organs. Adapted
from Ding X, Kaminsky, LS. Human extrahe-
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enzymes, including CYPs 3A4, 2D6, 2C19, 2C9, and 1A2. This provides information on the ability of the drug candi-
date to inhibit, or to induce, the CYP450s, or to act as a substrate of the enzymes. Such information offers insight into
possible drug—drug interactions that could ensue, to the detriment of the patient. Adverse drug reaction reports total
over 2 million per year in the United States [18], therefore there is interest in obtaining the metabolic profiles of drug
candidates, and also of plant and animal extracts. This is of particular importance given the possible concomitant use of
prescription, over-the-counter and plant-based medicines [19,20], often referred to as polypharmacy.

On the other hand, phase II drug metabolizing enzymes participate more in conjugative type reactions, and as such
they are also known as transferases. These include UDP-glucuronosyltransferases, sulfotransferases, N-acetyltransferases,
glutathione S-transferases, and various methyltransferases, including thiopurine S-methyl transferase and catechol
O-methyl transferase (COMT) [21]. Frequently, such reactions lead to the formation of inactive hydrophilic metabolites
which are easily excreted through the urine. Based on their inherent ability to participate in such reactions, phase II drug
metabolizing enzymes are termed “detoxifying enzymes.” They also play a role in the biotransformation of metabolites
that are formed from phase I drug metabolism, a property that is important in the arena of chemoprevention [22].

3.4 GENETICS

Genetics is the branch of biology that is focused on the study of genes, heredity, and genetic variation [23]. The genetic
blueprint of a living organism is encoded in its DNA sequence which contains information to build and maintain
the cells of the organism, and its particular physical and metabolic traits. These traits are passed on to offspring to
dictate their phenotype, properties which may be easily seen (leaf shape, petal color, eye color) or unseen (blood type).
Typically, the offspring of animals inherit characteristics from two parents, and therefore are genetically unidentical
to the parent, while plant offspring can either be identical or nonidentical by way of asexual or sexual reproduction,
respectively.

Plants produce an extensive array of natural products, comprising photosynthetic pigments, signaling molecules,
and secondary metabolites. In many instances, the secondary metabolites are also a defense mechanism for the plants,
as in the case of tannins whose concentration levels tend to be higher in unripened fruits relative to ripe ones; fruit
palatability therefore parallels a reduction in tannin concentration. Given the astringency of tannins especially in high
amounts, higher levels act as a deterrent to herbivores and pests to give fruit an opportunity to ripen successfully.

Plant metabolites are typically produced as complex mixtures of different structural types, ostensibly fashioned by
selective pressure over evolutionary timescales. Some of these metabolites have been critical to the drug discovery
arena [24] and were mentioned in earlier sections. Thus, a comprehensive understanding of the genetic make-up and
variations of living organisms, especially plants across generations, is necessary for reaping the full benefits of current
and future medicines.

A better understanding of the relevant pathways involved in the synthesis of plant metabolites can open doors for
increased yields through molecular breeding or metabolic engineering, and can also enable reverse genetic approaches
toward an improved understanding of their physiological function [24]. A current challenge faced by the drug discovery
community is the minimal yields of biologically active secondary metabolites, which ultimately impedes research aimed
at acquiring a better understanding of the safety and efficacy of these entities, and ultimately their transition to drugs.
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While synthesis is a potential alternative route, this is rarely a solution for structurally and stereochemically complex
secondary metabolites.

Of particular interest is the use of molecular breeding toward increased levels of the monoterpene menthol, a cream
of which is widely used to alleviate minor pain caused by arthritis, bursitis, tendonitis, muscle strains, backache, bruis-
ing, and cramping. Enzyme assays with plant cell-free extracts have led to genetic/metabolic engineering in peppermint
[25]. Identification of the terpene synthases (TPSs) and CYP, limonene-3-hydroxylase (CYP71D13) [26] paved the way
for modification of the menthol synthesis pathway in heterologous microorganisms. Such modifications involved the
recombinant expression of TPS, 4S5-limonene synthase in Escherichia coli [27], which showed robust activity upon trun-
cation of the N-terminal plastid targeting sequence [28]. Functionally expressed N-terminally modified versions of
CYP71D13 were achieved in Saccharomyces cerevisiae (yeast) and E. coli, with activity observed upon reconstitution
with a plant CYP reductase [29]. Such genetic manipulations of these enzymes and their biochemical pathways led
the way to genetically engineered mint plants that produce elevated and more reliable yields of menthol [30]. The prin-
ciple of this approach can potentially be employed with other organisms (animals, fungi, and bacteria) toward improv-
ing the yields of secondary metabolites with promising efficacy. Some examples are discussed further in Section 3.8.

The use of genetics is beneficial toward increased yields of plant metabolites, and toward increasing the yields of
the plants themselves in terms of biomass, their variations, and their resistance to viral and microbial infections, as well
as metazoan pests. Such increased resistance translates to reduced pesticide requirements [31]. It is believed that the
use of pesticides weakens the innate defense mechanism of the plant through impaired secondary metabolite production
and function [32]. Consequently, the efficacy and nutritional content of the plant is compromised. In some instances,
the use of genetically modified plants provides a counteractive solution.

3.5 PHARMACOLOGY

In order to fully reap the potential of these naturally derived medicinal agents, a thorough understanding of the mechan-
isms by which they exert their biological effects is required. This critical aspect relating to the utilization of the
numerous biologically active compounds that arise from natural sources is often a limitation preventing more detailed
biological profiling and use.

Pharmacology requires the phenotypic screening of natural products, crude extracts, or more well-defined pharma-
ceuticals. This is an initial step in the determination of the beneficial or adverse effects of the material on the organism.
One key consideration that dictates the pharmacological activity is the product formulation, which is based on an
understanding of the composition and derivation of the active compounds, a definition of their chemical and physical
properties, and the potential route of administration. As previously mentioned, the bioactive pure compound may be
difficult to identify and/or purify. Optimally, medicinal chemistry protocols are used to develop a method for a
standardized preparation with the aim of producing consistent products, with uniform quality, safety, and efficacy
profiles, bearing in mind the possible presence of additional compounds which are not of interest. Consideration of the
toxic effects of the undesired compounds is paramount, with various systems in place to examine potential central
nervous system, hematopoietic system, kidney, and liver toxicity according to standard protocols.

The preferred pathway for the administration of natural medicines is the oral route for most conditions. Topical
delivery may be also be used depending on the condition. The dose at the target site is dependent on the bioavailable
fraction, which is the amount of compound that is absorbed or enters systemic circulation. On liberation of the active
ingredient, the pharmacokinetic properties of absorption, distribution, metabolism, and excretion come into play; and
these are key considerations which define the dosing regimen for the use of natural medicinal agents. Various bioassays
are utilized in these determinations.

Pharmacodynamics, which examines the effects of a drug on the body, is dictated initially by the compound’s inter-
action with biological receptors. Particular systems of interest include the gastrointestinal tract, metabolic tissues, and
the central nervous system. Well-defined mechanisms of action, and the study of the physiological effects will begin to
define potential medical applications, which may or may not match the traditional use of the plant material.

As mentioned previously, secondary metabolites are used for several purposes, including functioning as narcotics,
stimulants, anesthetics, hallucinogens, poisons (which may serve as pesticides, including insecticides, rodenticides),
essential oils for cosmetics, antimicrobial and antiparasitic agents, household products, resins for preservation, phenolics
for tanning animal skins, dyestuffs, rubber, and in chemotaxonomy. Specifically, the medical applications of secondary
metabolites are far-reaching, and involve support of bodily responses to pathogenic organisms, in addition to counter-
acting lifestyle and degenerative diseases, including neurological disorders, skin conditions, cancer, and diabetes.
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A variety of natural products have demonstrated efficient activity against various pathogenic bacteria and dermato-
phytic fungi including Bacillus sp., Enterobacter aerogenes, Erwina sp., E. coli, Klebsiella pneumoniae, Proteus sp.,
Salmonella sp., Staphylococcus sp., Xanthamonas campestris, Pityrosporum ovale, Trichophyton rubrum, and
Trichophyton tonsurans. One key mechanism of action is the inhibition of a central bacterial antitoxicity mechanism,
that is the inhibition of the efflux pump [33—35]. Such antimicrobial and antifungal activity has disease relevance in
skin conditions and dental maladies, and in diseases such as dysentery and typhoid.

Natural compound biological effects extend to antiviral activity, with impact on HIV and hepatitis C replication
[36,37]. Pertaining to antimalarial activity, there is an emergence of strains that are resistant to the commonly used
treatments, including atovaquone, chloroquine, mefloquine, quinine, and artemisinin, although the latter two natural
products currently show the least resistance and serve as therapeutic replacements for strains resistant to common
treatments [38]. These direct effects are further strengthened by immunomodulatory activity, with these compounds
having demonstrable immunostimulating potential [39]. There are various systems that may be utilized to examine the
medicinal effects on the immune response including monitoring the survival rate postinfection, as well as delayed type
hypersensitivity response monitoring. Effects on the immune system can be monitored through neutrophil counts and
phagocytic response.

The antimicrobial effects of plant extracts may also prove useful in wound healing. Extracts with wound healing
capacity may have significant levels of antioxidants, saponins, and flavonoids. In these models, wound healing can be
assessed by monitoring the rates of resurgence of epithelialization and wound contraction over time. In the laboratory,
various animal models exist to investigate reparative potential.

Natural medicines may also favorably regulate the digestive tract. As such, these compounds and extracts have
found a role in the treatment of various digestive ailments, including ulcer treatments and antidiarrheal remedies. Ulcer
formation can occur as a result of various conditions, including bacterial infection and excessive alcohol consumption.
To counteract this, the use of natural compounds and extracts can aid by optimizing gastric juice volume and pH, as
well as by positively impacting gastric mucosa and prompting healing through improved microcirculation and precipita-
tion of microproteins [40,41]. Phytomedicines also have a history of use in combating diarrheal activity, which may
have varying causations, including inflammatory, osmotic, or secretory mechanisms. Some improvements seen include
improvement in the amplitude and frequency of gut contractions, in addition to a reduction in stool moisture content.

More broadly, numerous natural formulations are apparent anti-inflammatories, as well as analgesic agents, proper-
ties conferred by various alkaloids, flavonoids, glycosides, phenolics, steroids, and tannins. These compounds combat
oxidative species and free radicals, and counteract inflammatory prostaglandins.

Natural antioxidants have also been shown to positively support normal physiology in a number of conditions, and
demonstrate antidiabetic, antiatherosclerotic, antiarthritic, and anticancer properties [42]. These diseases, in addition to
the primary defect, also relay a host of additional pathologies. For instance, in addition to the direct effects due to dia-
betes, a number of secondary maladies occur as a result of this hyperglycemic condition including nephropathy, retinop-
athy, and limb ischemia. In these cases, compounds and extracts counteract these pathologies through action in various
insulin-sensitive tissues to regulate glucose levels. Numerous compounds have been shown to reduce elevated serum
glucose, total cholesterol, and triglycerides associated with these conditions. In cancer therapy, phenolics can enhance
the body’s immune system to recognize and destroy cancer cells, and may inhibit the development of new blood vessels
(angiogenesis) that is necessary for tumor growth [43].

The best practice for incorporation of natural products as therapies, particularly for novel bioactive metabolites is by
way of placebo-controlled clinical trials. Current trials are underway to monitor the efficaciousness of numerous
natural-derived compounds for treatments in many therapeutic areas [44]. Preclinical studies that utilize animal models
pave the way for clinical trials by providing evidence of safety, toxicity, and efficacy in laboratory animals. To comple-
ment these types of preliminary studies, in vitro assays play an important role; such assays involve various approaches
including enzymatic studies, receptor assays, and experiments on cultured cell lines that are related to the in vivo assay
or the anticipated therapeutic outcome [45].

3.6 HORTICULTURE

The ability to cultivate and improve the growth of medicinal plants is imperative for isolating active components. This
area of study is referred to as horticulture, where plants may be propagated and cultivated for various reasons, including
those for medicinal purposes. Horticulture is the art and science involved in growing, grooming, and marketing plants,
and differs from agriculture as it incorporates smaller plots, often with a variety of plants. The word “horticulture” is
derived from the Latin words “hortus” for garden and “cultus” meaning culture or cultivation [46], and is within the
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field of agriculture that deals with optimizing plant growth, overall quality, and yield through plant propagation and
appropriate cultivation techniques, with esthetics playing a major role in plant care.

Horticultural plants are grown for a particular purpose, including for food, medicine, as ornamentals, aromatic
properties, or the wine industry. As a result, this leads to various fields within horticulture, such as floriculture,
viticulture, olericulture, arboriculture, pomology, and enology which are the study, cultivation, and marketing of
flowers, grapes, vegetables, trees, fruits, and wine, respectively. Each area of science involves the landscaping of crop
fields which adds to the esthetics, but more importantly, the required growth guidelines are followed in order to
maximize the production of the respective plants for their specified use in these industries.

The use of plants for medicinal purposes has significantly increased [47]. As a result, horticultural practices have
expanded to incorporate plant pathology and entomology, where diseased or pest-infected plants may be treated quickly,
as well as the soil science in order to improve plant production by reducing environmentally stressful conditions [48].
This field has also evolved to include various techniques that have been used to obtain new cultivars, including genetic
engineering. For example, these cultivars may have an increased concentration of the active component, thus enhancing
the medicinal value, or they may have increased nutritional value for use in the food industry.

For pharmacognosists, plants are grown for their healing properties as medicinal agents, also as natural alternatives
used as pesticides and insecticides, in the form of crude drugs and/or for the subsequent isolation of active components.
Many factors play a significant role in plant development, such as the type and quantity of the plant regulators/hor-
mones used, which vary with the type of plant and the variety within a plant group [48,49]. The optimization of the
growth conditions of various plants as a source of active components, whether in the form of an unrefined crude drug,
which includes resins, essential oils, or balsams, or as an organized crude drug, such as the leaves of Digitalis purpurea
or Eucalyptus species, could ultimately lead to the production of high quality nutraceuticals or pharmaceutical products
[47]. Based on the bioactivity of the medicinal plant of interest, knowledge of horticulture therefore aids in plant
productivity.

The horticultural care of a particular plant is dependent on the type of crude drug that is to be produced and the
desired yield. A plant crude drug is a vegetable drug prepared from plant organs or exudates from plants, without
extensive modifications being carried out. Also, the active components and the isolation techniques will create the
framework for the cultivation practices being performed, such as obtaining essential oils, resins, gum, oleoresins, or
balsams [50]. For example, Tagetes erecta L. (African marigold) is not cultivated solely for landscape and garden
management; it is often grown for the extraction of the oleoresins present. Subsequently, pure carotenoids, such as
lutein, may be isolated and marketed. Lutein is used as a food additive, and can also be used as a standard for cancer
treatment research [51,52]. An important growth factor is the soil requirements for 7. erecta, as it should be rela-
tively neutral pH loam with irrigation done once a week based on the soil moisture content [53]. Water stagnation
may reduce the plant yield and thus produce inferior exudates or organized crude drug, and significantly increase
the risks of infections by pathogens. Altogether therefore, the cultivation practices of horticulture are important
in providing food, shelter, improved soil and watershed management, and in obtaining a quality crude drug in
significant quantity from various types of plants.

3.7 QUALITY CONTROL

Given the rich history of natural product usage for the treatment and prevention of various ailments, there is often the
long-held perception by end users/patients and nonmedical practitioners that recommend them, that they are safe and
effective and have comparatively fewer significant side effects than pharmaceuticals. The World Health Organization
(WHO) has compiled quality control guidelines and techniques to help ensure the safety and efficacy standards of these
natural products.

In the case of plant-based natural products, quality control in Pharmacognosy begins in the field. The quality of the
plant constituents is dependent on the geologic soil conditions, water supply, temperature, and solar radiation. In addi-
tion, adherence to proper cultivation and harvesting methods, correct identification, and suitable handling of a plant
specimen is critical. Quality control further includes expert extraction of the potentially therapeutic constituents,
sampling, storage conditions, precise measurements, and use of temperature and calibrated equipment that are all in
accordance with best laboratory practices to meet the criteria of quality assessment methods. Trained quality control
personnel in Pharmacognosy tend to have experience in different branches of science, and their aim is to achieve purity,
safety, efficacy, and consistency of manufactured phytotherapeutic supplements and the exploration of potentially new
beneficial plant compounds.
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Factors that negatively affect quality include variability in plant constituents, especially within plants of the same
genus and species [54]. Plant constituents may also vary due to seasonal variation and/or the level of soil nutrient
supply [55]. Unidentified active ingredients, lack of synergy of complex mixtures, and interferences in the production
of formulations can also lead to phytomedicines that do not meet quality requirements. If these substandard drugs/sup-
plements become available to patients it can lead to adverse events that may even be potentially life-threatening.
Quality control is therefore critical in Pharmacognosy studies to reduce degraded and substandard natural products and
preparations. Substandard products may also result from adulteration; substituting similar looking substances with those
that are inferior or in deteriorated condition, or that do not contain the desired therapeutic compounds. Adulteration
may also arise from the addition of biologically active synthetic compounds.

Quality assurance guidelines, such as Good Agriculture Practice (GAP) for medicinal plants also safeguard against
contaminants that may lead to poor quality in natural products at its earliest stages: seeds and plant cultivation.
Contaminants include parasites, microbial contaminants, fumigants, pesticide residues, and manure fertilizers. Other
contaminants that need to be reduced to its lowest minimum include: toxic reagents, solvents, toxic metals and non-
metals, and radioactive contamination.

For phytomedicines, one pertinent aspect of quality control is the preparation of the plant specimen to be examined.
This includes basic steps such as simply clearing away foreign matter and contaminants before attempting classification.
Proper identification, through macroscopic and microscopic examination, is key in ensuring reproducible quality, purity,
and uniformity of drugs of plant origin that are recommended or prescribed to patients. A macroscopic description
includes the morphological and other qualitative properties, including descriptions of the leaf, root, rhizome, bark,
shape, color texture, plant base symmetry, as well as quantitative properties (e.g., fraction) which were also briefly
mentioned earlier. These sample properties are derived primarily from the unaided senses (sight, smell, taste) of the
pharmacognosist. Further, a hand lens with 4—20 X magnification may be used for plant samples that are whole or
uncut. Plants not in whole form (powder or extract) may be more challenging to identify and authenticate. In such
cases, positive identification of the plant or its constituents may include a comparison of the sample to pharmacopeia
references or analytical test that can help to confirm botanical ingredients. To maintain quality, various methodologies
are used as described below; all tests and examination methods used, applicable test limitations and test results are
documented and reviewed for approval by the quality control personnel.

Quantitative testing to determine content or quality of plant constituents such as titration methods and UV spectro-
photometry can be used where acceptable biomarkers are available.

Identification of the less obvious physical and chemical characteristics of the plant includes two commonly utilized
tests: HPLC and TLC for ensuring adequate quality of medicinal plants. These technologies are able to define chemical
profile characteristics based on an authenticated sample, and may increase testing speed and efficiency through
automation.

These analytical methodologies, tests and observations are undertaken in a reliable and reproducible manner in order
to identify potentially beneficial or toxic constituents in a sample. Further key pharmacognostic quality control aspects
ensure uniformity in manufactured products, whether they are complex mixtures in crude or processed forms [56].
Altogether, this is to ensure that products contain the same amount of ingredients as indicated on the label in order to
satisfy the purpose for which it is recommended, and to meet regulatory standards. Further elements for consideration
include quality as it pertains to product stability and shelf-life. These criteria ensure the safety and efficacy of the natu-
ral products to end users and patients.

A reference database containing useful plant material information and their possible adulterants became necessary in
keeping with quality control efforts to authenticate plant ingredients used for natural based remedies. This database also
helps to ensure uniformity, efficacy, and safety. It provides short DNA sequences or organelle genomes, i.e., DNA bar-
codes, which are unique identifiers of the plant species. This is a more reliable means of identifying and screening than
macroscopic, microscopic, and chemical profiling technologies [57]. The use of PCR and DNA sequence analysis also
helps to reduce the incidence of adulteration and the proliferation of substandard natural products. This is crucial as the
efficacy of medicinals decreases, and may even be toxic if the product is adulterated.

There has been a notable increase and resurgence in the production, availability, and use of phytomedicines in the
United States spurred by Federal legislation in 1994, the Dietary Supplement Health Education Act, “DSHEA.”
Unfortunately, this has been coupled with an increase in poorly regulated nutraceuticals and phytonutrients with health
promoting claims. These claims are often made by mass producers trying to meet the demands of e-commerce and often
solely with marketing and profitability in mind, reaffirming the impetus for quality control for the benefit of the patient.
In response, national regulatory bodies have developed pharmacopeias; official compilations of quality standards for
pharmacological active constituents and drug products. The WHO, European Scientific Cooperative on Phytotherapy
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(ESCOP) monographs, and Physicians’ Desk Reference (PDR) for Herbal Medicines produce publications that provide
information on medicinal characteristics, including usage, standardization, identity, purity (physically and chemically),
and the analysis of plant compounds. The ultimate goal of these bodies is to safeguard the health and welfare of the
patient. To this end, these publications are readily available through workshops/conferences and electronic media.

3.8 BIOTECHNOLOGY

So far, the emphasis in this chapter has been on the value of plants as a source of natural products for drug discovery.
Important considerations arise when the demand for such products places a strain on plant populations leading to
species depletion or extinction, loss of genetic diversity in some habitats, as well as habitat degradation. Plant collection
and extraction may be unable to meet the high demand and is unable to provide sustainably high yields and be cost
effective. Therefore, the area of biotechnology involves the use of organisms to develop or make useful products.
Biotechnology offers the advantage of protecting plant species and habitats through the sustainable production of higher
yields of plant compounds without impacting species diversity. Such an area goes hand in hand with the precepts of
ecopharmacognosy.

Plant biotechnology involves genetic engineering, an area previously introduced and discussed, where genes are
introduced into plants or plant cell lines by electroporation, gene gun, Agrobacterium tumefaciens or Agrobacterium
rhizogenes followed by micropropagation, which is used to multiply plant stock material. This propagation method
involves the rapid multiplication of plant species from existing plant material. Micropropagation has several advantages,
including obtaining disease-free plants, production of large numbers of plantlets, and allowing genetically modified
plants to be regenerated [58].

In order to increase the yield of plant metabolites, genes can be suppressed or silenced; for example in taxol biosyn-
thesis, taxoid 14(3-hydroxylase catalyzes C-14 oxygenated taxanes which are formed as side routes, but are not precur-
sors to taxol synthesis in Taxus media TM3 cell lines. Therefore, this enzyme was suppressed through antisense RNA
inhibition by the introduction of antisense cDNA for the 143-hydroxylase gene to decrease substrate competition,
thereby increasing taxol production [59]. The role of terpenoids in plants includes communication, plant—insect, and
plant—animal interaction; alteration of their production can affect disease resistance, enhancement of flavor or
fragrance, and increase pollination [60]. Discoveries of the role of the 2-C-methyl-D-erythritol-4-phosphate (MEP)
pathway in the biosynthesis of plastidial terpenoids, such as the carotenoids, have led scientists to silence geranylgera-
nyl diphosphate synthase in tobacco which has led to improved insect resistance [61].

Plant tissue culture allows compounds that are normally produced by the parent plant to be synthesized by cells that
are biochemically totipotent; this is the ability to form all the differentiated or specialized cells of the entire organism
[62—64]. This methodology also allows for biotransformation—the regioselective and stereospecific chemical transfor-
mations that are catalyzed by biological systems through their effective enzyme systems. Biotransformation allows the
modification of plant secondary metabolites to create novel compounds which may not be feasible by semisynthetic
processes. Reaction types carried out by such cultures include acetylation, esterification, glycosylation, glucosylation,
hydrogenation, hydrolysis, hydroxylation, isomerization, methylation, and oxidoreduction of various exogenous
substrates [62—064].

Some secondary metabolites are only produced in organ cultures, such as by hairy roots; A. rhizogenes induces
hairy root production and has been exploited to obtain these compounds. Transformation of plant roots with A. rhizo-
genes allows for high growth rate, high proliferation in media free of plant growth regulators, high branching of
roots, genetic and biochemical stability, and long-term secondary metabolite production. This has been employed
with Pharbartis nil which produces commercially important coumarins, flavonoids, and phenolic acids at signifi-
cantly high concentrations [62,64].

Plants or in vitro cell lines can also be used to produce pharmaceutical proteins, such as blood proteins (human
serum albumin), cytokines (interleukin-12), growth factors (human epidermal growth factor), growth hormones (human
growth hormone), monoclonal antibodies (CaroRx, prevents bacterial adhesion to teeth thus preventing tooth decay)
and anti-West Nile virus mAb (Hu-E162), vaccine antigens (transgenic tobacco produced against Newcastle disease
virus which affects birds), therapeutic enzymes (glucocerebrosidase), and industrial enzymes (cellulase and trypsin) in a
process known as molecular farming [11,63,64].

Molecular farming is desirable as there is greater consistency of protein products, the rapid proliferation of cell
cultures, a lower risk of pathogen contamination, unlike mammalian and bacterial systems, and fewer regulatory
environmental and safety compliance mandates [63,64].
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When the innate homeostatic balance of the body is affected, many disease conditions can and do arise, conditions that
affect the disease-bearer and the caregivers as well. Such conditions have steered the directional approach of the research
community for quite some time. Such direction has resulted in the genesis of many drugs, natural and synthetic, though
most are only effective on 30—50% of persons who take them. As such, there is a current transitioning of the existing way
of thinking and performing among research communities and drug industries from the lock and key paradigm to a syner-
gistic one, like network pharmacology. Such an area is very important given the numerous genetic points of impact of vari-
ous disease conditions, areas that would all need to be addressed to achieve safer and more efficacious outcomes. While
natural products have been known to be relatively safer than their synthetic counterparts, as research continues to evolve
and new discoveries are made, other paradigms reveal further expanses of needed attention.

3.9 CONCLUSION

Naturally derived medicinals are broadly utilized worldwide to treat numerous health concerns. Each of the areas
described in this chapter are critical components that contribute to best usage of such products. Obstacles remain in the
field of Pharmacognosy; these include inaccuracies in identification, poor quality control and protocol variations,
substandard identification of metabolites, and a low yield of bioactive compounds. Fortunately, technological advances,
including biotechnological methods and high throughput approaches, will facilitate advances in Pharmacognosy
including uncovering new and underexploited targets.

3.10 REVIEW QUESTIONS

Explain the basis of the organizational hierarchy of plant taxonomy.
Define phytochemicals and discuss the role of any example described in the chapter.
List the classes of medicinal phytochemicals.
Discuss methods for the separation of metabolites.
Enzymes play a universal role in the catalysis of numerous reactions: discuss the importance of these to drug
metabolism and excretion.
How do prodrugs exert their intended efficacy?
Discuss the role that enzymes play in adverse drug reactions.
Discuss the use of genetics in plants toward increasing the yields of pharmaceutical products.
How can the area of genetics be used toward assisting an individual who has a mutant form of the CYP34A, and is
therefore unable to take a needed prescription medicines?
10. a. Describe a disease that can be treated from naturally derived medicinal agents.
b. What is the mechanism of action?
11. What bacterial system is overcome by natural products to mediate an antimicrobial effect?
12. Natural compounds have shown efficiency against several species of bacteria and fungi. List five.
13. Define horticulture, as it pertains to Pharmacognosy.
14. What is a plant crude drug?
15. What is quality control in Pharmacognosy?
16. What are the goals of quality control in Pharmacognosy?
17. What are some factors that affect the quality of phytomedicines?
18. Which are the national/international regulatory bodies and organizations that support quality control and how?
19. What is involved in the identification of medicinal plant constituents?
20. What are the advantages of biotechnology over plant harvesting for obtaining plant compounds?
21. Why is species conservation important?
22. What is the role of Agrobacterium in biotechnology?
23. How is molecular farming of benefit to human health?
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Learning Objectives
At the end of this chapter you will be able to:

Describe the structure and function of the different types of cells and tissues found in plants.

[llustrate the internal and external organization of stems, leaves, and roots.

Explain how leaves can be modified for support, protection, nitrogen acquisition, and a xeromorphic environment.
Describe the structure of a flower and how it is modified.

Explain the steps involved in the process of photosynthesis.

Differentiate between the C3, C4, and the CAM photosynthetic pathways.

Explain the Pressure-Flow theory of translocation in plants.

Review the processes by which water moves through the soil—plant—atmosphere continuum.

Plant anatomy refers to the detailed structure of the plant: leaf, stem, roots, flowers, and fruits, while plant physiology
is concerned with the processes that occur within the plant that account for it being alive and productive. A living plant
must collect a few simple materials from the environment: water, oxygen, carbon dioxide, and several minerals. From
these simple materials, the plant uses light energy to synthesize more complex substances, e.g., carbohydrates, which
are in turn used to synthesize other complex substances such as proteins and lipids. Simple materials and more complex
substances need to be transported within the plant to locations where they are needed. Plants utilize these materials to
produce cells and organs, which leads to growth and development. There are control systems within the plant to ensure
that growth and development occur in an ordered way. In this chapter, we first examine details of plant structure
and architecture, and then proceed to look at the important physiological processes of photosynthesis, translocation, and
transpiration.

4.1 PLANT STRUCTURE

4.1.1 General Structure of Flowering Plants

Higher plants are comprised of roots that provide them with water, nutrients, and anchorage; stems, for support; and
leaves, which carry out photosynthesis for growth and development. These organs can have tissues that are protective,
supportive, vascular, or meristematic in nature and organs can be modified to perform different functions, dramatically
so in flowers, which are simply assemblies of leaves specialized for reproduction.

Pharmacognosy. DOI: http://dx.doi.org/10.1016/B978-0-12-802104-0.00004-4
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4.1.2 Meristems

Because plants are rooted to one spot they need to adapt to changes in their environment to stay alive. They are able to
replace parts that are damaged or lost while continuing the reproductive cycle as they grow. Plants continually renew
themselves with restricted growth and development through the activity of meristems, groups of undifferentiated, genet-
ically sound cells. Meristems can be determinate and produce organs of a definite shape and size such as leaves and
flowers. In contrast, indeterminate meristems exhibit continual growth in roots and stems, so plants can grow in length
from their apices or in breadth from cambial activity. The ground meristem produces pith and cortex while procambium
produces primary phloem and xylem. Axillary buds forming in axils of leaves normally produce branches or flowers.
These are all referred to as primary meristems since they establish the primary growth pattern of plants.

Stems and roots increase in girth from the activity of vascular cambium and cork cambium, lateral meristems arising
during secondary growth in eudicotyledons. Vascular cambium normally creates more xylem inwards and more phloem
outwards by periclinal cell divisions and is essentially indeterminate (Fig. 4.1A,B). Monocotyledons such as corn
(Zea mays) lack true secondary growth (Fig. 4.2).

(A)

B)

FIGURE 4.1 Transverse section of stem of Coleus (Plectranthus scutellarioides) showing (A) late primary growth with vascular tissues organized in
discrete bundles and (B) early secondary growth, with a ring of vascular cambium giving rise to phloem outwards and xylem inwards.
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FIGURE 4.2 Transverse section of corn stem (Zea mays) with vascular tissues in discrete bundles.
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FIGURE 4.3 Midrib region of lilac leaf (Syringa vulgaris) with thick walled collenchyma tissue beneath the upper epidermis and above the lower
epidermis.

4.1.3 Simple Tissues
4.1.3.1 Parenchyma

Thin-walled, isodiametric parenchyma cells occupy the bulk of the cortex, the area between the epidermis and the
vascular tissues, and the pith, the area to the inside of the vascular tissues, of stems and roots. Parenchyma cells can
function as storage sites for starches, proteins, oils, and so on, and they contribute support to the plant if they are turgid.
There is evidence that pressure exerted by parenchyma in the stem contributes to its growth.

4.1.3.2 Collenchyma

Parenchyma cells may be modified with the addition of primary cell wall material, deposited mainly in the corners of
the cells, to form collenchyma. Collenchyma grows with the plant and provides support to elongating stems, where it
occurs in ridges under the epidermis and in midribs of leaves (Fig. 4.3). Its cell walls lack hydrophobic components, so
collenchyma tissue is relatively cheap for the plant to make, but like parenchyma, it helps support the plant only if it is
turgid.
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4.1.3.3 Sclerenchyma

Sclerenchyma cells have thickened lignified walls, which make them strong and waterproof. They are commonly
classified into support types and conducting forms.

Support sclerenchyma is comprised of sclereids and fibers. This tissue reduces wilting, but it is energetically costly
for the plant to create. Sclerenchyma matures with the surrounding tissues and provides more permanent support than
collenchyma, maintaining the established morphology of the plant. Fibers have tapered ends, can be many centimeters
long, and comprise the bundle caps and sheaths characteristic of vascular bundles, especially in monocotyledonous
plants. The bundle sheath may form bundle sheath extensions by spreading to the epidermis, especially in grass leaves.

Sclereids are roughly isodiametric, and clumps of these “stone cells” (brachysclereids) give the Bartlett pear (Pyrus
communis) its distinctive grittiness. Testas (seed coats) of many plants, especially legumes, are made of two layers of
sclereids while sclereids comprise the thick dense layer forming the shell (endocarp) of the coconut. Star-shaped or
branched astrosclereids make water lily leaves (Nymphaea sp.) tough but pliable, allowing them to withstand the tearing
forces of waves and currents.

The conducting types of sclerenchyma are the tracheids and vessel elements of the xylem, the tracheary elements
of plants.

4.1.4 Complex Tissues
4.1.4.1 Vascular Tissues

Vascular tissue is comprised of the xylem and the phloem, the main transport systems of plants. They typically occur
together in vascular bundles in all plant organs, traversing roots, stems, and leaves.

Xylem is responsible for the transport of water and dissolved ions from the roots upwards through the plant. Phloem
transports metabolites (mainly sugars, amino acids, and some ions) in solution from “sources” of production, mainly
fully expanded leaves, to “sinks,” including developing roots, leaves, and fruits. Mason and Maskell carried out funda-
mental research on transport in plants at the St. Augustine Campus of the University of the West Indies in the 1920s
and 1930s.

The phloem is comprised of sieve tubes, companion cells, parenchyma cells, and fibers. Sieve tubes are separated
into sieve tube members, commonly referred to as sieve elements, by thickened end walls, termed “sieve plates,”
pierced by sieve pores.

Sieve elements contain little cytoplasm, mainly filamentous proteins and amyloplasts (starch-filled plastids). Mature
sieve elements lack nuclei and tonoplasts, but possess a plasmalemma, and are living cells, despite lacking nuclei.
Abundant plasmodesmata connect sieve elements to associated companion cells that surround them. Companion cells
are characterized by dense cytoplasm with abundant organelles and vacuoles and large nuclei; they function to load and
unload metabolites into the sieve elements.

Xylem consists of tracheids, vessels, parenchyma, and fibers. Vessels consist of vessel elements joined together in
files by large perforation plates, large gaps in the end walls between successive vessel elements, while tracheids have
tapering ends that overlap with adjacent cells, and lack perforation plates. Various states of lignin distribution occur in
vessel elements, ranging from annular, helical, scalariform, reticulate, to pitted.

Transport through vessels can occur longitudinally through their perforation plates, as well as laterally, among adja-
cent vessels, through pits, areas of their sidewalls that are not covered by the secondary cell wall. Lateral transport is
the greatest between vessels with annular thickenings, the least between pitted vessels, but there is no longitudinal trans-
port between tracheids, and so lateral transport is restricted to pits.

4.1.4.2 Protective Tissue Layers

Epidermis is the outermost layer of cells of the primary plant body, covering all external surfaces of herbaceous plants
and forming an interface between the plant and its environment. It is coated with cuticle, which is very impermeable to
water, making it indigestible by most pathogens and thus keeps water in the plant and pathogens out. The epidermis is
usually covered with epicuticular wax, which enhances these qualities. Because the cuticle is clear, as are the epidermal
cells it covers, light easily penetrates to photosynthetic tissues underneath, while protecting the plant from mutagenic
ultraviolet radiation from the sun.

Stomata in the epidermis of leaves and stems permit gas exchange between the plant and the atmosphere. Each
stoma (or stomate) is made up of a pair of guard cells that can bend to form a stomatal pore. Dicot guard cells are
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typically kidney-shaped, with the inner walls that separate the guard cells being thicker than their outer walls. The ends
of the cells are attached to each other, and cellulose microfibrils in the cell walls are arranged in hoops around the guard
cells. When guard cells absorb water they expand, but the restraining hoops of cellulose force them to get longer instead
of wider, so they are forced to bend apart because of their thicker inside walls, creating a pore for gas exchange.
Monocots have guard cells that are dumbbell-shaped. The walls of the middle part of the cells are relatively thick, and
those of the bulbous ends are relatively thin. The bulbous ends of these guard cells expand when they absorb water,
again creating a pore for gas exchange.

Trichomes are extensions of epidermal cells that normally divide to form files of cells. Trichomes have various
functions, including protecting plants from insects and herbivores, either passively (simply hindering access to the plant
surface) or actively, by secreting toxins. They shade the plant surface from sunlight and reduce air flow, reducing desic-
cation. Trichomes can be cheaper and faster for the plant to make than cuticle, hence they are seen in great abundance
on young, elongating stems, before extensive cuticle layers are deposited on the epidermis.

Leaves and stems of the stinging nettle (Urtica dioica) bear trichomes with brittle silica tips that easily break off to
inject passing hikers or grazing animals with irritating histamines. The insectivorous sundew (Drosera sp.) bears leaves
with perhaps the most highly modified trichomes of all plants. These produce sticky nectar that attracts and grips
insects, then bend over while the leaf folds to trap them, and then excreting enzymes to digest their prey.

Root epidermis has different functions and is less complex in structure than shoot epidermis. While shoot epidermis
shields plants from desiccation, root epidermis allows plants to extract water from the soil. Root epidermis has a
cuticle that is thin and impregnated with relatively short chain waxes, compared to those of shoot epidermis, which
interfere little with water uptake. Roots often secrete mucigel, a hydrophilic carbohydrate that absorbs water to help
lubricate the passage of the root through the soil. Root hairs are delicate outgrowths of epidermal cells that significantly
increase the volume of soil that plants mine for nutrients.

Periderm replaces epidermis more substantially in plants during secondary growth. It is comprised of phellogen
(cork cambium) producing an inner phelloderm layer (contributing to the cortex) and an outer layer of phellem (cork
cells). Cork cells are dead and their walls have many layers of suberin and sometimes lignin, which impart great
resistance to insect and pathogen attack, and desiccation. Gaps in the phellem called lenticels permit gas exchange in
the periderm. Periderm can form in roots in secondary growth, normally arising from the pericycle.

“Bark” refers to the tissues from the vascular cambium outwards: secondary phloem, phloem fibers, cortex, and
periderm layers. Bark exhibits various patterns since periderm arises at different places and rates on the maturing stem.
Breaks appear in the periderm as the stem increases its circumference, splitting the cork apart. New cambia arise under
old ones, pushing those outwards to create patterns in the bark. In most plants, cork cambium does not live for the life
of the plant. The cork oak (Quercus suber) has one layer of cork cambium that is continuously active, with seasonal
variation in growth rate reflected in growth rings visible in bottle corks.

Roots, stems, and sometimes leaves have subdermal protective cell layers. The endodermis, characteristic of roots,
is the most prominent such layer, and forms the innermost cell layer of the cortex, separating it from the stele (vascular
cylinder). Its walls contain suberin, the same material that makes cork cells waterproof. In the endodermis, it is usually
confined to a thin strip, the Casparian band, running around the middle of each cell in its radial walls. It prevents
uncontrolled uptake of water and ions from the soil by the stele via the apoplast (the “free space” of the cell walls and
intercellular spaces). Instead, the Casparian strip directs transport selectively through the cytoplasm of the endodermal
cells.

Many plants have endodermal cells with highly lignified walls, forming characteristic U-shaped or “phi” thickenings
(Fig. 4.4). The endodermis is primarily a feature of the root, but it does (rarely) appear in stems, where it usually lacks
a Casparian band or phi thickening. A few aquatic plants have an obvious endodermis in their stems and in their leaves.
Exodermis occurs in the roots of some plants, especially monocots, directly beneath their epidermis. It is distinct from
the cortex and frequently lignified. The exodermis can have a Casparian band and may occur in stems (where it may be
called a hypodermis). Perhaps, it functions like a second endodermis.

4.1.5 Plant Architecture

Plants adopt a bewildering variety of forms, designed primarily to optimize survival in various habitats so that they pro-
liferate and ultimately perpetuate the species through the production of seed. Plants are inherently branched: a branch-
ing root system mines the soil and anchors the plant, a branched stem holds leaves in an efficient way to intercept
sunlight, and clusters of flowers attract pollinators to fertilize them.
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FIGURE 4.4 Transverse section of root of carrion flower (Smilax herbacea) with prominent exodermis beneath the epidermis and phi thickenings in
the endodermis.

4.1.5.1 Leaf Form and Arrangement

The leaves on a plant usually have fixed shapes: all of their leaves are essentially identical. Some plants exhibit het-
erophylly, having more than one shape of leaf. The aquatic monocot arrowhead (Sagittaria sp.) produces long strap-like
leaves under water and characteristic arrowhead shaped leaves above water. The narrow submerged leaves allow water
to flow around them, and the broad aerial leaves, a liability in a strong water current, are designed to intercept light.

A simple leaf has one undivided surface while compound leaves have laminas divided up into leaflets (pinnae).
Leaves may be palmately compound, with the leaflets attached to the end of the petiole, or pinnately compound, with
the leaflets attached to the sides of the petiole (which then becomes a rachis). If the rachis is unbranched, it is unipin-
nate, with secondary branches, bipinnate, and with tertiary branches, tripinnate.

It is advantageous for plants to have compound leaves rather than simple leaves. They flutter more easily in a
breeze, aiding cooling as well as allowing them to capture more CO, from the air surrounding them because diffusion
of gases is not great enough to replace that absorbed through the stomata. Also, fluttering makes it more difficult for
fungal spores and pests to establish themselves on compound leaves.

Phyllotaxy, the sequence of leaves on a stem, is usually fixed and affects how much sunlight each leaf can intercept
without shading its neighbors. Monocots generally have one leaf per node and dicots have one or more leaves per node.
The fundamental terminology is:

A. One leaf per node (alternate):
Distichous (a diagnostic feature of grasses.): Leaves are all arranged in two rows seen from above, usually with
180 degrees between rows.
Spiral: (very common) Applies if three or more longitudinal rows are present, e.g., five or eight. Successive
leaves in the spiral are separated by an angle that in most plants approaches 137.5 degrees. This same Fibonacci
angle also appears in flowers (sunflower) and fruit (pineapple) and occurs in many plant species in many
families.

B. Two leaves per node (opposite):
Two leaves 180 degrees apart at each node forming two rows.
Opposite decussate: Successive pairs oriented 90 degrees to each other, forming four rows.

C. Three or more leaves per node (whorled):
A fixed or variable number of leaves arise at each node. Leaves in successive whorls may or may not form dis-
crete rows when seen from above.

4.1.5.2 Stem Branching

The pattern of stem branching can be fixed, like leaf arrangement, but it is more commonly so in lower plants than in
higher ones. While branching is a complex topic it is convenient to recognize four basic patterns:

Monopodial: The shoot apical meristem remains rhythmically active throughout the life of the plant. Axillary shoots
are secondary and are controlled by the apex of the terminal shoot (many conifers, e.g., Araucaria sp.).
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Sympodial: The shoot apex either aborts or becomes reproductive. Axillary shoots grow outwards and then turn
upward to produce clusters of leaves. One shoot of these shoots grows upward to become the primary stem, then its
shoot apex aborts or becomes reproductive, and so on. The pagoda shape characteristic of the seaside almond
(Terminalia catappa) results from this growth pattern.

Dichasial: A type of sympodial branching in which the terminal bud gives rise to two axillary buds on opposite
sides. These grow at similar rates then branch again, resulting in a repeatedly forked pattern. Examples include pink
poui (Tabebuia pentaphylla), frangipani (Plumeria sp.), and mango (Mangifera indica). True dichasial branching is
extremely rare.

Adventitious: While shoots normally grow from apical or axillary buds, they may arise endogenously from any
organ. The scrambling habit of sweet potato (Ipomea batatas) results from new stems arising from roots, creating
disorganized looking plants.

Endogenous shoots on tree trunks and branches give rise to cocoa pods on the cocoa tree (Theobroma cacao). In the
cannonball tree (Couroupita guianensis), shoots that produce flowers and fruits ring the trunk a few meters off
the ground, a condition termed “cauliflory.”

4.1.5.3 Floral Branching (Inflorescence)

Plants may have solitary flowers borne singly in the axil of a leaf, as in species of Hibiscus, or possess branched
systems of flowers forming inflorescences. A great variety of these exist, but in general they can be divided into
two types. The main axis of a racemose inflorescence is not terminated by a flower, so it is capable of indefinite
growth. It displays monopodial branching and is indeterminate. A cymose inflorescence is terminated by a flower
on the main axis and is therefore capable of limited or determinate growth. Additional flowers must arise from
sympodial branching.

4.1.5.4 Root Branching

Root branching is poorly understood because roots grow out of sight and are inherently difficult to study. Although
some general types of root systems have been identified, root growth is extremely plastic because it is strongly gov-
erned by soil homogeneity, composition, moisture, and fertility. They never seem to approach the geometric patterns
that stem systems can exhibit. Roots lack axillary buds, flowers/fruits, leaves, and any real apical dominance. Under the
influence of gravitropic factors, the primary root from a seedling normally penetrates downwards through the soil,
giving rise to lateral secondary roots (often roughly in rows, usually four). Secondary (lateral) roots arise from the
pericycle of the primary root. (These lateral roots may arise as seminal roots from primordia in the embryo before ger-
mination.) Lateral roots are anatomically identical to the primary root and produce tertiary roots. Their arrangement is
less well ordered than the laterals. The tertiaries may themselves be branched, and the branching process may continue
on. Roots are indeterminate and continue growing in patches, seeking regions of soil rich in nutrients or water.

4.1.5.5 Flower

A flower is a shoot system comprised of concentric rings of four types of leaves arising from a determinate axis and
modified for sexual reproduction: sepals, petals, stamens, and carpels. Sepals and petals are not required for reproduc-
tion and are thus called accessory parts; therefore stamens and carpels are essential parts. Together the sepals comprise
the flower’s calyx while its petals comprise the corolla; both whorls combined form its perianth. The male parts
(androecium) are the stamens (consisting of filament and anther) and the female parts (gynoecium) are the carpels
(consisting of stigma, style, and ovary).

Flowers form in leaf axils which are often tiny and are termed “bracts.” Some flowers have large conspicuously
colored bracts that can supplement or completely replace them (Poinsettia sp.). A flower is borne on a stem called a
pedicel while its attachment point is a receptacle, and the stem of an inflorescence, a branching floral system, is called
a peduncle.

4.1.5.5.1 Floral Modifications

Flowers are modified in many ways, chiefly because many of them coevolved with pollinating insects. Four kinds of
floral modifications are briefly described here.
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4.1.5.5.2 Loss of Floral Parts

Complete flowers possess all four whorls of floral leaves while incomplete flowers lack one or more whorls. Perfect
flowers possess carpels and stamens, but lack petals, sepals, or both of these parts. An imperfect flower lacks either car-
pels or stamens, whereas carpellate (female) flowers have only carpels and staminate (male) flowers have only stamens,
no carpels.

Botanically the ear of a corn plant (Z. mays) is a carpellate (female) imperfect inflorescence. The silks are conspicu-
ously elongated styles, with exposed and adhesive stigmatic surfaces that can catch airborne pollen. The tassel is a
staminate (male) imperfect inflorescence. Corn is a monoecious plant, with both female and male reproductive organs;
many cucurbits are likewise monoecious. Papaya (Carica papaya) is dioecious, with female and male flowers produced
on separate plants.

4.1.5.5.3 Fusion of Floral Parts

Fusion within floral whorls creates a gamosepalous flower if the sepals are involved (many legumes) and a gamopeta-
lous flower if it involves the petals (morning glory, Ipomea sp.). Flowers with petals that are not fused together are
polypetalous. The most common type of fusion between whorls involves stamens and sepals; in this case the stamens
are said to be adnate to the petals, producing a flower that is epipetalous.

Fusion of the filaments of the stamens into a tube creates a connate structure with the resulting androecium being
adelphous. Fusion of the carpels produces a syncarpous gynoecium, while an apocarpous gynoecium has free carpels; a
gynostegium results from fusion of the gynoecium with the androecium. The flowers of many legumes and all of the
Compositae have their stamens fused into tubes.

4.1.5.5.4 Position of the Ovary

Hypogynous flowers have convex receptacles that make their ovaries superior to the rest of the flower (in other words
the rest of the floral parts are “below the gynoecium”). Perigynous (“around the gynoecium”) flowers have concave
receptacles so their ovaries are below the rest of the floral parts, thus making them half superior. The ovary of an epigy-
nous flower (“above the gynoecium”) is inferior and completely surrounded by the receptacle.

4.1.5.5.5 Floral Shape

If the parts in each whorl of a flower are all the same size and shape, the flower will display radial or actinomorphic
(multilateral) symmetry. Any longitudinal cut through its central axis will make halves that are mirror images (Hibiscus
sp., Cucurbita sp.). If there are differences in the shape or size of the parts, or some parts are missing then flower will
have bilateral (zygomorphic) symmetry, such that just one particular longitudinal cut results in halves that are mirror
images (Orchidaceae, many Leguminoceae). The flowers of some plants exhibit a lack of any recognizable pattern in
the arrangement of their parts and are thus asymmetric (Canna sp.).

4.1.5.6 Fruits

Fruits are botanically different from what are often distinguished as being fruits or vegetables. The common green bean
(Phaseolus vulgaris) is classified as a type of fruit called a legume, rather than a vegetable, while coconuts are not
really nuts (though coconuts and true nuts are both fruits). Avocados (Persea americana), bananas (Musa acuminata),
and tomatoes (Solanum lycopersicum) are examples of berries.

True fruits are mature ovaries of angiosperms. When the ovule(s) develop to form seed(s) in the ovary, the ovary
wall generally becomes thicker and forms three layers that constitute the pericarp. The exterior layer is the exocarp,
which can be just an epidermis (blueberry, Vaccinium sp.) while mesocarp, the middle layer, is often soft, like the flesh
of the mango (M. indica). The interior layer (endocarp) can range from soft (cucumber, Cucumis sativus) to stony
(the “stone” or “pit” of the plum (Prunus sp.).

A fruit is commonly classified by the number of flowers and ovaries involved in its development, whether the meso-
carp is soft and fleshy, rather than dry and hard, and whether or not the fruit splits open (dehisces) when mature.

4.1.5.7 Seed

Seeds are the mature, fertilized ovules of flowers that contain dormant embryos and food stores awaiting germination.
Protection is provided by a seed coat (testa) that develops from the layers of integument cell(s) of the ovary inside
the nucellus (megasporangium). The micropyle forms a pore at the apex so that the pollen tube can reach the ovule.
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Near the micropyle is the hilum, a scar formed when the seed separates from the funiculus, or seed stalk. Albuminous
seeds store food while exalbuminous seeds do not. Food reserves, which are usually carbohydrates but can be protein or
lipids can be either perispermous (enlarged nucellus tissue), endospermous (originating just from the principal nucellus
cell), or both of these.

Most eudicotyledonous seed embryos use up their food reserves long before they germinate; exceptions include
sunflower (Helianthus annuus) and rapeseed (Brassica sp.), which have oily seeds. In contrast, the seeds of many
monocotyledons, including the crops wheat, oats, and corn, have conspicuous endosperms.

4.1.5.8 Accessory and False Fruits

False fruits arise from inferior ovaries. In apples (Malus domestica) and pears (Pyrus communis) the mesocarp merges
together with the receptacle with no discernible exocarp, because the carpels fuse with receptacle tissues during fruit
development. There are two groups of vascular bundles visible in the flesh of these fruits. One group led to the sepals
and the other one to the petals of the flowers from which the fruits formed. Strawberry (Frageria sp.) fruits are really
tiny achenes, a kind of dry indehiscent fruit that resemble seeds on the swollen red receptacle. The pericarp can be bol-
stered by other structures that protect the seeds, including the proliferated receptacle of soursop (Annona muricata) and
perianth of breadnut (Artocarpus camansi), and the scale-like bracts of pineapple (Ananas comosus).

4.2 PLANT FUNCTION
4.2.1 Photosynthesis

All life forms on earth require energy for maintenance, growth, and productivity. This energy is derived directly or indi-
rectly from the sun for most organisms, and the first step in the use of solar energy is the process of photosynthesis.
Photosynthesis can be defined as the synthesis of organic compounds (primarily sugars) from carbon dioxide (CO,) and
water using light energy. It can also be defined as the process by which light energy from the sun is converted into
chemical energy of carbohydrate molecules. The main products of photosynthesis are carbohydrates (of general chemi-
cal formula C¢H;,0¢) and oxygen gas (O,). A summary of the overall process is as follows:

6CO;, + 6H,0 = C¢H 1,04 + 60,

Photosynthesis is the most important characteristic of plants, and all agriculture is dependent on this process directly
or indirectly. There are three major steps in the process of photosynthesis: the CO, diffusion step, the Photochemical
step, and the Biochemical step.

In the diffusion step, CO, diffuses from the air (which has about 0.04% CO.,) into the plant tissue to the site of pho-
tosynthesis (chloroplasts). There is first a vapor phase diffusion of CO, largely through the stomata to the intercellular
spaces, followed by liquid phase diffusion to the chloroplasts. We will now examine with greater detail the photochemi-
cal and biochemical steps of photosynthesis.

4.2.1.1 The Photochemical Step

The photochemical step of photosynthesis consists of what are called light-dependent reactions that occur within the
chloroplasts. During this step, light energy is absorbed by pigments within the chloroplast and used to produce a high-
energy compound (adenosine triphosphate, ATP) and a strong reducing agent (reduced nicotinamide adenine dinucleo-
tide phosphate, NADPH). The water molecule is also split during this step and oxygen is released.

4.2.1.1.1 Chloroplasts

A leaf cell may contain 40—50 chloroplasts, and there may be hundreds of thousands of chloroplasts per square milli-
meter of leaf surface. The chloroplast is surrounded by a double membrane and contains a dense solution called stroma.
Within the stroma another membrane system forms flattened sacs or vesicles called thylakoids. The green chlorophyll
pigments and other pigments are located on the thylakoid membranes. Groups of thylakoids are often stacked together
on the flat surfaces to form grana (singular = granum). Within the thylakoids there is a lumen filled with a solution that
is different from the outside stroma.
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4.2.1.1.2 Photosystems

On the thylakoid membranes, certain pigments and associated proteins are packed together to form units called photo-
systems. There are two types of photosystems, designated Photosystem I (or PSI) and Photosystem II (or PSII). Each
photosystem has a critical pigment for photosynthesis (called chlorophyll a) and accessory pigments, e.g., chlorophyll b
and carotenoids. The critical chlorophyll a pigment is designated P700 for PSI and P680 for PSII, indicating the light
wavelength that is absorbed most efficiently by these pigments. The chlorophyll pigments absorb mainly red and blue
light wavelengths, and reflect and transmit green wavelengths, so leaves are green. The accessory pigments absorb light
of slightly different wavelengths than chlorophyll a, and channel this energy to chlorophyll a. In higher plants, both
photosystems must cooperate in carrying out photosynthesis.

4.2.1.1.3 The Photosynthetic Z-Scheme

To understand the light-dependent reactions of photosynthesis, it is best to start with reactions in PSII. Light energy is
trapped by PSII causing an electron from P680 to be promoted to a higher energy level (an excited state). This excited
electron is rapidly transferred to a primary electron-acceptor molecule that is closely associated with P680. If this trans-
fer does not occur immediately, the excited electron falls back to its ground state in P680, giving-off energy (fluores-
cence) in the process. From the primary electron acceptor, the electron is transferred from one acceptor to another
within PSII. In this electron transfer chain, the energy of the excited electron is utilized to move protons (H") from the
stroma to the lumen of the thylakoids. Finally, a mobile electron acceptor carries the electron to PSI where it is
transferred to P700. The photochemical reactions can be illustrated in the Photosynthetic Z-scheme (Fig. 4.5).

As electrons move on to Photosystem I, the pigment P680 (in Photosystem II) is depleted of electrons and becomes
a powerful oxidizing agent capable of stripping electrons from water, thereby splitting the water molecule as follows:

2H20—>4H+ +4e” + 0,

Protons released from this reaction accumulate in the lumen of the thylakoids.

P700 (in PSI) also absorbs light energy and in so doing one electron (supplied by PSII) is promoted to the excited
state. Again this excited electron is immediately transferred to a primary electron acceptor closely associated with PSI.
From the primary electron acceptor, the excited electron moves across an electron transfer chain and is finally trans-
ferred to NADP™ resulting in the formation of NADPH as follows:

NADP" +2¢~ + H' - NADPH

This reaction occurs on the stroma side of the thylakoid membrane. NADPH is a powerful reducing agent, which
means that it has a strong ability to force its electrons and hydrogen on to other molecules.

4.2.1.1.4 Photophosphorylation

The above reactions result in the accumulation of protons (H') in the lumen of the thylakoids and a depletion in
the stroma, which leads to a large gradient in proton concentration across the thylakoid membranes. Protons flow out to
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the stroma through specialized membrane proteins (called ATP synthase) that utilize the energy of this electrical flow
to synthesize ATP from adenosine diphosphate (ADP) and inorganic phosphate (P;) as follows:

ADP + P; + energy — ATP

The plant can utilize energy stored in the triple bond of ATP at a later time for any type of activity that requires
energy. Therefore, ATP serves as energy currency in the plant. The entire process that utilizes light energy to produce
high-energy phosphate bonds is referred to as photophosphorylation.

4.2.1.2 The Biochemical Step

The biochemical step of photosynthesis consists of what are called light-independent reactions that can occur in dark-
ness. During the biochemical step of photosynthesis, the products of the photochemical step (ATP and NADPH) are
used to incorporate carbon dioxide into organic compounds. The energy of solar radiation becomes stored in these
organic molecules as energy associated with chemical bonds. During respiration, organic molecules are broken down to
release CO, and the stored energy is made available for various activities.

4.2.1.2.1 The Calvin Cycle and C3 Plants

The light-independent reactions can proceed once products (NADPH and ATP) of the light-dependent reactions are
present in the chloroplast. The actual fixation of carbon dioxide, which diffuses into the leaf from the atmosphere,
occurs by a cyclic series of reactions called the Calvin cycle (named after one of the pioneer researchers in this area) A
summary of the Calvin cycle is illustrated in Fig. 4.6.

There are three major steps in the Calvin cycle: Carboxylation, reduction, and regeneration. The initial incorporation
of CO, (carboxylation step) is catalyzed by an enzyme called rubisco (ribulose bisphosphate carboxylase-oxygenase)
which occurs in relatively large quantities in photosynthetic tissues. In this reaction, CO, (a molecule containing one
carbon atom) combines with a five-carbon compound (ribulose bisphosphate, or RuBP) to form an unstable product that
immediately breaks down to give two molecules of a three-carbon compound (phosphoglyceric acid or PGA).

RuBP (5 — carbon) + CO, (1 — carbon)—2 molecules of PGA (3 — carbon)

Plants in which the first detectable product of photosynthesis is a three-carbon compound are called C3 plants
(Fig. 4.7). Energy of ATP and the reducing power of NADPH are then used to reduce PGA to phosphoglyceraldehyde
(PGaldehyde) in the Reduction step. ATP is also needed in the Regeneration step to regenerate molecules of the original
five-carbon compound (RuBP) from molecules of the three-carbon compound (PGaldehyde).

For example, 5 X 3 — carbon—3 X 5 — carbon

However, with every turn of the cycle an additional carbon atom is incorporated, so that there is an accumulation of
three-carbon compounds, which are used to synthesize hexose (six-carbon) sugars.

For example, 2 X 3 — carbon— 1 X 6 — carbon

The plant can use the basic building blocks of hexose sugars to build all other substances required, e.g., sucrose,
starch, cellulose, amino acids, fatty acids.

PGA (Phosphoglyceric acid)
co PGaldehyde (Phosphoglyceraldehyde)
2 Rubisco (Ribulose bisphosphate

\\é carboxylase/oxygenase)

RuBP
Rubisco 2PGA
2 ATP
Calvin Cycle
1 ADP (summary) 2 ADP
1 ATP 2 NADPH
PGaldehyde
,+ Pool 2 NADP*
& N
Starch NJT63 (0 1 T= —— > Phloem

FIGURE 4.6 Summary reactions of the photosynthetic biochemical step.
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FIGURE 4.7 Photosynthetic biochemical pathways in C3, C4, and CAM plants.

4.2.1.2.2 Photorespiration

Photorespiration can be defined as the evolution of CO, during photosynthesis. It arises because rubisco can act as
either a carboxylase (incorporating CO,) or as an oxygenase (incorporating O,). In the presence of relatively high CO,
levels, rubisco acts mainly as a carboxylase. However, when oxygen levels are high, rubisco acts as an oxygenase and
incorporates O, into the five-carbon compound (RuBP) as follows:

RuBP (5 — carbon) + O; > PGA (3 — carbon) + glycolate (2 — carbon)

The PGA formed continues along the Calvin cycle, while glycolate is metabolized in the glycolate pathway involv-
ing chloroplasts and other cell organelles. In the glycolate pathway there is a net loss of CO,, and ATP and NADPH
are required. Therefore, photorespiration appears to be a very wasteful process in which net CO, fixation is reduced
and energy is also used up in the process. Any factor that reduces the availability of CO, or increases the availability of
O, to rubisco will increase the levels of photorespiration.

4.2.1.2.3 C4 Plants

Under hot dry conditions, stomata tend to close which serves to restrict water loss. However, stomatal closure restricts
the diffusion of CO, to the chloroplasts and O, levels also build up, which encourages photorespiration. Some plants
have evolved mechanisms to reduce the levels of photorespiration under these conditions. In many of these plants two
enzymes are involved in the incorporation of CO,.

In some plants the first detectable product of photosynthesis is not a three-carbon compound but a four-carbon com-
pound. These plants are called C4 plants, and in addition to rubisco they have another enzyme (phophoenolpyruvate
carboxylase, or PEPcase) capable of capturing CO,. PEPcase is present in the mesophyll cells of the leaf, while rubisco
occurs only in cells (called bundle sheath cells) immediately surrounding the transport tissue (vascular bundles).
PEPcase first incorporates CO, into a three-carbon compound (phosphoenolpyruvate, or PEP) to form a four-carbon
compound (oxaloacetic acid, OAA). OAA is not very stable and is quickly converted to either malic acid or aspartic
acid (four-carbon compounds, Fig. 4.7).

The four-carbon compound formed from the activity of PEPcase diffuses to the bundle sheath chloroplasts, where the
newly fixed CO, is released for incorporation by rubisco in the Calvin cycle. After releasing CO,, the resulting three-
carbon compound returns to the mesophyll cells and the process is repeated. However, some additional energy (ATP) is
required for PEP to be regenerated. The C4 mechanism serves to concentrate CO, into the bundle sheath chloroplasts,
thereby reducing the levels of photorespiration. Therefore, photorespiration tends to be negligible in C4 plants.

4.2.1.2.4 Crassulacean Acid Metabolism Plants

In some plants adapted to very dry (desert) conditions, the stomata are closed during the daytime and open at night.
These plants are said to show the crassulacean acid metabolism (CAM) pathway, which was first discovered in mem-
bers of the plant family Crassulaceae. Photosynthetic tissue of these plants contains both PEPcase and rubisco. During
the night, when stomata are open, CO, is fixed by PEPcase to form malic acid, which accumulates in plant tissues.
During the day, stomata close and malic acid breaks down to release the fixed CO,, this is then incorporated by rubisco
in the Calvin cycle (Fig. 4.7). Rubisco is activated by light, and has a lower affinity for CO, than PEPcase. A relatively
high CO, concentration is likely to exist within the photosynthetic tissue when rubisco is active, so that photorespiration
is generally lower than that of C3 plants.
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4.2.1.2.5 Blackman’s Law of Limiting Factors

Several environmental factors influence photosynthesis, and the actual rate of photosynthesis at any instant will be
limited by the factor that is either in short supply or furthest from its optimum value. This is known as Blackman’s Law
of limiting factors (or Liebig’s law of the minimum), which can be restated as follows:

When a chemical process depends on more than one essential condition being favorable, its rate is limited by that factor that is
nearest to its minimum value.

For example, photosynthesis is likely to be limited by light under heavy shade conditions and according to
Blackman’s law cannot be increased by changes in any other factor besides light e.g., temperature, water supply, or car-
bon dioxide concentration. When light levels are increased to the photosynthetic light saturation point, another factor
becomes the limiting factor. A good analogy to help explain Blackman’s law is a barrel containing holes at different
points on the sidewalls. The maximum height to which water can rise in the barrel is determined by the height of the
hole nearest to the base of the barrel.

4.2.2 Translocation

The transport of products of photosynthesis (also called assimilates or photosynthates) from Source to Sink in plants is
called translocation. The Source is a net exporter of assimilates (e.g., leaves), while the Sink is a net importer of assimi-
lates (e.g., tubers, fruits, roots, stems). A storage tissue can become a Source when stored material is mobilized and
exported.

4.2.2.1 Translocation Mechanism

Translocation occurs in phloem tissue via sieve elements (with associated companion cells) and metabolic energy is
required for this process. Rates of movement in the phloem can sometimes exceed 1 m per hour and substances can
move in different directions at the same time. Movement by diffusion is much too slow to account for such rapid rates
of movement observed in the phloem.

Some movement in individual sieve elements may be explained by cytoplasmic streaming—this is a rotational
movement of the cytoplasm around the periphery of many cells due to the action of microfilaments. Cytoplasmic
streaming is readily observed in young but not in mature sieve elements, and observed rates of movement are still too
slow to explain the rapid rates of movement that can occur in phloem tissue.

4.2.2.1.1 Munch’s Pressure-Flow Theory

The most widely accepted explanation of the translocation mechanism is given by Munch’s Pressure-Flow theory. This
theory suggests that movement in the phloem is due to mass flow along a turgor (hydrostatic) pressure gradient.

Assimilates enter the sieve tubes of the phloem by active transport (phloem loading) at the Source (e.g., leaf). The
osmotic potential falls as solutes accumulate in the sieve elements at the Source. Water is then dragged in by osmosis
from surrounding tissue and ultimately from the xylem. The pressure increases as water enters the sieve tube leading to
the mass flow of water and dissolved substances along the sieve tube under a hydrostatic pressure gradient.

Assimilates are removed from the sieve tubes (unloading) at a Sink (where assimilates are utilized). The water
potential of the solution in the sieve tube increases as dissolved substances move out and the solution becomes more
dilute. Water moves out when the water potential of the solution in the sieve tube becomes higher than that of the sur-
rounding cells. This leads to a fall in the hydrostatic pressure at that location in the sieve tube, which serves to bring
more phloem sap toward the active Sink. Water flowing out of the sieve tubes at the Sink will ultimately return to the
xylem. Translocation is therefore linked to water flow in xylem (Fig. 4.8).

There are two mechanisms that can prevent uncontrolled loss of phloem sap in cases where the sieve tube is
damaged:

1. Formation of P-protein (phloem protein) plugs. P-protein filaments form a fine network next to the plasma mem-
brane of sieve elements. If the sieve tube becomes damaged, the P-protein (along with other contents of the phloem)
surges toward the cut end due to the internal hydrostatic pressure. The tangled mass of protein filaments and protein
bodies form a “P-protein” plug, which helps to seal the cut end of the sieve tube. However, not all flowering plants
have P-proteins.
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FIGURE 4.8 Diagram illustrating the Pressure-Flow theory.

2. Proliferation of callose. This is a carbohydrate polymer that is synthesized by the plasma membrane especially under
stress conditions. Callose is deposited into the tangled mass in the sieve pores of damaged sieve tubes, which serves
to seal off the damaged sieve elements. Callose proliferates when there is a pressure drop, which helps to seal the
sieve pores.

4.2.3 Transpiration

Living plant tissues can contain about 95% water, and apart from being an essential constituent for life, water also has
several specific roles in the plant. Water is a very good solvent and dissolves many organic and inorganic solutes, which
facilitates the transportation of these substances around the plant. Certain properties of water molecules are beneficial
for the buffering of temperature changes in plants, allowing plants to operate under more stable temperature conditions.
Hydrostatic pressure in plant tissue (due to water content) is very important for plant form, movement, leaf display, and
growth. Water also takes part in many chemical reactions within the plant, such as hydrolysis reactions and photosyn-
thesis. However, most (98%) of the water that enters plant roots is lost by evaporation from the shoot system. The evap-
orative loss of water from plants is called transpiration, and this process is important for transport of substances within
the plant as well as for evaporative cooling of leaves. We will now look at the pathways for water movement from the
soil through the plant to the atmosphere and the forces that drive water flow.

4.2.3.1 The Soil-Plant—Atmosphere Continuum (SPAC) and Water Potential

There is a continuous pathway (called the SPAC) for the movement of water from the soil through the plant to the
atmosphere. Water is present in a continuous system in the SPAC, and water movement in this system can occur by
two major processes:

a. Diffusion—the net movement of a substance from one point to another due to the random (or thermal) motion of
individual ions or molecules.

b. Mass flow—the simultaneous movement of groups of ions or molecules in one direction due to a hydrostatic pres-
sure gradient.

In plants, mass flow occurs in the vascular tissue (e.g., xylem vessels) as a result of pressure gradients created by
the diffusion of water into roots or out of leaves. What is the driving force for water movement by diffusion? To answer
this question, we need to introduce the concept of water potential. Water potential of any system is a measure of the
capacity of that system to give out water. The word “system” here can refer to a cell, solution, soil, atmosphere, or any
part of the SPAC. Water moves spontaneously from a point of high water potential to one of low water potential in any
system or across systems, once there is a pathway for water movement. The symbol commonly used to denote water
potential is “¥” (the Greek letter “Psi”).

Water potential is actually a measure of the free energy of water in the system, and free energy can be defined as
the energy available to do work. However, absolute values of free energy are very difficult to determine and it is much
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easier to calculate relative values. Water potential is defined as the difference in free energy of water at any point in a
system and that of pure unconfined water at the same temperature. Therefore, the free energy of water in any system is
determined relative to that of pure water, which is assigned a water potential of zero as a consequence of our definition.
Water potential has units of pressure and is commonly expressed as MPa (Megapascals). Water potential has compo-
nents due to the effects of dissolved substances, surfaces that attract water, hydrostatic pressure and gravity. There is
usually a gradient in the water potential across the SPAC with values being high in the soil (—0.01 to —1.5 MPa) and
low in the atmosphere (—10 to —200 MPa). This gradient in water potential provides tremendous driving force for
water movement in the SPAC.

4.2.3.2 Water Uptake From Soil

Water is not held very strongly in the large pore spaces of the soil due to the reduced matric potential forces as the diame-
ter of the pore spaces increases. Water in the largest pore spaces drains away readily under the influence of gravity, and
this water is not available to plants. As plants take up water from the soil, water is first removed from the largest pore
spaces that contain water. The water menisci then recede to smaller and smaller pore spaces and uptake becomes increas-
ingly difficult as the soil dries. Additionally, the conductance of the soil to water declines sharply as the soil dries.

Water is held most strongly in clay soils since these soils are likely to contain the smallest capillary pore spaces.
The maximum water uptake per unit root surface area occurs in the Root Hair Zone, which occurs a short distance
(2—20 cm) from the root tip. As roots age, the outer surfaces become increasingly suberized and water uptake rates
decrease. However, older roots can still take up a substantial amount of water since they generally make up the bulk of
the root system. Water uptake is increased by the presence of Mycorrhizae fungi that form a symbiotic relationship
with the roots of most higher plants. The fungal hyphae infect the root and penetrate the soil increasing the surface area
for the absorption of water and mineral nutrients. In return the plant supplies the fungus with carbohydrates.

4.2.3.3 Plant Available Water

At “Field Capacity” (FC) the soil is wet and contains all the water it can hold against gravity. At the “Permanent
Wilting Point” (PWP) the soil is dry and the plant can no longer extract any more water. The difference in the water
content of soil between field capacity and the permanent wilting point gives the amount of soil water available for
uptake by plants. The plant available water is expected to be greater for clayey and organic soils compared to sandy
soils. If we know the plant available water and the rate at which this water is being depleted by crops then we can deter-
mine the necessary frequency of irrigation. Apart from irrigation scheduling, this information can also be useful in the
modeling of crop growth and prediction of yields.

4.2.3.4 Water Flow Pathways in Plants

There are two major pathways for water flow in plants, the apoplastic and the symplastic pathways. In the apoplastic path-
way, water moves in the free spaces (apoplast) within the plant that are unbounded by membranes and includes movement
along cell walls and in intercellular spaces. In the symplastic pathway, water moves across the symplast, which consists of
the cytoplasm and plasmodesmata (minute connections between the cytoplasm of adjacent cells). The resistance to water
flow is higher in the symplastic pathway, largely due to the flow restriction imposed by the plasma membrane.

4.2.3.5 Water Flow Across Root Cortex

Water flows from the soil across the root epidermal layer and cortex to the root xylem, with movement occurring both in
the apoplastic and symplastic pathways. The apoplastic pathway is blocked at the innermost layer of cortical cells, the
endodermis. The radial and transverse cell walls of the endodermis are suberized (embedded with a wax-like material)
forming the Casparian strip, which prevents further movement of water along the apoplastic pathway. Both water and dis-
solved mineral ions from the apoplast must enter the symplast at the endodermis in order to proceed further into the plant.

4.2.3.6 Driving Forces for Water Flow From Roots to Leaves

The driving forces for water flow from roots to leaves are root pressure and the transpiration pull. Root pressure is
the lesser force and is important mainly in small plants at times when transpiration is not substantial, e.g., at nights.
Root pressure requires metabolic energy, which drives the (active) uptake of mineral ions from the soil into the root
xylem. As ions accumulate in the root xylem, the osmotic potential of the xylem solution falls causing the passive
uptake of water from the soil by osmosis into the xylem. As pressure builds up within the xylem due to osmotic water
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FIGURE 4.9 Diagram illustrating water diffusion out of a leaf.

uptake, the xylem solution is forced upward to the leaves by mass flow. Root pressure can result in the loss of liquid
water from the leaves during times of low transpiration. This process is called guttation and specialized structures
(hydathodes) in the leaves are involved. The maximum root pressure that develops in plants is typically less than
0.2 MPa, and this force for water movement is relatively small compared to the transpiration pull.

The transpiration pull is explained by the Cohesion—Adhesion Theory, with the water potential gradient between
the leaves and the atmosphere providing the driving force for water movement. The water potential of the atmosphere
is dependent on the relative humidity and temperature of the air, and can typically range between —10 and —200 MPa.
Leaf water potential typically ranges between —0.2 and —3.0 MPa. Water evaporates from the leaf surface into the
atmosphere along this steep water potential gradient (no metabolic energy is required). The water potential of surface
cells falls as these cells lose water and water is pulled from successively deeper cell layers along the water potential
gradient created, until eventually water is pulled from the xylem vessels (Fig. 4.9).

Water columns in the xylem vessels are pulled upward by mass flow as water is removed by leaf cells. Strong
attractive forces between water molecules (cohesion) and between water molecules and the walls of the xylem vessels
(adhesion) allow the water columns to stay intact. The typical tension (pulling force) that develops within the xylem
vessels ranges between —2 and —3 MPa, which is about 10 times the force that develops under root pressure.
Cavitation can occur under water stress, which results in a snapping sound as air enters the xylem forming an embolism
that blocks further water flow in that particular xylem vessel. Air embolisms may be temporary in some cases as air can
redissolve in the xylem sap or be expelled by root pressure.

4.3 PRACTICE QUESTIONS

Explain the functional significance of the cells that comprise the vascular tissues.

Describe the cells and tissues that provide support in plants.

Outline the major differences between the C3, C4, and CAM photosynthetic pathways.

List three crop examples for each photosynthetic pathway (C3, C4, and CAM) based on information available on
the Internet.

Explain the mechanism by which products of photosynthesis are transported in the plant.

Distinguish between root pressure and transpiration pull.

7. What environmental factors are likely to influence transpiration rates?

Ll

AL

FURTHER READING

Barclay GF. Anatomy and morphology of seed plants. In: eLS (2015), Chichester: John Wiley & Sons; 2015.

Barclay GF. Medicinal plants of Trinidad and Tobago. In: Reid B, editor. Caribbean heritage. The University of the West Indies Press; 2012. p.
221-35.

Bell AD. Plant form: an illustrated guide to flowering plant morphology. London: Timber Press; 2008.

Dickison WC. Integrative plant anatomy. New York, NY: Academic Press; 2000.

Evert RF, Eichhorn SE. Raven biology of plants. 8th ed. New York, NY: WH Freeman; 2013.

Heywood VH, Brummitt RK, Culham A, Seberg O. Flowering plant families of the world. Kew: Royal Botanic Gardens; 2007.

Taiz L, Zeiger E. Plant physiology. 5th ed. Sunderland, MA: Sinauer Associates; 2010.


http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref1
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref2
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref2
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref2
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref3
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref4
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref5
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref6
http://refhub.elsevier.com/B978-0-12-802104-0.00004-4/sbref7

Chapter 5

Plant Constituents: Carbohydrates, Oils,
Resins, Balsams, and Plant Hormones

L.L. Dilworth’, C.K. Riley” and D.K. Stennett'

!University of the West Indies, Kingston, Jamaica, Scientific Research Council, Kingston, Jamaica

Chapter Outline

5.1 Carbohydrates: Classification, Function, 5.3.3 Preparation of Essential Oils 68
and Uses in Medicine 61 5.3.4 Bioactivity of Essential Oils 70
5.1.1 Nomenclature and Definition 61 5.3.5 Crude Drugs Containing Essential Oils 71
5.1.2 Classification of Carbohydrates 62 5.4 Resins and Balsams 71
5.1.3 Carbohydrates and Medicine 65 5.4.1 Resins 71

5.2 Nonessential Oils 66 5.4.2 Balsams 72
5.2.1 Definition 66 5.4.3 Medicinal Uses of Resins and Balsams 73
5.2.2 Plants Containing Nonessential Oils 66 5.5 Plant Hormones and Growth Factors 73
5.2.3 Extraction of Plant Oils/Lipids 66 5.5.1 Definition 73
5.2.4 Bioactivity of Nonessential Oils 67 5.5.2 Classification and Applications 73
5.2.5 Nutraceuticals Containing Nonessential Oils 68 5.6 Summary 76

5.3 Essential Oils 68 5.7 Questions 76
5.3.1 Definition 68  References 76
5.3.2 Composition 68

Learning Objectives

e To provide an overview of carbohydrate classification, highlighting medicinal uses of selected polysaccharides.

e To give an overview of essential and nonessential oils, highlighting their contributions to science, medicine, as well as general
health and well-being.

e To highlight the classification and main applications of plant hormones, resins, balsams, and growth factors.

5.1 CARBOHYDRATES: CLASSIFICATION, FUNCTION, AND USES IN MEDICINE

5.1.1 Nomenclature and Definition

Carbohydrates belong to a group of complex biomolecules commonly regarded as the “staff of life.” They are the most
abundant organic compounds in living organisms and are among the four major classes of biomolecules. During photosyn-
thesis, carbohydrates are produced from the reaction of carbon dioxide with water. Carbohydrates go by several common
names, including sugars, starches, saccharides, and polysaccharides. In chemical terms, the word carbohydrate refers to a
“hydrate of carbon.” They are often represented by the chemical formula C,(H,O),, where the numerical values of x and
y range from 3 to 12. Glucose, e.g., has the chemical formula C4(H,0)g and is commonly written as C¢H;,0g.

The chemistry of carbohydrates closely resembles that of alcohols and carbonyls (aldehydes and ketones).
Advancements in modern chemistry revealed that several carbohydrates such as deoxyribose (CsH;oO4) and gluconic acid
(C¢H1007) do not match the required hydrogen to oxygen ratio proposed by the general formula (Fig. 5.1A). In addition
to this, other carbohydrates are known to possess other elements such as nitrogen, sulfur, and phosphorous (Fig. 5.1B).
As a result, modern conventions now define carbohydrates as polyhydroxy aldehydes or ketones and their derivatives.
The classification goes even further to include substances that yield polyhydroxy aldehydes or ketones on hydrolysis.
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FIGURE 5.1 (A) Structural variation among sugars. (B) Sugars containing N, S, and P.

Advancement in chemistry revealed disparity in existing carbohydrates to general structures. Further some carbohydrates
contain N, S, and P. Modern conventions now refer to carbohydrates as: polyhydroxy aldehydes, ketones, substances that yield
polyhydroxy aldehydes, or ketones on hydrolysis.

Carbohydrates may exist as straight chain or cyclized molecules. Additionally, each carbon atom in most cases has
a hydroxyl group bound to it.

5.1.2 Classification of Carbohydrates

Carbohydrates are classified based on the complexity and diversity of their structures. Simple sugars, commonly
referred to as monosaccharides, possess only one sugar residue, while oligosaccharides are made up of two to ten sugar
residues and polysaccharides have eleven or more.

5.1.2.1 Monosaccharides

Monosaccharides are classified as aldoses (aldehyde functional group) or ketoses (ketone functional group). They are
further classified according to the number of carbon atoms in the backbone, commonly designated with prefixes such as
tri-(3), tetr-(4), pent-(5), hex-(6), etc. in the chemical name of the sugar. Glucose, e.g., with six carbons and ribose with
five carbons are classified as hexose and pentose, respectively.

Monosaccharides are further classified stereochemically as D (dextro) and L (levo) based on the configuration of the
asymmetric carbon farthest away from the carbonyl group in straight chained compounds. If the farthest hydroxyl
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(—OH) group on the carbon atom next to the last CH,OH is on the right as represented in the Fisher projection, it is
classified as D and if on the left, classified as L (Fig. 5.2).

Aldoses such as ribose and glucose can exist in three structural forms: the open chain, the alpha (o) cyclic form,
and the beta (3) cyclic form (Fig. 5.2A). Ninety-nine percent (99%) of glucose molecules exist in the cyclic form
(66%03 and 33%a) and 1% in the open chain form. Upon cyclization, a-p-glucose is formed if the hydroxyl group on
carbon-1 is pointed in the opposite direction to the CH,OH group in Haworth projection, while the (3-p-glucose is
formed if the hydroxyl group is pointed in the same direction as the CH,OH group (Fig. 5.2B). Cyclic pentoses are
referred to as furanoses, while hexoses are referred to as pyranoses. The cyclic formations are more thermodynamically
stable than their open chain counterparts. Ketopentoses and ketohexoses such as ribulose and fructose can also exist in
the open chain or cyclic forms. Fructose, the most common ketohexose, can cyclize to form either a furanose or pyra-
nose ring depending on whether the C-2 keto group reacts with the hydroxyl group on C-6 or C-5 (Fig. 5.2B).

Carbohydrate Classification

Number of sugar units
Number of carbons
Functional groups
Stereochemistry

Straight chains vs. rings
Type of bonding
Structural vs. functional
Source (plant vs. animal)
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FIGURE 5.3  Structure of common disaccharides.

5.1.2.2 Oligosaccharides

Oligosaccharides are a class of carbohydrates possessing 2—10 monosaccharide units. The monosaccharide units may
be linked via O-glycosidic or N-glycosidic bonds. O-glycosidic linkages may be formed from o 1—1 (trehalose), o 1—4
(maltose), o 1—3 2 (sucrose), 3 1—4 (cellobiose) glycosidic bonds. The most abundant oligosaccharides are those
possessing two monosaccharide residues, commonly referred to as disaccharides. These include sucrose, maltose, lac-
tose, cellobiose, and trehalose. Sucrose, a disaccharide of glucopyranose and fructofuranose (Fig. 5.3), is the most
important disaccharide in plants and is found in large amounts in crops such as sugarcane, sugar beets, and sweet
sorghum [1]. Oligosaccharides are also commonly bound to lipids and amino acids by way of O-glycosidic and
N-glycosidic bonds to produce glycolipids and glycoproteins.

5.1.2.3 Polysaccharides

Polysaccharides are high molecular weight carbohydrates which yield monosaccharides or related compounds upon
hydrolysis [2]. p-Glucose, L-fructose, and L-rhamnose are the most abundant residues found in polysaccharides. Other
monosaccharides such as p- and L-galactose, D-mannose, D-xylose, L-arabinose, D-glucuronic acid, p-glucosamine, and
D-galactosamine also occur as constituent molecules in polysaccharides [2]. Chemically, polysaccharides are classified
according to the nature and diversity of the constituent monosaccharides. A polysaccharide, such as starch or cellulose,
which yields a single monosaccharide upon hydrolysis is classified as a homopolysaccharide. Conversely, heteropoly-
saccharides, such as pectins, yield a mixture of monosaccharides after hydrolysis. Functionally, polysaccharides are
classified based on their biological purpose as structural or nutrient. Nutrient polysaccharides serve as metabolic
reserves in plants (starch and inulin) or animals (glycogen), while structural polysaccharides form rigid protective struc-
tures in plants (cellulose, pectins) and animals (chitins).

It is important to note that polysaccharides differ from each other not only by type or diversity of the individual
monosaccharide residues but also by the molecular weight of the polymer, type of chains formed (branched, linear),
type of glycosidic bond (a or 3), and position at which condensation occurs (1-2, 1—1, 1—4, 1—6). A typical example
is starch and cellulose which are both made up of glucose units but are structurally different. Cellulose is a linear mole-
cule formed from 3 (1—4) glycosidic bonds with molecular weights ranging from 200,000 to 2,000,000 Da, while starch
is a branched molecule possessing o (1—4) and o (1—6) glycosidic bonds and molecular weights up to 1,000,000 Da.

5.1.2.3.1 Starch

Starch, the major carbohydrate reserve in higher plants, accounts for over 85% of the dry weight. Starches possess two
primary chains, a linear portion formed from o 1—4 (amylose) glycosidic bonds and a branched region consisting of
o 1—4 and o 1—6 (amylopectin) glycosidic bonds. Amylose (15—20%) is generally a minor component of most
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starches while amylopectin is the major constituent accounting for 80—85% of the starch molecule [2]. Amylopectin
residues are characterized by the presence of o 1—6 glycosidic bonds at every 24—30 glucose units.

Starch is found as granules (ovoid or spherical in shape) in the chloroplasts of plant leaves or in the amyloplasts of
storage organs such as seeds and tubers [3]. Starch occurs as a white, soft, tasteless, and amorphous powder that
is insoluble in polar solvents. The structure and functionality of starches can be readily altered through chemical,
mechanical, or physical treatment. Physical treatment of natural starch by exposure to dry heat results in the formation
of dextrins (dextrinization), while heating in water leads to gelatinization. During gelatinization, granules swell and
burst, resulting in loss of the semicrystalline structure and leaching of amylose molecules from the granule. Starches
are commonly modified chemically through acid hydrolysis, oxidation, esterification, phosphorylation, ethylation, and
polarization.

Starch can be hydrolyzed by several enzymes, including c-amylase, 3-amylase, and o (1—6) glucosidase to produce
a mixture of glucose and maltose or completely hydrolyzed to glucose by mineral acids. As such, starches are
commonly referred to as glucosans (yields only glucose residues on hydrolysis). Plant starches are a major source of
digestible carbohydrates and by extension serve as a source of energy in animals.

5.1.2.3.2 Cellulose

Cellulose is the most abundant natural polymer in the biosphere. It is present in all plant systems but cannot be metabo-
lized by animals. Cellulose, the major constituent of the cell wall, is a fibrous, tough, white insoluble solid which serves
a structural function in plants. It is a linear polysaccharide formed from condensation of glucose residues yielding
B (1—4) glycosidic bonds. The structure of cellulose closely resembles that of amylose, except that 3-glycosidic bonds
are formed as opposed to the a-glycosidic bonds in amylose. Cellulose molecules are usually larger than starch with
molecular weight ranging from 200,000 to 2,000,000 Da. Cellulose is widely used as textiles (cotton and linen), excipi-
ents in pharmaceutical products, in thin layer chromatography and filtration systems, and in the corrugated industry.

5.1.2.3.3 Glycogen

Glycogen is the major carbohydrate reserve in animals. It is produced and stored in the liver cells and the muscles, and
functions as secondary long-term energy storage. The structure of glycogen is similar to that of the amylopectin mole-
cule in starch with glucose residues linked by o (1—4) and « (1—6) glycosidic bonds. Glycogen has far more branched
points than amylopectin, with o (1—6) glycosidic bonds forming branch chains at every 10—20 glucose units.

Glycogen is a white amorphous powder, poorly soluble in water, and readily hydrolyzed by mineral acids to yield
glucose residues. It may also be hydrolyzed by the enzyme glucoamylase (1,4-a-D-glucanmaltohydrolase) to produce a
mixture of glucose and maltose.

5.1.2.3.4 Pectins, Chitins, and Xylans

Pectins are believed to be the most complex family of polysaccharides in nature. They account for 35% of primary cell
wall of dicotyledons and nongraminaceous monocotyledons, 2—10% in grass, and up to 5% of woody tissues [4].
Most pectins (70%) are formed with a-1,4 glycosidic bonds following condensation of p-galacturonic acid residues.
The structural classes of the pectins include homogalacturonan, rhamnogalacturonan, xylogalacturonan, and apio-
galacturonan [4].

Chitin is one of the most abundant biopolymers on earth and the second most abundant natural polysaccharide, fol-
lowing cellulose. Chitins are found extensively in arthropods serving a structural function in the formation of exoskele-
tons. Chitin is a linear polymer consisting of N-acetylglucosamine residues joined together by 3 (1—4) glycosidic
bonds. When hydrolyzed with mineral acids, chitin degrades to form glucosamine and acetic acid. N-acetylglucosamine
residues are liberated when hydrolyzed by chitinase.

Xylans are a diverse group of polysaccharides formed from xylose residues linked by 3-(1,4) glycosidic bonds and
bearing side chains of 4-O-methyl glucuronic acid. The composition and distribution of the substitutions varies with
plant cell species. Xylans containing arabinose residues are known as arabinoxylans and glucuronoarabinoxylans [5].

5.1.3 Carbohydrates and Medicine

Carbohydrates have been used extensively in modern medicine, either as agents for improving the delivery of active
pharmaceutical ingredients to their sites of absorption or as therapeutics themselves. They have been shown to
play numerous roles in binding to proteins and fats on cell surfaces aiding in cellular signaling and recognition [6,7],
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the functioning of the immune system [8,9], cellular function [10], determining human blood grouping [11,12], improv-
ing and maintaining intestinal health, etc. Starch, cellulose, pectins, and their derivatives are extensively used in drug
delivery systems, such as tablets and granules, to improve the delivery of therapeutic agents to their sites of absorption
either in controlled or immediate release dosages. Starch, cellulose, and their derivatives are ranked among the top 10
excipients used in tablet delivery systems where they are used as disintegrants, binders, glidants, or fillers in tablets,
granules, and capsule systems [13]. Some examples include delivery of acetaminophen, tramadol, alprazolam, oxyco-
done hydrochloride, and acetyl salicylic acid to the various sites of absorption.

Pectins have been shown to bind to cholesterol in the gastrointestinal tract of humans and retard glucose absorption
by trapping carbohydrates. Consumption of pectin (at least 6 g/day) has also been shown to significantly reduce blood
cholesterol [14,15]. Anticoagulant, antithrombotic, and antiviral activities have also been reported for xylan and its
derivatives, primarily sulfated and phosphorylated derivatives [16].

5.2 NONESSENTIAL OILS
5.2.1 Definition

While essential oils are characterized by having a distinct and characteristic essence, nonessential oils by contrast are
not characterized as such and can be any other oil or fat themselves comprised of saturated and unsaturated fatty acids.
Fats tend to be solids at room temperature because of their relatively higher saturated fatty acid content compared to
oils, which have more monounsaturated and polyunsaturated fatty acids. Nonessential oils can therefore technically be
referred to as “plant lipids” inclusive of oils and fats. They may also be referred to as “fixed oils.” Fixed oils and fats
are made up of glycerol esters and complex aliphatic acids.

5.2.2 Plants Containing Nonessential Oils

Nonessential plant oils are normally extracted from various plant parts but the seeds are generally good sources of these
products. Alternatively, oils not derived from seeds are called pulp oils and this group includes avocado oil and palm
oil. Examples of nonessential oils include almond oil, peanut oil, olive oil, rice bran oil, sesame seed oil, canola oil,
castor oil, grape seed oil, cotton seed oil, safflower oil, corn oil, soybean oil, and pumpkin seed oil [17]. Some nones-
sential oils exist as fats at room temperature including coconut oil, palm oil, cocoa butter, and palm kernel oil. This list
is not exhaustive as numerous other plants serve as sources for other economically important nonessential oils.
Plants store energy in seeds in the form of lipids, and it is well known that plant triglycerides serve as energy sources
for mammals [18]. Nonessential oils also play important roles in plant protection serving as physical barriers against
desiccation while also serving as signal molecules and plant hormones.

5.2.3 Extraction of Plant Oils/Lipids

Extraction with organic solvents is the preferred method. In this method, extraction of nonessential oils begins with a
preliminary extraction using propan-2-ol followed by re-extraction with chloroform methanol (2:1 v/v), after which the
solvent is evaporated. This method is used as opposed to the direct chloroform/methanol extraction method that results
in extensive enzymatic degradation of lipids [19]. Contaminants are then removed from the resulting crude mixture
with an organic wash as outlined by Folch [20]. Oilseeds may be extracted with petroleum ether but the main dis-
advantage is that the process is laborious. Other methods utilize the enzyme-assisted aqueous extraction method involv-
ing sonication as well as enzyme treatments [21]. Researchers have found that the efficiency of lipid extraction can
be improved by enhancing conventional organic lipid extraction with an ultrasound-assisted extraction method.
This method shows promise since it reduces the extraction time observed in oil extraction methods for commercial
purposes [22].

Essential oils are not characterized as having a distinct essence.

Components: They are comprised of saturated and unsaturated fats.

Extraction: Solvent and most recent supercritical fluid extractions.

Bioactivities: Antimicrobial; antioxidant; anti-inflammatory; antiatherosclerosis, atrial fibrillation, and cardiovascular disease.
Nutraceuticals: Oils from walnut, flaxseed, Nigella sativa, Eruca sativa seeds, and hemp seed.
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Organic methods of extraction are considered laborious and the solvents used are irritants and toxic. Researchers
have developed a single-step procedure involving the same solvents but with results that are comparable to and in
some cases better than traditional solvent extraction methods [23]. Other modern extraction methods aim to improve
on this process further. An example of this is supercritical fluid extraction wherein organic solvent use is totally
eliminated. This method utilizes supercritical fluids to extract one component from a complex matrix. The fluid gen-
erally used is carbon dioxide since it has ideal properties for the complex process, including its inert nontoxic nature
along with low critical temperature (31.1°C) and moderate critical pressure of 7.39 MPa [24]. This method generates
products with less chemical alterations and with less contaminants compared to what is obtained when traditional
extraction methods are used.

Direct expression may also be used to extract nonessential oils from plant tissue. This is a physical extraction pro-
cess wherein the plant tissue is first milled to small particles followed by a hydraulic process whereby mechanical
power is used to remove the oil. Milling allows for increased surface area to facilitate removal of oils. Direct expression
carried out below 27°C results in “cold pressed o0il” which is highly regarded for its quality and quantity of nutritional
content versus refined oils. The disadvantages are that this process is not efficient, gives low yields, and there are pro-
blems with deriving quality products consistently. Efficiency and yield may be improved by applying heat to the plant
material before extraction, the resulting product being “hot pressed oil” [25]. The heating process employed during the
hot method of extraction may degrade some oil components, thereby altering their antioxidant properties, hence
products of hot pressing are lower in nutritional quality compared to cold press oils.

5.2.4 Bioactivity of Nonessential oils
5.2.4.1 In vitro Bioactivity

In vitro studies show that nonessential oils display a wide range of pharmacological effects including antimicrobial
and antifungal properties. Nonessential oils extracted from the black cumin plant (Nigella sativa) displays effective
antibacterial activity against Mycobacterium avium and Mycobacterium tuberculosis, while also displaying antifun-
gal activity against Candida albicans, Candida tropicalis, and Candida krusei [26]. Nonessential oils extracted from
Pistacia lentiscus L. also possess potent antimicrobial properties against Staphylococcus aureus and Aspergillus
niger strains [27]. Enhanced neuronal survival by coconut oil was demonstrated in in vitro studies, indicating that
coconut oil may be able to counteract neuronal deficits associated with neurodegeneration commonly seen in patients
with Alzheimer’s disease [28]. Other properties of this product including its antifungal activity have led to its
increased use in complimentary and alternative medicine. Studies show that Candida isolates have greater suscepti-
bility to coconut oil compared to conventional antifungal agents [29]. Its efficacy against M. tuberculosis is also well
documented [30].

5.2.4.2 In vivo Activity and Clinical Trials Involving Nonessential Oils

In vivo studies highlight that nonessential oils from Linum usitatissimum (linseed/flaxseed) possess antimicrobial
activity against five strains of bacteria including Sta. aureus, Streptococcus agalactiae, and Escherichia coli and
was effective in treating bovine mastitis [31]. Further studies also show susceptibility of S. aureus and
Propionibacterium acnes to coconut oil suggesting a role for the product in treating moderate infections of the
skin [32]. Antineoplastic properties are also ascribed to nonessential oils from sesame seed, coconuts, and olives
[33,34]. One proposed mechanism is the antioxidant properties of the oils, due in part to the polyunsaturated fatty
acid content [35].

The efficacy of nonessential oils has been highlighted in numerous clinical trials. Evening primrose oil displays
anti-inflammatory effects and may therefore be a potential targeted therapy for treatment of different types of arthritis,
atopic dermatitis, etc. [36,37]. Parenteral nutrition studies with olive oil show good glycemic index control and low
rates of infections in patients in intensive care units [38]. Clinical trials show that olive oil has numerous other benefits,
including enhanced production of oxidized LDL, thereby reducing the probability of developing artherosclerosis, and
also reduces the risk of atrial fibrillation as well as cardiovascular disease and mortality in susceptible individuals
[39—41]. Nonessential oils from a number of herbs including Ocimum sanctum Linn., Black Seed (N. sativa) oil,
olive oil, linseed oil (L. usitatissimum), etc., are widely utilized for their hepatoprotective, antidiabetic, antiasthmatic,
hypocholesterolemic, antioxidant, and anticancer effects [42—45].
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5.2.5 Nutraceuticals Containing Nonessential Oils

Some nutraceutical products rich in nonessential oils are important in maintaining organ integrity. Oils extracted from
avocado, walnut, flaxseed, N. sativa, and Eruca sativa seeds are shown to maintain kidney integrity after a toxic insult,
while prevention of liver damage has been attributed to nonessential oils extracted from olive oil and coconut oil
[46—49]. Nutraceuticals containing nonessential oils have also been shown to possess cardioprotective properties while
moderating the effects of dyslipidemia [50]. Consumption of hemp seed and flax seed oils are known to have positive
impact on cardiovascular health [51]. Overall, research shows that protection of organ integrity and maintenance of good
overall health status can be achieved by selective consumption of nutraceuticals rich in nonessential oils.

5.3 ESSENTIAL OILS
5.3.1 Definition

The term “essential 0il” is misleading as these products are not essential for life. The name is derived from the mostly
pleasant essences they produce when evaporated. As a result, these products are also referred to as “essences.” In addi-
tion, they do not share similar structure to oils but are nonpolar and fat soluble. Essential oils can be defined as any
volatile fragranced nonpolar organic plant extract that is responsible for a plants characteristic odor and they are
reported to have therapeutic uses. These oils may be extracted from any part of the plant and are used in aromatherapy,
yoga, etc. In plants, essential oils are normally found within impermeable granules located in glandular hair, cells, or
in secretory granules [52].

5.3.2 Composition

Essential oils fall under the classification of secondary metabolites including terpenoids, shikimates, polyketides, and
alkaloids. The most abundant essential oils are produced via three main pathways: mono- and diterpenes are made in
the methyl-erithrytol pathway; sesquiterpenes are made via the mevalonate pathway; while phenylpropenes are
produced via the shikimic acid pathway [53]. Other essential oils are continuously being discovered that may not
be produced by these main pathways. Essential oils have been identified in the roots of numerous plants, e.g., Ballota
nigra, Valeriana jatamansi, and Zingiber officinale. They are rich in sesquiterpenes and possess antimicrobial activity
[54,55]. The stem of various plants are also rich in bioactive essential oils including those derived from the peteribi
wood (Cordia trichotoma) and Cinnamomum cassia [56]. Important essential oils are also found in leaves of numerous
plants including Artemisia monosperma, allspice (Pimenta dioica), and the eucalyptus tree (Eucalyptus citriodora) [57].
The flowers of various plants also serve as sources of essential oils, as seen in lavenders (Lavandula officinalis) and
Halimondendron halodendron, while essential oils have been extracted from various citrus fruits [52,58—60]. Essential
oils derived from seeds of various plants including N. sativa are also reported to have beneficial properties [61,62].

5.3.3 Preparation of Essential Oils

The preparation method depends on the characteristics of the product to be extracted. Numerous extraction procedures
exist, including hydrodistillation, solvent extraction, maceration, microwave distillation, expression, controlled instanta-
neous decomposition, enfleurage, superfluid critical extraction, dynamic and static headspace techniques, etc., but only
a few will be explored in this medium.

5.3.3.1 Hydrodistillation

Hydrodistillation represents a commonly used method of extracting essential oils from plant samples. This method may
be further classified into the subcategories of steam distillation, water distillation, or a combination of water and steam
distillation.

5.3.3.1.1 Steam Distillation

One of the most widely used methods of extracting essential oils from their sources is steam distillation, and it is one of
the preferred methods due to its low cost. This is a low temperature distillation method which allows for separation
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of nonvolatile, water immiscible substances at temperatures below the boiling point of individual constituents. This
leads to preservation of components that may be disrupted at high temperatures. Steam distillation is utilized in extract-
ing essential oils at temperatures near to 100°C, followed by subsequent condensation to form an immiscible liquid
from which the essential oil can be separated in a clarifier. The operating principle is that the injection of steam results
in the sample being heated while reducing the boiling point of individual components owing to the higher steam tension
in water compared to that of individual volatile components of the sample [52]. Steam distillation is widely used
and the process is easily controlled, however the startup capital tends to be higher than the other two forms of
hydrodistillation.

5.3.3.1.2 Water Distillation

In water distillation the starting material is immersed in water and boiled using direct heat, steam coil, or steam jacket.
This process requires the material to be kept in motion to avoid degradation of dense material that may settle to the bot-
tom of the apparatus. Essential oil is collected along with steam then separated post condensation. The required
products can be easily extracted from finely cut material or powders, which would be difficult to achieve with steam
distillation as it results in formation of lumps which are partially impenetrable to steam. Another advantage of this
method is the ease and relative low expense associated with setup. On the other hand, it is a slow process and there is
degradation of required products via hydrolysis or polymerization of sensitive components due to prolonged heat expo-
sure. This process is used if the other two distillation methods are unfeasible.

5.3.3.1.3 Water and Steam Distillation

Combined water and steam distillation is similar to water distillation, however the material in question is not in direct
contact with water but rather placed on a solid support above the boiling water so that steam can directly pass through
it. For best yields, the material should be evenly distributed so that there is efficient contact with the material by steam.
Some setups increase their efficiency by addition of a cohobation tube which ensures that after condensation and sepa-
ration of the essential oil, water is returned to the still to be reboiled, thereby ensuring that there is enough water in the
system to ensure complete extraction. This method also ensures minimal loss of oxygenated components including
phenols [63]. Compared to water distillation, this method gives greater yields, oil quality is more reproducible, and the
process is quicker than water distillation.

5.3.3.2 Organic Extraction

Organic extraction results in higher yields compared to hydrodistillation hence it is heavily utilized on products that
give low yields (e.g., rose plant). This process also keeps compounds intact that would otherwise be destroyed by heat
or those water soluble ones that may be lost by distillation. Organic extraction setups are however more complex and
costly than distillation setups. This technique also has limited application in extracting oils for consumption as some
organic solvents are implicated in organ pathologies because even slight residues in the final extracted product may be
toxic. Although some organic solvents are considered safe for consumption, products obtained by organic solvent
extraction and supercritical fluid extraction may not be classified as essential oils although their profiles may be quite
similar to the raw material from which they are derived [64].

5.3.3.3 Enfleurage

Enfleurage is an older, labor intensive, and expensive process wherein essential oils from delicate flowers, e.g., jasmine
petals, are placed on glass supports impregnated with fat normally of animal origin. The perfume oils emitted are
absorbed by the fat and continuous replacement of the raw material results in the fat retaining substantial amounts of
the essential oil over time. At the end of this process, alcohol is used to extract the essential oil from fat followed
by isolation.

5.3.3.4 Supercritical Fluid Extraction

This procedure employs lower temperatures than hydrodistillation and involves passage of pressurized carbon dioxide
into specially designed chambers filled with the plant matter in question. At high temperatures the gas functions as a
solvent thereby extracting the essential oil from the raw material. It is thought that products derived from supercritical
CO, extraction are more representative of their natural states owing to maintenance of integrity of such compounds
during the extraction process which is not as harsh as other methods of extraction.
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Essential oils are volatile, soluble in organic solvents, and characterized as having a distinct essence.

Components: Terpenoids, shikimates, polyketides, and alkaloids.

Primary pathways: Methyl-erithrytol; mevalonate; shikimic acid pathway.

Extraction: Hydrodistillation; solvent; maceration; microwave distillation; expression; controlled instantaneous decomposition;
enfleurage; superfluid critical; dynamic and static headspace techniques.

Bioactivities: Antimicrobial; dysbiosis; antidiabetic; antidyslipidemia; antioxidant; ameliorate menstrual cramps and
dysmenorrhea; treat neurological disorders and migraines; alleviate nausea.

Primary clinical trials challenge: Standardization.

Crude drugs: Rosemary, peppermint, bay, basil, tea tree, celery seed.

5.3.4 Bioactivity of Essential Oils
5.3.4.1 In vitro Activity of Essential Oils

Bioactivity studies have largely focused on in vitro studies involving cell cultures. Studies on antimicrobial properties of
essential oils are thought to have started in the 1800s where antibacterial properties of caraway oil, thyme oil, and thymol
were investigated [65]. Follow-up studies over the decades have highlighted the pharmacological efficacy of a number of
these products. More recent studies show that essential oils extracted from P. dioica (Jamaican pepper/allspice) display
significant efficacy against C. albicans and are thought to be an effective treatment for different forms of candidiasis [66].
Essential oils from this plant also display antimicrobial properties against a wide range of gram-positive and -negative
bacteria, some species of fungi, and also display anthelmintic activity [67]. Other in vitro studies have highlighted the
antimicrobial properties exhibited by essential oils from numerous other plant species including thymus, citrus, lavender
(Lavandula stoechas), cinnamon (Cinnamomum verum), turmeric (Curcuma longa), etc. [68,69]. Essential oils have been
used as an effective treatment for dysbiosis, a disorder related to disruptions in gastrointestinal flora leading to altered
metabolic status that often leads to other pathologies [70]. Dysbiosis is associated with numerous pathologies including
irritable bowel disease arising from changes in the balance between protective versus harmful intestinal bacteria; disrup-
tions in glucose and lipid metabolism; and breast cancers in women [71—73]. Essential oils derived from eight plant
species (Carum carvi, Foeniculum vulgare dulce, Illicium verum, Mentha x piperita, Trachyspermum copticum, Mentha
arvensis, Lavandula angustifolia, and Citrus aurantium var. amara) show efficacy in the treatment of dysbiosis [70].
Numerous other applications of essential oils in the in vitro setting exist with research continuously adding to the growing
body of literature.

5.3.4.2 In vivo Activity of Essential Oils

In vivo applications of essential oils are well documented. In plant studies, essential oils are effective phytopathogenic
agents, hence they may be used as alternatives to chemicals in treating fruits and vegetable in the postharvest stages
[74]. This is important in light of the significant postharvest loss of food annually. Animal studies show that antidiabetic
properties are attributed to essential oils derived from Cymbopogon citrates (lemon grass) in type II diabetic Wistar
rats, while cardioprotective and nephroprotective activities are observed in essential oil derived from Artemisia sieberi
in diabetic rats [75,76]. Essential oils derived from numerous other plants, including Piper guineense (black pepper),
cinnamon, and Pelargonium graveolens (rose germanium), also possess antidiabetic activities [77,78]. Dyslipidemia is
one of the main contributors to cardiovascular diseases worldwide leading to strains on health systems arising from
high treatment costs. In vivo studies show that essential oils from several plant species including Hoslundia opposita
are capable of reducing the metabolic disruptions caused by dyslipidemia [79,80]. It is thought that the beneficial
effects of essential oils and their components may be attributed to their antioxidant properties. These oils are therefore
included in many nutraceutical products as it is believed that they contribute to improved health. Essential oils from
numerous plant species including Cinnamomum osmophloeum, Thymus vulgaris, Syzygium aromaticum, C. verum,
P. dioica, etc. are currently utilized as nutraceuticals by humans and also find application in animal husbandry [81,82].

5.3.4.3 Clinical Trials Involving Essential Oils

Essential oils have been utilized in a variety of clinical trials. A significant portion of current clinical research has to do
with the effects of essential oils used in aromatherapy on health, well-being, and general metabolism. Some of these
uses are explored below. Essential oils from lavender, clary sage, and rose are effective in ameliorating the effects of
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menstrual cramps and dysmenorrhea [83]. They are useful as relaxants in patients undergoing urodynamic assessments
and are beneficial in treating neurological disorders inclusive of anxiety and depression [84]. In some studies, the oils
are ingested, while in others the efficacies of topical applications are assessed. As with other topical applications, there
may be side effects of the product including hypersensitive reactions, increased sensitivity to sunlight, etc. It is advised
that consumers are made aware of the possible interactions of essential oils with other drugs/nutraceuticals being used
and implement measures to minimize harm. Inhalation of lavender oil is useful in the treatment of migraines, while pep-
permint and lemon grass may have similar benefits [85]. Inhalation of essential oils, as commonly seen in aromather-
apy, involves an initial inhalation and absorption of volatile molecules which may be converted to chemical signals. It
is thought that the signals generated interface with the olfactory bulb as well as other parts of the limbic system where
the resultant psychological effects are realized [86]. Essential oils derived from Z. officinale (ginger) are found to be
useful in alleviating the symptoms associated with nausea and vomiting postoperatively, while other studies have out-
lined their potency against dermatophytic infections [87,88]. The main difficulty with the use of essential oils in clinical
trials is that essential oils are not standardized. The concentration and potency of their components and by extension the
essential oil itself varies based on prevailing conditions at the plants’ locations, harvesting conditions, storage, extrac-
tion methods, etc. As such, they are still classified in some quarters as nutraceuticals as opposed to pharmaceuticals
which are synthetically produced and standardized.

5.3.5 Crude Drugs Containing Essential Oils

Crude drugs are derived from any part or parts of plants and may contain one or more active ingredients. Many crude
drugs (both regulated and unregulated) are in use worldwide. Research shows that antimicrobial properties of essential
oils extracted from some of these drugs are attributed to phenols including terpenes and flavonoids [89]. It is however not
far-fetched to ascribe these beneficial properties to other essential oil components. Crude drugs derived from rosemary,
peppermint, bay, basil, tea tree, celery seed, and fennel are rich in essential oils with reported efficacy against numerous
species of fungi and bacteria [90]. In addition to benefits to humans, essential oils in crude drugs are shown to be useful
in plant protection with phytopathogen activity reported in varied crude drugs even after plant pathogens have developed
resistance to conventional antibacterial agents [91]. The medicinal herb Salvia officinalis L is known to possess antibacte-
rial activity attributed to 1, 8-cineol which is present in the essential oil extract [92]. Other studies have isolated essential
oils as active ingredients in crude drugs that are commonly used to treat a wide variety of ailments.

5.4 RESINS AND BALSAMS
5.4.1 Resins

Resins are metabolic by-products of plant tissues, containing a mixture of volatile and nonvolatile terpenoid and/or phe-
nolic secondary compounds and fatty substances, which exude naturally from plants (surface resins) or can be obtained
by incision or infection (internal resins) [93]. A resin, known as lac, is also produced by a number of species of lac
insects. The species of lac insects that is of most commercial importance is the Indian Laccifer lacca [94].

5.4.1.1 Properties

Resins play no apparent role in the primary or fundamental physiology of the plant. They are chemically stable and
inert, hence they are not readily attacked by acids or alkalis. Resins are insoluble in water and inorganic liquids but
exhibit solubility in organic solvents [95]. They have an amorphous structure (rarely crystalline), become sticky when
heated, often at comparatively low temperatures and have no sharp melting points. When ignited, resins burn with a
smoky flame. They have attractive properties such as adhesion and glassiness.

Resins are usually produced in specialized surface glands (glandular hairs) or internal ducts which are produced by
both woody and nonwoody plants. They are more common in gymnosperms and dicotyledons than in monocotyledons
[96]. Upon exposure to air, resins tend to harden and serve many purposes inclusive of sealing wounds and protecting
plants from diseases and attacks from insects and microorganisms [97].

5.4.1.2 Resin Constituents

Resins can be classified as terpenoid or phenolic resins based on their constituents. Terpenoid resins contain terpenoid
compounds such as the 10-carbon monoterpenes, sesquiterpenes (C15), diterpenes (C20), and triterpenes (C30) [93].
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Phenolic resins contain compounds such as cinnamic acid, a simple C9 phenolic compound also referred to as phenyl-
propane, lignans, common dimeric phenylpropanes, and flavonoids [93]. The flavonoids are among the most bioactive
groups and exist as water soluble glycosides or lipophilic aglycones. Di- and tri-terpenes are nonvolatile components of
resins, while mono- and sesquiterpenes are found in the volatile fraction in most plant resins [98—100]. Conifers only
produce internally secreted terpenoid resins, whereas angiosperms produce both terpenoid and phenolic resins, which
may be secreted internally or on the surface of plants. Classification of resins is also aided by the fact that diterpenoids
and triterpenoids are not found together in the same resins.

5.4.1.3 Synthesis of Resins

Resins occur predominantly in woody seed plants. They can be preformed and stored in secretory structures or sponta-
neously induced at the site of an injury.

Secondary compounds present in resins are derived from photosynthetically produced carbohydrates [93]. These car-
bohydrates are broken down to simpler compounds from which terpenoid and phenolic resins are formed. The metabolic
pathways involved in the synthesis of the resins from the simple carbohydrates include the shikimic acid, phenylpropa-
noid, and malonic acid pathways, which are involved in phenolic resins synthesis, and the mevalonic acid and deoxyxy-
lulose 5-phosphate pathways, which are responsible for the formation of terpenoids resins.

5.4.1.4 Types of Resins

Several different types of resins exist including oleoresins, balsams, varnish, and lacquer resins, and miscellaneous
resins. Miscellaneous resins are resins that do not easily fit into the categories of the other resins. Oleoresins are rela-
tively fluid terpenoid resins which contain a wide variation in the amount of volatile compounds. The volatile fraction
consists of mono- and/or sesquiterpenes while the nonvolatile fraction, in conifers and most angiosperms, primarily con-
tains diterpenoids [101]. Triterpenoids are primary in the Dipterocarpaceae [102].

Varnish resins such as dammar, sandarac, mastic, acaroid, and hard copal contain both volatile and nonvolatile
terpenoids. The nonvolatile components are important because they form hard finishes. Lacquer is the name given to
liquid resins applied directly to surfaces without the use of solvents. Resins categorized as miscellaneous resins
have been used medicinally, as flavoring (Humulus), perfume fixative (Cistus), rubber substitute (Parthenium), or fuel
(Euphorbia). Miscellaneous resins include umbelliferous resins (from plants of the Dorema and Ferulagenera), convol-
vulaceous resins (in tuberous roots), hashish (marijuana plant), and hops resins (in plants of the Humulus genus), propo-
lis, the allergenic anacard resins (plants of the Rhus genus), labdanum, and dragon’s blood [93]. Some substances are
confused or intermixed with resins. Gums for example are often confused with resins, the reverse of which is also true.
Other substances confused with resins include mucilages, oils (fats), waxes, and latex.

Resins are amorphous by products of plant tissues

Components: Terpenoids; phenolics

Types: Oleoresins, balsams, varnish and lacquer resins and miscellaneous resins

Extraction: Plant wounding followed by steam distillation; kraft pulping

Bioactivities: Wound healing; cytotoxic;antimicrobial; spasmolytic properties; treat cough, ulceration, and genitourinary
disorders; anti-inflammatory; hyperlipidemia; analgesic

5.4.1.5 Extraction of Resins

Resins can be obtained from trees or woody plants by a process known as tapping. This involves the wounding of the
plant in the area where secretory tissue is located to ensure sustained yields and tree health maintenance. Extraction,
through steam distillation, is then used to produce wood turpentine and wood rosin, when resin is obtained from tree
stumps, and gum turpentine and gum rosin, when resin is from living trees. Resins are also extracted as by-products of
the kraft pulping process in paper production. The by-product is referred to as sulfate wood turpentine.

5.4.2 Balsams

Balsams are not as fluid as oleoresins but are relatively soft and initially malleable which enables them to be used as an
ointment in wound healing. Balsams consist primarily of cinnamic and benzoic acids and are therefore considered to be
a phenolic resin [103]. The volatile fraction tends to be fragranced and is therefore used in perfumery and cosmetics,
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and burned as incense. True balsams include the conifer balsams, leguminous balsams, storax, styrax, elemis, frankin-
cense, and myrrh. Storax is a well-known balsam that has a significant phenolic components as well as terpenoid consti-
tuents [104,105]. The three triterpenoids acids identified in storax are oleanonic, 3-epioleanolic acids, and ambronovic
acids [105]. Most elemis contain large quantities of the triterpenes a- and 3-amyrin [106].

5.4.3 Medicinal Uses of Resins and Balsams

Resins from some plants have been reported to exhibit various medicinal properties. Oleo-resins from chirp, pine,
etc., found in areas such as the Himalayas and Afghanistan, have been found to possess wound healing, cytotoxic,
antibacterial, antifungal, and spasmolytic properties [107]. The plant also shows beneficial effects in the treatment of
cough, ulceration, and genitourinary disorders [107]. It is also used in folklore medicine to treat inflammations,
asthma, chronic bronchitis, piles, diseases of the liver and spleen, urinary discharges, toothache, tuberculosis, sca-
bies, and epilepsy [107].

Balsams have been used in the treatment of a wide array of ailments including asthma, catarrh, rheumatism,
hemorrhoidal pain, ulcers, bronchitis, laryngitis, and diarrhea [108]. Frankincense and myrrh, both classified as
medicinal balsams, have been exploited for the treatment of rheumatoid arthritis and hyperlipidemia, as well as their
anti-inflammatory, antibacterial, analgesic, antifungal, antiparasitic, and anticancer activities [109].

5.5 PLANT HORMONES AND GROWTH FACTORS
5.5.1 Definition

Plant hormones (phytohormones) are chemicals produced by plants that regulate their growth, development, reproduc-
tive processes, longevity, and even death. These small molecules are derived from secondary metabolism and are
responsible for the adaptation of plants to environmental stimuli. Plants are subjected to an ever changing environment
and require these phytohormones for appropriate responses. A single phytohormone can regulate many cellular and
developmental processes, while at the same time multiple hormones often influence a single process.

5.5.2 Classification and Applications

The six major phytohormones identified are auxins, abscisic acid, cytokinins, ethylene gibberellin, and brassinosteroids.
More recent additions to that list include the jasmonates and strigolactones.

Auxins function primarily in stem elongation by promoting cell growth. Indole-3-acetic acid (IAA) is the major nat-
urally occurring auxin and one of the major growth factors in plants. They were the first group of plant growth hor-
mones discovered. Auxins serve dual roles in plants depending on where they are produced. When produced by apical
buds, they promote root growth and development but inhibit lateral bud growth thereby maintaining apical dominance
[110]. They also stimulate ethylene production, cell division, and differentiation [111,112]. Auxins have been employed
for rooting purposes in tissue culture and in stem cuttings [113]. As such, they have gained widespread commercial use
in nurseries and in farming. Synthetic auxins have been utilized in greenhouses to promote fruit development and in
preventing preharvest dropping of fruits, such as oranges, hence in the coordination of harvesting seasons [114].

Plant hormones regulate plant growth, development, reproductive processes, longevity, and death.
Six main types: Auxins, abscisic acid, cytokinins, ethylene gibberellin, and brassinosteroids.
Recent additions: Jasmonates and strigolactones.

Abscisic acid is a ubiquitous plant hormone which plays an important role in the inhibition of seed germination
and budding. It is known as the plant stress hormone and is involved in the response of plants to weather stress, such
as tolerance to cold and drought. Plant abscisic acid content tends to increase in stressful conditions resulting in the
stimulation of various physiological processes which increase the plant’s ability to cope [115]. Other regulatory
functions of abscisic acid include embryo maturation, cell division and elongation, and floral induction [116].
Exogenous abscisic acid is currently employed in agriculture to delay wilting and allow plant survival during short
periods of severe drought.
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FIGURE 5.4 Molecular structures of varying plant hormones and growth factors.

Cytokinins regulate immunity in plants by modulating salicylic acid signaling and play a pivotal role in defense against
pathogens and insects [117,118]. They also promote cell division and increase tolerance to drought stress [118]. Cytokinins
are concentrated in root tips, the apical meristem region of the plant and in immature leaves and seeds [119,120]. The root
tips are believed to be the major site of cytokinin synthesis. Environmental factors which affect the level of cytokinin
production include both nutrient and water availability. Cytokinins are utilized in tissue culture to stimulate cell division,
adventitious shoot formation, and embryogenesis [ 121]. Due to the ability of cytokinins to reduce the sensitivity to ethylene,
they have also been used in the preservation of plants with high ethylene sensitivity [122] (Fig. 5.4).

Ethylene brings about various changes to developing plants. These include a thickening of the subapical portion
of the stem and reduction in the rate of its elongation. The gas also enhances fruit ripening processes. The main cause of
inhibition of stem elongation is cessation or retardation of mitosis in meristematic regions. Ethylene also promotes cell
growth or expansion, regulates the stages of flower formation, and sex expression. The synthesis of the gas by plants
requires the presence of both auxins and red light. The rate of production of ethylene is directly proportional to the concen-
tration of IAA [123,124]. Ethylene can be utilized in agriculture to promote faster and more uniform postharvest ripening.
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FIGURE 5.5 Depicting molecular diversity of strigolactones.

Gibberellins promote growth in different ways. These hormones are mainly involved in controlling and promoting
stem elongation, flowering, and leaf expansion as well as seed germination. They are used in suspension cultures to
enhance the growth of cells. These hormones also increase the activity of enzymes such as a-amylase, proteinase ribo-
nuclease, 3-glucanase, and pentosanases [125]. There is also some evidence which suggests that gibberellins influence
synthesis of nucleic acids [125]. Commercial uses include the formulation of gibberellin containing preservatives for
the prevention of postharvest leaf yellowing in monocotyledonous cut flowers.

Strigolactones are signaling compounds which serve as endogenous hormones involved in the control of plant
development and as components of root exudates which promote symbiotic interactions between plants and soil
microbes. In parasitic plants, these compounds also promote the germination of seeds once in close proximity to the
roots of a suitable host plant. Strigolactones prevent the generation of secondary shoots and promote the formation of
lateral roots and root hairs [126]. This enables the plant to effectively utilize the minerals available in the surrounding
soil. This is especially important in situations of soil nutrient limitations (Fig. 5.5).

Brassinosteroids (BRs) are a group of naturally occurring polyhydroxy steroidal hormone isolated from plants. They
have been identified in many plants including monocots, dicots, and gymnosperms [127]. Brassinolide is the most abun-
dant and bioactive form of BRs. It regulates genes involved in the synthesis of bassinosteroids as well as cell wall loos-
ening during brrassinolide-induced growth responses. BRs work in synergy with auxins and additively with gibberellins
to promote growth in plants by causing cell elongation and division [128]. These plant hormones also stimulate ethylene
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synthesis which appears to be the cause of root elongation inhibition [128]. Other physiological processes affected by
these hormones include photosynthesis, stress response, and senescence.

5.6 SUMMARY

Plant constituents serve many functions, in both plants and animals. They play various structural and protective roles
(cellulose and pectins in plants and chitins inarthropods) as well as serve as energy sources and metabolic reserves
(polysaccharides, e.g., starch and cellulose). Plant hormones regulate various physiological processes of plants such as
photosynthesis, growth, stress response, reproduction, longevity, and senescence. Constituents such as nonessential oils and
resins play major roles in plant protection by serving as physical barriers against desiccation and in sealing wounds as a
defense mechanism against diseases and attacks from insects and microorganisms. Medicinal uses of these plant biomole-
cules are extensive. They have been shown to display antimicrobial and anti-inflammatory properties as well asaiding in
immune system functioningand cellular signaling and recognition. Plant constituents displaying evidence of cardioprotec-
tive properties include the pectins, nonessential, and essential oils. Overall, research points to the fact that these plant con-
stituents can help to maintain organ integrity as well as good overall health. Commercial applications of these constituents
include furniture production, flavoring, perfume fixative, rubber substitute, fuels, and in textile production.

5.7 QUESTIONS

. How are carbohydrates classified and provide examples of carbohydrates that fall in each category?
Give examples of some important polysaccharides and highlight their uses.

List some economically important essential and nonessential oils.

How have essential and nonessential oils impacted overall health and well-being?

Highlight health benefits and economic benefits of resins and balsams.

. Give an overview of the main classifications of plant hormones and highlight their uses.

.
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Teaching Objectives

e Define plant crude drugs and their different classifications.

e Medicinal plants and their therapeutic value.

e Production of plant crude drugs and herbarium specimen preparation.

e Extraction techniques used to obtain plant crude drugs and their active components.

6.1 BACKGROUND

Plant-based medicine and traditional healing has formed the basis for many drug developments today. Currently,
approximately four billion people still practice the use of plant-based medicine for the healing of various ailments, espe-
cially in developing countries [1]. The use of plants as crude drugs plays a pivotal role in the discovery of new phy-
totherapeutic compounds. Plants have a universal role in the treatment of diseases in the major systems of medicine [2].
The folkloric use of plants can date back to prehistoric times, e.g., the Mesopotamian times, where the healing proper-
ties of plants were taught from generation to generation, along with the time of collection, preparation method, and the
therapeutic property of the plant being used. This happened in tropical Africa, the Americas, and the Pacific nations by
many indigenous groups. For example, a parent or grandparent would recommend a decoction of ginger for gastrointes-
tinal disorders, or a garlic preparation to aid in lowering the blood pressure, while other cultures will use these same
plants for different remedies. This folklore medicine information subsequently created the template for the development
or isolation of over 12,000 bioactive phytochemicals, of which 122 are still being used in allopathic medicine today
[3—6].

Plant crude drugs are unmodified preparations of plant material with medicinal properties.

As previously described in Chapter 1, Background to Pharmacognosy, the Egyptian Ebers Papyrus indicates several
medicinal plants, their preparations, and therapeutic uses documented. The Assyrians and the Greeks also have ancient
documentations of plant-based preparations used for medicine [7,8]. The use of botanical and traditional medicine is
still being used today in third world countries and rural communities, as traditional herbal healing accounts for approxi-
mately 80% of the primary healthcare for many medical systems [9]. Plant-based medicines have been introduced into
various alternative medical systems, such as the Traditional Chinese Medicine and the Ayurvedic Medicine by the
Chinese and Indians, respectively [2,10]. These systems have been in existence for approximately 5000 years, and are
still utilized as the main health care in many of these communities.
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Many ethnic groups and alternative medical systems, such as Traditional Chinese Medicine and Ayurveda, use herbalism and
plant crude drugs in their medicinal remedies.

6.2 CLASSIFICATION OF CRUDE DRUGS

Crude drugs are unmodified natural preparations of plants, animals, fungi, bacteria, or minerals that are used for the pre-
vention or treatment of an ailment or disease [11]. Within traditional medicine, the traditional pharmacopoeias list the
officially used crude drugs, where approximately 85% are obtained from plants with 15% being shared in a 2:1 ratio for
mineral and animal substances, respectively [12]. Crude drugs may be listed in the pharmacopoeia and categorized
using different methods, such as morphological, taxonomical, alphabetical, therapeutic activity, or based on the active
chemicals found within them. The alphabetical classification involves grouping the crude drug according to their alpha-
betical order, e.g., Allium sativum (garlic) would follow Allium cepa (onion) if categorized by their binominal Latin
names, but would be the reverse based on their English names. Crude drugs and their active constituents may also be
grouped based on their pharmaceutical names, such as paclitaxel for taxol (isolated compound), which will also have
other generic names. The taxonomic classification is based on the Linnaean system developed by Carl Linnaeus, a
Swedish botanist and zoologist [12]. He was instrumental in building the modern classification system as he traveled
throughout Europe grouping plants and animals from the largest kingdom to the smallest species. These organisms were
grouped based on similar physical characteristics and were ranked accordingly.

With the increased prevalence of technology in science, organisms, including plants, were then classified based on
their phylogenetic profile as a method within plant systematics such as molecular phylogeny or deoxyribonucleic acid
(DNA) barcoding [13,14]. The DNA is obtained from a crude extraction of the plant material and various polymerase
chain reaction (PCR) amplification techniques are used to multiply the genome and identify the different codons (amino
acid template from DNA). The sequenced DNA is represented as the respective nucleic acids which is printed as a bar-
code and placed within the Barcode of Life Data systems (BOLD) database and may be used to identify unknown spe-
cies and subsequent relations as the arrangement of the DNA and subsequent proteins produced allows for the grouping
of plants based on these similarities, which has been done for various animals thus far [10,15,16].

Therapeutic activity is also an effective way of classifying crude drugs. This involves the medicinal use of the plant
crude drug based on its active component and its efficacy as a treatment for a particular ailment. Some examples
include those used as purgatives, such as Azadirachta indica (neem), Cassia acutifolia (senna), Cascara sagrada
(cascara), Smilax sarsaparilla (sarsaparilla root) [17], those used as analgesics (pain-killers), such as Papaver somnifer-
um (opium poppy), Salix spp. (willow tree), Ocimum suave (ocimum), among others [18], and those with anticancer
activities, such as Catharanthus roseus, commonly called periwinkle, for vinblastine and vincristine, or Taxol spp. for
paclitaxel and other anticancer components [19,20] as shown in Fig. 6.1. This classification would also include plant
crude drugs grouped based on the major component, such as glycosides (anthraquinone or cardiac), tannins, carbohy-
drates, alkaloids, phenolics, fixed fats, and proteins.

Plant crude drugs preparation should follow the guidelines of the pharmacopoeia, as it outlines all the information required for
quality control and effective products.

Plant crude drugs may be organized or unorganized, and thus may be classified based on morphology. Those pre-
parations made from the entire organ of the plant, where it contains a specific plant tissue, and used for treatment are
referred to as organized crude drugs, e.g., leaves, roots, flowers, or seeds used to treat a particular ailment (Table 6.1).
Unorganized crude drugs, as the name suggests, are those preparations from undifferentiated and differentiated plant
parts, i.e., no specific organs were used in the preparation, e.g., balsams, resins, volatile oils, honey.

Plant crude drugs have various classes of active compounds, such as primary metabolites—proteins, carbohydrates and fats—
and secondary metabolites—alkaloids, glycosides, terpenes—among others. Therefore, specific extraction methods may be
employed to obtain the active constituents.
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Catharanthus roseus (Periwinkle) Aloe vera (Sinkle Bible) Azadirachta indica (Neem) ~ FIGURE 6.1 Different plant meta-
bolites obtained from medicinal

plants.

Alkaloids used as Glycosides used Tannins used for
chemotherapeutic for cardiac skin irritations
agents disorders and infections

TABLE 6.1 Organized Plant Crude Drugs

Medicinal Plants Plant Part (Organ) Used
Rhubarb, garlic, ginger, aconite, colchicum (corm), turmeric Roots

Belladonna, peppermint, fever (lemon) grass, digitalis, and many others Leaves

Cinchona, cassia, cascara Bark/wood

Strychnos nux vomica, black and white mustard, colchicum Seeds

Mangosteen, noni Fruits

Clove, chamomile, saffron, yarrow, lavender Flower

Cotton, silk, flax, hemp Fiber

6.3 PLANT CULTIVATION AND COLLECTION

In the preparation of crude drugs, proper cultivation is imperative prior to collection of the raw material to be used, and
is the most important step toward quality products. The cultivation and collection of the medicinal plant material is
recorded in the various pharmacopoeias for crude drug preparations [21]. The wild species of medicinal plants have
continuously been used as the source of crude drug production, as such cultivation systems are being used to maintain
genetic diversity [22]. Cultivation technology incorporates the use of extensive methods of obtaining consistency in soil
nutrient content, irrigation, gene modification, temperature control, fertilizer use, and other horticultural techniques to
increase plant yield, phytochemical content, or therapeutic potency. Natural, artificial, and seed propagation are options
used for the cultivation of desirable medicinal plants as vegetative organs (roots, stems, leaves, seeds) and are used to
produce new offspring. Natural propagation involves the regeneration of new plantlets from runners, stolons, bulbs, or
leaves. Cuttings, grafting, layering, and tissue culture are artificial propagation techniques and are often used to manage
cultivation and growth of medicinal plants that are used for crude drugs [23]. These cultivation methods utilize good
agricultural practices (GAP), this allows for the tracking of each plant from a seed or parent plant to the final product
and ensures quality, quantity of the therapeutic phytochemicals, and reproducibility of the plant crude drug, unlike the
use of the plants from the wild. The cultivation and usage of plants in phytotherapy within modern and alternative med-
icines leads to more ecoconservation strategies being employed. These strategies aim at ecosustainability in order to
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prevent exploitation of a country’s endemic and indigenous species. The implementation of in vitro, in situ, and ex situ
plant protection strategies are amongst some of the methods used for conservation and sustainability [22,24—26]. These
include:

® [n vitro conservation has significantly reduced the risk of extinction for many species as germplasm or seeds are
collected and stored. Tissue culture and other techniques are used to ensure continuity of the species, including
medicinal plants.

® The protection and management of plants in their natural habitat that are considered high conservation locations,
such as forests (in situ). This prevents unsupervised removal of medicinal plants for farming, housing, furniture, and
other resources.

® FEx situ conservation involves plants being replanted in a controlled area (garden or greenhouse) for increased
survival and sustainability of the species and is often done for those plants that are said to be endangered species.

There are several factors to consider before the plant material is collected. These include the weather conditions, the
time of day, season, and the plant organ with the therapeutic value. These will evidently affect the active components
present in the plant tissue as structural and chemical changes occur throughout the life of a plant. As a result, before a
crude drug is prepared, these must be noted and then recorded for each plant batch (GAP) to ensure efficacy and quality
control of the plant crude drug, also utilizing good manufacturing practices (GMP) for product tracking and reproduc-
ibility. There are other methods used in the assessment of plant-based products, such as microscopy and chemical analy-
sis; they are also effective in the stabilization and standardization of plant crude drugs [27].

The time of day—some plants will produce compounds based on whether it is night, day or anywhere in between.
The active components may be in higher proportions or present in their active form at certain times of the day. The
Ipomea species (morning glory), for example I. tricolor, I. purpurea, and I. violacea which are best collected in the
mornings or on a cloudy day [28]; these seeds are used as recreational drugs, as they contain an active tryptamine,
lysergic acid amide (LSA/LSD), and other lysergamides [28]. Although the seeds have a psychoactive effect, the plant
has significant medicinal properties, such as laxatives, diuretic, and as an expectorant for coughs. The ergot alkaloids,
formed from the fungal endophyte, Claviceps purpurea, on rye wheat have been used in medicine and traditionally for
uterine contractions, and also have a hallucinogenic effect due to their derivatives [29].

The time of year—the different seasons will affect the activity of the plant crude drug as the quantity and chemical
structure of constituents may vary. For example, Rheum rhabarbarum (Rheum officinale), commonly called rhubarb, is
harvested during the summer for its anthraquinone glycosides which are used as purgatives. Outside of this time period
the plant’s metabolome changes and thus different compounds may be extracted, e.g., during the winter, anthranol may
be extracted and have an entirely different therapeutic effect, as anthranol is used to treat psoriasis and other dermato-
ses. Another medicinal plant, Colchicum autumnale, is used to treat gout and arthritis when the corm is collected during
the spring when colchicine alkaloid may be collected.

Active plant parts—this refers to the morphology of the plant and the organ harvested for its medicinal properties.
For example, Zingiber officinale (ginger), the rhizome is collected and used as a carminative, for gastrointestinal disor-
ders, and high blood pressure. The hypercholesterolemia and hypoglycemic agent, 6-gingerol from ginger exhibits its
effects at approximate concentrations of 60.44 * 2.53 mg/g of the methanolic ginger extract [30,31]. Allium sativum
(garlic) also has activity in its underground cloves. Underground plant parts are best collected when the aerial portions
of the plant have fully matured and begin to dry and fall. Leaves are also used for their medicinal properties; the active
constituents within leaves are best collected when the plant is flowering and as such, the leaves are fully mature with
its full complement of phytochemicals [32,33]. For example, Eucalyptus species are used as an expectorant, hypoglyce-
mic, and hypotensive agent, the medicinal properties are found in the slender blue-green leaves [34,35]. The leaves and
fruit of Morinda citrifolia (noni) also contain many therapeutic compounds used as an antibiotic, antioxidant, antican-
cer, and for their wound-healing properties [36,37]. The metabolome of a plant will vary with the stage of development
and thus, this will play a significant role when being harvested for medicine [32]. The pharmacopoeia, traditional medi-
cine reviews and research papers, and farmers’ agricultural guide books also have this information documented for
many known medicinal plants and crops that are used as plant crude drugs.

Crude drugs made from medicinal fruits and seeds should be prepared from those collected when they are fully
mature [33]. For example, Garcinia mangostana (mangosteen) is used to treat urinary tract infections, diarrhea, and a
host of other ailments, due to its high antioxidant capacity [38,39]. Medicinal flowers should be collected during the
dry times when it has fully bloomed in most cases. Some medicinal flowers include Matricaria chamomilla (chamo-
mile) used to treat rheumatism, skin diseases, and to boost the immune system, gastrointestinal disorder, and inflamma-
tion [40]. Calendula officinalis (marigold) is commonly called poor man’s saffron, as it is used to add color to rice or
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curry dishes, but this flower also possesses antioxidant, antibacterial, anti-inflammatory properties, and aids in skin dis-
orders [41—43]. Crude drugs obtained from the bark of deciduous trees are best collected during the spring or fall,
when the plant sap is active [32]. However, there is no general rule per se as some trees may be harvested during other
times of the year, as long as it is easily separated from the cambium. The alkaloid, quinine, used as an analgesic, antipy-
retic and as an antimalarial drug, may be extracted from Cinchona officinalis or Cinchona ledgeriana and more recently
from the Remijia peruviana bark and these are best collected during the springtime when separation from the trunk is
easiest [32,44]. The weather can also influence the collection time and type of drug preparation, in that a dry season is
best for the collection of unorganized drugs, such as resins, balsams among others, as the quality would not be compro-
mised as can happen with rainy weather. Once the plant material is collected, postharvest treatment will ensure quality
products using GMP. The plant material is usually dried to remove excess water and prevent contamination by mold
and bacteria, grinding is done before crude drugs are prepared as this increases the surface area for the release of the
active component from the plant material. The plant material may then be processed or crude extractions may be done.

Good agricultural practices (GAP) and good manufacturing practices (GMP) will ensure consistency and quality control of
the plant crude drug. Quality control refers to the procedures that ensure the standards of the product are maintained with
each batch.

6.4 HERBARIUM SPECIMEN PREPARATION AND SIGNIFICANCE

Carbon dating has opened the gates to the history of plants on earth and their existence and has been used extensively
in obtaining the age of many plants being preserved in a plant museum, also known as a herbarium. Preservation of
plant material, especially medicinal plants with significant therapeutic properties, is important for the survival of species
identity and thus methods can be put in place to preserve these species that may go extinct. Herbaria may also be used
in biological and medicinal research, and knowledge of the flora that existed during a particular time. Herbaria are often
used for plant sample observations after more than 10 years of preparation, from which valuable information can still
be obtained [45]. This is due to the wealth of information that may be recorded when the plant material is collected,
such as location, the habitat’s biotic and abiotic factors, along with description of the plant at collection (flowers, bark,
seeds, leaves, height). The scientific, family, and common names may also be included along with the date of collection
and the name of the collector. Other optional information that may be added includes the classification of the specimen
and with increasing use of technology, the direction to the location of the plant may be noted using the latitude and
longitude recorded using global positioning system (GPS) technology. There are approximately 4000 herbaria covering
165 countries around the world and these include xylarium, fungarium, and hortorium for the collection of wood, fungi,
and cultivated plants, respectively. The five largest herbaria are the National Museum of Natural History (housing
9.5 million species), New York Botanical Garden, (housing 7.2 million species), Komarov Botanical Institute (housing
7.2 million species), Royal Botanic Gardens (housing 7 million species), and the Conservatory and Botanical Garden
City of Geneva (housing 6 million species) from France, USA, Russia, England, and Switzerland respectively. The
oldest herbarium, developed in 1891, is the University of Florida Herbarium which houses roughly 470,000 specimens.

The materials needed to prepare a sample for preservation (herbarium) include: herbarium mounting paper, label,
and tape. Prior to mounting the sample, the plant material needs to be flattened as best as possible, opening leaves to
show the full lamina and blade, and dried using a plant press and paper to aid in stacking numerous plants and also in
the removal of excess moisture. This may be oven dried at low temperature between 30°C and 40°C based on the thick-
ness of the bark, or sun-dried based on delicacy of the plant material. The pressed-dried plant specimen can then be
attached onto the herbarium mounting paper using herbarium tape/adhesive strips to ensure the specimen is securely
fastened. The adhesive label with the plant names (scientific and common) and all the collection details should be
placed at the bottom right of the specimen. The herbarium sample may then be filed in ranks according to the family,
genus, species, variety, and cultivar, respectively, as is necessary comparing to existing samples; and stored in a dry
area away from possible infestation damage.

6.5 PLANT CRUDE DRUG EXTRACTION AND PRODUCTION

After the plant is collected according to the guidelines outlined by the pharmacopoeia, the material would then be veri-
fied using key characteristics of the fruit, flower, leaves, stem, and growth habitat and a sample specimen placed in the
herbarium within the identified classification family. The plant material may then be dried using either low temperature
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oven at about 30—40°C, air dried for approximately 3—4 days or until dry, or via lyophilization. Over 50% of clinical
drugs and pharmaceuticals being used today were first identified from traditional medicine and medicinal plants use
[9]. The use of plants, microorganisms, and minerals have enhanced the pharmaceutical field as the isolation of novel
compounds in the early 19th century has formed the basis for drug development. This is due to the overwhelming
amount of scientific research that has been done to obtain pure compounds from plant crude drugs for various activities
[7,18]. These isolated compounds are called derived drugs. They have formed the foundation for the discovery of novel
structures due to increased technology for the identification and elucidation of isolated active components in plants.
These novel structures and derivatives are also used as templates for the development of new drugs with improved effi-
cacy or with new biological activities, thus the development of synthesized drugs [18]. The derived drug quinine was
among the first crude drug isolations done and played a significant role in laboratory drug synthesis. Quinine was
extracted from Cinchona officinalis (quinine or fever tree) bark after the extensive use of this plant crude drug in the
1600s for malaria and fever [46]. Later, Pelletier and Caventou in 1820 were the pioneers who isolated this white alka-
loid as a pharmaceutical [6], other alkaloids have also been extracted, such as quinidine used for heart arrhythmias [47].
Plant crude drugs may be administered in the form of tinctures, tablets, capsules, salves, ointments, elixirs, creams, and
various other forms that have been prepared traditionally in many different ways, some of which are outlined in
Table 6.2.

Postharvest preparation of medicinal plants may produce two types of plant crude drugs—the use of the dried and milled plant
material or the preparation of a plant crude extract. The plant crude extract is prepared via solid—liquid extraction, where a sol-
vent may be used to obtain the soluble principles within the plant material. The solvent may serve as a part of the plant crude
drug if it is edible, e.g., water (decoctions) or alcohol (tinctures), otherwise the solvent may be evaporated and the crude extract
dried in vacuo.

Technology has broadened the extraction of plant crude drugs for the development of nutraceuticals and pharmaceu-
ticals. Some of the techniques that are used in production and research include the use of noncarcinogenic solvents,
aqueous extractions, and supercritical fluid and pressurized liquid extraction [21]. Other techniques used in purifying
and isolating the active component include varying types of chromatography, such as thin layer chromatography (TLC),
flash column chromatography (FCC), high-performance liquid chromatography (HPLC), ultrahigh performance liquid
chromatography (UPLC), sonication (ultrasound extraction), and phytonics process extraction using fluorocarbon sol-
vents. These chromatography technologies rely on the underlying principle of polarity with the mobile and stationary
phases, in plant extracts the separation of the different proteins and pigments would be based on size [10]. The different
components present with the desired activity may be isolated through bio-directed purification using in vitro or in vivo
techniques for novel isolations or a review of the literature to aid in the isolation of the known active component [7,48].
Fig. 6.2 outlines the pathway needed in the production of plant crude drugs and pharmaceuticals, with further scientific
evidence. The use of plants as medicine has led to the development of the nutraceutical and pharmaceutical framework.
Ecoconservation and production cost are imperative and therefore synthesis is an option based on the type of drug once
it is cost-effective [49].

Some important plant-derived drugs isolates include strychinine (from Strychnos nux-vomica), which was used as a
stimulant for the central nervous system and to induce vomiting, emetine (Cephaelis ipecacuanha), which is used an
antiprotozoal and also to induce vomiting, among many others for varying ailments including cancer [48,20]. These
drugs have revolutionized the pharmaceutical industry as technology and organic chemistry reactions and reagents could
now be used to obtain new compounds. The isolation of drugs from plants also creates the basis for the identification of
new compounds and elucidation of their structure using various techniques such as proton and carbon nuclear magnetic
resonance, Fourier transform infrared (FTIR) technology, gas chromatography—mass spectroscopy, and nowadays
UPLC with mass spectrometry may be applied [14].

A synthesized drug is one that has been combined in the laboratory by complex chemical pathways and derivatiza-
tion, without the use of plant material [20]. An extracted drug is one that has been isolated from the crude drug prepara-
tion of the plant and is further used for production. In new drug production, the most economical method will be
utilized, as the pharmaceutical companies may spend up to $2.6 billion from the research phase through to drug devel-
opment, which takes approximately 10 years, on resources needed to determine the potency, toxicity, and dosage prior
to marketing [50]. This market resulted in sales of over $15 million for plant-derived drugs in the United States alone
(1991), with similar trends observed in other regions [48,51]. Morphine was first extracted in 1804 by Friederich



TABLE 6.2 Traditional Preparation Methods of Plant Crude Drugs

Preparation
Method

Infusion

Decoction

Percolation

Maceration

Soxhlet extraction

Digestion

Fermentation

Distillation

Expression

Solvent extraction

Enfleurage

Description

This method involves treatment of the dried plant material with cold or warm water which allows the readily
soluble components to be removed from the plant material. Delicate fresh herbs may also be infused.

Hot water is used to create a crude dried plant extract. The plant material (water soluble and heat stable) is boiled
in water for a specific time, after which it is cooled and then filtered. Decoction may be used with wet plant
material of tougher plants.

The solvent is poured onto the ground, dried plant material within a percolator for approximately 24 h with
agitation (maceration). This causes the soluble compounds to be extracted as it slowly flows down the percolator
(extraction chamber). The sample is filtered, and is often used for tinctures and other fluid extracts.

The fresh or dried plant material (ground or whole) is agitated with a solvent over a period of time (at least 72 h).
Filtration follows and the marc (damped plant material) is pressed to remove any excess extract.

This is also referred to as hot concentrated extraction, and is very time, energy, solvent, and cost-effective. The
Soxhlet apparatus is set up with the plant material in a porous bag. The solvent is heated and as the vapor
condenses it causes the soluble components of the plant material to be removed on contact. The extract may be
collected when no residue is observed from the vaporized solvent.

This is similar to percolation and maceration; however, it involves the use of a slightly higher temperature above
room temperature. This is often used for the extraction of tough plant material, such as wood and bark.

This is an aqueous alcoholic extraction as the plant material or prepared decoction is soaked in an earthen, metal,
or porcelain vessel whereby alcohol is produced as the fermentation takes place over time. The compounds are
extracted in the liquid, which is then filtered. Dried plant material is usually used.

Distillation is a separation technique used to obtain pure samples due to selective evaporation (difference in
boiling point). Steam distillation (hydrodistillation) is used to extract essential oils from plant material. As the
essential oil reaches its boiling point, it then evaporates, condenses, and the pure sample collected. Fresh plant
material is usually used.

This was one of the first methods used for obtaining essential oils. The pressing or squeezing of plant material
under high mechanical pressure to extract the oils. This may be done hot (hot expression), cold (cold expression),
or with chemicals.

A hydrophobic solvent, usually hexane or supercritical carbon dioxide is used to extract more sensitive oils that
may be destroyed by the heat in distillation. This solvent is referred to as concretes and will contain other
hydrophobic (oil-like) compounds such as resins and waxes. Ethanol may be added and chilled at —18°C for
about 48 h, this will precipitate the other lipid compounds leaving the essential oils after evaporation of the
ethanol.

Another ancient method of obtaining essential oils for perfumery and is hardly used today. An odorless solid fat,
usually lard or tallow, is placed on a glass cover (chassis) over the plant material (usually fresh) to be extracted,
e.g., flower petals. The fragrance absorbs into the fat (pomade), is removed and purified using ethanol and
subsequent evaporation to obtain the oils. This is called cold enfleurage. While with hot enfleurage the plant
material is stirred in the melted fat.

FIGURE 6.2 The processing of medicinal
plant material for the production of plant crude
drugs (nutraceuticals) or pharmaceuticals.

|

Animal research
for pharmaceutical
development



88 PART | I Pharmacognosy 101

Serturner, as an effective analgesic; however, the drug was very addictive and as such attempts were made to modify
the structure. However heroin, a diacetyl form of morphine, was produced with an enhanced addiction. Further isola-
tions from the crude drug identified dihydromorphinone (codeine), which also had the pain-killing ability along with
suppressing coughs and created the template for the synthesis of other morphinan class alkaloids, such as dextromethor-
phan, an antitussive agent, in cough medicines [52]. These are known as nonderived drugs as they were created from
template compounds obtained from crude drugs.

6.6 CONCLUSION

Plants provide a remedy for many ailments. The crude preparation of plant-based crude drugs may lead to the develop-
ment of natural products, such as nutraceuticals and cosmeceuticals, after the appropriate collection, preservation, and
storage techniques are adhered to. Further extraction and isolation of the bioactive components within crude drugs are
carried out, where efficiency parallels increased technology. These compounds in most cases increase the efficacy of
treating various ailments and thus are useful in drug development. The purification of crude drugs thus gives rise to the
formulation of pharmaceutical items. This aids in reducing production costs and prevents the continual removal of plant
materials as sources of drugs.

6.7 SELF-EVALUATION QUESTIONS

— Describe a plant crude drug and its different types.

— Give examples of plant crude drugs and their use(s).

— How may plant crude drugs be classified?

— Discuss the importance of a herbarium and pharmacopoeia in plant crude drug production.

— Explain the difference between a synthetic and a derived drug.

— State the different stage requirements for producing a plant crude drug as a nutraceutical and as a pharmaceutical.
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Learning Objectives

e Describe what secondary metabolites are.

Describe how secondary metabolites have developed through plant phylogeny.
Provide evidence that support the evolutionary theory.

Appreciate the role of secondary metabolites for medicinal uses of man.
Outline mass productions of secondary metabolites for man’s use.

7.1 WHAT ARE SECONDARY METABOLITES?

A substantial portion of the human daily diet is formed of plants and plant constituents and their nutritional values have
been extensively studied. These nutritional components of carbohydrates, lipids and amino acids are produced biosyn-
thetically by photosynthetic green plants which form the root of almost all food chains on earth, and are known as
primary metabolites.

In addition to the essential primary metabolites, plants are estimated to be able to biosynthesize at least a million [1]
other diverse compounds as well, with related plant families and species expressing combinations of similar
compounds. Selective expression of these compounds has in fact helped scientists classify plants into different chemo-
taxonomic groups. These compounds, typically of low molecular weight, appear not to contribute directly to the pri-
mary functions of the plant, and are therefore known as “secondary metabolites.” The concept of secondary metabolites
can be attributed to Kossel [2] who distinguished them from primary metabolites.

Although secondary metabolites were considered as waste products in the past, growing evidence has emerged display-
ing an intricate role in providing a distinct evolutionary advantage to the plants that express them, either directly or
through indirect connections with others. Thus the definition of what a secondary metabolite is has changed somewhat
over the years. The most accepted definition of secondary metabolites consider them to be naturally produced substances
that do not play an explicit role in the internal economy of the organism that produces it [3,4] and stands in direct contrast
to primary metabolites, which maintain fundamental cellular life processes. These secondary metabolites are argued to
play an important role in the survival of the species that produces them via critical interactions with its environment.

Secondary metabolites are low molecular weight compounds that have no recognized role in the maintenance of fundamental life
processes in the plants that synthesize them, but have an important role in the interaction of the plant with its environment [5].

Pharmacognosy. DOI: http://dx.doi.org/10.1016/B978-0-12-802104-0.00007-X
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FIGURE 7.1 Expression of secondary metabolites at major branching points of the green plant phylogeny.

7.2 AT THE BEGINNING

Early plant forms, such as green filamentous algae surviving in aquatic pools in the early Ordovician age (~ 500
million years ago), were equipped to carry out the fundamental processes of photosynthesis, glycolysis, and Krebs cycle
to produce primary metabolites. Specialized enzymes found in the green algae, Chlamydomonas reinhardtii [3], the
closest living relative member of the Charophytes, can catalyze the biosynthesis of sterols, glucose, lipids, and nucleic
acids and would have helped to maintain homeostasis within the aquatic pools of the early environment.

The first land plants, that looked like liverworts appeared around 450 million years ago, evidenced from the findings
of their spores. Transitioning from the aquatic environment to land life, these early plant forms faced three huge chal-
lenges: large and rapid temperature changes, desiccation, and direct harsh ultraviolet light. Additional challenges
included the need for anchorage on soil and rock, the combat of new forms of microorganic occupancies in the new soil
environment, and eventually competition by other plants for space and resources as well as grazing predators.
Adaptations that enable them to overcome these challenges would have been a necessity to thrive in the new environ-
ment and it appears that the generation of secondary metabolites has played a unique and significant role in meeting
these biotic and abiotic challenges (Fig. 7.1). In this chapter, we examine how these secondary metabolites may have
been developed (both in the plant and within microbes that they harbor), their role in the evolution of plants, along with
purviews of evidence for such thought.

7.3 THE TRANSITIONS

The taxonomic distribution of secondary metabolites and the metabolic pathways that gave rise to them point to a
gradual diversification to suit varying lifestyles during plant evolution, and are suggestive of a key role of secondary
metabolites at major branchings of plant phylogeny. Fig. 7.1 depicts key nodal points of secondary metabolite expres-
sion, along with specialized tissue development.
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. The biosynthesis of the secondary metabolites, phenylpropanoids, flavonoids, abscisic acid, and sporopollenins,
present in land plants provided protection against UV radiation, which played a significant role in the ability to sur-
vive in the harsh terrestrial landscape with direct exposure to sunlight. These metabolites have played a critical role
in helping the early algal forms to transition into the mosses and liverworts found in terrestrial environments. The
bryophytes also developed cuticles which aided the avoidance of some level of desiccation, although their approach
was a rather rudimentary on and off method for metabolism, for wet and dry times respectively.

. A more sophisticated method was needed to combat problems of desiccation and such was first seen in the
Tracheophytes, nearly 40 million years later. The production of lignin, a phenolic, complex polymer, through
the elaboration of the phenylpropanoid pathway provided strength and rigidity needed for vasculature, in addition
to providing a protective layer against desiccation. The strength provided by lignin, which helped toughen cell
walls, also stabilized the physical plant into an erect, upright life-form capable of standing up against the soil, inde-
pendent of the amount of water available. The movement of plants from water environments to colonize drier envir-
onments was now possible, following vasculature and internal irrigation through xylem and phloem cell formations.
. Late in the Paleozoic era, with the decline in atmospheric carbon dioxide, the extinct Archaeopteris and the ances-
tors of modern horsetails, ferns, and seed plants were thought to have evolved true leaves, containing trichomes, the
hair-like appendages in the aerial epidermis. These trichomes (in addition to mechanical defenses such as thorns,
hairs, and crystals) are widely believed to be a defense against insect feeders, and in many species there is a nega-
tive correlation between trichome density and insect feeding plus nutrition for their larvae. Different types of tri-
chomes were also a repository for secondary metabolites exuding terpenes, phenolics, alkaloids, and others with
repellent properties [6].

. By the late Devonian era, following vasculature, plants were also seen to have a root system, critical for anchorage
and tapping trapped water in the soil for larger trees. Many roots produced special isoflavonoids to face soil-borne
microorganisms, which are factories of numerous secondary metabolites themselves [7].

. The appearance of seed plants in gymnosperms (found today as conifers, cycads, gnetales, and the ginkgo tree) and
beyond, blanketed with a seed coat containing tannins for further protection, was seen around 260 million years
ago. The evolution of the angiosperms, which currently make up 85% of the 300,000 known plant species, appeared
around 145 million years ago and within a 10 million-year period, scientists believe, arose the greatest speciation in
the history of plant life [8]. With it came an explosion in secondary metabolites, yielding color, fragrance, and fla-
vor central to the reproductive success of the flowering plants. Anthocyanins, anthocyanidins (phenylpropanoids
C9—3C2) which provide color ranging from orange, red, purple to blue, carotenoids (terpenoids 4C2) that provide
yellow, red, and orange colors, and flavones and flavonols, which contribute whites and yellows, are responsible
for the rich color and fragrance of many plants, to attract the pollinators and symbionts for successful fertilization
(Fig. 7.2). Terpenes (particularly monoterpenes), phenolics, benzoic acid derivatives, and aliphatics totaling to over
1700 volatiles have been identified as contributing to floral scent [8]. The nectar which rewards the visiting insect
also contains volatile alcohols, aldehydes, and terpenes. Collectively these secondary metabolites also provide anti-
oxidant, antifeedant and antimicrobial activities, thus acting as plant defenses. It is not coincidental that the

FIGURE 7.2 Expression of anthocyanins by plants for bright
coloration, from left, Allamanda cathartica, Rosa sp., and Hibiscus
rosa sinensis.
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FIGURE 7.3 The Hawkmoth larvae feeding on Allamanda cathartica; the larvae have evolved antidotes for the poison expressed by the plant.

emergence of insects happened at the same time, with the first six-legged hexapod fossils found around 410 million
years ago, and these two taxa (insects and plants) coexisted and coevolved largely alone on land for tens of millions
of years (a good 50 million years before the first land vertebrates emerged) providing each other with key support
for successful survival and reproduction [8]. An example of coevolution with insects is evident in orders of insects
including Coleoptera, Hymenoptera, and Lepidoptera that feed on plants that synthesize defensive pyrrolizidine
alkaloids, by evolving the ability to accumulate the toxic alkaloid in their external cuticles and wings as defense
against predatory birds and mammals (see an example in Fig. 7.3).

It appears that as simple terrestrial plant forms evolved into more complex higher plants, secondary metabolites
played a significant role in the key adaptations of traits and tissue formations.

7.4 EVIDENCE FOR EVOLUTIONARY THEORY

The premise that primary metabolites are the precursors for secondary metabolite biosynthesis provides the first point
of evidence for evolution. As Fig. 7.4 depicts, few key primary metabolite building blocks lay the foundation for many
known secondary metabolites. These are the acetate C2 unit (leading to polyketides and fatty acids), the phenylalanine/
tyrosine derived C9 unit (leading to phenylpropanoids), the C5 isomeric units isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), and some amino acids. In plants, the terpenoid and phenylpropanoid pathways are
predominant in the production of secondary metabolites, while in microorganisms the polyketide pathways is particu-
larly well developed. Besides its role in the biosynthesis of phenylalanine and tryptophan, both of which are also
involved in secondary metabolism, the shikimate pathway is also directly involved in some secondary metabolite bio-
synthetic pathways, via its end product chorismate.

Although the numbers of building blocks are limited, it can be seen that the combinations of these to produce novel
secondary conformations are nearly infinite. A plethora of different secondary metabolites have already been discov-
ered, yet we still continue to uncover the breadth of nature’s chemodiversity. For ease, secondary metabolites can be
broadly classified into three main molecular families: the phenolics (including products from C2, C5, C9 + C2 path-
ways), terpenes (C10, C15, C20, C30, C40), and alkaloids, which are covered in detail in other chapters of this book, as
well as other references [9].

There is a gradual evolutionary development of plant-specific metabolic routes for the production of certain classes
of secondary metabolites, tissue types, organs, and lifestyles, with distinct taxonomic distributions. Key metabolic path-
ways and traits appear to be conserved (as seen in Fig. 7.5) with the propensity for new pathways to be continuously
built upon existing pathways and this provides the second point of evidence for evolution. For example, the production
of lignin appears to be conserved in all vascular plants, enabling the flow of water and nutrients efficiently, with varied
other adaptations that have arisen in gymnosperms and angiosperms that have come millions of years after.
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FIGURE 7.4 Building blocks commonly used in the
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FIGURE 7.5 Couroupita guianensis, commonly known as Canonball tree flowers evolving color and fragrance to attract pollinators.

The enzymes involved in the generation of secondary metabolites have also arisen as gradual adaptation of the pri-
mary enzymes themselves. Scaffolds of existing metabolic enzymes can be traced through to ancestral proteins, and as
such this gives rise to the conclusion that indeed there was no emergence of new enzymes but rather the variations
thrust upon existing structures by natural selection. Various examples of convergent, parallel, and divergent evolution
can be seen in plant metabolic processes [10] and such examples include major enzymes such as cytochrome P450
(CYP) enzymes, which a play a role in the synthesis of divergent compounds including lignins, having relations to
ancestral primary metabolic enzyme sterol 14-demethylase. Chalcone synthase, an enzyme involved in flavonoid syn-
thesis in plants, is another great example as it shares the same protein folds as the fatty acid synthesis enzyme (3 ketoa-
cyl ACP synthase IIT [3]. It is also very clear that catalytic promiscuity of plant enzymes, i.e., the ability to flexibly
accommodate many substrates, drives the expansion of evolutionary diversity, and explains the ability to evolve new
pathways as a response for environmental challenges.
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It appears however that the fundamental evolutionary mechanism is gene duplication [8] whereby new copies of
existing genes are created by a number of processes, allowing for variation and experimentation with the newly formed
genes. Over 60 separate cannabinoids produced from Cannabis sativa, many of which have no known bioactivity, sup-
port the view that multiple variations of genes may give rise to many slightly modified chemicals with only a limited
number of these needed to provide an advantageous outcome, which appears to be nature’s synthetic experimentation
method. Whole genome duplication can also be seen in the angiosperm, Arabidopsis thaliana.

7.5 THE EXPRESSION OF SECONDARY METABOLITES

Secondary metabolites are found expressed in various combinations in different parts of the plant (leaves, roots, shoots,
bark), at different stages of growth (seedling, seed, plantlet, mature tree), under different environmental pressures (inva-
sive microbes, herbivores), in numerous combinations of ways by different classes of plants. Although it is hard to
draw ge