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Preface

Cancer is one of the most life-threatening diseases and a major cause of death 
worldwide. Plants act as an important source of anti-cancer compounds. A renais-
sance of public interest in plant-based products due to lesser side effects and better 
compatibility has led to an increased demand for anti-cancer drugs obtained from 
plants. To meet the ever increasing demand, plants producing anti-cancer com-
pounds are harvested from their natural sources, which direct to their extinction. 
Biotechnology offers a tool to produce compounds of interest without harvesting 
the plants from nature. Biotechnological advancements provide the opening to 
make use of cells, tissue or organs of economically important plants by growing 
them under aseptic conditions and to genetically manipulate them to obtain the 
desired compounds.

This book provides up-to-date information on anti-cancer drugs obtained from 
plants, their market demand, value as well as the role of biotechnology in the 
improvement of plant-based anti-cancer compounds. Chapters discuss the recent 
developments and techniques to obtain anti-cancer drugs from plants, in vitro pro-
tocols for optimized production of these compounds, their mode of action, and bio-
synthetic pathways. Experiences and views of researchers working in this area have 
been shared. Future strategies and goals to find out the ways to obtain the highly 
demanded anti-cancer compounds in an eco-friendly, economic, and efficient way 
are highlighted. This book will be valuable to researchers/teachers and students 
working in the area of plant tissue culture, natural products, phytochemistry, phar-
maceutical sciences, medicines, and drug discovery.

Sao Luís, Maranhao, Brazil Sonia Malik 
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Chapter 1
Medicinal Plants: Ethno-Uses 
to Biotechnology Era

Aly Farag El Sheikha

Abstract To date, medicinal plants form the backbone of primary healthcare for 
70–95% of the population of the developing world. Therefore, medicinal plants help 
in alleviating human suffering and are widely used for traditional remedies, phar-
maceutical materials, and trade. Cancer patients numbers are increasing worldwide, 
ranking this disease as the second disease cause of mortality for both sexes. 
Traditionally, medicinal plants have been used in the fight against cancer, then it is 
considered as the basis for medicines discovery, and nowadays more than 70% of 
anticancer drugs have a natural source. The biotechnological tools are necessary to 
select, multiply, improve, and analyze medicinal plants. This chapter highlights the 
history of using the medicinal plants indigenously worldwide, i.e., anticancer reser-
voirs and also answers to many questions, such as: Why the importance of using 
medicinal plants is increasing recently? What are the benefits of applying the bio-
technology in medicinal plants? It then describes the new biotech technique of the 
traceability by using PCR-DGGE to determine the geographical origin of medicinal 
plants (a case study of Physalis fruits from four different countries) by analyzing the 
DNA fragments of microorganisms (yeasts) on plants. This method is based on the 
assumption that the microbial communities of environmental samples are unique to 
a geographic area.

Keywords Ethnomedicine history • Medicinal plants • Anticancer reservoirs • 
Benefits of biotechnology • Traceability • PCR-DGGE • Origin
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 Historical Background

Since the beginning of civilization, humanity has used plant materials suited for use 
in meeting the necessities of life. Historical contexts of using herbs traditionally 
depict that various medicinal plants were in use from several centuries BC by 
Egyptians, Chinese, Indians, Syrians, Babylonians, and Hebrews (Seid and 
Aydagnehum 2013; El Sheikha 2015b).

Archeologically, the Sumerians described well-established medicinal uses for 
such plants as laurel, caraway, and thyme (Falodun 2010); also studies have shown 
that the practice of herbal medicine dates as far back as 60,000 years ago in Iraq 
(Leroi-Gourhan 1975). The evolution of these plant-based medicine systems pri-
marily based on plants within a local area. The great popular medicine systems are 
produced by several systems within Africa, the Chinese, and Tibetan of some parts 
of Asia, the Ayurvedic and Unani of the Indian subcontinent, the Native American 
of North America, and the Amazonian of South America (Mamedov 2012).

Historically, the use of herbs and spices in food preparation developed in part as 
a response to the threat of food-borne pathogens. Several studies illustrate that reci-
pes are the most highly spiced in tropical regions where pathogens are the most 
abundant. Furthermore, the spices with the most potent antimicrobial activity tend 
to be selected (Billing and Sherman 1998). It is well known in all cultures; vegeta-
bles are spiced less than meat, presumably because they are more resistant to spoil-
age (Sherman and Hash 2001). Flowering plants were the source of most plant 
medicines. Stepp (2004) cited that many of the common weeds that populate human 
settlements, such as nettle, dandelion, and chickweed, have medicinal properties.

 Ethnomedicines Uses of Herbs Between the Past and the Present

The usage of herbs for healing is the method of medicine as old as humankind itself. 
Man has been in a constant struggle with the disease since time immemorial, so he 
does not stop the search for new sources of the drug through the environment around 
him, and the evidence of this are many and varied including what is in the form of 
written documents, preserved monuments, and even original plant medicines. 
Increased awareness of the importance of the use of medicinal plants in the fight 
against diseases as a result of several years of accumulated experience due to which 
man learned to pursue drugs in many parts of plants, i.e., barks, seeds, fruit bodies, 
and other parts. Modern science has proved the functional role of plants in the treat-
ment of diseases, and this has been evident through the incorporation of modern 
drug therapy for many of the drugs of plant origin which have already been used for 
thousands of years by the ancient civilizations. The continuous development is wit-
nessed by the use of medicinal plants in the treatment of diseases, as well as 
increased awareness of the importance of the use of natural resources in the pharma-
ceutical industry. That has raised significantly the ability of pharmacists and physi-
cian to cope with the growing challenges in their battle against the diseases, which 
seek to provide a better life for humanity (Petrovska 2012).

A.F. El Sheikha
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 Ancient Times

Ancient peoples had acquired some knowledge of medicinal plants and used it to try 
to find a way to cure diseases and ease the pain of it. Predominantly, these first trials 
at medicine were based on speculation and superstition. They believed that evil spirits 
are the cause of diseases. Therefore, the use of herbs could drive them out of the body 
that rendered the body an unsuitable host. Usually, the healers (men or women) in the 
tribe were aware of the plants used in the treatment. It must not lose sight of the role 
of those old beliefs in this enormous development in the field of medicine (Gonsalves 
2010). Methods of folk treatments throughout the world commonly used medicinal 
plants as part of their traditions. As following, we briefly highlight how ancient civi-
lizations identified the medicinal plants and how to use them to heal diseases.

 In Egypt

From 3000 to 6000 years ago, the ancient Egyptians have invented an efficient phar-
macological collection of numerous curing materials obtained from natural resources. 
Nunn (1996) states: “By far the most common form of treatment recommended in 
the medical papyri was the use of drugs, drawn from a very wide range of animal, 
mineral, and vegetable materials and administered in a variety of ways. The ancient 
Egyptians were renowned for their skill in this respect.” The ancient Egyptians have 
written one of the earliest known records on Ebers Papyrus that dated to 1500 BC 
(Fig. 1.1), which contains information on over 850 plant medicines, including garlic, 
juniper, cannabis, castor bean, aloe, and mandrake (Sumner 2000). The Egyptian 

Fig. 1.1 Egyptian medical 
papyrus of medicinal 
plants dating to 1550 BC 
(Source: https://en.
wikipedia.org/wiki/
Ebers_Papyrus#/media/
File:PEbers_c41-bc.jpg)

1 Medicinal Plants: Ethno-Uses to Biotechnology Era
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physicians prescribed sedatives, analgesics, gastrointestinal disorder remedies, and 
medicines for urinary tract diseases and the common cold (Nunn 1996; Oakes and 
Gahlin 2003). Plant extracts were prepared and taken internally, applied topically, 
and administered by fumigation and vapor inhalation. The Egyptians are also cred-
ited with the early medicinal use of wine, castor oil, marijuana, opium, mints, and 
beer made from barley and wheat (Shafik and Elseesy 2003). Oakes and Gahlin 
(2003) point out that “The Egyptians were the first people to use some drugs that 
modern studies have proved would have been medicinally useful.”

 In Greece

Plant-based therapeutic treatments continued to be augmented later by healthcare 
practitioners in ancient Greece 3000 through 1500 years ago. Only a few parts of these 
works have survived intact; the scientists have noted from what remains that there is a 
significant overlap with the Egyptian medicinal plants. Greek and Roman therapeutic 
practices were preserved through the writings of Hippocrates (e.g., De herbis et curis), 
especially Galen (e.g., Therapeutics), which were also as the headwaters for western 
medicine later (Robson and Baek 2009). Dioscorides, an authority on herbs who lived 
in the first century AD, is remarked for accumulating 24 detailed books on over 600 
remedial plants and their proper uses under the title “De Materia Medica,” the earliest 
known name of that terminology (Sigerist 1967; Von Staden 1989).

Following those developments, additional discoveries of useful medicinal plants 
resulted from experimentations in several early historic cultures 1000–2000 years 
ago in China and India.

 In China

The mythological Chinese emperor Shennong is said to have written the first 
Chinese pharmacopeia, the “Shennong Ben Cao Jing.” It lists 365 curative plants 
and their uses, including hemp, ephedra (provided ephedrine as a drug to contempo-
rary medicine), and chaulmoogra (one of the first effective treatments for leprosy) 
(Sumner 2000). Succeeding generations grown on the Shennong Bencao Jing, as in 
the Yaoxing Lun (Treatise on the Nature of Healing Herbs), a seventh century Tang 
Dynasty treatise on herbal medicine (Wu 2005).

In ancient Chinese times “traditional Chinese medicine as medicine” and 
“Chinese herbal medicine as pharmacy” were already described as eminent special-
ties. More than 85% of Chinese medical materials originate from plants, but tradi-
tional Chinese medicine practitioners also prescribe animal/insects, minerals, and 
crude artificial compounds. Also, the term “Chinese herbal medicine” also encom-
passes some ethnic herbal medicines and folk medicines in China. In Chinese herbal 
medicine, there are 11,146 different kinds of plants, 1581 kinds of animals/animal 
and insects, 80 kinds of mineral medications, and more than 50 kinds of crude 
chemical preparations, as well as 5000 (total one million) clinically validated herba-
ceous formulations. Different from other herbal medicines and Western medicines, 

A.F. El Sheikha
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Chinese herbal medicines are often prescribed as formulas under the guidance of 
traditional Chinese medicines theories and practice. Each herbal medicine prescrip-
tion (formula, Fang-Ji in Chinese) is a cocktail of many herbs tailored to the indi-
vidual patient (Pan et al. 2014). It allows us to blend herbs to strengthen their benefits 
and reduce or eliminate any side effects when they are used each alone (Fig. 1.2).

 In India

As early as 1900 BC, Ayurvedic medicine has used many medicinal plants (e.g., 
turmeric) (Aggarwal et al. 2007). How was the Ayurveda system basis established? 
It can be identified through the earliest Sanskrit writings, i.e., the Atharva Veda and 
Rig Veda are some of the available documents, which detail the medical knowledge 
(Sumner 2000). During the first millennium BC, many other curative plants, and 
minerals used in Ayurveda were later described by ancient Indian herbalists (e.g., 
Charaka and Sushruta). The Sushruta Samhita attributed to Sushruta in the sixth 

5,000 formulas in
common use in clinic

Formula
(up to 1,000,000)

Animal medicines
(1,581 species)

Plant medicines
(11,146 species)

Ethnic medicine
(4,000 species)

2,136 CHMs listed
in the 2010 Chinese

Pharmacopoeia

500-600 CHMs
in common use in clinic

Folk medicine
(7,000 species)

CHMs

Crude chemicals
(up to 50 species)

Mineral drugs
(80 species)

Statutory formula

Ancient formula

Empirical formula

Folk formula

Modern formula

Nonstatutory formula

Fig. 1.2 Chinese herbal medicine: How to maximize the use of natural resources (Pan et al. 2014)

1 Medicinal Plants: Ethno-Uses to Biotechnology Era
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century BC describes 700 medicinal plants, 64 preparations based on mineral 
sources, and 57 preparations from animal originate (Dwivedi and Dwivedi 2007).

Ninety percent of the 700 plant species commonly used in the Indian herbal 
industry are collected from the wild. The treasure of the plant and animal diversity 
is found in the tropical forests, but unfortunately, 50% of them have already been 
destroyed. Furthermore, many curative plants are on the verge of extinction. In 
1997, there were many entries (427) of endangered species into the Red Data Book 
of India, of which 124 are endangered, 81 vulnerable, 28 considered extinct, 100 
rare, and 34 insufficiently known species (Chaudhary and Singh 2010). In 2012, the 
Red Data Book of India described 5766 species as “endangered,” 3947 as “critically 
endangered,” and more than 10,000 as “vulnerable” (Fig. 1.3).

Indian pharmacopoeia (2010 version)
listed 88 IMMs/products

Formulae
(up to 25,000)

Registered formulae
(3,000)

Siddha (1,300 species)

Tibetan (500 species)

Ayurveda (2,000 species)

Unani (1,000 species)

Registered single herb
(up to 1,000 species)

Modern (200 species)

Homeopathy (800 species)

Folk
(4,500 species)

IHMs

There are 45,000
plant species in India

15,000-20,000 plants
have medicinal value in India

Ayurveda
(700 species)

Unani
(700 species)

Only 7,000-7,500
species are used

Siddha
(600 species)

Amchi
(600 species)

Modern
(30 species)

71 medicinal plant
species classified as

“rare”

4,000-10,000 species
face extinction locally,
nationally, or regionally

28 are considered extinct
124 endangered species
81 vulnerable species
34 unknown species
100 rare species

16 different agroclimatic
zones
10 vegetation zones
25 biotic provinces
426 biomes

Fig. 1.3 Indian medicinal plants between the importance and the risk of extinction (Pan et al. 2014)
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 Middle Ages

During the Early Middle Ages, the primary source of medical knowledge in Europe 
and England were Benedictine monasteries. Arsdall (2002) reported that translating 
and copying ancient Greco-Roman and Arabic works were most of these religious 
scholars’ efforts rather than creating essential new practices and information. The 
monasteries kept many Greek and Roman writings on medicine safe by hand copy-
ing of manuscripts. So these monasteries were considered as radiation centers of 
medical knowledge locally, and also their gardens provided many medicinal herbs, 
which use a simple remedy for common disorders. The traditional medicine at the 
same time in the home and village continued uninterrupted, supporting many wan-
dering and settled herbalists. Hildegard of Bingen was one of the famous women in 
the herbal folk. A twelfth-century Benedictine nun wrote a medical text called 
“Causae et Curae” (Truitt 2009).

 Arabic Achievements in Herbal Medicine

In the Middle Ages, the ancient Hippocratic-Greek medical know-how was adapted 
and improved by Arabian herbalists, pharmacologists, chemists, and physicians. 
Moreover, the majority of Arabs are Muslims, and Arabic culture and Islamic ide-
ology are closely related. As such, Arabic medicine may also be called Greco-Arab 
or Islamic medicine. After the fall of the Roman Empire, the Arabic world became 
the center of scientific and medical knowledge for very long times (from 632 to 
1258 CE).

During the middle ages, Arabic medicine contributed significantly to the evolu-
tion of modern medicine and pharmacy in Europe. For example, the European phar-
macopoeia relied on Muslim writings and information therein until the late 
nineteenth century (see Fig. 1.4) (Saad et al. 2005; Azaizeh et al. 2010). The supe-
riority of Muslims and Arabs in the field of medicine due to their implementation of 
the provisions of the Holy Qur’an, where serves as a good approach to both religion 
and life issues, and this also applies to the Sunnah of the Prophet Muhammad peace 
be upon him, where is the Koran full curriculum of religion and life in all its fields. 
The science proves every day some of the scientific facts mentioned by the Quran 
Karim from more than 1400 years and the rest comes.

More than 700 species of 2600 plant species in the Middle East region are noted 
for their use of herbs or botanical pesticides; however, only 200–250 plant species 
are still in use in Arab folk medicine for the treatment of different diseases (Al-Harbi 
et al. 1996). The western Mediterranean coastal region (from Alexandria to Sallum, 
Egypt) comprises 230 plant species belonging to 48 families; 89% of these species 
had medicinal importance, 62% of the species were common, approximately 24.9% 
were occasional, and 13% were scarce (Azaizeh et al. 2010). Arabic herbal medi-
cine used in various forms include infusion, decoction, juice, syrup, roasted materi-
als, oil, macerated plant parts, fresh salads or fruits, milky sap, poultice, and paste, 

1 Medicinal Plants: Ethno-Uses to Biotechnology Era
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of which some formulations of herbal medicines are still used today. Although 
Arabic herbal medicine is the first choice for many people in dealing with ailments 
in the Middle East, most of the herbalists (i.e., those in Jordan), who acquire the 
expertise from their predecessors, are not adequately trained in herbal medicine 
(Azaizeh et al. 2010) (Fig. 1.5).

Al-Andalus was an important center for Arab herbalism between 800 and 1400, 
as was Baghdad. There are many works of famous Arab scholars in that period 
which specializes in herbal medicine. Examples of these books: “The Book of 
Simples” authored by Abulcasis (936–1013) in Cordoba, which is a primary source 
for later European herbals. “Corpus of Simples” authored by Ibn al-Baitar (1197–
1248) in Malaga, a complete Arab herbal which introduced 200 new healing herbs, 
i.e., tamarind, nux vomica, and Aconitum (Castleman 2001). Avicenna wrote two 
books, the first is “The Canon of Medicine” in (1025), which lists 800 tested drugs, 
plants, and minerals (Jacquart 2008). The second one is dedicated to a discussion of 
the healing properties of herbs, including senna, sandalwood, nutmeg, cinnamon, 

700 herbs were
used in Ebers Papyrus

(1,500 BC)

230 herbs are
used in Egypt

23 herbs are used
in pharmaceutical industry

34 herbs are used
in food industry

55 herbs are used
in cosmetics

Current
AHMs

286 herbal-derived
substances

30
animal species

9
mixed materials

29
inorganic substances

236
plant species

>700 species are used
as medicinal herbs

or pesticides

129 herbs are
used in Israel

150 herbs are
used in Jordan

>2,600 plant
species in

Middle Eastern region

10 herbs are
used as pesticides

Dosage forms: pills, snuffs,
gargles, poultices, infusions,
ointments
Vehicles: beer, milk, wine,
and honey

Dosage forms: oil, juice,
smog, syrup, decoction,
roasted materials, macerated plant,
paste, salads, infusion,
steaming, and poultice milky sap

>1,400 herbs were
used in Arab Empire

(632-1258)

Fig. 1.4 Arabic herbal medicine: Extended history of accomplishments (Pan et al. 2014)
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rosewater, myrrh, and rhubarb (Castleman 2001). Many other pharmacopoeia books 
were written in eleventh and twelfth centuries (and printed in Venice in 1491) by 
Abu-Rayhan Biruni and Ibn Zuhr (Avenzoar) (Krek 1979).

 Modern Era

 Early Modern Era

It is worth mentioning that all information about herbals was available in English 
for the first time in the fifteenth century. Grete Herball in 1526 published the first 
herbal in English. Furthermore, the two best-known herbals references in English 
were “The Herball or General History of Plants” by John Gerard in 1597 and “The 
English Physician Enlarged” by Nicholas Culpeper in 1653. Gerard’s text was a 
translated version of a book by the Belgian herbalist and the source of his illustra-
tions from a German botanical work. On the other side, Culpeper’s book based on 
traditional medicine with astrology, magic, and folklore. The era of exploration and 
the Columbian Exchange introduced new medicinal plants to Europe. In the 

Fig. 1.5 Page from the guidebook of Arabic herbal medicine dating to 1334 CE in Arabic, 
describes medicinal features of cumin and dill (Source: http://en.wikipedia.org/wiki/Image:Arabic_
herbal_medicine_guidebook.jpeg)

1 Medicinal Plants: Ethno-Uses to Biotechnology Era
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sixteenth century, the Badianus Manuscript was an illustrated Mexican herbal writ-
ten in Nahuatl and Latin (Gimmel 2008).

In contrast, the second millennium saw the beginning of a slow corrosion of the 
prominent position held by plants as sources of curative effects. At that time, this 
medical system proved that it is utterly ineffective in the face of what was called the 
Black Death. But Paracelsus in a century later introduced the active chemical drugs 
(e.g., sulfur, copper, arsenic, iron, and mercury) as an effective solution (Sonnedecker 
and Kremers 1986).

In the Middle Ages, especially among sixteenth and eighteenth centuries, the 
need for compound medications (blend of medicinal plants with drugs of animal 
and plant origin) was increasing, contrariwise the ancient nations used herbs pri-
marily as simple pharmaceutical forms, i.e., macerations, infusions, and decoctions. 
Additionally, if the compound drug was produced from herbs, minerals, and rare 
animals, it was highly valued and costly (Bojadzievski 1992; Toplak Galle 2005).

During the eighteenth century, Linnaeus (1707–1788) provided a brief descrip-
tion and classification of the species Plantarium (1753). These species were named 
and described without taking into consideration whether some of them had previ-
ously been described. One of the greatest achievements of Linnaeus was altering the 
naming system from a polynomial system to a binomial one. In the polynomial 
system, the first word denoted the genus while the remaining phrase explained other 
characteristics of the plant (e.g., the willow Clusius was named Salix pumila angus-
tifolia antera). But the name of species in binomial system consisted of the genus 
name and the species name; the genus name started with a capital letter, and the 
species name began with a small letter (Jančić 2002).

 Turning Points in the Use of Medicinal Plants

The early nineteenth century witnessed a significant turning point on the level of 
systematic scientific evaluation to explain the therapeutic role of medicinal plants. 
It has contributed to the successive discoveries of many of the active chemical com-
pounds found in various species of medicinal plants such as tannins, glycosides, 
etheric oils, vitamins, and hormones (Dervendzi 1992).

Medicinal plants were exposed to the risk of exclusion from its use as a means of 
therapy at the end of the nineteenth century and early twentieth century. This is 
attributable to the preparation processes of medicinal plants which have a great 
effect on their pharmacological efficacy and then leading up to non-use of medicinal 
plants during this period. The drying process is one of the most influential operation 
on the properties of medicinal plants where the risk lies in the inhibiting effect on 
active compounds that have a vital role in the therapeutic functions of these plant. 
In order to avoid the negative impact of drying, the trend has been to isolate active 
compounds from medicinal plants as pure compounds and use directly in the phar-
maceutical industry. Early twentieth century announced yet another turning point in 
the therapeutic use of the medicinal plants, where research efforts went toward the 
utilization of the fresh medicinal plant, especially the ones with labile medicinal 
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substances. Besides, many efforts were invested in the study of manufacturing and 
cultivation conditions of medicinal plants (Lukic 1985; Kovacevic 2000).

It is evident that the active compounds extracted from herbs are considered natu-
ral products, most seamless laboratory. Therefore, it is given the fact that man is an 
integral part of nature, the degree of acceptance of the human body to those obtained 
drugs from natural sources is very high (Nelson and Cox 2005). Based on several 
studies (chemical, physiological, clinical), a lot of plants were restored to a  pharmacy, 
which was forgotten before, such as Secale cornutum, Filix mas, Punica granatum, 
Aconitum, Colchicum, Ricinus, Hyoscyamus, Stramonium, Opium, and Styrax. There 
are many of examples of this kind; possibly they will push serious research into the 
ancient manuscripts on medicinal plants that would not be remarked out of curiosity 
about history but as potential sources of modern pharmacotherapy (Petrovska 2012).

Currently, almost all pharmacopoeias in the world deprive plant drugs of real 
medicinal value (British Pharmacopoeia Commission 2007; Council of Europe 2008; 
The United States Pharmacopoeial Convention 2008). There are countries (United 
Kingdom, Russia, Germany) that have separate herbal pharmacopoeias (Blumenthal 
et al. 1998; British Pharmacopoeia Commission 2007). Practically, a much higher 
number of unofficial drugs are always used. Their application is based on the experi-
ences of popular medicine (folkloric medicine) or grounded on the results of recent 
research (conventional medicine). The use of medicinal plants is independent or in 
combination with synthetic drugs (complementary medicine) by the recommenda-
tion of the physician or pharmacist or through self-medication. Knowledge of the 
precise diagnosis of the illness is more necessary for the suitable and successfully 
applied therapy as medicinal plants, i.e., the pharmacological effect of their compo-
nents is essential. In Germany as the major European producer and consumer of 
herbal preparations, rational phytotherapy is utilized grounded on applications of 
drugs whose efficiency depends on the dose and identified active components, and 
experimental and clinical tests have corroborated their effectiveness. Those prepara-
tions have been manufactured from standardized plant drug extracts, and they adhere 
to all requirements for pharmaceutical quality of medications (Petrovska 2012).

 Importance of Medicinal Plants Has Increased  
Recently …. Why?

 Why the Need Arises to Search for New Sources of Drugs?

Interestingly in recent years, there has been an evolution in the use of medicinal 
plants due to the side effects of synthetic drugs, lack of new pharmaceutical reme-
dies for microbial resistance, many chronic diseases, as well as the unprecedented 
investment in medicinal research and development (Pan et al. 2010). Additionally, 
the high cost of medicines and the inability of many developing countries to pur-
chase modern drugs have forced them to search for products in the form of medici-
nal plants that are proved to be cheap, efficient, safe, and culturally acceptable 
(Adefa and Abraha 2011).

1 Medicinal Plants: Ethno-Uses to Biotechnology Era
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According to the data retrieved from the World Health Organization (WHO), 
approximately 35,000–70,000 species has been used as drugs. This number corre-
sponds to 14–28% of the 250,000 plants species estimated to occur around the 
world (Nair and Nathan 1998; Padulosi et al. 2002; Al-Sokari and El Sheikha 2015). 
In the global market today, much more 50 major medicaments originated from trop-
ical plants. The variability in the biological and chemical components of plants 
represents a potentially limitless renewable fountain for the use in the development 
of novel pharmaceuticals (Mamedov 2012).

In this view, studies indicate that 25% of the modern drugs are derived from the 
extracts of medicinal plants. Moreover, documentation of remedial plants knowl-
edge is incomplete as the result of a limited inventory of medicinal plants tradition-
ally used by local people (Farnsworth 1994; El Sheikha et al. 2014).

 Economic Returns for the Use of Medicinal Plants

Herbs market has expanded dramatically all over the world, an emanation of grow-
ing interest to the medical field. The income of market for sales of medicinal plants 
in the 1980s has climbed to about 3 billion USD/year in the North America (Glaser 
1999). Also, in Canada, the use of medicinal plants has increased. Where the survey 
indicated that targeted 2500 people and carried out by Berger (2001) on the age 
groups starting at the age of 15 years to the older category, the results were 38% of 
the respondents are using herbal remedies, and this percentage is high compared to 
1999, which was 28%. For 2007 in South America, Brazil is outstanding with 160 
million USD (Tasheva and Kosturkova 2013).

Food and Drug Administration (FDA) have approved only about 1200 new drugs 
since 1950 (Munos 2009). As a result, in both the developing and the industrialized 
countries over the past 40 years, the use of herbs and its products for health objectives 
has increased in popularity worldwide (Humber 2002). Furthermore, with modern 
science/technology and ideas, the global pharmaceutical companies have begun to 
rediscover herbs as a possible source of new medicines and renewed their strategies to 
develop and discover the drugs originated from natural products (Li and Zhang 2008).

Generally in the European Union (EU), herbal products for which curative 
demands are made must be regulated and marketed as medications, however, those 
that do not make such claims be found in the cosmetic or food groups. Therefore, 
the need arises to unite scientific and regulatory standards that govern the marketing 
of herbal products, which now are progressively being to achieve this goal. At retail 
selling prices, the European herbal medicine market was worth over 2.8 billion 
USD in 1994. But at the local price level, in 1995, herbal medicinal products were 
estimated to be worth 5.6 billion USD (AESGP 1998). A similar increase was 
observed in Western Europe with 6 billion USD income for 2 years from 2003 to 
2004. The sales increased in the Czech Republic by 22% from 1999 to 2001 and 
jumped twice in Bulgaria (Tasheva and Kosturkova 2013). The global herbal sup-
plements and remedies market exhibited robust growth over the last decade, with 
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little or no significant decline on account of the recent economic recession (GIA 
2016). In 2012, global sales of Chinese herbal medicine reached 83 billion USD, up 
more than 20% from 2011 (WHO 2013). The global herbal supplements and rem-
edies market is forecast to reach 107 billion USD by the year 2017, spurred by 
growing aging population and increasing consumer awareness about general health 
and well-being, according to a new report from Global Industry Analysts. 
Additionally, the fact that herbal supplements and remedies cause little or no side 
effects and provide greater efficacy is also proving to be a major factor aiding mar-
ket growth (GIA 2016). By 2020, the global market of medicinal plant and its prod-
ucts could reach 115 billion USD, with Europe the largest and the Asia-Pacific the 
fastest growing markets. The demand is driven by women as the main consumers of 
dietary supplements, by growing emphasis on healthy living and concerns over the 
side effects of mainstream drugs (Shetty and Rinaldi 2015).

 How to Use the Herbal Medicines?

 Awareness in the Use of Medicinal Plants

It is interesting that the plants that are used in food (during the cooking process, for 
example) as well as those that are used for therapeutic purposes to be mostly safe. 
In spite of the recording of the few cases of allergies as a result of the use of certain 
herbs (very limited number) in foods and dietary supplements, and this, of course, 
never reduces the high degree of safety provided by the use of medicinal plants. But 
everyone should not hide the fact that the effect of toxic plants may reach the level 
of seriousness to become deadly (e.g., poison ivy) (AHPA-ERB 2008). Perhaps his-
tory shows us this scientific truth, as Socrates was executed for 2400 years by a 
lethal dose of poison hemlock. To ensure the safe use of herbal products, there 
should be a high level of awareness and responsibility among consumers, i.e., fol-
low label directions or the recommendation of healthcare provider for any herbal 
product (AHPA-ERB 2008).

 Regulation and Legislation of Herbal Medicines

WHO has issued guidelines for the estimation of herbal drugs. This document cov-
ered such topics as improving procedures for clinical trials using herbal remedies, 
guidelines for quality specifications of plant substances and preparations, guidelines 
for pharmacodynamic and general pharmacological studies of herbal medications 
and toxicity investigations of herbal medicines, and assessing the medicinal plants 
research (WHO 1996). Additionally, the WHO Traditional Medicines Strategy 
2014–2023 was developed to review a framework. WHO and its partners aimed at 
enabling (Traditional Medicine/Complementary and Alternative Medicine) to play 
a greater role in reducing excess morbidity and mortality, especially among impov-
erished populations. Many of the efforts were made at the level of traditional 
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medicines to cope with varying regulations. Each country has different rules for 
drug authority (WHO 2013). Over the past 15 years, the WHO has recorded a 
marked increase in countries with its national policies or regulations on traditional 
medicine about herbal medicines (see Fig. 1.6).

Based on the Council Directive 2004/24/EC (European Commission 2004), the 
medicinal products for human use fall under the general frame of the pharmaceuti-
cal products. It needs prior marketing approval before obtaining access to the market 
and investigates the requirements for the documentation of safety, quality, and effi-
cacy, the file and expert reports (Calapai 2008). This framework has effectively been 
in operation by the European Agency for the Evaluation of Medicinal Plant Products 
(EMEA) that acts as a central agency for single European drugs marketing licenses 
operating a Herbal Medicinal Products Working Party (HMPWP). But, some EU 
Member States (UK, Germany, France, Italy, etc.) have taken different techniques in 
reviewing herbal remedies. To differentiate between what falls under each part of 
herbal medicinal products, and other products, Spain has developed a draft legisla-
tion that contains the definitions of “herbal medicinal products” and “phytotradi-
tional products.” The second one is not considered as “pharmaceutical specialties” 
and are therefore not classified as herbal medicinal products (IARC 2002).

In Canada, the herbal products not registered as drugs are sold as foods and are 
thus exempt from the medicines verification and review process, which evaluates 
product safety and effectiveness. In 1984, an Expert Advisory Committee on Herbs 
and Botanical Preparations was formed to be as advisers for the Health Protection 
Branch (HPB). The lists of hazardous herbal products were published by HPB, 
which the last version (1995) elicited a tremendous response from consumers and 
the herbal industry (Kozyrskyj 1997). The provincial government of British 

1999

25

65

WHO member states with traditional medicine policy

WHO member states regulating herbal medicine

82

92

110
119

39
45 48

69

2003 2005 2007 2012

Fig. 1.6 Progress of the regulations on medicinal plants worldwide (WHO 2013)
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Columbia in 2000 approved the regulations that established traditional Chinese 
medicine as an alternative form of essential healthcare, but the practitioners face 
several restrictions, including, for example, the Canadian Medicare doesn’t cover 
the cost (Johnson 2001).

Act of Food, Drug, and Cosmetics in the USA distinguishes a product mainly by 
its intended use (21 Code of Federal Regulations (CFR) 201.128). Whatever the use 
of this product, it should be accompanied by labeling claims, as a food (including a 
dietary supplement), medicine (including a biological medicine), a medical device 
(e.g., gutta-percha) or cosmetic (FDA 2015).

 Medicinal Plants Were Used Traditionally to Heal 
from Cancer: Why? and How?

 Why People Use Herbal Medicine with Cancer?

Over the centuries, the herbal medicine has been used to heal many different health 
problems. The most of these uses promoted by significantly included the relaxation 
and cope with anxiety, depression, irritable bowel syndrome, menstrual problems, 
eczema, and hay fever. Concerning cancer, some studies have indicated that a sig-
nificant proportion of cancer patients (60%) use medicinal plants as one of the com-
plementary and alternative medicines (CAM) most commonly used, and it will be 
in parallel with conventional cancer drugs. Commonly used plants include garlic, 
echinacea, ginger, St John’s wort, and ginseng (Langmead and Rampton 2001).

Cancer Research UK in early 2014 reported the behavior, beliefs, information, 
and requirements of people with cancer who take herbal medicines (Cancer Research 
UK 2014). The study indicated that patients mostly took herbal medicines to take 
back some control of their disease. They also thought that the remedies would not 
cause side effects.

 Medicinal Plants: Cancer Remedies Between the Past 
and the Present

One of the major obstacles to overall public health is cancer. It is responsible for one 
in every four deaths in the USA alone. American Cancer Society in 2003 had esti-
mated that there are one million new cases of invasive cancer detected with over half 
a million deaths from skin, squamous cell, and basal cancers. Cancer as a particular 
disease has a long history with herbal remedies (Hartwell 1982). Despite the suspi-
cion that some may ask the effectiveness of these treatments as had previously been 
used in folklore and traditional medicine (Cragg and Newman 2005).

The natural products as secondary metabolites, which are derived from plants 
and microbes, have a vital contribution in the chemotherapy of cancer. The tropical 
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rainforests are considered as a renewable source of novel anticancer molecules for 
several reasons including:

 – Increasing the probability of exposure some of these tropical plants at risk of 
extinction shortly and thus will miss the natural sources of drugs (Cox 2000).

 – Great biodiversity which is characterized by tropical forests, which also make 
these as variety sources of natural medicines (Burslem et al. 2001).

There are some proofs which mentioned that the herbal remedies might help to 
prevent or relieve the symptoms of cancer or its side effects. Many researchers and 
through many studies conducted on lung cancer patients have been pointing out that 
the Chinese medicinal plants during the chemotherapy phase might be useful, but 
there is still a need for further studies (Cancer Research UK 2016).

 Herbal Medicines: Traditional Treatment of Cancer Worldwide

Herbal drugs are enjoying widespread popularity all over the world (Almeida et al. 
2006). About 85% of the world population uses medicinal plants, and the demand is 
increasing in developed and developing countries to prevent and heal diseases 
(Abramov 1996). Moreover, the investigation of herbal drugs from plants to treat 
cancer has been reported (Lee 1999). However, only 10% of medicinal plant species 
is cultivated today while the larger majority being left under wild stands threat 
(Cunninghum 2001).

The following detailed table (Table 1.1) illustrates the medicinal plant species 
that are used indigenously for cancer therapy.

 New Vision of Medicinal Plants by Biotechnological Lenses

 How Will the Medicinal Plants Be Drugs?

 Background of Knowledge

Regarding the derivative medicines from plants, it is important to keep in mind 
some of the conceptual differences. Plants can be used as curative resources in many 
ways. They can be used as herbal teas, crude extracts in pharmaceutical prepara-
tions, such as fluid, tinctures, powder, extracts, pills, and capsules when they are 
considered as phytopharmaceutical preparations or herbal drugs (Rates 2001).

OPS (Organización Panamericana de la Salud) was defined the medicinal plant 
as (1) any plant used to relieve, prevent, or treat a disease or to alter the pathological 
and physiological process, or (2) any plant species employed as a source of 
 medicines (Arias 1999). Herbal medicine preparation is any manufactured medicine 
obtained exclusively from plants (aerial and non-aerial parts, resins, juices, oil), 
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either in the crude form or as a pharmaceutical formulation (Rates 2001). A drug is 
a product prepared according to legal and technical procedures that is used for the 
diagnosis, cure, or prevention of disease and has been scientifically characterized 
regarding its efficacy, safety, and quality (WHO 2013). A drug is a pharmacologi-
cally active compound, which is a component of medicine, irrespective of its natu-
ral, biotechnological, or synthetic origin.

 Plant Selection

The technique used for drug development from plant resources depends on the aim. 
There are several methods in which this can be done, including traditional use, 
chemical content, or a combination of several criteria. Different strategies will result 
in a herbal medicine or an extract bioactive compound. Therefore, the selection of a 
suitable plant for a pharmacological study is an important and decisive stage 
(Williamson et al. 1996).

 Preparation and Isolation of Bioactive Substances

Once the plant is selected, the next stage is its collection and botanical identifica-
tion; then it should be submitted to a stabilization process. It is important that plant 
recollection involves a professional botanist who can correctly identify the species 
and these plants and prepare part of the material for herbarium preservation to have 
a reference material. Preferably, the date and place of recollection should be listed 
and the information retained for further collection, if necessary (Rates 2001).

Figure 1.7 shows the diagram of methods used for obtaining the bioactive plant- 
derived substances.

Fig. 1.7 How to extract the bioactive compounds from plants (Rates 2001). Reproduced with 
permission of Elsevier

A.F. El Sheikha



23

 The Need of Pharmacological Validation

As known, the drug is expensive. Furthermore, the study of medicinal plants also 
allows their use in pharmaceutical formulations, which are called phytomedicines 
or herbal medicines. This approach also requires toxicity and efficacy studies, but 
these are less time-consuming. On another hand, the steps of fractionation, purifica-
tion, and bioassay are not required or are far less complex (Fig. 1.8).

These phyto-drugs when they become registered to become a medicine that 
needs to comply with the basic standards necessary for all drugs. Practically, there 
is high variability in the plant material; therefore, a minimum concentration or a 
concentration range is often used rather than an exact level. Most plant species have 
a wide therapeutic window (e.g., a toxic compound is considerably higher than the 
therapeutic dose). In this case, chemical structures are favored, as opposed to 
extracts. Standardized products provide more security and increase the level of trust 
people have in herbal drugs. Also, standardization allows comparison of the clinical 
effectiveness, pharmacological effects, and side effects of several products (e.g., 
against a placebo) (Gurib-Fakim 2006).

 Benefits of Applying Biotechnology in Medicinal Plants

 Why It Has Increased the Need to Apply Biotechnology to Medicinal Plants?

The definition of biotechnology is the application of scientific techniques to modify 
and improve microorganisms, plants, and animals to reinforce their value. The area 
of biotechnology concerning to agricultural applications is called agricultural 

Fig. 1.8 Pharmacological validation methods of herbal medicines (Rates 2001). Reproduced with 
permission of Elsevier
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biotechnology. Agricultural biotechnology has been practiced for a long time, as 
people have sought to improve agriculturally important organisms by selection and 
breeding (Wieczorek 2003). The beneficial impact of plant biotechnology world-
wide has been especially on crops of high economic importance such as wheat, 
maize, rice, potato, sunflower, and soybean.

The global demand for herbal medicine is not only large but growing continuously. 
Different technologies have been adopted for promoting bioactive molecules in 
medicinal plants. Bioactive compounds currently extracted from plants are used as 
pharmaceuticals, agrochemicals, flavor and fragrance ingredients, food additives, and 
pesticides (Siahsar et  al. 2011). For achieving the adaptation of the plants to their 
environment, the secondary metabolites are known to play a remarkable role, but also 
represent a major source of pharmaceuticals (Rao and Ravishankar 2002). The sec-
ondary metabolites as one of the critical plant components are economically impor-
tant as drugs, fragrances, pigments, food additives, and pesticides (Siahsar et al. 2011).

 What Are the Advantages of Applied Biotechnological Techniques?

Biotechnological tools are essential for the multiplication and genetic enhancement 
of the medicinal plants by adopting technologies such as in vitro regeneration and 
genetic transformation. It could also be harnessed for the production of secondary 
metabolites using plants as bioreactors (Khan et al. 2009).

Following are a few examples of advantages of applying some current biotech-
nological techniques to medicinal plants.

Cell culture technology: The evolving commercial importance of the secondary 
metabolites has in recent years resulted in a considerable interest, in secondary metab-
olism and particularly in the possibility to alter the production of bioactive metabolites 
using cell culture technology. One of the main advantages of cell culture technology 
is that it may provide a reliable and renewable source of plant remedies and could be 
used for the large scale, from which these metabolites can be extracted. Siahsar et al. 
(2011) reported the advantages of a cell culture technology over the conventional 
cultivation of plants. Those features could be summarized in the following points:

 – Useful compounds can be produced under controlled conditions independent of 
any changings of soil or climatic conditions.

 – The cultured cells by this technique are free from insects and microorganisms.
 – The tropical or alpine plant cells could easily be multiplied to yield their specific 

metabolites.
 – With the automated control of cell growth and rational regulation of metabolite 

processes would improve the productivity and reduce the labor costs.
 – Organic substances are extractable from callus cultures.

Genetic transformation technology: Genetic transformation has been proved to be a 
powerful tool for the production of plants with desired traits in several crops. It prom-
ises to overcome some of the substantial agronomic and environmental problems that 
have not been solved using conventional plant breeding programs (Sawahel 1997).

A.F. El Sheikha
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Agrobacterium-mediated gene transfer: In plant transformation mediated by 
Agrobacterium tumefactions, the pathogenic bacterium originated from the soil has 
become the source of foreign genes introduced into plant cells and the subsequent 
regeneration of transgenic plants (Tzfira et al. 2004). The rapid progress in the area 
of crop biotechnology is mainly because of the development of efficient regenera-
tion and suitable Agrobacterium-mediated transformation protocols for different 
crop species. Similar success could also be achieved in the medicinal plants, which 
in turn could be used for the enhancement of secondary metabolites content. Thus, 
Agrobacterium transformation has become a routine technique as the genetic trans-
formation of many important medicinal plants (Siahsar et al. 2011).

 Trace Medicinal Plants from Field to Fork by Biotech 
Approaches …. Is It Possible?

 Determine the Geographical Origin of Herbal Materials Is Vital 
Requirement …. Why?

Globalization of trade is expanding natural product markets that sustain life and 
promote good health. But the financial climate is squeezing profit margins and exac-
erbating the propensity for contamination, fraudulent market substitution and the 
use of unlabeled fillers are challenging the growth of this trade. Consumers are 
becoming increasingly concerned about the authenticity of the products they pur-
chase. It should be noted that international trade in herbal products is one of the keys 
and influential forces in the global economy, and the remarkable demand for these 
products continues to increase in both developing and developed countries. 
Currently, more than 1000 companies produce medicinal plant products with annual 
revenues more than 60 billion USD. Determination of the geographical origin of the 
raw materials of herbal plants “imported-exported” is a demand for the traceability 
system. Whether it will be used as food or drug (178/2002/EC, NTA Vol 2B Ed. July 
2003), the WHO/2003 guideline should lead to the total transparency of herbal med-
icines production from plant to the final product (El Sheikha 2015a). Therefore, the 
use of an authentic herbal material is the first step in ensuring quality, safety, and 
efficacy of herbal medicines (Khan et al. 2009; Li et al. 2014; Lee et al. 2014).

 Current Techniques Used for Determining the Origin of Medicinal Plants

Multi-element techniques: It is known that many herbal materials of the same spe-
cies from different geographical districts behave differently in medical applications, 
and thus the substances require special treatment regarding commercial trade and 
safety management. Marsdenia tenacissima is one of the famous Chinese medicinal 
plants because of its high quality that attracts excellent prices, so there may be an 
economic incentive to adulterate these premium products with lower prices. 
Therefore, the need becomes essential to find a method to trace the geographic ori-
gin of M. tenacissima, so as to reflect positively on patients by reassuring, ensure fair 
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competition and protect geographical indication. The multi-element marker may be 
useful for the geographical indication of the medicinal plants (Li et al. 2014).

Metabolomic approaches: Currently, the origins of medicinal plants are authenticated 
mostly by evaluating their phenotype. The pros of this technique are simple, rapid, 
and requires only an expert’s knowledge and experience, but the cons are centered in 
the objectivity of scientific testing, and, therefore, it is not suitable for the quality 
control of medicinal plants. Moreover, phenotype evaluation is practically impossible 
when morphological features of the plants are destroyed by processing, such as grind-
ing (Wang et  al. 2012). How to overcome these limitations? The metabolomic 
approaches have been suggested to detect metabolic differences arising from environ-
mental or genetic effects. Several analytical techniques have been used to obtain 
metabolomic profiles, including Fourier transform near-infrared (FT-NIR) spectros-
copy, 1H-nuclear magnetic resonance (1H-NMR) spectroscopy, Gas chromatography-
mass spectroscopy (GC-MS), Liquid chromatography-mass spectrometry (LC-MS) 
(Vergouw et al. 2008; López-Rituerto et al. 2012; Cevallos- Cevallos et al. 2012; Luo 
et al. 2013). FT-NIR allows for the rapid and nondestructive analysis of the metabo-
lome, though quantitative data at the compound level is hard to obtain (Botros et al. 
2008). NMR ensures reproducible and fast analysis; however, its low sensitivity pre-
vents quantifying metabolites at low concentrations (Baek et al. 2012). Mass spec-
troscopy can be advantageous over 1H-NMR and FT-NIR. Why? Because it provides 
higher sensitivity and broader detection range despite its relatively poor reproduc-
ibility (Moco et al. 2007). The researchers need to select an adequate approach based 
on their targets. For metabolomics techniques, choosing the appropriate analytical 
tool is essential for the authentication of medicinal plant origins because the choice 
will affect the chemical profile and detection range (Dunn and Ellis 2005). Lee et al. 
(2014) indicated that 1H-NMR and LC-MS, which were the best techniques for 
Gastrodia elata and Rehmannia glutinosa, respectively, were preferable for origin 
discrimination over the others. Reasoned by integrating all the results, 1H-NMR is the 
most prominent technique for discriminating the origins of two plants.

 PCR-DGGE: Innovative Biological Barcode of Medicinal Plants

Principles of technique: PCR-DGGE is a molecular tool that could allow efficient iden-
tification of microbes in environmental samples, including foodstuffs. DGGE can sepa-
rate the amplicons of roughly the same size but with different DNA sequences (Madigan 
et al. 2009). The differences in DNA sequences render them to have different denaturing 
and annealing properties (see Fig. 1.9). Specifically, the gel used for DGGE included 
denaturating agents (a mixture of urea and formamide) (Muyzer 1999), and the dena-
tured DNA fragment stops moving when it reaches its melting point (threshold of 
enough denaturant). Due to this requirement, a partially melted double-stranded DNA 
can no longer migrate through the gel (Fischer and Lerman 1983). As GC content is one 
of the primary factors impacting the separation mechanism in DGGE, a GC clamp (~40 
bp with high GC content) is added to the forward primer to anchor the PCR fractions 
together once they have denatured (Rettedal et al. 2010).
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Benefits of technique: Several studies have shown that PCR-DGGE is reliable, 
reproducible, rapid, inexpensive, and analyzing a large number of samples in just 
one step (Ercolini 2004; El Sheikha et al. 2011a; Vaz-Moreira et al. 2013; El Sheikha 
2015c). The DGGE enables not only the study of microbial diversity but also can be 
coupled with other techniques such as cloning and subsequent sequencing to ana-
lyze the specific DNA sequences (Muyzer et al. 1993). In this method, the  separation 
is not based on the size of the DNA fragment, but rather the melting property of the 
PCR product that property is considered one of the advantages of this approach. 
Therefore, DGGE can be more discriminating than other molecular biology-based 
approaches to study the microbial diversity. Also this technique could be used as a 
traceability and safety tool at the same time (El Sheikha and Montet 2016; El Sheikha 
and Xu 2017). 

Applications to medicinal plants: DGGE is strongly preferred and is considered one 
of the best techniques for monitoring the microbial communities of plant samples 
(El Sheikha et al. 2009, 2011b; El Sheikha 2010a, 2011; El Sheikha and Montet 
2011; Nganou et al. 2012; El Sheikha and Ray 2014).

Physalis possesses many medicinal properties as the whole plant, including anti-
pyretic, depurative, diuretic, pectoral, and vermifuge. Furthermore, plant decoction 
is used in the treatment of abscesses, cough, fevers, or a sore throat (Duke and 
Ayensu 1985; El Sheikha 2004; El Sheikha et al. 2008b). Mature fruits of Physalis 
(Physalis ixocarpa Brot., Physalis pruinosa L., Physalis peruviana L.) were col-
lected in a particular field in two different districts from three countries: Colombia, 
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Fig. 1.9 Assessment of different microbial communities by DGGE (Source: https://en.wikipedia.
org/wiki/File:Step-by-step_procedure_of_using_DGGE_analysis_in_microbiology.pdf)
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Egypt, and Uganda and one location from Madagascar. In May 2009, the fruits were 
collected directly from the tree using gloves and put in sterile bags to preserve their 
initial flora. The extraction of the DNA of yeast and PCR-DGGE are based on the 
new method of El Sheikha (2010b). In Fig. 1.10, each vertical line represents a fruit, 
and each spot represents a species of yeast. The duplicate of PCR-DGGE patterns 
of Physalis fruits for each location were similar for each country and revealed the 
presence of 6–11 bands for each Physalis fruit. Eighteen different species have been 
identified by PCR-DGGE (Table  1.2) (El Sheikha et  al. 2012). The sequences 
obtained were compared to those in the GenBank database and also those in the 
Ribosomal database (http://rdp.cme.msu.edu/index.jsp) using the BLAST program 
(http://ncbi.nlm.nib.gov/BLAST/) (Altschul et al. 1997). Additionally, when com-
paring the similarity of the yeast communities of Physalis fruit samples from the 
four different countries in harvested season, Factorial Correspondence Analysis 
(FCA) proved to be a useful statistical tool to achieve that. For the fruits samples, 
the two variances described 81.1% in between the yeast communities (Fig. 1.11). 
We can observe precisely four different groups for four different countries.

Fig. 1.10 PCR-DGGE pattern of yeast DNA of different varieties of Physalis from four countries. 
Colo Colombia, Egy Egypt, Uga Uganda, Mad Madagascar. (1, 2) Two different locations  
(El Sheikha et al. 2012). Reproduced with permission of Elsevier
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Table 1.2 Dominant yeast species on Physalis fruits identified by DGGE (Source: El Sheikha 
et al. 2012)

Band (s) Closest relative % Identitya Source

1 Glactomyces sp. 85% AB563187
2 Pythium aphanidermatum 97% EU253558
3 Trichosporon asahii 99% AB617985
4 Hanseniaspora uvarum 90% EU441908
5 Aureobasidium pullulans 93% HM461723
6 Candida sp. 97% AY242304
7 Candida zemplinina 92% HM191633
8 Wickerhamomyces anomalus 87% FR717639
9 Candida tropicalis 94% HM589856
10 Rhodotorula graminis 99% FR717634
11 Pichia guillermondii 99% HO211992
12 Torulaspora delbrueckii 98% GU225752
13 Pichia sp. 95% AB598080
14 Issatchenkia orientalis 98% EF460648
15 Saccharomyces cerevisae 97% CAA89576
16 Pichia fermentans 99% HQ262367
17 Pichia kluyveri 96% FN667994
18 Pichia membranifaciens 87% FR691649

Reproduced with permission of Elsevier
a% Similarity with the reference strain
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(El Sheikha et al. 2012). Reproduced with permission of Elsevier
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 Conclusion and Future Prospects

During the last 10 years, an intense interest has emerged in “nutraceuticals” (or 
“functional foods”) in which phytochemical constituents can have long-term health- 
promoting or medicinal qualities. The differentiation between the nutraceuticals 
and herbs can sometimes be vague. The primary characteristic of nutraceuticals is 
not only the nutritional role in the diet but also its benefits to health in the long term 
(i.e., chemoprevention). In contrast, many medicinal plants possess particular thera-
peutic advantages (over short or long intervals) without any nutritional role. There 
is universal interest in traditional and alternative medicine, and represent that inter-
est in the growing demand for the use of medicinal plants in medical practices, and 
this is what the WHO reported recently. There is vast spread of herbal products in 
the global market (e.g., food additives, herbal teas, juices, and essential oils). Also 
the continuous development of the research and practice of their medicinal uses 
(i.e., patents) was a turning point of herbs from the centuries-old traditions until it 
became one of the certified therapeutic methods.

Perhaps the threat of extinction facing plant wealth in general and medicinal 
plants in particular is alarm to the world to make greater efforts toward:

 – Conservation of natural resources to ensure to maintain a balance and 
biodiversity

 – Maximizing the interest and benefit of medicinal plants as a natural resource for 
the treatment of the most severe diseases of this age, including cancer

Numerous tracking methodologies are now available for medicinal plants, but 
regardless of the approach, critical questions still need to be answered before their 
use. These include questions on sensitivity, accuracy, robustness, frequency of test-
ing, and cost. Molecular biology methods will be increasingly used shortly. PCR- 
DGGE profiles have proven to be biological markers for each geographical origin of 
Physalis fruits (as a medicinal plant) and could be considered as a provider of unique 
biological barcodes. This global technique can thus be proposed as a rapid analyti-
cal traceability tool for medicinal plants (less than 24 h) than other microbial meth-
ods avoids the precise analysis of yeast by biochemistry or sequencing. Furthermore, 
the diversity studies of many others medicinal plants and its microbial ecology in 
which they occur provide another area for future research.
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Chapter 2
How Plants Can Contribute to the Supply 
of Anticancer Compounds

J.F. Buyel

Abstract Plants were the first sources of medicines used by humankind, with evi-
dence of herbal remedies dating back at least 60,000 years. Many plants have been 
used medicinally because they produce secondary metabolites with pharmacologi-
cal properties, including compounds such as paclitaxel (Taxol) that inhibit cell divi-
sion and can therefore be used as a treatment for cancer. With the advent of 
recombinant DNA and molecular biotechnology in the 1970s, plants have also been 
modified genetically to produce more of their native pharmaceutically active sub-
stances, or even nonnative compounds. The scope of medicinal plants has also 
expanded beyond secondary metabolites to include pharmaceutical recombinant 
proteins, such as human antibodies. This chapter provides an overview of the anti-
cancer compounds naturally produced in plants and how gene technology has been 
used to facilitate their production. It also considers how plant-based expression sys-
tems can help to supply modern healthcare systems with protein-based anticancer 
compounds such as monoclonal antibodies, lectins, and anticancer vaccines.

Keywords Lectins • Monoclonal antibodies • Plant molecular pharming • Plant 
secondary metabolites • Therapeutic anticancer vaccines

Abbreviations

ADCC Antibody-dependent cellular cytotoxicity
ADCs Antibody-drug conjugates
APIs Active pharmaceutical ingredients
ATPS Aqueous two-phase systems

J.F. Buyel (*) 
Fraunhofer Institute for Molecular Biology and Applied Ecology IME,  
Forckenbeckstraße 6, 52074 Aachen, Germany 

Institute for Molecular Biotechnology, RWTH Aachen University,  
Worringerweg 1, 52074 Aachen, Germany
e-mail: johannes.buyel@ime.fraunhofer.de

mailto:johannes.buyel@ime.fraunhofer.de


40

CDC Complement-dependent cytotoxicity
CHO Chinese hamster ovary
DoE Design-of-experiments
EBA Expanded-bed adsorption
EBV Epstein-Barr virus
FDA Food and Drug Administration
GMP Good manufacturing practice
HBsAg Hepatitis B-soluble antigen
HBV Hepatitis B virus
HCPs Host cell proteins
HPV Human papillomavirus
mAbs Monoclonal antibodies
ML1 Mistletoe lectin 1
NK Natural killer
PAT Process analytical technology
PEG Polyethylene glycol
QbD Quality-by-design
R&D Research and development
RIP Ribosome-inactivating protein
RuBisCO Ribulose-1,5-bisphosphate carboxylase/oxygenase
Th1 T-helper
T-DNA Transfer DNA
VEGF Vascular endothelial growth factor
VFUs Vertical farming units
VLPs Virus-like particles

 Introduction

Cancer is one of the major challenges in modern medicine and healthcare systems 
(Yabroff et al. 2011) due to the severe physiological and psychological burden suf-
fered by patients and their families (Faller et al. 2013; Linden and Girgis 2012). 
Cancer also has a negative impact on the economy in general, costing an estimated 
$895.2 billion in healthcare-related payments and reduced productivity in 2008 
(American Cancer Society 2010).

There were 6.2 million cancer-related deaths in 2003, equivalent to 
 approximately 13% of all deaths worldwide (McGuire 2016). The cancer-related 
mortality rate is higher in developing countries than industrialized countries 
because of the socioeconomic conditions that restrict access to anticancer  
therapies (Sankaranarayanan 2014). More than 14 million new cancer cases are 
reported each year, and this is expected to increase by 26% over the next 35 years 
due to  demographic changes and improved diagnostics (Pritzkuleit et  al. 2010; 
Rottenberg et al. 2010).
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Cancer is not a narrowly defined condition with a single cause, but the collective 
term for more than 100 different yet related diseases (American Cancer Society 
2015). There are gender-specific differences in the incidence of certain cancers that 
may reflect developmental differences between the sexes; for example women are 
more frequently diagnosed with breast cancer than men, or lifestyle factors; for 
example men are more frequently diagnosed with lung cancer than women 
(American Cancer Society 2015; McGuire 2016). The latter is also the single most 
frequent cause of cancer-related deaths (1.59 million per year) (McGuire 2016). The 
common link between all cancer types is that a subset of cells acquires the ability to 
proliferate in a rapid and uncontrolled manner. In most tissues, cancer cells initially 
form a localized malignant tumor, but cells eventually break away from the primary 
tumor and spread through the blood and/or lymphatic systems to form secondary 
tumors, a process known as metastasis (Alberts et al. 2002). Some tumors remain 
benign and noninvasive, and these are not classified as cancers (Silverstein et al. 
2006). A set of six characteristics has been proposed to define cancer, i.e., (1) self- 
sufficiency in growth signals, (2) insensitivity to antigrowth signals, (3) evasion of 
apoptosis, (4) limitless replicative potential, (5) sustained angiogenesis, and (6) tis-
sue invasion and metastasis (Hanahan and Weinberg 2000). An expansion of this set 
has been proposed more recently, including (7) deregulated metabolism, (8) evasion 
of the immune system, (9) genome instability, and (10) inflammation (Hanahan and 
Weinberg 2011). However, these definitions may focus too much on the cellular 
rather than the tissue level of the diseases (Sonnenschein and Soto 2013).

A predisposition to cancer can be inherited, but it often occurs spontaneously due 
to exposure to environmental risk factors such as smoking, high-energy radiation, or 
carcinogenic chemical substances. Cancer can also be caused by infections with cer-
tain bacteria, e.g., Helicobacter pylori (Hong et al. 2012). More often, cancer can be 
caused by viruses (Cummins and Tangney 2013; Weinberg 2006), including Human 
papillomavirus (HPV) (Chen et al. 2015), the major cause of cervical cancer, and 
presumably Epstein-Barr virus (EBV), which is linked to Burkitt’s lymphoma (Brady 
et al. 2007). Ultimately, all triggers result in mutations and/or epigenetic changes in 
DNA structure that inactivate tumor-suppressor genes such as TP53 (Bieging et al. 
2014) or activate proto-oncogenes such as HER-2 (Chial 2008). The trigger may in 
some cases be directly mutagenic, e.g., (1) the induction of point mutations by alkyl-
ating agents, nucleoside analogs, or intercalating chemicals; (2) the incorrect repair 
of DNA double-strand breaks induced predominantly by radiation; or (3) the integra-
tion of foreign DNA, disrupting the original genetic context and causing aberrant 
gene expression as observed for some viruses (Akagi et al. 2014). The effects can 
also be indirect, e.g., the induction of chronic inflammation or infections that pro-
mote the proliferation of a subset of cells, e.g., B-lymphocytes, increasing the likeli-
hood of uncontrolled growth as assumed for EBV in Burkitt’s lymphoma.

Due to the heterogeneous nature of cancer there is no universal treatment. Four 
different general approaches are available, which can be followed alone or in 
 combination (Sudhakar 2009). Surgery involves the physical removal of malignant 
tumor tissue. This can in theory effect a complete cure in a single procedure, but a 
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small number of cancer cells may remain at the excision site eventually leading to 
the formation of a new tumor. Therefore, healthy tissue adjacent to the tumor is 
often removed to create a safety margin, which is an undesirable side effect and 
does not necessarily increase the survival rate (Hernandez et al. 2009; Kubota 2011). 
Furthermore, in advanced cancers, small secondary tumors may be difficult to locate 
and/or remove. Therefore, surgery is often combined with chemotherapy or radio-
therapy to increase the likelihood of a cure (Salama and Chmura 2014).

Radiotherapy uses X-ray or gamma radiation to damage the DNA of rapidly 
dividing cancer cells beyond repair, causing the cells to undergo apoptosis. Even 
though healthy cells typically have more efficient DNA repair mechanisms than 
cancer cells and can thus better withstand the radiation (Bernstein and Bernstein 
2015; Gajecka et al. 2005), they can be affected by radiotherapy as well which can 
give rise to severe side effects such as the depletion of hematopoietic precursor cells 
and (in the longer term) even the induction of other forms of cancer (Berrington de 
Gonzalez et al. 2011; Mauch et al. 1995). The efficacy of high-energy radiation is 
dependent on the oxygen concentration in the tumor tissue, because the free radicals 
formed when oxygen interacts with the radiation cause further damage to the DNA 
of the cancer cells. However, hypoxia is often observed in large solid tumors, which 
means that radiotherapy is less effective against larger tumors (Harrison et al. 2002).

Chemotherapy is the treatment of cancer with drugs. This approach is advanta-
geous because it can kill residual cancer cells and small, undetectable secondary 
tumors (Polireddy and Chen 2016). Chemotherapy can also be combined with 
radiotherapy to increase the therapeutic efficacy (Shahid 2016). One drawback is 
that the efficacy of chemotherapy depends on the way drugs are distributed in tis-
sues, and poor results are often observed with larger solid tumors due to the limited 
vascularization, which prevents effective tumor penetration (Minchinton and 
Tannock 2006). The active pharmaceutical ingredients (APIs) used for chemother-
apy are often small molecules, such as paclitaxel (Chabner and Roberts 2005). Such 
molecules can circulate relatively freely and reach the tumor site(s) even if their 
precise location is unknown. The first generation of chemotherapeutics were devel-
oped to disrupt the metabolism and/or mitotic activity of rapidly dividing cells, 
whereas the second generation instead targeted signaling components, such as pro-
tein kinases or growth factor receptors (Chabner and Roberts 2005). For example, 
paclitaxel is a first-generation drug that disrupts mitosis by preventing tubulin depo-
lymerization, whereas gefitinib is a second-generation drug that inhibits signaling 
via the epidermal growth factor receptor (Chabner and Roberts 2005; Wani and 
Horwitz 2014). Whereas some cancer drugs have a simple structure suitable for 
total chemical synthesis (Neidle and Thurston 2005), most are complex molecules 
that must be produced using biotechnology (Baldi et al. 2008; Howat et al. 2014). 
Paclitaxel provides a useful example of the latter scenario. This compound was 
originally isolated from the bark of the Pacific yew tree (Taxus brevifolia) (Wani and 
Horwitz 2014), but is now produced in transgenic plant cell suspension cultures at 
the 75,000-L scale (Zhong 2002). Some cancer drugs demonstrate limited  selectivity 
but most also affect rapidly dividing healthy cells, such as hair follicle cells and 
B-lymphocytes, resulting in the common side effects of chemotherapy: hair loss and 
a compromised immune system (Sfikakis et al. 2005; Trueb 2010).
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Immunotherapy harnesses the immune system against cancer, and is the most 
selective treatment approach and therefore the treatment associated with the least 
severe side effects (Caspi 2008; Schuster et al. 2006). Immunotherapy can take sev-
eral forms, including the use of vaccines to prevent cancer, as seen with the vaccine 
against HPV to prevent cervical cancer (De Vincenzo et al. 2013; Poljak 2012), intro-
duction of cytokines to manipulate the immune response, or antibody therapy to tar-
get cancer cells in the same way that antibodies normally target pathogens (Schuster 
et al. 2006). In the latter case, monoclonal antibodies (mAbs) are directed against 
cancer-specific cell surface structures including receptors and other surface proteins 
that are overexpressed in tumors, or glycan structures that are more common in can-
cer cells—these tumor-selective targets are collectively described as tumor markers 
(Christiansen et al. 2014; Chung and Christianson 2014; Duffy et al. 2014; Weiner 
et al. 2012). After binding to cancer cells, the mAbs can elicit antibody- dependent 
cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC) through 
their constant domains, causing natural killer (NK) cells to force the cancer cells into 
apoptosis (Mellstedt 2003). Alternatively, the antibodies may block the binding of 
growth factors (Gong et al. 2004) or carry a toxic conjugate such as monomethyl 
auristatin E (Polakis 2016), which is taken up into the tumors. Such antibody-drug 
conjugates (ADCs) can combine the ADCC of regular antibodies with the additional 
toxic effect of a conjugated cytotoxic effector (Peters and Brown 2015; Scott et al. 
2012). Despite these benefits and several dozen approved products (Scott et al. 2012), 
antibody therapy requires large doses of expensive and highly pure mAb, e.g., 3 mg 
per kg body mass (Ben-Kasus et al. 2007) or ~750 mg per square meter of body sur-
face area (Cheson and Leonard 2008), sometimes meaning the equivalent of 6–12 g 
per patient (Chames et al. 2009) (Table 2.1). This is why immunotherapy can cost 
several thousand euros per year per patient. The situation can be even worse if the 
antibody has a short serum half- life or induces an immune response in the patient, 
because this reduces the effective concentration of the protein and increases the 
required doses (Glassman and Balthasar 2014; Senter 2009). Furthermore, the com-
parably large size of an antibody (~150 kDa) can inhibit tumor penetration and reduce 
the effectiveness of the treatment against large solid tumors (Beckman et al. 2011).

These drawbacks can be circumvented by anticancer vaccines. The benefit of 
such vaccines is that, in theory, they require only a single low-dose treatment for 
each patient (e.g., 15 μg), which significantly reduces the costs of production and 
administration (Table  2.1). Anticancer vaccines exploit the ability of the human 
adaptive immune system to raise neutralizing antibodies against foreign epitopes 
(Murphy et al. 2008), in this case epitopes unique to or more abundant on cancer 
cells or the pathogens that cause cancer. For example, GSK and Merck & Co. have 
developed vaccines that form viruslike particles (VLPs) based on the L1 surface 
protein of the most virulent HPV strains, to reduce the risk of infection and 
the resulting HPV-related cervical cancer (De Vincenzo et al. 2013; Poljak 2012). 
These vaccines act in a preventive manner, whereas the HPV E6 and E7 proteins are 
being developed as therapeutic vaccines, i.e., vaccines that prevent the onset of cer-
vical cancer even when an HPV infection has been established (Buyel et al. 2012; 
Massa et al. 2007; Venuti et al. 2009). Immunotherapy can also be combined with 
chemotherapy (Bang et al. 2010).
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Lectins are another class of molecules that can be used for immunotherapy or 
chemotherapy (Jiang et al. 2015). These plant-derived proteins bind to various car-
bohydrate structures on the cell surface and can induce immunomodulatory effects 
or apoptosis (Souza et al. 2013). For example, viscumin, also known as mistletoe 
lectin 1 (ML1) because it is the most abundant lectin in mistletoe (Viscum album), 
is a type II ribosome-inactivating protein (RIP) (Olsnes et al. 1982) that can be used 
to treat solid tumors (Zwierzina et al. 2011).

Ultimately, the choice of treatment depends on the type and grade of the cancer, 
its histology and location in the body, the stage of the disease, as well as the geo-
graphical region and healthcare options available to the patient (Manegold 2014; 
Merrett 2014). The difficult task is to identify a treatment that will effectively clear 
malignant tumors from the body with minimal side effects, e.g., the number of 
cycles of chemotherapy required (Heydarnejad et  al. 2011). In the future, these 
issues could be reduced by individualized cancer treatments for each patient. The 
concept of individualized medicine has attracted increasing interest over the last 
decade because implementation is more feasible given the recent improvements in 
cancer diagnostics, molecular biology, high-throughput screening, donor cell culti-
vation, process scale-down, and single-use production systems (Klutz et al. 2015; 
Schilsky 2010). Personalized medicine requires a precise diagnosis for each patient, 
followed by the identification of patient-specific tumor markers based on blood or 
biopsy samples and then the production, selection, or even de novo development of 
highly selective small-molecule anticancer compounds, mAbs, or ADCs and their 
subsequent application with constant monitoring for therapeutic progress (Millner 
and Strotman 2016). Personalized therapy would require not only a paradigm 
change in the way clinical trials are designed today (Schork 2015), but also a plat-
form that can manufacture complex APIs in comparably large amounts (gram range) 
in a short time, which will be difficult to achieve with the current, mostly cell 
culture- based expression systems.

Even without considering the specific challenges of personalized medicine, there 
remain major challenges for the economically feasible production of anticancer 
drugs with sufficient purity and at the necessary volume (Siddiqui and Rajkumar 
2012). Chemical synthesis is often impractical for small-molecule drugs due to the 
complexity of anticancer compounds and not economical for entire proteins. 
Prokaryotic expression systems are generally unsuitable for mAbs and other thera-
peutic proteins due to the lack of some posttranslational modifications (e.g., N-linked 
glycosylation, which is often required for therapeutic proteins to function properly) 
and the inefficiency of others (e.g., disulfide bond formation, which is necessary for 
proteins to fold correctly). The inefficient formation of disulfide bonds causes insol-
uble proteins to accumulate as inclusion bodies that need to be solubilized and 
refolded in vitro, which reduces the yield and adds to the production costs (Eiberle 
and Jungbauer 2010). On the other hand, expression platforms based on mammalian 
cells, such as Chinese hamster ovary (CHO) cells, may be incompatible with the 
production of anticancer small-molecule drugs and proteins that target cell division.

The following sections of the chapter focus on plants as either natural sources 
of anticancer compounds or as hosts for the production of recombinant anticancer 
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biopharmaceutical proteins. Some additional benefits of plants for the production of 
anticancer therapeutics, such as their scalability and sustainability, are discussed in 
concert with their potential merits as a platform for the manufacture of personalized 
medicines.

 Plant Secondary Metabolites as Anticancer Drugs

 Natural Sources of Plant Metabolites with Anticancer Activity

Plants have been used as medicines for at least 60,000  years (Fabricant and 
Farnsworth 2001) reflecting their ability to produce cocktails of secondary metabo-
lites with a broad range of pharmacological properties, including anticancer activity 
(Kuttan et al. 1997; Zarkovic et al. 1998). Phenolic compounds, such as flavonoids, 
are the most promising plant-derived secondary metabolites for the treatment of 
cancer (Asensi et al. 2011; Wahl et al. 2011). Historically, plant-derived medicines 
were administered orally, either by the direct consumption of plant tissues or by the 
preparation of crude extracts, which is advantageous because these methods are 
both simple and inexpensive. Furthermore, the administration process is painless for 
the patient and safe because no syringe-based injection or other invasive procedures 
are required. The number of publications reporting the anticancer activity of plant 
extracts is expanding rapidly: a literature search in PubMed (http://www.ncbi.nlm.
nih.gov/pubmed) on August 16th, 2016, resulted in 4122 hits including 462 review 
articles when using the search term “plant extract anti cancer” and a massive increase 
in publication activity can be observed in the field since 2000 (Fig. 2.1a). It is beyond 
the scope of this chapter to review all the plant-derived substances that have poten-
tial anticancer activity, their mode of action, and efficacy, and it is unlikely that all 
these extracts will be able to replicate their anticancer effects in larger scale tests 
(Fritz et al. 2013; Ioannidis 2005; Nuzzo 2014). Furthermore, even if the anticancer 
effects are genuine (Kwon et al. 2016), the crude mixtures will need to be tested for 
safety and efficacy because they may contain, as well as the API, additional metabo-
lites with undesirable effects, and the relative concentrations of the API and other 
ingredients can be difficult to control. For example, a raw extract of poppy (Papaver 
somniferum) seeds not only contains sanguinarine (an alkaloid with anticancer 
activity) (Selvi et al. 2009) but also hallucinogenic and addictive opiates.

In the light of the risks presented by crude extracts, APIs with anticancer activity 
are usually isolated from plants allowing them to be tested for a specific mode of 
action at defined concentrations without side effects caused by other metabolites. 
The most prominent example is paclitaxel, a taxane found in the bark of the Pacific 
yew tree (Camidge 2001; Wani and Horwitz 2014). Paclitaxel is used to treat ovar-
ian, breast, and pancreatic cancers among others (Committee for Medicinal Products 
for Human Use (CHMP) 2015a; Wani and Horwitz 2014), and was approved by the 
US Food and Drug Administration (FDA) in 1992. It was shown that in combination 
with gemcitabine, paclitaxel increased the median survival time of patients suffering 
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from pancreatic cancer by >25% compared to treatment with gemcitabine alone 
(Von Hoff et al. 2013). Paclitaxel is an inhibitor of tubulin depolymerization, thereby 
stabilizing the microtubule cytoskeleton and blocking mitosis in a concentration- 
dependent manner (Wani and Horwitz 2014).

Other small-molecule anticancer compounds naturally found in plants include 
genistein (an isoflavone angiogenesis inhibitor), lycopene (a carotenoid found in 
many fruits), and resveratrol (a stilbene found in grape berries and therefore also in 
wines) which are currently undergoing clinical trials to test their efficacy against 
breast and oral cancer (Bosviel et al. 2012; King-Batoon et al. 2008; Schnekenburger 
et al. 2014; Zlotogorski et al. 2013). Additional examples of plant-derived metabo-
lites that have shown anticancer activity in vitro include several pregnane glyco-
sides (e.g., desmiflavaside D) and alkaloids (e.g., mahanine) which selectively 
inhibit the growth of breast and prostate cancer cell lines, respectively (Jagadeesh 
et al. 2007; Raees et al. 2016). Antitumor activity has also been reported for non-
psychoactive cannabinoids (McAllister et al. 2015). The number of known plant 
secondary metabolites with potential anticancer activity is steadily increasing 
(Schnekenburger et al. 2014) and diverse ecosystems such as tropical rainforests 
and coral reefs are thought to harbor a plethora of yet unknown molecules with 
similar or even improved efficacy as well as completely new modes of action 
(Mukherjee et al. 2001; Pereira et al. 2012).

Fig. 2.1 Publication activity and anticancer compounds. (a) Publication history for four search 
queries related to anticancer compounds derived from or produced in plants. The most relevant 
query is shown as green diamonds. A Boltzmann function was fitted to each data series to illustrate 
the general trends in publication frequency. (b) Schematic illustration of the structures of molecules 
typically used for the treatment of cancer, all shown at the same size scale. (1) The small- molecule 
paclitaxel (sdf file: TA1_ideal_taxol; rcsb database; http://www.rcsb.org) with a zoomed-in box. (2) 
IgG2a monoclonal antibody from mice (pdb file: 1IGT) (Harris et al. 1997). The Fc part is shown 
in red and green, and the Fv regions are shown in blue and orange. (3) Therapeutic HPV vaccine 
candidate LicKM-E7-GGG (“3Djigsaw” (https://bmm.crick.ac.uk/~3djigsaw/) homology model 
using automated template selection). The HPV-E7 fusion part is shown in orange, and the lichenase 
part is shown in green (Buyel et  al. 2012). (4) Mistletoe lectin viscumin (pdb file: 1M2T) 
(Krauspenhaar et al. 2002). The toxic A-chain is shown in green, the lectin-like B-chain is shown 
in orange, and the linking disulfide bond is highlighted by a blue arrow
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Despite the potency of such compounds, large amounts of plant biomass must be 
harvested due to the high doses required, e.g., ~3 g of paclitaxel per patient (Small 
and Catling 1999), the miniscule amounts produced in native plants (Kelsey and 
Vance 1992), and the typically poor recovery of such compounds after extraction, 
which can be as low as 0.004% (Wani and Horwitz 2014). The naturally available 
production capacity for such anticancer compounds therefore tends to be insuffi-
cient to meet demands, and the source species may be driven close to extinction, as 
observed for the Pacific yew, which was initially the only source of paclitaxel (Wani 
and Horwitz 2014).

 Production of Small-Molecule Anticancer Compounds in Plants

The unsustainable depletion of natural plant populations can be avoided by using 
genetic engineering to extend an existing metabolic pathway or to introduce an 
entirely new metabolic pathway in a more suitable host plant (Wilson and Roberts 
2012). This allows the selection of hosts with better growth rates, shorter generation 
times, greater biomass productivity, or more suitability for biomass processing. For 
example, the extraction of paclitaxel from Pacific yew trees (Wani and Horwitz 2014) 
requires a large cultivation area to grow a sufficient number of trees over a period of 
up to 200 years. The trees must be logged and stripped of bark to extract paclitaxel, 
killing the trees in the process. The size of the trees and the rigidity of the bark mean 
that expensive large-scale equipment is required. Even with optimal cultivation and 
processing infrastructure, the area-wise productivity is low. Assuming that a 
100-year-old yew tree is covered with ~3 kg of bark containing paclitaxel at a con-
centration of 0.14 g kg−1 (Small and Catling 1999) and that such a tree requires 30 m2 
for cultivation, the productivity is only 0.14  mg  a−1  m−2. In contrast, tobacco 
(Nicotiana tabacum) produces biomass at the rate of 10 kg a−1 m−2 (Stoger et al. 
2002). Even if genetic engineering in tobacco achieves 10% of the yields in yew trees 
(0.014 g kg−1 biomass), the productivity is still 140 mg a−1 m−2 and thus 1000- fold 
higher than the natural source. The production of secondary metabolites can also be 
increased by external factors, e.g., the lighting conditions (Buyel et al. 2015a).

Small-molecule anticancer compounds can also be produced in cultured plant 
cells (Tabata 2004). Despite the higher investment costs for fermentation infrastruc-
ture and the need for a sterile environment, cell cultures can be advantageous because 
it is possible to derive suspension cells directly from the native species or a close 
relative, benefiting from the intrinsic metabolic capability. Genetic engineering can 
then be used to increase yields if necessary. Paclitaxel provides a key example of this 
approach. Phyton Biotech (Delta BC, Canada) has implemented a 75,000-L-scale 
process compliant with good manufacturing practice (GMP) using Taxus sp. cells to 
produce the API for Bristol-Myers Squibb (New York, USA) (Zhong 2002). The 
product has been marketed since 1992 with annual sales of $1.592 billion in 2000 
(Exposito et al. 2009). Since then, several approaches have been pursued to increase 
the paclitaxel titers during cultivation, e.g., using elicitors such as methyl jasmonate 
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(Cusido et al. 2014). Other approved compounds with anticancer activity include 
berberine and shikonin, which are manufactured in Coptis japonica and 
Lithospermum erythrorhizon cells, respectively (Fujita 2007). The typical scale of 
plant cell cultures is ~1000 L and above (Georgiev and Weber 2014).

 Protein-Based Anticancer Compounds from Plants

The use of small-molecule anticancer compounds is limited by their poor selectiv-
ity, leading to side effects caused by nonspecific effects on the enzymes, metabo-
lism, and cell cycle components of healthy cells. Proteins are more complex 
molecules that offer alternative mechanisms of action and can also be used to target 
cancer cells, thus reducing side effects. Small-molecule drugs and anticancer pro-
teins are compared in Fig. 2.1b.

 Anticancer Activity of Lectins

Lectins are a heterogeneous group of glycoproteins produced by many different plant 
species and have probably evolved as part of the molecular defense repertoire against 
pests and herbivores (Lannoo and Van Damme 2014; Van Damme 2014; Vandenborre 
et al. 2011). Lectins may comprise several polypeptide chains, forming, e.g., homo-
tetramers like ArtinM from jackfruit (Artocarpus heterophyllus) (Souza et al. 2013) 
or heterodimers like the mistletoe lectin viscumin (Kourmanova et al. 2004). The 
common feature of lectins is their affinity towards carbohydrate structures, with dif-
ferent lectins favoring different oligosaccharides. This selectivity allows some lectins 
to bind more or less specifically to carbohydrates displayed on tumor cells, resulting 
in immunomodulatory or anticancer activity (Souza et al. 2013).

Viscumin is the most prominent example of a plant lectin with potential antican-
cer applications (Zwierzina et al. 2011). Viscumin is synthesized as a single poly-
peptide precursor which is activated by proteolytically removing a central amino 
acid linker sequence. The active form of the protein comprises an A-chain (former 
N-terminus) with N-glycosidase activity and a B-chain (former C-terminus) which 
binds to carbohydrates on the cell surface (Walsh et al. 2013). The two chains are 
covalently linked by a disulfide bond (Olsnes et al. 1982). The A-chain features 
β-sheet secondary structures but is dominated by α-helices (Fig. 2.1b) (Krauspenhaar 
et  al. 2002). The mode of action of the A-chain involves the cleavage of the 
N-glycosidic bond at position A4324  in the 28S rRNA of the large subunit of 
eukaryotic ribosomes, hence the classification of viscumin as a type II RIP (Endo 
et  al. 1988). The toxicity of purified viscumin (intravenous LD50 in mice) is 
2.4 μm kg−1 (Olsnes et al. 1982). In comparison, the structurally related ricin toxin 
from the seeds of Ricinus communis (castor bean) has a toxicity of 30 μm kg−1 
(Audi et al. 2005).
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In contrast to the A-chain, the carbohydrate-binding B-chain of viscumin is 
mostly composed of β-sheets (Fig. 2.1b) and has three intra-chain disulfide bonds. 
Viscumin was initially shown to bind to β-galactosides, especially terminal galac-
tose in the oligosaccharides of glycoproteins (Gabius et al. 1992; Lee et al. 1994; 
Olsnes et  al. 1982) but it also binds selectively to terminal sialic acids, e.g., 
IV6Neu5Ac-nLc4Cer residues in a mammalian context (Muthing et al. 2004), espe-
cially on glycoproteins and gangliosides (Zwierzina et al. 2011). The ganglioside 
CD75s carries an IV6Neu5Ac-nLc4Cer residue and is associated with several types 
of solid tumor, including pancreatic cancer (Distler et  al. 2008). The antitumor 
activity of viscumin therefore appears to reflect the ability of the B-chain to bind 
selectively to tumor cells allowing the toxic A-chain to be internalized and block 
protein synthesis. Previous studies have shown that viscumin also stimulates 
T-helper (Th1) cells, thereby inducing the cellular component of the adaptive 
immune system to attack cancer cells (Zwierzina et al. 2011).

N-glycans are added to the viscumin B-chain as it passes through the secretory 
pathway to the apoplast (Niwa et al. 2003). These posttranslational modifications 
are not required for its antitumor activity, because aglycosylated recombinant viscu-
min purified from Escherichia coli inclusion bodies was also efficacious in phase I 
clinical trials (Zwierzina et al. 2011). However, authentic N-linked glycosylation 
may increase the potency of viscumin. Furthermore, the resolubilization and refold-
ing of protein from inclusion bodies are laborious and inefficient (Eiberle and 
Jungbauer 2010). The expression of recombinant lectins in plants may be therefore 
ideal to achieve high yields, straightforward purification, and more potent APIs.

 Recombinant Protein Expression in Plants

 Benefits and Challenges

In addition to the production of native proteins with anticancer activity by some 
plant species, many species of plants (or the cells and tissues derived from them) 
have been used as expression systems for recombinant therapeutic proteins. The use 
of plants for the production of recombinant proteins is known as “molecular farm-
ing,” and to emphasize the medical relevance when these are therapeutic proteins the 
alternative spelling “molecular pharming” is also used (Fischer et al. 1999, 2013; 
Ma et al. 2005; Menkhaus et al. 2004; Wilken and Nikolov 2012). In the context of 
biopharmaceutical manufacturing, plants are beneficial because they can synthesize 
complex proteins with authentic posttranslational modifications (e.g., glycosylation, 
disulfide bond formation), combined with low-cost upstream production, inherent 
process safety based on the inability of human pathogens to replicate in plants 
(Commandeur et al. 2003), and potential for flexible and very-large-scale produc-
tion (Buyel et al. 2016c). The last two aspects are particularly important when com-
paring plants to mammalian cells because disastrous contamination with human 
pathogens is unlikely (Bethencourt 2009; Zimran et al. 2011) and the manufacturing 
capacity can be rapidly adapted to market demands. Two general types of expression 
strategies are available for plants: (1) transient expression using viral or bacterial 
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vectors or combinations thereof and (2) expression in transgenic plants or plant cells 
(Fischer and Schillberg 2006; Paul and Ma 2011; Twyman et al. 2003).

In contrast to the production of proteins in microbes and animal cells, where a 
limited number of host systems have been standardized by the biomanufacturing 
industry (The CMC Biotech Working Group 2009), a plethora of plant species and 
expression strategies have been considered by academic and industrial development 
teams. In terms of intact plants, tobacco and its close relative N. benthamiana are 
now emerging as standard platforms for the production of recombinant proteins by 
stable transformation and transient expression, respectively, and cereals are regarded 
as promising hosts for stable expression because the recombinant proteins can be 
stored in seeds (Spiegel et  al. 2016). Standardized platforms are also emerging 
based on tobacco, rice, and carrot cell suspension cultures (Santos et  al. 2016; 
Schillberg et al. 2013). Scalable unit operations and more structured purification 
schemes are now being implemented for plant-derived products (Buyel and Fischer 
2014c, e; Buyel et al. 2015c). The initial extraction method for plant-derived APIs 
depends on the tissue and subcellular localization used for expression. Products 
secreted into hydroponic medium (intact plants) or the fermentation broth (cell cul-
ture) can be recovered directly, similar to other cell culture-based processes (Drake 
et al. 2009). Recombinant proteins expressed in leaf or seed tissues are typically 
extracted by blade-based homogenizers/presses or mills, respectively (Bals and 
Dale 2011; Buyel and Fischer 2014d, e; Farinas et al. 2005; Hassan et al. 2014; 
Hassan et al. 2008; Kim et al. 2013). Aqueous buffers within the pH range of 7.0–
8.0 are typically used for extraction (Buyel et al. 2015c).

 Product Recovery and Purification

During downstream processing, the process schemes rely on the same methods used 
in cell culture-based systems, e.g., filtration and solid-liquid chromatography, but 
must be adapted to suit the characteristics of plants, e.g., a high particle burden (Buyel 
et al. 2014b) and a high concentration of host cell proteins (HCPs) such as ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) if the proteins are not secreted 
into the medium (Buyel and Fischer 2014c), and product concentrations below 
0.5 g L−1 in the raw extracts (Buyel 2015) in contrast to 5–10 g L−1 achieved in cul-
tured mammalian cells (Li et al. 2010; Shukla and Thommes 2010), which can be 
challenging during initial product recovery (Winkelnkemper and Schembecker 2010). 
These modifications have been major cost drivers for plant-derived APIs in the past, 
accounting for up to 80% of the process costs (Buyel et al. 2015c; Wilken and Nikolov 
2012). In particular, the clarification of the raw plant extracts has been characterized 
by low filter capacities (<100 L m−2) increasing the consumable costs of production. 
However, flocculants and other filter aids have recently been shown to improve par-
ticle retention on low-cost bag filters and can increase the downstream filter capacity 
to >1000 L m−2 (Buyel 2016; Buyel and Fischer 2014b; Buyel et al. 2014b, 2015b).

A number of genetic modifications have been used to facilitate the purification of 
proteins expressed in plants from the clarified extract. These modifications include 
oleosins as direct (Kapchie et al. 2011; Markley et al. 2006; Napier et al. 1996) or 
indirect fusions (McLean et al. 2012), zein (Geli et al. 1994; Torrent et al. 2009), 
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elastin-like polypeptides (Conley et al. 2009; Tian and Sun 2011; Urry 1988), soy-
bean agglutinin (Tremblay et al. 2011), or the frequently used hexa-histidine (His6) 
tag (Buyel et al. 2012). All of these modifications confer specific properties that 
facilitate product purification, e.g., by two-phase extraction or affinity chromatogra-
phy, but may not be suitable for anticancer compounds that are used for long-term 
treatment because the same tags may be immunogenic, thus reducing therapeutic 
efficacy (Fischer et al. 2012; Li 2011), or their commercial use may be restricted 
(Conley et al. 2011).

Process-based solutions for the challenging purification of plant-derived APIs 
have therefore been developed that are compatible with the requirements of bio-
pharmaceutical proteins. Heat precipitation at ~70 °C has proven useful to remove 
>90% of all HCPs from extracts containing heat-stable products at a very early 
process stage, reducing the likelihood of product oxidation or proteolytic degrada-
tion (Buyel et al. 2014a, 2016b; Menzel et al. 2016). The low-pH (<5.0) precipita-
tion of HCPs is an alternative step for heat-sensitive products (Azzoni et al. 2002; 
Buyel and Fischer 2014c). Additionally, abundant HCPs such as RuBisCO can be 
precipitated with polyethylene glycol (PEG) (Arfi et al. 2016). The subsequent puri-
fication and polishing steps to achieve the required final purity use chromatography 
modes such as affinity chromatography (e.g., protein A chromatography for the 
purification of mAbs) followed by orthogonal combinations of anion- and cation- 
exchange chromatography, hydrophobic interaction, and mixed-mode chromatogra-
phy or size-exclusion chromatography (Nfor et al. 2011). For example, a two-step 
process consisting of protein A and ceramic hydroxyapatite chromatography was 
used to isolate an mAb from clarified tobacco extracts for phase I clinical studies 
(Ma et  al. 2015). Because the product concentration can fall below 0.05  g  L−1 
(Menkhaus and Roseland 2008), the use of membrane absorbers instead of packed- 
bed columns can be advantageous, also reducing the process times due to the higher 
flow rates (Orr et al. 2013). Alternatively, ultrafiltration/diafiltration setups can be 
used to reduce the process volume (Lightfoot and Moscariello 2004; Lightfoot et al. 
2008). Integrated approaches such as expanded-bed adsorption (EBA) chromatog-
raphy and aqueous two-phase systems (ATPS) have been tested for the purification 
of recombinant proteins from plants but were either more expensive than conven-
tional processes (Menkhaus and Glatz 2005) or attracted regulatory scrutiny due to 
the presence of fusion tags (Reuter et al. 2014).

 Process Design and Monitoring

Non-platform processes designed to accommodate the properties of individual 
products require time and investment, and therefore contribute to the steadily 
increasing R&D costs in the biopharmaceutical industry (PhRMA 2014). Rational 
protein design (Boes et al. 2011) and characterization of HCPs (Buyel et al. 2013b) 
using open-source (UniProt-Consortium 2012) and/or commercial software 
(Chemical Computing Group, Montreal, Canada) can be used to established more 
standardized processes for plant-derived APIs. Furthermore, the concept of quality- 
by- design (QbD) and its associated tools, namely design-of-experiments (DoE) and 
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process analytical technology (PAT) (De Beer et al. 2008; Landgrebe et al. 2010; 
Rathore 2009; Rathore et al. 2008, 2010; Read et al. 2010a; b), are being integrated 
at the stage of process development but must be adapted to the large number of 
individual plants per batch in contrast to the smaller number of fermenters in con-
ventional processes (D’Este et al. 2012; Juca et al. 2011; Sainz et al. 2013). For 
example, new PAT monitoring has been implemented for plant cell suspension cul-
tures during upstream production (Buyel et al. 2016a; Holland et al. 2013) and the 
complex mechanisms of protein expression (Buyel and Fischer 2014a) and floccula-
tion (Buyel 2016) have been described using DoE.

Single-use technologies, such as filters, sensors, fermenters, and chromatography 
columns, are becoming increasingly popular in the biopharmaceutical industry 
(Allison and Richards 2014; Eibl and Eibl 2011; Laukel et al. 2011; O’Brien et al. 
2012; Shukla and Gottschalk 2013; Whitford 2010) and are likely to become an inte-
gral part of future manufacturing plants (Klutz et al. 2015) because they facilitate pro-
cess validation, accelerate change-over tasks, and avoid the need to clean equipment 
that comes into contact with the product (Fischer et al. 2012). Single-use technologies 
are also typically implemented in plant-based production processes (Ma et al. 2015) 
and the plants themselves can be regarded as single-use, biodegradable bioreactors.

Today, protein-based APIs derived from plants are still exotic products in the 
pharmaceutical industry. The only product of this class currently approved as a 
pharmaceutical for general human use is taliglucerase alfa (marketed as Elelyso) 
which was developed by Protalix Biotherapeutics and is produced in carrot cell 
suspension cultures (Mor 2015; Pastores et al. 2014). However, more than ten fur-
ther product candidates are already in the clinical pipeline with still more in pre-
clinical development (Gleba et al. 2014). These industry-derived products combined 
with further APIs developed in publically funded projects (Paul et al. 2013; Sparrow 
et al. 2007) have encouraged the regulatory authorities in the USA and EU to release 
draft guidelines for the production of plant-derived biopharmaceuticals (CPMP 
2002; FDA 2002; Spok 2007), filling the legal vacuum that has thus far discouraged 
the big players in the pharmaceutical industry from making substantial investments 
into this sector (Das et al. 2008; Fischer et al. 2012; Ma et al. 2005), thus resulting 
in the focus on plant cell cultures instead of intact plants (Pastores et  al. 2014). 
Plant-based production systems are now entering the biopharmaceutical arena as a 
competitive platform for the manufacture of biopharmaceutical proteins, including 
anticancer antibodies and lectins.

 Transgenic Plants and the Potential Large-Scale Production 
of Anticancer Compounds

 Scalability and Product Quality

In contrast to microorganisms and animal/plant cell cultures, transgenic plants can 
be cultivated as intact, multicellular organisms. One advantage is that sterile cultiva-
tion conditions and/or antibiotics are not required for upstream production, and 
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another is that the pharmaceutical crops can be grown on the same agricultural scale 
as food and feed crops, thus allowing the production of multiple tons of recombinant 
proteins to fulfil high-demand markets (Buyel et al. 2016c; Fischer and Schillberg 
2006). For example, 179.7 million hectares of genetically modified crops were 
grown in 2015, which is a 100-fold increase compared to 1996 (James 2015).Yet 
another advantage of transgenic plants is that the modification is much more stable 
than the genes carried by engineered microbes or mammalian cell lines (Baneyx and 
Mujacic 2004; Gerngross 2004; Hellwig et al. 2004; Wurm 2004). This ensures a 
defined and stable genetic status and facilitates the generation of well-defined master 
and working seed banks (Fischer et al. 2012). Transgenic lines are typically estab-
lished by transformation using Agrobacterium tumefaciens or physical methods such 
as particle bombardment to introduce the gene(s) of interest into the plant genome, 
before regeneration into intact plants (Lorence and Verpoorte 2004; Newell 2000; 
Rivera et al. 2012). The initial transformants are typically subjected to 3–8 breeding 
cycles resulting in homozygous transgenic plant lines. The transformation and breed-
ing process can take 8–24 months depending on the plant species and genetic con-
struct, and can require extra time to prepare the seed banks required for large-scale 
production (Twyman et al. 2003). Although the advent of genome editing tools such 
as CRISPR/Cas9 can reduce this time (Bortesi and Fischer 2015; Puchta and Fauser 
2014), transgenic plants are probably inadequate for urgent demands, as would be 
required for personalized cancer therapy. In contrast, transgenic plants function bet-
ter as a bulk production system for proteins that are required for standard therapies 
in a large number of patients, e.g., anticancer vaccines or mAbs such as rituximab.

One matter of concern when considering plants for the production of vaccines 
and antibodies is that the glycans added to proteins by plants are structurally differ-
ent to those produced in humans, which means that injected APIs can be immuno-
genic. Although antibodies against plant glycans have been detected in human 
serum, no adverse responses against plant-derived recombinant therapeutic proteins 
have been reported (Bardor et al. 2003; Chargelegue et al. 2000; Koprivova et al. 
2004). In some cases, the nonhuman glycan profiles produced by plants can even be 
advantageous, e.g., modulating the effector functions of some plant-derived mAbs 
due to the carbohydrates attached to the Fc region, and simplifying the production 
of the enzyme glucocerebrosidase which is used to treat Gaucher’s disease. In the 
latter case, the enzyme produced in carrot cells (Elelyso, see above) is devoid of 
terminal sialic acid residues, allowing efficient uptake by mannose receptors on 
circulating macrophages. The same protein produced in mammalian cells contains 
terminal sialic acid residues that must be cleaved off in vitro, thus increasing pro-
duction costs (Grabowski et al. 2014). Hence, plants can be regarded not only as an 
alternative production system but also as a potential source of “biobetters.” Where 
authentic human-type glycosylation is necessary for therapeutic efficacy, plants can 
be modified by mutating endogenous genes to remove plant-specific residues such 
as core α1,3-fucose and β1,2-xylose, and by introducing human genes needed for 
the synthesis of multi-antennary glycans, core α1,6-fucose, β1,4-galactose, and ter-
minal sialic acids (Bakker et al. 2006; Strasser 2013, 2016; Strasser et al. 2008). 
These glyco-engineered lines can then be used as a platform for the production of 
recombinant proteins with authentic glycans.
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 Monoclonal Antibodies

Monoclonal antibodies can be used as highly specific and efficacious APIs for can-
cer therapy (Chiarella 2011; Gaughan 2015; Scott et al. 2012). In 2013, a total of 
almost 10  tonnes of mAbs was manufactured with an estimated market value of 
$US 75 billion (Ecker et al. 2015). Based on the current forecast of a 10% annual 
growth rate (Research 2013), this market will cross the $US 200 billion mark before 
2025. The demand for some major single products such as rituximab and etanercept 
is already about 1 tonne per year (Kelley 2007). This amount is likely to increase 
massively if the supply of these products can be expanded to developing countries, 
which currently have limited access to such high-quality cancer therapeutics due to 
the manufacturing costs. For example, assuming that only every second person 
among the 14.1 million new cancer patients every year (Pritzkuleit et  al. 2010; 
Rottenberg et al. 2010) requires mAb therapy, with a typical dose of ~10 g of protein 
pre patient (Chames et al. 2009), the annual demand for mAbs related to cancer 
therapy will increase to 70.5 tonnes. This calculation does not take into account the 
increasing incidence of cancer expected in the future due to demographic changes 
and improved diagnostics, and also ignores the likelihood that per-patient mAb con-
sumption may increase due to improved survival rates.

Multi-tonne production scales for mAbs are difficult to achieve using conven-
tional expression systems alone, even though mAb titers of 5–10 g L−1 are now 
possible on a regular basis (Li et al. 2010; Shukla and Thommes 2010). For exam-
ple, despite such high titers, the investment costs for bioreactors would be enormous 
because even very-large-scale fermenters with volumes of 10,000–25,000 L (Kelley 
2007; Li et al. 2010) would only produce ~5.0 tonnes of mAb per year, assuming a 
duration of 12 days per batch (Kelley 2007), and would thus cover less than 10% of 
the anticipated demand. Furthermore, the many benefits of single-use technologies 
are lost at such massive production scales because multiple disposable production 
trains would need to operate simultaneously, and at this point a fixed stainless-steel 
facility costs less to operate even when the up-front costs are included (Eibl et al. 
2010; Shukla and Gottschalk 2013).

In contrast, plants provide their own in-built single-use bioreactors and the cost 
does not increase significantly regardless of the production scale, because plants 
can be numbered up as required and the only cost factor is the additional land or 
greenhouse space. The per se high biomass yield of some crops, e.g., 
10,000  tonnes  a−1  km−2 for tobacco (Stoger et  al. 2002), can be increased to 
91,000 tonnes a−1 km−2 if so- called vertical farming units (VFUs) are used for pro-
duction instead of open-field cultivation (Buyel et  al. 2016c; Holtz et  al. 2015). 
Combining these biomass yields with antibody expression levels of 2  g  kg−1 
(Zischewski et al. 2015) and a typical mAb recovery of 70% during purification 
from transgenic plants (Ma et al. 2015) implies that ~0.55 km−2 of VFU area will be 
sufficient to produce 70 tonnes of purified mAb.

Additional benefits of VFUs include the improved containment and more tightly 
controlled growth conditions, which can be advantageous for GMP production pro-
cesses (Fischer et al. 2012), as well as the potential for fully automated handling, 
even in a GMP environment (Wirz et  al. 2012). To achieve the same output by 
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fermentation, a bioreactor volume of >350,000 L would be required. On top of the 
investment costs, such a setup would carry an immense monetary risk given the 
frequency of batch failures, e.g., due to contamination (Lolas 2013): assuming 
CHO cell media costs of $US 55–90 L−1, each failed batch would generate losses 
corresponding to $US 19–32 million only for the media. A more detailed discus-
sion of the benefits of plants for the very-large-scale production of mAbs can be 
found elsewhere (Buyel et al. 2016c), but independent from the upstream produc-
tion step, the downstream processing and scale-up considerations would be similar 
to those for cell culture-based systems (Ma et al. 2015; The CMC Biotech Working 
Group 2009), e.g., continuous manufacturing and a preference for single-use tech-
nologies (Angarita et al. 2015; Baur et al. 2015; Klutz et al. 2015). Plant-based 
systems may also benefit from the experiences gathered in the food processing 
industry (Goody 1997). In summary, plants as a production platform could tap into 
the full potential of mAbs as anticancer agents for a broad range of patients in 
industrialized as well as developing countries.

 Lectins

Lectins such as viscumin could potentially be developed as anticancer drug candi-
dates and a GMP-compliant process for the production of viscumin has already 
been established using a standard E. coli expression system, allowing viscumin to 
be tested in clinical trials (Zwierzina et al. 2011). However, the A- and B-chains 
were produced by two different bacterial strains in separate fermentations and both 
polypeptides formed inclusion bodies, so laborious resolubilization and refolding 
were necessary leading to poor recoveries of ~5% based on the amount of unfolded 
polypeptide educts, which is typical for such refolding processes (Eiberle and 
Jungbauer 2010). Additionally, the product was not glycosylated, which may affect 
its stability and efficacy as discussed above (Li et al. 2012). Other plant lectins have 
been expressed in the yeast Pichia pastoris at levels of 6–20 mg L−1 (Lannoo et al. 
2007; Oliveira et al. 2008) but glycoproteins produced by yeast often bear predomi-
nantly high-mannose rather than complex-type glycans (Strasser 2016). Mammalian 
cells are unlikely to express viscumin at high titers because the lectin would be toxic 
to the host cells (Endo et al. 1988). Such issues can be overcome by using plants as 
expression hosts because lectins are native to plants and heterologous lectins are 
generally not toxic in plant systems. In the case of viscumin, the Fraunhofer Institute 
for Molecular Biology and Applied Ecology IME (IME) has started to develop a 
plant-based expression approach which has thus far achieved yields of ~5 mg kg−1 
(our unpublished data). This is comparable to the 1.5 mg mL−1 achieved in E. coli 
after refolding, but the refolding step is not required. Purifying viscumin from the 
more complex plant matrix is unlikely to pose a major challenge because lactosyl- 
Sepharose can be used as an affinity resin, and the purification of proteins from 
plant extracts by affinity chromatography does not seem to be inhibited by the larger 
quantity of released HCPs compared to products secreted into the fermentation 
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broth by CHO cells (Ma et al. 2015). Furthermore, plants have been successfully 
used to produce griffithsin, a lectin with the potential to block the transmission of 
human immunodeficiency virus (HIV) (Fuqua et al. 2015; O’Keefe et al. 2009).

 Anticancer Vaccines

Vaccines are probably the most cost-effective and least invasive way to treat or even 
prevent cancer. In theory, a single dose of microgram amounts of an antigen can be 
sufficient to achieve lifelong protection against a specific form of cancer. In prac-
tice, several doses are often required and the protection can decline after a few 
years, so booster vaccinations may be necessary (Ouattara and Laurens 2015). 
Vaccines attract a higher regulatory burden in terms of safety than cancer therapeu-
tics because they are given to healthy individuals and the risk/benefit ratio does not 
tolerate severe side effects (Kwok 2011). Therefore, subunit vaccines are preferred 
over live or attenuated pathogens because the former contain discrete antigenic 
components, typically surface proteins from the pathogen, and are therefore unable 
to revert to virulence (Baxter 2007). However, small protein entities tend to induce 
a weaker immune response than larger and more complex vaccines (Bachmann and 
Jennings 2010). Adjuvants such as alum can be used to enhance the immune 
response and thus increase protection, but VLPs are even more immunogenic. In 
simple terms, VLPs are empty viruses; that is, they are composed of typical viral 
structural proteins but do not carry any nucleic acid and therefore cannot replicate 
and cause disease (Wang and Roden 2013). The structural proteins can be produced 
in microbes, but as discussed above the lack of posttranslational modifications in 
bacteria and the high-mannose glycans produced by yeast are significant draw-
backs, so higher eukaryotes are preferable. Mammalian cells produce correctly 
modified subunits but there is a risk of contamination with endogenous or adventi-
tious viruses, which can necessitate the disposal of whole batches and even the 
closure of a facility (Bethencourt 2009). To ensure that not even trace quantities of 
viruses end up in the final drug product, virus filtration is an integral part of all 
mammalian cell culture-based production processes. This presents a unique chal-
lenge during the production of VLPs because the product is typically in the same 
size range as any live virus contaminants. Plants do not support the proliferation of 
human-trophic viruses and virus filtration is not necessary (Commandeur and 
Twyman 2005). Several VLPs have therefore been produced successfully in plants, 
including those based on HPV (Scotti and Rybicki 2013). Plants have also been 
used to produce subunit vaccines, e.g., a fusion protein including a modified version 
of the HPV protein E7 (Buyel et al. 2012). This vaccine candidate was not only 
protective against cervical cancer in the same manner as the commercial vaccines 
Cervarix and Gardasil, but could also be used as a therapeutic vaccine to prevent the 
development of cervical cancer in patients already carrying HPV (Massa et al. 2007; 
Venuti et al. 2009). Plants have also been used to produce a large number of vac-
cines not related to cancer, e.g., vaccines against malaria (Spiegel et al. 2015).
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 Transient Expression Systems for Individualized Cancer Therapies

The antibodies and lectins discussed above are administered to a large number of 
patients (or at-risk individuals in the case of vaccines) and transgenic plants are the 
most suitable plant-based expression platform. However, mAbs can also be used as 
personalized medicines designed to act against the unique features of a tumor in a 
specific patient (Duffy 2015). The total demand for such products will therefore be 
much lower than the general products described earlier, i.e., in the lower gram range 
rather than the kilogram to tonne scale necessary for the most in-demand mAbs 
(Kelley 2007). The regulatory approval process for personalized medicines will also 
need to differ from conventional procedures (Schork 2015). More importantly, time 
is often of the essence in cancer therapy, and neither conventional cell culture-based 
approaches nor transgenic plants with lead development times of several months are 
suitable expression systems for such applications. In contrast to these long develop-
ment cycles, transient expression in plants can be achieved within a few weeks after 
obtaining the DNA sequence of a personalized antibody, which is a much more 
appropriate response time (Rosenberg et al. 2013; Shoji et al. 2012).

Transient expression can be achieved by infecting plants with replicating viruses 
carrying the genes for a recombinant protein, resulting in a systemic infection. This 
has been reported with several different viruses, and personalized antibodies 
expressed using a tobacco mosaic virus vector in tobacco have been tested in clinical 
trials of patients with non-Hodgkin’s lymphoma (McCormick et al. 1999). Transient 
expression can also be achieved by the infiltration of wild-type plants (typically N. 
benthamiana) with genetically modified A. tumefaciens carrying the relevant trans-
gene as part of the transfer DNA (T-DNA) on a resident plasmid which is most often 
part of a binary vector system (Glick et al. 2010). A type IV secretion system of the 
bacteria is responsible for T-DNA transfer into the plant cell nucleus, where the 
T-DNA is maintained transiently as an episomal structure facilitating the expression 
of any foreign genes (Valentine 2003). The bacterial infiltration and virus-based 
systems have also been combined so that the bacterial cells deliver a partial virus 
genome that can spread locally but not systemically (Gleba et al. 2014). Even though 
the levels of recombinant protein peak after several days and decline afterwards 
(Buyel et al. 2013a), transient expression typically achieves higher product yields 
than transgenic plants in the short term. This is because many plant cells temporarily 
contain multiple copies of the episomal expression vector allowing large amounts of 
protein to accumulate. One potential drawback is that earlier transient expression 
studies indicated relevant batch-to-batch variability in the product yield (O’Neill 
et al. 2008), which might cause regulatory concerns regarding the reproducibility of 
the process (Fischer et al. 2012). However, this issue can be overcome by improved 
process parameter controls, especially the incubation temperature and time (Buyel 
and Fischer 2012, 2013; Buyel et al. 2013a; Larsen and Curtis 2008). As discussed 
above, improved process control can also be achieved by VFUs and in fact most of 
the large-scale production facilities that have been constructed recently are built 
around transient expression technologies (Holtz et  al. 2015; Wirz et  al. 2012). 
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The concept has also been successfully applied to other scenarios, such as the pro-
duction of emergency drugs, e.g., to counter the threat of a rapidly spreading influ-
enza pandemic (Shoji et al. 2012; Stoger et al. 2014), which has attracted massive 
governmental support especially in the USA (Paul et al. 2013). Hence, molecular 
pharming based on transient expression in plants combines the speed and scalability 
that are required to supply sufficient amounts of anticancer compounds for personal-
ized medicines in a timely manner.

 Conclusions

The number of cancer diagnoses can be expected to increase due to demographic 
changes in industrialized countries along with improved diagnostics, but also 
because developing countries are seeking access to modern healthcare systems 
which are reliant on biotechnology. This demand cannot be met by established pro-
duction systems such as microbes and mammalian cell cultures, not only because of 
the costs of production but also due to the inherent complexity and toxicity of anti-
cancer drugs and proteins. Plants have the potential to fill this gap because they 
naturally produce a number of substances with anticancer activity, including small 
molecules such as paclitaxel or proteins such as viscumin. This potential can be 
increased further by applying recent advances in plant biotechnology and plant 
molecular pharming to oncology products, e.g., exploiting the rapid and flexible- 
scale production that can be achieved using transient expression systems to manu-
facture individualized medicines, or the massively scalable production that can be 
achieved using transgenic plants to manufacture bulk APIs.
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Chapter 3
Cancer and Biotechnology: A Matchup that 
Should Never Slowdown

Ala’a Al-Hrout, Badriya Baig, Ali Hilal-Alnaqbi, and Amr Amin

Abstract Plant-based treatments propose a very attractive approach for cancer pre-
vention and therapy due to their minimal toxicity and lower-to-nonassociated side 
effects. About 40% of FDA-approved therapeutic agents are natural-based compo-
nents or their derivatives. Plant-based components have been reported to have anti-
cancer properties in  vivo and in  vitro through the modulation of many cancer 
hallmarks and niche elements, including self-renewal properties of cancer stem 
cells. Screening for anticancer agents, synthetic or natural-based, requires a reliable 
disease model. Efforts to mimic in vivo conditions have led to the development of 
three-dimensional culture system, a biotechnology that allows cells to grow in three 
dimensions. Nanotechnology is also fast growing into a quite powerful tool to 
improve quality of life, particularly the life of cancer patients. Clearing away most 
hurdles that conventional/herbal medicine is often challenged with, nanotechnology 
can potentially help delivering anticancer herbal drugs more specifically and effi-
ciently. Given the rather gloomy reality of cancer, nanomedicine becomes the major 
silver lining. A number of successful conjugates of nanoparticle with herbal prod-
ucts are discussed in this chapter.

Keywords Plant-derived nanoparticles • Cancer stem cells • Nanomedicine • 
3D-culture system • Molecular docking
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 Introduction

Semantically, biotechnology is defined according to its prefix “bio” that means life 
and the core “technology” that refers to knowledge about targeted and cost-effective 
transformation process of natural resource into useful goods (Koltuniewicz 2014). 
Often, the development and utilization of biological processes, forms, and systems 
for obtaining maximum benefits to man and other forms of life is broadly accepted 
as a definition of biotechnology (Dubey 2014). Biotechnology contributes 
immensely to different fields of medicine, pharmaceutics, agriculture, marine, 
forensic, environment, industry, and many others. Medical biotechnology and how 
it relates to cancer research is the focus of this chapter.

The riddle of cancer remains unsolved and continues to stand out as a major 
global health burden. In fact, as recently reported, cancer is a leading cause of death 
worldwide (Stewart and Wild 2014). Cancer in its simplified definition is uncon-
trolled growth and division of genetically unstable cells. Cancer hold 11 biological 
capabilities that can be recognized as hallmarks of cancer which are genomic insta-
bility, sustaining proliferative signaling, evading growth suppressors, resisting cell 
death, enabling replicative immortality, inducing angiogenesis, activating invasion 
and metastasis, dysregulated metabolism, tumor promoting inflammation, and 
microenvironment (Hanahan and Weinberg 2011; Vogelstein et  al. 2013; Block 
et al. 2015). The success rate of surviving cancer largely depends on the early detec-
tion (WHO 2003). Sadly, that is usually not the case where cancer is often diag-
nosed at advanced stages.

Responses to conventional cancer therapies needs further understanding; while 
some patients show complete cancer regression others show no significant changes. 
In fact, most conventional cancer therapies seem to settle for just attempting to pro-
long patients’ life and palliate the disease rather than curing it (Lokich 2012). Main 
conventional cancer therapies include surgery, chemotherapy, and radiotherapy 
(Alibek et al. 2012). However, each of those has its own setback. Surgery, which 
once was considered the safest option for cancer treatment, is not risk-free to say the 
least. Surgery is intended to excise with high precision the bulk of a solid tumor. 
That however often disturbs the protective barrier, which normally keeps/holds the 
tumor isolated. Every incision made into cancerous tumor may help introducing 
cancer cells into bloodstream or inserting it into surrounding normal tissues. 
Therefore, disrupting tumor integrity through surgical process may facilitate cancer 
metastasis and induce local angiogenesis where cancer recurrence becomes certain 
(MacAdam 2003; van der Bij et  al. 2009: Chen et  al. 2011: Neeman and Ben- 
Eliyahu 2013). Chemotherapy is an approach that aims to stop cell division by tar-
geting rapidly dividing cells. Unfortunately, it may target normal cells as well 
(Baudino 2015). Not to mention, that they are also considered to be “neocarcino-
genic” as they tend to allow the development of new cancers that did not exist before 
the administration of chemotherapeutic agents (MacAdam 2003). Radiotherapy, on 
the other hand, often has temporary effects on survival rates. Its main downside 
stems from the fact that it is seemingly useless when it comes to cancer metastasis 
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(Jessy 2011). In addition, both chemotherapy and radiotherapy are known to be 
highly immunosuppressive. Thus, patients receiving chemoradiotherapy will not 
develop immunostimulation on the onset of an infection. Yet, worse, supplementing 
patients with antibiotics further deprive the patients from any response from their 
own immune systems (MacAdam 2003; Baden et al. 2012).

Out of frustrations, patients are exceedingly turning their back to conventional 
therapies. Interestingly, around early 1980s reports have emerged documenting 
cases of cancer patients switching from conventional treatment to complementary 
and alternative medicine, especially herbal medicine (Cassileth 1984). In this chap-
ter, we will discuss herbal medicine and some of its associated cutting-edge tech-
nologies that assess the anticancer activities of herbal bioactive compounds.

Enormous efforts have been put forward to unravel the cellular and molecular 
mechanisms of cancer, optimistically, to overpower it by exploiting weaknesses. 
Emerging insights into the concept of Cancer Stem Cells (CSCs) may provide an 
effective way to defeat cancer metastasis and relapses (Grimes et  al. 2012; Liao 
et al. 2014).

In this chapter, different advanced biotechnological approaches for cancer ther-
apy will be addressed with emphasis on herbal medicine. Three-dimensional tumor 
spheroid models will be introduced and the concept of cancer stem cells and its 
different pathways and niches involvement will be discussed. In addition, nanotech-
nology will be investigated as an effective approach for CSCs targeting. We will 
finally introduce molecular docking commonly utilized for virtual screening in drug 
discovery.

 Cancer Stem Cells

Despite the advances made in cancer diagnostics and chemotherapeutics, cancer 
remains an Everest to climb. The success of many chemotherapeutic agents is lim-
ited to shrinking the bulk of the tumor, which often fails to prevent the recurrence of 
a more aggressive tumor that is resistant to therapy. The heterogeneity nature of 
tumor is a major limiting factor when it comes to designing new therapeutic 
approaches to tackle issues like recurrence and resistance. Accumulated evidence 
referred to the unique population of cells in a tumor mass that behaves similarly to 
stem cells, as cancer stem cells (CSCs). Like “normal” stem cells, CSCs are charac-
terized by their ongoing ability of self-renewal and differentiation, and they have 
been identified in many human cancers (Yang et al. 2008a; Schatton et al. 2008; 
Li et al. 2007; O’Brien et al. 2007; Singh et al. 2003; Al-Hajj et al. 2003; Bonnet and 
Dick 1997).

Thanks to the heterogeneity of cancer cells population, current therapeutic strate-
gies, such as chemotherapy and radiotherapy, are only effective in eliminating “nor-
mal” cancer cells (Reya et  al. 2001). Resistance to therapy by CSCs may be 
attributed to their unique proliferation machinery; CSCs are more quiescent and 
exhibit a slower proliferative rate in comparison to other highly proliferative cancer 
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cells (Moore and Lyle 2011; Anjomshoaa et al. 2009; Roesch et al. 2010; Pece et al. 
2010). Combinational therapy that targets the general population of cancer cells and 
CSCs is, therefore, desperately needed. Targeting CSCs can be achieved via modu-
lating their self-renewal properties, metabolism, niche, and/or microenvironment 
(Dragu et al. 2015).

In recent years, plant-based treatments became the Holy Grail approach for can-
cer prevention and therapy thanks to their nontoxicity and minimal side effects. 
About 40% of FDA-approved therapeutic agents are natural-based components or 
their derivatives (Newman and Cragg 2016). To achieve more selectivity and speci-
ficity of natural-based therapeutics, natural components/derivatives may be struc-
turally modified, which in turn enhances their pharmacological activity (Chen et al. 
2015). Plant-based components have been reported to have anticancer properties 
in vivo and in vitro through the modulation of many cancer hallmarks and niche 
elements, including self-renewal properties of CSCs (Pistollato et al. 2014).

 CSCs Self-Renewal Pathways

The self-renewal property of CSCs contributes to the tumor mass through continu-
ous proliferation and differentiation (Reya et  al. 2001; Liu et  al. 2005). Various 
attempts have been put forward to refrain CSCs proliferative ability through forcing 
CSCs to differentiate and reduce its stemness-like properties (Persano et al. 2012; 
Paldino et al. 2014; You et al. 2014). Several signaling pathways that are regulated 
in stem cells have also been implicated in the regulation of CSCs self-renewal prop-
erties, including Wnt/β-catenin, Notch, and Hedgehog pathways (Klaus and 
Birchmeier 2008; Liu et al. 2006; Dontu et al. 2004). Many plant-based components 
have been shown to directly or indirectly inhibit self-renewal signaling pathways in 
CSCs, through regulating those specific pathways (Li et al. 2011). Targeting those 
signaling pathways by plant-based components may provide a more efficient sole 
and/or adjuvant treatment through disabling CSCs which would, otherwise, escape 
conventional cancer therapeutic approaches.

 Wnt/β-Catenin Pathway

Several cellular processes such as proliferation, differentiation, motility, and self- 
renewal are regulated via Wnt/β-catenin pathway (Turashvili et al. 2006; Polakis 
2012; Yamaguchi 2001; Akiyama 2000). Wnt/β-catenin pathway is also manifested 
throughout adulthood by maintaining tissue homeostasis via regulating adult stem 
cells and their microenvironment. Nonetheless, abnormal activation of Wnt path-
way has been implicated in many diseases, including cancer. In fact, Wnt/β-catenin 
is crucial for the maintenance of CSCs in many cancer types, including leukemia, 
colon, liver, breast, lung, and melanoma (Kawaguchi-Ihara et al. 2008; Khan et al. 
2007; Ysebaert et al. 2006; Schulenburg et al. 2007; Yang et al. 2008a, b; Woodward 
et al. 2007; Teng et al. 2010; Chien et al. 2009).
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Curcumin (diferuloylmethane) is a yellow polyphenol found in turmeric 
(Curcuma longa) of the ginger family (Zingiberaceae). It has been part of folk med-
icine for centuries due to possessing many health benefits, including being potent 
analgesic, antibacterial, antiviral, antiparasitic, antioxidant, and anti-inflammatory 
agent. Curcumin has been the focus of many chemoprevention studies. Thus, it may 
be able to target several hallmarks of cancer. Jaiswal et al. (2002) demonstrated a 
dose-dependent inhibitory effect of curcumin on colon cancer cell lines. They sug-
gested that apoptosis and cell-cycle arrest of HCT-116 cells after curcumin treat-
ment is mediated by caspase-3-induced cleavage of β-catenin. In addition, decreasing 
transactivation of β-catenin/Tcf-Lef was found to lead to the inactivation of Wnt/β- -
catenin pathway. Moreover, treatment of HCT-116 cell line with curcumin decreased 
levels of c-Myc protein, a key mediator of gene regulation and differentiation that 
maintains self-renewal properties of embryonic stem cells. Alternatively, Ryu et al. 
(2008) offered another mechanism of curcumin inhibitory effect on Wnt/β-catenin 
pathway where curcumin derivatives were able to downregulate p300, a transcrip-
tional coactivator of Wnt/β-catenin pathway. In addition, Ryu and his group reported 
the suppressive effect of curcumin derivatives on β-catenin transcription that was 
activated by Wnt3A conditioned-medium.

Saffron is a spice derived from Crocus sativus flower, stigmas to be more spe-
cific. Saffron’s extract is rich in active components including oil-soluble carotenoid 
crocetin. Festuccia et  al. (2014) investigated the ability of crocetin to inhibit the 
growth of aggressive prostate carcinoma cells lines (PC3 and 22rv1) when xeno-
grafted in nude mice. Crocetin was able to revert the Epithelial-Mesenchymal Trans-
differentiation (EMT) by upregulating E-cadherin and downregulating N-cadherin 
and beta-catenin. It is important to mention that EMT is induced by Wnt/β-catenin 
signaling pathway activation. Moreover, crocetin demonstrated inhibitory effects on 
the PC3 and 22rv1 cell lines ability to invade and migrate by downregulating metal-
loproteinase, a family of extracellular matrix remodeling proteins.

 Notch Pathway

Notch signaling pathway is evolutionarily conserved pathway that plays a key role 
in cell-fate determination during the development of multicellular organisms. It also 
controls key cellular processes such as proliferation and apoptosis that are involved 
in the development and homeostasis of multiple organs. Such regulation is executed 
via mediation of contact-dependent signaling that affects both signal-receiving and 
signal-sending cells. Additionally, Notch signaling is involved in a bidirectional 
cross talk with several other pathways, which adds another layer of complexity to 
this pathway. Deregulation of such a complex network can have drastic conse-
quences and may initiate different diseases. Indeed, a great body of evidence from 
preclinical and clinical studies have demonstrated the role of Notch signaling path-
way in driving growth of different solid tumors by promoting proliferation, survival, 
angiogenesis, migration, and self-renewal of CSCs (Kopan and Ilagan 2009; Fortini 
2009; Wang et  al. 2009; Wilson and Radtke 2006). Not surprisingly, Notch 
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signaling pathway has attracted a great deal of interest as a potential therapeutic 
target. Hence, several inhibitors of Notch signaling have been proposed as candidate 
cancer treatments, such as gamma-secretase inhibitors (Yuan et al. 2015).

Withaferin-A (WA) is a bioactive component extracted from the root of Withania 
somnifera. WA has been utilized for many years for its medicinal properties, includ-
ing being anti-inflammatory (Hamza et al. 2008). Koduru et al. (2010) reported the 
inhibitory effect of WA on several colon cancer cell lines. At doses of 4–5 μM, WA 
was able to reduce expression of Notch-1 protein, which is otherwise overexpressed 
during progression of colon carcinoma. WA treatment also downregulated Hes-1 
and Hey-1, downstream targets of Notch-1, in addition to inhibiting the activation 
of Akt, a signaling cascade activated by Notch signaling. They also proposed 
another mechanism by which WA may exert its anticancer effects against colon 
cancer in vitro where WA may potentially interrupt the cross talk between Notch 
signaling and other signaling pathways, including mTOR and NF-kB. This, in turn, 
may lead to an activated JNK-mediated apoptosis. Similar findings were reported 
by Chen and his group (2014) where treatment with WA at doses 10–30 μM led to 
transcriptional inactivation of Notch-1 signaling pathway in osteosarcoma cell 
lines. That was evident where mRNA levels of Notch-1 and its downstream targets 
Hes-1, Hey-1 and Hey-2 were all reportedly decreased. Similarly, levels of protein 
expression of Notch-1 and its downstream targets Hes-1 and cyclin D1 were all 
downregulated (Chen et al. 2014).

 Hedgehog Pathway

Hedgehog signaling pathway is a critical mediator in embryogenesis and is highly 
active in mammalian development. It is involved in many cellular processes, includ-
ing protein trafficking, protein–protein interactions, and posttranslational modifica-
tions. Hedgehog pathway also regulates cellular proliferation and cell-fate 
determination in addition to modulating motility and adhesion to rearrange cellular 
structures (Teglund and Toftgård 2010). Hedgehog pathway is silenced in most 
adult tissues; hence, aberrant activation of this pathway is often implicated in the 
development of different types of cancer. Hedgehog signaling is also involved in 
maintaining self-renewing properties of adult stem cells and in the maintenance of 
CSCs. Aberrant activation of Hedgehog pathway may reduce the effectiveness and 
success of cancer treatments by promoting the progression of aggressive therapy- 
resistant cancer cells.

Crocetin, a carotenoid of saffron, has been purified to acquire crocetinic acid, a 
novel product that is 50 times more potent than any other carotenoid. Rangarajan 
et al. (2015) investigated the ability of crocetinic acid to inhibit the growth of pancre-
atic ductal adenocarcinoma in vitro and when xenografted. Crocetinic acid exerts its 
anticancer activity by targeting CSCs population through inhibiting Hedgehog path-
way. Rangarajan et al. (2015) demonstrated the inhibitory effect of crocetinic acid 
treatment on molecules involved in hedgehog signaling pathway, including sonic 
hedgehog and its receptor Patched, and downstream targets smoothened, cyclin D1 
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and c-Myc. Crocetinic acid treatment at a dose of 0.5 mg/kg of body weight sup-
pressed the growth of xenografted pancreatic ductal adenocarcinoma cells in mice.

 CSCs Niche

CSCs are localized at distinct regions of the tumor microenvironment called niches. 
These regions are discriminated  by being acidic and hypoxic in addition of being 
associated with exceeding levels of oxidative stress and inflammation. CSCs niche 
assures the maintenance of the stemness phenotype and tumor growth by the secre-
tion of certain factors, including VEGF and TGF-β and other chemoattractants. Many 
plant-based components have been investigated for their ability to modulate CSCs 
niche through targeting tumor microenvironmental elements (Pistollato et al. 2014).

 Hypoxia

During progression and growth of the tumor, some regions become hypoxic due to 
the limited access to vasculature, which initiates a cascade of processes to guarantee 
the survival of the tumor. Hypoxia-Inducible Factor 1 (HIF-1) is a key transcrip-
tional factor that plays a critical role in hypoxia-related signaling pathway, which 
activates an array of genes involved in metastasis, angiogenesis, invasion, and other 
tumor microenvironmental elements (Liu et al. 2012; Warfel and El-Deiry 2014). 
Hypoxia also activates other signaling pathways that are important in promoting 
CSCs survival, including reactive oxygen species (ROS)-activated stress response 
pathways (Liu et al. 2008).

Mulberry (Morus alba L) leaf is heavily used in Asia for its medicinal properties, 
including antioxidant, anti-inflammatory, anticancer properties. Mulberry leaves 
extract has been reported to inhibit neuroblastoma stemness phenotype. Park et al. 
(2013) studied the effect of mulberry leaf extract on the invasiveness of neuroblas-
toma cells and on the expression of HIF-1α and its downstream targets. At a concen-
tration of 40 μg/mL, mulberry leaves extract was able to decrease the expression of 
HIF-1α and MMP-2, under hypoxic conditions. In addition, neuroblastoma cells 
were treated with the same dose of mulberry extract prior to induction of hypoxia to 
examine the effect of the extract on hypoxia-regulated genes. Treatment with mul-
berry leaf extract also downregulated the mRNA levels of HIF-1α downstream tar-
gets VEGF and GLUT-1.

 Inflammation

An escalating body of evidence continues to support a long-standing association 
between inflammation and tumor progression. Infection and chronic inflammation 
are hallmarks of many types of cancer, where the inflammatory response promotes 
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tissue repair and regeneration via different signaling molecules. In fact, an inflam-
matory microenvironment is characteristic of hepatocellular carcinoma, cervical 
carcinoma, and Kaposi’s sarcoma, where chronic infection of hepatitis virus (B and 
C), human papilloma virus, and human herpes virus 8, respectively, are involved in 
the initiation of those cancers. Similarly, colon cancer may be the result of inflam-
matory microenvironment accumulated in cases such as chronic inflammatory 
bowel disease. To fully grasp the notion of the association between cancer progres-
sion and inflammation, one should acknowledge the role of the entire spectrum of 
released signaling molecules and activated inflammation-related pathways in a typi-
cal inflammatory response. In return, cancer cells release their own chemical signals 
to recruit immune cells that secrete a range of cytokines to promote angiogenesis 
and other mechanisms needed for survival. It has been suggested that factors associ-
ated with chronic inflammation may facilitate the development and maintenance of 
CSCs. These factors include oxidative stress resulting from increased levels of ROS, 
in addition to inflammatory cytokines such as TNF-α, IL-6, and IL-8 (Tanno and 
Matsui 2011).

Crocin, among the few naturally occurring (saffron-based) carotenoids easily 
soluble in water, has recently gained great attention as a chemopreventive agent. Its 
multiple medicinal benefits are mainly attributed to its potent antioxidant, antide-
pressant, and anti-inflammation properties. Our laboratory has demonstrated the 
anti-inflammatory, antioxidant, antiproliferative, pro-apoptotic effects of saffron 
crude extract on liver cancer in vivo and in vitro (Amin et al. 2011). Most recently, 
we have also reported the preventive effect of crocin on early lesions of liver cancer 
(Amin et al. 2016) and on colorectal cancer cells (Amin et al. 2015). Using a chemi-
cally induce liver cancer animal model, we were able to demonstrate that the anti-
cancer effects of crocin were mediated through its anti-inflammatory effects. 
Treatment with crocin downregulated many inflammation mediators, including 
NF-κB, a key regulator of proliferation and inflammation. Crocin treatment also 
restored hepatic MPO levels, a marker of neutrophil infiltration, in liver cancer bear-
ing animals, to almost control levels. In addition, crocin decreased the number of 
hepatic ED1 and ED2 macrophages, and also decreased the expression of p-TNF-
 R1 and the content of TNF-α. A dramatic decrease in levels of COX-2 and iNOS, 
two key players in inflammation and promotion of cancer growth, was evident after 
crocin treatment. Crocin also restored ROS levels and eliminated oxidative stress in 
liver cancer bearing animals. Taken together, our findings suggested that the mecha-
nism by which crocin exerts its protective effects against liver cancer is mainly 
through the inhibition of inflammation (Fig. 3.1).

 Three-Dimensional Tumor Spheroid Models

Screening for anticancer agents, synthetic or natural-based, requires a reliable dis-
ease model. Prior introduction to human patients, any given potential agent has to 
go through preclinical trials, which includes testing on animal models and on human 
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cells grown in culture. However, multiple limitations to these trials stand in the way, 
including unsuccessful translation to human patients from animal experimentation 
data and unreliability of current cell culturing methods to reflect the complexity of 
a living organism.

In the past several years, other cell culturing methods have been trending widely. 
Concerted efforts have been doubling down on developing a system to mimic in vivo 
conditions using cell culture. That has led to the development of three-dimensional 
(3D) cultures that allows cells to grow into three-dimensional structures rather than 
flattened structures resulting from conventional two-dimensional (2D) culturing 
methods. In addition to distorting cellular architecture, conventional 2D culture dis-
rupts cell–cell and cell–matrix interactions (Unger et al. 2014), and increase drug 
sensitivity (Breslin and O’Driscoll 2013).

Tumor spheroids are one of the most widely used 3D culture models. It is highly 
versatile and easily manipulated model that can be developed by promoting single 
cell in a suspension to form a sphere cluster of cells. What makes this model particu-
larly attractive is the presence of three distinct regions in a spheroid: a highly prolif-
erative outer region, a middle quiescent region, and a hypoxic core region. Such 
stratification creates a diffusional gradient of oxygen, nutrients, and drugs exposure 
among all three regions of the spheroid, which is characteristic of most solid tumors. 
Spheroids can be generated using several methods, the earliest of which is the 
“hanging drop method” that depends on the fact that cells adhere to each other. 
Thus, cells in a drop of a cell suspension tend to aggregate together at the bottom of 
a drop hanging from a plate (Harrison 1907). Spheroid generation has advanced 
significantly since then where several other methods are currently available to gen-
erate spheroids, including the static liquid overlay. This technique utilizes culturing 
substrates that are pre-coated with ultra-low attachment coating that prevents cells 
from adhering to the culturing substrate, but rather to each other to form aggregates 

Fig. 3.1 Natural products 
disable CSCs through 
targeting their self-renewal 
ability and their supportive 
niche
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(Yuhas et al. 1977). More advances have been made through implementation of 3D 
culturing techniques to engineer native tissue. For example, spheroids have been 
utilized in attempts to create complex environments of cardiac muscle, cartilage, 
and pancreatic tissues (Kehat et al. 2001; Jukes et al. 2008; Lumelsky et al. 2001). 
Additionally, spheroids have been employed in the formation of organs, including 
optic cup, layered cortical tissue, and pituitary gland (Eiraku et al. 2011, 2008; Suga 
et al. 2011).

 Cytotoxic and Antiproliferative Effects of Natural Products 
and Derivatives Against Tumor Spheroid Models

Cajanin stilbene acid (CSA), isolated from Cajanus cajan, has been reported to 
have anticancer activities. Two of its derivatives have recently been investigated for 
their cytotoxic effects against breast cancer spheroids. Seo et al. (2015) assessed the 
toxicity of CSA derivatives (CSA 6, CSA19) on MCF-7 mammospheres, where IC50 
value was reached after treatment with 4.98 ± 0.64 μM and 7.51 ± 1.83 μM of CSA 
6 and CSA 19, respectively.

Oplopanax horridus, commonly known as Devil’s club (DC), is an understory 
shrub heavily used for its medicinal properties against a wide range of diseases, 
including different cancer types. Tai et al. (2014) studied the antiproliferative activ-
ity of DC against pancreatic cancer in 3D culture. The investigators assessed the 
effects of DC extract on proliferation of pancreatic cancer PANC-1 spheroids, alone 
or in combination with chemotherapeutic agents “gemcitabine,” “cisplatin,” and 
“paclitaxel.” PANC-1 spheroids demonstrated a significant resistance to DC extract 
and two of the three tested chemotherapeutic agents. However, when combined with 
cisplatin and gemcitabine, antiproliferative effects on PANC-1 spheroids were sig-
nificantly enhanced.

 Natural Products Inhibit Formation and Invasion of Tumor 
Spheroid Models

Rangarajan and his colleagues (2015) demonstrated an inhibitory effect of croce-
tinic acid on formation of pancreatic cancer MiaPaCa-2 spheroids. Treatment with 
crocetinic acid inhibited pancosphere formation and decreased the number and size 
of pancospheres in a dose (1–20 μM) dependent manner. 

Dolfini et al. (2007) have investigated the effect of resveratrol, a natural phenol 
present in many fruits, on breast cancer MDA-MB-231 spheroid formation. 
Incubation with resveratrol at a dose of 64 μM led to the formation of significantly 
smaller MDA-MB-231 spheroids that were unable to form colonies after reseeding. 
In contrast, treatment with resveratrol at the same dose had no effect on the already 
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formed MDA-MB-231 spheroids. In addition to resveratrol, other polyphenols 
including baicalein, epicatechin, epigallocatechin, and polyphenon 60 have been 
investigated for their effects on tumor spheroids shedding, and cell invasion. Günther 
et al. (2007) incubated spheroids from 4T1 cells, a murine mammary cell line, with 
resveratrol, baicalein, epicatechin, epigallocatechin, and polyphenon 60. Those 
treatments caused tumor growth arrest and abolished formation of subspheroids and 
cell shedding. In addition, treatment with such polyphenols downregulated expres-
sion of MMP-9, reduced ROS generation, and significantly inhibited cell invasion 
of 4T1 cells into embryonic stem cell-derived tissues.

 Nanotechnology in Nanomedicine

With the fast paced growing technology, possibilities seem limitless; it is only a 
matter of how to utilize technology to serve and advance the human race. 
Nanotechnology is an emerging field of technology that is fast progressing world-
wide and is attracting the attention of scientists and clinicians alike. Although the 
concept of nanotechnology is based on manipulating and manufacturing matters 
into nanoscales, the dimensions are typically less than 100 nm (Sanchez and Sobolev 
2010). These nanoscale particles, nanoparticles (NP), are often used for a wide 
range of applications. Most of those applications make use of the fact that NP’s high 
surface area to mass ratio provides a large functional surface which is able to bind, 
adsorb, and carry other compounds. NPs are commonly classified based on their 
origins as the source material can be biological (such as phospholipids, lipids, lactic 
acid, dextran, chitosan) or chemical (such as carbon, silica, gold, silver, and other 
metals) (De Jong and Borm 2008).

Nanomedicine is a major field of nanotechnology that involves nanotechnologi-
cal applications utilized for diagnosis, monitoring, biological systems, and thera-
peutics (Ansari et al. 2012; Moghimi 2005). The term nanomedicine itself appeared 
by the beginning of this century; however, the essence of nanomedicine has sur-
faced around late 1970s, particularly in respect of nanoparticles for biomedical use 
(Astruc 2015).

 Herbal Medicine

Without a doubt and for centuries herbal medicine has been well recognized and 
sometimes most popular natural treatment for different human diseases. Although 
modern medical practices have gradually replaced the herbal medicine, herbal med-
icine still hold a lot of ground with patients at different parts of the world. Exhausting 
methods of extraction, standardization, molecular characterization, and possible 
modification of biological properties of natural biomolecules have increasingly 
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promoted herbal medicine among the scientific community in the last decade 
(Ansari et al. 2012; Silva et al. 2013; Verma and Singh 2008).

The therapeutic manifestation of herbal medicine may be attained through the 
active component/s or the whole plant extract. The impressive biological results of 
some medicinal plants and/or natural products have raised the bar for other syn-
thetic drugs that may be toxic and cause serious side effects. Concerns about solu-
bility, low bioavailability, low absorption, degradation, and toxicity continue to be a 
bottleneck toward global appreciation of herbal medicine (Ansari et al. 2012; De 
Jong and Borm 2008; Yadav et al. 2011).

 Implication of Nanotechnology Within Herbal Medicine:  
Drug Delivery System

Obstacles hindering wider acceptance the herbal medicine can potentially be mini-
mized through nanotechnology. Nanotechnology is well equipped to provide a 
remarkable system for drug delivery mediated through nanocarriers/NPs. Interestingly 
in some cases, the drug itself can work as its own carrier as it can be formulated into 
nanoscale dimensions (Somwanshi et al. 2013). Such assembly system between the 
nanocarrier and the drug tend to maximize the benefits over risk ratio. Furthermore, 
delivering drugs through NPs do enhance the solubility and hence enhance the bio-
availability of the drug. It also reduces the rate of drug degradation rate within the 
body and control the drug release, thus allowing to more sustained release over spe-
cific time interval. In addition, drug delivery via NPs increases specificity as they 
deliver a specific cargo drug to an exact location without compromising the drug 
dose concentration through crossing the body natural barriers. NP-mediated drug 
delivery also reduces toxicity (and thus side effects) as much lower doses of drugs 
are now utilized (Ansari et al. 2012; De Jong and Borm 2008; Astruc 2015).

Features (chemical and physical) are quite crucial to evaluate nanoparticles and 
account for their particle size. Chemical properties include total chemical composi-
tion, mixing state (internal/external), surface composition, electrochemistry, and 
oxidation state while number and mass concentration, size, surface area, total mass, 
morphology, and optical properties are essential physical properties (Thompson 
2010). Particle size measurements helps determining the biodistribution and the 
retention of nanoparticle within target tissues (Cho et al. 2013) and alteration of 
particle size inversely affects the surface area and hence drug carrying capacity 
(Merkus 2009). Surface charge (zeta potential) is the measurement of the electro-
static potential of nanoparticle at the diffuse layer surrounding the nanoparticle in 
solution. This property is associated with the nanoparticle suspension stability and 
the particle surface morphology, both of which are crucial for evaluating the NP’s 
stability and surface adsorption (Delgado et al. 2007). As rule of thumb, NPs are 
neutral when their zeta potential ranges between −10 mV and +10 mV. However, 
NPs are strongly cationic and strongly anionic when the zeta potential is greater 
than +30 mV or less than −30 mV, respectively (McNeil 2011).
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Drug release analysis is the evaluation of the release of the cargo drug over a 
specific time interval. Such analysis would eventually determine the drug bioavail-
ability within target sites and the concentration sufficient to fulfill the proposed 
therapeutic effect (Lu et al. 2011). To develop a successful drug delivery system, 
stability of the NPs is an essence. Typically, NPs should be stable and capable of 
retaining the drug in the bloodstream until they properly release the drug in target 
tissues. Instability of NPs is often reflected by aggregation, degradation, or unin-
tended drug release. Techniques such as determination of critical aggregation/
micelle concentration, determination of low critical solution temperature, gel per-
meation chromatography, and forster resonance energy transfer technique are often 
adopted to investigate nanoparticle’s stability in vitro before ultimately testing it out 
in vivo (Cho et al. 2013). It is quite essential that these developed nanoparticles be 
very well characterized in a reproducible manner.

Following the assurance that both physical and chemical properties of NPs are in 
check, biological competence of those NPs must be evaluated. Two cell culture 
models are widely applied: two-dimensional (2D) monolayer cell culture and three- 
dimensional (3D) cell culture system. 2D cell culture is the one most frequently 
used in most laboratories; it assesses cellular uptake, intracellular trafficking, and 
bioactivity of the NP-delivered drug (Cho et al. 2013).

The 3D cell culture system is known to recapitulate the whole in vivo experience 
where the NPs have to overcome various barriers unlike in 2D systems where 
NP-associated drugs are directly exposed to their target cells with no loss of drug 
concentration (Holback and Yeo 2011). Many 3D cell culture systems have been 
developed over the past few years to determine NPs efficiency. Those systems include 
cells encapsulated in scaffolds, multicellular spheroids (Khademhosseini et al. 2006) 
and a combination of both scaffolds and spheroids (Ho et al. 2010). 3D system mod-
els with excised tissues or tissue components have also been developed and are 
reported to provide more physiologically relevant results (Astashkina et al. 2012).

In order to provide a proof of concept of developed drug-coated NPs with proven 
therapeutic potential, safety and efficiency of those structures must be examined 
in vivo. In vivo analyses are mostly carried out in mice with allograft (murine tumor 
transplant) or xenograft (human tumor transplant) (Cho et  al. 2013; Voskoglou- 
Nomikos et al. 2003). Clinical trials with different phases are still needed to acquire 
Food and Drug Administration (FDA) final approval for a wider utilization of such 
“magic bullets,” a term that has been first introduced by Paul Ehrlich (1960) (De 
Jong, 2008; Astruc 2015).

 Nanoparticles for Anticancer Drug Delivery

Despite a number of sound successes in our combat against cancer, it remains one 
of the deadliest diseases ever known to mankind, where, in many cases, conven-
tional chemo/radio/therapy offer more harm than good. Herbal medicine provides 
less toxic and cheaper novel therapeutic and adjuvant alternative (Prakash et  al. 

3 Cancer and Biotechnology: A Matchup that Should Never Slowdown



86

2013; Block et al. 2015). Developing NPs loaded with herbal drugs, their delivery 
and efficiency have been extensively investigated and few astonishing examples 
have surfaced.

Several studies have shown curcumin’s health-promoting benefits against cancer 
such as prevention of tumor initiation, promotion, metastasis, and angiogenesis in 
numerous cancer types with staggering amount of data that spans bench- to bed-side 
(Bar-Sela et al. 2010; Maheshwari et al. 2006; Jurenka 2009). Interestingly, a phase 
I clinical trials published in 2004 conducted by Dr. Sharma and his colleagues on 
advanced colon cancer patients concluded curcumin’s poor bioavailability. A daily 
3.6 g oral curcumin administrated for approximately 4 months resulted in 10 nM 
concentration of curcumin in the peripheral blood. Hence, to overcome this chal-
lenge, nanotechnology was employed. Through the, then, new technology, the par-
ticle size was reduced and the surface area was increased resulting in a significant 
increase of the bioavailability and a dramatic solubility improvement. Dr. Bisht and 
his colleagues (2010) have engineered a polymeric nanoparticle encapsulated cur-
cumin formulation named “NanoCurc.” Pharmacokinetic analysis showed a remark-
able increase in the bioavailability of curcumin as NanoCurc in plasma and tissues 
when compared to the free curcumin. In addition, NanoCurc was administrated to 
pancreatic cancer xenograft model and exhibited significant primary tumor growth 
inhibition. NanoCurc was also administrated along with gemcitabine to study its 
effect as therapeutic additive which surely did enhance the tumor growth inhibition 
more effectively compared to either NanoCurc alone or gemcitabine alone. Several 
other studies were also conducted on NanoCurc indicating its neuroprotective abili-
ties, and breast cancer chemoprevention activities (Ray et al. 2011; Lim et al. 2011; 
Chun et al. 2012).

Saffron and its biomolecules possess a unique therapeutic potential, including 
anticancer, antioxidant, anti-inflammatory, among many other properties (Das et al. 
2010; Bhandari 2015; Amin et al. 2011). Out of over 160 unique biomolecules that 
saffron is made of, safranal, crocin, and crocetin represent the major three active 
molecules (Giaccio 2004). Crocin and crocetin were found to have significant anti-
cancer activity among breast, lung, pancreatic, and leukemic cells (Samarghandian 
et al. 2013). Safranal was also reported to have anticancer properties against neuro-
blastoma cells, human prostate cancer cells, human cervical cancer cells, and breast 
cancer cell line (Farahzad et  al. 2014; Shabestari and Samarghandian 2013; 
Malaekeh-Nikouei et al. 2013). Our lab has long interest in saffron and its deriva-
tive’s anticancer activities. Most recently, a therapeutic model of early liver cancer 
using crocin-coated magnetite nanoparticle has been developed in our lab 
(El-kharrag et al. 2017). In an attempt to increase the therapeutic index of crocin, 
magnetite nanoparticles were chosen with dextran as coating agent crosslinked with 
crocin. These developed NPs were then tested out both in vitro and in vivo where 
mice were injected with carcinogenic agent to induce liver cancer. The developed 
crocin-coated NPs exhibited improved anti-tumorigenic activities compared to free 
crocin in both in vitro and in vivo systems.

Crocin is known to have a low stability and to suffer a loss of functionality if 
exposed to conditions like heat, oxygen, light, acidic environment, and the existence 
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of additives which usually are applied during its processing (Kanakis et al. 2007; 
Maggi et al. 2009). To improve crocin’s stability, Rahaiee and his group (2015) have 
encapsulated crocin into chitosan—sodium alginate nanoparticles. The zeta poten-
tial measurement for the produced NPs loaded with crocin was found to be −33.52 
mV, indicating that the synthesized nanoparticle is relatively stable under such, oth-
erwise, unfavorable environmental conditions.

 Implication of Nanomedicine and Cancer Stem Cells Therapies

As discussed in cancer stem cells section, conventional therapies might actually 
provoke the enrichment of CSCs instead of eliminating them. Therefore, adopting a 
new technology capable of an effective CSCs eradication is necessary. Nanomedicine 
can be one way to specifically tackle CSCs. Nanomedicine is uniquely set up to 
deliver anti-CSC agents. Applying NPs-based delivery will immediately boast the 
bioavailability and the biological activity. NPs may accumulate either passively due 
to enhanced permeation retention (EPR) by exploiting the abnormal vascular nature 
of tumors or positively due specific targeting where NPs can be decorated with 
antibodies (or other molecules with high affinity toward receptors or CSC markers) 
against CSCs (Gao et  al. 2012; Xia 2014). Developing NPs to target CSCs can 
effectively reach the CSCs niches and eradicate them, providing the perfect oppor-
tunity to focus on nanotechnological approach for CSCs treatment.

The research in the field of nanomedicine has grown tremendously in the last 
decade with undeniably a wide spectrum of NPs and nanocarries being developed 
with one purpose of becoming a successful drug delivery system. However, going 
through multiple stages of characterization, investigation of different biological 
properties, and then proceeding through serious stages of clinical trials, continues to 
be a major challenge. This long list of prerequisites allows only a few candidate NPs 
to proceed through FDA for final approval (Fig. 3.2).

 Molecular Docking in Drug Discovery

Many advances have been made to elucidate the structure of a countless number of 
proteins and protein–ligand complexes through data provided by crystallography, 
nuclear magnetic resonance spectroscopy, and high-throughput protein purification 
(Meng et al. 2011). At this age of technology, this feed of information can best be 
utilized through computational approaches to facilitate the process of drug discov-
ery, through means of virtual screening (VS) of potential therapeutic agents 
(Jorgensen 2004; Bajorath 2002; Walters et al. 1998; Langer and Hoffmann 2001) 
(Fig. 3.3).

VS is a computational technique to automatically search, and evaluate large 
libraries of compounds in their ability to bind to targets of interest (Rollinger et al. 
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2008; Walters et al. 1998). With the enormous number of compounds to be screened, 
and equally large number of potential drug targets, the possibilities are countless; 
this is where VS comes to play. The feed of information is filtered according to 
specific set of criteria through computational approaches until a reasonable number 
of candidate compounds can be eventually synthesized and tested (Bohacek et al. 
1996). In addition, VS has been shown to provide more effective screening at much 
lower cost than traditional experimental high-throughput screening (Moitessier 
et al. 2008; Shoichet et al. 2002; Bailey and Brown 2001). Molecular docking is a 
structure-based virtual screening technique that predicts the ability of candidate 
components to bind to protein targets with high affinity; those with the highest affin-
ity according to a scoring function will be put through for experimental validation 
(Kroemer 2007; Cavasotto and Orry 2007).

Fig. 3.2 FDA approval of nanoparticles is a multistep process

Fig. 3.3 Natural 
products-based anticancer 
therapeutics have become 
more efficient and practical 
with advances made 
available by biotechnology
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Many synthetic therapeutic agents, including those used in cancer treatments, 
have been heavily studied, and their pharmacokinetics and pharmacodynamics are 
well known. However, this is not the case with plant-derived products, where their 
active components are still largely unknown (Usha et al. 2014). In contrast to the 
numerous number of synthetic compounds databases, there are only a handful of 
natural products databases, including ZINC and SPECS. Nonetheless, screening of 
natural-based compounds is considerably limited due to the time-consuming pro-
cesses of isolation and purification of natural products. Recent attempts have been 
made to identify bioactive phytochemicals and predict their potential using molecu-
lar docking. An exciting progress have been made toward phytochemicals virtual 
screening by Wang et al. (2016), by creating a tool for target-based identification of 
bioactive phytochemicals, called Herbalog. Through molecular docking, Herbalog 
is able to identify potential herb candidates against a particular therapeutic target, 
from a database containing 5112 phytochemicals from 179 common herbs. These 
candidate herbs identified by Herbalog contain the large number of potential activa-
tors or inhibitors against certain targets. Such advances facilitate the progress of 
screening and identifying candidate natural products with anticancer potential.

The technique of molecular docking facilitated the identification of natural com-
pounds with exciting potential to be used as anticancer agents through predicting their 
binding affinity to therapeutic targets. Earlier this year, Thiyagarajan et  al. (2016) 
identified novel S6K1 and FAK dual inhibitors from natural compounds through 
docking 3D structures of S6K1 and FAK obtained from the Protein Data Bank (PDB) 
with 60 natural compounds. S6K1 and FAK have been shown to play a role in cancer 
progression. Once activated, S6K1 mediates various cellular processes regulated by 
PIK3/mTOR signaling pathway, including cell proliferation, protein synthesis, and 
mRNA processing. Hyperactivation of S6K1 has been implicated in cancer, including 
breast cancer and brain tumors (Pérez-Tenorio et al. 2011; Yamnik et al. 2009; Ismail 
2012). Additionally, FAK is involved in the regulation of many cellular processes, 
including survival, proliferation, and migration, in response to extracellular signals. 
When overexpressed, FAK promotes cancer cell invasion, metastasis, and angiogen-
esis (Golubovskaya and Cance 2007). Indeed, overexpression of FAK has been impli-
cated in invasive liver, colon, prostate, thyroid, breast, brain, and head and neck 
tumors (Sood et al. 2004; Cance et al. 2000; Thiyagarajan et al. 2013).

Considering their roles in cancer progression and survival, S6K1 and FAK pres-
ent an attractive therapeutic target for which inhibitors are identified. Thiyagarajan 
and colleagues were able to identify 30 molecules with high scores, out of which, 
further analysis revealed three potential inhibitors out of a set of candidate com-
pounds, neferine B, neferine A, and antroquinonol D. The dual inhibitory effect of 
these three candidates on S6K1 and FAK was then investigated in vitro on C6 gli-
oma cell line. Treatment with neferine B, neferine A, and antroquinonol D showed 
an IC50 value at doses of 10 μM, 12 μM, and 16 μM, respectively. When treated with 
the three candidates for 24 h, C6 glioma cells exhibited a significant decrease in the 
expression of p-S6K1 and p-FAK.  Findings reported by Thiyagarajan and col-
leagues pave the way for the development of neferine B, neferine A, and antroqui-
nonol D as a conjugate to target cancer progression and metastasis.
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Apigenin has been shown to induce G1 cell-cycle arrest and p53-dependent 
apoptosis. It has also been shown to decrease expression of Bcl-2, and to inhibit the 
growth of resistant breast cancer cells through neutralizing protein kinase-mediated 
growth factor signaling (Zheng et al. 2005; Long et al. 2008). Saeed et al. (2015) 
investigated the way apigenin binds to ATP-binding cassette (ABC) transporters 
P-glycoprotein and its close relative ABCB5 through molecular docking approaches. 
They  also investigated the activity of apigenin in drug-sensitive and -resistant cell 
lines specifically overexpressing ATP-binding cassette (ABC) transporters BCRP, 
P-glycoprotein, and ABCB5, in addition to investigating the synergistic effect of 
apigenin in combination with established anticancer drugs. After generation of 
human P-glycoprotein and ABCB5 models based on homology with the crystal 
structure of murine P-glycoprotein, Saeed and colleagues performed molecular 
docking of apigenin against the nucleotide-binding domains (NBDs) of 
P-glycoprotein and ABCB5. Their findings revealed that apigenin may compete 
with ATP for binding to the NBDs, interfering with ATP binding and cleavage. 
These findings were supported with experimental data demonstrating that multidrug- 
resistant tumor cells are not resistant against apigenin treatment and that 
P-glycoprotein and BCRP were inhibited by increasing cellular uptake of doxorubi-
cin. Apigenin treatment also increased the synergistic inhibition of multidrug- 
resistant tumor cells viability when combined with doxorubicin or docetaxel, both 
of which are established anticancer drugs.
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Chapter 4
Plant-Derived Compounds with Anticancer 
Properties: From Folklore to Practice

Tripti Tewari, Ruchi Singh, Vartika Pant, Ajit Kumar, and Preeti Chaturvedi

Abstract Autotrophs have had an important role in the folklore of ancient cultures. 
In addition to the use as food and spices, autotrophs have also been utilized as medi-
cines for over 5000 years. It is estimated that 70–95% of the population in develop-
ing countries continues to use traditional medicines even today. A new trend, that 
involved the isolation of plant active compounds, led to the discovery of different 
active compounds that are derived from plants. Radio- and chemotherapy is rou-
tinely used for cancer treatment. In the last decades, plant-derived compounds have 
been subscribed as medicines with anticancer activity. Cancer is the second leading 
cause of death worldwide. The number of new cases is expected to rise by about 
70% over the next two decades. Thus, there is a real need of plant-derived com-
pounds as a promising source for new efficient anticancer drugs with reduced side 
effects. Here we focus on three plants exhibiting anti-cancereous activity, their 
mode of action, and bioavailability. These include betulinic acid, berberine, and 
palmatin. Also discussed are commercial considerations and future prospects for 
development of plant-derived substances with anticancer activity.

Keywords Anticancer compounds • Chemoprevention • Plants • Medicinal plants

 Introduction

Plants play an important role in traditional world. Two important traditions, the tra-
ditional Chinese medicine (TCM) and the traditional Indian medicine (TIM), 
Ayurveda, have implemented the accustomed knowledge pertinent to traditional 
important plants. It is predicted that traditional medicines have been used by 70–95% 
of the population in various countries. Today, medicinal plants are defined as plants 
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that contain valuable substances with therapeutic effect in healing and prevention of 
multifarious ailments in various human organisms. Due to the competence needed to 
identify plant-derived compounds, different such compounds were disclosed during 
last 200 years. Initially, botanist or ethnobotanist pinpoint a particular plant. Next, 
by biological screening assays plant extracts are supervened which are later exe-
cuted by a phytochemist to determine the conceivable ameliorative activity after 
isolation of the effective compound. Certainly, molecular biology studies are 
enforced to acknowledge the mode of action and significant molecular targets.

Cancer is the most paramount cause of despair and fatality worldwide. 
Epidemiological data determined an escalation in the cancer prevalence and lethal-
ity. According to the GLOBOCAN 2008 assessments, there have comparatively 
been 12.7 million new cancer cases pronounced and 7.6 million deaths omnipresent 
in 2008 (Ferlay et al. 2010).

Moreover, it has also been predicted that cancer will eclipse heart diseases as the 
preeminent matter of death in the world, encompassing deliberate commutable and 
economic emanation (Jemal et al. 2010). The most predominant challenge to oncol-
ogy is the eloquent reinforcement of advanced surgical techniques, chemo-, and 
proposed therapy, misstep in tumor treatment (Jemal et al. 2011). Chemotherapy is 
customarily used for cancer prescription. Since cancer cells deplete manifold regu-
latory provinces present in normal cells, they persevere to divide which natural cells 
do not. This feature makes cancer cells vulnerable to chemotherapeutic drugs.

Due to the number of displeasing side effects that consistently occur during che-
motherapy, chemoprevention by innumerable plant-derived secondary metabolites 
epitomizes a disparate perspective in the battle against cancer. A peculiar advent to 
the cancer treatment has acknowledged the key constituents of altered signaling 
pathways in neoplastic cells without affecting noncancerous cells. Commonly 
occurring substances have been used for combating human diseases for several 
years which play a flourishing role in drug discovery and augmentation.

Cell cycle of an organism is regulated by cyclin-dependent kinases (CDKs) 
which is a catalytic subunit; these enzymes control the transition between the differ-
ent states of the cell cycle. All these catalytic units depend on regulatory subunits 
known as cyclins for their activities. Cell cycle possesses different classes of cyclins 
and CDKs (Taiz and Zeiger 2006):

G1/S cyclin: CDK-2 with cyclin E, activated in late G1.
S cyclin: CDK-2 with cyclin A, which is activated at the beginning of the S phase.
M cyclin: CDK-1 with cyclin B, activated just prior to the mitotic phase.
G1 cyclin: CDK-4 and CDK-6 with cyclin D which is activated in the early G1 phase.

 Cell Cycle and Checkpoints

Checkpoints are mechanisms that stop the progression of cell cycle, if there is any 
damage in the chromosomal DNA, presence of unreplicated DNA, or misalign-
ment of chromosome during M phase on mitotic spindle assembly. When there is 
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any DNA damage, the cell cycle is arrested at the G1, S, and G2 checkpoints 
(Fig. 4.1). Major checkpoint of cell cycle is G2 arrest. First of all sensor proteins 
are bound to the DNA damage that lead to the activation of signaling pathway 
causing cell cycle arrest and activate the DNA repair mechanism and in some cases 
even cell death. Immediate target of sensor proteins are ATM/ATR (ataxia-telangi-
ectasia-mutated and ataxia telangiectasia- and Rad3-related protein). ATM senses 
ds DNA break whereas ATR senses ss DNA break. Mutation in the gene of ATM/
ATR causes ataxia which is an inherited recessive disorder resulting in nervous and 
immune system defect making the organism highly susceptible for cancer. ATM 
activates chk-2 protein which phosphorylate p53 protein and this p53 protein 
induces expression of the p21 gene lead to the production of p21 protein form a 
complex with CDK-4/CDK-6 and cyclin D and block the cycle at G1 phase. ATR 
gene activates the chk-1 which in turn activate cdc25 phosphates which inhibit the 
activity of CDK by removing activatory phosphate and thus cyclin B and CDK-1 
become inactive which block the cell cycle and it remain in G2 phase unless DNA 
is repaired (Fig. 4.2).

Natural products have also been allied their ability against tumor action to trigger 
cell death pathways and their associated approaches. Apoptosis or programmed cell 
death plays a pivotal role in maintaining tissue homeostasis that is highly conserved 
among different species (Evan and Vousden 2001). A hallmark of human cancers is 
evasion of apoptosis (Hanahan and Weinberg 2000). Myriad of many plant products 
exist that have shown very promising anticancer properties, but have yet to be evalu-
ated in humans. Further study is required to determine the efficacy of these plant 
products in treating cancers in humans. This chapter focuses on the three plant- 
derived compounds derived from Tinospora cordifolia, Ocimum sanctum, and 
Bauhinia variegata that have, in recent years, shown promise as anticancer agents 
and outlines their potential mechanism of action.

Fig. 4.1 Cell cycle regulation by cyclin-dependent kinase
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 Medicinal Plants and Cancer

 Tinospora cordifolia

Tinospora cordifolia (Willd.) Miers ex Hook. F. & Thoms commonly known as 
Guduchi belonging to family Menispermaceae is a traditional herb used in the vari-
ous ailments. It is native of India but also found in Burma and Sri Lanka. It thrives 
well in the tropical region up to 1200 m above sea level (Reddy and Reddy 2015; 
Kavya et al. 2015).

 Plant Profile

Tinospora cordifolia is a large, deciduous climbing shrub; leaves are simple, 
 alternate, and exstipulate with long petiole (15 cm); and lamina is broadly ovate or 
ovate cordate, 10–20 cm long or 8–15 cm broad, seven nerved, and deeply cordate 
at base; and flowers are unisexual, where male flowers are clustered and female usu-
ally solitary. Six sepals arrange in two whorls where the outer ones are smaller than 
the inner one. Petals are smaller than sepals, obovate, and membranous. Fruit is 
aggregate of 1–3 and red in color (Veeraiah and Reddy 2012; Sinha et al. 2004).

Fig. 4.2 DNA damage mechanism
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 Anticancerous Compounds

The anticancerous compounds present in the Tinospora cordifolia are berberine and 
palmatine. Berberine is present in the stem whereas palmatine is present in both root and 
stem (Mittal et al. 2014). The berberine and palmatine both are protoberberine alkaloids 
that show anticancerous activity. Palmatine is a close structural analogue of berberine 
that both bear the same tetracyclic structure (7,8,13,13-tetrahydro 9,10 dimethoxy ber-
berinium) but differ in the nature of substitutes at position 2,3 on the benzo ring, where 
it is dimethoxy for palmatine and methylene dioxy for berberine (Bhadra et al. 2007).

Berberine: Berberine is a naturally occurring isoquinoline alkaloid, which is pres-
ent in the roots, rhizome, and stem bark of a number of important medicinal plants 
such as Berberis species, Xanthorhiza simplicissima, Coptis chinensis, and 
Tinospora cordifolia (Mantena et al. 2006).

 Biosynthesis Pathway of Berberine

Tyrosine is the precursor for the biosynthesis of berberine which involves 13 differ-
ent enzymatic reactions. In berberine biosynthesis, the first committed step is catal-
ysis by the berberine bridge enzyme (BBE) which converts N-methyl group of 
reticuline to berberine bridge carbon C-8 of scoulerine and this BBE is a major 
branch point enzyme in benzylisoquinoline alkaloid biosynthesis. The reaction 
involves the oxidation of the N-methyl group followed by ring closure. This reaction 
is unique in nature and cannot be achieved by using synthetic methods. All the 
enzymes involved in the biosynthesis of berberine are sterio-specific and (S) enan-
tiomers are the only effective substrate.

 Action Mechanism of Berberine in Cancer Treatment

Berberine is an isoquinoline alkaloid that possesses anticancerous, antioxidant, 
immune-enhancing, and anti-inflammatory properties. It exhibits the strong anti-
cancer activity against the various cancers such as prostrate cancer, liver cancer, and 
leukemia due to its antioxidant activity which reduces the free radical or reactive 
oxygen species that cause the cancer or by arresting the cancer cell cycle in G1 
phase and inducing apoptosis (Umadevi et al. 2013).

 Antioxidant Activity of Berberine

Free radicals, reactive oxygen species (ROS), and radiations induce the DNA dam-
age, including the oxidation, strand breakage, and ionization which may lead to 
defects in the genes involved in proliferation and cell signaling pathways that are 
crucial for tumor growth and cancer progression, so antioxidants play a protective 
role in preventing cellular damage due to oxidation. Lipoxygenase, xanthine oxi-
dase, and cyclooxygenase (COX2) are the three important enzymes that are 
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responsible for generating the reactive oxygen species in the cells and berberine has 
the ability to reduce the activity of xanthine oxidase and COX2, which finally 
decrease the level of reactive oxygen level in the cell. But sometime berberine 
increases the amount of reactive oxygen species to induce several apoptotic signal-
ing pathways, including mitogen-activated protein kinase (MAPK), extracellular 
signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal protein kinase (JNK) and 
Akt, as well as calcium-dependent pathways. So these different effects of berberine, 
whether it increases or decreases the cellular reactive oxygen species content, 
depend upon the cell conditions and types. For example, berberine induces reactive 
oxygen species production in prostate cancer cells, but not in the normal epithelial 
cells. Berberine induces apoptosis and inhibits cell proliferation in various cell lines 
derived from breast, lung, colon, and liver cancer by different pathways: Fas-
dependent pathway and p53-dependent pathway as follows.

Fas-Dependent Apoptosis/Caspase-Dependent Pathway

Berberine induces apoptosis by decreasing the levels of the apoptosis inhibitors 
(IAP, XIAP, and Bcl-2), and increasing the amounts of apoptosis activators (cas-
pase- 3, caspase-8, caspase-9, Bax, Bid, and IAF). Berberine induces the expression 
of both Fas (death receptor present on tenth chromosome number in human) and 
FasL (Fas ligand) in cancer cell lines to induce caspase activity. First of all this FasL 
is attachment to the Fas receptor (FasR) and activates the caspase-8, followed by the 
activation of Bax and in turn Bcl-2 deactivation. And this activated Bax leads to the 
formation of pores in the mitochondrial membrane; releases the cytochrome c, 
Smac/Diablo, and Apaf-1 from the mitochondria; and leads to the subsequent acti-
vation of a sequential caspase cascade, which activates the caspase-activated DNase 
(CAD) which is normally inhibited by ICAD, and finally this activated CAD induces 
the DNA fragmentation (Kaboli et al. 2014).

Caspase-Independent Pathway

In this pathway, berberine directly activates the generation of reactive oxygen spe-
cies. This increased level of reactive oxygen species can alter the mitochondrial 
membrane potential, and lead to mitochondrial collapse. This reactive oxygen spe-
cies production leads to the activation of apoptosis-inducing factor (AIF), a protein 
that is involved in caspase-independent apoptosis and occurs to induce apoptosis.

Apoptosis Pathway Mediated by Berberine in SCC-4 Human Tongue Cancer Cells

Berberine increases production of reactive oxygen species (ROS) and cytosolic Ca2+ 
levels, resulting in stimulation of Bax protein expression and reduction of Bcl-2 
same as in above case, and reduces the mitochondrial membrane potential (ΔΨm) 
and releases the cytochrome c which activates caspases-9- and -3-producing apop-
tosis in the SCC-4 human tongue squamous cell carcinoma cancer cell line.
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p53-Dependent and -Independent Apoptosis Pathway

BRCA1 and BRCA2 function in DNA repair in breast cancer cells. When DNA 
damage occurs, BRCA1 is phosphorylated by ATM. Mutated BRCA1 and BRCA2 
cause checkpoint dysfunction that in turn leads to development of cancerous breast 
cells. Mutated ATM also affects normal DNA repair processes and can inhibit cell 
cycle arrest in response to DNA damage. Berberine is a crucial anticancer 
 compound that affects ATM such that apoptosis is triggered via p53-independent 
pathway.

 Ocimum sanctum

 Origin

Ocimum L., belonging to family Lamiaceae is the best known genus for its medici-
nal aromatic oils. This genus comprises a wide range of intra- and interspecific 
genetic diversity encompassing at least 65 to more than 150 species dispersed all 
over the world. Among these, Ocimum sanctum L. (Ocimum tenuiflorum L.) and 
Ocimum basilicum L. are the two important species used broadly for their medicinal 
and industrial importance. O. sanctum, known as “the holy basil,” is native to Asian 
tropics, though O. basilicum L. or “the sweet basil” is construed to be of African 
origin as per the Germplasm Resources Information Network of United States 
Department of Agriculture. Both of the two Ocimum species are rich source of myr-
iad phytochemicals, which are composed of essential phenylpropanoids and terpe-
noids with various anticancerous properties. Besides anticancerous activity, O. 
sanctum is also known to possess antibacterial, antihistaminic, wound-healing, 
radioprotective, antidiabetic, larvicidal, anti-genotoxic, neuroprotective, and car-
dio-possessive activity.

The leaves and stem of holy basil contain a variety of biologically active con-
stituents like saponins, flavonoids, triterpenoids, as well as tannins. Of the 40 sec-
ondary metabolites that have medicinal value, the genes and enzymes censurable for 
the production of 16 metabolites have been mapped on the genome. Of the 14 
metabolites that have been mapped, 8 have anticancer equity and the remaining 6 
have antifungal, antioxidant, anti-inflammatory, antiseptic, and cardioprotective 
properties. Various compounds found in the Ocimum sp. are being appraised for 
their anticancer properties in various clinical trials. But there is a critical limita-
tion—the final product is isolated from the tulsi leaves. Betulinic acid (BA) from O. 
sanctum L. is reported to have cardioprotective effect. It is a natural product that 
exhibits potent antitumor activities by triggering the mitochondrial path to apopto-
sis. Mitochondrion-targeted agents such as betulinic acid may open new prospects 
to overcome some forms of drug resistance (Galluzzi et al. 2006). Thus, the uses of 
Ocimum sp. for beneficial purposes in addition to their industrial importance for 
aromatic properties bolster the importance of ethno-botanical access as a potential 
source of bioactive substances.
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 Betulinic Acid, Anticancerous Phytochemical

Terpenes are a large group of comprehensive secondary metabolites of plants and 
are considered as probably useful in cancer pharmacotherapy, because of their 
selective cytotoxicity towards numerous human cancer cells. Triterpenes are one of 
terpene classes, are formed from six isoprene units, and occur as complex cyclic 
structures called triterpenoids. Betulinic acid (3β, hydroxy-lup-20(29)-en-28-oic 
acid) is a pentacyclic triterpenoid of plant origin that is widely distributed in the 
plant kingdom throughout the world (Cichewicz and Kouzi 2004a, b). The reduced 
congener of betulinic acid, betulin (3β-lup-20(29)-en-3,28-diol), was one of the first 
natural products identified and isolated from plants in 1788 (Alakurtti et al. 2006). 
Betulinic acid exerts a number of biological activities and has shown to have antitu-
mor properties.

 Anticancer Activity of Betulinic Acid

The antitumor activity of betulinic acid has been broadly studied in cancer cell lines 
in various organisms. Betulinic acid possesses anticancer activity which was subse-
quently also reported against other types of human cancers including neuroblas-
toma, glioblastoma, medulloblastoma, as well as several carcinomas, i.e., head and 
neck, colon, breast, hepatocellular, lung, prostate, renal cell, ovarian, or cervix car-
cinoma (Wick et al. 1999; Tan and Pezzuto 2003). Further, there is evidence that 
betulinic acid is conversely cytotoxic against metastatic over nonmetastatic mela-
noma cell lines. Moreover, betulinic acid collaborated with different cytotoxic stim-
uli to quench tumor growth, including ionizing radiation (Selzer et  al. 2000), 
chemotherapeutic drugs (Fulda and Debatin 2004; Sawada et al. 2004), or the death 
receptor ligand TRAIL. Therefore, betulinic acid may be used as a sensitizer in 
combination regimens to enhance the efficacy of anticancer therapy. Besides its 
potent antitumor activity in vitro, betulinic acid also suppressed tumor growth in 
several animal models of human cancer. In a xenograft mouse model of ovarian 
cancer administration of betulinic acid significantly increased the survival time 
(Zuco et al. 2002). Also, betulinic acid suppressed tumor growth in a melanoma 
xenograft model (Pisha et al. 1995). Also in vivo, betulinic acid cooperated with 
chemotherapeutic agents such as vincristine to reduce lung metastasis in a meta-
static melanoma model (Sawada et al. 2004).

 Mechanisms of BE-Mediated Anticancer Activity

Apoptotic cell death is a prerequisite mechanism of anticancer agent activity (Brown 
and Attardi 2005; Elmore 2007) along with BE. Apoptosis is a type of programmed 
cell death. Two important pathways of apoptosis have been established, the extrinsic 
(death receptor related) as well as intrinsic (mitochondrion dependent). The extrin-
sic pathway is proposed by external signals, the imperative of ligands, such as Fas, 
TNF, or TRAIL, to their corresponding death receptors, limited in the cell surface. 
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The apoptosis pathway is triggered by stimuli, such as DNA damages, oxidative 
stress, radiation, as well as growth factor withdrawal (Green et al. 2004).

Apoptosis pathways can be proposed by intrinsic pathway at the level of the 
mitochondria by the release of apoptogenic factors such as cytochrome c, Smac, or 
AIF from the mitochondrial intermembrane space into the cytosol. Smac promotes 
by neutralizing “inhibitor of apoptosis protein” (IAP)-mediated restraint of caspase-
 3 and -9 (Saelens et al. 2004). In comparison, death receptor stimulation (extrinsic 
pathway) in turn points to receptor trimerization, contracting of adaptor molecules 
such as FADD, and incitement of the initiator caspase-8, which proliferates the 
death signal to effector caspases such as caspase-3 (Fulda and Debatin 2004). The 
BH3 domain protein Bid links the receptor to the mitochondrial pathway (Adams 
and Cory 2007). Bid is stimulated by caspase-8 and translocates to mitochondria to 
promote cytochrome c release. Apoptosis can be subdued at various levels, e.g., by 
FLIP, Bcl-2, or IAPs (Salvesen and Duckett 2002).

Provocation of the Intrinsic Pathway by Anticancer Therapeutics

The intrinsic pathway of apoptosis is prompted with chemotherapeutic agents as a 
result of a DNA damage. A pivotal step in the activation of the intrinsic pathway is the 
permeabilization of the outer mitochondrial membrane which in turn results in the 
release of soluble proteins from the mitochondrial interspace into the cytosol like 
cytochrome c, AIF, or Smac (Green and Kroemer 2004). A number of second mes-
sengers have been diagnosed that can regulate outer mitochondrial membrane per-
meabilization (Galluzzi et  al. 2006). Therefore, factors that can directly urge 
mitochondrial outer membrane permeabilization can act as adequate cytotoxic agents.

Introduction of Mitochondrial Outer Membrane Permeabilization  
by Betulinic Acid

Betulinic acid induces apoptosis by inducing loss of mitochondrial membrane poten-
tial and was constrained by inhibitor of the permeability transition pore complex 
(Fulda et al. 1998a, b). Betulinic acid was shown to prompt cytochrome c in a perme-
ability transition pore-dependent manner (Andre et  al. 2002). Pertinence of mito-
chondria in betulinic acid-induced apoptosis leads to caspase activation and apoptotic 
DNA fragmentation. Cytochrome c from mitochondria undergoing betulinic acid-
mediated permeability transition activated caspase-3 in a cell-free system. Separation 
of caspase-3 and -8 was anticipated by uprising of mitochondrial membrane poten-
tial. Overexpression of Bcl-2 and Bcl-XL negotiates contention to betulinic acid at 
the level of mitochondrial dysfunction, protease activation, and nuclear fragmenta-
tion which points out that these events eventuate downstream of the Bcl- 2- or Bcl-
XL-restrained checkpoint of apoptosis. This proposes that caspase-8 is stimulated 
downstream of mitochondria during betulinic acid-induced apoptosis. Activation of 
the caspase cascade was requisite for betulinic acid to bring about apoptosis, as 
broad-spectrum peptide inhibitors of caspases completely invalidate betulinic 
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acid-triggered apoptosis. Interestingly, neuroblastoma cells opposing to doxorubi-
cin-mediated apoptosis were still conscious to treatment with betulinic acid (Fulda 
et al. 1998a, b). This proposes that betulinic acid may affect some forms of drug 
resistance. Formation of reactive oxygen species (ROS) with betulinic acid has been 
recorded in mitochondrial membrane permeabilization. To this end, ROS generation 
was disclosing in cancer cell lines and was treated with betulinic acid (Wick et al. 
1999). Administration of betulinic acid prior to antioxidants rescued cells from apop-
tosis suggesting that ROS production was involved in resolving cell death. Also, 
ROS generation was linked to activation of pro-apoptotic p38 and SAP/JNK kinases 
with no change in the phosphorylation of ERK which reveals that ROS act upstream 
of the MAPKs in the signaling pathway of betulinic acid (Tan and Pezzuto 2003).

Modulation of Betulinic Acid-Induced Apoptosis by Bcl-2 Family Proteins

Bcl-2 family proteins are the signal transduction proteins that regulate outer mem-
brane permeabilization on mitochondria. Bcl-2 family proteins encompass both 
anti-apoptotic members, viz., Bcl-2, Bcl-XL, and Mcl-1, as well as pro-apoptotic 
molecules like Bax, Bak, Bad, and BH3 domains (Adams and Cory 2007). Inequality 
in the proportion of anti-apoptotic versus pro-apoptotic Bcl-2 proteins may favor 
tumor cell survival instead of cell death (Adams and Cory 2007). Betulinic acid has 
been recorded to modulate expression levels of different Bcl-2 family proteins. For 
example, betulinic acid emerges in upregulation of the pro-apoptotic Bcl-2 family 
protein Bax in neuroblastoma, glioblastoma, as well as melanoma cells, though 
Bcl-XS was found at inflated levels in betulinic acid-treated neuroblastoma cells 
(Selzer et al. 2000). Elucidation levels of pro-apoptotic proteins Bak and Bad were 
not reformed in feedback to betulinic acid in melanoma cells (Selzer et al. 2002). 
While expression levels of anti-apoptotic Bcl-2 remained unchanged upon incuba-
tion with betulinic acid in neuroblastoma and squamous cell carcinoma cells, an 
enhancement in Bcl-2 protein levels was recorded in glioblastoma cells (Thurnher 
et al. 2003). This suggests that betulinic acid regulates Bcl-2 family proteins in a 
condition-dependent manner. Furthermore, betulinic acid has been described to 
induce apoptosis in a p53- and CD95-independent manner. Moreover, apoptosis 
upon analysis with betulinic acid was not in league with accumulation of wild-type 
p53 protein. Also, betulinic acid similarly induced apoptosis in p53 mutant and p53 
wild-type cell lines and was also active in p53-deficient melanoma cells (Zuco et al. 
2002). Moreover, betulinic acid provokes apoptosis independent of CD95-ligand/
receptor interaction.

Inflection of NF-κB Activity by Betulinic Acid

Betulinic acid has also been reputed to inflect the activity of the transcription nuclear 
factor-κB (NF-κB), a key regulator of stress-induced transcriptional incitement. 
Betulinic acid was pinpointed as a potent activator of NF-κB in a number of cancer 
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cell lines (Kasperczyk et  al. 2005). Betulinic acid-induced NF-κB activation 
 elaborates increased IKK activity, phosphorylation of IκBα at serine 32/36 super-
vened by deterioration of IκBα, and nuclear translocation of the NF-κB subunit p65. 
Assays entrenched that NF-κB that was triggered by betulinic acid is transcription-
ally active. Interestingly, suppression of betulinic acid-induced NF-κB activation by 
disparate chemical inhibitors (proteasome inhibitor, antioxidant, IKK inhibitor) 
also harmed betulinic acid-convinced apoptosis.

Eminently, specific NF-κB prohibition by transient or stable elucidation of IκBα 
super-repressor subdued betulinic acid-induced apoptosis in neuroblastoma cells, 
although transient expression of IκBα super-repressor had no consequences on bet-
ulinic acid-induced apoptosis in other cell lines. These recommendations reveal that 
incitement of NF-κB by betulinic acid bolsters betulinic acid-induced apoptosis. By 
resemblance, betulinic acid was shown to intrude with NF-κB activation and NF-κB- 
adapted gene expression provoked by carcinogens (Takada and Aggarwal 2003). 
These conclusions may contribute a molecular basis for the capacity of betulinic 
acid to subdue inflammation and attune the immune response. Together, these rec-
ommendations point to a context-dependant function of NF-κB in the direction of 
betulinic acid-mediated apoptosis.

 Conceivable Application in Therapy

No exemplary clinical trials have been reported using betulinic acid for the prescrip-
tion of human cancer so far (Laszczyk 2009). BE has been exposed to elicit antican-
cer properties by constraining cancer cell growth. Copious studies over the last 
years intended at exemplifying the mechanisms of betulinic acid-mediated antitu-
mor activity. One distinctive feature of betulinic acid’s cytotoxicity is its capacity to 
prompt the mitochondrial pathway of apoptosis in cancer cells.

 Bauhinia variegata L.

Bauhinia variegata L. is commonly known as mountain ebony, orchid tree, or poor 
man’s orchid (Orwa et al. 2009), and belongs to the family Leguminosae. It is com-
mon in warm temperate and subtropical regions. It is native to Southeast Asia and 
grows in tropical and subtropical climate (Kanak et al. 2012).

 Plant Profile

Bauhinia variegata L. is a small- to medium-sized deciduous tree with a short bole 
and spreading crown, attaining a height of up to 15 m and diameter of 50 cm. The 
bark is light brownish, hairy, and angled, becoming brownish grey. Leaves have 
1–2 mm sized stipules, early caducous; petiole puberulous to glabrous, 3–4 cm; 
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lamina broadly ovate to circular, often broader than long, 6–16 cm diameter; 11–13 
nerved; tips of lobes broadly rounded, base cordate; upper surface glabrous, lower 
glaucous but glabrous when fully grown. Flower clusters (racemes) are unbranched 
at the ends of twigs. The few flowers have short, stout stalks and a stalk like, green, 
narrow basal tube (hypanthium). The light green, fairly hairy calyx forms a pointed 
five-angled bud and splits open on one side, remaining attached; petals, slightly 
unequal, wavy margined and narrowed to the base; five curved stamens; very slen-
der, stalked, curved pistil, with narrow, green, one-celled ovary, style and dotlike 
stigma. Pods are strap-shaped, obliquely striate, 20–30 by 2–25 cm; long, hard, flat 
with 10–15 seeds in each; seeds brown, flat, nearly circular with coriaceus testa 
(Orwa et al. 2009).

 Biosynthesis Pathway

Kaempferol (flavonoids) has a diphenylpropane structure (C6–C3–C6) and is syn-
thesized by condensation of 4-coumaroyl-CoA (C6–C3) with three molecules of 
malonyl-CoA (C6). This reaction, catalyzed by the enzyme chalcone synthase (EC 
2.3.1.74), results in the formation of the flavonoid naringenin chalcone (C6–C3–
C6). This chalcone is transformed into the flavanone naringenin by the enzyme 
chalcone isomerase (EC 5.5.1.6), which catalyzes the closure of the C3 ring. The 
enzyme flavanone 3-dioxygenase (EC 1.14.11.9) introduces a hydroxyl group in 
naringenin at C3 to form dihydrokaempferol. Finally, the enzyme flavonol synthase 
(EC 1.14.11.23) introduces a double bond in dihydrokaempferol at C2–C3 to pro-
duce kaempferol (Fig. 4.1). Because the enzymes involved in the biosynthesis of 
kaempferol are relatively common in the plant kingdom, it is not surprising that this 
flavonoid is widely distributed in plants (Calderon-Montano et al. 2011).

 Anticancer Activity

The ethanolic extract of B. variegate has antitumor effect on Dalton’s ascitic lympho-
mas (RajKapoor et al. 2003) and protection of liver from diethyl nitrosamine which 
has cytotoxic effect on human cell line and showed cytotoxic against human breast 
cancer (HBL-100) cells (RajKapoor et al. 2006). Protocol of methanolic extract of 
stem bark of B. variegate also exerted anticancer effects in skin papilloma cells 
against 7,12-dimethylbenz(a)anthracene and croton oil-induced skin carcinogenesis 
in mice. Various studies suggest that the consumption of kaempferol-rich foods may 
reduce the risk of developing different types of cancer, including lung cancer, gas-
tric cancer, pancreatic cancer, and ovarian cancer (Calderon-Montano et al. 2011). 
Malignant tumors are known to activate angiogenesis, which is necessary for the 
formation of solid tumors, and kaempferol has been shown to inhibit angiogenesis 
in vitro (Ahn et al. 2009). It is recognized that inflammatory diseases increase the 
risk of developing different types of cancer, including bladder, cervical, gastric, 
esophageal, ovarian, prostate, as well as thyroid cancer. By P-glycoprotein- mediated 
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efflux, kaempferol has found to reduce cellular level of carcinogens (Phang et al. 
1993). Numerous reports have shown that kaempferol as well as kaempferol gly-
cosides induce cell death in various cancer cells from different tissues, including 
lung, breast, colon, prostate, pancreas, blood, skin, esophagus, brain uterus, ovary, 
thyroid, and bone (Calderon-Montano et al. 2011). Caspases, family of cysteine pro-
teases involved in the initiation of apoptosis, and kaempferol have been found to 
induce the activation of caspase-3 (Bestwick et  al. 2007), caspase-7 (Kang et  al. 
2009), and caspase-9 (Zhang et al. 2009). The antiproliferative effects of kaempferol 
in cancer cells may also inhibit MAPK/ERK pathway (Jeong et al. 2009). Although 
low concentrations of kaempferol can reduce the cellular levels of ROS and induce 
antioxidant effects, higher concentrations of this flavonoid are known to generate 
ROS (Marfe et al. 2009). Therefore, kaempferol could be used in combination with 
several anticancer drugs to improve their therapeutic effects. It has been reported 
that kaempferol can sensitize cancer cells to the cytotoxic effects of cisplatin (Luo 
et  al. 2010), 5-fluorouracil (Zhang et  al. 2008), cytarabine (Nadova et  al. 2007), 
doxorubicin (Sharma et al. 2007), mitoxantrone, and the active metabolite of irinote-
can (SN-38) (Imai et al. 2004). This flavonoid can also enhance the cytotoxic effects 
of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) (Yoshida et al. 
2008). These investigations suggest that kaempferol may have clinical applications 
as adjuvant therapy in the treatment of some cancers.

 Functions of Kaempferol

 (a) (HO)-1
Kaempferol-mediated MAPK activation can help in preventing DNA damage 
leading to cell transformation. Kaempferol was found to increase heme oxygen-
ase (HO)-1 gene expression, which increases antioxidant capacity of cells 
(Hong et al. 2009). Therefore, kaempferol treatment heightened cell viability in 
response to oxidative stress, which includes unstable radicals prone to harm 
DNA. In this way, kaempferol-induced MAPK initiation protects healthy cells 
from transforming into cancerous ones.

 (b) RSK2
Along with activation of pathway, kaempferol also modifies different proteins 
involved in it. RSK2 is a key suppressor of apoptosis which downregulates the 
apoptosis-promoting protein BAD and upregulates Bcl-2 protein (Luo et  al. 
2011). Kaempferol binds directly to the RSK2 protein, specifically at the Val82 
and the Lys100 sites (Cho et al. 2009). Thereby kaempferol paralyzes the RSK2 
protein. As expected, treatment was reported to drop Bcl levels and boost con-
centrations of tumor-suppressor proteins BAD and p53 (Luo et al. 2011).

 (c) Src
Kaempferol disrupts Src kinase activity (Lee et al. 2010). Src activates MAPK 
which turns on the COX-2 protein, which is a warning marker for skin tumors 
(Athar et al. 2001). UVB radiation is one of the major contributors to Src kinase 
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activity. Kaempferol, on the other hand, is a potential inhibitor of Src, which 
requires ATP molecule in order to function. Kaempferol binds to Src at its ATP 
site, disturbing its skin cancer-promoting activity. Therefore, the MAPK/ERK 
pathway is altered at various locations by kaempferol (Fig. 4.2).

 Other Uses of Bauhinia

It also helps to enrich soil fertility by nitrogen fixing. Leaves and buds are eaten as 
vegetable. It is also used for coloring furniture dying fiber. The flowers have laxative 
action (Figs. 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, and 4.9).

 Commercial Considerations and Future Prospects

The conventional assumption is committed on the presumption that human diseases 
have a assertion genetic basis across patient’s populations; therefore a single drug is 
satisfactory to treat a disease. However, recent advances in genomics exhibit that 
different patient populations may require disparate drugs to their treatment, as illus-
trated by medicine. Moreover, the deficit in acknowledged new chemical existence 
together with a focus of the pharmaceutical industry and the rearrangement of com-
panies from uncertain research to a more reliable businesses and revenues had 
spawn a crisis and loss of conviction of public presumption in the chemical industry. 
The practice of herbal medicines overtures a way to mitigate this crisis in drug 
advancement. There are two preeminent approaches for herbal medicine. First one 
is that promoting the herbal medicine knowledge may give rise to a reasonable and 
more prompt discovery of recent drugs, and second is that herbal remedies offer a 
comprehensive approach that accompanies the disease-targeted approach of chemi-
cals. The main prejudice related to herbal medicines is the depletion of international 
standardization in terms of proceedings for assessing their composition, efficacy, 
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Fig. 4.4 Schematic biosynthetic pathway of berberine alkaloid. (1) l-Tyrosine decarboxylase; (2) 
phenolase; (3) l-tyrosine transaminase; (4) p-hydroxyphenylpyruvate decarboxylase; (5) (S)-
norcoclaurine synthase; (6) (S)-adenosyl-l-methionine:norcoclaurine 6OMT; (7) (S)-adenosyl-l- 
methionine:coclaurine N-methyltransferase; (8) N-methylcoclaurine-4'-hydroxylase; (9) 
S-adenosyl-l-methionine:3'-hydroxy-N-methylcoclaurine 4'OMT; (10) berberine bridge enzyme; 
(11) S-adenosyl-l-methionine:scoulerine 9-O-methyltransferase; (12) (S)-canadine synthase; (13) 
tetrahydroprotoberberine oxidase; (14) cheilanthifolin synthase (Sato et al. 2001)

Caspase
Independent
Pathway

DNA Fragmentation

Nucleus Mitochondrian

ROS
Caspase Dependent
Pathway

Apoptopic
Death

Caspase -3

Pro -caspase
-3

Caspase  9

Apof -1 Smac /Diabb AIF

Cyt c

Caspase -8

Berberine

IAP Bax /Bak

XIAP

Fas -R

ICAD

CAD

Fig. 4.5 Apoptosis pathway induced by berberine



114

Wild Type BRCA 1

ATM DNA
Damage

Complex Defect

Chromosomal
Instability

Checkpoint
Activation

Cell Cycle Arrest

Cell Cycle Checkpoint
Control

Breast Tumor
Development

Genomic Errors

BRCA 1
PhosphorylationBerberine

DNA Damage Repair

p53 dependent apoptosis

p5
3

in
de

pe
nd

en
t

Mutant BRCA 1/BRCA 2

Fig. 4.6 Different checkpoints of berberine

CD95 ligand
TRAIL

FADD
FLIP

Bid

Bcl-2

cyt c

Apaf-1

caspase-9

caspase-3

IAPs

Bax

Smac

caspase-8

D
R

Fig. 4.7 Apoptosis 
pathway at the level of 
mitochondria

T. Tewari et al.



Photosynthesis

Glucose

Glucose-6P

Phosphoenolpyruvate

Pyruvate

Acetyl-CoA

O

HO
CO-S-CoA

Malonyl-CoA (C2)

x 3

O O

O

OH

4-coumaroyl-CoA (C3-C6)
CoA-S

Phenylalanine

Shikimate Chorismate

OH

OH

OH

OH

OH

OH

OH

OH OH OH

OH

OH

O O O
NaringeninNaringenin chalcone (C6-C3-C6)

O O

O
Kaempferol

Dihydrokaempferol

O

kaempferol-3-(p-coumaroyltriglucoside)

EC 2.3.1.173

EC 2.4.1.240

EC 2.4.1.239

kaempferol-3-O-glucoside

EC 2.4.1.91

HO HO HO

HO

EC 5.5.1.6 EC 1.14.11.9

EC 1.14.11.23
O O

S-CoA

EC 2.3.1.74

Erytrose-4P

Fig. 4.8 Biosynthesis of kaempferol and some glycosides of kaempferol (see text for further details). 
EC 2.3.1.74: chalcone synthase; EC 5.5.1.6: chalcone isomerase; EC 1.14.11.9: flavanone 3-dioxygen-
ase; EC 1.14.11.23: flavonol synthase; EC 2.4.1.91: flavonol 3-O-glucosyltransferase; EC 2.4.1.239: 
flavonol- 3- O-glucoside glucosyltransferase; EC 2.4.1.240: flavonol-3-O-diglycoside glucosyltransfer-
ase; EC 2.3.1.173: flavonol-3-O-triglucoside p- coumaroyltransferase. (Calderon-Montano et al. 2011)

Membrane Receptor

MAPK

ERK1/2

RSK2                    Activation                               HO -1
Kaempferol

Kaempferol

Proliferation                Apoptosis                           DNA Preservation
of                                of

Cancer Cells               Cancer Cells

Fig. 4.9 The MAPK pathway plays an integral role in both the promotion and regulation of cell 
growth



116

quality, persistent manufacturing practices, management, and approval processes. 
Vast knowledge in drug development is accessible in the pharmaceutical industry. 
Therefore, linking the benefits contributed by both traditional and modern medicine 
has been formerly recommended as a rising approach in order to confess and bring 
to the market new plant-derived substances. Nonetheless, in the last centuries only 
manifold herbal medicines or botanical drugs have been recognized by health juris-
diction for human use. Collusion and gradation between World Health Organization 
(WHO), European and other regulatory agencies, Federal Drug Administration 
(FDA), and the pharmaceutical industry comprehensively may lead to clear instruc-
tions for reinforcement of herbal medications while taking influence of the enor-
mous potential held by conventional medicine for evolution of both anticancer and 
other health drugs.

References

Adams JM, Cory S (2007) The Bcl-2 apoptotic switch in cancer development and therapy. 
Oncogene 26:1324–1337

Ahn MR, Kunimasa K, Kumazawa S, Nakayama T, Kaji K, Uto Y, Hori H, Nagasawa H, Ohta T 
(2009) Correlation between antiangiogenic activity and antioxidant activity of various compo-
nents from propolis. Mol Nutr Food Res 53(5):643–651

Alakurtti S, Makela T, Koskimies S, Yli-Kauhaluoma J (2006) Pharmacological properties of the 
ubiquitous natural product betulin. Eur J Pharm Sci 29:1–13

Andre N, Carre M, Brasseur G, Pourroy B, Kovacic H, Briand C, Braguer D (2002) Paclitaxel 
targets mitochondria upstream of caspase activation in intact human neuroblastoma cells. 
FEBS Lett 532:256–260

Athar M, An KP, Morel KD, Kim AL, Aszterbaum M, Longley J, Epstein EH Jr, Bickers DR 
(2001) Ultraviolet B(UVB)-induced cox-2 expression in murine skin: an immunohistochemi-
cal study. Biochem Biophys Res Commun 280:1042–1047

Bestwick CS, Milne L, Duthie SJ (2007) Kaempferol induced inhibition of HL-60 cell growth 
results from a heterogeneous response, dominated by cell cycle alterations. Chem Biol Interact 
170(2):76–85

Bhadra K, Maiti M, Kumar GS (2007) Molecular recognition of DNA by small molecules: AT base 
pair specific intercalative binding of cytotoxic plant alkaloid palmatine. Biochim Biophys Acta 
1770(7):1071–1080

Brown M, Attardi LD (2005) The role of apoptosis in cancer development and treatment response. 
Nat Rev Cancer 5:231–237

Calderon-Montano JM, Burgos-Morón E, Pérez-Guerrero C, López-Lázaro M (2011) A review on 
the dietary flavonoid kaempferol. Mini-Rev Med Chem 11(4):298–344

Cho YY, Yao K, Pugliese A, Malakhova ML, Bode AM, Dong Z (2009) A regulatory mechanism 
for RSK2 NH2-terminal kinase activity. Cancer Res 69(10):4398–4406

Cichewicz RH, Kouzi SA (2004a) Chemistry, biological activity, and chemotherapeutic potential 
Acid. Neoplasia 7:162–170

Cichewicz RH, Kouzi SA (2004b) Chemistry, biological activity, and chemotherapeutic potential 
of betulinic acid for the prevention and treatment of cancer and HIV infection. Med Res Rev 
24:90–114

Elmore S (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol 35:495–516
Evan GI, Vousden KH (2001) Proliferation, cell cycle and apoptosis in cancer. Nature 411:342–348
Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM (2010) Estimates of worldwide bur-

den of cancer in 2008: GLOBOCAN2008. Int J Cancer 127:2893–2917

T. Tewari et al.



117

Fulda S, Debatin KM (2004) Targeting apoptosis pathways in cancer therapy. Curr Cancer Drug 
Targets 4:569–576

Fulda S, Scaffidi C, Susin SA, Krammer PH, Kroemer G, Peter ME, Debatin KM (1998a) 
Activation of mitochondria and release of mitochondrial apoptogenic factors by betulinic acid. 
J Biol Chem 273:33942–33948

Fulda S, Susin SA, Kroemer G, Debatin KM (1998b) Molecular ordering of apoptosis induced by 
anticancer drugs in neuroblastoma cells. Cancer Res 58:4453–4460

Galluzzi L, Larochette N, Zamzami N, Kroemer G (2006) Mitochondria as therapeutic targets for 
cancer chemotherapy. Oncogene 25:4812–4830

Green DR, Kroemer G (2004) The pathophysiology of mitochondrial cell death. Science 
305:626–629

Green DR, Knight RA, Melino GA, Finazzi-Agro S (2004) Ten years of publication in cell death. 
Cell Death Differ 11:2–3

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100:57–70
Hong JT, Yen JH, Wang L, Lo YH, Chen ZT, Wu MJ (2009) Regulation of heme oxygenase-1 

expression and MAPK pathways in response to kaempferol and rhamnocitrin in PC12 cells. 
Toxicol Appl Pharmacol 237:59–68

Imai Y, Tsukahara S, Asada S, Sugimoto Y (2004) Phytoestrogens/flavonoids reverse breast cancer 
resistance protein/ABCG2-mediated multidrug resistance. Cancer Res 64(12):4346–4352

Jemal A, Center MM, De Santis C, Ward EM (2010) Global patterns of cancer incidence and mor-
tality rates and trends. Cancer Epidemiol Biomark Prev 19(8):1893–1907

Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D (2011) Global cancer statistics. CA 
Cancer J Clin 61:69–90

Jeong JC, Kim MS, Kim TH, Kim YK (2009) Kaempferol induces cell death through ERK and 
Akt-dependent down-regulation of XIAP and survivin in human glioma cells. Neurochem Res 
34(5):991–1001

Kanak S, Verma Anita K (2012) Evaluation of antimicrobial and anticancer activities of methanol 
extract of in vivo and in vitro grown Bauhinia variegata L. International Research. J Biol Sci 
1(6):26–30

Kang GY, Lee ER, Kim JH, Jung JW, Lim J, Kim SK, Cho SG, Kim KP (2009) Downregulation 
of PLK-1 expression in kaempferol-induced apoptosis of MCF-7 cells. Eur J  Pharmacol 
611(1):17–21

Kasperczyk H, La Ferla-Bruhl K, Westhoff MA, Behrend L, Zwacka RM, Debatin KM, Fulda S 
(2005) Betulinic acid as new activator of NF-kappaB: molecular mechanisms and implications 
for cancer therapy. Oncogene 24:6945–6956

Kavya B, Kavya N, Ramarao V, Venkatateshwar G (2015) Tinospora cordifolia (Willd.) Miers: 
nutritional, ethanomedical and therapeutic utility. Ind J Res Ayurveda Pharm 6(2):195–198

Laszczyk MN (2009) Pentacyclic triterpenes of the lupane, oleanane and ursane group as tools in 
cancer therapy. Planta Med 75:1549–1560

Lee KM, Lee KW, Jung SK, Lee EJ, Heo YS, Bode AM, Lubet RA, Lee HJ, Dong Z (2010) 
Kaempferol inhibits UVB-induced COX-2 expression by suppressing Src kinase activity. 
Biochem Pharmacol 80(12):2042–2049

Luo H, Daddysman MK, Rankin GO, Jiang BH, Chen YC (2010) Kaempferol enhances cisplatin’s 
effect on ovarian cancer cells through promoting apoptosis caused by down regulation of 
cMyc. Cancer Cell Int 10(1):1

Luo H, Rankin GO, Li Z, Depriest L, Chen YC (2011) Kaempferol induces apoptosis in ovarian 
cancer cells through activating p53 in the intrinsic pathway. Food Chem 128(2):513–519

Mantena SK, Sharma SD, Katiyar SK (2006) Berberine inhibits growth, induces G1 arrest and 
apoptosis in human epidermoid carcinoma A431 cells by regulating Cdki–Cdk-cyclin cascade, 
disruption of mitochondrial membrane potential and cleavage of caspase 3 and PARP. 
Carcinogenesis 27(10):2018–2027

Marfe G, Tafani M, Indelicato M, Sinibaldi-Salimei P, Reali V, Pucci B, Fini M, Russo MA (2009) 
Kaempferol induces apoptosis in two different cell lines via Akt inactivation, Bax and SIRT3 
activation, and mitochondrial dysfunction. J Cell Biochem 106(4):643–650

4 Plant-Derived Compounds with Anticancer Properties: From Folklore to Practice



118

Mittal J, Sharma MM, Batra A (2014) Tinospora cordifolia: a multipurpose medicinal plant-A 
review. J Med Plant Stud 2(2):32–47

Nadova S, Miadokova E, Cipak L (2007) Flavonoids potentiate the efficacy of cytarabine through 
modulation of drug-induced apoptosis. Neoplasma 54(3):202

Orwa C, Mutua A, Kindt R, Jamnadass R, Anthony S (2009) Agroforestree database: a tree refer-
ence and selection guide version 4.0. http://www.worldagroforestry.org/sites/treedbs/treedata-
bases.asp

Phang JM, Poore CM, Lopaczynska J, Yeh GC (1993) Flavonol-stimulated efflux of 
7,12- dimethylbenz (a) anthracene in multidrug-resistant breast cancer cells. Cancer Res 
53(24):5977–5981

Pisha E, Chai H, Lee IS, Chagwedera TE, Farnsworth NR, Cordell GA, Beecher CW, Fong HH, 
Kinghorn AD, Brown DM (1995) Discovery of betulinic acid as a selective inhibitor of human 
melanoma that functions by induction of apoptosis. Nat Med 1:1046–1051

RajKapoor B, Jayakar B, Murugesh N (2003) Antitumor activity of Bauhinia variegata on Dalton’s 
ascitic lymphoma. J Ethnopharmacol 89:107–109

RajKapoor B, Jayakar B, Murugesh N, Sakthisekaran D (2006) Chemoprevention and cytotoxic 
effect of Bauhinia variegate against N-nitrosodiethylamine induced liver tumors and human 
cancer cell lines. J Ethnopharmacol 104:407–409

Reddy NM, Reddy R (2015) Tinospora cordifolia chemical constituents and medicinal properties: 
a review. Sch Acad J Pharm 4(8):364–369

Saelens X, Festjens N, Vande Walle L, van Gurp M, van Loo G, Vandenabeele P (2004) Toxic 
proteins released from mitochondria in cell death. Oncogene 23:2861–2874

Salvesen GS, Duckett CS (2002) IAP proteins: blocking the road to death’s door. Nat Rev Mol Cell 
Biol 3:401–410

Sato F, Hashimoto T, Hachiya A, Tamura KI, Choi KB, Morishige T, Yamada Y (2001) Metabolic 
engineering of plant alkaloid biosynthesis. Proc Natl Acad Sci 98(1):367–372

Sawada N, Kataoka K, Kondo K, Arimochi H, Fujino H, Takahashi Y, Miyoshi T, Kuwahara T, 
Monden Y, Ohnishi Y (2004) Betulinic acid augments the inhibitory effects of vincristine on 
growth and lung metastasis of B16F10 melanoma cells in mice. Br J Cancer 90:1672–1678

Selzer E, Pimentel E, Wacheck V, Schlegel W, Pehamberger H, Jansen B, Kodym R (2000) Effects 
of betulinic acid alone and in combination with irradiation in human melanoma cells. J Invest 
Dermatol 114:935–940

Selzer E, Thallinger C, Hoeller C, Oberkleiner P, Wacheck V, Pehamberger H, Jansen B (2002) 
Betulinic acid-induced Mcl-1 expression in human melanoma—mode of action and functional 
significance. Mol Med 8:877–884

Sharma V, Joseph C, Ghosh S, Agarwal A, Mishra MK, Sen E (2007) Kaempferol induces apopto-
sis in glioblastoma cells through oxidative stress. Mol Cancer Ther 6(9):2544–2553

Sinha K, Mishra NP, Singh J, Khanuja SPS (2004) Tinospora cordifolia (Guduchi), a reservoir 
plant for therapeutic applications: a review. Indian J Tradit Knowl 3(3):257–270

Taiz L, Zeiger E (2006) Plant Physiology. Sinauer Associated Inc, Massachusetts
Takada Y, Aggarwal BB (2003) Betulinic acid suppresses carcinogen-induced NF-kappa B activa-

tion through inhibition of I kappa B alpha kinase and p65 phosphorylation: abrogation of 
cyclooxygenase-2 and matrix metalloprotease-9. J Immunol 171:3278–3286

Tan Y, Yu R, Pezzuto JM (2003) Betulinic acid-induced programmed cell death in human mela-
noma cells involves mitogen-activated protein kinase activation. Clin Cancer Res 
9:2866–2875

Thurnher D, Turhani D, Pelzmann M, Wannemacher B, Knerer B, Formanek M, Wacheck V, Selzer 
E (2003) Betulinic acid: a new cytotoxic compound against malignant head and neck cancer 
cells. Head Neck 25:732–740

Umadevi M, Kumar KS, Bhowmik D, Duraivel S (2013) Traditionally used anticancer herbs in 
India. J Med Plant Stud 1(3):56–74

Veeraiah S, Reddy KJ (2012) Current strategic approaches in ethnomedicinal plants of Tinospora 
cordifolia and Gloriosa superb—A review. Int J Pharm Bio Sci 3(2):320–326

T. Tewari et al.

http://www.worldagroforestry.org/sites/treedbs/treedatabases.asp
http://www.worldagroforestry.org/sites/treedbs/treedatabases.asp


119

Wick W, Grimmel C, Wagenknecht B, Dichgans J, Weller M (1999) Betulinic acid-induced apop-
tosis in glioma cells: a sequential requirement for new protein synthesis, formation of reactive 
oxygen species, and caspase processing. J Pharmacol Exp Ther 289:1306–1312

Yoshida T, Konishi M, Horinaka M, Yasuda T, Goda AE, Taniguchi H, Yano K, Wakada M, Sakai 
T (2008) Kaempferol sensitizes colon cancer cells to TRAIL-induced apoptosis. Biochem 
Biophys Res Commun 375(1):129–133

Zhang Y, Chen AY, Li M, Chen C, Yao Q (2008) Ginkgo biloba extract kaempferol inhibits cell 
proliferation and induces apoptosis in pancreatic cancer cells. J Surg Res 148(1):17–23

Zhang Q, Zhao XH, Wang ZJ (2009) Cytotoxicity of flavones and flavonols to a human esophageal 
squamous cell carcinoma cell line (KYSE-510) by induction of G 2/M arrest and apoptosis. 
Toxicol in Vitro 23(5):797–807

Zuco V, Supino R, Righetti SC, Cleris L, Marchesi E, Gambacorti-Passerini C, Formelli F (2002) 
Selective cytotoxicity of betulinic acid on tumor cell lines, but not on normal cells. Cancer Lett 
175:17–25

4 Plant-Derived Compounds with Anticancer Properties: From Folklore to Practice



121© Springer International Publishing AG 2017 
S. Malik (ed.), Biotechnology and Production of Anti-Cancer Compounds, 
DOI 10.1007/978-3-319-53880-8_5

Chapter 5
Anticancer Drugs from Plants

Denise Fernandes Coutinho Moraes, Ludmilla Santos Silva de Mesquita, 
Flavia Maria Mendonça do Amaral, Maria Nilce de Sousa Ribeiro, 
and Sonia Malik

Abstract Cancer is a major problem of public health and one of the main causes of 
death around the globe. According to World Health Organization, the prevalence of 
this disease is rising, however, more rapidly in Africa, Asia, and Central and South 
America that account for about 70% of cancer deaths in the world. The chemother-
apy is one of the ways to treat this disease and the advances in anticancer drugs have 
improved patient care. Plants have been used to treat different diseases since ancient 
times. Among the anticancer drugs, about 50% come from natural products as iso-
lated or semisynthetic or related synthetic compounds and plants represent impor-
tant source of these substances. Taxol, vinca alkaloids, camptothecin, and 
podophyllotoxins, as well as their semisynthetic or synthetic derivatives, are the 
most important anticancer drugs obtained from plants. In this chapter, we review the 
importance of plants as source of drugs and describe these anticancer compounds. 
The continuing search for antitumor agents from plants is extremely necessary to 
find the possible ways to have safe and more effective treatment for this health 
problem.
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 Introduction

Cancer is a disease that occurs when normal cells begin to grow in disordered and 
uncontrolled manner, forming tumor masses. It can affect people of different gen-
der, social class, and age; however its risk increases with the age. Cancer is one of 
the main causes of death in the world (Fonseca and Farías 2016; Sena et al. 2016). 
According to the World Health Organization (WHO 2015), there were 14 million 
new cases of cancer worldwide in 2012, and among them, 8.2 million have ended to 
death. This organization also cited that the prevalence of this disease is still rising 
and the number of cases can rise about 70% in the next two decades. Although it is 
an important public health problem in both developed and developing countries, the 
recent studies have demonstrated that the rates have increased more in Africa, Asia, 
and Central and South America that account for 70% of cancer deaths in the world 
(Sterwart and Wild 2014).

There are several types of cancers, which are classified according to the type/
origin of affected cell in the organism. Theoretically, all cells in the human body 
may show flaws in their division and initiate this disordered growth. Among men, 
the cancers with more prevalence are lung, prostate, colorectal, stomach, and liver, 
and among women, normally the breast, rectum, lung, cervix, and stomach cancer 
has been more commonly diagnosed (WHO 2015). If we consider the ability to lead 
to death, the types of cancer with the highest mortality rates are lung, stomach, liver, 
rectum, and breast (Sena et al. 2016).

This global pandemic is considered multifactorial and its main risk factors are 
age, genetic, and some issues linked to behavior. Smoking, obesity, lack of physical 
exercise, and high-fat diet are some of the triggering factors that can cause failure in 
the division of normal cells (de Sant’Ana et al. 2016). The genetic issue has been 
much studied recently and the discovery of mutations of specific genes important 
for oncogenesis has shown perspectives in the early treatment of this disease, 
increasing the cure rates or allowing procedures that prevent the tumor (Xue et al. 
2014; Futreal et al. 2004). Some cancers are caused by virus like the cervix cancer 
that is associated with the presence of certain types of human papillomavirus (HPV) 
which is transmitted sexually. HPV is also linked with other types of cancer such as 
anus, vulva, vagina, penis, oropharynx, and rectum which have been growing lately 
(Rodrigues et al. 2016). The hepatitis B virus (HBV) is extremely linked with devel-
opment of liver cancer that is the fifth most common cancer in the world (Du et al. 
2012). The several types of skin cancer are caused mainly by the expose to UV 
radiation (McWhirter and Hoffman-Goetz 2016). Occupational factors are also 
important in development of tumor processes when it exposes workers to carcino-
genic substances in their workplace. Lung and skin cancer are the most common 
occupational cancers (Petter 2015; Labreche et al. 2014).

The World Health Organization has suggested the governments of all countries 
to invest in campaigns for preventing cancer. For skin cancer, the campaigns aim to 
inform measures to protect against ultraviolet rays such as the use of sun block and 
clothes resistant against this irradiation. For breast cancer, early diagnosis is 
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 essential for the treatment of patients, so the campaigns guide the self-examination 
and inform the need to perform annual mammography after 40 years (de Sant’Ana 
et al. 2016). To prevent cervical cancer, which occurs from infection with human 
papillomavirus, it is extremely important to increase the rate of vaccination against 
this virus, in addition to normal campaigns to prevent sexually transmitted diseases. 
This type of cancer can also be prevented with annual Pap smear test of the cervix, 
known as Papanicolaou test to detect precancerous cells that can be treated before 
the occurrence of cancer (Rodrigues et al. 2016). Taking balanced diet, avoiding 
smoking, and doing physical exercise are also general procedures to avoid cancer 
(Wang et al. 2012).

There are different strategies for cancer treatment that depend on several factors 
including type, patient’s age, and stage of disease. The treatment for cancer has 
improved recently due to advancements and the patients have more chances to be 
cured. These different approaches include surgery, use of antineoplastic drugs (che-
motherapy), radiation, immunotherapy, stem cell transplant, laser technique, blood 
production transfusion, photodynamic therapy, and hyperthermia (Weeks et  al. 
2014; Volgin et al. 2014; Holgado et al. 2015).

Chemotherapy is the use of drugs to treat cancer. In fact, this term is also used 
when any drug is used in treatment of disease; however it is more often to refer to 
cancer. This procedure can cure, control, or just relieve some symptoms as a pallia-
tive. In this approach, one or several drugs may be used. The most important feature 
of anticancer drugs is not to affect the normal cells and should possess a wide range 
between safety and effectiveness of doses (Polovich et al. 2014).

Among the anticancer drugs used these days, about 50% come from the natural 
products as isolated or semisynthetic or related synthetic compounds and plants 
represent important source of these substances (Newman and Cragg 2012; Malik 
et al. 2014a). Besides the usage of plants for isolation of anticancer drugs, many 
vegetal species are used for cancer prevention. So, for both approaches, plants have 
played an important role in cancer therapy. However, it is important to check that 
the bioactive compounds obtained from plants have studied for their effectiveness 
against cancer cells without any harmful effect on other normal cells of the body. 
Use of plants without this kind of evaluation should be avoided due to the risk of 
toxicity.

 Plants as Source of Drugs

Plants have been used to treat different diseases since the time immemorial. After 
the development of modern chemistry by the nineteenth century, scientists started 
identifying the compounds that have therapeutic properties in plants (Shankari and 
Gurunathan 2015).

Morphine, an alkaloid with analgesic activity from the opium resin (Papaver 
somniferum), was isolated by German Friedrich Serturner in 1804. It marked for the 
first isolation of natural products, and in the middle of 1820s, Heinrich Emanuel 
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Merck commercialized this compound as a pain reliever. The structure of this sub-
stance was identified in the beginning of nineteenth century and although having 
addictive property morphine has been used as a sedative for the past 200  years 
(Huxtable and Schwarz 2001).

After the discovery and the great success of morphine, many other scientists 
isolated several compounds from plants. Salix alba L., known as white willow, has 
been used for pain and fever relief since ancient times. Attempts to isolate the active 
substance from white willow stem bark extract began in the early nineteenth cen-
tury, but only in 1828, the purification of salicin was possible by the chemist 
Buchner from Monique University. The pure form of these crystals was obtained by 
the pharmacist Henri Leroux in 1829, who demonstrated its therapeutic use in the 
treatment of rheumatism. Later in 1935, it has been discovered with acid hydrolysis 
by an Italian chemist, Raffaelle Pirin, that the salicin was comprised by a sugar and 
an aromatic alcohol, known as salicyl alcohol. The double oxidization of this com-
pound leads to salicylic acid that has been used for analgesic and antipyretic pur-
poses. Due to its capacity to promote gastric irritation, Felix Hoffmann, in 1897, 
converted the salicylic acid into acetylsalicylic acid by acetylation of its hydroxyl 
group. The salicylic acid was registered by Bayer Company as the commercial 
name aspirin in 1899 (Mahdi et al. 2006). According to literature, Hoffmann’s father 
used the salicylic acid by oral administration to relieve the rheumatism; however he 
suffered with the stomach issues caused by this molecule and because of this the 
scientist decided to decrease the acidic property of this substance and discovered 
one of the most popular drugs used worldwide (Golberg 2009). Although the idea 
for aspirin came from natural product salicin, nowadays this important drug is 
obtained by synthesis.

Quinine is another example of natural product isolated from the bark of Cinchona 
species in the eighteenth century and was the first compound used to treat malaria 
caused by Plasmodium falciparum. This bark is indigenous from Peru in South 
America and it was introduced in Europe probably in the seventeenth century to 
treat malaria fever. In 1820, Pierre Joseph Pelletier and Joseph Bienaimé Caventou 
isolated this alkaloid as the main compound of the Cinchona bark. The scientists 
named it quinine after the Inka name of the Cinchona species quina (Hoogte and 
Pieters 2014; Achan et al. 2011; Kinsley-Scott and Norton 2003). Besides quinine, 
other cinchona alkaloids including quinidine, cinchonine, and cinchonidine have 
also been used as antimalarial drugs (Goss 2014). During the mid-nineteenth cen-
tury, it became possible to synthesize quinine, which could serve as a starting point 
for the synthesis of other antimalarial drugs such as chloroquine and primaquine (de 
Sa 2011). Recently the Chinese researcher Youyou Tu won the Nobel prize in 
Medicine in 2015, for isolating drug Artemisinin from Artemisia annua that was 
introduced to treat cases of malaria where the quinine and their derivatives were 
resistant (Rao et al. 2015). Artemisinin and its derivatives are still being used for the 
treatment of malaria in many countries (O’Neill and Posner 2004).

Nowadays, the modern therapy all over the world has a great variety of com-
pounds with different proven pharmacological activities and this therapeutic action 
could not be possible without the contribution of natural products, especially of 
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plants. Among all modern drugs available, it has been estimated that 40% come 
from natural products, and out of this, 25% is directly or indirectly are plant deriva-
tives (Giachetti and Monti 2005). A total of 547 natural products and their deriva-
tives have been approved for use as therapeutics by the Food and Drug Administration, 
USA, in 2013, corresponding a 38% of the total of all new molecular entities 
approved. These products include the ones from mammalians, plants, bacteria, 
fungi, and marine organisms (Patridge et al., 2016). According to Veeresham (2012), 
among the drugs considered essential for World Health Organization (WHO), 11% 
are derivatives from plants.

Thus, the natural products including plants play a great role in therapy especially 
in the development of some classes of medicines such as antitumor ones. The aim 
of this chapter is to review the main natural compounds derived from plant species 
which have been used as anticancer drugs and approved by pharmaceutical regula-
tory agencies around the world.

 Anticancer Drugs from Plant Sources

The natural products derived from plants have been used as active compounds to 
treat several diseases since a long time. The secondary or natural compounds derived 
from plants play an important role in the pharmacological activities, including the 
antineoplasic action. Taxol, vinca alkaloids, camptothecin, podophyllotoxins, as 
well as their semisynthetic or synthetic derivatives are the most important examples 
of this cooperation (Malik et al. 2014b; Malik et al. 2013; Cragg and Newman 2013; 
Newman and Cragg 2012).

 Vinca Alkaloids

Catharanthus roseus (L.) G.  Don, commonly known as periwinkle (family 
Apocynaceae) has gained pharmaceutical interest because of the presence of sec-
ondary metabolites, mainly alkaloids (Fig. 5.1). The most important alkaloids iso-
lated from this plant species are vinblastine (1) and vincristine (2), two bisindole 
alkaloids, which were isolated and identified by Robert Noble and Charles Beer in 
1950s and are known to possess strong anticancer activities (Yang et al. 2016). They 
inhibit the tubulin polymerization of tumor cells and also cause mitotic spindle 
destruction.

The extraction and purification of these alkaloids are quite laborious and expen-
sive due to their extremely low concentration in C. roseus leaves (Noble 1990). 
However, these alkaloids are still isolated by semisynthetic routes using undesired 
and inactive alkaloids in the C. roseus leaves (Salim and de Luca 2013).

The molecular structures of vinblastine and vincristine are very similar, differing 
just for one moiety at nitrogen. Vinblastine has a methyl group at this nitrogen while 
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Fig. 5.1 Anticancer compounds derived from plant sources

1 - vinblas�n

2 - vincris�n

3 - vindesin

4 - vinolrebin

5 - vinfluvine
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6 - taxol

7 - docetaxel

8 - cabazitaxel

9 - podophyllotoxin

10 - deoxypodophyllotoxin

Fig. 5.1 (continued)
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11 - etoposide

12 - teniposide

13 - picropodophyllotoxin

14 - α-peltatin

15 - β-peltatin

Fig. 5.1 (continued)
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16 - etopophos

17 - camptothecin

18 - topotecan

19 - irinotecan

Fig. 5.1 (continued)

5 Anticancer Drugs from Plants



130

vincristine has an aldehydic group at the same position. Other important vinca alka-
loid is vindesine (3), a vinblastine analogue that has one more nitrogen forming an 
amide function and without one acetyl group. Vinorelbine (4) is a semisynthetic 
analogue from vinblastine and vinflunine (5) is a vindesine derivative with a bis- 
fluorinated group (Zhou et al. 2015; Dall’Acqua 2014; Kruczynski and Hill 2001). 
Vincristine, vinblastine, vindelsine, and vinorelbine have bisindole rings with dif-
ferences in their carbon skeleton or functional groups. The loss of this bisindole ring 
results in decrease of anticancer property of these compounds; that is why other 
alkaloids from C. roseus, like catharanthine and vindoline, present low antimitotic 
action. Despite the similarity within the vinca alkaloids and their derivatives, these 
compounds exhibit different anticancer activities and have also variations in their 
toxicity. Vincristine is used to treat non-Hodgkin’s lymphoma, Hodgkin’s disease, 
and pediatric solid tumors. Vinblastine is effective against breast, testicular, and 
non-Hodgkin’s lymphoma while vinorelbine is used for treatment of lung and breast 
cancer. Vinflunine is indicated to adult patients with advanced or metastatic urothe-
lial cancer. These alkaloids can be used as a single agent or combined with another 
anticancer drug (Dall’Acqua 2014).

 Taxol and Its Derivatives

Taxol (6) (generic name paclitaxel), a diterpene alkaloid derived from Taxus spp., is 
the most successful natural source of anticancer drug, with a high market and valued 
at above $1 billion per year (Malik et al. 2011). Taxol was isolated from the bark of 
Taxus brevifolia (Pacific yew) in 1962, and later in 1971 its anticancer properties 
were discovered (Wani et al. 1971). The unique mode of action was established by 
Schiff and coworkers in 1979; taxol acts by stabilizing microtubules and inhibiting 
their depolymerization into tubulin, which stops the cell cycle in the G2/M phase 
leading to cell death (Schiff et al. 1979; Horwitz 1994). In 1992, it was approved by 
the US Food and Drug Administration (FDA) for the treatment of refractory ovarian 
cancer and commercialized as Taxol® by Bristol-Myers-Squibb (BMS). After the 
success of taxol, the semisynthetic taxoid docetaxel (7) (registered by Sanofi- 
Aventis as Taxotere®), considered more potent, was approved by the FDA for the 
treatment of other types of cancers, such as breast cancer, squamous cancers of the 
head and neck, non-small-cell lung cancer, small-cell lung cancer, and AIDS-related 
Kaposi’s sarcoma (Rowinsky et al. 1992; Rowinsky 1994; Singla et al. 2002).

Yew trees of Taxus spp. (Taxaceae) are very similar and mainly distributed in the 
Northern Hemisphere. The taxonomy is not well defined; therefore they are classi-
cally identified into eight species based on geographical location, i.e., T. baccata 
(European or English yew), T. brevifolia (Pacific or Western yew), T. canadensis 
(Canadian yew), T. chinensis (Chinese yew), T. cuspidata (Japanese yew), T. flori-
dana (Florida yew), T. globosa (Mexican yew), and T. wallichiana (Himalayan yew) 
(Cope 1998; Gupta 2015).
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Taxus species produces a range of taxanes and has attained a great importance 
due to increasing demand of taxol for anticancer treatment, but its low concentration 
in the bark (0.001–0.05% in T. brevifolia) and slow growth always represented a 
concern. Concomitantly with this, the extraction process is complicated and expen-
sive and requires numerous trees to supply an adequate amount. To produce 1 kg of 
taxol, approximately 10,000  kg of Taxus bark or 3000 yew trees are required 
(Schippmann 2001; Malik et al. 2011). The extraction of Taxus from natural habitat 
has led this plant species to endangerment (Garawal 2016). Hence, several attempts 
have been made to find out the alternative methods for taxol production, such as 
total synthesis, semisynthesis, and plant cell culture in order to meet the ever-rising 
demand and availability of this compound at reasonable price.

The chemical synthesis of taxol was achieved in 1994 (Holton et  al. 1994; 
Nicolau et al. 1994). However, it was not commercially viable due to complex path-
way, low yield, and toxicity of secondary products. The semisynthetic preparation 
of taxol requires 10-deacetylbaccatin III (10-DAB), baccatin III or 9-dihydro- 13-
acetylbaccatin III, which are more abundant and can be found in renewable needles 
of Taxus, making it an attractive option. The synthesis of a C-13 side chain and 
linkage to 10-DAB produce taxol. Several methods of synthesis of this moiety were 
developed (Denis et al. 1988; Koskinen et al. 1994; Hamamoto et al. 2000; Borah 
et al. 2004). BMS and Indena have Taxus plantations to supply the companies with 
intermediates for taxol and analogue synthesis in satisfying yields (Malik et  al. 
2011).

Plant cell culture, especially at industrial level is considered as the most promising 
way for the sustainable production of taxol and related taxoids (Expósito et  al. 
2009). The advantages of this approach are renewable and environmentally friendly 
resource, and continuous and uniform-quality taxol, because it is not influenced by 
weather and season or contamination. The biotechnological production of taxol 
through Taxus cell culture has been started since early 1990s (Fett-Neto et al. 1992; 
Wicremesinhe and Arteca 1993). After that several approaches were made in an 
effort to increase the production of taxol and related taxanes, including optimization 
of culture conditions; selection of high-yield cell lines; induction by elicitors; use of 
adsorbants, additives, and precursors; employment of a two-phase culture system; 
immobilization; and use of combined strategies, i.e., use of two elicitors with differ-
ent acting paths. In the literature, there are excellent reviews discussing in detail 
about all these strategies (Tabata 2004; Frense 2007; Expósito et al. 2009; Malik 
et al. 2013).

Other alternative sources of taxol have been explored, such as production by 
synthetic biology, from the endophytic fungi and taxol from other non-Taxus plants. 
Liu et al. (2016) reported the recent advances in taxol production.

In addition to the scarce availability of source material, the compound posed 
challenges on the physicochemical properties, limiting its use by several factors. It 
was difficult to formulate into a delivery system acceptable for human use. The drug 
is insoluble in water, and thus very difficult to formulate into a suitable delivery 
system. To overcome this problem, taxol was formulated with a carrier Cremophor 
EL (polyethoxylated castor oil or polysorbate 80), which is nonbiological and exerts 
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biological effects, associated with severe anaphylactic hypersensitivity reactions 
(Gelderblom et al. 2001). To prevent these reactions, patients need to be pretreated 
with corticosteroids.

After many studies, a new delivery system for taxol was developed. Abraxane®, 
a nanoparticle albumin-bound (nab) formulation of paclitaxel, was approved in 
2005. Nanoparticle paclitaxel is also called paclitaxel albumin-stabilized nanopar-
ticle formulation (Pazdur 2013). Nowadays its sale controls 50–60% of the total 
paclitaxel market in the USA. Cabazitaxel (8) (registered as Jevtana® by Sanofi- 
Aventis), approved by the FDA in 2010, is another semisynthetic taxane anticancer 
agent, combined with prednisone. Since then, other technologies have been 
advanced to improve solubility, facilitate administration, and enhance the pharma-
cological profile and bioavailability (Bionap 2016).

Taxol®, Taxotere®, and Abraxane® are the most solicited taxanes in clinical onco-
logical trials, which allowed the understanding of their relationships with tumor 
processes and the proper treatment of cancer patients. Many new taxanes, such as 
Taxoprexin® and Xytotax®, have been evaluated in phase I–III trials in different 
cancer treatments demonstrating good results (Fauzee et al. 2011). The success of 
taxol and its analogues encourages research to improve the natural source yield of 
taxanes or the discovery of novel potential anticancer compounds.

 Podophyllotoxin and Its Derivatives

Podophyllotoxins are naturally occurring aryltetralin lignans, found in plants, par-
ticularly in the genus Podophyllum. The class includes several closely related chem-
ical structures, particularly podophyllotoxin (9), deoxypodophyllotoxin (10), 
4″-demethyl analogues, peltatins, and their corresponding glycosides. They also 
include some hemisynthetic compounds, etoposide (11) and teniposide (12), and a 
number of other derivatives (Botta et al. 2001).

The genus Podophyllum has been known for several centuries from a botanical 
point of view. Originally including American Podophyllum, called Podophyllum 
peltatum L., and Indian Podophyllum usually named Podophyllum emodi Wallich 
(syn. P. hexandrum Royce), they belong to family Berberidaceae and were used by 
the natives of both continents as cathartics, anthelminthics, and cholagogues (Imbert 
1998).

Podophyllotoxin is the main constituent of podophyllin, resin obtained by extrac-
tion with alcohol from roots and dry rhizomes of the species Podophyllum peltatum 
L. and Podophyllum emodi Wallich. Kaplan (1942) demonstrated the curative topic 
effect of podophyllin in Condyloma acuminate, venereal condyloma, and benign 
tumor. This result created the possibility of using podophyllin against cancerous 
tissues. King and Sullivan (1946) demonstrated that podophyllotoxin was a potent 
antimitotic as colchicine and for blockage of cell division metaphase of mitosis.

After this discovery, the chemistry and antineoplastic activity of podophyllo-
toxin and many components of podophyllin were extensively studied (Imbert 1998; 
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Botta et al. 2001). In 1951 its structure was elucidated by Hartwell and Schrecker 
(1951), but it is noteworthy that podophyllotoxin had already been isolated in 1880. 
Studies have shown its high toxicity, which is related to chemical structure and 
activity (Seidlova-Massinova et al. 1957). The cytotoxic activity of podophyllotoxin 
is strictly connected with the unique configuration at C-2, C-3, and C-4, with its 
highly strained, trans-fused γ-lactone system. In the presence of mild base catalysis, 
podophyllotoxin epimerizes smoothly to the thermodynamically more stable C-2 
epimer picropodophyllotoxin (13), which shows little or no cytotoxic activity 
(Brewer et al. 1979).

Although the routes of total synthesis of podophyllotoxin have been improved 
since 1966 (Gensler and Gatsonis 1966) it is not yet commercially viable due to its 
complex structure; therefore, the need for producing podophyllotoxin and derived 
anticancer drugs has stimulated the exploration of other higher plant sources 
(Gordaliza et al. 2004; Malik et al. 2014b).

Other lignans and their glycosides, such as deoxypodophyllotoxin, α-peltatin 
(14), and β-peltatin (15) were extracted from other Podophyllum species (Singh and 
Shah 1994; Qazi et al. 2011). Related lignans have been isolated from species of 
Callitris and Juniperus (Cupressaceae) (Renouard et al. 2015; Cantrell et al. 2013), 
Linum (Linaceae) (Doussot et al. 2016), Dysosma (Berberidaceae) (Karuppaiya and 
Tsay 2015), Bursera (Burseraceae) (Peña-Morán et al. 2016; Mojica et al. 2016), 
Bridelia (Euphorbiaceae) (Pettit et al. 2016), and Leptohyptis (Lamiaceae) (Brandão 
et al. 2017).

Podophyllotoxin and its derivative 6-methoxypodophyllotoxin have been 
obtained by in vitro cultures using differentiated organ cultures, mainly roots, undif-
ferentiated callus, and suspension cell cultures of different species of Podophyllum, 
Linum, Juniperus, and Callitris (Chattopadhyay et al. 2002; Federolf et al. 2007).

The attempt to prepare podophyllotoxin derivatives that did not have a high gas-
trointestinal toxic effect and better solubility allowed the production of semisyn-
thetic cytotoxic epipodophyllotoxins: etoposide and teniposide (Stähelin and von 
Wartburg 1991). They differ chemically only in the substitution of a methyl group 
(etoposide) for the thenylidene (teniposide) on the glucopyranoside sugar. Both are 
poorly soluble in water (Schacter 1996).

The advantages of these two semisynthetic derivatives of podophyllotoxin are 
their less pronounced side effects than those of the precursor. Both can differentiate 
cancer cells from normal cells because of the two forms of TOP2, α and β, which 
are very similar but genetically distinct. An etoposide analogue has been marketed 
under the name Etopophos (16), with the advantage of being water soluble. These 
derivatives are used clinically as potent chemotherapeutic agents for a variety of 
tumors including small-cell lung carcinoma, testicular cancer, and malignant lym-
phoma including testicular and small-cell lung cancers, lymphoma, leukemia, and 
Kaposi’s sarcoma (Witterland et al. 1996). The pharmacodynamics of the epipodo-
phyllotoxins etoposide and teniposide differ completely from those of podophyllo-
toxin for their interaction with topoisomerase (Bohlin and Rositn 1996).

The search for active anticancer derivatives of podophyllotoxin is still continu-
ing; deoxypodophyllotoxin was found to be a potent antitumor and antiproliferative 
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agent, in several tumor cells under in vitro conditions. However, deoxypodophyl-
lotoxin has not been used clinically yet because of the lack of in vivo studies, which 
were limited by its insolubility in water. Preparation of solid inclusion complex of 
deoxypodophyllotoxin with a derivative of cyclodextrin revealed that this complex 
exhibited significant antitumor activity against various human cancer cell lines such 
as small-cell lung cancer, leukemia, cervical cancer, and gastric cancer (Zhu et al. 
2010; Khaled et al. 2013).

Recently, Khaled et  al. (2016) demonstrated that the antitumor effect of 
podophyllotoxin-HP-β-CD (20  mg/kg) in human breast cancer MDA-MB-231 
xenograft was more effective than etoposide (20 mg/kg). These findings suggest 
that this drug is a promising chemotherapy candidate against human breast 
carcinoma.

 Camptothecin and Its Derivatives

Camptothecin (CPT) (17) is a natural product first isolated from the bark of the 
Chinese tree Camptotheca acuminate (Nyssaceae), from which the semisynthetic 
analogues topotecan (18) and irinotecan (19) are derived. These compounds are 
potent anticancer agents widely used clinically throughout the world. CPT was dis-
covered and developed by the US National Cancer Institute (NCI) at about the same 
time and by the same group that were also working on taxol (Wall and Wani 1996).

All camptothecins have a pentacyclic structure, consisting of a quinolone ring 
(rings A and B), a pyridone ring (ring D), and a terminal ring α-hydroxy-δ-lactone 
(ring E), which has a chiral center on carbon C20. This five-ring structure is essen-
tial for activity, since a tetracyclic analogue of camptothecin was tested and consid-
ered inactive (Slichenmyer et al. 1993; Garcia-Carbonero and Supko 2002).

Unmodified CPT molecule exhibits very low solubility in aqueous media and is 
rapidly inactivated through hydrolysis of lactone ring (reversible in acidic media) at 
physiological pH, leading to a water-soluble carboxylate, an inactive form (Fassberg 
and Stella 1992). Unfortunately, tests with the water-soluble salt camptothecin-
sodium showed high toxicity, causing hemorrhagic cystitis and myelotoxicity 
(Gottlieb and Luce 1972; Moertel et al. 1972). After that, two water-soluble deriva-
tives of camptothecin were successfully developed (Hsiang et al. 1985) and approved 
by the US Food and Drug Administration: topotecan for ovarian and lung cancers 
(Herzog 2002) and irinotecan for colorectal cancer (Garcia-Carbonero and Supko 
2002). These semisynthetic derivatives have higher physicochemical stability and 
solubility at lower pH values, and did not cause hemorrhagic cystitis (Malonne and 
Atassi 1997). In contrast to the structurally related topotecan, irinotecan is a pro-
drug, which has to be converted by human hepatic carboxylesterase (CES) enzymes 
to 7-ethyl-10-hydroxycamptothecin (SN-38), its active form (Haaz et  al. 1998; 
Humerickhouse et al. 2000; Mathijssen et al. 2001). Other drugs have been devel-
oped from CPT and are the subject of clinical trials, for example belotecan, 9-ami-
nocamptothecin, exatecan, 9-nitrocamptothecin, and camptothecin glycoconjugates 
(Pizzolato 2003; Kim et al. 2015).
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Camptothecins are anticancer agents of category, which target the nuclear DNA 
topoisomerase I (TOP1), an essential human enzyme. CPTs act by binding to the 
TOP1 cleavage complex, leading to an accumulation of DNA strand breaks upon 
replication, causing apoptosis during the S phase of the cell cycle (Hsiang et al. 
1985; Hsiang et al. 1989).

C. acuminata is a woody tree commonly known as Xi Shu and Chinese Happy 
Tree. All parts of this plant species contain some amount of CPT which has the role 
to protect the plant against herbivores or pathogens (Adamovics et  al. 1979; 
Hartmann and Lipp 2006). The CPT level varies depending on the plant tissue, age 
of the tissue, and environmental conditions (Li et  al. 2002). The highest level is 
generally found in young leaves (about 4–5 mg/g dry weight) approximately 250% 
higher than in bark, which was previously used for CPT extraction (López-Meyer 
et al. 1994; Lorence and Nessler 2004).

CPT is also produced by other species of different families, e.g., Nothapodytes 
foetida (Aiyama et  al. 1988), Pyrenacantha klaineana (Zhou et  al. 2000), and 
Merrilliodendron megacarpum (Arisawa et  al. 1981) (Icacinaceae); Ophiorrhiza 
pumila (Saito et  al. 2001) (Rubiaceae); Ervatamia heyneana (Gunasekera et  al. 
1979) (Apocynaceae); and Mostuea brunonis (Dai et  al. 1999) (Gelsemiaceae). 
However, the major source of CPT is still via happy tree that is now rare in its native 
habitat in China. There is an estimative existence of only less than 4000 trees in the 
wild. Because of the popularity of CPT derivatives, it has been estimated that at 
least 100 million young happy trees will be needed to meet the demands (Lorence 
and Nessler 2004). Therefore, the extraction of CPT from limited natural plant 
resources may result in environmental concerns and hence cannot meet the expand-
ing demand of the market (Lorence and Nessler 2004; Sirikantaramas et al. 2007; 
Yamazaki et al. 2010; Kai et al. 2008, 2013, 2014). At present (2016) Sigma (Brazil) 
lists the price of CPT at US$ 1.371 per gram and for its derivative, topotecan, at US$ 
1.473 per 25 mg.

Due to low content of CPT in plants (about 1 mg/g dry weight (DW) (López- 
Meyer et al. 1994), it is very important to increase CPT production and develop 
sustainable methods to obtain CPT for clinical applications (Ni et  al. 2011; Cui 
et al. 2015). Some possible ways are through clonal propagation of elite cultures, 
and by the repeated harvest of only Xi Shu young leaves (Davis et al. 2011). Another 
promising approach is the use of plant biotechnology, which may provide the way 
for enhancement of CPT production by transferring key CPT biosynthetic genes 
(and/or transcript factor) into CPT-producing plant cell, and then large-scale culture 
of transgenic cell lines, hairy roots, or regenerated plants to obtain CPT (Cui et al. 
2015; Kai et al. 2015).

 New Potential Anticancer Drugs from Plants

The plant kingdom, specially the higher plants as angiosperms, has an important 
metabolism capable to produce a great variety of compounds with potential to be 
used by pharmaceutical industries to get new and innovative medicines: the ability 
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to produce substances that in some cases are impossible to be synthesized in labo-
ratories probably due to the presence of specific enzymes catalyzing the reaction in 
the metabolic pathway.

According to the papers and books published every year, we know that less than 
one-third of all higher plants in the world have been studied to identify the possible 
drugs. According to Veeresham (2012), only 35,000–70,0000 plant species have 
already been studied for the medicinal use. It has been estimated that there are 
around 270 thousand plants in the world. Hence, the potential to discover new drugs 
that can be used to produce medicines is extremely high. Regarding anticancer 
drugs, many studies have shown so many possibilities to new drugs that can be used 
to treat this problem. Some of these compounds are in clinical trial steps and can be 
approved by drug agencies in the next few years.

Combretastatin A4 was isolated from the ornamental plant Combretum caffrum 
and has shown the ability to inhibit the microtube polymerization of cancer cells. It 
is a phenolic secondary metabolite of stilbene group that has a C6C2C6 skeleton. 
This substance has a potential to be used as a cytotoxic against different types of 
cancer, including the multidrug resistance; however it (also analogues) has a low 
water solubility and low bioavailability that are limitations to the development of 
anticancer medicines. Further studies are required to understand the relationships 
between structure activities to solve the solubility and bioavailability issues (Marrelli 
et al. 2011; Dall’Acqua 2014).

Curcumin is another phenolic secondary metabolite isolated from rhizome of 
Curcuma longa, used in traditional Asian cuisine. The powder of this rhizome is 
known as turmeric preparation. According to the World Health Organization, cur-
cumin might be related to the low rates of colorectal, lung, and prostate cancers in 
India. This compound is still in clinical trials to prove its effectiveness and safety 
(Dahmke et al. 2014).

In vitro and in vivo tests have shown the anticancer action of green tea from 
Camellia sinensis and one of its main constituents: epigallocatechin-3-gallate in 
several different tumor cell models. However, further studies are needed to approve 
their use as anticancer drugs (Rahmani et al. 2015).

Many plants and their secondary or even primary metabolites show a role in 
inhibition of the development of cancer cells but it is important to know that a sub-
stance should have studied, including preclinical and clinical trials, and also 
approved by a drug agency to be used as a drug.

 Conclusions

Medicinal plants have proved to be a source of innumerous substances with thera-
peutic potential. Even with the modern ways to get synthetic drugs, the plants are 
still studied with the aim to find out new drugs. Among the anticancer drugs, there 
are many compounds isolated from plant species that have the ability to prevent or 
treat some kind of cancer cells, highlighting the alkaloids from vinca, taxol, 
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epipodophyllotoxin, camptothecin, and their semisynthetic or synthetic derivatives. 
Many other compounds are now in clinical trial to attest its efficiency and safety. 
Facing the new challenges to design new drugs that can be used to treat multidrug- 
resistant cancers, plants represent one of the ways to discover new anticancer drugs.
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Chapter 6
Cambial Meristematic Cells: A Sustainable 
Platform for the Production of Plant-Derived 
Anticancer Drugs

Verity I.P. Loake and Marisol Ochoa-Villarreal

Abstract For centuries, man has looked toward nature as a means to ameliorate a 
plethora of health conditions. Natural products (NPs), in particular those from plants, 
have proven to be a vital source of pharmaceuticals as in the case of the well- established 
anticancer drug, paclitaxel and the emerging ginsenoside triterpenoids. However, 
plant sources of high-value NPs can often be slow growing and are rarely domesti-
cated and the target molecules are typically found in only low concentrations. 
Numerous strategies have been implemented for the production of these high- value 
molecules, including natural harvest from the source plant, total chemical synthesis or 
semi-synthesis from a more abundant precursor. Currently, plant cell culture arguably 
offers the most sustainable, robust, controllable and environmentally friendly plat-
form to produce NPs for the pharmaceutical industry. In this context, the isolation of 
cambial meristematic cells (CMCs) and their potential utility to produce key antican-
cer drugs may serve to overcome some of the limitations previously associated with 
production of pharmaceuticals from traditional dedifferentiated plant cells (DDCs).

Keywords Anticancer drugs • Plant cell culture • Plant natural products • Secondary 
metabolites • Cambial meristematic cells • Plant stem cells

 Introduction

For millennia, the chemical cornucopia found in the natural world has been harnessed 
to provide treatment for numerous ailments. Many plants, fungi, animals and marine 
invertebrates have been used in traditional medicine as herbal extracts, which has 
played an important role in the culture and history of different civilizations, often 
underpinning significant advances in medical science. To date, approximately 200,000 
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NPs have been identified (Fiehn 2002) and a number of these have been utilised as 
anti-inflammatory, antioxidant and antibacterial agents, among others. However, 
NPs have perhaps been most prominent in providing numerous blockbuster 
 anticancer drugs.

Approximately, 70% of anticancer drugs approved from 1981 to 2010 were 
either natural products or derivatives thereof (Newman and Cragg 2012; Cragg and 
Newman 2013; Newman and Cragg 2007). The vast chemical diversity of plants, 
driven by the evolution of a profusion of secondary metabolites, offers an abundant 
source of potential pharmaceuticals, superior in complexity to that achieved by 
combinatorial chemistry. Recently, combinatorial chemistry has chiefly been 
employed by pharmaceutical companies to create chemical libraries to underpin the 
search for new lead compounds. However, the relative number of drug leads discov-
ered and approved has been falling. This has primed a renaissance of NP screening 
with potential drug targets (Dias et al. 2012; Cragg and Newman 2005). However, 
exploiting the potential of plant-derived NPs for biomedical applications is often 
limited by insufficient quantities of the target molecule. Here we outline alternative 
routes for the production of NPs including extraction from the source plant, total 
chemical synthesis and semi-synthesis. Significantly, we highlight the great poten-
tial of plant cell culture in this space, especially the utility of cambial meristematic 
cells (CMCs) for the production of anticancer drugs.

 Plants as a Source of Anticancer Drugs

Currently, 25% of the drugs on the market are plant-derived (Amin et al. 2009). 
Further, 10% of the World Health Organisation’s list of essential medicines are 
obtained directly or indirectly from plants. These include the anticancer vinca alka-
loids, vincristine and vinblastine, isolated from the Madagascar periwinkle, 
Catharanthus roseus. Especially prominent is paclitaxel, isolated from various 
Taxus species (yew trees), podophyllotoxin from Podophyllum species and campto-
thecin from Camptotheca acuminata (Fig.  6.1). All these molecules are derived 
from plant secondary metabolism, the evolution of which has been largely driven by 
environmental stresses, insect predation or attempted microbial infections 
(Miresmailli and Isman 2014; Wu and Chappell 2008). Typically, most plant NPs 
are produced in very low amounts (<0.1% of dry weight) and are often tissue, spe-
cies and developmental state specific. Some of these NPs are produced through 
complex biosynthetic routes in a wide variety of different structures with different 
complexities (Oksman-Caldentey and Inzé 2004). It has been estimated that from 
750,000 species of known higher plants a mere 2% have been screened for biologi-
cal activities. Therefore, there is still an immense source of NPs to potentially 
exploit from plants, which may provide a continuing supply of anticancer mole-
cules. In this context, the fair and equitable sharing of benefits arising out of the 
utilisation of such plant-based natural products has been enshrined in the Nagoya 
Protocol, agreed by 86 UN member states and active since 2014.
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 Extraction of Natural Products from the Source Plant

The extraction of target NPs from the source plant is the first step and sometimes the 
longer term strategy to isolate the target molecule. The accumulation of these sec-
ondary metabolites can be highly variable according to the source, location, harvest 
season and environmental conditions. Typically, the source plant is not domesti-
cated and often their wild population may be limiting and/or difficult to access. The 
flexibility of a plant to grow in a wider range of areas may be advantageous to 
increase the extent of cultivation. In this aspect, C. roseus, the source of the antican-
cer molecules vincristine and vinblastine, native to Madagascar, has been cultivated 
widely (Cragg and Newman 2005). Another limitation associated with the extrac-
tion of the NPs is the slow growth rate of some plant species, for example, Taxus 
species, the source of the anticancer drug, paclitaxel. It can take more than 30 years 
to grow a mature Taxus tree (Miresmailli and Isman 2014).

 Total or Semi-synthesis of Target Natural Product

An alternative strategy for the production of NPs for drugs is total chemical synthe-
sis. This is advantageous when the NP molecule is relatively simple with no compli-
cated structure, such as either acetyl salicylic acid (aspirin) or ephedrine, utilized to 
prevent low blood pressure during spinal anaesthesia. However, many NPs have 
chiral centres with region-specific and stereo-specific properties necessary for their 
biological function (Wu and Chappell 2008), making chemical synthesis both dif-
ficult and often commercially unprofitable (Oksman-Caldentey and Inzé 2004). 

Fig. 6.1 Plant natural products used as anticancer. (a) Vincristine from Catharanthus roseus; (b) 
paclitaxel from Taxus spp.; (c) podophyllotoxin from Podophyllum peltatum, and (d) camptothecin 
from Camptotheca acuminata
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Complete chemical synthesis has been achieved for some high-value NPs such as 
paclitaxel (Holton et al. 1994a; Holton et al. 1994b; Nicolaou et al. 1994) and vin-
cristine (Yokoshima et al. 2002). However, this strategy has proved to be economi-
cally unviable as it produces low yields, involves multiple chemical steps and 
generates several toxic by-products (Guo et  al. 2006). While the total synthesis 
strategy is unlikely to produce sufficient amounts of complex NPs, knowledge 
gleaned in this space has sometimes underpinned the development of synthetic ana-
logues. This is the case of docetaxel, an esterified product of 10-deacetyl-baccatin 
III, a paclitaxel precursor, which is an FDA-approved anticancer drug.

The production of NPs using semi-synthesis may circumvent the disadvantages 
presented by total chemical synthesis. In this strategy, a more abundant precursor is 
harvested from its natural source followed by a series of chemical reactions to pro-
duce the final target molecule. This production route still relies on extraction from 
plant sources and often generates toxic chemical waste products (Wu and Chappell 
2008). Despite this, semi-synthesis is often more economically viable than total 
chemical synthesis, especially for more complex molecules. For instance, a semi- 
synthesis process is used to produce irinotecan and topotecan, two analogues pro-
duced from the natural anticancer camptothecin. Other examples include the 
semi-synthetic etoposide, utilised for chemotherapy against Kaposi’s sarcoma and 
teniposide, employed in the treatment of childhood acute lymphocytic leukaemia. 
Both of these anticancer molecules are produced from a biochemical precursor iso-
lated from Podophyllum emodi, native to India and Pakistan (Cragg et al. 1995). 
This strategy is also used for the production of paclitaxel, in which a more abundant 
precursor, 10-deacetyl-baccatin III, is harvested (Howat et al. 2014).

 Plant Cell Culture as a Platform for the Production 
of Anticancer Compounds

Plant cell culture (PCC) is a well-established platform used to produce NPs. This 
technology provides several advantages over natural harvest, total chemical synthe-
sis or semi-synthesis, especially for complex molecules with multiple chiral centres 
(Roberts 2007). PCC is an environmentally friendly alternative that does not limit 
the production of an NP by seasonal availability (Rao and Ravishankar 2002). The 
production of NPs by PCC can also potentially alleviate the loss of plant biodiver-
sity, especially for endangered wild populations (Roberts 2007; Wilson and Roberts 
2012). Strikingly higher rates of biomass production can also be obtained in com-
parison to whole-plant cultivation given that the doubling time in PCC for some 
species is less than 24 h (Xu et al. 2011). Importantly, NP production by PCC can 
be undertaken under stringent Good Manufacturing Practice (GMP) conditions 
enabling the consistent synthesis of a high-quality product. Further, PCC facilitates 
efficient downstream purification processes, especially when the target NPs are 
secreted into the culture medium (Davies and Deroles 2014). PCC also offers high 
levels of containment enabling the possible application of gene editing technologies 
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to increase yields. This production strategy also does not utilize farmland that could 
be employed for food cultivation and also decreases the use of water resources asso-
ciated with contemporary agricultural production and plant nursery regimes.

PCC has been used in the production of several NPs and significantly some high- 
value anticancer drugs such as terpenoid indole alkaloids from C. roseus (Pasquali 
et al. 2006), taxanes from Taxus species (Tabata 2006; Malik et al. 2011), podophyl-
lotoxin from Podophyllum species (Yousefzadi et al. 2010) and camptothecin from 
C. acuminata (Pi et al. 2010). The commercial development of PCC is now rapidly 
accelerating. Recent advances in the selection of high- performing cell lines, culture 
optimisation, use of improved and disposable bioreactors for scale-up and secretion 
and extraction of NPs (Ochoa-Villarreal et al. 2016) have all supported significant 
advances in PCC. There are currently seven PCC companies that produce commer-
cial pharmaceutical products; some of the NPs synthesised include the anticancer 
drugs berberine, paclitaxel and podophyllotoxin (Wilson and Roberts 2012).

 Generation of Dedifferentiated Cells for PCC

PCC can potentially be originated from any part of the plant, but traditionally 
embryos, roots and shoots have been utilised. The explants when placed in a medium 
solution with phytohormones generate a dedifferentiated cluster of cells. These dedif-
ferentiated cells (DDCs) are considered totipotent due to their ability to regenerate a 
complete plant (Thorpe 2012). The DDCs originate a callus that can be placed in a 
liquid medium to create suspension cultures. These suspension cultures can be indef-
initely maintained in a generally dedifferentiated state by using the phytohormones 
auxin and cytokinin. The generation of DDCs is not a simple reversal of the dedif-
ferentiation process; it drives many changes in plant cells. This process results in the 
mitotic activation of the specialised cells into a multicellular heterogeneous mixture 
of proliferating cells (Grafi et al. 2007), resulting in genetic and epigenetic modifica-
tions (Roberts 2007; Grafi et al. 2007; Sugimoto et al. 2010). The resulting suspen-
sion cells characteristically show low and inconsistent NP yields (Roberts 2007).

The production of NPs is inversely related to cell growth. This growth inhibition 
during the stationary phase is associated with the production of enzymes related to 
secondary metabolism. Therefore, a two-phase system to produce NPs is often 
deployed (Malik et  al. 2012). The first medium supports an increase in biomass 
while the second enables NP synthesis. Generally, a decrease in the carbon/nitrogen 
ratio, elimination of phytohormones such as the auxin, 2,4-D, a reduction in phos-
phate levels or a change in sugar levels may also support an increase in NP produc-
tion (Bhojwani and Dantu 2013).

An important limiting factor for the commercial exploitation of plant suspension 
cultures is their tendency to form large aggregates. These clusters originate as the 
plant cells divide and with cells becoming linked together by the middle lamella of 
the cell wall, a pectin-rich polymer that binds to the new divided cells, forming large 
aggregates from 100 μm to 2 mm (Kolewe et al. 2008). The formation of clusters 
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results in a high degree of variation in the cultured cells, resulting from exposure to 
heterogenous microenvironments where oxygen and nutrients are not evenly dis-
tributed (Naill and Roberts 2004). As a consequence, such suspension cells often 
exhibit decreased yields of the target NP.

 Isolation and Characterisation of Cambial Meristematic Cells

The isolation, culture and characterisation of cambial meristematic cells (CMCs) 
are exciting developments in PCC, with these cells providing an attractive platform 
for the production of NPs (Lee et  al. 2010). CMCs are innately undifferentiated 
cells that function as plant stem cells (Lee et al. 2010; Ochoa-Villarreal et al. 2015). 
The deployment of CMCs circumvents the dedifferentiation process previously 
associated with the generation of DDCs. These undifferentiated cells are isolated 
from the vascular cambium (Ye 2002). CMCs are defined by their abundant vacu-
oles, dense cytoplasm and thin cell walls (Frankenstein et al. 2005).

CMCs were first isolated from Taxus cuspidata, where paclitaxel biosynthesis is 
most conspicuous within the region containing these cells (Strobel et al. 1993). A 
recently developed twig was first collected from a wild yew, T. cuspidata. 
Subsequently, tissue that contained cambium, phloem, cortex and epidermis was 
peeled from the xylem. The resulting tissue was then cultured and actively prolifer-
ating cambium cells could be gently separated from the DDCs derived from phloem, 
cortex and epidermis. This mass of proliferating cells was morphologically distinct 
from adjacent DDCs. The production of CMCs from other plant species suggests 
that this technology has broad utility (Moon et al. 2015).

Microscopic evaluation of CMCs revealed small spherical abundant vacuoles 
that are characteristic of the vascular cambium. In contrast, DDCs have a single 
large vacuole typical of plant cells. The vascular cambium is typically composed of 
two forms: fusiform initials that produce traqueary elements and xylary fibres and 
ray initials that produce ray parenchyma cells (Ye 2002). CMCs were able to 
 differentiate a high frequency into traqueary elements in response to inductive 
cues. The response of CMCs to ionising radiation was also evaluated. Stem cells 
are sensitive to programmed cell death triggered by ionising radiation to protect 
genome integrity within this pivotal cell type (Fulcher and Sablowski 2009). In 
CMCs exposure to γ-radiation triggered a high level of rapid programmed cell 
death, in contrast with little cell death in DDCs (Lee et al. 2010). In a similar fash-
ion, CMCs exhibited rapid programmed cell death in response to the drug zeocin, 
unlike DDCs (Chankova et al. 2007). In addition, a combination of next-generation 
sequencing transcriptomics was utilised to confirm the identity of CMCs (Lee et al. 
2010). The procambium marker, phloem intercalated with xylem (PXY) gene, 
encodes for a receptor-like kinase (RLK) whose function is to maintain cell polar-
ity and orientation of cell division in the vascular cells (Fisher and Turner 2007). 
The expression of the PXY was clearly higher in CMCs, in comparison to DDCs. 
Another procambium marker, wooden leg (WOL), which encodes a two-component 
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histidine kinase expressed in the cambium, was also up-regulated in CMCs. These 
experiments are consisted with the stem cell-like nature of the isolated CMCs.

 Advantages of CMCs for Production of Anticancer Molecules

The performance of CMCs with respect to growth and production of the target high- 
value molecule was strikingly superior to that of the DDCs. Following growth on 
solid media with subcultures every 2 weeks for 22 months, the dry cell weight (dcw) 
of T. cuspidata CMCs was 1250 g. By contrast, T. cuspidata embryo- or needle- 
derived DDCs produced a total of 0.32 and 0.41 g dcw, respectively. Aggregation of 
plant cells within suspension cultures is a common feature which decreases the sup-
ply of oxygen and nutrients within the cell cluster, thereby decreasing NP biosyn-
thesis (Joshi et al. 1996). In this context, the reduced aggregation size of CMCs, 
between 2 and 3 cells per cluster, in contrast to the large cell aggregates typically 
found in DDCs, represents a significant advantage for the culture of these cells. Cell 
aggregation also promotes sensitivity to shear stress especially when cells are cul-
tured within a bioreactor (Joshi et al. 1996). Shear stress often constitutes a signifi-
cant limitation for the scale-up of plant suspension cells. When cultured in a 10 L 
stirred tank bioreactor T. cuspidata CMCs were considerably less sensitive to shear 
stress than DDCs derived from this plant species. Presumably, this increased shear 
stress resistance exhibited by CMCs is a consequence of reduced aggregation, abun-
dant small vacuoles and thinner cell walls.

 Enhanced Elicitation of Natural Product Biosynthesis 
in CMCs

The addition of microbial extracts or endogenous plant immune activators, so-called 
elicitors, is a well-established strategy to trigger the biosynthesis of a target NP 
(Pauwels et al. 2009), as many of these molecules are integral to the plant defence 
response against microbes and insects. The application of the elicitor, methyl jas-
monate (MeJA), to T. cuspidata CMCs increased the production of paclitaxel by 
14,000% (Lee et al. 2010), in comparison with 220 and 433% of needle- or embryo-
derived DDCs, respectively. Thus, CMCs are significantly more sensitive to elicita-
tion than traditional DDCs.

The advantages of CMCs with respect to DDCs for plant cell suspension culture 
facilitate significant benefits during the scale-up from laboratory to commercial lev-
els of production. After 10 days elicitation with MeJA, using a 3 L airlift bioreactor 
T. cuspidata CMCs, produced 98 mg/kg of fresh cell weight (fcw) compared with 
only 11 and 13 mg/kg of fcw of needle- or embryo-derived DDCs. Similar results 
were found when using a 20 L airlift bioreactor. With respect to paclitaxel produc-
tion, while T. cuspidata DDCs produced no measurable levels of this molecule 

6 Cambial Meristematic Cells: A Sustainable Platform for the Production…



150

under these conditions, CMCs produced 268 mg/kg of paclitaxel (Lee et al. 2010). 
Interestingly, most of this synthesised paclitaxel was released into the culture media. 
Secretion of the target NP into the culture medium is an important aspect in PCC 
because it facilitates the facile purification of the final product (Wilson and Roberts 
2014). Collectively, CMCs therefore provide an attractive alternative to produce 
NPs, especially those with a complex structure such as paclitaxel.

 Utility of CMCs for Paclitaxel Production

Paclitaxel was discovered during a major bio-screening program initiated by the 
National Cancer Institute (CNI) between the years 1958 and 1980, in which more 
than 110,000 plant-derived compounds were examined for anticancer activity 
(Kingston 2000; He et al. 2000). The history has been addressed in many reviews 
(Wilson and Roberts 2012; Patel 1998; Mountford 2010), which describe the monu-
mental effort undertaken by many scientific groups and organisations from the dis-
covery of a potentially antitumour agent to the development and its commercialisation 
for cancer treatment. Paclitaxel has been approved by the FDA for the treatment of 
many diseases including breast, ovarian and lung cancer, AIDS-related Kaposi’s sar-
comas and coronary artery disease in over 50 countries (Mountford 2010). The diter-
penoid paclitaxel belongs to the class of mitotic disrupter anticancer drugs. Its 
mechanism of action is based on the stabilisation of the microtubule network, block-
ing the cell cycle-inducing apoptosis in affected cells (Manfredi et al. 1982). The core 
structure of paclitaxel contains four tetracyclic rings with numerous functional groups 
including hydroxyl and benzoyl acetyl groups and an oxetane ring. The antitumor 
activity of paclitaxel is mainly due to the C13 side chain (Kingston 2000). The inter-
action of the C3’ amide-acyl group in the C13 chain and the hydroxyl group at C2’ 
with β-tubulin of the microtubule produces cytotoxicity and microtubule stabilisation 
(He et al. 2000), blocking the cell cycle at the G2/M phase (Schiff and Horwitz 1980).

Paclitaxel was first obtained from the inner bark of Taxus brevifolia (Pacific yew) 
(Wani et al. 1971), and has subsequently been identified in the 12 known Taxus spe-
cies which are distributed throughout the northern hemisphere. It accumulates in 
very low concentrations (about 0.001–0.05% of dry weight) and its natural extrac-
tion is both expensive and not environmentally friendly (Roberts 2007). For instance, 
it is necessary to take 10,000 kg of Taxus bark or 3000 yew trees to produce 1 kg of 
paclitaxel (Patel 1998). Further, one cancer patient needs approximately 3  g of 
paclitaxel per treatment (Malik et al. 2011). Despite this, in China paclitaxel contin-
ues to be traditionally harvested from Taxus chinensis (Malik et al. 2011).

Paclitaxel can be chemically synthesised but the method is far from being eco-
nomically feasible (Holton et al. 1994a, 1994b; Nicolaou et al. 1994; ). Instead, a 
semi-synthesis process was developed to deal with the increasing demand for this 
molecule. The process requires a precursor, 10-deacetyl-Baccatin III, which is 
subjected to a series of 11 chemical transformations, using 13 different solvents 
and some steps that require cryogenic temperatures, to produce paclitaxel 
(Mountford 2010).
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In past decades, significant effort has been focused on the biotechnological pro-
duction of paclitaxel based on PCC. A number of research groups have extensively 
investigated the optimisation of this process. This involved comparing paclitaxel 
production among a variety of different Taxus species, optimisation of culture con-
ditions including media composition, selection of high-yielding cell lines, develop-
ment of a two-stage culture system, cell immobilisation strategies, in situ product 
removal, use of different adsorbants and addition of precursors and elicitors (Wilson 
and Roberts 2012; Tabata 2006; Malik et  al. 2011; Cusido et  al. 2014; Expósito 
et al. 2009; Vongpaseuth and Roberts 2007; Sabater-Jara et al. 2010). Many elicitors 
have been used to increase paclitaxel production in PCC (Malik et  al. 2011; 
Vongpaseuth and Roberts 2007); however, the immune-activator methyl jasmonate 
(MeJA) is thought to be most effective (Mirjalili and Linden 1996). Reported values 
for T. cuspidata treated with MeJA show a range from 20 to 84 mg/kg fcw of pacli-
taxel (Mirjalili and Linden 1996). In 2002, Bristol-Myers Squibb, one of the main 
paclitaxel suppliers, switched production methods entirely from the semi- synthetic 
route to PCC, for environmental and safety reasons (Mountford 2010). Presently, 
two companies have established PCC for profitable paclitaxel production, Phyton 
Biotech in the USA and Samyang Genex in Korea (Nosov 2012).

Significantly, some of the main problems associated with the employment of cell 
suspension cultures of traditional DDCs, including low paclitaxel yield, slow rate of 
growth, extensive cell aggregation, relative insensitivity to elicitation and susceptibil-
ity to shear stress, were all largely overcome with CMCs from T. cuspidata (Table 6.1). 
Thus, the use of CMCs provides an attractive technology platform for the production 
of paclitaxel and potentially other important plant-derived anticancer drugs.

Several paclitaxel biosynthetic genes have been expressed functionally in 
Saccharomyces cerevisiae and employed to establish a five-step biosynthesis of the 
paclitaxel intermediate taxadiene, the first committed paclitaxel intermediate, pro-
ducing 0.85 mg/L (DeJong et al. 2006; Engels et al. 2008). Furthermore, efforts are 
also being undertaken to establish paclitaxel production in Escherichia coli (Huang 
et al. 2001). More recently, the production of taxadiene has been increased towards 
1 g/L in this microbe. This was achieved by partitioning taxadiene biosynthesis into 
two modules: a native upstream methylerythritol-phosphate pathway forming iso-
pentenyl pyrophosphate and a heterologous downstream terpenoid-forming path-
way (Ajikumar et al. 2010). However, there is still a long way to go to move from 
the production of the intermediate, taxadiene, to the end product, paclitaxel, and 
many obstacles remain. Significantly, the full list of enzymes responsible for pacli-
taxel biosynthesis remains to be determined. Also, many of the enzymes involved 
are P450s, which are notoriously difficult to express in heterologous microbial 
hosts, especially E. coli. Further, even if paclitaxel could be produced, it is likely the 
titres of this molecule would not be high enough to make this process economically 
viable. Industrial scale bioproduction requires a level of approximately >50 g/L, 
which is far from the less than 1  g/L for even taxadiene. So while promising, 
 synthetic biology as a route to the production of plant-derived anticancer drugs cur-
rently remains in the developmental stage.
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 CMCs as a Platform for Ginsenoside Production

Panax meaning “all-healing” in Greek, shares the same origin as “panacea“ and was 
applied to this genus because the Swedish botanist Linnaeus, the developer of the 
binomial nomenclature system, was well informed of the utility of this plant to tra-
ditional Chinese medicine. Further, the name ginseng comes from the Chinese 
words “Jen Sheng”, meaning “man-herb”, because of the humanoid shape of the 
root or rhizome of the plant, which is most commonly consumed.

Ginsenosides, triterpene saponins, are the major pharmacologically active mol-
ecules of P. ginseng. Ginsenosides Rg1, Rc, Rd, Re, Rb1, Rb2 and Rb0 are quan-
titatively the most important. Pharmaceutical activities associated with ginseng 
include anticancer, antioxidant and neuroprotection (Leung and Wong 2010; 
Keum et al. 2000).

P. ginseng is one of the most valuable oriental plants used in traditional Chinese 
medicine. The collection of rare wild mountain P. ginseng can be a lucrative activity 
with single plants often selling for $10,000 or more. Not surprisingly, this endeav-
our has driven the wild P. ginseng populations to the point of extinction. Thus, most 
P. ginseng is obtained by field cultivation. However, under these conditions the lev-
els of ginsenosides are typically low, constituting one of the major hurdles that 
needs to be addressed in order to advance applications of ginsenosides. The use of 
PCC for the production of ginsenosides therefore constitutes an attractive alterna-
tive for the cost-effective and sustainable production of ginsenosides.

Table 6.1 Comparison of parameters evaluated for paclitaxel production in CMCs and DDCs

Properties evaluated CMCs
DDCs
Needle derived Embryo derived

Dry cell weighta 1250 g 0.32 g 0.41 g

Aggregate sizeb 95% <0.5 mm 60% >3 mm 50% >3 mm

30% 1–3 mm 38% 1–3 mm

8% 0.5–1 mm 7% 0.5–1 mm

2% <0.5 mm 5% <0.5 mm

Paclitaxel yieldc 102 mg/kg 23 mg/kg 39 mg/kg

Paclitaxel yieldd 3 L airlift bioreactor 98 mg/kg 11 mg/kg 13 mg/kg

Paclitaxel yielde 3 L perfusion bioreactor 264 mg/kg 6 mg/kg 10.8 mg/kg

Paclitaxel yieldf 20 L airlift bioreactor 268 mg/kg n.d. n.d.

Modified from Lee et al. (2010)
n.d.: Not detected
aGrowth of CMCs and DDCs on solid media after 22 months of isolation
bAggregation size in suspension culture
cPaclitaxel production 10 days after elicitation, 3-month-old cell suspension, following batch cul-
ture in a flask format
dPaclitaxel yield 10 days after elicitation of the indicated 6-month-old repeatedly subcultured cell 
suspensions, after batch culture in a 3 L airlift bioreactor
ePaclitaxel production following 45 days of perfusion culture
fPaclitaxel production following elicitation of 28-month-old in a 20 L airlift bioreactor
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In this context, CMCs from wild mountain ginseng have therefore been isolated, 
cultured and characterised (Lee et al. 2010). As expected, these P. ginseng CMCs 
outperformed related DDCs with respect to growth under various formats and syn-
thesis of the active NP.  Following culture in a 3  L airlift bioreactor, P. ginseng 
CMCs produced 791 and 4425 mg/kg fcw of ginsenosides F2 and gypenoside XVII, 
respectively. Significantly, this is 23.8- and 24.1-fold more ginsenosides F2 and 
gypenoside XVII, respectively, than previously reported sources (Lee et al. 2010). 
In addition, P. ginseng CMCs also produce high levels of the major ginsenosides. 
For example, the levels of Rb1 and Rc produced were 19.7 and 7.14  mg/g fcw 
(Ochoa-Villarreal et al. 2015). Therefore, P. ginseng CMCs also provide an effec-
tive and sustainable platform for the commercial production of ginsenosides.

 Conclusion

Plants represent a vast source of NPs with a high degree of diverse chemical structures. 
Recently, there has been renewed interest in drug screening using plant NPs, as librar-
ies of molecules synthetised by combinatorial chemistry have not delivered the 
expected burst of new drugs. The production of plant NPs for the pharmaceutical 
industry harnesses chemical synthesis or semi-synthesis technology, when the target 
molecules are simple and easy to produce such as ephedrine and acid acetylsalicylic. 
PCC technology represents an excellent alternative platform for the production of 
complex NPs with multiple chiral centres such as paclitaxel. However, traditional 
DDCs also have significant limitations for the synthesis of NPs. Instability of product 
yield, high levels of cell aggregation and sensitivity to shear stress represent significant 
obstacles. In this context, CMCs, innately undifferentiated cells, circumvent many of 
the current problems associated with the use of DDCs. Thus, CMCs may provide a 
route for the robust, sustainable and cost-effective production of plant anticancer 
drugs. In addition, the use of CMCs in combination with new advances in PCC tech-
nology (Ochoa-Villarreal et al. 2016) offers exciting future opportunities in this space.

Acknowledgments M.O.V. is supported by a scholarship from CONACYT, Mexico.

References

Ajikumar PK, Xiao W-H, Tyo KEJ, Wang Y, Simeon F, Leonard E et al (2010) Isoprenoid pathway 
optimization for taxol precursor overproduction in Escherichia coli. Science 330(6000): 
70–74

Amin A, Gali-Muhtasib H, Ocker M, Schneider-Stock R (2009) Overview of major classes of 
plant-derived anticancer drugs. Int J Biomed Sci 5(1):1–11

Bhojwani SS, Dantu PK (2013) Production of industrial phytochemicals. In: Plant tissue culture: 
an introductory text, 1st ed. Springer India. pp 275–286

6 Cambial Meristematic Cells: A Sustainable Platform for the Production…



154

Chankova SG, Dimova E, Dimitrova M, Bryant PE (2007) Induction of DNA double-strand breaks 
by zeocin in Chlamydomonas reinhardtii and the role of increased DNA double-strand breaks 
rejoining in the formation of an adaptive response. Radiat Environ Biophys 46(4):409–416

Cragg GM, Newman DJ (2005) Plants as a source of anti-cancer agents. J  Ethnopharmacol 
100(1–2):72–79

Cragg GM, Newman DJ (2013) Natural products: a continuing source of novel drug leads. Biochim 
Biophys Acta 1830(6):3670–3695

Cragg PGM, Boyd MR, Schepartz SA (1995) Pharmaceutical prospecting and the potential for 
pharmaceutical crops. Natural product drug discovery and development at the United States 
National Cancer Institute. Ann Mo Bot Gard 82:47–53

Cusido RM, Onrubia M, Sabater-Jara AB, Moyano E, Bonfill M, Goossens A et al (2014) A ratio-
nal approach to improving the biotechnological production of taxanes in plant cell cultures of 
Taxus spp. Biotechnol Adv 32(6):1157–1167

Davies KM, Deroles SC (2014) Prospects for the use of plant cell cultures in food biotechnology. 
Curr Opin Biotechnol 26:133–140

DeJong JM, Liu Y, Bollon AP, Long RM, Jennewein S, Williams D et al (2006) Genetic engineering 
of taxol biosynthetic genes in Saccharomyces cerevisiae. Biotechnol Bioeng 93(5):212–224

Dias DA, Urban S, Roessner U (2012) A historical overview of natural products in drug discovery. 
Metabolites 2(2):303–336

Engels B, Dahm P, Jennewein S (2008) Metabolic engineering of taxadiene biosynthesis in yeast 
as a first step towards taxol (paclitaxel) production. Metab Eng 10(3–4):201–206

Expósito O, Bonfill M, Moyano E, Onrubia M, Mirjalili MH, Cusidó RM et  al (2009) 
Biotechnological production of taxol and related taxoids: current state and prospects. Anti 
Cancer Agents Med Chem 9(1):109–121

Fiehn O (2002) Metabolomics—the link between genotypes and phenotypes. Plant Mol Biol 
48(1–2):155–171

Fisher K, Turner S (2007) PXY, a receptor-like kinase essential for maintaining polarity during 
plant vascular-tissue development. Curr Biol 17(12):1061–1066

Frankenstein C, Eckstein D, Schmitt U (2005) The onset of cambium activity—a matter of agree-
ment? Dendrochronologia 23(1):57–62

Fulcher N, Sablowski R (2009) Hypersensitivity to DNA damage in plant stem cell niches. Proc 
Natl Acad Sci U S A 106(49):20984–20988

Grafi G, Ben-Meir H, Avivi Y, Moshe M, Dahan Y, Zemach A (2007) Histone methylation controls 
telomerase-independent telomere lengthening in cells undergoing dedifferentiation. Dev Biol 
306(2):838–846

Guo BH, Kai GY, Jin HB, Tang KX (2006) Taxol synthesis. Afr J Biotechnol 5:15–20
He L, Jagtap PG, Kingston DGI, Shen H-J, Orr GA, Horwitz SB (2000) A common Pharmacophore 

for taxol and the Epothilones based on the biological activity of a taxane molecule lacking a 
C-13 side chain. Biochemistry 39(14):3972–3978

Holton R, Somoza A, Kim C, Liang HB, Biediger F, Boatman RJ, Shindo PD, Smith M, Kim CC, 
First S (1994a) Total synthesis of taxol. 2. Completion of the C and D rings. J Am Chem Soc 
116(4):1599–1600

Holton R, Somoza A, Kim C, Liang HB, Biediger F, Boatman RJ, Shindo PD, Smith M, Kim CC, 
First S (1994b) Total synthesis of taxol. 1. Functionalization of the B ring. J Am Chem Soc 
116(4):1597–1598

Howat S, Park B, Oh IS, Jin Y-W, Lee E-K, Loake GJ (2014) Paclitaxel: biosynthesis, production 
and future prospects. New Biotechnol 31(3):242–245

Huang Q, Roessner CA, Croteau R, Scott AI (2001) Engineering Escherichia coli for the synthesis 
of taxadiene, a key intermediate in the biosynthesis of taxol. Bioorg Med Chem 9(9):2237–2242

Joshi JB, Elias CB, Patole MS (1996) Role of hydrodynamic shear in the cultivation of animal, 
plant and microbial cells. Chem Eng J Biochem Eng J 62(2):121–141

Keum Y-S, Park K-K, Lee J-M, Chun K-S, Park JH, Lee SK et al (2000) Antioxidant and anti- 
tumor promoting activities of the methanol extract of heat-processed ginseng. Cancer Lett 
150(1):41–48

V.I.P. Loake and M. Ochoa-Villarreal



155

Kingston DGI (2000) Recent advances in the chemistry of taxol. J Nat Prod 63:726–734
Kolewe ME, Gaurav V, Roberts SC (2008) Pharmaceutically active natural product synthesis and 

supply via plant cell culture technology. Mol Pharm 5(2):243–256
Lee E-K, Jin Y-W, Park JH, Yoo YM, Hong SM, Amir R et al (2010) Cultured cambial meristematic 

cells as a source of plant natural products. Nat Biotechnol 28(11):1213–1217
Leung KW, Wong AS-T (2010) Pharmacology of ginsenosides: a literature review. Chin Med 5:20
Malik S, Cusidó RM, Mirjalili MH, Moyano E, Palazón J, Bonfill M (2011) Production of the anti-

cancer drug taxol in Taxus baccata suspension cultures: a review. Process Biochem 46(1):23–34
Malik S, Hossein Mirjalili M, Fett-Neto AG, Mazzafera P, Bonfill M (2012) Living between two 

worlds: two-phase culture systems for producing plant secondary metabolites. Crit Rev 
Biotechnol 33:1–22

Manfredi JJ, Parness J, Horwitz SB (1982) Taxol binds to cellular microtubules. J  Cell Biol 
94:688–696

Miresmailli S, Isman MB (2014) Botanical insecticides inspired by plant-herbivore chemical inter-
actions. Trends Plant Sci 19(1):29–35

Mirjalili N, Linden JC (1996) Methyl Jasmonate induced production of taxol in suspension cul-
tures of Taxus cuspidata: ethylene interaction and induction models. Biotechnol Prog Am 
Chem Soc 12(1):110–118

Moon SH, Venkatesh J, Yu JW, Park SW (2015) Differential induction of meristematic stem cells of 
Catharanthus roseus and their characterization. Comp Rend Biol Acad Sci 338(11):745–756

Mountford PG (2010) The taxol® story–development of a green synthesis via plant cell fermenta-
tion. In: Green chemistry in the pharmaceutical industry, pp 145–160

Naill MC, Roberts SC (2004) Preparation of single cells from aggregated Taxus suspension cul-
tures for population analysis. Biotechnol Bioeng 86(7):817–826

Newman DJ, Cragg GM (2007) Natural products as sources of new drugs over the last 25 years. 
J Nat Prod 70(3):461–477

Newman DJ, Cragg GM (2012) Natural products as sources of new drugs over the 30 years from 
1981 to 2010. J Nat Prod 75(3):311–335

Nicolaou KC, Yang Z, Liu JJ, Ueno H, Nantermet PG, Guy RK et al (1994) Total synthesis of 
taxol. Nature 367(6464):630–634

Nosov AM (2012) Application of cell technologies for production of plant-derived bioactive sub-
stances of plant origin. Appl Biochem Microbiol 48(7):609–624

Ochoa-Villarreal M, Howat S, Jang MO, Kim IS, Jin Y-W, Lee E-K et al (2015) Cambial meriste-
matic cells: a platform for the production of plant natural products. New Biotechnol 
32(6):581–587

Ochoa-Villarreal M, Howat S, Hong S, Jang MO, Jin Y-W, Lee E-K et al (2016) Plant cell culture 
strategies for the production of natural products. BMB Rep 49(3):149–158

Oksman-Caldentey K-M, Inzé D (2004) Plant cell factories in the post-genomic era: new ways to 
produce designer secondary metabolites. Trends Plant Sci 9(9):433–440

Pasquali G, Porto DD, Fett-Neto AG (2006) Metabolic engineering of cell cultures versus whole 
plant complexity in production of bioactive monoterpene indole alkaloids: recent progress 
related to old dilemma. J Biosci Bioeng 101(4):287–296

Patel RN (1998) Tour de paclitaxel: biocatalysis for semisynthesis. Annu Rev Microbiol 52:361–395
Pauwels L, Inzé D, Goossens A (2009) Jasmonate-inducible gene: what does it mean? Trends Plant 

Sci 14(2):87–91
Pi Y, Jiang K, Hou R, Gong Y, Lin J, Sun X et  al (2010) Examination of camptothecin and 

10-hydroxycamptothecin in Camptotheca acuminata plant and cell culture, and the affected 
yields under several cell culture treatments. Biocell 34(3):139–143

Rao SR, Ravishankar GA (2002) Plant cell cultures: chemical factories of secondary metabolites. 
Biotechnol Adv 20(2):101–153

Roberts SC (2007) Production and engineering of terpenoids in plant cell culture. Nat Chem Biol 
3(7):387–395

Sabater-Jara AB, Tudela LR, López-Pérez AJ (2010) In vitro culture of Taxus sp.: strategies to 
increase cell growth and taxoid production. Phytochem Rev 9(2):343–356

6 Cambial Meristematic Cells: A Sustainable Platform for the Production…



156

Schiff PB, Horwitz SB (1980) Taxol stabilizes microtubules in mouse fibroblast cells. Proc Natl 
Acad Sci U S A 77(3):1561–1565

Strobel GA, Stierle A, Hess WM (1993) Taxol formation in yew—Taxus. Plant Sci 92(1):1–12
Sugimoto K, Jiao Y, Meyerowitz EM (2010) Arabidopsis regeneration from multiple tissues occurs 

via a root development pathway. Dev Cell 18(3):463–471
Tabata H (2006) Production of paclitaxel and the related taxanes by cell suspension cultures of 

Taxus species. Curr Drug Targets 7(4):453–461
Thorpe T (2012) History of plant cell culture. In: Loyola-Vargas VM, Ochoa-Alejo N (eds) 

Methods in molecular biology, vol 877. Humana Press, Totowa, NJ, pp 169–180
Vongpaseuth K, Roberts SC (2007) Advancements in the understanding of paclitaxel metabolism 

in tissue culture. Curr Pharm Biotechnol 8(4):219–236
Wani MC, Taylor HL, Wall ME, Coggon P, McPhail AT (1971) Plant antitumor agents. VI. Isolation 

and structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifolia. J Am 
Chem Soc 93(9):2325–2327

Wilson SA, Roberts SC (2012) Recent advances towards development and commercialization of 
plant cell culture processes for the synthesis of biomolecules. Plant Biotechnol J 10(3):249–268

Wilson SA, Roberts SC (2014) Metabolic engineering approaches for production of biochemicals 
in food and medicinal plants. Curr Opin Biotechnol 26:174–182

Wu S, Chappell J (2008) Metabolic engineering of natural products in plants; tools of the trade and 
challenges for the future. Curr Opin Biotechnol 19(2):145–152

Xu J, Ge X, Dolan MC (2011) Towards high-yield production of pharmaceutical proteins with 
plant cell suspension cultures. Biotechnol Adv 29(3):278–299

Ye Z-H (2002) Vascular tissue differentiation and pattern formation in plants. Annu Rev Plant Biol 
53:183–202

Yokoshima S, Ueda T, Kobayashi S, Sato A, Kuboyama T, Tokuyama H et al (2002) Stereocontrolled 
total synthesis of (+)-vinblastine. J Am Chem Soc 124(10):2137–2139

Yousefzadi M, Sharifi M, Behmanesh M, Moyano E, Bonfill M, Cusido RM et  al (2010) 
Podophyllotoxin: current approaches to its biotechnological production and future challenges. 
Eng Life Sci 10(4):281–292

V.I.P. Loake and M. Ochoa-Villarreal



157© Springer International Publishing AG 2017 
S. Malik (ed.), Biotechnology and Production of Anti-Cancer Compounds, 
DOI 10.1007/978-3-319-53880-8_7

Chapter 7
Family Fabaceae: A Boon for Cancer Therapy

Ashita Sharma, Rajwant Kaur, Jatinder Kaur Katnoria, Rajinder Kaur, 
and Avinash Kaur Nagpal

Abstract Cancer is a deadliest disease which has been a challenging prorogue for 
human health and civilization. Legumes or plants of family Fabaceae have been part 
of our diet since times immemorial. Plants of this family are rich in phytoconstitu-
ents which make them effective therapeutic agents for various diseases. The syner-
gistic effects of different phytoconstituents are far more than the effect of individual 
compounds. Studies have revealed that those parts of the world which consume 
legumes as a staple diet have less mortality due to cancer as compared to other parts 
of the world. Also, it has been reported that phytochemical components of plants of 
this family inhibit carcinogenesis at various stages. The use of phytoconstituents 
derived from these plants along with traditional chemotherapy can have synergistic 
effects which help in fighting cancer. This review focuses on various compounds 
present in plants of family Fabaceae and their anticarcinogenic potential.

Keywords Legumes • Cancer • Lectins • Apoptosis • Carcinogenesis

 Introduction

Cancer is among the dreadful diseases having the incurable attributes, thus posing 
threat to human health and existence. There have been significant advances in the 
field of cancer research, yet cancer is the major disease responsible for human 
deaths throughout the world (Siegel et al. 2011). Genetic, dietary, and environmen-
tal factors have been associated with the increase in incidences of carcinogenesis. A 
study has revealed that about 30–35% of cancer cases are the result of carcinogen-
esis induced through diet (Doll and Peto 1981). From times immemorial, medicinal 
plants are known to have the phytoconstituents that are being used for therapeutic 
purposes. Ingestion of phytoconstituents in the form of diet is known to fight and 
prevent cancer (Kaur and Kapoor 2001). Legumes or plants of family Fabaceae 
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have played an important role in traditional diet in many parts of the world and are 
known to have important phytoconstituents that can help in cancer chemopreven-
tion. Fabaceae is the third largest family of flowering plants comprising over 750 
genera and more than 19,000 species which range from herbs to large canopy trees. 
The members of family Fabaceae are found to be growing in a variety of climatic 
zones like temperate, humid, arid, highlands, and savannahs (Morris 1999). The 
plants of this family are of industrial and pharmaceutical importance owing to their 
organic constituents which are used as raw material in many industries.

Fabaceae has a diverse fossil record and oldest fossils have been reported to be 
from late Palaeocene era and the study of fossils has suggested that these plants 
evolved in arid or semiarid areas near Tethys sea and have been very closely associ-
ated with human civilization in Asia, Europe, and America (Schrire et al. 2005). 
Being the rich source of proteins, these have become a staple diet in these areas 
since 6000 BC. Presently, members of family Fabaceae are distributed worldwide 
except the poles. Different kinds of beans play important role in cuisines of various 
regions including Asia, Middle East, South America, and Mexico (Messina 1999). 
The phytochemicals present in the plants of this family are important in terms of 
both pharmaceutical and industrial use. The plants of this family are rich in chemi-
cals like rotenone, tephrosin, and deguelin which have the antitumor potential and 
are also used as pesticides in many regions of the world. Also, some plant species 
are source of alkaloids, antibiotics, and glycosides; thus they have always been 
important for the pharmaceutical industry (Morris 1999). As a result of wide varia-
tion in germplasm and extensive economic importance, efforts are being made for 
the conservation and preservation of legume germplasm so as to ensure possible 
availability of improved cultivars with added value (Morris 1999).

Dietary intake of legumes is higher in vegetarian diet than in nonvegetarian one. 
Nutritionally legumes are rich source of proteins, dietary fibers, and micronutrients. 
Also, they have varieties of flavonoids, phytosterols, phytates, saponins, and phenolic 
acids which are known for anticancer potential (Messina 1999). The members of this 
widely distributed and large family can thus be an answer to the fatal disease, cancer.

 Traditional Uses

A lot of traditional knowledge is associated with the use of various plants for cure 
of many diseases. The indigenous healers and traditional medicine practitioners 
have been using the plants of family Fabaceae for the treatment of various diseases. 
Traditionally, consumption of some plants from this family was associated with the 
general well-being and longevity of human population. Bark of plants like Acacia 
catechu, Acacia nilotica, Albizia lebbeck and Bauhinia variegata have been tradi-
tionally used for the treatment of diarrhea, ulcers and inflammations (Devi et al. 
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2012). Leaves of Acacia nilotica, Albizia lebbeck, Bauhinia acuminata, Cajanus 
cajan, Cassia fistula, Desmodium triflorum, Erythrina variegata and Mimosa dip-
lotricha have been used for various skin diseases, menstrual complications, lungs 
and gastric problems (Rahman and Parvin 2014). Ancient literatures as Vedas, Bible 
and Quran also have quoted the use of these plants for medicines and other ethno-
botanical uses. Many phytoconstituents present in plants protect the cells from oxi-
dative stress as they have antioxidant and antimutagenic properties (Bravo 1998; 
Ferguson 2001; Tedesco et al. 2001; Aruoma 2003; Surh and Ferguson 2003).

The use of leguminous plants for cancer chemoprevention has recently gained a lot 
of importance owing to the presence of many phytochemical groups which have anti-
tumor properties. Low mortality rate due to breast cancer in Asian countries is attrib-
uted to the consumption of leguminous plants in routine diet (Messina 1999). Rodent 
studies have revealed that soy products when added to diet can reduce the risk of 
breast and prostate cancer. Saponins, isoflavones, phytates and phenolic acids are 
known to cause apoptosis in tumor cells (Morris 1999; Yuenyongsawad et al. 2013).

 Various Phytoconstituents and Pathway of Action

As the research progressed in the field of molecular biology, the scientific commu-
nity gained deeper understanding of the process of carcinogenesis. Sporn et  al. 
(1976) suggested that the process of carcinogenesis can be divided into three phases, 
i.e., initiation, promotion and progression (Fig. 7.1). As the carcinogen enters the 
body, it either gets activated through various metabolic pathways or gets detoxified 
within the human body. If activated through metabolic mechanisms, these carcino-
genic agents increase the oxidative stress and thus cause DNA damage; this leads to 
the initiation of carcinogenesis. During promotion phase the initiated cells start pro-
liferating actively resulting in accumulation of preneoplastic cells. During progression 
stage preneoplastic cells start invading and spreading to various parts of the body. 
This is an irreversible phase (Surh 2003).

There are multiple pathways involved in cancer occurrence and progression; thus 
treatment or prevention of cancer by aiming at single pathway doesn’t prove to be 
an effective strategy (Vogelstein and Kinzler 2004; Dandawate et al. 2014). There 
are many hindrances in treatment strategies to be followed for cancer, viz. drug 
resistance and side effects of chemotherapy. These hindrances affect the efficiency 
of cancer treatment, making it challenging for the scientific community to develop 
strategies and drugs for cancer treatment (Payne et al. 2006; Meguid et al. 2009; 
Rybak et al. 2009; Gomez-Veiga et al. 2012). Another approach for cancer treat-
ment is referred as cancer chemoprevention which involves inhibition of carcino-
genesis at initiation phase or at promotion/progression stage (Sporn et al. 1976). 
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Chemopreventive agents are thus classified into two categories: blocking and sup-
pressive agents. Blocking agents inhibit the activation of carcinogen through meta-
bolic pathways and restrict the interaction of carcinogenic agents with biomolecules. 
Suppressive agents suppress promotion or progression of cancer cells (Wattenberg 
1985). Chemopreventive agents can have antioxidative and antiproliferative effects 
or they modulate enzyme activity, signal transduction pathways, cell cycle, etc., 
thus affecting the process of carcinogenesis (Walaszek et al. 2004; De Flora and 
Ferguson 2005; Steward and Brown 2013).

A wide range of chemoprotective components are present in legumes. These are 
nutrients like, resistant starch, non-starch polysaccharides, oligosaccharides, folates, 
selenium, zinc, or nonnutritive bioactive constituents such as protease inhibitors, 
saponins, phytosterols, lectins and phytates (Mathers 2002). Legumes contain a 
large amount of these components which when consumed in appropriate quantities 
can provide chemopreventive benefits. The resistant starch present in legumes is 
known to have a strong preventive effect on the colorectal cancer (Cassidy et al. 

Fig. 7.1 Diagrammatic representation of process of carcinogenesis
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1994). It is documented that non-starch polysaccharides and oligosaccharides pres-
ent in pulses provide a substrate in the bowel for the fermentation of microorgan-
isms and thus enhancing the production of butyrate (Key and Mathers 1995). The 
direct relationship between substrate and butyrate production is not established but 
it has been observed that the increase in transit time of substrate in the bowel 
increases the butyrate production (Mathers and Dawson 1991). Extensive in vitro 
studies have been carried out that have shown antineoplastic effect of butyrate, thus 
resulting in suppression of tumor cells (Hague et al. 1996). Butyrate is regarded as 
histone deacetylase inhibitor and direct administration of butyrate reduced tumor 
size and proliferation in the carcinogen-treated rats (D’Argenio et  al. 1996; Wu 
et al. 2001). Other components present in legumes like selenium, zinc and folates 
help in protection of DNA by management of oxidative stress (Mathers 2002).

Lectins present in members of family Fabaceae also induce apoptosis in tumor 
cells (Yau et al. 2015). Lectins in legumes have been extensively studied in past 
decades to understand the molecular level interactions with proteins and carbohy-
drates (Damodaran et al. 2008). Recent studies showed that lectins present in mem-
bers of this family can bind to glycoconjugates present specifically on tumor cells 
and thus can act as efficient cancer chemopreventive agents (Ueno et al. 2000). It 
has been reported that legume lectin, Concanavalin A (ConA), affects mitochondria 
and results in release of cytochrome C leading to death of murine macrophage PU5–
1.8 cells (Suen et al. 2000). Also, studies have shown that ConA induced cell death 
in human melanoma A375 cells through caspase-dependent pathway. Thus, apopto-
sis caused through ConA is induced through mitochondrial damage, through release 
of cytochrome or caspase activation (Liu et al. 2009).

Another lectin from Sophora flavescens is known to induce apoptosis in cancer 
cells through activation of caspase-dependent pathway (Liu et al. 2008). Also, lectin 
derived from seeds of Phaseolus coccineus L. is known to induce programmed cell 
death through caspase activation in murine fibrosarcoma L929 cells. It has been 
mentioned that the antineoplastic activity of this lectin could be because of sugar- 
binding- specific activity as the apoptosis decreased immediately with the inhibition 
of sialic-acid-specific activity (Chen et al. 2009). These studies suggest that legume 
lectins possess anticancer properties which are linked to the molecular mechanisms 
associated to them. These studies would provide new dimension to the cancer 
research using legume lectins as anticancer agents (Liu et al. 2010).

Another group of phytochemicals in leguminous plants which has gained consid-
erable importance in recent years is isoflavones. They are recently known for their 
therapeutic properties against many diseases including cancer (Fritz et al. 2016). 
There are primarily two types of isoflavones in legumes, daidzein and genistein. 
Numerous in vitro studies have been carried out which have showed the effect of 
these isoflavones on the cancer cells like breast, prostate, skin, and intestinal 
(Peterson and Barnes 1991, 1993, 1996; Naik et  al. 1994; Pagliacci et  al. 1994; 
Peterson et al. 1996; So et al. 1996; Clark et al. 1996; Zava and Duwe 1997; Kyle 
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et al. 1997; Kuo et al. 1997). It has been suggested in some studies that genistein can 
be used for the treatment of tumors along with the conventional chemotherapy 
(Messina 1999;). Genistein prevents invasion of collagen cells from bovine micro-
vascular cells and leads to the growth of capillary-like structures when supported 
with fibroblast growth factor. This kind of anti-angiogenic activity is significant in 
cancer chemoprevention as it halts the development of new blood vessels and thus 
restricts the size of tumor to 1–2  mm, thus making it clinically insignificant 
(McAllister et al. 1995).

Saponins are another group of phytochemicals chiefly present in legumes. The 
legumes are the major source of intake of saponins in our diet which are known to 
have antitumor properties and they inhibit the formation of hormone-induced 
tumors in colon and lungs (Messina 1999; Kerwin 2004; Kapoor 2015). Saponins 
are effective in the cancer chemoprevention because of their antioxidant and anti-
mutagenic properties. It has been reported that they may have direct effect on the 
proliferation of cancer cells or inhibit the enzymes related to tumor growth (Kerwin 
2004).

Legume seeds are though the part of our diet but other parts of plants like roots, 
leaves, and barks are also traditionally used for various medicinal purposes. In 
recent times, plethora of scientific studies have been carried out to estimate the 
anticancer potential of these plants. Various in vitro and in vivo studies have shown 
the remarkable potential of plants of Fabaceae family in cancer chemoprevention. 
Table 7.1 summarizes various studies carried out to assess the anticancer potential 
of plants of Fabaceae.

 Conclusions

The uncontrolled division of cells leading to the dreadful disease named cancer 
threatens human civilization. Surgical removal, chemotherapy and radiation therapy 
are the different kinds of treatments employed for cancer management. The drugs 
used for the treatment have many side effects, thus affecting the normal functioning 
of human body. Another approach of cancer chemoprevention involves natural or 
biological agents which can reverse, suppress or prevent tumor formation at differ-
ent stages of carcinogenesis. Plant wealth is being explored throughout the world to 
identify the phytoconstituents which can be used for treatment of cancer, alone or 
along with the regular chemotherapy. The family Fabaceae is known for its medici-
nal properties helping to combat various diseases. The phytochemicals present in 
plants of this family are also found to be effective against carcinogenesis at various 
stages. Intake of legumes as staple diet helps in reducing the mortality due to cancer. 
Also, these phytochemicals can be extracted and used for the treatment of this 
dreadful disease.
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Chapter 8
Small Cells for Big Ideas: The Cytotoxic 
Podophyllotoxin and the Long Journey 
in Discovering Its Biosynthetic Pathway

Pavlina Sasheva and Iliana Ionkova

Abstract For more than 70 years the plant-derived cytotoxic podophyllotoxin is 
still a focal point for many research groups. The relationship between the structure 
of podophyllotoxin and podophyllotoxin derivatives, and their biological activity, 
allowed the design of novel drugs to combat malignancies. The quests for safer 
drugs and biomass production through aseptic cultivation have been gaining 
momentum in the last decade or two, supported by the advances in the computer 
technologies, information sharing and bioinformatics/molecular biology. The 
recently discovered enzymatic conversions that lead directly to etoposide aglycone 
not only filled the gaps in the lignan biosynthetic pathway, but also offered an excit-
ing direction for future research. This book chapter opens with a short summary of 
the structure of podophyllotoxin and podophyllotoxin-based drugs, and their bio-
logical targets. Compelling discoveries and unexpected turns of the lignan biosyn-
thetic pathway are discussed next, followed by benchmark studies in the aseptic 
cultivation of the plants producing it.

Keywords Podophyllotoxin • Biosynthetic pathway • Etoposide • Aseptic cultiva-
tion • Structure-activity relationships • Podophyllum • Linum

 Introduction

Podophyllotoxin (1) is an aryltetralin lignan mostly used in the anticancer therapy. 
Its antiviral properties are well documented; however the lignan is for topical use 
only due to its side effects in the gastrointestinal tract. The cytotoxic activity, though, 
has been the hotspot for the researchers, who in the last 70 years have put efforts in 
finding sustainable sources of podophyllotoxin, elucidating its biosynthetic path-
way and devising efficient podophyllotoxin-based chemotherapeutics with limited 
side effects (Fig. 8.1).
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Fig. 8.1 Structures of podophyllotoxin (1), etoposide (2), teniposide (3), etopophos (4), picropdo-
phyllotoxin (5), podophyllinic acid (6) and epipodophyllotoxin (7)
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The first commercially available anticancer products using podophyllotoxin 
skeleton as a starting building block were developed by Sandoz Pharma AG. The 
time- and effort-consuming derivatisation of 600 podophyllotoxin structures span-
ning over 20 years of research led to the development of the commercially short- 
lived SP-I and SP-G in the 1960s, and the superior etoposide (2) and teniposide (3) 
in the 1970s (Stahelin and von Wartburg 1991). With Sandoz Pharma AG switching 
its research and development priorities in the late 1970s, etoposide and teniposide 
were licensed to the US-based Bristol-Myers Squibb. Using the etoposide structure, 
the company developed a readily water-soluble pro-drug etoposide phosphate (eto-
pophos) (4), which was commercialised in 1996 (Stahelin and von Wartburg 1991; 
Botta et al. 2001).

The great success of the already established clinical practice drugs etoposide (2), 
teniposide (3) and etopophos (4) did not halt the development of efficacious and 
safe chemotherapeutics based on the podophyllotoxin skeleton. Quite the opposite, 
this aryltetralin lignan is still a lead structure used in the computer-aided drug design 
for in silico analysis of promising derivatives. Podophyllotoxin, though, did not 
prove promising for chemical synthesis, establishing plant sourcing as the only 
alternative at the moment. Metabolite screening programs identified many species 
as producers of this natural product, but very few showed potential for large-scale 
cultivation. In the mean time, the body of knowledge and techniques in molecular 
biology advanced to the extent that enabled the research of non-model plants at 
genomic and transcriptomic levels. The knowledge of the biosynthetic pathway 
leading to the podophyllotoxin had slowly and progressively accumulated. A sig-
nificant contribution was the recent research by Lau and Sattely (Lau and Sattely 
2015). The authors discovered the enzymatic conversions leading to a structure that 
is an immediate precursor of etoposide.

In the next pages, we focus on the aryltetralin lignan podophyllotoxin, asking 
three questions: what is podophyllotoxin, how is podophyllotoxin formed in plants 
and how to produce more. Much of the information that has been extensively cov-
ered elsewhere is omitted, and where relevant, we give suggested sources for further 
reading. In “structure-activity relationships” we give an overview of the chemical 
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structure and biological targets of podophyllotoxin and its derivatives. Next, we 
discuss how and when different enzymes and intermediates were discovered, shortly 
covering the newest research on the regulation of the biosynthetic pathway. In the 
last part, we give credit to the aseptic cultivation of plant cells for advancing our 
understanding how a small cell can orchestrate the production of life-saving drugs.

 Structure-Activity Relationships

The aryltetralin lignan podophyllotoxin (1) initially isolated by Podwyssotzki in 
1880 from podophyllin, an alcohol extract of Podophyllum rhizomes (Podwyssotzki 
1880), was off the scientific radar until 1940s. Shortly after the pharmacological 
properties (Kaplan 1942) and the mechanism of action (King and Sullivan 1946) of 
the podophyllotoxin-containing podophyllin was published, Hartwell and Schrecker 
proposed the correct structure of podophyllotoxin (Hartwell and Schrecker 1951).

Consisted of two coupled C6C3 propylbenzene units, the podophyllotoxin skele-
ton is optically active and hosts four chiral centres, located in rings C and D.1 The 
biological activity of the aryltetralin lignan is tightly connected to the correct stereo-
chemistry of the chiral carbon atoms. For example, the epimerisation of the fused 
trans-lactone (ring D) to its cis-configuration yielded the virtually inactive picro-
podophyllotoxin (5); the same was observed for podophyllinic acid (6) after open-
ing the trans-lactone ring (Stahelin and von Wartburg 1991). The importance of the 
stereochemistry of the chiral centres for the biological activity was further demon-
strated by Loike and colleagues, who showed that the epimerisation of the hydroxy 
group at position C7 afforded ten times less cytotoxic epipodophyllotoxin (7) (Loike 
et al. 1978).2

In the process of etoposide (2) and teniposide (3) derivatisation, the small equa-
torial substituent at position C7 of the podophyllotoxin skeleton (1) is epimerised 
and replaced by a bulky glucoside moiety in axial orientation (Ter Haar et al. 1996), 
affording drugs with rather different activity. The first biological tests of etoposide 
and teniposide showed that the drugs caused arrest in the late S/G2 phase of the cell 
cycle, as opposed to arrest in metaphase observed for the parent molecule podophyl-
lotoxin (Stahelin and von Wartburg 1991). An interesting fact is that teniposide was 
commercialized (Stahelin and von Wartburg 1991) before the discovery of its 
molecular target, topoisomerase 2  in 1982 (Long and Minocha 1983). Etoposide 
was launched in the USA the following year, 1983 (Stahelin and von Wartburg 
1991). The apparent distinction in the mechanism of action between podophyllo-
toxin and its derivatives has been observed as early as 1960s, but information about 
the exact target was missing. A breakthrough study in 1974 by Loike and colleagues 

1 In this work we use the IUPAC recommendations for numbering lignans and neolignans (Moss 
2000). The reader should be aware that different systems may be encountered in other papers.
2 More comprehensive read about the structure-activity relationships can be found in Loike et al. 
1978; Stahelin and von Wartburg 1991; Damayanthi and Lown 1998; and Botta et al. 2001.
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showed that etoposide and teniposide induced DNA fragmentation in HeLa cells. 
The authors proposed that the glucoside moiety at position C7 impedes the interac-
tion with the microtubules, and that the presence of 4′-hydroxy group in ring E is 
necessary for the activity of the drugs (Loike et al. 1974; Loike et al. 1978).

Fast forward, with the onset of the twenty-first century, many exciting discover-
ies pushed further the anticancer drug research. In particular, the atomic models of 
the targets of podophyllotoxin and its semi-synthetic derivatives were solved, allow-
ing in silico modelling of molecular interactions and advanced computer screening 
of superior drugs. In 2004, the 4.2 Å structure of podophyllotoxin-tubulin complex 
(PDB code: 1SA1) was published, confirming that the podophyllotoxin competes 
with colchicine for the colchicine-binding domain of the β-tubulin chain (Ravelli 
et al. 2004). Podophyllotoxin binds within the β-subunit of an α/β tubulin heterodi-
mer, preventing importance for the microtubule dynamic instability switch between 
curved and straight conformation. Failure to lock the right conformation results in 
outward curling of the α/β heterodimer, weakening the lateral interactions and 
destabilising the neighbouring tubulins within the microtubule (Dorleans et  al. 
2009; Ravelli et al. 2004).3 Similar to other microtubule-binding drugs, only small 
amount of podophyllotoxin is needed to interfere with the microtubule polymerisa-
tion, thus causing mitotic arrest (Stanton et al. 2011). Unfortunately, podophyllo-
toxin binds equally well to the microtubules from cancerous and normal cells, 
setting a complex task to derivatise a structure that targets tubulin isotypes expressed 
in cancer cells. A highly conserved protein, the human tubulin β-chain has several 
isotypes with small structural differences in the binding pocket (Tseng et al. 2010). 
The expression profile can also be different in neoplasia. Isotype βIII, for example, 
has been associated with poor prognosis in cancer patients (Portyanko et al. 2015), 
but according to research conducted in Tuszynski’s group (Tseng et al. 2010; Huzil 
et al. 2010; Ravanbakhsh et al. 2013), the differences in tubulin geometry and bio-
chemistry may enable the design of antimitotic drugs that have altered affinities and 
target-specific tubulin isotypes (Ravanbakhsh et al. 2013).

While podophyllotoxin is an antimitotic agent, its derivative etoposide is a topoi-
somerase 2 (Top2) poison that increases the levels of covalent complexes of Top2 
with DNA (Nitiss 2009). Top2 has two isoforms: α (Top2α) and β (Top2β), the first 
found to be specific for the fast-proliferating cancerous cells, while the second is 
constitutively expressed (Capranico et al. 1992). The increasing amount of data that 
showed correlation between poisoning of Top2β and the occurrence of severe side 
effects (Nitiss 2009) led to the commonly expressed notion that there is a need of 
drugs that target specifically Top2α (Toyoda et al. 2008; Nitiss 2009; Wendorff et al. 
2012). In 2011, a high-resolution atomic structure of Top2β complexed with etopo-
side (2) and DNA was published by Wu and colleagues (PDB code: 3QX3, Wu et al. 
2011), bringing the research closer to identifying specific Top2α inhibitors. The 
authors showed that while the etoposide aglycone interacts strongly with both DNA 
and protein; the glucoside moiety protrudes to the major groove, forming very little 
in number van der Waals and hydrogen bonds. The large space the C7 substituent 

3 We highly recommend reading the papers from Ravelli et al. 2004 and Dorleans et al. 2009.
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occupied led Wu and colleagues to the suggestion that modifications that strengthen 
the bonding or introduce specific Top2α interactions at this position could be impor-
tant for new drug design. At the same time, the presence of the C4′–OH group in the 
pendant ring of the aglycone is essential—a replacement with methyl group at C4′, 
or hydrogen at C3′ and C5′ is unfavourable for the interactions within the complex 
(Wu et  al. 2011). Research led by different groups identified Met762 (Wu et  al. 
2011; Wendorff et  al. 2012; Drwal et  al. 2014), Ser763 (Drwal et  al. 2014) and 
Ser800 (Wendorff et al. 2012) as promising sites, where novel and specific inhibi-
tors could bind. Drwal and colleagues created a homology model of Top2α to iden-
tify amino acids in a 10 Å proximity to the ligand, concluding that Met762 and 
Ser763 are good targets, while Ser800 could be too far for favourable interaction 
(Drwal et  al. 2014). A crystal structure of Top2α complexed with DNA, but no 
ligand, became available in 2012 (PDB code: 4FM9, Wendorff et  al. 2012). The 
authors of the research suggested that better Top2α selectivity may be achieved 
through modifications in the lactone group of the etoposide aglycone, which will 
strengthen the bond with Met762, while modifications in the glycosidic moiety of 
the drug will ensure stronger bonds with Ser800 (Wendorff et al. 2012).

In this section we outline the structure-activity relationships of podophyllotoxin 
drugs and their targets that would allow the design of safer and better therapeutics. 
Manufacturing superior drugs though depends on the availability of the crude sub-
strate as well. For the past 40 years, the supply of podophyllotoxin has been a hot 
topic, where efforts were channelled to reconstitute the biosynthetic pathway to 
podophyllotoxin, and to identify plant species suitable for large-scale biomass pro-
duction coupled with high yield of the target metabolite. The advances in the bio-
synthetic pathway research are discussed next, followed by advances in the aseptic 
cultivation of promising plant species.

 The Biosynthetic Pathway

Two molecules coniferyl alcohol (8) afford the first lignan of the biosynthetic path-
way, (+)-pinoresinol (9). (+)-Pinoresinol is sequentially reduced to (+)-lariciresinol 
(10) and (−)-secoisolariciresinol (11), and further converted to (−)-matairesinol 
(12) (Scheme 8.1). The last of the upstream lignans, (−)-matairesinol, is considered 
a central molecule in the lignan biosynthetic pathway, and a branch point for many 
lignan structures, including that of podophyllotoxin (1) (Suzuki and Umezawa 
2007). The biosynthetic steps to coniferyl alcohol, which is formed in the general 
phenylpropanoid pathway (Humphreys and Chapple 2002), are not discussed in this 
chapter. The metabolic grid involving conversions between different hydroxy- 
cinnamyl alcohols, including coniferyl alcohol (Humphreys and Chapple 2002) will 
be of greater interest for discussions involving lignin biosynthesis, where a combi-
nation between different precursors, like coniferyl, sinapyl and p-coumaryl alco-
hols, leads to the formation of the cell wall polymer. Lignin polymerisation involves 
diverse inter-unit coupling rendering heterogenous and optically inactive structure 
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(Weng and Chapple 2010). On the other hand, the entry point to the diverse world 
of optically active lignan structures is a controlled stereo- and regiospecific cou-
pling of two coniferyl alcohol radicals (Suzuki and Umezawa 2007).

The enzyme reactions affording the upstream lignans were revealed for the first 
time in F. intermedia (Umezawa et al. 1991; Dinkova-Kostova et al. 1996; Davin 
et  al. 1997).4 Since Forsythia is a non-podophyllotoxin-containing plant, it has 
been of great interest whether the podophyllotoxin-biosynthesising species utilise 
the same sequence of reactions. In 2000, Xia and colleagues confirmed that 
matairesinol was formed in Linum flavum using the discovered Forsythia pathway 
(Xia et al. 2000). The general lignan biosynthetic pathway was later confirmed for 
many plant species, including Arabidopsis thaliana, Arctium lappa, L. album, L. 
usitatissimum and P. peltatum and is now regarded as canonical (Suzuki and 
Umezawa 2007). The steps from matairesinol to podophyllotoxin have been mostly 
hypothetical and for long time the enzymes catalysing the reactions and their genes, 
enigma (Kim et al. 2015).

 Forming Pinoresinol

Two coniferyl alcohol molecules (8) are used by dirigent protein (DIR) to afford the 
enantiomeric excess of either (+)-pinoresinol (9) or (−)-pinoresinol (Umezawa 
2003). Radicals from the substrate are first formed by an oxidising agent, putative 
laccase, and then used by DIR for phenoxy radical coupling forming a covalent 
C8–C8′ bond between the side chains of the coniferyl alcohol radicals. The enzyme 
itself does not have a catalytic activity, but orients the radicals for selective dimeri-
sation to yield either (+)- or (−)-enantiomer (Pickel and Schaller 2013). In some 
species, formation of both enantiomers was observed in different organs: A. lappa 
petioles formed (+)-pinoresinol, while ripening seeds accumulated the (−)- anti-
pode (Suzuki et al. 2002a). Other species preferentially accumulated one antipode: 
(−)-pinoresinol in A. thaliana (Kim et al. 2012) and L. usitatissimum (Dalisay et al. 
2015), and (+)-pinoresinol (9) in Forsythia (Davin et al. 1997), Thuja plicata (Kim 
et al. 2002) and L. flavum (Xia et al. 2000). The existence of two types of DIR, each 
forming a specific pinoresinol enantiomer, was demonstrated by Pickel and col-
leagues using A. thaliana recombinant DIR recombinant (Pickel et al. 2010).

DIR was discovered in the cell wall residues of F. intermedia by the group of 
L. Davin and N. Lewis (Pare et  al. 1994; Davin and Lewis 1995). Further work 
indicated that the 78 kDa DIR is a glycosylated protein that lacks oxidising activity 
and uses coniferyl alcohol radicals as substrates that are formed in a one-electron 
oxidation event (Davin et al. 1997; Halls and Lewis 2002). Although initially identi-
fied as a homodimer (Halls and Lewis 2002), the crystal structure showed that the 
enzyme is a trimer (Kim et al. 2015). Each pocket has been shown to accommodate 
a pair of coniferyl alcohol radicals with spatial arrangement that does not allow 

4 Excellent reviews are provided by Davin and Lewis 2003 and Suzuki and Umezawa 2007.
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interaction between substrates from different pockets. The authors speculated that 
specific residues from the binding sites may be responsible for the stereospecificity, 
but since the protein was not crystallised with its substrate (Kim et al. 2015), future 
analyses will be able to determine the exact position of the substrates within the 
binding site, as well as the interacting and the stereospecificity guiding amino acids 
of the active site.

 From Pinoresinol to Lariciresinol and Secoisolariciresinol

A sequential reduction of (+)-pinoresinol (9) via (+)-lariciresinol (10) to (−)-secoiso-
lariciresinol (11) is catalysed by a bifunctional cytosolic NADPH-dependent pin-
oresinol/lariciresinol reductase (PLR). PLR form F. intermedia converted exclusively 
(+)-pinoresinol into (+)-lariciresinol and (−)-secoisolariciresinol when cell-free 
extracts were incubated with (±)-pinoresinol (Katayama et  al. 1993; Chu et  al. 
1993). Two isoforms found in F. intermedia were functionally characterised and the 
respective genes cloned; both proteins are able to catalyse the formation of 
(−)-secoisolariciresinol (Dinkova-Kostova et al. 1996). In Thuja plicata two PLRs 
were able to catalyse opposite reactions: PLR_Tp2 produced (−)-secoisolarici-
resinol from (+)-pinoresinol via (+)-lariciresinol, while PLR_Tp1 produced 
(+)-secoisolariciresinol from (−)-pinoresinol via (−)-lariciresinol (Fujita et  al. 
1999). The reductive conversion proposed by Dinkova-Kostova and colleagues 
(Dinkova-Kostova et al. 1996) was supported and further reinforced after the crystal 
structure of PLR_Tp1 was published by Min and colleagues (PDB code 1QYD, 
Min et al. 2003). The atomic structure showed seven β-strands and six α-helices 
with folding that is typical for the NADPH-dependent enzymes (Min et al. 2003). 
By using structural data for similar proteins, the authors deduced the putative 
cofactor- binding site and substrate-binding site, which they propose to be in close 
proximity to each other. According to the model, (+)-pinoresinol is stabilised in the 
hydrophobic pocket via aromatic stacking with the nicotinamide ring for 
[4R]-hydride transfer, where the amino acid Lys138 from PLR serves as a base for 
the catalysis. The involvement of the amino acid in the catalytic reaction was shown 
after mutating Lys138 to Ala138, which rendered defective enzyme, unable to 
reduce (+)-pinoresinol. The results also supported the idea that the symmetric sub-
stitutions observed in the PLR_Tp1 and PLR_Tp2 binding pocket may be respon-
sible for the enantiospecificity (Min et al. 2003).

 To Matairesinol

Closure of ring D to yield levorotary matairesinol (12) is a two-step process cata-
lysed by secoisolariciresinol dehydrogenase (SDH) (Davin and Lewis 2003). The 
enzymatic conversion of (−)-secoisolariciresinol to (−)-matairesinol was described 
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in 1991 by Umezawa and colleagues (Umezawa et al. 1991), and in 2001 the protein 
and the corresponding gene encoding the protein were published (Xia et al. 2001). 
The atomic structure of a recombinant SDH_Pp7 form P. peltatum became available 
in 2004, showing that the enzyme is NAD+-dependent bifunctional homotetramer, 
consisting of seven β-strands and eight α-helices with a typical dehydrogenase 
structure (Youn et al. 2004). The crystal structure of complexed tetramer with NAD+ 
and substrate showed that the catalysis occurs in a hydrophobic pocket, where 
NAD+ and the substrate are well positioned for a B-face-specific hydride transfer 
(Youn et al. 2004). Three conserved amino acids in the binding site, Ser153, Lys171 
and Tyr167, are involved in the reduction of (−)-secoisolariciresinol (11). Tyr167, 
in particular, serves as a base for the deprotonation of (−)-secoisolariciresinol, and 
in the subsequent nucleophilic attack an intermediate (−)-lactol is afforded. A sec-
ond hydride transfer from (−)-lactol to a newly bound positively charged NAD 
yields (−)-matairesinol (Youn et al. 2004).

Optical purity in the lignan biosynthetic pathway is achieved at this step. The 
upstream lignans like pinoresinol, lariciresinol and secoisolariciresinol were 
afforded in reactions that yielded racemic mixtures that vary greatly between organs 
and plant species (Umezawa 2003). For the production of podophyllotoxin, only 
(−)-matairesinol, which started from (+)-pinoresinol, is utilised. In species like L. 
usitatissimum, where the main lignan accumulated is (+)-secoisolariciresinol, the 
steps involve (−)-pinoresinol and (−)-lariciresinol; however the plant cannot bio-
synthesise (−)-podophyllotoxin.

 Matairesinol to Podophyllotoxin

The enzymatic conversions to matairesinol are well studied and comprise the early 
biosynthetic pathway of lignans observed in many plant species: Forsythia, Linum, 
Podophyllum and Anthriscus (Suzuki et al. 2002b; Satake et al. 2013). Until 2013, 
the conversions were mostly hypothetical with two intermediate metabolites identi-
fied in the early 1990s that lead to (−)-podophyllotoxin (1): (−)-yatein (16) and 
(−)-deoxypodophyllotoxin (20) (Broomhead et  al. 1991). The reactions from 
(−)-matairesinol (12) were elucidated just recently in Podophyllum using modern 
techniques like transcriptome mining and massive parallel sequencing. Research of 
the lignan biosynthetic pathway in the (−)-yatein-accumulating plant, Anthriscus, 
showed that the plant species does not share the same sequence of reactions with 
Podophyllum, and converts (−)-matairesinol (12) to (−)-yatein (16) via different 
intermediates (Scheme 8.2).

Feeding experiments performed by Sakakibara and colleagues revealed the 
sequence of the reactions in Anthriscus: a hydroxylation of (−)-matairesinol (12) to 
(−)-thujaplicatin (17), subsequent methylation to 5-O-methylthujaplicatin (18) and 
4,5-O,O-dimethylthujaplicatin (19), followed by a methylenedioxy bridge forma-
tion yielding (−)-yatein (16) (Sakakibara et al. 2003). The first methylation event 
yielding 5-O-methylthujaplicatin (18) was confirmed in 2013 by Ragamustari and 
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colleagues. The authors cloned and expressed A. sylvestris thujaplicatin 
O-methyltransferase (AsTJOMT) that performs regioselective methylation. They 
suggested that the second methylation could be catalysed by an O-methyltransferase 
as well; however the rest of the conversions are still hypothetical and no enzymes or 
genes encoding the enzymes are confirmed (Scheme 8.2, dashed lines) (Ragamustari 
et al. 2013).

In Podophyllum, Marques and colleagues demonstrated that the methylenedioxy 
bridge formation takes place before the hydroxylation and methylation events 
(Marques et al. 2013). Performing massive parallel sequencing of P. hexandrum and 
P. peltatum transcriptomes, the authors discovered two enzymes catalysing the ring 
A closure in Podophyllum. The enzymes, CYP719A23 from P. hexandrum and 
CYP719A24 from P. peltatum, were able to convert (−)-matairesinol (12) to 
(−)-pluviatolide (13) (Marques et al. 2013).

In 2015, the biosynthetic pathway between (−)-pluviatolide (13) and (−)-deoxy-
podophyllotoxin (17) was confirmed by Lau and Sattely (Lau and Sattely 2015). 
The study used transcriptome mining and combinatorial expression that enabled the 
authors to reconstitute the enzymatic conversions leading to the formation of 
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Scheme 8.2 Biosynthesis of (−)-yatein (16) from (−)-matairesinol (12) in Podophyllum (up) and 
Anthriscus (below). The reactions in Podophyllum involve formation of (−)-pluviatolide (13), 
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(−)-deoxypodophyllotoxin (20). Although the authors were not able to identify the 
enzyme hydroxylating (−)-deoxypodophyllotoxin (20) at position C7, they identi-
fied two enzymes that afford the immediate precursor of etoposide—a discovery, 
which from commercial point of view could be significantly more important. The 
total arsenal included two O-methyltransferases, three Cyt P450s, and one 
2- oxoglutarate/Fe(II)-dependent dioxygenase (Lau and Sattely 2015). Infiltrating 
(−)-matairesinol (12) to transformed N. benthamiana leaves, Lau and Sattely were 
able to discover that O-methyltransferase-3 (OMT-3) utilised (−)-pluviatolide (13) 
to afford (−)-5′-desmethoxy-yatein (14) by transferring a methyl group at position 
C4′ of the pendant ring. The next reaction was hydroxylation to (−)-5′-desmethyl- 
yatein (15), followed by a methylation at position C5′ to (−)-yatein (16). The 
respective conversions were catalysed by CYP71CU1 and O-methyltransferase-1 
(OMT-1) (Scheme 8.2). To afford the aryltetralin skeleton, a 2-oxoglutarate/Fe(II)-
dependent dioxygenase (2-ODD) catalysed C–C bond formation, closing ring C 
(Lau and Sattely 2015) (Scheme 8.3).

The last enzyme converting (−)-deoxypodophyllotoxin (20) to (−)-podophyllo-
toxin (1) is yet to be elucidated. A reaction with putative (−)-deoxypodophyllo-
toxin- 7H affording (−)-podophyllotoxin (1) has been described in 1999 by Henges 
and colleagues (Henges 1999). Although the authors detected a catalytic activity, 
they could not fully characterise the enzyme (Henges 1999). In 2007, Federolf and 
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colleagues studied L. album cell lines with different metabolite profiles, proposing 
that deoxypodophyllotoxin-7H is not a cytochrome P450 monooxygenase as it can-
not be effectively inhibited by specific inhibitors (Federolf et al. 2007). The tran-
scriptome mining by Lau and Sattely was targeting the deoxypodophyllotoxin-7H, 
but instead of identifying the last step in the (−)-podophyllotoxin biosynthetic 
pathway, they discovered two enzymes that convert (−)-deoxypodophyllotoxin 
(20) to (−)-4′-desmethyl-deoxypodophyllotoxin (21) and (−)-4′-desmethyl- 
epipodophyllotoxin (22). The two enzymes are cytochrome P450s: CYP71BE54 
and CYP82D61, performing sequential C4′ demethylation and C7 hydroxylation 
(Lau and Sattely 2015).

Despite the fact that the last step in the podophyllotoxin biosynthetic pathway is 
not yet deciphered, the work by Lau and Sattely is a milestone in the lignan research. 
More importantly, they proposed a direct way of biosynthesising the etoposide agly-
cone. The successful combinatorial expression in tobacco plants yielded 10.3 ng of 
(−)-4′-desmethyl-epipodophyllotoxin (22) on a dry weight basis when infiltrated 
with 100 μM (+)-pinoresinol (9) (Lau and Sattely 2015).

 Regulation of the Biosynthetic Pathway

Studies focusing on the regulation of the podophyllotoxin biosynthetic pathway 
have accumulated in the past 10 years. Since the biosynthetic pathway was com-
pleted just recently, we would expect to see an increase in the research that investi-
gates the pathway regulation via transcription factors, microRNAs and cis-acting 
genetic elements.

The promoter of L. usitatissimum PLR (LuPLR1) has been of particular interest 
in several studies, showing that the gene promoter contains cis-acting elements 
ABRE and MYB2 that are involved in the abscisic acid response (Hano et al. 2006; 
Renouard et al. 2012; Corbin et al. 2013). Putative cis-elements were found in the 
promoter regions of SDH in P. hexandrum, showing that MYB and WRKY may also 
be considered for further research (Kumar et al. 2016).

Different transcription factors have been identified in P. hexandrum and P. pelta-
tum. In 2013, Bhattacharyya and colleagues assembled de novo a cDNA library 
from P. hexandrum cell culture, identifying members from transcription factor fami-
lies potentially involved in the secondary metabolism regulation: AP2-EREBP, 
NAC, bHLH, MYB, bZIP, nTERF, WRKY, C2C2-CO-like and C2C2-Dof 
(Bhattacharyya et  al. 2013). In 2016, the authors extended their research and 
challenged the cell cultures of P. hexandrum with methyl jasmonate to identify 
putative up-regulated genes involved in the regulation of the podophyllotoxin 
biosynthetic pathway (Bhattacharyya et al. 2016). A comparison between the 2013 
and 2016 study showed that members from six transcription factors families were 
up- regulated upon application of the elicitor: AP2-EREBP, NAC, bHLH, MYB, 
nTERF and WRKY (Bhattacharyya et  al. 2013; Bhattacharyya et  al. 2016). 
Another study, authored by Kumar and colleagues, reported unique transcription 
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factors in P. hexandrum (bZIP and MYB) and P. peltatum (bHLH and MYB/SANT) 
that correlated with the high podophyllotoxin content (Kumar et al. 2016).

Recently, one in silico-based study of P. hexandrum transcriptome was con-
ducted by Biswas and colleagues, offering a glimpse of possible elements involved 
in the pathway regulation (Biswas et al. 2016). Although not definitive in answering 
how miRNAs are involved in the regulation of lignan biosynthetic pathway, the 
paper provides preliminary information and direction for future research.

 Platforms to Produce Podophyllotoxin

The name “podophyllotoxin” derives from the plants it has been most commonly 
extracted from: P. hexandrum (Himalayan mayapple) and P. peltatum (mayapple, 
American mandrake) (Botta et al. 2001). The ethnobotanical use of these two spe-
cies is described in detail elsewhere (Moraes et al. 2002; Ionkova 2010), but it is 
worth mentioning that the roots and rhizomes of P. hexandrum are the richest source 
of podophyllotoxin, reaching 4.3% on a dry weight basis (Gordaliza et al. 2004). 
Many plant species have been tested since to uncover new promising producers of 
the lignan; however no wild plant able to produce more podophyllotoxin on a dry 
weight basis than that of P. hexandrum has been described.

Stripping the plant matrix to extract pure podophyllotoxin from Podophyllum 
rhizomes to manufacture anticancer drugs is the only employed method so far, as 
chemical synthesis proved to be a low-yielding approach achieving racemic mix-
tures or involving too many steps (Botta et  al. 2001; Bruschi et  al. 2010). After 
decades of intensive collection of wild plants, P. hexandrum has been declared 
endangered (Bhadula et al. 1996; Airi et al. 1997). The interest in finding alternative 
sources of podophyllotoxin identified members of genus Linum to be promising. 
They were able to biosynthesise aryltetralin lignans, at the same time demonstrating 
excellent aseptic cultivation parameters.

So far, the most explored platform for podophyllotoxin sourcing is the native 
P. hexandrum plants. The research in the last 40 years aimed at identifying sustain-
able and renewable approach to deliver crude material for etoposide and teniposide 
production that would decrease the pressure over natural systems. P. hexandrum is 
endangered (Bhadula et al. 1996), while Linum species are small and could not pos-
sibly account for the increased demand for podophyllotoxin, if grown in the field. 
For many years the research focused on shifting the collection of native plants 
(Platform 1) to aseptic cultivation (Platform 2). Platform 2 largely relied on 
optimised protocols for biotechnological scale-up of high-producing cell lines. The 
roadblocks to provide commercial cell lines were many. Some of them still exist, 
including poor understanding of the biosynthetic pathway regulation, difficulties to 
switch from low to high yields of the target product and lack of genetic markers to 
assess the cell culture stability.

Cultivating plant cells can be laborious and time-consuming approach as it 
involves finding the best growth medium, selecting a high-producing cell line and 
establishing conditions for consistent growth and target metabolite production. 
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Many plant species have been tested in vitro for the production of podophyllotoxin, 
but most of them showed potential to accumulate lignans different than the target 
metabolite. Cell cultures can also show unreliable patterns as even cell lines derived 
from same species, L. album, had large differences in the ability to produce podo-
phyllotoxin—a behaviour that was attributed to the genotype of the accessions used 
to start the cultures (Federolf et  al. 2007). The disadvantage, however could be 
turned into an opportunity, as Federolf and colleagues did, to characterise enzymes 
involved in the downstream lignan biosynthetic pathway (Federolf et al. 2007).

The early research on cultivating podophyllotoxin-producing plants was initiated 
in the 1980s and 1990s (Table 8.1). The period marked the onset of the fermentation 
of Podophyllum and Linum cells, and offered a slow progress in delivering effortless 
systems for podophyllotoxin production. The attempts were concentrated on estab-
lishing the optimal medium composition and physical factors to achieve satisfactory 
culture growth and podophyllotoxin production. Kadkade showed that P. peltatum 
callus produce podophyllotoxin (Kadkade 1981), and that its content can be 
increased if the cell lines received red light (Kadkade 1982). Ten years later, Smollny 
and colleagues initiated callus from L. album (Smollny et al. 1992) and  demonstrated 
that more podophyllotoxin was biosynthesised when the cells were grown in the 
dark (Smollny et al. 1998). Despite the attempts to scale up the cultivation of P. 
hexandrum in vitro, research groups reported slow growth, darkening and clumping 
of the cells, causing hypoxia (Fujii 1991; Giri and Narasu 2000; Chattopadhyay 
et al. 2001). With the addition of PVP and pectinase, the cell browning was solved, 
and despite the consistently slow growth, the cells have been successfully scaled up 
for a bioreactor cultivation in 2003 (Chattopadhyay et al. 2001).

Table 8.1 Prevalent approaches used in the past four decades to increase the content of 
podophyllotoxin through aseptic cultivation of podophyllotoxin-accumulating plants

Decade Major areas References

1980s P. peltatum and  
P. hexandrum callus

Kadkade (1981), Kadkade (1982), and van Uden 
et al. (1989)

Effect of red light
1990s L. album in vitro cultures Smollny et al. (1992) and Smollny et al. (1998)

Effect of light/dark
2000s Medium optimisation Chattopadhyay et al. (2001, 2002, 2003), van Furden 

et al. (2005), Shams-Ardakani et al. (2005), Vasilev 
and Ionkova (2006), Mohagheghzadeh et al. (2006), 
Baldi et al. (2008a, b), Farkya and Bisaria (2008), 
Ionkova (2009), and Ionkova and Fuss (2009)

Use of elicitors
Agrobacterium rhizogenes- 
mediated transformation
Bioreactor studies
Biotransformation studies

2010s Use of elicitors Ionkova et al. (2010), Yousefzadi et al. (2010b, c), 
Chashmi et al. (2011), Ionkov et al. (2012), 
Yousefzadi et al. (2012), Bahabadi et al. (2012), 
Sasheva et al. (2013), Tahsili et al. (2014), Sasheva 
and Ionkova (2015), and Sasheva et al. (2015)

Agrobacterium rhizogenes- 
mediated transformation
Bioreactor studies
Gene expression studies
Metabolic engineering 
studies
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After the initiation of L. album cultures, it became obvious that flax is another 
promising plant that can be used for podophyllotoxin production. Cells grew rapidly, 
the cultivation was easy and the podophyllotoxin production was comparable to that 
of P. hexandrum cells (Fuss 2003; Malik et al. 2014). Although podophyllotoxin was 
found in the in vitro cultures of Callitris drummondii (van Uden et al. 1990), P. pel-
tatum (Fujii 1991), Juniperus chinensis (Muranaka et  al. 1998), L. persicum 
(Mohagheghzadeh et al. 2003), L. bulgaricus (Vasilev and Ionkova 2006), L. lineari-
folium (Ionkova et al. 2010) and L. thracicum (Sasheva et al. 2013), it is P. hexan-
drum and L. album that have been accepted as the benchmark for in vitro studies.

While the early research focused on increasing the podophyllotoxin yield by 
varying the components of the growth medium and/or physical factors, later studies 
took advantage of the upstream lignan biosynthetic pathway discoveries.5 As a 
result of an intense research programme conducted by Laurence Davin and Norman 
Lewis group, by 2001 the biosynthetic pathway from coniferyl alcohol to 
matairesinol was reconstituted; the enzymes DIR, PLR and SDH were discovered; 
and the genes encoding the respective enzymes were cloned (Davin and Lewis 
2003). Elicitation, one of the heavily used techniques in the 2000s, initially 
employed to increase the podophyllotoxin production, was later coupled with tran-
scriptomic studies to unravel the expression of DIR, PLR and SDH under conditions 
that mimic a biological attack. Among the elicitors, methyl jasmonate and Fusarium 
graminearum extracts proved to be the most successful agents to boost the podo-
phyllotoxin production. An increase in the podophyllotoxin yields has been reported 
for L. album (van Furden et al. 2005) and L. thracicum (Sasheva et al. 2015); how-
ever the authors found that the high-producing cell lines had in general a weak 
response when challenged with methyl jasmonate. Despite the fact that methyl jas-
monate was able to provoke a modest response, van Furden and colleagues observed 
accumulation of 7.69 mg podophyllotoxin on a dry weight basis (van Furden et al. 
2005): much higher than the podophyllotoxin content of 0.14 mg on a dry weight 
basis, accumulated after F. graminearum elicitation (Bahabadi et al. 2011). A dras-
tic eightfold increase in podophyllotoxin content after L. album elicitation with F. 
graminearum (Bahabadi et al. 2011; Bahabadi et al. 2012; Tahsili et al. 2014) was 
associated with up-regulation of PLR (Tahsili et al. 2014). Wounding and treatment 
with methyl jasmonate were also found to trigger over-expression of DIR, PLR and 
SDH in P. hexandrum (Wankhede et al. 2013).

Other techniques that dominated the 2000s included Agrobacterium rhizogenes- 
mediated transformation and bioreactor cultivation. Hairy roots, which are geneti-
cally stable, grow fast and do not require plant hormones (Chashmi et al. 2011), 
proved to be efficient system to produce podophyllotoxin in a predictable manner. 
Up to 105 mg podophyllotoxin on a dry weight basis was accumulated by L. album 
transformed with A. rhizogenes (Chashmi et  al. 2011). Other researchers also 
reported that L. album hairy root cultures biosynthesise up to 0.6% podophyllotoxin 
on a dry weight basis (Baldi et al. 2008a; Farkya and Bisaria 2008). Transformed 
roots also offer the possibility for elicitation, further increasing the levels of various 

5 We recommend two good reviews provided by Yousefzadi et al. 2010a and Malik et al. 2014.
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lignans, as observed by Ionkova (Ionkova 2009), and Bahabadi and colleagues 
(Bahabadi et al. 2014). Large-scale production of podophyllotoxin was reported by 
Nippon Oil Ltd. (Japan) and ROOTec bioactives Ltd. (Switzerland), which was 
recently acquired by the start-up Green2Chem S.A. (Belgium).

The medicinal plant research also benefited from the advances in the plant 
molecular biology techniques, which enabled scrutinising non-model plants with 
large and non-sequenced genomes, like Podophyllum. There has been a significant 
change in the way the biosynthetic pathway is discovered: the stepwise experi-
ments, where the proteins were purified and sequenced were replaced by transcrip-
tomics and homology-based cloning approach, which speeded up the process (De 
Luca et al. 2012). In the recent years, interrogating the transcriptome and proteome 
of elicited cell cultures has been used to advance the knowledge of the lignan bio-
synthetic pathway and its regulatory elements (Bhattacharyya et  al. 2012; 
Bhattacharyya et al. 2016).

The reconstitution of the biosynthetic pathway to etoposide aglycone enabled the 
development of Platform 3, which involved metabolomiic engineering. Several 
studies already showed that it is possible to engineer the upstream lignan biosynthe-
sis. The whole set of reactions to etoposide aglycone, though, will require further 
knowledge about the branch points and potential sinks of the pathway. Already suc-
cessful was the A. tumefaciens transient transformation of N. tabacum, where Lau 
and Sattely combinatorially expressed the whole lignan biosynthetic pathway. 
Although the yield was very low, the study opens the door for speedy research to 
engineer the pathway in host systems (Lau and Sattely 2015).

Several studies explored the RNAi technologies, successfully down-regulating 
the expression of PLR in L. corymbulosum (Bayindir et al. 2008) and F. koreana 
(Kim et al. 2009; Murata et al. 2015). Although these studies targeted the upstream 
biosynthetic pathway, they showed that the technique can be used to prove biosyn-
thetic steps by suppressing candidate genes (Bayindir et al. 2008) and to engineer 
the production of uncharacteristic lignans in host plants (sesamin in F. koreana, Kim 
et al. 2009, Murata et al. 2015). In 2015, Murata and colleagues created triple trans-
genic F. koreana cell line, which produced high amounts of sesamin at the expanse 
of pinoresinol. The transgenic plants had two down-regulated transcripts to abolish 
the pinoresinol glycosylation and lariciresinol/secoisolariciresinol formation. To 
redirect the lignan to another metabolic pathway, the authors introduced CYP81Q1, 
which is responsible for the formation of sesamin from pinoresinol. Single- and 
double-RNAi lines in this experiment were unsuccessful, suggesting increased 
cytotoxicity generated by higher aglycone concentration (Murata et al. 2015).

 Conclusions

The combinatorial biochemistry is most likely the next playground in the podophyl-
lotoxin research. Many questions are still unanswered, but the recent discover-
ies showed that it can be possible to have the entire biosynthetic pathway expressed 
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in alternative systems. The interest in uncovering the biosynthetic pathway of podo-
phyllotoxin has intertwined both fundamental and commercial purposes. Finding 
reliable and sustainable sources of the etoposide precursors is an exciting avenue 
that can have a positive impact for the wild populations of the only commercial 
source of podophyllotoxin, P. hexandrum, and provides alternative systems to bio-
synthesise the lignan on economical scale.
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Chapter 9
Hairy Root Culture for the Production 
of Useful Secondary Metabolites

Jyothi Abraham and T. Dennis Thomas

Abstract Hairy root is induced when Agrobacterium rhizogenes, a naturally occur-
ring gram-negative soil bacterium, infects a plant that is susceptible to infection. 
During the infection process of the A. rhizogenes to a plant, parts of its plasmid DNA 
(T-DNA) in the Ri plasmid will be transferred and integrated into the nuclear genome 
of the host plant. This transformation process eventually resulted in a valuable by-
product called as hairy root. During infection of A. rhizogenes the plant oncogenes 
(i.e. rol A, rol B, rol C and rol D) present in bacteria are incorporated into the plant 
genomes and cause tumour formation resulting in hairy root disease. The character-
istic feature of hairy root is that they have the capability to grow fast on basal media, 
genetic and biosynthetic stability and ability to produce elevated amount of several 
useful secondary metabolites. This chapter reviews the recent reports on hairy root 
culture and secondary metabolite production in various plant species.

Keywords Agrobacterium rhizogenes • Elicitors • Ri plasmid • Rol genes  
• Secondary metabolites

 Introduction

Plant tissue culture offers a number of useful techniques for various purposes 
including the improvement of crop species. The numerous in  vitro techniques 
employed for improvement of plants include micropropagation (Thomas and 
Hoshino 2010; Cheruvathur et  al. 2012), somatic embryogenesis (Kumar and 
Thomas 2012; Thomas and Jacob 2004), protoplast isolation and culture (Rahmani 
et  al. 2016; Thomas 2009), androgenesis (Cimò et  al. 2016; Kurtar et  al. 2016), 
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gynogenesis (Alan et al. 2016; Thomas et al. 1999) and endosperm culture (Thomas 
and Chaturvedi 2008). One of the major reasons for culturing plant cell, tissue or 
organ is its capability to synthesize secondary metabolites which are present in 
whole plants (Tamer and Mavituna 1996). However, this protocol is met with many 
limitations such as instability of cultures and low productivity of secondary metabo-
lites (Bonhomme et al. 2000). These limitations could be avoided by using hairy 
root culture for the production of useful secondary metabolites.

Roots of many plants yield a number of secondary metabolites useful for various 
purposes. In a similar fashion these phytochemicals could be synthesized in hairy 
roots and thereby save the natural population of medicinal plants from extinction. 
A  diseased condition commonly called ‘hairy root’ usually appears when 
Agrobacterium rhizogenes, a naturally occurring gram-negative soil bacterium, 
infects a plant that is susceptible to infection. While the bacteria infect a plant, parts 
of its plasmid DNA (T-DNA) in the Ri plasmid will be migrated and incorporated 
into the nuclear genome of the host plant. This transformation process ultimately 
gives rise to a valuable by-product known as hairy root (Hu and Du 2006). Plant 
oncogenes, i.e. rol A, rol B, rol C and rol D, are present in A. rhizogenes plasmids. 
During infection of A. rhizogenes these genes are incorporated into the plant 
genomes and cause tumour formation resulting in hairy root disease (Bulgakov 
2008). Moreover these rol genes are supposed to stimulate the production of sec-
ondary metabolites in transgenic plant tissues. The specialty of hairy roots includes 
its ability to grow fast on basal media, genetic and biosynthetic stability and ability 
to produce elevated amount of several useful secondary metabolites (Cheruvathur 
et al. 2015). Recently, there is an increase in use of hairy technology for the isola-
tion of useful secondary metabolites (Table 9.1).

Hairy root system formed as a result of genetic transformation is considered as a 
stable biotechnological system. In order to enhance the natural product formation in 
hairy root culture elicitors from various sources have been routinely employed. 
Recently, this methodology has been routinely used in stimulating the production of 
several classes of active plant secondary metabolites especially alkaloids and flavo-
noids. The working of the elicitors is unique and can activate a series of stress or 
defence responses so that specific genes responsible for secondary metabolite bio-
synthesis can be triggered. Although the crucial role of elicitors in enhancing 
the production of useful secondary metabolites and examining their biosynthesis is 
well explained, such studies have been applied to only limited number of species. 
This chapter is an attempt to review the recent reports on hairy root culture and 
secondary metabolite production in various plant species.

 Rhinacanthus nasutus (L.) Kurz

Rhinacanthus nasutus (Family: Acanthaceae) is distributed widely in some areas 
of subcontinent, in the region of Southeast Asia and China (Farnsworth and 
Bunyapraphatsara 1992). This shade loving plant is usually seen wild in the 
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roadside bushes as a perennial shrub commonly called as Rangchita. R. nasutus is 
a tiny slender shrub measuring about 60–76 cm in height. The requirement for the 
optimum growth of this plant includes 1000–1200 mm rainfall and 20–28 °C tem-
perature. Vigorous growth of the plant was observed during rainy season whereas 
most of the aerial parts dry up and root portion remains intact during summer. 
Since R. nasutus is highly susceptible to water logging, water stagnation for a 
period of 1–2 days severely damages the plant (Das 2006). This medicinal plant 
has been employed in the treatment and prevention of several diseases as folklore 
medicine. Various parts of R. nasutus have been used in traditional medicine for the 
treatment of diseases like eczema, pulmonary tuberculosis, herpes, hepatitis, dia-
betes, hypertension and several skin diseases (Siripong et al. 2006). Its potential 
role in the treatment of diseases such as cancer, liver disorders, skin diseases, pep-
tic ulcers, helminthiasis, scurvy, inflammation and obesity has been well docu-
mented (Suja et  al. 2003). The leaves and roots of R. nasutus produce several 
important bioactive molecules.

Cheruvathur et al. (2015) isolated three natural naphthoquinone esters such as 
rhinacanthin (RC)-C, RC-D, and RC-N, from R. nasutus hairy root cultures. 
Following transformation with Agrobacterium rhizogenes (MTCC Strain No. 532) 
the leaves, stems, and cotyledons induced hairy roots. Maximum (73%) hairy root 
induction frequency was obtained with cotyledons. Murashige and Skoog (MS; 
Murashige and Skoog 1962), ½ MS, Schenk and Hildebrandt (Schenk and 
Hildebrandt 1972) and Woody Plant Medium (WPM; Lloyd and McCown 1980) 
were used to study their effects on hairy root growth and RC production. The hairy 
roots were analysed for its transgenic nature by Polymerase Chain Reaction (PCR) 
and Southern hybridization analysis. The results indicated that optimum hairy root 
biomass (0.89 g/flask dry weight [DW]) and RC contents (RC-C, 3.8 mg/g DW; 
RC-D, 0.43 mg/g DW; and RC-N, 0.18 mg/g DW) were obtained on MS medium 
after 6 weeks of culture. These results were further enhanced [root biomass (1.41 g 
DW/flask) and RC contents (RC-C, 4.4  mg/g DW; RC-D, 0.69  mg/g DW; and 
RC-N, 0.21 mg/g DW)] by using 4% sucrose. This study revealed that hairy root 
culture may offer an effective and reliable alternative method for the production of 
anticancer compound RC.

In another report Cheruvathur and Thomas (2014) studied the role of auxins and 
elicitors on hairy root growth and rhinacanthin (RC) accumulation in R. nasutus. 
Two auxins, i.e. indole-3-butyric acid (IBA) and naphthalene acetic acid (NAA), 
and two elicitors, i.e. methyl jasmonate (MJ) and salicylic acid (SA), were employed 
in this study. MS medium was used throughout the experiment. Although IBA and 
NAA at 2.5 μM concentration gave the optimum biomass after 4 weeks, the RC 
production was highest after 6 weeks. The presence of MJ and SA decreased the 
hairy root biomass. However, the presence of MJ and SA significantly enhanced the 
RC induction in hairy roots harvested 7 days after elicitation as compared to control. 
MJ was more prominent than SA for RC induction. Maximum RC content (6.3 mg/g 
DW RC-C; 1.1 mg/g DW RC-D and 0.61 mg/g DW RC-N) was obtained when 
treated with 10 μM MJ which was 1.7-, 2.5- and 3.5-fold higher RC-C, RC-D and 
RC-N, respectively, than the control.
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 Stevia rebaudiana Bert.

The genus Stevia consists of about 154 species of which only two species produce 
the sweet steviol glycosides (Robinson 1930; Soejarto et al. 1982, 1983). S. rebau-
diana belongs to the family Asteraceae and is a tiny perennial shrub that grows up to 
a height of about 65 cm with sessile, oppositely arranged lanceolate to oblanceolate 
leaves, serrated above the middle. The speciality of trichome on the leaves of this 
plant is that it appear in two distinct sizes, i.e. one large (4–5 μm) and one small 
(2.5 μm) in size (Shaffert and Chetobar 1994). The tiny (7–15 mm), white flowers 
appear on the irregular cyme. Several feathery pappus hairs appear on the seed which 
is an achene (Robinson 1930). The bioactive plant secondary metabolite chlorogenic 
acid and its derivatives (CADs) have several health benefits. Hairy root cultures were 
induced from S. rebaudiana for the production of CADs by Fu et al. (2015). Leaves 
were used for the induction of hairy roots after coculturing with Agrobacterium rhi-
zogenes (C58C1) which was verified by PCR detection of rol B and rol C genes. 
Liquid chromatography–mass spectrometry (LC-MS or HPLC-MS) and High 
Performance Liquid Chromatography (HPLC) analysis confirmed the presence of 
some major CADs compounds such as chlorogenic acid (3- caffeoylquinic acid, 
3-CQA), 3, 5-dicaffeoylquinic acid (3, 5-CQA), and 4, 5-dicaffeoylquinic acid (4, 
5-CQA) in hairy roots. Rapidly growing 8 hairy root lines were selected for CADs 
estimation and the results showed that T3 line has the maximum yield. Moreover the 
CADs production was highest on B5 medium (Gamborg et al. 1968) supplemented 
with 40 g/L sucrose than other media. The total content of CADs reached 105.58 mg/g 
and total yield was 234.40 mg/100 mL under this optimum condition.

 Astragalus membranaceus (Fisch.) Bge.

A. membranaceus, a perennial Fabaceae member, is usually distributed in the north-
ern, north-eastern and north-western parts of China (Ma et al. 2000). This plant is 
commonly called yellow leader. It is extensively used in Chinese traditional medi-
cine for thousands of years to treat various ailments. The root is the most important 
part since it is utilized to prepare a tonic which can enhance metabolism and diges-
tion, to enhance the immune system, and to trigger the curing of wounds and inju-
ries. This plant is effectively utilized against cancer, anaemia, diabetes, hepatitis, 
liver and heart diseases (Wagner et al. 1997). It is also employed as an immunos-
timulant, antiperspirant, diuretic and as a supplementary medicine during cancer 
therapy (Zheng 2005). The antiviral, anti-inflammatory and antibacterial properties 
of A. membranaceus have been reported (Wagner et al. 1997). This plant contains 
several useful antioxidants that can prevent cell damage caused by free radicals 
(Zheng 2005). The primary metabolic components in A. membranaceus roots 
include astragalosides (ASTs), calycosin and calycosin-7-O-β-d-glucoside (CG).

Jiao et al. (2015) standardized a technique for the simultaneous determination of 
six astragalosides (ASTs) and five isoflavonoids in A. membranaceus hairy root cul-
tures (AMHRCs) by direct analysis approach, namely, high speed homogenization 
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coupled with cavitation-accelerated extraction (HSH-CAE) followed by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS). The advantage of using the 
present sample preparation procedure (HSH-CAE) over soxhlet extraction (SE) and 
ultrasound-assisted extraction (UAE) methods is that it offers significant improve-
ment with regard to simplicity in operation (elimination of biomass drying and grind-
ing), enhanced yield and green aspects in terms of saving energy cost, high efficiency 
and minimizing the generation of waste. Further, the standardized LC-MS/MS pro-
tocol offered linearity with correlation coefficients beyond 0.9991, limit of detec-
tions (LODs) under 1.77 ng/mL, relative standard deviations (RSDs) below 6.01% 
and recoveries above 96.84%. Moreover, the standardized HSH-CAE- LC-MS/MS 
protocol was effectively utilized for screening high-productive AMHRCs. In short, 
this investigation has significant importance since it can be utilized for the direct 
estimation of secondary metabolite profiles from fresh plant in vitro cultures, which 
was essential for enhancing the quality control of plant cell/organ cultures.

Park et al. (2015) investigated the expression levels of genes related to the biosyn-
thetic pathways of ASTs, calycosin and CG. This study also compares the variations 
between hairy roots, adventitious roots and seedling roots (SRs) using quantitative 
real-time polymerase chain reaction (qRT-PCR). The results of qRT- PCR study dis-
closed that the transcription level of genes involved in the AST biosynthetic pathway 
was lowest in adventitious roots and a comparable pattern was also noticed in hairy 
roots and SRs (Park et al. 2015). It was also noticed that the majority of genes respon-
sible for the synthesis of calycosin and CG displayed the highest expression levels in 
seedling roots. The results obtained by using HPLC indicated that the expression 
level of the genes correlated with the content of ASTs, calycosin and CG in the three 
different types of roots. Seedling roots showed rich source of ASTs. CG accumulation 
was higher than calycosin accumulation in adventitious roots and hairy roots, whereas 
the reverse was true in seedling roots. In total 40 metabolites were detected and iden-
tified using gas chromatography–time- of- flight mass spectrometry (GC-TOF-MS). 
The differences among seedling roots, adventitious roots and hairy roots were docu-
mented by using principal component analysis (PCA). From this study it is clear that 
hairy roots were different from adventitious roots and seedling roots with reference to 
the high quantity of sugars and clusters derived from closely similar biochemical 
pathways. Similarly, adventitious roots had higher concentration of a precursor for 
the phenyl propanoid biosynthetic pathway namely phenylalanine, as well as 
CG. Higher amount of TCA cycle intermediates including succinic acid and citric 
acid was observed in seedling roots than in adventitious roots and hairy roots.

 Coleus forskohlii Briq.

Coleus forskohlii [syn: Coleus barbatus (Andr.) Benth.] belonging to the mint fam-
ily Lamiaceae is a plant of Indian origin (Valdes et al. 1987). This perennial plant is 
distributed over tropical and subtropical regions of India, Pakistan, Sri Lanka, 
East Africa and Brazil at 600–1800 m elevation. It is cultivated in various parts 
of  India including Gujarat, Maharashtra, Rajasthan, Karnataka and Tamil Nadu. 
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C. forskohlii has been cultivated in an area of more than 2500 hectares for  harvesting 
its tuberous roots. The tuberous roots of this plant have been utilized traditionally as 
condiments in pickles and for ayurvedic medicinal purposes (Ammon and Muller 
1985). Children suffering from constipation will be provided with the root juice of 
this plant (Singh et al. 2011).

Agrobacterium rhizogenes (MTCC 2364 strain) mediated transformation leading 
to hairy root production has been reported in C. forskohlii by Pandey et al. (2014). 
The explants used for hairy root induction were nodal stem part and mature leaves. 
Of these two explants nodal stem part gave rise to highest response with huge 
amount of hairy root production. Initially the shoots were emerged from the nodal 
part (having a size of 3.0–4.0 cm long) and later hairy roots were induced from the 
base of the node within 12 days of culture. When these shoots were excised and 
subcultured on MS basal medium new hairy roots were induced within 5  days. 
Further, the transformed nature of hairy roots was confirmed by PCR with rol A 
gene primer. From this study it was confirmed that hairy roots contain the highest 
amount of forskolin in comparison to any other plant parts.

 Valeriana officinalis L.

Valeriana officinalis is a plant native to Asia and Europe (Larsen 1986). The root or 
rhizome of this plant is used in traditional medicine as a mild sedative and tranquil-
izer in many countries. It is employed as a mild sedative and sleeping aid in India. 
V. officinalis has depressant activities on the central nervous system. This plant is 
used as a sedative in agitated states and a stimulant in fatigue (Fernández et  al. 
2006). The important phytochemicals responsible for its clinical use include vale-
potriates and their breakdown products valerenal, valeranone, baldrinals and 
valerenic acid and some other constituents in the essential oil (Nishiya et al. 1992; 
Bos et al. 1996). Valerenic acid (VA) is another pharmacologically active sesquiter-
pene seen in the root and rhizome of this plant. V. officinalis produces only small 
amounts of secondary metabolites naturally. Therefore, induction of hairy roots and 
elicitation are important protocols for the large-scale commercial production of 
secondary metabolites.

Hairy roots were induced by A. rhizogenes (Strain ATCC 15834) mediated 
genetic transformation in V. officinalis by Parizi et al. (2014). Various media such as 
MS, B5 (1.0× and 0.5× strength), N6 and a modified MS without phytohormones 
were employed to compare the effect of growth of V. officinalis hairy roots. 
The effect of various NH4

+ to NO3
− ratios in MS medium was also investigated. The 

results of these experiments were evaluated after 21 days of culture in relation to 
hairy root growth. The highest hairy root induction and growth was observed on B5 
and ½B5 media. For highest biomass yield and growth rates of hairy root culture MS 
medium fortified with a 20:20 ratio (mM) of NH4

+ to NO3
− was optimum. This study 

confirmed the positive role of media type, composition and the ratio of different 
nitrogen sources on the growth rate and biomass yield of V. officinalis hairy roots.
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In another study, Zebarjadi et al. (2011) reported hairy root induction in V. offici-
nalis under in  vitro conditions. The leaf, stem and root of this plant were co- 
cultivated with A. rhizogenes (strains AR15834 and LBA 9402) for hairy root 
induction. Of the two bacterial strains used for hairy root induction, the strain 
LBA9402 was better than AR15834. On MS medium supplemented with 20 mg/L 
rifampicin and 250 mg/L cefotaxime without any plant growth regulators gave the 
highest growth of the hairy roots. This study revealed that bacterial strains play an 
important role in rapid growth of the hairy roots of V. officinalis.

Torkamani et  al. (2014a) employed A. rhizogenes wild-type strain ‘A13’ for 
inducing hairy roots in V. officinalis. In this study, the effect of various elicitors such 
as Fusarium graminearum extract (FE), methyl jasmonate (MJ) and salicylic acid 
(SA) on VA production in the selected hairy root line ‘LeVa-C4’ was investigated. 
Various concentrations of elicitors were treated after 23 days of culture at exposure 
time of 3 and 7 days. The results indicated that FE (1%) and MJ (100 μM) were 
highly favourable for VA production at 7 days after elicitation, to a level of 12.31- 
and 6-fold higher than that of non-elicited controls, respectively. It was also noticed 
that FE did not play any negative role on biomass yield of hairy roots. The applica-
tion of SA did not significantly influence the VA production. From this study it is 
confirmed that elicitation of hairy root culture is an efficient way to promote VA 
biosynthesis in V. officinalis and F. graminearum extract and MJ was indeed a potent 
inducer of VA biosynthesis.

 Atropa komarovii L.

Atropa belongs to the family Solanaceae and is a perennial herbaceous plant. It is 
the most significant commercial source of the pharmaceutical tropane alkaloids. 
There are four different species of the genus atropa and are distributed in the 
Mediterranean region, South Europe and Asia. A. belladonna has long been utilized 
as a reputed drug in Europe and is still considered as the most important and indis-
pensable drug of the plant origin (Parvaz et  al. 2006). However, A. komarovii, 
(Kopet-Dagh Mountains) the species found in central Asia, is considered as equiva-
lent to A. belladonna particularly in chemical constituents. The drugs extracted 
from atropa include scopolamine and hyoscyamine which are considered as an 
important stimulant to the sympathetic nervous system.

Banihashemi et al. (2015) reported that A. komarovii was infected by the soil 
gram-negative bacterium A. rhizogenes will be able to produce the neoplastic dis-
ease with the formation of hairy roots at the site of the infection (Banihashemi et al. 
2015). In this study, hairy roots were induced directly from the wounds of leaves. 
The leaves were collected from 15-day-old in vitro grown seedlings of A. komarovii. 
For hairy root induction leaves were cultured on MS medium and the A. rhizogenes 
strain used was ATCC15834. About 70% of cultured leaves showed positive reac-
tion to bacterium. On hormone free MS medium the hairy roots demonstrated rapid, 
plagiotropic growth and remained highly branched. PCR method was employed for 
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the amplification of rol B gene region. Thus the integration of T-DNA fragment of 
Ri plasmid from A. rhizogenes to plant genome was confirmed. For optimum hairy 
root induction MS basal medium with 500 mg/L cefotaxime in dark was essential. 
The induction of hairy roots was observed within 3 weeks of culture.

 Artemisia annua L.

Artemisia annua is an Asteraceae member also called sweet sagewort or annual 
wormwood. It is the most common kind of wormwood that is cultivated throughout 
the world. It is considered as a natural pesticide and has been effectively utilized for 
the production of antimalarial and antibacterial agents. The value of A. annua as a 
herbal medicine was first utilized by the Chinese and later several pharmaceutical 
companies tried to exploit this plant for the manufacture of artemisinin for 
artemisinin- based combination therapies (ACTs) in the treatment of malaria. It has 
been reported that ACTs have rapid resolution to fever and parasitaemia, low toxic-
ity and are well tolerated (Dangash et al. 2015).

Commonly artemisinin has been extracted from the shoot of A. annua plant 
growing in the natural habitat. The seasonal availability of this plant is one of the 
important limitations which check the supply of this plant. However, the supply of 
this drug is considerably lower than its requirement. Biotechnological tools could 
be utilized effectively for the ample supply of this drug and mass scale hairy root 
culture in bioreactors could be considered as one such efficient tool. Patra and 
Srivastava (2014) developed an efficient tool for the production of in vitro hairy 
roots in A. annua by A. rhizogenes mediated genetic transformation. They have 
optimized the various conditions for the hairy root growth and thereby enhance the 
biomass and artemisinin accumulation. The optimum result was obtained when the 
following conditions were maintained—temperature (25  °C), size of inoculum 
(1 g/L DW), rotational speed (70 rpm), age of inoculum (8 days) and medium to 
vessel volume ratio (0.18). Further, a stirred tank bioreactor was employed for the 
scale-up of the hairy roots and for the mass scale artemisinin production. Stirred 
tank bioreactor cultivation of hairy roots not only resulted in maximum biomass 
accumulation of 6.3 g/L dry weight (37.50 g fresh weight) but also artemisinin con-
tent of 0.32 mg/g by using standardized media after 25 days of batch cultivation.

 Rauwolfia Serpentina (L.) Benth

Rauvolfia serpentina belongs to the family Apocynaceae. It is commonly known as 
‘Sarpagandha’. This woody perennial shrub is an endangered medicinal plant found 
in India, Indonesia, Malaysia, Nepal, Bangladesh, China, Pakistan, Sri Lanka and 
Vietnam (Dey and De 2010; Susila et al. 2013). In Ayurvedic preparations, the roots 
of this plant are an important ingredient. The laxative, diuretic, thermogenic, bitter, 
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sedative and acrid properties of the root of R. serpentina are well known (Prakash 
2001). The use of this plan as medicine for anxiety, insomnia, high blood pressure 
and epilepsy has been reported (Jain et al. 2003). It is highly used for the treatment of 
hypertension, wounds, dyspepsia, strangury, fever, rectifying the opacities of the cor-
nea and antidote to snake venom (Prakash 2001; Jain et al. 2003; Panwar et al. 2011).

An effective protocol has been standardized for the production of A. rhizogenes 
transformed hairy roots were reported by Shetty et al. (2014). The extraction and 
analysis of secondary metabolites were further carried out by thin layer chromatog-
raphy (TLC). This study indicates that there are several factors such as media com-
position, genotype and culture conditions which play a crucial role in hairy root 
induction. The leaf explants were used for the induction of hairy roots and were 
infected with A. rhizogenes for the efficient production of secondary metabolites. 
Large-scale production of profusely branched hairy roots was obtained from leaf 
cultures within 1 month after culture.

 Gmelina arborea Roxb.

Gmelina arborea commonly known as Gambhari belongs to the Verbenaceae family 
which consists of about 2600 species, of which 107 species are found in India (Dutta 
1964). It is distributed in almost all parts of India including North-West Himalaya, 
Deccan Peninsula, Chittagong region and Western Ghats. G. arborea is a deciduous 
plant that grows to a medium-sized tree attaining about 15–20 m height (Bhawan 
2011). It is usually planted in gardens as an ornamental tree and as an avenue tree. 
One of the most important ingredients of Dashamoola and Brihathpanchamoola 
includes G. arborea (Murthy 2012). The medicinally useful parts of this plant 
include leaf, root, flower, bark and fruit.

For induction of hairy roots in G. arborea, seedling explants were employed. The 
explants were infected with a wild-type A. rhizogene (strain ATTCC 15834). 
Subsequently the hairy roots were induced in 32% explants (Dhakulkar et al. 2005). 
Of the different hairy root lines, eight transformed lines were selected and estab-
lished in liquid medium for growth assessment and secondary metabolite extraction. 
PCR protocol using rol B primer was used for the confirmation of the transgenic 
nature of hairy roots and subsequently by Southern analysis of the PCR products.

 Salvia miltiorrhiza Bunge

Salvia miltiorrhiza Bunge is a well-known Chinese herb of the family Lamiaceae. 
Its rhizome is the medicinally important part and is an ancient drug in Chinese tra-
ditional medicine (Duke and Avensu 1985). The various medicinal uses of this plant 
include the treatment of hypertension, menstrual disorders, coronary heart disease, 
viral hepatitis and miscarriage (Chang and But 1986). Danshen, a famous Chinese 
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herbal medicine in which S. miltiorrhiza is an ingredient, has been used for the 
treatment of cardiovascular diseases (Zhou et  al. 2006; Cheng 2007; Jiang et  al. 
2005). A number of studies revealed its wide range of pharmacological activities 
including antimicrobial, anticancer, antioxidant, cardiovascular protective effect, 
anti-inflammatory and neuroprotective (Cheng 2007; Jiang et al. 2005).

Tanshinone is an important constituent of S. miltiorrhiza which forms the most 
potent diterpene diketones used to cure many illnesses. Gupta et al. (2011) standard-
ized a protocol for the production of tanshinone by hairy root culture. The influence 
of various plant growth regulators (PGR) on the biomass growth of hairy roots and 
production of three tanshinone constituents (i.e. cryptotanshinone, tanshinone I and 
IIA) were investigated. Leaf explants of S. miltiorrhiza when inoculated with A. 
rhizogenes strain BCRC15010 produced 78% hairy roots. The optimum hairy root 
growing lines were obtained when the hairy roots were cultured on B5 liquid medium 
under dark conditions. For confirmation of the transgenic nature of hairy roots, PCR 
protocol using rol B and C gene specific primers was employed. The addition of 
various plant growth regulators like auxins, cytokinins and abscisic acid (ABA) 
considerably enhanced the production of cryptotanshinone, tanshinone I and II. The 
addition of 1.0  mg/L ABA and thidiazuron (TDZ) enhanced the production of 
Tanshinone I and cryptotanshinone to 5- and 7.5-fold higher respectively compared 
to the mother plant. The presence of TDZ, ABA and 6- benzyl adenine (BA) in the 
medium enhanced the cryptotanshinone content to 6.3-, 5.0- and 3.75-fold respec-
tively compared to field grown plants. This protocol is an effective method for the 
enhanced production of tanshinone from hairy root culture in S. miltiorrhiza.

In another report, a hairy root induction method was developed by Hao et al. 
(2012) from leaf explants of Chinese variety of S. miltiorrhiza. A. rhizogenes strain 
CC10060 was employed for this study. Two main salvianolic acids, i.e. salvianolic 
acid B and salvianolic acid A, were isolated from the hairy roots of S. miltiorrhiza 
by using HPLC. The influence of a number of additives such as ABA and poly-
amines [putrescine (Put), spermidine (Spd) and spermine (Spe)] on salvianolic 
acids production from hairy roots was also studied. The presence of ABA in the 
medium enhanced the phenylalanine ammonia-lyase (PAL) activity and increased 
the salvianolic acid B and salvianolic acid A contents to 1.8, 2.0 and 3.3 times after 
80 μ mol/L ABA treatment for 10 days, 12 days and 10 days, respectively. Among 
the three polyamines employed for secondary metabolite production from hairy 
roots, Put was the most effective. Comparatively, the presence of Put and Spd in the 
medium enhanced the salvianolic acids better than that of Spe. Put at 50 mg/L pro-
duced the maximum level of hairy root growth (13.23 g/L culture), salvianolic acid 
B (12.13 mg/g DW) and salvianolic acid A (3.95 mg/g DW). The results were fur-
ther improved by adding a mixture of Put and Spd (50 mg/L each) for 10 days, 
12 days and 20 days and the PAL activity, salvianolic acid B and salvianolic acid A 
production were about 1.82, 2.05 and 3.45 times more than that of control, respec-
tively. Hao et al. (2012) concluded that ABA and PAs can enhance the two salviano-
lic acid production in hairy root cultures of S. miltiorrhiza.

Kai et  al. (2011) reported the introduction of genes encoding 3-hydroxy-3- 
methylglutaryl CoA reductase (HMGR), 1-deoxy-D-xylulose-5-phosphate synthase 
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(DXS) and geranylgeranyl diphosphate synthase (GGPPS) responsible for tanshinone 
biosynthesis in S. miltiorrhiza hairy roots by Agrobacterium-mediated gene transfer 
technology. An active diterpene, tanshinone is commonly used in the treatment of 
cardiovascular illness. It was observed that overexpression of SmGGPPS and/or 
SmHMGR as well as SmDXS in transgenic hairy root lines can profoundly increase 
the biosynthesis of tanshinone to greater quantity than the control. The effect of 
SmDXS was much more influential than SmHMGR in tanshinone production. 
However, SmGGPPS plays a crucial role in tanshinone accumulation than the 
upstream enzyme SmHMGR or SmDXS in S. miltiorrhiza. The highest accumulation 
of tanshinone (about 2.727 mg/g dw) was obtained in line HG9 was observed due to 
the co-expression of SmHMGR and SmGGPPS, which was about 4.74-fold greater 
than the control (0.475 mg/g dw). Further, these hairy root lines showed higher anti-
oxidant activity as compared to control. According to Kai et al. (2011) this is the first 
report on improvement of tanshinone accumulation and antioxidant activity attained 
through metabolic engineering of hairy roots by push-pull strategy in S. miltiorrhiza.

 Cannabis sativa L.

The Cannabaceae family member Cannabis sativa is commonly known as hemp. 
This annual multipurpose herb has been commercially cultivated for its fibre from the 
bark. It is also employed in oil extraction, paper industry, drug preparation and vari-
ous medicinal purposes (Ranalli et al. 1999). The world production of hemp has come 
down considerably due to the competitive presence of other fibre producing plants 
such as sisal, jute and cotton (Rode et al. 2005). Recently, there is an increased inter-
est in hemp cultivation due to its wide ranging adaptability to various agro- ecological 
climates, more yield as compared to other fibre yielding plants and the extraction of 
various medicinal components such as tetrahydrocannabinol (Struik et al. 2000).

Farag and Kayser (2015) developed a protocol for the hairy root culture in C. 
sativa and estimated the content of cannabinoid, an antitumour phytochemical. The 
hairy roots were induced from calli cultured in vitro on B5 medium fortified with 
4.0 mg/L NAA in darkness at 25 °C. The shake flask culture of hairy roots enhanced 
the growth and biomass periodically during 35 days of growth cycle. The liquid 
chromatography method was adopted for the estimation of contents of cannabinoid 
and it was confirmed by mass spectrometry. The estimation of cannabinoid contents 
showed a quantity slightly below 2.0 μg/g dry weight.

 Berberis aristata DC.

Berberis aristata commonly known as Daruharidra is an important medicinal shrub 
of the family Berberidaceae. Berberine is an important isoquinoline alkaloid 
obtained from the root and stem bark of this plant as well as a close relative of this 
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plant Berberis chitria. Therefore, B. Chitria is used as a substitute of B. aristata. 
(Srivastava et al. 2006). One of the most important uses of berberine is that it is used 
against cholera (Dutta and Panse 1962). It is also employed to cure acute diarrhoea 
(Lahiri and Dutta 1967), eye ailments, rheumatism, diabetes, malarial fever, jaun-
dice, fever, ear diseases and skin disease (Srivastava et al. 2006; Kirtikar and Basu 
1975). It is also used as a tonic (Chopra et al. 1958). In China Berberine has been 
effectively used as a drug to treat diabetes from time immemorial (Yin et al. 2008).

An effective way of inducing hairy roots was developed in B. aristata by Brijwal 
and Tamta (2015). In this study two A. rhizogenes strains were utilized, i.e. MTCC 
532 and 2364. Of the two strains used in this study, strain 532 was found more vigor-
ous than strain 2364  in terms of hairy root induction. For hairy root induction, 
in vitro callus was found more responding (61.11 ± 1.60% transformation frequency) 
than leaves (42.59  ±  0.92% transformation frequencies) and nodal segments 
(34.25  ±  0.92% transformation frequencies) of in  vitro grown microshoots. 
Transformed nature of the roots was confirmed by analysing the presence of rol A 
and rol B genes during amplification. By using acetosyringone (100 μM) during co-
cultivation period (48 h), the transformation frequency of callus was further increased 
from 61 to 72% on MS semisolid medium. This may be the first step towards the 
extraction and production of berberine from hairy root culture, thereby reducing the 
risk of overharvesting of this endangered species from its natural habitat.

 Withania somnifera (L.) Dunal

Withania somnifera (Family Solanaceae) is a well-known medicinal plant used for 
a variety of ailments and is commonly called as Indian ashwagandha. One important 
feature of this plant is that it can grow in most arid and nutrient deficient soils. W. 
somnifera is one of the best known and maximum explored Ayurvedic plants and 
holds Ayurvedic traditions parallel to Ginseng in Chinese therapies. Because of this 
reason W. somnifera is generally considered as ‘Indian Ginseng’ in Ayurvedic 
world. Another noted feature of this plant is that a tonic made from this plant has 
several properties such as anti-inflammatory, antiarthritic and aphrodisiac (Baba 
et al. 2013). This plant is normally distributed in the dry arid areas of Bangladesh, 
Pakistan, India and China where it has been grown wildly for ages.

A. rhizogenes-mediated genetic transformation for hairy root induction was 
reported in W. somnifera by Saravanakumar et al. (2012). Three strains of A. rhizo-
genes (ATCC 15834, R1000 and K599) were used for this study. Various explants 
like leaf, petiole and internodal segments were employed for hairy root induction. 
Of the three strains used, only two strains (ATCC 15834 and R1000) were success-
ful in inducing hairy roots. When petiole explants infected with R1000 produced the 
highest frequency (64%) of hairy root induction, it gave rise to five distinct morpho- 
types (callus (fragile), callus (hard), callus + hairy roots, hairy roots and callusing 
roots). The presence of acetosyringone further increased the transformation fre-
quency up to 93.2%. PCR analysis of the transformed roots confirmed the presence 
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of rol C gene. For obtaining highest root biomass accumulation half-strength MS 
medium was optimum than other media such as MS full strength, B5 full strength 
and B5 half strength. The accumulation of the phytochemical withaferin-A was 
quantified (72.3 mg/g dw) by HPLC analysis of hairy roots. From this study it is 
clear that W. somnifera hairy root culture was influenced by several factors such as 
type of Agrobacterium strains, explant types and presence of acetosyringone.

 Gossypium hirsutum L.

Gossypium hirsutum is one of the important crops which yield commercial fibre in 
the world. This plant belongs to the family Malvaceae. The seeds of this plant are 
used for making oil and food for animals (Mishra et al. 2003; Aragao et al. 2005).

A protocol was developed for gossypol production in G. hirsutum by hairy root 
culture by Esyanti and Sahroni (2014). A. rhizogenes ATCC-15834 was employed 
for the induction of hairy roots. For hairy root culture two media, i.e. full-strength 
LS and half-strength LS, were used. Of the two media used, the highest dry weight 
of roots was observed on half-strength LS 20 days after culture. After 16 days the 
optimum gossypol content in roots which was directly related with the growth was 
observed irrespective of treatments whereas the amount of gossypol that was 
secreted into culture medium was obtained 20 days after treatment. Half-strength 
LS medium was the best for hairy root induction and gossypol production. Therefore, 
it was concluded that half-strength LS medium plays a crucial role for the growth 
and gossypol production in hairy root culture of G. hirsutum.

 Isatis tinctoria L.

The perennial medicinal herb Isatis tinctoria (family Brassicaceae) is native to the 
steppe and desert zones of the Central Asia to Eastern Siberia, Western Asia, South 
West Asia (Shu 2001) and Europe (Tan 2002). It was a source of indigo and cultivated 
mainly in Europe from the twelfth to the seventeenth century (Hurry 1930; Clark 
et al. 1993). It is used as a dye yielding plant from its leaves in various parts of Europe 
including England, France, Germany and Italy. It is also cultivated in Turkey for 
extracting an economically important blue dye which is used for the carpet industry.

Hairy roots were induced in I. tinctoria by Gai et al. (2015) as an alternative 
source of flavonoids (FL) production. The transformed nature of the hairy roots was 
confirmed by PCR amplification of rol B, rol C and aux1 genes. The hairy root line 
no. 5 was found most productive and efficient. Eight bioactive FL components 
namely kaempferol, rutin, isorhamnetin, neohesperidin, liquiritigenin, buddleoside, 
quercetin, and isoliquiritigenin were isolated and quantified by LCMS/MS proto-
cols. Total FL content reached the highest (438.10 μg/g dry weight) under optimal 
conditions as compared to normal roots (341.73 μg/g DW) when 24-day-old hairy 
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roots were used for extraction. Hence, the hairy roots showed a significantly supe-
rior FL production than normal field grown roots. Furthermore, the hairy roots 
showed significantly higher antioxidant activity with lower IC50 values (0.41 and 
0.39 mg/ml) than field grown roots (0.56 and 0.48 mg/mL).

 Silybum marianum L.

Silybum marianum is commonly called by the name blessed milk thistle, 
Mediterranean milk thistle or variegated thistle and belongs to the family Asteraceae. 
S. marianum is supposed to be originated from the Mediterranean basin and is now 
cosmopolitan in distribution (Vaknin et al. 2008). Since ancient times, this plant had 
been used as a traditional medicine especially for liver diseases and as a liver cancer 
therapy in Europe and Asia (Khalili et al. 2009; Zhu et al. 2014).

A unique flavonoid named silymarin which has reported hepatoprotective prop-
erties was isolated from the hairy root culture of S. marianum. This protocol has 
been considered as a viable option for extracting silymarin without destroying the 
natural plant populations. In this study Hasanloo et al. (2015) investigated the inter-
action of Trichoderma strains and S. marianum hairy root culture interaction on 
flavonoid silymarin production. The influence of two Trichoderma Strains (KHB 
and G46–7) at various concentrations (0, 0.5, 1, 2 and 4 mg/50 mL culture) and six 
different exposure times (0, 24, 48, 72, 96 and 120 h) has been investigated on fla-
vonolignans production. The quantification of flavonoids was done by HPLC proto-
col. The important role of two Trichoderma strains (KHB and G46–7) during 
elicitation was studied on flavonoid accumulation and the activation of cell defence 
system in S. marianum hairy root cultures. The maximum result of silymarin accu-
mulation (0.45 and 0.33  mg/g DW) was observed on media elicited with 
0.5 mg/50 mL cultures of T. harzianum strains KHB and G46–3 respectively after 
120 h. Feeding time experiments showed that the optimum content of the flavonoid 
silymarin was obtained 120 and 72  h after treatment in media containing 
0.5 mg/50 mL cultures of KHB and G46–3, respectively. These results clearly indi-
cated that S. marianum treated by KHB strain showed significant increase in silyma-
rin production. In hairy roots the H2O2 content was lower as compared to the treated 
cultures. The activities of peroxidase and ascorbate peroxidase were significantly 
higher reaching a peak after 72 h in treated hairy roots. This study by Hasanloo et al. 
(2015) demonstrated the promotive role of some Trichoderma strains as elicitors for 
enhancing silymarin accumulation in hairy root cultures of S. marianum.

 Cichorium intybus L.

The Asteraceae member Cichorium intybus is commonly known as chicory. This 
erect hairy glandular biennial herb has tuberous taproot system. Although this plant 
is biennial, its vegetative growth takes place during the first year followed by 

J. Abraham and T.D. Thomas



217

flowering and completion of life cycle during the second year since it is an absolute 
long day plant (Varotto et al. 1997).

Malarz et al. (2002) developed a root transformation technique in C. intybus for 
the production of sesquiterpene lactones of guaiane and germacrane type. The cul-
tures were raised on modified MS medium. The highest dry weight (0.38  g per 
flask) of the roots reached after 30 days of culture which was about 10 times higher 
than initial weight. The biomass increase was the highest from 15 to 25 days of 
culture. The various phytochemicals isolated from the transformed hairy roots 
include lactucopicrin, 8-desoxylactucin and three sesquiterpene lactone glycosides: 
crepidiaside B, sonchuside A and ixerisoside D.  The yield of 8-desoxylactucin 
 varied from 0.03 to 0.18  mg/g fresh weight, in 5 and 25  days old cultures, 
respectively.

 Salvia officinalis L.

The genus Salvia comprises about 700 species and is one of the most widespread 
members of the family Lamiaceae. Salvia officinalis is mostly distributed in the 
Mediterranean Basin, in Central and South America and in South East Africa. This 
plant is mainly cultivated for culinary and medicinal purposes.

The hairy roots were induced from shoot explants of S. officinalis by Grzegorczyk 
et al. (2006). The shoots were infected with A. rhizogenes strains ATCC 15834 and 
A4 which resulted in the induction of hairy roots in 57% and 37% of the explants, 
respectively. On WP liquid medium under light and dark conditions, seven lines of 
hairy roots were identified. PCR using rol B and rol C specific primers confirmed 
the transformed nature of hairy roots. Cultures of transformed hairy roots of S. offi-
cinalis demonstrated variations in biomass and rosmarinic acid production. This type 
of bacterial strain plays a crucial role in biomass and rosmarinic acid production. 
The growth and rosmarinic acid production of strain ATCC 15834 induced signifi-
cantly greater than the A4-induced lines. The highest production of rosmarinic acid 
(about 45 mg/g of dry weight) was obtained by using hairy root line 1 (HR-1) at the 
end of the culture period (45–50 days). This level of rosmarinic acid was signifi-
cantly greater than untransformed root culture (19 mg/g of dry wt).

 Picrorhiza kurroa Royle Ex Benth.

Picrorhiza kurroa is an endemic medicinal herb belonging to the family 
Scrophulariaceae. This plant is distributed widely all through the higher altitudes of 
alpine Himalayas from west to east, between 3000 and 4500 m above sea level. The 
dried rhizomes and roots of P. kurroa yield a number of useful phytochemicals such 
as picroside I and II, glycosides and kutkoside. It has wide medicinal properties 
like hepatoprotective, stomachic, diuretic, cathartic, antiperiodic and cholagogues 
(Jain 1984).
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A. rhizogenes induced fast-growing transformed hairy root cultures were obtained 
in P. kurroa by Verma et al. (2015). This protocol is considered as a viable and conve-
nient option for extraction and production of iridoid glycosides. In this study the 
influence of various nutrient media such as WP, B5, MS, Nitsch and Nitsch (NN; 
Nitsch and Nitsch 1969) and sucrose concentrations (1–8%) on the root biomass and 
glycoside production of selected clones (14-P) of P. kurroa hairy roots were investi-
gated. For optimum hairy root biomass yield (Growth index = 32.72 ± 0.44) full-
strength B5 medium was the best subsequently by the NN medium of the same 
strength (Growth index = 22.9 ± 0.43). B5 medium was the best for secondary metab-
olite production (i.e. kutkoside and picroside I) from hairy roots and was 1.1 and 1.3 
times higher levels of the kutkoside and picroside I, respectively, than the same in the 
full-strength B5 medium. Of the various sucrose concentrations used, the highest bio-
mass accumulation and optimum picroliv content were obtained at 4% level in basal 
medium. On MS medium the presence of RT vitamin and thiamine-HCl considerably 
influenced the secondary metabolite production. However, RT vitamin and thiamine-
HCl did not have any influence on other media. The pH of the medium considerably 
affects the biomass and secondary metabolite production and the yield was highest at 
pH 6.0 and lowest at pH 3.0. In order to enhance the productivity of picroliv further, 
a bioreactor was employed and a 27-fold (324 FW) higher growth rate was obtained 
and a corresponding increase in picroliv production was also noticed.

 Lobelia inflata L.

Lobelia inflata (Family—Lobeliaceae) contains several useful secondary metabolites 
such as di-substituted and mono-substituted piperidine alkaloids. More than 20 alka-
loids were reported from this plant (Kaczmarek 1961). The most important among 
the alkaloids is lobeline which has a promotary role on the respiratory centre.

The biomass assessment and alkaloid production of L. inflata hairy roots were 
carried out by Balvanyos et al. (2001). The A. rhizogenes strain R 1601 was used for 
inducing hairy roots. B5 medium supplemented with various plant growth regulators 
[kinetin (KIN), indole −3- acetic acid (IAA) or NAA] were used for hairy root induc-
tion. KIN has a negative effect and thereby decreases the biomass production as well 
as secondary metabolite production. However, the presence of IAA or NAA increased 
the biomass production and lobeline production. These hormones also have some 
significant morphological influence on growth. It also enhanced the lateral root for-
mation in hairy roots. The presence of IAA or NAA in the medium significantly 
enhanced the biomass formation and lobeline production of hairy roots. When 
0.2 mg/L IAA is added to the medium, the highest amount of lobeline was obtained.

 Psoralea corylifolia Linn.

Psoralea corylifolia, also called as Babchi, is an endangered medicinal plant. 
This plant belongs to the family Fabaceae. It is an important plant mentioned well 
in Chinese and Indian folkloric medicine as a diuretic laxative, anthelmintic, 
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aphrodisiac and diaphoretic in febrile conditions (Anonymous 1989). The medici-
nal use of seeds of this plant is well known and has been used in the treatment of 
leprosy, leucoderma, psoriasis and skin inflammation (Anonymous 1989).

Baskaran and Jayabalan (2009) investigated the possibility of inducing hairy roots 
and adventitious roots from hypocotyl explants of P. corylifolia. The purpose of this 
study was to evaluate the psoralen content in hairy roots and adventitious roots grown 
either in suspension cultures or on agar solidified medium. The psoralen content was 
higher (3.0 mg/g DW) in suspension culture of hairy roots than hairy roots grown on 
semisolid media and in solid and suspension-grown adventitious roots.

 Fagopyrum tataricum Gaertn

Fagopyrum tataricum (tartary buckwheat) is a plant belonging to the family 
Polygonaceae. It is grown as a crop in some areas of Northern India, Nepal, Bhutan, 
mountainous regions of southwest China (Sichuan) and a minor part of northwest 
Europe (Bonafaccia et al. 2003; Xuan and Tsuzuki 2004). F. tataricum is an excep-
tional nutrient rich and medicinal plant. This plant contains rutin and other phenolic 
compounds than common buckwheat (Fabjan et al. 2003). Moreover, F. tataricum 
has several pharmacological and biological properties such as antioxidant activities 
(Liu et al. 2008), antidiabetic (Yao et al. 2008) and anticancer (Guo et al. 2007a).

Sterile young stems were used to induce hairy roots in F. tataricum by inoculat-
ing with A. rhizogenes (Park et al. 2011). Two morphological phenotypes, i.e. thin 
and thick phenotypes, of hairy roots were obtained when cultured on MS basal 
medium. However, the higher growth rate was observed with thin phenotype than 
thick phenotype. Similarly, the thin phenotype produced significantly higher pheno-
lic compound than that of the thick phenotype. The thin phenotype produced almost 
double the quantity of epigallocatechin along with more than 51.5% caffeic acid, 
40% rutin and 65% chlorogenic acid compared to the thick phenotype 21 days after 
culture. From this study it is clear that selection of the optimal morphological phe-
notype of hairy roots of tartary buckwheat is absolutely essential for maximum 
phenolic compound production.

 Calendula officinalis L.

The Asteraceae annual herb Calendula officinalis is cultivated for ornamental as 
well as medicinal purposes. This plant is commonly called as marigold. The eco-
nomic importance of this plant includes its use as a raw material in pharmaceutical, 
cosmetic and food processing industries. Food and Drug Administration (FDA) 
approved the flower extract of this plant as an additive to food since it has ‘generally 
recognized as safe’ (GRAS) status. The flower extract of C. officinalis is added in 
food as a natural colourant. Marigold extract also has very high antioxidant proper-
ties since it contains both carotenoids and flavonoids (Piccaglia and Venturi 1998; 
Guinot et al. 2008). The extract of this plant is employed in about 200 cosmetic 
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formulations, mainly in creams and shampoos (Andersen et al. 2010). Since this 
plant has high therapeutical property, it is effectively utilized in folk medicine for 
centuries.

An efficient hairy root induction protocol was standardized by Dlugosz et  al. 
(2013) using cotyledons and hypocotyls explants of C. officinalis infected with 
A. rhizogenes strain ATCC 15834. The same strain containing pCAMBIA 1381Z 
vector with β-glucuronidase reporter gene under control of promoter of NIK 
(Nematode Induced Kinase) gene is also used for inducing hairy roots. Of the two 
explants utilized for hairy induction, 33.8% cotyledon and 66.6% hypocotyl explants 
responded positively. A total number of nine transformed lines and eight control 
lines were established as long-term culture. C. officinalis hairy roots mainly showed 
the ability to synthesize oleanolic acid (97%) as glycosides. The various lines 
showed high positive correlation between dry/fresh weight and oleanolic acid con-
centration in tissue.

 Angelica gigas Nakai

Angelica gigas commonly called as Korean angelica is a member of the family 
Umbelliferae. This perennial herb is an important indigenous medicinal plant in 
Korea. The root of A. gigas is mostly used for medicinal purposes especially in the 
treatment of injuries, migraine, arthritis, anaemia, abdominal pain, and female 
afflictions and it has been also recommended for health-promoting effects (Chi and 
Kim 1970; Choi et al. 2003; Sarker and Nahar 2004). Although there are several 
phytochemical compounds present in A. gigas, the major compounds include pyr-
anocoumarin compounds decursin and decursinol angelate which have major anti-
cancer, neuroprotective and anti-androgen-receptor signalling properties (Guo et al. 
2007b; Kang et al. 2005; Yim et al. 2005).

The effect of various media, strength of media and influence of different sucrose 
concentrations on hairy induction, optimization of the biomass and pyranocouma-
rin production has been studied in A. gigas by Xu et  al. (2009). Of the various 
media employed for hairy root growth and decursin production, SH medium was 
the best. On this medium the root growth was 9.26 g dry weight/L and decursin 
production reached 2.69 mg/g dry weight. However, on half-strength SH medium 
the hairy root growth was 43% higher, decursin production increased to twofold 
and decursinol angelate production was 93% more as compared to the double 
strength SH medium which showed the lowest response. The production of 
decursinol angelate was a little more on MS medium as compared to SH medium. 
Sucrose also plays a critical role in hairy root biomass and secondary metabolite 
production. Sucrose concentration at 40 g/L produced the highest hairy root growth 
and pyranocoumarins production. An increasing concentration of sucrose above 
40 g/L decreased the response.
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 Przewalskia tangutica Maxim

The Solanaceae member Przewalskia tangutica distributed in the Tibet plateau of 
China is an important and rare medicinal plant. The root of this plant contains some 
vital tropane alkaloids such as hyoscyamine and scopolamine (Xiao et al. 1973). 
These alkaloids are important and are widely employed as parasympatholytics that 
competitively antagonize acetylcholine with significant marketable demands 
(Zhang et al. 2007a). Due to the serious destruction of wild resources the population 
of P. tangutica has come down and there is an increasing demand from medicinal 
plant industry.

Lan and Quan (2010) demonstrated that hairy root culture is possible in P. tang-
utica by using bacteria free seedling explants. Acetosyringone induced A. rhizo-
genes strain A4 was employed for the genetic transformation of seedling derived 
leaves for inducing hairy roots. Hundred percentage hairy root induction was 
noticed from the wounded sites of leaf explants. The fast growing independent hairy 
root lines were developed and maintained on MS medium. The presence of rooting 
genes (rol B and rol C) integrated into the genome of P. tangutica was confirmed by 
genomic DNA PCR analysis. However, high amount of hyoscyamine and scopol-
amine was extracted (as compared to wild-type normal roots) only after 5 weeks of 
culture in liquid MS medium. The best line which produced the highest amount 
(0.68 mg/g DW) of scopolamine and hyoscyamine (1.13 mg/g DW) was isolated 
and selected. The authors claimed that this is the first report on hairy root culture 
and tropane alkaloid production in P. tangutica.

 Rubia akane Nakai

Rubia akane is a perennial climber mostly distributed in East Asian countries. This 
Rubiaceae member produces anthraquinone pigment and is recognized as a vegeta-
ble and red dye yielding plant in Korea. These anthraquinones form important group 
of natural product and are commercially used for the production of dyes, such as 
alizarin and purpurin and also used as pharmacological compounds (Shin 1989; 
Singh et  al. 2004). The pharmacological and biological activities of the pigment 
anthraquinones include antimicrobial (Lenta et al. 2007; Xiang et al. 2008), antican-
cer (Zhang et al. 2007b; Son et al. 2008), antifungal (Singh et al. 2006), antioxidant 
(Galindo et al. 2008) and antimalarial (Bringmann et al. 2008) properties.

A protocol for hairy root culture of R. akane was developed by Park and Lee 
(2009). They used various media combinations fortified with several concentrations 
of auxins to obtain optimum hairy root growth and anthraquinones production. 
Of the various media used, full-strength SH medium exhibited maximum levels of 
root growth (12.2 g/L). Similarly, on the same medium the highest yield of alizarin 
(4.5 mg/g DW) and purpurin production (5.5 mg/g DW) was noticed as compared 
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to R. akane hairy roots grown in half- and full-strength B5 and MS medium, and 
half-strength SH medium. The most successful auxin which produced the highest 
response in terms of growth as well as alizarin and purpurin production from hairy 
roots was NAA. NAA at 0.5 mg/L concentration yielded the maximum amount of 
dry weight (14.2 g/L) and the optimum quantity of both alizarin (5.9 mg/g DW) and 
purpurin (7.2 mg/g DW). In short, for hairy root culture in R. akane SH medium 
fortified with NAA (0.5 mg/L) could be a valuable option for high biomass and 
anthraquinone production.

 Pueraria candollei Wall. Ex Benth.

Pueraria candollei commonly known as White Kwao Krua is an indigenous herb 
mostly distributed in Thailand. This plant belongs to the family Leguminosae and 
has long been employed in traditional system of medicine for rejuvenation. The 
extract of the tuber of this plant showed estrogenic effects in a dose-dependent man-
ner on the reproductive system (Cherdshewasart et  al. 2004, 2007). P. candollei 
exhibited antioxidant capacity (Cherdshewasart and Sutjit 2008) and capacity to 
avert bone loss (Urasopan et al. 2008). The chief phytochemicals isolated from the 
tuber of P. candollei comprise isoflavonoids, including genistin, daidzein, puerarin, 
daidzin and genistein (Chansakaow et al. 2000).

By using A. rhizogenes (strain ATCC15834) Udomsuka et al. (2009) standard-
ized a protocol for the induction of hairy roots from P. candollei. The hairy roots 
were induced on half-strength MS medium. The maximum yield of isoflavonoids 
was found to be 36.48 ± 4.09 mg/g DW which include 0.76 ± 0.03 mg/g DW daid-
zein, 0.76  ±  0.03  mg/g DW genistein, 3.39  ±  0.20  mg/g DW puerarin, 
29.91 ± 3.74 mg/g DW daidzin and 1.65 ± 0.09 mg/g DW genistin. The hairy root 
culture yielded a 5.18-fold higher isoflavonoid production than natural tuber. The 
concentration of sugar significantly influenced the growth, biomass and isoflavo-
noid production in P. candollei. The sucrose level at 5% (w/v) yielded the highest 
growth and isoflavonoid accumulation in hairy roots. Although half-strength MS 
medium resulted in high biomass production of hairy roots, isoflavonoid production 
was highest on wood plant medium.
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Chapter 10
Edible Mushrooms and Their In Vitro Culture 
as a Source of Anticancer Compounds

Bożena Muszyńska, Katarzyna Kała, and Katarzyna Sułkowska-Ziaja

Abstract Cancer diseases are one of the main causes of death in the world. The 
experiences from Asian and Eastern European countries show that mushrooms can 
play an important role in the prevention and treatment of cancers. An example would 
be Piptoporus betulinus, traditionally used in the Czech Republic in colorectal can-
cer treatment, while fruiting bodies of Inonotus obliquus were used in folk medicine 
in Eastern Europe to treat cancer diseases since the sixteenth or seventeenth century. 
It is commonly known that substances with immunostimulating, antioxidant, and 
revitalizing properties naturally occurring in food, including edible mushrooms, can 
be an important element in anticancer prevention. Due to seasonal occurrence of 
mushrooms’ fruiting bodies in the natural state, an access to many of them is diffi-
cult, and the problem is also their correct identification; thus it is obvious that the 
easiest way to obtain them is edible mushrooms from commercial cultivations, for 
example Agaricus bisporus, Pleurotus ostreatus, or Lentinula edodes. The search 
for an effective material for the prevention and treatment of cancer diseases resulted 
in an undertaking of an introduction of edible mushrooms mycelial cultures in vitro. 
Thus, the last three decades is the period of the most intensive studies on substances 
isolated from mushrooms, both fruiting bodies and mycelial cultures in vitro.

Keywords In vitro culture • Anticancer potential • β-glucans • Lectins • 
Basidiomycota • Agaricus bisporus • Lentinula edodes • Pleurotus ostreatus
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Cis-DPP Cis-dichlorodiammine platinum
CLA Conjugated linoleic acid
CTL Cytotoxic T lymphocyte
DF Dietary fiber
DMBA 7,12-Dimethylbenz[a]anthracene
ergone Ergosta-4,6,8(14),22-tetraen-3-one
FIPs Fungal immunomodulating proteins
G-CSF Granulocyte colony-stimulating factor
NK Natural killer
RIP Ribosome inactivating proteins
S-GAP-P Chemically sulfated polysaccharide
SOD Superoxide dismutase
TML1 and TML2 Lectins from T. mongolicum
TPA 12-O-tetradecanoylphorbol-13-acetate
VEGF Vascular endothelial growth factor

 Introduction

The reasons for many diseases development, including cancers, are inter alia free radi-
cals. People who are subjected to strong, prolonged stress or improper nutrition are 
exposed to the formation of free radicals and thus an increased oxidative stress. These 
changes are also the result of the natural aging process. Although the human body has 
mechanisms protecting and maintaining internal balance through the production of, 
inter alia, superoxide dismutase (SOD) or catalase, which are the factors neutralizing 
free radicals, the support for defense reaction of the organism is needed (Elmastas et al. 
2007; Hu et al. 2015; Maseko et al. 2014; Tsai et al. 2008). Currently, cancers, next to 
cardiovascular diseases, are the main causes of deaths in the world, and the available 
treatment methods, except that not always effective, often involve a number of side 
effects and burden already weakened organism. Thus, the interest of the scientific com-
munities is focused on natural and less burdening methods of treatment, and first of all 
on the prevention based on a properly balanced diet. Health properties of edible mush-
rooms are analyzed for years especially in traditional Eastern medicine and as part of 
folk medicine of the West. Edible mushrooms are increasingly popular due to numer-
ous biological activities, such as an antioxidant, anticancer, immunostimulating, anti-
atherosclerotic, neuroprotective, anti- inflammatory, anti-allergic, antibacterial, 
antiviral, or hypoglycemic activity. The range of these activities is due to bioactive 
components present in the fruiting bodies, such as proteins, e.g., fungal immunomodu-
lating proteins (FIPS), lectins, glycoproteins, polysaccharides, phenolic compounds, 
indole compounds, terpenoids, or lipids (including ergosterol and its derivatives) (Moro 
et al. 2012; Muszyńska et al. 2013; Patel and Goyal 2012; Roupas et al. 2012; Zong 
et al. 2012). It is commonly known that anticancer compounds naturally present in 
foods, including edible mushrooms, can be an important element in prevention of 
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cancer. Due to the seasonal occurrence of mushrooms’ fruiting bodies in the natural 
state, an access to many of them is difficult, and the problem is also their correct iden-
tification; thus it is obvious that the easiest way to obtain them are edible mushrooms 
from commercial crops. The search for an effective material for the prevention and 
treatment of cancer diseases resulted in an undertaking of an introduction of edible 
mushrooms mycelial cultures in vitro. Thus, the last three decades is the period of the 
most intensive studies on substances isolated from mushrooms, both fruiting bodies 
and mycelial cultures in vitro.

Edible mushrooms can be used in cancer treatment, or as additives to conven-
tional therapy, or even as substances combating the side effects of cancer therapy 
(Patel and Goyal 2012; Zong et al. 2012). Extracts and substances isolated from 
mushrooms demonstrate numerous mechanisms of anticancer activity; for example, 
they may act through the inhibition of the kinase, and thus the cell cycle, or inhibi-
tion of angiogenesis, and they are also inducers of reactive oxygen species, antimi-
totic agents, or inhibitors of topoisomerases, finally stimulating the cancer cells for 
apoptosis (Kosanić et  al. 2016; Patel and Goyal 2012). The effective anticancer 
therapy needs the use of processes comprehensively acting with respect to cancers, 
since the cells that mutated to cancer cells have the unique ability for proliferation 
and spreading, forming metastases, and just metastases are mainly responsible for 
such high mortality (Zong et al. 2012).

According to the present state of knowledge on edible mushrooms and their 
health-promoting potential, they seem to be an interesting alternative to improve the 
quality of life concurrently reducing the risk of civilization diseases, and thus can be 
included to the group of nutraceuticals (Roupas et al. 2012; Singdevsachan et al. 
2016). At present, there are many pharmaceutical companies specializing in the 
production of anticancer formulations, including extracts, or dietary supplements in 
various forms. Due to the progress of the research methods, the studies can be car-
ried out both in vitro and in vivo. An interest in the subject of edible mushrooms and 
constantly growing number of studies suggest that this material administered 
directly or in the form of extracts is well tolerated and safe for the human body. The 
full credibility of the results and evaluation of the actual effect on the health need 
large amounts of clinical studies. In these studies, mushroom extracts derived from 
different species or edible mushrooms or their in vitro cultures biomass are pro-
vided to cancer patients in a double-blind samples next to placebo (Patel and Goyal 
2012; Roupas et al. 2012; Singdevsachan et al. 2016).

 Anticancer Polysaccharides

Significance of edible mushrooms as effective agents in the prevention and treat-
ment of cancer diseases was confirmed in clinical studies in recent years. The main 
compounds responsible for this effect are polysaccharides and their connections to 
peptides (proteoglycans) or steroids (Kosanić et al. 2016; Meng et al. 2016; Ruthes 
et al. 2015; Singdevsachan et al. 2016). Mushroom polysaccharides are one of the 
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most known groups of mushroom compounds with anticancer activities (Patel and 
Goyal 2012). Edible mushrooms are also a source of dietary fiber (DF) with poly-
saccharide structure and anticancer activity. The content of DF depends on mush-
rooms structure and the stage of their morphogenesis (Cheung 2013). Different 
species of mushrooms produce various kinds of polysaccharides, which can be both 
soluble and insoluble in water. The molecules of simple sugars are combined in 
polysaccharides by glycoside bonds. Some of them are built with residues of only 
one type of saccharides—homopolysaccharides, while some of them belong to the 
heteropolysaccharides and are composed of residues of various monosaccharides. 
The most important simple sugars included in the polysaccharides are glucose, 
mannose, galactose, xylose, arabinose, fucose, uronic acid, and glucuronic acid, 
forming linear or branched structures. These compounds can be used as prebiotics 
and in the treatment of cancer or viral diseases, e.g., AIDS. It is assumed that poly-
saccharides isolated from edible mushrooms activate the immune response in vitro 
and in vivo, acting as biological stimulants. The most important anticancer polysac-
charides are made up of compounds with a structure similar to those which are 
components of the cell wall of mushrooms. They include polysaccharide–protein 
complexes, cellulose, (1 → 3)-α-glucans, and (1 → 3), (1 → 6)-β-glucans. In turn, 
heteropolysaccharides which exhibit an antiproliferative effect with respect to can-
cer cells turned out to be substances that inhibit the cancers development (carcino-
statics), especially after intraperitoneal or oral administration (Singdevsachan et al. 
2016; Zhu et al. 2015; Zong et al. 2012).

Particularly important is mushroom polysaccharides significance in the modulation 
of immune system function, and thus the potential inhibitory effect on cancers. One of 
the first clinically described activities of mushroom polysaccharides in the treatment of 
cancer originated in 1957 and was made by Byerrum et al. (1957; Meng et al. 2016). The 
mechanism of this effect on the immune system confirmed in subsequent studies 
involves stimulation of immune system cells, including T lymphocytes and cytotoxic T 
lymphocytes (CTL), B lymphocytes, granulocytes (eosinophils and neutrophils), natural 
killers (NK), or macrophages (Meng et al. 2016; Roupas et al. 2012; Singdevsachan 
et al. 2016; Zhang et al. 2007). This mechanism is particularly characteristic for β-1,3-
glucans, but numerous studies also suggest that β-glucans may enhance the specific 
cellular response by enhancing the secretion of IL-6, IL-8, IL-12, and IFN-Ɣ from neu-
trophils, macrophages, and NK cells (Meng et al. 2016; Singdevsachan et al. 2016). 
Moreover, β-glucans found in the fruiting bodies of edible mushrooms may constitute 
the factors that stimulate new effector cells contributing to the formation of, inter alia, 
antibodies directed against cancer antigens, which is less popular than the classic cyto-
toxic effect caused by chemotherapy (Singdevsachan et al. 2016).

The ability to bind other molecules (proteins, steroids) resulting in an increased 
anticancer activity is also important in order to achieve an anticancer effect. In clini-
cal practice, mushroom polysaccharides are usually used as part of polytherapy 
next to the standard treatment using chemotherapy or radiotherapy. Most among 
applied polysaccharides are glucans, as well as homo- or heteroglycans which, 
when combined with other protein molecules, can be transformed into glycopro-
teins, glycopeptides, or proteoglycans. Also the conformation of polysaccharide 
chain is crucial to induce a therapeutic effect. The most active polysaccharides are 
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usually the complexes with proteins of a molecular weight of 10,000 kDa. It was 
examined that the human macrophages contain polysaccharide receptor highly spe-
cific for glucose and mannose molecules, hence the anticancer activity of polysac-
charides with these particular groups (Meng et  al. 2016; Patel and Goyal 2012; 
Roupas et al. 2012; Tian et al. 2016; Zhang et al. 2007).

Among the edible mushrooms rich in polysaccharides with the structure 
described above, anticancer effect is exhibited, inter alia, by the following species: 
Armillaria mellea (honey Mushrooms), Lactarius deliciosus (saffron milk cap), 
Macrolepiota procera (parasol mushroom), Lentinus edodes (Shiitake), Grifola 
frondosa (dancing mushroom), Tremella fuciformis (snow fungus), Hericium eri-
naceus (pom pom mushroom), Agaricus bisporus (white mushrooms), Agaricus 
blazei (almond mushroom), Agaricus campestris (field mushroom), Cantharellus 
cibarius (Chanterelle), Flammulina velutipes (winter mushroom), Pleurotus ostrea-
tus (oyster mushrooms), Sparassis crispa (cauliflower mushrooms), Boletus edulis 
(King bolete), and Boletus badius (Bay bolete). In modern medicine, mainly Eastern 
one, but all over the world, L. edodes is used as an agent enhancing the strength of 
the organism, but the extract from this species is also used as an anticancer sub-
stance. The therapeutic effect is primarily due to the polysaccharide—lentinan 
(Fig. 10.1), whose action causes a reduction in tumor size even by 90% (Kosanić 
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et al. 2016; Meng et al. 2016; Patel and Goyal 2012; Roupas et al. 2012; Tian et al. 
2016; Zhang et al. 2007).

In terms of chemical structure, lentinan is a β (1 → 3) glucan with β branches 
(1 → 6), with a molecular weight from 400 to 800 kDa. This polysaccharide is 
most commonly used to treat solid tumors of stomach, lung, breast, colon, and 
malignant leukemia. It works by an activation of the immune system and causes 
restoration of normal defense reaction of the body, thereby causing an anticancer 
effect. It induces a humoral immune response of the body in a manner involving 
restoration of reduced activity of T helper cells in host cells occupied by the can-
cer. Lentinan does not exhibit cytotoxic activity, practically does not demonstrate 
any side effects, only the ones such as local irritation after injection or sporadi-
cally observed fever and vomiting, but usually these are only the episodes, and 
what the most important, it is generally well tolerated by the patient’s organism. 
It extends an average time of the survival of patients with cancer in whom it is 
used. The studies on the mechanism of lentinan action prove that it is dependent 
on the thymus and involves the strengthening of T helper precursor cells and mac-
rophages response, and thus some of the cytokines produced by lymphocytes after 
the recognition of cancer cells. The induction of interferon (IFN-Ɣ) is also impor-
tant for this activity. Lentinan is the most commonly used in the treatment of 
gastric cancer, as an adjunct to conventional treatment, including surgical removal 
of the tumor, chemotherapy, or radiotherapy. This is a kind of synergistic effect, 
improving the general condition of the patient. There were also effective attempts 
of the treatment of hepatocellular carcinoma, colorectal, and pancreatic cancer, 
while reducing the side effects, and thereby improving the quality of life. Lentinan 
is also effective in the treatment of leukemia, as a factor inhibiting lymphocytes 
proliferation. It is also important that it exhibits a selective antiproliferative effect 
with respect to skin cancer cells (CH72), concurrently not affecting the healthy 
keratinocytes (C50). It is also proved that lentinan inhibits the formation of metas-
tases in mice liver in case of adenocarcinoma-26. This activity is possible due to 
the activation of Kupffer cells in the liver. It was also proved that the use of len-
tinan as an adjuvant can enhance the quality of life for patients with cancer dis-
eases, since it eliminates (like other mushroom polysaccharides) the side effects 
of chemo- and radiotherapy (Lindequist et al. 2005; Mantovani et al. 2008; Meng 
et al. 2016; Muszyńska et al. 2013; Patel and Goyal 2012; Roupas et al. 2012; 
Singdevsachan et al. 2016; Zong et al. 2012).

Another example of polysaccharide responsible for anticancer activity is β-glucan 
most prevalent in the edible mushroom of S. crispa species. Clinical trials were 
conducted, in which powdered fruiting bodies of this species were orally adminis-
tered to patients with cancer in an amount of 300 mg/day. A major improvement was 
noted in case of many patients compared to the control group (Roupas et al. 2012). 
L. deliciosus and M. procera are edible mushroom species showing similar antican-
cer potential in vitro. This activity was examined for human tumor epithelial cancer 
cells (HeLa), human colon cancer (LS174), and human lung cancer (A549). The 
IC50 values ranged from 19.01 to 74.01 μg mL−1 for L. deliciosus extract, and from 
25.55 to 68.49 μg mL−1 for M. procera extract depending on the type of cell lines. 
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However, the activity of these extracts was not as effective as in case of cis- 
dichlorodiammine platinum (Cis-DPP). Stronger anticancer effect with respect to 
A549 and LS174 cell lines was demonstrated for M. procera species, while higher 
activity with respect to HeLa was noted for L. deliciosus. However, it was not 
proved whether this activity is selective for malignant cells, or also includes other 
types of cancer cells. It is possible that the presence of the CD is one of the factors 
affecting the cytotoxic effect with respect to the examined cell lines, but these are 
further studies confirming this activity. In the case of M. procera, inhibitory activity 
with respect to tumor metastasis of colon 26-M3.1 was demonstrated for aqueous 
extracts (Kosanić et al. 2016).

Two polysaccharide factions which are α-glucans were isolated from the fruiting 
bodies of Armillaria mellea in the Centro de Investigaciones Biológicas in Madrid. 
The major fraction consisted of linear chains of α-(1,3)- and α-(1,4)-glucan linked 
to the protein, while the second fraction contained α-(1,3)-glucan. Also the fraction 
containing β-glucan with peptide was obtained. The authors demonstrated antican-
cer activity of this fraction. Glucose molecules linked with β-(1,3) and β-(1,6) bonds 
were detected in the study on the chemical structure of peptide-glucan sugar portion 
(Muszyńska et al. 2011).

A. blazei is a species commonly used in cancer prevention, since it demonstrates 
immunomodulatory and antimutagenic properties. Polysaccharide fractions with 
high content of β-glucan derived from this species are shown to be effective in the 
treatment of prostate cancer, both dependent and independent on androgens. 
Induction of prostate cancer cells apoptosis was directly related to the activation of 
caspase-3 as a pro-apoptotic factor. Polysaccharide fraction obtained from this spe-
cies proved to be effective in cancers treatment in vivo, in the absence of cytotoxic 
action (examined in vitro). In addition, in the therapy using 5-fluorouracil (5-FU), 
this species protected against leucopenia, as a side effect of the treatment using this 
substance. There were some attempts to improve β-glucan derived from this species 
by modifications involving the incorporation of sulfate groups improving the solu-
bility (Mantovani et al. 2008; Patel and Goyal 2012; Roupas et al. 2012; Zong et al. 
2012). In turn, A. campestris and glycoprotein fraction obtained from this species 
showed an anticancer activity against sarcoma 180 in ICR mice. Importantly, the 
protein moiety of glycoprotein contributing to the anticancer effect consists of 17 
amino acids (Singdevsachan et al. 2016).

Also another glucan—pleuran (β-1,3-d-glucan)—derived from P. ostreatus spe-
cies is worth paying attention (Fig. 10.2).

Its activity slowing down the formation of precancerous Aberrant Crypt Foci 
(ACF) of the colon of Wistar rats was demonstrated. This action involved an inhibi-
tion of cancer cells proliferation and an induction of apoptosis. Additionally, the 
new polysaccharide (POPS-1) obtained from hot aqueous extracts of this species 
showed considerably reduced toxicity compared to commonly used 5-FU. Diet rich 
in dried fruiting bodies of P. ostreatus reduced toxicity in mice treated with cyclo-
phosphamide, and reduced the pathological lesions resulting from the emergence of 
colon cancer induced by dimethylhydrazine in rats. The mechanism of action 
resulted from a strong antioxidant capacity demonstrated by these fruiting bodies 
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and DF content. In turn, the aqueous extracts obtained at a high temperature from 
fruiting bodies of H. erinaceus proved to be rich in β-glucan, the administration of 
which contributed to the reduction in tumor mass in mice with induced colon can-
cer. Reduction in tumor size resulted from an induction of tumor necrosis factor and 
NK cells secretion, as well as macrophages activation and an inhibition of angio-
genesis (Lindequist et al. 2005; Meng et al. 2016; Patel and Goyal 2012; Roupas 
et al. 2012; Ruthes et al. 2015; Singdevsachan et al. 2016).

G. frondosa species, commonly known as Maitake, is also a source of β-glucan, 
including an active fraction D and the fraction MD obtained by its further purifica-
tion (both improving the effectiveness of therapy using cisplatin treatment). Fraction 
MD acts by enhancing the activity inhibiting the spread of cancers, and reducing 
nephrotoxicity and immunosuppression induced by cisplatin treatment. In the com-
bined therapy with cyclophosphamide, this fraction acts inducing the production of 
granulocyte colony-stimulating factor (G-CSF), which helps to stimulate granulo-
poiesis and neutrophils mobilization in mice treated with cyclophosphamide. Also 
heteropolysaccharide MZF demonstrating an activity inhibiting tumor growth 
in vivo by stimulation of cellular immunity was isolated from this species. An appli-
cation of whole powdered fruiting bodies with an addition of isolated fraction MD 
was used in the patients with cancer diseases in the stages II-IV of cancer  development. 
The use of such a combination improved general condition of the patient, and even 
caused a regression of cancers in 68.8% of patients diagnosed with breast cancer, 
58.3% of patients with liver cancer, and 62.5% treated for lung cancer. MD fraction 
alone is believed to be mainly responsible for the stimulation of NK cells activity, 
and thus inhibition of mentioned cancers development (Lindequist et  al. 2005; 
Cheung 2013; Patel and Goyal 2012; Roupas et al. 2012; Zong et al. 2012). Water-
insoluble polysaccharides, like, e.g., chemically sulfated polysaccharide (S-GAP-P), 
were also recognized to be effective in the treatment of gastric cancer in humans 
(cancer cells SGC-7901). G. frondosa appeared to be effective not only in the com-
bination therapy next to 5-FU, but also in monotherapy with S-GAP-P where it 
induced an apoptosis of cancer cells SGC-7901. This effect was dose dependent. In 
addition, the combined use of 5-FU and S-GAP-P enhanced the anticancer effect. 
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β-glucan from G. frondosa also exhibited cytotoxic effect on human prostate cancer 
cells (PC-3 cells). Induction of apoptosis was confirmed in vitro for adrogeno-inde-
pendent tumor (Meng et al. 2016; Patel and Goyal 2012; Roupas et al. 2012; Ruthes 
et al. 2015; Singdevsachan et al. 2016). It was also demonstrated in the studies that 
polysaccharide isolated from another species—Pleurotus pulmonarius—is effective 
in liver cancer treatment, both in vitro and in vivo. This activity involved an inhibi-
tion of cancer development via inhibiting effect on VEGF-induced (vascular endo-
thelial growth factor) PI3K/AKT signaling pathway (Cheung 2013). Anticancer 
effect in B. edulis species was investigated in mice. This activity was based on an 
inhibition of cancer cell Sarcoma 180.

The structure of mushroom polysaccharides is an important issue for their anti-
cancer activity. Polysaccharides include β-glucans, glycans, heteroglycans, and 
hetero-β-glucans. The medical use mainly concerns the polysaccharides in the form 
of a triple helix, e.g., already mentioned lentinan, although their mechanism of 
action due to the structure is not fully understood. However, the polysaccharides in 
other forms, e.g., linear like (1 → 3)-β-d-glucan, soluble in water and isolated from 
Auricularia auricula species, are also characterized by a strong anticancer potential 
(Meng et al. 2016; Ruthes et al. 2015; Singdevsachan et al. 2016; Zhang et al. 2007). 
Mushroom polysaccharides, depending on the structure, also exhibit immunomodu-
latory activity, strengthening and accelerating the organism’s defensive response, 
which produce an anticancer effect. This effect is more common than the typical 
cytotoxic activity (Meng et al. 2016; Ruthes et al. 2015; Singdevsachan et al. 2016; 
Zhang et al. 2007). The result of mushroom polysaccharides application can thus be 
prevention of cancers, and in case of already detected cancers, cell cycle inhibition 
and apoptosis induction in cancer cells, affecting its growth and development 
(growth reduction even up to 50%), as well as an inhibition of metastases formation, 
prolonging patient’s survival (Zhang et al. 2007; Zong et al. 2012). Preventive effect 
was especially observed in the group of farmers involved in the commercial cultiva-
tion of edible mushrooms, including F. velutipes and A blazei. Naturally, these 
mushrooms species were a popular element of their daily diet. As a result of mush-
rooms consumption, cancer incidence rates were set at about 40% lower level than 
in the general population. The studies on mice were also conducted in order to 
confirm these observations. They were regularly fed with those mushroom species, 
and then the cancer cells were implanted. It was clearly observed that the murine 
tumors did not develop in the examined group, in contrast to the control one, which 
confirms the potent preventive anticancer activity of polysaccharides from F. velu-
tipes and A. blazei species (Zhang et al. 2007).

 Mushroom Lectins

In addition to polysaccharides, mushrooms are also rich in active proteins which can 
be isolated from them. Among the bioactive anticancer proteins, attention should be 
especially paid to ribosome inactivating proteins (RIP), FIP lectins, and ribonucle-
ases (Roupas et al. 2012). Lectins are a kind of storage proteins needed for proper 
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growth of mushroom fruiting bodies. They are also a protective factor for the mush-
rooms themselves, protecting them from toxins from the environment, e.g., bacteria, 
pesticides, and even viruses (Singh et al. 2015; Varrot et al. 2013). Lectins contained 
in the edible mushrooms were investigated also due to their anticancer activity. This 
is related to their immunomodulatory potential realized by the stimulation of 
immune system cells maturation. The mixture of lectins (lectin A and lectin B) iso-
lated from Agaricus bisporus species (ABL) demonstrated an antiproliferative 
effect on endothelial cancer cells, without a direct cytotoxic effect. In vitro studies 
using human colonic carcinoma cells HT-29 demonstrated that lectins isolated from 
A. bisporus have the ability to induce apoptosis in just these cells, without the cyto-
toxic effect. It is suggested that this effect may be related to an increase in caspase-3 
activity (Carrizo et  al. 2005; Roupas et  al. 2012; Singh et  al. 2015; Wang et  al. 
1998). The exact relationship between the structural elements and anticancer effect 
induced in both mouse and human cells was determined for the lectin from Agrocybe 
aegerita species (AAL). This is important, since it may be the first step for the 
design of specific molecules used later in the therapy. AAL acts inducing an apop-
tosis in cancer cells. Dimeric organization of lectin molecule is needed to achieve 
this activity. The presence of glucose and galactose in carbohydrate functional moi-
ety is also necessary. Irrespective of these structural properties, also another hydro-
phobic pocket responsible for the induction of apoptosis was identified (Li et al. 
2008; Singh et al. 2015; Xu et al. 2011).

Also lectins from edible mushrooms such as G. frondosa, F. velutipes, Tricholoma 
mongilicum, Volvariella volvacea, Pleurotus citrinopileatus, and P. ostreatus 
proved to have immunomodulatory potential and anticancer, antiproliferative, and 
cytotoxic properties. It was possible to isolate heterodimeric lectin which exhibits 
the potential inhibiting cancer cells growth and development from V. volvacea spe-
cies. However, the inhibitory potential is mild. Importantly, this lectin prolongs the 
survival in mice with sarcoma 180. An extension of survival is dependent on the 
dose. G. frondosa species was studied due to the cytotoxic effects with respect to 
cancer cells HeLa. This activity was due to N-acetylgalactosamine-specific lectin 
(Li et al. 2008; Singh et al. 2015; Wang et al. 1998). On the other hand, P. citrino-
pileatus species is rich in homodimeric lectin inhibiting cancer growth (murine 
sarcoma 180) already within 20 days with intraperitoneal administration in a daily 
dose of 5 mg kg−1 body weight. The sources of this lectin were fresh fruiting bodies. 
An anticancer activity is similar to that exhibited by P. ostreatus (Li et al. 2008; 
Patel and Goyal 2012). Lectin isolated from P. ostreatus species demonstrated an 
anticancer activity with respect to murine hepatoma H-22 and sarcoma S-180, 
reducing the number of cancer cells (Li et al. 2008; Ng 2004; Singh et al. 2015). 
This lectin inhibits the growth of both cancers by 75% and 88%, respectively. To 
achieve this, lectin dose of 1.5 mg kg−1 body weight for 20 days in a form of intra-
peritoneal injection was necessary. This treatment resulted in weight loss in mice 
compared to the control group; however, the time of their survival was prolonged 
significantly (Ng 2004).

Lectins from T. mongolicum species (TML1 and TML2) inhibit the growth of 
sarcoma 180. These are the lectins of a molecular weight of about 36–38 kDa. Both 
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TML1 and TML2 inhibit the growth of these cells, while TML2 proved to be more 
effective. TML1 and TML2 are the compounds of the dimeric structure. They also 
inhibit the proliferation of mouse cells, including mastocytoma P815 and monocyte- 
macrophage PU5–1.8 in  vitro. In this case, higher effectiveness was proven for 
TML1. The activity of both lectins is further based on macrophages stimulation to 
the production of nitrite ions (NO2

−). Both lectins exhibit an anticancer effect stimu-
lating the immune system in vivo, while an antiproliferative effect is only observed 
in vitro (Ng 2004; Singh et al. 2015; Wang et al. 1996; Wang et al. 1998).

 Other Anticancer Compounds

Currently, there are a number of studies showing a close relationship between the 
consumption of given mushroom species and the risk of breast cancer. This effect 
was especially observed in postmenopausal women. This anticancer effect is caused 
by an inhibition of aromatase, which is important in case of hormone-dependent 
cancers, especially breast cancer. The studies confirming this effect were conducted 
in vitro, but also in subsequent steps on animals and finally on humans. Special 
attention should be paid to already mentioned A. bisporus species, which is one of 
the most popular species of edible mushrooms. The studies suggest that conjugated 
linoleic acid (CLA) may be the compound inhibiting aromatase activity (Chen et al. 
2006; Kanaya et al. 2011; Roupas et al. 2012). A. bisporus additionally constitutes 
not only the source of linoleic acid, but palmitic and linolenic acids as well, which 
also protect against breast cancer development. This action also includes an inhibi-
tion of aromatase activity and estrogens biosynthesis. This is important, as it was 
proved that abnormal expression of aromatase, enzyme responsible for the synthesis 
of estrogens in breast cancer cells, may play a key role in the growth and develop-
ment of cancer cells of this type (Chen et al. 2006; Patel and Goyal 2012). In the 
studies previously carried out by Chen et al., the extracts of A. bisporus were more 
effective in an inhibition of human placental aromatase activity than a few com-
pared plant extracts. The method of cancer therapy using this mushroom species is 
an alternative to the conventional treatment, as well as one of the possibilities of 
anticancer prevention (Chen et al. 2006).

The inhibitory effect of the extracts of A. bisporus fruiting bodies was confirmed 
not only with respect to the development of breast, but also prostate cancer. The 
compounds responsible for this activity, except β-glucans, are phenolic compounds, 
ergothioneine, arginine, lectins, and the aforementioned fatty acids. Unsaturated 
fatty acid content was calculated to be 79.7% of total fatty acids found in this spe-
cies. This is important because the inefficient metabolism, and especially the 
absence of certain fatty acids in the diet, can cause the development of many dis-
eases, including cancers (Ahmad et al. 2013; Novaes et al. 2011; Öztürk et al. 2011; 
Patel and Goyal 2012; Yilmaz et al. 2006).

Attention should be also paid to the closed, young fruiting bodies of Coprinus 
comatus, which are edible. The studies demonstrated that they can be also effective 
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in the treatment of estrogen independent breast cancer. An inhibitory effect was also 
demonstrated with respect to prostate cancer cells (LNCaP cells). Immunomodulatory 
protein (FIP-fve), which is characterized by an anticancer activity realized by T-cells 
activation, was isolated from F. velutipes species. This activity was tested on a 
murine model of hepatoma. Aqueous extract appeared to be rich in another antican-
cer substance—flammulin. Also the presence of stable hemagglutinin, responsible 
for the inhibition of cancer cells proliferation in leukemia (L1210 cells), was a sig-
nificant issue. The aqueous extracts both of C. comatus and F. velutipes are found to 
be effective in the treatment of an estrogen-dependent and estrogen-independent 
breast cancer in vitro. Anticancer effect was dose-dependent for both the extracts, 
and caused by an induction of altered cells apoptosis. Calvatia utriformis species is 
also effective in the treatment of this type of cancers due to the presence of ubiquitin- 
like peptide. It can be thus concluded that an increase in the consumption of certain 
edible mushrooms can significantly contribute to the reduced risk of breast cancer in 
women both before and after menopause (Patel and Goyal 2012; Roupas et al. 2012).

The presence of arginine in A. bisporus species should also be emphasized, since 
it is a substance used in the supplementation of cancer patients. It not only improves 
the condition of the body and exhibits a beneficial effect on the immune system, but 
also prolongs the life of cancer patients. This activity results from the delay in tumor 
growth and metastases emergence (Novaes et  al. 2011). Also ergothioneine—a 
strong antioxidant isolated from A. bisporus—is beneficial in cancers therapy due to 
its potent antimutagenic properties and chemo- and radioprotective activity (Chen 
et al. 2012; Muszyńska et al. 2013) (Fig. 10.3).

An anticancer effect was also demonstrated for ergosterol (5,7,22-ergostatrien- 
3β-ol) present not only in A. bisporus but also in other species of Agaricales taxon 
(Fig. 10.4).
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It is found in most species of the mushrooms of Basidiomycota class. Ergosterol 
constitutes 83–89% of the total amount of mushroom sterols. It inhibits the process 
of angiogenesis, which accompanies solid tumors preventing tumor growth, and 
prevents the migration and proliferation of cancer cells. Such effect was found in 
cancer cell lines in vitro cultures, as well as in studies on rats conducted in vivo 
(Novaes et al. 2011; Roupas et al. 2012; Shao et al. 2010; Yuan et al. 2008). The 
content of ergosterol in cultivated mushroom species such as A. bisporus, L. edodes, 
or P. ostreatus is in the range of 3.7–5.1 mg g−1 dry weight, while in case of the wild 
species of Cantharellus tubaeformis, Cantharellus cibarius, and B. edulis, this 
amount is slightly lower, in the range of 1.4–4.0 mg g−1 dry weight (Teichmann 
et al. 2007). Also the protective effect of ergosterol on lymphocytes level in patients 
subjected to chemotherapy was confirmed. This therapy is safe and well tolerated. 
Also ergocalciferol (vitamin D2) present in the edible mushrooms, formed from 
ergosterol as a result of UV irradiation with a wavelength of 280–320 nm, is one of 
the preventive factors in cancer therapy (Novaes et al. 2011; Roupas et al. 2012; 
Shao et al. 2010). It demonstrates antimutagenic properties, with low toxicity, caus-
ing only a very small hypercalcemic effect. Vitamin D2, in particular its hydroxyl-
ated form, is considered to be a potential anticancer agent used in therapy of, inter 
alia, melanoma. This effect results from the inhibition of keratinocytes differentia-
tion in vivo, inducing thus protection from photo damage after the local administra-
tion. In the studies on melanoma, also ergosterol and dihydroergosterol inhibited 
DNA synthesis due to the local metabolism of ergosterol causing an expression of 
cytochrome P-450scc by melanoma cells. Similarly, 17α- and 24- dihydroxyergosterol 
inhibited the proliferation of cell lines of human epidermal keratinocytes. These 
results confirm an antiproliferative activity, and thus an anticancer effect of ergos-
terol metabolites to the cells, not only animal but also human ones (Słomiński et al. 
2005). The studies also indicate the existence of the relationship between the suit-
able levels of vitamin D2, also of mushroom origin, and a reduced risk of prostate, 
ovarian, breast, and colon cancer (Shao et al. 2010). Some mushroom species are a 
rich source of ergocalciferol, except A. bisporus; they include G. frondosa, 
Morchella spp., or L. edodes (Phillips et al. 2011).

Derivatives of ergosterol, including ergosterol peroxide, also demonstrate an 
anticancer effect, in this case based on the cytotoxic effect with respect to cancer 
cell lines and their growth inhibition. Ergosterol peroxide, or other sterols demon-
strating this effect, was isolated, inter alia, from Paecilomyces tenuipes and 
Cordyceps sinensis species. P. tenuipes species also exhibited an anticancer activity 
in vivo (Hong et al. 2007; Lindequist et al. 2005). Ergosterol peroxide was more-
over isolated for the first time from H. erinaceus species, demonstrating an antican-
cer activity. It was also possible to obtain it from other species of edible mushrooms 
found to be therapeutic, such as, inter alia, V. volvacea, Boletus badius, B. edulis, 
Suillus bovinus, Morchella esculenta, and A. mellea (Krzyczkowski et al. 2009). 
Ergosterol peroxide isolated from the edible species Sarcodon aspratus (S. 
 aspratus) also demonstrated an activity inhibiting the growth of promyelocytic leu-
kemia cells (HL60). This effect was observed for the dose above 10 mM ergosterol 
peroxide. In turn, the administration of 25  mM (10.7  μg  mL−1) of ergosterol 
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 peroxide isolated from this species reduced viable cells number to 5% compared to 
the control group. This concentration induced an activation of apoptotic cells and 
nucleosomal DNA fragmentation in most HL60 cells after 24  h of incubation. 
These results clearly show that ergosterol peroxide induced apoptosis, and thus 
inhibited the growth of HL60 cells. However, the mechanism of this action is not 
fully understood (Takei et al. 2005). Hypsizigus marmoreus species also proved to 
be a source of ergosterol and ergosterol peroxide. It turned out that due to com-
pounds from the group of sterols, the fruiting bodies of this species can inhibit 
induced by TPA (13-ethyl-12-O-tetradecanoylphorbol) the inflammatory swelling 
of the ear and cancer development in the two-stage carcinogenesis induced by TPA 
and DMBA (7,12-dimethylbenz[a]anthracene) in mice. Thus, this confirmed the 
anticancer potential of sterols, which may be protective factors against cancers 
development (Yaoita et al. 2002).

It was possible to isolate agaritine from the species related to A. bisporus—
A. blazei, present in aqueous extracts obtained hot (Fig. 10.5).

Agaritine exhibited an activity with respect to human leukemic monocyte lym-
phoma (U937) cells, inducing their apoptosis in vitro. The activity also concerned 
other leukemic cell lines including HL60, MOLT4, and K562. Its activity involved 
the damage of cancer cells DNA by their fragmentation and cytochrome c release 
from them. This species is used as an adjuvant during chemotherapy. Currently, it is 
believed that the consumption of mushrooms of Agaricales taxon containing agari-
tine is not only completely safe, but beneficial to human health. A. bisporus species 
was also effective in leukemia inhibition, e.g., HL60 cells inducing their apoptosis. 
Except anti-leukemia activity, A. blazei also demonstrated an anticancer effect in 
relation to stomach cancer KATO III cells and lung cancer LU99 cells. This activity 
was possible due to the content of steroid—blazein—that induces morphotic 
changes in the mentioned cell as a result of their apoptosis. An activity of six other 
steroids with anticancer activity was also examined in A. blazei species. They were 
isolated from this species in the form of acetone extracts. After steroids examina-
tion, it was also found they exhibit antimutagenic potential (Endo et  al. 2010; 
Lindequist et  al. 2005; Patel and Goyal 2012; Roupas et  al. 2012). Bioactive 
 steroid—ergosta-4,6,8 (14), 22-tetraen-3-one (ergone)—of antiproliferative and 
cytotoxic effect against HepG2 cells was isolated from edible Russula cyanoxantha 
species. Affected by ergone, HepG2 cells were subjected to apoptosis, inter alia, due 
to an inhibition of the cell cycle (phase G2/M), chromatin condensation and nucleus 
fragmentation which was mainly possible due to caspase activation (Endo et  al. 
2010; Patel and Goyal 2012; Roupas et al. 2012).
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The results of controlled studies are also interesting, in which the edible mush-
rooms exhibit synergistic beneficial effect reducing the incidence of cancers, along 
with the consumption of green tea. Theanine located primarily in green tea, next to 
the above mentioned active substances, is increasingly often the substance consid-
ered in cancer therapy (Fig. 10.6).

B. badius is a popular species, which becomes a source of theanine as a result of 
fermentation. Theanine demonstrates an activity similar to the synthetic anticancer 
substances, such as, e.g., irinotecan, doxorubicin, or cisplatin; thus its efficacy dur-
ing the treatment is assumed. Numerous studies both on animal models, and in the 
later stages on human cell lines, consistently confirm the efficacy of edible mush-
rooms use in breast cancer treatment. Most importantly, the examined edible mush-
rooms do not damage the healthy cells, but only the cancer ones inhibiting their 
proliferation (Patel and Goyal 2012; Roupas et al. 2012). Also Calvatia caelata spe-
cies contains ubiquitin-like peptide with a molecular weight of 8 kDa. In the studies, 
it exhibits an antiproliferative activity with respect to human breast cancer cells and 
also affects murine splenocytes exhibiting an antimitogenic effect (Ng 2004).

Laccase present in Agrocybe cylindracea species proved to be an important 
enzyme with anticancer activity. Laccases are also found in the species like H. eri-
naceus, A. blazei, L. edodes, P. ostreatus, C. cibarius, or Pleurotus eryngii. However, 
their anticancer activity was not analyzed. Laccase is used for the purification of 
polluted water, as biosensor, or fabrics dye. It is a lignin degrading enzyme; in mush-
rooms it additionally participates in morphogenesis. This compound also catalyses 
the reactions of organic compounds oxidation, including phenolic compounds. The 
studies demonstrated that laccase present in A. calvacea demonstrates an antiprolif-
erative activity with respect to breast cancer MCF-7 (IC50 = 6.5 mM) and hepatoma 
cell HepG2 (IC50 = 5.6 μM). The activity of laccase isolated from this species was 
the highest maintaining the pH in the range 3–4; at pH of about 9 its activity disap-
peared completely. Also the temperature increase to 50  °C profitably affected its 
activity, but further temperature increase was unprofitable, since a slow decomposi-
tion of the enzyme is noted above this temperature (Hu et al. 2011; Zhang et al. 
2010). An activity with respect to cancer cells MCF-7 and HepG2 was also demon-
strated for laccase isolated from the edible species Clitocybe maxima. IC50 values for 
these cancer cells are 3.0 mM and 12.3 mM, respectively (Zhang et al. 2010).

O

OH

O

N

N

CH3

H

H
H

Fig. 10.6 Theanine

10 Edible Mushrooms and Their In Vitro Culture as a Source of Anticancer Compounds



246

Another example of an enzyme demonstrating an anticancer activity is tyrosi-
nase extracted from A. bisporus, characterized by a high degree of similarity to that 
found in human organism. Thus, this species is a perfect and concurrently inexpen-
sive source of tyrosinase (Kampmann et al. 2015; Labus et al. 2011; Zaidi et al. 
2014). The studies conducted on enzyme isolated from A. bisporus demonstrated 
that it has a protective effect on human lymphoma cell lines, preventing them from 
the negative effect of damaging factors such as dihydrogen peroxide (Shi et  al. 
2002). Moreover, gene-protecting activity of this species resulting from tyrosinase 
presence was examined. A putative protective effect with respect to DNA is associ-
ated with the pathway of tyrosine transformation into l-DOPA, and then this metab-
olite conversion to dopaquinone (Jani et al. 2016; Shi et al. 2002).

The presence of peptide significant from the therapeutic point of view, i.e., pro-
somatostatin, demonstrating an anticancer activity especially in pancreatic cancer 
treatment, was found in the fruiting bodies of A. mellea (Muszyńska et al. 2011).

Fruiting bodies and mycelia of Antrodia camphorata species are used as an anti-
cancer agent in traditional Eastern medicine due to the abundance of bioactive sub-
stances. Anticancer activity is mainly due to ubiquinone derivative—antroquinonol. 
Importantly, antroquinonol exhibits selective activity acting only on cancer cells, 
leaving the healthy ones (Hu et al. 2016).

 In Vitro Cultures

Taking into account the rapid development of biotechnology, and the need for 
research on anticancer substances, it seems to be necessary to examine the biomass 
from edible mushrooms in vitro cultures. This is extremely needed, since the fruit-
ing bodies are characterized by seasonal occurrence, while the in vitro cultures can 
be prepared in reproducible conditions and subjected to experiments in a continuous 
manner. Typically, the same compounds as in the fruiting bodies are produced in 
in  vitro cultures; however, appropriate modifications of the methods of applied 
media culturing can focus them on the production of the desired metabolites. Thus, 
it is essential to compare the composition of the fruiting bodies and in vitro cultures, 
and possibly to examine the media due to the possibility of active mushroom metab-
olites accumulation in them.

As in the case of fruiting bodies, the most popular are mushroom polysaccharides 
detected and isolated from mycelial cultures. One of the first and most active poly-
saccharides isolated from in vitro cultures of L. edodes was lentinan. It exhibits an 
anticancer activity corresponding with the potency of immunostimulating activity to 
that isolated from the fruiting bodies (Chihara et al. 1970). It was also possible to 
isolate another polysaccharide—KS-2—from in vitro cultures of the same species. 
It is α-mannan containing peptide fragment in its molecule. It demonstrated inhibi-
tory activity with respect to Ehrlich cancer and sarcoma 180 developments in the 
mouse, both after oral or intraperitoneal administration. It also induced interferon 
biosynthesis in animal studies (Fujii et al. 1978; Ooi and Liu 2000). It was found 
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during the therapy with the use of this polysaccharide that the best results are 
obtained in case of its combination with cytostatic agents, i.e., in so-called immuno-
chemotherapy (Wheat et al. 1983). Another glucan exhibiting an anticancer activity 
was isolated, in turn, from in vitro cultures of G. frondosa. It acts by inhibiting an 
activity and secretion of metalloproteinases in the case of skin cancers (Noriko et al. 
2003). Also a new protein-polysaccharide complex—GFPPS1b—was isolated from 
the in vitro cultures of this species. Its activity involves an induction of apoptosis in 
cancer cells by an inhibition of cell cycle phase in G2/M.  The inhibitory effect 
mainly concerned proliferation of SGC-7901 (human gastric adenocarcinoma), as in 
the case of this species fruiting bodies. As a result of GFPS1b application, tumor 
cells are subject to apoptosis, which was determined analyzing the structure of the 
damaged cells (Patel and Goyal 2012; Zong et al. 2012).

Attention should also be paid to in vitro culture of A. blazei species. It was pos-
sible to isolate polysaccharides, which demonstrate an immunomodulatory and 
anticancer activity from the aqueous extract of mycelial cultures. This activity in 
this case was related to macrophages stimulation to TNF-α secretion, which is a 
pro-inflammatory cytokine leading the cancer cells to apoptosis. It may be con-
cluded from the studies that the therapeutic effect is especially due to glucomannans 
with the main chain of β-1,2-d-mannopyranoside. Their structure is different from 
those of polysaccharides obtained from the fruiting bodies of A. blazei, which are 
β-1,6-glucans. Glucomannans isolated from mycelial cultures, when combined with 
a protein, form the Antitumor Organic Substance Mie complex. This complex 
exhibits a strong cytotoxic potential compared to murine sarcoma 180 cells, Ehrlich 
cancer (Ito et al. 1997; Lindequist et al. 2005).

Also P. ostreatus species is a source of water-insoluble polysaccharide—β- -
glucan—and soluble heteroglycan with anticancer activity. Water-soluble heterogly-
can (PS) of a high molecular weight was isolated from the mycelium of this species. 
It consists of d-mannose, l-fucose, and d-glucose. An anticancer activity is mainly 
preventive in the nature, due to the strong antioxidant potential of heteroglycan of 
this species (Patra et al. 2013). Attention should also be paid to strobilurin present in 
in vitro cultures of Strobilurus tenacellus. It is mainly used as a plant protection 
agent, but also demonstrated an anticancer potential in the studies (Balba 2007). Due 
to the strong health-promoting potential and limited availability from the natural 
environment, mycelial cultures were produced from C. sinensis which are the source 
of sterols and other health-promoting substances, including those with anticancer 
properties, are successfully isolated from the culturing mycelium of this species 
(Lindequist et  al. 2005). The above-mentioned vitamin D2, which is an agent in 
 cancer prevention, was isolated from the mycelia from in vitro cultures of edible 
P. ostreatus, P. citrinopileatus, and Pleurotus salmoneostramineus species. The studies 
involved the irradiation of fresh cultures in vitro with UV-B, then the analysis of the 
qualitative composition of mycelia in terms of vitamin D and polysaccharides con-
tent. The study also involved an analysis of antioxidant properties of irradiated 
mycelia—their ethanol extracts, which is also reflected in an anticancer effect. The 
composition of in vitro cultures was also evaluated for the presence of potentially 
strong antioxidant compounds, including total content of phenols, ergothioneine, or 
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flavonoids. The studies confirmed the beneficial effect of 2 h irradiation of mycelia 
of all three species on an increase in vitamin D2 content, maintaining a satisfactory 
antioxidant potential (Huang et al. 2015).

 Conclusions

Edible mushrooms and their in vitro cultures are increasingly willingly studied and 
used as an element of health-oriented prevention. In addition to the typical prophy-
lactic use, a plurality of bioactive compounds provides their therapeutic effect 
which is supported by a number of reliable studies. They are used in cancer therapy 
due to a multidirectional activity inhibiting the formation, growth, and development 
of cancers at different stages. This therapy is very popular due to its good tolerance 
and reduction of the side effects of radiotherapy and chemotherapy for the human 
organism. The most promising are the attempts of breast cancer treatment with the 
use of edible mushrooms, which confirms the abundance of reports on this subject. 
The number of examined mushroom species and their anticancer effect allows look-
ing again at this group of organisms, and appreciating their not only therapeutic but 
also preventive importance, protecting against the disease. However, further studies 
on the effect of edible mushrooms and their in vitro cultures on particular cancers 
are needed. Anticancer compounds derived from mushrooms are usually responsi-
ble for immune system stimulation, cytotoxic effect with respect to cancer cells, or 
are used as a therapy combined with clinical one. The advantage is on the side of the 
extracts obtained from this mushroom material, but it does not change the fact that 
just the whole fruiting bodies or mycelia are the source of bioactive compounds. 
Continuous analysis of the structure of the compounds and their anticancer activity 
mechanisms in mushrooms, as well as the stimulation of in vitro cultures towards 
the production of these substances, may contribute to the development of commer-
cial production of mushroom anticancer medicaments.
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Chapter 11
Genomics and Artificial Intelligence Working 
Together in Drug Discovery 
and Repositioning: The Advent of Adaptive 
Pharmacogenomics in Glioblastoma 
and Chronic Arterial Inflammation Therapies

Glaucia C. Pereira

Abstract The field of pharmacogenomics investigates how genomics may modu-
late pathological trends using information on both genotype and phenotype, with 
the aim of designing personalised healthcare. Homoeostasis is partially regulated 
through the expression of core protein groups whose functionality is determined at 
gene level and modulated by environmental factors. Harmful changes in physiology 
may promote several dis-functionalities. In prior work gene expression was used as 
a biomarker to assess both pathological propensity and disease progression. A grow-
ing body of pharmacogenomics research has developed new compounds, on one 
hand, and on the other, it has proposed novel therapeutic applications for the exist-
ing ones. Over the past decades, collective efforts have significantly increased the 
number of omics information available. However, efficient and deterministic in 
silico mechanisms that efficiently analyse and detect trends on the basis of often 
unknown and limited physiological information responding to challenging clinical 
questions are still lacking. In this context, computational automation via artificial 
intelligence methodologies has proven to be accurate, robust to noise, cost efficient, 
and dynamic dealing with massive databases and forecasting on the basis of the 
available information. Moreover, this set of computational techniques, based on 
well-established mathematical models, provide efficient ways of determining trends 
based on both a priori knowledge and dynamically acquired information, working 
successfully on incomplete datasets. Therefore, in this chapter we assess develop-
mental similarities between two major causes of worldwide death: glioblastoma and 
chronic arterial inflammation; and discuss the potential applicability of two artificial 
intelligence approaches for drug discovery and repositioning. According to the 
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World Health Organization (WHO) a glioblastoma multiform is the most malignant 
glial-type tumour (graded level IV in the WHO scale); and inflammatory diseases 
affecting the cardiovascular network are the cause of high mortality. As suggested, 
these two pathologies have several developmental similarities and share common 
genetic variants. Therefore, we additionally seek to discuss the main promoters pre-
sented in the current literature, aiming at benefiting from their similarities in drug 
discovery and repositioning, via automatic artificial intelligence pattern recogni-
tion, forecasting, and computational design.

Keywords Genomics • Artificial intelligence • Drug discovery • Drug reposition-
ing • Adaptive pharmacogenomics • Glioblastoma • Chronic arterial inflammation • 
Genetic fingerprints • Deep neural networks • Reinforcement learning • Inflammatory 
signalling cascades • Cytokines • Transcription factors

Abbreviation

ADME  Absorption, distribution, metabolism, and excretion
ApoE  Apolipoprotein E
ATP  Adenosine triphosphate
ATRX  Alpha-thalassaemia X
CSNK2A1  Casein kinase 2 alpha 1
DCN  Deep convolutional networks
DLNN  Deep learning neural networks
DNA  Deoxyribonucleic acid
DNN  Deep neural networks
EGFR  Epidermal growth factor receptor
GRR  Glycine-rich regions
IDH  Isocitrate dehydrogenase
IL  Interleukin 
LDL  Low-density lipoprotein
LPA  Apolipoprotein A
LZ  Leucine zipper
NfkB  Nuclear factor-kappa B
oxi-LDL  Oxidized low-density lipoprotein
PTEN  Phosphatase and tensin homolog
RHD  Rel homology domain
SMC  Smooth muscle cells
SMCs  Vascular smooth muscle cells
SPP  Salesperson problem
STAT3  Signal transducer and activator of transcription 3
TAD  Transactivation domain
TERT  Telomerase reverse transcriptase
TNP-470  Trinitrophenol 470
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TP53 Tumour protein p53
VCAM1 Vascular cell adhesion molecule 1
WHO World Health Organization

 Introduction

According to statistics from the National Cancer Institute (Cancer of the Brain and 
Other Nervous System—SEER Stat Fact Sheets 2013) a glioblastoma multiform has 
an incidence of c. 3 out of 100,000 adults annually, accounting for about 52% of all 
reported primary brain cancer, with a critical survival time rate varying from a few 
weeks to c. 31 months following diagnosis, in at least two well-defined groups of 
patients (Louis et al. 2016). On the other hand, cardiovascular diseases are the main 
cause of global death. According to the WHO (2016), around 17,500,000 people 
died from cardiovascular diseases and related pathologies globally in 2012, account-
ing for about 31% of the global mortality. Chronic inflammation, more specifically 
chronic arterial inflammation, is a major cause of severe cardiovascular pathologies 
(Mozaffarian et  al. 2016). In December 2015, the mentioned figures were still 
increasing (Cardiovascular Disease Statistics 2015—BHF 2015), besides the col-
lective efforts to reduce the impact of chronic cardiovascular pathologies.  This 
motivates discussion on the identification of biomarkers related to both chronic 
(arterial) inflammation and glioblastoma multiform. The aim is to debate the appli-
cability of the reported similarities in drug discovery and repositioning, supported 
by artificial intelligence methodologies. Here, we present newest trends in pharma-
cogenomics and offer an overview of two major artificial intelligence methodolo-
gies largely applied to pattern recognition and forecasting—deep neural networks 
and reinforcement learning—with the purpose of reporting on and stimulating novel 
research in the field, while clarifying some of the most important trends currently 
investigated by the research community. Moreover, we seek to unveil the main ben-
efits of correlating information related to genetic fingerprints supporting drug dis-
covery and genotype-phenotype correlations and similarities that lead to the 
identification of innovative usage of well-established chemical compounds—drug 
repositioning. In section “Two Major Causes of Worldwide Mortality” glioblastoma 
formation and chronic inflammation are characterised, while biomarkers widely 
reported in the literature are presented. Genetic common variants associated with 
both glioblastoma multiform and chronic arterial inflammation are presented. In 
section “Computational Pattern Recognition and Forecasting” the main computa-
tional trends on which this work centers are discussed. Primary concepts underlying 
the most commonly used deep neural network methodology are presented and 
exemplified, and reinforcement learning is described under the perspective of a 
logistic model. In section “Drug Discovery and Repositioning: Proposing New 
Adaptive Mechanisms in Pharmacogenomics” literature findings on pharmacoge-
nomics and artificial intelligence techniques are correlated, aiming at highlighting 

11 Genomics and Artificial Intelligence Working Together in Drug Discovery…



256

the potential of adaptive pharmacogenomics in the context of in silico drug discovery 
and repositioning. Finally, in section “Conclusions” a summary of this review is 
presented and future research directions indicated.

 Two Major Causes of Worldwide Mortality

�Drawbacks�in�Current�Glioblastoma�Therapies:�Why�Is�It�
Difficult�to�Treat?�What�Characterises�the�Disease?

A glioblastoma multiform or simply glioblastoma is according to the World Health 
Organization (WHO) the most malignant glial-type tumour (Louis et  al. 2016), 
graded level IV. These lesions are characterised by significant cells’ nuclear pleo-
morphism, disform cytoplasms, and increasing cells’ proliferation. This malignant 
formation shows significant reduction in cell morphological differentiation and 
remarkable necrotic expansion. As a result, these high-grade astrocytomas com-
monly form lipid-reach plaques surrounded by vasogenic oedemas, which result 
from local angiogenesis promoted by abnormal increase in tissue ATP demand 
(Crouch et al. 1993).

Proposing therapies in grade IV tumours is always a challenge, because of che-
motherapy and radiotherapy resistance, along with the commonly challenging 
tumour locations. Therefore, deciding which combination of treatments may 
increase the survival rate among patients with glioblastoma multiform depends on 
several factors, including early diagnosis and assessment of the Karnofsky Score 
(Hulshof et al. 2001; Caloglu et al. 2009; Metellus et al. 2011; Stark et al. 2012; 
Kumar et al. 2013). Data extracted from Louis et al. (2016) is presented in Table 11.1. 
This illustrates the mean survival time for two age-based groups of patients diag-
nosed with glioblastoma, with and without isocitrate dehydrogenase (IDH) muta-
tions. Moreover, the figures show genotypic alterations found in IDH-wild-type and 
IDH-mutant patients (TERT, TP53, ATRX, EGFR, and PTEN).

Numerous works have reported on IDH mutations found in low-grade gliomas 
augmenting the production of 2-hydroxyglutarate. However, in grade IV glial-type 
tumours the role of IDH mutations is related to increasing gene methylation (Cohen 
et al. 2013; Killela et al. 2014). The current literature has increasingly suggested that 
epigenetics is a key factor in the development of a variety of human disorders, 
including cancer and chronic inflammation. DNA-methylation is a family of 
epigenetics- based modifications in gene expression, which while not implying 
underlying changes in DNA sequences results in phenotypic disorders. In glioblas-
tomas, DNA-methylation is thought to be closely related to lowering the cells’ dif-
ferentiation potential (Thon et al. 2013; Lai et al. 2014). Moreover, it has been found 
that the overexpression of epidermal growth factor (EGF) receptor/HER1 common 
variants in glioblastoma correlates with increasing cell proliferation, tissue invasion, 
neo-angiogenesis, tumour cell chemoresistance, and abnormal apoptosis (Gadji 
et al. 2009).
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In addition to epigenetics and gene-mutation-related disease progression, this 
fatal malignant lesion tends to invade white matter tracts, and proposing case-based 
therapies is particularly challenging whether the glioma infiltrates the corpus cal-
losum, proliferating along both cerebral hemispheres (Naik et al. 2015).

�Established�Biomarkers�Predicting�the�Progression�of�Chronic�
Arterial�Inflammation

Chronic inflammatory processes have several similarities, regardless of the affected 
tissue. To exemplify, in both epithelial and endothelial tissues subjected to inflamma-
tory signalling networks the chronic deposition of metabolites implicated in immune 
responses is observed (Hansson and Hermansson 2011; Foley 2013; Jovanovic et al. 
2014). In general, inflammatory dysfunction leads to tissue remodelling, which is a 
physiological adaptation aiming at maintaining homeostasis. In arterial inflamma-
tion, following endothelium invasion, when plaque deposition at the intimal layer 
reaches c. 40% of the normal arterial circumference and the arterial wall expands for 
keeping the physiological blood flow rate, the growing plaque named atheroma 
migrates into the lumen, and the disease progresses towards severe stages, which is 
classified by the WHO based on the level of arterial constriction and plaque compo-
sition, resulting in different levels of propensity to rupture (Solberg et al. 1968; Lusis 
2000; Kronzon 2006). Figure  11.1a illustrates a plaque-free arterial segment and 
Fig. 11.1b shows an arterial segment where plaque has invaded the arterial lumen. 

Table 11.1 Key characteristics of isocitrate dehydrogenase (IDH) wild-type and isocitrate 
dehydrogenase (IDH) mutant glioblastomas

IDH-wild type IDH-mutant
Synonym Primary glioblastoma Secondary glioblastoma

Precursor lesion ~90% ~10%
Mean age when diagnosed ~62 years old ~44 years old
Male-to-female ratio 1.42:1 1.05:1
Mean length of clinical history 4 months 15 months
Mean overall survival

Surgery + radiotherapy 9.9 months 24 months
Surgery + radiotherapy + chemotherapy 15 months 31 months
Location Supratentorial Preferentially frontal

Necrosis Extensive Limited
TERT promoter mutations 72% 26%
TP53 mutations 27% 81%
ATRX mutations Exceptional 71%
EGFR amplification 35% Exceptional
PTEN mutations 24% Exceptional

Extracted from Louis et al. (2016)—copyright permission obtained
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Among the main plaque compounds are macrophages resulting from oxidized 
low-density lipoprotein (oxi-LDL) rich monocyte differentiation and proliferating 
smooth muscle cells (SMC) that migrate from the tunica media into the intimal layer.

Over the last decades, numerous biomarkers (Atkinson et al. 2001) were identi-
fied and used to differentiate functional and dis-functional signalling leading to ath-
eroma formation. To mention a few, hyperlipidaemia corroborates in raising the 
concentration of a major vulnerable plaques’ compound (Ross and Harker 1976)—
lipid; unbalance in the expression of anti- and pro-inflammatory cytokines (Van der 
Poll et  al. 2001; Tedgui and Mallat 2006) as the ones found in the interleukins’ 
family promotes chronic inflammatory conditions; and abnormal apoptosis (Kaiser 
et al. 1997; Rennier and Ji 2013) in regions of low wall shear stress (Slager et al. 
2005; Reneman et al. 2006; Li et al. 2014) is thought to be a promoter in low-density 
lipoprotein (LDL) migration, by raising endothelial permeability. Ultimately, bio-
marker identification conducts to a better understanding of the dynamics underlying 
chronic inflammatory diseases, and the observed tendencies can be used to improve 
personalised therapies over the different phases of disease progression.

�Similarities�Between�Glioblastoma�and�Chronic�Arterial�
Inflammation�Signalling�Cascades

Chronic inflammation has been here described in the context of cardiovascular 
disorders. Unremarkably, patients suffering from myocardial infarct, stroke, and 
atherogenesis present a history of cholesterol-rich oxidative plaque deposition, in 

Fig. 11.1 Progression of 
coronary artery blockage 
by fat-rich material: (a) 
plaque-free region; and (b) 
arterial segment where 
atheroma formed
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their arteries. However, that is not the only commonly found direction taken by 
inflammatory pathogenesis. Numerous forms of cancer are closely associated to an 
oxidative environment that promotes acute inflammatory responses (Tafani et al. 
2011). In glioma formation and differentiation, the recent literature has reported on 
how the interactions between the immune system and the glioma may result in an 
immunosuppressed microenvironment, leading to tumour growth (Galvão and 
Zong 2013).

In diverse tissue, during inflammation, pro- and anti-inflammatory cytokines 
modulate signalling cascades via which the immune system eliminates the threat 
caused by infectious agents and local tissue impairment—this is an important aspect 
of the human physiology. However, resident inflammation leads to a chronic state 
that may cause diseases as atherosclerosis and tumour cells differentiation (Allavena 
et al. 2008; Mantovani et al. 2008; Grivennikov et al. 2010; Qian and Pollard 2010; 
He et al. 2012). In the current literature, it has been broadly reported the role of 
continuous exposure to oxidative stress and the collective effects of genotypic alter-
ations in atherogenesis. However, tumorigenesis is thought to be highly correlated 
with similar genetic networks and cellular abnormal functioning. In chronic arterial 
inflammation, oxidative-LDL encapsulated in macrophages forms plaques that are 
targeted by the immune system raising homeostatic impairment. However, analys-
ing the role of key biomarkers under different physiological environments is a chal-
lenge. Indeed, key promoters in cardiovascular threats enhanced by inflammation 
are suppressors in tumorigenesis, by triggering both nuclear factor-kappa B (NfkB) 
and signal transducer and activator of transcription 3 (STAT3) activation (Galvão 
and Zong 2013), which stimulate the expression of anti-apoptotic genes.

In atherogenesis therapies, which are mostly based on chronic arterial inflamma-
tion antagonists, NfkB and STAT3 signalling cascades can modulate abnormal apop-
tosis and, consequently, reduce intercellular gaps responsible for enhancing the 
arterial wall migration of inflammatory metabolites. In tumorigenesis, this can 
induce cell death resistance, compromising the effectiveness of existing therapies 
aiming at tumour cell elimination. Furthermore, NFkB and STAT3 pathways are 
thought to be related to an increase in cell proliferation. The underlying argument in 
favour of inflammation as a promoter in glioma progression is that insights were 
found that the NFkB inflammatory pathway causes proneural cells to differentiate 
towards mesenchymal glioblastoma (Bhat et al. 2013; Kim et al. 2013), which is the 
most aggressive and untreatable form of glioma. Indeed, as suggested above, the 
activation of NfkB and the underlying gene expression result in death-resistant cells 
that are less sensitive to radiotherapy. A schematic view of the NfkB family is shown 
in Fig. 11.2. The n-terminal defines the nuclear factor-kappa B family.

Mesenchymal glioblastoma differentiation is also associated with tumour angio-
genesis, a metastasis promoter in diseased state. Moreover, the findings presented 
by Bhat et al. (2013) and their subsequent research at the University of Texas MD 
Anderson Cancer Center lend support to the claim that immune cells are key elements 
in glioblastoma progression towards its most aggressive form. These lesions are 
highly infiltrated by microglia, macrophages, and myeloid-derived suppressor cells. 
Therefore, understanding the tumour cell phenotype within glioblastoma subtypes 
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and associating the disease with different physiological conditions in which the 
immune system plays a fundamental role may lead to both discovering new targets 
leading to novel therapies and usage of existing compounds commonly applied to 
different disease treatments—drug discovery and repositioning.

�Harmful�Genotype�Variants�Associated�with�Glioblastoma�
and�Chronic�Arterial�Inflammation

Genotype variants are among the most common mechanisms via which different 
species move forward along evolutionary stages. Genetic variants can occur between 
individuals from the same specie, and more locally among individuals in the same 
geographical location or community. Along these lines, the combination of alleles 
located on chromosomes determining a specific characteristic can change due to 
gene flow, genetic mutation, and meiotic recombination (Garcia-Ramos and 
Kirkpatrick 1997; Waples 1998; Clancy 2008; Wilkins and Holliday 2009). Via 

Fig. 11.2 Illustration of the NfkB family. The NfkB family members control the transcription of 
cytokines that regulate inflammatory signalling cascades, playing an important role in chronic 
inflammation, and regulate cellular differentiation, survival, and proliferation, thereby influencing 
various aspects of proneural cell differentiation into mesenchymal glioblastoma. The abbreviations 
RHD, TAD, GRR, and LZ stand for Rel homology domain, transactivation domain, glycine-rich 
regions, and leucine zipper, respectively
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gene flow, genetic material is interchanged between populations through migratory 
processes, which contributes to the species evolutionary process by mixing together 
a set of beneficial genetic traits. Meiotic recombination makes it possible to raise 
the extent of directly inherited genetic variability during offspring built up, while 
mutations may occur either spontaneously or result from both micro- and macro-
scopic exposure to environmental factors as radiation.

As above suggested, genetic variability is fundamental for human evolution. 
However, regardless of the fact that natural selection reduces propensity for harmful 
genetic traits prevailing among consecutive generations (Barton and Partridge 2000; 
Kingsolver et al. 2001; Nielsen 2005; Barreiro et al. 2008; Beatty and Desjardins 
2009; Ingvarsson 2010), making beneficial traits more likely to be expressed in a 
population, mutagens and naturally occurring DNA variation can lead to the propa-
gation of existing harmful phenotypes and the onset of new harmful traits. In this 
context, over the past decades, numerous genes have been identified as key con-
tributors in the initiation and progression of human pathologies as cancer, immune 
diseases, and neurological disorders.

Hypothesis underlying the concept of common variant is based on a few com-
mon allelic variants that may contribute to disease susceptibility, while rare variant 
stands for DNA sequence variations at any gene that can be found even once in the 
whole population. Genetic mapping based on disease common-common variant 
analysis may contribute with determining propensity to suffer from specific disor-
ders, while disease common-rare variant may help understanding individual condi-
tions towards designing personalised healthcare (Pritchard and Cox 2002; Peng and 
Kimmel 2007; Schork et  al. 2009; Cirulli and Goldstein 2010; Robinson 
2010). Indeed, according to the literature, commonly found genetic modifications 
related to coding and regulatory sequences are associated to complex polygenic 
diseases (Doris 2002; Miyawaki et al. 2012). In this case, individual gene variations 
will have cumulative or additive effects on the disease phenotype (Dominiczak and 
McBride 2003; Kathiresan et  al. 2008; Purcell et  al. 2009; Bullard et  al. 2010; 
Lvovs et al. 2012; Dudbridge 2013; Escott-Price et al. 2015). Targeting genotype- 
phenotype relations in polygenic conditions is not as straightforward as this can be 
in single-gene inherited disorders (Lvovs et al. 2012; Dudbridge 2013). However, 
the literature has reported on several biomarkers supporting research in the field. 
Apolipoprotein A (LPA) variants have been associated to atherosclerosis (Aikawa 
and Schoen 2014), apolipoprotein E (ApoE) was found to be related to the develop-
ment of Alzheimer (Corder et al. 1994; Bu 2009; Liu et al. 2013; Yu et al. 2014), 
and interleukin families (IL) were associated with a variety of chronic inflamma-
tory diseases and cancer (Baggiolini and Clark-Lewis 1992; Sandborn 2000; 
Pizarro et al. 2006; Dinarello 2009, 2011; Dusatkova et al. 2009; Scheller et al. 
2011; Tang et al. 2012; Interleukin-6 Receptor Mendelian Randomisation Analysis 
(IL6R MR) Consortium 2012; Egawa et al. 2013; Hölttä et al. 2013; Yao et al. 2014; 
Di Paolo and Shayakhmetov 2016).

Sahin et al. (2014) have reported on increasing levels of IL17 serum mononu-
clear cell expression in active and inactive Crohn’s disease patients to that of 
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healthy individuals. This work shows results suggesting a correlation between 
overexpression of IL17 in blood mononuclear cells and raising inflammation. 
Overall, the current literature supports the view that IL17 expressed in T helper 
lymphocytes contributes to inflammatory signalling networks in several chronic 
immune disorders, such as multiple sclerosis, rheumatoid arthritis, systemic sclero-
sis, and psoriasis. Some biomarkers are well identified. However, the underlying 
mechanisms via which inflammation progresses into chronic disorders are still 
under investigation (Tesmer et al. 2008).

Another major study reporting on polymorphic-driven pathologies (Dudbridge 
2013) suggests that ApoE ε4 allele carriers present high risk of developing cerebral 
amyloid angiopathy and age-associated cognitive impairment. The evidences pre-
sented thus far support the idea that common disease-common variant analysis 
plays an important role in forecasting propensity. One question that needs to be 
asked, however, is at each extent environmental factors and polygenicity play 
together, modulating risks.

Finally, throughout the former sections, we have presented numerous biomark-
ers involved in both chronic arterial inflammation and glioblastoma multiform for-
mation. Along those lines, the interleukin family mentioned above is involved in 
important regulatory networks related to both the migration from acute to chronic 
arterial inflammation and proneural gene-regulatory cell differentiation, in mesen-
chymal glioblastoma formation. In a study on biomarkers associated to atheroscle-
rosis progression, Zhang et al. (2013) found that NfkB-dependent IL17 expression 
causes the expression of vascular cell adhesion molecule 1 (VCAM1) in aortic 
vascular smooth muscle cells (SMCs), which under disease condition stimulates 
the accumulation of inflammatory metabolites in the endothelium, while the argu-
ments presented by Bhat et al. (2013) and Kim et al. (2013) suggest that similar 
interleukin family members are linked to the NFkB inflammatory pathways causing 
both mesenchymal glioblastoma formation and increasing cell resistance to radio-
therapy undergoing apoptosis, as the result of damage caused by overexposure to 
mutagens like toxic chemicals and radiation.  Together, these findings stimulate 
investigation on effective immune therapies repurposing for mitigating glioma 
progression.

 Computational Pattern Recognition and Forecasting

�What�Computational�Modelling�Can�Do�in�Biomedicine

Living beings are complex systems whose physiological balance depends on a 
series of interconnected processes (Marieb and Hoehn 2007; Sherwood 2010; 
Silverthorn 2010; Thiriet 2014), which are constantly monitored by regulatory 
mechanisms as the ones found in the immunological system. In computer sciences, 
this characterises a so-called mission-critical system (Nivel et  al. 2014, 2015). 
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Models of living systems are based on complexity reduction, which depends on the 
establishment of a limited set of assumptions that makes it possible to mathemati-
cally describe the time-space behaviour of the underlying phenomena, via a well- 
defined closed set of equations.

At cellular level, cell division and differentiation undertake the coordinate 
accomplishment of several metabolic and biochemical processes, at molecular level 
(Lange 2005; Wang and Thampatty 2006). Therefore, in practice, determining the 
overall response to changes in the biological environment that regulates and pro-
motes such processes would be impracticable. To overcome this drawback, variable 
selection and complexity reduction start in vivo, by identifying relevant biomarkers 
and variables of interest (Yang et al. 2005; Schwender et al. 2006; Li and Leder 
2007), resulting in a better understanding of the phenomenon to be mathematically 
described and simulated in a computational environment.

Under the perspective of computational abstraction, deterministic strategies have 
proven to be capable of dealing with a wide variety of problems. Computational 
fluid mechanics has been widely applied in cardiovascular modelling, specially 
simulating blood flow characteristics that modulate wall shear stress, and conse-
quently influencing signalling cascades associated with arterial inflammation (Yao 
et al. 2000; Steinman 2002; Kafi et al. 2017). However, the regulation of basic phys-
iological phenomena depends on the capability of resisting and learning to adapt 
to  fluctuations in both internal and external environments. This is among the 
strengths of major artificial intelligence techniques, as the artificial neural networks 
(Hopfield 1988; Gago et al. 2010; Amato et al. 2013; Schmidhuber 2015). In these 
circumstances determinism lacks in both  flexibility and ability of dealing with 
either noisy or incomplete information. On the top of that, by the end of the twenti-
eth and the beginning of this century, the world experienced a rapid increase in 
biotechnological innovation. Genomics contributed to significantly raise the num-
ber of available information on gene sequencing and their underlying functionality, 
via the encoded protein (Lange 2005; Hawkins et al. 2010; Graveley et al. 2011; 
Cerami et al. 2012; Xu et al. 2012; Killela et al. 2014; Weedon et al. 2014; Escott- 
Price et  al. 2015; Selle and Barrangou 2015). Experimentally, gene-gene and 
protein- protein correlations have been determined via high-throughput methods. 
This provided the scientific community with valuable information that can be used 
to elucidate the characteristics of signalling cascades and regulatory networks 
involved in pathology (Chen and Xu 2003; Ng et al. 2003; Titz et al. 2004; Liu et al. 
2005; Shoemaker and Panchenko 2007; Yu et al. 2012). For computational mod-
ellers, this is a complex scenery that may involve several interconnected factors, 
even after reduction of variables via data mining techniques routinely employed by 
data scientists. Additionally, as suggested above, even in very specific contexts, as 
in cancer cell’s differentiation, incomplete information on signalling pathways 
underpinning pathogenicity requires the definition of computational models that are 
robust to noise and capable of handling the available data adaptively. Therefore, the 
relevance and applicability of computational tools depend on the characteristics of 
the biophysical phenomena that justify the model.

11 Genomics and Artificial Intelligence Working Together in Drug Discovery…



264

�Deep�Learning�Neural�Networks:�What�Is�It�All�About?

Deep learning is a subfield of artificial intelligence (Lecun et al. 2015). In the con-
text of artificial neural networks (Hsieh and Chen 2009; Cao et al. 2010a, b), the 
concept of deep learning is employed as a way of increasing the level of abstraction 
or the order of the interpolation the artificial neural network represents, which is 
used to approximate a mathematical function (Hornik et  al. 1989; 1990; Hornik 
1991; Park and Sandberg 1991; Debao 1993; Mhaskar 1996; Yingwei et al. 1997; 
Poggio and Girosi 2002; Ferrari and Stengel 2005; Yang et  al. 2013) implicitly 
derived from correlations between dependent and independent variables. In general 
classification, whether realised via conventional or deep learning methods, the men-
tioned correlations are exemplified in the work undertaken by Lasko et al. (2013), 
in which longitudinal serum uric acid measurements are associated with gout versus 
the leukaemia phenotype signatures, for training a learning algorithm. A trained 
algorithm was there applied to clinical data in order to determine whether the gout 
or the leukaemia phenotype signature manifested in registered uric acid concentra-
tions, over time, and to assess the accuracy of the method. In this example, deep 
learning neural networks (DLNN) may increase accuracy in predictions, by better 
representing non-linearities found in the behaviour of the underlying function that 
correlates both phenotypic targets and uric acid measurements. Moreover, deep 
learning offers the advantage of raising the level of model specialisation, without 
increasing the complexity of the related mathematical description, by separating 
complex problems into simpler and small-scale questions, in a hierarchical manner 
(Dietterich 2000; Craig and Tinaikar 2006; Lampert 2010; Lecun et al. 2015). This 
technique is thought to be based on the brain functional structure, where informa-
tion is stored via simpler specialised units—the neurons—which together deter-
mine highly complex cognitive processes via synaptic communication, as illustrated 
in Fig. 11.3.

It is a common mistake to challenge artificial intelligence methodologies, par-
ticularly deep artificial neural networks; on the grounds that the existing method-
ologies lack clarity. The most common argument is based on the need for a formal 
explanatory description on the manner these networks cluster and classify data in 
different ways, along the lines of lacking logical outputted causal chains leading to 
the achieved solution. These observations must be interpreted with caution, because 
as for any mathematical model, the structure of the underlying tool is established 
via a reproducible algorithm, and the inherent decision chain subject to recording. 
Both theory and experimentation indicate that judging the relevance of keeping 
records on the decision processes highly depends on computational space com-
plexity against explanatory needs (Moller and Smolka 1965; Mackworth and 
Freuder 1985; Cooper 1990; Nebel 1996; Blondel and Tsitsiklis 2000; Hutter 2000; 
Arora and Barak 2009; Bennett and Hauser 2013). On rigorous basis, theorem 
proofs are commonly based on direct deductions and reductio ad absurdum. In this 
case, a complete causal chain of logical arguments is presented. Every single step 
towards demonstrating a hypothesis to be true or false is supported by priorly built 
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knowledge and axioms—accepted as self-evident mathematical assertions. In deep 
learning theory, regardless of the application and underlying methodologies, the 
figures are not different. Convolutional neural networks for instance inherit the 
properties of the integrals, as for instance the commutability, associativeness, and 
distributiveness. These networks are subject to the characteristics of the convolved 
functions (f and g, as in f × g), and depend on the continuity of the space on which 
f and g are defined (Liu et al. 1996; Mallat 2016). This technique became popular 
in pattern recognition and image classification for being space invariant, robust to 
both noisy data and incomplete information. Furthermore, raising efficiency may 
depend on conjugating the capabilities of different mathematical strategies, in an 
appropriate manner, giving rise to ensembled-like methods. The resulting tech-
nique may suffer from similar weaknesses that characterise the mathematical the-
ory they derive from or form a more robust approach, because some drawbacks 
might have been resolved via the additional methodological strengths achieved.

In the current literature, there is a variety of works dedicated to the theoretical 
assessment of the mathematical tools from which deep neural networks derive 
(Lecun et al. 2015). Mallat (2016) presents a clear overview on the mode of action 
of deep convolutional networks (DCN), illustrating the most commonly found 
mathematical drawbacks that directly translate into DCN efficiency limitations. In 
Candes and Donoho (1999), the properties of multilayer neural networks with one 
single hidden layer are described via ridge function decomposition theory. According 
to Mallat (2016), this mathematical rigour does not extend to multi-hidden layer 
structures. Instead, deep neural networks generalise the former through linear con-
volutions followed by non-linearities (Le Cun et al. 1990; Ciresan et al. 2010, 2012; 
Mallat 2016). In general lines, caution has to be exercised, because often, the most 
serious disadvantages in using deep neural network methodologies are closely 
related to bounded rationality and the black-box approach, as this can lead to the 
inability of recognising inconsistencies in the achieved solution.

Fig. 11.3 The Artificial Neural Network paradigm: from brain to computational model nodes
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�Reinforcement�Learning:�Experience-Based�Improvement

Reinforcement learning is a branch of artificial intelligence that adds value to 
associated methodologies by defining the ways to automatically learn to determine 
optimal behaviour (Kaelbling et al. 1996), and maximise performance based on 
reward and penalisation (Dayan and Balleine 2002). The concept derives from 
behaviourism, which is commonly used in human psychology studies (Thorndike 
1898). Reinforcement learning-based decision uses the idea that individuals opti-
mise their way of adapting to new environments by combining exploration and 
exploitation. Exploration refers to the search for new possibilities within a given 
environment, while exploitation stands for the application of prior knowledge to 
perform the required tasks. In psychology, the law effect states that the conse-
quences shape behaviour (Thorndike 1898). Therefore, human beings try different 
actions, assess their effects, and respond by reinforcing behaviour associated with 
positive outcomes—Fig. 11.4. Individuals adapt their course of action based on 
how their prior knowledge applies to new environments, in order to maximise 
benefits (Gallistel 2005).

In computational models, simple reward-feedback allows an intelligent algo-
rithm to bring about instructions on how to behave adaptively. This reward is named 
reinforcement signal. The mentioned algorithm is required to contain steps respon-
sible for deciding on the best course of action, based on the current state of the 
intelligent agent that this is associated to, and improve decision based on a weight-
ing element representing either reward or penalty (Kaelbling et  al. 1996; Hutter 
2000; Sutton and Barto 2012). The main idea applies to different optimisation strat-
egies, having long argued that the cost function is the reinforcement mechanism 
there applied (Byrne and Bogle 1999; Panagopoulos et al. 2002; Heckelei 2003; 

Fig. 11.4 Reinforcement 
learning: illustration of 
how individuals respond to 
both positive and negative 
stimulus
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Moeini and Afshar 2013; Helbig and Engelbrecht 2014; Brownlee and Wright 
2015). However, while in the theory of optimisation reward and penalty are used to 
drive the search for an optimal solution, reinforcement learning applies this con-
cept  to support a mathematical entity to improve the search itself. Indeed, while 
traditional supervised learning receives pairs of input/output, associating this to new 
inputs in order to make conclusions, commonly found reinforcement learning strat-
egies have a priori few or no information about the system of interest (Katehakis and 
Veinott 1987).

The well-known Boltzmann machine (Markov random fields) can be explained 
under the perspective of reinforcement learning, considering infinite horizon algo-
rithms (Keerthi and Gilbert 1988; Hansen et  al. 1996; Yasuda and Tanaka 2009; 
Fischer and Igel 2014). Let’s assume that we are searching for the optimal solution 
of a problem that comprises in finding a route passing by n cities, starting and end-
ing at the same location, whose cost in kilometres should be minimum. In optimisa-
tion, this problem is named “the salesperson problem” (SPP), and its model highly 
applied in logistics, operational research, and theoretical computer science (Tang 
and Miller-Hooks 2005). To date, at each realisation, by increasing the number n of 
cities, the computational time for finding a solution for the SPP may grow exponen-
tially in n, which characterises the algorithms solving this problem as nondetermin-
istic polynomial (Garey and Johnson 1979). Giving an initial candidate for a 
solution, conventional gradient-descent algorithms search for a candidate that 
improves the former guess, at each resolution (search) step (Hopfield 2007). 
However, finding the optimal solution highly depends on the characteristics of the 
search space. That is, this approach works perfectly well in concave-surface-like 
spaces resulting in one single global extrema. However, if the search space is char-
acterised by a set of local maxima and minima, the gradient-descent-based 
approaches may stagnate at a local extrema and never find the optimal result. To 
overcome this drawback, a Boltzmann machine uses an adaptive search called sim-
ulated annealing, which uses distribution of probabilities to decide on whether a 
guess may be accepted as a candidate for solution (Tsallis 1988; Fischer and Igel 
2014). In this case, suboptimal guesses are occasionally accepted which may allow 
the algorithm to escape from local extrema or stagnation points. Therefore, an 
apparently bad decision will actually maximise the reward (reduce the cost), in the 
long term, while the classical gradient descent is based on immediate cost-reward 
relation (Lima et al. 2005a, b). Reinforcement learning offers the capability of using 
this response to adjust the search. This adaptive technique comprises a graph and a 
search strategy. The graph contains the geometric representation of the problem—
each node corresponds to a city and the weighted edges contain paths associated to 
given distances. The search strategy uses the topological information given by the 
graph and the Boltzmann-Gibbs distribution of probabilities, to learn how to esti-
mate the value of a particular node state while adjusting to the neighbour nodes and 
influencing its neighbours themselves. This fragmented influence is propagated 
over time, maximising rewards—or equivalently minimising costs. Now, let’s 
assume that either the whole paths in the graph are unknown a priori or the configu-
ration may change dynamically, over time. As a result, new information is available 
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dynamically, as in the classical problem of the gambler in a row of slot machines. 
In such case, the probabilistic decision-making process described above has to 
adjust to the environmental changes here defined.

 Drug Discovery and Repositioning: Proposing New Adaptive 
Mechanisms in Pharmacogenomics

�The�Role�of�Genotype-Phenotype�Variants�in�Pharmacology�
and�Drug�Effectiveness

Following the advent of the human genome, omics has added great value to clinics. 
Different genetic inherited diseases have distinct fingerprints in their copy number 
profiles, and, to date, variations in the chromosomal DNA sequence have been asso-
ciated to different types of cancer (Wang et al. 2005; Andersson et al. 2010; Sanson 
et al. 2011; Leary et al. 2012; Rajaraman et al. 2012; Vivanco et al. 2012; Bhat et al. 
2013). In glioblastoma multiforme for instance, copy number variation occurs in a 
few chromosomes, while other malignant tumour formations are characterised by 
copy number variation across the whole genome. More recently, the scientific com-
munity have concentrated efforts in understanding the role of de novo mutations in 
genetically heterogeneous conditions. Okur et al. (2016) performed whole-exome 
sequencing for identifying neurodevelopmental disorders related to casein kinase 2 
alpha 1 (CSNK2A1) variants. Their results indicated that de novo missense and 
canonical splice-site mutations in the CSNK2A1 are associated with a variety of 
structural disorders including microcephaly. This is outstanding, as in the current 
literature, CSNK2A1 variants have also been associated to different malignant 
tumours (Wang et al. 2010; Rabjerg et al. 2016; Ruiz-Narváez et al. 2016).

Thanks to collective efforts to unveil the genetic profile of diseases, a consider-
able amount of information is publicly available for scientific usage. The challenge 
now is on both the development and improvement of efficient correlations based on 
the available information, aiming at translating genotype-phenotype relations into 
clinics, either predicting if genetic fingerprints and mutations might influence how 
a patient responds to novel drug treatment or identifying potential combined thera-
pies resulting from genetic similarities. According to Zanger et  al. (2001, 2004, 
2008; Anzenbacher and Zanger 2012), regardless of the fact genotype-phenotype 
relationships have been under investigation for decades, information about 
genotype- based drug absorption, distribution, metabolism, and excretion (ADME) 
has started being translated into clinics in the last 15 years. In his works, Zanger 
refers to the two main directions that research in pharmacogenomics has taken: 
basic science and clinics. The first lends to unveiling genotype-phenotype correla-
tions. The second correlates genetic factors with drug response phenotypes, to 
develop novel tools in clinical care.
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�Combining�and�Proposing�New�Therapies�Based�on�Genetic�
Traits�and�Diseases’�Similarities:�The�Benefits�of�Using�Adaptive�
Methods

Thus far, we have referenced established research and described recent findings in 
biomedical studies, with concentration in the role of genomics in glioblastoma mul-
tiform and chronic (arterial) inflammation. Moreover, we have argued that recent 
trends on biomedical research can be approached via computational methods, which 
may benefit from diseases’ genetic fingerprint similarities, in order to forecast drug 
response phenotypes subject to different physiological environments. What follows 
is an account of recent studies concentrating in combining the referenced trends and 
techniques, in order to advance research in drug discovery and repositioning.

Several studies have recently presented promising results on the application of 
artificial intelligence to a variety of problems ranging from determining patient 
response to pharmaceutical compounds to the identification of novel usage for 
established therapies (Zhao et al. 2009; Napolitano et al. 2013; Williams et al. 2015; 
Aliper et al. 2016; Gawehn et al. 2016; Liang et al. 2016). Recently, Aliper et al. 
(2016) presented results on the application of deep neural networks (DNN) classify-
ing drugs’ therapeutic categories based on their transcriptional profiles. In this 
work, both  gene-level transcriptome data and transcriptome data obtained via a 
scoring algorithm were used to identify pharmacological properties of pharmaceuti-
cal compounds across varied physiological conditions. These results contributed 
advancing recent developments on the application of deep learning, identifying key 
cellular responses associated with both chemical and genetic fingerprints. This may 
result in finding novel usage for established drugs, by combining multidisciplinary 
knowledge and information available thanks to worldwide efforts for providing rel-
evant databases and new technologies—Fig. 11.5.

Along these lines, recent communication by Williams et al. (2015) reported on 
the benefits of using computational automation via intelligent adaptive algo-
rithms, aiming at reducing both the time and the costs associated with the estab-
lishment of new therapies while complying with well-defined efficiency and 
safety policies. According to the authors, it urges providing solutions for alleviat-
ing the lack of treatments for diseases that are currently neglected due to costs, 
such as tropical and orphan diseases. In this work, Williams et al. present results 
on the application of econometric models demonstrating that artificial intelligence 
methodologies excel standard drug screening selecting compounds, in terms of 
both time and resources. The proposed methodologies that are designed and vali-
dated computationally give rise to standardised assays quickly and cheaply engi-
neered via synthetic biology. This potentially results in more targets engineered 
within a given budget. Indeed, the authors report on repositioning a variety of 
drugs against specific biomarkers for tropical diseases. To exemplify, an antican-
cer compound named TNP-470—which is a synthetic analogue of the antibiotic 
fumagillin—was identified as an inhibitor of the dihydrofolate reductase enzyme 
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synthase mediated by the malaria-causing parasite-specific additional sequences 
(inserts) in the dihydrofolate reductase- thymidylate domain.

By drawing on the concept of data mining and machine learning algorithms as 
variable selection and pattern recognition tools, the literature (Fox and Kriegl 2006; 
Wishart et  al. 2006) has been able to show that computation adds value to drug 
 discovery and repurposing, by automatically searching for molecules boosting 
response rates in cancer immunotherapy while dynamically combining information 
unknown a priori. Along these lines, throughout this chapter, we have discussed on 
genotypic factors that may contribute to identify efficient therapies for glioblastoma 
multiform, based on gene variants associated with inflammatory diseases, which are 
enhanced by dis-functional immune responses. General artificial intelligence meth-
ods are promising as tools for both  correlating the mentioned biomarkers and 
assessing individual responses to chemical compounds. In our current research, a 
further question we particularly aim to investigate is the relevance of combining 
both the here mentioned well-established methodologies and their referred applica-
tions with the intelligent design of recombinant DNA, towards the development of 
novel compounds that benefit from treats derived from different organisms, includ-
ing chemicals produced via secondary metabolism.

Fig. 11.5 Schematic view of key elements involved in the advent of novel therapies
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 Conclusions

The aim of this chapter was to examine and discuss the biomarkers that characterise 
two major causes of the worldwide mortality—glioblastoma multiforme and chronic 
(arterial) inflammation. In this investigation, we assessed the benefits of correlating 
both genetic fingerprints that may lead to drug discovery and genotypic similarities 
resulting in potential drug repositioning. As a result, this study discussed state-of- 
the-art applications of artificial intelligence methodologies for in silico develop-
ments translated into advances in personalised health care.

We described the main characteristics of both glioma tumours and chronic 
(arterial) inflammation, and reported on results from the literature that present 
biomarkers for both glioblastoma and chronic inflammatory lesions. To mention a 
few, lipidemia-gene-promoter carriers are thought to be in risk of developing ath-
erosclerosis, as a direct consequence of immune disorders; lipid-rich plaque pro-
gression correlates with the development of high-grade astrocytomas surrounded 
by vasogenic oedemas causing increase in local ATP demand; isocitrate dehydro-
genase mutations may influence the average life expectancy in two age-based 
groups of patients diagnosed with glioblastoma; and both cytokines as the IL fam-
ily and the NfkB signalling pathways have been correlated with progression from 
acute to chronic inflammation and proneural cell differentiation into mesenchymal 
glioblastoma. Moreover, we have pointed out that under varied disease condition, 
a promoter in chronic arterial inflammation may function as a suppressor in 
tumorigenesis, which requires caution during biomarker identification in drug 
repositioning.

One of the more significant findings illustrated in this study is that information 
about harmful genotype variants associated with glioblastoma and chronic arterial 
inflammation can be exploited via computational pattern recognition and forecast-
ing tools in order to dynamically identify which chemical compounds have a poten-
tial for repurposing, determine  in which case this can be applied, and forecast 
individual response to novel treatments.

Our final comment is on the fact that the physiological trends and methodologies 
described here may also have a fundamental role in the design of personalised 
healthcare combining the referenced methodologies and applications with the intel-
ligent design of recombinant DNA, aiming at in silico development of novel com-
pounds that can be engineered via laboratory assays benefiting from synthetic 
biology and organisms’ secondary metabolism drug production.
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Chapter 12
A Multiscale Haemorheological  
Computer- Based Model of Chronic 
Inflammation: An In-Depth Investigation 
of Erythrocytes- Driven Flow Characteristics 
in Atheroma Development

The Application of the Iterative Incompressible 
Immersed Boundary (ThreeIB) Method

Glaucia C. Pereira

Abstract The mortality caused by cardiovascular diseases is dramatically increasing. 
Atherosclerosis is amongst the main contributors to this extremely high cardiovas-
cular disease mortality. Atherosclerosis is controlled by mechanical forces exerted 
by the flow of blood on the inner lining of arteries, the endothelium. In order to fight 
this lethal disease, a realistic computational model is required that offers an accurate 
understanding of the effect of blood flow on the arterial wall. In order to realistically 
describe complex blood flow patterns and their interaction with the arterial wall, we 
have developed an integrated computational technique that takes into account both 
the particulate cellular composition of the blood and the interactions between the 
particulate blood and the vessel wall, in macro-circulation. The cellular composi-
tion of the blood was modelled using a multiphase fluid dynamics method by com-
puting both an Eulerian fluid domain for modelling blood plasma and a Lagrangian 
solid domain that represented the blood cells. Interactions of the blood with the 
vessel wall were realistically modelled using a novel iterative immersed boundary 
method. Both the multiphase technique and the immersed boundary method were 
validated by comparing obtained numerical results with the literature, and a high 
degree of similarity was found. Moreover, our multiscale integrated model was 
applied to characterise clinically relevant flow patterns from atherosclerotic arterial 
segments. Our model revealed that under realistic non-Newtonian multiphase 
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cell-containing blood flow conditions, the pressure at the stenosis site is c. 30% 
higher than predicted by single-phase Newtonian fluid dynamics model. This effect 
is most probably explained by a decrease of c. 28% in the peak velocity. The latest 
seems to be caused by the momentum interchange due to the collision of the parti-
cles (blood cells) with each other, with the vessel wall, and with the fluid phase 
(plasma). The most significant difference in velocities between the single- phase and 
the two-phase results was registered at the stenosis site. It was also found that high 
blood cell content (peak particle concentration) correlates with increasing flow lam-
inarisation. This means a decrease in velocity, which is more evidenced at the site of 
the stenosis. Additionally, our findings indicated that wakes forming downstream of 
the stenosis might be much weaker in non-Newtonian blood flow simulations com-
pared to the Newtonian models. Taken together, our mathematical model and the 
resulting computational results might offer a more accurate understanding of the 
effects of realistic blood flow patterns on atherosclerotic vessels. This is of crucial 
importance since this deadly disease is initiated and progressed by blood flow-
related mechanical factors, such as the wall shear stress.

Keywords Haemorheology • Chronic inflammation • Non-Newtonian blood flow 
• Computational models of cardiovascular diseases • ThreeIB method • Compu-
tational forecast supporting clinics • Numerical methods • Immersed boundary  
• Iterative methods • Incompressibility • Multiphase flow

Abbreviations

Apoe  Apolipoprotein E
ApoE−/−  Homozygous apoE-deficient
ApoE+/−  Heterozygous apoE-deficient
ApoE+/+  Apolipoprotein E wild-type
CFL  Courant Friedrichs Lewy
DEM  Discrete element method
DNS  Direct numerical simulation
Hct  Haematocrit
IB  Immersed boundary
IBM  Immersed boundary method
LDL  Low-density lipoprotein
MRI  Magnetic resonance imaging
RANS  Reynolds Averaged Navier–Stokes
RBCs  Red blood cells
SCAD  Stable coronary arterial diseases
spd  Symmetric positive definite
TBL  Theory of the boundary layer
WSS  Wall shear stress
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 Introduction and Motivation

Atherosclerosis is a cardiovascular disease characterised by increasing arterial 
inflammation, which causes the blockage of the arterial lumen and the reduction of 
blood supply to important parts of the human body. This is amongst the main causes 
of global mortality (Cardiovascular Disease Statistics 2015—BHF 2015; British 
Heart Foundation 2016; WHO 2015; World Health Organization 2015, 2016). The 
initiation and development of atherosclerosis is driven by fluid-mechanical forces 
(Huang et  al. 1995; Reese and Thompson 1998; Provenzano and Rutland 2002; 
Stone et al. 2003; Cunningham and Gotlieb 2005; Chatzizisis et al. 2007; Chiu et al. 
2009; Lu and Kassab 2011). These forces are sensed by the endothelial cells and the 
resulting signals are either transduced into chemical responses or transmitted to the 
surroundings to regulate the cellular activity (Davies and Hollman 2002; Scarborough 
et  al. 2010, 2011; Townsend et  al. 2012; WHO 2012, 2013; World Health 
Organization 2012; JBS3 Board 2014; World Health Organization et  al. 2014).
Therefore, changes in flow patterns caused by the blood corpuscular compounds 
might reveal new relevant modifications in both the magnitude and the distribution 
of the mechanical forces sensed by the endothelium. Hence, understanding varia-
tions in blood flow characteristics under physiological conditions might yield new 
insights on atheroma development.

Jung et al. (2006) reported on changes in flow due to plasma–erythrocyte interac-
tion, leading to important non-Newtonian effects, such as changes in the shear rate. 
However, in this study neither the arterial geometry nor the haematocrit is physio-
logically realistic. Prior research on geometrical features such as non-planarity and 
bifurcations indicates that the characteristics of the arterial network correlate with 
the flow patterns (Frazin et al. 1990; Moore et al. 1994; Sherwin et al. 2000; Giessibl 
2003). To assess whether computational models based on physiological haematocrit 
and arterial shape perform better than Newtonian models that neglect these charac-
teristics of the in  vivo arterial network, we addressed the coupled effects of the 
realistic arterial geometry and the non-Newtonian assumption. Indeed, both ideal-
ized models of artery and 3D image reconstruction-based realistic structures are 
used in our study to represent the arterial segments. Moreover, the physiological 
haematocrit is also used. Furthermore, while Zhao et al. (2010) assess the effects of 
the blood particles in micro-circulation, we simulate the effect of erythrocytes on 
flow patterns in large arteries which are predilections sites for atheroma develop-
ment. Therefore, we consider this study of importance, because it offers a realistic 
and clinically relevant understanding of atherosclerosis development.

In the literature, the reported changes in flow due to plasma–erythrocytes interac-
tions (Jung et al. 2006; Ii et al. 2011; Zastawny et al. 2012; Chabi et al. 2015) lead 
to non-Newtonian effects that we address taking into account the effects of different 
levels of particle concentration—growing haematocrit. To the best of our knowl-
edge, to date, there are few haemorheological studies that attempt to simulate the 
progression of atherosclerosis. Indeed, as suggested above, the great majority of 
general haemorheological flow analyses focuses on either experimentation or in 
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computation at micro-circulation (Moore et al. 1994; Jung et al. 2006; Zhao et al. 
2010). However, this does not provide significant advancement in the understanding 
of the mechanisms that drive atherosclerotic plaques development and its side 
effects, in silico; because atherosclerosis develops in large arteries.

In this work, we introduce a multiscale rheological model of blood flow in large 
arteries, in order to understand the relevance of haemorheology in computational 
models of atherosclerosis. Indeed, an in-depth assessment of flow characteristics 
modified by the blood particles is presented. Our model comprises an established 
multiphase technique (Tsuji et al. 1992; Crowe et al. 1998; Tsuji 2007), which is 
used to represent haemorheology, and a new immersed boundary (IB) method, to 
address the blood–artery interactions. This new fluid–structure interaction methodol-
ogy for generalized incompressible flow derives from Lai and Peskin (2000) and 
Uhlmann (2005), was developed by the author Pereira in (2013), improved in Pereira 
et al. (2014), and is here advanced and coupled with the above-described multiphase 
approach. The multiphase modelling derives from Crowe et al. (1998), Tsuji (2007) 
and Zastawny et al. (2012). The coupling multiphase-IB is here applied to an in-
depth investigation of erythrocytes-driven flow characteristics in atheroma develop-
ment. As mentioned previously, our computational predictions are supported by both 
numerical and experimental findings from the literature (Roshko 1953; Berger and 
Wille 1972; Rogers and Kwak 1990; Belov et al. 1995; Huang et al. 1995; Liu et al. 
1996; Reese and Thompson 1998; Lai and Peskin 2000; Provenzano and Rutland 
2002; Williamson and Govardhan 2004; Linnick and Fasel 2005). The goal of this 
study is to address and resolve issues inherent to current computational models of 
blood flow, at predilection sites for atheroma development.

We have performed both single-phase (plasma) and two-phase (plasma–erythro-
cytes) simulations at predilection sites for atherosclerotic plaques development. We 
have found that the presence of erythrocytes can change the velocity distribution and 
its magnitude in a range between 5 and 45%, in function of the cross-sectional par-
ticle volume fraction. This correlates with the shear rate and, consequently, with the 
shear forces sensed by the endothelium. These shear forces control an array of cel-
lular activities (Caro et al. 1971; SenBanerjee et al. 2004; Cheng et al. 2006; Tedgui 
and Mallat 2006; Davies 2009; Liu et al. 2012; Pereira 2016). Our results indicate 
that rising flow laminarization occurs as a result of increasing haematocrit, while the 
flow vorticity diminishes. On the contrary, both apparent viscosity and wall shear 
stress rise with rising particles volume fraction. This difference in the results indi-
cates that blood rheology might be an important aspect of models of plaque progres-
sion leading to significant contributions in translational and clinical research.

The following sections are structured as follows. Firstly, we will summarise the 
literature on atherosclerosis development that is relevant for the models presented 
here. Secondly, we will introduce the main methodologies used in our study. Thirdly, 
we will present and discuss the results on both the validation and the application of 
our computational model of haemorheology. Fourthly, we will conclude by pointing 
out the issues that we have addressed, and mention what could be explored in future 
research. The goal in following this structure is to show where we stand for in the 
current literature and illustrate both our motivations and contributions to the field.
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 The State of the Art

 Atherosclerosis

In the past decades, atherosclerosis and, more specifically, the mechanisms related 
to the development of atheroma have been the focus of numerous works. According 
to the literature, plaque develops preferentially near arterial branches and curvatures 
(Frazin et  al. 1990; Moore et  al. 1994; Sherwin et  al. 2000; Jung et  al. 2006; 
Alsheikh-Ali et  al. 2010; Weber and Noels 2011) in humans. Animal models of 
atherosclerosis require the induction of plaque formation by genetic modifica-
tions—the physiological conditions necessary for the development of atherosclero-
sis are imposed through the use of transgenic species, the use of a fat rich diet, and 
the surgical reduction of the arterial diameter through the use of implanted cuffs, in 
regions that are not usually affected by plaque deposition. Moreover, as indicated 
above, animal models of atherosclerosis are commonly found in the literature, 
because the whole plaque’s developmental cycle can be observed and studied within 
a reasonable timescale (Moore et  al. 1994; Weber and Noels 2011). The goal in 
these animal model studies is to change flow patterns locally, in a way that the 
required biomechanical environment is artificially created. Researchers from diverse 
areas with different purposes—from finding bio-factors-related insights to uncover 
the mechanics of the circulation—have presented a variety of hypothesis on the 
mechanisms driving plaque growth, at different stages. Such hypotheses refer to, for 
instance, low-density lipoprotein (LDL) as a transporter of lipids from the liver to 
the circulation and how it interacts with the diseased endothelium, mainly in the 
initial stages of the disease.

In humans, according to the literature, atherosclerotic plaques can be broadly 
divided into two main categories: vulnerable (aka. rupture prone, unstable) and 
stable (aka. fibrous) plaques (Cheng et al. 2006; Alsheikh-Ali et al. 2010; Maurovich- 
Horvat et al. 2014). As the plaque develops it invades the lumen when it reaches c. 
40% of the arterial circumference. At or after this stage, vulnerable plaques rupture 
and the dripping bio-material can block blood flow in downstream narrower vessel 
segments, leading to heart attack, stroke and gangrene. Alsheikh-Ali et al. in a 2010 
review paper (Alsheikh-Ali et al. 2010) state that amongst the factors that primarily 
indicate a higher risk of rupture are a lipid core accounting to more than 40% of the 
total lesion area, a fibrous cap with a thickness less than 65 μm, a volume of macro-
phages of about 26%, and an intensive inflammatory process. On the other hand, 
stable plaques are characterised by a thick cap consisting of collagen fibres covering 
the lesion (Alsheikh-Ali et al. 2010). In general, the main components of plaques 
are: necrotic cells, foam cells (thought to be lipid-loaded macrophages), lipids 
including cholesterol crystals collagen, smooth muscle cells, calcium, elastin and 
other immune cells.

As mentioned, local flow disturbances have been associated with plaque devel-
opment (Frazin et  al. 1990; Moore et  al. 1994; Huang et  al. 1995; Reese and 
Thompson 1998; Malek et al. 1999; Sherwin et al. 2000; Provenzano and Rutland 
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2002; Cunningham and Gotlieb 2005; Jung et  al. 2006; Chatzizisis et  al. 2007; 
Brown et al. 2016). Flow regions that present physiologically high values of wall 
shear stress—which in large human arteries is between 1.5 and 2 Pa—induce endo-
thelial cells alignment. This pattern is related to a healthy and functional endothe-
lium, in which intercellular gaps are kept under normal levels. These regions are 
said to be athero-protective. Locations with enhanced migration of macromolecules 
and cells into the arterial wall are coincident with regions of low shear (Caro et al. 
1971; Cheng et al. 2006). At those locations, endothelial cells alignment is no lon-
ger properly achieved and the process by which the cells are normally renewed 
(apoptosis) presents critical abnormalities, such as the acceleration of the cells 
removal, without their subsequent replacement. As a result, intercellular gaps are 
enlarged, which promotes the migration of macromolecules and cells that are related 
to plaque build-up.

Oscillatory shear regions are associated with plaque stabilisation (Caro et  al. 
1971; Cheng et  al. 2006). At those locations, the plaques are characterised by a 
thicker fibrous cap, which makes them less prone to rupture (Alsheikh-Ali et al. 
2010). At that stage in plaque development, the plaque growth might be already 
contained and the risk of plaque rupture reduced: plaques are said to be stabilised. 
The conclusion is that knowledge on blood–endothelium interaction is a fundamen-
tal part of the study of this disease. Amongst the biophysical processes that we are 
interested in, wall shear stress (WSS) is an important factor, because this is a key 
element in the evaluation of the influence of different flow patterns in arterial wall 
dynamics and, consequently, in plaque development. WSS correlates with velocity 
patterns and are sensed by endothelial cells. These mechanisms contribute to cel-
lular activity. Additionally, the blood particles might change the flow characteristics 
(Reese and Thompson 1998; Provenzano and Rutland 2002; Cunningham and 
Gotlieb 2005; Li et al. 2005; Jung et al. 2006; Chatzizisis et al. 2007; Zastawny et al. 
2012; Humphrey et  al. 2014; Maurovich-Horvat et  al. 2014; Pereira 2013). 
Therefore, at sites of increasing cellular activity due to inflammation (vulnerable 
plaques), the blood particles via changes in WSS might affect the outcomes of 
atherosclerosis.

In this work, we propose a model of haemorheology in which shear stress results 
from flow characteristics that are influenced by particles. The red blood cells (RBCs) 
represent about 45% of the total blood volume. Therefore, about 4006 RBCs of 
6 μm can be found, per cross section, in a 6 mm long and 500 μm thick (diameter) 
mouse arterial segment, which results in a significant number of blood particles 
within such a small volume. Indeed, in the mentioned mouse artery, a volume frac-
tion or Haematocrit (Hct in %) of about 0.45 corresponds to about 4.2 million RBCs 
(Pereira 2016; Pereira 2013; Pereira et al. 2014). Once more, in this case, particles 
might change both the magnitude and the distribution of shear forces applied on the 
endothelial cells. The resulting signals are either transduced into chemical responses 
or transmitted to the surroundings to regulate cellular activity (Humphrey 2001; Li 
et al. 2005).

In vivo, the signalling processes driven by endothelial sensing mechanisms 
account for the non-Newtonian nature of blood. Otherwise, physiological regulation 
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would not be possible, because a natural lack in accounting for the effects of the 
blood compounds in homeostasis would indicate that this is the reason why humans 
are genetically susceptible to develop atherosclerosis. However, to date, it is not 
clear why humans are genetically suceptible to develop the disease. The former is 
already a reason why computational models of atherosclerosis might account for 
blood rheology, in order to be comparable with the in vivo phenomenon.

Moreover, although predilection sites for atheroma development have been iden-
tified, the reason why plaque develops around those regions is not fully understood. 
Therefore, while in large vessels the effects of particles are usually neglected due to 
the characteristic length of the domain, non-Newtonian models that account to local 
changes in flow characteristics due to blood compounds might contribute to research 
on atheroma initiation. This is because, at those sites (branches and curvatures), we 
might expect blood particles to influence both the magnitude and distribution of 
near wall forces, as they might behave as fluidized particles (Crowe et  al. 1998; 
Tsuji 2007) following the fluid streamlines.

Our hypotheses about the relevance of representing haemorheology in macro- 
circulation is also based on the fact that when the endothelium becomes dysfunc-
tional, and local homoeostasis is compromised, changes in mechanical forces due to 
particles may have an important effect on flow, locally, as the erythrocytes behave 
as fluidised particles, modifying the shear stress map. Indeed, while a significant 
increase in recirculation might occur in cases of severe stenosis, by adding the 
cumulative effects of particle, the net vorticity might be attenuated, if compared to 
single-phase patterns. Therefore, the behaviour of the blood particles and their inter-
actions with the surroundings might change due to rising constriction. According to 
the literature (Alsheikh-Ali et al. 2010), in late stages of plaque deposition, a reduc-
tion higher than 80% in the arterial cross-sectional area can be observed. This cor-
responds to more than 50% of reduction in the arterial diameter. Therefore, we infer 
that under disease conditions, the blood particles should not be neglected. Hence, 
this work might contribute to the current literature seeking to understand the mech-
anisms related to both the built-up of vulnerable plaques and the overall plaque 
progression.

 The Importance of the Influence of the Blood Particles 
in Atheroma Formation

Blood is a shear thinning fluid, which means that its dynamic viscosity (μ) decreases 
in function of increasing strain rate (DU/Dy). Strain rate-dependent viscosity can be 
a characteristic of non-Newtonian fluids. In Newtonian models, on the other hand, 
the blood viscosity is assumed constant (Classic Newtonian) or consider its time 
dependency (Generalised Newtonian). However, instantaneous strain rate 
approaches do not take into account the strain history. In these models, the restoring 
forces are neglected and the elastic component of shear is not taken into account. 
This is valid if either the observation time is smaller than the system response time 
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or the length of reference is significantly bigger than the system’s characteristic 
length. Therefore, this depends on the level at which the system’s internal structure 
is observed. In those cases, forces arising from interactions between the system 
compounds can be neglected. In contrast, if the internal structure of the system 
influences time–space trends, a closer approximation to reality requires the combi-
nation of viscous (Newtonian) and elastic (Hooke) components, in order to mimic 
strain–stress relations.

A way of doing the above was proposed by Maxwell in 1867. The model is cur-
rently named the Maxwell formulation. In it, both the instantaneous and the history- 
dependent strain are combined. This considers dissipative effects and adds memory 
to the resulting stress equation. This sort of formulation represents non-Newtonian 
effects in a continuous manner. Overall, blood is represented as a single-phase fluid, 
and extra terms are added to the stress–strain relation.

We decided to numerically mimic haemorheology via particulate blood flow. This 
approach allows the system to be resolved separately, and coupled at the end of each 
integration time step, which reduces the computational time complexity (Lai and 
Peskin 2000; Uhlmann 2005; Pereira 2013). Moreover, disjointed resolutions have 
the advantage of providing a clear way of implementing the system particularities 
(Crowe et al. 1998; Lai and Peskin 2000; Uhlmann 2005; Tsuji 2007; Zastawny et al. 
2012; Pereira 2013), using established computational fluid dynamics techniques. 
This reduces errors due to implementation and facilitates the identification of model 
inconsistencies. Moreover, good practices in programming lead to modular and, 
therefore, portable pieces of software, which can be easily adapted to different appli-
cations. However, during the coupling stage, imposing conservation constraints 
might be an issue. We have presented some alternatives for dealing with the most 
common drawbacks found in the literature, considering our subject of application. 
These alternative solutions will be presented in the section “Methodology”.

 The Representation of Non-Newtonian Effects via Multiphase 
Flow Techniques

The term Multiphase Flow is commonly used to refer to a flow of two or more non- 
miscible fluids or fluids (continuous phase) and particles (discrete phase). Following 
the work presented in Tsuji et al. (1992) and Crowe et al. (1998), these flows can be 
classified according to their relative concentrations (volume fractions) and the char-
acteristic length of the system. Usually, the continuous phase is a liquid or a gas and 
the discrete phase is made up of solids, encapsulated liquid and gases. We follow a 
classification (Tsuji et al. 1992; Crowe et al. 1998) that divides the phases into three 
main categories: dispersed, dense and sparse. Throughout this work, the term dis-
persed will be used to refer to a flow regime in which the particles motion is pre-
dominantly governed by inertial, surface and body forces, which implies both that 
the particles size is significantly smaller than the size of the whole domain and that 
the particle volume fraction makes the inter-particle free distance (characteristic length) 
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to be large enough, to minimise the particle–particle interaction effects. The term 
dense (volume fraction beyond about 10%) will be used to refer to a flow regime in 
which the particles motion is dominated by particle–particle interactions, and the 
term sparse (volume fraction up to about 0.1%) will indicate the negligible effect of 
particles on the surrounding fluid, because of their low concentration.

The computational time–space resolution of a multiphase flow relates the descrip-
tion of the domain via the Eulerian or the Lagrangian representation, the phase cou-
pling, and the phase details (particle tracking or bulk description for instance), which 
strongly interconnects specific flow regimes with the appropriate numerical approach 
(Crowe et al. 1998; Tsuji 2007; Zastawny et al. 2012). Indeed, in sparse and dis-
persed regimes, the particles characteristics are usually represented through the 
Lagrangian approach, although the computational cost may occasionally become 
excessively high, whether the number of particles grows beyond some extent. In this 
case, the discrete phase can be statistically treated such that only sample particles are 
resolved over the whole domain (Crowe et al. 1998; Tsuji 2007).

Overall, in the Lagrangian representation, the particles characteristics are fol-
lowed using the centre of mass of a particle or of a particles sampling, as reference 
(Crowe et al. 1998; Tsuji 2007). In contrast, the Eulerian approach consists in the 
representation of particle characteristics at the continuous phase grid nodes (Crowe 
et al. 1998; Tsuji 2007), which is more suitable for large-scale problems whether the 
whole phases can be represented as a continuum. A wide variety of methods can be 
used to simulate multiphase flows. To mention a few, the Direct Numerical 
Simulation (DNS) method is a Lagrangian-based approach that resolves the equa-
tion of motion of individual particles. Indeed, they are considered point-particles, 
leading to restrictions on their size, which has to be smaller than the characteristic 
grid spacing. Another usual technique is the Reynolds Averaged Navier–Stokes 
(RANS) equation method (Feng and Michaelides 2004). This approach is particu-
larly suitable for dense regimes, where the characteristics of the discrete phase are 
averaged over a control volume. In the RANS method the discrete phase is treated 
as a continuum (Eulerian approach), which means that internal interactions might 
have minimum effects because of, for instance, a viscous-dominant flow 
regime. Moreover, resolution at the interphase region might be carefully addressed, 
to avoid the introduction of errors due to numerical diffusion. Variations of the 
method track a set of representative particles and statistically derives the discrete 
phase properties resulting in an Euler–Lagrange approach.

Central to the modelling of multiphase flows is the concept of phase coupling, 
which can be addressed by means of uncoupled or coupled models. The criteria for 
adopting an approach or another lies on the level of influence that the phases exert 
on each other and their internal behaviour. Indeed, if local particle–fluid interactions 
or their macroscopic effects are negligible, the continuous phase behaves like a 
single-phase flow and it is said to be uncoupled. Otherwise, it is addressed by means 
of different levels of coupling. The appropriateness of the strategy to be adopted 
depends on both the flow regime (Crowe et al. 1998; Jung et al. 2006; Tsuji 2007; 
Zastawny et  al. 2012) and the particles tendency to follow the fluid streamlines 
(Fig. 12.1), which is addressed via the Stokes number (Chandran et al. 2011).
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Our approach assumes the continuous phase (the plasma) to be an incompressible 
Newtonian fluid. The discrete phase (the erythrocytes) is modelled in a dense regime. 
Therefore, our model uses a four-way coupling of two-phases interactions (fluid–
particle and particle–particle), as previously described in the literature—Table 12.1.

 The Representation of Fluid–Structure Interactions 
via Immersed Boundary Techniques

The so-called Immersed Boundary Method (IBM) aroused the interest of research-
ers working on numerical models of multiphase systems due to its capability of 
dealing with deformable bodies immersed in fluids. Peskin (1972, 1977) introduced 
the method to the solution of fluid domains discretized on uniform Eulerian meshes 
and solid domains represented by Lagrangian sets. The method was used to simu-
late intracoronary blood flow (Peskin 1972, 1977; Goldstein et al. 1993). The moti-
vation to use this methodology lies in the fact that solid and fluid domains are 
resolved separately and the global solution is reached by applying the non-slip con-
dition at boundaries. Therefore, the coupling between the Eulerian and the 
Lagrangian domain consists in applying convolutions that distribute the Lagrangian 
forces onto the nearest Eulerian points.

An alternative representation of the forcing scheme uses feedback mechanisms. 
This was proposed by Goldstein et al. (1993) and subsequently used in Saiki and 
Biringen (1996), Höfler and Schwarzer (2000) and Feng and Michaelides (2004). 
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Fig. 12.1 The particles in flow behaviour as a function of the Stokes number St (Chandran et al. 
2011). The equation derived from Chandran et  al. (2011) relates the particle’s density(ρp), 
diameter(dp), and volume(V), with the fluid dynamic viscosity(μ) and the arterial diameter(dc), via
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Table 12.1 Coupling 
regimes as a function of both 
the flow regime and the 
Stokes number (Crowe et al. 
1998; Chandran et al. 2011)

Flow regime
Stokes number (St)
St < 1 St > 1

Sparse One-way One-way
Dispersed One-way Two-way
Dense Four-way Four-way
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This strategy is based on a spring-dashpot model connected to the Lagrangian 
points. This is used to correct the error in the Lagrangian coordinates. The challenge 
is to estimate the appropriate time discretisation (Saiki and Biringen 1996; Lai and 
Peskin 2000). A direct formulation for the force was presented by Fadlun et  al. 
(2000) to deal with the former. Overall, the stiffness matrix for the implicit time 
discretisation is modified to include the desired velocity at each Lagrangian point 
(collocation method).

Uhlmann (2005) proposed a correction for the IB method. He combines both a 
projection-based approach for pressure correction as in Taira and Colonius (2007) 
and a collocation method to adjust the stiffness matrix as in Paige and Saunders 
(1975). Spurious oscillations of force were observed during the interpolation of the 
Eulerian forces into the Lagrangian domain. To fix the problem, Uhlmann used 
Dirac Delta-like functions determining hydrodynamic smoothed forces that might 
preserve the global order of convergence of the spatial scheme. The method facili-
tates the incorporation of deformable and moving structures. However, this lies on 
uniform Cartesian grids, which is not convenient for modelling systems whose rep-
resentation requires the use of heterogeneous meshes, as the ones we present here. 
Therefore, we introduce a method that extends the finest methodology proposed by 
Uhlmann (2005), to the resolution of systems that are discretised on heterogeneous 
meshes. Additionally, we couple both the pressure projection (Taira and Colonius 
2007) and the interpolation of forces iteratively. This is to control the numerical dif-
fusion due to an implicit time-lag, which is introduced by the fractional time step 
approach (Uhlmann 2005) that comprises the overall integration scheme.

 Methodology

 The Mathematical Characterization of the Blood 
as a Multiphase Flow

Our methodology comprises the separation of the system into two major parts, the 
fluid phase (plasma) and the particles phase. As the majority of particles in blood 
consists of red blood cells (RBCs), we omit the other components. In our approach, 
particles are treated in a Lagrangian framework and the particle–particle interac-
tions calculated using sets of particles, which are distributed along the whole blood 
volume. Moreover, the Eulerian domain is discretised via a staggered grid, in which 
the scalar quantities are placed at each cell centre, while vectors are represented at 
the edges (Uhlmann 2005; Pereira 2013).

 The Fluid Phase

The fluid phase (plasma) is here modelled via the Newtonian incompressible 
Navier–Stokes equations. These equations read as follows.
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Conservation of Momentum:
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Conservation of Mass:

 a ( )Ñ° =u 0 (12.2)

Throughout this work we will use the term f to represent different source terms. 
Here, this term represents the frictional contributions to the momentum (Eq. (12.1)). 
Moreover, the terms Re, u, α, p and t are the Reynolds number, the fluid velocity, the 
fluid volume fraction, pressure and time, respectively.

As indicated above, the source terms arising from forces exerted by the particles 
are included in the right-hand-side of Eq. (12.1). These forces are interpolated at 
each fluid cell, by considering the volume occupied by particles, and the net contri-
bution added under the form of f. These source terms are calculated as in Eq. (12.3).

Source Terms (Uhlmann 2005; Pereira 2013):
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The terms ρ, αk and Dragk are the fluid density, the particles volume fraction at a 
fluid mesh cell k and the drag force calculated at a fluid mesh cell k, respectively. 
The calculation of the forces arising from fluid–particles interactions are shown in 
section “The Particles Phase”. This includes the drag force.

Physiological data from Huang et al. (1995) is used to characterise the plasma. 
The values of reference are indicated in Table 12.2.

 The Particles Phase

Particles (the erythrocytes) are modelled as soft spheres, in a Lagrangian frame-
work, and the Newtonian second law of motion applied in the characterisation of 
their behaviour (Eqs. 12.4–12.6) (Crowe et al. 1998; Tsuji 2007).
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Table 12.2 Values of 
reference to characterise the 
plasma (Huang et al. 1995)

Model assumptions
Parameters Values of reference (Fluid)

Density (kg/m3) 1060

Dynamic viscosity ( )
kg

m s´

0.0037100

Kinematic viscosity (Pa × s) 0.0000035
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The terms F, m, a, ρk, αk, α, u and uk are the net force acting on particles, the mass 
of the particle, the acceleration of the particle, the particle’s density, the particles’ 
volume fraction at a fluid mesh cell k, the fluid volume fraction, the fluid velocity 
and the particle’s velocity, respectively. The terms e1, e2 and e3 indicate the compo-
nents of the fluid-particle contact forces (Tsuji 2007). Table 12.3 shows the relevant 
biophysical characteristics of the particles.

As indicated above, the forces acting on particles and their counterparts acting on 
both the fluid and the arterial wall are the drag and the lift (Drag and Lift), plus any 
relevant sinks and sources (f) that vary with the model assumptions. Here, the term 
f represents the contact forces arising from both particle–particle and particle–wall 
collisions, which also generate a torsion in the e3 direction. This will be described in 
section “The Collisions” (Eq. (12.7)).

 The Collisions

The particles deformation and the collisional forces result from both elastic and 
viscous components (Tsuji et al. 1992; Tsuji 2007). Similarly, forces due to parti-
cle–wall collisions are calculated using a spring-dashpot model (Tsuji et al. 1992; 
Tsuji 2007). These results in only part of the pre-collisional configuration being 
restored. A schematic view of two particles colliding is shown in Fig. 12.2.

The mathematical representation of the collisions are described in Eq. (12.7) 
(Tsuji 2007), which we use to model both the particles deformation and the particles 
interactions with themselves and the arterial wall. A classical spring-dashpot model 
of viscoelasticity is defined by setting α = 1 in Eq. (12.7) (Tsuji 2007).

 f k u e e ek= - + + +( ) ( )d ha
 1 2 3  (12.7)

The terms f and k in Eq. (12.7) are, respectively, the collisional net force and the 
elasticity coefficient (Youngs modulus) throughout each material direction—which 

Table 12.3 Values of 
reference to characterise the 
erythrocytes (Baskurt and 
Meiselman 2007)

Model assumptions
Parameters Values of reference (Particles)

Density (kg/m3) 1125
Diameter (m) 0.000006–0.000008
Friction coefficient 0.1
Coefficient of restitution 0.9
Youngs modulus (Pa) 4.4e + 3
Poisson ratio 0.49
Volume fraction 0.45

12 A Multiscale Haemorheological Computer-Based Model of Chronic Inflammation…



296

varies in heterogeneous systems. The particles’ deformation due to collision is mod-
elled via the overlapping δ. Overall, the term kδα in Eq. (12.7) represents elastic effects.

The term ηuk in Eq. (12.7) represents the viscous effects. The parameter uk repre-
sents the components of the collisional system velocity (particle–particle or particle–
wall), and η is the coefficient of restitution (Tsuji et al. 1992; Tsuji 2007), which 
represents the mechanical energy that is preserved (not dissipated) during collision. 
This term accounts for the fact that the particles reaction to the contact forces is not 
fully applied back on their counterparts—the viscous effect. Finally, the terms e1, 
e2 and e3 indicate the components of the resulting contact force—directional term.

Overall, the coefficient of restitution, the Youngs modulus and the Poisson ratio 
of the wall—Table 12.4, together with the particles properties (Table 12.3), dictate 
the rate of dissipation and restitution during collisions.

 The Mathematical Characterization of the Blood–Artery 
Interactions Using the Iterative Incompressible Immersed 
Boundary (ThreeIB) Approach

The coupled fluid–wall model is resolved iteratively. However, prior proceeding on 
the fluid–wall resolution, the Navier–Stokes equations shown in section “The Fluid 
Phase” (Eqs. (12.1) and (12.2)) are discretised. These equations are then decoupled, 
and at each integration time step k, the convection–diffusion terms are resolved 

rd

xd
t

n

rl

xld

Fig. 12.2 A cross-sectional cut illustrating the particles collision plan (Tsuji 2007). The radius and 
centre of two particles (d and l) colliding are represented via the variables rd, rl, xd and xl. The 
normal and the tangential directions in reference to the canonical system of reference are repre-
sented by n(c2e2) and t(c1e1)—e1 and e2 are the canonical vectors, and c1and c2 represent linear 
transformations in the plan of reference. The variable δ represents the resulting deformation due to 
collision (overlapping). This geometrical notion is used to formulate the equation that governs both 
the particle–particle and the particle–wall collisions
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implicitly (Uhlmann 2005), in a fractional-step fashion, which results in the so- 
called intermediate velocity û  (Uhlmann 2005)—Eq. (12.8). At this stage, the ref-
erence velocity consists of the fluid velocity u at the end of the integration time step 
k − 1. The term Re is the Reynolds number.

 
ˆ (

Re
(( ) ) )u u t u u uk k k= + - Ñ- - -1 1 11

D D
 

(12.8)

The next stage consists of calculating the source term f that represents the fluid–
wall interactions—Eqs. (12.9)–(12.11).

 

U I xu
x

n=å
W

ˆ D
 

(12.9)

The term Uin Eq. (12.9) is the so-called Lagrangian velocity (Uhlmann 2005), 
because this is calculated at each Lagrangian point used to discretise the immersed 
solid (the wall). Equation (12.9) shows how this velocity is derived via numerical 
interpolation. The term I represents the interpolation basis function, which is in this 
work a Dirac delta function (Uhlmann 2005). Additionally, the velocity û  is the 
interpoland, and ∆nx represents the integration spacing in each of the whole n 
dimensions. The term Ωx represents the set of Eulerian points (fluid cells) used as 
the base for this interpolation. These points are chosen to be within the neighbour-
hood of the Lagrangian points (solid points). Moreover, this neighbourhood is 
defined by a volume of influence defined by ∆nx, which is based on the Euclidian 
distance—the closer Eulerian points x are considered to influence calculations at a 
Lagangian point X and vice versa. Therefore, the interpolation here used is based on 
a colocation moving weighted least square method (Li and Liu 1996).

 
F

U U

t
x=
-W

D  (12.10)

The so-called Lagrangian or singular force F (Li and Liu 1996; Roma et al. 1999; 
Uhlmann 2005) derives from the application of the non-slip condition at the 
fluid–wall interface—Eq. (12.10). The term U

xW  in Eq. (12.10) is the desired velocity 

Table 12.4 Values of 
reference to characterise the 
arterial wall (Bozec et al. 
2004)

Model assumptions
Parameters Values of reference (Wall)

Coefficient of restitution 0.9
Friction coefficient 0.1
Friction coefficient 0.1
Youngs modulus (Pa) 3.61e + 5
Poisson ratio 0.49
Wall thickness (as a 
function of the radius R)

0.04a R

a3.61e + 5 if genetically engineered mice and 2.66e + 5 
if wild type
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at the solid coordinates (non-slip velocity). The difference between the desired 
velocity U

xW and the interpolated velocity U is called slip velocity. This is unit 
adjusted by dividing by ∆t, to give rise to the Lagrangian force F at the solid points X.

The Lagrangian force F is then interpolated back onto the Eulerian cells x via inter-
polation—Eq. (12.11). The interpolation terms are as above explained in Eq. (12.9). 
However, the base of this interpolation derives from the Lagrangian quantities. This 
back-interpolation brings about a so-called Eulerian or volumetric force f (Roma et al. 
1999)—Eq. (12.11). The force f is used to correct the fluid velocity field. As a result, 
the influence of the immersed solid in the global system is added to the resolution.

 

f FI X
X

n= å
W

D
 

(12.11)

As stated, the above adjusts the intermediate velocity û , which generates a new 
intermediate velocity û  (Eq. (12.12))—fractional-step resolution.

 
ˆ ˆu u f= +  (12.12)

Mass conservation is then prescribed via the constraint described in section “The 
Fluid Phase” (Eq. (12.2)). This is resolved through the Helmholtz projection scheme 
(Uhlmann 2005), resulting in the so-called Poisson equation (Eq. (12.13)).

 u tuk k= - Ñˆ D f  
(12.13)

The term uk represents the final fluid velocity field at the end of the k-th integra-
tion time step. The term ϕk  characterises an intermediate (or pseudo) pressure, 
which is calculated in Eq. (12.13) to correct both the fluid velocity field and the 
pressure (Eq. (12.14)).

 p pk k k= +-1 f  (12.14)

Now, notice that adding to the velocity field û  (Eq. (12.12)) the source term f from 
Eq. (12.11) and correcting the resulting velocity û via the pseudo pressure in Eq. 
(12.13) result in two sub-steps, in this fractional-step approach. This de-coupled cal-
culation of both the source term and the pressure correction may result in numerical 
diffusion (Ii et al. 2011), because the latest step may significantly change the velocity 
field at the location where the non-slip condition is prescribed. This numerical error 
may become prominent with rising inertial effects—increasing Reynolds number; 
because the gradients of velocity at the fluid–solid interface may be more sensitive to 
numerical instabilities (Ii et al. 2011). Rising numerical diffusion could dramatically 
change the resulting velocity field, which may bring about significant changes in pre-
dicting the time–space trends of the physical system of interest. Moreover, in such 
circumstances, numerical convergence may not be attained (Ii et al. 2011).

Our proposed solution to the above-described numerical error is based on the 
iterative calculation of both the source terms that are added to Eq.(12.1) and the 
pseudo pressure in Eq. (12.13). This is summarised in Algorithm 12.1. The proposed 
scheme is based on two premises: it conserves mass integrally, and the error imposing 
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the non-slip condition is kept below the tolerance tol. This preserves the numerical 
stability of the method, because the tolerance for the maximum error is determined 
by the desired global order of convergence of the time integration scheme. Indeed, 
because we use a classical second order in time and space Runge–Kutta strategy 
(Uhlmann 2005), the tolerance tol is set to dt2. Moreover, the resolution is physi-
cally consistent by fully imposing the incompressibility constraint.

Algorithm 12.1 Illustration of the gradient method for the calculation of the 
coupling immersed boundary source terms and divergence-free velocity.

# The next steps iteratively compute a conservative_IB_force as a function

of both the numerical_diffusion d and an unknown constant s s s, d

x

n
=

¶
¶

.

This IB force is conservative because it is adjusted by the mass conservation 
constraint (Eq. (12.2), section “The Fluid Phase”). This is finally added as a 
source term to the right-hand-side of Eq. (12.1) (section “The Fluid Phase”), 
in an immersed-boundary fashion. This avoids numerical diffusion and 
assures mass conservation by computing σ taking into account both (∇ ° u) = 
0 and d < tol = dt2.

Inputs: temp_velocity_field:= latest_fluid_velocity_field; initial guess σi = 0; 
initial search directions; rg(A).

while i ≤ rg(A) do:

calculate the Lagrangian_velocity U; # Eq. (12.9) (section “The Mathematical 
Characterization of the Blood–Artery Interactions Using the Iterative 
Incompressible Immersed Boundary (ThreeIB) Approach”).

calculate the residual ri :  =  − Aσi according to:

• the poisson_equation; # Eq. (12.13)—section “The Mathematical 
Characterization of the Blood–Artery Interactions Using the Iterative 
Incompressible Immersed Boundary (ThreeIB) Approach”.

• a numerical_displacement ¶
¶

= ( )°( )W

X

n
U U n dt

x
: - ; # This is normal to

the fluid–solid interface and # is a function of the slip_velocity.

• the numerical_diffusion d
X

n
: ;=

¶
¶

 # d is assumed to be proportional to 
¶
¶
X

n
.

if (r1 ≤ tol) and (∇ ° u): stop; # intermediate stop criteria test.

otherwise:
i + +;  
update the temp_velocity_field;
calculate the search_directions;
calculate σi as a function of the search_directions and the residual ri;
endif.
endwhile.
Output: final_fluid_velocity_field;
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Finding a constant σ — as described in Algorithm 12.1— that adjusts the source 
terms to assure both (∇ ° u) = 0 and ri < tol according to the order of convergence of 
the time resolution scheme consists in resolving a multi-restriction problem. 
Therefore, following a general gradient-based scheme (Freund et al. 1999; Nazareth 
2009), a sequence of approximate solutions {σi} is constructed. In this process, a 
residual vector ri =  − Aσi is progressively minimised within a tolerance level tol. 
The coefficient matrix A representing the linear transformation that result in both 
the solution of ( u tuk k= - Ñˆ D f ) and the calculation of the source terms is expected 
to be symmetric positive definite (spd) (Paige and Saunders 1975). Its range rg(A) 
defines the dimension of the search space and, consequently, the maximum number 
of iterations needed to find the desired solution (Nazareth 2009).

The global fractional-step scheme modified by an iterative sub-step-resolution is 
shown in section “The Coupling That Characterizes the Multiscale Approach”.

 The Coupling That Characterizes the Multiscale Approach

As illustrated in section “The Mathematical Characterization of the Blood–Artery 
Interactions Using the Iterative Incompressible  Immersed Boundary  (ThreeIB) 
Approach”, in our scheme, the interactions between the plasma and the artery are 
simulated using a novel immersed boundary technique. The plasma is modelled as 
a Newtonian incompressible fluid using the Navier–Stokes equations, as explained 
in section “The Fluid Phase”. The erythrocytes are represented as spherical parti-
cles, following the Newton second law of motion. The modelling of the particles 
behaviour was defined in section “The Particles Phase”. Moreover, the forces result-
ing from both the plasma–erythrocytes and the erythrocytes–erythrocytes interac-
tions are assumed to be elastic and based on the Hooke’s law — DEM model of 
collisions described in section “The Collisions”. Additionally, in this novel 
fractional- step multiphase flow methodology, which is coupled with an iterative 
immersed boundary method, the incompressibility constraint in Eq. (12.2) is 
imposed via a pressure projection technique. This derives from the Helmholtz theo-
rem (Uhlmann 2005; Griffith et al. 2007; Flamini et al. 2016).

In summary, our global scheme comprises a fractional-step methodology in 
which, at each integration time step:

 1. The fluid domain is resolved  for the convection-diffusion terms  (section “The 
Mathematical Characterization of the Blood–Artery Interactions Using the 
Iterative Incompressible Immersed Boundary (ThreeIB) Approach”— Eq. (12.8)).

 2. The particle–particle and the particle–wall collisions treated (section “The 
Collisions”— Eq. (12.7)).

 3. The pressure projection scheme applied iteratively and coupled with the resolu-
tion in sub-step number 4 (section “The Mathematical Characterization of the 
Blood–Artery Interactions Using the Iterative Incompressible  Immersed 
Boundary (ThreeIB) Approach”— Eq. (12.13)).
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 4. The immersed or contact structures (the erythrocytes and the artery wall) are 
computed, along with the particles phase (sections “The Mathematical 
Characterization of the Blood–Artery Interactions Using the Iterative 
Incompressible  Immersed Boundary  (ThreeIB) Approach”— Eq. (12.11),  “The 
Fluid Phase”—  Eq. (12.3); and section “The Particles Phase”—  Eq. (12.6), 
respectively).

 5. The global system is fully updated and the numerical scheme advances towards 
the next integration time step.

 The Characteristics of the Computational Domains and both 
Boundary and Initial Conditions

In this work, we simulated flow trends on four computational domains. They were 
named M1, M2, FC and MA.

Models M1 and M2 were used to both validate the multiphase methodology here 
presented and assess the effects of multiphase flow assumptions on blood flow in 
stenosed arteries  —  sections “Validating the Multiphase Technique (Shape-Based 
Assessment)” and “The Application of a New Multiscale Approach to Resolve Non- 
Newtonian Blood Flow in Diseased Arteries” respectively. We started by comparing 
our results with results from the literature that focus on the geometrical characteristics 
of the domain  —  section “Validating the Multiphase Technique (Shape-Based 
Assessment)”. Moreover, a mesh sensitivity study was carried out in order to adjust 
mesh characteristics and other computational parameters. Model M1 was later used, 
in section “The Application of a New Multiscale Approach to Resolve Non- Newtonian 
Blood Flow in Diseased Arteries” to simulate particulate blood flow in constricted 
arteries using our multiscale method, and the results compared to single- phase flow.

Model FC was applied throughout the validation of a novel immersed boundary (IB) 
methodology — section “Validation: The Iterative Incompressible Immersed Boundary 
(ThreeIB) Method”. Convergence analysis was carried out to assure that the integrity of 
the fractional time-step scheme was preserved in the coupling with the iterative immersed 
boundary approach, and the desired global order of convergence attained.

Model MA was used to assess the effects of haemorheology in mechanical forces 
that modulate arterial inflammation via our multiscale (the multiphase technique 
coupled with the ThreeIB) methodology  —  section “The Application of a New 
Multiscale Approach to Resolve Non-Newtonian Blood Flow in Diseased Arteries”.

The above-mentioned computational domains and the related initial and bound-
ary conditions are described below.

 The Mild (M1) and the Severe (M2) Stenosis Structural Models

The computational domain consists of a venturi-like shape — Fig. 12.3. The radius 
of reference (R) at the inlet is 0.0035 m and the axial length (Lx) is 0.4 m. The 
entrance region was calculated under the assumption of laminar pipe flow (White 
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2010). The difference between M1 and M2 is on the peak level of constriction at the 
central location defined by the length L and the minimum radius r — Fig. 12.3. The 
mild stenosis (M1) peak cross-sectional area reduction is c. 43.75%, while the peak 
reduction in the severe (M2) model is c. 80% (Gilsbach and Hassler 1984). The 
x-component of velocity (u) at the inlet is a Poiseuille-like profile, and the y and 
z-components — v and w, respectively; along with the normal pressure gradient are 
set to zero. At the outlet, we defined a velocity Neumann condition, such that dui/
dn = 0 (ui ϵ {u, v, w}), and P = 0. This characterizes the so-called convective outlet. 
A non-slip condition is set at the fluid–artery wall interface. Additionally, consider-
ing the x-component of the velocity field, the maximum velocity (Umax = max(u,v,w)) 
is prescribed over the whole fluid domain, at t = 0 (initial condition). Figure 12.3 
shows the characteristics of the computational domain and the boundary condition.

 Flow Past a Cylinder (FC)

The computational domain comprises a rectangular box with sides Lx = 25, Ly = 12 
and Lz = 15. A pipe is introduced at the middle of this rectangular channel—Fig. 12.4 
(out of scale). The pipe radius is R = 0.5, its length is 25 and its centre is at C = 
(12.50, 6.00, 7.50). The dimensionless boundary condition is u = 1, and v = w = 0, 

Fig. 12.3 Stenosis model. Schematic view of both the computational domain and the boundary 
conditions

Fig. 12.4 Pipe model for the immersed boundary flow past a cylinder simulation. Schematic 
view of the computational domain, the physical domain (region of interest) and the boundary 
conditions
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at the inlet. The outlet is convective, and slip wall is prescribed elsewhere. The 
Reynolds number is Re = 200. At t = 0, the velocity is set as Umax = max(u,v,w) 
everywhere. As above, u, v and w stand for the x, y and z-components of the Eulerian 
velocity field, respectively.

 The Mouse Carotid Artery (MA)

The computational domain is defined on the basis of an Apoe+/− mouse arterial 
branch obtained from structural images (the structure was generated by the author on 
the basis of MRI-based coordinates obtained via Vikram Mehta PhD thesis—copy-
right permission obtained)—Fig. 12.5. The cross section at the entrance region is 
defined by the pair (Dy, Dz)–(0.00042 m, 0.00052 m). The maximum length in the 
axial direction (Lx) is c. 0.0061 m. Physiological values from the literature (Hochmuth 
et al. 1973; Fung and Cowin 1994; Dulińska et al. 2006) were used to derive bound-
ary and initial conditions, which are defined as follows: at the inlet, the x-component 
of velocity is uniform and equal to u = 0.181 m/s, and the y and z-components of the 
velocity, along with the normal pressure gradient, are set to zero. We assume that the 
flux at the inlet is constant, convective outlet, and non-slip condition is prescribed at 
the artery wall. The initial condition (t = 0) is Umax = 0.181 m/s.

 Results and Discussions

 Validating the Multiphase Technique (Shape-Based Assessment)

Firstly, we presented results from computational simulations on idealized models of 
both a severe M2 and a mild M1 stenosis. These results are comparable with 
theoretical values from a control-volume approach (White 2010). However, the 
difference in results rises with increasing constriction (Tables 12.5 and 12.6), 
which indicates that the theory of the boundary layer (TBL) would be a most suit-
able approach for estimating the flow characteristics in complex geometries 

Fig. 12.5 Mice model of artery for the multiscale simulations. Schematic view of the computa-
tional domain and the boundary conditions
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Table 12.5 The peak wall 
shear stress (WSS) in a mild 
stenosis M1

Peak WSS (Pa)
Axial refinement (ED)  
at the constriction Our resultsa

16 0.1962
24 0.1961
62 0.1959

aNumerical WSS of reference: 0.2100 (Huang 
et  al. 1995); Courant Friedrichs Lewy (CFL) 
number = 0.5; Radial Refinement (NFS) = 1.1; 
ED outside the constriction = 8
The peak WSS  (Pa)  at the throat is calculated 
using different mesh refinements. The refine-
ment is defined by two parameters found in the 
commercial package used to construct the 
meshes (Home|GridPro—Program Development 
Company—High Quality Grid Generation 
Solutions 2016). These parameters are named ED 
(axial refinement) and NSF (radial refinement). 
The Reynolds number is 100

Table 12.6 Peak wall shear 
stress in a severe stenosis M2

Peak WSS (Pa)
Axial refinement (ED)  
at the constriction Our resultsa

16 0.4851
24 0.4989
62 0.4984

aNumerical WSS of reference: 0.8480 (Huang 
et  al. 1995); Courant Friedrichs Lewy (CFL) 
number = 0.5; Radial Refinement (NFS) = 1.1; 
ED outside the constriction = 8
The peak WSS  (Pa)  at the throat is calculated 
using different mesh refinements defined by the 
parameters ED and NSF (Home|GridPro—
Program Development Company—High Quality 
Grid Generation Solutions 2016). The Reynolds 
number is 100

(Thwaites 1949). This was confirmed through the numerical assessment of the 
application of the TBL (Table 12.4). A summary on how to calculate the Wall Shear 
Stress using the TBL can be found in (Thwaites 1949).

The figures have shown that in a mild stenosis M1—Table 12.5, the peak WSS 
varies c. 0.05% with varying axial refinement. This indicates that axial refinement 
does not critically affect the present set of simulations. Additionally, comparing our 
results with data from the literature (Huang et al. 1995; Reese and Thompson 1998), 
we found a difference of c. 6.5%. However, Reese and Thompson (1998) reported 
on 10–20% of discrepancies amongst numerical results found in the literature. 
Therefore, we infer that our methodology reproduces numerical data accurately.
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The above-reported discrepancies increase with increasing constriction—Table 
12.6. Indeed, the numbers indicate that for a severe stenosis, with a peak reduction 
in cross-sectional area of about 80%, the differences in results are c. 41%. This 
increases further by increasing the Reynolds number. Therefore, the theory of the 
viscous boundary layer (Thwaites 1949) was applied in the calculation of the 
WSS—Table 12.7.

Computing the WSS on the basis of the near wall characteristics via the shape 
index (Reese and Thompson 1998) seems to be a more suitable approach. This has 
a prominent effect on results. Indeed, the formerly reported differences in data due 
to rising cross-sectional area reduction and Reynolds number are much dimin-
ished—Table 12.7. Certainly, our results mimic numerical results from the literature 
(Huang et  al. 1995; Reese and Thompson 1998) in c. 97%, regardless of both 
Reynolds number and shape.

An experimental approach based on intracoronary ultrasound and angiographic 
images was applied by Stone et al. (2007) to correlate WSS patterns, progression of 
stable coronary arterial diseases (SCAD) and vascular remodelling, looking at the 
estimation of arterial regions where plaque accumulates. They found that constric-
tive remodelling was restricted to zones of low WSS, with and without plaque 
growth. Our simulations have correctly identified these regions, on the adopted geo-
metrical models. This is important because we need to assure the correct identifica-
tion of different flow characteristics, as they are associated with arterial wall 
remodelling. Indeed, according to Stone et al. (2007), expansive remodelling in low 
WSS locations correlates with active plaque progression. Therefore, we infer that 
our methodology correctly capture the flow characteristics that are thought to be 
relevant in atheroma (aka. atherosclerotic plaque) progression.

 Validation: The Iterative Incompressible Immersed 
Boundary (ThreeIB) Method

Secondly, simulations of flow past an obstacle (Model FC) were used to validate our 
novel immersed boundary approach (Table 12.8). We report trends similar to those 
found in the literature (Roshko 1953; Berger and Wille 1972; Rogers and Kwak 

Table 12.7 The peak wall shear stress (WSS) at the throat, compared to the literature values, on 
both a mild M1 and a severe M2 stenosis: Re = {100, 500}

Peak WSS (Pa)
Mild stenosis (M1) Severe stenosis (M2)
Re = 100 Re = 500 Re = 100 Re = 500

Our results 0.85 6.50 5.00 40.66
Huang et al. (1995) 0.83 6.71 4.99 42.32
Provenzano and Rutland (2002) 0.84 6.88 4.05 37.88
Reese and Thompson (1998) 0.89 7.33 4.02 34.51

12 A Multiscale Haemorheological Computer-Based Model of Chronic Inflammation…



306

1990; Belov et  al. 1995; Liu et  al. 1996; Lai and Peskin 2000; Williamson and 
Govardhan 2004; Linnick and Fasel 2005)—c. 94% of accuracy calculating the 
Strouhal number (St); c. 90% of accuracy computing the drag coefficient (Cd); and 
c. 97% of accuracy mimicking the lift coefficient (Cl). Overall, the values on 
Table 12.8 indicate similar levels of recirculation. Our Strouhal number indicates 
that the characteristics of wakes forming downstream of the immersed structure cor-
respond to what is reported in the literature (Roshko 1953; Berger and Wille 1972; 
Rogers and Kwak 1990; Belov et al. 1995; Liu et al. 1996; Lai and Peskin 2000; 
Williamson and Govardhan 2004; Linnick and Fasel 2005). This correlates with the 
computed lift coefficient which reflects the frequency of oscillation of the periodic 
phenomenon resulting from the flow disturbances due to the immersed structure. 
Additionally, as expected, our predictions do not indicate that any resonance might 
occur. Resonance is a well-known physical phenomenon (Roshko 1953; Williamson 
and Govardhan 2004). In models of flow past obstacles, this may occur when the 
frequency of oscillation of the vortex forming downstream of the immersed body 
reaches the natural frequency of oscillation of the immersed body. This causes the 
immersed structure to oscillate with greater amplitude and may lead to the collapse 
of the entire system (Roshko 1953; Williamson and Govardhan 2004).

The former results are in agreement with our convergence study, which shows 
that both the time (Fig. 12.6a) and the space (Fig. 12.6b) order of convergence of the 
iterative IB method are preserved. Moreover, the figures show the effectiveness of 
the proposed scheme avoiding numerical diffusion. In Fig. 12.6a the solid-dots indi-
cate the accuracy of the resolution with the iterative IB pressure projection coupling 
shown in section “The Mathematical Characterization of the Blood–Artery 
Interactions Using the Iterative Incompressible  Immersed Boundary (ThreeIB) 
Approach” (15) and the stars represent the uncoupled solution, without the adjust-
ment of the IB forcing for heterogeneous meshes. The latest does not preserve the 
global order of convergence, differing from the most accurate predictions in about 
two orders of magnitude (Fig. 12.6a)—from c. O(dt3) to c. O(dt). As discussed 

Table 12.8 Validation of the bespoke immersed boundary approach

Flow features
St Cd Cl

Our results 0.190 1.32 0.65
Belov et al. (1995) 0.193 1.19 0.64
Berger and Wille (1972) 0.18–0.19 – –
Linnick and Fasel (2005) 0.197 1.34 0.69
Rogers and Kwak (1990) 0.185 1.23 0.65
Lai and Peskin (2000) 0.190 – –
Liu et al. (1996) 0.192 1.31 ± 0.049 0.69
Roshko (1953) 0.19 – –
Williamson and Govardhan (2004) 0.197 – –

The following flow features were compared to the literature at Re = 200: the Strouhal number (St), 
the drag coefficient (Cd) and the lift coefficient (Cl)
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 previously, this is a suitable approach if homogeneous finite difference meshes are 
used (Uhlmann 2005). However, if mesh heterogeneities are introduced, to better fit 
 specific parts of the immersed structure, the conventional IB approach becomes 
inaccurate—Fig. 12.6a. Therefore, the characteristics of the numerical integration 
are not preserved. As a consequence, the resolution could diverge, or the achieved 
solution could not represent the behaviour of the physical system accurately.  Again, 
this improvement in the IB model was achieved via a regularised (for meshes het-
erogenities) collocation Dirac delta-like function (Pereira 2013), which is based on 
the reproducing kernel particle fashion (Wang and Liu 2004). This assures the con-
servative interpolation of quantities as velocity, force, stresses, and torque between 
Eulerian and Lagrangian domains.

 The Application of a New Multiscale Approach to Resolve 
Non-Newtonian Blood Flow in Diseased Arteries

Thirdly, the influence of the blood particles was assessed using our multiscale 
approach.

Results on single phase flow simulations are compared with data from (Huang 
et al. 1995) —Figs. 12.7 and 12.8. We found similar trends. Figure 12.7a shows the 
normalized pressure drop at the arterial stenosis M1. The minimum value is registered 

at the minimum cross-sectional area ( )
x

X
= 0 . Downstream of the stenosis, the 

normalized pressure increases. However, flow does not recover the fully developed 
peak value observed upstream of the stenosis. We infer that this results from a shorter 
downstream arterial segment. To overcome this drawback, the computational domain 

Fig. 12.6 Loglog plot of the infinity norm L∞ of the residual velocity normal to the fluid–solid 
boundary in function of time and space. (a) Loglog plot in function of time. The solid-dots repre-
sent the results achieved using the iterative IB and the stars represent the results from the applica-
tion of the classical IB. (b) Loglog plot in function of mesh spacing h. The stars represent the 
iterative IB scheme. In both diagrams, support lines are used, because their slops help identifying 
the order of convergence of the achieved results
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was extended to account for the flow-based re-entrance region. As a result, the flow 
progresses towards the expected fully developed pattern—Fig. 12.7b.

The normalised centreline velocity in Fig. 12.8a peaks at the maximum constric-
tions. The reported result corresponds to the value stated in the literature (Huang 
et al. 1995) in c. 90%. The location of peak velocity matches (Fig. 12.8) the mini-
mum registered pressure (Fig. 12.7).

The above single phase (plasma) results are compared to data from two-phase 
(plasma–erythrocytes) flow simulations—Figs. 12.7 and 12.8. The addition of blood 
particles (erythrocytes) has a pronounced effect on the flow characteristics. First, 
the pressure drop is attenuated in c. 30%, at the maximum constriction, as seen in 
Fig.  12.7. We infer that this is caused by the flow deceleration due to particles. 
Moreover, the focal nature of the observed phenomenon suggests that the distribution 
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Fig. 12.7 Comparison of single-phase and multiphase pressure values around the site of a mild

arterial stenosis. The site of stenosis is at 
x

X
= 0 . (a) Reference pressure values in function of

location from Huang et al. (1995) (red triangles), compared to our single-phase flow (blue line), 
and to our plasma–erythrocytes (red line) pressure value results. (b) Pressure values in function of 
location from an extended geometry—black dots illustrates the plasma–erythrocytes pressure 
values and red triangles indicate the single-phase pressure results (plasma)
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G.C. Pereira



309

of particles modulates flow laminarisation, as peak concentration might be registered 
around the maximum constriction. Second, the figures show that the two-phase peak 
velocity is c. 28% lower compared with the single phase peak value—Fig. 12.8a. 
This affects recirculation—Fig. 12.8b.

In presence of particles, recirculation develops much slower—Fig. 12.8b top, 
which compares to rising viscous effects. We expect this to result in differences in 
both the wall shear stress and the apparent viscosity. Single phase patterns are much 
more pronounced—Fig. 12.8b bottom. Figure  12.8 suggests that the Newtonian 
blood flow assumption leads to recirculation growing faster and the viscous phe-
nomena being weakened.

Figure 12.9 illustrates differences in phase velocities, along the arterial segment. 
Near the inlet, both the fluid and the particles phase velocities are about the same, 
because the particle injection is set using the fluid inlet velocity profile—Fig. 12.9a. 
The more the flow progresses towards the stenosis, the more the fluid and the par-
ticles velocities differ. Regardless of the fact both velocity profiles become flatter—
Fig. 12.9b, at the maximum constriction (Fig. 12.9c), the particles velocity almost 
completely plateau out. Finally, downstream of the constriction Fig.  12.9d, this 
gradually adjusts to the fluid velocity. The data gathered in this study suggests that 
arterial narrowing due to atherosclerotic plaque deposition causes a focal peak in 
particle concentration. This has fostered debate on whether the accumulation of 
erythrocytes could lead to significant differences in flow trends, at the location 
where plaque forms. Therefore, the key features that Figs. 12.7, 12.8 and 12.9 con-
vey motivated further investigation.

Fig. 12.9 Comparison of fluid phase (plasma) and particle phase (erythrocyte) normalized axial 
velocities in function of normalized radius r at different cross-sectional locations along the arterial 
segment M1—The arterial radius R is the normalization factor: (a) close to the inlet x/X = −5; (b) 
near the beginning of the arterial constriction x/X = −2; (c) at the minimum cross section (stenosis) 
x/X = 0; (d) downstream of the stenosis x/X = 2
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In the literature, much of the current debate revolves around flow characteristics 
related to inflammatory signalling pathways (Lin et  al. 2005; Tedgui and Mallat 
2006; Liu et al. 2012). Erythrocytes might modulate mechanical forces that drive 
inflammation. Indeed, we observed that the velocity distribution and, consequently, 
the shear map correlates with the particle distribution (Fig. 12.10), at predilection 
sites for atherosclerotic plaques deposition. Arterial inflammation is a physiological 
process that is regulated by endothelial wall shear stress (Chatzizisis et al. 2007). 
Therefore, changes in either the intensity or the distribution of shear forces sensed by 
the endothelium might affect the mechanisms driving inflammation. We registered 
differences varying from c. 5% to c. 45% in the axial velocity, as shown in results 
from the single phase (Fig. 12.10a) versus the two-phase (Fig. 12.10b) simulations. 
This correlates with the distribution of particles (Fig. 12.10c). In a realistic model, it 
is crucial to take into account the influence of the blood particles on atherosclerosis 
initiation and development, regardless of the local particularities. Indeed, there is 
overwhelming evidence corroborating the notion that under disease condition, focal 
changes in arterial geometry and, consequently, in flow features might require the 
inclusion of the blood particles in the resulting computational model.

Changes in flow characteristics due to particle–particle and particle–wall dynam-
ics was formerly reported by Sugiyama et al. (Ii et al. 2011). They correlate  particle–
particle and particle–wall interactions with the particle initial arrangement, flow rate 
and apparent viscosity in a Poiseuille flow. There, the initial arrangement of the 
particles resulted in different sequences of interactions, which affected the particle 
shape and motion. Therefore, the initial conditions might also modify the instanta-
neous flow rate. The findings reported by Sugiyama and his collaborators provided 
insights on the role of the erythrocytes in blood flow. Our results focus on growing 
haematocrit. As formerly reported, the figures might vary with changes in the par-
ticles’ initial configuration (Ii et  al. 2011). However, we have not assessed flow 
under different particle injection conditions.

The above-mentioned phenomena result from the momentum interchange 
between the particles and the flow, which is not considered in Newtonian approaches. 
Indeed, data from direct numerical simulations of flow past solids were analysed by 
Zastawny et  al. (2012). There, shape-based correlations were designed to study 
fluid–structure interactions and the resulting drag, lift and torque. Their findings 
support our results by illustrating the variation of mechanical forces due to solids 
embedded in the fluid. However, their analysis does not focus on macro-circulation, 
which is an important element of flow studies related to the development of 
atherosclerosis.

As stated previously, haemorheological studies found in the literature usually 
focus on micro-circulation. Looking at the macro-circulation, we have found that 
rising haematocrit correlates with increased flow laminarization (Fig. 12.11b), as a 
consequence of both, decreasing velocity (Fig. 12.11b) and increasing shear stress 
(Fig.  12.11a). This was observed by comparing both the non-Newtonian 
(Fig. 12.11—Haematocrit (Hct) ≠ 0) with the Newtonian blood flow simulations 
(Fig. 12.11—Haematocrit (Hct) = 0). Indeed, the apparent viscosity (Fig. 12.11a) 
rises in function of the haematocrit. These changes in flow features indicate an 
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Fig. 12.10 Rheological 
flow in a mouse carotid 
artery (model MA), at Re = 
58: Cross-sectional view of 
the stream-wise velocity. 
(a) Single-phase flow 
velocity in m/s; (b) 
multiphase flow velocity in 
m/s; (c) fluid distribution at 
an arterial cross section 
(0–100%) [Image 
published by the author in 
(Pereira 2016)—
experimental model 
validation]
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increase in the viscous effects because of both shear stress augmentation and flow 
laminarization, which is mechanically induced by the erythrocytes due to the 
plasma–erythrocytes interactions. Therefore, these results provide confirmatory evi-
dences that the findings shown in Figs. 12.7, 12.8, 12.9 and 12.10 might motivate 
research on the role of haemorheology in models of atherosclerosis.

Jung et al. (2006) compared the results of a single and a two-phase transient 3D 
non-Newtonian simulation on an idealized model of human coronary artery curvature 
considering pulsatile effects. As in Jung et al. (2006), we also identified an increase in 
apparent viscosity (Fig. 12.11a) correlating with flow laminarization (Fig. 12.11b), as 
mentioned above. This corresponds to a peak erythrocytes concentration (Fig. 12.10). 
Additionally, our results suggest that in non-Newtonian simulations, wakes forming 
downstream of the stenosis might be much weaker (Fig. 12.11b)—(decreasing vortic-
ity), if compared to Newtonian simulations (Fig. 12.11b)—(Hct = 0.0). This is a con-
sequence of the decreasing velocity (Fig. 12.11b). Therefore, the erythrocytes might 
be a key factor in the evaluation of localized haemodynamical trends and, conse-
quently, in modulating focal inflammation.

Figure 12.11 illustrates differences of about 8% comparing Newtonian and non- 
Newtonian blood flow features. This apparently low variation might represent a 
significant change in cellular activity that modulates arterial inflammation, because 
cellular functions highly depend on time–space changes in mechanical forces, 
which are sensed by the endothelium (Cunningham and Gotlieb 2005; Li et  al. 
2005; Chatzizisis et al. 2007; Humphrey et al. 2014). Therefore, the reported devia-
tions in the flow characteristics, and the consequent changes in both the intensity 
and the distribution of mechanical forces (Figs. 12.10 and 12.11) along an arterial 
segment might affect plaque deposition. However, we are aware that on the basis of 
the evidences currently available, it seems fair to affirm that changes in flow due to 
the blood particles have a pronounced effect on inflammatory signalling pathways. 
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Fig. 12.11 Blood flow simulations on a mouse carotid artery (model MA), Re = 58. The haema-
tocrit (Hct) varies from 0.0 (single-phase) to 0.45 (physiological): (a) evolution of normalized peak 
wall shear stress (wss/WSS) and the normalized peak apparent viscosity (μ_(ap)) in function of the 
haematocrit content; (b) normalized vorticity (ω/Ω), the normalized x-component of velocity (u/U) 
and the jet Reynolds number (Re_jet) plotted against haematocrit content. The y-axis represents 
the variation of the normalized variables shown in the legends
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Further evidences supporting this hypothesis may lie in experimental research com-
bining cell biology, microfluidics (Pereira 2016) and computation.

As suggested, another interesting finding here reported is on increasing apparent 
viscosity with increasing shear stress. It is well known that blood is a shear thinning 
fluid. However, in macro-circulation, haemorheology is not extensively investigated, 
because under the underlying conditions blood is thought to behave as a Newtonian 
fluid. Here, we have found insights that local conditions may change the figures even 
further and the reported apparent viscosity actually increases c. 8% with the increas-
ing shear stress, which is a characteristic of shear thickening materials.

 Conclusions, Final Remarks, and Future Research

In this work, we presented a multiscale haemorheological computer-based model of 
blood flow in arterial segments affected by the abnormal deposition of metabolites 
such as lipids in the context of atherosclerosis development. We have developed 
two modelling techniques: a multiphase flow approach for haemorheology and an 
immersed boundary methodology. We have validated both of these techniques 
(Roshko 1953; Berger and Wille 1972; Rogers and Kwak 1990; Belov et al. 1995; 
Huang et al. 1995; Liu et al. 1996; Reese and Thompson 1998; Lai and Peskin 2000; 
Provenzano and Rutland 2002; Williamson and Govardhan 2004; Linnick and Fasel 
2005) and overcame fluid flow modelling related numerical drawbacks reported in 
the literature (Peskin 1977; Goldstein et al. 1993; Saiki and Biringen 1996; Fadlun 
et al. 2000; Höfler and Schwarzer 2000; Kim et al. 2001; Feng and Michaelides 
2004; Uhlmann 2005; Taira and Colonius 2007; Ii et al. 2011). The two bespoke 
modelling techniques were coupled to obtain an integrated realistic multiscale com-
putational fluid dynamics technique that describes physiological blood flow condi-
tions relevant to atherosclerosis development.

Finally, our results indicate blood rheology varying with local mechanical and 
physiological conditions. Indeed, apparent viscosity may increase with particles local 
accumulation and decrease with particles redistribution. This requires further analysis 
and motivates research towards applying different numerical methods and experimen-
tal assays in order to assess the extents of the reported trend. Because the presented 
methodology has been extensively validated, showing trends comparable at a very 
high rate with established results from the literature, we infer that we have captured a 
novel haemorheological phenomenon occurring in large diseased arteries.

 Validation: The Multiphase Technique

We presented results from DNS simulations in arterial segments, for both a mild and 
a severe stenosis. The results are comparable to numerical data from the literature 
(Huang et al. 1995; Reese and Thompson 1998; Provenzano and Rutland 2002) and 
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pronounced similarities were observed. Moreover, we found that the theory of the 
boundary layer (Thwaites 1949) might be the most suitable approach for estimating 
the flow characteristics in complex geometries. Additionally, our computational 
model was improved via a mesh sensitivity study, which included the application of 
the viscous boundary layer theory (White 2010). This supported defining the char-
acteristics of the computational domain and, consequently, the adjustment of the 
mesh characteristics.

Comparing the results of Newtonian and non-Newtonian simulations, we found 
that the velocity distribution and, consequently, the shear map correlates with the 
particle distribution. Indeed, changes in flow characteristics due to particle–particle 
and particle–wall dynamics correlated with both the flow rate and the apparent vis-
cosity. Our results focused on growing haematocrit. However, we infer that the ini-
tial arrangement of the particles might result in different sequences of interactions, 
which might affect the particles shape and motion. Therefore, the initial conditions 
might also modify the instantaneous flow rate. Hence, the assessment of flow under 
different particle injection conditions might be the subject of future research.

 Validation: The Iterative Incompressible Immersed Boundary 
(ThreeIB) Method

We validated a new methodology for simulating the interactions between fluids and 
solid structures (Roshko 1953; Berger and Wille 1972; Rogers and Kwak 1990; 
Belov et al. 1995; Liu et al. 1996; Lai and Peskin 2000; Williamson and Govardhan 
2004; Linnick and Fasel 2005). The methodology comprised a fractional-step method 
with pressure projection to impose the mass conservation constraint, which was car-
ried out iteratively, and coupled with the interpolation of forces, which arouse from 
the fluid–structure interactions. A regularised Dirac delta-like function was applied 
to distribute IB quantities between both the Eulerian and the Lagrangian domain.

In many applications and particularly in models of blood flow in diseased arteries, 
precision in determining the mechanical forces resulting from the flow  characteristics 
is important. Therefore, we assured that mass was not spuriously created or con-
sumed. Indeed, our methodology guaranteed that the force and torque were interpo-
lated amongst the Lagrangian (solids) and the Eulerian (fluid) domains integrally.

Our results were comparable to numerical data from the literature where similar 
levels of recirculation were observed (Roshko 1953; Berger and Wille 1972; Rogers 
and Kwak 1990; Belov et al. 1995; Liu et al. 1996; Lai and Peskin 2000; Williamson 
and Govardhan 2004; Linnick and Fasel 2005). Moreover, the computed Strolhal 
number indicated that wakes forming past the obstacles and the characteristics of 
the resulting von Karman Vortex Street were analogous to what is found in the lit-
erature. Indeed, our results indicated similar levels of disturbances resulting from 
the balance between the lift and the drag forces. Moreover, the computed lift coef-
ficient reflected the frequency of oscillation of the periodic phenomenon, resulting 
from flow variations. These disturbances were induced by the immersed structure.
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Regarding future improvements, to speed up convergence, a pre-conditioner 
might be implemented using functional-based matrix treatment, to avoid break-
downs. Moreover, the inclusion of mathematical terms that account for mass trans-
port and the concentration of chemical species might be of relevance, while 
evaluating the signalling pathways that contribute to inflammation. Moreover, con-
tinuous models of blood rheology may be tested.

 The Application of a New Multiscale Approach Resolving 
Non-Newtonian Blood Flow in Diseased Arteries

Our simulations correctly identified regions of low Wall Shear Stress (WSS) that 
correlates with vascular remodelling, with and without plaque growth. This is 
important because remodelling in low WSS locations correlates with plaque pro-
gression (Stone et  al. 2007). Therefore, we infer that our methodology correctly 
capture the flow characteristics that are associated with plaque progression.

The reported differences in flow rate and apparent viscosity resulted from the 
momentum interchange between the particles and the flow, which is not considered 
in Newtonian approaches. Here, we conducted an in-depth analysis of particulate 
blood flow and discussed its relevance in understanding atheroma formation. We 
found that rising haematocrit correlates with increasing flow laminarisation, result-
ing from decreasing velocity and increasing shear stress, if compared with 
Newtonian blood flow (Huang et al. 1995; Reese and Thompson 1998; Provenzano 
and Rutland 2002). This corresponded to a peak in the concentration of the erythro-
cytes. Additionally, our findings indicated that in non-Newtonian simulations, 
wakes forming downstream of the stenosis might be much weaker in non- Newtonian 
blood flow simulations. Therefore, the erythrocytes might be a key factor in modu-
lating mechanical forces that drive focal inflammation.

As formerly stated, mechanical forces both  affect homeostatic functions that 
maintain a functional endothelium and drive abnormal signalling pathways, under 
disease conditions. The wall shear stress correlates with velocity patterns and is 
sensed by endothelial cells (Humphrey 2001; Li et al. 2005; Chatzizisis et al. 2007; 
Maurovich-Horvat et  al. 2014). This mechanism contributes to cellular activity. 
Therefore, at arterial segments experiencing increasing cellular agglomeration and 
activity due to inflammation, the blood particles alter flow characteristics and might 
affect the outcomes of atherosclerosis. This phenomenon is here simulated compu-
tationally. The results suggested that haemorheology might be considered in com-
putational models of atherosclerosis.
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