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Preface

Plants produce secondary metabolites for a plethora of roles and humans have al-
ways inquisitively attempted to harness these benefits. Thus, applications of natu-
ral products chemistry have become all-pervasive in modern society and especially
in the fields of medicine and pharmacology. About half of the drugs currently in
clinical use are based on natural product scaffolds. Therefore, a deeper understand-
ing of secondary metabolites present in medicinal plants and their biosynthesis, bi-
ological activities as well as isolation and separation techniques is essential for
researchers in this field. This book provides an easy-to-read overview of secondary
metabolites in medicinal plants, their pharmacological potential, and current tech-
niques involved in the isolation and structure elucidation of bioactive natural prod-
ucts. In addition, the readers get the opportunity to learn about poisonous plants
and some important aspects relevant to the safety and quality of herbal medicinal
products. Hence, this book will be useful for undergraduate and postgraduate stu-
dents as well as other researchers in the field of natural products chemistry and
pharmaceutical industry.
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Mayuri Napagoda, D. S. A. Wijesundara

1 Medicinal plants as sources of novel
therapeutics: the history, present,
and future

1.1 Introduction

Plants form the basis of various traditional and folk medicines that have been in prac-
tice for thousands of years. Even today, plants are considered as a rich source of thera-
peutic agents for the treatment and prevention of diseases. According to the World
Health Organization (WHO), approximately 80% of the inhabitants in the world de-
pend mainly on traditional medicines for their primary health care. It is estimated that
at present, more than 35,000 plant species are employed for medicinal purposes [1].

A medicinal plant is usually described as “any plant which, in one or more of its
organs, contains substances that can be used for therapeutic purposes or which are
precursors for the synthesis of useful drugs” [2]. These plants also become the source
of natural products that can be developed into novel drugs or can be utilized as drug
leads. Noteworthy, up to 50% of the approved drugs during the last 30 years are from
either directly or indirectly from natural products. For example, in the area of cancer,
out of the approved 175 small molecules over the time frame from the 1940s to 2014,
85 (49%) were either natural products or natural product derivatives [3]. Besides, nat-
ural dietary supplements are also gaining much popularity among the general public.
Particularly, cancer patients in the USA have started to use new dietary supplements
with natural ingredients after being diagnosed with cancer. These herbal medicinal
products are available as single isolated/enriched compounds or as complex mix-
tures of several biologically active compounds. Further, these could be obtained from
a single herb or combination of herbs, as polyherbal formulations and are prepared
in different ways like decoction, tinctures, teas, syrups, essential oils, ointments, sal-
ves, and tablets/capsules with the powdered form of the whole plant/plant part or
dried extract [4].

The increasing interest in medicinal plant research is clearly reflected by the
number of recent publications that have increased more than threefold from 2008
(4,686 publications) to 2018 (14,884 publications). Fitzgerald et al. [5] revealed that
the largest proportion of publications cited in current databases over the last
10 years are in the disciplines of pharmacology and pharmacy and it is followed by
plant sciences, biochemical molecular biology, and agriculture research. Moreover,
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the majority of those publications have emerged from China, India, the USA, and
South Korea, indicating the strong medicinal plant traditions in Asia as well as the
USA’s dominant presence as an international user of herbal products [5].

Thus this chapter gives a brief overview of the history of medicinal plants, the
challenges faced in the development of herbal-based drugs, and some future pros-
pects in the field of herbal medicine.

1.2 The use of medicinal plants: historical
perspective

The relationship between plants and humans has been existing since time immemo-
rial. Early humans exploited the plants around them for use as food, fuel, clothing,
shelter, and medicine [6]. Fossil records indicate that prehistoric humans had used
plants as medicine at least 60,000 years ago in the Middle Paleolithic age [7, 8]. It
is assumed that the treatment of open wounds had included the cleaning and pack-
ing with plant parts or plant extracts, some of which might be beneficial in cleans-
ing and healing wounds. Among the objects found with the mummified body of
Otzi the Iceman who lived about 5,300 years ago, there were woody fruits of a
bracket fungus Piptoporus betulinus. It has been revealed that P. betulinus contains
toxic resins and agaric acid which are powerful purgatives, along with oils that are
toxic to metazoans and with antibiotic properties [9].

It is speculated that the pharmacological knowledge of primitive man might
have come from experimentation and sometimes they might have judged the use
and purpose of plants just by examining what the plant resembled. For example,
the black speck in the flower of the plant eyebright (Euphrasia officinalis) appears
as a pupil in the eye and thus was used for diseases in the eye. Similarly, plants
with bright yellow flowers were used against jaundice in which the white parts of
the eye get turned into yellowish color [10].

The oldest written evidence of the use of medicinal plants for the preparation of
drugs has been found on a Sumerian cuneiform tablet which is believed to be from
3000 BC. Fifteen pharmaceutical prescriptions composed of milk, snakeskin, turtle
shell, Cassia, myrtle, asafetida, thyme, willow, pear, fig, fir, and date have been de-
scribed there, although it lacks the context on associated diseases or the amounts
of the ingredients. Interestingly, all parts of plants had been used for those pre-
scriptions. Narcotics derived from Cannabis sativa (hemp), Mandragora spp. (man-
drake), Lolium temulentum (darnel), and Papaver somniferum (opium) were utilized
by the ancient Mesopotamians [10, 11].

Traditional Chinese Medicine dates back to about 2500 BC and the oldest medi-
cal writings on herbs described dozens of herbs in a variety of situations related to
healing and diet [12]. The Chinese book Pen T’Sao, written by Emperor Shen Nung
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around 2500 BC, on roots and grasses revealed 365 drugs composed of dried parts of
medicinal plants like yellow gentian, ginseng, cinnamon bark, camphor, Podophyllum,
jimson weed, and Ephedra [13, 14].

The traditional Indian medicine, or Ayurveda, developed significantly during
the Vedic period (2500-600 BC) and the descriptions of the system are available in
ancient literature such as Rig-Veda, Yajur-Veda, and Atharva-Veda, which mention
the utilization of plants for treatment purposes. Three groups of plants have been
recognized in Rig-Veda as trees (Vriksha), herbs (Osadhi), and creepers (Virudh)
while the shape and morphology of plants were also described in Atharva-Veda. Four
groups of medicinal plants were described in Yajur-Veda [13, 15-17]. The Caraka-
Samhita (Compendium of Maharishi Caraka) and Sushruta Samhita, dating to the pe-
riod of 900-600 BC, are two fundamental texts on Indian traditional medicine and
describe hundreds of pharmacologically active herbs and spices [17].

The Egyptian pharmaceutical record “Ebers Papyrus,” written circa 1550 BC, is
the most complete and most famous medical papyri. It describes hundreds of magical
formulas and folk remedies refereeing to about 700 plant species including pome-
granate, castor oil plant, garlic, onion, Aloe, Senna, fig, willow, coriander, juniper,
etc. [13]. Plant extracts were prepared and either taken internally or applied topically,
while some were administered by fumigation and vapor inhalation [18].

The Egyptian tradition was transmitted to Greek and Roman medical systems
over time triggering the use of plant species against various ailments. Greek philos-
opher Aristotle (384-322 BC) has described 500 crude drugs employed in the treat-
ment of different pathological conditions, while the Greek Physician Hippocrates
(460-370 BC), the father of modern medicine, believed that disease had natural
causes; thus, various herbal remedies were used in his treatments. He mentioned
about 400 medicinal substances of herbal origin [15, 19].

Theophrastus (370-287 BC), who is considered as “the father of Botany,” wrote
two books “De Causis Plantarium” — Plant Etiology and “De Historia Plantarium” —
Plant History. In these books, he included a classification of more than 500 medici-
nal plants known at the time [15]. Further, Theophrastus described on the season
and the method for the gathering of useful medicinals; for example, the best juices
are collected in the summer, while spring or autumn would be the best time to
gather the most useful roots [20].

The Roman writer Cornelius Celsus (25 BC-50 AD), who wrote the book De Me-
dicina, described the preparation of numerous ancient medicinal remedies and
quoted about 250 medicinal plants such as Aloe, poppy, pepper, cinnamon, the star
gentian, and cardamom [13]. In around 60 AD, the Greek physician Pedanius Dio-
scorides (40-90 AD) documented over 600 curative plants in his book De materia
medica which formed the core of the European pharmacopeia. Chamomile, garlic,
onion, ivy, nettle, sage, coriander, parsley, willow, etc. are some of the most appre-
ciated domestic plants described by Dioscorides. The descriptions of the medicinal
plants included their outward appearance, locality, mode of collection, preparatory
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methods, and the therapeutic effects [13]. Similarly, Pliny the Elder (23-79 AD) in-
troduced Naturalis Historia, a work that includes myths and folklore, trees, and me-
dicinal plants [21].

Claudius Galen (129-199 AD) introduced the concept of pharmaceutical formu-
lation to formulate stable and therapeutically effective drugs and published at least
30 books on plants [15, 22]. He also introduced several new plant drugs that had not
been described by Dioscorides, for example, Uvae ursi folium, which had been used
as an uroantiseptic and a mild diuretic [13].

During the Middle Ages, the monasteries preserved medical knowledge in Europe
where monks who were in their monasteries planted and experimented on the species
described in classic texts. Meanwhile, the Arabic scholars translated many classical
Greek texts into Arabic and complemented it with their own medicinal expertise, as
well as the knowledge of herbs from Chinese and Indian traditional medicines [23].
The Persian pharmacist and the physician Avicenna wrote “Canon Medicinae” and
“Kitab Ash-Shifa,” while Ibn al-Baitar recorded hundreds of medicinal plants in his
“Corpus of Simples” [15, 21, 22]. Moreover, the toxic aspects of various plants were
also described by Arabs, for example, The Book on Poisons and Antidotes by Abu
Musa Jabir ben Hayyan [24].

“The Black Death,” which is considered as one of the most devastating pan-
demics in human history, had swept through Europe in the thirteenth and four-
teenth centuries. As the physicians were not knowledgeable at that time to deal
with the infection, superstitious practices like burning aromatic herbs and bathing
in rosewater or vinegar were also performed [21].

Although the emphasis paid on herbal sciences had declined during the late
Middle Ages, several herbalists fostered this field, especially during the sixteenth
century. In the dawn of Renaissance, Paracelsus (1493-1541 AD) reintroduced opium
for medical use in Western Europe [25]. There was no concept of the geographical dis-
tribution of plants in the early sixteenth century, and Leonhart Fuchs (1501-1566 AD)
became the first herbalist to describe the American introduction of previously un-
known plants into Europe. His book De historia stirpium covers 497 native European
and introduced plants and over 500 woodcut illustrations [26]. His work became a
masterpiece and considered as the standard scholarly study on plants until Carolus
Linnaeus (1707-1788 AD) introduced the new taxonomy, the binomial system [27].
Meanwhile, in England, John Gerard (1545-1612 AD) published Herball or Generall His-
torie of Plantes, and in 1618, London Pharmacopoeia was compiled using previous
work on the medicinal plants [22].

Until the nineteenth century, medicinal plants were employed on an empirical
basis, neither with mechanistic knowledge on their pharmacological activities nor
with the active constituents [23]. The early nineteenth century was a turning point in
the field of herbal medicine as attempts were made for the isolation of the active prin-
ciples of commonly used plants such as poppy, belladonna, autumn crocus, and
Saint-Ignatius’ bean. These isolations were then followed by the commercialization
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of morphine, the first commercial pure natural product in 1826; the aspirin, the first
semi-synthetic pure drug based on a natural product in 1899; and many other phar-
maceutically important natural products thereafter [22].

Despite the advent of other drug discovery approaches like molecular modeling
and combinatorial chemistry, the impact of natural products as new clinical candi-
dates in the drug discovery programs is still very high. For example, 1,073 new
chemical entities belonging to the group of small molecules had been approved be-
tween the period of 1981 and 2010 and more than half of those were based on natu-
ral product scaffolds. Interestingly, a substantial number of these compounds were
from higher plants [23]. Thus natural-product-derived compounds are still proving
to be an invaluable source of medicines for humans and the indigenous knowledge
on medicinal plants play a vital role in expanding the horizons of the modern phar-
maceutical industry. In this respect, ethnobotanical studies could be indispensable
tools for gathering folklore knowledge.

1.3 Ethnobotany in drug discovery: pros and cons

The term “ethnobotany” was first introduced in 1896 as “the study of plant use by
humans” by an American botanist John Harshberger. Thus it studies various aspects
of how plants are used by people as food, cosmetics, textiles, and medicines including
all the beliefs and cultural practices associated with their use [28]. On the other hand,
the more recently introduced term “ethnopharmacology” describes a multidisciplinary
area of research, concerned with the observation, description, and experimental inves-
tigation of indigenous drugs and their biological activities [29]. Ethnobotany has un-
dergone a radical transformation during the last two decades [30].

Leopold Gliick, a German physician working in Sarajevo, published his work on
traditional medical uses of plants among the rural people in Bosnia in 1896, and it
is believed that this work would be the first modern ethnobotanical work [31]. Since
then a large number of ethnobotanical studies were carried out in different regions
around the globe and some of the notable work includes those of Richard Evans
Schultes and his students such as Wade Davis and Mark Plotkin in the South American
Amazon [32].

Ethnobotanical studies play an important role in the preservation of traditional
knowledge through proper documentation. A study of a rural population in Argentina
revealed that for the transmission of knowledge of medicinal and edible plants, family
members (especially mothers) play a major role while experienced traditional healers
outside the family also made a great contribution [33, 34]. As smaller and more vulner-
able tribes and indigenous groups become increasingly fragmented and threatened by
modern development pressures in developing countries, it is feared that folk knowl-
edge might get lost forever [34]. Also in some communities, the wealth of knowledge
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is rapidly diminishing not only due to the dearth of elderly people who are knowl-
edgeable on traditional healing systems but also due to the lack of interest in the
younger generation to acquire this knowledge systematically [35]. Also, dramatic de-
struction of ecosystems and the ruthless use and overexploitation of medicinal plants
solely for commercial purposes compel to accelerate studies of ethnomedicine along
with biomedical and phytochemical studies for the development of new natural prod-
ucts and drugs needed by humans [34, 35].

Ethnobotanical studies are proven to be an effective approach to reveal the hid-
den potential of plants against various illnesses and thereby could contribute to-
ward the drug discovery programs by providing information on the selection of
plants or specific phytochemicals to be tested in experimental models of various
diseases. On several occasions, the results of ethno-directed investigations have
been compared with random search for plants for specific therapeutic purposes. Ac-
cording to Khafagi [36], 83% of the plants in Sinai, Egypt selected using an ethnobo-
tanical approach elicited antimicrobial activities while only 42% of the randomly
selected plants exhibited the bioactivity [36]. Similarly, Slish et al. [37] reported that 4
out of 31 plants selected in Belize using the ethno-directed study displayed vascular
smooth muscle relaxant activity; however, none of the randomly collected 32 plants
exhibited this property [37].

However, there are number of pitfalls associated with ethnobotanical/ethnophar-
macological studies, particularly concerning the design of studies and collection and
interpretation of data. This demands proper training and sound knowledge of the in-
ternational literature from investigators of theoretical and methodological contribu-
tions to this field. Besides, the selection of plants relevant for bioprospecting based on
their popularity and usefulness is sometimes doubtful, while the exclusion of informa-
tion essential for efficiently testing the plants is another error observed in the latest
ethnobotanical studies. In order to overcome these limitations, it is recommended that
researchers should clearly establish the goals of their study, for example, whether
they are going to study one single and well-defined therapeutic activity, or the full
range of knowledge of the local medical system. Further, during the selection of in-
formants for the study, the age, gender, and social function of the individuals should
be considered, particularly the role of women and elders who are supposed to possess
greater knowledge on medicinal plants due to their role in the home and family care,
and their longer interaction with the environment respectively. Also, the researchers
should keep in mind that the high presence and importance of a particular plant in a
local healing system might not always be linked to its pharmacological effect, whereas
plants that are mentioned less frequently might be important for bioprospecting; thus,
low popularity does not necessarily mean lack of efficacy. Because of the cultural vali-
dation and the local belief in its effectiveness, a widely popular plant may act like a
“placebo,” despite the absence of biologically active compounds. Moreover, the plant
species located geographically closer to a local community may be used more often,
thus imparting greater importance. On the other hand, a plant that has been rarely
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mentioned could be a recent introduction to a local medical system, or else, the
knowledge on its healing potential might have been restricted to a few families or in-
dividuals as a family secret or has a low availability in the study area concerned.
Therefore, such rarely mentioned plants might actually be highly valuable from the
bioprospecting perspectives [38].

Although the “ethnobotanical approach to bioprospecting” has resulted in the
development of at least 88 new pharmaceuticals like the muscle relaxant tubocura-
rine and the antimalarial drug quinine, there were instances where this approach
was not as effective as it was anticipated. A well-known example was the project
conducted by Shaman Pharmaceuticals in South San Francisco, California, USA,
with the vision “collaborating with the rainforest’s indigenous people as part of a
sophisticated drug discovery and development process of modern Western medi-
cine” [39]. A team of botanists and physicians were sent to 30 countries to work
directly with indigenous communities and to interview the traditional healers to
learn about the plants that are used to treat illnesses and how the patients are
treated. Although the initial interest was directed toward antifungal and antiviral
agents, the active compounds discovered were failed in the clinical trials; thus, the
efforts were made to assess the antidiarrheal activity. “SP-303,” a mixture of proan-
thocyanidin polymers isolated from the latex of Croton lechleri was found to be clin-
ically efficacious and developed as a dietary supplement for diarrhea. It has been
realized that the applications were different from indigenous ethnobotanical uses
of Croton sap. Despite the collection of 1,000 plants and screening of 800, of which
420 identified with biological activity and leading to 20 patents, the Shaman project
is considered as a victim of bad timing in its choice of the search strategy. The fail-
ure of the project signifies the need for new models of these approaches to drug
development as well [7, 39].

The researchers involved in the collection of ethnobotanical knowledge of in-
digenous people should be aware of Convention on Biological Diversity (CBD) and
intellectual property rights; thus, it is recommended to obtain prior informed con-
sent for the use of the resources of those indigenous people and their traditional
knowledge. Gaining the consent of indigenous people is a time-consuming process
that involves the identification of appropriate indigenous communities to work
with and getting their approval for sharing knowledge and resources as well as ne-
gotiation of appropriate contracts and compensation packages [39, 40].

Because of the complicated issues associated with ethnobotanical research,
pharmaceutical companies prefer to use literature and database search rather than
conducting ethnobotanically directed search itself [39]. NAPRALERT is one of the
famous databases that were designed to evaluate the literature on natural products
for the identification of new sources of commercially significant or clinically useful
drugs. This database contains data on upward of 60 000 species, including more
than 200,000 distinct chemical compounds of natural origin and 90,000 reports of
ethnomedical uses of plants as well as other organisms. More than 770,000 unique
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pharmacological records are there representing more than 4,000 different pharmaco-
logical activities. These data have been extracted from over 200,000 scientific articles
and reviews from approximately 10,000 scientific journals. Thereby it provides essen-
tial information to researchers who are engaged in medicinal plant research and drug
development as well as the botanical dietary supplement industry [41].

There are several other herbal medicine databases with scientific data on the
use and study of herbs for health, namely, the herb information knowledgebase
(THINKherb) database, Traditional Chinese medicine information database (TCM-ID),
Traditional Chinese medicine integrated database (TCMID), and Indian Plant Antican-
cer Compounds Database (InPACdb). THINKherb contains 499 herbs, 1,238 genes in-
volving human, mouse, and rat, 825 diseases, 245 pharmacological activity, and 373
signaling pathways. TCM-ID composed of 1,588 prescriptions, 1,313 herbs as well as
5,669 herbal ingredients along with the 3D structure of 3,725 herbal ingredients.
TCMID contains 47,000 prescriptions, 8,159 herbs, 25,210 compounds, 6,828 drugs,
3,791 diseases, and 17,521 related targets. On the other hand, InPACdb provides com-
prehensive information on anticancer activity of the phytochemicals of Indian origin.
As of recent times, these databases turned out to be a valuable resource for drug de-
velopment and drawn the attention of researchers in both academia and industry [1].

1.4 From plants to the pharmacy shelf: the drug
development process

The development of new drugs from the plant sources is a complex, time-consuming,
and expensive process (Figure 1.1) as it is carried out in three elaborate steps, namely,
pre-drug stage, quasi drug stage, and full drug stage. The first stage of drug develop-
ment is the pre-drug stage and involves the information-driven selection of plants ei-
ther based on indigenous use or from the results obtained in animal studies. Then in
the quasi drug stage, the extracts are prepared, phytochemicals are screened, and
the structure and composition are elucidated. Further, the bioactivity evaluations are
conducted for the identification of possible lead compounds. If necessary, the lead
compounds are subjected to structural modifications as well. Once the lead com-
pound is identified, it is structurally modified if needed. Thereafter, it is evaluated in
animal models, in vitro studies, and clinical trials, and upon the approval, it enters as
a marketed drug [4].

The new drug candidate (irrespective of whether a phytochemical or not) must
undergo pre-clinical trials followed by different stages of clinical trials, i.e., Phase 0
(optional), Phase I, Phase II, Phase III, and Phase IV. Preclinical studies are re-
quired before the initiation of the clinical trial. These pre-clinical studies involve
in vitro and animal experiments (in vivo) at different doses of the study drug to de-
termine the pharmacodynamics, pharmacokinetics, and toxicology of the drug.
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Phase 0 experiments are optional exploratory trials where a small group of individu-
als, usually 1015, are tested with a single, sub-therapeutic dose to gather pharmaco-
kinetic information, thus to access whether the drug candidate performs as expected
to take forward into further development. Then in Phase I studies, the new drug is
administered to 20-100 normal healthy individuals to determine the maximum toler-
ated dose of the drug, the common and serious adverse effects of the drug, and also
its pharmacological, pharmacodynamic, and pharmacokinetic properties. Nearly
70% of drug candidates move from Phase I to Phase II. Phase II studies are conducted
with several hundred patients with specific diseases. The study population is well de-
fined by inclusion and exclusion criteria, and based on the dose or dose range deter-
mined in Phase I, dose-response in patients and the drug’s biological activity and
efficacy are evaluated. Approximately one-third of tested new drugs move into Phase
III trials which are carried out using a large number of patients and with specific dis-
eases to determine efficacy, effectiveness, and long-term side effects. Usually, about
25% to 30% of the new drug candidates progress to the next phase, Phase IV. Phase
IV trials are long-term studies involving more than 10,000 individuals of the relevant
patient population and normally conducted after the approval of the regulatory
agency. This study aims to assess the drug’s real-world effectiveness. In some instan-
ces, the outcome of Phase IV studies could lead to a withdrawal of the drug from the
market or for a restriction to particular uses [42].

Despite the fact that many botanicals are in the pipeline of clinical trials, only a
few have ended up as a commercial drug, hence the rest failed at different stages of
the clinical trial. One example is a different formulation of “SP-303” identified in the
project undertaken by Shaman Pharmaceuticals. This formulation called “Virend”
was developed as a topical formulation for the treatment of genital herpes, and it pro-
gressed to the clinical trials from the pre-clinical stage within a short period, i.e.,
after 24 months of laboratory testing. However, Shaman Pharmaceuticals halted the
further development of Virend when it demonstrated no additional benefit over the
existing drug for herpes, acyclovir [39]. Similarly, several natural dietary supplements
have undergone Phase II trials of cancer therapy; however, the majority failed to
progress to Phase III trials, in spite of their positive results in pre-clinical investiga-
tions with animal models, cell lines, and/or small early phase clinical trials [4].

There are many challenges encountered in the development of herbal drugs. For
example, randomized, placebo-controlled trials are crucial in the evaluation of any
drug for health benefits or disease mitigation; however, the peculiar color, taste, and
smell in herbal medicine make it difficult to conduct placebo-controlled trials. There
were many occasions where the clinical evaluation of herbal drugs had shortcomings
in trial design, improper execution, and weak data analysis, particularly due to the
inappropriate number of patients in trials, improper randomization, and selection
bias. Also conducting pharmacokinetic studies on polychemical natural products is
quite complicated unless the active ingredient/active principle is known. The pres-
ence of several different active ingredients makes the pharmacokinetic evaluation
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more difficult and complex. Poor standardization and lack of quality control of herbal
preparations as well as the presence of several active compounds would make the
dose calculation a tedious process and sometimes lead to discrepancies in the dosage
and treatment duration of the herbal remedies. Moreover, the contamination or adul-
terations of herbal preparations might result in undesirable toxic effects sometimes
with dire consequences [4].

1.5 Conservation of medicinal plants

The use of herbal drugs shows an increasing global trend and the wild populations of
plants having medicinal properties are facing many threats as a result. Therefore, the
need for conservation of those plants has now become a priority [30, 43]. According
to Heywood [30], this poses several problems. The numbers of medicinal plant spe-
cies involved are large and information on the conservation status of the majority of
the species are lacking. Threats faced by over-collecting, insufficient knowledge on
the genetic variation and indigenous traditional knowledge are other problems. The
reluctance of the policy makers to become involved and invest in conservation of
these species is another critical issue.

1.6 The future trends in the medicinal plant
research

Despite the numerous deterrents in the field of phytomedicine, researchers all over
the world are conducting pre-clinical studies and clinical trials with botanicals to
harness the maximum benefits from the healing powers of plants. Moreover, agen-
cies like the National Institute of Health, USA; European Medicines Agency (EMA);
Indian Council of Medical Research; and National Health and Medical Research
Council, Australia, are undertaking clinical trials in assistance with several govern-
ments and private institutes [4].

The application of metabolomics in natural products research is a recent trend
that is aimed at the qualitative and quantitative analysis of all the metabolites of an
organism at a specific time and under specific conditions. Analytical techniques like
high-resolution mass spectrometry and nuclear magnetic resonance spectroscopy are
employed here to dereplicate and quantify the known metabolites against novel natu-
ral products. Along with metabolomics-guided fractionation tools, it is possible to
identify active components at the first fractionation step, as well as to predict the me-
tabolites that might be bioactive. Further, the metabolomics approach could help in
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the prioritization of fractions for further purification, saving time, and resources in iso-
lating the target compounds [44].

With the progress in bioinformatics, computational techniques have entered
in the process of drug discovery and development, and often precede or comple-
ment in vitro and in vivo studies. These computer-aided or in silico design is being
utilized to expedite and facilitate hit identification, hit-to-lead selection, optimize
the absorption, distribution, metabolism, excretion, and toxicity profile and avoid
safety issues [45, 46]. These integrated computer-assisted strategies would be ben-
eficial in processing a large amount of available structural and biological informa-
tion within a short period of time for a straight-forward search of bioactive natural
products [47].

Although there are significant numbers of very potent phytochemical compounds
particularly with anti-tumor activity, the nonspecific administration (i.e. dosing the
whole animal) during testing would lead to very high toxicities. The delivery of such
agents specifically to the tumor area would enable to use those materials for treat-
ment. In this respect, liposome-encapsulated toxic agents and antibody-conjugates
with natural toxins/pure compounds would be an ideal strategy [22]. Moreover, the
low bioavailability of phytochemicals would also hamper the further development of
these agents. The use of nanoparticles is one of the promising strategies to signifi-
cantly increase the bioavailability of natural products. The improvement in their
pharmacokinetic properties might lead to a better therapeutic effect, without high-
dose-induced acute toxicity. In this respect, polymeric nanoparticles have been em-
ployed to increase the bioavailability of luteolin, epigallocatechin gallate (EGCG), tea
polyphenols, and silibinin while the oral bioavailability of apigenin was improved by
incorporating it into a carbon nanopowder solid distribution [48]. Moreover, an im-
provement in the molecular targeting, oral bioavailability, and anticancer efficacy
was observed for the new ginsenoside, 25-OCH3-PPD (GS25) isolated from Panax noto-
ginseng upon its encapsulation into PEG-PLGA nanoparticles [49]. These examples in-
dicate that the role of nanotechnology would be imperative to the field of herbal
medicine in the coming years.

1.7 Conclusion

The plant-based healing systems continue to play an essential role in health care
while functioning as an important source of novel pharmacologically active com-
pounds. Despite the availability of compounds derived from computational and
combinatorial chemistry as new drug leads as well as the challenges confronted
over the years during the development of herbal-based drugs, phytochemicals still
hold a fair share in drug discovery programs owing to their incomparable chemical
diversity and novel mechanisms of action.
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2 Plant secondary metabolites
as prospective pharmaceuticals
and cosmeceuticals

2.1 Primary metabolites and secondary metabolites

Primary metabolites can be defined as the molecules that are directly involved in the
conduction of basic life functions such as cell division, growth, respiration, storage,
and reproduction. The nutritional components carbohydrates, lipids, amino acids,
and alcohols belong to this category [1]. Generally, they are simpler in structure and
widely distributed in all parts of the plants.

However, identifying the role of secondary metabolites and their role in an organ-
ism needs a lot more explanation. Unlike the primary metabolites, the secondary me-
tabolites of plants are present in low abundance and stored in dedicated cells or
organs. Structurally they demonstrate more complexity, diversity, and uniqueness.
The definition of secondary metabolism itself has been subjected to intense debate for
many years. Sometime back, secondary metabolites were identified as a group of mol-
ecules that do not play a specific role in an organism. Nevertheless, based on more
recent interpretations, they are defined as a group of molecules that afford some dis-
tinct advantage to the organism to be fitter during the natural selection [2, 3].

Secondary metabolites play a key role in a plant’s adaptation to the environment.
They contribute to the plant’s fitness by performing the roles of antibiotics, antifun-
gal, and antiviral agents preventing the infections and attacks of pathogens. Second-
ary metabolites, with the ability of UV absorption, can protect against leaf damage by
UV radiation in intense sunlight. Similarly, secondary metabolites can have numer-
ous attractive biological properties such as antifeedant, insecticidal, and larvicidal
properties which would support the organism by providing protection against preda-
tion, parasitism, invasion, and competition [3].

Plant secondary metabolites can be classified into several major groups based on
their chemistry and biosynthetic pathways as phenolics, terpenoids, steroids, and al-
kaloids [4]. Phenolics are a large family of secondary metabolites ubiquitously dis-
tributed among the higher plants. They can be subdivided into several subgroups
based on chemistry such as flavonoids, lignans and polyphenols, coumarins, and an-
thocyanins. Similarly, terpenoids are also widespread in the plant kingdom. They can
be further divided into subgroups based on biosynthesis, considering the number of
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isoprene units involved to build the terpene scaffold. The distribution of alkaloids in
plants is sparse and more specific to specific plant genera and species.

2.2 Plant secondary metabolites as a source for
pharmaceuticals

These plant secondary metabolites are enriched with an extraordinary array of attractive
biological activities. Their potential to cure various ailments has been known and ex-
plored since early civilizations [4, 5]. As a result, the plants had been a generous and
excellent source of medicinal ingredients for many indigenous medicinal systems in vari-
ous parts of the world. With the advancement of analytical chemistry and biology, man’s
quest to discover pure bioactive molecules responsible for those attractive medicinal
properties from such herbal preparations used in folk medicine led to the development
of many pharmaceuticals. With the rapid development of the pharmaceutical industry,
some of them eventually have even become blockbuster drugs [4, 5]. A survey conducted
on plant-derived pure compounds used as drugs indicated that 122 compounds identified
were derived from 94 plant species. Interestingly, 80% of these drugs were clinically ap-
plied for the same purpose they were used for in folk medicine, further highlighting the
significance of the ethnobotanical impact on natural product-based drug discovery [5].
These first generation of pharmaceuticals were developed by the observation of
their efficacy in indigenous medicinal systems and targeted isolation of the pharma-
cologically active natural products from the native plant extract [6]. Eventually, some
of these drug molecules were synthesized via more efficient routes and the synthetic
product was favored over the natural product as it was commercially more feasible.
The direct synthesis of the natural product addressed problems associated with plant
collections and supply. During the structure—activity relationship studies of a natural
product, a large number of synthetic analogs were derivatized. In some instances,
some of these semi-synthetic derivatives displayed better biological activity and solu-
bility so that they were chosen as better drugs. Bioactivity studies on natural products
might reveal certain pharmacophores that can interact with some substrates with a
therapeutic effect. Medicinal chemists have been able to design and develop syn-
thetic drug molecules that incorporated such pharmacophores.
Therefore, natural product—based pharmaceuticals can be categorized as follows.
1. Pharmaceuticals developed by isolating the pure natural product from its na-
tive extract.
2. Synthetic product identical to the natural product.
3. Semi-synthetic derivative of the pure natural product to enhance efficacy and
delivery.
4. Products of total synthesis, but the pharmacophore was inspired or based on a
natural product.
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2.3 First generation of natural products—based
pharmaceuticals

Morphine (Figure 2.1), a phenanthrene-type alkaloid derived from Papaver somnife-
rum, is the first plant-derived pure natural product to be commercially used as a ther-
apeutic. It was marketed by Merck in 1826 as a sedative [7]. Based on the analgesic
properties observed in salicin, a phenolic glucoside found in the bark of Salix alba
(Willow), aspirin was developed by Bayer in 1899. Piria, an Italian chemist, resolved
the chemical structure of salicin and converted it to salicylaldehyde in 1839. Aspirin
(acetylsalicylic acid) was eventually synthesized by Gerhard in 1853. Subsequently,
several other plant-derived drugs came into the market. This included other opium-
derived alkaloids codeine (Figure 2.1) and papaverine (Figure 2.2) [4]. Cardiac glyco-
side digitoxin (Figure 2.3) extracted from the plant Digitalis purpurea (foxglove) was
used to treat certain cardiac conditions [8]. Even though digitoxin is rarely used in
current clinical applications, digoxin (Figure 2.3), another cardenolide, with a very
close structure and isolated from the same plant, is still in use for various cardiac
complications.

RO
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2.3.1 Anti-malaria drugs

Malaria has been a major global health challenge for many decades. The first anti-
malaria drug quinine (Figure 2.4) was isolated from the bark of Cinchona officinalis
by French pharmacists Caventou and Pelletier in 1920 [5, 9]. It was a classic story of
drug discovery based on folkloric use. Indigenous tribes in the Amazon region of
South America had been using the bark of this plant to treat fever successfully and
that seemed to have prompted people in Europe to use it to treat malaria around
the 1700s. The outstanding results of this treatment inspired Caventou and Palletier
to isolate the active ingredient quinine, an alkaloid belonging to the quinolone
group. Quinine provided the basic structural motif for the development of more
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effective malaria drugs such as chloroquine (Figure 2.5) and mefloquine that were
synthetic modifications of quinine [5, 9].

With the Plasmodium parasite developing resistance over quinine-based drugs,
they are no longer used to treat malaria. However, some of these quinine analogs
have been very successfully employed to treat arthritis and some debilitating auto-
immune diseases such as lupus and Sjogren’s syndrome as disease-modifying
drugs [10].
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Artemisinin (Figure 2.6), a sesquiterpenoid lactone, is another plant-based drug
against malaria that has been developed by the observation of its efficacy in indige-
nous medicine [9]. In ancient Chinese medicine, the leaves of the plant Quing-hao
had been successfully used to treat malaria for about 2,000 years. The active com-
pound artemisinin was isolated from Artemisia annua (Asteraceae) around 1970
and later on reported by the researchers at the Walter Reed Army Institute of Re-
search in the USA in 1984 [5]. Eventually, a large number of artemisinin analogs
have been synthesized and they have shown much better efficacy against malaria.
The current treatment of malaria involves a combination therapy based on artemisi-
nin and other drugs [9].

2.3.2 Anti-cancer drugs

— Vinca alkaloids

Vinca alkaloids, vinblastine, and vincristine (Figure 2.7) are some of the first anti-
cancer drugs to have been developed from plants. They were isolated from Mada-
gascar periwinkle, (Catharanthus roseus), a plant that the natives of Madagascar
used to treat diabetes [5, 11]. The Madagascar periwinkle plant contained many ter-
pene-indole alkaloids and out of them, vinblastine and vincristine showed the abil-
ity to control the increase of lymphocytes. This was due to their ability to inhibit the



2 Plant secondary metabolites as prospective pharmaceuticals and cosmeceuticals =— 23

cell division by binding to tubulin and thereby preventing the formation of the spin-
dle. Vinblastine is used to treat Hodgkin’s lymphoma, advanced testicular cancer,
and breast cancer whereas vincristine is used to treat acute leukemia and other lym-
phomas [11, 12].
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— Taxanes

Taxol (Paclitaxel) (Figure 2.8) is one of the most potent and widely used anticancer
drugs discovered from plants. It is extensively used to treat breast, lung ovarian,
bladder, prostate, and many other forms of cancers. The honor of the discovery of
Taxol from the bark of the plant Taxus brevifolia (Pacific Yew tree) in 1966 goes to
Mankush Wani and Monroe Wall of Research Triangle Institute in North Carolina [5,
13]. Its mode of action was deduced as stabilization of microtubules leading to the
inhibition of spindle formation by Schiff and Susan Horwitz in 1980 [14]. Taxol was
clinically approved to treat ovarian cancer in 1992 and breast cancer in 1994 and
has become a blockbuster drug. Since then, several clinically more efficacious and
deliverable forms of Taxol have been developed incorporating different advanced
technologies such as nanotechnology and polymer science [5, 12]. The discovery of
Taxol brought great recognition toward natural product-based drug discovery
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programs. It gave rise to a renaissance of research activity to explore new therapeu-
tic leads from hitherto uninvestigated higher plants.

— Camptothecin

Camptothecin (Figure 2.9) is a pentacyclic alkaloid isolated from the plant Campto-
theca acuminata, a Chinese medicinal plant widely used in cancer treatment in tra-
ditional medicine [15]. The discovery of camptothecin is also credited to Makush
Wani and Monroe Wall of Research Triangle Institute in North Carolina, who iso-
lated this compound during a screening campaign of medicinal plant extracts. Its
mechanism of action has been determined as the inhibition of DNA topoisomerase-I
that eventually led to the arrest of the cell cycle at the S-phase [15, 16]. A major
challenge in developing a cancer drug from camptothecin was its low solubility [4].
This has been addressed by several synthetic modifications [16]. As a result, there
are three semi-synthetic derivatives of camptothecin—topotecan (Figure 2.10), irino-
tecan (Figure 2.11), and belotecan—isolated from C. acuminata that are used in clin-
ics as chemotherapeutic agents to treat cancer [17].

Paclitaxel Camptothecin

Figure 2.8 Figure 2.9

— Podophyllotoxins

Podophyllotoxins have been used as folk medicine in numerous cultures for many
centuries. Their subsequent clinical evaluation confirmed an anticancer activity.
Chemically, they belong to the group of lignans and are formed by the addition of
two cinnamic acid moieties. However, their toxicity prevented them from being de-
veloped for clinical use [18]. An attempt to develop semi-synthetic derivatives of
some podophyllotoxins that retain their anticancer activity with less toxicity from
Indian Podophyllum root extract led to the discovery of two anticancer drug leads
that displayed enhanced antineoplastic activity. Their synthesis gave two drugs eto-
poside and teniposide (Figure 2.12) [17, 19]. The mechanism of action of these two
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has been elucidated as DNA topoisomerase-II inhibition, arresting the cell cycle at
the G2-phase, thus preventing the replication of DNA [17].

Topotecan

Irmotecan

Figure 2.10 Figure 2.11

- Combretastatins

The combretastatins (Figure 2.13) are a group of stilbenes, isolated from the South
African “bushwillow” Combretum caffrum collected in the Southeastern region of
Africa in the 1970s. Combretastatins have a mechanism of action similar to that of
Taxanes and Vinca alkaloids by binding to S-tubulin and thereby inhibiting tubulin
polymerization. They also act as antiangiogenic agents, by selectively preventing
the blood flow in tumors resulting in vascular shutdown and subsequent tumor ne-
crosis [16, 17]. Poor solubility of combretastatin A-4 (Figure 2.13) in an aqueous
media was a significant drawback toward its further development as a drug candi-
date. The water-soluble analog, combretastatin A-4 phosphate has overcome that
hurdle and has received orphan drug status from the US Food and Drug Administra-
tion (FDA) for the treatment of a range of thyroid cancers and ovarian cancers. It is
in advanced clinical trials against anaplastic thyroid cancer, in combination with
paclitaxel [17].
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— Homoharringtonine

Homoharringtonine is a cytotoxic alkaloid isolated from Cephalotaxus harringtonia
used in traditional Chinese medicine [16]. Its mode of action has been elucidated as
blocking the synthesis of peptidyl transferase center, resulting in apoptosis [12, 17].
After a 40-year-long wait to get the FDA approval, finally in 2013 a semi-synthetic
homoharringtonine, named omacetaxine, was approved to treat chronic myeloid
leukemia. It has been observed that the usage of homoharringtonine made it possi-
ble to achieve remission in 92% of the patients [12, 17].

2.3.3 Other drugs

Some plant-based natural products used in traditional folk medicine for certain disease
conditions have inspired the development of several well-established drugs. Ammi vis-
naga, a plant grown in the Mediterranean region and Egypt, has been used in folk med-
icine to treat a variety of ailments. The active ingredient present in this plant is
identified as khellin (Figure 2.14), a smooth muscle relaxant that has several side ef-
fects. Sodium cromoglycate (Figure 2.15) a synthetic derivative of khellin, has shown
fewer side effects and has been successfully used as a bronchodilator. Thus, the devel-
opment of cromolyn (sodium cromoglycate) was directly influenced by the natural
product khellin [5].

Galega officinalis, better known as Goat’s rue or Italian lilac, is a plant native to
the Middle East that has been extensively used to treat diabetes since the Middle Ages.
Chemical investigations of the plant extracts traced the antidiabetic activity to a group
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of guanidine derivatives, including galegine and isoprenyl guanidine that showed the
least toxicity. Further studies involving galegine (Figure 2.16) inspired the development
of the pharmacophore that led to the synthesis of metformin (Figure 2.17), a drug well
established to treat type II diabetes [4, 5].
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Pilocarpine extracted from the leaves of the South American plant Pilocarpus micro-
phyllus has been long used as a treatment to regulate the eye pressure associated
with glaucoma. Its ability to stimulate the production of saliva in salivary glands
has prompted its use to treat xerostomia associated with Sjogren’s syndrome [8].

2.4 Recent advances

Plants still continue to be a rich source for the discovery of pharmaceuticals. There
are hundreds of plant-derived drugs in clinical trials [4, 5, 16, 20]. With recent ad-
vances in biotechnology and analytical chemistry, scientists are better equipped in
their search for new bioactive molecules using a myriad of powerful tools [4]. Rapid
high-throughput screening methods aided by robotics have facilitated the screening
of a large number of plant extracts and fraction of samples in a shorter time. Ad-
vanced de-replication methods have enabled the identification of active metabolites
more efficiently. It is estimated that only about 6% of the higher plants of nearly
300,000 species have been subjected to a systematic investigation [16]. Neverthe-
less, there is a growing body of evidence to suggest that some portion of the second-
ary metabolites that we have identified as plant metabolites may not have true
plant origins and they can be biosynthesized by the endophytes [4].

Meanwhile, the dietary supplement industry that uses standardized plant ex-
tracts containing natural products seems to have thrived in the last few years [4, 21].
The long time taken for a plant-derived drug to get the FDA approval and more strin-
gent regulatory requirements have apparently promoted the attention toward botani-
cals which have relatively lesser regulations to reach the consumers. Thus, there is a
significant steadily growing demand for the dietary supplements that address a vast
array of health claims. Recently, the FDA approved the first botanical drug, an
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ointment containing sinecatechins to be used against genital warts due to human
papillomavirus (HPV) infection [22]. This drug contains a proprietary blend of eight
green tea catechins and other green tea components from partially purified Camellia
sinensis extract.
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Similarly, there had been a hive of activity following the discovery of cannabinoid
receptors and their significance in the development of treatments against a variety
of debilitating disease conditions. In 2018, FDA approved epidiolex, an oral solution
of cannabidiol (Figure 2.18) derived from marijuana for the treatment of seizures as-
sociated with two rare, but more severe, forms of epilepsy [23]. The FDA also has
approved two other synthetic cannabinoids, dronabinol and nabilone, to treat nausea
associated with chemotherapy. Cannabis-based treatments have already shown tre-
mendous promise in the treatment of several neurological disorders. Several such drug
candidates are in clinical trials against multiple sclerosis, Parkinson’s disease, and Alz-
heimer’s disease

2.5 Cosmetic ingredients and cosmeceuticals

A cosmetic can be defined as a product that can cleanse, beautify, and promote at-
traction after topical application [24]. It is not supposed to alter the structure of the
skin, nor heal it and does not require to undergo a stringent approval process for
their label claims, despite the requirement to adhere to safety regulations. The
word “cosmeceutical” was first introduced by Albert Kligman in 1984 to describe a
substance that exerts both cosmetic and therapeutic benefits [24, 25]. A cosmeceuti-
cal is a biologically active ingredient that can result in a cosmetic effect after appli-
cation and it may change the skin structure like a pharmaceutical while achieving
its objective. Thus, cosmeceuticals can be introduced as cosmetic-pharmaceutical
hybrids used to maintain and improve the appearance and beauty of the skin [26].
The FDA of the USA does not recognize the word “cosmeceuticals.” According to
the Federal Food Drug and Cosmetic Act, any ingredient that claims drug-like
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properties needs to undergo an extensive review process to substantiate those
claims and ensure safety before approval for the use of public.

A large number of plant-derived secondary metabolites are used as cosmeceuti-
cals. They are used to improve and nourish skin appearance. The skin being the larg-
est organ in the human body provides protection against external elements and
functions as a very efficient barrier that protects the internal environment. Various
secondary metabolites present in cosmeceuticals play very important roles in protect-
ing the integrity of the skin and keeping it healthy. Based on their specific roles they
can be categorized into several groups as follows. During formulation of the cosmetic
products, these secondary metabolites are used in pure forms or as botanical extracts
where active ingredients may be present in lower percentages.

(i) Antioxidants

(ii) Anti-inflammatory agents

(iii)  Skin lighteners

(iv) MMP (matrix metalloproteinase) inhibitors
(v)  Elastase inhibitors

(vi) Antiangiogenics

(vii) Other compounds

2.5.1 Antioxidants

The skin being the outermost layer of the body gets regularly exposed to UV radia-
tion, which triggers the rapid generation and accumulation of reactive oxygenated
species (ROS) [27]. Generally, ROS are generated by regular cell metabolism as well.
The presence of an endogenous antioxidant system actually maintains the balance.
However, when the equilibrium is shifted toward more ROS, the pathological pro-
cess of oxidative stress occurs resulting in cell damage inducing photo-aging [27].
When this endogenous antioxidant defense weakens, due to the action of ROS,
damages can occur to proteins, enzymes, lipids, and DNA.

In order to support the endogenous antioxidants of the body, exogenous antioxi-
dants can be used very successfully. This includes the antioxidants supplied by food
and antioxidants that can be applied topically in the form of lotions and creams to pro-
vide protection. Thus a large number of plant-based phenolic compounds that can act
as potent antioxidants have been successfully incorporated into cosmetic formulations
to reduce the impact of the photo-damage [28]. These include flavonoids (catechins,
isoflavones, proanthocyanidins, and anthocyanins), phenolic acids (benzoic, gallic,
cinnamic), and stilbenes from plants such as grapes, tea, grapefruits, and oranges.
Such plant-based secondary metabolites protect the skin from photo-aging by absorb-
ing UV radiation and inhibiting UV-induced free radical reactions in the cells. They
also modulate the endogenous antioxidant and inflammatory systems [26].



30 —— Thushara Diyabalanage

2.5.1.1 Plant-derived antioxidants used as cosmeceuticals

— Resveratrol

Grape seed and skin are rich in a variety of polyphenols such as quercetin, catechin,
gallic acid, and proanthocyanidins that contribute to skin protection as antioxidants and
anti-inflammatory agents. One of the principal constituents in grape seed extract, resver-
atrol (Figure 2.19), is a stilbene which is a potent antioxidant and anti-inflammatory
agent as it could modulate many inflammatory cytokines such as IL-6, IL-8, and TNF-a.
Thus, the topical application of grape seed extract has proven to reduce the UVB-
induced oxidative damage and inflammation in human keratinocytes [26].

— Carotenoids

Carotenoids function as accessory light-harvesting pigments during photosynthesis.
However, they also have the ability to prevent photooxidative damage. -carotene, ly-
copene (Figure 2.20) from tomatoes, canthaxanthin, and lutein (Figure 2.21) are some
common carotenoids that have been incorporated in cosmetic formulations [27, 28].
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— Apigenin

Apigenin (Figure 2.22) is a unique flavone with multiple beneficial properties to-
ward the skin. It is a potent antioxidant present in some citrus fruits including
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grapefruit [27]. It also displays potent anti-inflammatory activity with the ability to
inhibit PLA-2. Hence it is very effectively used as a cosmeceutical.

2.5.2 Anti-inflammatory agents

Many plant-derived secondary metabolites employed as cosmeceuticals function as
potent anti-inflammatory agents as they have the ability to modulate several bio-
chemical pathways involved in the inflammatory cascade. Asiatic acid (Figure 2.23)
and madecassic acid (Figure 2.24), two triterpenoids present in Centella asiatica,
can inhibit enzymes COX-2, iNOS, and pro-inflammatory cytokines IL-6, 1 L-18, and
TNF-a [29]. 18-8 Glycyrrhetinic acid (Figure 2.25), a triterpenoid extracted from lico-
rice root, is another potent anti-inflammatory agent. It inhibits the activation of NF-
kB and the activities of phosphoinositide-3-kinase (PI3K) p1108 and p110y isoforms
and reduces the production of lipopolysaccharide-induced tumor necrosis factor-a
(TNF-a), interleukin (IL)-6, and IL-1B [30]. Curcumin (Figure 2.26), isolated from Cur-
cuma longa, is another phenolic compound that has strong anti-inflammatory activity,
with the ability to inhibit COX 2 and NF-kB [31]. All of these secondary metabolites are
extensively used as cosmeceuticals. The deep yellow color of curcumin extract is unde-
sirable for the cosmetic industry. Therefore, tertrahydrocurcumin, which has a much
more neutral color, has been used.

Lutemn

Figure 2.21

Apigenin

Figure 2.22
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2.5.3 Skin lighteners

The tan color of the human skin is due to the presence of the dark-colored pigment,
melanin. It performs the crucial role of protecting the skin from UV radiation. In
addition to that, the level of melanin present in the skin determines the various
shades of phenotypic appearances of skin color [32]. The synthesis of melanin oc-
curs in melanocytes located in the basal layer of the epidermis. It is subsequently
distributed among the keratinocytes via melanosomes. Melanin is a bio-polymer
formed by polymerization of tyrosine units [33]. The enzyme tyrosinase is involved
in this process of melanogenesis and thus the inhibitors of tyrosinase can be used
for skin lightening. The abnormal accumulation of melanin in the skin or irregular
hyperpigmentation can be an aesthetic problem. Compounds that have hypopig-
mentation activity are used in cosmetics and dermatology to address this. Most of
the hypopigmentation agents are tyrosinase inhibitors and they can be divided fur-
ther based on their mode of action [32].
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— Arbutin

Arbutin (Figure 2.27), 8-D glucopyranoside of hydroquinone is well known for its
ability to inhibit the activity of tyrosinase [34]. Therefore, it is widely used as a skin
lightener. Natural arbutin is obtained from the leaves of Vaccinicum vitis-idaea and
related plants [33]. However, in current cosmetic applications, the synthetically pro-
duced arbutin is used over the natural product due to the higher cost for the pro-
duction of natural arbutin.

— Glabridin

Glabridin (Figure 2.28), a prenylated isoflavonoid extracted from the root of perennial
herb Glycyrrhiza glabra (Licorice) is a potent skin lightener. It is known to contribute to
skin lightening in two different routes. Being a potent antioxidant, glabridin has the
ability to scavenge free radicals, thus it inhibits UVB-induced pigmentation. Glabridin
also inhibits tyrosinase without affecting DNA synthesis [32, 33]. It has good anti-
inflammatory properties as well. It has been found out that the in vitro skin-lightening
effect of glabridin is 16 times greater than that of hydroquinone.

Glabridin Isoliquiritin

Figure 2.28 Figure 2.29

— Liquiritin and isoliquiritin

Liquiritin and isoliquiritin (Figure 2.29) are two other flavonoids present in licorice
that show skin-lightening properties. These compounds can disperse melanin in ad-
dition to antioxidant and anti-inflammatory properties [34].
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— Ellagic acid

Ellagic acid (Figure 2.30), a polyphenol present in a variety of fruits and nuts, has
shown attractive skin-lightening properties. It has displayed the ability to inhibit mela-
nogenesis by reducing tyrosinase activity. Due to the polyphenolic nature, ellagic acid
too can scavenge free radicals and reduce the UVB-induced hyperpigmentation [34].

2.5.4 MMP inhibitors

Matrix metalloproteinases (MMPs) are a group of proteolytic enzymes that are involved
in the degradation of extracellular matrix (ECM) proteins such as collagen, elastin, fi-
bronectin, and proteoglycans. Prolonged exposure to UV radiation increases the ex-
pression of MMPs in human skin [35]. These MMPs play a vital role in photo-aging and
even in photocarcinogenesis. Clinical signs for photo-aging are characterized by coarse
wrinkles, blotchy dyspigmentation, telangiectasia, sallowness, increased fragility, and
rough skin texture as the MMPs degrade the ECM proteins such as collagen and elastin
that provide structural and functional support to the skin tissue [36]. Thus, MMP inhib-
itors are considered promising targets to combat photo-aging. Several plant-derived
secondary metabolites have shown the ability to inhibit MMPs.

Ellagic acid

Figure 2.30

— a-Mangostin

a-Mangostin (Figure 2.31), the principal xanthone present in the rind or pericarp of
Garcinia mangostana, significantly decreases the expression of multiple matrix-
degrading proteinases, including matrix metalloproteinase-2(MMP-2), matrix metal-
loproteinase-9 (MMP-9). It also acts as a potent antioxidant. Therefore, a-mangostin
is used in many skincare preparations to arrest the photo-damage [37].

— Ellagic acid and its analogs

The bark extract of Anogeissus leiocarpus shows potent inhibition against several
MMPs. It shows inhibition against MMP 2, MMP 3, MMP 7, MMP 9, MMP 10, MMP-
12, and MMP 14. This activity has been traced to ellagic acid and its derivatives [38].
Pomegranate seed extract, which is enriched with a higher content of ellagic acid,
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also showed inhibition of MMP-2 and MMP-3. In addition to that, the presence of
these polyphenols that serve as strong antioxidants, provides photoprotection [39].

— Apigenin

Apigenin, a flavonoid present in the peel of certain citrus fruits such as grapefruit,
displays significant MMP inhibition. It can reduce the expression of multiple MMP
genes and up-regulate the expression of an inhibitor of MMP [40, 41]. Also, it has
shown attractive anti-inflammatory activity by the inhibition of phospholipase A2.

2.5.5 Elastase inhibitors

Elastase is a proteolytic enzyme belonging to the serine protease group that can
break down the extracellular matrix. Following an injury to the skin, neutrophils
are recruited to the site, by the cytokines IL-9 and TNF-a. These neutrophils secrete
the proteolytic enzyme elastase that degrades elastin, an important constituent of
the extracellular matrix that maintains the firmness and elasticity of the skin [42].
Inhibiting the release and activity of elastase helps prevent tissue damage that can
lead to loss of firmness and other signs of ageing. Therefore, plant-derived inhibi-
tors of elastase are of extreme importance [43].

- Boswellic acid

Boswellic acids are triterpenoids present in the gum resin of the bark of the Boswellia
serrata plant and act as potent inhibitors of the enzyme elastase [44]. In addition to
that, they can protect the skin in a variety of other mechanisms. They have shown the
ability to inhibit the formation of leukotriene B4, a pro-inflammatory mediator, and
this prevents inflammation [45, 46]. Cathepsin D is a proteolytic enzyme that degrades
desmosomes during epidermal desquamation. The inhibitors of cathepsin D can help
to maintain the integrity of the stratum corneum and improve barrier function and
may help to improve psoriatic skin. Boswellia extract shows the ability to inhibit ca-
thepsin D [47]. Boswellia extract is enriched with six isomeric forms of boswellic
acids. 11-Keto-B-boswellic acid and 3-0-acetyl, 11-keto-B-boswellic acid (Figure 2.32)
are the two main Boswellia acids in this group when the yields are concerned.

2.5.6 Anti-angiogenics

Many conditions such as prolonged UV exposure and chronic inflammatory diseases
like psoriasis and rosacea can give rise to undesired capillary growth or angiogenesis.
Eventually, angiogenesis can lead to spider vein formation or telangiectasia. It has
been found that some plant-based secondary metabolites can reduce inflammation
and angiogenesis.
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— Humulone

The cones of hops (Humulus lupulus) used in the beer industry contain a variety of
compounds with important bioactivities [48]. Humulones are a group of prenylated fla-
vones present in hops that are considered to be associated with the bitter taste. These
humulones have potent anti-inflammatory, anti-microbial, and anti-angiogenic proper-
ties. Chemically, they belong to the category of alpha acids [48, 49]. The major draw-
back associated with these humulones is their relative instability. To address this in
beer manufacturing, they are converted to corresponding iso-alpha acids which are
more stable, via an isomerization reaction. Iso-alpha acids such as adhumulone
(Figure 2.33) are used as anti-angiogenic agents in skincare [50].

— Epigallocatechins

Epigallacatchin-3-gallate (EGCG) (Figure 2.34) is the main polyphenol present in
green tea. It has numerous important biological activities such as antioxidant, anti-
inflammatory, immuno-modulatory, and anti-angiogenic activity. The green tea ex-
tract containing EGCG can prevent the induction of HIF-a (hypoxia inducible factor)
and the expression of VEGF (vascular endothelial growth factor) [51]. Therefore, the
topical application of green tea extract enables the prevention of angiogenesis.
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2.5.7 Other compounds

— Forskolin

Forskolin (Figure 2.35), a diterpenoids present in the root of the South Asian medic-
inal plant Coleus forskohlii, can provide protection against UV damage in multiple
roles [52]. It has the unique ability to directly activate adenyl cyclase to increase the
production of cyclic AMP, which protect keratinocytes from UVB-induced apoptosis
independent of the melanin present in the skin. Forskolin also promotes DNA repair
by the removal of the UV damaged-pyrimidine dimers and phyto products [53].

Forskolin

Figure 2.35

2.6 Concluding remarks

It is intriguing to see that plants have biosynthesized a vast array of molecules with
bewildering structural diversity and unique bioactivity as an adaptation toward the
environment. These plant-based secondary metabolites have given rise to a steady
stream of drug molecules to successfully combat several killer diseases. Such natural
product-derived pharmaceuticals and those developed using the pharmacophores-
based on the observed structure—activity relationships of natural products have
immensely contributed toward saving millions of lives. Plants still continue to be
an exceptional source for the discovery of the next generation of pharmaceuticals.

Similarly, a large number of plant-derived cosmeceuticals are included in mod-
ern-day cosmetic formulas. These natural products address a myriad of problems
associated with the skin, with their unique biological properties to make it look
healthy and youthful.
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3 Plant phenolic compounds

3.1 Introduction

Phenolic compounds are the most abundant and widely distributed secondary me-
tabolites in plants. They have a vast chemical diversity [1]. The occurrence of these
compounds is reported in bacteria, fungi, and algae also [2-5]. Higher plants pro-
duce several thousands of phenolic compounds and the number of those which are
being identified and characterized increases continuously.

Phenolic compounds are characterized by having at least one hydroxyl (OH)
group attached to a benzene ring or a complex aromatic structure. Therefore, the
parent structure of this group of substances is phenol (1). Structurally they vary
from a single ring phenol to polyphenols where several phenolic units are present.
Based on the number of OH groups, they can be classified as mono-, di-, tri-, and
polyhydric phenols. Depending on the number of phenolic units present, they can
be classified as monomeric, dimeric, or polymeric phenols. Phenolic compounds
show huge chemical diversity due to the other functional derivatives such as esters.
ethers, amides, and glycosides present in them. Among the plant phenolic com-
pounds known, flavonoids form the largest group. Quinones, xanthones, and cou-
marins are other monomeric plant phenolics, while lignans are dimeric phenolics.
Melanins, tannins, and lignins are examples of polymeric phenolics [1].

Phenolic compounds play a variety of roles in plants. Many of them are struc-
tural constituents in cell walls that provide mechanical support to plants. Other
nonstructural phenolic constituents play important roles in plant growth and sur-
vival. The majority of phenolics are related to defense responses against herbivores
and pathogens. Some help in accelerating pollination, camouflage, and regulating
the growth of nearby competing plants [6].

The term “plant phenolics” strictly refers to the secondary metabolites which
originate from the shikimic acid pathway or polyketide pathway. According to this
definition, phenolics that are of terpenoid origin (e. g. carvacrol) are not included
in this group [7].

Based on the basic skeleton, phenolic compounds can be categorized into sev-
eral groups as shown in Table 3.1 [1].
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Table 3.1: Structural types of phenolic compounds.

No. of C atoms

Basic skeleton

Class

Examples

6 Ce Simple phenols, Catechol (2), hydroquinone,
benzoquinones 2,6-dimethoxybenzoquinone

7 Ce—C4 Phenolic acids, phenolic Gallic acid (7), salicylic acid (9)
aldehydes

8 Ce—C, Acetophenones, tyrosine  3-Acetyl-6-
derivatives, phenylacetic  methoxybenzaldehyde,
acid tyrosol (67),

p-hydroxyphenylacetic acid,
homogentisic acid

9 Ce—C3 Hydroxycinnamic acid, Caffeic acid (14), ferulic acid
phenylpropenes, (15), myristicin, eugenol (19),
coumarins, isocoumarins, umbelliferone (21), aesculetin
chromenes (22), bergenin (23), eugenin (24)

10 Ce—C, Naphthoquinones Juglone (25), plumbagin

n>12 (Ce—C3)n Lignins Raspberry ellagitannin, Tannic

Con Melanins acid
(Ce—C5-Co)n Condensed tannins

(flavolans)

13 C—C1—Cq Xanthonoids Mangiferin

14 Ce—Co—Cq Stilbenoids, Resveratrol (29), emodin (32)
anthraquinones

15 Ce—C5-Cq Chalconoids, flavonoids, Quercetin (34), cyanidin,
isoflavonoids, genistein (44)
neoflavonoids

18 (Ce—C3), Lignans, neolignans Pinoresinol, eusiderin

30 (C6—C5-C¢)> Bioflavonoids Amentoflavone

(@) C¢ phenolic compounds: simple phenols
Although these simple phenols such as phenol (1), catechol (2), and pyrogallol (3)
are rare to find in nature, their residues occur in more complex molecules like

flavonoids.
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OH OH OH

©/OH HO\©/OH

Phenol (1) Catechol (2) Pyrogallol (3)

(b) C¢-C; phenolic compounds: phenolic acids

Phenolic acids such as p-hydroxybenzoic acid (4), protocatechuic acid (5), vanillic
acid (6), gallic acid (7), syringic acid (8), salicylic acid (9), and gentisic acid (10) are
widely distributed in higher plants. Some of these phenolic acids are found as con-
stituents in lignin and tannin.

OH OH
OR
CO,H CO,H
p-Hydroxybenzoic acid (4) R=H: Protocatechuic acid (5)

R= CH3: Vanillic acid (6)

OH CO,H
RO OH OH
R
CO.H
R=H: Gallic acid (7) R=H: Salicylic acid (9)
R=CH3: Syringic acid (8) R= OH: Gentisic acid (10)

(c) C¢-C, phenolic compounds: acetophenones and phenylacetic acids
Phenolic compounds belonging to this group are not very common. They can be
found as acetophenones and phenylacetic acids and derivatives of them.

OH OH
COCHs CH,CO,H

2-Hydroxyacetophenone (11) 2-Hydroxyphenylacetic acid (12)
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(d) C¢—C;5 phenolic compounds: hydroxycinnamic acids, phenylpropenes,
coumarins, isocoumarins, and chromones

Ce—Cs is the most abundant and most important skeleton of phenolic compounds.

These can be subdivided into three groups.

i. Hydroxycinnamic acids and related compounds

Some examples of widely distributed cinnamic acid derivatives are p-coumaric acid
(13), caffeic acid (14), ferulic acid (15) and sinapic acid (16). Alcohols such as con-
iferyl alcohol (17) and sinapyl alcohol (18), derived from cinnamic acid are constitu-
ents of woody plants. They are precursors of lignin.

R

HOOCH=CHCOZH
R H,CO
R=R'=H: p-Coumaric acid (13) HO CH=CHCH,OH
R=OH, R'= H: Caffeic acid (14) R
R= OCHzs, R'=H: Ferulic acid (15) R=H: Coniferyl alcohol (17)
R=R'= OCHs: Sinapic acid (16) R= OCHs: Sinapyl alcohol (18)

ii. Phenylpropenes
Eugenol (19) and isoeugenol (20) are two examples of phenylpropenes. They are
constituents of essential oils.

H3COI>/CH2CH:CH2 H3COI>/CH=CHCH3
HO HO

Eugenol (19) Isoeugenol (20)

iii. Coumarins, isocoumarins, and chromones
In this group of phenolics, C; chain of the C¢4—C; skeleton is present in the form of
an oxygen heterocycle. Given below are some examples.
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HO 0._0 HO 0.0 o}
H
o o s

HO P
Umbelliferone (21) Aesculetin (22) OH
(coumarin) (coumarin) Bergenin (23)
(isocoumarin)
H,CO O._CH;,
I
OH O
Eugenin (24)
(chromene)

(e) C¢—C, phenolic compounds: naphthoquinones
Naphthoquinones have the basic skeleton of naphthalene.

0} o
CHj
) L o
CH,CH=C,
OH O 0 CigHas
Juglone (25) Vitamin K (26)

() C6—C,—C¢ phenolic compounds: benzophenones
Benzophenones and xanthones have this skeleton where two phenyl groups are
linked through a carbonyl function.

O OH o}
© L
(JJC o
HO HO OH O OH

Maclurin (27) Euxanthone (28)
(benzophenone) (xanthone)

(g) C4—C,-C¢ phenolic compounds: stilbenes and anthraquinones
This subgroup includes stilbenes that have a central ethylene moiety with two phe-
nyl groups at each end and anthraquinones which are derivatives of anthracene.
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O OH
HO
o Sh l
OH OH

Resveratrol (29) Pinosylvin (30)
(stilbene) (stilbene)
O OH O OH
oo™ 0
HO OH
O O
Tectoquinone (31) Emodin (32)
(anthraquinone) (anthraquinone)

(h) C4—C5—C¢ phenolic compounds: flavonoids and isoflavonoids

i. Flavonoids

The flavonoid group consists of several different subgroups, namely, flavones, flavo-
nols, flavonones, flavononols, chalcones, dihydrochalcones, aurones, catechins, an-
thocyanidins, and leucoanthocyanidins. This grouping is based on the nature of the
Cs moiety of the molecule. Cg4 is always a benzene ring.

OH O
Flavone (33) Quercetin (34) Naringenin (35)
(flavonol) (flavanone)
OH OH OH
OH HO OH OH HO OH OH
oo T T T O L)
C ! i
OH
OH O
Taxifolin (36) Butein (37) Phloretin (38)

(flavanonol) (chalcone) (dihydrochalcone)
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HO o OH
mOH OH
o L
w ®
OH

Aureusidin (39) Flavan-3-ol (40)
(aurone) (catechin)

HO
OH

OH
Delphinidin (41) Leucopelargonidin (42)
(anthocyanidin) (Leucocyanidin or flavan-3,4-diol)

ii. Isoflavonoids
The distribution of isoflavonoids is lesser than flavonoids. These are isomers of flavone
(33) where ring B is attached to the carbon atom at position 3, instead of position 2.

R=R'= H: Daidzein (43)
R= OH, R'= H: Genistein (44)
R=R'= OH: Orobol (45)

(i) (C¢—C3), phenolic compounds: lignans

Lignans are dimeric phenylpropanoids but their chemical structures are diverse
and complex. C¢—Cs units are linked by central carbons of their side chains. They
are of different structural types.
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oY R
HO © H”: H

HO

HsCO OCHs
OCH, OCHs
Matairesinol (46) Podophyllotoxin (47)

(i) (C¢—C4—C¢), phenolic compounds: biflavonoids
These are dimers of identical or non-identical flavonoid units. They are joined in a
symmetrical or unsymmetrical manner through an alkyl or an alkoxy linker.

Ginkgetin (48)

(k) (Cg)n phenolic compounds: melanins

Melanins mostly have relatively diverse and undefined structures. In plants, the
most common precursor of melanin is catechol (2). Therefore, the melanin that is
formed by oxidative polymerization is called catechol melanin.

() (C¢-Cs3), phenolic compounds: lignins

Lignins are complex polymers of phenylpropanoid units. The precursors of lignins
are identified as various substituted cinnamyl alcohols such as p-coumaryl alcohol,
coniferyl alcohol (17) and sinapyl alcohol (18).

(m) (C¢—C3-Cg),, phenolic compounds: tannins

Tannins are water-soluble high molecular weight polyphenolic compounds that can
bind with other macromolecules such as proteins, sugars, and cellulose. Tannins in
higher plants can be divided into two subgroups as hydrolysable tannins and con-
densed tannins.
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Hydrolysable tannins consist of a central core of glucose or other polyhydric
alcohol esterified with gallic acid (7); gallotannins (49) or ellagic acid; ellagitan-
nins. They are hydrolysed by weak acids or bases.

OH
HO OH
OH
O
Q O OH
HO O

Gallotannin (49)

Condensed tannins are more distributed in the plant kingdom than hydrolysable tan-
nins. They are also called proanthocyanidins as they yield anthocyanidin on depo-
lymerization under oxidative conditions. Condensed tannins are polymers (2 to 60
monomeric units) of flavonoids, linked through C-C bonds which cannot be cleaved
by hydrolysis. They have complex structures due to structurally different flavonoid
units forming links through various sites.

OH

OH
HO O

OH

©/OH

Procyanidin B2 (50)

3.2 Biosynthesis of phenolic compounds

Phenolic compounds are secondary metabolites. They are synthesized in plants from sim-
ple, low molecular weight primary metabolites (e.g., simple sugars, simple organic acids,
and amino acids). Phenolic compounds in plants are derived via three routes. They are,
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— Polyketide pathway
— Shikimic acid pathway
— Mixed biosynthetic pathway

The shikimic acid pathway starts from carbohydrates and produces phenolic com-
pounds with hydroxyl substituents at 3, 4 positions (catechol type) or 3, 4, 5 positions
(pyrogallol type) of the benzene ring. Polyketide pathway arises from acetyl coen-
zyme A and malonyl coenzyme A and gives phenolics with hydroxyl substituents at
1,3 positions (resorcinol type) or 1, 3, 5 positions (phloroglucinol type). Therefore, by
looking at the hydroxylation pattern in the aromatic ring of the phenolic compound,
one can determine the biosynthetic pathway it had originated from.

Some phenolics with more than one phenolic nucleus (e.g. flavonoids) are re-
sultant from the mixed biosynthetic pathway. They contain aromatic rings derived
from both the polyketide and shikimic acid pathways. Pathways by which phenolic
compounds are synthesized in plants are summarized in Figure 3.1 [8-10].

carbohydrates - - - > erythrose-4-phosphate "’ 5-dehydroquinic acid

phosphoenolpyruvic acid 5-dehydr<ishikimic acid - - > 98|2?Ca10id

shikimic acid

\] [ I ' ing gmm==-- > simple phenols
pyruvic acid ty:rosw?e L phenylalﬁ:ur;e P CE
; o CH,-CH ~ L
; Vo . "COLH hydroxybenzoic acids
! melanin -7 CeCy
! (Coln !
acetyl CoA e > cinnamic acid ----> coumarins
Ce-C3
malonyl CoA p-coumaroyl CoA<——p-coumaric acid
¢ HO—@—CH=CH-COZH
polyketides e flavonoids :
H oanthocyanidins} Co-CaCo

hydroxycinnamic acids --> phenylpropenes

oy . :
esimple phenols e biflavonoids Ce-Cs Ce-Cs

Ce (Ce- C3-Co)n X
ephenolic acids ~ estilbenes fgnans Ve |-\ .
Cg-C Cg-C,-Cg ignins
° ace?opflenones e condensed tannins (Ce-Cs)2 (Ce-C3)n
Ce-C2 (C6-C5-Co)n
e chromones
Ce-C3
e naphthoquinones
Ce-Cy
e benzophenones
CG'C‘|'C6
e anthraquinones
CG'CZ-CG

.

Figure 3.1: Biosynthetic pathways of plant phenolic compounds.
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3.2.1 Biosynthesis of phenolic compounds via
polyketide pathway

The formation of phenolic compounds by the polyketide pathway starts from the
condensation of acetyl and malonyl coenzyme A (Figure 3.2). Malonyl coenzyme A
is formed by carboxylation of acetyl co-enzyme A. The -CH,- group in malonyl coen-
zyme A is activated due to the presence of carbonyl groups on either side. It easily
undergoes Claisen type condensation with acetyl coenzyme A to give acetoacetyl
coenzyme A. Further condensation with malonyl units gives polyketide chains
(poly B-ketoesters) of various lengths [8-10].

Carbohydrate

v +CO CI:OZH (IDOZH
CH3CO-SCoA ——% CH,CO-SCoA CH3CO-CHCO-SCoA + HSCoA
acetyl co-enzyme A malonyl co-enzyme A -Cco,
(IDOZH

CH,CO-SCoA
CH3CO-CH,CO-CH,CO-SCoA 2 O CH,CO-CH,CO-SCoA
N - COZ

' acetoacetyl co-enzyme A
\
CH3CO—(CH,CO0),,~CH,CO-SCoA

polyketide chain

CH3CO-SCoA

Figure 3.2: Pathway for the formation of polyketide chain.
Polyketide chain can fold and undergo cyclization (intramolecular aldol condensa-

tion) to produce an aromatic nucleus with meta-oriented (alternate) hydroxyl groups.
The biosynthesis of phloroglucinol given in Figure 3.3 illustrates this fact.

o

CH4CO-SCoA
+ * _ *_ *_ fold *
> CH3CO-CH,CO-CH,CO-SCoA 29, o
5 COH 6 5 4 3 2 M oA A
CH,CO-SCoA o route A CH;\8-CoA
o]
enolisation - SHCoA
*13C labelled
HO OH

o} O

Figure 3.3: Biosynthesis of phloroglucinol.

Cyclization of the polyketide chain can take place in several ways. Four different cy-
clization pathways of tetraketide are given below (Figure 3.4).
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a

]
CH;CO-CH,CO—-CH,CO-CH,CO-SCoA
CH, P T ZMT ’
CO.H b| d c

0 \ OH

HO OH

orsellinic acid | | | o

HzC™ "O" "CH,COxH CH3;COCH; ~0” ~0

- J
Y

pyrone derivatives

d

Figure 3.4: Different cyclization pathways of tetraketide chain.

CHj

HO OH

OH
xanthocylin

Biosynthesis of quinones and chromones show different ways of folding the poly-
ketide chain. Many other reactions such as oxygenation, deoxygenation, hydration,
dehydration, decarboxylation, O-methylation, etc. also take place during the cycliza-

tion process.

3.2.2 Biosynthesis of phenolic compounds via shikimic

acid pathway

The precursors for the shikimate pathway to produce aromatic compounds are phos-
phoenolpyruvic acid and erythrose-4-phosphate which are resultant from glycolysis
(Figure 3.5). Shikimic acid is one of the key intermediates in this pathway [8-10].

glucose
: GOH [ COHT
' H. &0 O co
CO,H
o CHOH — = TR PO GHe
I (IIHOH HO—CIEH HO—(;)H
CH, o ® HC-OH HG -
phosphoenol CH,-O HC-OH o
pyruvic acid CH2—O® c';H3

erythrose-4-phosphate L _

3-deoxy-D-arabinoheptulosonic
acid-7-phosphate

CO,H COLH

NADP*  NADPH HO. copH
__ H;0 Q
HO™ ~" “oH 0™ " “oH O™ Y “oH
OH OH OH
shikimic acid 5-dehydroshikimic acid  5-dehydroquinic acid

Figure 3.5: Formation of shikimic acid from glucose.
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The major end-product of the shikimate pathway is phenylalanine which is pro-
duced from the intermediate, shikimic acid. This conversion involves the aromatiza-
tion of the cyclohexane ring in three easy steps. Phenylalanine is the starting material
for many important organic compounds including phenolics. Several C4—Cs phenolic
compounds such as p-coumaric acid (13), caffeic acid (14), ferulic acid (15), and si-
napic acid (16) and their corresponding alcohols are formed by deamination and en-
zymatic oxidation of phenylalanine (Figure 3.6).

CH,CH(NH,)COoH CH=CHCO,H CH=CHCO,H CH=CHCO,H
deamination ©
-NHs OH
L-phenylalanine cinnamic acid OH OH
p-coumaric acid caffeic acid
O-methylation
HO HO HO
OCHs OCH,3 ferulic acid
sinapyl alcohol sinapic acid J
... HsCO H3;CO COCoA
coniferyl lignin £2lymerization jQ/\WOH jij/\v
HO HO
coniferyl alcohol coenzyme A ester

Figure 3.6: Formation of phenolic compounds from phenylalanine.

Coumarins are formed by o-hydroxycinnamic acid derivatives by lactonization
(cyclic ester formation). Oxidative dimerization and polymerization of phenylpropa-
noid free radicals (C¢—Cs) produce lignans and lignins.

3.2.3 Biosynthesis of flavonoids via the combined pathway

Flavonoids are C¢—Cs-C¢ phenolic compounds where the two benzene rings are derived
from two different biosynthetic pathways: 1,3- or 1,3,5-hydroxylated (phloroglucinol
type) ring arises from polyketide pathway while 4-, 3,4- or 3,4,5-hydroxylated ring
arises from shikimic acid pathway [8-10].

Joining of a Cy fragment derived from shikimic acid and C4 fragment derived
from polyketide chain to form flavonoids can be given as follows (Figure 3.7). Chal-
cone is a common intermediate in the synthesis of derivatives of flavonoid.
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Figure 3.7: Joining of C and C5 fragments to form chalcone and derivatives.

3.3 Pharmacological importance of phenolic
compounds

Phenolic compounds are found to exhibit a number of pharmacological properties.
The best known is the simple phenolic compound salicylic acid (9) which is used as
a drug in its acetate form (acetylsalicylic acid) which is widely used as an analgesic
in the treatment of pain, fever, and inflammation. This phenolic compound is
found in its glycoside form, B-D-salicin in various plants including willow tree
(Salix alba) from which it was first discovered. In the human gastrointestinal tract,
B-D-salicin is biotransformed to salicylic acid (9) (Figure 3.8) [11].

OH OH HO H__O HO.__O
0© OH OH OH
OH I . .
OH &

salicin saligenin salicyl aldehyde salicylic acid

Figure 3.8: Biotransformation of salicin to salicylic acid.

In phenolic compounds, the characteristic functional group is the hydroxyl group at-
tached to benzene. Biological and pharmacological activities shown by phenolic com-
pounds are not always attributable to the phenol OH group. Different biological and
pharmacological activities are rendered by other functionalities attached to the phe-
nolic compounds except for antioxidant properties exhibited by them.
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Phenolic compounds can act as antioxidants due to the hydrogen donor ability
of the phenyl bearing hydroxyl group. They can react with the free radicals (reactive
oxygen and reactive nitrogen species produced from either endogenous or exoge-
nous sources) which can oxidatively damage lipids, proteins, and nucleic acids.
Free radical thus formed is extra stabilized due to delocalization in the m-electron
system of the benzene ring.

This antioxidant ability in the form of radical scavenging or metal ion chelation
is beneficial to human health as it can reduce oxidative damage to the cell constitu-
ents. Oxidative damage will subsequently lead to diseases like cancer, liver disease,
premature aging, inflammation, diabetes, arthritis, Alzheimer’s disease, Parkin-
son’s disease, and atherosclerosis [12-14].

3.3.1 Cardioprotective effect

Cardiovascular diseases include several conditions that affect the structure and
functions of the heart or blood vessels. Atherosclerosis (building up of plaque in-
side arteries) is the main underlying cause of cardiovascular diseases.

Studies have shown that oxidation of LDL which is the main reason for develop-
ing atherosclerosis is inhibited by polyphenols. The antioxidant, anti-platelet, and
anti-inflammatory effects of polyphenols, as well as the ability to increase HDL lev-
els, improve functions of the endothelium [15].

The flavonoid quercetin (34) and tea catechins are reported to be contributing
to reducing atherosclerosis through various mechanisms. It is also shown that res-
veratrol (29), a wine polyphenol, reduces the chances of cardiovascular diseases. In
general, recent research has shown that a polyphenolic-rich diet reduces the risk of
myocardial infarction [15].

3.3.2 Anti-cancer effect

“Cancer” is the term given to a collection of diseases. In all these types uncontrolled
cell division takes place which eventually spreads into surrounding tissues.

The pharmacological importance of phenolic compounds is explored in several
anti-cancer studies. Extracts of edible berries that are rich in polyphenols have been
tested on various cancer cell lines for anti-cancer activity and have shown their effec-
tiveness in different stages of cancer. In vitro studies on phenolic extracts containing
anthocyanins, kaempferol (55), quercetin (34), esters of p-coumaric acid (13), and el-
lagic acid have inhibited the growth of human oral, breast, colon, and prostate tumor
cell lines. Ellagitannins have shown inhibition of cancer cell growth while procyani-
dins have also exhibited antiproliferative activity. It is postulated that many phenolic
compounds are capable of inactivating NF-kB-dependent signaling which is responsi-
ble for the activation of many genes involved in cell proliferation [16, 17].
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Some isolated polyphenols [quercetin (34), resveratrol (29), catechin, and
(-)-epicatechin (51)], tea extract and major green tea polyphenols [(-)-epicatechin (51),
(-)-epigallocatechin (63), (-)-epicatechin-3-gallate, and (-)-epigallocatechin-gallate]
have exhibited anti-cancer activity at various concentration levels depending on the
system and the test substance. Particularly, resveratrol (29) was capable of suppress-
ing angiogenesis and metastasis while multiple pathways involved in cell growth, ap-
optosis, and inflammation were modulated by this compound [15]. A number of
flavones [(apigenin (54), baicalein, luteolin (56) and rutin (58)], flavonones [hesperi-
din (59) and naringin (60)], and sesame lignans [sesamin (61), sesaminol (62) and
episesamin] have shown anti-cancer effects against different cancer cell lines includ-
ing colon, prostate, leukemia, liver, cervix, pancreas, and breast [17].

OH OH
HO 0 @: HO o @:
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HO.C
AP
HO on |
HO
OH O
OH O Baicalin (57)

R=R'=H: Apigenin (54)
R=0OH, R'= H: Kaempferol (55)
R=H, R’= OH: Luteolin (56)

OH OH
%&
HO o) O HO
O OH HoC o)

|
OHO OH o OH
OH O 0 0 OCHj
o HO on
HO
HO OH O

OH

Rutin (58) Hesperidin (59)



3 Plant phenolic compounds =— 59

Naringin (60) R=H: Sesamin (61)
R=OH: Sesaminol (62)

3.3.3 Anti-diabetic effect

Diabetes is a condition where the blood glucose level is too high which can be due
to two reasons: inability to produce insulin by the body (Type 1) or ineffectiveness
of insulin in the body (Type 2). Insulin hormone is the chemical messenger that al-
lows cells to absorb glucose which regulates the glucose level in the blood.

Flavonoids, phenolic acids, and tannins have shown anti-diabetic activity by
way of inhibiting a-amylase and a-glucosidase enzymes which are responsible for
the digesting of dietary carbohydrates into glucose [18]. This helps to decrease the
postprandial hyperglycemia by impeding the absorption of glucose and would be
an effective strategy for treating type 2 diabetes [19].

Investigation of plants used in traditional and Ayurvedic medicine has revealed
that (-)-catechin gallate (65) and (-)-epicatechin gallate (66) are responsible for inhi-
bition of a-amylase and a-glucosidase enzymes. Hydroxyl groups present in pheno-
lic compounds can form H-bonds with polar groups in enzymes. Hydrophobic sites
are present in enzymes and hydrophobic galloyl groups are found in polyphenols.
The binding of enzymes can take place through these hydrophobic associations and
the interaction between galloyl moiety, and the enzymes affect the effectiveness of
these digestive enzymes [19].

Various studies have shown anti-diabetic action of (-)-epicatechin (51), (+)-catechin
(52), (-)-epigallocatechin (63), (-)-epicatechin gallate (66), isoflavones from soybeans,
tannic acid, glycyrrhizin from licorice root, chlorogenic acid, saponins, stilbenes, and
resveratrol (29) (trans-3,5,4’-trihydroxystilbene) through various mechanisms. Onion
polyphenols, especially quercetin (34), Hibiscus sabdariffa extract which contains
polyphenolic acids, flavonoids, protocatechuic acid (5), and anthocyanins are also
found to possess strong antidiabetic activity [15].
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The fruit of Punica granatum (pomegranate) is rich in flavonoids (flavonols and
flavanols), anthocyanins, hydrolysable tannins [ellagitannins, gallotannins (49)],
condensed tannins (proanthocyanidins), and organic phenolic acids have shown to
be effective in type-2 diabetes. Its mechanism of action is related to decreasing lipid
peroxidase and oxidative stress through various mechanisms, for example, by en-
hancing the antioxidant activity of some enzymes, inducing metal chelating activ-
ity, or either inhibiting or activating transcriptional factors [18].

3.3.4 Anti-neurodegenerative effect

Diseases caused by the progressive death of the neurons in different regions of the
nervous system are known as neurodegenerative diseases where Alzheimer’s dis-
ease and Parkinson’s disease are the most common types.

Polyphenols have shown promising activity against neurodegenerative dis-
eases. The main cause of these diseases is oxidative stress and damage to brain
macromolecules. Polyphenols act as antioxidants that prevent oxidation of pro-
teins, lipid peroxidation, and generation of reactive oxygen (ROS) species. They
also act as anti-inflammatory and anti-apoptotic (active against programmed cell
death) agents. Contribution by resveratrol (29) as a neuroprotective metabolite is
widely studied; however, the detailed mechanisms underlying this effect have not
been investigated yet [20].
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The neuroprotective ability of water-soluble polyphenols in wine (phenolic
acids, stilbenes, tannins, flavonoids, flavanols, and anthocyanins) has been stud-
ied, and it was found that the mechanism of action involves their antioxidant activ-
ity through scavenging intracellular ROS and inhibition of LDL oxidation [21].

Resveratrol (29), which shows antioxidant activity by scavenging oxygen and
lipid hydroperoxyl free radicals, is reported to decrease the incidence of Alzheimer’s
disease. Besides, some findings revealed that resveratrol (29) is beneficial in sustain-
ing healthy nerves and important brain functions including cognitive processes [22].
Consumption of fruit and vegetable juices of the high content of polyphenols is also
found to delay the onset of this disease. Maize bran polyphenol ferulic acid (15) is
also found to be effective in reducing the risk of Alzheimer’s disease, and this is at-
tributed to the antioxidant and anti-inflammatory properties of the compound [15].

The therapeutic role of green tea and catechins in Parkinson’s disease can be
attributed to their ability to chelate iron, a property that contributes to the antioxi-
dant activity by preventing redox-active transition metal from catalyzing the forma-
tion of free radicals [15].

3.3.5 Anti-aging effect

Biologically, aging is defined as the deterioration of physiological functions neces-
sary for survival and fertility. It is the impact of the accumulation of a wide variety
of molecular and cellular damage to the body over time. This gradually leads to a
decrease in physical and mental capacity and an increased risk of diseases that ulti-
mately bring about death [23].

Several studies suggested that the combination of antioxidant/anti-inflammatory
polyphenols in fruits and vegetables could be effective as anti-aging compounds.
For example, anthocyanins were found to be potent antioxidant/anti-inflammatory
agents as well as inhibitors of lipid peroxidation and inflammatory mediators of cy-
clooxygenase 1 and 2 (COX-1 and COX-2; two enzymes producing prostaglandins that
promote inflammation, pain, and fever). Quercetin (34) and the grape polyphenol
resveratrol (29) have also shown promising anti-aging effects [15].

During aging, the extracellular matrix proteins like collagen and elastin become
susceptible to the excessive activity of proteolytic enzymes-matrix metalloproteinases
(MMPs) collagenase, and elastase. Under normal physiological conditions, the activity
of these enzymes is regulated; however, the imbalance in homeostasis leads to loss of
integrity of the skin tissue, resulting in the formation of wrinkles. Many polyphenols
from plants (e.g., cocoa) functioned as inhibitors of collagenases and elastases, thus
would be beneficial in the maintenance of proper skin structure. Moreover, polyphenols
from green tea, (catechin, epigallocatechin gallate) were formulated into anti-aging skin-
care products with restrained collagenase and elastase inhibition [24].
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3.3.6 Effect on other human diseases

Many studies report the beneficial effects of polyphenolic extracts or diet on various
medical issues. Dietary phenolic acids are inversely associated with hypertension
irrespective of their dietary source [25]. In a population-based study in Brazil, it was
found that the polyethanoid tyrosol (67) and some classes of polyphenols such as
alkylphenols, lignans, and stilbenes exert a beneficial effect in treating hyperten-
sion [26].

HO

Tyrosol (67)

Silymarin, which is a mixture of flavonoids and polyphenols, exerts membrane-
stabilizing and antioxidant activity as well as promotes hepatocyte regeneration, re-
duces the inflammatory reaction, and inhibits the fibrogenesis in the liver. Thus, it
has the potential for preventing and curing liver diseases [27].

Some selected polyphenols [green tea polyphenols, grape seed proanthocyani-
dins, resveratrol (29), silymarin, and genistein (44)] have been reported to protect
skin from adverse effects of UV radiation, including the risk of skin cancers. Poly-
phenols may supplement sunscreen protection and may be useful for skin diseases
associated with solar radiation—-induced inflammation, oxidative stress, and DNA
damaging. Thus, the topical application of polyphenols would be beneficial due to
their photoprotective effects [28].

Polyphenolic extracts of Euphorbia umbellata bark used in Brazilian folk medicine
for gastric problems had shown anti-ulcer effects. Polyphenols present in the extract
were capable of acting on the cyclooxygenase pathway and thereby promoting the
maintenance of prostaglandin levels thus, exerting gastroprotection effect. Similarly,
by increasing the nitric oxide levels these compounds could contribute to the protec-
tion of gastric mucosa while their involvement of the protein components of the gluta-
thione complex was also related to the potential anti-ulcer action [29].

3.4 Conclusion

Multiple pharmacological functions exerted by phenolic compounds signify their
suitability as prospective lead compounds for novel pharmaceuticals.
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4 Terpenes

4.1 Introduction

Terpenes are considered as one of the largest and structurally diverse groups of nat-
ural products, found in plants, fungi, and even in humans. They have been used for
over two thousand years as fragrances [1]. The principal volatile component of es-
sential oils is often a terpene. Some terpenes and compounds derived from terpenes
(known as terpenoids) are used in Western medicine to cure various illnesses. The
anticancer drug paclitaxel (1) was derived from a diterpene obtained from the Pa-
cific yew tree Taxus brevifolia (Figure 4.1).

Paclitaxel (1) Figure 4.1: Structure of paclitaxel.

The name “terpene” is derived from the odorous hydrocarbon found in turpentine,
the essential component of which is a-pinene, indicating the presence of double
bonds with the suffix “ene” [2]. Terpenes are sometimes referred to as isoprenes
based on the monomeric building material “isoprene” (repeating Cs unit), and this is
known as the isoprene rule. According to the correct definition, terpenes are pure hy-
drocarbons of the general formula (CsHg),, and when additional functional groups
are present they are known as terpenoids or isoprenoids [3]. Very often the term “ter-
pene” referred not only to hydrocarbons but also to functionally substituted deriva-
tives as well. Most of the terpenoids (isoprenoids) are multicyclic structures with
oxygen-containing functional groups. Thousands of terpenoids with a vast diversity
of structures are being produced by plants, and they contribute to about 60% of
known natural products. In the following structures, the constituent isoprene units
are indicated by dotted lines (Figure 4.2).
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Bisabolene (2) Taxadiene (3)

Figure 4.2: |soprene units of some terpenes.

Terpenes are classified according to the number of the building blocks “iso-
prene” which is 2-methylbuta-1,3-diene (CsHg) units. Usually, these isoprene units
are fused together in a head-to-tail fashion and deviation could be seen in some
compounds leading to linear or cyclic structures (Figure 4.3). For instance, tail-to-
tail linkages occur in higher terpenes such as squalene which is a triterpene

(C30H48)'
)\% O/E\U/o

Isoprene
Head Tail
o/I\o/o o/z\ojé ila/l)\o/o o/i\o/o
Head

Phytane - Head-to-tail fusion

Sotaot ot otyngeonyoaey:

Squalene - Tail-to-tail fusion

Figure 4.3: Different fusion patterns of terpenes.

Based on the number of isoprene units present, terpenes are classified as hemi (Cs),
mono (Cyp), sesqui (Cys), di (Cyo), ses (Cas), tri (Cso), tetra (C4p), and poly (>Cyo) ter-
penes (Table 4.1).

Terpenes are biosynthesized by the reactions between reactive isoprene units
(Cs), isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP)
(Figure 4.4) which in turn are derived either by mevalonic acid (MVA) or 1-deoxy-D-
xylulose-5-phosphate (deoxyxylulose phosphate; DXP) pathways. IPP is enzymati-
cally converted to its double bond isomer DMAPP by IPP isomerase.
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Table 4.1: Classification of Terpenes.
No. of isoprene units General formula Name Example
1 CsHg Hemiterpenes Isovaleric acid
2 CioH16 Monoterpenes Geraniol
3 CisHoy Sesquiterpenes Artemisinin
4 CyoH32 Diterpenes Taxol
5 CusHyo Sesterpenes Manoalide
6 C3oHus Triterpenes Squalene
8 CuoHes Tetraterpenes Lycopene
>8 (CsHg)n Polyterpenes Natural rubber

/k/\opp /g/\opp

IPP DMAPP

Figure 4.4: Structures of IPP and DMAPP.

These two compounds are reactive isoprene units. They undergo condensation in
a head-to-tail fashion producing geranyl pyrophosphate, a monoterpene containing
ten carbon atoms (Cy,). Hydrolysis of geranyl pyrophosphate gives geraniol, a major
constituent of geranium oil and rose oil.

Further condensation of geranyl pyrophosphate with isopentenyl pyrophos-
phate yields the sesquiterpene (C;5) farnesyl pyrophosphate. A repeat of this con-
densation gives the diterpene (C,o). The triterpenes (C3o) are not produced by
further condensation of diterpenes with IPP, but rather by a reductive coupling
(dimerization) of two farnesyl units to give the all-important chemical squalene
(Figure 4.5).

The two most important diterpenes are vitamin A (4) and abietic acid (5). The
molecular arrangement of isoprene units in tetraterpenes results in symmetrical
compounds with an extended conjugated double-bond system, which acts as light-
absorbing chromophore accounts for the yellow, orange, or red color. B-Carotene (6)
is such a tetraterpene that serves as a precursor of vitamin A (4) (Figure 4.6).

The huge diversity of terpenes is due to the fact that they can exhibit different
types of isomerism and have a wide range of functional groups (Figure 4.7).
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Figure 4.5: Biosynthesis of terpenes.

B-carotene (6)

Figure 4.6: The structures of some representative terpenes.
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VR

Geraniol (7) Nerol (§) R-(f)-Limonene S-(-)-Limonene Myrcene ~Limonene m-Cymene p-Cymene
9) (10) (11) (12) (13) (14)
Geometrical isomers Stereoisomers Structural isomers Positional isomers

Figure 4.7: Examples for isomerism exhibited by terpenes.

4.2 Classification of terpenes
4.2.1 Hemiterpenes (Cs)

This is the simplest of all terpenes with a general formula of C;Hg. Hemiterpenes
are produced via the modifications in dimethylallyl pyrophosphate (DMAPP) and
isopentenyl pyrophosphate (IPP). The simplest hemiterpene, isoprene is released
by the leaves of many trees and herbs [2]. Tiglic (15) and angelic acids (16) belong
to the group of hemiterpenoids and form esters with a number of natural products.
In addition, numerous C; compounds contain the isopentane skeleton, including o-
furoic acid (17), B-furoic acid (18), isoamyl alcohol (19), senecioic acid (20), and iso-
valeric acid (21) (Figure 4.8). Hemiterpenes are useful in plant defense as they repel
herbivores or attract predators and parasites of herbivores [4].

o
o \
HOZCJ\/ )Cizi HO)X\Q OQP )\/O ) )wCOzH )vCOZH

OH
iglic aci ic aci ic acid P- ic aci ioic acid Isovaleric acid
Tiglic acid Angelic acid o—Furoic acid B—Furoic acid Isoamyl alcohol Senecioic acid
as) %16 ) a7) (18) 19) (20) (21)

Figure 4.8: Structures of hemiterpenoids.

4.2.2 Monoterpenes (C,o)

This is the type of terpene with a general formula of C,oH;¢s and compounds belong-
ing to this group have characteristic odors and are responsible for the aroma of cor-
responding plants. Due to this distinguishing odor, most of the members of this
family are extensively used in cosmeceutical and food industries and some mem-
bers are used as pharmaceutical aids in medicine.
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Based on the structural arrangement, monoterpenes are classified as acyclic,
monocyclic, and bicyclic compounds and further classified according to the ring size.
The enormous diversity of monoterpenes is due to the presence of functional groups
such as hydroxyl, aldehyde, or ketone in the above basic categories and these are re-
sponsible for the distinctive odors and biological activities of the compounds. For ex-
ample, the monoterpene myrcene, which is used as a flavoring agent, is an olefinic
hydrocarbon obtained from hop oil. Geraniol (7), citronellal, lavandulol, and linalool
are other examples of acyclic monoterpenes. Menthol (34) is a well-known example
of a monocyclic monoterpene and camphor (35) is an example of a bicyclic monoter-
pene. Some examples of monoterpenes and their uses are given in Table 4.2.

Table 4.2: Monoterpenes: origin and uses.

Type Acyclic monoterpenes

Myrcene (CyoHs6) This occurs in bay leaves (Laurus nobilis) as well as hops
(Humulus lupulus) [5].
It is an important intermediate in the manufacture of perfumes.

==

Ocimene and its This occurs in basil leaves (Ocimum basilicum) [5].
isomers (C;oH1¢) It is used in the manufacture of perfumes.
]
Geraniol (C4oH;50) This is obtained from rose oil [6].
It is used in the manufacture of perfumes.
X CH20H It is an important intermediate in the manufacture of geranyl

esters such as citronellol and citral.

Yy

Citronellal (C4H;50) This is found in the leaves and stems of different species of
Cymbopogon (lemongrass) [7].

It is used as an insect repellant as well as for the manufacture of
incense, perfumes, cosmetics, etc.

Itis also used as a flavoring agent.

>_/(ji>7
.
(@)
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Type Acyclic monoterpenes
Citral (C;oH460) This is isolated from the leaves and stems of different species of
Cymbopogon (lemongrass) [8].
XxCHO X It is used in the production of perfumes and as a starting
CHO material for the synthesis of vitamin A.
Geranial Neral
Citral a Citral b

Linalool (C;0H;50)

Of the two optical isomers; R (-) form (shown here) occurs in
coriander and S (+) form in orange oil [9].

It is used as a fragrance component in perfumes, cosmetics,
soaps, and detergents.

This is an important synthetic intermediate.

Lavandulol This is obtained from the oil of lavender (Lavandula augustifolia)
(C10H180) and is commonly used in men’s perfumes [10, 11]
HO
|
Type Monocyclic monoterpenes

a-Terpineol (CyoH450)

OH

This is found as the main ingredient in Melaleuca alternifolia (tea
tree) oil.

Due to the pleasant odor, it is used widely in the manufacture of
perfumes, cosmetics, and aromatic scents [12].

Carvone (C4oH4,0)

2

S-(+)-Carvone  R-(-)-Carvone

This is obtained from the oil of Carum carvi (Caraway) and is an
important ingredient in the manufacture of gripe water [13].
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Table 4.2 (continued)

Type

Monocyclic monoterpenes

Menthol (C1oH500)

OH

Limonene (CyoH1¢)

(R)-limonene

This is obtained from the fresh flowering tops of the plants
commonly known as Mentha piperita or other species of Mentha
[14].

It is used as an aromatic agent for various types of
mouthwashes, toothpaste and similar oral formulations, nasal
sprays, and inhalants, as a flavoring agent for chewing gums,
candies, throat lozenges, and also certain mentholated
cigarettes.

This is the dominant component of mandarin peel oil from Citrus
reticulata [15].

Phellandrenes (CyoH1¢)

Sava

p

Phellandrenes are a pair of organic compounds isolated from
Eucalyptus spp. The compounds share an analogous molecular
structure and chemical properties [16].

Thymol (C40H,,0)

OH

-

This is obtained from the essential oil of Thymus vulgaris (Thyme
oil), Monarda punctata (Horsemint oil), and Monarda didyma
(Oswego tea oil) [5, 17].

It is employed as an antifungal and antibacterial agent and used
as a component in several analgesic and topical antiseptic
formulations.

Cymenes (C4H;,0)

fa

m-cymene p-cymene

m-Cymene is a constituent of the ethereal oil of blackcurrant.
p-Cymene occurs in the ethereal oil of cinnamon (Cinnamomum
zeylanicum), eucalyptus (Eucalyptus globulus) and nutmeg
(Myristica fragrans).

Cymenes are used as an antimicrobial agent in topical
application for symptomatic treatment of common skin
disorders, treatment of wounds, and vaginitis [18].
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Type

Bicyclic monoterpenes (6 + 3 membered ring)

(+)-3-Carene (CyoH1¢)

i

~

It is obtained from the oil of turpentine (Pinus longifolia) and
some species of fir (Abies), juniper (Juniperus), and Citrus [5].

(+)-4(10)-Thujene (CyoH46)

PN

(+)-4(10)-Thujene, better known as [(+)]-sabinene is obtained
from the fresh tops of Juniperus sabina [5].

Type

Bicyclic monoterpenes (6 + 4 membered ring)

a- and B-Pinene (C4oH16)

S

o-pinene B-pinene

This is chiefly obtained from the oil of turpentine from the woods
of Pinus caribaea, P. palustris and P. pinaster, etc. [5].

a-pinene is also obtained from juniper oil (Juniperus communis)
and used as an antiseptic as well as in aromatherapy [19].

(+)-Verbenone (CyoH,,0)

5@0

This occurs as pheromones of bark beetles Ips typographus as
well as a constituent of Spanish verbena oil obtained from
Verbena triphylla [5].

Type Bicyclic monoterpenes (6 + 5 membered ring)

Camphor (CyH460) This is obtained from the oil from camphor tree (Cinnamomum
camphora) and used as an antiseptic [19].

O« Eé

Borneol (C;0H;50) This is found in Thymus vulgaris, T. serpyllum, and sage (Salvia

HO,, §

officinalis) [19].

Even though the majority of cyclic monoterpenes are based on either cyclo-
pentane or cyclohexane rings, some extraordinary monoterpenes comprise cyclo-
propane and cyclobutane ring systems. The esters of chrysanthemic (22) and
pyrethric acids (23); i.e., cinerins (25), jasmolins (26) and pyrethrins (27) and
other related compounds with insect repellant activity obtained from the dried
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flowers of Chrysanthemum cinerariifolium and (+)-chrysanthemol (24) obtained
from the leaves of Artemisia ludoviciana are examples for cyclopropane monoter-
penes (Figure 4.9) [5].

"'CO,H O

2

: . (+)-chrysanthemol (24)
R = CH; . (+)-trans-chrysanthemic acid (22)

R1= COZCH; : (+)-trans pyrethric acid (23)

Cinerin ﬁ_ Jasmolin II (26) Pyrethrin I (27)

Figure 4.9: Examples for cyclopropane monoterpenoids.

Grandisol (28), a cyclobutane monoterpene, is the major sexual pheromone of the ag-
ricultural pest “cotton boll weevil” (Anthonomus grandis). Other cyclobutane monoter-
penes include junionone (29) from the juniper tree Juniperus communis and fragranol
(30) from Artemisia fragrans (Figure 4.10) [5].

d,,,\( H D?

Grandisol (28) Junionone (29) Fragranol (30)

Figure 4.10: Examples for cyclobutane monoterpenoids.

Iridoids represent a group of cyclopentane-pyran monoterpenes and are found as
natural constituents in a large number of plant families. Compounds belonging to
this group are highly oxygenated. The name iridoid is a generic name derived from
several compounds isolated from a genus of ants Iridomyrmex [20]. For example,
iridomyrmecin (31) is an insecticidal pheromone of the ant Iridomyrmex humilis and
nepetalactones (32) from the volatile oil of catnip (Nepeta cataria) (Figure 4.11),
which strongly attracts cats, belong to iridoids [5, 21].

Monoterpenes are biosynthesized by the reaction between DMAPP and IPP
which ultimately generates a Cyo unit, geranyl pyrophosphate. Different types of
monoterpenes including simple acyclic monoterpenes such as myrcene, linalool,
and, cyclic monoterpenes including menthol, camphor, thymol, etc. are generated
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3 =

O (0] (0]
7 1 0

Iridomyrmecin (31) Nepetalactone(32)
Figure 4.11: Terpenes with of iridoid skeleton.
from geranyl pyrophosphate [22, 23] (Figure 4.12). Even though the monoterpenes

contain only two isoprene units, different functional groups and the presence of
chiral centers had created an amazing diversity in this group.

)\AOPP )\AOPP

DMAPP IPP
| —
N-"opp =
-~ —_— o)
| 0]
Linalool (33) Geranyl pyrophosphate (GPP) Nepetalactone (32)
Acyclic monoterpenes Iridoids

H OH o) OH
Menthol (34) Thymol (36)

Monocyclic monoterpenes Camphor (35) Aromatic monoterpenes
Bicyclic monoterpenes

Figure 4.12: Formation of monoterpenes.

4.2.3 Sesquiterpenes (Cys5)

Compounds belonging to this group have a general formula of C;5H,, and show
properties that are similar to monoterpenes. Sesquiterpenes show greater poten-
tial for stereochemical diversity and possess stronger odors. It is reported that the
compounds belonging to this group show antimicrobial, anti-insecticidal, and
anti-inflammatory properties (Table 4.3). Hence, sesquiterpenes are important as
chemical protectors for producing organisms [19, 24]. Structurally, sesquiterpenes
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are derived from farnesyl pyrophosphate (FPP), which is composed of three iso-
prene units and shows acyclic, monocyclic, bicyclic, and tricyclic arrangements.
A few typical examples are shown in Figure 4.13.

X A
|
Abscisic acid (42)
Fe}rnesol (_37) Cyclofarnesane
Acyclic sesquiterpene Farnesyl pyrophosphate (FPP)
E@k
Zingiberene (38) B-Caryophyllene (43)

Monocyclic Sesquiterpenoids (Bisabolenetype) Bicyclic Sesquiterpenoids (Caryophyllane type)

e

Germacrone (39)
Monocyclic Sesquiterpenoids (Germacrane type) a-Eudesmenc (44)

Bicyclic Sesquiterpenoids (Eudesmane type)
= )
OH S

B-Elemol (40)
Monocyclic Sesquiterpenoids (Elemane type)

Artemisinin (45)
Bicyclic Sesquiterpenoids (seco-Cadinane type)

o-Humulane (41)
Monocyclic Sesquiterpenoids (Humulane type)

Figure 4.13: Formation of sesquiterpenes.
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Some members of the sesquiterpenes are pharmaceutically important. Artemisi-
nin from Artemisia annua is a potent anti-malarial drug. Avarone is a sesquiterpene
hydroquinone isolated from marine sponge Dysidea avara and exhibited potential
antiviral activity against HIV.

Sesquiterpene lactones are considered as a separate group due to unique chem-
ical and biological activities. The noticeable feature of all the compounds belonging
to this group is the presence of y-lactone moiety. Over 6,000 compounds of this
group are known and divided into three major classes as guaianolides, germacrano-
lides, and eudesmanolides (Figure 4.14) [25-27].

O ~ Il
o) (0] © (0]
e}
Traxacin (46) Parthenolide (47) a-Santonin (48)

Figure 4.14: Sesquiterpene lactones Taraxacin — a guaianolide, Parthenolide — a germacranolide,
a-Santonin — an eudesmanolide.

Table 4.3: Sesquiterpenes: origin and uses.

Type Acyclic sesquiterpenes
Farnesol (CysH,60) This is an important intermediate in terpene
biosynthesis and is found in many essential oils.
S S OH It is reported with cancer chemopreventive

activity [28].

Nerolidol (C;5H,40) Mainly obtained from oil of neroli and flower oils
of jasmine, rose, Hibiscus, etc. and is extensively
used as an ingredient in perfumery [5, 29].

Dendrolasin (C;5H,,0) This is a furan containing sesquiterpene isolated
(e} from marine snails and sweet potatoes.
S~ | y It acts as an alarm and defense pheromone of the

ant Dendrolasius fuliginosus [5].
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Table 4.3 (continued)

Type

Monocyclic sesquiterpenes

Zingiberene (CysH.4)

This is a bisobolene-type sesquiterpene obtained
from the oil of ginger (Zingiber officinale).
Zingiberene is responsible for the characteristic
flavor of ginger [30].

Abscisic acid (C;5H5004)

This is a cyclofarnesane found in many plants.
Abscisic acid acts as a plant growth regulator
that controls the flowering, shedding of leaves,
etc., of plants [31].

Germncrene C (Cy5H,,)

Germacrene C is one of the germacrene-type
sesquiterpenes isolated from the citrus peel oils
[32].

B-Elemenone (C;5H,,0)

This is a sesquiterpenoid with a structure based
on the elemane skeleton. Elemane is a
monocyclic compound. This is an elemane-type
sesquiterpene isolated from the oil of myrrh [33].

a- Humulene (Cy5H,4)

This is a humulane-type sesquiterpene isolated
from the leaves of Lindera strychnifolia [34].

Type

Bicyclic sesquiterpenes

B-Caryophyllene (CysH,,)

This is found in the oil obtained from clove
(Syzygium aromaticum) [35].

B-eudesmol

B-eudesmol has been found in Dioscorea
japonica and exhibits antimutagenic activity [36].
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Table 4.3 (continued)

Type Bicyclic sesquiterpenes

Artemisinin (Cy5H,,05) This is an unusual sesquiterpene with an
endoperoxide moiety and is isolated from the
Chinese ornamental plant sweet wormwood
(Artemisia annua).

Artemisinin is successful in treating complicated
species of Plasmodium falciparum [37].

Type Tricyclic sesquiterpenes
Paesslerins A (Cy7H,60,) and B (C45H,50,) These two cytotoxic sesquiterpenoids are
isolated from the marine sponge Alcyonium
paessleri [38].
z = z //\
AcO AcO OAc
Paesslerins A Paesslerins B

4.2.4 Diterpenes (Cyo)

Compounds belonging to this group have a general formula of C,,Hs, with four iso-
prene units. Due to higher boiling points, compounds in this group are not considered
as essential oils. The best-selling anticancer drug “paclitaxel (1)” from Taxus brevifo-
lia, the inimitable chemical compounds “ginkgolides” from Ginkgo biloba belong to
the group of diterpenes. Diterpenes are derived by geranylgeranyl pyrophosphate
(GGPP) which forms by the reaction between farnesyl pyrophosphate (FPP, C;5) with
isopentenyl pyrophosphate (IPP, Cs) (Figure 4.15). Based on the cyclization and spatial
arrangements, thousands of diterpenes are being formed in plants, fungi, and marine
organisms, etc. Diterpenes exhibit acyclic, monocyclic, bicyclic, tricyclic, and tetracy-
clic structures and possess various types of biological activities such as anticancer,
antimycobacterial, antimalarial, and antifungal (Table 4.4) [39-41].

4.2.5 Sesterpenes (Cys)

Compounds belonging to this group have a general formula of C,;H,o with five iso-
prene units. Several sesterpenoids are known, and they are predominantly found in
fungi and marine organisms. Sesterpenes are derived by geranylfarnesyl pyrophos-
phate (GFPP) which is formed by the reaction between geranylgeranyl pyrophosphate
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GGPP

Phytane (49) Furanocembranoid (53)
Acyclic Diterpene / Macrocyclic Diterpene

Retinol (4)
Monocyclic Diterpene

Gibberellin (52)
Tetracyclic Diterpene

ent-Isopimara-7,15-diene (51)
Tricyclic Diterpene

trans-Cajucarin B (50)
Bicyclic Diterpene

Figure 4.15: Formation of diterpenes.

Table 4.4: Different types of diterpenes and their origins.

Type Acyclic diterpenes

Phytol (C»H400) Phytol, the prenyl side chain of chlorophyll,
OH is an acyclic diterpene and possesses various

/k/\/'\/\/k/\)\) biological activities [42, 43].

Type Monocyclic diterpenes

Retinol (C,H500) This is also known as vitamin A, is a key

substance in the visual process and is
important for human development, etc.

It is found in many foods including carrot,
egg, cod liver oil, etc.
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Type

Monocyclic diterpenes

Retinal (C50H250)

This is the vitamin A aldehyde that binds to
the apoprotein opsin.

Type Bicyclic diterpenes

Nasimalun A (C,;H,,0) This is a clerodane-type diterpene isolated
0 \ from the roots of Barringtonia racemosa
X [44, 45].

COOH

This is a halimane-type diterpene isolated
from the stem barks of Croton oblongifolius
and exhibits strong cytotoxicity against a
panel of human tumor cell lines [46].

Labda-7,12(E),14-triene (C5oH3,)

This is a labdane-type diterpene isolated
from the stem barks of Croton oblongifolius
[47].

Type

Tricyclic diterpenes

Diaporthein A (C20H3006)

This is a pimarane-type diterpene from the
culture broth of the fungus Diaporthe spp.
[48].
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Table 4.4 (continued)

Type

Tricyclic diterpenes

Podocarpinol (C;;H,405)
OH

Podocarpinolis a tricyclic diterpene obtained
from the heartwood of Podocarpus totara
[49].

Type

Tetracyclic diterpenes

Gibberellic acid (C;oH,,0¢)

This is a tetracyclic diterpene isolated from
the fungus Gibberella fujikuroi and it serves
as a plant growth regulator [50].

Scopadulin (C,7H3505)
- OH

This is an unusual tetracyclic diterpene
obtained from the flowering plant Scoparia
dulcis [51].

Type

Macrocyclic diterpenes

Crotocembraneic acid (CoH300,)

COOH

Crotocembraneic acid and other related
cembranoids were isolated from the stem
barks of the Thai medicinal plant Croton
oblongifolius [52, 53].

10-Oxodepressin (C50H2507)

This is a casbane-type diterpene obtained
from the leaves of Oryza sativa [54].
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Type

Macrocyclic diterpenes

Taxol (C47H54NO,,)

This is an unusual diterpene isolated from
the bark of the Pacific yew, Taxus brevifolia
with a potent antileukemic and tumor
inhibitory properties [55].

Type

Other important diterpenes

Ginkgolides A (C20H2409)

Ginkgolides A and other related diterpenic
lactones were isolated from the leaves of
Ginkgo biloba [56].

This is an antiviral diterpene isolated from
the marine octocoral of the genus
Solenopodium [57].

(GGPP, C20) with isopentenyl pyrophosphate (IPP, C5) and exist as acyclic, monocy-
clic, bicyclic, tricyclic, tetracyclic, and pentacyclic structures (Table 4.5).

Table 4.5: Sesterpenes and their origin.

Type

Acyclic sesterpenes

Ircinin 1 (Co5H3005)

Acyclic sesterterpenes bridged by furan rings
have been found in marine organisms. Ircinin
| was isolated from various marine sponges
and it exhibited antibacterial activity [58].
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Table 4.5 (continued)

Type

Monocyclic sesterpenes

Manoalide (C,5H3¢05)

Manoalide is a sesterpene lactone isolated
from the marine sponge Luffariella variabilis
[59].

Type

Bicyclic sesterpenes

Bilosespen A (C25H400>)

HO™ ~O

This is a bicyclic cytotoxic sesterpene
isolated from the marine Sponge Dysidea
cinerea [60].

Type

Tricyclic sesterpenes

Cheilanthane I (C25H3405)

This is a tricyclic sesterpenoid isolated from a
marine sponge of the genus Ircinia and
exhibited protein kinase inhibitory activity
[61].

Tetracyclic sesterpenes

Type
Desoxyscalarin (C;5H,4003)
HO,
OH 7

This is a tetracyclic sesterpene isolated from
Spongia officinalis [5].

Type

Miscellaneous sesterpenes

Bolivianine (C,5H3005)

This is a sesterpene with an unusual skeleton
isolated from the plant Hedyosmum
angustifolium [62].
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4.2.6 Triterpenes (C3)

Compounds belonging to this group have a general formula of C3oH,g with six isoprene
units. Not like the terpenes discussed so far, triterpenes are biosynthesized by the re-
ductive coupling (dimerization) of two farnesyl pyrophosphate (FPP) units in tail-to-tail
manner (Figure 4.16). The resulting product is squalene which was originally isolated
from the liver oil of shark (Squalus sp.) and exists as acyclic, tetracyclic, and pentacy-
clic structures with oxygenated functional groups such as alcohols and carboxylic
acids. The squalene structure is usually drawn in a folded form (Table 4.6) to indicate
the ease with which it can undergo cyclization to the steroid nucleus. Cholesterol is
one of the simplest, but an important, members of tetracyclic triterpenes. In addition,
the aglycone portion of some saponins are also made up of pentacyclic triterpenes.

tail
X X X
tail

Squalene (54)

Figure 4.16: Tail-to-tail assembly of squalene.

Table 4.6: Different types of triterpenes and their origins.

Type Acyclic triterpenes

Squalene (C3oHso) This is a highly unsaturated triterpene isolated from
the shark liver oil [63].

Type Tetracyclic triterpenes

Fusidic acid (C3;H,g0¢) This is a triterpene isolated from the fermentation
broth of Fusidium coccineum [64]. It possesses
antibacterial activity and is used to treat bacterial
infections and available as creams, ointments, etc.
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Table 4.6 (continued)

Type Tetracyclic triterpenes

Lanosterol (C30H500) Lanosterol is a typical animal triterpenoid which is the
precursor of cholesterol and another sterol
biosynthesis in animals [65, 66].

A

Cucurbitacin E (C35H,4408g) Cucurbitacin E and other compounds belonging to this
(o} group are highly oxygenated tetracyclic triterpenes.
)K These are found in cucumber, melon (Family
(0] Cucurbitaceae), etc. and are bitter tasting [65, 67]. This
compound exhibited anti-inflammatory activity by

/H O

HO selectively inhibiting COX-2 enzyme [68].
(e}
Quassin (C5,H,50¢) Quassin is one of the quassinoids isolated from
OCHj, Quassia amara and considered as one of the most

bitter substances found in nature [37]. This compound
is considered as a triterpene lactone.

Type Pentacyclic triterpenes

This is one of the pentacyclic boswellic acids isolated
from the resin of Boswellia serrata. Boswellic acids
were found to exhibit anti-inflammatory activity

[69, 70].
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Type

Pentacyclic triterpenes

B-Amyrin (C30H500)

B-Amyrin is one of the pentacyclic triterpene isolated
from the stem bark resin of Protium heptaphyllum [71].

Glycyrrhetinic acid (C3oH4604)
z, COOH

Glycyrrhetinic acid is the aglycone part of glycyrrhizin
which is considered as a saponin glycoside isolated
from the roots of Glycyrrhiza glabra [65].

Quillaic acid is the principal aglycone found in the
saponin mixture of Quillaia (Quillaja saponaria) [72].

This pentacyclic triterpenic acid is isolated from the
bark of white birch (Betula pubescens) [73]. Betulinic
acid exhibited various biological activities, including
antiviral, anticancer, etc. [74, 75].
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4.2.7 Tetraterpenes (C,o)

Compounds belonging to this group have a general formula of C,oHg, with eight
isoprene units. Similar to triterpenes, they are formed by the combination of two
molecules of geranylgeranyl pyrophosphate (C,p) in a tail-to-tail manner. Teterater-
penes are sometimes referred to as carotenoids, where they occur in nature as orange
or yellow-colored pigments (Table 4.7). The orange color of carrots and red color of to-
matoes are due to B-carotene (6) and lycopene, respectively. Together with chlorophyll,

Table 4.7: Different types of tetraterpenes and their origins.

Type

Acyclic triterpenes

Lycopene (Cy4oHse)

Lycopene is the bright
red colored pigment
found in tomatoes
(Solanum lycopersicum).
This is an open-chain
hydrocarbon containing
11 conjugated and 2 non-
conjugated double bonds
arranged in a linear array.

B-carotene (C4oHse)

This is the colored
pigment found in carrots
(Daucus carota). Enzymes
in the body cleave it to a
diterpene, vitamin A.

The bright red color of
ripen pepper (Capsicum
annuum) is due to
capsanthin.

Zeaxanthin (C4oHs¢0,)

This is one of the macula
pigments which are
important in vision [77].
It acts as “internal
sunglasses”

The ripe fruit of pepper
(Capsicum annuum) is a
rich source of capsorubin
[78,79].
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carotenes play a major part in the photosynthesis process of plants as carotenes are
highly conjugated natural products that can strongly absorb visible light. The sim-
plest member of this group is lycopene, and different types of compounds are
formed when one or both ends of this molecule get cyclized [76].

4.2.8 Polyterpenes (C405)

Compounds belonging to this group contain more than eight isoprene units and
have higher molecular weights. One of the well-known examples is natural rubber
which contains isoprene units in cis-configuration. Gutta-percha is an example of

trans polyisoprene (Table 4.8).

Table 4.8: Different types of polyterpenes and their origins.

Type Acyclic triterpenes

Natural rubber (cis-1,4-polyisoprene) This is an elastic substance obtained
from the latex of rubber tree (Hevea
brasiliensis).

Gutta-percha (trans-1,4-polyisoprene) This is the major constituent of the
milky sap of gutta-percha trees
(Palaquium gutta)

4.3 Conclusion

Terpenes, terpenoids, or isoprenoids are a major and important class of natural
products, and those isolated and characterized so far have numerous valuable phar-
maceutical applications. Therefore, it is not surprising that they are processed on a
large scale by the chemical and pharmaceutical industries.
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5 Alkaloids

5.1 Introduction

Alkaloids are a group of natural products possessing one or more “nitrogen” atoms
in the structure. Members of this group have contributed to medicine much more
than any other group of natural products. Plants and fungi that contain alkaloids
were used by many early communities around the world to alleviate pain or to
achieve enhanced sensory experiences. However, it was the German pharmacist Wil-
helm Meissner who first defined the term “alkaloids” in 1818 for the organic com-
pounds with plant origin and had alkaline character [1]. Even though many alkaloids
are of plant origin, several alkaloids are found in fungi, bacteria, marine organisms,
amphibians, and even in humans as well [2-4]. Following compounds, (1)-(4) are
obtained from a fungus: fly agaric (Amanita muscaria), a marine bacterium Pseudovi-
brio denitrificans Ab134, a marine tunicate Ecteinascidia turbinata, and an amphibian
Bufo alvarius (Figure 5.1).

HO
N/\ \ NH,
COOH
Ibotenic acid (1) Verongidoic acid (2)  Ecteinascidin (3) Bufotenine (4)

Figure 5.1: Some important alkaloids of natural origin.

Initial studies revealed that the nitrogen atom of the alkaloid is present in a hetero-
cycle. Later with the advancement of the knowledge in this special group of com-
pounds, alkaloids were defined as nitrogen-containing organic compounds with
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complex molecular structures and significant biological activity. However, there are
exceptions as in the case of ephedrine (5) (Figure 5.2).

OH

H
oy

Ephedrine (5)

Figure 5.2: Ephedrine from Ephedra sinica.

Ephedrine obtained from Ephedra sinica is used to relieve asthma and it has a sim-
ple molecular structure and N is not present in a heterocycle. Due to its significant
pharmacological activity, ephedrine is considered an alkaloidal amine.

Alkaloids are found in many plant families including Apocynaceae, Berberida-
ceae, Papaveraceae, etc. and isolated from various plant parts such as seeds (Strych-
nos nux-vomica), leaves (Nicotiana tabacum), tubers (Gloriosa superba), etc. Alkaloidal
content of the plant varies with season, plant part, stage of the plant growth, and also
during day and night [5-8].

Usually, alkaloids are present in plants as salts of organic acids such as oxalic
acid, succinic acid, malic acid, etc. [9]. In addition, some alkaloids conjugated with
sugars to form glycosides (a-tomatine) [10]. Morphine sulfate from Papaver somnife-
rum is an example of an alkaloid salt with an inorganic acid.

Compared to other natural products, many alkaloids exhibit isomerism and two
isomers even show different pharmacological activities (Figure 5.3). Quinine (6) and
quinidine (7) are two enantiomers with different biological activities. Quinine (6) is
an antimalarial drug and quinidine (7) is an antiarrhythmic agent.

H5CO H;CO

Quinine (6) Quinidine (7)
Figure 5.3: Structure of two enantiomers, quinine, and quinidine.
Alkaloids are biosynthesized from several different amino acids. Cyclization and

modification of these amino acids together with other amino acids lead to diverse
alkaloid structures (Table 5.1).



Table 5.1: Examples of some amino acids and their alkaloid derivatives.

Amino acid Alkaloid derivative
L-Ornithi
rnithine o
//’>\co H w\
H,oN H,N 2 'Tl
Me
(-)-Hygrine
L-Lysine
CO,H
NH,
NH, )
Lobeline
L-Tyrosi
yrosine H,CO
CO,H
NH
’ Omz H3CO 2
OCHjy
Mescaline
L-Tryptoph
ryptophan OH
£OH N(CHa)
NH, N
D N
N Psilocin
H
L-Histidine
H CO,H

Nj/\(
<\N | NH,

H,C T
T
J L

Pilocarpine

5.2 Classification of alkaloids
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Over 12,000 alkaloids have been identified in plants [9]. These alkaloids can be
classified according to their preliminary point of biosynthesis, chemical structure,
taxonomy, and pharmacological activity (Table 5.2). In this chapter, some impor-
tant members of several different classes of alkaloids and their activities will be

discussed.
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Table 5.2: Classification of alkaloids.

Biosynthetic classification

Chemical classification

Example

(i) Tyrosine derived alkaloids —
Phenylethylamine

(i) Tryptophan derived alkaloids — Indole

(iii) Ornithine derived alkaloids — Pyrrolidine

(iv) Lysine derived alkaloids - Piperidine

(v) Histidine derived alkaloids — Imidazole

Example

(i) Quinoline alkaloids — Quinine

(i) Indole alkaloids - Vincristine

(iii) Tropane alkaloids — Cocaine

(iv) Isoquinoline alkaloids — Morphine
(v) Alkaloidal amines — Ephedrine

Taxonomical classification

Pharmacological classification

Example
(i) Cannabinaceous alkaloids — from Cannabis
sativa

(i) Rubiaceous alkaloids - from Cinchona sp.
(i) Solanaceous alkaloids — from Atropa
belladonna

Example

(i) Bronchodilator — Ephedrine
(i) Analgesic — Morphine

(iii) Anticancer - Vincristine

(iv) Antimalarial - Quinine

(v) Anti-inflammatory - Colchicine

5.2.1 Phenylalkylamine alkaloids

Compounds belonging to this group of alkaloids do not contain a nitrogen atom in a
cycle. However, these compounds possess significant biological activity (Table 5.3).

Table 5.3: Phenylalkylamine alkaloids and their pharmacological activity.

Alkaloid Pharmacological activity
Ephedrine (C;0H;5NO) This alkaloid is isolated from the medicinal plant used in
OH H Chinese Medicine, Ma Huang (Ephedra sinica). The structure
N is similar to adrenaline, which is a natural hormone. Due to

the bronchodilator properties, ephedrine is used to treat
asthma.

Colchicine (C;2H,5NOg)

H3;CO

3 O. NHCOCHS
H

H,CO O

HyCO

This alkaloid is isolated from the meadow saffron
(Colchicum autumnale) and several other species of
Colchicum. Colchicine has a long history in medicine as a
specific drug for the treatment of gout and rheumatism.
Colchicine acts by binding to tubulin causing microtubule to
depolymerize. As neutrophils lose their mobility, it helps to
reduce inflammation and arthritis. It also possesses anti-
tumor activity [11].
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Table 5.3 (continued)

Alkaloid Pharmacological activity
Mescaline (Cy;H;,NO5) This is an alkaloid isolated from the heads of the peyote
H3;CO cactus Lophophora williamsii which causes hallucination.
The cactus is used by the traditional population in Mexico to
NH, A :
H5;CO alleviate several illnesses [12-14].
OCHjs

5.2.2 Pyridine, piperidine, and pyrrolizidine alkaloids

Alkaloids that are derived from nicotinic acid which is biosynthesized via L-lysine
are known as pyridine alkaloids. A well-known example of this family is the alkaloid
nicotine isolated from Nicotiana tabacum.

The same amino acid L-lysine cyclizes and converts into different intermedi-
ates which ultimately leads to the formation of alkaloids having a piperidine nu-
cleus. Lobeline and lobelanine from Lobelia inflata, are a few examples for this
group (Table 5.4).

Pyrrolizidine alkaloids exhibit potent toxicity, and these alkaloids-containing
plants are probably the most common poisonous plants affecting livestock and
human.

Table 5.4: Pyridine, piperidine and pyrrolizidine alkaloids and their pharmacological activity.

Alkaloid Pharmacological activity
Nicotine (C3oH14N>) This is the most widely studied member of the
H pyridine group of alkaloids. It is isolated from
N N tobacco (Nicotiana tabacum). It possesses
| \ neuronal stimulant properties and long-term use

—
N causes addiction. It is included in several

tobacco preparations such as cigarettes.
Nicotine is formulated into chewing gum as an
aid for smoking cessation [15]. Nornicotine and
anabasine are two other examples of nicotine-
type alkaloids isolated from tobacco.
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Table 5.4 (continued)

Alkaloid

Pharmacological activity

Arecoline (CgH;3NO,)
O

N

CHj;

Piperidine-type alkaloid arecoline is one of the
important alkaloids isolated from betel nuts
(Areca catechu), a plant that grows in countries
like Sri Lanka, India, and Malaysia. These betel
nuts are consumed by farmers to alleviate
fatigue as arecoline has a stimulant effect on
the central nervous system (CNS). Other
alkaloids that share a similar structure to
arecoline include arecaidine, guvacine, and
guvacoline. Arecoline is used in veterinary
practice as a vermicide [16].

Coniine (CgH;;N)

Q"«,/\

This is a poisonous piperidine alkaloid isolated
from hemlock (Conium maculatum). Symptoms
of acute poisoning include muscular weakness,
pupil dilation, excess salivation, etc. Humans
can be exposed to coniine via the food chain
[17]. The plant is famous in history as the great
Greek philosopher Socrates was forced to
drink the preparation of hemlock for his
execution [18].

Lobeline (C,,H,;NO,)

OHOO

W N ’
|

CHj;

Lobeline is an alkaloid isolated from the leaves
and tops of wild tobacco or puke weed (Lobelia
inflata). As lobeline exerts effects similar to
nicotine, it is involved in the cessation of
smoking [19].

Piperine (C;;H;9NO5)

Piperine is one of the important alkaloids that
belong to the piperidine family. It is isolated
from the common spice black pepper (Piper
nigrum). It exhibits many pharmacological
activities including antidiarrheal,
antidepressant, antihypertensive effect,
antitumor activity, etc. [20].

o0

This is a piperidine-type alkaloid obtained from
the dried fruits of Piper longum. Pipernonaline
exhibited insecticidal activity against
Spodoptera litura [21]. In addition, it showed
larvicidal activity against Culex pipiens [21].




Table 5.4 (continued)

5 Alkaloids = 101

Alkaloid

Pharmacological activity

(-)-Spectaline (C5oH39NO,)

O

HiC" N “/(CH,)4,COCH3

This is a cytotoxic piperidine-type alkaloid
isolated by bioassay-guided fractionation of a
bioactive extract of the Brazilian legume, Cassia
leptophylla [22].

Senecionine (C;gH,5NO5)
HO CH,

HaC™ ™

This pyrrolizidine alkaloid isolated from Senecio
vulgaris exhibited toxicity via causing hepatic
necrosis in vivo. Moreover, this alkaloid can
bind with deoxyguanosine to form DNA adducts
[23, 24].

This is an important alkaloid containing a
piperidine ring system isolated from the seeds
of the Australian legume, Castanospermum
australe Castanospermine is a potent inhibitor
of fibroblast a and B glucosidases, and found to
be effective against HIV [25, 26].

5.2.3 Quinoline alkaloids

Alkaloids belonging to this family are characterized by the presence of a quinoline nu-
cleus in the molecule. The most remarkable member of this family is the antimalarial
drug quinine from the bark of the cinchona tree, and it provided the pharmacophore
for the synthesis of other antimalarial drugs. Usually, quinoline alkaloids are derived
from anthranilic acid except for cinchona alkaloids and camptothecin which are de-

rived from tryptophan (Table 5.5).

Table 5.5: Quinoline alkaloids and their pharmacological activity.

Alkaloid

Pharmacological activity

Quinine and Quinidine (C3oH,4N,05)

Quinine

Both these alkaloids are enantiomers and
were isolated from the barks of Cinchona
sp. Quinine as a potent antimalarial drug
provided the pharmacophore for the
synthesis of other antimalarial drugs such
as quinacrine, chloroquine, and
mefloquine. Quinidine is employed in the
treatment of cardiac arrhythmias [27].
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Table 5.5 (continued)

Alkaloid

Pharmacological activity

Camptothecin (CoH:6N,0,)

This is a pentacyclic, antitumor alkaloid
isolated from Camptotheca acuminata, a
tree native to China. Due to very low
solubility, high toxicity, and rapid
inactivation, the therapeutic action of this
alkaloid was poor. However, camptothecin
provided the pharmacophore for the
synthesis of more water-soluble alkaloids
topotecan and irinotecan which were
encountered as chemotherapeutic

agents [28].

Galipine (C,0H,;NO5)

OCH,

OCH;

X
pZ
N

OCH;

Galipine is a quinolone-type alkaloid
isolated from the bark of a shrub that
grows in tropical America Galipea
officinalis (Rutaceae). The bark is reputed
in folk medicine as being antispasmodic,
antipyretic, astringent, and tonic [29].

5.2.4 Isoquinoline alkaloids

The well-known example of the isoquinoline group of alkaloids is morphine, possibly the
oldest narcotic known. Isoquinoline alkaloids are a diverse group of alkaloids and are de-
rived from L-tyrosine. There are several alkaloidal subclasses which include simple tetrahy-
droisoquinoline, benzyltetrahydroisoquinoline, phenethylisoquinoline, etc (Table 5.6).

Table 5.6: Isoquinoline alkaloids and their pharmacological activity.

Alkaloid

Pharmacological activity

Morphine (C;;,H;oNO5)
R0

R,0
Morphine: Ry=R,=H
Codeine: Ry=CH3, R, =H

This is one of the major alkaloids isolated from the dry latex of
opium poppy (Papaver somniferum). Morphine is named after
the Greek god Morpheus, the creator of sleep and dreams. In
Western medicine, it is used as a potent narcotic analgesic.
However, morphine is easily converted into other drugs of
abuse such as heroin [17]. Codeine (C;gH,;NO5) is another
alkaloid that was isolated from the same plant, and both
alkaloids share the same chemical structure with an extra
methyl group in codeine. Pharmaceutically, codeine is
employed in cough preparations.
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Alkaloid

Pharmacological activity

Papaverine (C,oH,;NO,)

This is another alkaloid isolated from opium poppy with an

H3;CO N isoquinoline skeleton. Papaverine does not show addictive
N properties and it is used to treat spasms [30].

H,CO 3

H,CO

H,CO ‘

Emetine (C2oH40N,0,) Emetine is an isoquinoline type isolated from the dried roots

H3;CO of ipecac Cephelis ipecacuanha. Natives of Brazil used the

H,CO

Emetine: R=CH;
Cephaeline:R=H

roots of this plant to treat diarrhea. Cephaeline (C,gH4,N5053)
is another alkaloid that is isolated from the ipecac plant.
Ipecac has been used as an emetic, an amoebicide, and an
expectorant [31]. Emetine has a more expectorant and less
emetic action than cephaéline [32].

Tubocurarine (C3;H41N,0¢)

The isoquinoline-type alkaloid tubocurarine is obtained from

H;CO the climbing plant Chondrodendron tomentosum and was
OH O N used as an arrowhead poison (curare) by South American
e} “CH, Indians. It acts as a neuromuscular blocker and it has been
suggested that these alkaloids function as herbivore
O deterrents [33]. This compound was also the template for
CH, O other muscle relaxants like atracurium [34].
HsC, A OH
H3C_N+
OCHjy
Berberine (C,oH;sNO,) This is an alkaloid found in many members of the families of

Berberidaceae, Ranunculaceae, and other families. Plants that
contain berberine have been used in traditional medicine
throughout the world [33]. Berberine is reported to exhibit
many biological activities, including antiamoebic,
antibacterial, and anti-inflammatory properties. In addition,
berberine is effective against osteosarcoma, lung, liver,
prostate, and breast cancer.
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Table 5.6 (continued)

Alkaloid Pharmacological activity
Kreysigine (C,;H,;NO5) This is an alkaloid isolated from several genera including
H3CO Androcymbium, Colchicum, and Kreysigia. Both kreysigine and
O colchicine are biosynthesized from the same intermediate,

HO N\CH3 autumnaline [35]
H4CO
H;CO O

H,CO

Hydrastine (C5;H»;NOg) This is an alkaloid isolated from Hydrastis canadensis which
shows anti-inflammatory and hemostatic activities. [36]

5.2.5 Indole alkaloids

Indole alkaloids derived from L-tryptophan contain an indole ring system and are
considered as a very important source of biologically active compounds (Table 5.7).
The group consists of several subclasses which include simple indole alkaloids, ter-
penoid indole alkaloids, simple B-carboline alkaloids, etc. Many psychoactive com-
pounds are structurally related to indole alkaloids. For example, psilocin (8) from
the mushroom Psilocybe mexicana and lysergic acid diethylamide (LSD) (9) which
is semi-synthesized from ergometrine (fungus Claviceps purpurea) (Figure 5.4). One
of the pharmacologically significant alkaloids that belong to this group is the anti-
cancer alkaloid vincristine.

OH
rTrCHs HyCH,C -CH2CH;
Ny CHs
_CHj
N o) N
H N
Psilocin (8)
N
N
H
LSD (9)

Figure 5.4: Two psychoactive alkaloids psilocin and LSD with indole moiety.
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Table 5.7: Indole alkaloids and their pharmacological activity.

Alkaloid

Pharmacological activity

Strychnine (C,;H,,N,0,)

Strychnine: Ry=R,=H
Brucine: Ry =R, =CHs50

Strychnine and brucine are indole-type alkaloids
isolated from the seeds of nux-vomica (Strychnos
nux-vomica) found in Sri Lanka and India. Both
these compounds are highly poisonous and in
the past, poisoning incidents were reported
occasionally. In particular, strychnine has been
used for the extermination of moles [32].

Reserpine (C33H4oN205)
HCO
OCHs

OCH,

Ancient people in India and Sri Lanka have used
Indian snakeroot (Rauwolfia serpentaria) for
centuries as an antidote to poisonous snake bites
and to treat madness. One of the major alkaloids
isolated from this plant is reserpine. This alkaloid is
clinically important in the treatment of
schizophrenia. Ajmaline is another clinically
important indole-type alkaloid isolated from the
same plant [37].

H3;CO,C
Vincristine: R=CHO
Vinblastine: R= CH3

The most important alkaloids belonging to the
indole group of alkaloids are the anticancer
agents vincristine (C,6Hs6N4040) and vinblastine
(C46H5gN,00) from the Madagascar periwinkle
(Catharanthus roseus). These are complex
dimeric indoles that exert anticancer activity by
inhibiting the polymerization of tubulin [38].
Vinblastine also provided the pharmacophore for
the synthesis of another effective anticancer
drug vindesine [39].

Yohimbine (C;H26N,05)

Yohimbine is an alkaloid isolated from the
African plant Pausinystalia johimbe and acts as
an a-adrenergic blocker. Further, it has a wide
reputation as a sexual stimulant [40, 41].
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Table 5.7 (continued)

Alkaloid Pharmacological activity
Harmine (C;3H;,N,0) Harmine is an indole-type alkaloid with a B-
— carboline skeleton isolated from the Syrian Rue
\ /N (Peganum harmala). This alkaloid showed potent
cytotoxicity against several cancer cell lines
HsCO N CHs yh. ety ag
H which include KB, A549, CAKI-I, 1A9, and HEL
cells [42, 43].
Ibogaine (C,oH,¢N,0) This is an indole-type alkaloid isolated from the

plant iboga (Tabernanthe iboga). Ibogaine is
known to act on the central nervous system with
hallucination and exhibit an amphetamine-like
effect. Ibogaine consists of a spectrum of anti-
addictive properties with opiate, cocaine, and

alcohol [44].
Physostigmine (Cy5H21N30,) This is a toxic indole alkaloid isolated from the
H,C African calabar bean (Physostigma venenosum).
OYO N The toxic component of this species is
N. “CH4 physostigmine where it acts as an inhibitor of
HaC™ H N&)Hzl acetylcholinesterase. This alkaloid has a special

interest in the treatment of Alzheimer’s disease
[45, 46]

5.2.6 Tropane alkaloids

Tropane alkaloids are bicyclic compounds biosynthesized by L-ornithine and known
to originate in several plant families including Solanaceae and Erythroxylaceae
(Figure 5.5). Several tropane-type alkaloids are used in medicine. However, many
of them are known for their toxicity [17].

N
H4C F

Figure 5.5: Tropane moiety.

The contemporary pharmaceutical industry manufactures over 20 active pharmaceuti-
cal substances containing tropane moiety in their structure, which are applied as mydri-
atics, antiemetics, antispasmodics, anesthetics, and bronchodilators [47] (Table 5.8).
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Table 5.8: Tropane alkaloids and their pharmacological activity.

Alkaloid

Pharmacological activity

Atropine (C4;H,3N0O5)

N
HsC j/m CH,OH
6%

*

0]

The plant deadly nightshade (Atropa belladonna) produces
hyoscyamine which occurs in the plant as a racemic mixture. This
mixture is usually referred to as atropine. In addition to Atropa sp.,
this alkaloid is also isolated from several species like Datura,
henbane (Hyoscyamus niger), and Duboisia sp. [48].

Atropine act as an anticholinergic drug and also as a mydriatic, to
dilate the pupils [49].

Hyoscine (C;7H,;NO,)

N
HyC ojjﬂg CH,OH
O\”/K©

*

)

Hyoscine or (-)-scopolamine is the epoxide derivative of
hyoscyamine isolated from the same species as atropine. Hyoscine
is a useful prophylaxis against nausea and vomiting after middle
ear surgery [50].

Cocaine (C1;H,NO,)
CO,CHs

_N
e pﬁo O

O

This is one of the tropane-type alkaloids isolated from the coca
plant (Erythroxylum coca) which is grown in several South American
countries. It is reported that Peruvian Indians used coca for at least
1,000 years before the arrival of Europeans. Cocaine is used as a
local anesthetic in ophthalmology, a central nervous system
stimulant and to improve physical strength [17]. However, it is a
drug of abuse.

Calystegine B, (C;H;3NO,)
H,

N
HO OHon
oH

Calystegines are a group of nor-tropane alkaloids (lack of carbon on
nitrogen) isolated from several plant families including Solanaceae
(potato — Solanum tuberosum) and Convolvulaceae (sweet potato —
Ipomoea batatas). This group includes calystegine As, As, B4, B,,
Bs, B4, Cq, etc. [51]. It was reported that calystegine B, is a potent
competitive inhibitor of glucosidase [52].

5.2.7 Purine alkaloids

Most of the nonalcoholic beverages that we consume daily contain alkaloids belong-
ing to the purine family. Caffeine (10) is an important member of the group and is
available in tea (Camellia sinensis) and coffee (Coffea arabica). Theophylline (11) is an-
other purine alkaloid that also occurs in minor amounts in tea. Caffeine increases
alertness and reduces fatigue [53]. Theobromine (12) is also a commercially impor-
tant purine alkaloid found in the seeds of cacao (Theobroma cacao) (Figure 5.6).
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TR 7 Q  CHy
HaCs\ N HsCoy N Hy N
Ay A ALY
07N N 07N N 07N N
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Caffeine (10)  Theophylline (11) Theobromine (12)

Figure 5.6: Some important purine alkaloids.

5.2.8 Steroidal alkaloids

Several steroidal alkaloids are found in the plant kingdom including in the families
of Solanaceae, Liliaceae, and Apocynaceae and are known to have different biologi-
cal activities. Alkaloids belonging to this family are biosynthesized via the insertion
of one or two N atoms into a steroid molecule. They can be classified broadly into
solanum alkaloids and veratrum alkaloids.

Veratrum alkaloids are biosynthesized by the expansion of ring D in the ste-
roidal nucleus at the expense of ring C which ultimately becomes five-membered
(Figure 5.7) [33].

+
(OH g + R

go 1,2-alkyl migration Go
AT AN

Figure 5.7: Formation of veratrum alkaloids.

Examples of solanum alkaloids are solasodine from Capsicum annuum, tomatidine
from Lycopersicon esculentum, and solanidine from Solanum tuberosum; all of which
occurs in the plants as glycosides. Kurchi bark (Holarrhena pubescens) has been val-
ued for its antidysenteric properties for a long time and is responsible for the produc-
tion of the steroidal alkaloid conessine [54].

Two distinct chemical groups of veratrum alkaloids can be identified and these
are now referred as the jerveratrum and ceveratrum groups. Jerveratrum alkaloids
contain only 1-3 oxygen atoms whereas ceveratrum alkaloids are highly hydroxylated
compounds with 7-9 oxygen atoms. Jervine and cyclopamine are examples of toxic
jerveratrum alkaloids and isolated from Veratrum californicum. Protoveratrine A and
protoveratrine B are examples of ceveratrum alkaloids (Figure 5.8).

Steroidal alkaloids and their glycosides are reported to have varieties of bioactiv-
ities including antimicrobial, anti-inflammatory, antinociceptive, etc. [32, 55, 56].
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Steroidal Alkaloids

[ | ]

Solanum alkaloids Veratrum alkaloids

Solasodine (13) Jervine (16)

Tomatidine (14) Cyclopamine (17)

“/CH,4 0

“CO,CH,4

H :
OH OH CO,CH,4 3

Solanidine (15) Protoveratrine A (18)

Figure 5.8: Some important steroidal alkaloids.
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5.3 Summary

Natural products, especially alkaloids, have been playing a vital role in the prevention
and treatment of many diseases in the world. Opium is possibly the oldest narcotic
known, for as early as 4000 BC. Alkaloids-containing plants, fungi, etc. have been
used by native people in early communities of the world to relieve pain, to gain physi-
ological satisfaction, and also used for religious ceremonies. Structures of many alka-
loids were not known for centuries. With the industrial revolution, there was a rapid
development in the isolation and characterization of the active compounds of the
crude drugs which were already in use. Morphine was the first alkaloid to isolate in
the crystalline form by Friedrich Sertiirner in 1804. Since then, a huge number of alka-
loids have been isolated from many natural resources and plant pioneered in alkaloid
biosynthesis. Due to the presence of nitrogen in the molecule, alkaloids exhibit many
pharmacological activities such as antiarrhythmic, antimalarial, antihypertensive, an-
titumor, analgesic, and antiprotozoal. In many instances, alkaloids themselves act as
drugs or sometimes, they provide pharmacophores for the synthesis of new drugs.
Therefore, exploring natural products for their potent biological activities will remain
a crucial part of the drug discovery process.
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6 Saponins

6.1 Introduction

Saponins are generally known as polar, non-volatile, surface-active bioorganic natu-
ral compounds that are widely distributed in nature, occurring primarily in plants
(more than 500 plant genera), lower marine organisms (starfish, sea cucumber,
sponges), invertebrates (mollusks), and bacteria [1-3]. The name “saponin” is derived
from the Latin word sapo, which means “soap,” because saponin molecules form
soap-like detergent properties when shaken with water even at low concentrations
[4, 5]. Therefore, plant materials, e.g. soapwort (Saponaria officinalis), quillaia or
soapbark (Quillaja saponaria), soaproot (Chlorogalum pomeridianum), soapberry (Sa-
pindus saponaria), and soap nut (Sapindus mukorossi) containing saponins, were his-
torically used for the cleansing process. The amphoteric nature that has polar and
non-polar moiety enhances the foaming, detergent, and emulsifying natures of sapo-
nins [3]. The compounds have the ability to lyse the red blood cells by increasing
plasma membrane permeability; thus, they are toxic when contacted with blood-
stream. But not all saponins are harmful. Some of our food and beverages, e.g.
beans, lentils, soybeans, spinach, oats, fenugreek, ginseng, and tea, contain a signifi-
cant amount of saponins, and they are nutritionally important. Saponins are biosyn-
thesized in different parts of the plant, and their distribution of concentrations varies.
Moreover, the saponin content in young plants is higher than the mature plants. Also
depending on the biotic (cultivar, physiology) and abiotic (environmental, geographi-
cal) conditions the saponin content varies in the plant species [6]. As an example, in
the garden marigold (family Asteraceae) contains about 3.5% of Cs-glucuronic acid
saponins in flowers and Cs-glucose saponins about 2.5% in the roots [7].

Saponins consist of sugar moieties linked glycosidically (C-O-sugar bond) to
the hydroxyl group at C-3 to a hydrophobic aglycone nucleus (Figure 6.1). There-
fore, saponins are high molecular weight and high polar molecules. Hydrolysis of a
saponin molecule yielded glycone (sugar moiety) and aglycone (non-sugar moiety).
The diversity of the saponins is mainly due to the sugar moieties and the sapoge-
nins present. The presence of carboxyl groups in the aglycone and the glycone moi-
eties of the saponins make them acidic or neutral saponins.
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-hydrophobic nature - hydrophilic nature

Figure 6.1: Saponin molecule.

6.1.1 Glycone: sugar unit

The common sugar moieties found in plants include L-arabinose (Ara), D-fucose (Fuc),
D-glucose (Glc), D-galactose (Gal), L-thamnose (Rha), D-glucuronic acid (GlucA),
D-galacturonic acid (GalA), and D-xylose (Xyl). D-Quinovose (Qui), Glc, Ara, GlucA,
and Xyl are the most common sugar moieties in saponins isolated from marine organ-
isms. Glucose, arabinose, glucuronic acid, and xylose are most frequently directly at-
tached glycone units to the sapogenin nucleus. The sugar units in the sapogenins
could be linear or branched. The number of sugar units attached to the sapogenin unit
can be varying up to eleven and it is the highest number of sugar units found naturally
[8], with two to five sugar units being the most abundantly found in nature. Further-
more, glycosidic linkages to the sapogenin moiety through a- and B-hydroxy groups,
presence of pentose and hexose sugars, and d- (dextro) and I- (leavo) isomers of sugars
can result in a very diverse group of compounds.

The saponins are categorized into three major classes according to the structure
of aglycone unit: triterpenoid glycosides, steroidal glycosides, and alkaloid steroid
glycosides [9, 10].

6.1.2 Aglycone: Sapogenin units

The non-sugar unit of the saponin molecule is called aglycone, sapogenin, or genin.
Depending on the sapogenin present in the molecule, the saponins can be catego-
rized into three major classes: triterpenoid glycosides, steroid glycosides, and alka-
loid steroid glycosides (Figure 6.2).

Triterpenoid glycosides are the widely distributed saponin class in the Kingdom
Plantae. The triterpenes consist of 30 carbon atoms in 6 isoprene units (Cs) and polycy-
clic in nature. a-Amyrin, B-amyrin, and lupeol are the common pentacyclic triterpenoid
sapogenin nucleus found in nature. Medicinally and widely distributed important triter-
penoid glycosides contain B-amyrin backbone. Very few tetracyclic triterpenoid sapo-
genins have been reported [11, 27]. The triterpenoid glycosides contain hydroxyl group
(-OH) at C-3, hydroxymethyl group (-CH,0H) at C-26, and carboxyl group (-COOH) at
C-28 (Figure 6.3). According to the attachment of the glycone sugar units to the aglycone
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Saponins
(aglycone sapogenin unit + glycone sugar unit)

¢ | ¢

triterpenoid saponins steroid saponins alkaloid steroid saponin
Cs0 Ca7 CoN

COOH
28

HO HO HO
CH,OH
26

Figure 6.2: Classification of sapogenines.

nucleus, triterpenoid saponin can be categorized into mono-, bi- and tri-desmosidic sap-
onins (in Greek, desmos, means chains). Monodesmosidic saponins have one sugar
moiety attached to the hydroxyl group at C-3. Bidesmosidic saponins have two sugar
moieties attached to the aglycone nucleus through ether linkage to C-3 position and
ester linkage to C-28 (triterpene saponins) or an ether linkage to C-26 (furostanol sapo-
nins) positions. As the name implies tridesmosidic saponins have three sugar units and
rarely found. Recently tridesmosidic saponins were reported in dicot (dicotyledonous)
plant families commonly in Amaranthaceae, Compositae, and Fabaceae [12, 13, 27].
The feasible hydrolysis of the esterified sugar unit at C-28 resulted in monodesmosidic
saponins from bidesmosidic saponins with reduced or low biological properties. Triter-
penoid saponins generally occur in dicot families: Araliaceae, Chenopodiaceae, Eu-
phorbiaceae, Hippocastanaceae, Fabaceae, Ranunculaceae, Symplocaceae, Theaceae,
and Verbenaceae [7, 9, 10, 27]. In general, glycosylated triterpenes widely found in di-
cotyledonous plant families and very rarely in monocotyledons (monocots).

CO,CH,
28 28 O
Sugar “Glc
(0] (0]
Sugar.__ 2 Gl 2
(0] [0}
CH,0—Sugar CH,OH
26
B-amyrin sapogenin unit Diploclisin: bidesmosidic terpenoid saponin
B-amyrin sapogenin unit Diploclisin : bidesmosidic terpenoid saponin

Figure 6.3: Triterpenoid saponin glycosides.
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Steroidal glycosides are modified triterpenoids of the polycyclic molecule with 27
carbon atoms with the backbone of cholesterol. The 27 carbons are distributed in the
tetracyclic six-membered and bicyclic five-membered ring system. Steroidal glycosides
contain two rings with a hetero molecule (a five-membered pyran ring and a six-mem-
bered furan ring). Both hetero rings have a common spiro carbon atom (C-22). The
sugar unit attached to the sapogenin ring through the C-3 ether linkage makes steroi-
dal glycoside saponins. Steroidal saponins are subdivided into two groups: spirostanol
and furostanol saponins (Figure 6.4). Spirostanol saponins are characterized by the
presence of a bicyclic spiroacetal moiety at position C-22 that involves in the E and F
rings. Meanwhile, furostanol saponin possesses an O-linked sugar residue attached at
the hydroxyl group at C-26 and spiroketal at C-22 positions. Attachment of sugar unit
at C-26 in furostanol prevents the cyclization and the formation of the F ring as seen in
spirostanols.

O\Sugar

o L1 o

Spirostanol Furostanol

Figure 6.4: Types of steroid glycosides.

Steroidal saponins are not widely distributed in nature as the triterpenoid saponins
and exhibit various biological activities. They are found abundantly in monocot fami-
lies/subfamilies such as Agavaceae, Alliaceae, Dioscoreaceae, Liliaceae, Poaceae as
well as in dicot families like Fabaceae, and Solanaceae. Both triterpenoid and steroi-
dal saponins are derived from the same precursor oxidosqualene with 30 carbons.
But the difference between these two classes of compounds is that the steroidal sapo-
nins containing only 27 carbons by removing three methyl groups [7, 10].

As the name implies, alkaloid steroid glycosides contain nitrogen in the steroi-
dal sapogenin moiety (Figure 6.5). These compounds are toxic and commonly found
in the Solanaceae family. This N containing six-membered ring is a piperidine ring.
Similar to the steroidal saponins, alkaloid steroid saponins have no carboxylic acid
group (-COOH) and the attachment of the sugar moiety is through the hydroxyl group
at C-3 ether linkage. All the alkaloid sterol glycoside compounds have the same stereo-
chemistry at the C-25 methyl group, i.e., equatorial methyl group and isomers at C-22.
The N atom can be either secondary or tertiary. Recently, monodesmosidic and bides-
mosidic types of steroid saponins and alkaloid steroid saponins have been rarely re-
ported [14-16].

Table 6.1 compares the structural differences of triterpenoid, sterol, and alkaloid
sterol saponin glycosides.
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Dioscin: steroid saponin Solasodine: alkaloid steroid saponin

Figure 6.5: Steroid and alkaloid steroid saponin glycosides.

6.2 Role of saponins on plants and microorganisms

Saponins are glycosides with a characteristic foaming ability. They are bitter and there-
fore, reduce palatability. The saponins act as deterrents, toxins, and digestibility inhib-
itors to protect plants against herbivores. The mechanism is not known yet, but it is
associated with their hemolytic activity. Here the saponin compounds enlarge the
membranes of the respiratory and digestive tract, and the sapogenins in certain sapo-
nins increase the permeability of the membranes of red blood cells. In severe cases, the
membranes are destroyed and their hemoglobin escapes into the bloodstream. This he-
molytic effect varies considerably between different plant species [17-20].

For insects, it is hypothesized that steroidal saponins have close interaction with
insect molting hormones [20]. Some saponins reduce the intake and growth rate of
non-ruminant animals. For example, the saponins found in oats (Poaceae) and spin-
ach (Amaranthaceae) increase and accelerate the absorption ability of ions (Ca*"),
thus supporting the digestion process. Some weeds contain significant quantities of
toxic saponins. As an example, the legume alfalfa (Medicago sativa) is a high-protein
legume that is used in swine and poultry industries. But their consumption is reduced
due to the presence of toxic saponin: medicagenic acid which is responsible for its
antinutritional effects. Furthermore, the saponins present in corn cockle (Agrostemma
githago), soapwort (Saponaria officinalis), cow cockle (Vaccaria hispanica), and broom-
weed (Gutierrezia sarothrae) cause serious problems for grazing animals by weight
loss, diarrhea and gastroenteritis, abortion and listlessness [18, 20].

The distribution and localization of saponins in root systems found abundantly
as a defense mechanism to protect young plants from microbial attacks. These
types of chemical compounds known as phytoprotectants. For example, the major
saponin from Avena sp. (oats), avenacin A-1, is localized in the epidermal cell layer
of oat root tips and also in the lateral root initials. These saponins act as chemical
barriers to invading soil-borne microbes that attack plant tissues [21]. These sapo-
nins in the outermost epidermal cell layer act as the first barrier for the pathogenic



K. G. N. P. Piyasena, M. M. Qader

120

OH

/m ‘ OH £ JOH
44
L 2 NH \
dnoi8 HOOD
ON ¢€-D 1e dnoiS HO eIA paydeye s Jesns auodh|o
uopisod

|euiozenba ay3 ur skemje si gz-J 1e dnouS jAylew
191udd oslds B SI ZZ-D

Joupjsoinf

(S 40 1e101) SSULI palaqUIBW dAl-Z PUB PAIBqUAW XIS-€
jJoupjso.ids (sSuu

9 J0 |e103) SSUlJ PaJaqWAW dAL-Z PUB PAIBGIBW XIS-#
Suli uesAd pasaquiaw-aAly 03 payoene S| Q pue
(suipuadid) Sul ueiny pasaquidaw-xIs 0} paydelle si N

juasaid ale uaSoujiu pue uasAxQ
auogp|deq 10431530y /Z-D

OH

7
Gz 9¢ O \

dnoiS HOOD ON

‘g-) 1 dnois HO eIA paydeje S| 1esns auodA|n
(jouejsouids)

19Wos10a191s B SI -] 1e dnois jAylep

J91udd oulds e SI ¢z

Joupjso.inf (s Jo 1e103)

SSulI paJaquaw dAl-Z pUe palaqua XIs-€
Joupjso.ids (sSuli 9 Jo |ej03)

sSull paIaquaW dAl-Z PUB PAIaqUIW XIS-#
Suyi ueany pasaquaw-xis pue Sul uelAd
palaquaw-aAlj Ul PaAjoAUl ale () SWOlR01313H

juasaud si (7) uasAxQ
auoqgydeq 1043153]10Yd /T-D

92
HOHO
OH

8¢
HOO?,

9¢-) e dnoiS HO 10 8¢-) 1e dnoiS HOO)D
‘g-)1e dnois HO eIA paydelie s JesSns auodA|n

GZ-) 1e dnous JAylow oN
ujuagodes ayj uj s1a3uadd oJids oN

(s8ul g Jo

]e101) SSull paiaquiaw X|s-§ ujeyuod ujussodes
waisAs Suu

ujuasSodes ayj ul paAjOAU] JOU S| WOIR0IIIDH
jun ujuaSodes

ay3 uj Juasaid wojeoialay Ajuo ayy si uasAxQ
auoqydeq upAwe-g pg-) ulejuod ujuagodes

sapis03£)S 10133s piojey|y

sap1s0d£)S jo1alg

sap1s024)8 plouadiayi)

*S9p1S02A18 ujuodes Jo S9IUBIBYIP |RINIINIIS T°9 d)qe]



6 Saponins =— 121

microbes to invade the plant tissues. Here the steroidal saponins are stored in plant
vacuole as an inactive bidesmosidic form. When the pathogenic fungi damage the
plant tissues bidesmosidic saponins are activated and hydrolyze the D-glucose unit
by B-glucosidase enzymes forming toxic monodesmosidic saponins [22]. This active
form of saponins disrupts the fungal plasma membrane by forming membrane
pores in association with fungal sterol: ergosterol, eventually, which causes fungal
cell death [23]. Similarly, the saponins stored in phloem attacks the insects or root-
knot nematodes that feed on phloem sap [24]. Though the saponins are sensitive to
the pathogenic microbes and attacking animals, they are sensitive for the plants
too. They show phytotoxicity for the growth of radicals and hypocotyls. It is known
that a high dose of medicagenic acid saponins inhibits plant growth. The structure
reactivity relationship studies on saponins against phytotoxic activity show that
monodesmosidic saponins are more active than the bidesmosidic saponins [25, 26].

6.3 Biosynthesis of saponins

Both sterol and terpenoid saponins are the largest and structurally diverse natural
products derived from mevalonate pathway. The special feature of these compounds
that biosynthesized in this pathway is derived from Cs isoprene units (fundamental
building block) connected in head-to-tail combinations. Cyclization, rearrangements,
loss of carbons, different combinations of isoprene units (tail-to-tail and/or head-to-
head), transamination, and glycosylation reactions result in a structurally diverse
array of natural saponins. The fundamental isoprene units are derived from the con-
densation reactions of three molecules of acetyl coenzyme A to form mevalonic acid.
Mevalonic acid is the precursor of isoprene units. 3-Isopentenyl pyrophosphate (IPP)
(Cs) and its isomer dimethylallyl pyrophosphate (DMAPP) (Cs) are the two common
forms of isoprene units. IPP is isomerized to DMAPP by isomerase enzyme stereospe-
cifically, this isomerization is in equilibrium and mainly favors the formation of
DMAPP (Figure 6.6). Triterpenes and sterols are made of six isoprene units (Cs) and
squalene (Csp) is the first common precursor.

)\/\ HY 2 )\/\
opp = Ox~ oep X-"opp
H H

Isopentyl pyrophosphate Dimethylallyl pyrophosphate
(IPP) (DMAPP)

Figure 6.6: Isoprene units.
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In the cytoplasmic matrix of the cell (cytosol), one molecule of IPP condensed
with its isomer DMAPP to form a monoterpene called geranyl pyrophosphate (GPP,
Cio) and further condensation with one molecule of IPP to form a sesquiterpene
(Ci5) called farnesyl pyrophosphate (FPP, C;5) by the enzyme prenyltransferase. The
stereospecific enzymatic reactions catalyze the head-to-tail condensations of the iso-
prene units. Then two molecules of FPP condense to form triterpene squalene by the
enzyme squalene synthase. For this condensation one molecule of NADPH is involved
and eliminated as NADP by supplying hydride. The conversation of squalene-2,3-epox-
ide: the cyclization form of squalene, by the squalene epoxygenase enzyme, involves
one molecule of NADPH and O,. Up to this point i.e., formation of squalene-2,3-epox-
ide, the biosynthesis represents the same steps for triterpenoid, steroid, and steroid al-
kaloid sapogenins.

The protonation of epoxide group will generate a tertiary carbocation, and the
electrophilic addition reaction to a double bond form six-membered ring. This process
continues by generating carbocations after each ring formation until tertiary protosteryl
cation is formed (Figure 6.7). The stereochemistry of the tertiary cation is controlled by
the enzymetic action. This cation will undergo a series of Wagner-Meerwein rearrange-
ments (1,2-hydride and 1,2-methyl shifts) to synthesize lanosterol and cycloartenol. The
biosynthesis of cholesterol in algae and green plants use cycloartenol, while for fungi
and non-photosynthetic organisms use lanesterol as the intermediate. Cycloartane tri-
terpenes are the most abundant terpene saponins in higher plants.

Furthermore, squalene-2,3-epoxide is folded into another form of confirmation
by the action of cyclase enzyme to form the dammarenyl cation. Though the both
protosteryl and dammarenyl cations are synthesized by the squelene epoxide their
stereochemical properties are different. This dammarenyl cation undergoes further
carbocation promoted cyclizations especially by relieving the ring strain of the D ring
from five-membered to six-membered forming baccharenyl cation. Furthermore, car-
bocation directed ring expansions give lupenyl, olenyl, and taraxasteryl cations to
yield lupeol, B-amyrin, and a-amyrin respectively. These pentacyclic triterpenoid
skeletons are commonly found in triterpenoid sapogenins (Figure 6.7).

The steroidal sapogenins are C,; sterols in which the side chain of cholesterol
had modified to produce a spiroketal or spiroacetyl center. The biosynthesis of furo-
stanol and spirostanol sapogenins is believed to be from a hypothetical cholesterol
intermediate (16,26-dihydroxy-22-oxo-cholestan) Alkaloid sterol saponins are nitro-
gen analogues of steroid saponins. Here the nitrogen atom is introduced by the
transamination reaction using arginine as the precursor amino acid. However, natu-
ral steroid sapogenin and alkaloid steroid sapogenins are very closely related and
share the same biosynthesis and metabolism (Figure 6.8) [3, 7, 10, 27-30].
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Figure 6.7: Biosynthesis of triterpenoid, steroid, and alkaloid sterol sapogenins.
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Figure 6.8: Biosynthesis of furostanol and spirostanol sapogenins.

6.4 Pharmacologically important saponins
from plants

Epidemiological research studies suggested that diet is one of the major important
environmental factors contributing to the etiology of the most predominant forms of
non-communicable diseases such as diabetes, cancer, hyperglycemia, cardiovascular
disease, and hyperlipidemia. Plant food sources contain macronutrients as well as a
wide range of micro components such as enzyme inhibitors and secondary metabo-
lites, saponins, alkaloids, and flavanones. These microcomponents are named “nutra-
ceuticals” or “phytochemicals,” which are considered as non-essential micronutrients
possessing a vital role in maintaining human health [31, 32]. These microcomponents
are recognized as biologically active secondary metabolites of the plant food sources.
Their contribution to the prevention of chronic diseases/non-communicable diseases
is currently being intensively studied [31, 33]. Biological activity of saponin is being
explored in a large number of research groups in the world with the hope of identify-
ing novel bioactive compounds as drug targets to combat non-communicable dis-
eases. In order to restrict the usage of conventional medicine for non-communicable
diseases, there is a growing trend of consuming food plants that are rich in biologi-
cally active secondary metabolites. Saponins are an important group of secondary me-
tabolites recognized with a wide range of pharmacological and cosmetic applications.

Saponins, which are composed of a sugar moiety linked to a hydrophobic agly-
cone (sapogenin), are widely distributed plant natural products with massive struc-
tural and functional diversity. They are the key ingredients of many herbal drugs
employed in phytotherapy, traditional herbal cosmetics, and in folk medicines. Cur-
rently, commercially available crude drugs produced using seeds, leaves, stem bark,
roots, and rhizomes of higher plants contain a considerable amount of saponins
which are responsible for the efficacy of the crude drugs [34]. The amphiphilic nature
of saponins, due to their lipophilic aglycones linked to hydrophilic carbohydrate/
sugar side chains, is responsible for the surface-active and numerous pharmacologi-
cal properties of saponins. The wide range of biological activities of saponins de-
pends on the source and unique chemical structure [31]. As some form of saponins
are the starting material for the semi-synthesis of steroidal drugs, they have also
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been used in the pharmaceutical industry. In consideration of the physiological, im-
munological, and pharmacological properties of saponins, clinical studies are also
being carried out [35].

Food sources rich in saponins have traditionally been known as “antinutri-
tional factors” while some food sources have a limited consumption due to bitter
taste. As ongoing scientific studies proved the health benefits of plants containing
saponins, consumption of food and non-food sources of saponins is being increased
significantly. Recent research showed that the active chemical constituent of many
herbal medicines/foods which contribute to the relevant health benefits are sapo-
nins. For example, most commonly used food sources such as soybeans (Glycine
max) and garlic (Allium sativum) are rich in biologically active saponins. A single
plant species contains a chemically diverse mixture of saponins and showed a wide
range of pharmacology activities [34]. Moreover, the key ingredients of traditional
Chinese medicine are polyphenols and saponins [36].

A considerable quantity of saponins is present in many food plants. The predomi-
nant food sources which contain saponins are legumes: chickpeas (Cicer arietinum),
soybeans (G. max), broad beans (Vicia faba), kidney beans (Phaseolus vulgaris), pea-
nuts (Arachis hypogaea), and lentils (Lens culinaris). The other dietary sources which
are rich in saponins are tea (Camellia sinensis), oats (Avena sativa), asparagus (Aspar-
agus officinalis), sugar beet (Beta vulgaris), spinach (Spinacia oleracea), Allium spp.,
and yams. The major non-food saponins rich sources are soap bark tree (Quillaja sap-
onaria), ginseng (Panax spp.), fenugreek (Trigonella foenum-graecum L.), alfalfa (Med-
icago sativa), soapwort (Saponaria officinalis), licorice (Glycyrrhiza glabra), Mojave
yucca (Yucca schidigera), Gypsophila paniculata, Smilax regelii, and horse chestnut
(Aesculus hippocastanum) are used in medicinal and industrial applications [34, 37].
Saponins with complex structural and functional diversity have been reported from
soybeans and ginseng [38, 39].

Ginseng (Panax spp.), a functional food and health-enhancing supplement, has
been used in East Asia for thousands of years. Recently, many clinical trials have
been carried out to evaluate the pharmacological properties of ginseng in Western
countries as well as in Eastern countries. More than 100 different saponins with dif-
ferent pharmacological activities such as antitumor, antioxidant, antifatigue, neuro-
protective, and osteoclast genesis inhibitory effects have been reported from the root
of Panax ginseng (red ginseng) [40]. Major biological active saponins in P. ginseng are
called ginsenosides and comprise triterpenoid dammarane structures. More than 30
ginsenosides have been identified from ginseng which are beneficial for conditions
like diabetes mellitus, cancer, as well as disorders of the cardiovascular system and
immune system [41].

Fenugreek (Trigonella foenum-graecum L.) has long been utilized as a traditional
medicine possessing restorative properties as well as pungent aromatic properties;
hence, it is used as a spice for curry preparation in Asian and Mediterranean countries.
Furostanol-type saponins (1), isolated from fenugreek, increased food consumption,
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induced hyperinsulinemia, and reduced plasma total cholesterol levels without change
in triglycerides [42]. The crude drug was prepared by using dry roots of Bupleurum
frutescens which contained saikosaponins. This crude drug is traditionally used in
the treatment of inflammation and it is listed in Chinese and Japanese pharmaco-
poeias [43]. Moreover, the roots of Chlorophytum borivilianum are extensively uti-
lized in many therapeutic applications in the traditional medicine system in India
for diabetes, arthritis, and increasing general body immunity. It possesses sper-
matogenic property and is used to cure impotency. Dried roots of C. borivilianum
contain 2-17% of saponins that have been used as an alternative to “Viagra” [44].
Another important plant material, licorice, the root of Glycyrrhiza glabra, G. uralensis,
and their varieties belong to family Fabaceae, is utilized as medicine since ancient
times in Western and Eastern countries. Licorice has been utilized as an expectorant,
antitussive agent and sweetening agent in Western countries while it has been de-
scribed as a drug for increasing physical strengthening and curing wounds in China.
It is also used as an antidote and to treat throat and skin inflammation. It contains
saponin, particularly glycyrrhizin (2) which is sweet in taste, exhibiting low hemo-
lytic index and is clinically effective for the treatment of gastric ulcers [45].
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Saponins have shown a wide range of biological activities and are thus used as tra-
ditional medicine for a long period; in addition, they have also been found to affect
the growth and reproduction in animals [46]. Some of the important biological ac-
tivities of saponins are discussed in detail below.

6.4.1 Hemolytic properties

It is revealed that plants containing saponins possess hemolytic properties toward
red blood cells. For examples, the seeds of Barringtonia asiatica, which are known to
contain saponins, have been utilized to catch fish by native Asian and Pacific fisher-
men from ancient times. The deadly effect of saponins on cold-blooded animals is
documented comprehensively in Australian history by Aboriginal cultures who used
saponins-containing plant materials as fish poisons [38, 44]. Saponins possess hemo-
Iytic properties which are generally attributed to the impairment of erythrocyte mem-
brane leading to rupture of erythrocytes. Hemolytic action is triggered by the affinity
of the aglycone moiety for membrane sterols [35]. It is reported that in contrary to
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free aglycone, all oleanolic acid glycosides including Glucuronide F (3) and Glucuro-
nide D, (4) isolated from Calendula officinalis are hemolytic agents [47]. The level of
hemolytic activity depends on the type of aglycone and the sugar side chains of the
saponin molecule. Saponin mixture isolated from Maesa lanceolata Oleanolic sapo-
nin mixture showed high hemolytic activity [44].

“'CO0-Gle

6.4.2 Anticarcinogenic activities

Saponins possess anticarcinogenic activity via numerous mechanisms. The cytotoxic
effect of saponins against tumor development has been evaluated by in vitro and in
vivo studies. The key ingredients in several herbal medicines which are used as che-
motherapeutic agents are saponins. Chinese herbal drug Yunan Baiyao showed cyto-
toxic activity in several cancer cell lines [31]. The root of P. ginseng has been widely
used in some Asian and Western countries as a promising remedy with cancer-preven-
tive effects and was found to possess cytotoxic and anti-metastatic activities against
numerous types of cancer cell lines [48]. Ginsenosides Rh2 (5) and Rg3 (6), which are
constituents of red ginseng, inhibited the proliferation of prostate cancer cells, while
Ginsenoside Rh 2 (5) inhibited in vitro human ovarian cancer cell (HRA) proliferation
in a dose-dependent manner at concentration ranged from 10 to 100 pL. In addition,
ginsenoside Rh2 (5) showed a reduction of cell proliferation and increasing of sub-G1
cells in two cultured intestinal cell lines: Int-407 and Caco-2 [49].

Steroidal glycosides have been identified from different species of Allium and the
tumor-inhibitory effects of these compounds have been studied using several experi-
mental models. For example, several spirostanol glycosides isolated from different Al-
lium species displayed fairly high cytotoxic activity on promyelotic leukemia cells
HL-60. The spirostanol saponin eruboside-B (7) isolated from A. leucanthum exhibited
in vitro cytotoxic activity against A549 WS1, and DLD-1 cells [50]. Similarly, tubeimo-
side-1 was isolated as a major bioactive constituent of the traditional Chinese medicinal
plant Bolbostemma paniculatum, which is widely utilized for the cure of tumors. This
compound exerts anticancer activity by the induction of apoptosis, arresting cell cycle,
and inhibiting metastasis by specifically targeting multiple signaling pathways which
are generally deregulated in various cancers [51]. Moreover, saponin fractions from
Crocosmia crocosmiiflora displayed significant anti-tumor activities against Ehrlich
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ascites carcinoma in Jd-ICR mice, glycyrrhizin (2) exhibited antimutagenic activity,
while soyasaponin I from Wisteria brachybotrys remarkably inhibited mouse skin
tumor promotion [52].

Another example of anticarcinogenic properties of saponins is the crude extract of
Hedera helix which has exerted a cytotoxic activity on Ehrlich tumor cells, both in vitro
and in vivo. Chemical constituents isolated from this plant, a-hederin (8) and p-hederin
(9), exhibited cytotoxicity as well as antimutagenic properties [45]. A preliminary
screening confirmed that a-hederin (8) has cytotoxic effects on mouse B 16 melanoma
cells and in 3T3 mouse fibroblasts at relatively low concentrations [52].
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6.4.3 Molluscicidal activity

Schistosomiasis is also known as snail fever caused by a parasite, Schistosoma, which
is served by intermediate hosts of certain species of aquatic snails. Bulinus and Bio-
mphalaria, which cause urinary bilharzia, act as intermediate hosts in the life cycle of
Schistosoma. A high prevalence rate of schistosomiasis has been reported in African,
Asian, and South American countries. Due to the increasing costs of synthetic mollus-
cicides, plants that could kill snails have drawn attention as less expensive and en-
vironmentally friendly alternatives. Saponins that are present in those plants are
highly toxic to molluscs and have been investigated as molluscicides for the control
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of schistosomiasis [53]. Most saponins are toxic to cold-blooded species, whereas they
exert only weak toxicity on warm-blooded species upon oral administration, which
might be attributed to low absorption rates. Molluscicidal activity against Pomacea ca-
naliculata was observed in monodesmosidic saponin, 3-O-B-D-glucopyranosyl- (1->3)-
a-L-arabinopyranosyl phytolaccagenic acid (10) [54, 55]. Two of the saponins isolated
from Swartzia simplex exhibited a very high molluscicidal activity against the schisto-
somiasis-transmitting snail Biomphalaria glabrata. Three saponins, 3-O-3-D-glucopyr-
anosides of hederagenin (11), bayogenin (12) and medicagenic acid (13), isolated from
roots of Dolichos kilimandscharicus exhibited molluscicidal activity against B. glabrata
[56]. Moreover, a six-oleanane-type triterpenoid saponin mixture isolated from Maesa
lanceolata was tested for molluscicidal activity against B. glabrata with LDgs and LDsq
values of 4.1 and 2.3 pg/ml, respectively [57].
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6.4.4 Vaccine adjuvant and immunostimulant

An adjuvant can be used for improving the response of immunogenicity of weak anti-
gen, enhancing the effectiveness of vaccine and decreasing the amount of antigen/im-
munizations [58]. New generations of vaccines are based on the recombinant proteins
and DNA; therefore, their reactogenicity and immunogenic properties are probable to
be less than vaccines currently used. Hence, there is a requirement for the improve-
ment of new vaccine adjuvant. Though a wide range of adjuvants have been utilized
as experimental vaccines trials, most of these materials have limited their potential
applications due to undesirable side effects. One of the well-known steps undertaken
to address this issue was the identification of saponins from Quillaja saponaria with
adjuvant activity. The most active fractions isolated from Q. saponaria as vaccine ad-
juvants were QuilA and QS-21 (14). Quil A, which is composed of more than 23 differ-
ent saponins, has been used successfully for veterinary applications. QS-21 (14) has
been assessed as an adjuvant for DNA vaccines and also showed significant dose re-
duction during HIV-1 envelope subunit immunization in humans. Nevertheless, there
are serious drawbacks associated with the use of these active compounds QuilA and
QS-21 as a vaccine adjuvant, particularly, the high toxicity and undesirable hemolytic
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effects, thus limiting their usage in human vaccination [59]. These saponins alone or
incorporated into immunostimulating complexes (ISCOMs) are utilized as adjuvants in
commercially available some veterinary vaccines and have been studied as adjuvants
in human experimental vaccines [60—62].

Apart from Q. saponaria, saponins isolated from several other plants have also
displayed immunostimulator properties. The sponins from the root of Achyranthes bi-
dentata was reported as immunostimulator while the Chinese traditional herb Astraga-
lus which is believed to strengthen and boost the immune system was reported with
triterpene saponins like astragalosides I-X, isoastragalosides I-IV and soyasaponin 1.
Moreover, the chromatographic separation of root extract of Panax notoginseng af-
forded seven adjuvant active protopanaxatriol-type saponins while the oral administra-
tion of ginseng extract was reported with enhanced antibody response and blood
lymphocyte proliferation in human [59, 60].
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6.4.5 Antiviral activity

Rosamultin (15) isolated from Sargentodoxa cuneate and TS s21 (16) isolated from
Thinouia coriacea showed antiherpetic (HSV-1) activity with ECsy values of 25 and
2.7 UM respectively. Rosamultin (15) inhibited the viral capsid protein synthesis of
herpes simplex virus type 1, while TS s21 (16) inhibited herpes simplex virus type 1
DNA synthesis [63].
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6.4.6 Hypocholesterolaemic activity

Experiments with animal models revealed that plants containing saponins possess
the ability to inhibit cholesterol absorption from the intestinal lumen, and, conse-
quently, reduction of the concentration of plasma cholesterol. This may be due to
saponins combine with cholesterol in the digestive tract and formed complex forma-
tion or plant saponins directly involve on cholesterol metabolism. Particularly, the
cholesterol-lowering effect of garlic (Allium sativum) is attributed to the presence of
steroid saponins. A low plasma total and LDL (low-density lipoprotein) cholesterol
concentrations without any change in the HDL (high-density lipoprotein) cholesterol
level was observed in rats fed with saponin-rich fraction from raw garlic at 10 mg/kg/
day [50].

6.4.7 Regulation of blood glucose concentration

In vitro and in vivo studies revealed that the root of P. ginseng and other ginseng
species possess anti-hyperglycemic activity and increases glucose homeostasis [40].
Pharmacological studies demonstrated that Ginsenoside Rb2 (17) was highly effective
with its ability to significantly decrease the blood glucose level with increased regula-
tion of glucokinase and glucose 6-phosphatase.

In addition, anti-hyperglycemic and antiobesity effects of P. ginseng berry extract
were identified and its major constituent, Ginsenoside Re (18), was found to be the
active compound. The active compound isolated from the American ginseng (P. quin-
quefolius), Ginsenoside Rb1 (19), was found to enhance glucose-stimulated insulin se-
cretion [40, 49].
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Ginsenoside Rg1(20) exhibited normalizing of blood pressure and also ginseng can be
used as in treatment of pulmonary and systemic hypertension. Furthermore, Ginseno-
sides Rg1 and Rg3 isolated from root of P. ginseng exhibited anti-platelet and anti-ath-
erosclerotic properties that may be used to prevent and treat for certain thrombotic and
atherosclerotic disorders [49].

6.4.8 Antifungal activity

Antifungal activity of saponins has been known from ancient times. It is revealed that
tigogenin saponins, 21, 22, 23, and 24 with a sugar moiety of four or five monosaccha-
ride units possess remarkable activity against Candida neoformans with minimum fun-
gicidal concentration (MFC) comparable to the positive control amphotericin B as well
as significant activity against Aspergillus fumigatus without exhibiting cytotoxic activ-
ity on mammalian cells [64]. Moreover, glucuronide F (3) and glucuronide D, (4) iso-
lated from Calendula officinalis showed antifungal activity against Trichoderma viride
[47] while eruboside-B (7) from garlic (Allium sativum) exhibited antifungal activity
against C. albicans with a MIC of 25 mg/mL [65]. Quinoa saponins isolated from Cheno-
podium quinoa were found to have significant antifungal activity; the crude saponin
mixture showed activity against C. albicans with a MIC of 50 pg/mL; however, the puri-
fied individual compounds of saponins exhibited significantly little or no activity, sug-
gesting some possible synergistic interactions between saponin mixture [55].
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21 = R = Gal(4-1)-Glc[(3-1)Xyl](2-1)Glc(3-1)Rha
22 = R = Gal(4-1)-Glc[(3-1)GIc](2-1)Glc(3-1)Rha
23 = R = Gal(4-1)-Glc[(3-1)Xyl](2-1)Glc

24 = R = Gal(4-1)-Glc[(3-1)Xyl](2-1)Glc(3-1)Xyl

6.5 Conclusion

Saponins are widely distributed among plants and are important in human and ani-
mal nutrition. The biological properties of plants that are rich in saponins have
been utilized since ancient times and currently, extensive research is ongoing to
scientifically validate these bioactivities.
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7 Acetylcholinesterase inhibitory activity
of spices and culinary herbs

7.1 Introduction

Cholinesterases play an important role in the area of neurobiology, toxicology, and
pharmacology, out of which acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) are vital in nerve impulse transmission [1]. The enzyme AChE catalyzes the hy-
drolysis of the ester bond of acetylcholine to terminate the nerve impulse transmission
at the cholinergic synapses [2]. Compounds that are capable of suppressing the activity
of AChE are known as AChE inhibitors or anticholinesterases. Anticholinesterases in-
hibit AChE enzyme, thereby increase the levels of acetylcholine near the synaptic cleft
of cholinergic neurons. Prolonged availability of acetylcholine facilitates the choliner-
gic nerve impulse transmission process in patients with cognitive decline. AChE inhib-
itors are used to treat many pathological conditions, including Alzheimer’s disease
(AD), Parkinson’s disease, myasthenia gravis, postural tachycardia syndrome, etc. AD
is one of the progressive neurodegenerative diseases that affect memory and cognitive
behaviour [3-4]. People of age over 60 years are affected most and it is one of the
major causes of dependency among elderly people. About 5% of the world’s elderly
population (47 million people) was affected with dementia in 2015, and this figure is
predicted to increase to 75 million in 2030 and 132 million by 2050. At present nearly
60% of people with dementia live in low- and middle-income countries [5].

There are many synthetic and natural anticholinesterases. Donepezil, tacrine,
metrifonate and galantamine are anticholinesterases approved by the United States
Food and Drug Administration (FDA) and currently in use. Galantamine is a plant-
derived natural product [6]. In traditional medicine, many plants have been used to
treat cognitive disorders. A large number of plants have been screened using well-
established in vitro methods. Ethnopharmacological approach and bioassay-guided
fractionation have facilitated the identification of potential anticholinesterases [7].
The majority of plant-derived compounds with anticholinesterase activity can be
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categorized into alkaloids, terpenes, sulfur compounds, and phenolic compounds
including flavonoids, benzenoids, stilbenes, lignans, oxygen heterocycles, etc [2].

Simple and rapid screening methods are essential for finding novel therapeutic
agents with AChE inhibitory activity. Popular screening methods include UV-visible
spectrometric assays, fluorimetric assays, diffractometric assays, mass spectrometric
assays, histochemical localization of AChE, colorimetric sticks or strips, radiometric
assays, TLC bioautography assays, biosensors and chip techniques [1]. Among these,
common methods are UV spectrometric assays and TLC bioautography method based
on Ellman’s [8] and Marston’s [9] methods.

7.2 Spices with AChE inhibitory activity

Spices are a vital component in an everyday meal among South Asians and are cul-
turally linked with the lifestyle. Recent studies have shown that spices provide much
more health benefits than just a flavor in food [10]. Research findings over the past 10
years have indicated that phytochemicals derived from various spices such as Cinna-
momum zeylanicum, Coriandrum sativum, Curcuma longa, Garcinia cambogia, Myris-
tica fragrans, Piper nigrum, Syzygium aromaticum, and Tamarindus indica slow down
or delay the onset of neurological diseases via multiple mechanisms [6].

a) Cinnamomum zeylanicum Blume (cinnamon)

Ceylon cinnamon or true cinnamon, is the dried bark of Cinnamomum zeylanicum,
belongs to the family Lauraceae. C. zeylanicum is used both in the food industry
and in indigenous medicine. C. zeylanicum is the most important spice, which was
used since ancient times for many purposes such as medicine, spice, perfumery ma-
terial, and soft drink. Sri Lanka is the world’s largest producer and exporter of the
best quality cinnamon to the world [11]. It possesses many medicinal properties
such as sugar control, antioxidant, anti-inflammatory, and antimicrobial activity
[12]. Traditionally it was also used for diabetes in Ayurveda and Chinese medicine.
C. zeylanicum is used to treat stomachic and carminative for gastrointestinal com-
plaints as well as other ailments, including toothache [13].

Water and ethanol (EtOH) extracts of bark of C. zeylanicum showed anticholines-
terase activity of 46.84 + 0.003% and 40.83 + 0.005%, respectively, at 100 pg/mL [14].
Eugenol (Figure 7.1; (1)), one of the major components of the bark of C. zeylanicum
showed anticholinesterase activity of 0.48 + 0.16 mg/mL and the positive control gal-
antamine 0.38 + 0.16 pg/mL [15].
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OCH;
HO

1 Figure 7.1: Anticholinesterase active compound of C. zeylanicum.

b) Coriandrum sativum L. (coriander)
Coriandrum sativum belongs to the family of Apiaceae and is native to Western Asia,
Eastern Mediterranean region and Europe. Leaves of C. sativum have a distinctive
aroma. Both leaves and dried fruits are used as spice [16]. C. sativum is used in tradi-
tional Indian medicine to treat digestive, respiratory, and urinary system disorders.
In the European traditional medical system, the fruits of C. sativum are used to
strengthen memory [17]. C. sativum is reported to have interesting biological activities
including antioxidant, anti-mutagenic, antihelmintic, sedative-hypnotic, anticonvul-
sant, antimicrobial, diuretic, cholesterol-lowering, hypolipidemic, hypoglycemic,
antifeedant, anticancer, anxiolytic, hepatoprotective, cardioprotective, antiprotozoal,
antiulcer, post-coital anti-fertility and heavy metal detoxification activities [18].
Methanol (MeOH) extract of Sri Lankan C. sativum seeds did not exhibit any
AChE inhibitory activity in the assay, whereas n-hexane and dichloromethane (DCM)
extracts showed low activity with ICs, values greater than 100 pg/mL. Ethyl acetate
(EtOAc) extract showed the highest activity (ICso, 63.51 + 0.08 pg/mL) among the four
extracts [19]. Previous studies have shown leaf MeOH extract to have AChE inhibitory
activity of 36.25 +5.3% at 0.1 mg/mL where positive control physostigmine showed
IC50 of 0.075 +0.003 pg/mL [20]. Further, fresh leaves of C. sativum showed a dose-
dependent improvement in memory scores of young as well as aged rats [21].

c) Curcuma longa L. (turmeric)

Curcuma longa belongs to the family of ginger, Zingiberaceae, and it is indigenous
to the Indian subcontinent [22]. Turmeric is widely used in the indigenous system of
medicine and Ayurvedic systems for centuries to treat various ailments including
inflammation and diseases such as biliary disorders, anorexia, cough, diabetic
wounds, hepatic disorders, rheumatism, and sinusitis [18]. Turmeric is one of the
most commonly used herbal medicine with various activities including antioxidant,
apoptotic, antidepressant, antifungal, antiplatelet, antispasmodic, antiarthritic, hy-
poglycemic, hypotensive, antibacterial, leishmanicidal, antigenotoxicity, cardiopro-
tective, neuroprotective, wound healing, cytoprotective by induction of heat shock
protein [23]. Curcuminoid (Figure 7.2; curcumin (2), demethoxycurcumin (DMC) (3)
and bisdemethoxycurcumin (BMC) (4)) is the important class of compounds that is
responsible for most of the bioactivities mentioned above [24].
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Kalaycioglu and co-workers reported BMC (4) to have the highest anticholines-
terase activity (ICso 2.14 + 0.78 pM) while the positive control galantamine had ICs,
2.41+0.12 pM. The lowest activity (IC5q 51.8 + 0.6 uM) was found in curcumin (2)
[25]. In vitro studies indicated that curcumin (2) has anti-amyloidogenic, antioxida-
tive, anticholinesterase, -secretase and anti-inflammatory properties while in vivo
studies resulted in inhibition of amyloid beta (AB) deposition, AB oligomerization,
and tau phosphorylation in the brains of AD animal models and improvements in
behavioral impairment in animal models with the potential to prevent AD [24].
Though curcumin (2) is one of the promising candidates for AD, low bioavailability
after oral administration limits its use. Many studies were conducted with intrana-
sal route of administration for the central nervous system [26]. A study conducted
in combination therapy of curcumin and donepezil supports the concept that the
combination strategy might be an alternative therapy in the management/preven-
tion of neurological disorders [27]. Several preclinical studies have resulted in bene-
ficial effects of curcumin in AD, although the number of human studies is limited.
According to these results, curcumin may stabilize or prevent cognitive decline [28].
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Figure 7.2: Structures of anticholinesterase active curcuminoids.

d) Garcinia cambogia Desr. (garcinia)

Garcinia cambogia (formally Garcinia gummi-gutta) belongs to the family Clusiaceae and
is grown in South Asian countries. The herbal preparations made using G. cambogia
rinds are used to treat inflammatory ailments, rheumatic pains, and bowel complaints.
The fruit is considered to be anthelmintic and cardiotonic. The juice (sherbet) made
from the rind is used for piles, hemorrhoids, colic problems, ulcers, inflammations, treat
sores, dermatitis, diarrhea, dysentery, ear infections, to facilitate digestion and to pre-
vent hyper perspiration [29]. Biological activities of G. cambogia include appetite-
suppressant, antiobesity, hypolipidemic, antidiabetic, anti-inflammatory, antioxidant,
hepatoprotective, anticancer, antiulcer, anticholinesterase, antimicrobial, anthelmin-
tic, and diuretic activities, and effects on fertility such as increasing sperm count and
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lowering the level of testis meiosis-activating sterol responsible for spermatogenesis
[30]. n-Hexane and DCM extracts from fruits of Sri Lankan G. cambogia showed high
activity against AChE with ICs, values of 42.74 + 0.10 pg/mL and 61.44 +0.08 pg/mL
[19]. Another study indicated aqueous extract of fruit rind of G. cambogia (67.3% at
1 mg/mL concentration) showed a dose-dependent inhibition of AChE extracted from
heart homogenate of male rat of Wistar strain. The positive control neostigmine inhib-
ited AChE to an extent of 92% at 1 mg/mL [31]. Garcinol (Figure 7.3; (5)), a major com-
pound isolated from G. cambogia fruit, exerted anticholinesterase activity of 1Csy of
0.66 +0.02 pM, which is very close to the positive control galantamine (ICso 0.5 +
0.01 uM) [32]. Liao and co-workers showed that garcinol acts as a neuroprotective
agent by inhibiting the expression of inducible nitric oxide synthase and cyclooxygen-
ase-2 in lipopolysaccharide activated macrophages [33].

Figure 7.3: Structure of anticholinesterase active
5 compound of G. cambogia.

e) Myristica fragrans Houtt. (nutmeg and mace)

Myristica fragrans is a medium- to a large-sized, aromatic evergreen tree that belongs
to the family Myristicaceae. Various parts of this plant are used in the food industry
and indigenous medicine. M. fragrans seeds are used to support digestion, treat diar-
rhea, rheumatism, and to improve cognitive activity of patients having AD, as well as
to treat mouth sores and insomnia. Essential oil from M. fragrans seeds has stress-
relieving activity; hence, it is used in aromatherapy [34]. Seeds of M. fragrans showed
memory-enhancing activity attributed to a variety of properties, including antioxi-
dant, anti-inflammatory, and procholinergic activities [35].

Seeds of M. fragrans relieve the symptoms of Alzheimer’s disease, as they directly
affect AChE activity in the brain [34]. Aqueous alcoholic extract of M. fragrans seeds
inhibited 50% of AChE activity at concentrations of 100-150 pg/mL in a study that has
used AChE obtained from bovine erythrocytes [36] and 50% aqueous methanol extract
showed an ICs, value of 1,024 = 11 pg/mL [37]. Thirteen compounds were isolated from
the MeOH extract of M. fragrans seeds, among which 4-[(1S)-1-hydroxy-3-(4-hydroxy-3-
methoxyphenyl)propyl]-1,3-benzenediol (Figure 7.4; (6)) showed the highest anticho-
linesterase activity [38]. n-Hexane extract of M. fragrans seeds significantly inhibited
AChE activity in the brain of Swiss albino mice [39]. Monomer compounds having an
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acylphenol moiety; malabaricones A, B, and C (Figure 7.4; (7-9)) exhibited significant
interaction with AChE, showing ICs, values 11.0 + 2.1 pM, 9.0 £ 1.6 pM, 11.7 + 2.5 pM,
respectively (ICso, 0.11 £ 0.02 uM for positive control tacrine) [40]. n-Hexane, DCM,
EtOAc and MeOH extracts of dried fruit aril of Sri Lankan M. fragrans showed high
AChE inhibitory activity with ICs, values of 29.03 + 0.11 pg/mL, 21.37 + 0.07 pg/mL,
18.29 + 0.04 pg/mL and 13.44 + 0.13 pg/mL respectively in modified Ellman’s method.
Chromatographic separation of the combined EtOAc (87.51% inhibition at 100 pg/mL)
and MeOH (96.75% inhibition at 100 pg/mL) extracts yield six compounds, out of
which malabaricone C (9) showed highest anticholinesterase activity with ICsy 2.06 +
0.04 pg/mL while donepezil showed ICsq 0.03 + 0.00 pg/mL [41].
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Figure 7.4: Anticholinesterase active compounds of M. fragrans.

f) Piper nigrum L. (pepper)

Piper nigrum, known as the king of spices, belongs to the family of Piperaceae.
P. nigrum is a widely used spice around the world and occupies a large percentage of
the spice trade. Mature dried berries of the woody perennial evergreen climbing vine
are used as the spice. P. nigrum is used as a medicinal agent, a preservative and per-
fumery ingredient [42]. P. nigrum is used in a variety of traditional medicinal systems
such as Traditional Chinese Medicine, the Indian Ayurvedic system, and folklore med-
icine of Latin America and West Indies [43]. It is used in folk medicine for stomach
disorders, digestive problems, neuralgia, and as a central nervous system depressant
[12] P. nigrum is used in the treatment of pain relief, chills, rheumatism, flu, muscular
aches, colds, exhaustion, and fevers, as a nerve tonic, to increase circulation of blood,
increase the flow of saliva, stimulate appetite and to encourage peristalsis [44].
P. nigrum shows a diverse array of bioactivities including antihypertensive, anti-
asthmatic, cognitive and fertility improvement, antimicrobial, antioxidant, anticancer,
anti-inflammatory, hepatoprotective, antidiarrheal, antidepressant, immunomodula-
tory, anticonvulsant and analgesic activities [42]. Aqueous and EtOH extract of
P. nigrum seeds showed 52.25 + 0.002% and 50.72 + 0.002% inhibition respectively at
100 pg/mL, following modified Ellman’s method [14]. Seed MeOH extract of P. nigrum
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showed 34% inhibition of AChE at 1,000 pg/mL while galantamine showed an ICs,
value of 9.4 pg/mlL [45]. n-Hexane, DCM, EtOH and aqueous extracts of P. nigrum
seeds showed inhibition of 48.7 + 3.4%, 42.3 + 1.3%, 46.8 + 2.7%, 48.8 + 2.1% respec-
tively at 500 ug/mL [46]. n-Hexane, DCM, EtOAc and MeOH extracts of Sri Lankan
P. nigrum seeds showed low anticholinesterase activity as their ICs5o values were
higher than 100 pg/mL [19]. Piperine (Figure 7.5; (10)) an active alkaloid in P. nigrum
improves cognitive deficit condition. The mechanism of action of piperine on cogni-
tive improvement is based on the increase of neuron density and anticholinesterase
activity in the hippocampus [47].

Shages
10

8) Syzygium aromaticum (L.) Merr. & L.M. Perry (clove)

Syzygium aromaticum (formally Eugenia caryophyllus) is one of the economically im-
portant crops in Asian countries, belongs to the family of Myrtaceae. Fully grown, un-
opened flower buds of this plant are used as a spice all over the world [48]. Whole
dried bud or ground powder of S. aromaticum is extensively used in Asian cuisine to
enhance flavor due to its aroma. Clove oil is obtained by the steam distillation of flower
buds, inflorescence branches left after the removal of flower buds. S. aromaticum oil is
used in the pharmaceutical industry and for perfumery purposes [49]. Dried flower
buds of S. aromaticum are traditionally used as a carminative to treat hypochlorhydria
by increasing hydrochloric acid in the stomach and increasing peristalsis [50]. Ayurve-
dic uses include antispasmodic, antiemetic, stimulant, dyspepsia, gastric irritation [51].
Several biological activities such as anticancer, antidiabetic, anti-inflammatory, antiox-
idant, antiulcerogenic, antithrombotic, antifungal, antiviral, antiseptic, antimuta-
genic, and antiparasitic activities have been reported [52].

A study conducted on aqueous and EtOH extracts of flower bud showed 50.45 +
0.003% and 59.09 + 0.006% inhibition respectively at 100 pg/mL [14]. Cold and hot
extracts of flower bud showed 90% and 73.7% of inhibition at 100 pg/mL for in vitro
AChE assay [53]. The essential oil fraction of S. aromaticum had 31.94 + 1.91% inhibi-
tion at 120 pg/mL [54]. In another study, MeOH extract showed 47.0% inhibition at
1,000 pg/mL [45]. A study revealed that S. aromaticum oil, MeOH extract of the dried
flower bud of S. aromaticum and eugenol has potential anticholinesterase activity. Es-
sential oil of the clove bud showed high anticholinesterase activity (ICso 49.73 +
1.33 pg/mL), compared to MeOH extract (ICs5 61.5 + 1.88 pg/mL) while standard com-
pound eugenol (1) showed ICsq of 49.73 +1.33 ug/mL and positive control galant-
amine had ICso value of 10.14 + 0.71 pg/mL. Further TLC bioautography method
following Ellman’s protocol confirmed the potential anticholinesterase activity of the

Figure 7.5: Anticholinesterase active compounds of P. nigrum.
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MeOH extract of S. aromaticum [55]. A study on the leaves (n-hexane, EtOAc and
MeOH extracts) and bud (MeOH extract) of S. aromaticum, revealed that MeOH extract
of leaves showed slightly higher activity (ICso 42.10 + 0.41 ug/mL) than MeOH extract
of bud (IC5q 45.25 + 0.07 ug/mL), EtOAc extract of leaves (ICsq 55.90 + 3.82 pg/mL) and
n-hexane (ICso 62.5 +16.62 pg/mL) extract of leaves [56]. n-Hexane, DCM, EtOAc and
MeOH extracts of Sri Lankan S. aromaticum showed ICso value higher than 100 pg/mL
with 36.19%, 34.95%, 42.45%, 31.94% inhibitions at 100 pg/mL [19].

h) Tamarindus indica L. (tamarind)

Tamarindus indica is a large evergreen tree belonging to the family of Fabaceae and
native to African and Asian countries. The fruit pulp of T. indica is used as a flavoring
agent in food, beverages and lozenges due to the taste of tartaric acid and reducing
sugars. Fruits, seeds, leaves, bark, and flowers of T. indica are used for various pur-
poses including culinary and medicine [57, 58] Tamarind products, leaves, fruits, and
seeds have been extensively used in Indian Ayurvedic medicine and traditional Afri-
can medicine. Tamarind seeds are used in Cambodia and India, in powdered form, to
treat boils and dysentery. Boiled and pounded seeds are reported to treat ulcers and
bladder stones and powdered seed husks are used to treat diabetes [58].

DCM extract of T. indica fruit pulp showed an inhibition of 26.64% at 100 pg/
mL, while MeOH extract of T. indica seeds showed significant AChE inhibitory activ-
ity with ICso 15.88 + 0.01 pg/mL [19]. Previous studies indicated that MeOH extract
from bark had more potent AChE inhibitory activity (ICs, of 268.09 pg/mL) than
seed MeOH extract (ICso 287.15 pg/mL). Donepezil inhibited the AChE activity with
almost 92.57% inhibition at 100 pg/mL [59].

7.3 Other culinary herbs with AChE inhibitory
activity

a) Allium cepa L. (onion)

Allium cepa is one of the oldest cultivated plants, belongs to the family of Amaryllida-
ceae which is utilized worldwide as a culinary herb. The bulb of A. cepa has a charac-
teristic flavor and odor due to sulfur compounds present. Apart from the culinary
virtues, it is widely used in traditional medicine in a wide variety of internal and exter-
nal preparations to treat various ailments, including digestive problems, skin diseases,
metabolic diseases, insect bites, and others. Experimental studies have proven the
pharmacological properties of A. cepa including anticancer, antihypertensive, antidia-
betic, antimicrobial, analgesic, antioxidant, immunomodulatory, anti-inflammatory,
antioxidant, and neuroprotective activities. A. cepa is a rich source of phenolic com-
pounds, especially quercetin, anthocyanins, kaempferol and their glycosides, phenolic
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acids, thiosulfinates, vitamins, and minerals [60]. Most of the reported activities are
due to the bioactive polyphenolic compounds present in onion.

Anticholinesterase activity of Allium cepa has been investigated using aqueous
methanol extract following Ellman’s method. Significant AChE inhibitory activity was
observed with ICsq of 51.78 + 1.05 pg/mL. Hence onion is considered an excellent can-
didate for developing as a drug for the management of AD [61]. The same research
group has further investigated anticholinesterase activities of standardized EtOAc
fraction obtained from aqueous methanol extract. Activity guided fractionation fol-
lowed by the evaluation of AChE inhibitory potential revealed that the most active
fraction had an ICs, value of 18.33 +1.36 pg/mL, whereas positive control donepe-
zil had an ICso value of 7.06 + 0.13 pg/mL. Quercetin (Figure 7.6; (11)) and quercetin
4’ O-glucoside (spiraeoside) content in the active fraction was determined using a val-
idated thin layer chromatography densitometric method. The active fraction was fur-
ther examined using a streptozotocin (STZ) induced mice model of Alzheimer’s
disease. AChE inhibitory activity and oxidative stress markers were assessed in the
brain homogenates of mice. This study indicated quercetin significantly improves the
spatial learning and memory impairments caused by STZ. In addition, quercetin was
found to act as a good AChE inhibitor in the cerebral cortex and hippocampus [62].

Figure 7.6: Anticholinesterase active compounds of A. cepa.

b) Allium sativum L. (garlic)

Allium sativum is one of the most researched herbal medicines and belongs to the
family Amaryllidaceae. It is frequently used as a food and a condiment worldwide.
In traditional medicine, garlic is used to treat infections, heart disease, diabetes,
diarrhea, rheumatism, and many other disorders. The health benefits of A. sativum
have been scientifically proven. Scientific and clinical studies have demonstrated
that garlic possesses cardioprotective, antihypertensive, anticarcinogenic, immu-
nostimulant, antibacterial, antilipidemic, and hypoglycemic properties [63].

The majority of the compounds reported from A. sativum are sulfur compounds
including ajoenes, thiosulfinates, vinyldithiins, and various sulfides. Studies have
shown that the characteristic pungent odor and many medicinal properties are due
to the sulfur compounds. Alliin (S-allyl cysteine sulfoxide) (Figure 7.7; (12)) is the
main sulfur compound, which is transformed to allicin (Figure 7.7; (13)) by allinase
enzyme released during injuring the garlic bulb through cutting or crushing. Allicin
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(diallyl thiosulfinate) is a lipid-soluble volatile compound and is reported as the
most biologically active compound. In addition to organosulfur compounds, garlic
contains various enzymes and amino acids and is rich in minerals including sele-
nium [64]. In vitro and animal studies have demonstrated that garlic improves cog-
nitive function through multiple mechanisms having modulatory effects on the
neurotransmission process, antioxidant and anti-inflammatory activities. Repeated
administration of fresh A. sativum was found to increase memory retention in rats
[65]. Allicin has many pharmacological activities with good therapeutic potential
for many neurological disorders through multiple mechanisms. The ability of allicin
to inhibit AChE and BChE was investigated by in vitro studies. Allicin strongly in-
hibited AChE activity while BChE activity was weakly inhibited in a concentration-
dependent manner (ICso 61.62 pM for AChE and 308.12 uM for BChE). This finding
supported the therapeutic activity of garlic against cognitive decline [66].
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Figure 7.7: Anticholinesterase active compounds of A. sativum.

¢) Murraya koenigii (L.) Spreng. (curry leaves)

Murraya koenigii is commonly known as curry leaves and belongs to the family Ru-
taceae. It is a popular condiment among Asians. Both fresh leaves and dried powder
are added to enhance the flavor and aroma in Asian curries. M. koenigii is widely
used as a folk medicine to treat stomach aches, rheumatism, influenza, traumatic
injury, dysentery, and wounds. Scientific studies have shown that M. koenigii pos-
sesses hypoglycemic, antidiabetic, hepatoprotective, antibacterial, antioxidant and
many other activities. The phytochemical evaluation revealed the presence of a
range of carbazole alkaloids, essential oil, and carotenoids [67].

Activity-guided fractionation of petroleum ether extract of M. koenigii leaves
afforded a carbazole alkaloid, mahanimbine (Figure 7.8; (14)) [(3S)-3,11-dihydro
-3,5-dimethyl-3-(4-methylpent-3-enyl)pyrano[3,2-a]carbazole]. AChE inhibition of
mahanimbine was evaluated following Ellman’s method. Mahanimbine inhibited
AChE activity in a dose-dependent manner with an ICs, value of 30 + 90 pug/mL.
The positive control galantamine showed an ICso value of 6 +1 pg/mL. This study
revealed M. koenigii processes promising compounds that can be further devel-
oped as potential therapeutic agents against AD [68].

Another study was conducted to evaluate the effect of M. koenigii alkaloidal ex-
tract on cognitive functions and brain cholinesterase activity of mice. When leaf alka-
loidal extract was orally administered in three doses (10, 20, and 30 mg/kg) to young
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Figure 7.8: Anticholinesterase active compounds
of M. koenigii.

and aged mice, significant improvement in memory scores of both mice was observed
for 20 and 30 mg/kg doses. Further, the brain cholinesterase activity was significantly
reduced, thus suggesting the potential therapeutic activity of the alkaloidal extract in
managing the symptoms of AD and dementia. This study revealed the alkaloids ex-
tract of M. koenigii leaves increased the brain acetylcholine levels and thereby im-
proved the cognitive function of both young and aged mice. In vitro evaluation of the
same extract showed BChE inhibition through a non-competitive mechanism. This
study further supported the therapeutic potential of M. koenigii for the management
of Alzheimer patients [69].

d) Zingiber officinale Roscoe (ginger)
Zingiber officinale belongs to the family Zingiberaceae and originated in East Asia.
The rhizome of this plant is popular around the world due to its pungency and typical
aroma. Z. officinale is one of the most famous medicinal herbs in the Indian Ayurve-
dic system and Traditional Chinese Medicine for centuries. Oleoresin of Z. officinale is
used in food, beverages, soft drinks, and in herbal drugs/products as bioavailability
enhancer in anti-inflammatory herbal products. The rhizome of Z. officinale is used to
treat a wide range of ailments, including the common cold, fever, sore throat, pain,
rheumatism, bronchitis as well as carminative for gastrointestinal disorders, nausea
and vomiting. In addition, it is used to treat toothache, gingivitis, bronchitis, hyperten-
sion, dementia, helminthiasis, constipation, asthmatic respiratory disorders, antispas-
modic, expectorant, peripheral circulatory stimulant and astringent [70]. Z. officinale
possess a wide range of biological activities such as cardioprotective, anticonvulsant,
anxiolytic, antiemetic, antidiabetic, hypolipidemic, anti-inflammatory, antithrombotic,
antiobesity, antioxidant, antitumor, anti-atherosclerotic, radioprotective, hypotensive,
antiulcer, hepatoprotective, etc.

A recent study has shown that a standardized extract of the dry rhizomes of
Z. officinale affects the initiation and development of neurodegeneration by inhibiting
messenger ribonucleic acid (mRNA) expression of pro-inflammatory mediators and
amyloid B-induced inflammatory mediators with good potential in the prevention
and treatment of AD [70-72]. A study reported negative inhibition for MeOH extract
of Z. officinale rhizobium [45] while in another study ICsq of 41+ 1.2 pg/mL was
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observed for MeOH extract of Z. officinale rhizobium and 0.075 + 0.003 pg/mL for
physostigmine [73]. 60% EtOH extract of Z. officinale showed an inhibition of 48.04 +
0.06% at 100 pg/mL while galantamine showed 93.44 + 2.21% of inhibition at the
same concentration [74]. Zerumbone (Figure 7.9; (15)) present in the Z. officinale ex-
hibited AChE inhibitory activity through TLC bioautographic method following Ell-
man’s method [75]. In a comparative molecular docking approach using AutoDock, it
was proposed that gingerenone A (Figure 7.9; (16)) binds to the active site of AChE
and appears to interact with AChE conferring minimum binding energy among the
docked compounds which facilitate the AChE inhibitory activity [76].
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0 N H,CO ! _ l OCHj
= HO OH
15 16

Figure 7.9: Anticholinesterase active compounds of Z. officinale.

7.4 Conclusion

Selected examples given in this brief chapter indicate the therapeutic potential of
spices and other culinary plants used in South Asian cuisine. Most of the investiga-
tions were conducted using in vitro testing using enzyme assays or using mouse
models. However, further investigations, including bioavailability studies, are re-
quired to confirm the effectiveness of the active compounds or extracts.

Abbreviations

AChE Acetylcholinesterase
AD Alzheimer’s disease
BChE Butyrylcholinesterase
DCM Dichloromethane

EtOAc Ethyl acetate
MeOH Methanol
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8 Photoprotective potential in medicinal
plants

8.1 Introduction

The general opinion among humans is that exposing to the direct sunlight is harm-
ful. The ultraviolet (UV) component of the solar radiation is considered as harmful
to the human skin. There are three different categories of solar UV radiation classi-
fied according to the wavelengths. Those are UV-A (315-400 nm), UV-B (280-315
nm) and UV-C (100-280 nm) [1, 2]. About 90% of UV radiation comprises UV-A
which is known as “Aging rays.” UV-B is specially known as “Burning rays” and it
is more gene-toxic than UV-A. The solar UV radiation contains 4-5% of UV-B. UV-C
is the most dangerous type of UV radiation; however, it cannot cause any harm to
the human skin because it is effectively filtered by the atmospheric ozone layer [3].

Exposure to UV radiation could lead to acute and chronic effects on the human
skin. The acute effects of exposure are short-lived and reversible. These effects in-
clude mainly sun burn (erythema), inflammation and pigment darkening. Apart
from these, inflammation is somewhat correlated with chronic effects. The excess
amounts of reactive oxygen species (ROS) which are generated due to excessive ex-
posure to the UV radiation have a major impact on UV-induced chronic effects such
as photocarcinogenesis and photoageing [2-5]. ROS are generally produced in the
body in low concentrations by enzymatic and also non-enzymatic reactions. They
mainly involve signal transduction pathways, gene transcription, etc. [6, 7]. Singlet
oxygen, peroxyl radicals, superoxide radicals, hydroxyl radicals, and peroxynitrite
are some examples for ROS. The harmful effects occur with the generation of ROS
beyond the threshold limit by UV irradiation, particularly when it exceeds the elab-
orate anti-oxidative defense mechanisms in the body.

Photosensitizer molecules such as riboflavin, porphyrins, and quinones are re-
sponsible for the generation of ROS in mammalian cells upon the exposure to UV
radiation. The absorption of photons/energy by these molecules initiates photosen-
sitization reaction leading to an excited state called the singlet excited state. There-
after two reactions can occur: either falling back to the ground state by emitting
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heat/fluorescence, or an intersystem crossing to form a triplet excited state in pho-
tosensitizer molecule. Once this excited photosensitizer molecule undergoes elec-
tron transport and energy transfer, then it may lead to the formation of radical and
non-radical ROS that can cause modifications to proteins, lipids and DNA and
thereby cellular damage [8, 9]. Similarly, ROS can induce changes in collagen and
elastin fibers of the skin, distorting the structural integrity of the skin [10].

The UV Index (UVI) is an indicator of the amount of skin damaging UV-A and
UV-B radiation expected to reach the earth surface at the time when the sun is high-
est in the sky [11]. The UVI raises public alertness about the risks of excessive expo-
sure to UV radiation, thus encouraging people to adopt protective measures and
thereby reducing the harmful health effects of sun’s exposure [12]. The UV Index
value, risk levels, and precautions to be taken are summarized in Table 8.1 [13].

Table 8.1: UV Index value, risk levels, and precautions to be taken.

UV index and risk Action

0-2: Low — Wear sunglasses on bright or snow days.
— Avoid bright surfaces which can reflect UV radiation and thereby
increase exposure.

3-5: Moderate — Use shade whenever possible during daytime when the sun is highest
on the sky.
—  Wear UV blocking sunglasses and cloths.
- Use SPF 30" sunscreen for every 2 hours when in outside.

6-7: High — Reduce time in the sun between 11am and 4pm and take full precaution
by seeking shade

8-10: very high - Extra protection required — unprotected skin will be damaged and can
burn quickly avoid the sun between 11am and 4pm

11*: Extreme — Take full precaution — unprotected skin will be damaged and can burn in
minutes

The term “photoprotection” refers to the effective protection from the harmful effects
of UV radiation exposure. There are various kinds of photoprotective strategies which
have been used to avoid UV radiation mediated negative biological effects [5].

The best way to avoid UV radiation exposure is staying under the shade during
daytime. But it is not always possible because most people are involved in outdoor
occupations and activities. Therefore it is necessary to use suitable preventive
measures such as sunscreens to avoid the exposure or to reduce the damage caused
by UV radiation.
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8.2 Sunscreens

Sunscreen is a product that is applied on the skin to protect it from sun’s harmful
radiation [14]. Topical sunscreen products contain UV absorbing, reflecting, and
scattering active molecules [5]. Topical application of a sunscreen could avoid the
penetration of UV rays into the skin. The active molecules on the sunscreens are
also called photoprotective agents, and they can either prevent the damage caused
by UV radiation or modulate different cellular responses to UV radiation to stop
tumor promotion and progression. Active molecules of the sunscreens can be either
organic or inorganic ingredients [15, 16].

The efficacy of a sunscreen product is determined by calculating a value called
sun protection factor (SPF). The SPF for a sunscreen is defined as the ratio of sun
exposure that skin can tolerate before burning or minimal erythema is apparent
with and without the sunscreen protection [15]. Usually, sunscreens with a sun pro-
tection factor (SPF) value of 15 or greater are highly recommended [5].

Most of the sunscreens are produced by combining inorganic and organic ingre-
dients. The most commonly used ingredients in inorganic sunscreens are titanium
dioxide (TiO,) and zinc oxide (ZnO) which can attenuate both UV-A and UV-B radia-
tions via reflection or scattering. Besides, TiO, can also absorb a considerable
amount of both UV-A and UV-B radiation [17]. On the other hand, ZnO can absorb,
reflect, and scatter UV-A radiation [18]. The organic UV filters are usually aromatic
compounds that absorb the energy of a specific portion of the UV radiation spec-
trum and reemit as longer wavelength light or heat. Besides, the absorbed energy
can be used for a photochemical reaction, such as cis-trans or keto-enol photo-
chemical isomerization [15]. Every organic UV filter should have chromophores to
absorb UV radiation. These chromophores consist of conjugated m-electron systems
known as conjugated double bonds. The organic UV filter with a higher number of
conjugated double bonds, can give a larger absorption cross section and, hence,
higher absorption [2]. Organic UV-filters can be categorized into three groups as
UV-A filters (e.g., benzophenones, anthranilates, dibenzoylmethanes), UV-B filters
(e.g., salicylates, cinnamates, camphor derivatives), and broad-spectrum filters
(e.g., hexyl benzoate, disodium phenyl dibenzimidazole, and drometrizole trisilox-
ane) depending on their differences in the absorption of UV radiation [2, 16] However,
the broad-spectrum UV filters are very scarce. Therefore, the organic sunscreens are
always used in combination of UV-A and UV-B filters. The relatively narrow absorp-
tion spectrums of these individual organic sunscreens can be broadened by combin-
ing with each other [15].
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8.2.1 The safety concerns of currently available
sunscreen products

Several studies have revealed that the application of sunscreens that contain syn-
thetic organic molecules as UV filters could exert side effects. For example the syn-
thetic organic UV filter para-amino benzoic acid (PABA) has the potential to inhibit
the production of Vitamin D after application on the skin. Oxybenzone which is one
of the most widely used synthetic organic UV-A filters in the United States, is identi-
fied as a potential endocrine disruptor. Furthermore, the studies with rats illustrated
that it could get accumulated in several organs such as the liver, kidney, spleen, and
intestine [17]. The TiO, in sunscreens may exhibit a photocatalytic effect after expo-
sure to UV radiation, although it has been considered as an inert substance. Here,
the excitation of TiO, by UV-A or UV-B radiation can lead to the formation of ROS
such as hydroxyl radicals. The presence of photoreactive TiO, in a sunscreen product
is also harmful to the organic UV filters that exist in the same sunscreen product be-
cause these organic molecules can be oxidized by the produced radicals. Therefore,
TiO, is coated with other materials before introduction into the sunscreen product
[15]. With the escalating number of reports on the adverse effects related to the syn-
thetic sunscreen agents, the recent development in this field is the usage of herbs
comprising natural compounds with UV-absorbing property and thereby to reduce
and/or minimize the use of synthetic sunscreen products [19, 20].

8.3 Herbal materials as alternative
photoprotective agents

The best known photoprotective molecules that can replace the use of synthetic or-
ganic molecules are plant-derived natural ingredients, i.e., plant secondary metab-
olites. The plant secondary metabolites containing aromatic rings are capable of
absorbing UV radiation within the wavelength range of 200-400 nm. Many plants
synthesize secondary metabolites in response to the exposure to UV radiation [21].
For example, UV-B radiation has identified as a potential elicitor of the synthesis of
betalains and flavonoids in the genus Alternanthera [22] while the production of fla-
vonoids was increased in Nymphoides humboldtiana, resulting in enhancement of
its antioxidant activity [23]. These secondary metabolites protect plants from subse-
quent UV damage and thereby allowing plants to thrive in nature.

Flavonoids are a class of polyphenolic compounds that are being synthesized
by the phenylpropanoid metabolic pathway and have been subjected to photopro-
tective activity studies more than any other group of compounds. Among those,
quercetin (Figure 8.1(1)) and rutin (Figure 8.1(2)) are the most widely studied flavo-
noids [21]. The oil-in-water emulsions prepared by incorporating these two flavonoids



8 Photoprotective potential in medicinal plants = 161

exhibited SPF values comparable to that of the standard substance homosalate,
while the photoprotection exert by the two flavonoids in the UV-A range was also a
non-negligible [24]. Similarly, the topical application of soybean isoflavone genistein
(Figure 8.1(3)) prior to UV-B irradiation was capable of effectively inhibiting the
UV-B-induced erythema [25]. Moreover, experimental data revealed that vast array
of secondary metabolites; specially polyphenols could exert chemoprevention of
skin inflammation and subsequently decrease skin tumors resulting from the ex-
posure to carcinogenic doses of UV radiation [26, 27]. Beside the UV-absorbing po-
tential, these natural ingredients have some other beneficial effects that can add a
good value to the sunscreen formulation. These effects are mainly anti-inflammatory,
anti-mutagenic, and antioxidant [21, 28]. Therefore, sunscreen formulations of natu-
ral origin could become the future of cosmetics.

(1) (2) (3)

Figure 8.1: Examples of some polyphenolic compounds effective as photoprotectants (1) Quercetin
(2) Rutin (3) Genistein.

Melanin is a pigment present in human skin that functions as a major natural defense
system against the sun’s UV radiation. Therefore an ideal photoprotectant should not
inhibit melanin biosynthesis in which tyrosinase acts as a key enzyme. Rosmarinic
acid that was extracted from the leaves of rosemary (Rosmarinus officinalis) displayed
the potential to use as a UV-protector. R. officinalis is well known for interesting bio-
logical activities, for example, antiviral activity, antibacterial activity as well as anti-
inflammatory and antioxidant activities. The rosmarinic acid was capable of reducing
the UV-A-induced oxidative stress by scavenging and quenching of ROS which are
generated by UV-A exposure. The in vivo assays confirmed that oral administration of
rosmarinic acid could inhibit cutaneous alterations (photocarcinogenesis) caused by
exposition to UV-A. Interestingly, this compound induced the body’s own endoge-
nous defense system by increasing the tyrosinase activity and hence stimulating mel-
anin production [29].

The naturally occurring phenolic compounds are useful tools to prevent UV
radiation-mediated detrimental effects. The green tea obtained from the plant Camellia
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sinensis possesses phenolic acids and flavonols that inherit antioxidant properties.
The topical application of polyphenol fraction isolated from green tea was found to be
effective in preventing photocarcinogenesis particularly by decreasing the formation
of dimeric DNA photoproducts like cyclobutane pyrimidine dimers [30, 31]. In another
experiment, the in vitro SPF value of alcoholic dilution of a green tea extract (90%
ethyl alcohol) was recorded as 18.10 + 0.05 confirming the photoprotective potential of
green tea polyphenols [32]. A clinical study conducted with 60 female volunteers re-
vealed that the consumption of green tea polyphenol beverage daily for three months
had significantly improved skin hydration, density, and elasticity and thereby helped
to maintain skin integrity [33]. Earlier, Jeon et al. [34] demonstrated that the regular
intake of epigallocatechin gallate (EGCG), an ubiquitous antioxidant in green tea, was
able to prevent the UV-induced skin damage [34].

Similarly, Ginkgo biloba extracts are found to be rich in flavonoids such as rutin,
quercetin, and kaempferol, thus having antioxidant properties and subsequently dis-
played photoprotective potency [21]. The abundance of flavonoids as well as bifla-
vones and terpene trilactones is also responsible for anti-inflammatory and
vasodilatory effects in G. biloba [21]. The in vivo tests conducted on hairless mice re-
vealed that the application of formulations containing a glycolic extract of G. biloba
could protect against UV-induced skin damage (erythema, sunburn cell formation).
Further, the results indicated that those photoprotective effects might not solely due
to the UV-absorbance by UV filters, but due to the biological effects induced upon
the application of the formulations comprising G. biloba extracts [35].

Resveratrol is a polyphenol abundant in grapes and red wine, possessing numer-
ous biological activities such as antioxidant, anti-inflammatory, anti-proliferative,
and cardioprotective effects. Zhou et al. [36] demonstrated that pretreatment of res-
veratrol could increase survival of UV-B-treated human keratinocyte cell line HaCaT
cells while reducing the generation of ROS. Further, this pre-treatment had a direct
impact on the caspase pathway, hence cell survival [36].

Curcumin derived from rhizomes of Curcuma longa (turmeric) has inherited a
plethora of biological activities like anti-inflammatory, antioxidant, anticarcinogenic
as well as anti-infective potencies. Topical application of curcumin is found to be an
effective strategy to prevent and/or treat UV-induced acute inflammation and photo-
aging [37]. It was also observed that the topical application of curcumin prior to UV-B
irradiation in hairless mice skin could reduce inflammation-related parameters like
infiltration of inflammatory cells, collagen accrementition derangement as well as
lipid peroxidation. It has also induced nuclear factor Nrf2 which functions as a regu-
lator in the defense against oxidative stress. Moreover the treatment of HaCaT cells
with curcumin prior to acute UV-B irradiation has resulted in reduced leakage of lac-
tate dehydrogenase (LDH) indicating minimal cell damage. Further, curcumin is ca-
pable of effectively scavenging ROS generated due to UV-B exposure [37].

A lyophilized extract obtained from a methanolic extraction of the flowering buds
of Capparis spinosa (Capers) was found to be rich in phenolic acids (caffeic acid,
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ferulic acid, p-coumaric acid) and flavonoids (kaempferol and quercetin derivatives).
These polyphenolic compounds are known to have prominent antioxidant effects.
Further, the application of a gel formulation constituting the aforementioned extract
on healthy human volunteers demonstrated an inhibitory effect against UV-B-induced
erythema [38].

Garcinia brasiliensis is a plant that has been found throughout Brazil and also
native to the Amazon forest. The fruit of this plant is used as a folk medicine to treat
peptic ulcers, urinary, and tumor diseases. The plants of the Garcinia species have
received considerable attention during the past few decades as photoprotective
agents due to the presence of polyphenols such as bioflavonoids. Furthermore, the
extracts of the pericarp, epicarp, and seeds of Garcinia fruit proved the antioxidant
and anti-inflammatory activities. Based on that, Figueiredo et al. [39] investigated the
in vitro and in vivo photoprotective activity in the ethanolic extract of the epicarp of
the fruits. Their results revealed that the extract had a higher potential to be used as a
sunscreen in cosmetic formulations instead of synthetic UV filters. Especially, the
in vivo test results demonstrated the photoprotective effect of the extract by decreasing
UV-B-induced damages such as the secretion of the pro-inflammatory cytokines [39].

Costa et al. [40] observed the in vitro photoprotective activity of an ethanolic ex-
tract of the leaves of Marcetia taxifolia, an endemic plant grown in Northeastern Bra-
zil, and the potential use of that extract in sunscreen formulations. The results
showed the photoprotective activity of the extract against UV-A and UV-B radiations,
while obtaining SPF value of 15.52 at a concentration of 250 pg/pL. The sunscreen for-
mulations prepared from the same extract displayed SPF values = 6 indicating the
suitability of the extract to use as an active ingredient for sunscreens [40]. In another
study, sunscreen delivery systems comprising rutin, Passiflora incarnata, and Plan-
tago lanceolata along with organic/inorganic UV filters has significantly enhanced
the protection against UV-A radiation [41].

Some vegetables as well had exhibited the sun protective capability. According
to Mazumder et al. [42], the in vitro assay of hydroalcoholic extracts of beet root,
green pea, drumstick, and sweet potato had recorded high SPF values [42]. Patil
et al. [43] had witnessed a sunscreen comprising Pongamia pinnata and Punica
granatum extracts in a 3:2 ratio showing effective sunscreen potential [43]. A combi-
nation of dried rosemary (R. officinalis) leaf extract and grapefruits (Citrus paradisi)
extract appeared as a highly effective photoprotective agent in skin cell model and
in a human clinical study [44]. A clinical study performed by Egoumenides et al.
[45] indicated that the application and/or supplementation of melon concentrate
could increase minimal erythema dose (MED — the amount of UV radiation that produ-
ces minimal erythema of an individual’s skin within a few hours following exposure)
and also the endogenous antioxidant enzymes while decreasing the sun burn cells
[45]. Water dropwort (Oenanthe javanica), a herb consumed as a vegetable and a
medicinal plant, was found to be effective against UV-B-induced collagen dis-
ruption and inflammation in mouse model. It decreased the expression of matrix
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metalloproteinases (MMP), tumor necrosis factor (TNF)-a, and cyclooxygenase
(COX)-2 while increasing the productions of collagen types I and III and suggested
the potential usefulness in the treatment of photodamaged skin [46].

Similarly, the fruit extract of Sechium edule has displayed photoprotection poten-
tial against UV-A in human keratinocytes. In the presence of the extract, the keratino-
cytes have been protected against UV-A-induced cytotoxicity and concurrently the
intracellular amounts of ROS were drastically reduced [47]. Cefali et al. [48] reported a
flavonoid-enriched phytocosmetic sunscreen formulation, an (O/W) emulsion with a
blend of plant extracts obtained from the leaves of Ginkgo biloba, Dimorphandra mol-
lis, Ruta graveolens, and Vitis vinifera. The prepared sunscreen formulation was proved
to be effective against both UV-A and UV-B radiation and found to be non-irritant to
skin [48].

The extract of Polypodium leucotomos was also found to be effective in blocking
the deleterious effects of UV irradiation. This was observed in both in vivo and in vitro
models. The extract could inhibit free radical generation, preventing photodecomposi-
tion of endogenous photoprotective molecules and DNA and ultimately to prevent the
UV-induced cell death [49].

Euterpe oleracea is a native palm of the Amazon region rich with anthocyanins.
Daher et al. [20] prepared oil-water sunscreens emulsions using glycolic extract of the
fruit and the resulting emulsion displayed significant UV-A and UV-B protectant ef-
fects [20]. In another study sunscreen formulations were prepared with Helichrysum
arenarium, Sambucus nigra, and Crataegus monogyna extracts in which phenolic
compounds, specially flavonoids, are abundant. The in vitro photoprotective poten-
tial and photostability were determined. All the emulsions prepared in the study dis-
played good UV protection and photostability while the activity was more prominent
in the emulsion comprised extract combination [50].

The leaves of Buddleja scordioides displayed in vivo photoprotective properties.
This plant is widely spread throughout Mexico, and in folklore medicine it is used to
treat tumors, abscesses, sores, and burns. A methanolic extract of the leaves of the
plant could significantly lower the UV-B-induced erythema of female SKH-1 hairless
mice. The assessment was done after the topical application of methanolic extract on
the skin of the mice. The in vivo test results were supported by the in vitro test results.
During the in vitro tests, the extract reported high absorbance within the UV-B range,
and this was attributed to the presence of polyphenols, mainly verbascoside and li-
narin [51]. In addition there are many recent reports on plants with in vitro photo-
protective potential. This includes plants like Neoglaziovia variegata [52], Moringa
oleifera [53], Aloe vera [54], and Juglans regia [55].

The Sri Lankan flora has been rarely examined for photoprotective molecules.
Napagoda et al. [5] identified six Sri Lankan medicinal plants with high photoprotec-
tive activity. The methanol-water extracts of the leaves of Atalantia ceylanica, Hibiscus
furcatus, Olax zeylanica, and Ophiorrhiza mungos have displayed SPF values > 25, sug-
gesting an advanced UV-B filtering activity in the aforementioned extracts. Moreover,
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the extracts prepared from seeds of Mollugo cerviana and whole plants of Leucas zey-
lanica recorded SPF values of 29.5 and 39.8 respectively. Interestingly, the UV absorp-
tion profiles of the aqueous-methanolic extracts of L. zeylanica (Figure 8.2 (A)) and
0. mungos (Figure 8.2 (B)) displayed the properties that required for an ideal sunscreen
owing to the high absorbance values within both UV-A range and UV-B range [5].

Figure 8.2: (A) Leucas zeylanica (B) Ophiorrhiza mungos.

8.4 Increasing the efficacy of herbal sunscreens

Cosmetic industry is using nanotechnology to enhance the bioavailability, perme-
ability, and stability of sunscreen formulations. The efficiency of herbal photopro-
tective extracts had enhanced when formulated as nanopreparations [56].

The addition of TiO, and ZnO nanoparticles into herbal sunscreens is beneficial
for poorly soluble, poorly absorbed, and labile herbal extracts and phytochemicals in
them. Besides, the sunscreens prepared with nanoparticles are non-greasy, of low
viscosity, and high bioavailability. Furthermore, the presence of these nanoparticles
in sunscreens can improve the stability of chemically unstable active ingredients,
control the release of active ingredients, and improve skin hydration and protection
by film formation on the skin [57]. Although herbal sunscreen formulations produced
through the combination of nanoparticles and herbal extracts appears to be very in-
novative, there are only a few reports on success stories. In an early attempt where
quercetin and rutin were used in association with TiO,, synergistic effect was ob-
served with a significant increase in the SPF values [24]. In another study, zinc oxide
nanoparticles were incorporated into lyophilized methanolic extract of the top flower-
ings of Teucrium polium which had significantly enhanced the SPF value while
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decreasing the photodecomposition of the compounds in the sunscreen formulation
[58]. Recently, Battistin et al. [59] reported the functionalization of TiO, nanoparticles
with the polyphenolic antioxidant molecule, oxisol. The results revealed that the an-
tioxidant potential of a sunscreen formulation could be enhanced due to the high
surface area offered by the TiO, nanoparticles to the organic molecules [59].

Incorporation of herbal sunscreens into solid lipid nanoparticles (SLNs) gives
additional protection against UV radiation because highly crystalline SLNs can reflect
and scatter the UV radiation and act as physical UV blockers [60]. SLNs can be pre-
pared in many ways such as hot homogenization method, cold homogenization
method, and spray drying method. These SLNs increase the stability of the UV block-
ers in herbal sunscreens and permit the extended release of UV blockers into the skin
giving an improved photoprotection capability to the herbal sunscreen [61]. For exam-
ple, SLNs-based sunscreen formulation comprising the natural antioxidant molecule
quercetin has displayed better localization of the active ingredient within the skin in
comparison to the formulation with particles in the micrometer range. This kind of
accumulation of quercetin in the skin is highly beneficial in delaying UV-mediated
cellular damage [62]. In another study, SLNs and nanostructured lipid carriers (NLC)
containing resveratrol displayed antioxidant properties, however, resveratrol-loaded
NLC appeared to be superior to its counterpart as it is capable of penetrating deeper
into the skin [63]. The Aloe vera-loaded SLN sunscreen formulation was also found to
be effective and displayed good SPF value that was on par with the sunscreens avail-
able in the market [64]. Similarly, sunscreen formulations containing silymarin SLNs
[65], polymeric nanoparticles of naringenin [66], and polymeric nanoparticles of
morin [67] have also exhibited excellent photoprotective activities.

Polyphenols incorporated in herbal sunscreens are very unstable without any
encapsulation. Therefore nanoencapsulation is often used to increase the long-term
stability and bioavailability [68]. Further, chitosan nanoparticles were used as a nano-
carrier to formulate sunscreen emulsions with saffron (Crocus sativus) and annatto
(Bixa orellana) [69] while a photoprotective antioxidant nanoemulsion containing chi-
tosan and pomegranate extract was found to be highly effective and photostable [70].
In another study, photoprotective capacity in the strawberry extracts were potentiated
upon the development of strawberry-based formulations with nanoparticles of Coen-
zyme Q10 [71]. Further Bucci et al. [72] developed “nanoberries,” the ultradeformable
liposomes enriched with blueberry (Vaccinium myrtillus) that are inherited with differ-
ential elastic properties, capable of penetrating stratum corneum and exerting low tox-
icity. Interestingly, in the presence of nanoberries, the viability of HaCaT cells was
maintained even upon the exposition to UV radiation [72].

Based on the foregoing discussion, it is fair to assume that nano-based ap-
proaches are inevitable to develop highly effective herbal sunscreen formulations.
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8.5 Conclusion

Exposure to UV radiation in sunlight poses several health risks and invites preventive
measures to be taken to avoid those consequences. Topical application of sunscreens
would be the best option as a preventive measure. Over the years, sunscreens of
herbal origin are gaining popularity, and the research findings show that the efficacy
of these herbal sunscreen products can be enhanced using nanotechnology.
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9 Poisonous plants and their toxic
metabolites

9.1 Introduction

Since the beginning of the evolution of land plants in the Devonian period, plants
faced many challenges from their surroundings, for example, unfavorable environmen-
tal conditions, herbivore attacks and infections caused by bacteria, fungi, and viruses
[1-3]. As survival mechanisms, plants produce a diverse array of organic compounds
which are called “secondary metabolites.” These include alkaloids, amines, cyanogenic
glycosides, glucosinolates, non-protein amino acids, organic acids, terpenoids, phe-
nols, quinones, and several other classes of secondary metabolites [3]. Rather than syn-
thesizing a single class of secondary metabolites for defense purposes, plants usually
produce mixtures of secondary metabolites of different structural classes, and this
could result in additive or synergistic effects. Some of these metabolites exert toxic ef-
fects on herbivore pests, livestock animals, and even on humans [4]. These toxic
metabolites could attack different molecular targets in the victim, for example, ion
channels, neurotransmitter receptors, neurotransmitter inactivating enzymes, cellular
respiration in mitochondria, protein biosynthesis in ribosomes, DNA, and RNA [3, 4].
Depending on the growth stage and part of the plant, the quantity consumed, the spe-
cies, and the susceptibility of the victim, toxic effects could vary [5].

9.2 The use of poisonous plants: some historical
reports

Since ancient times poisonous plants have been utilized for various purposes, not
only as food and medicines but also as agents for crime, punishment, suicide, and
bioterrorism. Some of these plants have been used as arrow and dart poisons as
well as fish poisons by various tribal communities, and even for recreational and
spiritual purposes [6].

The prevalence of toxic substances in plants might have severely restricted the
utility of vegetables and fruits as food for primitive man. However, with the use of
fire for cooking, it is believed that many of these substances get removed, thus in-
creasing the palatability of plant materials to humans [7]. Some examples of edible
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poisonous plants include Manihot esculenta (cassava/ manioc) and cycads like
Cycas circinalis which are consumed after proper processing [6].

Some toxic compounds present in plants have displayed a wide range of phar-
maceutical properties depending on the dose administered, thus developed into
lifesaving therapeutic agents. For example, d-tubocurarine obtained from Chondro-
dendron tomentosum is used as a muscle relaxant in anesthesia [8] while the glyco-
sides isolated from Digitalis spp. are used in the management of congestive heart
failure and cardiac arrhythmias [9]. Moreover, camptothecin isolated from Campto-
theca acuminata as well as vincristine and vinblastine from Catharanthus roseus
have been utilized as anti-cancer drugs [10]. Another example is colchicine ex-
tracted from Colchicum autumnale. It is used in the treatment of conditions like
gout and familial Mediterranean fever [11].

There is historical evidence on the use of poisonous plant species in capital
punishment. A well-known example is the execution of Socrates, who was forced to
drink a cup of poison hemlock (Conium maculatum) in 399 BCE [12]. In many African
communities, “trial by ordeal” was a judicial practice used to determine whether
the accused was guilty or innocent by subjecting them to an unpleasant experience.
Various plant species were used as ordeal poisons and Physostigma venenosum,
Tanghinia venenifera (a synonym of Cerbera manghas), Menabea venenata, and
Strychnos icaja are to name a few [6, 13].

Ricin is a toxic protein (toxalbumin) produced in the seeds of the castor oil
plant, Ricinus communis. Despite its extensive utility in traditional medicine, it is
also used for criminal purposes. One of the notable examples is the assassination of
a communist dissident Georgi Markov in 1978 [14].

In the traditional societies, extracts prepared from poisonous plants were ap-
plied on arrows, darts, or javelins and those weapons were used in hunting as well
as to protect from wild animals, or for martial purposes. These include plants like
Calotropis procera, Clathrotropis glaucophylla, Strychnos guianensis, Antiaris toxica-
ria, Maquira spp., and Naucleopsis spp. [15]. Plant toxins were also used in fishing
and even today it is practiced in some remote areas in the African continent. Proso-
pis africana, Quassia africana, Euphorbia spp., Strychnos spp. are some examples
and the saponins, rotenoids, and diterpene esters are identified as compounds
mainly responsible for piscicidal activity [16].

A number of plant secondary metabolites are used as insect antifeedants or re-
pellents, fungicides, bactericides, molluscicides, nematicides, and rodenticides [6].
Plants like Derris, Lonchocarpus and Tephrosia that have been used as fishing poi-
sons produce rotenone which also display insecticidal properties [17]. Strychnine
isolated from Strychnos spp. is another example of a botanical pesticide [6].

Since ancient times, many plant species have been used in religious rituals and
as hallucinogens, stimulants, or sedatives. For example, Papaver somniferum (opium
poppy) and several other species of Papaveraceae have been widely used for sedation
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and pain relief while Datura stramonium, Atropa belladonna, Cannabis spp., and
Mandragora spp. display hallucinogenic, sedative, and aphrodisiac properties [6].

Some plant species contain carcinogenic and/or teratogenic substances. Chronic
ingestion of bracken fern (Pteridium aquilinum) could exert toxic effects in cattle lead-
ing to bovine enzootic hematuria (BEH) and carcinoma of the esophagus [18]. Aristo-
lochic acid present in Aristolochia spp. has been identified as a genotoxic mutagen
and is believed to be associated with the development of nephropathy and urothelial
cancer [19].

9.3 Some common poisonous plants in the Indian
subcontinent

A large number of poisonous plants grow wild in the Indian subcontinent and are
identified as an important cause of mortality among adults [20, 21]. Besides, plant
poisoning in children is considered as one of the common presentations to emer-
gency departments [21]. Numerous reports revealed that small children have unin-
tentionally eaten plants with attractive fruits or flowers. Self-poisoning with plant
seeds/fruits or misidentification as edible plants is responsible for most of the fatal-
ities among adults [22, 23].

Given below are some poisonous plant species widely available in the Indian
subcontinent.

9.3.1 Datura stramonium (thorn apple/jimson weed)

Datura species, particularly D. stramonium, are rich in belladonna alkaloids like at-
ropine, scopolamine, and hyoscyamine. These compounds may exert both local
and systemic anticholinergic toxicity. D. stramonium is reputed for its hallucino-
genic properties, and the poisoning could occur due to the overdosing of the herbal
medication as well as accidental food contamination [24, 25]. In addition, the volun-
tary ingestion of D. stramonium for its hallucinogenic and euphoric effects was the
common cause for Datura poisoning among teenagers [26].

Over 28 belladonna alkaloids have been identified in different Datura species,
and the ratio of these alkaloids varies from species to species and also among the
specimens of the same species. As a result, different profiles of toxicity are observed
in patients. Although these alkaloids are distributed in all parts of the plant, the
highest content is found in the petioles (flowers) and the least amount in the roots.
The toxicity results in a blockade of peripheral muscarinic receptors causing mydri-
asis, dry mouth, tachycardia, fever, and erythema [24].
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9.3.2 Tabernaemontana dichotoma (synonym:
Pagiyantha dicotoma)

Tabernaemontana dichotoma is locally called Eve’s apple. Although it is used in tra-
ditional medicine to treat wounds, snake bites, and ulcers, it is listed among the
most poisonous plants in Sri Lanka.

The fruits of the plant are highly poisonous and the seeds are found to be nar-
cotic, producing delirium. The leaves and the stem bark display purgative properties.
The plant is rich in alkaloids; for example, coronaridine, tabersonine, heyneanine,
voacristine hydroxyindolenine, perivine, 19-epivoacristine, 12-methoxy-voaphylline,
and vobasine were isolated from different parts of this plant [27].

9.3.3 Strychnos nux vomica (nux vomica)

The seeds of Strychnos nux vomica are used in traditional medicine; however, due
to the presence of toxic alkaloids like strychnine and brucine, the plant is catego-
rized as a poisonous plant. These toxic compounds could be found in the entire
plant but distributed in high concentrations in seeds and bark [28, 29].

Strychnine and brucine are neurotoxins and function as competitive antagonists
of the glycine receptors on the postsynaptic membrane in the spinal cord, brain stem,
etc. The ingestion of lethal doses of strychnine may result in respiratory or spinal pa-
ralysis, cardiac arrest, and ultimately death. Although brucine alone is not as toxic as
strychnine, still the lethal dose of this alkaloid may cause rhabdomyolysis and acute
renal failure [30]. In some countries, strychnine is used to control wild/stray dogs
and foxes. The poisoning may occur due to overdosing of native herbal formulations
and as adulterants in illicit drugs or as attempts of deliberate self-harm by consump-
tion of plant parts or rodenticides [29].

9.3.4 Cerbera manghas (sea mango)

Cerbera species, particularly Cerbera manghas, are distributed throughout the tropi-
cal coasts. The kernel of this plant is identified as the most toxic part mainly due to
the presence of several cardiac glycosides [31]. The fruit of this plant turns bright
red at maturity and resembles an edible mango fruit. Several reports are available
in Southern India and Eastern Sri Lanka indicating the use of Cerbera manghas
fruits for self-poisoning. Cerberin, neriifolin, and cerberoside are some of the main
chemical constituents in this plant. The toxins could inhibit Na*/K* ATPase and
may result in vomiting, cardiac dysrhythmias, and hyperkalemia [32].
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9.3.5 Thevetia peruviana (yellow oleander)

Thevetia peruviana is cultivated as an ornamental tree and is commonly found in
the tropics and subtropics (Figure 9.1). The seeds contain high concentrations of
toxic cardiac glycosides like thevetin A, thevetin B, and neriifolin. Accidental poison-
ing occurs among children and adults due to the consumption of yellow oleander
leaves in herbal teas. The deliberate ingestion of seeds of this plant is a popular
method of self-harm among South Asians. Vomiting, diarrhea, bradycardia, cardiac
dysrhythmias, and death can occur due to the poisoning [33-35].

Figure 9.1: Thevetia peruviana.

9.3.6 Nerium oleander (oleander)

Nerium oleander is an ornamental tree with pink-, red-, white-, peach-, or yellow-
colored flowers. Cardiac glycosides are abundant in all parts of the plant. Oleandrin
and neriin are the most potent cardiac glycosides which may exert inhibitory effects
on the Na*/K* ATPase pump in the cardiac tissues. As a result, cardiac and gastro-
intestinal symptoms could be observed four hours after the ingestion [36].
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The attractiveness of the flower could be a reason for accidental ingestion of
parts of the plant by small children. As the plant is used in folk medicine, overdos-
ing can occur while it is commonly used in homicides or suicides [36, 37].

9.3.7 Gloriosa superba (flame lily, climbing lily)

Despite the wide utility in folk medicine, Gloriosa superba is reputed as a highly poi-
sonous plant (Figure 9.2). Every part of the plant is poisonous; however, the toxic
effects are more conspicuous in tubers. Several alkaloids are abundant in this plant,
of which colchicine and gloriosine are mainly responsible for fatal complications as-
sociated with G. superba poisoning. Colchicine and gloriosine have direct effects on
rapidly proliferating cells due to the anti-mitotic activity. As a result, mitosis may ar-
rest in metaphase of the cell cycle. Neurological, cardiac, gastrointestinal, and bone
marrow toxicity could be observed within a few hours of the ingestion [38].

Figure 9.2: Gloriosa superba.
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9.3.8 Jatropha curcas (physic nut/purging nut/Barbados nut)

Jatropha curcas is a traditional medicinal plant in South Asian countries and as of
recent times, it is being cultivated as a biodiesel fuel. Accidental ingestion of seeds
of this plant is prevalent among children in countries like India. The presence of
curcin, ricin, and cyanic acid is responsible for the toxic effects of this plant. Every
part of the plant is poisonous; however, seeds contain the highest concentration of
ricin. Accidental poisoning is common in children and gastrointestinal complica-
tions like vomiting, diarrhea, and abdominal pain may occur within a short period
following the ingestion [39, 40].

9.3.9 Ricinus communis (castor oil plant)

Ricinus communis is used in traditional medicine in many countries for various pur-
poses, for example, as a laxative, to treat infections and inflammation, etc. Apart
from medical applications, castor seed oil is used as a fuel for oil lamps [41].

The toxalbumin called ricin is the main toxic principle of this plant. It is a pro-
tein macromolecule comprised of two polypeptide chains — chain A and B. These
two chains are held together by a single disulfide bond. Chain B binds to the cell
surface facilitating the entry of the toxin to the cell, whereas chain A activates the
60S ribosomal subunit and thereby disrupts protein synthesis [42].

The toxic effects could be seen only when the outer shell of the seed is broken
or chewed. Therefore the ingestion of castor beans is not always associated with
toxic effects [43].

9.3.10 Jatropha multifida

Like other species in the genus Jatropha, Jatropha multifida also contains ricin [42].
Some reports indicate that this plant contains jatrophin that may result in aggluti-
nation and hemolysis of red blood cells [44].

9.3.11 Adenia palmata

The tuber and the fruit of Adenia palmata are used in folk medicine as a cure for
snake bites. This plant has a close resemblance to passion fruit (Passiflora edulis);
thus, it is quite difficult to distinguish between the two. Therefore, the morpholog-
ical similarity between the two plants is accountable for the accidental ingestion
of A. palmata [45].
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9.3.12 Abrus precatorius (rosary pea)

Abrus precatorius (Figure 9.3) is used in traditional medicine, although ingestion of
the seeds becomes a popular method of self-harm. Every part of this plant is poison-
ous, and the toxic principle has been identified as toxalbumin abrin which can in-
hibit protein synthesis in eukaryotic cells. The intact seeds may pass through the
gastrointestinal tract without causing any toxicity, while the ingestion of seeds that
were damaged can cause acute hemorrhagic gastroenteritis [46, 47].

Figure 9.3: Abrus precatorius.

9.3.13 Manihot esculenta (cassava/manioc)

Cassava is considered as an important source of calories in many countries, specially
in Africa, Latin America, and Asia. However, there are numerous reports on acute
poisoning associated with the consumption of cassava-based meals. The symptoms
may vary from dizziness, nausea, abdominal pain, and diarrhea, while death could
also happen [48, 49].

Several cyanogenic glycosides are abundant in every part of the plant; however,
leaves are more toxic than the roots. Linamarin and lotaustralin are the most preva-
lent cyanogenic glycosides in cassava. These cyanogenic glycosides can undergo
acid, enzymatic, or thermal hydrolysis and release HCN [48]. However peeling,
prolonged soaking and thorough cooking of cassava roots can effectively reduce
the cyanide content [49].
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9.3.14 Alocasia macrorrhiza (giant elephant’s ear)

Alocasia macrorrhiza is a household plant (Figure 9.4) and is also used in traditional
medicine to treat conditions like influenza, high fever, typhoid fever, rheumatic
fever, and pulmonary tuberculosis. The tuber of this plant contains alomacrorrhiza A
and allocasin. Calcium oxalate is distributed in the entire plant, and it is believed to
be responsible for the development of ulcerative lesions while the presence of sapo-
toxin can include gastroenteritis and paralysis of the nerve centers following the in-
gestion of the plant [50, 51].

Figure 9.4: Alocasia macrorrhiza.

9.3.15 Dieffenbachia amoena (dumb cane)

Dieffenbachia amoena is cultivated as an ornamental plant. Dieffenbachia spp. con-
tain calcium oxalate crystals as well as toxic proteins in all parts including sap. Ac-
cidental ingestion is associated with intense pain, inflammation of mouth and
throat, anorexia, and diarrhea [52].
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9.4 Impact of poisonous plants on companion
animals and livestock industry

Toxic plants are accountable for many incidences of poisoning in farm and compan-
ion animals. Accidental ingestion of indoor or garden plants is common among pets
and companion animals, while contamination of hay/fodder with poisonous plants
may exert life-threatening effects on livestock and horses [53].

In addition to plants well known for the presence of toxic metabolites like ole-
ander (N. oleander), castor bean (R. communis), autumn crocus (Colchicum autum-
nale), and sago palm (Cycas spp.), several other plant species, for example, lily
(Lilium and Hemerocallis spp.), azalea (Rhododendron spp.), and Kalanchoe (Kalan-
choe spp.), are identified as poisonous plants causing serious systemic effects on
household pets, specially cats and dogs [54]. Poisoning incidences are generally
underdiagnosed or go unnoticed due to the occurrence of non-specific clinical fea-
tures, difficulties in spotting the ingestion of poisonous plant materials by animals,
and lack of knowledge on toxic plants [55]. Some plant species accountable for com-
panion animal poisoning incidences are summarized in Table 9.1 [55].

Table 9.1: Toxic plants responsible for the poisoning of companion animals.

Plant Toxic compound/s Toxicity manifestation
Aucuba japonica Aucubin Mild diarrhea, vomiting
Cycas revoluta Macrozamin, neocycasin, Diarrhea, liver damage, hypoproteinemia,
cycasin hypoglycemia, thrombocytopenia
Cyclamen spp. Saxifragifolin B, cyclamin Sialorrhea, gastrointestinal symptoms heart
rhythm abnormalities, seizures
Dieffenbachia spp.  Insoluble calcium Sialorrhea, dysphagia vomiting, diarrhea,
oxalates, trypsin-like keratoconjunctivitis, corneal ulceration, eyelids
protease edema
Dracaena marginata Steroidal saponins Hypersalivation, gastrointestinal signs,
weakness, incoordination, and mydriasis
Ficus benjamina Ficin, furocoumarins, Gastrointestinal symptoms, dermal irritation
ficusin
Euphorbia Diterpenoid euphorbol Vesicular dermatitis, conjunctivitis, stomatitis,
pulcherrima esters, steroids vomiting, diarrhea
Lilium spp. Steroidal glycoalkaloids, Anorexia, lethargy, gastrointestinal signs,
steroidal saponins sialorrhea, acute renal failure due to tubular
necrosis

Rhododendron spp. Grayanotoxin | and other Increased vagal tone with vomiting, diarrhea or
grayanotoxin glycosides constipation, dyspnea, cardiac alterations
(tachycardia or bradycardia, arrhythmia,
hypotension, and collapse), paralysis,
convulsions
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Table 9.1 (continued)

Plant Toxic compound/s Toxicity manifestation

Spathiphyllum spp. Insoluble calcium Oral irritation/burning, drooling, dysphagia,
oxalates vomiting

Zantedeschia Insoluble calcium Oral hyperemia and edema, hypersalivation,

aethiopica oxalates crystals anorexia, depression. gastrointestinal signs
(raphides) (vomiting, diarrhea, abdominal pain), dermatitis

Nandina domestica  Cyanogenic glycoside Vomiting, dyspnea, cherry-red mucous

membranes, respiratory failure, convulsions.

Moreover, poisonous plants cause significant losses to the livestock industry.
The livestock operator should be well aware of the poisonous plants grown in the
area/ pasture and how to control or avoid poisoning. Some plants are extremely
toxic; therefore, ingestion of very small amounts may result in life-threatening con-
ditions. Other plant species may cause poisoning effects only after exposure to
toxic plant material over weeks or months, and at this stage, the treatment may not
be very effective [56].

There are numerous reports of poisoning incidences. In 1995, 72 out of 476 cattle
in the Dar es Salaam area of Tanzania died after being offered with hey mixed with
the poisonous plant Dichapetalum [57]. Similarly, 50 lactating Fleckvieh cows were
affected after consuming fodder accidentally contaminated with dry oleander prun-
ing wastes [58]. Furthermore, Mendonca et al. [59] reported that cattle in the semiarid
region of Pernambuco, Brazil had developed gastrointestinal, cardiovascular, and
neuromuscular disorders due to the ingestion of Kalanchoe spp. that contain cardio-
toxic glycosides [59]. Another report revealed the development of severe acute gastro-
intestinal irritation in a heifer after ingesting fresh leaves of Colchicum autumnale on
a damp meadow [60].

It is generally noticed these animals do not eat poisonous plants except when
they are forced to do so by hunger. Therefore by adopting proper pasture manage-
ment practices to provide ample forage and thereby encouraging the consumption
of non-toxic plants, many of these poisoning incidences can be prevented [56].

9.5 Conclusion

Plants produce a diverse array of secondary metabolites for defense purposes,
which may exert toxic effects on humans, pets, and companion animals as well as
livestock animals. Accidental or intentional contamination/ingestion of some plant



184 —— Mayuri Napagoda

species can lead to toxic and/or fatal reactions. Many of these poisoning incidences
can be prevented by increasing public awareness on the identification of poisonous
plants and their toxic effects.
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10 Quality and safety of herbal medicinal
products

10.1 Introduction

The World Health Organization defines herbal medicines as plant-derived materials or
preparations intended for human therapeutic use or for other health benefits in hu-
mans [1, 2]. Nevertheless, most of the traditional herbal formulations also contain ani-
mal material and/or mineral compounds. Herbal products are consumed raw as tea or
as concentrated extracts (decoctions), applied as a paste or powder on skin, or some-
times available as pills or liquids. The global trend in returning to natural or alternative
therapies has dramatically increased the use of plant based-medicines and other bota-
nicals over the past few years. A large number of botanicals have been transformed
into various pharmaceutical forms like tablets, capsules, powders, and syrups, while
some have been developed into cosmeceuticals, fragrances, dietary supplements, and
nutraceuticals. Although plant based-medicines are traditionally considered harmless
and thus extensively being utilized by people without prescriptions, the number of re-
ports on health issues associated with herbal medicines could not be neglected. The
presence of contaminants or adulterants, as well as inherent toxicity of plant ingre-
dients, may cause direct toxic effects, interactions with other drugs, or reduce the effi-
cacy of herbal formulations. Therefore, assessment of the safety and standardization
of herbal formulations is one of the priority areas in herbal medicinal research, and it
requires comprehensive phytochemical and pharmacological studies [3, 4].

10.2 Contamination and adulteration of herbal
medicinal products

Adulteration of herbal medicinal products is defined as “fraudulent practices in
which a herbal medicinal product is substituted partially or fully with impure, extra-
neous, improper or inferior products/substances.” On the other hand, contamination
is referred to as “the undesired introduction of impurities of a chemical or microbio-
logical nature, or of foreign matter, into or onto a starting material, intermediate
product or finished herbal product during production, sampling, packaging or re-
packaging, storage or transport” [5].
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10.2.1 Contaminants
Microorganisms and the microbial toxins, pesticides and fumigation residues, dust,
pollen, and heavy metals are some potential contaminants of herbal medicinal

products (Table 10.1).

Table 10.1: Major contaminants in herbal medicines [6].

Type of contaminant Examples
1. Microorganisms
Bacteria Staphylococcus aureus, Pseudomonas

aeruginosa, Salmonella spp., Shigella spp.,
Escherichia coli

Fungi Yeast, molds
2. Microbial toxins Mycotoxins, Bacterial endotoxins
3. Animals

Parasites Protozoa — amoebae

Helminths -Nematoda

Insects and others Cockroach and its parts, mouse excreta,
earthworms
4. Toxic metals Lead, cadmium, mercury, chromium, arsenic, nitrite

and nonmetals

5. Agrochemical residues
Insecticides Carbamate, chlorinated hydrocarbons,
organophosphorus
Herbicides 2,4-Dichlorophenoxyacetic acid,
2,4,5-Trichlorophenoxyacetic acid
Fungicides Dithiocarbamate
Fumigants Ethylene oxide, phosphine, methyl bromide, sulfur dioxide
Antiviral agents Thiamethoxam
6. Residual solvents Acetone, methanol, ethanol, butanol
7. Radioactivity Cs-134, Cs-137

The unscientific methods adopted during harvesting, handling, storage, and trans-
portation of raw materials as well as humid climatic conditions can trigger microbial
infestations in herbal medicines [7]. The microorganisms often isolated from herbal
medicines include Staphylococcus aureus, Escherichia coli, Salmonella, Shigella, Pseu-
domonas aeruginosa, and fungi like Aspergillus. For example, de Sousa Lima et al. [8]
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observed bacterial and fungal growth in 51.5% and 35.6% of herbal medicinal sam-
ples, respectively, where S. aureus, Salmonella spp., E. coli, and P. aeruginosa have
been identified as the most common microbial contaminants in these samples. The
levels of viable bacteria and fungi were found to be above the safety levels in some
instances [8]. Similarly, Yesuf et al. [9] reported the presence of Bacillus spp., Enter-
obacter spp., Shigella dysenteriae, and Salmonella spp. in herbal medicinal prepara-
tions collected from Gondar Town, Ethiopia [9]. Moreover, Kalumbi et al. [10] found
that the herbal medicinal formulations obtained from different markets in Blantyre,
Malawi, were contaminated with Bacillus, coagulase-negative Staphylococcus, Klebsi-
ella spp., Enterobacter spp., etc. and also with heavy metals, lead and cadmium. Fur-
ther, they discovered that the level of microbial and lead contamination was far above
the regulatory limits [10]. Using four Chinese herbal medicinal formulations that are
popular in Malaysia, Ting et al. [11] demonstrated that the boiling process involved in
the preparation of decoctions can significantly reduce microbial and heavy metal con-
taminants [11].

The presence of mycotoxins in herbal products has frequently been reported in
many countries. Mycotoxins are a group of fungal secondary metabolites that can
cause carcinogenic or other toxic effects on humans and animals. Aspergillus, Penicil-
lium, Fusarium, and Alternaria are some examples of toxigenic fungal genera, while
aflatoxins, ochratoxin A, fumonisins, zearalenone, and deoxynivalenol have been
identified as the most harmful fungal toxins [12]. In a study conducted in India, 858
fungal isolates including Aspergillus flavus that produces aflatoxin B1 were detected
in samples prepared from Adhatoda vasica, Asparagus racemosus, Evolvulus alsi-
noides, Glycyrrhiza glabra, Plumbago zeylanica, and Terminalia chebula. Interestingly,
the essential oil of Cinnamomum camphora was capable of inhibiting the growth of
these toxigenic A. flavus and thus the production of aflatoxin B1 [13]. Moreover, afla-
toxins and/or ochratoxin A were detected in many medicinal herbs (ginseng, ginger,
liquorice, turmeric, kava-kava, etc.) and in dried fruits (figs, apricots, plums, dates,
etc.) [14].

Herbal medicinal preparations sometimes get contaminated with toxic heavy met-
als, imposing serious health risks to consumers [15]. Lead, arsenic, mercury, cadmium,
nickel, and chromium are the most common heavy metals detected in raw materials
used for herbal remedies [16]. As plants are capable of accumulating heavy metals,
consumption of herbal products formulated using medicinal plants grown in polluted
sites can lead to severe consequences on human health. Moreover, medicinal plants
are at a high risk of being contaminated with heavy metals due to the increased an-
thropogenic activities like mining, irrigation with contaminated water, and the use of
pesticides and fertilizers [17]. A study conducted on the heavy metal content in some
traditional herbal remedies available in the USA, Vietnam, and China revealed that
the arsenic, lead, and mercury concentrations in some products had exceeded the lev-
els recommended in public health guidelines [18].
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Agrochemical residues are also detectable in herbal drugs. In order to intensify the
cultivation and to obtain high yields of good quality products, different agricultural
practices like the use of fertilizers and pesticides, and administering fumigants during
storage and transportation are adopted by the farmers. These practices often result in
the contamination of herbal products with agrochemical residues [19-21]. Synthetic
pesticides belonging to organochlorine, organophosphorus, and pyrethroid groups are
most widely reported in herbal drugs [22]; for example, Opuni et al. [23] detected the
contamination of herbal medicinal products with chlorpyrifos (an organophosphate)
and/or bifenthrin (a pyrethroid) [23]. In another study, residues of 16 agrochemicals
were detected in 72.1% of the analyzed herbal materials where azoxystrobin (fungicide),
linuron (herbicide), carbendazim (fungicide), metalaxyl, and metalaxyl M (fungicides)
and dimethoate (insecticide and acaricide) were most frequently present [20].

Apart from the aforementioned contaminants, medicinal herbs, herbal prepara-
tions, or products can be subjected to cross-contamination from extraneous materials
such as dust, plastics, glass, radionuclide, and other materials.

10.2.2 Adulteration

Adulteration of herbal drugs is a major issue in the herbal industry. This involves
many practices like substitution of one or more ingredient(s) with substandard cheap
ingredients, substitution with artificially manufactured substances, substitution with
non-drug components, and the addition of foreign non-drug materials [24].

Ginseng is an internationally popular herbal medicine that belongs to the genus
Panax. There are about 14 species, out of which Panax ginseng (Asian ginseng) and
Panax quinquefolium (American ginseng) are widely used in medicine and contain
various bioactive compounds, particularly different types of ginsenosides. According
to traditional Chinese medicine, Asian ginseng is considered “hot”; therefore, only a
few people can use it. On the contrary, American ginseng is “cool”; thus, most people
can use it. Moreover, American ginseng is reported to be more effective than its Asian
counterpart and as a result, roots of Panax quinquefolium are usually five to ten times
more expensive than the roots of Panax ginseng. With the increasing market demand
and profit temptation, Panax quinquefolium has been subjected to substitution and/or
adulteration in the commercial market [25-27]. Moreover, there are instances where
Codonopsis lanceolata (deodeok) and Platycodon grandiflorum (doraji) are being mar-
keted as original ginseng [27, 28].

Several incidents of serious intoxications have been caused by adulterants or
substitutes. Adulteration can be resulted due to the misidentification of plant materi-
als and confusion of species, as well as inappropriate labeling of raw materials [29].

Similar common names in different plant species have resulted in the misidentifi-
cation of plant materials. A well-known example is a substitution of non-toxic Stepha-
nia tetrandra (Fang Ji) with Aristolochia fangchi (Guang Fang Ji), a plant that contains
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nephrotoxic and carcinogenic aristolochic acid [30]. More than 70 cases of renal fail-
ure were reported in Belgium after consumption of a weight-loss preparation in which
S. tetrandra was substituted with A. fangchi because of their similar names [3].

Two cases of encephalopathy and neuropathy were reported in Hong Kong in 1989
following ingestion of a decoction containing Podopyllum hexandrum. P. hexandrum
contains the neurotoxin podophyllotoxin in high concentration; nevertheless, it is
used as an adulterant of “long dan cao” (Gentiana spp). Around the same period in
Taipei and Kuala Lumpur, the erroneous substitution of P. hexandrum for Wai-Ling-Sin
(Clematis chinensis) had caused several cases of neuropathy [31, 32].

Both Solanum lyratum and Aristolochia mollissima share the common Chinese
name “Bai Mao Teng,” although these two plants are belonging to two different fami-
lies. The confusion over the name had led to serious consequences. S. lyratum is not
harmful; however, A. mollissima contains aristolochic acid, a phytochemical with
nephrotoxic and carcinogenic properties [29, 33]. Another example of confusion over
the common name is the Chinese diuretic drug “Mu Tong.” According to the classical
Chinese herbal literature, until the mid-seventeeth century, several Akebia species
were utilized as the original source plants of Mu Tong. Thereafter, Clematis species
were recognized as the main source of Mu Tong. However, since the 1950s Aristolo-
chia manshuriensis is considered as the source of the Chinese herb Mu Tong, and this
had led to serious confusion as the substitution with A. manshuriensis may cause
renal failure [29, 34].

The adulteration of herbal medicine with undeclared synthetic drugs to enhance
their therapeutic effect has been reported in many countries. A study conducted in Tai-
wan revealed that 23.7% of herbal samples were adulterated with pharmaceuticals
[35], while 7% of proprietary herbal products in California contained undeclared phar-
maceuticals [36]. Similarly, a study conducted in Iran revealed the existence of illegal
adulterants in 63 herbal weight loss formulations. Those samples mainly contained si-
butramine beyond its therapeutic dose posing serious risks to the health of the people
who consume the herbal formulation [37]. In another study conducted in Oman, sil-
denafil, tadalafil and vardenafil were detected as adulterants in several herbal medici-
nal products [38]. Moreover, paracetamol, dexamethasone, and prednisolone were
identified in pain reliever formulations [39] while aminopyrine, indomethacin, hydro-
cortisone phenylbutazone, etc. were detected in several Chinese herbal medicines [40].

10.3 Safety concerns on herbal medicines

Many people believe that herbal medicines with a long history of popular use are
normally safe at their therapeutic dose. However, the absence of records of adverse
effects may not always be an indicator of lack of toxicity specially concerning the
long-term adverse effects that are difficult to detect. Therefore a properly designed
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epidemiology study (preferably, a prospective cohort study), as well as comprehen-
sive pre-clinical and clinical studies, is required to determine the safety of popular
herbal medicines [41].

The inappropriate usage of herbal medicines can lead to adverse effects and toxic-
ities. Sometimes, these products are used for inappropriate indications (non-traditional
indications like weight loss, athletic performance, recreational use), or prolonged peri-
ods or in inappropriate dosages. For example, in traditional Chinese medicine, Ephedra
is used in small doses as a remedy for wheezing and cough but is never recommended
as a stimulant, a dieting agent, or a recreational agent [2]. However, Ephedra was an
ingredient of a multicomponent dietary supplement generally popular as a weight loss
and an energy enhancement agent. The Food and Drug Administration had to ban
the sale of this supplement in 2004 due to serious cardiovascular adverse effects as-
sociated with its use in excessive doses and durations [42]. Similarly, fatalities were
reported after the intentional ingestion of seeds of Datura stramonium for recreational
purposes rather than for its therapeutic effects [43].

Inappropriate processing is also an underlying reason for toxic effects; thus,
herbs should be processed by adopting recommended protocols. An example is the
processing of dried seeds of Strychnos nux-vomica that is used in traditional Chinese
medicine to promote blood circulation, alleviate blood stasis, and relieve pain. The
secondary metabolites strychnine and brucine, which possess strong convulsant ac-
tion, are present in the seeds and as a result, it is recommended to process seeds by
parching in a sand bath or frying in an oil bath at 235 °C. This type of processing can
decompose or transform the above secondary metabolites into less toxic forms [39].
Similarly, Aconitum species are considered as an important drug in Traditional Chi-
nese Medicine despite the presence of the toxic alkaloid aconitine and other cardio-
toxic and neurotoxic metabolites like mesaconitine and hypaconitine. The traditional
processing method of Aconitum roots is known as ‘Paozhi,” and this process can re-
duce the toxicity of the plant material by degrading the diester diterpene alkaloids to
the less toxic monoester diterpene alkaloids. Another example is the improper usage
of Aconitum roots that resulted in several fatalities, particularly after drinking home-
made medicated liquor containing Aconitum [44].

Adulteration of herbal medicines with modern pharmaceuticals such as non-
steroidal anti-inflammatory drugs (NSAIDs), steroids, antihistamines, and sexual-
enhancing drugs can lead to serious adverse effects such as allergic reactions,
Addisonian crisis, Cushing’s syndrome, fatal hypoglycemia, and even death [2].

Heavy metals exist as a regular and deliberate component in many Asian herbal
medicinal formulations and have been included for a specific curative purpose [45].
Consumption of such products may sometimes lead to heavy metal poisoning; for ex-
ample; anemia, abdominal pain, and encephalopathy are associated with lead poi-
soning, while arsenic poisoning can be presented as leucopenia, anemia, sensory
neuropathy, and malignancies [2].
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Patients who are on multiple medications, at extremes of age, and with chronic ill-
nesses have a higher risk of developing harmful drug-herbs interactions due to the
concurrent use of herbal medicinal products and modern pharmaceuticals [46]. One of
the most documented examples is the anticoagulant drug warfarin—herb interactions.
Most often patients on warfarin are maintained on long-term therapy and as a result,
many of them move concurrently to herbal remedies to achieve synergistic effects
which may lead to serious conditions like intracranial hematoma. Herbs like Salvia mil-
tiorrhiza, Ginkgo biloba, Angelica sinensis, Panax quinquefolius, Carthamus tinctorius,
Prunus persica, Glycyrrhiza glabra, Panax ginseng, Lycium barbarum, Zingiber offici-
nale, and Panax notoginseng were found to exhibit strong interactions with warfarin
[47]. Moreover, augmentation of sedative effects of modern pharmaceuticals in the
presence of medicinal plants with sedative effects like Piper methysticum and Valeriana
officinalis has been documented. The long-term usage of P. methysticum can cause
hepatotoxicity and dermatopathy [2, 41].

Another problem associated with the concurrent use of herbal medicines and
modern pharmaceuticals is the interaction with metabolic enzymes, specially CYP3A,
the most important cytochrome P450 isoform which is responsible for the metabolism
of many drugs. The extracts of Hypericum perforatum (St. John’s wort), which is popu-
lar as an herbal anti-depressant, can strongly induce CYP3A. This can lead to either a
sub-therapeutic effect in drugs that have been inactivated or toxic effects in drugs that
are being activated by this group of enzymes [48]. Besides, St. John’s wort can induce
the expression of transmembrane transporter protein PgP in the liver and intestine.
PgP is involved in the uptake and distribution of several clinically important drugs. St.
John’s wort may cause pharmacokinetic and pharmacodynamic interactions with
drugs like cyclosporine, midazolam, oxycodone, tracolimus, digoxin, atorvastin, and
verapamil. The secondary metabolite hyperforin functions as a potent inducer of
CYP3A4 and PgP and the clinical evidence suggested that St John’s wort extracts with
low hyperforin content do not change the pharmacokinetics of drugs like cyclosporine
and midazolam [2, 41, 49].

A large number of medicinal plants and phytochemicals thereof are suspected of
being carcinogens, mutagens, or teratogens. Numerous reports indicated the acute
toxicity, chronic toxicity, and genotoxicity in pyrrolizidine alkaloids present in plants
like Crotalaria, Heliotropium and Amsinckia spp. Safrole is a major constituent in the
essential oil of Sassafras albidum that has been widely used for medicinal and culinary
purposes. Safrole is also found in Piper betle (betel quid), and Areca catechu (areca
nut) commonly chewed in South and Southeast Asian countries because of their addic-
tive psycho-stimulating effects. However, the regular consumption of betel quid and
areca nut is one of the risk factors for the development of oral cancers. Moreover, the
hepatocarcinogenic potential of the alkenylbenzenes known as asarones (o-, -, and y-
asarone) was observed in many studies. Asarones have been isolated from a wide
range of medicinal plants, including Acorus calamus, Asarum europaeum, and Mosan-
nona depressa [50].
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Some herbal medicines can cause severe hepatotoxic events. For example, the
root of Callilepis laureola (impila) is extensively employed in traditional medicine in
South Africa to treat stomach complaints, cough, tapeworm infections, and impo-
tence. However, several cases of fatal poisoning due to the ingestion of impila were
reported. The in vitro experiments revealed the impila-induced cytotoxicity in human
hepatoblastoma Hep G2 cells due to depletion of cellular glutathione (GSH) [51]. An-
other example is Larrea tridentata (chaparral), a desert shrub grown in the South-
western United States and Mexico and consumed by Native Americans against a
variety of ailments. Although it has been introduced as a botanical dietary supple-
ment, several clinical cases revealed the possible hepatotoxic effects associated with
the ingestion of chaparral. Jaundice with a marked elevation in liver enzyme concen-
trations in serum was often observed in those patients. Thus it is believed that the con-
sumption of chaparral may cause acute/chronic irreversible liver damage. Moreover,
investigations have also revealed that renal and skin toxic effects are associated with
the ingestion of chaparral [52]. Table 10.2 presents some plant species reported with
carcinogenic, mutagenic, or hepatotoxic effects on human and/or rodent models.

Table 10.2: Carcinogenic, mutagenic, and hepatotoxic effects exhibited by some medicinal
plants [41].

Plant Chemical constituent Traditional use Toxicity
Aristolochia  Aristolochic In traditional Chinese Nephrotoxicity, upper
spp. acid medicine for arthritis, tract urothelial
rheumatism, hepatitis carcinoma
Symphytum Pyrrolizidine Traditional medicine in Hepatotoxicity, hepatic
officinale alkaloids Africa, China, Ayurveda venous occlusive disease,
liver cancer,
genotoxicity,
Euphorbia Phorbol esters Traditional medicine in Burkitt’s lymphoma after
tirucalli Africa. co-exposure of
E. tirucalli and Epstein
Barr virus
Rubia Hydroxyanthraquinones, In Ayurveda, Liver and kidney
tinctorum lucidin and in Europe for malignant tumors
kidney stones
Atractylis Atractylosides, In Mediterranean region Acute hepatitis,
gummifera gummiferin used as antipyretic, emetic, nephrotoxicity,
diuretic, chewing gum hepatorenal failure
Chelidonium  Celandine In Europe and temperate Acute liver injury,
majus regions of Asia used to treat moderate elevations of

dyspepsia,
biliary colic, cholelithiasis

ALT, cholestasis
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Table 10.2 (continued)

Plant Chemical constituent Traditional use Toxicity

Teucrium Furanoditerpenoids In Europe and Middle East Hyperbilirubinemia,

chamaedrys anorexia, nausea, marked

and other elevations of ALT

spp.

Pteridium Sesquiterpenes As food in East Asia and Stomach and upper

spp. and analogues; American Indians, food alimentary tract cancers,
ptaquiloside and traditional medicine in  urinary bladder cancer

New Zealand (the Maoris)

Based on the above issues relevant to the safety of herbal medicines, it is clear
that the assessment of toxicity at pre-clinical and clinical stages and post-marketing
pharmacovigilance evaluation are essential to ensure the safety and effectiveness of
herbal medicines [41].

10.4 Regulation of herbal medicine

The massive demand for medicinal plant materials, plant extracts, essential oils,
gums, tannins, etc. has resulted in a huge trade at the international level. China and
India from Asia; Egypt and Morocco from Africa; Poland, Bulgaria and Albania from
Europe; Chile and Peru from South America are some of the important suppliers while
the USA, Japan and Europe are the major consumers of those products [53]. The inter-
national trade of herbal medicinal products must be conducted in compliance with the
Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES) that regulates the international trade of species that are threatened with ex-
tinction or which would be reaching the status of being endangered [54].

The growing trend of consumer acceptance and industrial interests has created a
good market for herbal medicinal products. Because of the extensive utility of these
products, a more stringent regulatory framework is required to ensure quality and
safety. The regulation of herbal medicines is a complex and constantly evolving pro-
cess that varies from country to country. A particular herbal medicinal product mar-
keted as a “drug” in one country could be used as a “dietary supplement” in another
country. An example is Ginkgo biloba which was considered as a food in the UK until
2008 while being regulated as a medical product in Germany and as a food supple-
ment in the USA. Nowadays it is regulated as a traditional herbal medicinal product in
the UK and several other European countries [55]. As herbal products are classified
under different categories (e.g., complimentary medicines, natural health products,
prescription medicines, over the counter medicines, supplements, traditional herbal
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medicines), the regulatory requirements also vary depending on the category to which
a particular product belongs. For example, prescription medicines are subjected to
strict regulation while the extent of control on supplements is rather low [54]. The
strong connection between traditional herbal medicines and indigenous knowledge
may result in a lower level of regulations particularly when those are used for the
treatment of minor disorders.

The manufacturing process is a major stage where quality control is required.
Good manufacturing practices (GMP) are the most important tools to warrant the
quality of herbal medicine. GMP for herbal medicine cover all facets from cultivation
in the field to the preparation of different formulations [56]. Imposing regulatory
standards on herbal medicine to be manufactured using GMP would be helpful to as-
certain the general public’s belief that herbal medicines are safer than synthetic med-
icines [57].

10.5 Conclusion

Plant based-medicines and other botanicals play an imperative role in the healthcare
systems of many countries. However, the presence of adulterants, contaminants, or
inherent toxicity of plant ingredients can lead to adverse effects varying from minor
to severe and sometimes fatal. Therefore strict regulations are required to ensure the
quality, safety, and efficacy of these herbal medicinal products.
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11 Advances in extraction and analysis
of natural products

11.1 Introduction

There is enormous potential in traditional medicine systems for curing a variety of ail-
ments and diseases in humans [1]. Plants and plant products have been a treasured
source for novel molecules contemplated as substitute scenarios in the discovery of
innovative drugs. Usage of natural products possessing therapeutic values has been
potentially applied in curing diseases and constituted in ancient traditional civiliza-
tion. However, extraction, separation, isolation, and analytical sequestration of natural
products still remain a herculean task. A predominant quantity of natural products
from plants/herbs is extracted from leaves, seeds, flowers, bark, and roots [2, 3]. An
advantage of extracting natural products from plant sources is their inconceivable bio-
active characteristics like insecticides, fungicides, antioxidants, and growth promoters.
Furthermore, the increase in consumption of natural products will help in containing
the detrimental impact of synthetic products and further curb their usage [4].

A variety of applications such as phytochemicals, cosmetics, food processing, lip-
ids, pharmaceuticals, flavors, fragrances, pesticides, and pigments have been recorded
for the valuation of these natural products. Being a renewable resource along with bio-
degradable nature, natural products make a superior quality and economical alterna-
tive with sustainable growth. The varying distribution of secondary metabolites in
plants and associated hiological functions are definitive to that plant in which they are
detected [5]. These metabolites are habitually accountable for characteristics like flavor,
color, taste, and fragrance which typically resolve the plant-environment interaction.
Some metabolites such as polyphenols, alkaloids, terpenes, polyketides, and hormones
are associated with the defense and signaling mechanisms of the plant which results
in the diversity of its chemical and molecular structure existing in the plant.

Conventional extraction methods like maceration and Soxhlet have been in use
for decades which are tedious, time-consuming, and employ a reasonably large quan-
tity of organic solvents [6]. This makes clear that the new extraction systems with de-
creased extraction time and solvent, rugged, and high-yielding extraction methods
are crucial. Of late new extraction techniques such as ultrasound-assisted extraction,
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microwave-assisted extraction (MAE), supercritical fluid extraction, and accelerated
solvent extraction are dominating for competent and quick extraction from complex
plant matrices. The advantage of these techniques to work at elevated temperatures
and/or pressures relatively decreases the time of extraction [7].

Natural product characterization in analytical chemistry using prevailing techni-
ques such as mass spectrometry (MS) and nuclear magnetic resonance (NMR) spec-
troscopy (NMR) are represented as structure elucidation tools without prior isolation
of natural products [8]. Nevertheless, in many samples, it becomes inevitable to purify
the compound before analysis. To properly understand the chemical structure and ste-
reochemistry, the new natural products are required to be isolated and available as
high purity compounds. Still, this is not a shortcoming because the sample amounts
needed are relatively less and techniques like 2D NMR spectra can be obtained with
just 100 mg within feasible time. In addition to this, the isolated natural product has
to be subjected to biological activity studies in vitro and in vivo after purification to
eliminate the interference of accompanying compounds [9]. Those certified reference
standards used for testing quality control of herbal extracts principally rely on iso-
lated compounds with recorded purity. Natural products in recent times have profi-
cient rejuvenation in drug-discovery programs due to their superior natural diversity
over synthetic compounds and their structural lookalike. The isolation of natural
products begins with the collection, identification, and preparation of biological mate-
rial typically by heat treatment/drying. This follows extraction using different solvents
from low to high polarity. Before proceeding to the isolation of pure compounds,
(semi-)preparative HPLC or liquid-liquid chromatographic techniques and defined
purification steps are essential to eradicate the unwanted matrix [10].

11.2 Sample preparation methods

Sample extraction is one of the pivotal and crucial steps which is a comprehensive
task in natural products chemistry. The selection of the extraction process is subjected
to the nature of the source material from which compounds are to be isolated. Extrac-
tion of desired organic components from the plant material and their separation and
structural characterization is mandatory before proceeding to choose a method. Sam-
ple pre-concentration benefits to enhance the efficiency of analysis, reduce potential
interferences, and augment sensitivity, reliability, accuracy, and reproducibility of the
analysis by amplifying the analyte concentration in the assay mixture. Further, sample
preparation also transforms desired analytes into more relevant ones that can be easily
separated, detected, and quantified. Consequently, the obtained sample should pos-
sess high concentrations of target analytes free from any background matrices; hence,
the vital step in this process is the extraction of a target analyte [7, 11, 12]. Traditional
extraction procedures applied to plant materials extraction like maceration or Soxhlet
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typically use a huge amount of organic solvents with long extraction periods. There are
certain limitations of these traditional extractions like drying of the extract after solvent
evaporation, chemical transformation during the high-temperature and/or lengthy ex-
traction, along with the generation of large volumes of toxic waste. However, many
state-of-art extraction techniques available enjoy certain advantages like reduced or-
ganic solvent consumption, improved extraction efficiency, and selectivity [4].

11.2.1 Pros and cons of innovative extraction methods

The choice of extraction method to be applied for a particular matrix relies on the na-
ture of raw material to be processed and the product desired. There cannot be a uni-
form and definitive extraction method for obtaining desired bioactive compounds from
natural products; each method carries its own limitations and advantages [7]. Predomi-
nantly compound isolation processes still employ procedures using organic solvents of
diverse polarity, water, and their mixtures. Conventional extraction techniques for bio-
active compounds are stationed on the choice of solvent and the use of heat and/or
agitation [13]. The most pronounced conventional techniques are maceration, soaking
extraction, Soxhlet extraction, and distillation [14]. These methods are still in practice
because of their painless and economical ways to obtain essential oils and bioactive
compounds from plant material. Nevertheless, the extraction durations are relatively
very long: Soxhlet extraction typically lasts from 4 to 48 hrs. Other liquid extraction
techniques like wrist shaker or hot-plate boiling require large solvent amounts and are
often time-consuming (filtering, pre-concentration before analysis) [4].

11.2.1.1 Maceration

This is a simple, widely used extraction procedure for thermolabile compounds, e.g.,
terpenoids, phenolics, alkaloids, [15, 16]. This method is appropriate for both simple
and bulk extractions. The procedure involves pulverized plant material to soak in a
suitable solvent in a closed container at room temperature with eventual stirring. The
extraction comes to a halt when equilibrium is attained between the concentration of
metabolites in the extract and that of plant material. However, the main limitation is
this extraction procedure consumes large volumes of solvent along with long extrac-
tion times [15-20].

11.2.1.2 Soxhlet extraction

This is one of the widely practiced methods for decades for the extraction of nutra-
ceuticals from diverse plant matrices [15]. The Soxhlet extraction applied for bioactive
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compounds harmonizes the advantage of reflux extraction and percolation using the
principle of reflux and siphoning to constantly extract the plant material with fresh
solvent. In the Soxhlet extraction, the selected nutraceuticals are extracted from finely
ground plant material by using suitable solvents or a mixture of solvents under heat-
ing reflux conditions. Hexane can be applied in the foremost step to eliminate chlor-
ophylls and fatty components. The main advantage of Soxhlet extraction is that it is a
continuous process with high extraction efficacy that desires less time and solvent
consumption than maceration or percolation. Even though the extraction takes sev-
eral hours, the yields are higher than contemporary methods like microwaves or ul-
trasound-assisted extraction. However, the main disadvantage of Soxhlet extraction
is that the extract heated constantly at the boiling point of the solvent can damage
thermolabile compounds and/or initiate the forming of artifacts [4, 21, 22].

11.2.1.3 Percolation

In the percolation extraction, nutraceuticals are extracted from powdered plant mate-
rial by soaking in a suitable solvent in a percolator. In general, the extraction effi-
ciency is more in percolation than maceration as soaking solvent is replaced with
fresh solvent continuously during the extraction process. Optimization of the percola-
tion method(s) by way of using different percentages of extraction solvents and ex-
traction time are the crucial steps in this process [23, 24]. The major limitation of this
method is extraction at higher temperatures may lead to loss or decomposition of la-
bile metabolites, and this method consumes a large volume of solvents and also time.

11.2.1.4 Reflux extraction

Reflux is one of the methods for the extraction of thermally stable natural products. In
this method, plant material is refluxed with a suitable solvent for the extraction of nu-
traceuticals. The extraction efficiency depends on the solvent used, temperature, and
time. It requires less solvent and extraction time than maceration or percolation meth-
ods [7, 25].

11.2.1.5 Microwave-assisted extraction

Microwave-assisted extraction (MAE) is one the classical extraction technique that
is used for the extraction of medicinally active components from various plant ma-
trices. In this technique, the microwave energy is used to heat the sample solvent
mixture rapidly resulting in the partitioning analytes from a sample matrix in to the
solvent. The extraction involving microwave radiation by interacting with polar
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compounds such as water along with organic components in the plant matrix fol-
lowing the ionic conduction and dipole rotation mechanism augments the recovery
of secondary metabolites and aroma compounds. This process is usually performed
using microwave energy ranges of 300 MHz to 300 GHz [26]. The ease and conve-
nience of carrying out MAE under an inert atmosphere decrease the probabilities of
degradation of sensitive compounds due to high temperature and high irradiation
[15, 27]. It is also considered to be a green extraction technique due to shortened
extraction time and solvent consumption.

11.2.1.6 Ultra sonication—assisted extraction

Ultrasonic-assisted extraction (UAE) or sonication is a technique in which ultra-
sound wave energy is used in extraction typically in the frequency ranging between
20 kHz and 100 MHz. Similar to other waves, it passes through a medium by creating
compression and expansion producing cavitation, meaning growth and collapse of
bubbles. Cavitation fast-tracks the diffusion and dissolution of the solute along with
heat transfer which improves the extraction efficiency. As per Doktycz and Suslick
[28], obtained bubbles have a temperature of about 5,000 K, pressure 1,000 atm, and
heating and cooling rate above 1,010 K/s. The chief benefit of the UAE is that ultra-
sound wave energy facilitates both organic and inorganic compounds leaching from
the plant matrix. The escalation of mass transfer and accelerated access of solvent to
cell materials of plant parts is the apparent scheme behind UAE [7]. UAE involves two
specific physical phenomena: (a) the diffusion across the cell wall and (b) rinsing the
contents of the cell after breaking the walls [4, 15, 29]. The low solvent and energy
consumption, and the reduction of extraction temperature and time, make UAE ad-
vantageous over other extraction techniques. Further, the applicability of UAE for
thermolabile and unstable compounds makes it preferential. UAE is widely applied to
facilitate the extraction of intracellular metabolites from plant cell cultures [30].

11.2.1.7 Pressurized liquid extraction

Pressurized liquid extraction (PLE), also popular as accelerated solvent extraction, ap-
plies high pressure in extraction. This method is quite similar to supercritical fluid ex-
traction, wherein high pressure keeps solvent in a liquid state above their boiling
points which results in high solubility and diffusion rate of solute into the solvent with
high penetration of solvent into the matrix. PLE requires specialized, expensive equip-
ment for maintaining high pressure and temperature conditions to increase efficiency,
selectivity, and repeatability. The reduced extraction time and solvent consumption
over other methods make PLE an economical and environmentally friendly alternative
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to conventional extraction techniques. Conversely, the PLE equipment is less user-
friendly in terms of sample preparation time and workforce [4, 7].

11.2.1.8 Accelerated solvent extraction

Accelerated solvent extraction (ASE) is a fully advanced closed rapid extraction
technique for the extraction of organic compounds from solid and semi-solid matrices.
The procedure briefly comprises three successive steps, i.e., loading of the sample into
the extraction cell, filling the solvent into the cell, and finally purging the residual ex-
tract. In situ derivatization is also possible during the extraction process. ASE activates
at a temperature above the normal boiling point of solvents and uses pressure to keep
solvent in liquid form during extraction. The increase in temperature accelerates the
extraction capacity of the solvent to solubilize the analytes and elevated pressure
pumps the solvent through the matrix bed resulting in more close contact with the
analytes. The elevated pressure also keeps the solvent below its boiling point enabling
rapid, safe, and efficient extraction of target compounds from various matrices. The
extraction can be effectively performed at selected operational temperature and
pressure [15, 31]. Once the extraction is completed, the residual extract is purged
using an inert gas such as nitrogen. The time required for ASE is short compared
to that of conventional maceration and Soxhlet techniques [4]. This technique can
be conveniently scaled up and applied in natural products, food materials, and
agricultural residues. The noticeable leverage of ASE includes extraction for sam-
ple sizes 1-100 g, relative solvent reduction, wide application range, and manag-
ing acidic and alkaline matrices. It is also supposed to offer lower-cost per sample
than other extraction techniques [32].

11.2.1.9 Supercritical fluid extraction

Supercritical fluid extraction (SFE) uses supercritical fluid as the extraction solvent
and is an eco-friendly technique [33]. Supercritical fluid has similar solubility to liquid
and similar diffusivity to gas which can dissolve a wide range of natural products. Su-
percritical carbon dioxide is widely used in SFE due to highly remarkable advantages
like low critical temperature (31 °C), selectivity, inertness, low cost, non-toxic, and spe-
cific capability in extracting thermolabile compounds. Further, the addition of a modi-
fier to supercritical carbon dioxide will enhance the solvating properties significantly.
The prime superiority of SFE includes: (1) the dissolving power of a supercritical fluid
solvent is changeable by altering pressure and temperature. (2) the supercritical fluid
has a higher diffusion coefficient and lower viscosity and surface tension than a liquid
solvent, leading to more favorable mass transfer [15, 29]. This method has proven to be
more advantageous due to the process conducted at low temperature which prevents



11 Advances in extraction and analysis of natural products =—— 209

the damage of sensitive compounds along with amounts of solvent residues. SFE is an
impressive alternative with reduced consumption of organic solvent and an eco-
friendly process that can be applied for extracting pesticides, dietary supplements, fra-
grances, and natural products [7, 34].

11.2.1.10 Hydrodistillation

The hydrodistillation method is commonly used for the extraction of volatile oil from
plant materials [35]. This method is subcategorized into water distillation, steam distil-
lation, or a combination of water and steam distillation. In this method, volatile com-
pounds; i.e., primary and secondary essential oils are vaporized along with the steam
of water and then condensed at low temperatures which results in an immiscible mix-
ture of an oil phase and an aqueous phase. The major drawback of this method is the
long periods of extraction and hydrolytic or thermal decomposition of ester or unsatu-
rated natural compounds [36].

11.2.1.11 Enzyme-assisted extraction

The enzyme-assisted extraction method is specific and efficient [7, 37]. Different types
of enzymes are used to treat plant material to extract specific bioactive natural prod-
ucts from plant materials. In this method, plant cell walls are broken down and the
metabolites are released. Generally, these enzymes are derived from different sources,
e.g. vegetables, animal organs, bacteria, fruits, and fungi. Based on the catalytic activ-
ity of the enzymes, the enzymes are categorized into different types which are ligases,
oxidation-reduction enzymes, group transfer enzymes, desmolases, and carboxylation
enzymes, hydrolyzing enzymes, isomerizing enzymes, etc. This method requires less
time and organic solvents to extract natural products with high yield and purity [38,
39]. The major limitations of this method are mainly: (1) enzymes are expensive to use
on an industrial scale, (2) presently available enzymes cannot rupture the plant cell
walls completely, (3) the behavior of enzymes varies with different environmental
conditions.

A brief summary of various extraction methods for natural products is given in
Table 11.1.
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Table 11.1: Various extraction methods for natural products.

S.no  Extraction Extraction Temperature/ Extraction  Expected natural
method solvent pressure time product
1 Maceration Water, aqueous RT/AP Long Based on
and non-aqueous extraction solvent
solvents polarity
2 Soxhlet Organic solvents UH/AP Long Based on
extraction extraction solvent
polarity
3 Percolation Water, aqueous RT or UH/AP Long Based on
and non-aqueous extraction solvent
solvents polarity
4 Reflux Aqueous and UH/AP Moderate Based on
extraction non-aqueous extraction solvent
solvents polarity
5 Microwave- Water, aqueous UH/AP Short Based on
assisted and non-aqueous extraction solvent
extraction solvents polarity
6 Ultra Water, aqueous RT or UH/AP Short Based on
sonication— and non-aqueous extraction solvent
assisted solvents polarity
extraction
7 Pressurized Water, aqueous UH/HP Short Based on
liquid and non-aqueous extraction solvent
extraction solvents polarity
8 Accelerated Organic solvents Elevated Short Based on
solvent temperature extraction solvent
extraction and pressure polarity
9 Supercritical Supercritical fluid ~ RT/HP Short Nonpolar to
fluid extraction (usually S-C02), moderate
sometimes with polar compounds
modifier
10 Hydro Water UH/AP Long Essential oil
distillation
11 Enzyme- Water, aqueous RT/AP Moderate Based on
assisted and non-aqueous extraction solvent
extraction solvents polarity

RT-Room Temperature; UH-Under Heat; AP-Atmospheric Pressure; HP-High Pressure
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11.3 Analytical techniques for natural products

Essential parameters for an analytical technique for standardizing medicinal plants
and plant products include high sensitivity, improved resolution, clean separation,
and lowest detection limits added with minimum analysis time. Application of the
right analytical technique has become decisive for quantifying environmental, pharma-
ceutical, toxicological, natural products, polymers, and chemical synthesis samples.
To cater to these needs, techniques that syndicate both chromatographic methods (LC,
GC, CE, etc.) with diverse spectroscopic methods (UV, MS, NMR, etc.) have emerged
[10]. This new outcome of coupling (hyphenation) has given a new dimension in the
field of separation and purification analysis which is efficient, precise, adjustable, and
can be oriented to any specific analytical application.

Equitable and prudent analytical techniques contribute a vital segment in the
discovery of novel active compounds of natural products along with solving intricate
analytical problems.

11.3.1 Thin-layer chromatography

Thin-layer chromatography (TLC) is one of the widely used methods for the separation
and primary identification of constituents of plant extracts. In TLC, compound separa-
tion is accomplished by partition and adsorption depending on the composition of the
stationary phase and the mobile phase. The cost-effective nature of the equipment and
consumables makes it versatile in application. Natural product analysis using TLC
mainly centers on material identification, monitoring the progress of a reaction and de-
tection of tainted compounds. As most of the compounds appear under visible region,
TLC becomes an easy technique for detecting bioactive compounds; furthermore apply-
ing different derivatization reactions helps to improve the effectiveness of purification
and determination [40, 41].

11.3.2 High-performance thin-layer chromatography

High-performance thin-layer chromatography (HPTLC) is a sophisticated planar
chromatography and most advanced system of instrumental TLC. HPTLC gives better
separation, increased resolution, more accurate quantitative measurements through
low analysis time [42], less cost per analysis with little maintenance cost. Moreover,
the hyphenation of HPTLC with mass spectrometry (HPTLC-MS), Fourier transform in-
frared spectroscopy (HPTLC-FTIR), laser desorption, scanning diode, etc. has shown
its wider capability in analytical determinations. Simultaneous processing of standard
and sample with improved analytical accuracy and precision are making HPTLC and
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its hyphenated techniques a substantial tool in fields like pharmaceuticals analysis,
natural products chemistry, and pharmacokinetics [43].

11.3.3 Counter-current chromatography

“Counter-current chromatography” (CCC) is an initiatory generic term covering all
forms of liquid-liquid chromatography that uses support free liquid stationary phase.
CCC uses an immiscible biphasic liquid system with one liquid being a stationary
phase and the other being a mobile phase [44]. The working principle is based on the
countercurrent partition system, wherein the partition of solute particles happens be-
tween two immiscible solvents. This separation is based on the different “partitioning
coefficients” of a particular compound present in the solvent phase versus the diluent
phase. This is similar to the HPLC technique except for holding a liquid stationary is
more difficult than solid. The stationary phase which is let into the column whirls at
reasonable rotating speed and is held by generated centrifugal force. The mobile
phase containing solute particles intend to be separated is fed into the column and
then pushed to the stationary phase. Nevertheless, the separation efficacy can be less
due to poor mixing of two phases that improves the mixing of solvents introduced
high-speed CCC technique [4, 45].

The advantage of CCC lies in its high resolution and separation capability result-
ing in high sample recovery. Based on the sample solubility and the column volume,
CCC can be adapted to large sample volumes [10]. Droplet-CCC (DCCC) has found wide
applications in the preparative separation of plant constituents and other natural
products with particular reference to the isolation of polar compounds [46]. Effective
application of the CCC technique includes the separation of essential oils, steroids,
plant growth regulators, alkaloids, glycosides, and antibiotics.

11.3.4 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) has been established as a para-
mount and highly adapted chromatographic technique for the separation of natural
products in crude and complex matrices. HPLC has become pioneering analytical sup-
port for the identification, quantification, and purification of individual components
from a mixture [47]. An HPLC system characteristically comprises following compo-
nents: (i) solvent reservoir; (ii) pump system; (iii) sample injection system; (iv) column
compartment; and (v) detector. Instead of the mobile phase being allowed to drip
through the column under gravity, it is forced under high pressure up to 400 atmos-
pheres to make the separation faster. Ultra-high-pressure liquid chromatography en-
hances mainly the speed, resolution, and sensitivity, and is capable of coping with
high backpressures which resulted in remarkable improvements in the analysis of
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complex plant extract mixtures. The diversity of natural products makes it difficult in
selecting one particular detection system. Moreover, there is no single detection tech-
nique for their effective determination. The most widely used HPLC detectors include
ultraviolet-visible (UV), diode-array detectors (DAD), fluorimetric detectors (FLD), elec-
trochemical detectors (ECD), refractive index detectors (RID), chemiluminescence (CL)
detectors (CL), evaporative light scattering detectors (ESLD), and charged aerosol de-
tector (CAD) [48].

11.3.4.1 Liquid chromatography with ultraviolet-visible detection (HPLC-UV)

In recent times LC-UV, with single-wavelength or diode array detectors (DAD), is
becoming the most popular technique for the separation of compounds due to the rel-
atively economical and effortless operation of the instrument. Despite some limita-
tions, like for natural products that do not possess UV chromophores, it has the best
combination of sensitivity, linearity, versatility, and reliability of all available HPLC de-
tectors. Most natural products absorb UV in the range of 200-550 nm, all constituents
having one or more double bonds and ingredients having unshared electrons. There-
fore, compounds having weak chromophores can be successfully detected by UV at
short wavelengths. The UV detector is generally set at 254 nm, but it can be used at
more specific wavelengths such as 280 nm, 430 nm, 480 nm, or 500 nm [49, 50].

11.3.4.2 Liquid chromatography with fluorimetric detection (HPLC-FLD)

Fluorimetry detection (FLD) is not widely used, but this technique is known for its
high sensitivity for a selective group of compounds. By using a specific wavelength,
analyte atoms are excited and then emit a light signal; the intensity of emitted light is
monitored to quantify the analyte of interest. Hence the natural products can be de-
tected without derivatization. It has been documented that HPLC-FLD is suitable for
routine quality assurance to control the presence of natural compounds from the raw
material [4].

11.3.4.3 Liquid chromatography coupled to mass spectrometry (HPLC-MS)

The separation capabilities of LC and the identification power of MS combination
evolved as a predominant tool in the analysis of plant extracts. The MS detector
proficiency to separate gas phase ions according to their m/z (mass to charge ratio)
value makes it unique and beneficial. The possibility of chemical structure elucida-
tion of compounds using tandem analysis makes it exceptional. Using tandem MS,
some of these ions are selected and new fragments ions are produced which pave the



214 — Jagadeshwar Reddy Thota et al.

way in determining the chemical structure of analytes. Moreover, MS detector im-
proves the signal/noise ratio and selectivity by providing specific modes such as sin-
gle ion monitoring and selected reaction monitoring, and by separating co-eluted
compounds [4, 51].

Furthermore, electrospray ionization (ESI) became a widely accepted choice as
this ionization source is suitable for a large range of molecules, making it an utmost
acceptable technique to the diversity of polarities and weights encountered among
secondary metabolites [10].

Some auxiliary detectors with different detection modes attached to liquid chroma-
tography have also been employed in the analysis of biological matrices (other than
plant materials). Albeit HPLC-UV/HPLC-PDA are widely applied techniques due to
their simple handling, lack of sensitivity, selectivity, and interference of the co-eluting
matrix still remain a challenge (e.g., detection of anthraquinone) [4]. Mass spectrome-
try detection is undoubtedly an analytical tool for facile and speedy determination and
quantification. Meanwhile, the significant expenditure is still limiting its use; therefore,
a reasonably priced mass spectrometry can become a strong podium for structure elu-
cidation workflows in the field of natural products research.

11.3.4.4 HPLC coupled to an electrochemical detector

HPLC coupled with an electrochemical detector (ECD) is an extremely sensitive and se-
lective detection technique applied in the determination of compounds possessing
electrochemical activity. In a reductive mode, degassing instruments are essential to
remove dissolved oxygen from the mobile phase to prevent the oxidation of analytes.
Classification and modes of ECD comprise amperometric, coulometric, conductimetric,
and potentiometric detectors largely used in biomedical analysis [4].

Among other detectors used, CL detection was successfully applied for the analy-
sis of natural products. CL is defined as the production of electromagnetic radiation
(ultraviolet, visible, or infrared) observed through an electronically excited intermedi-
ate or product due to a chemical reaction. HPLC-CL proved to be a quite beneficial
tool due to its simplicity, low cost, and high selectivity and sensitivity [52].

11.3.5 Mass spectrometry

During the last two decades, mass spectrometry (MS) coupled with molecular separa-
tion techniques such as gas or liquid chromatography or capillary electrophoresis is
being used for the identification of nutraceuticals in complex mixtures of natural
product extracts [51]. Day-by-day developments in mass spectrometric and chro-
matographic techniques have made it possible for qualitative and quantitative analy-
sis of chemical components in different sample matrices at the sub-ppm level. Mass
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spectrometers having high resolving power mass analyzers such as Orbitrap, Fourier
transform ion cyclotron resonance, and time-of-flight provide high-resolution mass
data and help in the structural elucidation of non-targeted/unknown nutraceuticals. In
addition to the above mass spectrometry techniques, matrix-assisted laser desorption/
ionization mass spectrometry imaging (MALDI-MSI) is being used in plant sciences to
assist in situ detection of a variety of molecules on the surface of a tissue section in-
cluding primary and secondary plant metabolites as well as peptides and proteins [53].

11.3.6 Nuclear magnetic resonance spectroscopy

NMR spectroscopy is being widely used for qualitative and quantitative analysis of
natural products [54]. NMR is a versatile tool to characterize natural products that are
present in polar, semi-polar, non-polar extracts of plant sample matrices. Polymers
such as polysaccharides, and lignin present in plant cell walls can be profiled by
using the NMR technique without sample extraction [55]. Structure elucidation of tar-
geted and non-targeted, primary or secondary plant metabolites, natural compounds
can be achieved by one-dimensional and multi-dimensional NMR experiments such
as 'H NMR, °C NMR, correlation spectroscopy (COSY), hetero-nuclear multiple-bond
correlation (HMBC), hetero-nuclear single quantum correlation (HSQC), etc. Structure
conformations and analyzing molecular interactions of the compounds can also be
determined by this method [56].

11.3.7 Capillary electrophoresis

Capillary electrophoresis (CE) has proved to be one of the most dynamic analytical
techniques for the qualitative and quantitative determination of various classes of
natural products with a wide range of polarity. Due to its versatility and high separa-
tion efficiency, CE has emerged as an interesting alternative to routine techniques.
CE technique is based on the electrophoretic mobility of charged molecules in a con-
ductive medium under an applied voltage [57].

11.3.8 Gas chromatography

Gas chromatography (GC) is a versatile tool in the analysis of volatile plant secondary
metabolites. Headspace, solid-phase microextraction and steam distillation extraction
can be used to collect the volatile compounds from small amounts of plant material.
However, chemical pretreatments such as derivatization reactions are required to im-
prove the volatility [58, 59].
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A very powerful combination of the high separation capacity of GC with the iden-
tification capabilities of mass spectrometry such as gas chromatography-atomic ab-
sorption spectrometry (GC-AAS); gas chromatography-atomic emission spectrometry
(GC-AES); gas chromatography-mass spectrometry (GC-MS); or gas chromatography-
inductively coupled plasma mass spectrometry (GC-ICP-MS) techniques provides
quantitative and qualitative information [60].

11.3.9 IR spectroscopy (IR)

IR spectroscopy has been used for qualitative and quantitative analysis of nutraceut-
icals in a wide range of plants and agricultural products. This technique is adequate
to fingerprint the composition of bioactive compounds present in plant material. IR
analysis is rapid, cheaper, and environmental friendly [61]. However, the major limi-
tation of this technique is it cannot measure molecules that are present at lower con-
centrations in different plant matrices.

11.4 Dereplication

Dereplication is a low-duration process used for quick identification of known nutra-
ceuticals present in plant extracts without compound isolation used in structure eluci-
dation [62]. Of late a variety of dereplication methodologies, for example, biological
assays, analytical tools, computer and statistical tools, have been actively applied in
the field of bioactive natural product discovery [63]. Documentation of targeted sec-
ondary plant metabolites in plain form or associated with complex matrices (crude
extract) can be efficiently conceded using sophisticated separation and spectroscopic/
spectrometric techniques. Prevalent analytical methods practiced for the dereplication
of natural products include molecular separation techniques like liquid chromatogra-
phy with different detectors, namely, photodiode array (PDA) or ultraviolet (UV),
mass spectrometry (MS), and NMR spectroscopy [64].

Even though UV or DAD detectors are restricted to the interpretation of peak re-
tention times or spectral fingerprints in the case of UV, despite these reservations
both can be engaged in dereplication strategies for identification and quantification
using standard reference molecules. Meanwhile, MS and NMR spectroscopic techni-
ques are the most comprehensively applied techniques for the dereplication of the
natural products envisaging data comparison with the database libraries [65]. The ad-
ditional capability of these techniques enables the identification of known and un-
known nutraceuticals in plants efficiently using the algorithms (ACD Labs, XCMS,
MET-IDEA, etc.) for automatic and statistical interpretation.
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11.5 Concluding remarks

The high throughput, efficient, and robust novel approaches employed in the extrac-
tion and analysis of natural products signify that phytochemical screening is no longer
as cumbrous as it was a few years ago.
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