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Preface

Biosynthesis is a process of successive enzymatic reactions necessary to originate a
specific biologically active natural metabolite. The knowledge of biosynthetic path-
ways and the factors that influence their regulation and accumulation is essential 
to monitor and optimize the mass production of these valuable metabolites, as they
can occur through different pathways. Numerous natural sources synthesize a range
of bioactive compounds with beneficial effects on human health, mainly antioxi-
dant, anti-inflammatory, antimicrobial, hepatoprotective, immunomodulatory, 
anticancer, and dyslipidemia control effects. Among them are terpenic structures, 
phenolic compounds, and alkaloids, in addition to polysaccharides, peptides, and 
amino acids.

This book is a compilation of chapters on bioactive compounds with proven activi-
ties. It provides a valuable information source of bioactive compounds biosynthe-
sized, which can be used for further development of bioproducts by industry. The
volume is divided into the following sixteen chapters: 

Chapter 1: “Introductory Chapter: An Overview on Bioactive Compounds with
Focus in the Biosynthesis, Characterization and Applications”

Chapter 2: “Pharmacological Role of Biosynthetic Products”

Chapter 3: “Plants’ Bioactive Metabolites and Extraction Methods” 

Chapter 4: “Biosynthesis of Natural Products”

Chapter 5: “The Need to Use Microorganisms and Their Biosynthesized Bioactive
Metabolites for Biological and Medical Activities” 

Chapter 6: “Biosynthesis of Diverse Class Flavonoids via Shikimate and 
Phenylpropanoid Pathway”

Chapter 7: “Biosynthesis of the Immunomodulatory Molecule Capsular
Polysaccharide A from Bacteroides fragilis”

Chapter 8: “Flavonoids: Understanding Their Biosynthetic Pathways in Plants and 
Health Benefits”

Chapter 9: “Sterols Biosynthesis in Algae”

Chapter 10: “Arginine Metabolism: An Enlightening Therapeutic Attribute for
Cancer Treatment”

Chapter 11: “Electro-Spinning and Electro-Spraying as Innovative Approaches
in Developing of a Suitable Food Vehicle for Polyphenols-Based Functional 
Ingredients”
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Chapter 12: “Scope, Nutritional Importance and Value Addition in Palmyrah 
(Borassus flabellifer L.): An Under Exploited Crop”

Chapter 13: “Phenolic Compounds”

Chapter 14: “ Polyphenols, Spices and Vegetarian Diet for Immunity  
and Anti-Inflammatory Drug Design”

Chapter 15: “Colon Available Bioactive Compounds Exhibits Anticancer Effect on 
In-Vitro Model of Colorectal Cancer”

Chapter 16: “Cysteine in Broiler Poultry Nutrition”

These chapters cover recent advances in knowledge about biosynthesized bioac-
tive metabolites, including distribution, regulatory mechanisms, accumulation 
induction, environmental conditions, the impact of the use of advanced technolo-
gies, methods of obtaining, and bioactivity. This book is a valuable reference for 
researchers seeking to improve their knowledge of naturally produced bioactive 
metabolites.

Leila Queiroz Zepka, Tatiele Casagrande do Nascimento  
and Eduardo Jacob-Lopes

Food Science and Technology Department,  
Federal University of Santa Maria,  

Santa Maria, RS, Brazil
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Chapter 1

Introductory Chapter: An 
Overview on Bioactive 
Compounds with Focus in the 
Biosynthesis, Characterization 
and Applications
Tatiele Casagrande do Nascimento, Eduardo Jacob-Lopes  
and Leila Queiroz Zepka

1. Overview

Natural compounds have been used globally for thousands of years [1]. However, 
currently, a world trend towards health has considerably boosted the search for 
natural alternatives for health promotion [2]. Several naturally synthesized com-
pounds have bioactive functions and have been explored for different applications, 
especially in the food and pharmaceutical industry. These substances are chemical 
structures that perform specialized functions at the biological level [3].

According to a consensus established by [4], bioactive compounds are naturally 
occurring essential and non-essential compounds that can positively influence 
human health. Nutritionally, they have also been called nutraceuticals since 1979 
because when ingested, they provide health benefits beyond basic nutrition [4].

Bioactive compounds make up a highly heterogeneous set of molecules with 
different chemical structures and distributions in nature [5]. Broadly, these 
metabolites are divided into three main groups: terpenes and terpenoids, phenolic 
compounds and alkaloids [3]. Among them, carotenoids, sterols, flavonoids are 
frequent examples.

Most of the bioactive terpenes investigated are tetraterpenes with C40 skel-
etons [6]. formed from eight isoprenoid units (C5) and characterized by a central 
sequence of conjugated double bonds [7]. Similarly, sterols also belong to the group 
of terpenes, and they are triterpenes (C30) with a basic structure consisting of a 
tetracyclic ring and a C17 side chain [8]. The phenolic compounds flavonoids have 
low molecular weight, are consisting of 15 carbon atoms, organized in the basic 
configuration C6-C3-C6 [9]. In contrast, alkaloids are usually heterocyclic organic 
compounds (basic pH) that contain nitrogen atoms [10].

In addition to the main groups, other molecules have been shown some bioactiv-
ity, such as polysaccharides, amino acids and peptides, indicating that the diversity 
of bioactive compounds is comprehensive and is in a growing process of exploration 
and investigation in various sources.

Microorganisms, plants and animals offer many bioactive products of great 
interest for application in the food and pharmaceutical industry [3, 11]. According 
to [12], more than 80% and 30% of the active compounds used in food and medi-
cine, respectively, are obtained from natural sources.

XIV
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Terpenoids generally constitute the largest and most diverse class of secondary 
metabolites in natural products. For example, it is estimated that more than 1200 
natural carotenoids have been characterized from different sources, including 
plants, fruits, vegetables and microorganisms [6]. Sterols are present in most living 
organisms, including vertebrates, invertebrates, plants, fungi, and bacteria [13]. 
According to [14], sterols that occur plant, animal, and microbial are called phytos-
terols, zoosterols, and mycosterols.

On the other hand, phenolic compounds (including flavonoids) are widely 
distributed in the plant kingdom, are present in fruits, leaves, seeds and glycosyl-
ated in other parts of the plant [15]. Most known alkaloids are isolated from plants. 
However, they have also been reported in microorganisms, marine organisms, and 
terrestrial animals [10].

Regardless of the source, bioactive compounds must be obtained (isolated or 
extract) from some extraction technique. They are conventionally solvent extracted, 
considering important aspects such as solvent-compound affinity, extraction time 
and temperature. However, emerging technologies such as ultrasound, pulsed elec-
tric field, enzymatic digestion, extrusion, microwave, ohmic heating, supercritical 
fluids are increasingly used due to greater sustainability and efficiency [3, 12].

In terms of biosynthesis, bioactive compounds can be formed in different ways. 
Terpenes are biosynthesized via the cytosolic mevalonic acid (MVA) pathway and 
the methylerythritol phosphate (MEP) pathway [16]. The biosynthesis of phenolic 
compounds involves several pathways, the shikimic acid pathway, phenylpropanoid 
and flavonoid pathways [9]. In contrast, the shikimic acid pathway is the main route 
involved in alkaloid biosynthesis [17].

The benefits of these compounds are a consequence of several proven bioactive 
properties, mainly antioxidant, anti-inflammatory and antimicrobial effects [8].

In general, most bioactive compounds have a marked antioxidant capacity due to 
their ability to capture reactive species [8]. Furthermore, they improve endogenous 
antioxidant defenses in vivo, allowing an attractive therapeutic approach against 
oxidative stress and related diseases [18].

The role of bioactive in inflammatory processes is evidenced by reducing 
signalers such as pro-inflammatory cytokines, chemokines, interleukins, inducible 
enzymes (cyclooxygenase-2 and inducible nitric oxide synthase) and inflammatory 
mediators (prostaglandins, leukotrienes and thromboxane). These pathologi-
cal events are associated with the development and progression of most chronic 
diseases, such as type II diabetes mellitus, obesity, neurodegenerative disorders, 
cardiovascular diseases and cancer [19].

The antimicrobial activity of bioactive compounds has been reported for dif-
ferent microorganisms [20]. This activity is often associated with phenolic com-
pounds, and it is believed that they use active redox metals from the microbial cell, 
causing an imbalance in the redox state and consequently cell death [21].

In addition to these mentioned properties, several other effects are associated 
with bioactive compounds, including anticancer, neuroprotection, hepatoprotec-
tive, immunomodulatory activities and dyslipidemias control [18, 22–25].

The chapters presented in this book provide a reliable compilation of biosynthe-
sized active compounds with proven activities that can contribute to the develop-
ment of products by industry.
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Chapter 2

Pharmacological Role of 
Biosynthetic Products
Yakubu Jibira and Paul Atawuchugi

Abstract

A product such as hydrated carbons (carbohydrates), lipids, proteins, and 
nucleic acids play significant roles in plants metabolically. But there are other 
natural organic products manufactured by plants, some of the products are com-
plex molecules, which are not primary metabolites. These biosynthetic products 
have possesses a variety of therapeutic merits in drug discovery. Some biosynthetic 
products show numerous appreciable therapeutic effects making them beneficial 
for trimming down polypharmacy and as viable candidates for the management 
of chronic diseases such as diabetes and hypertension in patients. The chapter 
discusses the pharmacological role of some biosynthetic products from plants and 
animals.

Keywords: alkaloids, phytosterols, biosynthesis, amino acids, pharmacological, 
terpenes

1. Introduction

Natural products are mostly produced by a living organism. A product such as 
carbohydrates, lipids, proteins, and nucleic acids play significantly impact on the 
primary role in in plants in terms of their metabolic reactions. Moreover, other 
natural organic compounds have also been known to be produced by plants, with 
which some of them are complex molecules, which are not primary metabolites. 
Different organisms may produce the same compounds through different pathways 
(e.g., convergent evolution), even if they are widely separated phylogenetically. 
The same organism may produce some compounds via over one biosynthetic path. 
There may be over one path available, such as in a changed linear process or meta-
bolic grid. Even if the same compound is present in two different organisms, they 
may be formed via different pathways. This, however, is more likely for metabolites 
with simple structures. It derives the major precursors from the metabolism of 
carbohydrate (sugars), protein (amino acids), and lipid (fatty acid). The pathway 
derived biosynthetically for aromatic amino acids is an integral source of aromatic 
compounds such as flavonoids, phenols, and some alkaloids. Glycolysis yields an 
important metabolite such as acetyl-CoA and also via the beta-oxidation of fatty 
acids and also used in the tricarboxylic acid cycle (TCA) in the manufacture of 
organic acids, which are also starting materials for secondary metabolites. Also, 
acetyl-CoA plays important role in synthesizing terpenes, which forms a distinct 
class of metabolites.
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2. Animal biosynthetic product

Animals contain many unique small molecules, including bioactive secondary 
metabolites. The compounds are protective, offensive or involved in communica-
tion [1]. Most of this product is also biologically effective, and they include the 
following.

2.1 Terpenes

Terpenes occur widely in nature. They are a large and varied class of hydrocar-
bons, which are produced by a wide variety of plants and by some animals. Terpenes 
are biosynthetically derived from isoprene units with the molecular formula C5H8. 
In bacteria and plants, isoprene precursor’s dimethylallyl pyrophosphate and 
isopentenyl pyrophosphate can be made either via the mevalonate or deoxyxylulose 
phosphate pathways, but in animals’ mevalonate is the source of these precursors 
[2]. The mevalonate pathway is the universal source of the terpenoid C5 precursor’s 
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). In 
this pathway, three molecules of acetyl-CoA are condensed to 3-hydroxy-3-meth-
ylglutaryl-CoA with subsequent reduction to mevalonate, which is converted to 
IPP and DMAPP. Terpenes can exist as hydrocarbons or have oxygen-containing 
compounds such as hydroxyl, carboxyl, ketone, or aldehyde groups. After chemical 
modification of terpenes, it refers to the resulting compounds as terpenoids [3].

In the biochemical pathway of terpenoid synthesis, prenyltransferases take 
part in the condensation of activated forms of isoprene units. They link IPP with 
an isopentenyl diphosphate isomer of DMAPP in a “head-to-tail” manner. The 
linear chains of phenyl diphosphates that are formed in the reaction may also be 
changed through dimerization or cyclization by terpene synthase, forming terpe-
noids with new functions. They classify the resulting terpenes in order of size into 
hemiterpene, monoterpenes, sesquiterpenes, diterpene, triterpene, tetra terpenes, 
and polyterpenes. Hemiterpene comprises a single isoprene unit and changed into 
oxygen-containing derivatives called hemiterpenoids [3].

We have found terpenoids to be useful in the prevention and therapy of several 
diseases, including cancer, and also to have antimicrobial, antifungal, antiparasitic, 
antiviral, anti-allergenic, antispasmodic, antihyperglycemic, anti-inflammatory, 
and immunomodulatory properties [3].

2.2 Carnitine

Vaz and Wanders, [4] have described that carnitine plays a vital role in energy 
production in living organisms in terms of metabolism since it enables activated 
fatty acids to enter the mitochondria, where broken down via β-oxidation. 
Carnitine is present in all animal species, including other multiple micro-organisms 
and plants. They maintain its homoeostasis through endogenous synthesis, 
absorption from dietary sources and efficient tubular reabsorption by the kidney. 
Animal tissues contain relatively high amounts of carnitine, varying between 0.2 
and 6 μmol/g, with the highest concentrations in heart and skeletal muscle. Apart 
from the diet being the primary source of carnitine, most mammals can synthesize 
carnitine internally [4].

Carnitine synthesis is from two amino acids; precisely lysine and methionine. 
Lysine serves as the carbon backbone of carnitine and the 4-N-methyl groups 
emanate from methionine [5]. Proteins in mammals contain N’trimethyl-lysine 
(TML) residues. N-methylation of these lysine residues occurs as a post-trans-
lational event in proteins such as calmodulin, myosin, actin, cytochrome c and 
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histones. This reaction mostly catalysed by specific methyltransferase, which uses 
S-adenosylmethionine as a methyl donor. TML is the first metabolite of carnitine 
biosynthesis is released through the action of Lysosomal hydrolysis of these pro-
teins. TML is first hydroxylated on the 3-position by TML to yield 3-hydroxy TML 
(HTML). Aldolytic cleavage of HTML yields 4-trimethylaminobutyraldehyde 
(TMABA) and glycine, a reaction catalysed by HTML aldolase (HTMLA; EC 
4.1.2.‘X’). Dehydrogenation of TMABA by TMABA dehydrogenase (TMABA-DH; 
EC 1.2.1.47) results in the formation of 4-Ntrimethylaminobutyrate (butyrobeta-
ine). In the irrevocable step, butyrobetaine is hydroxylated on the 3-position by 
γ-butyrobetaine dioxygenase to yield carnitine [4]. Carnitine has an important role 
in the transport of activated long-chain fatty acids from the cytosol to the mito-
chondrial matrix where β-oxidation takes place. Second, they involve carnitine in 
transferring the products of peroxisomal β-oxidation, including acetyl-CoA, to the 
mitochondria for oxidation to CO2 and H2O in the Krebs cycle.

Pharmacologically, carnitine has possessed several effects on bone mass, male 
infertility, cognitive support, [6] metabolic function improvement, [7] neuropro-
tective effects in Alzheimer’s dementia [8] and Parkinson’s disease, [9] protection 
against oxidative stress damage, [10] congestive heart failure, hypertrophic heart 
disease, and peripheral arterial disease treatment [11]. They have also shown it to 
improve peripheral vasodilator activity [12].

From [13] the ability of an agent to control endothelial dysfunction is through 
upsetting the balance between the production of a vasodilator such as nitric oxide 
and vasoconstrictor, such as endothelin-1 substances in response to physical or 
chemical stimuli. This is because it is through that imbalance that leads to endothe-
lial dysfunction, which is one of the initial steps in atherogenesis [14]. They relate 
endothelial dysfunction to cardiovascular risk factors such as arterial hypertension, 
dyslipidemia, diabetes, and obesity [15, 16]. They have therefore investigated car-
nitine gas in rats’ models to cause an endothelium-dependent dilatation in arteries, 
since endothelial nitric oxide seemed to be the main mediator of vasodilatation [17]. 
For the cardioprotective ability of carnitine to serve as a cardioprotective agent, 
isolated rat working heart through different antioxidant mechanisms in most of the 
cases [18]. In terms of insulin resistance, this is where a 20 weeks treatment with 
carnitine in animal obese models resulted in a reduction in body weight, abdominal 
adiposity, plasmatic insulin, and liver triglyceride content [19]. Several, studies have 
been conducted on the antioxidant properties of carnitine and was due mainly to a 
reduction in both lipid peroxidation and free radical generation [20]. A decreased 
expression of inducible NO synthase and protein nitration, and inhibition of 
tubular necrosis and neutrophil infiltration in transplanted kidneys [21] . For 
antioxidant study [22] also revealed that carnitine and its derivatives fundamental 
mechanisms as participating in redox signalling that affects transcription factors 
(Nrf2, PPARα, NF-κB, etc.) and activating the vitagene network.

2.3 Pheromone

Pheromone plays a key role in sexual communication and reproduction in many 
insects such as the moth’s species. In some insects, the pheromone is biosynthesized 
and released by specialized sex pheromone glands (PGs) that are along the inter-
segmental membrane between the 8th and 9th abdominal segments of females. 
Although the general pathway of sex pheromone synthesis in most species has not 
been established and the molecular mechanisms remain poorly understood [23]. 
Although de novo synthesis is more prevalent in the species studied to date, there 
are multiple examples of pheromone components derived from host precursors. 
Sometimes, such as leucine, used as starting material for fatty-acid derived sex 
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pheromone biosynthesis by Holomelina spp. (Lepidoptera: Arctiidae), the putative 
plant-derived precursor is extensively elaborated by a typically de novo pathway. In 
other cases, it converts a highly elaborated host precursor to a pheromone component 
through a simple chemical transformation. While they originally reported the utiliza-
tion of host precursors for pheromone biosynthesis in some insects, subsequent 
studies showed that pheromone biosynthesis was only or partially de novo [23].

The analysis of different pheromone glands in different species has revealed 
the occurrence of unusual fatty acids that have been proposed as precursors of 
pheromone components. Many lepidopteran sex pheromones are produced by 
P-oxidation steps with desaturase systems. However, only a few studies have a 
combination of different fatty acyl intermediates been used to show experimentally 
a pheromone biosynthetic pathway [23].

From [24] sex pheromone biosynthesis in moths begins with a palmitic or stearic 
acid moiety that is synthesized de novo in the PG through modifications of the 
fatty acid biosynthetic pathway. Through a series of enzymatic reactions such as 
desaturation, chain-shortening reaction, reduction, acetylation, and oxidation, it 
then converts the palmitic or stearic acids to the final pheromone components in a 
step-wise manner. Therefore, different enzymes are likely to be involved in the dif-
ferent reactions, and to date, the genes encoding 4 different classes of enzymes that 
are essential for this pathway have been functionally identified desaturases (Des), 
fatty acid reductases (FARs), fatty acid transport proteins (FATPs), and acyl-CoA-
binding proteins (ACBPs) [24].

Pheromones, a chemical or blend of chemicals released by an organism that 
causes a specific behavioral or physiological reaction in one or more conspecific 
individuals are important mediators of communication for bacteria, plants, and 
animals in these environments. Pheromone systems of insects have proved to be 
some of the richest intellectual sources for the nascent science of chemical ecology 
the composite pheromones can be classed into six behaviorally functional groups: 
sex, aggregation, dispersal (spacing or epideictic), alarm, recruitment (trail), and 
maturation [24].

Pheromones are noted to function as opposite-sex attractants, same-sex repel-
lents, and mother-infant bonding attractants and as menstrual cycle modulators 
[25]. A review article by [26] concluded that pheromones have aphrodisiac activity.

2.4 Melanin

Melanin is an abundant biological pigment that is present in mammalian which 
is located in areas such as skin, hair, eyes, ears and the nervous system. Birds’ 
feathers, squid’s ink, insects, plants and many other biological systems have been 
also known to contain melanin. It classifies melanin into three groups: eumelanin, 
pheomelanin and allomelanins. We term nervous system melanins as neuromelanin. 
Eumelanin colours commonly present as black or brown in animals [27].

Amino acid tyrosine is needed in the production of melanin, but its actions 
are catalyzed enzymatically by tyrosinase. In their primary biosynthetic pathway, 
tyrosine is hydroxylated to form the catecholamine 3,4-dihydroxyphenylalanine 
(DOPA), which is then oxidized to form 3,4-dioxyphenylalanine (dopa quinone) 
before cyclization to 5,6-indole quinones and their subsequent polymerization to 
form melanin [27].

Mason-Raper pathway can also produce melanin, and it started by the usage of 
tyrosine to form dihydroxyphenylalanine by tyrosinase through an oxidation reaction. 
The product (dihydroxyphenylalanine) formed is then oxidized by the same enzyme 
to dopa quinone, which rearranges spontaneously to leuco dopa chrome and then to 
dopa chrome. An unusual trait of dopa chrome that of decolorizing slowly if held 
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under a vacuum allowed the identification of the subsequent intermediate 5,6-dihy-
droxy indole-2 carbolic acid, which loses its carboxyl group to become 5,6-dihydroxy 
dole. Upon exposure to air 5,6-dihydroxy indole is oxidized to indole 5,6-quinone and 
then to melano chrome, a purple compound that polymerizes to melanin [27].

Similar to the biosynthesis of eumelanin, melanin known as pheomelanin is 
biologically synthesized, except that it incorporates a precursor containing sulphur 
in the structure.

It has revealed melanin from natural sources to exhibit a broad spectrum of 
biological activities such as UV radiation protection, enzymatic lysis, and damage 
by oxidants, and resistance to drugs by pathogens, protection of insects against 
bacteria and antiviral protection. They have shown melanin to chelate metal ions 
and to act as a physiological redox buffer [27]. With this in mind, several studies 
have pharmacologically shown that melanin is indeed effective as an antioxidant, 
[28–30] Immunomodulatory and enhancement, [31–34] hepatoprotective, [35] 
anticarcinogenic effects, [36] and anti-inflammatory [37].

Studies conducted in Nigella sativa L. by [38, 39] which contains a lot of mela-
nin in its seeds had the potential of treating imbalanced cytokine production and 
unconcern cancer and other immunotherapies. This was possible because melanin 
induced TNF-alpha, IL-6 and VEGF mRNA expression.

Melanins from various sources exhibit significant antioxidant activity, melanin 
protects pigmented cells and adjacent tissues by adsorbing potentially harmful 
substances, which are then slowly released in nontoxic concentrations, Besides, 
melanin could also interact with orally administered drugs and a vehicle for drug 
delivery, Melanin extracted from different species of tea displays protective effects 
against hydrazine-induced liver injury, a remarkable anti-inflammatory effect of 
melanin has been reported [34].

2.5 Cholesterol

The most ubiquitous sterol in the animal system is present as cholesterol. But 
plant lack cholesterol notwithstanding, they contain structurally similar other 
sterol and similar biosynthetic pathway exist both in plants and animals and some 
prokaryotes. In humans, Normal healthy adults synthesize cholesterol at a rate of 
approximately 1 g/day and consume approximately 0.3 g/day. A relatively constant 
level of cholesterol in the body (150–200 mg/dL) is maintained primarily by 
controlling the level of de novo synthesis, which is partly regulated in part by the 
dietary intake of cholesterol [40].

Cholesterol is biosynthesized from a 2-carbon metabolic intermediate, acetyl-
CoA hooked end to end involving several enzymatic reactions and finally gets 
converted into the 27-carbon molecule of cholesterol. Metabolism (catabolism) of 
lipids, carbohydrates and proteins leads to the formation of AcetylCoA. The process 
of cholesterol synthesis has five major steps where the conversion of Acetyl-CoAs 
to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) is the first. HMG-CoA is con-
verted to mevalonate, followed by the formation of an isoprene-based molecule, 
isopentenyl pyrophosphate (IPP), with the concomitant loss of CO2 from mevalon-
ate. It, therefore, converts the IPP to squalene, where cholesterol is formed from 
squalene as the last step. The reaction is repeated with the units of Acetyl-CoA. 
Two moles of acetyl-CoA are condensed in a reversal of the thiolase reaction, 
forming acetoacetyl-CoA. Acetoacetyl-CoA and the third mole of acetyl-CoA are 
converted to HMG-CoA by the action of HMG-CoA synthase. HMG-CoA is con-
verted to mevalonate by HMG-CoA reductase, HMGR (it binds this enzyme in the 
endoplasmic reticulum, ER). HMGR requires NADPH as a cofactor, and two moles 
of NADPH are consumed during the conversion of HMG-CoA to mevalonate. 
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The reaction catalyzed by HMGR is the rate-limiting step of cholesterol biosyn-
thesis. Mevalonate is then activated by three successive phosphorylations, yielding 
5-pyrophosphomevalonate. Phosphorylation mevalonate and successive reactions 
maintain their solubility since otherwise, these are insoluble in water [40].

Cholesterol from both diet and synthesis is utilized in the formation of 
membranes and the synthesis of the steroid hormones and bile acids, regulating 
membrane fluidity and permeability as a cell membrane structural component, 
formatting lipid rafts with sphingolipid to mediate cell-to-cell recognition,  
adhesion, and communication [40].

3. Biosynthesis of plant origin

Different plants not only synthesize different aromatic secondary metabolites 
but also synthesize varying amounts of them at specific times and in specific 
subcellular compartments. One would expect that regulation of the differential 
biosynthesis of sometimes very complex molecular structures might involve regula-
tion of the supply of the precursors influencing the rate-limiting step for carbon 
flow through the shikimate pathway. Recent data on transgenic potatoes give some 
sign that this is indeed the case [41].

3.1 Biosynthesis of terpenoid compounds

Some terpenoids play an important role in plant growth and development, such 
as gibberellin, as plant hormones regulate plant development. Other terpenoids play 
a role in the interaction between plants and the environment, such as participating 
in plant defence systems as phytoalexins and interspecies competition as interspe-
cific sensing compounds. Terpenoids make up one of the largest and structurally 
diverse groups of naturally occurring compounds [42]. Mevalonic acid is mostly 
employed as a terpenoid synthetic racemate; however, mevalonic acid dimethoxy 
acetal may be resolved as its quinine salt. The acetates of the individual enantio-
mers of mevalonolactone are much less soluble than the racemate, and these may 
determine the purity and chirality of biosynthetic mevalonate. The steric course of 
many terpenoid biosynthetic processes has been followed using the stereospecifi-
cally deuterated and tritiated 2R,3R- [2-'H]-, 2S,3R- [2-3H]-, 3R,4R- [4–3 H] -, 
3R,4S- [4- HI-, and 3R,5R- [S 3 H]-mevalonate. Several routes for preparing 5S- 
[5-3H] mevalonate have been described. [l-3H] Isopentenal is a substrate for liver 
alcohol dehydrogenase and this affords 1 s- [l-3H] isopentenyl, which may then be 
converted into mevalonic acid. Alternatively, [5-3H] mevalonic acid can be reduced 
enzymatically with mevalonate reductase to afford 5S-[5-3H] mevalonic acid. The 
hemithioacetal of mevalonate and coenzyme-A is reduced by 3-hydroxy-3-methyl-
glutaryl COA reductase.” The steric course of this reduction is now known and they 
can also adapt this to afford 3R,5S- [5-3H] mevalonic acid. They have reported a 
mevalonate kinase assay [13]. An enzyme system capable of forming the mono- and 
pyro-phosphates of mevalonic acid, isopentenyl pyrophosphate and dimethylallyl 
pyrophosphate has been isolated ‘From orange-juice vesicles and shown to convert 
isopentenyl pyrophosphate and dimethylallyl pyrophosphate into linalool [42].

3.1.1 Pharmacology of terpenoids

Antitumour, [43] anti-inflammatory, antibacterial effects, cardiovascular 
effects, antimalarial, hypoglycemic effect, and transdermal absorption promotion 
have been investigated to give such pharmacological activities. Other activities apart 
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from the mentioned above include insect resistance, immunoregulation, anti-
oxidation, antiaging, and neuroprotection have also been known [3].

3.1.2 Works done on terpenoids

They have conducted several studies on terpenoids and their outcomes are 
promising. For antitumour activity, they have shown that perillyl alcohol which 
contains terpenoids plays a preventive and therapeutic role in cancer. The results 
showed that the administration of perillyl alcohol in rats can significantly reduce the 
incidence and multiplicity of colonic invasive adenocarcinoma caused by the injec-
tion of carcinogen azomethane [43]. Paeoniflorin which is a monoterpene glycoside 
compound isolated from the root of Paeonia lactiflora gave significant levels of 
anti-inflammatory activity. It could also dose-dependently inhibit the production 
of inflammatory factor nitric oxide (NO), interleukin-6 (IL-6) and tumour necrosis 
factor-alpha (TNF-α) induced by lipopolysaccharides (LPS) [44]. Besides, menthol, 
which is a cyclic monoterpene, has been shown to have antibacterial activity [45], 
they found that menthol showed significant inhibitory activity of biofilm when 
studying the effects of plant-derived terpenoids on Candida albicans. Several studies 
have also shown that terpenoids, particularly artemisinin which is a sesquiterpene 
lactone compound isolated from Artemisia annua Linn, has an effective antimalarial 
activity and currently in use [3]. The latest findings suggest that tanshinone IIA (TS) 
which is a terpenoid can prevent the formation of atherosclerosis and the damage 
and hypertrophy of the heart. This is because of its ability to inhibit the oxidation of 
low-density lipoprotein and the expression of proinflammatory factors, and TS also 
has certain activity and potential to stabilize atherosclerotic plaque [46].

3.2 Biosynthesis of pinocembrin

In plant propolis, pinocembrin is one of the most abundant flavonoid, and it could 
also be commonly found in a most plants. Biological synthesis plays a significant part 
in synthesizing pinocembrin owing to its increased yield and low cost in production. 
They can extract pinocembrin from product of nature but that methodology is of 
high production cost and reduced yield. Biological synthesis from microorganisms 
features the advantages of low cost and large product yield, which compensate for the 
lack pinocembrin natural sources [47]. Escherichia coli has been known to be used in 
the production of pinocembrin. Recently, efficient way of producing pinocembrin 
has been the main goal of most researchers. Biological production of pinocembrin 
mostly requires that one needs to supplement an expensive phenylpropanoid starting 
materials, resenting a key problem in previous studies. Genetic engineering is now 
the breakthrough in the synthesis of pinocembrin biosynthesis, where there is the 
usage of bacteria to construct the synthesis of pinocembrin from glucose. To manu-
facture the flavonoid precursor (2S)-pinocembrin directly from glucose, four-vectors 
have been assembled, 3-deoxy-D-arabinoheptulosonate-7-phosphate synthase, 
chorismite mutase/pre-phenate dehydratase, phenylalanine ammonia-lyase (PAL), 
4-coumarate: CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase 
(CHI), malonate synthetase, malonate dehydratase, and malonate carrier protein. 
Pinocembrin synthesis from glucose can be achieved through adjustment of other 
corresponding parameters in the synthetic pathways [47].

3.2.1 Pharmacological activities

Pharmacologically, pinocembrin can exhibit anti-inflammatory, [48] antioxi-
dant, [49] antibacterial [50] and neuroprotective activities [51]. They mainly use 
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from the mentioned above include insect resistance, immunoregulation, anti-
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Pinocembrin for the treatment of ischemic stroke. Moreover, current studies have 
shown that pinocembrin may have an effect of reversing Parkinson’s disease (PD) and 
Alzheimer’s disease (AD) in affected patients [52]. It has also been shown to exhibit 
anti-pulmonary fibrosis and vasodilating effects. Pinocembrin undergoes several 
pathways to perform its pharmacological effects. In addition, pinocembrin could 
also ease blood brain barrier (BBB) disruption and neurological injury by interfering 
and reducing the levels of inflammatory factors and reactive oxygen species (ROS). 
Also, pinocembrin is known to preserve mitochondrial integrity via the activation of 
the signal-regulated kinase/nuclear factor erythroid 2-related factor 2 (Erk1/2-Nrf2) 
pathway extracellularly [53]. Pinocembrin also attenuates apoptosis by affecting the 
p53 pathway, influencing the Bax-Bcl-2 ratio and cytochrome C release [54].

3.2.2 Works done on pinocembrin

The brain of rats has been demonstrated to be protected against apoptosis and 
oxidation induced by ischemia–reperfusion both in vivo and in vitro. Pinocembrin 
attenuates blood–brain barrier injury induced by global cerebral ischemia–reperfu-
sion in rats [55]. Further research work is also showing that Pinocembrin has the 
potential of giving positive outcomes in the treatment of ischemic stroke. This is 
because it can significantly cause a reduction in the regions of cerebral infarction 
in rats and cerebral ischemia and reduce the level of cerebral oedema and apoptosis 
of the cells in the nerve [47]. Shen et al., [47] concluded that pinocembrin exhibits 
several effects on, Parkinson’s disease, ischemic stroke, solid tumors, Alzheimer’s 
disease, and some other diseases because of possibility of releasing inflamma-
tory factors by halting several signaling pathways, such as PI3K/AKT and MAPK. 
Antioxidant role is also known in pinocembrin because of its ability to reduce the 
release of NO, nNOS, ROS and iNOS.

3.3 Biosynthesis of polyphenols

Polyphenols constitute an integral class of key secondary metabolites with 
multiple phenolic hydroxyl groups including flavonoids, stilbenes, phenolic acids, 
and tannins (hydrolysable and condensed) [56] synthesized mainly by a metabolic 
pathway termed phenylpropanoid [57].

The biological synthetic routes of polyphenols involve the phenylpropanoid 
and shikimic acid metabolism pathways [58]. In Salvia species, polyphenols found 
are mainly reduced by the phenylpropanoid metabolic pathway [57–60] and most 
derivatives have synonymous basic structures [61].

Tyrosine and Phenylalanine are precursor compounds of the phenylpropanoid 
metabolic pathway, and their biosynthetic pathways make up two (2) parallel 
branches of this pathway involving five rate-limiting enzymes [62, 63]. These 
enzymes consist of phenylalanine ammonia-lyase (PAL); which is a key regulatory 
enzyme in plant metabolism, cinnamic acid-4-hydroxylase (C4H) and 4-couma-
rate: coenzyme A (COA) ligase (a peculiar regulatory enzyme in the phenylalanine 
branch), rosmarinic acid synthase (a key enzyme in catalytic synthesis) and tyro-
sine aminotransferase (the initial key enzyme and rate-limiting enzyme in tyrosine 
metabolism pathway), [64].

Caffeic acid derivatives are phenolic acids derived from Salvia species which are 
mostly produced via esterification of caffeic acid with danshensu [65, 66]. Caffeic 
acid originates from the class of phenyl propionic acid, [67] and it is the fundamen-
tal structural unit of phenolic acids [68]. Phenylalanine is the precursor compound 
of caffeic acid, which helps in the production of caffeic acid through the action of 
C4H and PAL enzymes.
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It plays a key role in the metabolic pathway of phenylpropanoid and is a 
precursor compound of rosmarinic acid [69, 70]. Studies have speculated that, 
catalysis of caffeoyl CoA in the main synthetic route of rosmarinic acid, caffeic 
acid. Subsequently, caffeoyl CoA and 4-hydroxyphenyl acetic acid is catalysed by 
hydroxycinnamoyl-CoA: hydroxyphenyllactate hydroxycinnamoyl transferase 
(rosmarinic acid synthase (RAS)) to earn caffeoyl-40-hydroxy phenylacetic acid 
(caffeoyl-40-HPLA).

The reaction is finally catalyzed by CYP98A14 to rosmarinic acid [71]. 
Rosmarinic acid is employed in the formation of Salvianolic acid E under the action 
of enzymes and other reactions which are then transformed into salvianolic acid 
B and other compounds. This observation seeks to infer that rosmarinic acid is the 
core constituent unit of a series of complex phenolic acids, such as salvianolic acids 
[72, 73]. Complex phenolic compounds formation is based mostly on rosmarinic 
acid synthesis [61].

The phenylpropanoid metabolic pathway is an important upstream pathway for 
producing flavonoids such as anthocyanins, isoflavonoids, and flavonoids [74].

3.3.1 Pharmacology of polyphenols

They exhibit numerous pharmacological activities, such as anti-cardiovascular, 
[75] anti-oxidation [76], anti-tumor [77] anti-inflammatory [78]. Other pharma-
cological activities exhibited by polyphenols include; anti-hypertensive (caffeic 
acid, chlorogenic acid and salvianolic acid A), memory and cognitive impairment 
improvement (rosmarinic acid, total salvianolic acid), hypoglycemic (Salvianolic 
acid B), antiviral (Protocatechuic aldehyde, Magnesium lithospermate B, rosmaric 
acid), prevents and treats cancer (Danshensu, Protocatechualdehyde) [79].

3.3.2 Works done on polyphenols

Chang et al., [80] have illustrated that phenolic acids exhibit better antioxidant 
properties because of their mechanism of action including, inhibition of free radical 
generation, free radical scavenging and lipid peroxidation. A study showed that 
rosmarinic acid, danshensu and caffeic acid were as effective as the positive control 
(quercetin), which scavenged 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals in 
a concentration-dependent way. On the other hand, ferulic acid was less effective 
[81]. Other studies have shown that danshensu and salvianolic acid B showed 
greater scavenging activities against HO·, −, DPPH, O2-, and 2,20-and-bis (3-eth-
ylbenzothiazoline-6-sulphonic acid (ABTS) than the other constituents. Among 
them, the half-maximal inhibitory concentration (IC50) of salvianolic acid B and 
danshensu were not significantly different, and there was no obvious difference in 
the scavenging actions of hydroxyl radicals [82]. Thus, hydroxyl radical scavengers 
are phenolic acids are.

Studies on inhibition of spontaneous lipid peroxidation in liver tissue of poly-
phenols in mice lead to the formation to the following order after testing all the 
seven polyphenols. Rosmarinic emerged the most efficacious followed by caffeic 
acid, protocatechuic aldehyde, chlorogenic acid, ferulic acid, and danshensu. 
3-hydroxycinnamic acid was studied in hydrogen peroxide -induced liver lipid per-
oxidation in rodents’ model. Also, other in vitro studies confirmed the antioxidants 
effects of these phenolic acids [83].

Salvianolic acid B was found to be effective in the reduction of myocardial 
ischemia–reperfusion injury. Ischemia–reperfusion model was established by 
ligating the left circumflex artery in Sprague–Dawley (SD) rats against myocar-
dial ischemia–reperfusion injury and the concentration and apoptotic index of 
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the plasma level of myocardial enzymes (cardiac troponins (CTn) I and creatine 
kinase-MB (CKMB)), endothelin (ET), superoxide dismutase (SOD), nitric oxide 
(NO), malondialdehyde (MDA), and histological changes of the heart were deter-
mined. The outcome was observed that salvianolic acid B significantly increased 
the plasma levels of CTn I, CKMB, MDA, and ET contents; decrease in T-SOD and 
NO contents; reduction in infarct size; and improved myocardial ultrastructure. 
It was concluded that salvianolic acid B has an impact against conditions such as 
myocardial ischemia–reperfusion injury via the regulation of reducing oxida-
tive stress, active oxygen metabolism, and myocardial apoptosis [84]. A study 
conducted by [85] also stated that salvianolic acid which is a phenolic could 
also be effective in alleviating ischemic-reperfusion injury. It could also prevent 
myocardial ischemia–reperfusion injury through an increased glucose condi-
tion by adjusting the NADPH oxidase 2 (Nox2)/reactive oxygen species (ROS)/
phosphorylated-c-Jun N-terminal kinase 2 (p-JNK2)/NF-κB pathway to reduce 
transient receptor potential cation channel, member 6 (TRPC6)/Ca2+ influx, 
subfamily C [86].

Anti-thrombotic effects which are through its actions on blood rheology has 
also been known to be a possible action of salvianolic acid in S. miltiorrhiza. It also 
acts as to prevent platelet aggregation by targeting P2Y1 or P2Y12 receptors, which 
are novel target receptors required for anti-platelet aggregation. Salvianolic acid 
B experimentally, only antagonizes the action of platelet P2Y12 receptors, while 
salvianolic acid A and C are P2Y12 and P2Y1 receptor inhibitors [87].

Other studies by [88] have also illustrated that caffeic acid can inhibit platelet-
mediated thrombosis by P-selectin expression, repression of ADP-induced platelet 
aggregation, ATP release, and Ca2+ mobilization and attenuate the activation of 
ERK, p38, JNK, and integrin αIIbβ3. It could also increase cAMP expression levels.

Better antiplatelet and anti-thrombotic therapeutic efficacy have also been 
demonstrated in Danshensu when compared to other constituents. Several con-
tributions have been made through its ability to selectively suppress balancing 
the ratio of thromboxane A2 (TXA2)/prostacyclin (PGI2) and the expression of 
cyclooxygenase (COX)-2 [89].

Several studies have been conducted on the anti-liver injury activity of 
polyphenols and from [90] salvianolic acid B protects liver cells by enhancing 
lysosome-associated membrane protein 1 (LAMP1) expression and preserving 
lysosomal membrane integrity through scavenging ROS. Salvianolic A has also 
been concluded by [91, 92] that it protects acute hepatic injury after inducing mice 
models with concanavalin A. The outcome of the liver function markers, alanine 
aminotransferase (ALT) and serum aspartate aminotransferase (AST) showed 
that salvianolic acid A significantly reduced ConA-induced AST and ALT activity. 
Also, there was a reduction in the hepatotoxic cytokine levels, such as interferon 
(IFN)-γ and tumor necrosis factor (TNF)-α; improvement in the increased NF-κB 
level and cleaved caspase-3; and reversal of B-cell lymphoma-extra-large (Bcl-xL) 
expression [79].

Wang et al. [90] concluded that salvianolic acid B seems to be effective and 
safe, and it could develop this natural component into a potential therapeutic 
agent for the management of glioma. This is because of its inhibitory actions on the 
human glioma U80 cells, which its initiation leads to p38-activation-mediated ROS 
production.

Reviews conducted by Rasouli et al. [93] throws more light on the importance of 
polyphenols from foods. This because they are beneficial in most health conditions 
including pernicious human diseases (HDs). Also, people who followed a specific 
diet particularly polyphenol-rich diets are of lower risk of several ranges of chronic 
diseases, such as diabetes, obesity, cancer, and heart disease.
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3.4 Biosynthesis of berberine

Berberine is a quaternary ammonium salt and it’s from a group of isoquinoline 
alkaloids termed 2,3–methylenedioxy-9,10-dimethoxyprotoberberine chloride; 
C20H18NO4+. It is highly concentrated in the roots, stem bark, rhizomes and of 
numerous plants including Rhizoma coptidis, Tinospora cordifolia, Coptis chinensis,  
Hydrastis canadensis, Berberis vulgaris, Berberis aquifolium, Berberis aristata, 
Arcangelisia flava and Cortex rhellodendri [94].

Berberine comprises of several derivatives such as berberrubine, jatrorrhizine 
thalifendine, and demethyleneberberine [94].

3.4.1 Pharmacological activity

Pharmacologically, almost all parts of the plant have been shown to have several 
properties. These pharmacological properties of berberine includes antiemetic, 
antipyretic, tonic, antimicrobial, antipruritic, antiarrhythmic, sedative, antioxidant, 
anti-inflammatory, hypotensive, antinociceptive, anticholinergic and cholagogue 
actions, and it has been used sometimes like dysentery cholecystitis, cholelithiasis, 
leishmaniasis, jaundice, malaria and gall stones [95]. Berberine has been used 
for treating diarrhoea and gastrointestinal disorders for a long time [96, 97]. It 
has multiple pharmacological effects including; antimicrobial activity against 54 
microorganisms, [98] inhibition of intestinal ion secretion and smooth muscle 
contraction, inhibition of ventricular tachyarrhythmia, reduction of inflammation, 
stimulation of bile secretion and bilirubin discharge [99]. Moreover, [100] have 
reviewed that berberine to possess pharmacological activities such as insulin secre-
tion promotion, insulin resistance reduction, increased insulin secretion, inhibiting 
gluconeogenesis in the liver, stimulating glycolysis in peripheral tissue cells, reducing 
intestinal absorption of glucose, and regulating lipid metabolism, and modulat-
ing gut microbiota. Also, it is significant in the treatment of diabetic nephropathy, 
diabetic neuropathy, and diabetic cardiomyopathy because of its anti-inflammatory 
and antioxidant activities, in inflammatory diseases.

3.4.2 Works done on berberine

Antidiabetic activity of berberine has been conducted by Pang et al., [101] 
His review article highlighted several mechanisms with which berberine act to 
improve glucose control. A bibliometric review conducted between 1985–2018 also 
outlines that berberine has significant antibacterial and antipyretic effects and is a 
commonly used drug for treating infectious diarrhoea and amoebiasis. Berberine 
has significant antipyretic and antibacterial effects and its commonly used for the 
treatment of diarrhea associated with infections.

Zhao et al., [102] also added., that berberine has an improved activity in improv-
ing nonalcoholic fatty liver disease by halting glucogenesis and comprehensively 
regulating lipid metabolism, and its effect on inhibiting lipogenesis in the liver was 
much stronger. He also suggested that weight loss may partly mediate the improve-
ment and would be a drug of choice for NAFLD patients and glucose metabolic 
disorder. But they, therefore, require future clinical trials to confirm these effects.

The review article by Zhu et al., [103] threw more light on the mechanism of 
action of berberine. It was stated that berberine potentially works through an 
increase in insulin sensitivity, LDLR mRNA stabilization, improvement of mito-
chondrial function, regulation of adenosine monophosphate-activated protein 
kinase (AMPK) pathway, alleviation of oxidative stress, and regulation of gut 
microenvironment being the major targets of berberine in the treatment of NAFLD. 
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Also, the reduction of DNA methylation and that of proprotein convertase subtili-
sin/Kexin 9 (PCSK9) expression is also involved in the pharmacological mecha-
nisms of berberine involved in the management of NAFLD. Several mechanisms 
such as the immunologic mechanism in relation to the treatment of NAFLD, drug 
combinations, development of berberine derivative, delivery routes, and drug dose 
can be considered for further research.

From Cicero and Baggioni, [104] a good deal of preclinical evidence supports the 
role of berberine in the management of cerebral ischemia, Alzheimer’s disease, anxi-
ety, mental depression, and schizophrenia. However, most of these data have been 
obtained purely through experimental models [105]. Of particular interest is the 
potential antidepressant activity of berberine, it was found to inhibit the immobility 
time in mice in both tail suspension test and forced swim test. These two antidepres-
sant models all gave effects in a dose-independent manner [106]. Regarding the 
bioactivities of berberine reported, monoamine oxidase (MAO)-A activity is noted 
to be inhibited. From Kong et al., [107] (MAO)-A is an enzyme needed to catalyze 
the deamination of catecholamines oxidatively, and thus inhibiting degradation 
of these neurotransmitters. Levels of norepinephrine, serotonin and dopamine, 
neurotransmitters are increased due to induction by MAO-A enzyme after acute and 
chronic administration of berberine in mice [107]. Under Kulkarni and colleague’s 
data, Arora and Chopra [106] revealed the protective antidepressant-like activity of 
berberine against the reserpine-induced biogenic amine depletion (a monoamine 
depletion) mostly employed in the induction of depression in animals.

However, to there is therefore no conclusive data on the evaluation of the poten-
tial antidepressant effects of berberine in higher mammals such as humans [108].

The review article by Td et al., [100] has shown that berberine has the potential 
of reversing neurodegenerative effects in diseases such as Alzheimer, Huntington’s 
disease, Parkinson’s and because of its antioxidant activity. They have also conducted 
antiviral activity on berberine by Warowicka et al., [94] and he observed berberine 
could regulate the MPK/mTOR, MEK–ERK, and NF-κB signaling routes, which are 
needed for viral replication. It is deduced that it provides adequate supports to the 
host immune response, thus leading to viral clearance. Berberine and its derivatives 
might promise agents to be considered in future in the fight against the recent pan-
demic SARS-CoV-2, which is the causative agent responsible for causing COVID-19.

3.5 Biosynthesis of aristolochic acid

Roots and rhizomes of most Aristolochia species contain mixtures of nitro 
phenanthrene-carboxylic acids. The key acid is the aristolochic acid I. The aristolo-
chic acids; a group of substituted 10-nitro-1-phenanthrene acids have been known 
to occur in most species of the genus Aristolochia, and other members of the family 
Aristolochiaceae [109, 110]. Aristolochic acids emanate from aporphines through 
oxidative cleavage of the hetero ring. They stated that the results were consistent with 
the observation that the aristolochic acids rises from aporphines via oxidative cleav-
age of the hetero ring. Because the pathway from tyrosine to the product runs through 
dopa, which is an amino acid that undergoes reversible transamination in plants [111].

In all cases, aristolochic acid I and the structurally related alkaloid magnoflorine 
could be shown in the roots and rhizomes. The biogenetic relationship with the 
aporphine alkaloids was due to both the structure of aristolochic acid and its occur-
rence with magnoflorine. Aporphine skeleton could yield aristolochic acids through 
oxidative cleavage of the heterocyclic ring. Benzylisoquinoline norlaudanosoline is 
a key intermediate in the biosynthetic pathway, which can be formed from tyrosine 
or a biochemical equivalent. Aporphine skeleton is also produced from norlaudano-
soline through the phenol oxidation and dienol-benzene rearrangement [110].
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Aristolochiaceae family of plants produces aporphine alkaloid, 4,5- 
dioxoaporphine, which is referred to as possible intermediates of the precursors 
of aristolochic acids and aristo lactams [112].

3.5.1 Pharmacological activities of aristolochic acid

It has been reported by Okhale et al., [112] that Aristolochic acid antirheumat-
ics, as diuretics, in the treatment of oedema, to facilitate childbirth, in wound 
healing and for less common conditions such as cough, hemorrhoids, and asthma. 
Aristolochic acids also possess antibacterial [113, 114] antifungal, antiviral, and 
antitumor effects and in more recently, have been used in the pharmaceutical 
industry as convention usage [115, 116]. Herbal preparations with active constitu-
ents being aristolochic acids have been used for different illnesses such as urinary 
tract infection, hepatitis, vaginitis, oedema, upper respiratory tract infection, 
eczema, bronchitis, headache, oral ulcer, neuralgia, dysmenorrhea, arthralgia, 
hypertension, cerebrovascular accident, heart failure and pneumonia [117].

3.5.2 Works done on aristolochic acid

Aristolochia species that contain aristolochic acid is Aristolochia triangularis. 
Oliveira et al., [118] had revealed several studies such as the antiproliferative effect, 
and his conclusions show its outcomes are very desirable.

Several studies have reported that aristolochic acid is the potential of causing 
carcinogenic effects in humans [119]. Nephrotoxic effects of the renal cortex and 
further damage to the liver and bladder when much of it is ingested; likely because 
of the formation of bulky chemical DNA adducts. AA is dA-AA formation is the 
most abundant and mutagenic form of DNA adduct associated with. In exons 2–11 
of TP53, mutation results from bulky chemical DNA adducts, primarily of A: T base 
pairs [120, 121] have also conducted potential nephrotoxic effects of aristolochic 
acids and also proposed possible molecular mechanism of such effect. This is 
through induction of oxidative/nitros active stress and mitochondrial dysfunction, 
apoptosis induction, inflammatory responses induction, and fibrosis. A pharma-
cokinetic study conducted by [122] also added up that Aristolochic nephrotoxicity 
comprises dose-dependent and progressive tubular damage, even though significant 
changes in the morphology of glomeruli was not seen.

3.6 Biosynthesis of canthaxanthin

Canthaxanthin is a carotenoid, and it’s one class identified to possess a lot of colou-
ration. Canthaxanthin is biologically synthesized from the precursor, β-carotene, 
ketolase enzyme (BKT in algae and CRTW in bacteria) serves as the enzyme for the 
reaction. The allylic 4-position to a carbonyl group is oxidized in the β-ring, producing 
echinenone as intermediate product. The same enzyme sequentially transforms the 
40-carbon atom in the second β-ring to a carbonyl [123, 124]. This is also a substrate 
for the synthesis of another keto carotenoid astaxanthin which is of commercial inter-
est. The enzyme β-carotene hydroxylase introduces hydroxyl (OH) groups into the 
canthaxanthin rings at positions 3,30, resulting in astaxanthin formation [125].

3.6.1 Pharmacological activities of canthaxanthin

Antioxidant and free radical scavenging properties [125]. Canthaxanthin alters 
the onset of many diseases such as cataracts, atherosclerosis, multiple sclerosis, 
age-related macular degeneration, and cancer [126].



Bioactive Compounds - Biosynthesis, Characterization and Applications

18

Also, the reduction of DNA methylation and that of proprotein convertase subtili-
sin/Kexin 9 (PCSK9) expression is also involved in the pharmacological mecha-
nisms of berberine involved in the management of NAFLD. Several mechanisms 
such as the immunologic mechanism in relation to the treatment of NAFLD, drug 
combinations, development of berberine derivative, delivery routes, and drug dose 
can be considered for further research.

From Cicero and Baggioni, [104] a good deal of preclinical evidence supports the 
role of berberine in the management of cerebral ischemia, Alzheimer’s disease, anxi-
ety, mental depression, and schizophrenia. However, most of these data have been 
obtained purely through experimental models [105]. Of particular interest is the 
potential antidepressant activity of berberine, it was found to inhibit the immobility 
time in mice in both tail suspension test and forced swim test. These two antidepres-
sant models all gave effects in a dose-independent manner [106]. Regarding the 
bioactivities of berberine reported, monoamine oxidase (MAO)-A activity is noted 
to be inhibited. From Kong et al., [107] (MAO)-A is an enzyme needed to catalyze 
the deamination of catecholamines oxidatively, and thus inhibiting degradation 
of these neurotransmitters. Levels of norepinephrine, serotonin and dopamine, 
neurotransmitters are increased due to induction by MAO-A enzyme after acute and 
chronic administration of berberine in mice [107]. Under Kulkarni and colleague’s 
data, Arora and Chopra [106] revealed the protective antidepressant-like activity of 
berberine against the reserpine-induced biogenic amine depletion (a monoamine 
depletion) mostly employed in the induction of depression in animals.

However, to there is therefore no conclusive data on the evaluation of the poten-
tial antidepressant effects of berberine in higher mammals such as humans [108].

The review article by Td et al., [100] has shown that berberine has the potential 
of reversing neurodegenerative effects in diseases such as Alzheimer, Huntington’s 
disease, Parkinson’s and because of its antioxidant activity. They have also conducted 
antiviral activity on berberine by Warowicka et al., [94] and he observed berberine 
could regulate the MPK/mTOR, MEK–ERK, and NF-κB signaling routes, which are 
needed for viral replication. It is deduced that it provides adequate supports to the 
host immune response, thus leading to viral clearance. Berberine and its derivatives 
might promise agents to be considered in future in the fight against the recent pan-
demic SARS-CoV-2, which is the causative agent responsible for causing COVID-19.

3.5 Biosynthesis of aristolochic acid

Roots and rhizomes of most Aristolochia species contain mixtures of nitro 
phenanthrene-carboxylic acids. The key acid is the aristolochic acid I. The aristolo-
chic acids; a group of substituted 10-nitro-1-phenanthrene acids have been known 
to occur in most species of the genus Aristolochia, and other members of the family 
Aristolochiaceae [109, 110]. Aristolochic acids emanate from aporphines through 
oxidative cleavage of the hetero ring. They stated that the results were consistent with 
the observation that the aristolochic acids rises from aporphines via oxidative cleav-
age of the hetero ring. Because the pathway from tyrosine to the product runs through 
dopa, which is an amino acid that undergoes reversible transamination in plants [111].

In all cases, aristolochic acid I and the structurally related alkaloid magnoflorine 
could be shown in the roots and rhizomes. The biogenetic relationship with the 
aporphine alkaloids was due to both the structure of aristolochic acid and its occur-
rence with magnoflorine. Aporphine skeleton could yield aristolochic acids through 
oxidative cleavage of the heterocyclic ring. Benzylisoquinoline norlaudanosoline is 
a key intermediate in the biosynthetic pathway, which can be formed from tyrosine 
or a biochemical equivalent. Aporphine skeleton is also produced from norlaudano-
soline through the phenol oxidation and dienol-benzene rearrangement [110].

19

Pharmacological Role of Biosynthetic Products
DOI: http://dx.doi.org/10.5772/intechopen.96977

Aristolochiaceae family of plants produces aporphine alkaloid, 4,5- 
dioxoaporphine, which is referred to as possible intermediates of the precursors 
of aristolochic acids and aristo lactams [112].

3.5.1 Pharmacological activities of aristolochic acid

It has been reported by Okhale et al., [112] that Aristolochic acid antirheumat-
ics, as diuretics, in the treatment of oedema, to facilitate childbirth, in wound 
healing and for less common conditions such as cough, hemorrhoids, and asthma. 
Aristolochic acids also possess antibacterial [113, 114] antifungal, antiviral, and 
antitumor effects and in more recently, have been used in the pharmaceutical 
industry as convention usage [115, 116]. Herbal preparations with active constitu-
ents being aristolochic acids have been used for different illnesses such as urinary 
tract infection, hepatitis, vaginitis, oedema, upper respiratory tract infection, 
eczema, bronchitis, headache, oral ulcer, neuralgia, dysmenorrhea, arthralgia, 
hypertension, cerebrovascular accident, heart failure and pneumonia [117].

3.5.2 Works done on aristolochic acid

Aristolochia species that contain aristolochic acid is Aristolochia triangularis. 
Oliveira et al., [118] had revealed several studies such as the antiproliferative effect, 
and his conclusions show its outcomes are very desirable.

Several studies have reported that aristolochic acid is the potential of causing 
carcinogenic effects in humans [119]. Nephrotoxic effects of the renal cortex and 
further damage to the liver and bladder when much of it is ingested; likely because 
of the formation of bulky chemical DNA adducts. AA is dA-AA formation is the 
most abundant and mutagenic form of DNA adduct associated with. In exons 2–11 
of TP53, mutation results from bulky chemical DNA adducts, primarily of A: T base 
pairs [120, 121] have also conducted potential nephrotoxic effects of aristolochic 
acids and also proposed possible molecular mechanism of such effect. This is 
through induction of oxidative/nitros active stress and mitochondrial dysfunction, 
apoptosis induction, inflammatory responses induction, and fibrosis. A pharma-
cokinetic study conducted by [122] also added up that Aristolochic nephrotoxicity 
comprises dose-dependent and progressive tubular damage, even though significant 
changes in the morphology of glomeruli was not seen.

3.6 Biosynthesis of canthaxanthin

Canthaxanthin is a carotenoid, and it’s one class identified to possess a lot of colou-
ration. Canthaxanthin is biologically synthesized from the precursor, β-carotene, 
ketolase enzyme (BKT in algae and CRTW in bacteria) serves as the enzyme for the 
reaction. The allylic 4-position to a carbonyl group is oxidized in the β-ring, producing 
echinenone as intermediate product. The same enzyme sequentially transforms the 
40-carbon atom in the second β-ring to a carbonyl [123, 124]. This is also a substrate 
for the synthesis of another keto carotenoid astaxanthin which is of commercial inter-
est. The enzyme β-carotene hydroxylase introduces hydroxyl (OH) groups into the 
canthaxanthin rings at positions 3,30, resulting in astaxanthin formation [125].

3.6.1 Pharmacological activities of canthaxanthin

Antioxidant and free radical scavenging properties [125]. Canthaxanthin alters 
the onset of many diseases such as cataracts, atherosclerosis, multiple sclerosis, 
age-related macular degeneration, and cancer [126].



Bioactive Compounds - Biosynthesis, Characterization and Applications

20

3.6.2 Works done on canthaxanthin

Studies have shown that canthaxanthin show significantly higher free radical 
scavenging and antioxidant properties than other xanthophylls and carotenes, and 
they can also scavenge reactive oxygen species and quench singlet oxygen. Also, it 
has been revealed in in vivo experiments that the supplementation of canthaxanthin 
led to a significant decrease in lipid peroxidation to preventing induced rats liver 
DNA damage [126]. They have also found it in cell detoxification of lipopolysaccha-
rides. With respect to uses of canthaxanthin in humans, less comprehensive studies 
have been conducted to elucidate its effects and safety. It is popularly employed as 
natural skin-tanning agent, and cosmetics (Figure 1).

4. Conclusion

It employs most of these bioactive products in complementary medicine, and 
others are under clinical study. They can source bioactive products from plants, 
animal and some micro-organisms. They are produced mostly via a sequence of 
physiological processes or synthesized exogenously. Many biosynthetic products 
exhibit one therapeutic effect. These several biosynthetic metabolites have 
many pharmacological effects, thus making them useful candidates for drug 
discovery.

Figure 1. 
A summary of biological activities and health-promoting properties of biological metabolite.
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Abstract

Plants are an inexhaustible source of bioactive compounds that have been 
utilized by Men since antiquity. Plants’ bioactive substances are called primary and 
secondary metabolites. Primary metabolites are dedicated to biological functions 
and survival. Secondary metabolites are luxury products synthesized mainly to 
defend against predators and to communicate with other plants. Medicinal plants 
have ever since been a growing source of interest for scientific research as well as 
food, chemical, and pharmaceutical for their diverse applications for their anti-
oxidant, antibacterial, stimulant, and inhibiting properties. Obtaining secondary 
metabolite can be challenging as the inadequate choice of extraction methods could 
alter or destroy bioactive compounds such as thermolabile substances. Hence, 
a beforehand knowledge of secondary metabolites properties and a mastery of 
extraction methods are primordial for effective extraction. Extraction methods 
range from conventional extraction such as solvent extraction to modern techniques 
like enzymatic assisted extraction EAE and microwave-assisted extraction MAE, 
which are more efficient methods and more environmentally friendly as they 
require very little to no use of solvents.

Keywords: plants’ metabolites, essential oils, lipids, alkaloids, phenolic compounds, 
extraction, green extraction

1. Introduction

Plants produce a wide range of bioactive molecules that serve many purposes. 
Those that are destined for biological functions and surviving are called primary 
metabolites. On the other hand, those compounds that are luxury products are 
called secondary metabolites. They serve as extra nutritionals and may have adverse 
effects on other living organisms. Secondary metabolites have been used since 
antiquity in traditional medicine due to their benefits on human health. They are 
potent antioxidants, anticancer, antidiabetic, anti-inflammatory, stimulants… 
Their use has witnessed a dramatic increase in pharmaceutical, chemical, and food 
industries for the advantages they present. However, obtaining these compounds is 
a challenging process as they represent a small portion of plants raw material.

Diverse extraction methods, from conventional methods such as solvent extrac-
tion to modern techniques like enzymatic assisted extraction EAE, have been used 
to improve extraction yield in terms of quality and quantity as well as environmen-
tal safety. This chapter discusses the main active substances categories, their role for 
plants and men as well as the different extraction methods used to obtain them.
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2. Essential oils

2.1 Definition

Essential oils (EO) are complex mixtures of volatile, lipophilic, and liquid 
compounds, extracted from different parts of a plant by physical processes. These 
interesting natural products have the characteristic odor of the plant.

According to ISO norm (ISO/D159235) “An essential oil is a product made by 
distillation with either water or steam or by mechanical processing of citrus rinds or 
by dry distillation of natural materiel. Following the distillation, the essential oil is 
physically separated from the water phase.”

Essential oils are highly concentrated substances and therefore rarely used neat 
[1], they evaporate slowly when exposed to air at room temperature, and because of 
this, they are sometimes referred to as volatile oils [1].

EO’s quality depends on many factors:

• Origin and parts of the plant used.

• Harvest way and extraction technique.

• Purification process.

2.2 Essential oils composition

The EOs are composed of terpenoids in large proportion, phenylpropanoids, and 
other compounds of diverse origin such as that resulting from the degradation of 
fatty acids.

2.2.1 Terpenoids

The Terpenoids represent the major part of essential oil compounds; they are 
defined as substances composed of isoprene (2-methylbutadiene) units [2]; they are 
synthesized by acetate via the mevalonic acid pathway.

The Terpenoids are classified according to the number of C5 isoprene units that 
they contain; the classes are:

2.2.1.1 Hemiterpenes C5

Hemiterpenes are the simplest type of terpenoids; they consist of a single unit 
of isoprene. There is evidence that these compounds may assist in plant defense by 
repelling herbivores or by attracting predators and parasites of herbivores [3].

2.2.1.2 Monoterpenes C10

Monoterpenes are compounds made up of two units of isoprene, and of chemi-
cal formula C10H16, among the classes included in this group of terpenoids: iridoids 
and pyrethrins; they have anti-inflammatory pharmacological properties.

2.2.1.3 Sesquiterpenes C15

This class of terpenes has a crude formula C15H24 (three units of isoprene), 
these molecules are found in linear or cyclic form; they have several applications but 
are rarely found in EOs because of their low volatility.

33

Plants’ Bioactive Metabolites and Extraction Methods
DOI: http://dx.doi.org/10.5772/intechopen.96698

2.2.1.4 Diterpenes C20

Diterpenes consist of a group of chemically heterogeneous compounds, their 
crude formula is C20H32 (four units of isoprene). Because of their higher boiling 
points, they are not considered to be essential oils; instead, they are classically 
considered to be resins, the material that remains after steam distillation of a plant 
extract [3].

Diterpenes can be classified as linear, bicyclic, tricyclic, tetracyclic, pentacyclic, 
or macrocyclic Diterpenes depending on their skeletal core [4].

2.2.1.5 Sesterterpenes C25

Sesterterpenes consist of 5 units of isoprene (25 carbon backbone). They exist in 
a wide variety of forms, including linear, monocyclic, bicyclic, tricyclic, tetracyclic, 
and macrocyclic frameworks [4].

2.2.1.6 Triterpenes C30

The triterpenes are made up of six isoprenes, they have relatively complex cyclic 
structures.

There are also tetraterpenes which consist of 8 units of isoprene (C40H64); and 
when the number of isoprene units exceeds 8 units, terpenes are called polyterpenes 
(C > 40).

2.2.2 Phenylpropanoids

The phenylpropanoids are a family of organic compounds with an aromatic ring 
and a three-carbon propene tail [5]; they are synthesized via shikimic acid pathway 
(biosynthesis).

2.3 Essential oils properties

The different properties of OEs are related to the species and their chemical 
composition.

2.3.1 Physicochemical properties

Essential oils are characterized by several physicochemical properties:

• The EOs are known by their volatile, odorous, and flammable character.

• They are colorless or have a yellowish color in the liquid state and at ambient 
temperature.

• They have a low polarity and a low solubility in water however they are soluble 
in alcohol and most of the organic solvents.

• They have a lower density than water (0.8 to 1.08).

2.3.2 Biological properties

Essential oils have various biological properties due to the variety of their 
chemical composition, they are using as:
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• Antimicrobial;

• Antioxidant;

• Anti-inflammatory;

• Antiseptic

3. Lipids

3.1 Definition

Unlike the various families of basic molecules in the living world characterized 
by chemical structures, lipids are defined by their solubility not on the basis of their 
chemical structure [6].

Lipids are among the primary metabolites, they consist of a heterogeneous 
group of compounds characterized by their insolubility in water, on the other hand 
they are soluble in non-polar organic solvents such as: chloroform and alcohols.

Lipids play mainly important roles in plants, as signaling and energy storage 
compounds [7].

3.2 Classification

Lipids mainly include fatty acids, simple lipids and complex lipids.

3.2.1 Fatty acids

The fatty acids are carboxylic acids R-COOH; radical R is an aliphatic chain 
of hydrocarbon type of variable length which gives the molecule its hydrophobic 
character (fatty).

They are generally mono carboxylic, and characterized by a linear chain with an 
even number of carbons [8].

3.2.1.1 Saturated fatty acids

A fatty acid consists of a hydrocarbon chain, more or less long, strongly apolar, 
and a polar carboxyl group. The general formula of fatty acids is CH3 - (CH2) 
n – COOH [8]. The most abundant fatty acids are: palmitic acid and stearic acid 
(Figure 1).

3.2.1.2 Unsaturated fatty acids

The structure of unsaturated fatty acids includes one or more double bonds; 
the presence of these double bonds gives them specific physicochemical properties 
(Figure 2) [8].

Figure 1. 
Palmitic acid.
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3.2.1.3 Atypical fatty acids

Atypical fatty acids are characterized by an odd number of carbons; they are 
present in animal fats or in microbial lipids [8].

3.2.2 Simple lipids

Simple lipids or homolipids are ternary bodies (C, H, O), they are fatty acid 
esters, depending on the alcohol we distinguish the following classes [8]:

• Acylglycerols: or glycerides are esters of glycerol,

• Cerides: long chain alcohol esters (fatty alcohol),

• Sterids: sterol esters (polycyclic alcohol).

3.2.3 Complex lipids

Complex lipids are hetero lipids which contain phosphate, sulfate or carbohy-
drate groups. They are classified according to the molecule that fixes fatty acids [8].

3.2.3.1 Glycerophospholipids

These are the most numerous and most represented lipids which are constructed 
from the skeleton of a glycerol mono ester (Figure 3) [8].

3.2.3.2 Glyceroglycolipids

The alcohols of the C1 and C2 carbons of glycerol are esterified by fatty acids 
and the C3 carbon alcohol, unlike the glycerolipids, is not esterified, but it is linked 
to an ose by a glycosidic bond (Figure 4) [8].

Figure 2. 
Oleic acid.

Figure 3. 
Glycerophospholipids.
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3.2.3.3 Sphingolipids

The skeleton from which these lipids are made is not glycerol but a long-chain 
carbon diol amine of the sphingoid type; the binding of a fatty acid to the amine 
group gives a ceramide which is the lipid precursor molecule of this group [8].

4. Alkaloids

Alkaloids are natural compounds with low molecular weight [9] that are char-
acterized by the presence of nitrogen atoms. They are mostly found in plants as 
secondary metabolites and some other animals and fungi [10].

They are derived from amino acids containing one or more heterocyclic nitrogen 
atoms [11]. Alkaloids have played a huge role in traditional medicine in various 
civilizations since antiquity due to their potential therapeutic properties. Toxic alka-
loids were similarly used in poisonous arrows [12]. However, it was until 1804 that 
they were isolated and characterized by Friedrich Sertürner [13] and Derosne [9].

4.1 Classification

Due to their diverse structures, finding a common classification was compli-
cated [14]. Some studies considered a classification based on the ring systems: 
indolizidine- and quinolizidine-based systems and quinoline-, quinazoline-, and 
acridone-based systems (Figure 5) [11]. Yet, this classification mode causes confu-
sion as some alkaloids can be categorized in more than one class [15]. Henceforth, a 
new classification was adopted [9]:

True alkaloids: The nitrogen atom, originating from the precursor amino acid, is 
part of the alkaloid heterocyclic ring.

Protoalkaloids: The nitrogen atom, originating from the precursor amino acid, is 
not part of the alkaloid heterocyclic ring.

Pseudoalkaloids: They are not originated from amino acids, including steroids- 
like, purine-like and terpene-like alkaloids. Each class is divided to subclasses 
according to the precursor amino acid.

Figure 4. 
Glyceroglycolipids.
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4.2 Therapeutic usefulness

Alkaloids have a wide range of potential therapeutic activities. Morphine 
has narcotic effect, cocaine is a potent central nervous system stimulant, taxol 
as an effective anticancer chemical, colchicine as an anti-inflammatory [11], 
tubocurarine is a poisonous alkaloid used to relax muscles prior to surgeries 
[16], vinblastine, one of the antitumor alkaloids, and quinine being an effective 
 anti-malarial [17].

4.3 Role for plants

Despite the various advantages they present for Man, their role in the plant is not 
well known. Some studies suggest that they help the process of seed formation [17] 
and protect the plant against herbivores and unwanted plants [18] whereas some 
others propose they are waste products [17].

4.4 Extraction methods

There exist as many extraction methods as the diversity of alkaloids structures 
[15]. They are extracted exploiting their solubility in organic solvents and water for 
their salts [19]. Base or acidic extractions followed by purification are widely used 
to obtain alkaloids.

Base extraction consists of the use of alkaline solvents including 1,2- 
dichloroethane, chloroform, diethyl ether or benzene. Base Alkaloids are then 
converted to salts by the addition of weak acids and are washed with water 
to crystallize. The purification method is repeated until the desired purity is 
reached.

Acidic extraction, on the other hand, processes the finely grounded raw plant 
material with weak acidic solutions mentioning acetic acid in water, methanol or 
ethanol... followed by the addition of basic solutions to convert alkaloids to basic 
forms to allow their extraction with organic solvents. The same purification steps 
are followed [14].

Different alkaloids are separated based either on the difference of solubility or 
boiling temperature [19].

Figure 5. 
Alkaloids classes based on ring systems [11].
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4.2 Therapeutic usefulness

Alkaloids have a wide range of potential therapeutic activities. Morphine 
has narcotic effect, cocaine is a potent central nervous system stimulant, taxol 
as an effective anticancer chemical, colchicine as an anti-inflammatory [11], 
tubocurarine is a poisonous alkaloid used to relax muscles prior to surgeries 
[16], vinblastine, one of the antitumor alkaloids, and quinine being an effective 
 anti-malarial [17].

4.3 Role for plants

Despite the various advantages they present for Man, their role in the plant is not 
well known. Some studies suggest that they help the process of seed formation [17] 
and protect the plant against herbivores and unwanted plants [18] whereas some 
others propose they are waste products [17].

4.4 Extraction methods

There exist as many extraction methods as the diversity of alkaloids structures 
[15]. They are extracted exploiting their solubility in organic solvents and water for 
their salts [19]. Base or acidic extractions followed by purification are widely used 
to obtain alkaloids.

Base extraction consists of the use of alkaline solvents including 1,2- 
dichloroethane, chloroform, diethyl ether or benzene. Base Alkaloids are then 
converted to salts by the addition of weak acids and are washed with water 
to crystallize. The purification method is repeated until the desired purity is 
reached.

Acidic extraction, on the other hand, processes the finely grounded raw plant 
material with weak acidic solutions mentioning acetic acid in water, methanol or 
ethanol... followed by the addition of basic solutions to convert alkaloids to basic 
forms to allow their extraction with organic solvents. The same purification steps 
are followed [14].

Different alkaloids are separated based either on the difference of solubility or 
boiling temperature [19].

Figure 5. 
Alkaloids classes based on ring systems [11].
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5. Phenolic compounds

Phenolics are organic compounds containing one aromatic ring to which is 
attached one or more hydroxyl groups [11]. Phenolic compounds represent one of 
the most extensive groups of plants' secondary metabolites [20]. They are contained 
in a great share in the daily diet due to their countless benefits for human health and 
well- being. Henceforth, the consumption of phenolic-rich fruits and vegetables, 
such as berries and spinach, is increasingly recommended [20].

They are synthesized either through the shikimic acid or the acetic acid path-
ways. Phenylpropanoids are the result compounds of the shikimic acid pathway 
while simple phenols result from the acetic acid pathway acid. However, both 
pathways result in the formation of flavonoids, abundant phenolic compounds [21].

In addition to the presence of aromatic rings and hydroxyl substitutions, pheno-
lic compounds are less likely to be found in the free form, rather, they are most fre-
quently bound to other complex compounds as sugars to reduce their toxicity [21].

5.1 Classification

Due to the wide variety of phenolic compounds ranging from simple to  
polymeric, there exist multiple classifications:

• Based on the carbon chain:

From simple phenols to complicated lignins, 16 different classes can be distin-
guished. The main classes are shown in Figure 6.

• Based on solubility:

Depending on the form phenolics are found in plans (either free from any bound 
to other compounds or attached to cell wall polysaccharides or proteins), their 
solubility varies. Therefore, two categories can be defined:

• Soluble phenolics: Free phenolics found in the soluble fraction of the cell such 
as phenols, flavonoids, and tannins.

• Insoluble phenolics: Bound to other more complicated molecules to orm stable 
insoluble compounds. They majorly include condensed tannins and pheno-
lic acids.

• Based on distribution:

Phenolic compounds are found in nature in different proportions. They thus 
can be divided to shortly distributed (simple phenols, pyrocatechol, hydroquinone, 
resorcinol ...), widely distributed (flavonoids and their derivatives, coumarins, and 
phenolic acids) and polymers (lignins and tannins) [21].

5.2 Main classes

5.2.1 Simple phenols

They are monomers constituted of various substitutions and represent the form-
ing blocs of polymeric phenolic and acid compounds that make up the plant tissue. 
Some of them (p-hydroxybenzoic acid, protocatechuic acid, vanillic, syringic, 
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salicylic, and gallic acids) can be obtained by the hydrolysis of the plant tissue 
whereas some other free simple phenols do not require the destruction the cell wall 
polymers (Figure 7) [11].

5.2.2 Flavonoids

They are compounds containing two aromatic rings attached by a bridge of 
triple carbon atoms (C6-C3-C6). The bridge often contains double carbon bonds 
and hetero- elements, which forms another mid-cycle. Therefore, flavonoids can be 
classified into 13 subgroups among which flavanols, flavones, isoflavones, anthocy-
anidins or anthocyanins, and flavanones (Figure 8) [21].

Figure 6. 
Classes of phenolic compounds [26].
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5.2.3 Tannins

They are compounds with a medium to high molecular weight that comprise 
two major classes: hydrolysable and condensed tannins. Hydrolysable tannins are 
glucose or a polyhydric alcohol centered compounds esterified with gallic acid 
or hexahydroxydiphenic acid to form gallotannin and ellagitannins, respectively. 
They are hydrolyzed by enzymatic, acidic or base treatment. On the other hand, 
condensed tannins, also known as non-hydrolyzable tannins or recently proantho-
cyanidins, are polymers of catechin and leucoanthocyanidin. Their antioxidant 
activity is dependent on their degree of polymerization. High molecular weight tan-
nins have been demonstrated to be fifteen to thirty times more active than simple 
phenols (Figure 9) [21].

5.2.4 Phenolic acids

As their name implies, phenolic acids are characterized by the presence of a 
phenolic ring and a carboxylic group. They comprise two categories:

• Benzoic acids:

They are the simplest phenolic acids in nature. They contain seven carbon atoms 
C6-C1 with hydroxyl or methoxyl roots.

Figure 7. 
Simple phenols [11].
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• Cinnamic acids:

They contain nine carbon atoms C6-C3 with hydroxyl or methoxyl roots.
Their nomenclature varies according to the nature of roots attached to the main 

ring [21].

Figure 9. 
Chemical structures of (A) hydrolysable tannins and (B) condensed tannins [21].

Figure 8. 
Main classes of flavonoids [21].
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5.3 Therapeutic usefulness

Phenolic compounds hold a variety of potential therapeutic properties ranging 
from antioxidant activity, anticancer [22], bacteriostatic, liver-protecting, anti- 
infection, cholesterol-lowering, immunity enhancement properties [23], cardio-
protective and vasodilatory influences [20]. They have increasingly been part of the 
human diet for centuries for their benefits through the consumption of fruits and 
vegetables [21, 24].

5.4 Role for plants

Phenolics stand of great importance to plants. Not only are they respon-
sible for the protection of the plants against exterior hazards [20], but they 
are also crucial to physiology and cellular metabolism. They play a key role in 
sensorial traits such as the plants' color and aroma, germination of seeds and 
reproduction [21].

6. Extraction methods

6.1 Hydrodistillation

6.1.1 Principle of the method

Hydrodistillation is a simple extraction technique which consists in putting in a 
flask proportional quantity of distilled water and the plant, then heating until boiling; 
the rising vapor condenses using a refrigerant to recover the distillate.

6.1.2 Mounting

See Figure 10.

6.2 Solvent extraction

This method consists in bringing the plant material into contact with the 
appropriate solvent; this protocol is carried out cold or hot. Among the most used 
solvents for the extraction of natural products from plant elements: petroleum 
ether, methanol, ethanol, and hexane. ne of the glassware used for this extraction 
technique is soxhlet (Figure 11).

Figure 10. 
Installation of Hydrodistillation.
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6.3 Enzyme assisted extraction

Enzyme Assisted Extraction is an extraction technique that consists of the 
destruction of the source material cell wall using specific enzymes to liberate bio- 
active compounds [25]. Not only does this method augment the extraction yield 
compared to other conventional techniques, but it also is considered environmen-
tally friendly as it does not require the use of toxic solvents [26, 27].

The most used enzymes are cellulases, hemicellulases, pectinases, and other 
hydrolytic enzymes [27]. These have the potential of catalyzing the hydrolysis of 
plant cell wall components such as polysaccharides and proteins. Table 1 shows 
some of the useful plants metabolites and enzymes used for their extraction [26].

6.3.1 Plant cell walls

Due to their high insolubility and complex structure, plant cell walls are the 
major barrier to extracting bioactive compounds. Cellulose, the main component 
of cell walls, is a carbohydrate polymer that is characterized by low solubility and 
hydrogen- bonded crystalline fibers, which render its degradation greatly ardu-
ous. Components of the cell wall intervene in the process of extraction. Therefore, 
the nature of the cell wall matrix, the nature of the desired compounds, and their 
location are key factors controlling the extraction yield [25].

6.3.2 Principle and mechanism of action

Enzymatic assisted extraction is mainly based on the selectivity and ability of 
enzymes to intrude the matrix of the cell wall through interaction with the cell 
wall complex components. Thus, the release of bio-actives in the bulk solution is 

Figure 11. 
Soxhlet.
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enhanced. Enzymes bind to their specific substrates by conformational complemen-
tarity forming the enzyme-substrate complex and therefore, allowing the hydrolysis 
to occur. This process is a function of various parameters such as temperature, 

Product 
type

Product Source Enzyme used Maximum 
yield (%)

Oils and 
carotenoids

Oil Grape seed Cellulase, protease, xylase and 
pectinase

17.5

Carotenoids Marigold 
flower

Viscozyme, Pectinex, 
neutrase, corolase and 

HT-proteolytic

97

Volatile oil Mandarin 
peel

Xylan-degrading enzymes 15

Carotene Carrot 
pomace

Pectinex Ultra SP-L 0.0064

Lycopene Tomato Pancreatin 2.5-fold

Tomato Cellulase and pectinase 206

Capsaicin Chilli Cellulase, hemicellulase and 
pectinase

n.d.a

Colourant Pitaya Pectinolytic, hemicellulolytic 
and cellulolytic enzymes

83.5

Anthocyanin Grape skin Pectinex BE3-L n.d.a

Glycosides Sugar Grapefruit 
peel waste

Cellulase and pectinase 0.6377

Oligosaccharide Rice bran Cellulase 39.9

Inulin Jerusalem 
artichoke

Inulinase n.d.a

Starch Cassava Pectinase enzyme 45.6

Pectin Pumpkin Xylase, cellulose, 
β-glucosidase, 

endopolygalacturonase and 
pectinesterase

14.0

Others Vanillin Vanilla 
green pods

β-glucosidase and pectinase 14–21

Flavonoid 
(naringin)

Kinnow 
peel

Recombinant rhamnosidase n.d.a

Phenolics Citrus peel Celluzyme MX 65.5

Proteins Lentils 
and white 

beans

Glucoamylases 50.3

Polyphenols Grape 
pomace

Pectinolytic 98.1

Catechins Tea 
beverage

Pepsin 80

Lignans Flax Cellulase and glycosidase 40.75 mg/g

Soluble fibre Carrot 
pomace

Cellulase-rich crude 
preparation

77.3

aAbbreviation: n.d., not defined.

Table 1. 
List of bioactive compounds of industrial importance obtained by enzyme- assisted extraction from plants [26].
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hydrogen potential, enzyme concentration, the particle size of the substrate, and 
time of extraction that directly influence the efficiency of EAE. Optimizing these 
factors implies ensuring a high yield extraction in terms of quality and quantity [25].

6.3.3 Optimum operating conditions

The choice of enzymes is the first parameter to study. It is dependent on the 
chemical structure of the targeted compounds, the structural complexity of the 
cell wall, and the nature of the raw material. A combination of different enzymes 
is possible. Optimum temperature and pH are then selected based on the enzymes 
chosen (Table 2) [27].

Particle size is also a determinant parameter. Small particles were observed 
to have a better contact between enzymes and substrate and thus lead to a better 
release of bio-actives.

A prior understanding of the composition of the raw material, the structure 
of the cell wall, and the nature of the destinated compounds are necessary for the 
determination of the optimum operating conditions as it facilitates the selection of 
enzymes and optimizing related parameters [27].

6.3.4 Advantages of EAE

Enzyme Aided Extraction is an advantageous technique and has served as an 
objective for countless recent studies as it remarkably improves the extraction yield, 
does not alternate the bio-actives properties, and selectively removes the unwanted 
components of raw material. Moreover, it does not require the use of toxic organic 
solvents nor does it harm the environment [26–28].

6.4 Steam distillation

Steam distillation is practically the oldest and most famous way of essential oils’ 
extraction [29]. Steam distillation is a separation process for temperature sensitive 

Enzyme used Bioactive extracted Source material Conditions used

Cellulase Polysaccharides Garlic Temperature 45 °C, 
pH 5.0, time 80 min

α-Amylase and 
glucoamylase

Oleoresin Turmeric —

Cellulase, papain, 
and pectinase

Polysaccharides Alfalfa Temperature 52.7 °C, 
pH 3.87, time 2.73 h

Cellulase, pectinase, 
and protease

Seed oil Pumpkin Temperature 44 °C, time 
66 min

Alginate lyase Fucoxanthin and 
lipids

Undaria pinnatifida Temperature 37 °C, 
pH 6.2

α-Amylase Polysaccharides Panax ginseng —

Pectinase and 
cellulase

Carotenoids Tomato waste —

Lipase and 
phospholipase

Proteins Olive pulp and stone Temperature 30–40 °C, 
pH 7.0, time 15 min

Papain, protease, and 
trypsin

Fatty acids Strongylocentrotus nudus Temperature 40–55 °C, 
pH 7.8–8.5, time 180 min

Table 2. 
Different enzymes and their optimum operating conditions [27].
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Figure 14. 
Comparing water distillation and microwave assisted water distillation of obtaining thyme essential oil.

materials like oils which are insoluble in water and may decompose at their boiling 
point [30]. It consists of spraying with a certain amount of moisture on the plant mate-
rial placed on the grid in a similar system to water distillation and allow steam transfer 
of the essential oils to occur [29]. The plant raw material is placed on a performed plate 
and the steam, generated by a separate boiler, volatilizes and carries essential oils as it 
passes through the plant material [29]. The vapors are then condensed in water cooling 
system only to be collected at the end of the cooler in a separate appropriate collector. 
Steam distillation is advantageous as it allows the vaporization of essential oils without 
reaching their boiling point [30]. Moreover, the boiler being kept in a separate cham-
ber from the plant chamber keeps the ambient temperature at which the material to be 

Figure 12. 
Steam distillation.

Figure 13. 
Microwave assisted extraction.
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distilled is located is kept below 100° C and hence it diminishes and prevents altera-
tions due to heat effect. However, steam distillation is avoided for the reason that it is 
time and energy consuming and that, in case of high vapor flow rates, degradation of 
volatile compounds that can occur (Figure 12) [29].

6.5 Microwave assisted extraction

Microwave assisted extraction MAE is modern technique used in extraction. 
The first patent for MAE was in 1995for the extraction of a natural product using 
microwaves by Pare (Figure 13) [31].

The target for heating in dried plant material is the minute microscopic traces 
of moisture that occurs in plant cells. The heating up of this moisture inside the 
plant cell due to microwave effect, results in evaporation and generates tremendous 
pressure on the cell wall. The cell wall is pushed from inside due to the pressure and 
the cell wall ruptures. Thus, the exudation of active constituents from the ruptured 
cells occurs, hence increasing the yield of phytoconstituents [32]. MAE allows the 
boiling point to be reached earlier then supported water distillation as shown in 
Figure 14. It has also been determined that the amount and quality of essential oil 
obtained by microwave-assisted water distillation in 30 minutes is equivalent to the 
amount and quality of essential oil obtained in 4 hours and thirty minutes by water 
distillation [29]. Not only does MAE save time and energy, but it also is considered 
environment friendly as it uses very little or no solvents [31, 32].

7. Conclusion

The rich composition of plants (EOs, primary and secondary metabolites) offers 
several advantages in the phytotherapy field, therefore the use for different thera-
peutic purposes.

The extraction method of bioactive molecules depends on several factors and 
also depends on the plant properties.
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Figure 14. 
Comparing water distillation and microwave assisted water distillation of obtaining thyme essential oil.
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Biosynthesis of Natural Products
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Abstract

Natural products are in the form of primary and secondary metabolites and 
are isolated chemical compounds or substances from living organisms. Terpenes, 
Phenolic compounds, and Nitrogen-containing compounds are secondary metabo-
lites. The biosyntheses of secondary metabolites are derived from primary metabo-
lism pathways, which consist of a tricarboxylic acid cycle (TCA), methylerythritol 
phosphate pathway (MEP), mevalonic and shikimic acid pathway. This chapter 
provides an overview of the diversity of secondary metabolites in plants, their 
multiple biological functions, and multi-faceted cultural history.

Keywords: natural products, biosynthesis, metabolites, phytochemicals, terpenes, 
phenolic compounds, nitrogen-containing compounds

1. Introduction

Natural products are lead compounds, which are frequently produced by plants 
and microbes as their secondary metabolites, and securing large quantities of such 
compounds for industrial and clinical applications has been a persisting problem 
[1]. Natural products (chemical compounds or substances) are isolated from living 
organisms [2]. Biogenesis belief that complex living things come only from other 
living things and also the production of new living organisms or organelles using 
reproduction. Chemistry of natural product is produced by the pathway of primary 
or secondary metabolism [3]. Metabolism is used to describe all chemical reactions 
which include maintaining the living state of cells of an organism [4]. Metabolism 
can be in form of catabolism or anabolism. Metabolites are a product of metabolism 
and restricted to small molecules [5].

Plants produce natural products with highly diverse structures; these products 
are called “secondary metabolites” in contrast to the “primary metabolites”, which 
are essential for plant reproduction, and growth. The leaf, stem, root, or bark of 
the plant has plant secondary metabolites that have been produced, for example 
Alkaloids, Tannins, Flavonoids, and Phenolic compounds [6]. Most food, spices 
and herbs are indigenous plants has these secondary metabolites [7]. Plant second-
ary metabolites are exclusively produced by more than 30,000 different plants. 
They serve as defense compounds against pathogens and herbivores, as flower 
pigments that attract pollinators. Natural products have a strong impact on human 
culture and are used throughout human history as pigments, condiments, and 
pharmaceuticals [8].

This chapter therefore provides an overview of the biosynthesis of natural 
products, their multiple biological functions and multi-faceted cultural history.
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1. Introduction

Natural products are lead compounds, which are frequently produced by plants 
and microbes as their secondary metabolites, and securing large quantities of such 
compounds for industrial and clinical applications has been a persisting problem 
[1]. Natural products (chemical compounds or substances) are isolated from living 
organisms [2]. Biogenesis belief that complex living things come only from other 
living things and also the production of new living organisms or organelles using 
reproduction. Chemistry of natural product is produced by the pathway of primary 
or secondary metabolism [3]. Metabolism is used to describe all chemical reactions 
which include maintaining the living state of cells of an organism [4]. Metabolism 
can be in form of catabolism or anabolism. Metabolites are a product of metabolism 
and restricted to small molecules [5].

Plants produce natural products with highly diverse structures; these products 
are called “secondary metabolites” in contrast to the “primary metabolites”, which 
are essential for plant reproduction, and growth. The leaf, stem, root, or bark of 
the plant has plant secondary metabolites that have been produced, for example 
Alkaloids, Tannins, Flavonoids, and Phenolic compounds [6]. Most food, spices 
and herbs are indigenous plants has these secondary metabolites [7]. Plant second-
ary metabolites are exclusively produced by more than 30,000 different plants. 
They serve as defense compounds against pathogens and herbivores, as flower 
pigments that attract pollinators. Natural products have a strong impact on human 
culture and are used throughout human history as pigments, condiments, and 
pharmaceuticals [8].

This chapter therefore provides an overview of the biosynthesis of natural 
products, their multiple biological functions and multi-faceted cultural history.
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2. Classification of plants secondary metabolite

Plants secondary metabolites can be classfied into three groups namely

• Terpenes

• Phenolic compounds

• Nitrogen-containing compounds [8]

2.1 Terpenes

Terpenoids constitutes the largest class of secondary products; they comprise of 
more than 40,000 different structures and are the largest natural products in plants 
[9, 10]. Terpenes consists of five-carbon isoprene units, and classified into hemiter-
penes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), triterpenes 
(C30), tetraterpenes (C40), and polyterpenes [11, 12]. Terpenoids originate from 
two different biosynthetic routes: plastid-located deoxyxylulose phosphate (DXP) 
pathway (also called methylerythritol phosphate or MEP pathway) and the cyto-
solic mevalonic acid (MVA) pathway (Figure 1) [13–15].

2.1.1 Hemiterpenes

This is a volatile compound synthesized from DMAPP, isoprene is the most 
abundant true hemiterpene from plants (Figure 2). The species that synthesize 
isoprene are found among ferns, mosses, angiosperms, and gymnosperms. The 
emission and production of isoprene are distributed very widely in the plant king-
dom. Isoprene is emitted into the atmosphere and protects leaves to survive short 
periods of high temperature. Moreover, it increases the plant’s tolerance towards 
ozone and reactive oxygen species [16]. Hemiterpenes may also act as signaling 
molecules. The highly volatile hemiterpene methacrolein are emitted in the leaves of 
sagebrush (Artemisia tridentata) (Figure 2) in addition to other volatile compounds 
like hexenal, monoterpenes, and methyl jasmonate when the plant is damaged, this 
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Schematic overview of terpene biosynthesis in plants.
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is perceived by plants and enables them to react faster to a possible attack. A plant 
that is prepared in this manner is less likely to be damaged by herbivores [17]. The 
C-5 units derived from DMAPP are found in natural products of mixed biosynthetic 
origin, e.g., hop bitter acids, prenylated flavonoids, and hyperforin.

2.1.2 Monoterpenes

Monoterpenes originate from one molecule DMAPP and one molecule IPP 
that are joined in most cases head-to-tail, yielding all- trans geranyl diphosphate 
(GPP) (Figure 3). Several plant families, e.g., the Lamiaceae and Asteraceae, have 
glandular trichomes with secretory cells that produce terpenes and secrete them 
into a shared subcuticular storage cavity [18]. Conifers accumulate a complex 
mixture of mono-, sesqui-, and diterpenes, oleoresin, in resin blisters or ducts, 
which are covered by a layer of epithelial cells that secrete and synthesize the 
terpenes into the lumen [19]. As in the case of the conifers, many other plants 
accumulate monoterpenes in mixtures containing the larger sesqui- and diterpenes, 
rather than monoterpenes alone. The physiological function of monoterpenes is 
defense, the attraction of pollinators, and plant–plant communication [20]. The 
plant-insect interactions role of terpenes has been well-studied in conifers and the 
bark beetle. The oleoresin is secreted from the ducts or produced newly upon tissue 
damage by the beetle [21]. Ingested monoterpenes are converted by the beetles to 
pheromones that either attract more beetles or serve as anti-aggregation signals. 
Besides, conifer monoterpenes take part in tritrophic interactions and attract insect 
predators that feed on bark beetles [19]. Most aromatherapy, insecticides, perfumes 
and pharmaceutical products are made from monoterpenes [18]. The essential oil 
of corn mint (Mentha arvensis var. piperascens) produce more than 7000 tons of 
menthol every year either by total synthesis or from the steam-distilled. The cooling 
sensation stimulated by menthol is caused by the excitation of cation channels that 
serve as thermal receptors [22]. Two monoterpenes with promising anticancer 
effects are perrillyl alcohol and (+)-(R)- limonene [23], these two compounds 

Figure 2. 
Hemiterpenes.

Figure 3. 
Mono- and bicyclic monoterpenes derived from geranyl diphosphate (GPP).
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is perceived by plants and enables them to react faster to a possible attack. A plant 
that is prepared in this manner is less likely to be damaged by herbivores [17]. The 
C-5 units derived from DMAPP are found in natural products of mixed biosynthetic 
origin, e.g., hop bitter acids, prenylated flavonoids, and hyperforin.

2.1.2 Monoterpenes

Monoterpenes originate from one molecule DMAPP and one molecule IPP 
that are joined in most cases head-to-tail, yielding all- trans geranyl diphosphate 
(GPP) (Figure 3). Several plant families, e.g., the Lamiaceae and Asteraceae, have 
glandular trichomes with secretory cells that produce terpenes and secrete them 
into a shared subcuticular storage cavity [18]. Conifers accumulate a complex 
mixture of mono-, sesqui-, and diterpenes, oleoresin, in resin blisters or ducts, 
which are covered by a layer of epithelial cells that secrete and synthesize the 
terpenes into the lumen [19]. As in the case of the conifers, many other plants 
accumulate monoterpenes in mixtures containing the larger sesqui- and diterpenes, 
rather than monoterpenes alone. The physiological function of monoterpenes is 
defense, the attraction of pollinators, and plant–plant communication [20]. The 
plant-insect interactions role of terpenes has been well-studied in conifers and the 
bark beetle. The oleoresin is secreted from the ducts or produced newly upon tissue 
damage by the beetle [21]. Ingested monoterpenes are converted by the beetles to 
pheromones that either attract more beetles or serve as anti-aggregation signals. 
Besides, conifer monoterpenes take part in tritrophic interactions and attract insect 
predators that feed on bark beetles [19]. Most aromatherapy, insecticides, perfumes 
and pharmaceutical products are made from monoterpenes [18]. The essential oil 
of corn mint (Mentha arvensis var. piperascens) produce more than 7000 tons of 
menthol every year either by total synthesis or from the steam-distilled. The cooling 
sensation stimulated by menthol is caused by the excitation of cation channels that 
serve as thermal receptors [22]. Two monoterpenes with promising anticancer 
effects are perrillyl alcohol and (+)-(R)- limonene [23], these two compounds 
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suppress translation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, 
an enzyme of the MVA pathway and induce apoptosis [24]. The 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) reductase enzyme is a promising target for 
anti-tumor compounds because tumor cells have elevated HMG-CoA reductase 
levels and many proteins involved in cell growth are phenylated. The decreased 
terpene biosynthesis in humans leads to suppression of HMG-CoA reductase [25]. 
The secoiridoids yields from the cleavage of the cyclopentane ring of the iridoid 
skeleton, which are monoterpene indole alkaloids and the biosynthetic building 
units of the Ipecac alkaloids [25]. Many iridoids have an intense bitter-taste and 
therefore act as feeding deterrents (Figure 4) [26].

2.1.3 Sesquiterpenes

In general, sesquiterpenes are less volatile than monoterpenes; they contain 
three isoprene units and are formed by condensation of DMAPP with two molecules 
IPP, the central C15 intermediate farnesyl diphosphate (FPP) can be folded into 
mono-, bi- or tricyclic systems [9]. Initially, it was assumed that all sesquiterpenes 
are produced via the cytosolic MVA pathway. Recent studies, however, revealed 
that certain sesquiterpenes originate from isoprene units provided by the DXP 
pathway [12, 13] or by both biosynthetic routes [27]. This can be explained by the 
transport of isoprenoid precursors from the plastids to the cytosol [28]. Abscisic 
acid is a sesquiterpene phytohormone that is induced by drought and promotes 
stomatal closure and seed dormancy. Other sesquiterpenes take part in tritrophic 
plant-herbivore-parasite interactions [13]. The sesquiterpenes (E)-b-farnesene and 
the (E)-a-bergamotene attract the parasitic wasp Cotesia marginiventris, in maize 
infested with lepidopteran larvae [29]. Maize roots release (E)-b-caryophyllene 
(Figure 5) upon an attack of larvae of the beetle Diabrotica virgifera to attract the 
parasitic nematode Heterorhabditis megidis [30]. Many sesquiterpenes (sesquiterpene 
lactones) contain a pentacyclic lactone group, these compounds occur abundantly in 
the family Asteraceae, because of their bitter taste sesquiterpene lactones presumably 
serve as feeding deterrents of herbivores [31]. Pharmacologically active sesquiterpene 
lactones often show anti-inflammatory effects due to inhibition of the transcription 
factor NF- kB that mediates immunological responses and inflammation [32]. One 
of the most popular medicinal plants, chamomile (Matricaria recutita) is a sesqui-
terpenes with such activities. Antimigraine action of some sesquiterpene lactones, 
e.g., parthenolide from feverfew (Tanacetum parthenium), is mediated by inhibition 
of platelet aggregation and serotonin secretion [9]. The reason for the cytotoxicity 

Figure 4. 
Iridoids.
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and allergenicity of sesquiterpene lactones with a, b-unsaturated lactone is the 
alkylation of proteins. Artemisinin is a novel promising agent against malaria. 
Structurally, it is a tetracyclic sesquiterpene with a six-membered lactone ring and 
an unusual 1, 2, 4-trioxane ring (Figure 5). The president of North Vietnam, to 
the Chinese government (Ho Chi Minh) discovered artemisinin for a cure against 
malaria to support his troops in the malaria-infested jungles during the American/
Vietnamese war [33]. The ether extract from A. annua, and artemisinin (qing-
haosu) revealed the antimalarial activity and the mode of action of artemisinin are 
still being investigated. Most likely, it interferes with sarco-endoplasmic reticulum 
calcium ATPase (SERCA) of Plasmodium falciparum, but other mechanisms, for 
example, alkylation of biological macromolecules or the production of reactive 
oxygen species [34]. The structural feature required for antimalarial activity is 
the peroxide bridge. Artemether and artesunate (two semisynthetic analogs), in 
efficiency comparison to artemisinin were developed and are now used as first-
line therapy in the treatment of malaria, in combination with other antimalarial 
drugs like the lumefantrine and quinine analogs mefloquine. This combination 
tends to prevent resistance to Plasmodium. The artemisinin and its analogs success 
has triggered by extraction of the sesquiterpene from the plant because A. annua 
contains only 0.01–1.5% of artemisinin [35]. Therefore, an powerful and afford-
able drug for the people in malaria-endemic areas are necessary, either by breeding 
of A. annua plants with elevated artemisinin levels or biotechnological production 
of the artemisinin precursor artemisinic acid by cloning the biosynthetic genes 
from A. annua [35] and engineering the pathway into the bacterium Escherichia 
coli or yeast [36, 37].

2.1.4 Diterpenes

Diterpenes originate from the Plasmid DXP pathway and are synthesized from 
DMAPP and three molecules IPP yielding the C20 metabolite geranyl geranyl 
diphosphate (GGPP). GGPP is a smaller terpene; it can undergo rearrangements 
and cyclization to many different structures and also a precursor of the lipophilic 
phytyl side chain of chlorophyll and plastoquinone. Gibberellins are tetracyclic 
diterpenes that act as phytohormones and promote shoot elongation, flowering and 
seed germination [38]. Diterpenes like abietic- and levopimaric acid (Figure 6) are 
constituents of conifer oleoresin and function as a defense against herbivores and 
pathogens. After mono- and sesquiterpenes (turpentine) are removed from oleo-
resin by distillation, the solid diterpene fraction (rosin) is called colophonium. The 
mono and sesquiterpene containing distillate are used as oil of turpentine for the 

Figure 5. 
Linear and cyclic sesquiterpenes.
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suppress translation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, 
an enzyme of the MVA pathway and induce apoptosis [24]. The 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) reductase enzyme is a promising target for 
anti-tumor compounds because tumor cells have elevated HMG-CoA reductase 
levels and many proteins involved in cell growth are phenylated. The decreased 
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The secoiridoids yields from the cleavage of the cyclopentane ring of the iridoid 
skeleton, which are monoterpene indole alkaloids and the biosynthetic building 
units of the Ipecac alkaloids [25]. Many iridoids have an intense bitter-taste and 
therefore act as feeding deterrents (Figure 4) [26].

2.1.3 Sesquiterpenes

In general, sesquiterpenes are less volatile than monoterpenes; they contain 
three isoprene units and are formed by condensation of DMAPP with two molecules 
IPP, the central C15 intermediate farnesyl diphosphate (FPP) can be folded into 
mono-, bi- or tricyclic systems [9]. Initially, it was assumed that all sesquiterpenes 
are produced via the cytosolic MVA pathway. Recent studies, however, revealed 
that certain sesquiterpenes originate from isoprene units provided by the DXP 
pathway [12, 13] or by both biosynthetic routes [27]. This can be explained by the 
transport of isoprenoid precursors from the plastids to the cytosol [28]. Abscisic 
acid is a sesquiterpene phytohormone that is induced by drought and promotes 
stomatal closure and seed dormancy. Other sesquiterpenes take part in tritrophic 
plant-herbivore-parasite interactions [13]. The sesquiterpenes (E)-b-farnesene and 
the (E)-a-bergamotene attract the parasitic wasp Cotesia marginiventris, in maize 
infested with lepidopteran larvae [29]. Maize roots release (E)-b-caryophyllene 
(Figure 5) upon an attack of larvae of the beetle Diabrotica virgifera to attract the 
parasitic nematode Heterorhabditis megidis [30]. Many sesquiterpenes (sesquiterpene 
lactones) contain a pentacyclic lactone group, these compounds occur abundantly in 
the family Asteraceae, because of their bitter taste sesquiterpene lactones presumably 
serve as feeding deterrents of herbivores [31]. Pharmacologically active sesquiterpene 
lactones often show anti-inflammatory effects due to inhibition of the transcription 
factor NF- kB that mediates immunological responses and inflammation [32]. One 
of the most popular medicinal plants, chamomile (Matricaria recutita) is a sesqui-
terpenes with such activities. Antimigraine action of some sesquiterpene lactones, 
e.g., parthenolide from feverfew (Tanacetum parthenium), is mediated by inhibition 
of platelet aggregation and serotonin secretion [9]. The reason for the cytotoxicity 
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and allergenicity of sesquiterpene lactones with a, b-unsaturated lactone is the 
alkylation of proteins. Artemisinin is a novel promising agent against malaria. 
Structurally, it is a tetracyclic sesquiterpene with a six-membered lactone ring and 
an unusual 1, 2, 4-trioxane ring (Figure 5). The president of North Vietnam, to 
the Chinese government (Ho Chi Minh) discovered artemisinin for a cure against 
malaria to support his troops in the malaria-infested jungles during the American/
Vietnamese war [33]. The ether extract from A. annua, and artemisinin (qing-
haosu) revealed the antimalarial activity and the mode of action of artemisinin are 
still being investigated. Most likely, it interferes with sarco-endoplasmic reticulum 
calcium ATPase (SERCA) of Plasmodium falciparum, but other mechanisms, for 
example, alkylation of biological macromolecules or the production of reactive 
oxygen species [34]. The structural feature required for antimalarial activity is 
the peroxide bridge. Artemether and artesunate (two semisynthetic analogs), in 
efficiency comparison to artemisinin were developed and are now used as first-
line therapy in the treatment of malaria, in combination with other antimalarial 
drugs like the lumefantrine and quinine analogs mefloquine. This combination 
tends to prevent resistance to Plasmodium. The artemisinin and its analogs success 
has triggered by extraction of the sesquiterpene from the plant because A. annua 
contains only 0.01–1.5% of artemisinin [35]. Therefore, an powerful and afford-
able drug for the people in malaria-endemic areas are necessary, either by breeding 
of A. annua plants with elevated artemisinin levels or biotechnological production 
of the artemisinin precursor artemisinic acid by cloning the biosynthetic genes 
from A. annua [35] and engineering the pathway into the bacterium Escherichia 
coli or yeast [36, 37].

2.1.4 Diterpenes

Diterpenes originate from the Plasmid DXP pathway and are synthesized from 
DMAPP and three molecules IPP yielding the C20 metabolite geranyl geranyl 
diphosphate (GGPP). GGPP is a smaller terpene; it can undergo rearrangements 
and cyclization to many different structures and also a precursor of the lipophilic 
phytyl side chain of chlorophyll and plastoquinone. Gibberellins are tetracyclic 
diterpenes that act as phytohormones and promote shoot elongation, flowering and 
seed germination [38]. Diterpenes like abietic- and levopimaric acid (Figure 6) are 
constituents of conifer oleoresin and function as a defense against herbivores and 
pathogens. After mono- and sesquiterpenes (turpentine) are removed from oleo-
resin by distillation, the solid diterpene fraction (rosin) is called colophonium. The 
mono and sesquiterpene containing distillate are used as oil of turpentine for the 
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thinning of paints and varnishes [39]. Paclitaxel binds to microtubules, stabilizes 
them against depolymerisation and thus blocks cell proliferation [40]. Paclitaxel is 
used in the therapy of cancers (breast, ovarian, lung, head and neck and Kaposi’s 
sarcoma). In the bark of T. brevifolia (0.01–0.02%), paclitaxel occurs only in 
relatively low amounts and the trees grow slowly, other sources had to be found to 
supply enough of the diterpene for industrial production. Paclitaxel is obtained 
either by semisynthesis from baccatin III and 10-deacetylbaccatin III or from tissue 
cultures of various Taxus species, which can be extracted from the leaves and twigs 
of the common yew (T. baccata), a tree that grows much faster than T. brevifolia 
(Figure 6).

2.1.5 Triterpenes and steroids

Triterpenes are synthesized from two molecules of FPP that are joined by tail-
to-tail condensation to squalene via the MVA pathway. Various structures, mostly 
tetra- or pentacyclic yields from cyclization of its metabolite 2, 3-oxidosqualene 

Figure 6. 
Diterpenes.
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followed by rearrangements and methyl shifts. The precursor of plant steroids is 
2, 3-Oxidosqualene (Figure 7). In this case, it is cyclized to the triterpene cyclo-
artenol, which is then converted to the C-27 compound cholesterol with the loss of 
three methyl groups. In both triterpenes and steroids the oxygen of 2, 3-oxidosqua-
lene is usually retained as hydroxy group at C-3. Phytosterols are lipophilic and are 
readily incorporated into the micelles involved in fat digestion. Esters of phytoster-
ols are therefore used as cholesterol-lowering food additives [9]. A group of plant 
hormones (Brassinosteroids) is derived from campesterol. They regulate various 
biological processes, e.g., stem elongation, leaf expansion, seed germination, and 
xylem differentiation [38, 41].

2.1.6 Saponins

Monocots preferably accumulate steroidal saponins, which are abundant in 
the Agavaceae, Dioscoraeceae, and Yuccaceae. Triterpenoid saponins contain the 
lupane skeleton, tetracyclic dammarane backbone as aglycone and the pentacyclic 
a-amyrin (ursane), b-amyrin (oleanane). This aglycone is linked with one to three 
carbohydrate chains containing up to six sugar molecules or uronic acids [9, 42]. In 
the triterpene backbone, the first sugar chain is attached to the hydroxy group at 
C-3. When two or more carbohydrate chains are present, they are connected with 
carboxy or hydroxy groups at C-30 or C-28. Spirostanols and furostanols are two 
groups of steroid saponins. A tetrahydrofuran ring in furostanols is formed from 
the side chain of cholesterol, and the hydroxy group at C-26 is glycosylated. Upon 
cleavage of this sugar moiety, a second oxygen-containing heterocycle is formed, 
thus yielding a spirostanol (Figure 8). As in the case of the triterpene saponins, 
steroidal saponins carry a sugar chain at the C-3 hydroxy group [41, 43–47].

2.1.7 Tetraterpenes

Tetraterpenes are synthesized from two molecules GGPP by tail-to-tail addition 
and comprise only one group of compounds, the carotenoids. The tetraterpene 
chain is cyclized to a six-membered ring at either one or both ends. Carotenoids 
with hydroxy or epoxy functions are classified as xanthophylls [9]. The important 
physiological functions of carotenoids in plants, is that it act as accessory pigments 
of chlorophyll, since they are part of the light-harvesting complex. Besides, they 
quench triplet oxygen and singlet oxygen in case of excess light energy and thus 
protect the plant from photo-oxidative damage. As pigments of flowers and fruits, 

Figure 7. 
Sterols derived from 2, 3-oxidosqualene.
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thinning of paints and varnishes [39]. Paclitaxel binds to microtubules, stabilizes 
them against depolymerisation and thus blocks cell proliferation [40]. Paclitaxel is 
used in the therapy of cancers (breast, ovarian, lung, head and neck and Kaposi’s 
sarcoma). In the bark of T. brevifolia (0.01–0.02%), paclitaxel occurs only in 
relatively low amounts and the trees grow slowly, other sources had to be found to 
supply enough of the diterpene for industrial production. Paclitaxel is obtained 
either by semisynthesis from baccatin III and 10-deacetylbaccatin III or from tissue 
cultures of various Taxus species, which can be extracted from the leaves and twigs 
of the common yew (T. baccata), a tree that grows much faster than T. brevifolia 
(Figure 6).
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followed by rearrangements and methyl shifts. The precursor of plant steroids is 
2, 3-Oxidosqualene (Figure 7). In this case, it is cyclized to the triterpene cyclo-
artenol, which is then converted to the C-27 compound cholesterol with the loss of 
three methyl groups. In both triterpenes and steroids the oxygen of 2, 3-oxidosqua-
lene is usually retained as hydroxy group at C-3. Phytosterols are lipophilic and are 
readily incorporated into the micelles involved in fat digestion. Esters of phytoster-
ols are therefore used as cholesterol-lowering food additives [9]. A group of plant 
hormones (Brassinosteroids) is derived from campesterol. They regulate various 
biological processes, e.g., stem elongation, leaf expansion, seed germination, and 
xylem differentiation [38, 41].

2.1.6 Saponins

Monocots preferably accumulate steroidal saponins, which are abundant in 
the Agavaceae, Dioscoraeceae, and Yuccaceae. Triterpenoid saponins contain the 
lupane skeleton, tetracyclic dammarane backbone as aglycone and the pentacyclic 
a-amyrin (ursane), b-amyrin (oleanane). This aglycone is linked with one to three 
carbohydrate chains containing up to six sugar molecules or uronic acids [9, 42]. In 
the triterpene backbone, the first sugar chain is attached to the hydroxy group at 
C-3. When two or more carbohydrate chains are present, they are connected with 
carboxy or hydroxy groups at C-30 or C-28. Spirostanols and furostanols are two 
groups of steroid saponins. A tetrahydrofuran ring in furostanols is formed from 
the side chain of cholesterol, and the hydroxy group at C-26 is glycosylated. Upon 
cleavage of this sugar moiety, a second oxygen-containing heterocycle is formed, 
thus yielding a spirostanol (Figure 8). As in the case of the triterpene saponins, 
steroidal saponins carry a sugar chain at the C-3 hydroxy group [41, 43–47].

2.1.7 Tetraterpenes

Tetraterpenes are synthesized from two molecules GGPP by tail-to-tail addition 
and comprise only one group of compounds, the carotenoids. The tetraterpene 
chain is cyclized to a six-membered ring at either one or both ends. Carotenoids 
with hydroxy or epoxy functions are classified as xanthophylls [9]. The important 
physiological functions of carotenoids in plants, is that it act as accessory pigments 
of chlorophyll, since they are part of the light-harvesting complex. Besides, they 
quench triplet oxygen and singlet oxygen in case of excess light energy and thus 
protect the plant from photo-oxidative damage. As pigments of flowers and fruits, 
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carotenoids attract pollinators and seed dispersers [48]. Carotenoids (a-carotene, 
b-carotene) are essential for human health (Figure 9), b-cryptoxanthine is precur-
sors of vitamin A. They serve as the pigment of the light receptors of the human 
eyes, and converted in the liver to vitamin A. To overcome vitamin A deficiency in 
areas with malnutrition, transgenic rice termed, golden rice “was developed that 
expresses high levels of carotenoid biosynthetic enzymes in the endosperm and 
accumulates elevated levels of carotenoids [49–51].

2.2 Phenolic compounds

Phenolic compounds (phenolic acids and polyphenols) are derivatives of 
the shikimic, pentose phosphate, and phenylpropanoid pathways in plants [52]. 

Figure 8. 
Triterpene and steroid saponins.
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Polyphenols are aromatic ring which contains a phenyl group and a hydroxyl 
functional group [53]. Plant phenolic compounds are lignin, flavonoids, carot-
enoids, tannins, and phytoalexins; they are responsible for antioxidant, antiaging, 
antiproliferation and anti-inflammatory activities. Vegetables, fruits and beverages 
are major sources of phenolics [54, 55]. Tannins significantly reduce the growth of 
many herbivores when added to their diets because they are generally toxic. Tannins 
can be seen in fruits like apples, blackberries, tea and red wine [56]. Tannins are 
mainly constituent of woody plants especially heartwood. Some derivatives of tan-
nin include Gallic acid [56].

2.2.1 Phenol derivatives, especially flavonoids

The biosynthetic pathways are derived from the shikimate pathway (Figure 10), 
which is shared by indoles, and by several alkaloids and betalains. The phenylalanine 

Figure 10. 
Schematic overview for the biosynthetic pathways of selected phenols from phenylalanine as a precursor (bold). 
A key enzyme, phenylalanine ammonia-lyase (PAL), is shown (red). Some example structures are depicted 
(blue) [57].

Figure 9. 
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Figure 8. 
Triterpene and steroid saponins.

59

Biosynthesis of Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.97660

Polyphenols are aromatic ring which contains a phenyl group and a hydroxyl 
functional group [53]. Plant phenolic compounds are lignin, flavonoids, carot-
enoids, tannins, and phytoalexins; they are responsible for antioxidant, antiaging, 
antiproliferation and anti-inflammatory activities. Vegetables, fruits and beverages 
are major sources of phenolics [54, 55]. Tannins significantly reduce the growth of 
many herbivores when added to their diets because they are generally toxic. Tannins 
can be seen in fruits like apples, blackberries, tea and red wine [56]. Tannins are 
mainly constituent of woody plants especially heartwood. Some derivatives of tan-
nin include Gallic acid [56].

2.2.1 Phenol derivatives, especially flavonoids

The biosynthetic pathways are derived from the shikimate pathway (Figure 10), 
which is shared by indoles, and by several alkaloids and betalains. The phenylalanine 

Figure 10. 
Schematic overview for the biosynthetic pathways of selected phenols from phenylalanine as a precursor (bold). 
A key enzyme, phenylalanine ammonia-lyase (PAL), is shown (red). Some example structures are depicted 
(blue) [57].

Figure 9. 
β-Carotene.



Bioactive Compounds - Biosynthesis, Characterization and Applications

60

is the precursor for the cinnamic acid derivatives and flavonoids, and it is converted by 
an enzyme, phenylalanine ammonia-lyase (PAL) to cinnamic acid. Rosmarinic acid has 
high antioxidative potential and also good aromatic qualities. The cinnamic acid deriv-
atives serve as precursors for polymers (lignin), which is synthesized via cinnamalde-
hydes and monolignols. Much information is also available from maize and a legume, 
the latter also contains isoflavonoids (Figure 11). Other mutants in the pathway of, for 
example, the next enzyme encoding chalcone isomerase (which is responsible for the 
synthesis of naringenin), also show this phenotype, and consequently, the mutations 
were numbered consecutively, starting with “1.” Mutations in the transcription factors 
that control the synthesis of flavonoids have similar phenotypes [57].

2.3 Nitrogen-containing compounds

Alkaloids are heterocyclic nitrogen compounds biosynthesized from amino 
acids. Alkaloids represent one of the biggest groups of natural products, with cur-
rently more than 12,000 known structures. In addition to alkaloids, benzoxazinoids, 
glucosinolates, and cyanogenic glucosides will be represented. Like alkaloids, these 

Figure 11. 
The main pathways for flavonoid synthesis derived from different plant species. CHS: chalcone synthase; CHI: 
chalcone isomerase; IFS: isoflavonoid synthase; FNS: flavone synthase; F3H: flavanone-3- hydroxylase; FLS: 
flavonol synthase; DFR: dihdroflavonol reductase; ANS: anthocyanidin synthase; UGT: glycosyltransferase; 
ANR: anthocyanidin reductase [57].
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metabolites contain nitrogen and are derived from amino acids. Morphine is an 
alkaloid isolated in 1805 from opium poppy Papaver somniferum [58, 59]. The role of 
alkaloids in the plant has been a subject of speculation for at least 100 years. Most 
alkaloids are now believed to function as a defense against especially mammals, 
because of the general toxicity and deterrence capacity [60]. One group of alkaloids, 
the pyrolizidine alkaloid illustrates how herbivores can become adapted to tolerate 
plant defensive substances and even use them in their defense [60].

2.3.1 Alkaloids

Alkaloid was introduced by a German Chemist, Carl F.W Meissnerin in 1815. 
Alkaloids are Alkali-like and derived from the word Alkali. They are a group of 
naturally occurring organic compounds which are basic, contain one or more nitrogen 
atoms normally of Heterocyclic nature. They also possess specific physiological actions 
on the human and animal bodies and are abundant in higher plants (Angiosperm). 
Major types of alkaloids and their examples are represented in Table 1. Families rich in 
alkaloids are- Apocynaceae, Rubiaceae, Solanaceae, Papaveraceae, Berberidaceae, etc. 
Alkaloids are present in many parts of the plant- Aerial part (Ephedra – Ephedrine), 
Entire plant (Vinca- Vincristine, Vinblastine), Leaves (Tea- Caffeine), Root 
(Rauwolfia- Reserpine), Bark (Cinchona- Quinine), Seed (Nuxvomica), Fruit (Black 
pepper- Piperine), Latex (Opium- Morphine, Codeine). Pharmacological uses include; 
Anagelsic, Antimalarial, Antispasmodic, Hypertension, Mental disorder, Anticancer 
etc. Alkaloids occur mainly in plants as Salts of organic acid (oxalic acid, citric acid, 
acetic acid, maleic acid, tartaric acid, fumaric, benzoic, etc). Functions in plants 
include; protective against insects and herbivores (bitterness and toxicity), a product 
of detoxification (a waste product) in a certain case, a reservoir for protein synthesis, 
and a source of nitrogen in case of deficiency. Many precursors are involved in various 
pathways, such as aromatic amino acids (tryptophan, tyrosine and phenylalanine), 
and also aspartate, glutamine, lysine, glycine and valine (Figure 12). Besides, the 
nonproteinogenic amino acid ornithine is an important precursor for various alkaloids. 

Type Plant source Example Uses

Pyrrolidine Leaves of Peruvian coca 
shrub

Hygrine Stimulants, Depressant

Tropine Atropa belladonna Atropine, 
Cocaine

Antidote of poison

Piperidine Bark of bomegranate, 
Oil of hemlock. Conium 
maculatum

Coniine Poison (paralyzes of motor 
neuron)

Pyramidine-
pyridine

Tobacco leaf Nicotina 
tabacum

Nicotine Respiratory stimulation

Quinoline Cinchona tree Quinine Treatment of malaria

Isoquinoline Papaver somniferum Seed 
of nuxvomica Strychnos

Codeine, 
morphine

Treatment of cough and 
Analgesic

Indole Claviceps purpurea Strychnine, 
Reserpine, 
Psilocybin

Treatment of hypertension, 
uterine atonia, postpartum 
bleeding, hallucination

Pyridine- 
piperidine

Anabasis aphylla Anabasine Antimicrobial, antioxidant

Table 1. 
Major types of alkaloids [53].
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For several alkaloids, two different precursors are needed for the biosynthetic path-
ways. In the case of terpene indole alkaloids (Figure 12), it is not only tryptophan 
that is involved as a precursor for the indole moiety, but also monoterpenes for the 
synthesis of side chains. Another example is the biosynthesis of the tropane alkaloids 
hyoscyamine and scopolamine, where ornithine and phenylalanine are required for the 
different parts of the molecule (Figure 12) [57].

2.3.2 Benzoxazinones

Benzoxazinones is a class of natural products known as cyclic hydroxamic 
acid, found in wheat, rye and maize in the family of Gramineae [61]. They act as 
plant resistance to insects and microbes. At present, it is still being investigated 

Figure 12. 
Overview of the biosynthesis of selected alkaloids. Phenylalanine together with ornithine is needed for the 
synthesis of the second group of tropane alkaloids (violet). Caffeine and related substances are derived from 
purine (brown). The class of compounds is given in brackets [57].
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whether the pathway developed only once or several times independently after 
the divergence of monocots and dicots [62, 63]. Besides, they serve as feeding 
deterrents and reduce the vitality of pests. In particular, these metabolites confer 
resistance to one of the major corn pests, the European corn borer (Ostrinia 
nubialis) [64]. The mode of action of benzoxazinones can be explained by the 
modification of amino and thiol groups of biomolecules. The aldehyde function 
of the tautomeric open-ring form can react as an electrophile with NH2 groups 
and form Schiff bases [65]. The structural prerequisite for this oxidation is an 
electron-donating substitution at C-7 of the benzoxazinone skeleton (Figure 13) 
[66]. Benzoxazinoids that have been bio-activated by N -acetylation may act as 
alkylating agents towards nucleic acids and proteins. Due to their toxicity, ben-
zoxazinones can also function as allelochemicals and are therefore discussed as 
natural herbicides [67].

2.3.3 Glucosinolates

Glucosinolates are b -thioglucosides of (Z) - N - hydroximinosulfate esters 
(Figure 14). They share the first steps of cyanogenic glucoside biosynthesis. About 
120 different structures of glucosinolates are known [68]. The glucosinolates are 
hydrolyzed by myrosinase (if the plant tissue is damaged), a thioglucosidase is 
spatially separated in the undamaged tissue [69] (Figure 14). The main product 
of the “mustard bomb” consisting of glucosinolates and myrosinase is isothiocya-
nates. These compounds are also responsible for many of the biological effects of 
glucosinolates, e.g., antibacterial, antifungal, nematicidal, and feeding deterrent 
activities [68]. The formation of hydrolysis products distinct from thiocyanates 
depends on the structure of the glucosinolates, pH, and the presence or absence of 
Fe2+ ions or specifier proteins [70]. Hydrolysis of b -hydroxyalknyl glucosinolates 
yields oxazolidine-2-thiones that can cause goiter by inhibiting the incorporation of 
iodine into thyroid hormones. To make the protein-rich seed cake that remains after 
the extraction of the oil suitable as animal foodstuff, Grape plants with low levels of 
glucosinolates have been developed by breeding efforts [68]. Sulforaphane enhances 
the excretion of cancerogenic compounds by inducing glutathione-S-transferase, 
UDP-glucuronosyl transferase, and NADPH quinone oxidoreductase (phase II 
detoxification enzymes) [70, 71]. The glucosinolates act as feeding deterrents, 
and many insect herbivores feed on plants containing these natural products. The 
detoxification of glucosinolates is known from two insect species which has two 
very different mechanisms [72]. The cabbage white butterfly (Pieris rapae) contains 
a specified protein that transforms glucosinolates in the presence of myrosinase to 
nontoxic nitriles that are excreted with the feces [73]. This requires either an endog-
enous myrosinase that is spatially separated from the glucosinolates in the insects or 
myrosinases from the gut microflora of their enemies [69].

Figure 13. 
Enzymatic and chemical degradation of benzoxazines with hydroxamic acid function [61].
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2.3.4 Cyanogenic glycosides

Cyanogenic glucosides are b-glucosides of a–hydroxy nitriles (syn. cyanohy-
drins), which are derived from the five proteinogenic amino acids phenylalanine, 
tyrosine, valine, isoleucine, leucine, and the non-proteinogenic amino acid 
cyclopentenyl-glycine. About 2500 different plant species including ferns, gym-
nosperms, and angiosperms produce cyanogenic glycosides [74, 75]. Despite their 
widespread occurrence, these natural products are found predominantly in the fam-
ilies Araceae, Asteraceae, Euphorbiaceae, Fabaceae, Passifloraceae, Poaceae, and 
Rosaceae [9, 76]. Some of the most abundant molecules are amygdalin (Rosaceae), 
linamarin and lotaustralin (Fabaceae), and the epimers dhurrin and taxiphyllin in 
the genus Sorghum [75]. The b-glucosidic bond can also be hydrolyzed by intestinal 
bacteria in the gut of herbivores. The hydrogen cyanide toxicity can be explained 
by its affinity to metal ions. Cyanide ions complex iron (III) in the active site of 
cytochrome oxidase thus inhibits the respiratory chain [77, 78]. Cyanogenic gluco-
sides act as feeding deterrents, by transferring all genes required for the formation 
of the cyanogenic glucoside dhurrin from Sorghum bicolor into Arabidopsis, proved 
that cyanogenic glucosides play a role in plant defense [79, 80]. Several herbivores, 
especially insects, can feed on plants containing these natural products, despite 
the toxicity of the cyanogenic glucosides, and the toxic compounds may act as 
phagostimulants. Cyanogenic glucosides act as defense compounds for some species 
of beetles, centipedes, and millipedes, but particularly many moths and butterflies 
(Figure 15). The compounds are either taken up by feeding on cyanogenic plants or 
synthesized by endogenous enzymes [77, 78]. It has been postulated that cyanogenic 

Figure 14. 
Exemplary structures of glucosinolates (a) and hydrolysis of glucosinolates by myrosinase and rearrangement to 
various products (b) Isothiocyanates are the predominant degradation products.

65

Biosynthesis of Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.97660

Author details

Stella O. Bruce1* and Felix A. Onyegbule2

1 Pharmacognosy and Traditional Medicine, Pharmaceutical Sciences, Nnamdi 
Azikiwe University, Awka, Anambra State, Nigeria

2 Department of Pharmaceutical & Medicinal Chemistry, Faculty of 
Pharmaceutical Sciences, Nnamdi Azikiwe University, Awka, Anambra State, 
Nigeria

*Address all correspondence to: stellaobruce@yahoo.com

glucosides also serve as storage compounds for reduced nitrogen and sugar [81, 82]. 
These treatments often results in loss of protein, minerals, and vitamins. Various 
approaches to produce transgenic cassava with reduced content of cyanogenic 
glucosides in roots are currently underway [76, 80, 83, 84].

Figure 15. 
Representative structures of cyanogenic glucosides (a) and degradation of cyanogenic glucosides with 
concomitant release of toxic hydrogen cyanide (b).
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Abstract

Some microorganisms (MOs) such as bacteria, fungi and aquatic creatures 
synthesize bioactive secondary metabolites synthesis that known as natural prod-
ucts. A series of landmark metabolomics studies by using mass spectrometry (MS) 
or nuclear magnetic resonance (NMR) analysis to identify potentially important 
microbial metabolites that derive from the intestine microbes. Vital roles for numer-
ous microbial metabolic pathways in host physiology had been long established, 
such as in the synthesis of vitamin K and the synthesis of water-soluble B vitamins 
including biotin, folates, nicotinic acid, pyridoxine, riboflavin, cobalamin and pan-
thotenic acid, the degradation of nutritional oxalates, and amendment of bile salts. 
These metabolites have biological and medical activities. The medical activities 
including antimicrobial, immunosuppressive, anticancer, and anti-inflammatory, 
antibiotic, antitumor, antioxidant activities, etc. Also biological activities derive 
from metabolites microbial transformation have effects on physiological processes 
such as gut and immune homeostasis, energy metabolism, vascular function, and 
neurological behavior such as short-chain fatty acids, trimethylamine N-oxide, 
tryptophan and tyrosine derivatives, and oxidized fatty acids. Using recombinant 
DNA technology synthesize a wide array of biopharmaceutical products, such as 
recombinant proteins, offering significant advances in treating a broad spectrum of 
medical. Such interventions will require modulating either bacterial species or the 
bacterial biosynthetic enzymes required to synthesis these metabolites.

Keywords: microorganism, metabolism, biosynthesis, metabolite, 
biological activities

1. Introduction

The biosynthesis process is multi-step for formation of organic compounds 
in a living microorganism by chemical energy (e.g. ATP). In biosynthesis, simple 
compounds or substrates by enzyme-catalyzed are modified, converted into other 
compounds, or joined together to form macromolecules [1]. Some important 
biological macromolecules include: proteins, which are composed of amino acid 
monomers joined via peptide bonds, and DNA molecules, which are composed of 
nucleotides joined via phosphodiester bonds [1].
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Biosynthesis occurs due to a series of chemical reactions in which precursor 
compounds, catalytic enzymes, cofactors, and chemical energy are necessary for 
these reactions to take place. The biosynthetic processes responsible for the produc-
tion can mentioned photosynthesis, lipogenesis, glycolysis, glyconeogenesis and 
Krebs cycle [2].

These biological processes result in the biosynthesis of intermediates which 
proceed towards manufacturing of secondary metabolites via alternate biosynthetic 
routes responsible for metabolite diversity in living organisms [3].

Metabolism is one of the biggest factors of inter-kingdom interactions along 
with the ones between microorganisms and their multicellular hosts. Ordinarily 
notion to fuel energy necessities and provide constructing blocks for biosynthetic 
pathways, metabolism is now liked for its position in imparting metabolites, small-
molecule intermediates generated from metabolic techniques, to perform various 
regulatory features to mediate symbiotic relationships between microbes and their 
hosts [4].

Metabolite is divided into two main categories in living organisms: Primary 
and Secondary metabolite. Primary metabolites include biological molecules i.e., 
vitamins, amino acids, nucleosides, Organic acids, Acetone-butanol, Ethanol, 
Vitamins, fats, carbohydrates and proteins, essential for the survival and well-being 
of the organism and are produced to sustain cell growth. Secondary metabolites 
are compounds with varied and sophisticated chemical structures, produced by 
microorganisms after the rapid growth phase. These compounds are not essential 
for growth [5].

2. Microorganism metabolites

Microorganism such as bacteria and fungi are inhabitants of diverse habitats 
worldwide. Due to which, they have evolved to cope with adverse conditions [6]. 
The structurally diverse secondary metabolites produced by them possess biological 
activities such as antibiotic, antimicrobial, immunosuppressive, anticancer, and 
anti-inflammatory activities, many of which have been developed as treatments and 
have potential therapeutic applications for human diseases [6]. The produce sec-
ondary metabolites, also known as natural products. Aside from natural products, 
the recent development of recombinant DNA technology has sparked the develop-
ment of a wide array of biopharmaceutical products, such as recombinant proteins, 
offering significant advances in treating a broad spectrum of medical illnesses and 
conditions [6, 7].

2.1 Characteristics of secondary metabolites

Secondary metabolites (SMs) are organic compounds with complex chemical 
structures and diverse physiological functions. Secondary metabolites include 
antibiotics, pigments, and other bioactive compounds (Bioactive word means 
Biologically Active). Many of these compounds have important agricultural and 
medical applications [8, 9].

Microorganisms are noted as a rich source of bioactive secondary metabolites 
and bioactive metabolites. Some of these bioactive metabolites, such as antibiot-
ics, siderophores, immunosuppressants and degradative enzymes are also useful 
in medicine and biotechnology. These play a role in defense mechanisms against 
predators [8].

Many microorganisms synthesize secondary metabolite molecules that play 
essential ecological roles of their complex and heterogeneous microenvironments. 
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Commonly, the genes governing the biosynthesis of secondary metabolites are clus-
tered collectively, and increasingly gene clusters accountable for the biosynthesis of 
secondary metabolites were located [10].

The provision of clusters has improved purposeful investigations of biosynthetic 
pathways of secondary metabolites. An intensive understanding of the enzymatic 
method is required for metabolic engineering to enhance manufacturing of second-
ary metabolites and for combinatorial biosynthesis to generate novel compounds or 
derivatives. Secondary metabolites are usually produced at some point of the desk 
bound section of growth in microorganisms [11].

2.1.1 Secondary metabolites have the subsequent traits

1) Secondary metabolites (SMs) may be produced only with the aid of a few 
microorganisms. 2) They will be inclined to be produced at the terminal of expo-
nential growth or within the direction of substrate-restricted situations. 3) They’re 
created from common metabolic intermediates but use specialized pathways 
encoded via a specific gene. Those products are not nessarary for the organism’s 
very own growth, duplicate, and regular metabolism. 4) Secondary metabolites 
have uncommon chemical linkages, for instance, β-lactam rings, cyclic peptides, 
unsaturated linkage of polyacetylenes and polyenes, big macrolide rings, and so 
forth. 5) Increase situations, particularly the composition of the medium inside a 
fermentation machine, control the formation of secondary metabolites. 6) Those 
compositions are produced as a collection of carefully associated systems. 7) 
Secondary metabolic compositions can be overproduced [5].

2.2 Why secondary metabolites are produced by the organisms?

Secondary metabolites seem to act the organisms that produce them as (1) 
competitive tools used in opposition to different microorganisms, flora, bugs, and 
large animals; (2) sexual hormones; (3) agents of plant–microbe symbiosis and 
plant increase stimulation; (4) metallic transporting dealers; and (5) differentia-
tion effectors [12]. Secondary metabolites have a first-rate impact at the fitness, 
nutrients, and economics of communities. Antibiotics are the most essential of the 
secondary metabolites. The alarming rise in emergence and occurrence of antibi-
otic resistance poses a primary danger to human healthcare. It is clean that novel 
antibiotics are urgently had to combat this trouble [12, 13].

Different secondary metabolites are insecticides, pesticides, pigments, xeno-
biotics, effectors of ecological competition and symbiosis, pheromones, enzyme 
inhibitors, immunomodulating factors, receptor antagonists and agonists, insecti-
cides, antitumor agents, immunosuppressives, cholesterol-lowering factors, plant 
protectants, and growth promotants of animals and herbals. As a stop result, they 
have wonderful monetary significance [13].

3. Use tools to identify significance microbial metabolites

Intense interest in the intestine microbes over the past decade has led to under-
standing of diet–microbiota–host interactions suggests significant opportunities 
to create new therapeutic approaches, including selectively altering the microbial 
production of molecules to promote human health and prevent disease [14].

A sequence of landmark metabolomics research over the past decade have 
appreciably superior our know-how via the usage of mass spectrometry (MS) or 
nuclear magnetic resonance (NMR) evaluation to select out in all likelihood crucial 
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microbial metabolites that derive from the gut microbes, which might be enriched 
or depleted in diseased humans, or that can be used to are expecting physiological 
response to meals or different interventions [13].

Researchers have established a number of metabolites which can play essential 
roles in human fitness and ailment, together with short-chain fatty acids (SCFAs) 
and long-chain fatty acid metabolites which inclusives conjugated linoleic acid and 
10-hydroxy-cis-12-octadecenoate, trimethylamine and trimethylamine N-oxide, 
tyrosine and phenylalanine metabolites collectively with hippuric acid, phenyl-
acetylglycine, phenyl sulfate, paracresyl sulfate, phenylpropionylglycine, cin-
namoylglycine and equol sulfate and tryptophan metabolites together with indole, 
indole-three- propionate and indoxyl-sulfate [13, 15].

A number of the metabolites diagnosed by manner of these research result 
from the transformation of unique nutritional components via pick out species of 
microbes that express the important enzymes to behave on these additives. For that 
reason, the variable presence of microbes using those eating regimen-established 
metabolic pathways can be key to knowledge the variable host reaction to particular 
nutritional components and susceptibility to illnessess [13].

lots work stays to completely symbolize the physiological results of those and the 
many other microbial metabolites that can be essential in human health [16].

Accordingly, it appears there may be a vast want for cautiously controlled 
research to decide the physiological outcomes of each recognized microbial metabo-
lite and its particular mechanisms of action [16]. Moreover, so that you can fully 
take advantage of the capacity of the gut microbiota for disease prevention, we 
need a much more expertise of ways dietary additives and host genetics affect the 
manufacturing of numerous metabolites. The gut microbiota for human health, the 
remarkable progress of the last decade suggests that such approaches have signifi-
cant potential to revolutionize therapeutic approaches to human disease [17].

4. Biosynthesis of vitamins by probiotic bacteria

The connection among vertabrates and the microbial cells that reside of their 
gastrointestinal tracts relies on a complicated molecular, with microbial metabo-
lites acting as essential mediators of this a complex molecular. Important roles 
for numerous microbial metabolic pathways in host body structure were lengthy 
mounted, along side in the production of a few vitamins, the degradation of dietary 
oxalates, and change of bile salts [13].

Vitamins are crucial micronutrients which may be frequently precursors to 
enzymes, which all living cells require to carry out biochemical reactions. Since 
human body cannot synthesize many vitamins, simply so they want to be externally 
received [18]. The use of vitamins-generating microorganisms can be a natural and 
marketable approach to the usage of pseudo-vitamins which may be chemically 
produced, and could permit for the producing of foodstuffs with better levels of 
vitamins that could lessen unwanted facet outcomes. Probiotic bacteria, further 
to commensal microorganism observed inside the human intestine, consisting of 
Lactobacillus and Bifidobacterium, can de novo synthesize and supply nutrients to 
human body [18].

Within the human body, groups of the intestine microbiota are capable of 
synthesize vitamin K and the production of water-soluble B vitamins including 
cobalamin (vitamin B12), folate (vitamin B9), pyridoxine (vitamin B6), riboflavin 
(vitamin B2), and thiamine (vitamin B1). All of these vitamins are essential for the 
body and serve as a co-factor for the specific enzymes [19].
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5. Using of microorganisms as valuable resource for healthy food

Microorganisms are taken into consideration a treasured resource for novel 
wholesome food ingredients and biologically lively compounds. Microorganisms 
have increasingly been used to synthesis value-added products with numerous 
functions inside the agricultural, foods and pharmaceutical industries [20].

These value-added compounds can also embody enzymes, prebiotics, fatty acid, 
antioxidants, proteins, polysaccharides, organic acids, and biofuels. For this reason, 
microbial biosynthesis offers a renewable, environmentally benign route, sustain-
able feedstocks and economically appealing alternatives [1].

Furthermore, the recent advancement in analytical measurement, such as 
chromatography, with a particular reference to ultrahigh-performance liquid 
chromatography (UHPLC) coupled with mass spectrometry (MS), allowed the 
simultaneous analysis of various compounds, with rapid and accurate results [21]. 
Functional foods and natural-health products comprise quite a wide range of food 
ingredients, with various bioactive compounds responsible for their activity in 
disease prevention and/or health promotion [22].

Prebiotics serve via various mechanisms, which includes producing vitamins, 
interacting with host immune structures, stopping pathogen adhesion to host cells, 
and affecting the morphological shape of the intestine, all of which likely act via 
the modulation of intestinal microbiota. A broad sort of dietary compounds may 
satisfy those criteria. so far, the maximum promising dietary fibers with promis-
ing prebiotic capabilities are nondigestible oligosaccharides containing 3–9 sugar 
monomers [15].

5.1 Fructooligosaccharides

Dietary carbohydrates especially Fructooligosaccharides are notably emerging 
as an important prebiotic due to their hypocaloric, bifidogenic, and noncario-
genic functions. The possible health benefits associated with the consumption of 
Fructooligosaccharides has led to their increased acceptance as food ingredients and 
alternative sweeteners used in diabetic formulations [15].

5.2 Omega-3 PUFAs

There are numerous benefits of long-chain omega-3 PUFAs, particularly 
eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6), for 
human health. PUFAs, which are involved in many vital biological activities, such 
as inflammatory, immune, and cancer processes. In fact, PUFAs form a unique 
class of food constituents with numerous functions; they are considered food and 
nutritional products with specific health-promoting activities, modulating the risk 
of certain diseases [15].

PUFAs are fatty acids (FAs) are found in particular in fish, vegetable oils, 
inclusive of sunflower, flaxseed, soybean, rapeseed, and marine belongings. 
In latest many years, there has been interest within the utilization of micro-
organisms as ability promising producers of determined on PUFAs. But, the 
growth in PUFA call for and the decline in fish shares have stepped forward the 
attention paid to microorganisms, for the reason that microorganisms can be 
cultivated underneath managed conditions with immoderate growth rates and 
that additionally they do not compete for land for unique meals manufactur-
ing. The principle microbial resources of PUFAs are marine algae, fungi, and 
 microorganism [15, 23].
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microbial metabolites that derive from the gut microbes, which might be enriched 
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6. Microbial sources in recombinant drug discovery

An expansion of organisms, like bacteria, fungi, and plant produce secondary 
metabolites, called natural products. Natural merchandise are prolific sources 
and a revelation for numerous clinical factors with extensively divergent chemical 
structures and natural factors functions, at the side of antimicrobial, immu-
nosuppressive, anticancer and anti-inflammatory features, many of that have 
been developed as remedies and feature functionality recuperation programs for 
human sicknesses [6, 12].

These structurally and chemically diverse molecules act as a remarkable class 
of therapeutics to heal various ailments. Aside from natural products, the recent 
development of recombinant DNA technology has sparked the development of a 
wide array of biopharmaceutical products, such as recombinant proteins, offer-
ing significant advances in treating a broad spectrum of medical illnesses and 
 conditions [24].

6.1 Natural product from fungal sources

Fungi were used for a long time by humankind for plenty functions, inclusive 
of food manufacturing (beer, wine, leavened bread, soy substances and so on), 
remedies, and in regular existence. Loads of years ago, fungi were used to deal with 
intestinal illness. Since the producing of penicillin, which turn out to be isolated 
from the fungus Penicillium notatum, fungi had been a rich source of many recu-
peration factors. Fungi are a highrich supply of biologically energetic secondary 
metabolites [25].

Many healing factors, which includes cyclosporine and mycophenolic acid 
(immunosuppressive interest), fusidic acid and griseofulvin (antimicrobial inter-
est), and exclusive novel semisynthetic antifungal pharmacy, in conjunction with 
anidulafungin and caspafungin, have been originated from fungal metabolites [6].

One of the most vital mediciene are statins, invlusive mevastatin from 
Penicillium citrinum and lovastatin from Aspergillus terreus. Statins as the most 
important member of antilipidemic medicienes for the remedy of cardiovascular 
ailments, also are derived from microbial resources. Fungal metabolites are not only 
crucial for treatment but additionally for plant safety. For example, the produc-
ing of strobilurins from Strobilurus species, precipitated compounds for artificial 
fungicides, which includes trifloxystrobin [25].

6.2 Natural product from bacteria sources

Almost three-quarters of microbial-produced bioactive compositons are from 
actinomycete bacteria. Extra than 500 species of streptomycetes that are the most 
extensively identified organization, generating extensive range of biologically 
energetic compositions. They will be gram-positive aerobic filamentous (regularly 
soil) bacteria. They often produce spores and are characterized by manner of the 
producing of geosmin, a risky metabolite that provide them “earthy” scent. The 
spore germination technique relies upon at the environmental conditions [25]. In 
everyday conditions, the germination of streptomycete spores starts off evolved by 
arthrospore (substrate mycelium), however inside the case of nutrient depletion, 
the increase starts with aerial mycelium. In one-of-a-kind phrases, underneath 
favorable conditions, a fully matured mycelia is produced. Beneath drastic condi-
tions, alternatively, the aerial mycelium is subdivided with the resource of septa, 
then into spores, which in turn can, underneath sure conditions, germinate into 
mycelium [25–27].
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Actinomycetes are recounted to provide diverse sorts of antibiotics, in particu-
lar, peptides/glycopeptides, angucyclinone, tetracyclines, phenazines, macrolides, 
anthraquinones, polyenes, anthracyclines, β-lactams, piercidins, octaketides, 
benzoxazolophenanthridines, heptadecaglycosides, and lactones [6].

6.2.1 Bioactive activities of natural products of bacterial sources

The secondary metabolites produce in actinomycetes is greatly affected by 
various fermentation parameters, such as nutrients availability, pH, aeration, 
temperature, mineral salts, heavy metals, precursors, inducers, and inhibitors, 
which often vary from organism to organism [28]. Streptomycetes are a rich source 
of many bioactive compounds. Most antifungals derived from streptomycetes 
tend to be macrolide polyene, such as nystatin, produced by streptomyces. About 
two-thirds of bioactive compounds are produced by this group, and they have many 
clinical efficacies against different kinds of organisms, such as bacteria, fungi, and 
parasites [29].

Further, antitumor features, such as aclacinomycin A, actinomycin D, bleomy-
cin, daunorubicin, mithramycin, mitomycin C, and nogalamycin (synthesized with 
the aid of Streptomyces glalilaeus, Streptomyces antibioticus, Streptoverticillium 
verticillium, Streptomyces paecetius, Streptomyces argillaceus, Streptomyces lav-
endulae, and Streptomyces nogalater, respectively). These medications can act on 
DNA by using altering its function via mechanisms, including intercalation, cross-
linking, DNA strand fracture, or interacting with DNA non-intercalatively [29].

7. Microbial metabolites for medical and anticancer activities

The search for novel microbial metabolites has shown Mevinolin, a potent 
cholesterol-lowering agent was isolated from Aspergillus terreus. Aspercilin was 
isolated from Aspergillus alliaceus. Later on, benzodiazepines were derived from 
aspercilin and used for curing anxiety or insomnia [30].

7.1 Fungal metabolites

Norsolorinic acid, isolated from Aspergillus spp. was reported to cause apoptosis 
in breast cancer (MCF-7) and human bladder cancer (T-24) cells [30, 31].

Extracts of Penicillium steckii and Aspergillus sydowii induced cytotoxicity in 
human cervical carcinoma cell line (HeLa). Whereas, extract of Alternaria alter-
nata showed cytotoxic activity against Staphylococcus aureus, Escherichia coli and 
HeLa cells.

Similarly, ethanolic extracts of Fomitopsis pinicola induce cytotoxicity in vari-
ous cancer cell lines including human hepatoma, colorectal, lung and breast cancer 
cells along with synergistic effects with cisplatin in vivo [6, 29].

Aspergillus parasiticus, a type of fungal endophytic, isolated from Sequoia 
sempervirens was reported to be a producer of sequoiatones A and B which showed 
moderate anticancer potential with the highest activity against breast cancer 
cell lines.

Torreyanic acid, isolated from endophytic fungi of Torreya taxifolia tree exhib-
ited apoptotic activity in protein kinase C sensitive cancer cells [9]. Endophytic 
fungi, Taxomyces andreanae and Nodulisporium sylyiforme have been reported to 
produce taxol (an anticancer drug previously isolated from the pacific yew tree) [9].

Along with anticancer potential, this drug also exhibited antifungal activ-
ity against Pythium, Phytophthora and Aphanomyces spp. A novel polykedite, 
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5-hydroxyramulosin isolated from an endophytic fungus of Cinnamomum mollis-
simum showed both antifungal activities against Aspergillus niger and anticancer 
activity against murine leukemia cells [9].

7.2 Bacterial metabolites

Two bacterial strains, Escherichia coli and Bacillus subtilis are genetically more 
variable from each other than humans are from corns [9].

Nisin, a bacteriocin has been used as bio-preservative. Rapamycin, an antifungal 
agent was isolated from soil inhabiting Actinomycetes. It is also used for inhibiting 
organ rejection in transplant patients. Amrubicin hydrochloride, an anticancer 
compound was isolated from Streptomyces peucetius in 2002. A new class of anti-
biotics called Pumalicidins A, B, C, D, E, F and G were obtained from the culture 
broth of Bacillus pumilus [9, 31].

Homologs of Bacillomycin D, isolated from Bacillus subtillis (B38) were reported 
to have anti-oxidative and DNA protective activities. Additionally, Surfactin, 
produced by Bacillus subtilis CYS191, was reported to induce apoptosis in human 
breast cancer cells (MCF-7) by causing oxidative stress [9, 31]. Streptomyces hygro-
scopicus was identified as a producer of antifungal prenylated indole, galbonolides 
A and B, elaiophylin and its derivatives and herbimycins. Pterocidin, produced by 
endophytic Streptomyces hygroscopicus showed cytotoxic effects in human lung, 
ovarian, glioblastoma and melanoma cells [9].

There was an analogue of signal peptide 27 that produced by using Streptococcus 
pneumoniae has proven cytotoxicity in opposition to leukemia, gastric and breast 
cancer via cell permeabilization and induction of caspase-unbiased apoptosis [9]. 
Also any other anticancer peptide Entap (Enterococcal anti-proliferative peptide) 
remoted from Enterococcus spp. make induction of autophagous apoptosis and 
inhibits proliferation in numerous cancers [9].

8. Biosynthesis of nanoparticles by microorganisms

The improvement of eco-friendly technology in substances synthesis is of 
sizable significance to amplify their natural activities. In recent times, a selection 
of inorganic nanoparticles (NP) with properly-defined chemical shape, duration, 
and compunds had been synthesized by using of special microorganisms, and their 
capabilities in lots of cutting-edge methodological areas had been analyzed [32]. 
Elements that constitutive nanoparticles having one or greater dimensions of the 
order of 100 nm or a good deal less have attracted extremely good attention due to 
their uncommon and fascinating features, and applications tremendous over their 
bulk contrary numbers [32].

There are huge types of bodily, chemical, natural, and hybrid techniques avail-
able to synthesize awesome kinds of nanoparticles. Despite the fact that bodily and 
chemical techniques are extra famous inside the synthesis of nanoparticles, use of 
poisonous chemicals greatly limits their biomedical functions, especially in scien-
tific fields [32].

Consequently, improvement of reliable, non-toxic and eco-friendly techniques 
for synthesis of nanoparticles is of utmost significance to expand their biomedical 
applications. One of the options to gather this motive is to use microorganisms to 
produce nanoparticles. These elements synthesized with the aid of manner of a 
biogenic enzymatic system are a long way superior, in several techniques, to those 
elements synthesized via chemical techniques [33].
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Nanoparticles are produced whilst the microorganisms take target ions from their 
surroundings after which flip the metal ions into the detail metal via enzymes gener-
ated thru the cellular functions. It is able to be categorized into  intracellular and 
extracellular synthesis in step with the area where nanoparticles are  organized [33].

The intracellular system inclusives transporting ions into the microbial cel-
lular to shape nanoparticles internal using enzymes. The extracellular synthesis 
of nanoparticles includes taking the metallic ions at the surface of the cells and 
 reduction of ions the use of enzymes [32, 33].

8.1 Types of NPs

NPs are formed in two synthesized: metal and oxide by organisms. Metal nanopar-
ticles such as gold (Au), silver (Ag), platinum (Pt), mercury (Cu), cadmium (Cd), 
selenium (Se), mercury (Hg) and chromium (Cr) are synthesized by microorgan-
isms. Metal nanoparticles are usually spherical, flat and cube shapes, Pyramidal and 
Irregular polygonal. Their size of diameters range from 2 to 180 nm. The most impor-
tant nanopatiticles are gold and silver. Gold nanoparticles are made by Sargassum 
wightii and Rhodococcus sp., Shewanella oneidensis, Plectonemaboryanum, 
Plectonema boryanum andYarrowia lipolytica, silver nanoparticles by Trichodermaide 
vir, Phaenerochate, chrysosporium and Bacillus lichformeniis [32–34].

The most important oxide nanoparticles include TiO2, BaTiO3, Sb2O3, BaTiO3, 
ZrO2, Fe3O4 and Fe2O3. Their size of diameters nanoparticles range from 3 to 80 nm. 
The size of these nanoparticles ranges from 3 to 80 nm and forms Rectangular, 
rhombic, hexagonal, Cubo-octahedral, Nanopowders, Wormhole-like, Bullet-
shaped, Tetragonal, Spherical and Pseudohexagonal/irregular or rhombohedral is 
synthesized. These are by some bacterial and fungal microarchanis like Shewanella 
oneidensis, Lactobacillus sp.oxysporum, oxysporum, Saccharomyces cerevisiae and 
yeast cells are synthesized [32–34].

8.2 Utility of nanoparticles

Treatment using nanoparticles (nanomedicine) is a attractive and growing 
discipline to study with super potentialities possibilities for the improvement of 
the analysis and treatment of human illnesses. Dispersed nanoparticles are usu-
ally employed in nanobiomedicine as fluorescent natural, drug and gene delivery 
entrepreneurs, and in programs which include biodetection of pathogens, tissue 
engineering, tumor destruction through heating (hyperthermia), MRI comparison 
enhancement, and phagokinetic research [33].

The biosynthesized nanoparticles have been used in a variety of applications 
including drug carriers for targeted delivery, cancer treatment, gene therapy and 
DNA analysis, antibacterial agents, biosensors, enhancing reaction rates, separa-
tion science, and magnetic resonance imaging (MRI) [33]. Some of the purposes of 
using nanoparticles include drug delivery, antibacterial agent, biosensor, reaction 
rate enhancement agent and magnetic separation and detection. Here, we provide 
some examples to illustrate these applications [34].

8.2.1 Drug delivery

Magnetic nanoparticles like Fe3O4 and Fe2O3 are known to be biocompatible. 
They have been actively investigated for targeted cancer treatment (magnetic 
hyperthermia), stem cell sorting and manipulation, guided drug delivery, gene 
therapy and DNA analysis, and MRI [33].



Bioactive Compounds - Biosynthesis, Characterization and Applications

78

5-hydroxyramulosin isolated from an endophytic fungus of Cinnamomum mollis-
simum showed both antifungal activities against Aspergillus niger and anticancer 
activity against murine leukemia cells [9].

7.2 Bacterial metabolites

Two bacterial strains, Escherichia coli and Bacillus subtilis are genetically more 
variable from each other than humans are from corns [9].

Nisin, a bacteriocin has been used as bio-preservative. Rapamycin, an antifungal 
agent was isolated from soil inhabiting Actinomycetes. It is also used for inhibiting 
organ rejection in transplant patients. Amrubicin hydrochloride, an anticancer 
compound was isolated from Streptomyces peucetius in 2002. A new class of anti-
biotics called Pumalicidins A, B, C, D, E, F and G were obtained from the culture 
broth of Bacillus pumilus [9, 31].

Homologs of Bacillomycin D, isolated from Bacillus subtillis (B38) were reported 
to have anti-oxidative and DNA protective activities. Additionally, Surfactin, 
produced by Bacillus subtilis CYS191, was reported to induce apoptosis in human 
breast cancer cells (MCF-7) by causing oxidative stress [9, 31]. Streptomyces hygro-
scopicus was identified as a producer of antifungal prenylated indole, galbonolides 
A and B, elaiophylin and its derivatives and herbimycins. Pterocidin, produced by 
endophytic Streptomyces hygroscopicus showed cytotoxic effects in human lung, 
ovarian, glioblastoma and melanoma cells [9].

There was an analogue of signal peptide 27 that produced by using Streptococcus 
pneumoniae has proven cytotoxicity in opposition to leukemia, gastric and breast 
cancer via cell permeabilization and induction of caspase-unbiased apoptosis [9]. 
Also any other anticancer peptide Entap (Enterococcal anti-proliferative peptide) 
remoted from Enterococcus spp. make induction of autophagous apoptosis and 
inhibits proliferation in numerous cancers [9].

8. Biosynthesis of nanoparticles by microorganisms

The improvement of eco-friendly technology in substances synthesis is of 
sizable significance to amplify their natural activities. In recent times, a selection 
of inorganic nanoparticles (NP) with properly-defined chemical shape, duration, 
and compunds had been synthesized by using of special microorganisms, and their 
capabilities in lots of cutting-edge methodological areas had been analyzed [32]. 
Elements that constitutive nanoparticles having one or greater dimensions of the 
order of 100 nm or a good deal less have attracted extremely good attention due to 
their uncommon and fascinating features, and applications tremendous over their 
bulk contrary numbers [32].

There are huge types of bodily, chemical, natural, and hybrid techniques avail-
able to synthesize awesome kinds of nanoparticles. Despite the fact that bodily and 
chemical techniques are extra famous inside the synthesis of nanoparticles, use of 
poisonous chemicals greatly limits their biomedical functions, especially in scien-
tific fields [32].

Consequently, improvement of reliable, non-toxic and eco-friendly techniques 
for synthesis of nanoparticles is of utmost significance to expand their biomedical 
applications. One of the options to gather this motive is to use microorganisms to 
produce nanoparticles. These elements synthesized with the aid of manner of a 
biogenic enzymatic system are a long way superior, in several techniques, to those 
elements synthesized via chemical techniques [33].
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Nanoparticles are produced whilst the microorganisms take target ions from their 
surroundings after which flip the metal ions into the detail metal via enzymes gener-
ated thru the cellular functions. It is able to be categorized into  intracellular and 
extracellular synthesis in step with the area where nanoparticles are  organized [33].

The intracellular system inclusives transporting ions into the microbial cel-
lular to shape nanoparticles internal using enzymes. The extracellular synthesis 
of nanoparticles includes taking the metallic ions at the surface of the cells and 
 reduction of ions the use of enzymes [32, 33].

8.1 Types of NPs

NPs are formed in two synthesized: metal and oxide by organisms. Metal nanopar-
ticles such as gold (Au), silver (Ag), platinum (Pt), mercury (Cu), cadmium (Cd), 
selenium (Se), mercury (Hg) and chromium (Cr) are synthesized by microorgan-
isms. Metal nanoparticles are usually spherical, flat and cube shapes, Pyramidal and 
Irregular polygonal. Their size of diameters range from 2 to 180 nm. The most impor-
tant nanopatiticles are gold and silver. Gold nanoparticles are made by Sargassum 
wightii and Rhodococcus sp., Shewanella oneidensis, Plectonemaboryanum, 
Plectonema boryanum andYarrowia lipolytica, silver nanoparticles by Trichodermaide 
vir, Phaenerochate, chrysosporium and Bacillus lichformeniis [32–34].

The most important oxide nanoparticles include TiO2, BaTiO3, Sb2O3, BaTiO3, 
ZrO2, Fe3O4 and Fe2O3. Their size of diameters nanoparticles range from 3 to 80 nm. 
The size of these nanoparticles ranges from 3 to 80 nm and forms Rectangular, 
rhombic, hexagonal, Cubo-octahedral, Nanopowders, Wormhole-like, Bullet-
shaped, Tetragonal, Spherical and Pseudohexagonal/irregular or rhombohedral is 
synthesized. These are by some bacterial and fungal microarchanis like Shewanella 
oneidensis, Lactobacillus sp.oxysporum, oxysporum, Saccharomyces cerevisiae and 
yeast cells are synthesized [32–34].

8.2 Utility of nanoparticles

Treatment using nanoparticles (nanomedicine) is a attractive and growing 
discipline to study with super potentialities possibilities for the improvement of 
the analysis and treatment of human illnesses. Dispersed nanoparticles are usu-
ally employed in nanobiomedicine as fluorescent natural, drug and gene delivery 
entrepreneurs, and in programs which include biodetection of pathogens, tissue 
engineering, tumor destruction through heating (hyperthermia), MRI comparison 
enhancement, and phagokinetic research [33].

The biosynthesized nanoparticles have been used in a variety of applications 
including drug carriers for targeted delivery, cancer treatment, gene therapy and 
DNA analysis, antibacterial agents, biosensors, enhancing reaction rates, separa-
tion science, and magnetic resonance imaging (MRI) [33]. Some of the purposes of 
using nanoparticles include drug delivery, antibacterial agent, biosensor, reaction 
rate enhancement agent and magnetic separation and detection. Here, we provide 
some examples to illustrate these applications [34].

8.2.1 Drug delivery

Magnetic nanoparticles like Fe3O4 and Fe2O3 are known to be biocompatible. 
They have been actively investigated for targeted cancer treatment (magnetic 
hyperthermia), stem cell sorting and manipulation, guided drug delivery, gene 
therapy and DNA analysis, and MRI [33].
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8.2.2 Antibacterial agent

Silver nanoparticles (AgNPs) had been biosynthesized the use of fungus 
Trichoderma viride. These nanoparticles have been evaluated for their improved 
antimicrobial functions with numerous antibiotics towards gram-positive and 
gram-negative bacteria. The antibacterial functions of ampicillin, canamycin, 
erythromycin, and chloramphenicol had been elevated within the presence of silver 
nanoparticles (AgNPs) towards test traces [35].

The best improving effect changed into observed for ampicillin in opposition to 
take a look at lines. The end result confirmed that the aggregate of antibiotics with 
AgNPs has higher antimicrobial effects and provided beneficial insight into the 
development of latest antimicrobial dealers [35].

8.2.3 Biosensor

Nanoparticles possess interesting electronic and optical properties and can 
be used in biosensor applications. They are synthesized from spherical selenium 
nanoparticles by the Bacillus subtilis with diameters ranging. These sensors exhib-
ited good electrocatalytic activity towards the reduction of H2O2 due to the good 
adhesive ability and biocompatibility of Se nanomaterials [36]. These H2O2 biosen-
sors had high sensitivity and affinity for H2O2 with a detection limit of 8 × 10−8 M. 
The selenium (Se) nanomaterials-modified electrode will probably be promising 
for a wide range of applications related to the detection of H2O2 in food, pharma-
ceutical, clinical, industrial and environmental analyses [36].

8.2.4 Reaction rate enhancement agent

Magnetic nanoparticles have been used to improve the microbiological reac-
tion rates.

In fact, magnetic nanoparticles were utilized not only for their catalytic func-
tion but also for their good ability to disperse i.e. use of the coated microbial cells of 
Pseudomonas delafieldii with magnetic Fe3O4 nanoparticles to fulfill desulfuriza-
tion of dibenzothiophene. The high surface energies of nanoparticles resulted in 
their strong adsorption on the cells [36].

8.2.5 Magnetic separation and detection

Magnetic elements conjugated with organic molecules, that rectangular degree 
enticing substances for building assay structures, are deliberate to be used as a 
biological label [37]. Aggressive luminescence catalyst immunoassays utilizing 
antibodies immobilized onto microorganism magnetic elements had been evolved 
for the fast and sensitive detection of tiny molecules, like xenobiotics, hormone and 
cytotoxic detergents. The employment of magnetic particles as a solid-phase adsor-
bent is similar temperament for polymer extraction techniques because of they will 
be actually manipulated through smooth software of a magnet [37].

9. Conclusions

Microorganisms had been present in the world 4 billion years ago and have 
been evolving and increasing into new surroundings ever since, current anywhere. 
Their presence has driven the development of latest ecosystems, a number of 
which allowed the evolution of extra complex organisms. Issues about the supply 
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of healthy, secure meals for people have elevated research for the replacement of 
chemical substances with inexperienced biomaterials. Considered one of strate-
gies of creating and processing renewable monomers and polymers are presently 
studied, thinking of their benefits and downsides. There is a need to supply a green 
substitute for foods, medicinal drug, and pharmaceutical packages. Microbial 
synthesis has attracted extremely good attention because of the ease of the process 
and transformation into critical primary and secondary metabolites. The func-
tion of natural merchandise in meals, medicine, remedy, and agriculture fields is 
extensively highlighted because of their chemical stability and biocompatibility. 
Microorganisms were employed in large-scale manufacturing of a diffusion of 
biochemicals, antibiotics, and inside the processing of meals and feeds.

It is increasingly possible to identify potential vitamin-producing strains 
and interpret the intertwined mechanisms for their biosynthesis, because of the 
expanding availability of genome sequences, which could be used to expand the 
vitamin-producing capacities of the human intestine. Probiotic bacteria, as well 
as commensal bacteria found in the human intestine, such as Lactobacillus and 
Bifidobacterium, can de novo synthesize and supply vitamins to human body.

The usage of vitamin-producing types supplied a brand new perspective at the 
precise makes use of probiotics. Many vitamin-producing bacteria overproduce 
B vitamins and K vitamin, that could allow them to organically enrich uncooked 
meals materials like soy, milk, meat, and greens with B vitamins, preventing the 
want for additives. Consequently, the meals enterprise ought to take benefit of 
those novel and efficient vitamin-producing types to feature nutritional value to 
fermented merchandise and economically viable. It’s far an increasing number 
of feasible to identify capacity vitamin-producing types and interpret the inter-
twined mechanisms for their biosynthesis, due to the increasing availability of 
genome sequences, which will be used to increase the vitamin-generating capaci-
ties of the human intestine. Probiotic microorganism, in addition to commensal 
microorganism observed inside the human intestine, along with Lactobacillus and 
Bifidobacterium, can de novo synthesize and supply vitamins to human intestine. 
In human body, bacteria can produce vitamin K and most of the water-soluble B 
vitamins.

There were terrific trends in the field of microorganism synthesized nanopar-
ticles and their functions over the past decade. Although an incredible deal work is 
wanted to enhance the overall performance of synthesis, the manipulate of particle 
duration and morphology. The biosynthesis of nanoparticles by using microbes is 
idea to be clean, safe, and environmentally appropriate “green chemistry” tech-
niques. Biochemical, molecular and cellular mechanisms that mediate the synthesis 
of biological nanoparticles need to be studied in element to increase the rate of 
synthesis and to obtain favored duration and form of nanoparticles. In assessment 
with microorganism, fungi can produce big amounts of nanoparticles because 
they could secrete large quantities of proteins which directly translate to higher 
productivity of nanoparticles. The biogenic approach is further supported by way 
of the reality that most of the people of the bacteria inhabit ambient conditions 
of varying temperature, pH, and stress condition. With the present day develop-
ment and the continued efforts in improving particle produce performance and 
exploring their biological and medical functions. We hope so, the implementation 
of these processes on a largescale and their commercial packages in medication 
and fitness care will take vicinity inside the coming years. It appears distinctly in 
all likelihood that future studies will become aware of many other disorder states 
in which intestine microbial metabolites are significantly enriched or depleted. It 
is far vital to keep in mind that by using the use of themselves such studies do no 
longer display causality.
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8.2.2 Antibacterial agent

Silver nanoparticles (AgNPs) had been biosynthesized the use of fungus 
Trichoderma viride. These nanoparticles have been evaluated for their improved 
antimicrobial functions with numerous antibiotics towards gram-positive and 
gram-negative bacteria. The antibacterial functions of ampicillin, canamycin, 
erythromycin, and chloramphenicol had been elevated within the presence of silver 
nanoparticles (AgNPs) towards test traces [35].

The best improving effect changed into observed for ampicillin in opposition to 
take a look at lines. The end result confirmed that the aggregate of antibiotics with 
AgNPs has higher antimicrobial effects and provided beneficial insight into the 
development of latest antimicrobial dealers [35].

8.2.3 Biosensor

Nanoparticles possess interesting electronic and optical properties and can 
be used in biosensor applications. They are synthesized from spherical selenium 
nanoparticles by the Bacillus subtilis with diameters ranging. These sensors exhib-
ited good electrocatalytic activity towards the reduction of H2O2 due to the good 
adhesive ability and biocompatibility of Se nanomaterials [36]. These H2O2 biosen-
sors had high sensitivity and affinity for H2O2 with a detection limit of 8 × 10−8 M. 
The selenium (Se) nanomaterials-modified electrode will probably be promising 
for a wide range of applications related to the detection of H2O2 in food, pharma-
ceutical, clinical, industrial and environmental analyses [36].

8.2.4 Reaction rate enhancement agent

Magnetic nanoparticles have been used to improve the microbiological reac-
tion rates.

In fact, magnetic nanoparticles were utilized not only for their catalytic func-
tion but also for their good ability to disperse i.e. use of the coated microbial cells of 
Pseudomonas delafieldii with magnetic Fe3O4 nanoparticles to fulfill desulfuriza-
tion of dibenzothiophene. The high surface energies of nanoparticles resulted in 
their strong adsorption on the cells [36].

8.2.5 Magnetic separation and detection

Magnetic elements conjugated with organic molecules, that rectangular degree 
enticing substances for building assay structures, are deliberate to be used as a 
biological label [37]. Aggressive luminescence catalyst immunoassays utilizing 
antibodies immobilized onto microorganism magnetic elements had been evolved 
for the fast and sensitive detection of tiny molecules, like xenobiotics, hormone and 
cytotoxic detergents. The employment of magnetic particles as a solid-phase adsor-
bent is similar temperament for polymer extraction techniques because of they will 
be actually manipulated through smooth software of a magnet [37].

9. Conclusions

Microorganisms had been present in the world 4 billion years ago and have 
been evolving and increasing into new surroundings ever since, current anywhere. 
Their presence has driven the development of latest ecosystems, a number of 
which allowed the evolution of extra complex organisms. Issues about the supply 
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of healthy, secure meals for people have elevated research for the replacement of 
chemical substances with inexperienced biomaterials. Considered one of strate-
gies of creating and processing renewable monomers and polymers are presently 
studied, thinking of their benefits and downsides. There is a need to supply a green 
substitute for foods, medicinal drug, and pharmaceutical packages. Microbial 
synthesis has attracted extremely good attention because of the ease of the process 
and transformation into critical primary and secondary metabolites. The func-
tion of natural merchandise in meals, medicine, remedy, and agriculture fields is 
extensively highlighted because of their chemical stability and biocompatibility. 
Microorganisms were employed in large-scale manufacturing of a diffusion of 
biochemicals, antibiotics, and inside the processing of meals and feeds.

It is increasingly possible to identify potential vitamin-producing strains 
and interpret the intertwined mechanisms for their biosynthesis, because of the 
expanding availability of genome sequences, which could be used to expand the 
vitamin-producing capacities of the human intestine. Probiotic bacteria, as well 
as commensal bacteria found in the human intestine, such as Lactobacillus and 
Bifidobacterium, can de novo synthesize and supply vitamins to human body.

The usage of vitamin-producing types supplied a brand new perspective at the 
precise makes use of probiotics. Many vitamin-producing bacteria overproduce 
B vitamins and K vitamin, that could allow them to organically enrich uncooked 
meals materials like soy, milk, meat, and greens with B vitamins, preventing the 
want for additives. Consequently, the meals enterprise ought to take benefit of 
those novel and efficient vitamin-producing types to feature nutritional value to 
fermented merchandise and economically viable. It’s far an increasing number 
of feasible to identify capacity vitamin-producing types and interpret the inter-
twined mechanisms for their biosynthesis, due to the increasing availability of 
genome sequences, which will be used to increase the vitamin-generating capaci-
ties of the human intestine. Probiotic microorganism, in addition to commensal 
microorganism observed inside the human intestine, along with Lactobacillus and 
Bifidobacterium, can de novo synthesize and supply vitamins to human intestine. 
In human body, bacteria can produce vitamin K and most of the water-soluble B 
vitamins.

There were terrific trends in the field of microorganism synthesized nanopar-
ticles and their functions over the past decade. Although an incredible deal work is 
wanted to enhance the overall performance of synthesis, the manipulate of particle 
duration and morphology. The biosynthesis of nanoparticles by using microbes is 
idea to be clean, safe, and environmentally appropriate “green chemistry” tech-
niques. Biochemical, molecular and cellular mechanisms that mediate the synthesis 
of biological nanoparticles need to be studied in element to increase the rate of 
synthesis and to obtain favored duration and form of nanoparticles. In assessment 
with microorganism, fungi can produce big amounts of nanoparticles because 
they could secrete large quantities of proteins which directly translate to higher 
productivity of nanoparticles. The biogenic approach is further supported by way 
of the reality that most of the people of the bacteria inhabit ambient conditions 
of varying temperature, pH, and stress condition. With the present day develop-
ment and the continued efforts in improving particle produce performance and 
exploring their biological and medical functions. We hope so, the implementation 
of these processes on a largescale and their commercial packages in medication 
and fitness care will take vicinity inside the coming years. It appears distinctly in 
all likelihood that future studies will become aware of many other disorder states 
in which intestine microbial metabolites are significantly enriched or depleted. It 
is far vital to keep in mind that by using the use of themselves such studies do no 
longer display causality.
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Chapter 6

Biosynthesis of Diverse Class 
Flavonoids via Shikimate and 
Phenylpropanoid Pathway
Mohd Rehan

Abstract

Flavonoids are natural products, which are useful in the protection of various 
types of human diseases. Several bioactive flavonoids as chalcones, flavonols, flava-
nol, flavones, flavanone, flavan, isoflavonoids, and proanthocyanidin, are found in 
parts as leaves, root, bark, stem, flowers, weed, fruits of plant species. Flavonoids 
are synthesized in higher plant species via the shikimate pathway, phenylpropanoid 
and polyketide pathway. The chalcones and flavanones are central intermediates of 
the pathway, which give several diverse classes of flavonoids. Central intermediates 
pathway (chalcones and flavanones pathway) depends on plants species and group 
of enzymes such as hydroxylases, reductases and isomerases to give different classes 
of flavonoids skeleton. The anthocyanins, isoflavonoids and condensed tannin 
(proanthocyanidins) are an important class of flavonoids, which synthesized by 
flavanones. Mostly, biosynthesis of flavonoids start from phenylpropanoid path-
way. The phenylpropanoid pathway starts from shikimate pathway. The shikimate 
pathway starts from phosphoenol pyruvate and erythrose 4-phosphate.

Keywords: flavonoids, biosynthesis, shikimate pathway, phenylpropanoid pathway, 
tannins

1. Introduction

Flavonoids, are the largest class of secondary metabolites, having polyphenolic 
structure, which widely distributed in several parts as leaves, root, stem, bark, fruit, 
flower, weed, of diverse plant species [1]. The flavonoids play a key role to provide 
pigments in plant as dark blue and red color of berries, yellow and orange color of 
citrus fruits. These flavonoids play similar role as vitamins in the human body [2]. 
The flavonoids are constituted by 15 carbon atoms, which are arranged in C6-C3-C6 
backbone skeleton rings, in which ring A and ring B are linked by three carbon ring 
C [3]. The skeleton of ring represented in Figure 1.

On the basis of substitution pattern, flavonoids can be classified into major 
subgroups as chalcone, flavanone, dihydroflavonol, flavanol, flavones, isofla-
vone, flavonol, leucoanthocyanidin, proanthocyanidin (condensed tannins), 
anthocyanin [4]. The nature of these flavonoids depends on the basis of degree 
of hydroxylation, structural class, conjugations, substitutions and degree of 
polymerization [5]. Approximately, 9000 diverse type flavonoids have been 
reported and sure this number will be increased [6]. The diverse type flavonoids 
show diverse biological function as protection from UV radiation, apoptosis, 
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treatment of psoriasis [7, 8]. The diverse class of flavonoids have been isolated 
from several plant species as quercetin and apigenin from Cymbopogon citratus 
[9], pinostrobin and cardamonin chalcone from rhizomes of Boesenbergia rotunda 
[10], 6-aldehydo-isoophiopogonanone A, 6-aldehydo-isoophiopogonanone B, 
methylophiopogonanone A and methylophiopogonanone B from fibrous roots of 
Ophiopogon japonicus [11]. The diverse type flavonoids were synthesized in plant 
species via shikimate and phenylpropanoid pathway. Several types enzyme as 
DAHP synthase, DHQ synthase, SA kinase, PAT, ADT, 4CL, CHS, CHI, F3H, DFR 
play key role in the biosynthesis of flavonoids [12, 13].

2. Shikimate pathway

Shikimate pathway plays high potential role in the biosynthesis of flavonoids. 
Several key enzymes are involved in this pathway for biosynthesis of shikimic acid. 
This pathway starts with the aldol condensation reaction of phosphoenol pyruvate 
(PEP) and D-erythrose 4-phosphate (E4P) to generate seven carbon keto acid, 
3-deoxy-D-arabino-heptulosonate −7-phosphate (DAHP). This reaction catalyzes 
by 3-deoxy-D-arabino-heptulosonate −7-phosphate synthase (DAHPS) enzyme. 
The DAHPS is a highly potential enzyme of the shikimate pathway. Two DAHPS 
genes as DHS1 and DHS2 are found in Arabidopsis thaliana plants [14]. From 
literature, it is identified that DHS1 is more produced by infiltration or by physi-
cal wounding with pathogen in both tomato and Arabidopsis [15]. The DAHP is 
transformed to 3-dehydroquinic acid (DHQ ) by intramolecular cyclization reaction 
in presence of DHQ synthase enzymes.

In most bacteria, DHQS is monofunctional and in some organism, it behaves 
multifunctional enzyme, which catalyze 2, 3, 4, and 5 steps of the shikimate path-
way. The DHQS is a small part of larger AROM protein, which is pentafunctional 
peptide containing enzyme [16, 17]. The Neurospora crassa and Aspergillus nidulans 
DHQS enzyme found in nature as part of the AROM protein [18]. The DHQ con-
verts into 3-dehydroshikimic acid (DHS) by losing a water molecule.

In the fourth step, DHS is transformed into shikimic acid by removing water 
molecule. The phosphorylation of shikimic acid is done by activating of shi-
kimate kinase enzyme in the fifth step reaction. The shikimic acid with ATP is 
phosphorylated at the 5-OH group of shikimic acid converts into shikimic acid 
3-phosphate (S3P). The shikimate kinase enzyme is not found in the human cell, 
but is an essential enzyme of many bacterial pathogens [19, 20]. The shikimic acid 
3-phosphate converts into 3-enolpyruvyl shikimate −5-P (EPSP) by EPSP synthase 
enzymes.

The EPSPS is activating of shikimic acid 3-phosphate in the sixth step reaction 
of the shikimate pathway. According to intrinsic glyphosate sensitivity, it enzyme 
has been classified as a class I EPSP synthases and class II EPSP synthases [21, 22]. 

Figure 1. 
Basic skeleton C6-C3-C6 of ring A, B, and C in flavonoids.
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The class I EPSP synthases are found in plant and some bacteria as Escherichia coli 
and Salmonella typhimurium. The class II EPSP synthases is found several bacteria 
species as Streptococcus pneumonia, Streptococcus aureus. The EPSP converts into 
chorismic acid (CHA) by eliminating of the pi group at C-3.

The end product of shikimate pathway is chorismic acid, which found in plants, 
fungi, bacteria and some parasites [23]. The chorismate synthases (CS) is divided 

Figure 2. 
Shikimate pathway in biosynthesis of flavonoids.
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species as Streptococcus pneumonia, Streptococcus aureus. The EPSP converts into 
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Figure 2. 
Shikimate pathway in biosynthesis of flavonoids.
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within one of two functional groups as fungal type bifunctional CS and plant, 
bacterial type monofunctional CS [24, 25].

The chorismate mutase (CM) is a first step enzyme of the tyrosine and phenyl-
alanine biosynthesis. It activates of chorismic acid, which converts into prephenic 
acid by claisen rearrangement [26]. On the basis functional and structural, multiple 
form of this enzyme exists. Some monofunctional example from Serratia rubidaea, 
Bacillus subtilis [27], Aspergillus nidulans [28]. In presence of this enzyme, chorismic 
acid change into prephenic acid.

The prephenate aminotransferase (PAT) play a key role in phenylalanine bio-
synthesis. It catalyzes first step product (prephenic acid) into arogenic acid [29]. 
The arogenate dehydratase (ADT) is a last step enzyme of phenylalanine biosyn-
thesis, which catalyzes of arogenic acid into amino acid phenylalanine [30]. In the 
arabidopsis genome, six ADT genes as ADT1-ADT6 are found, whereas ADT4 and 
ADT5 were dominant in roots and stems [31]. The shikimate pathway with enzyme 
activity is summarized in Figure 2.

3. Phenylpropanoid pathway

The shikimate pathway plays the main role in the biosynthesis of flavonoids, 
which provides amino acid phenylalanine. The phenylalanine ammonia lyase (PAL) 
is an enzyme of first step reaction in phenylpropanoid pathway. The presence of this 

Figure 3. 
Phenylpropanoid pathway in biosynthesis of flavonoids.
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enzyme has been reported in different types of plant species [32] as certain fungi 
[33], few prokaryotic organisms, including Streptomyces [34, 35], algae, including 
Dunaliella marina [36] and detected in several species representing gymnosperms, 
ferns, lycopods, monocots, and dicots [37]. This enzyme converts phenylalanine 
into cinnamic acid and remove the ammonium ion.

The cinnamate −4-hydroxylase (C4H) plays a crucial role in conversion of 
trans-cinnamic acid in 4-coumaric acid. This acid, yielding 4-coumaroyl-CoA 
by catalyzing of 4-coumaroyl-CoA-ligase (4CL). The 4-coumaroyl-CoA-ligase 
(4CL) plays a pivotal role in phenylpropanoid biosynthesis pathway and produced 
coumarin skeleton. Mostly, a multiple isoform of 4CL are found in higher plants. 
These isoforms have distinct catalytic properties and expression profiles in plant 
tissue [38].

The initial step of flavonoids biosynthesis is the condensation reaction of one 
molecule 4-coumaroyl-CoA with three molecules of malonyl-CoA to yielding chal-
cone (2′,4′,6′,4-tetrahydroxy chalcone) by catalyzing the chalcone synthase (CHS) 
enzyme [39]. chalcone synthase (CHS) enzyme plays key role in the biosynthesis 
of flavonoids and isoflavonoids. The plant polyketide synthase is a big family called 
superfamily, CHS is a member of this family [40]. The chalcone isomerized into 
flavanone by activating of chalcone flavanone isomerase (CHI) enzyme. The flava-
none is the intermediate pathway of flavonoids, which divided into many different 
flavonoids classes [41, 42]. The modification of flavanone into the basic skeleton 
of flavonoids, depends on the species and a group of enzymes as hydroxylases, 
reductases, isomerases [43]. The phenylpropanoid pathway in the biosynthesis of 
flavonoids summarized in Figure 3.

4. Flavonoids pathway

The shikimate and phenylpropanoid pathway play important role in biosyn-
thesis of flavonoids. After this pathway flavonoids pathway starts, which produce 
various diverse type flavonoids in presence of several enzymes. The isoflavonoid 
synthase (IFS) is a main enzyme, which converts a flavanone into isoflavone. In 
soybean, two isoform of IFS genes as IFS-1 and IFS-2 are found, which play a crucial 
role in the isoflavones biosynthesis [44, 45]. The role of this enzyme summarized in 
Figure 4.

The flavonol synthase (F3H) is a key enzyme of the biosynthesis in the central 
flavonoid pathway. It plays a pivotal role in the conversion of flavanone into dihy-
droflavonol. It has been isolated from various plant species (more than 50 plants) 
[46, 47]. The flavonol synthase (FLS) is a highly activating enzyme, which converts 
of dihydroflavonol into flavonol. The first FLS gene was known from P. hybrida 
[48] and other FLS gene were known from various plant species as A. thaliana [49], 
E. grandiflorum [50] etc.

The dihydroflavonol reductase (DFR) is a essential enzyme, which catalyzes 
dihydroflavonol into leucoanthocyanidin and are precursors of anthocyanidins and 
proanthocyanidins [51]. The DFR genes have been cloned in several plant species as 
Lotus japonicas [52], Ginkgo biloba [53], Brassica rapa [54]. The DFR can overexpres-
sion in apple and tobacco, which increase anthocyanin production [55, 56].

The proanthocyanidins is known condensed tannins (polymers), which produced by 
condensation of flavan-3-ol monomeric units as epicatechin and catechin. It catalyzes in 
the presence of two enzymes as leucoanthocyanidin reductase (LAR) and anthocy-
anidin reductase (ANR). The LAR is the main enzyme of anthocyanin biosynthesis 
pathway, which converts leucoanthocyanidin into catechin, while ANR converts 
anthocyanidin into epicatechin [57–59]. The CsLAR gene is found in tobacco, which 
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Bacillus subtilis [27], Aspergillus nidulans [28]. In presence of this enzyme, chorismic 
acid change into prephenic acid.

The prephenate aminotransferase (PAT) play a key role in phenylalanine bio-
synthesis. It catalyzes first step product (prephenic acid) into arogenic acid [29]. 
The arogenate dehydratase (ADT) is a last step enzyme of phenylalanine biosyn-
thesis, which catalyzes of arogenic acid into amino acid phenylalanine [30]. In the 
arabidopsis genome, six ADT genes as ADT1-ADT6 are found, whereas ADT4 and 
ADT5 were dominant in roots and stems [31]. The shikimate pathway with enzyme 
activity is summarized in Figure 2.

3. Phenylpropanoid pathway

The shikimate pathway plays the main role in the biosynthesis of flavonoids, 
which provides amino acid phenylalanine. The phenylalanine ammonia lyase (PAL) 
is an enzyme of first step reaction in phenylpropanoid pathway. The presence of this 

Figure 3. 
Phenylpropanoid pathway in biosynthesis of flavonoids.
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enzyme has been reported in different types of plant species [32] as certain fungi 
[33], few prokaryotic organisms, including Streptomyces [34, 35], algae, including 
Dunaliella marina [36] and detected in several species representing gymnosperms, 
ferns, lycopods, monocots, and dicots [37]. This enzyme converts phenylalanine 
into cinnamic acid and remove the ammonium ion.

The cinnamate −4-hydroxylase (C4H) plays a crucial role in conversion of 
trans-cinnamic acid in 4-coumaric acid. This acid, yielding 4-coumaroyl-CoA 
by catalyzing of 4-coumaroyl-CoA-ligase (4CL). The 4-coumaroyl-CoA-ligase 
(4CL) plays a pivotal role in phenylpropanoid biosynthesis pathway and produced 
coumarin skeleton. Mostly, a multiple isoform of 4CL are found in higher plants. 
These isoforms have distinct catalytic properties and expression profiles in plant 
tissue [38].

The initial step of flavonoids biosynthesis is the condensation reaction of one 
molecule 4-coumaroyl-CoA with three molecules of malonyl-CoA to yielding chal-
cone (2′,4′,6′,4-tetrahydroxy chalcone) by catalyzing the chalcone synthase (CHS) 
enzyme [39]. chalcone synthase (CHS) enzyme plays key role in the biosynthesis 
of flavonoids and isoflavonoids. The plant polyketide synthase is a big family called 
superfamily, CHS is a member of this family [40]. The chalcone isomerized into 
flavanone by activating of chalcone flavanone isomerase (CHI) enzyme. The flava-
none is the intermediate pathway of flavonoids, which divided into many different 
flavonoids classes [41, 42]. The modification of flavanone into the basic skeleton 
of flavonoids, depends on the species and a group of enzymes as hydroxylases, 
reductases, isomerases [43]. The phenylpropanoid pathway in the biosynthesis of 
flavonoids summarized in Figure 3.

4. Flavonoids pathway

The shikimate and phenylpropanoid pathway play important role in biosyn-
thesis of flavonoids. After this pathway flavonoids pathway starts, which produce 
various diverse type flavonoids in presence of several enzymes. The isoflavonoid 
synthase (IFS) is a main enzyme, which converts a flavanone into isoflavone. In 
soybean, two isoform of IFS genes as IFS-1 and IFS-2 are found, which play a crucial 
role in the isoflavones biosynthesis [44, 45]. The role of this enzyme summarized in 
Figure 4.

The flavonol synthase (F3H) is a key enzyme of the biosynthesis in the central 
flavonoid pathway. It plays a pivotal role in the conversion of flavanone into dihy-
droflavonol. It has been isolated from various plant species (more than 50 plants) 
[46, 47]. The flavonol synthase (FLS) is a highly activating enzyme, which converts 
of dihydroflavonol into flavonol. The first FLS gene was known from P. hybrida 
[48] and other FLS gene were known from various plant species as A. thaliana [49], 
E. grandiflorum [50] etc.

The dihydroflavonol reductase (DFR) is a essential enzyme, which catalyzes 
dihydroflavonol into leucoanthocyanidin and are precursors of anthocyanidins and 
proanthocyanidins [51]. The DFR genes have been cloned in several plant species as 
Lotus japonicas [52], Ginkgo biloba [53], Brassica rapa [54]. The DFR can overexpres-
sion in apple and tobacco, which increase anthocyanin production [55, 56].

The proanthocyanidins is known condensed tannins (polymers), which produced by 
condensation of flavan-3-ol monomeric units as epicatechin and catechin. It catalyzes in 
the presence of two enzymes as leucoanthocyanidin reductase (LAR) and anthocy-
anidin reductase (ANR). The LAR is the main enzyme of anthocyanin biosynthesis 
pathway, which converts leucoanthocyanidin into catechin, while ANR converts 
anthocyanidin into epicatechin [57–59]. The CsLAR gene is found in tobacco, which 
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accumulation of higher level of epicatechin than catechin while ANR in tea and grape-
vine is involved in biosynthesis of mixture of catechin and epicatechin from anthocyanidin 
[60, 61]. The proanthocyanidins have been reported from various plant species [62, 63]. 
The catalyzing properties of these enzymes are showed in Figure 5.

4.1 Chalcones

Chalcone synthase plays potential role in the biosynthesis of flavonoids/
isoflavonoids pathway. The CHS is a member of the polyketide synthase family, 
which play a key role flowering plant as providing floral pigment, insect repel-
lents, UV Protectants and antibiotics [64]. The chalcones are called open chain 

Figure 4. 
The essential role of enzyme in flavonoids pathway.

Figure 5. 
Biosynthesis of tannins and anthocyanin in flavonoids pathway.
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Figure 6. 
Various types chalcones isolated from several plants.

Figure 7. 
Diverse type of flavan and flavan-3-ol reported from parts of plants.
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Figure 8. 
Structural diversity of flavones and flavanone.

flavonoids, which have 15 carbon structure and arranged in C6-C3-C6 skeleton. 
The modification of chalcones can be done by methylation, condensation, and 
hydroxylation. These chalcones can be distributed in many parts of plants as 
fruits, seed, bark, stem, flowers [65].

Various diverse type chalcones have been reported from many plant species such 
as 2,4-dihydroxy-30-methoxy-40-ethoxychalcone from Caragana pruinosa [66], 
two chalcones, sappanchalcone and 3-deoxysappanchalcone from Haematoxylum 
campechianum [67], 4,2′,4′-trihydroxy-chalcone 4,2′-dihydroxy-4′- methoxy-
chalcone, 4-hydroxylonchocarpin, crotmadine chalcones Codonopsis cordifolioidea 
root [68], and crotaramin chalcone from Crotalaria ramosissima plant [69]. These 
chalcones are showed in Figure 6.

4.2 Flavan and Flavan-3-ol

Many different flavan and flavan-3-ol are summarized in Figure 7, which 
have been isolated from many plants as afzelechin from steam bark of Pinus 
halepensis [70], oncoglabrinol C from Oncocalyx glabratus [71], epicatechin, 
and 3,5,7,4′-tetrahydroxy flavan from stem bark of Embelia schimperi [72], 
three flavan-3-ol derivatives as (+)-afzelechin, (+)-afzelechin-7-O-α-L-
arabinofuranoside and (+)-afzelechin-7-O-β-D-apiofuranoside from Polypodium 
vulgare L. rhizomes [73].
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4.3 Flavone-flavanone

Many different structures of flavones and flavanone are synthesized via shikimate 
and flavonoids pathway. These structures of these are showed in Figure 8. Several type 
of flavones and flavanone were isolated such as apigenin 7-O-β-D-glucopyranoside, 
dimethylchrysin, trimethylapigenin, 5,7,3′,4′-tetrahydroxyflavone (Luteolin) from 
Sterculia foetida leaves [74], three new flavan-flavanones as friesodielsones A, 
friesodielsones B, friesodielsones, from Friesodielsia desmoides leaves [75], and flavo-
noids (flavones) as apigenin-7,4′-dimethylether, genkwanin from Aquilaria sinensis 
leaves [76].

4.4 Isoflavonoids

The diverse type structure of isoflavonoids was synthesized from flavanone, 
which have been reported several plants as corylifol A, neobavaisoflavone, and iris-
florentin from Cytisus striatus [77], formoninetin and biochanin A from Hylastinus 
obscurus [78]. One new leptoisoflavone A (a rare 5-membered dihydrofuran ring) 
from Limonium leptophyllum [79], 2,2′-trimethoxy-6,8-dihydroxy-isoflavone from 
the ethanol extract of Thespesia populnea bark [80] and isoflavones, genistein and 
daidzein from Hericium erinaceum (Figure 9) [81].

4.5 Flavonol

Several type of flavonol were reported from parts of plants as myricetin 
3-O-(2″,4″-di-O-acetyl)-α-L-rhamnopyranoside from Myrsine Africana [82], flavo-
noid glycoside named as 3’-O-methyl quercetin-3-glucose-6-gallic acid from Cordia 
oblique leaves [83], 2-(3, 4-dihydroxyphenyl)-3, 5, 7-trihydroxy-4H-chromen-4-one 

Figure 9. 
Diverse structure of isoflavonoids from plants species.
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from aerial parts of Chenopodium album [84], amurensin and cosmosiin from 
Trigonella foenum graecum [85], rhamnosides flavonol, kaempferol-3-O-rhamnoside 
and quercetin-3-O-rhamnoside from leaves of Pometia pinnata [86] and a new 
flavonol glycoside, sabiapside A from Sabia parviflora [87] (Figure 10).

5. Conclusions

Flavonoids are a large class of natural compounds, which isolated from various 
of plants as seed, root, bark, flower, leaves, fruit etc. and prevent from various 
diseases. The biosynthesis of flavonoids is highly complicated because a group of 
enzyme (DHAP synthase, SA kinase, EPSP synthase, PAL, 4CL, CHS, CHI, F3H, 
DFR) plays a key role in the pathway of flavonoids biosynthesis. These enzymes 
play a potential role in modification of flavonoids via isomerases, hydroxylases, 
reductases, and polymerises reaction. The proanthocynidins are interested natural 
compounds, which formed via polymerization reaction of flavonoids. The flavo-
noids are synthesized in various plant species via shikimate and phenylpropanoid 
pathway.

Figure 10. 
Several different structures of flavonol isolated from parts of plant species.
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Chapter 7

Biosynthesis of the 
Immunomodulatory Molecule 
Capsular Polysaccharide A from 
Bacteroides fragilis
Sunita Sharma

Abstract

Capsular Polysaccharide A (CPSA) is a polymer of a tetrasaccharide unit found 
on the surface of the symbiotic gut bacteria Bacteroides fragilis. CPSA has been 
suggested to be important for maintaining a natural equilibrium between Th1 and 
Th2 cell levels in the normal immune system of mammals. If this equilibrium is 
disrupted, the human body can develop different autoimmune disorders. The gene 
locus responsible for CPSA biosynthesis has been previously identified. The locus 
was proposed to encode one glycosyl-1-phosphate transferase (WcfS) and three 
glycosyltransferases (WcfN, -P and -Q ), three sugar modifying enzymes (WcfM, 
WcfR and WcfO), a flippase (Wzx) and a polysaccharide polymerase (Wzy) 
based on homology tools. A route for the complete biosynthesis of CPSA has been 
elucidated. The initiating sugar transferase, WcfS has been previously identified 
and characterized. An in vitro method was used to enzymatically synthesize CPSA, 
which was assembled on a fluorescent analogue of the native bactoprenyl diphos-
phate anchor one sugar at a time. Function of the hypothesized pyruvyltransferase 
WcfO was also determined. This is the first study to characterize a pyruvyltrans-
ferase involved in polysaccharide biosynthesis from a prokaryote. The biosynthesis 
of the polysaccharide was achieved in a single pot, compared to multiple steps 
involved in chemical synthesis, displaying an enormous leap in the biosynthesis of 
complex molecules like CPSA.

Keywords: Bacteroides fragilis, pyruvyltransferase, glycosyltransferase, capsular 
polysaccharide A, biosynthesis

1. Introduction

B. fragilis is an obligate anaerobic bacterium which colonizes the intestinal tract 
of the human gut, and essentially all other mammals. It is an integral component of 
the normal gastrointestinal flora [1, 2]. It is classified as a Gram-negative, non-
spore forming and anaerobic bacilli. This mammalian symbiont and opportunistic 
pathogen depends on its capsular layer for virulence as well as for symbiosis in the 
mammalian gut [3, 4]. Eight capsule polysaccharides can be expressed on its sur-
face, depending on the environmental niche of the organism, designated as CPSA 
through CPSH [5–10]. Capsular polysaccharide A is one of the eight polysaccharides 
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spore forming and anaerobic bacilli. This mammalian symbiont and opportunistic 
pathogen depends on its capsular layer for virulence as well as for symbiosis in the 
mammalian gut [3, 4]. Eight capsule polysaccharides can be expressed on its sur-
face, depending on the environmental niche of the organism, designated as CPSA 
through CPSH [5–10]. Capsular polysaccharide A is one of the eight polysaccharides 
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found on the surface of B. fragilis, and is the most abundant. CPSA plays a role in 
abscess formation when the bacterium localizes outside of its normal niche in the 
gastrointestinal tract or during surgical procedures [11]. However, this view has 
been challenged when it was found that treating the animal with the CPSA and 
then introducing the abscess-inducing bacteria resulted in the immune system of 
the animal protecting itself against the production of abscesses. Furthermore, few 
studies have also claimed that the abscess formation by B. fragilis actually prevents 
infection in the wound by other pathogenic bacteria [12, 13].

CPSA is a unique polymer. It has both negatively and positively charged motifs 
present on each repeating monomer, making it a zwitterionic molecule [7, 14] 
(Figure 1). The presence of this zwitterionic character has been attributed to the 
novel immunologic activity displayed by CPSA. The zwitterionic character has been 
shown to modulate the mammalian immune system by interacting with the adaptive 
immune system [15]. Elimination of either charge group in CPSA results in a lack of 
in vivo activation of the T-cells [16, 17].

CPSA modulates the immune system by its stimulation of a T-cell dependent 
form of immunity that provides protection against the formation of the intraab-
dominal abscesses. At the molecular level, CPSA interacts with the MHCII pathway 
similar to traditional protein antigens [18]. The first step is endocytosis of CPSA 
by the antigen-presenting cells like dendritic cells. Once in the endosome, CPSA 
is depolymerized based on the chemical reaction, deaminative cleavage [19]. This 
cleaving is mediated by nitric oxide, that has been generated by the upregula-
tion of inducible nitric oxide synthase (iNOS). The 130 kDa CPSA is processed 

Figure 1. 
Tetrameric repeat unit of the CPSA found on B. fragilis. It consists of an acetamido-4-amino-6-
deoxygalactopyranose (AADGal), 4,6-pyruvate galactose (4,6-pyr-gal), N-acetylgalactosamine (GalNAc), 
and a galactofuranose (Galf) sugar.
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to 15 kDa units. After being processed, the endosomes fuse with lysosomes and 
exocytic vesicles to form MIIC vesicle carrying HLA-DR and the accessory molecule 
HLA-DM. HLA-DM catalyzes the binding of MHCII to CPSA fragments, which is 
then presented to the CD4+ T cell receptor (Figure 2). This leads to the prolifera-
tion of the CD4+ T cell population, that produces IL-10, which is responsible for 
providing protection against the formation of intra-abdominal abscesses [15, 20].

CPSA can restore the immune system from a variety of autoimmune disorders, 
making it a promising candidate for a therapeutic drug. Colonization of nude mice 
with wild type B. fragilis, that produces the zwitterionic capsular polysaccharide A, 
protected animals from antibiotic induced experimental autoimmune encepha-
lomyelitis (EAE), while animals infected with mutant B. fragilis deficient in the 
production of the polysaccharide were not protected [12, 21]. In germ free animal 
models of Inflammatory Bowel Disease (IBD), it was found that CPSA alone with-
out the bacterial carrier was enough to stimulate normal immune system function 
and prevent intestinal inflammatory disease [22, 23]. CPSA has been given thera-
peutically to decrease pro-inflammatory cytokine production in an experimental 
model of colonic irritation [24].

2. CPSA gene locus

CPSA is a polymer of a tetramer repeated approximately 160 times. Its size 
is estimated to be 110 kDa [25]. The CPSA tetrameric repeat unit consists of an 

Figure 2. 
Depolymerization of CPSA in antigen presenting cell. 1. Internalization of CPSA in an endosome. 2. iNOS 
upregulation produces NO, which cleaves 130 kDa CPSA to ~15 kDa units. 3. Endosome fuses with the lysosome. 
4. Endo-lysosome fuses with exocytic vesicle to form MIIC vesicle which has HLA-DR, HLA-DM and processed 
polysaccharide. In here, processed polysaccharide is loaded on HLA-DR with the help of HLA-DM. 5, 6. The 
loaded HLA-DM is presented on the surface of the antigen presenting cell to be recognized by alpha beta TCR 
present on CD4+ T-cell.
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acetamido-4-amino-6-deoxygalactopyranose (AADGal), 4,6-pyruvate galactose 
(4,6-pyr-Gal), N-acetylgalactosamine (GalNAc), and a galactofuranose (Galf) 
sugar (Figure 3) [26]. The structure of CPSA has previously been well investigated 
using total correlated spectroscopy and NOESY NMR [27]. Three-dimensional 
structure of a highly related PSA2 molecule shows a right-handed helix with two 
repeating units per turn, and a pitch of 20 Å. The zwitterionic motif is formed with 
alternating anionic carboxylate lying in repeated grooves and the cationic-free 
amines exposed on the outer surface of the carbohydrate [12, 28].

Although the chemical composition of CPSA is known, yet the biochemical 
pathway involved in its production is poorly documented [29, 30]. The location of 
the proposed CPSA locus was knocked out, making a mutant B. fragilis which did 
not express CPSA on its surface, thereby confirming the location of the biosynthetic 
locus (Figure 4). Within the CPSA locus, there are eleven genes, of which nine 
express proteins similar to other proteins involved in various other polysaccharide 
biosynthesis (Table 1).

2.1 Initiating the CPSA biosynthesis

The function of the nine genes have been elucidated and a pathway has been 
constructed (Figure 5). The identity of the genes present in the CPSA gene locus 

Figure 4. 
CPSA locus in the B. fragilis genome.

Figure 3. 
Tetrameric repeat of CPSA.
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suggests that the most likely route for assembling the complex bacterial polysac-
charide is a Wzy-dependent pathway in which the repeat unit oligosaccharides are 
assembled one sugar at a time on the cytosolic face of the bacterial inner membrane 
[31]. Assembly of the oligosaccharide takes place on a C55 isoprenoid bactopre-
nol [32]. It is a hydrophobic anchor which holds the growing polymer in the cell 
membrane.

The enzymes responsible for the synthesis of the first sugar, AADGal, in the 
tetrameric repeat, and the enzyme that catalyzes the transfer of this sugar to the 
bactoprenol anchor have been well characterized [33]. AADGal is synthesized 
by the sequential action of a dehydratase and an aminotransferase, which is then 
transferred to the bactoprenyl anchor by a hexose phosphate initiating transferase. 

ORF Size (aa) Size (kDa) Role Accession no.

wzx 482 56 flippase AAK68914.1

wcfM 364 43 galactopyranose mutase AAK68915.1

wcfN 291 34 glycosyltransferase AAK68916.1

wzy 434 43 polymerase AAK68917.1

wcfO 357 40 pyruvyltransferase AAK68918.1

wcfP 378 44 glycosyltransferase AAK68919.1

wcfQ 268 32 glycosyltransferase AAK68920.1

wcfR 407 45 aminotransferase AAK68921.1

wcfS 195 23 glycosyltransferase AAK68922.1

Table 1. 
Functions of the gene products in the CPSA biosynthesis operon.

Figure 5. 
Pathway of CPSA biosynthesis.
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Figure 7. 
Biosynthesis of bactoprenyl linked monosaccharide.

Within the CPSA biosynthesis locus, there is a predicted aminotransferase gene, 
wcfR, and a hexose phosphate initiating transferase, wcfS, but no predicted dehy-
dratase was found. However, a gene encoding a potential dehydratase, ungD2, has 
been identified elsewhere in the B. fragilis genome. When this gene was knocked out 
by Coyne et al, they found out that, synthesis of the seven out of the eight capsular 
polysaccharides was stopped. Initial studies with UngD2 and WcfR did not show 
any promise in the synthesis of AADGal. Hence a previously well characterized 
dehydratase, PglF [34], from Campylobacter jejuni was used to provide the substrate 
needed for WcfR function. The coupling of these enzymes together led to the pro-
duction of AADGal (Figure 6) [35, 36]. This also points to the notion that depend-
ing on homology alone for functional assignment of genes, is not always right, and 
wet lab results are needed to confirm the function of the gene product.

The synthesized UDP-AADGal was further used as a potential substrate for 
WcfS, identified as the initiating hexose phosphate transferase. Studies done by 
Mostafavi et al. demonstrated that WcfS was indeed the initiating hexose phosphate 
transferase, which lead to the formation of the bactoprenyl linked monosaccharide 
(Figure 7) [33].

As mentioned previously, assembly of the polysaccharides in bacterial cells is 
done on a C55 bactoprenyl anchor. It is produced by the condensation of farnesyl 
diphosphate (FPP) to eight units of isopentenyl diphosphate (IPP), done by the 
enzyme undecaprenyl diphosphate synthase (UPPS). A major drawback of using 
this compound in in vitro assays is that, it does not have easily distinguishable 
chromophores associated to it, hence very few rapid assays are available to detect 
and quantify the activity of enzymes associated with polysaccharide synthesis. 
To circumvent this problem, the Troutman lab developed fluorescent analogues 
of the native bactoprenyl, which are easily traceable [25, 37]. Assays done using 
these analogues take a short time to reveal valuable information about the enzymes 
when compared to traditional assays, which follow the more tedious route of using 
radioactive labeled substrates. Mostafavi et al. used a p-nitroaniline bactoprenyl 
phosphate analogue to find out the function of WcfS (Figure 7) [33].

Figure 6. 
Biosynthesis of AADGal.
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2.2 Glycosyltransferases involved in CPSA biosynthesis

Cell surface polysaccharides are nothing but complex carbohydrates. They 
play important roles in a number of biological processes such as cell growth, 
cell to cell interactions, immune response, and inflammation. The polysaccha-
rides are synthesized by a class of enzymes known as glycosyltransferases [38]. 
Glycosyltransferases are an enzyme superfamily responsible for the attachment 
of carbohydrate moieties to a wide array of acceptors that include nucleic acids, 
polysaccharides, proteins, lipids, and carbohydrates. The majority of glycosyl-
transferases are sugar nucleotide-dependent enzymes, and utilize nucleoside 
diphosphate sugars (NDP-sugars) as donors for the glycosidic bond formation. 
In other cases, the sugar donors can also be lipid phosphates and unsubstituted 
phosphate [39].

The glycosyltransferases have been classified by sequence homology into 96 
families in the Carbohydrate Active enZyme database (CAZy), each of which cata-
lyze the reaction as shown in Figure 8 [40]. Chain elongation of the oligosaccharide 
units in complex carbohydrates is achieved by the addition of monosaccharide units 
through the action of different glycosyltransferases in a specific sequence. The 
CAZy database provides a highly powerful predictive tool, as the structural fold and 
mechanism of action are invariant in most of the families [22]. Therefore, where the 
structure and mechanism of a glycosyltransferase member for a given family has 
been reported, some assumptions about other members of the family can be made. 
Substrate specificity, however, is more difficult to predict, and requires experimen-
tal characterization of individual glycosyltransferases.

Determining both the sugar donor and acceptor for a glycosyltransferase of 
unknown function can be challenging, and it is one of the reasons there are sig-
nificantly fewer well characterized isoprenoid linked sugar glycosyltransferases 
when compared to the glycosyltransferases responsible for synthesizing disac-
charides or the oligosaccharides [40]. The less reports on isoprenoid linked sugar 
transferases can be attributed to the fact that, a high throughput method has not yet 
been developed which will enable for faster characterization. Another challenge in 
characterizing the glycosyltransferases is the availability of rare sugars, as most of 
the bacterial polysaccharides contain rare sugars. Rare sugars, such as rhamnose or 
fucose, may provide the bacterial polysaccharides with additional biological proper-
ties compared to those composed of more common sugar monomers [23, 41]. Rare 
sugars are monosaccharides that are not commonly found in nature, in comparison 
to D-glucose, D-galactose, D-fructose, D-xylose, D-ribose, and L-arabinose which 
are more abundant [23]. Moreover, the traditional methods like radioisoptopic 

Figure 8. 
General reaction scheme for a glycosyltransferase (GTs).
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labelling, thin-layer chromatography (TLC) used to characterize the glycosyltrans-
ferase, often tends to be tedious and challenging in tracking the product.

Glycosyltransferases catalyze glycosidic bond formation with either overall 
retention or inversion of anomeric configuration when compared to the stereo-
chemistry in the sugar donor (Figure 9). Inverting glycosyltransferases are gener-
ally believed to proceed via a single displacement SN2 mechanism with concomitant 
nucleophilic attack by the acceptor at the anomeric carbon, facilitated by proton 
transfer to the catalytic base, and leaving group departure [22]. Structural data have 
shown that several inverting glycosyltransferases, contain no obvious candidate 
catalytic base indicating these enzymes use an alternative mechanism [38, 39].

The reaction coordinate employed by retaining glycosyltransferases has been 
much debated, and it could be possible the mechanism is not conserved for all 
retaining enzymes. One possibility is a double displacement mechanism via a 
covalent mechanism, analogous to that used by glycoside hydrolases [22]. A report 
by Soya et al. provided mass spectrometry evidence for the formation of a covalent 
intermediate between the donor substrate and a cysteine, which had been substi-
tuted for the candidate catalytic nucleophile, on two retaining glycosyltransferases 
[42]. The more favored mechanism in the field is an SN1 or SN1-like mechanism, 
which involves interaction between the leaving group and attacking nucleophile on 
the same face. This mechanism is supported by kinetic isotope effect studies to ana-
lyze the structure of the transition state and by computational modeling [38, 39].

The CPSA gene locus has three genes, wcfQ , wcfP and wcfN, that putatively 
encode for glycosyltransferases [29, 30]. Each of these glycosyltransferases is 
expected to transfer a sugar moiety to the bactoprenyl linked monosaccharide, the 
disaccharide and the trisaccharide. Based on the CAZy database, and homology 
studies, WcfQ and WcfN are hypothesized to belong to the glycosyltransferase 
superfamily A, which follows the inverting mechanism in the sugar transfer. 
Whereas WcfP is proposed to belong to the glycosyltransferase superfamily B, 
which follows the retaining mechanism [40].

WcfQ , identified as the first glycosyltransferase, transfers galactose to the 
isoprenoid linked monosaccharide, even though it was observed by authors that, 
WcfQ could also transfer glucose to the bactoprenyl linked monosaccharide. This is 
because WcfQ required glucose in much excess when compared to galactose. It was 
also found out that even though WcfP had the capability of transferring galactose, 
WcfQ was more efficient in it, hence it was identified as the galactosyltransferase 

Figure 9. 
Glycosyltransferases catalyze glycosyl group transfer with either inversion or retention of the anomeric 
stereochemistry with respect to the donor sugar.
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in the CPSA biosynthetic pathway. Moreover, based on the Carbohydrate-Active 
enZYmes (CAZY) database the WcfQ sequence matched the GT_2 family of gly-
cosyltransferases which invert the configuration of the anomeric carbon of the 
donor, while WcfP was similar to a GT_4 family glycosyltransferase, which retains 
the anomeric stereo-configuration of the donating sugar [43, 44]. The published 
structure of the CPSA tetrasaccharide unit suggests that the linkage should be in 
a beta configuration [27]. This supported the conclusion that WcfQ is the protein 
responsible for introducing galactose, and that it introduces the sugar in the appro-
priate beta configuration [45].

As stated before, WcfP is related to the GT_4 family of proteins suggesting that 
it is a retaining glycosyltransferase, it was therefore more likely that WcfP cata-
lyzed UDP-GalNAc transfer to the galactose, but it was not known if it transferred 
UDP-GalNAc to the unpyruvylated disaccharide or the pyruvylated disaccharide. 
Both WcfN and WcfP were analyzed with the pyruvylated and the unpyruvylated 
disaccharides, it was demonstrated that WcfP transfers only UDP-GalNAc to the 
pyruvylated disaccharide.

In homology studies, WcfN was predicted to be a member of the GT_2 family, 
whose members have been identified to transfer furanose residues. WcfN was also 
hypothesized to be an inverting transferase, which inverts the stereochemistry of 
the anomeric carbon. Since the linkage between the third and the fourth sugar in 
the tetrasaccharide repeat unit is in the beta configuration, WcfN fitted the role of 
being the last glycosyltransferase. WcfN was found to transfer the galactofuranose 
to the trisaccharide, hence completing the mapping of the pathway of synthesis of 
the tetrasaccharide.

2.3 WcfM as the galactopyranosemutase

Polysaccharides composed of furanosyl residues are important constituents of 
many bacteria, protozoa, fungi, plants and archaebacteria [46, 47]. The furanosyl 
constituents have also been identified in glycopeptides, glycolipids as well as 
nucleotide sugars. D-Galactose is by far the most widespread hexose in the furanose 
form in naturally occurring polysaccharides, and the most impressive examples of 
these glycans are encountered in mycobacteria [48–50]. Galactofuranose, (Galf), 
which is thermodynamically less stable than galactose, is essential for the viability 
of several pathogenic species of bacteria and protozoa. It is absent in this form in 
mammalian cell structure, hence the biochemical pathways by which galactofu-
ranose containing glycans are assembled have been attractive sites for drug action 
[47, 51]. This potential has led to an increased interest in the synthesis of molecules 
containing galactofuranose residues, and their subsequent use in studies directed 
towards understanding of the enzymes that process these residues and the identifi-
cation of potential inhibitors of these pathways [46].

The enzyme UDP-galactopyranose mutase is central to galactofuranose 
metabolism. Most organisms cannot use exogenous galactofuranose, and UDP-
galactofuranose appears to be the biological source of galactofuranose residues 
in polysaccharides [46]. The major structural component of the Mycobacterium 
tuberculosis cell wall contains a galactan chain of approximately thirty-five galac-
tofuranose units, and the biosynthesis of the galactan is essential for viability 
[47]. The O-antigens of both Escherichia coli and Klebsiella pneumoniae contain 
galactofuranose as a component of lipopolysaccharide [47]. Several galactofuranose 
containing glycoconjugates have been found in Trypanosoma cruzi, the causative 
agent of Chagas disease, including glycoinositolphospholipids, lipopeptidophos-
phoglycans and mucin-like proteins. The galactomannan of Aspergillus fumigatus 
also contains galactofuranose, and this polysaccharide is used for clinical detection 
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labelling, thin-layer chromatography (TLC) used to characterize the glycosyltrans-
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Figure 9. 
Glycosyltransferases catalyze glycosyl group transfer with either inversion or retention of the anomeric 
stereochemistry with respect to the donor sugar.
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of fungal infections. Finally, it is also known that stopping galactofuranose 
biosynthesis in Leishmania major attenuates its virulence [46–48, 51]. The above-
mentioned pathogenic organisms all use the same building block for synthesizing 
galactofuranose-containing polysaccharides: uridine diphosphogalactofuranose 
(UDP-galactofuranose). This sugar nucleotide is produced from UDP-Glcp by 
the enzymes UDP-Glucose 4-epimerase (generating UDP-Galp,) and UDP-
galactopyranose mutase (UGM), which catalyzes the transformation of UDP-Galp 
to UDP-galactofuranose. The gene encoding UGM was first identified in E. coli in 
1996, followed shortly by its identification in K. pneumoniae and M. tuberculosis 
[48, 49, 52] . More recently, UGM was identified in the eukaryotes A. fumigatus, 
Cryptococcus neoformans, L. major and T. cruzi.

In the past several years’ major milestones have been achieved, which include 
an in-depth understanding of the mechanism of UDP-galactopyranose mutase 
(UGM), the enzyme which produces UDP-galactofuranose, and is the donor species 
used by galactofuranosyltransferases. A number of methods for the synthesis of 
galactofuranosides have also been developed [50]. UDP-galactofuranose has also 
been prepared by a number of approaches, and currently it appears that a che-
moenzymatic approach is the most viable method for producing multi-milligram 
amounts of this important rare sugar [46, 50].

The biosynthetic gene operon of CPSA encodes a wcfM gene, which was found 
to be homologous to other galactopyranose mutases. It is homologous to two known 
UDP-galactopyranose mutases, one from Streptococcus pneumonia (Cps33fN: 66% 
identity and 82% similarity) and the other from E. coli (59% identity and 79% 
similarity). The gene encodes a 43 kDa protein with one potential N-terminal 
transmembrane domain. Like other galactopyranose mutases, the protein is hypoth-
esized to catalyze the reaction as shown in Figure 10. The product of WcfM is 
required for the final step in the synthesis of the CPSA tetrasaccharide repeat unit. 
The last glycosyltransferase transfers UDP-galactofuranose to the trisaccharide.

2.4 WcfO as the pyruvyltransferase

Pyruvyltrasferases and pyruvylation have been less studied in prokaryotes, 
despite a burgeoning evidence of its presence in bacteria. Addition of pyruvate 
moiety gives a negative charge to the polymer and is utilized by the bacteria in 
various functions [53]. An example of this is the pyruvylation of ManNAc residue 
by the enzyme CsaB in the secondary cell wall polymer of Bacillus anthracis and 
Paenibacillus Alvei [54, 55]. This pyruvylated residue comes in use in anchoring the 
S-layer proteins in Gram positive bacteria by binding to the SLH domains of the 
S-layer proteins [56]. Knocking out the CsaB has led to a lethal phenotype, which 
suggests that, pyruvylation of the secondary cell wall polymer is essential to the 

Figure 10. 
Reaction catalyzed by UGM.
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growth and survival of the bacteria [55]. CsaB was recently characterized by the 
Schaffer group [57]. Including WcfO, a total of three pyruvyltransferases have now 
been functionally characterized. Pvg1b is from an eukaryote, and whose crystal 
structure has been solved [58, 59].

Polysaccharides of various prokaryotes are covalently linked with variable 
combinations of sulfates and pyruvates, for example, Rhizobium leguminosarum: 
4,6-pyrGalactose and 4,6- pyrGlucose, Bacillus anthracis: 4,6-pyrManNAc, and 
Xanthomonas campestris: 4,6-pyrMannose. These modifications provide a highly 
negative charge of these polysaccharides, which is often essential for function [60]. 
For example, when the pyruvyltransferase PssM, responsible for the pyruvate 
modification in the R. leguminosarum exopolysaccharide was deleted, the bacterium 
was found to be ineffective in infecting pea plants to initiate the formation of root 
nodules. This led to formation of aberrant root nodules, which were unable to fix 
nitrogen [61, 62]. Moreover, some studies have linked the pyruvic acetals in oligo- 
and polysaccharides to their immunological properties [63, 64].

Among the eleven proteins encoded in the CPSA gene operon, one of the 
genes transcribes a hypothesized pyruvyltransferase based on homology studies 
performed using pBLAST [31]. There is little sequence similarity to other known 
proteins with the wcfO gene product. WcfO has very minimal sequence identity 
to the two characterized pyruvyltransferases Pvg1p from S. pombe and PssM from 
R. leguminosarum. The activity of CPSA is dependent on its zwitterionic character 
in which the –AADGal amino group is positively charged while the pyruvate is 
negatively charged [16]. Due to the fact that all other sugar modifying enzymes and 
glycosyltransferases required for CPSA biosynthesis have been located in the CPSA 
biosynthesis operon, it was proposed by the authors that the wcfO gene product 
was likely responsible for the pyruvylation modification required for the formation 
of the second sugar in the CPSA tetrasaccharide repeat unit. WcfO is capable of 
modifying galactose or glucose when they are linked to the isoprenoid lipid carrier. 
This points to the direction that, there may be sub-families within the pyruvyl-
transferase family that utilize different substrates. Kinetic evaluation of WcfO was 
performed by the authors to test if discriminated between glucose and galactose, 
and it apparently utilized both the substrates with equal vigor.

3. Significance of capsular polysaccharide A

Previous studies on the CPSA molecule have revealed it to be effective as a thera-
peutic molecule, the tetrasaccharide repeat needs to be a polymer of ten repeat units 
or longer. If shorter than that, it fails to activate the immune system [64, 65]. CPSA 
operon encodes for a flippase wzx, which takes the repeat unit and flips it from the 
cytoplasmic space to the periplasmic space, where the polymerase wzy, utilizes the 
repeat unit and polymerizes it till it reaches a length of approximately 130 repeat 
units [65, 66].

Recent successes in cancer vaccines and in monoclonal antibody cancer immu-
notherapy have given the impetus towards development of vaccines targeting 
cancer-associated carbohydrates. The Andreana group have been developing carbo-
hydrate immunogens to elicit a T-cell dependent immune response. CPSA is known 
to stimulate a strong T-cell mediated response. They have successfully linked CPSA 
to the tumor-associated carbohydrate antigen (TACA), Sialyl Thomsen-nouveau 
(STn) and were able to obtain a robust immune response to the antigen [67–71]. 
They have further reported total synthesis of the CPSA unit in 19 steps with a final 
yield of 5% [67]. Chemoenzymatic assembly is a faster and scalable approach, that 
can be used as an alternative or in combination with chemical synthesis. CPSA 
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For example, when the pyruvyltransferase PssM, responsible for the pyruvate 
modification in the R. leguminosarum exopolysaccharide was deleted, the bacterium 
was found to be ineffective in infecting pea plants to initiate the formation of root 
nodules. This led to formation of aberrant root nodules, which were unable to fix 
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and polysaccharides to their immunological properties [63, 64].

Among the eleven proteins encoded in the CPSA gene operon, one of the 
genes transcribes a hypothesized pyruvyltransferase based on homology studies 
performed using pBLAST [31]. There is little sequence similarity to other known 
proteins with the wcfO gene product. WcfO has very minimal sequence identity 
to the two characterized pyruvyltransferases Pvg1p from S. pombe and PssM from 
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in which the –AADGal amino group is positively charged while the pyruvate is 
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biosynthesis operon, it was proposed by the authors that the wcfO gene product 
was likely responsible for the pyruvylation modification required for the formation 
of the second sugar in the CPSA tetrasaccharide repeat unit. WcfO is capable of 
modifying galactose or glucose when they are linked to the isoprenoid lipid carrier. 
This points to the direction that, there may be sub-families within the pyruvyl-
transferase family that utilize different substrates. Kinetic evaluation of WcfO was 
performed by the authors to test if discriminated between glucose and galactose, 
and it apparently utilized both the substrates with equal vigor.
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obtained in this way, can then be linked to the antigen. The chemoenzymatic 
method has also been used to create capsule polysaccharide based glycoconjugates 
for Neisseria meningitidis serotypes A, C and X [72–74]. In some cases, recombinant 
glycosyltransferases can be used to assemble non-native carbohydrate antigens in 
compliant host organisms like Escherichia coli. This method has been successfully 
used by the Brendan W. Wren lab for the in vivo assembly of capsular polysaccha-
ride from several serotypes of Streptococcus pneumoniae. A similar approach is also 
currently being applied with respect to CPSA, wherein the whole CPSA biosynthe-
sis and assembly will be done inside E. coli. This will allow to have access to longer 
oligomers of CPSA, which can be helpful in studies towards size requirement in 
eliciting immune response. So far there have been no reports of CPSA unit being 
polymerized synthetically.

4. Conclusion

CPSA molecue has a very common modification on its surface. Pyruvylation of 
sugars is fairly common yet an extensive search of the literature reveals little on suc-
cessful isolations of an enzyme responsible for this sugar modification. However, 
very recently a family of genes has been identified that appear to be involved in 
pyruvate transfer reactions in prokaryotes. A publication in 2013 showed successful 
purification of pyruvyltransferase Pvg1p from the eukaryote Schizosaccharomyces 
pombe. This group demonstrated the activity of Pvg1p on beta-nitrophenyl 
galactose, a substrate analogue of galactose [54]. Apart from this eukaryotic 
pyruvyltransferase Pvg1p and the prokaryotic pyruvyltransferase PssM from R. 
leguminosarum, no other pyruvyltransferases have been characterized [55]. More 
studies are needed in uncovering this family of enzymes, and also a path needs to be 
elucidated towards the polymerization of CPSA, to reap its full therapeutic benefits.
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4,6-pyr-Glc 4,6-pyruvate-glucose
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Abstract

Flavonoids are polyphenolic compounds and are one of the most abundant 
secondary metabolites present in plants. They are found in almost all vegetables and 
fruits. Flavonoids are of essence to plants and to man as well, due to their Medicinal 
and Pharmaceutical importance. Explicit understanding of the biosynthetic 
pathway of flavonoids is very essential. This will provide a stepwise explanation 
of the processes and mechanisms through which different forms of flavonoids 
are synthesized in plants, including the enzyme(s) responsible for each step. The 
importance in plants, medicine and pharmacy, of all the product(s) of each step 
will be emphasized.
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1. Introduction

Flavonoids represent an important class of natural products; mainly, they are of 
the family of secondary plant metabolites having a multi-phenolic structure, found 
commonly in fruits, vegetables and certain beverages. They have various favorable 
biochemical, and antioxidant effects associated with various diseases such as can-
cer, Alzheimer’s disease (AD), atherosclerosis and other reported pharmacological 
effects [1–3]. Flavonoids are associated with a wide spectrum of health-promoting 
effects and are crucial component in various nutraceutical, pharmaceutical, medici-
nal and cosmetic applications. This broad spectrum of health-promoting effect is 
due to their antioxidative, anti-inflammatory, anti-mutagenic and anti-carcinogenic 
properties coupled with their ability for cellular enzyme functions modulation [4].

In discussing the understanding of biosynthesis of flavonoids and their health 
benefits, we will be looking at it based on the sub headings of the enzymes involved 
in the biosynthetic pathway.

2. Phenylalanine ammonia lyase

Lyases are group of enzymes that catalyzes the removal of a functional group or 
a moiety from a compound by cleaving a carbon–carbon, carbon–oxygen, phospho-
rous-oxygen, and carbon-nitrogen bonds by mechanism of reaction other than 
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a moiety from a compound by cleaving a carbon–carbon, carbon–oxygen, phospho-
rous-oxygen, and carbon-nitrogen bonds by mechanism of reaction other than 
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hydrolysis, or oxidation. This removal of a functional group or a moiety often leads 
to the formation of a new double bond or ring structure. The bonds cleaving usually 
occur by means of elimination reaction [5]. In the synthesis of flavonoids, an 
ammonia-lyase, Phenylalanine ammonia-lyase (PAL) is the primary enzyme in the 
pathway for the synthesis of phenol [6]. At the initial synthesis of flavonoids, the 
conversion of Phenylalanine to trans-cinnamic acid is catalyzed by Phenylalanine 
ammonia lyase through a mechanism of non-oxidative deamination [7] as shown 
below. This Phenylalanine that is deaminated is a product of another pathway, 
shikimic acid pathway. Shikimic acid pathway produces three amino acid; 
L-Tyrosine, L-Phenylalanine and L-Tryptophan. The phenylpropanoid pathway 
takes its root from the L-Phenylalanine generated from the shikimic acid pathway.

Cinnamic acids belong to a group of aromatic carboxylic acids (C6–C3), which 
occurs naturally in plant kingdom. In the biochemical process that leads to the 
formation of lignin, which is the naturally occurring polymeric material that is 
responsible for providing mechanical support to plant cell wall, cinnamic acids 
are produced [8]. In all green plants cinnamic acids occur [9]. They are covalently 
bound to cell walls in minute quantities [10]. They are also found in the reproduc-
tive organs of flowering plants [11].

Coffee beans, tea, cocoa, apples, pears, berries, citrus, brassicas vegetables, 
spinach, beetroot, artichoke, potato, tomato, celery, faba beans, grape and cereals 
also contain cinnamic acids [12]. Cinnamic acids, with quinic acid, usually appears as 
conjugates known as the chlorogenic acids. With other acids, sugars or lipids they can 
also form esters. They can also with aromatic and aliphatic amines, form amides. Some 
cinnamic-related molecules have been shown in literature those possess the following 
pharmacological properties; anticancer [13], antituberculosis [14], antimalarial [15], 
antifungal [16], antimicrobial [17], antiatherogenic [18] and antioxidant [17] activities.

Also, various surveys directed towards the synthetic procedure for cinnamic acid 
preparation and related atoms have been shown in the literature [19–21]. Medicinal 
chemists have done the alteration of potency, permeability, solubility or other param-
eters of a preferred drug or pharmacophore with the aid of cinnamic acids [22].

Cinnamic acid exists in two isomeric forms; trans and cis. Most often available 
in nature and commercially is the trans form. Cinnamic acid can be obtained from 
cinnamon bark and balsam resins such as storax.

In the flavors, dyes, and pharmaceuticals production, trans-Cinnamic acid is 
utilized. The principal use of trans-cinnamic acid is in manufacturing of its methyl, 
ethyl, and benzyl esters, which are an essential component of perfumes. Also, in the 
production of the sweetener aspartame, the acid serves as a precursor [23].

3. Cinnamate-4-hydroxylase (C4H)

Hydroxylases are enzymes which add hydroxyl group to organic compounds. C4H 
found in plants is a cytochrome P450 that catalyzes trans-cinnamic acid conversion to 
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p-coumaric acid and is the first hydroxylation step of lignin, flavonoids and hydroxy-
cinnamic acid ester biosynthetic pathway correlating with lignifications [24–27]. 
Generally, in the synthesis of flavonoids, Cinnamate-4-hydroxylase catalyzes the 
addition of hydroxyl group to the trans-cinnamic acid generated from the deamination 
of the L-Phenylalanine, leading to the production of p-coumaric acid as shown below.

p-coumaric acid also known as 4-Hydroxycinnamic acid or p-Hydroxycinnamic 
acid, is a hydroxycinnamic acid, and also organic compound which is a hydroxy 
derivative of cinnamic acid. p-coumaric acid exists naturally in three isomers, 
namely; ortho-, meta- and para- coumaric acid [28].

As can be observed from above, these isomers differ from each other differ by 
the position of the hydroxy group substitution on the phenyl group. p-coumaric 
acid (4-hydroxy-cinnamic acid) occurs widely in the cell walls of graminaceous 
plants and is the most abundant of the three isomers [29]. It decreases low-density 
lipoprotein (LDL) peroxidation [30, 31], antimicrobial activities [32, 33] and plays 
a vital role in human health. Coumaric acids have been shown to possess radical-
scavenging effect [34–40] which reduces stomach cancer risk by suppressing 
carcinogenic nitrosamines formation [41–43].

p-coumaric acid effectively suppressed endothelial cell migration, tube forma-
tion, and rat aorta ring sprouting [44]. It reduces intracellular and mitochondrial 
reactive oxygen species production [44]. In vivo p-coumaric acid significantly sup-
pressed tumor growth in vivo by blocking angiogenesis. p-coumaric acid is found in 
various edible plants, such as carrots, tomatoes and cereals [44].

4. 4-coumarate CoA ligase

Ligases are a class of enzymes capable of catalyzing the merging of two large 
compounds by forming a new chemical bond, mostly accompanied by a small 
chemical group’s hydrolysis on one of the large compounds or commonly causing 
the linkage of two mixtures together. Ligases are classified under EC 6 primary 
class of enzymes. They are also further group into six subclasses which are known 
as ligases that create carbon–oxygen bonds, carbon-sulfur bonds, carbon-nitro-
gen bonds, carbon–carbon bonds, phosphoric–ester bonds, and nitrogen–metal 
bonds [45, 46].
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Coenzyme A (CoA) is a type of coenzyme that contains pantothenic acid, 
adenosine 3-phosphate 5-pyrophosphate, and cysteamine; which take part in the 
transfer of acyl groups, notably in transacetylations [47]. Coenzymes can be 
defined as organic molecules or compounds that many enzymes required to elicit a 
catalytic effect [48].

4-coumarate-CoA ligase (4CL) is essential to the general phenylpropanoid 
pathway and takes part in monolignol biosynthesis through the production of 
p-coumaroyl-CoA, a precursor for the biosynthesis of p-coumaryl alcohol and 
coniferyl alcohol in conifers. Essentially, p-coumaroyl-CoA is also involved in the 
production of other metabolites of plant as a precursor, including stilbenes and 
flavonoids [49].

4-coumarate-CoA ligase causes the joining of Coenzyme A to p-coumaric acid, 
leading to the formation of p- coumaroyl-CoA.

Coumaroyl-coenzyme A is a molecule or compound present in plants. It is the 
THIOESTER of coenzyme-A and coumaric acid. Coumaroyl-coenzyme A is a basic 
or fundamental intermediate in the biosynthesis of various natural products found 
in plants [50].

5. Chalcone synthase

Synthases are enzymes that catalyze the formation of a particular compound. 
Chalcone synthase catalyzes the production of chalcone, in phenylpropanoid 
metabolic pathway.

Chalcone synthase (CHS) or naringenin-chalcone synthase is a member of the 
plant polyketide synthase superfamily, which also includes stilbene synthase (STS), 
acridone synthase, pyrone synthase, bibenzyl synthase, and p-coumaroyl triacetic 
acid synthase [51]. Polyketides are a ubiquitous group of secondary metabolites 
which contain either alternating carbonyl and methylene groups (-CO-CH2-) 
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or are derived from precursors which have alternating carbonyl and methylene 
groups [52].

Chalcone synthases, the most well-known representatives of this family, make 
available the materials needed to initiate various sets of metabolites (flavonoids). 
These metabolites have important diverse role to play in flowering plants, like the 
provision of floral pigments, antibiotics, UV protectants and insect repellents [53].

In the production of chalcone, one molecule of p-coumaroyl-CoA and three 
malonyl-CoA molecules condensation is required. This is catalyzed by the enzyme, 
chalcone synthase. This process starts with the transfer of a coumaroyl moiety from 
a p-coumaroyl-CoA which is the starter molecule to an active site cysteine (Cys164) 
[54]. The next that follows is the series of condensation reactions involving three 
acetate units obtained from three malonyl-CoA molecules, each proceeding through 
an acetyl-CoA carbanion derived from malonyl-CoA decarboxylation, extends the 
polyketide intermediate. Following generation of the thioester-linked tetraketide, a 
regiospecific intramolecular Claisen condensation forms a new ring system to yield 
chalcone [55, 56].

Malonyl-CoA is the starting molecule for the synthesis of fatty acid and its elon-
gation. Malonyl-CoA is one of the foundations for the biosynthesis of some phyto-
alexins, flavonoids, and many malonylated compounds [57]. In plants and also in 
animals, malonyl-CoA is almost entirely obtained from acetyl-CoA by acetyl-CoA 
carboxylase [58].

Chalcone is an essential and resourceful molecule. It is a biogenetic precursor for 
flavonoids and isoflavonoids, which are bountiful in consumable plants. Chalcone 
contains two aromatic rings, linked together by a three-carbon-α, β unsaturated 
carbonyl system, i.e., 1,3-diphenyl-2-propen-1-one derivative. Structurally, 
chalcones are one of the most divergent forms of flavonoids. Chalcone derivatives 
exhibit a wide range of therapeutic activities which include anticancer [58–62] anti-
oxidants [63–67], anti-inflammatory [68–73], antihypertensive [74], antimalarial 
[75], antiulcer [76, 77], antiviral [78–81], antiprotozoal [82], cardiovascular activity 
[83] and mutagenic properties [84], and many other pharmacological properties.

6. Chalcone isomerase

Isomerases are class of EC 5 primary enzymes that catalyze the reactions that 
involve the rearrangement of a molecule structure [46].

The first detected flavonoid pathway enzyme was Chalcone isomerase. It 
catalyzes the stereospecific cyclization of chalcones to (2S)-flavanones, which 
were found to be the exclusive substrates for the reactions to the formation of other 
classes of flavonoids [85].

Although this type of isomerization reaction can go on spontaneously, the 
rate of turnover can be increased by 107 fold in the presence of CHI [86]. The 
CHIs present in plants can be divided into four types (type I to type IV). This 
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division depends on its phylogenetic relationships [87]. Type I and type II are 
considered bona fide catalysts with representative CHI enzymatic activity. Type 
I CHIs are mostly found in vascular plants; they are responsible for forming 
general flavonoids [88, 89].

In comparison with Type I CHIs, type II CHIs have wider substrate accept-
ability, besides making use of naringenin chalcone as substrate, they also under-
take the conversion of isoliquiritigenin to isoflavonoid which appear to be the 
specific metabolites in legume [90, 91]. Both type III and type IV CHIs do not 
participate in chalcone cyclization activity, unlike type I and type II CHI pro-
teins. Due to this, they are termed CHI-like proteins (CHIL). Type III CHIs, 
which is extensively dispersed in land plants and green algae, have been shown to 
be fatty acid-binding proteins that function to influence the synthesis and 
storage of fatty acid in plants [92]. Nonetheless, the action of type IV CHIs 
which completely lose the bona fide CHI activity is not well known, yet new 
studies have revealed type CHI-fold proteins might serve as the enhancer of 
colouration of flowers and production of flavonoid in diverse plant species [93]. 
All CHIs have a similar backbone arrangement and type III CHIs are thought to 
be the common forebear of bona fide CHIs [92, 94]. CHI, also regarded as 
chalcone flavonone isomerase.

Flavanones are primarily found in about 42 larger plant families, specifically 
in Compositae, Leguminosae, and Rutaceae. Depending on the type of plants, 
flavanones can be found in all of the parts above and below ground, from vegetative 
parts to generative organs: branches, bark, stem, leaves, roots, flowers, fruits, seeds, 
rhizomes, peels, and others [95].

Flavanones show strong antioxidant and radical scavenging activity [96–103] 
and appear to be associated with a reduced risk of certain chronic diseases [98, 99] 
the prevention of some cardiovascular disorders [104–107] and certain kinds of 
cancer [108–112]. Flavanones also exhibit antiviral [113], antimicrobial, [114] and 
anti-inflammatory activities, [115] beneficial effects on capillary fragility, [116] 
and an ability to inhibit human platelet aggregation, [117] anti-ulcer [118, 119] and 
anti-allergenic [120] properties.

From flavanones other classes of flavonoids are biosynthesized with the aid of 
specific enzymes.

a. Flavones

Flavones are biosynthesized from flavanone with the aid of flavone synthase as 
catalyst. This enzyme catalyzes a double bond formation between C2 and C3 of 
flavanones.

Two FNS (I and II) enzyme systems have been described in dicots for flavone 
biosynthesis. FNSI is a soluble 2-oxoglutarate-dependent dioxygenase (2-ODD), 

129

Flavonoids: Understanding Their Biosynthetic Pathways in Plants and Health Benefits
DOI: http://dx.doi.org/10.5772/intechopen.96715

while FNSII is a cytochrome P-450-dependent monooxygenase enzyme system. 
FNSI and most FNSII enzymes convert flavanones to flavones directly [121].

Flavones are one of the largest subgroups of flavonoids [121]. Flavones are 
involved in various interactions with microbes, insects, and other plants 
[122–124]. In addition to their extensive functions in plants’ biochemistry and 
physiology, flavones are also essential for human nutrition and health [121, 
125]. Their pharmacological effects, such as antioxidant, antiviral, anti-inflam-
matory activities and potential, have made these compounds increasingly 
popular as dietary constituents or supplements [121].

b. Flavonol

Flavonols are a major class of the family of flavonoids, molecules that have 
interesting biological activity such as antioxidant, antimicrobial, hepatopro-
tective, anti-inflammatory, and vasodilatation effects, and they have been con-
sidered as potential anticancer agents [126, 127]. Examples of flavonol include 
fisetin, quercetin, kaempferol, myricetin etc.

The biosynthetic pathway for the synthesis of flavanols is shown below.

c. Isoflavones

Isoflavones are a polyphenol class usually found in legumes, including soy-
beans, chickpeas, fava beans, pistachios, peanuts, and other fruits and nuts 
[128]. Soybeans are the richest source of isoflavones, and soy foods and 
ingredients contain varying concentrations of isoflavones [129]. Isoflavones 
can be biosynthesized from flavanone with the aid of isoflavone synthase as a 
catalyst, as shown below.
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Common isoflavones include daidzin, genistin, biochanin A, and formononetin 
[130]. Isoflavones exhibit antioxidant, anticancer, antimicrobial, anti-inflamma-
tory, antiosteoporotic, and estrogenic properties [131–136]. Several studies have 
also shown that isoflavonoids may contribute to other multiple additional health 
benefits by reducing cardiovascular risk, osteoporosis, and decreasing the intensity 
of bone resorption [137].

d. Anthocyanidins

Anthocyanidins are a group of phytochemicals, which are natural pigments 
responsible for blue, red, purple and orange colors present in many fruits 
and vegetables and many fruits- and vegetable-based food products. Over 
and above 500 different anthocyanidins are known and described in the 
literature [138, 139]. This flavonoid group dominates teas, honey, fruits, 
vegetables, nuts, olive oil, cocoa and cereals. They can also be found in ber-
ries (e.g. black currant, blueberries, strawberries, elderberries), their juices, 
as well as red wine [140]. Cyanidin, pelargonidin, delphinidin, malvidin, 
petunidin and peonidin are the most common anthocyanidins present in 
fruits and vegetables.

The number and position of the hydroxyl and methoxyl moiety is the deter-
minant of different types of anthocyanidins [141]. Anthocyanidins have been 
reported to have some essential pharmacological role in cardiovascular 
disease, cholesterol decomposition, visual acuity, as well as antioxidant 
efficacy, and cytotoxicity [142]. Anthocyanidins can be synthesized as 
shown below.

e. Flavan-3-ol

The most common flavonoids in the diet, flavan-3-ols are considered func-
tional ingredients of beverages, fruits and vegetables, food grains, herbal 
remedies, dietary supplements, and dairy products. Flavan-3-ols have been 
reported to exhibit several pharmacological effects by acting as an antioxi-
dant, anticarcinogen, cardio-preventive, antimicrobial, anti-viral, and 
neuroprotective agents [143]. Flavan-3-ol can be synthesized as shown below, 
from dihydroflavanol.
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Abstract

Sterols are secondary metabolites, they are considered bioactive, due to their 
recognized activity as antioxidants, anticarcinogenic, cardiovascular protec-
tors, and antiviral capacity. These triterpenoids can be found in a wide range of 
concentrations in different algae strains, being the variations related to external 
factors. In the world, there are millions of algae, some strains have the ability 
to produce high-value phytosterols, like stigmasterol, and sitosterol, however, 
others could lead to cholesterol production. For this reason, understand the 
principal factors involved in sterols biosynthesis, allows us to appoint the 
algae strain for industrial application and escalating these specific compounds 
production. Some algae are capable to produce sterols from mevalonic acid 
pathway, other strains present the methylerythritol 4-phosphate (MEP), or 
1-deoxy-D-xylulose-5-phosphate (DOXP) as the main pathway, each one is 
responsible for the production of plans of intermediary compounds. In this 
sense, this chapter summarizes current knowledge of the biosynthetic pathways 
responsible for different sterols formation, as well as, describe main sterols that 
could be isolated from algae metabolism.

Keywords: macroalgae, microalgae, cyanobacteria, phytosterols

1. Introduction

Marine biota has a diversified metabolism, possessing worldwide most complex 
and unexplored organisms, and maybe the richest source of important compounds, 
bioactive molecules, that could lead in benefits for distinct areas in human life [1]. 
In this way, exploring these microorganisms in the context of their biochemistry 
is an important step, not only for drug discovery, or nutraceuticals, but also to 
understand their evolution. This affirmative comes from a question never totally 
elucidated about the molecular origin, and its association with algae sterol metabo-
lism, named as “sterolomic”. This approach could present important information’s 
about the cell membrane, without them does not exist cellular protection and 
organization [2].

Cellular membrane composition is major composed by phospholipids, and 
between sterols cholesterol, in terms of animal cell organization, however, plants 
possess phytosterols replacing cholesterol, and the most interesting information in 
the microalgae metabolic system is associated with the capability of some strains 
producing both classes of sterols. In this chapter, we are going to synthesize aspects 
about algae principal sterols metabolic pathways, and the ways that they can be 
manipulated to produce specific compounds.
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2. Algae metabolism: sterols discovery

The literature brings information’s about diverse algae sterolomic profile, so in 
this chapter let us begin with the most curious and strong algae, considered the 
earliest life forms in the world, the prokaryotes microalgae (cyanobacteria). These 
strains are also known as blue-green algae, they are widely distributed in the world, 
due to their robustness. Cyanobacteria are considered by biologists a variation from 
bacteria and eucaryotic strains, which could lead in a production of sterols related 
with vegetal, and also animal kingdom [3].

Cyanobacteria for this reason, can occur in marine environments with a huge 
salt variation, in cold waters as Antarctic system, and hot waters, could also pro-
liferate in desert sand and rocks, providing a major response from their metabolic 
systems modifications according to the natural evolution. These cyanobacteria can 
produce different metabolites according to the habitat that they are living, for this 
reason, merging the information’s we can understand that they can present many 
metabolic pathways leading to different end-sterols products. Their resistance 
comes from their plasmatic membrane associated mostly with structures named 
hopanoids, that are very similar to sterols, and are responsible for the flexibility of 
cyanobacteria cellular membrane [4].

The major discussion on the literature is the unknown ability of these organisms 
producing sterols. Many years ago, some researches described the possibility to exist 
only hopanoids in their structure, in fact, with the advance in tandem mass spectrom-
etry, nuclear magnetic resonance analysis associated with new extraction techniques 
it was discovered the presence of sterols in their membrane. Thus, metabolism 
involved in sterols biosynthesis by cyanobacteria are not totally elucidated.

In the history context, the first works showing sterols production in cyanobac-
teria were in a filamentous cyanobacteria named as Phormidium luridum in 1968 
[5], in this study it was isolated unsaturated sterols, like as 24 ethyl sterols, follow-
ing this research’s other studies investigated a way to produce this metabolite in 
large scale, considering the fact that this cyanobacterium has resistance in front of 
other microorganisms, inferring a remarkable capability for industrial application.

In the ninety’s the researchers Sallal, Nimer, and Radwan [6] studied other 
cyanobacteria strains, and verified that after dark incubation, sterols concentration 
increased. In in agreement to this study, Fagundes et al. [7] showed higher con-
centrations of sterols (β-sitosterol, stigmasterol, and cholesterol), for Phormidium 
autumnale cultured in heterotrophic system, being the inoculum without the 
presence of these compounds. In general, cyanobacteria are manly photosynthetic, 
but some strains can growth in heterotrophic conditions, in this context, it can be 
concluded that more studies on this particular area are necessary for further acquire 
more comprehension for biotechnological application.

Eukaryotic microalgae are reported in the literature as the most prominent strains 
for sterols production, and they are important to make feasible membrane cell 
permeability, and maintain structural protection [8, 9]. In this sense, the study of 
sterols biosynthesis started in eukaryotic cells, standing out in numerous hypothesis, 
and one of them is related to life adaptation on earth, showing that these molecules 
were produced in this cell as a protective response to reactive species of oxygen [10]. 
The first study in eukaryotic microalgae was in 1960 with Scenedesmus, showing as 
the major compound chondrillasterol [11], years later the same researchers Iwata and 
Sakurai [12] reported ergosterol as the most abundant sterol for Chlorella. In terms of 
macroalgae, the (brown) species Ulva lactuca, and Cytoceira adriatica from Adriatic 
Sea, were analyzed by the authors Kapetanovic et al. [13], showing that these species 
were the main sterols cholesterol and fucosterol for both algae.
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In summary algae strain choice directly reflects in their potential for com-
mercial application, for this reason, the knowledge of algal productivity, and the 
biotechnological treatment applied for each alga is important. So, understand the 
metabolic pathways for the full comprehension of sterols, and their intermediary 
metabolites formed provides important information for future culture modifica-
tions enhancing specific compounds [14]. For this, depending on the triterpenoid 
produced they can be applied for medical proposes, which is a great alternative 
since in the last decade we have the challenge for the isolation of new compounds, 
in front of many problems associated nowadays with diseases’ outbreaks. Algae 
possess a diverse metabolic system; their sterol composition is interesting due to 
the fact that they show in their composition unconventional structural variations 
[15]. The main structure consist of a tetracyclic, with a fused-ring skeleton, with 
the presence of a hydroxyl group at the carbon 3 (head group- 3β), and biochemi-
cal modifications at the carbon C24 (in sterol side chain), besides modifications 
found in the tetracyclic nuclei, and also their side chain with different alkylation’s 
patterns [15].

Nowadays, there are studies focusing on unconventional sterols bioactivity like 
the sterols isolated from Isochrysis galbana, being cholest-5-24-1,3-(acetyloxy)-
3β-ol, ergost-5-en-3-β-ol, and 24-oxocholesterol acetate. Other study identified 
unconventional sterols in Sargassum fusiforme: saringosterol, 24-hydroperoxy-24-vi-
nyl-cholesterol, 29-hydroperoxy-stigmasta-5,24 (28)-dien-3β-ol, 24-methylene-
cholesterol, 24-keto-cholesterol, and 5α, 8α-epidioxyergosta-6,22-dien-3β-ol all 
associated with anti-atherosclerotic function [16].

Industrial initiative for algae biomass application started in 20 centuries with the 
investment in many programs for algae research. The principal countries producing 
algae biomass and their products are shown in the Figure 1. Their major focus are 
on biofuels, or commercializing the biomass powder, and in terms of fine-chemicals 
the market is based on pigments, being only two sterols commercially produced 
from algae, fucosterol and desmosterol [17]. With this in mind, is important high-
light that sterols are important bioactive metabolites that are normally isolated from 
non-renewable source, comprehend the metabolic sterols pathways and the ways to 
modify their production, presenting algae as a new source of sterols to the world, 
could lead to a sustainable sterols production.

Figure 1. 
Principal countries with important algae biotechnology companies’ and their products. DHA - 
docosahexaenoic acid.
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3. Algae sterols metabolic pathways

Sterols biosynthesis started by two main pathways the mevalonic acid (MVA), 
and by the 1-deoxy-D-xylulose-5-phosphate/2-C-methyl-D-erythritol-4-phosphate 
(MEP), recently discovered [18], also known as non-mevalonate pathway. The 
objective of these two pathways is produce an isoprenoid structure, a molecule 
of 5 carbons isopentenyl diphosphate (IPP), and dimethylallyl pyrophosphate 
(DMAPP), that are considered the sterol building block. MVA pathway occurs in 
cytosol, when MEP in the plastids, however the pathways activation are different 
according to the algae classification, being that some algae with the presence of both 
pathways’ biochemical machinery MEP and MVA and others with only one of them 
active [19].

Understand the pathways involved for sterols production in algae is difficult, 
due to a huge phylogenetic heterogeneity found in strains. Since today still have 
research’s showing for the first time the active pathway in some algae, like the 
observed by Scodelaro Bilbao et al. [20] studying Haematococcus pluvialis. A deeper 
discussion about numerous algae and the two possible active pathways can be found 
at the review from the authors Lohr et al. [21].

The prokaryotic cell, are known for possess MEP as the active isoprenoid 
producer, and for the ancestor reason, probably they were responsible for introduc-
ing this metabolism in eukaryotic strains. The MEP pathway is described as the 
major used for sterols production in algae, being green algae (Chlorophyta), with 
only MEP active for sterol production due to the loss of MVA pathway in the algae 
cellular evolution [21], as in many algae system both pathways occur, for this reason 
the pathways are depicted in the Figure 2.

The pathways are divided in two segments, the first one can be observed 
at the Figure 2A, which represents the transformation of DMAPP and IPP 
to squalene, this step consists in the MVA, and MEP. MVA pathway occurs in 
the cell cytosol until a condensation of two molecules of acetyl-CoA with the 
catalysis of acetoacetyl-CoA thiolase, after occurs other condensation form-
ing 3-(s)-hydroxy-3-methylglutaril-CoA (HMG-CoA) by the action of 3-(s)-
hydroxy-3-methylglutaril coenzyme A synthase. After that, the conversion 
to 3-(R)-mevalonate trough a reduction occurred by a nicotinamide adenine 
dinucleotide phosphate (NADPH)-dependent reductive diacylation by the 
enzyme HMG-CoA reductase [22]. The following steps consist in the conversion 
of MVA to mevalonate-5-diphosphate, catalyzed by mevalonate kinase (MK), 
and mevalonate-5-diphosphate kinase (MVADP), with the insertion of two ATP 
molecules, being the last step the conversion by isopentenyl diphosphate isomer-
ase to the formation of DMAPP.

In terms of MEP pathway, the first step is a thiamin diphosphate-dependent con-
densation between D-glyceraldehyde 3-phosphate and pyruvate forming 1-Deoxy-
D-xylulose-5-phosphate by the enzyme 1-deoxy-d-xylulose-5-phosphate synthase 
(DXS), following an isomerization to 2-C-methyl-o-erythritol-4-phosphate 
(MEP) by the enzyme 1-Deoxy-D-xylulose-5-phosphate (DXR) reducto-isomerase 
[18]. After, MEP and cytidine 5′-triphosphate are coupled, being catalyzed by 
4-diphosphocytidyl-2-C-methylerythritol (MCT) synthetase, forming methy-
lerythritol cytidyl diphosphate. The other enzymes involved in MEP pathway are 
in the sequence: 4-(cytidine 5′-diphospho)-2-C-methyl-d-erythritol kinase (CMK) 
for 4-(cytidine 5′-diphospho)-2-C-methyl-d-erythritol 2-phosphate formation. 
After, 2-C-methyl-d-erythritol-2,4-cyclodiphosphate synthase (MDS) which forms 
the 2-C-methyl-d-erythritol-2,4-cyclic diphosphate, 4-hydroxy-3-methylbut-
2-enyl diphosphate synthase (HMBPP- synthase), leading to (2E)-4-hydroxy-3-
methylbut-2-enyl diphosphate, and 4-hydroxy-3-methylbut-2-enyl diphosphate 
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reductase (HMBPP-Reductase) being formed (2E)-4-hydroxy-3-methylbut-2-enyl 
diphosphate. The last step consists in the building blocks IPP and DMAPP and their 
coupling through isopentenyl-diphosphate isomerase [18, 23].

In the literature, there are numerous data, in which sometimes contrast about 
the biosynthesis of the isoprene units. MEP pathway was detected for the first time 
in bacteria, however further evidence has shown that in eukaryotes which performs 
photosynthesis found compounds from this metabolic pathway [24]. Normally 
a cyanobacteria which possess a metabolic system similar to bacteria produce 
phytosterols by MEP pathway, and also other authors describe that photosynthetic 
eukaryotic strain produce phytosterols only from MEP pathway [25]. On the other 
hand, MVA pathway normally is used for the production of cholesterol in animals, 
and also the green macroalgae sterols, in last case it occurs due to their metabolic 
similarity with higher plants, differently occurred with green microalgae from 
Chlorophyceae as described by Volkman [8, 9].

Geranyl pyrophosphate (GPP) is formed by the isoprenoids DMAPP and IPP, 
and through the diverse condensations leading to a presqualene compound, fol-
lowed by the formation of squalene trough farnesyl-diphosphate farnesyltrans-
ferase, and trough squalene monooxygenase, or an alternative squalene epoxidase 
newly discovered [26]. These two pathways transform squalene into squalene 

Figure 2. 
Algae sterols different pathways, a: Mevalonic acid pathway, and B: Non-mevalonic acid 
pathway(methylerythritol 4-phosphate): HMG-CoA: Beta-Hydroxy-beta-methylglutaryl-coenzyme a, 
ATP: Adenosine triphosphate, GPP: Geranyl pyrophosphate, FPP: Farnesyl pyrophosphate, e:1: Lanosterol 
synthase, e:2: Sterol 14alpha-demethylase, e:3: Methylsterol monooxygenase, e:4: Sterol-4alpha-carboxylate 
3-dehydrogenase, e:5: 3-keto steroid reductase, e:6: Methylsterol monooxygenase, e:7: Cholestenol Delta-
isomerase, e:8: Cholestenol delta-isomerase, e:9: Delta7-sterol 5-desaturase, e:10: Delta7-sterol C5 desaturase, 
e:11: 7-dehydrocholesterol reductase, e:12: Delta-24-sterol reductase, e:13: 24-sterol reductase, e:14: 3-beta-
hydroxysteroid 3-dehydrogenase, e:15: Cycloeucalenol cycloisomerase, e:16: Sterol 14alpha-demethylase, e:17: 
Delta14-sterol reductase, e:18: Cholestenol Delta-isomerase, e:19: 24-methylenesterol C-methyltransferase, e:20: 
4-alpha-monomethylsterol monooxygenase, e:21: 7-dehydrocholesterol reductase, e:22: Farnesyl-diphosphate 
farnesyltransferase, e:23: Delta24(24(1))-sterol reductase, e:24: 7-dehydrocholesterol reductase, e:25: Delta24-
sterol reductase, e:26: 3-beta-hydroxysteroid 3-dehydrogenase, e:27: 7-dehydrocholesterol reductase, e:28: 
Delta24-sterol reductase, e:29: Sterol 22-desaturase, e:30: 7-dehydrocholesterol reductase,e:31: Delta7-sterol 
5-desaturase, e:32: Sterol 22-desaturase, e:33: Delta-24(24(1))-sterol reductase.
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3. Algae sterols metabolic pathways
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the biosynthesis of the isoprene units. MEP pathway was detected for the first time 
in bacteria, however further evidence has shown that in eukaryotes which performs 
photosynthesis found compounds from this metabolic pathway [24]. Normally 
a cyanobacteria which possess a metabolic system similar to bacteria produce 
phytosterols by MEP pathway, and also other authors describe that photosynthetic 
eukaryotic strain produce phytosterols only from MEP pathway [25]. On the other 
hand, MVA pathway normally is used for the production of cholesterol in animals, 
and also the green macroalgae sterols, in last case it occurs due to their metabolic 
similarity with higher plants, differently occurred with green microalgae from 
Chlorophyceae as described by Volkman [8, 9].

Geranyl pyrophosphate (GPP) is formed by the isoprenoids DMAPP and IPP, 
and through the diverse condensations leading to a presqualene compound, fol-
lowed by the formation of squalene trough farnesyl-diphosphate farnesyltrans-
ferase, and trough squalene monooxygenase, or an alternative squalene epoxidase 
newly discovered [26]. These two pathways transform squalene into squalene 

Figure 2. 
Algae sterols different pathways, a: Mevalonic acid pathway, and B: Non-mevalonic acid 
pathway(methylerythritol 4-phosphate): HMG-CoA: Beta-Hydroxy-beta-methylglutaryl-coenzyme a, 
ATP: Adenosine triphosphate, GPP: Geranyl pyrophosphate, FPP: Farnesyl pyrophosphate, e:1: Lanosterol 
synthase, e:2: Sterol 14alpha-demethylase, e:3: Methylsterol monooxygenase, e:4: Sterol-4alpha-carboxylate 
3-dehydrogenase, e:5: 3-keto steroid reductase, e:6: Methylsterol monooxygenase, e:7: Cholestenol Delta-
isomerase, e:8: Cholestenol delta-isomerase, e:9: Delta7-sterol 5-desaturase, e:10: Delta7-sterol C5 desaturase, 
e:11: 7-dehydrocholesterol reductase, e:12: Delta-24-sterol reductase, e:13: 24-sterol reductase, e:14: 3-beta-
hydroxysteroid 3-dehydrogenase, e:15: Cycloeucalenol cycloisomerase, e:16: Sterol 14alpha-demethylase, e:17: 
Delta14-sterol reductase, e:18: Cholestenol Delta-isomerase, e:19: 24-methylenesterol C-methyltransferase, e:20: 
4-alpha-monomethylsterol monooxygenase, e:21: 7-dehydrocholesterol reductase, e:22: Farnesyl-diphosphate 
farnesyltransferase, e:23: Delta24(24(1))-sterol reductase, e:24: 7-dehydrocholesterol reductase, e:25: Delta24-
sterol reductase, e:26: 3-beta-hydroxysteroid 3-dehydrogenase, e:27: 7-dehydrocholesterol reductase, e:28: 
Delta24-sterol reductase, e:29: Sterol 22-desaturase, e:30: 7-dehydrocholesterol reductase,e:31: Delta7-sterol 
5-desaturase, e:32: Sterol 22-desaturase, e:33: Delta-24(24(1))-sterol reductase.
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2,3-epoxide which is the lanosterol or cycloartenol intermediary, formed when 
squalene is oxidized by the enzyme squalene monooxygenase.

The following stages for different sterols isolated in algae are presented at the 
Figure 2B, being considered the anaerobic postsqualene pathway step. The biosyn-
thesis occurs through cycloartenol pathway, however some strains produce choles-
terol by lanosterol pathway. In the case of ergosterol the same pathway is activated 
for other microorganisms, but it is different for algae, starting their pathway by 
cycloartenol as observed in a study performed with Chlamydomonas reinhardtii [27]. 
Fucosterol is produced manly by lanosterol pathway as observed by Gallo et al. [28] 
in diatoms, and sitosterol followed by a C22 desaturation leading to stigmasterol 
both produced until cycloartenol pathway, the same occurs with desmosterol and 
chondrillasterol. Cholesterol is represented in the pathway figure produced by 
lanosterol, however there is research proving that this compound production also 
occurs by cycloartenol-dependent pathway [29].

4. Ways to manipulate sterol biosynthesis

Algae sterols can be easily manipulated to enhance their concentration, how-
ever, only few studies show the culture manipulation for this objective. In the 
algae metabolism commonly, the major changes occur when algae are cultured by 
nutrient limitation/modification. Photosynthetic system modifications consists 
in changing light intensity, and carbon dioxide amount, in terms of heterotrophic 
culture the exogenous carbon source can be considered the most important influ-
ence in sterols biosynthesis activation, salinity can be other factor important to 
sterol enhancer in algae [14].

For this reason, algae culture nutrient changes for phytosterols production have 
been mostly reported as phosphorous and nitrogen concentration. In relation to 
nitrogen, Zhang, Sachs, & Marchetti [30] analyzed freshwater and marine algae 
and they showed a reduction of 20% in sterols production when observed a nitro-
gen limitation for Eudorina unicocca and Volvox aureus, the reduction was similarly 
was observed in Botryococcus braunii [31], and for Schizochytrium sp. [32]. On the 
other hand, phosphorous modifications in the culture lead to a different result, the 
authors Piepho et al. [33] studied concentrations of 50 mM as the highest phos-
phorous concentration, and 10 mM as the lowest phosphorous amount. However, 
the phosphorus concentration was different according to the strain, being the low 
phosphorous concentration 1 mM for Scenedesmus, 5 mM for Cryptomonas and 
Chlamydomonas and 10 mM P for Cyclotella, due to each specie requirements, being 
the major sterol concentration found in a high-phosphorous culture system [33].

In the same line, the authors Chen et al. [34], verify for the strains Thalassiosira 
oceanica, Rhodomonas salina, Isochrysis galbana, and Acartia tonsa, the effect of dif-
ferent iron concentration added to the culture system, in fact in this experiment it 
was observed that the highest levels of Fe were capable to increase the total sterols, 
with the exception of Isochrysis galbana.

The effect of salt stress showed that the concentration of total free sterols 
increased with higher levels of NaCl in Nitzschia laevis [35], being the same 
observed in Dunaliella salina [36, 37]. The same comportment was observed in 
Pavlova lutheri, the changes were not observed in their total sterol composition, 
but in the individual sterols concentration, the enhance of salt modify the algae 
membrane, avoiding an excessive flux of Na + and Cl − ions into cells by increasing 
the membrane rigidity, helping the microorganism increasing high salt concentra-
tions [38]. The nutrient composition from the culture as already mention has a huge 
influence on sterols, in another study the authors Fagundes et al. [7, 39], showed 
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that Phormidium autumnale cultured with different carbon sources, glucose, 
sucrose, and different industrial wastes can accumulate more sterols, compared to 
the inoculum, and that each culture system shows a diverse composition.

Other factor of influence in sterols composition is the UV–C radiation doses, 
Ahmed and Schenk [40] proved that for Pavlova lutheri algae the sterols increase 
occurred by treating the algae with UV–C radiation, however the insertion of 
hydrogen peroxide does not show any effect. With regards to the photosynthetic 
system, there is few studies showing that after high light intensities the cell sterols 
content increase in three microalgae [33, 41].

The authors Pereira et al. [42], also showed that light intensities of 30, 60, 
140, 230, and 490 mmol photons m−2 s−1 were tested for two Chlorophyceae 
Scenedesmus quadricauda, Chlamydomonas globose, Cryptophyceae Cryptomonas 
ovata, and the Mediophyceae (Bacillariophyta) Cyclotella meneghiniana, showing 
the best production in the highest sterol intensity. The authors explained this 
increase by some theories, being correlated with the algae species, as described in 
the biosynthesis topic some algae produce sterols from MVA pathway, and others 
from MEP, according to the study green algae that uses only MEP for sterols syn-
thesis, being MEP linked to the chloroplast. For this reason, hypothetically related 
to the photosynthesis, being the explanation for the higher intensities of sterols 
found in S. quadricauda and the diatom C. meneghiniana, for this more studies 
needs to be performed with different strains to understand sterols metabolism.

Genetically modify strains to produce sterols are gaining attention, but also is a 
new strategy to turn these metabolic rich systems a source of sterols. According to 
D’Adamo et al. [43], they introduced in Phaeodactylum tricornutum three enzymes 
from a plant Lotus japonicus, the modifications were responsible for mRNA expres-
sion levels, increasing the expression of the native mevalonate and, consequently 
sterol biosynthesis pathway was estimuled, being responsible for the expression of 
important triterpenoids.

5. Final considerations

Algae sterols are a new segment for being studied, they are different according 
to the strain, and their environment, due to the fact that external factors affect the 
cellular membrane, as so, the sterol concentration. In this chapter, the most impor-
tant sterols end-pathway products described are: Fucosterol, β-sitosterol, stigmas-
terol, ergosterol, cholesterol, chondrillasterol, and desmosterol. Still today there 
are research’s discovering pathways for algae, due to the fact that algae are spread 
through the world, and can be isolated in simple access places or complex ones, 
being responsible for the metabolic variations. The studies involving algae sterols 
are ascending for industrial application, so, understand their origin is an important 
factor for future prospective.
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Chapter 10

Arginine Metabolism: An 
Enlightening Therapeutic 
Attribute for Cancer Treatment
Kapil Singh Narayan and Reenu Kashyap

Abstract

Arginine is well known semi-essential amino acid used in protein biosynthesis 
through several metabolic pathways. It is majorly obtained from nutrients sources 
and synthesized by the urea cycle in the body using citrulline. Arginine found to be 
involved in several mechanisms including; hormone synthesis, cell division, activa-
tion of the immune system, ammonia disposal and wound healing and also in the 
production of nitric oxide (NO) and polyamines. During cancer persistence, the 
biosynthesis of arginine is not sufficient to compensate for their higher nutritional 
requirements but extracellular availability of arginine is also required. Therefore, the 
consequences of arginine deprivation may represent a novel targeting therapy to cure 
cancer. The impact of different arginine deprivation agents and their mechanism of 
action always found to be correlated with NO and polyamine levels. Arginine depri-
vation strategy to hamper the proliferation of cancerous cells and their migration 
is represented as a new approach to cure cancer by inhibiting the argininosuccinate 
synthetase1 (ASS1) expression and NO and polyamines production. ASS1 is the first 
key enzyme that converts citrulline to arginine and numerous tumors such as hepa-
tocellular carcinoma, melanoma, mesotheliomas and renal cancer do not express 
ASS1 and main focused enzyme for cancer treatment. Degradation of arginine by 
the enzyme arginine deiminase (ADI) specifically triggers the arginine elimination 
and inhibition of cancer migration. Though, ADI is a microbial enzyme but has a 
high affinity to arginine and converts arginine into citrulline and NH3. This produced 
citrulline can be recycled back to arginine in normal cells where ASS1 expression is 
very high in comparison to ASS1-negative tumor cells. A modified form of ADI with 
pegylate (ADI-PEG20) has been formulated which showed both in-vivo and in-vitro 
activity against hepatocellular carcinoma and melanoma by inducing apoptosis. In 
this chapter, we have majorly discussed arginine production with different pathways 
and how its degradation into other metabolic active compounds involved in cancer 
treatment. Moreover, how arginine deprivation is directly taking part in the inhibi-
tion of cancer cell proliferation and its migration.
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1. Introduction

Arginine is essential for microbes and semi-essential for eukaryotes which 
play numerous crucial roles in cellular metabolism. The impact of arginine always 
considered as a nonessential amino acid because a cell can synthesize arginine its 
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own as per the requirement. But, during its limitation in the cells, it is necessary 
to acquire arginine from outside environment and this condition denoted arginine 
as a conditionally essential amino acid. Majorly, arginine is produced by two 
ways; from food sources and biosynthesized through urea cycle in the kidney [1]. 
The biosynthesis of arginine represented the conversion of citrulline to arginine 
by the enzymes arginosuccinate synthetase1 (ASS1) and arginosuccinate lyase 
(ASL). The role of enzyme ASS1 is the conversion of citrulline and aspartic acid 
to arginosuccinate, which then directly converted to arginine and fumaric acid by 
the enzyme ASL [2]. In case of bacteria, ornithine also indicated as a substrate to 
synthesize arginine by the enzyme ornithine transcarbamylase (OCT) [3]. Arginine 
is a precursor molecule for the formation of amino acids such as proline, glutamate 
and arginine itself and several other components like succinate, nitrate, nitrite, 
nitric oxide (NO), ammonia and CO2. It acts as an intermediate in urea cycle and 
precursor molecules for polyamine, creatine and proteins biosynthesis [4]. Arginine 
becomes necessary for growth and promotes wound healing by stimulating the 
release of growth hormones such as insulin-like growth factor-1, insulin and 
prolactin and also has several immunomodulatory effects such as stimulation of T 
cells, natural killer cell and enhances pro-inflammatory cytokine levels [5]. Thus, 
arginine deprived cancer cells can be rescued by activating immunity and increas-
ing the flux of arginine through urea cycle [6]. When a cell is under stress or need 
to proliferate like tumor cell, then the requirement of cellular components such as 
citrulline, nitric oxide and polyamine levels get increase. Therefore arginine synthe-
sis and degradation tremendously increase in cancer cells [7]. Arginine depletion is 
one of the most accepted way to cure tumor cells which are auxotrophic (dependent 
on uptake of extracellular arginine) to arginine. Some tumor cells adapted with 
downregulated arginine metabolizing enzymes for inhibiting the production of 
arginine from the substrates and become arginine auxotrophic [8]. Therefore, dur-
ing cancer some nonessential amino acids turned in to the essential and cancer cell 
becomes auxotrophic for these [9]. As we all know that cancerous cells are associ-
ated with very high survival rates, therefore, some significant improvements are 
required for early detection and treatment of cancer. The idea for cancer treatment 
open the door for some most advanced approaches including; hormone therapy, 
stem cell therapy, immunotherapy and amino acid deprivation therapy [6, 10, 11]. 
One of the most capable amino acid deprivation therapy is arginine deprivation 
where arginine-depleting agents are the main focused and depletion of arginine 
harms the ability of cancer cell metastasize. The mechanisms of arginine impair-
ment are still not clear hence, in this chapter we will try to give a brief discussion 
about the different biosynthesis and catabolic pathways of arginine. How arginine 
deprivation can be focused for cancer therapy for both arginine auxotrophic and 
non-auxotrophic cancerous cells with different mechanism of actions. Moreover, we 
will discuss the impact of arginine deprivation in cell migration through different 
intermediates production such as polyamines and NO.

2. Arginine biosynthesis pathways

Arginine is synthesized from citrulline by the key enzymes ASS1and ASL of the 
urea cycle which also called ornithine cycle and then released into the bloodstream 
(Figure 1a). In large animals, citrulline is produced majorly from NH3, CO2 and 
ornithine by the enzymes OTC and carbamylphosphate synthetase I (CPS1) in the 
small intestine. Citrulline is also recycled to arginine when both argininosuccinate 
ASS1and ASL are present in the same cell and take part in to the citrulline-nitric 
oxide cycle [12]. In contrast arginase and nitric oxide synthetase use arginine as a 
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common substrate and always compete for this substrate [13]. Arginine biosynthe-
sis exhibits diverse pattern of gene organization in bacteria, mammals and plants 
and uses different set of enzymes which catalyze reactions for the formation of a 
key intermediate “ornithine”. Additionally, glutamate is also utilized as the precur-
sor for ornithine synthesis using some intermediates of the urea cycle [13, 14]. 
Extracellular arginine is also a source for ornithine synthesis in cells by enzyme 
arginase 1 [12]. In bacteria and plants, ornithine is synthesized from glutamate in 
five enzymatic steps initiated by the acetylation of glutamate by N-acetylglutamate 
synthase and called N-acetylglutamate synthase pathway (Figure 1b) [15]. Here, 
first ornithine is converted to citrulline by ornithine carbamoyltransferase. 

Figure 1. 
(a) Arginine biosynthesis from glutamine and arginine itself in the urea cycle. (b) Key steps of the arginine 
biosynthesis form glutamine.
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Enzyme ASS1 catalyzes the conversion of citrulline to aspartate and argininosuc-
cinate which is further converted into arginine and fumarate by ASL [16, 17]. 
Ornithine can also be converted back to citrulline by arginine deiminase (ADI) 
pathway in bacteria [18] and by arginase1 pathway in mammals [19]. In both the 
cases citrulline is recycled back to arginine by ASS enzyme [15]. The ability to gen-
erate arginine from citrulline depends on the activity of ASS and ASL [20]. These 
two enzymes are tightly coupled for sensitivity of cells to arginine deprivation and 
their activity depends on their ability to regenerate arginine from the alternative 
sources [21].

3. Arginine catabolic pathways

There are enumerating pathways and enzymes to degrade arginine into other 
biomolecules and intermediates. Five main pathways including; arginine suc-
cinyltransferase (AST) (Figure 2A), arginine decarboxylase (ADC) (Figure 2B), 
Arginase1 (Figure 2C), citrulline- NO ((Figure 2D) and arginine deiminase (ADI) 
(Figure 3) were found to degrade arginine. These pathways are mainly focused by 
the researchers to study arginine degradation and find out its role in different cel-
lular activities and ADI pathway has higher affinity for arginine among all of these 
pathways [22]. The essential site for arginine degradation in ureotelic organisms is 
the liver and second main site is the kidney where arginine is major converted into 
the polyamines, urea, creatine phosphate and NO and transported through blood-
stream into the cells by cationic amino acid transporters (Melis et al, 2008). In bac-
teria arginine is degraded via three key pathways; (i) ADC pathway, here, arginine 
degradation is initiated by decarboxylation of arginine and form agmatine which 
further converted into putrescine by enzyme agmatine ureohydrolase. Putrescine 
is converted into γ- aminobutyric acid by putrescine transaminase and pyrroline 
dehydrogenase and ultimately converted into glutamate and succinate [23].  

Figure 2. 
Arginine biosynthesis by different metabolic pathways such as AST pathway (A), ADC pathway (B), arginase1 
pathway (C) and citrulline-NO pathway (D).
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The enzyme arginine decarboxylase (ADC) is also considered as an important 
enzyme in bacteria [24], plants [25] and in mammalian systems [26]. The infu-
sion of agmatine in the cerebral ventricles increases blood pressure and regulates 
the angiogenic activities [27]. (ii) AST pathway; here, arginine is degraded into 
glutamate, succinate and other intermediates. AST pathway is mainly activated for 
arginine degradation when nitrogen is limited for growth and contributes into the 
production of amino acids [28]. (iii) Arginase1 pathway; this pathway is activated 
when arginine concentration is excess in the media and urea and ornithine are 
produced by enzyme arginase1 during first enzymatic reaction [29]. Here, urea 
does not metabolize further and rapidly excreted into the medium. In arginase1 
pathway, arginine used as the nitrogen and carbon sole sources and less than 3% 
of consumed arginine results in the formation of urea and 36% consumed by the 
route of putrescine and polyamine synthesis [30]. Polyamines produced by this 
pathway are polycations and interact with negatively charged molecules, such as 
DNA, RNA and also with proteins and involved in cellular growth, survival and 
proliferation [31]. Polyamines such as putrescine, spermidine and spermine are very 
tightly regulated by polyamine metabolic pathway [32]. These metabolites used by 
H. pylori to retard the expression of pro-inflammatory cytokines and prevent the 
immune response in stimulated macrophages [33] and also maintain the micro-
environment around their cell in acidic condition for their survival using arginine 
[34]. Cancer and proliferative cells show high levels of polyamines and with this 
feature cancer cells maintain their proliferative properties [32] and high levels of 
polyamines were observed in cancerous cells [35]. It is proposed that both Gram 
negative and positive bacterial cells which contain unusually high AST and ADI 
level grow anaerobically in a complex acidic medium and both the enzymes help to 
raise the pH for the cell survival in the acidic environment [36]. Last but not least, 
arginine deiminase (ADI) pathway degrades arginine to ornithine, ammonia, and 
carbon dioxide and generates one mol of ATP by utilization of per mol of arginine 
[37]. A variety of bacterial cells; both gram positive and gram negative can catabo-
lized arginine through ADI pathway [18]. Enzyme activity of ADI has been detected 

Figure 3. 
degradation of arginine through ADI pathway in the bacterial system.
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in several lactic acid bacteria (LAB), bacilli, clostridia, pseudomonads, aeromonads, 
mycoplasmas, halobacteria, and cyanobacteria [36]. ADI pathway is completed 
by three key enzymes: arginine deiminase (ADI), ornithine transcarbamoylase 
(OTC), and carbamate kinase (CK) as shown in Figure 3. Moreover, in Pseudomonas 
aeruginosa, a fourth gene that encodes a transport protein to exchange arginine and 
ornithine for this pathway has been identified [37]. ADI pathway is most important 
for the bacterial cell survival in the acidic environmental condition because arginine 
degradation by ADI pathway produced ammonia that raises the cytoplasmic and 
extracellular pH and produced ATP use as the energy source for cell survival. In the 
absence of carbohydrate bacteria preferred arginine and utilize it by ADI pathway 
as an alternate energy source to engender energy for cellular growth [20, 38]. 
ADI pathway is regulated at transcriptional level and regulated by transcriptional 
regulator ArgR [3, 37]. Moreover, carbon catabolite repression (CCR) has also been 
confirmed for the expression of ADI pathway in various bacteria. CCR regulates the 
expression of arc operon with glucose and catabolite control protein A (CcpA) [39]. 
CcpA is a transcriptional regulators belonging to the Crp/Fnr family and regulates 
the expression by the binding with regulatory proteins to the cis-acting catabolite 
response elements (cre) located in the promoter regions [20].

4. Impact of arginine degradation in cancer therapy

Cancer cells need excess quantities of specific amino acids for their diverse 
metabolism rate for higher proliferation and become resist for some cell death 
signals. Identification of the metabolic dissimilarly between cancer cells and normal 
cells, cellular metabolism of cancer cells is a therapeutic target and focusing field of 
cancer research [40]. The deprivation of arginine inside cancer cells, which makes 
the cells auxotrophic, has been centered one of the novel approach for cancer treat-
ment [22]. There are several targets have been reported which directly take part in 
cancer mitigation as discussed below;

5. Citrulline-NO cycle

Citrulline is well known as a byproduct of NO synthetase enzyme and can 
be recycled to arginine by the key enzymes ASS1 and ASL. Both these enzymes 
are strongly expressed in liver and kidney then the other cells and tissues. The 
citrulline-nitric oxide cycle stimulates the activation of cytokines such as interferon 
(IFN) [41] and enhances the expression level of ASS1 enzyme as noticed in mouse 
microglial cells [42] and human tumor cell lines [43]. Impaired NO production 
from citrulline has been reported as a vital factor for the abnormal proliferation of 
keratinocytes in psoriasis epidermis. Higher arginase I with induced NO synthetase 
inhibits the keratinocyte proliferation by eliminating the arginine availability [44]. 
Enzymes for arginine metabolism are the potent therapeutic targets to control NO 
and cancerous cell proliferation as shown in Figure 4. In citrulline-NO pathway, 
NO is synthesized from arginine by the three nitric oxide synthase (NOS) isoforms; 
endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS) and 
maintain the citrulline -NO cycle in the functional cells [45]. NOS and arginase1 use 
arginine as same substrate but arginase1 down-regulate because NO production by 
competing with NOS for arginine [46]. Remarkably, iNOS and arginase1 activities 
are reciprocally regulated in the cancerous cells by the involvement of cytokines 
and this can be guaranteed for the optimum production of NO but not in immunos-
timulated macrophages [47].
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6. Inhibition of ASS1 activity

The mechanisms which exhibited the loss of ASS1 activity are specifically 
depend on the type of cancerous cell and availability of arginine. ASS1 is a rate-lim-
iting enzyme involved in arginine biosynthesis and has been investigated in numer-
ous cancerous conditions such as melanoma [48], hepatocellular carcinoma [49] 
and pancreatic cancers [50], and the. ASS1-negative cancer cells are auxotrophic 
for arginine and exhibit sensitivity to arginine deprivation [51]. Cancerous cells 
have lack expression of ASS1 enzyme required for arginine biosynthesis which is an 
exogenous source for proteins synthesis and cellular growth [52]. Less ASS1 expres-
sion was recorded as a biomarker in cancer cell and for overall cellular functioning. 
The ASS1-deficient cancers with arginine auxotrophy have been initiated as the 
development of therapeutics by depriving arginine through degradation and trigger 
the apoptosis in arginine auxotrophic cancerous cells [53] as shown in Figure 5. 
The low levels of acetylated polyamine metabolites were found in arginosuccinate 

Figure 4. 
Role of nitric oxide for tumor alimination.

Figure 5. 
Impact of gene ASS1 expression for cancer progression and proliferation and its down-regulation by 
ADI enzyme.
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and this can be guaranteed for the optimum production of NO but not in immunos-
timulated macrophages [47].
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6. Inhibition of ASS1 activity
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iting enzyme involved in arginine biosynthesis and has been investigated in numer-
ous cancerous conditions such as melanoma [48], hepatocellular carcinoma [49] 
and pancreatic cancers [50], and the. ASS1-negative cancer cells are auxotrophic 
for arginine and exhibit sensitivity to arginine deprivation [51]. Cancerous cells 
have lack expression of ASS1 enzyme required for arginine biosynthesis which is an 
exogenous source for proteins synthesis and cellular growth [52]. Less ASS1 expres-
sion was recorded as a biomarker in cancer cell and for overall cellular functioning. 
The ASS1-deficient cancers with arginine auxotrophy have been initiated as the 
development of therapeutics by depriving arginine through degradation and trigger 
the apoptosis in arginine auxotrophic cancerous cells [53] as shown in Figure 5. 
The low levels of acetylated polyamine metabolites were found in arginosuccinate 

Figure 4. 
Role of nitric oxide for tumor alimination.

Figure 5. 
Impact of gene ASS1 expression for cancer progression and proliferation and its down-regulation by 
ADI enzyme.
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synthetase-deficient cells, pinpointing the reduction in catabolism and increase 
the expression of polyamine biosynthetic enzymes. This metabolic reprogramming 
elucidates a synthetic lethal interaction between arginosuccinate synthetase loss 
and polyamine metabolism, which could potentially be exploited for the treatment 
of arginosuccinate synthetase-negative cancers [54]. The reason for down-regula-
tion of arginosuccinate synthetase in cancer cells is not cleared properly but always 
remains the center of interest among the cancer researchers [55].

7. ADI obstructed the angiogenetic activity

The enzyme ADI inhibits the tumor growth not only by depletion of arginine 
but also by suppression the angiogenic activity via less NO production [20] as 
shown Figure 6. ADI has an also strong capability to deplete arginine from plasma 
and inhibit NO production which resulting an effective inhibitory role of ADI in 
NO-mediated angiogenesis [56]. During in vitro study, the anti-angiogenic activity 
of ADI to inhibit micro vessel tube formation and migration in endothelial cell cul-
tures was reported by Beloussow et al. [57]. Arginine depletion with the treatment 
of ADI enzyme also alters the level of proline, polyamines, glutamate and succinate. 
Polyamines are essential for tumor proliferation and their less production directly 
affects angiogenesis. Mycoplasma-derived ADI-PEG20 is majorly focused and 
most commonly used as a potential therapeutic agent for clinical investigation with 
different anti-neoplastic activity [58]. Mechanistically, ADI is capable of inhibiting 
the metabolic activity of cancerous cells and take parts in autophagy and apoptosis 
of auxotrophic cells. [59].

Induction of apoptosis
Arginine limitation has also been recorded to induce apoptosis which leads cell 

death in ASS1-negative tumor [60]. Even though, the signaling pathway for apop-
tosis is not clear yet, but it has been reported that apoptosis induced by arginine 
deprivation can be activated via caspase-dependent/independent pathways [1]. The 
limitation of arginine in ASS1-negative mesothelioma cells induced apoptosis via 

Figure 6. 
Role of nitric oxide for angiogenesis and cancer proliferation and migration.
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mitochondrial inner membrane depolarization and Bcl-2-associated X protein (BAX) 
activation which is well known as program type II or caspase-independent cell death 
[55]. It was also reported that ASS1-deficient cancer cells, prolonged autophagy acti-
vated upon ADI treatment and impaired mitochondrial functions by inducing oxida-
tive stress, chromatin autophagy and DNA leakage which finally causes cell death [61] 
as presented in Figure 7. In addition to this arginine limitation by pegylated (PEG) 
arginase causes cell death induced by necrosis as observed in acute myeloid leukemia 
(AML). In contrast, cell cycle arrest in AML cells did not induce cell apoptosis, 
autophagy, and rapid production of reactive oxygen species [62].

8. Role of arginine deprived agents

Deprivations of arginine from cancerous cells not only have a cytotoxic effect on 
cell but also induce specific cell cycle arrest. The cell cycle arrest analysis was done to 
check the surviving population of pancreatic and ovarian cancer cells to examine the 
consequence of arginine deprivation on cell cycle. The first reported arginine depri-
vation agent was ADI enzyme which degraded arginine and prevents cell growth 
s in culture from growing [63]. Human Arginase 1 (HuArgI) is second arginine 
deprivation agent and used to target arginine auxotrophic cancer cell lines and it is 
stable longer in serum, improved catalytic activity and less exposed with immune 
system [64]. Different types of cancerous cell lines undergo different mechanisms 
of cell death when deprived to arginine such as the process of autophagy, when 
cell degrades itself during nutrients limitation leads to starvation and cell death. 
Moreover, autophagy inhibited by HuArgI may indicate no caspase activation, no 
loss in membrane integrity and prevent the cell death caused by apoptosis [65].

9. In inhibition of cell migration

Cell migration is a well accepted attribute of the cancerous cell and arginine 
depletion majorly affect on cell viability and migration [66]. Low level of arginine 

Figure 7. 
Impact of ADI enzyme which leads the apoptosis in cancer cell.
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[55]. It was also reported that ASS1-deficient cancer cells, prolonged autophagy acti-
vated upon ADI treatment and impaired mitochondrial functions by inducing oxida-
tive stress, chromatin autophagy and DNA leakage which finally causes cell death [61] 
as presented in Figure 7. In addition to this arginine limitation by pegylated (PEG) 
arginase causes cell death induced by necrosis as observed in acute myeloid leukemia 
(AML). In contrast, cell cycle arrest in AML cells did not induce cell apoptosis, 
autophagy, and rapid production of reactive oxygen species [62].

8. Role of arginine deprived agents

Deprivations of arginine from cancerous cells not only have a cytotoxic effect on 
cell but also induce specific cell cycle arrest. The cell cycle arrest analysis was done to 
check the surviving population of pancreatic and ovarian cancer cells to examine the 
consequence of arginine deprivation on cell cycle. The first reported arginine depri-
vation agent was ADI enzyme which degraded arginine and prevents cell growth 
s in culture from growing [63]. Human Arginase 1 (HuArgI) is second arginine 
deprivation agent and used to target arginine auxotrophic cancer cell lines and it is 
stable longer in serum, improved catalytic activity and less exposed with immune 
system [64]. Different types of cancerous cell lines undergo different mechanisms 
of cell death when deprived to arginine such as the process of autophagy, when 
cell degrades itself during nutrients limitation leads to starvation and cell death. 
Moreover, autophagy inhibited by HuArgI may indicate no caspase activation, no 
loss in membrane integrity and prevent the cell death caused by apoptosis [65].

9. In inhibition of cell migration

Cell migration is a well accepted attribute of the cancerous cell and arginine 
depletion majorly affect on cell viability and migration [66]. Low level of arginine 
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accompany with the down-regulation of ASS1 expression which may leads the com-
plete auxotrophic and mitigation of cancer cell migration [67]. The migration depen-
dent on arginine requires optimum arginine to be catabolized two specific major 
enzymes nitric oxide synthase and arginase1 and produced citrulline and NO [68]. 
This increased level of promotes the cell viability, proliferation and migration during 
the process of wound healing [69]. Higher level of NO also activates signaling of focal 
adhesion kinase (FAK) cascade, which take parts in integrin assembly and disas-
sembly as shown in Figure 8. Less arginine degradation to NO during wound healing 
showed a decrease in migration of colorectal cancer cells and added citrulline restored 
cell migration [70]. This higher nitric oxide synthase activity was recorded in intes-
tinal epithelial cells in the presence of arginine and citrulline and NO production, 
which directly stimulate the cell migration [71]. The impact of arginine limitation and 
role of FAK was noticed when a study done on human intestinal epithelial cells which 
showed a significant role of NO production and cell migration [72]. Similar to this, 
other enzyme such as ornithine decarboxylase (ODC) used in polyamine biosynthesis 
also play important role in cell migration where polyamines increase the K+ channel 
mediated Ca2+ influx and support to FAK activation [73]. The inhibition of ODC 
enzymes was majorly correlated with abnormal morphology of actin-cytoskeleton of 
metastatic cells migration [74]. Other signals including PI3K, Rho GTPases, microtu-
bules and integrins always found to be interlinked and positive play important role in 
cell polarity by regulating intracellular junctions, cell adhesion, invasion and migra-
tion [75]. Arginine depletion also hamper the RhoA activation in colorectal cancer 
cells and during a report, the increased level of NO was majorly found to be involved 
in the RhoA activation in pancreatic cancer cells [76].

10. Conclusion

Several cancerous cells exhibited a higher metabolic requirement for specific 
amino acids to meet their rapid growth and migration. Therefore, specific amino 

Figure 8. 
Migration and proliferation of cancer.
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are several clinical studies have been reported which clearly explain the impact of 
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converted in to polyamines and NO, majorly focused for cell proliferation and 
migration. The role of ADI enzyme and less expression of ASS1 gene was found to 
be directly correlated with the production of NO and polyamines and elimination 
of arginine auxotrophic tumors. Some tumors such as hepatocellular carcinoma and 
melanoma are found to be very sensitive for this treatment of arginine limitation 
because here arginine does not take parts in the urea cycle. Thus, the development 
of a new drug and drug resistance due to induction of ASS1 expression leads to 
a potential problem in tumors curing. Overall, the complete mechanism under-
standing of arginine limitation and inhibition of arginine auxotrophic cancer cell 
proliferation and migration is not clear and still further investigation is required to 
understand this cancer therapy.
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Chapter 11

Electro-Spinning and  
Electro-Spraying as Innovative 
Approaches in Developing 
of a Suitable Food Vehicle for 
Polyphenols-Based Functional 
Ingredients
Mahmoud Ghorbani and Ricardo Santos Aleman

Abstract

With recent advances in medical and nutrition sciences, functional foods and 
nutraceuticals fortified with natural polyphenols have received a lot of attention 
from both health professionals and the common population in the last few years 
since their chemical structure allows them to exert various health effects (e.g., 
antioxidant, anti-inflammatory, immune, antitumor and prebiotic properties). 
Nonetheless, there are several hurdles to applications of polyphenols in the food 
system. The most critical hurdle includes polyphenols’ tendency to lose their 
anti-oxidative properties or bioactive functionalities during food processing, as well 
as inclusion of poly-phenol compounds may impart an astringent or bitter taste, 
or introduce a degree of brown coloring causing serious sensorial impacts on food 
products. On this basis, interest has increased in understanding the development of 
new and efficient food vehicles as delivery systems for polyphenols-based func-
tional ingredients. In this context, one approach that could augment the growth 
of polyphenols-based functional foods is electro-hydrodynamic processing, as 
the most versatile method to produce nanoscale fibers or particulates suitable for 
application in food technology by encapsulation to form nanoscale delivery systems.

Keywords: Polyphenols, Functional foods, Nutraceuticals, Electro-hydrodynamic 
processing, Electro-spinning, electro-spun fibers, electro-spraying, electro-sprayed 
particles and core-shell structured fibers or particles

1. Introduction

During the past few years, there has been increasing awareness about health-
promoting effects of dietary polyphenols abundant in functional foods (natural or 
processed foods that contain known or unknown biologically-active compounds; which in 
defined, effective and non-toxic amounts, provide a clinically proven and documented 
health benefit for prevention, management or treatment of chronic disease) [1] and 
nutraceuticals (Natural bioactive or chemical compounds that besides offering 
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Electro-Spinning and  
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Approaches in Developing 
of a Suitable Food Vehicle for 
Polyphenols-Based Functional 
Ingredients
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Abstract

With recent advances in medical and nutrition sciences, functional foods and 
nutraceuticals fortified with natural polyphenols have received a lot of attention 
from both health professionals and the common population in the last few years 
since their chemical structure allows them to exert various health effects (e.g., 
antioxidant, anti-inflammatory, immune, antitumor and prebiotic properties). 
Nonetheless, there are several hurdles to applications of polyphenols in the food 
system. The most critical hurdle includes polyphenols’ tendency to lose their 
anti-oxidative properties or bioactive functionalities during food processing, as well 
as inclusion of poly-phenol compounds may impart an astringent or bitter taste, 
or introduce a degree of brown coloring causing serious sensorial impacts on food 
products. On this basis, interest has increased in understanding the development of 
new and efficient food vehicles as delivery systems for polyphenols-based func-
tional ingredients. In this context, one approach that could augment the growth 
of polyphenols-based functional foods is electro-hydrodynamic processing, as 
the most versatile method to produce nanoscale fibers or particulates suitable for 
application in food technology by encapsulation to form nanoscale delivery systems.

Keywords: Polyphenols, Functional foods, Nutraceuticals, Electro-hydrodynamic 
processing, Electro-spinning, electro-spun fibers, electro-spraying, electro-sprayed 
particles and core-shell structured fibers or particles

1. Introduction

During the past few years, there has been increasing awareness about health-
promoting effects of dietary polyphenols abundant in functional foods (natural or 
processed foods that contain known or unknown biologically-active compounds; which in 
defined, effective and non-toxic amounts, provide a clinically proven and documented 
health benefit for prevention, management or treatment of chronic disease) [1] and 
nutraceuticals (Natural bioactive or chemical compounds that besides offering 
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a nutritional value provide health-promoting, and disease curing or prevention 
properties) [2] as functional ingredients to provide a health benefit beyond basic 
nutrition. Polyphenols are naturally occurring compounds in plants endowed with 
antioxidant and anti-inflammatory, immune, antitumor and prebiotic properties 
[3]; widely present in a wide variety of fruit, vegetables, seeds, herbs and bever-
ages in particular in beer, red wine, fruit juice, coffee, tea, cocoa, chocolate and dry 
legumes and cereal [2, 4–8] and are therefore an integral part of the human diet 
[9]. From a chemical standpoint, this large family of secondary plant metabolites 
constitutes a large heterogeneous class of compounds characterized by hydroxyl-
ated phenyl moieties [2, 10–12] with more than 8000 identified compounds so far 
[2, 13–16]. Numerous food matrixes naturally enriched with dietary polyphenols 
are the most potent sources of plant-derived bioactive compounds eliciting many 
beneficial health effects in man. Despite their interesting biologic properties, their 
presence and abundance in nature, chemical instability of polyphenols during pro-
cessing, handling and storage [17], the low oral bioavailability [3, 8] and rapid fast- 
pass metabolism of polyphenols might greatly restrict their biologic effects and 
applications in the functional foods and nutraceuticals [18]. Further, these extracts 
or their isolated individual compounds have the potential to interact with other 
compounds in the environment in particular proteins, resulting in formation of 
sensory characteristics and organoleptic properties in foods and beverages includ-
ing High Molecular Weight (HMW) brown color [19], flavor and taste attributes 
like bitterness or astringency [4, 5, 20, 21].

In conclusion, the main drawback to using polyphenols as functional ingredients 
to develop functional food products and dietary supplements, nutraceuticals is their 
poor bioavailability and the variable bio-accessibility in the human body and variety 
of molecular interactions between polyphenols and other food components; how-
ever, in order to preserve the structural integrity, polyphenols need to be shielded by 
a finishing formulation that is, able to protect and to deliver them to the physiologic 
targets without losing any bioactivity [22]. Encapsulation system applied to polyphe-
nols through the development of micro and nano-sized particle systems, as a reliable 
tool to overcome the problems related with the direct use of dietary polyphenols in 
their free form in food matrixes will ensure protection of these bioactive compounds 
and additionally, functional properties to the final product [23, 24]. The adminis-
tration of encapsulated polyphenols instead of their free form can overcome the 
drawbacks of their instability; relieve unpleasant tastes or flavors in food matrixes, 
and as well improve their bioavailability in gastrointestinal tract (GIT). Numerous 
encapsulation processes have been developed to encapsulate polyphenols-based 
functional ingredients each with their own merits and demerits including Ionic gela-
tion, layer-by-layer deposition, extrusion, coprecipitation, coacervation and phase 
separation, spray/freeze drying, emulsification/emulsion polymerization, inclusion 
complexation, liposome entrapment, fluidized bed coating, supercritical fluid, etc. 
[22, 25]. However, polyphenols are oxidized easily due to light, heat and oxidant; 
therefore, chemical instability of these compounds is the major constraint to encap-
sulation through the processes stated above since they mostly require heating and/
or pressure, and the use of strong and toxic organic solvents or expensive equipment 
[26]. In this regard, electro-hydrodynamic processing referring to the dynamics 
of electrically charged fluids has emerged as an Innovative and environmentally 
friendly alternative technology for encapsulation that needs neither temperature nor 
expensive equipment; therefore, heat-sensitive compounds such as dietary poly-
phenols may be successfully processed and also, the use of organic solvents can be 
avoided by adjusting some processing conditions (i.e., use of molten polymer).

In this chapter the drawbacks related to the incorporation of dietary polyphe-
nols as possible functional ingredients in food formulations and novel strategy to 
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improve their efficiency is discussed; starting from bio-accessibility and bioavail-
ability of polyphenols, continuing to the chemical structure of polyphenols, nature 
of food matrix as well as interaction with other food constituents and also food 
processing influencing their stability and, consequently their availability and con-
cluding to consider electro-hydrodynamic processing as novel strategy to improve 
delivery efficiency and controlled release of polyphenols.

2. Bio-accessibility and bioavailability of dietary polyphenols

Polyphenols, a class of chemical compounds consisting of one or more 
hydroxyl groups (OH) attached directly to at least two phenyl rings lacking 
nitrogen-based functional group in their most basic structural expression are 
plant secondary natural metabolites, ubiquitous in all vascular plants arising 
biogenetically from either the shikimate derived phenylpropanoid and/or the 
polyketide pathway(s) [27–29]. Polyphenols are classified into diverse classes on 
the basis of their chemical structures and/or the attachment of hydroxyl groups 
to the aromatic rings structure while the main classes of polyphenols consist of 
flavonoids, phenolic acid, tannins (phenolic polymers), phenylethanoid [30], 
stilbenes and lignans [4, 27, 31–34].

Flavonoids are recognized as one of the largest and most abundant type of 
polyphenols in the diet that constitute approximately two-thirds of intake. The core 
structural unit of flavonoids encompasses a common carbon skeleton of diphenyl 
propane in which two benzene rings (A, B) are linked by a linear three-carbon chain, 
forming a closed pyran ring with the A benzene ring. Flavonoids (Figure 1) are then 
subdivided into several subclasses based on the central pyran ring’s oxidation state 
that the most important of them follow as: flavonols (e.g. Quercetin, kaempferol), 
flavones (e.g. luteolin, apigenin), anthocyanins (e.g. cyaniding, pelargonidin), 
flavanones (e.g. naringenin, hesperetin), flavanols also known as flavan-3-ols (e.g. 
catechin, epicatechin), and isflavones (e.g. daidzein, genistein) [4, 7, 32, 35, 36].

Phenolic acids (Figure 2) ubiquitously found in plant materials at varying levels 
are divided into two sub-classes hydroxybenzoic (e.g., gallic, phydroxybenzoic, 
vanillic, syringic, and protocatechuic acids) that are often the component of a com-
plex structure like lignins and hydrolyzable tannins, and hydroxycinnamic acids 
(e.g., p-coumaric, caffeic, ferulic, sinapic and cinnamic acids). Further, decarbox-
ylation of benzoic acid and phenylpropanoid derivatives leads to the formation of 
simple phenols namely, phenol, o-cresol, 4-ethylphenol, guaiacol, 4-vinylguaiacol 
and eugenol [4]. Some phenolic acids are found in free form in red fruits and 
vegetables such as strawberries and blackberries, black radish, onions, and tea [35], 
but hull, bran, and seed contain phenolic acids that in bound form that are released 
by acid, alkali, and enzyme hydrolysis [7].

Tannins are compounds of intermediate to high molecular weight (500–
20,000 Da) [37] and are more extensively hydroxylated [35]. Depending on their 
structures, tannins are classified into two major groups including hydrolyzable and 
non-hydrolyzable tannins, also called condensed tannins or proanthocyanidins 
(PAs). Hydrolyzable tannins (HTs) consist a center of glucose or a polyhydric 
alcohol partially or completely esterified with simple phenolic acids such as gallic 
acid (gallotannins) or hexahydroxydiphenic acid (ellagitannins) while condensed 
tannins are oligomers and polymers of flavonoids, specifically flavan-3-ols [4, 31, 
34, 37, 38]. Ellagitannins (e.g., punicalagin [39]) (Figure 3) are esters of hexahy-
droxydiphenoic acid and monosaccharide (most commonly glucose) naturally 
occurred in some fruits (pomegranate, strawberry, blackberry, and raspberry), 
nuts (walnuts, almonds) and seeds. While ellagitannins are slowly hydrolyzed in 
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Figure 1. 
Structures of flavonoids.
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Figure 2. 
Structures of phenolic acids.
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the digestive tract releasing the ellagic acid molecule, the main determinant of the 
physicochemical properties and biologic activity is their chemical structure [39]. 
Based on the hydroxylation pattern of A- and B-rings, non-hydrolyzable taanins or 
PAs can be divided into procyanidins (e.g. procyanidin trimer C1), propelargoni-
dins and prodelphinidins [4, 37].

Tyrosol, hydroxytyrosol and oleuropein (Figure 4) are the prominent types in 
phenylethanoid class, found mainly in olive leaf and oil [30, 36]. Besides, Rueda 
et al. reported that the minor values of both tyrosol and hydroxytyrosol present in 
other edible virgin vegetable oils (argan, wheat germ and sesame) [40].

Stilbenes are a family of hydrocarbons that share with similar chemical structure to 
flavonoids consisting of two phenyl groups linked by a methylene group (or “methyli-
dene”) that occur naturally in either a cis or a trans configuration [32, 33]. Resveratrol, 
pterostilbene, and piceatannol are primary representatives [4, 41] while resveratrol 
(3,5,40-trihydroxy-trans-stilbene) (Figure 5) presented in the both cis and trans 

Figure 3. 
Structures of tannins.
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isomeric forms as well as its derivatives including glucosylated, prenylated, methyl-
ated, and hydroxylated modifications are the most widely known stilbenes that do are 
important from a health perspective. Polydatin, also known as piceid (resveratrol-3-O-
β-mono-D-glucoside, POLY) is a glucoside of resveratrol in which the glucoside group 
bonded in position C-3 substitutes a hydroxyl group. This substitution brings about 
conformational changes of the molecule resulting in changes in the biologic properties. 
There exist numerous reports suggesting trans-resveratrol to be the more stable form 
in nature and the most bioactive form of this molecule though upon exposure to UV 
light, trans-resveratrol (isomeric) can be readily converted to cis-resveratrol (iso-
meric) and also been unstable when exposed to high pH [42]. Stilbenes are reported to 
be present in grapes, berries, peanuts and red wine [4, 31, 32, 42].

Secoisolariciresinol and matairesinol (Figure 6) characterized by the union of 
two phenylpropanoid (C6C3) units with β-β or C8-C8 linkages are the major types 
of lignans [4, 28]; being present in the free form or glycosidically linked to different 
fiber-associated polyphenols [30]. Flaxseed [4], rye bran and flour, various berry 
fruits [43], legumes, vegetables, black and green tea [43] are sources of secoisolar-
iciresinol and matairesinol [32].

Figure 4. 
Structure of phenylethanoid.
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These compounds are potent antioxidant compounds able to counteract 
oxidative stress and chronic inflammation that could be separated or recovered 
from food waste and agricultural by-products [35, 44]; thus, this group of natu-
ral products could be used as additives and functional ingredients in the novel 

Figure 5. 
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functional foods and beverages [45]. There are numerous in-vitro and in-vivo 
studies that have proved, poly-phenol intake is associated with a wide spectrum 
of potential biologic activities related to health-promoting properties including; 
anti-inflammatory, antioxidant, pro-DNA repair, anti-helmintic, anti-microbial, 
anti-viral, insecticidal, anti-cancer, anti-aging, and anti-radiation effects [36]; 
it is known as a preventive for the certain cancers, cardiovascular diseases, type 
2 diabetes, osteoporosis, pancreatitis, gastrointestinal problems, lung damage, 
and neurodegenerative diseases [11, 46–51]. Due to these healthy characteristics, 
there is increasing interest in the development of new product with enhanced 
potential health-promoting action while the effectiveness of polyphenols 
depends on preserving the stability, bioactivity, and bioavailability of the active 
ingredients.

Once ingested, polyphenols are metabolized by the human body as xenobiotic 
compounds which may undergo several biologic processes limiting their potential 
uptake by humans [10, 52, 53]. However, putative bioactivity and bio-efficacy  
[18, 54, 55] of dietary polyphenols are therefore strictly associated with related 
to the concepts of bio-accessibility and bioavailability. In this regard, to exploit 

Figure 6. 
Structures of lignans.
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Figure 6. 
Structures of lignans.
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the real biologic potential effect it is crucial to know the quantity of polyphenols 
properly released from food matrix during gastrointestinal digestion, which is the 
potential absorption of polyphenols to be available for subsequent metabolic path-
ways. This parameter is known as bio-accessibility, which can be defined as: “the 
fraction of a bioactive compound within the food matrix where it is contained, that 
has the potential to be bio-available and reach systemic circulation; this means that 
it has been released from the food matrix by the action of digestive enzymes  
[46, 52, 56, 57]. Potentially, bioavailability refers to the fraction of the bio-
accessible ingested nutrient, either parent compound or active metabolite that 
reaches the systemic circulation and becomes available at the site of the action 
where it can exert biologic effects [46, 52, 58, 59]; in the case of polyphenols, this 
is the amount of polyphenols which can be absorbed and exert effects on specific 
tissues. As per this principle, bioavailability is a process that depends on the 
intrinsic and extrinsic factors of the host; this means that, the process depends on 
the food matrix ingested and the gastrointestinal conditions within the individual. 
Investigations have revealed which the bioavailability of polyphenols contains 
seven main digestive processes: (1) the release of polyphenols from food matrix 
(bio-accessible polyphenols); (2) changes in polyphenols during gastric and small 
intestine digestion conditions; (3) the cellular uptake of aglycones and conjugated 
forms of polyphenols; (4) microbial metabolism conjugated non-bio-accessible 
fraction polyphenols by the colonic micro-biota; (5) phase I (oxidation, reduction 
and hydrolysis) and particularly phase II (conjugation) bio-transformations in the 
enterocytes and then the hepatocytes, followed by generating methyl, glucuronide 
and sulfate derivatives; (6) transit to systemic circulation and tissue distribution; 
(7) urinary excretion or excretion back into the gut via bile and pancreatic juices 
[52, 57, 60]. Numerous studies have pointed out that the bioavailability of polyphe-
nols is rather low and the magnitude of the relative urinary excretion of the intake 
fluctuates from 0.3% for anthocyanins to 43% for isoflavones that demonstrates 
the great variability in the bioavailability from one poly-phenol to another and 
the most abundant dietary poly-phenol was not necessarily the one leading to the 
highest levels of active metabolites in plasma [34, 51, 61]. Consequently, to explore 
and to determine the mechanisms of action of dietary polyphenols and their role in 
disease prevention, it is crucial to understand the factors that constrain bio-acces-
sibility and bioavailability of polyphenols, some related to the food (e.g., chemical 
structure of the compound, food matrix, food processing and dose) while others 
depend on the individual (e.g., gastric emptying, intestinal transit time, composi-
tion of the micro-biota) [58, 62, 63]. However, the discussion of factors influencing 
the bio-accessibility and bioavailability of polyphenols will focus on food related 
factors such as the polyphenols’ chemical structure, the nature of the food matrix 
and food processing, since these are the first hurdles that polyphenols face prior to 
absorption.

The interested reader may consult some of the accounts of the concentration 
and bio-accessibility of poly-phenol compounds with potential antioxidant activity 
as affected by simulated in vitro digestion; for a more detailed description, see the 
references [64–68].

2.1 Factors leading to degradation of polyphenols and low bioavailability

Dietary polyphenols to exert their health-promoting effect need to endure the 
food processing conditions; second, could be released from the food matrix and 
become bio-accessible in the gastrointestinal tract, and then undergo metabolism 
and reach the target tissue of interest. As a result, chemical structure of polyphe-
nols, nature of food matrix as well as interaction with other food constituents in 
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particular proteins, lipids and carbohydrates and food processing play a significant 
role upon coming to bio-accessibility and bioavailability of polyphenols, since they 
represent the first step in the challenging journey of well-known dietary polyphe-
nols reaching the target tissues.

2.1.1 Chemical composition and structure of polyphenols

Dietary polyphenols has been a most exotic topic in modern food chemistry 
not only as structural diversity and major plant secondary metabolites, but also as 
compounds that express a wide range of applications in various aspects of com-
mercial as well as general public interests [27]. The importance of their molecular 
structure lies in the fact that the molecular size, the parent structure, degree of 
polymerization or glycosylation, solubility, hydrophobicity, isomer configura-
tion and conjugation with other phenolics [5, 34, 60, 69, 70] have a strong impact 
on their bio-accessibility and bioavailability. Most of the polyphenols, especially 
those containing adjacent dihydroxyl groups (e.g. catechins and procyanidins) 
are especially prone to polymerization and loss through oxidation [71]. Relatively, 
simple phenolic derivatives such as phenolic acids (e.g., gallic acid, caffeic acid, van-
illin, and coumaric acid) and flavonoids including isoflavones are readily absorbed 
through the gut tract that are followed by catechins, flavanones, and quercetin 
glucosides [34]. On the contrary, proanthocyanindins which are compounds of high 
molecular weight are very poorly absorbed as well as galloylated tea catechins and 
the anthocyanins [34, 60]. Among the various poly-phenol compounds, reported 
bioavailability is so highly variable that the highest bioavailability has been reported 
for isoflavones, followed by flavanols, flavanones and flavonol glycosides, while 
the proanthocyanidins, flavanol gallates and anthocyanidins are the most poorly 
absorbed [34, 49, 51, 61, 72].

2.1.2 Food matrix

Food products fortified with dietary poly-phenol rich extracts may lead to 
changes in the nutritional, chemical and rheological properties of the fortified 
food. Apart from potential biologic activities related to health-promoting prop-
erties, when included in a food product depending on the type of extract, the 
poly-phenol compounds may impart an astringent and/or bitter taste, or introduce 
a degree of brown coloring [5, 21, 53, 73, 74]. Concerning taste, PAs resulting 
from oxidative reactions are mostly responsible for some unpleasant organoleptic 
properties such as astringency and bitterness [51, 70, 71]. “Astringency is a tactile 
sensation defined as dryness, tightening and puckering sensations perceived in the oral 
cavity during the ingestion of astringent molecules, mainly tannins, alums and some 
metal ions” [74]. Concerning color, it is worth to note that anthocyanins are one of 
the most important natural pigments though they represent a problem owing to 
their high instability [74].

Polyphenols possess the ability to interact, both with food matrix constituents in 
particular carbohydrates, lipids and proteins, as well as with biologic compounds, 
namely proteins. All these interactions can affect the accessibility and availability 
both of polyphenols and other compounds as well as organoleptic properties of 
fortified food products and consumer acceptance. Polyphenols interact mostly to 
components of food matrix through non-covalent hydrophobic interactions but 
in the cases of interactions between polyphenols and proteins or/and carbohy-
drates, hydrogen bonds also contribute significantly. Nonetheless, some covalent 
bonds may also occur under certain food processing conditions [74]. Polyphenols 
form complexes with proteins that can be occurred by non-covalent interaction 
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the real biologic potential effect it is crucial to know the quantity of polyphenols 
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has the potential to be bio-available and reach systemic circulation; this means that 
it has been released from the food matrix by the action of digestive enzymes  
[46, 52, 56, 57]. Potentially, bioavailability refers to the fraction of the bio-
accessible ingested nutrient, either parent compound or active metabolite that 
reaches the systemic circulation and becomes available at the site of the action 
where it can exert biologic effects [46, 52, 58, 59]; in the case of polyphenols, this 
is the amount of polyphenols which can be absorbed and exert effects on specific 
tissues. As per this principle, bioavailability is a process that depends on the 
intrinsic and extrinsic factors of the host; this means that, the process depends on 
the food matrix ingested and the gastrointestinal conditions within the individual. 
Investigations have revealed which the bioavailability of polyphenols contains 
seven main digestive processes: (1) the release of polyphenols from food matrix 
(bio-accessible polyphenols); (2) changes in polyphenols during gastric and small 
intestine digestion conditions; (3) the cellular uptake of aglycones and conjugated 
forms of polyphenols; (4) microbial metabolism conjugated non-bio-accessible 
fraction polyphenols by the colonic micro-biota; (5) phase I (oxidation, reduction 
and hydrolysis) and particularly phase II (conjugation) bio-transformations in the 
enterocytes and then the hepatocytes, followed by generating methyl, glucuronide 
and sulfate derivatives; (6) transit to systemic circulation and tissue distribution; 
(7) urinary excretion or excretion back into the gut via bile and pancreatic juices 
[52, 57, 60]. Numerous studies have pointed out that the bioavailability of polyphe-
nols is rather low and the magnitude of the relative urinary excretion of the intake 
fluctuates from 0.3% for anthocyanins to 43% for isoflavones that demonstrates 
the great variability in the bioavailability from one poly-phenol to another and 
the most abundant dietary poly-phenol was not necessarily the one leading to the 
highest levels of active metabolites in plasma [34, 51, 61]. Consequently, to explore 
and to determine the mechanisms of action of dietary polyphenols and their role in 
disease prevention, it is crucial to understand the factors that constrain bio-acces-
sibility and bioavailability of polyphenols, some related to the food (e.g., chemical 
structure of the compound, food matrix, food processing and dose) while others 
depend on the individual (e.g., gastric emptying, intestinal transit time, composi-
tion of the micro-biota) [58, 62, 63]. However, the discussion of factors influencing 
the bio-accessibility and bioavailability of polyphenols will focus on food related 
factors such as the polyphenols’ chemical structure, the nature of the food matrix 
and food processing, since these are the first hurdles that polyphenols face prior to 
absorption.

The interested reader may consult some of the accounts of the concentration 
and bio-accessibility of poly-phenol compounds with potential antioxidant activity 
as affected by simulated in vitro digestion; for a more detailed description, see the 
references [64–68].

2.1 Factors leading to degradation of polyphenols and low bioavailability

Dietary polyphenols to exert their health-promoting effect need to endure the 
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particular proteins, lipids and carbohydrates and food processing play a significant 
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not only as structural diversity and major plant secondary metabolites, but also as 
compounds that express a wide range of applications in various aspects of com-
mercial as well as general public interests [27]. The importance of their molecular 
structure lies in the fact that the molecular size, the parent structure, degree of 
polymerization or glycosylation, solubility, hydrophobicity, isomer configura-
tion and conjugation with other phenolics [5, 34, 60, 69, 70] have a strong impact 
on their bio-accessibility and bioavailability. Most of the polyphenols, especially 
those containing adjacent dihydroxyl groups (e.g. catechins and procyanidins) 
are especially prone to polymerization and loss through oxidation [71]. Relatively, 
simple phenolic derivatives such as phenolic acids (e.g., gallic acid, caffeic acid, van-
illin, and coumaric acid) and flavonoids including isoflavones are readily absorbed 
through the gut tract that are followed by catechins, flavanones, and quercetin 
glucosides [34]. On the contrary, proanthocyanindins which are compounds of high 
molecular weight are very poorly absorbed as well as galloylated tea catechins and 
the anthocyanins [34, 60]. Among the various poly-phenol compounds, reported 
bioavailability is so highly variable that the highest bioavailability has been reported 
for isoflavones, followed by flavanols, flavanones and flavonol glycosides, while 
the proanthocyanidins, flavanol gallates and anthocyanidins are the most poorly 
absorbed [34, 49, 51, 61, 72].

2.1.2 Food matrix

Food products fortified with dietary poly-phenol rich extracts may lead to 
changes in the nutritional, chemical and rheological properties of the fortified 
food. Apart from potential biologic activities related to health-promoting prop-
erties, when included in a food product depending on the type of extract, the 
poly-phenol compounds may impart an astringent and/or bitter taste, or introduce 
a degree of brown coloring [5, 21, 53, 73, 74]. Concerning taste, PAs resulting 
from oxidative reactions are mostly responsible for some unpleasant organoleptic 
properties such as astringency and bitterness [51, 70, 71]. “Astringency is a tactile 
sensation defined as dryness, tightening and puckering sensations perceived in the oral 
cavity during the ingestion of astringent molecules, mainly tannins, alums and some 
metal ions” [74]. Concerning color, it is worth to note that anthocyanins are one of 
the most important natural pigments though they represent a problem owing to 
their high instability [74].

Polyphenols possess the ability to interact, both with food matrix constituents in 
particular carbohydrates, lipids and proteins, as well as with biologic compounds, 
namely proteins. All these interactions can affect the accessibility and availability 
both of polyphenols and other compounds as well as organoleptic properties of 
fortified food products and consumer acceptance. Polyphenols interact mostly to 
components of food matrix through non-covalent hydrophobic interactions but 
in the cases of interactions between polyphenols and proteins or/and carbohy-
drates, hydrogen bonds also contribute significantly. Nonetheless, some covalent 
bonds may also occur under certain food processing conditions [74]. Polyphenols 
form complexes with proteins that can be occurred by non-covalent interaction 
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(reversible), primarily driven by hydrogen bonds and hydrophobic interactions 
and covalent interaction (mostly irreversible) after poly-phenol activation either 
by oxidation, i.e. as quinones, or as carbocations resulting from proanthocyanidin 
cleavage under hot acidic conditions [38]. As a whole, polyphenols with elevated 
molecular weight and a more abundance of hydroxyl group, which provide more 
than one site for interaction reveal a higher affinity to interact with proteins  
[19, 75]. However, tannins are polyphenols capable of precipitating proteins from 
aqueous solutions, which are synthesized via the shikimic acid pathway [4]. In 
terms of non-covalent associations, amino acids (e.g., alanine, valine, isoleucine, 
leucine, methionine, phenylalanine, tyrosine, tryptophan, cysteine and glycine) 
may react to tannins through hydrophobic interactions and hydrogen bonds. From 
a mechanistic point of view, the hydrogen bindings with the carboxyl group of 
proteins are associated with capability of the hydroxyl groups of polyphenols to 
donate a hydrogen atom to the nitrogen or oxygen molecule of amino acids (e.g., 
lysine, arginine, histidine, asparagine, glutamine, serine, threonine, aspartic acid, 
glutamic acid, tyrosine, cysteine and tryptophan) [19, 38]. In terms of covalent 
interactions, polyphenols namely tannins can be oxidized under alkaline condi-
tions and reactive oxygen species through enzymatic and non-enzymatic oxidation 
reactions causing the generation of highly reactive quinone radicals. Following the 
oxidation step, resultant quinone radical reacts to another quinone radical that is 
named condensation reaction to form a dimer; a high molecular weight brown color  
brown color pigment named as tannin that can further interact with amino acids 
in a polypeptide chain through covalent binding. At the end, these dimers remain 
highly reactive, in turn they are re-oxidized and cross linked to another polypeptide 
chain [19, 73]. In this sense, research studies carried-out by Rodríguez-Roque et al., 
assessed impact of food matrix (water-, milk- and soymilk-fruit juice beverages) 
on the in vitro bio-accessibility of phenolic compounds and hydrophilic antioxidant 
activity from fruit juice-based beverages and observed that the combination of 
a blended fruit juice with milk or soymilk could decrease the bio-accessibility of 
dietary polyphenols due to the formation of complexes among these compounds 
and proteins of milk and soymilk though the protein precipitation could mask the 
poly-phenol astringent or bitter taste [67, 68, 76].

Similar to polyphenols strongly associated with proteins, evidence reveals that 
polyphenols can also form complexes with Carbohydrates (digestible and non-
digestible) that are, highly dependent on the molecular weights of the polyphenols, 
the hydrophilicity of the poly-phenol, and the structure of the carbohydrate (high 
molecular weight, low solubility, and conformational flexibility) [75, 77]. The 
associations between carbohydrates and polyphenols can also affect the organo-
leptic properties [78] but depending on the compounds, these interactions could 
have positive and negative effects [74]. Besides influencing astringency perception 
by tannins-proteins interactions, PAs-carbohydrates associations also can lead to 
an astringency taste and bitterness modulation into fortified foods while tannins 
have less affinity to carbohydrates than to proteins due to the strong hydrogen 
bond formation with protein’s carboxyl group. Apart from tannins, anthocyanins 
have the capability to interact with carbohydrates [78], in turn the association with 
carbohydrates could lead for, on one hand, to a lower extraction yield, and therefore 
lower color intensity on the final product, and on the other hand to stabilization 
and enhancement of anthocyanins color [74]. Interestingly, some studies reported 
that bioavailability of polyphenols could be reduced due to the interaction with 
polysaccharides [46, 52, 63, 79] while other studies revealed that polysaccharides 
from human diet could enhance the polyphenols’ uptake [78]; however, polyphe-
nols interactions with dietary fibers (non-digestible) are of particularly significant 
since non-digestible polysaccharides may play role of “ploy-phenol carrier” as an 
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“essential physiologic function” of polysaccharides contributing to the overall 
health effects of fiber-rich diets [38, 78].

Concerning polyphenols interactions with lipids, only a few studies have 
investigated the effect of dietary lipid–poly-phenol interactions on taste that have 
not been of special importance, except in case of plant oils—primarily the one made 
from olives [46, 74, 78]. In contrary, it should be highlighted that polyphenols can 
decrease the synthesis of fats and fatty acids in the liver, or delay their absorption in 
intestines [74, 78]. As reviewed, dietary polyphenols are known to form complexes 
with macromolecules and to affect on antioxidant values and bio-accessibility that 
can impair bioavailability of both polyphenols and macromolecules.

Apart from interactions between polyphenols and macromolecules, polyphenols 
are also known for their strong metal-chelating capabilities. A number of polyphe-
nols (e.g., phenolic acids, flavonoids [79] and also tannins [80]) efficiently chelate 
trace metal ions, such as Al3+, Fe3+, and Cu+ [26, 81, 82] that undergo redox cycling 
reactions and possess the ability to produce reactive radicals such as superoxide 
anion radical and nitric oxide in biologic systems [83]. This action attributed to the 
galloyl and catechol groups of poly-phenol compounds results in the diminution 
intestinal absorption of minerals and trace elements [79, 80].

2.1.3 Food processing

Processing of plant foods and fortified foods with polyphenols-based func-
tional ingredients exert a main impact on bio-accessibility of polyphenols and 
consequently bioavailability as well as their content and potential antioxidant 
activity, which depends on the type poly-phenol-rich food, the nature and location 
of poly-phenol compounds in the food matrix, the intensity and duration of treat-
ment, as well as presence of components that affect absorption efficiency [46, 48, 
49, 63, 69, 76, 84–88]. In overall, the bioavailability of polyphenols is determined by 
their bio-accessibility [89]; this means that the availability as well as  accessibility of 
polyphenols is likely to be affected by the processing methods since food processing 
brings about changes in chemical composition and structure of polyphenols and in 
molecular interactions that have an influence on the capacity of a given compound to 
be extracted during digestion [69] and thus, it may also increase or diminish the bio-
accessibility of such health-promoting components [76, 90] that these components 
may be those that are added to functional foods or are found naturally in foods such 
as dietary polyphenols. In other words, food processing can give rise to the degrada-
tion of polyphenols; thus, reducing their bio-accessible and non-bio-accessible frac-
tions as well can result to chemical or physical modifications in food in such a way 
that fosters the release and absorption of polyphenols during digestion [69, 70]. This 
could be explained different effects found according to the intensity and duration of 
treatment depict two different scenarios including; (1) increase in the bio-accessible 
and non-bio-accessible contents but no effects on compounds bio-accessibility; 
(2) decrease in the bio-accessible and non-bio-accessible contents but a modified 
(increased or decreased) bio-accessibility [69, 70, 76, 90, 91]. In this sense, precise 
discernment of the concentration of dietary polyphenols reaching the bio-accessible 
fraction is much more important than the concentration of these compounds in the 
corresponding food products [70, 76]. Research study carried-out by Rodríguez-
Roque et al. [76], assessed impact of processing [high-intensity pulsed electric fields 
(HIPEF); high-pressure processing (HPP); and thermal treatment (TT)] on the in 
vitro bio-accessibility of phenolic compounds and hydrophilic antioxidant activity 
from fruit juice-based beverages and observed an improvement up to 38% in the 
bio-accessibility of individual polyphenols (caffeic and p-coumaric acids from both 
water-fruit juice beverage (WB) and milk-fruit juice beverage (MB); chlorogenic 
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water-fruit juice beverage (WB) and milk-fruit juice beverage (MB); chlorogenic 
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and ferulic acids from MB; hesperidin and rutin from all beverages after treat-
ments), mainly by non-thermal methods (HIPEF and HPP). On the contrary, all 
treatments did not change the bio-accessibility of caffeic and chlorogenic acids from 
soymilk-fruit juice beverage (SB), as well as naringenin from both WB and MB but 
diminished the bio-accessibility of ferulic acid from WB. Besides, bio-accessibility 
of chlorogenic and p-hydroxybenzoic acids from WB were also significantly reduced 
by HIPEF (between 10 and 11%) and TT (between 11 and 24%) [76]. In another 
research study by Ribas-Agustí et al., results clearly showed the overall decrease in 
bio-accessible polyphenols after pulsed electric fields treatments (1.8 and 7.3 kJ kg−1) 
can be linked to decreased contents in undigested apple, which was probably conse-
quence of their degradation due to process-induced oxidative reactions [91].

Apart from bio-accessibility, polyphenols may lose their antioxidant activities or 
bioactivity during processing since they are oxidized easily when exposed to high 
temperature, oxygen and enzymes [46, 92–96], which should be taken into account 
when processing poly-phenol-rich food matrixes [54, 97, 98]. Dietary polyphenols 
are degraded at high temperature; thus, thermal treatments diminish the poly-phenol 
content in polyphenols-rich fortified food and jeopardize the amount of bio-available 
polyphenols (referring to bio-accessible fraction) due to the loss of thermo-labile 
phenols or their polymerization [99–101]; however, it has been shown that based 
on thermal processing technique used, high temperature also gives rise to other 
modifications turning into positive for the dietary polyphenols bioavailability such as 
degradation or modification of cell wall polysaccharides, proteins and other matrix 
factors that may lead to compounds more accessible to absorption [69, 70, 92, 95, 102, 
103]. In these cases, the effect of processing can be accounted for by multiplying raw 
food poly-phenol content by a retention factor (RF), which describes the change in 
poly-phenol content for a given food due to a given process and was then calculated 
from the poly-phenol contents of corresponding raw and processed foods and the 
yield factor value [97, 104]. RFs are calculated according to Eqs. (1) and (2) as follows:

 
( )      

Retention factor Yield Factor
   

= ×
concentration of polyphenol in processed food

RF
Concentration of polyphenol in raw food

  

(1)

 
weight of food after processing
wieght of food before processing

    
Yield Factor

    
=   (2)

Thus, the calculated values of RF < 1 indicate a reduced poly-phenol content in 
the processed food whereas RF = 1 and RF > 1 indicate full retention or an increase, 
respectively [97]. Most studies evaluating the impact of thermal and non-thermal 
processing on poly-phenol compounds in terms of quantity and availability have 
focused on traditional processing technologies such as heat-related thermal treat-
ment (TT) and on novel emerging non-thermal techniques such as HPP, HIPEF 
and have used to preserve manufactured food or cooking, as well as during the food 
preparation, i.e. pretreatments on raw material to obtain food. Some interesting 
studies evaluating the effect of thermal and non-thermal treatments on retention 
of polyphenols and their antioxidant capacity as well as bio-availability have been 
conducted [84, 87, 92, 94, 98, 105–108]. The main finding concerning the impact 
of thermal and non-thermal processing on retention of individual polyphenols is 
summarized below and in Table 1.
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and ferulic acids from MB; hesperidin and rutin from all beverages after treat-
ments), mainly by non-thermal methods (HIPEF and HPP). On the contrary, all 
treatments did not change the bio-accessibility of caffeic and chlorogenic acids from 
soymilk-fruit juice beverage (SB), as well as naringenin from both WB and MB but 
diminished the bio-accessibility of ferulic acid from WB. Besides, bio-accessibility 
of chlorogenic and p-hydroxybenzoic acids from WB were also significantly reduced 
by HIPEF (between 10 and 11%) and TT (between 11 and 24%) [76]. In another 
research study by Ribas-Agustí et al., results clearly showed the overall decrease in 
bio-accessible polyphenols after pulsed electric fields treatments (1.8 and 7.3 kJ kg−1) 
can be linked to decreased contents in undigested apple, which was probably conse-
quence of their degradation due to process-induced oxidative reactions [91].

Apart from bio-accessibility, polyphenols may lose their antioxidant activities or 
bioactivity during processing since they are oxidized easily when exposed to high 
temperature, oxygen and enzymes [46, 92–96], which should be taken into account 
when processing poly-phenol-rich food matrixes [54, 97, 98]. Dietary polyphenols 
are degraded at high temperature; thus, thermal treatments diminish the poly-phenol 
content in polyphenols-rich fortified food and jeopardize the amount of bio-available 
polyphenols (referring to bio-accessible fraction) due to the loss of thermo-labile 
phenols or their polymerization [99–101]; however, it has been shown that based 
on thermal processing technique used, high temperature also gives rise to other 
modifications turning into positive for the dietary polyphenols bioavailability such as 
degradation or modification of cell wall polysaccharides, proteins and other matrix 
factors that may lead to compounds more accessible to absorption [69, 70, 92, 95, 102, 
103]. In these cases, the effect of processing can be accounted for by multiplying raw 
food poly-phenol content by a retention factor (RF), which describes the change in 
poly-phenol content for a given food due to a given process and was then calculated 
from the poly-phenol contents of corresponding raw and processed foods and the 
yield factor value [97, 104]. RFs are calculated according to Eqs. (1) and (2) as follows:

 
( )      

Retention factor Yield Factor
   

= ×
concentration of polyphenol in processed food

RF
Concentration of polyphenol in raw food

  

(1)

 
weight of food after processing
wieght of food before processing

    
Yield Factor

    
=   (2)

Thus, the calculated values of RF < 1 indicate a reduced poly-phenol content in 
the processed food whereas RF = 1 and RF > 1 indicate full retention or an increase, 
respectively [97]. Most studies evaluating the impact of thermal and non-thermal 
processing on poly-phenol compounds in terms of quantity and availability have 
focused on traditional processing technologies such as heat-related thermal treat-
ment (TT) and on novel emerging non-thermal techniques such as HPP, HIPEF 
and have used to preserve manufactured food or cooking, as well as during the food 
preparation, i.e. pretreatments on raw material to obtain food. Some interesting 
studies evaluating the effect of thermal and non-thermal treatments on retention 
of polyphenols and their antioxidant capacity as well as bio-availability have been 
conducted [84, 87, 92, 94, 98, 105–108]. The main finding concerning the impact 
of thermal and non-thermal processing on retention of individual polyphenols is 
summarized below and in Table 1.
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3.  Encapsulation of polyphenols with electro-hydrodynamic techniques

The incorporation of polyphenols as possible functional ingredients in forti-
fied food products, in particular due to their antioxidant capacity is becoming a 
growing area of research for the food industry. Nevertheless, their application as 
bioactive components is often hindered by their poor stability and solubility during 
food processing and storage, burst release and their low bioavailability or chemical 
instability when exposed to the conditions of the upper GIT which can significantly 
compromise their envisioned biologic benefits [115–117]; however, in order to 
preserve the structural integrity, polyphenols need to be sheltered by a finishing 
formulation that is, able to protect and to deliver them to the physiologic targets 
without losing any bioactivity [22, 26, 118].

An attractive approach to avoid the degradation of polyphenols is the process 
of encapsulation, which is referring to a process that involves the entrapment of 
an active ingredient through a polymeric matrix that seeks to increase stability and 
to improve bioavailability and the controlled release of bioactive agents through 
protecting these compounds from adverse environmental conditions or from 
the GIT (e.g., stomach acid) [117, 119]. Even though recent trends in the field of 
encapsulation have been focused on the development of techniques to encapsulate 
food bioactive ingredients such as polyphenols each with their own merits and 
demerits including Ionic gelation, layer-by-layer deposition, extrusion, coprecipita-
tion, coacervation and phase separation, spray/freeze drying, emulsification/emul-
sion polymerization, inclusion complexation, liposome entrapment, fluidized bed 
coating, supercritical fluid, etc. [22, 25, 117], the application of these techniques 
is restricted owing to the mostly require heating and/or pressure, and the use of 
strong organic/non-polar solvents or expensive equipment, which result in degrada-
tion of heat-sensitive ingredients as well as associated toxicity concerns [120, 121].  
In this regard, electro-hydrodynamic (EHD) processing, which refers to the dynam-
ics of electrically charged fluids [120, 122] has emerged as an attractive alternative 
technology for encapsulation that needs neither temperature nor expensive equip-
ment; therefore, heat-sensitive compounds may be successfully processed and also, 
the use of organic solvents can be avoided by adjusting some processing condi-
tions (i.e., use of molten polymer) [120, 123, 124]. Principally, electro-spinning 
also called “electrostatic spinning” [120, 125] and electro-spraying also known as 
electro-hydrodynamic atomization (EHDA) [126–128] processes considered as 
kindred EHD processes [129, 130] are very cost effective, highly flexible and robust 
techniques, where use a uniform electro-hydrodynamic force to break the liquids 
into fine jets [121, 124, 128, 130–132]. However, electro-spinning is a drawing 
process based on electrostatic interactions [133] for papering fibers while electro-
spraying is a process of liquid atomization by electrical forces [130] for papering 
particles. These approaches are promising techniques to fabricate delivery vehicles 
presenting structural and functional benefits for encapsulation of bioactive ingre-
dients while their use in the field food processing and preservation is considerably 
less explored. Hence, in following section, focus will be on the current work aim to 
recognize the prospective of both electro-spinning and electro-spraying techniques 
for one-step encapsulation of dietary polyphenols, respectively into polymeric 
fibers and particles of micro-and nano-meter diameters.

3.1 Fundamental of electro-hydrodynamic process encapsulation

The incorporation of dietary polyphenols within polymeric particles and fibers 
of micro-and nanometer diameters is a promising technique to enhance the perfor-
mance polyphenols-based functional ingredients in food industry [115, 117]. Micro 
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and nano-sized particles and fibers could enhance stability, encapsulation efficiency 
(≥80%) [134] and oral bioavailability of polyphenols, as well develop controlled 
delivery or release [126]; thus, facilitating the development of innovative functional 
foods. Therefore, a clear and precise understanding of electro-hydrodynamic pro-
cesses is essential to optimize the operating conditions for the nano-encapsulation 
of various polyphenols and thus, broadening the potential industrial application in 
food science. The basic setup of uniaxial electro-hydrodynamic technique gener-
ally consists of a high voltage power supply, a spinneret with a metallic needle or 
capillary tube of small diameter (up to 1 mm) [135], a pumping system, and an 
electrically conductive collector screen connected to an electrical earth, either can be 
a flat plate or rotating drum [115–117, 120, 123, 130, 131, 134, 136, 137]. In a typical 
EHD process, the bioactive agent dispersed in a carrier polymer solution or polymer 
melt is delivered at a fixed solution flow rate [124, 127, 134] to a capillary spinneret 
connected to the voltage supply [120, 126] by a pump, which forms a droplet at the 
spinneret apex. Once the droplet is charged under an applied electrical field to the 
spinneret, the hemispherical surface of droplet is deformed into a conical shape 
known as the Taylor cone [132, 138, 139] through the action of two major electro-
static forces including internal electrostatic repulsion of similar charges and the 
coulombic force of external electric field, which is applied between the spinneret 
apex and the collector [122–125]. With the increase of electric field strength, more 
electrical charges accumulate on the surface of suspended droplet, especially until a 
critical point is reached, where internal electrostatic repulsion eventually overcomes 
the intrinsic molecular tension forces present at the surface of the droplet at the tip 
of the Taylor cone; an electrically charged jet of the polymer is then ejected from the 
tip of the Taylor cone and is driven towards the conductive collector (counter elec-
trode [140]) that is, usually held at earth potential to encourage fibers and particles 
capture. As the jet takes flight between the spinneret and the collector, it experiences 
a range of competing instabilities including the surface tension driven Rayleigh-
Plateau instability [141, 142] and the electrically driven axisymmetric conducting 
instability and whipping/bending instability [136, 142] (more correctly described as 
an expanding helix) [122, 123, 129]. Electro-spun fibers are formed if the degree of 
molecular chains entanglement in the polymer solution and the solution concentra-
tion (directly proportional to viscosity and surface-tention) are high enough, the 
polymer jet from Taylor cone is stabilized, and elongation occurs in flight in initial 
linear trajectory and continues at an increased rate after the onset of the so-called 
“whipping instability” (actually a consistent expanding helix) [123], thereby inhib-
iting the formation of a filament of discrete droplets while electro-sprayed particles 
are formed providing the solution concentration is low, the polymer jet is destabi-
lized due to varicose instability and hence, fine particulates are formed. These highly 
charged aerosols self-disperse in space, thereby preventing droplet aggregation and 
coagulation as well deposited on the collector as micro- or nano-particles [122, 130, 
143, 144]. One important advantage of electro-spinning and electro-spraying is that 
due to whipping/bending instability of the jet and high surface to volume ratio [143], 
the evaporation of the solvent occurs at an increased rate during jet flight [123] or 
by blowing hot air on the extruded filament [120] and no heating is needed, which 
makes these technologies suitable for dealing with thermally sensitive materials (e.g., 
polyphenols, probiotic bacteria) [145] as well as the use of organic solvents can be 
avoided by adjusting some processing conditions [124].

In EHD process, molecular weight of the polymer reflecting the entanglement 
of polymer chains in solutions and solution concentration (directly proportional 
to viscosity and surface-tention) have the most effect on the formation bead 
or fiber morphology from the electro-spinning or spraying process [122, 123, 
146]. Depending on the viscoelasticity of the polymer solution, the dominating 
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3.  Encapsulation of polyphenols with electro-hydrodynamic techniques

The incorporation of polyphenols as possible functional ingredients in forti-
fied food products, in particular due to their antioxidant capacity is becoming a 
growing area of research for the food industry. Nevertheless, their application as 
bioactive components is often hindered by their poor stability and solubility during 
food processing and storage, burst release and their low bioavailability or chemical 
instability when exposed to the conditions of the upper GIT which can significantly 
compromise their envisioned biologic benefits [115–117]; however, in order to 
preserve the structural integrity, polyphenols need to be sheltered by a finishing 
formulation that is, able to protect and to deliver them to the physiologic targets 
without losing any bioactivity [22, 26, 118].

An attractive approach to avoid the degradation of polyphenols is the process 
of encapsulation, which is referring to a process that involves the entrapment of 
an active ingredient through a polymeric matrix that seeks to increase stability and 
to improve bioavailability and the controlled release of bioactive agents through 
protecting these compounds from adverse environmental conditions or from 
the GIT (e.g., stomach acid) [117, 119]. Even though recent trends in the field of 
encapsulation have been focused on the development of techniques to encapsulate 
food bioactive ingredients such as polyphenols each with their own merits and 
demerits including Ionic gelation, layer-by-layer deposition, extrusion, coprecipita-
tion, coacervation and phase separation, spray/freeze drying, emulsification/emul-
sion polymerization, inclusion complexation, liposome entrapment, fluidized bed 
coating, supercritical fluid, etc. [22, 25, 117], the application of these techniques 
is restricted owing to the mostly require heating and/or pressure, and the use of 
strong organic/non-polar solvents or expensive equipment, which result in degrada-
tion of heat-sensitive ingredients as well as associated toxicity concerns [120, 121].  
In this regard, electro-hydrodynamic (EHD) processing, which refers to the dynam-
ics of electrically charged fluids [120, 122] has emerged as an attractive alternative 
technology for encapsulation that needs neither temperature nor expensive equip-
ment; therefore, heat-sensitive compounds may be successfully processed and also, 
the use of organic solvents can be avoided by adjusting some processing condi-
tions (i.e., use of molten polymer) [120, 123, 124]. Principally, electro-spinning 
also called “electrostatic spinning” [120, 125] and electro-spraying also known as 
electro-hydrodynamic atomization (EHDA) [126–128] processes considered as 
kindred EHD processes [129, 130] are very cost effective, highly flexible and robust 
techniques, where use a uniform electro-hydrodynamic force to break the liquids 
into fine jets [121, 124, 128, 130–132]. However, electro-spinning is a drawing 
process based on electrostatic interactions [133] for papering fibers while electro-
spraying is a process of liquid atomization by electrical forces [130] for papering 
particles. These approaches are promising techniques to fabricate delivery vehicles 
presenting structural and functional benefits for encapsulation of bioactive ingre-
dients while their use in the field food processing and preservation is considerably 
less explored. Hence, in following section, focus will be on the current work aim to 
recognize the prospective of both electro-spinning and electro-spraying techniques 
for one-step encapsulation of dietary polyphenols, respectively into polymeric 
fibers and particles of micro-and nano-meter diameters.

3.1 Fundamental of electro-hydrodynamic process encapsulation

The incorporation of dietary polyphenols within polymeric particles and fibers 
of micro-and nanometer diameters is a promising technique to enhance the perfor-
mance polyphenols-based functional ingredients in food industry [115, 117]. Micro 
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and nano-sized particles and fibers could enhance stability, encapsulation efficiency 
(≥80%) [134] and oral bioavailability of polyphenols, as well develop controlled 
delivery or release [126]; thus, facilitating the development of innovative functional 
foods. Therefore, a clear and precise understanding of electro-hydrodynamic pro-
cesses is essential to optimize the operating conditions for the nano-encapsulation 
of various polyphenols and thus, broadening the potential industrial application in 
food science. The basic setup of uniaxial electro-hydrodynamic technique gener-
ally consists of a high voltage power supply, a spinneret with a metallic needle or 
capillary tube of small diameter (up to 1 mm) [135], a pumping system, and an 
electrically conductive collector screen connected to an electrical earth, either can be 
a flat plate or rotating drum [115–117, 120, 123, 130, 131, 134, 136, 137]. In a typical 
EHD process, the bioactive agent dispersed in a carrier polymer solution or polymer 
melt is delivered at a fixed solution flow rate [124, 127, 134] to a capillary spinneret 
connected to the voltage supply [120, 126] by a pump, which forms a droplet at the 
spinneret apex. Once the droplet is charged under an applied electrical field to the 
spinneret, the hemispherical surface of droplet is deformed into a conical shape 
known as the Taylor cone [132, 138, 139] through the action of two major electro-
static forces including internal electrostatic repulsion of similar charges and the 
coulombic force of external electric field, which is applied between the spinneret 
apex and the collector [122–125]. With the increase of electric field strength, more 
electrical charges accumulate on the surface of suspended droplet, especially until a 
critical point is reached, where internal electrostatic repulsion eventually overcomes 
the intrinsic molecular tension forces present at the surface of the droplet at the tip 
of the Taylor cone; an electrically charged jet of the polymer is then ejected from the 
tip of the Taylor cone and is driven towards the conductive collector (counter elec-
trode [140]) that is, usually held at earth potential to encourage fibers and particles 
capture. As the jet takes flight between the spinneret and the collector, it experiences 
a range of competing instabilities including the surface tension driven Rayleigh-
Plateau instability [141, 142] and the electrically driven axisymmetric conducting 
instability and whipping/bending instability [136, 142] (more correctly described as 
an expanding helix) [122, 123, 129]. Electro-spun fibers are formed if the degree of 
molecular chains entanglement in the polymer solution and the solution concentra-
tion (directly proportional to viscosity and surface-tention) are high enough, the 
polymer jet from Taylor cone is stabilized, and elongation occurs in flight in initial 
linear trajectory and continues at an increased rate after the onset of the so-called 
“whipping instability” (actually a consistent expanding helix) [123], thereby inhib-
iting the formation of a filament of discrete droplets while electro-sprayed particles 
are formed providing the solution concentration is low, the polymer jet is destabi-
lized due to varicose instability and hence, fine particulates are formed. These highly 
charged aerosols self-disperse in space, thereby preventing droplet aggregation and 
coagulation as well deposited on the collector as micro- or nano-particles [122, 130, 
143, 144]. One important advantage of electro-spinning and electro-spraying is that 
due to whipping/bending instability of the jet and high surface to volume ratio [143], 
the evaporation of the solvent occurs at an increased rate during jet flight [123] or 
by blowing hot air on the extruded filament [120] and no heating is needed, which 
makes these technologies suitable for dealing with thermally sensitive materials (e.g., 
polyphenols, probiotic bacteria) [145] as well as the use of organic solvents can be 
avoided by adjusting some processing conditions [124].

In EHD process, molecular weight of the polymer reflecting the entanglement 
of polymer chains in solutions and solution concentration (directly proportional 
to viscosity and surface-tention) have the most effect on the formation bead 
or fiber morphology from the electro-spinning or spraying process [122, 123, 
146]. Depending on the viscoelasticity of the polymer solution, the dominating 
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instability leads to either electro-spray or electro-spinning [123, 127]. Both tech-
niques work on the same physical principles of the ejection of a continuous jet; 
however, if the degree of molecular cohesion is below a critical level, particulates 
are formed from the ejecta and not a continuous fiber. This phenomenon is known 
Rayleigh-Plateau instability as characteristic of the electro-spraying process which 
is more commonly achieved with low-viscosity, low-molecular weight or low-
concentration polymer solutions [125]. In this context, if Rayleigh-Plateau instabil-
ity [141] dominates the process and manifests varicose waves on the surface of an 
EHD jet, the jet breaks up to form highly charged fine particles/beads, dispersed 
in a radial fashion due to coulomb repulsion. In other word, electro-spray transits 
to electro-spinning when the viscoelasticity of the polymer solution partially or 
completely suppresses Rayleigh-Plateau instability resulting in necklace-like beaded 
fibers or long continuous fibers [129]. The most effective parameters, which affect 
the fabrication of electro-spun fibers or electro-sprayed particles are divided into 
parameters related to polymer solvent properties (e.g, conductivity, viscosity, and 
surface tension), parameters related to the process (e.g., the applied electrical 
field, solution flow rate, and the distance between the tip of the needle and the 
collector) and ambient parameters (e.g., temperature, humidity and air flow) [124, 
147]. Therefore, by manipulating these parameters, multiple morphologies can be 
attained and continuous polymeric fibers and beads with diameters ranging from a 
few nanometers to a few microns can be obtained.

The interested reader may consult some of the accounts of the effect of process-
ing parameters on the properties of electro-spun or electro-sprayed materials; for a 
more detailed description, see the references [122, 123, 148].

3.2 Methods of electro-spinning/spraying encapsulation

Various strategies are available for encapsulation purposes using electro-spin-
ning and electro-spraying. Direct incorporation of the bioactive food compounds 
such as dietary polyphenols into the polymeric/bio-polymeric carrier is the most 
common approach to encapsulate these compounds. Using this path, the bioactive 
component is randomly distributed throughout the fibers or the particles [144]. 
In this sense, a number of challenges are available that need to be overcome when 
developing this type of structures. First of all, many natural biopolymers are poly-
electrolytes; having strong intermolecular interactions which need to be overcome 
for the subsequent formation of electro-spun/electro-sprayed structures [149, 150], 
as well as a certain fraction of the dispersed component is distributed nearby or 
on the surface of both electro-spun fibers or electro-sprayed particles which these 
unprotected species are susceptible to degradation owing to exposure of undesirable 
external environmental factors [134]. Aceituno-Medina et al. [151] encapsulated 
quercetin within hybrid amaranth protein isolate (API):pullulan (Pul) ultrathin 
fibers by using the electro-spinning technique. Their finding revealed that the ther-
mal stability of quercetin decreased upon encapsulation, probably due to the dis-
persion of this antioxidant. However, a sustained-release of quercetin with a rate of 
~ 52% from the API:Pul electro-spun fibers was reported during in vitro digestion, 
which probably corresponded to the amount of bioactive molecules distributed 
nearby to the fiber surface. Similarly, Blanco-Padilla et al. [152] encapsulated two 
different concentrations of curcumin (0.05 % & 0.075%) within API and Pul ultra-
fine fibers using the electro-spinning technique. Their finding revealed the release 
behavior of curcumin from the electro-spun fibers during an in-vitro digestion 
process (under simulated gastrointestinal conditions) (pH = 2). The burst release of 
curcumin from electro-spun fibers was reported 14.5-28.6% during the first 10 min, 
followed by a more gradual increase up to 28.6-55.8% released at 120 min. Third, the 
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blend formulations often give rise to burst release of some encapsulated compounds 
[117, 134]. Fuenmayor et al. [118] investigated two types of highly antioxidant 
phenolic compounds of very different hydrophobicity included gallic acid (GA) 
(phenolic acid, water-solubility: ~1.4 x 104 mg/kg at 23°C) and naringenin (NAR) 
(flavanone, poorly water solubility: ~1.6 x 101 mg/kg at 23°C) that were homoge-
neously incorporated by conventional electro-spinning in ultrafine fibers made 
of zein (Z) a hydrophobic protein extracted from corn maize. It was reported that 
release of the loaded polyphenols into aqueous environments is pH-dependent. In 
the sense, release studies revealed a burst release trend with accumulative release 
threshold minimum for pH 2 and maximum for pH 7, probably due to pH-depen-
dent differences in the molecular cargo-carrier interactions. Forth, conventional 
EHD also faces enormous challenges for the encapsulation of hydrophilic bioactive 
molecules into hydrophobic polymers or the hydrophobic bioactive molecules 
into hydrophilic polymers [117, 127, 134]. Besides, water is not the ideal solvent for 
electro-hydrodynamic processing since in comparison with organic solvents, it has 
a high evaporation temperature and high surface tension [127, 150], as well as the 
presence of organic solvents can result in the inactivation or denaturation of some 
hydrophilic bioactive substances [117, 127, 134]. However, other novel approaches 
such as emulsion or coaxial electro-hydrodynamic process have attracted a great 
deal of attention due to the fabrication core-sheath structures for encapsulation 
purpose.

3.2.1 Coaxial electro-hydrodynamic process

Coaxial electro-hydrodynamic is a controlled and one-step technique for encap-
sulation of fragile compounds such as extracts-rich poly-phenol into core-shell 
structured nano-fibers/particles using a couple of capillary tube where a smaller 
one is inserted concentrically inside the larger capillary [124, 144]. Coaxial electro-
spinning/electro-spraying overcomes technical limitations of direct incorporation 
of the polyphenols into the polymer solution by its core-shell design [120, 123, 153] 
resulted in suppressing the initial burst release [115, 154] and thereby, delivering 
compounds in a controlled manner [117]. In particular, in the coaxial technology, 
the active component (core) is fed through the inner capillary spinneret while the 
polymer solution is extruded through the outer capillary spinneret simultaneously 
in order to acquire core–sheath structures; thus, the component immiscibility 
problem is alleviated [149]. One important advantage of coaxial configuration is 
that coaxial structures can be used to generate multiple core-shell structures [155] 
which involve one or more additional layers for the bioactive ingredients and the 
potential to adjust the release kinetics of active component by adjusting the number 
of layers of the protective shell [121, 127, 150, 156]. In the coaxial configuration, 
the core liquid containing the food bioactive compounds is pumped through inner 
capillary spinneret and simultaneously, the shell liquid containing polymeric 
material is extruded through outer capillary spinneret allowing the formation of a 
charged compound jet consisting of concentrically co-flowing liquids. And then, 
core-shell structured particles are formed during the charged compound or coaxial 
jet with appropriate parameters that is generally known as coaxial electro-spraying 
[121]; however, core-shell particles transit to fibers with an encapsulated core 
if the outermost shell polymer solution has sufficient viscoelasticity [129]. This 
technique is known as co-electro-spinning or coaxial electro-spinning. Compared to 
uniaxial electro-spun fibers and electro-sprayed particles, the coaxial electro-spun 
fibers and electro-sprayed particles obtain higher encapsulation efficiency [130], 
enhanced bioactive protection [141], controlled and tunable release of functional 
compounds and encapsulation of different compounds in the same structure 
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instability leads to either electro-spray or electro-spinning [123, 127]. Both tech-
niques work on the same physical principles of the ejection of a continuous jet; 
however, if the degree of molecular cohesion is below a critical level, particulates 
are formed from the ejecta and not a continuous fiber. This phenomenon is known 
Rayleigh-Plateau instability as characteristic of the electro-spraying process which 
is more commonly achieved with low-viscosity, low-molecular weight or low-
concentration polymer solutions [125]. In this context, if Rayleigh-Plateau instabil-
ity [141] dominates the process and manifests varicose waves on the surface of an 
EHD jet, the jet breaks up to form highly charged fine particles/beads, dispersed 
in a radial fashion due to coulomb repulsion. In other word, electro-spray transits 
to electro-spinning when the viscoelasticity of the polymer solution partially or 
completely suppresses Rayleigh-Plateau instability resulting in necklace-like beaded 
fibers or long continuous fibers [129]. The most effective parameters, which affect 
the fabrication of electro-spun fibers or electro-sprayed particles are divided into 
parameters related to polymer solvent properties (e.g, conductivity, viscosity, and 
surface tension), parameters related to the process (e.g., the applied electrical 
field, solution flow rate, and the distance between the tip of the needle and the 
collector) and ambient parameters (e.g., temperature, humidity and air flow) [124, 
147]. Therefore, by manipulating these parameters, multiple morphologies can be 
attained and continuous polymeric fibers and beads with diameters ranging from a 
few nanometers to a few microns can be obtained.

The interested reader may consult some of the accounts of the effect of process-
ing parameters on the properties of electro-spun or electro-sprayed materials; for a 
more detailed description, see the references [122, 123, 148].

3.2 Methods of electro-spinning/spraying encapsulation

Various strategies are available for encapsulation purposes using electro-spin-
ning and electro-spraying. Direct incorporation of the bioactive food compounds 
such as dietary polyphenols into the polymeric/bio-polymeric carrier is the most 
common approach to encapsulate these compounds. Using this path, the bioactive 
component is randomly distributed throughout the fibers or the particles [144]. 
In this sense, a number of challenges are available that need to be overcome when 
developing this type of structures. First of all, many natural biopolymers are poly-
electrolytes; having strong intermolecular interactions which need to be overcome 
for the subsequent formation of electro-spun/electro-sprayed structures [149, 150], 
as well as a certain fraction of the dispersed component is distributed nearby or 
on the surface of both electro-spun fibers or electro-sprayed particles which these 
unprotected species are susceptible to degradation owing to exposure of undesirable 
external environmental factors [134]. Aceituno-Medina et al. [151] encapsulated 
quercetin within hybrid amaranth protein isolate (API):pullulan (Pul) ultrathin 
fibers by using the electro-spinning technique. Their finding revealed that the ther-
mal stability of quercetin decreased upon encapsulation, probably due to the dis-
persion of this antioxidant. However, a sustained-release of quercetin with a rate of 
~ 52% from the API:Pul electro-spun fibers was reported during in vitro digestion, 
which probably corresponded to the amount of bioactive molecules distributed 
nearby to the fiber surface. Similarly, Blanco-Padilla et al. [152] encapsulated two 
different concentrations of curcumin (0.05 % & 0.075%) within API and Pul ultra-
fine fibers using the electro-spinning technique. Their finding revealed the release 
behavior of curcumin from the electro-spun fibers during an in-vitro digestion 
process (under simulated gastrointestinal conditions) (pH = 2). The burst release of 
curcumin from electro-spun fibers was reported 14.5-28.6% during the first 10 min, 
followed by a more gradual increase up to 28.6-55.8% released at 120 min. Third, the 
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blend formulations often give rise to burst release of some encapsulated compounds 
[117, 134]. Fuenmayor et al. [118] investigated two types of highly antioxidant 
phenolic compounds of very different hydrophobicity included gallic acid (GA) 
(phenolic acid, water-solubility: ~1.4 x 104 mg/kg at 23°C) and naringenin (NAR) 
(flavanone, poorly water solubility: ~1.6 x 101 mg/kg at 23°C) that were homoge-
neously incorporated by conventional electro-spinning in ultrafine fibers made 
of zein (Z) a hydrophobic protein extracted from corn maize. It was reported that 
release of the loaded polyphenols into aqueous environments is pH-dependent. In 
the sense, release studies revealed a burst release trend with accumulative release 
threshold minimum for pH 2 and maximum for pH 7, probably due to pH-depen-
dent differences in the molecular cargo-carrier interactions. Forth, conventional 
EHD also faces enormous challenges for the encapsulation of hydrophilic bioactive 
molecules into hydrophobic polymers or the hydrophobic bioactive molecules 
into hydrophilic polymers [117, 127, 134]. Besides, water is not the ideal solvent for 
electro-hydrodynamic processing since in comparison with organic solvents, it has 
a high evaporation temperature and high surface tension [127, 150], as well as the 
presence of organic solvents can result in the inactivation or denaturation of some 
hydrophilic bioactive substances [117, 127, 134]. However, other novel approaches 
such as emulsion or coaxial electro-hydrodynamic process have attracted a great 
deal of attention due to the fabrication core-sheath structures for encapsulation 
purpose.

3.2.1 Coaxial electro-hydrodynamic process

Coaxial electro-hydrodynamic is a controlled and one-step technique for encap-
sulation of fragile compounds such as extracts-rich poly-phenol into core-shell 
structured nano-fibers/particles using a couple of capillary tube where a smaller 
one is inserted concentrically inside the larger capillary [124, 144]. Coaxial electro-
spinning/electro-spraying overcomes technical limitations of direct incorporation 
of the polyphenols into the polymer solution by its core-shell design [120, 123, 153] 
resulted in suppressing the initial burst release [115, 154] and thereby, delivering 
compounds in a controlled manner [117]. In particular, in the coaxial technology, 
the active component (core) is fed through the inner capillary spinneret while the 
polymer solution is extruded through the outer capillary spinneret simultaneously 
in order to acquire core–sheath structures; thus, the component immiscibility 
problem is alleviated [149]. One important advantage of coaxial configuration is 
that coaxial structures can be used to generate multiple core-shell structures [155] 
which involve one or more additional layers for the bioactive ingredients and the 
potential to adjust the release kinetics of active component by adjusting the number 
of layers of the protective shell [121, 127, 150, 156]. In the coaxial configuration, 
the core liquid containing the food bioactive compounds is pumped through inner 
capillary spinneret and simultaneously, the shell liquid containing polymeric 
material is extruded through outer capillary spinneret allowing the formation of a 
charged compound jet consisting of concentrically co-flowing liquids. And then, 
core-shell structured particles are formed during the charged compound or coaxial 
jet with appropriate parameters that is generally known as coaxial electro-spraying 
[121]; however, core-shell particles transit to fibers with an encapsulated core 
if the outermost shell polymer solution has sufficient viscoelasticity [129]. This 
technique is known as co-electro-spinning or coaxial electro-spinning. Compared to 
uniaxial electro-spun fibers and electro-sprayed particles, the coaxial electro-spun 
fibers and electro-sprayed particles obtain higher encapsulation efficiency [130], 
enhanced bioactive protection [141], controlled and tunable release of functional 
compounds and encapsulation of different compounds in the same structure 
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allowing their release at different stages [153–155]. Torkamani et al. [157] studied 
encapsulation of poly-phenolic antioxidants obtained from Momordica charantia 
fruit within zein/gelatin shell core fibers via coaxial electro-spinning. Bitter gourd 
(Momordica charantia L) (BG) fruit is rich in flavonoids and polyphenols mak-
ing it of certain potential value for use in food and nutraceutical industries. This 
study dealt with encapsulation of bitter gourd extract within bi-layer zein/gelatin 
fiber nano-structure as alternative polymer geometry, different than spherical 
configurations achieved by conventional methods. Their finding revealed that 
produced coaxial fibers showed higher thermal properties than their zein and 
gelatin uniaxial fiber counterparts; high encapsulation efficiency and sufficient 
shelf stability demonstrated the suitability of the coaxial electro-spinning process 
and the robustness of fabricated fibers which could replace conventional meth-
ods such as spray drying or freeze drying, as well as coacervation encapsulation 
method; coaxial electro-spun encapsulated fibers possessed the potential to be 
used as stand-alone nutraceutical supplement products or as an ingredient (e.g., 
filling or edible wrapper) in various food products [157]. Similarly, Yang Mao, et 
al. [158] investigated ferrulic acid/zein composite fibers prepared using a modified 
coaxial electro-spinning process to improve drug release profiles. Clearly, results 
of in vitro dissolution tests demonstrated that the fibers from the modified coaxial 
electro-spinning process exhibited a better drug release performance than those 
from the single-fluid electro-spinning process in terms of initial burst effect, release 
period, and tailing-off period compared with those from the blend process [158]. 
In another study, Yuan Shuai et al. [153] encapsulated curcumin in poly (lactic-co-
glycolic acid) (PLGA) micro-particles by an improved coaxial electro-spray process 
and obtained Core-shell structured micro-particles with designated morphologic 
characteristics and high drug encapsulation efficiency are obtained in the stable 
cone-jet mode. Their results demonstrate that coaxial electro-spraying process 
yields micro-particles with improved drug release profiles in comparison with 
traditional microencapsulation methods.

3.2.2 Emulsion electro-hydrodynamic process

The emulsion electro-hydrodynamic techniques have been also explored to 
fabricate core-shell structured fibers or particles using water in oil (W/O) or oil 
in water (O/W) emulsions which can be developed to encapsulate hydrophilic 
and hydrophobic compounds, e.g., vitamins, carotenoids, polyphenols, enzymes, 
peptides, oils, flavors, and probiotics respectively. In this approach, an immiscible 
liquid containing food bioactive compounds (core material) is firstly stabilized by 
an emulsifier consist of the original emulsions until a stable emulsion is formed and 
then electro-hydrodynamic solution is prepared by adding shell polymer into emul-
sion [128]. The core-shell structured electro-spun fibers or electro-sprayed particles 
obtain by adjusting the operating parameters (voltage, flow rate, receiving distance, 
etc). Also, the properties of emulsion (viscosity, droplet size, emulsion stability, 
etc.) play important roles to ensure the success of emulsion electro-hydrodynamic 
process [121, 159]. Different from coaxial electro-hydrodynamic that utilize a 
couple of capillary tube where an inner one is inserted concentrically inside the 
outer capillary to fabricate core-shell structures, emulsion electro-hydrodynamic 
processing is utilized to fabricate core-shell structures using a single feeding 
capillary [121, 144] that the formation of electro-spun fibers and electro-sprayed 
particles is due to the solidification of polymer and coating on emulsion minimizing 
the amount of organic solvents used in food systems [121, 159]. Referring to recent 
studies reveal that the application of such a system can prevent the primary release 
of ingredients and can achieve targeted delivery and controlled release since the 
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encapsulated bioactive components need to pass through the core-shell structure 
matrix prior to entering the surrounding medium during the release process and 
enhance the encapsulation efficiency, solubility, stability, bioavailability and 
bioactivity of bioactive compounds [118, 159]. Paximada et al. [160] used emulsion-
electro-spraying technique to prepare epigallocatechin-3-gallate (EGCG) as well 
as a modified lipophilic version of EGCG loaded micro and sub-micron structured 
bacterial cellulose–whey protein isolate (BC-WPI) particles. Two different catechin, 
hydrophilic (H-EGCG) or lipophilized (L-EGCG), were encapsulated either on the 
aqueous or the oily phase of the emulsions and then emulsion was electro-sprayed. 
Particle size and encapsulation efficiency were highly dependent on the type of 
EGCG (hydrophilic versus lipophilic) and emulsification method and whether the 
bioactive compound was added to the oily or aqueous phase. The highest encapsula-
tion efficiency was obtained with lipophilic EGCG, which had been added to the 
oily phase of the emulsion and emulsified by ultrasound (USLO capsules). The 
stability of EGCG in USLO capsules was tested under different storage conditions. 
Overall, capsules prepared with WPI and bacterial cellulose protected EGCG from 
moisture, heat, and dissolution conditions leading to their potential use to enhance 
EGCG shelf life when incorporated into foods. However, testing of the capsules in 
food systems remains to be investigated annual report [160].

4. Conclusions

As reviewed, chemical integrity, retention during processing and matrix interac-
tions are some food-related factors hindering polyphenols bio-accessibility and 
consequently bioavailability that is, a prerequisite for their bioactivity in humans; 
however, it is possible to overcome it by entrapping these health-promoting com-
ponents within polymeric particles and fibers of micro-and nanometer diameters 
through encapsulation process that entail an enhanced release of dietary polyphe-
nols and/or higher absorption in the gastrointestinal tract, but choosing the most 
adequate encapsulation matrix, optimal core-to-carrier ratio, and operational 
parameters need to be performed in order to yield a high-quality product. In the 
case of dietary polyphenols, electro-spun/electro-sprayed structures can be used 
as the delivery system in foods to protect them during the processing and storage 
and to transfer these health-promoting components to the target site in the body 
as well enhance their bioactive functionalities and mask unpleasant taste, such as 
astringency of some polyphenols. The key advantage of electro-spinning/spraying 
process is the absence of heat that is, important for preserving the structure and 
achieving high loadings of polyphenols upon processing storage and thus, as a novel 
delivery approach for bioactive compounds, it opens a new horizon in food technol-
ogy with the possibility of commercialization in the near future.
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allowing their release at different stages [153–155]. Torkamani et al. [157] studied 
encapsulation of poly-phenolic antioxidants obtained from Momordica charantia 
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yields micro-particles with improved drug release profiles in comparison with 
traditional microencapsulation methods.

3.2.2 Emulsion electro-hydrodynamic process
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bacterial cellulose–whey protein isolate (BC-WPI) particles. Two different catechin, 
hydrophilic (H-EGCG) or lipophilized (L-EGCG), were encapsulated either on the 
aqueous or the oily phase of the emulsions and then emulsion was electro-sprayed. 
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Overall, capsules prepared with WPI and bacterial cellulose protected EGCG from 
moisture, heat, and dissolution conditions leading to their potential use to enhance 
EGCG shelf life when incorporated into foods. However, testing of the capsules in 
food systems remains to be investigated annual report [160].

4. Conclusions

As reviewed, chemical integrity, retention during processing and matrix interac-
tions are some food-related factors hindering polyphenols bio-accessibility and 
consequently bioavailability that is, a prerequisite for their bioactivity in humans; 
however, it is possible to overcome it by entrapping these health-promoting com-
ponents within polymeric particles and fibers of micro-and nanometer diameters 
through encapsulation process that entail an enhanced release of dietary polyphe-
nols and/or higher absorption in the gastrointestinal tract, but choosing the most 
adequate encapsulation matrix, optimal core-to-carrier ratio, and operational 
parameters need to be performed in order to yield a high-quality product. In the 
case of dietary polyphenols, electro-spun/electro-sprayed structures can be used 
as the delivery system in foods to protect them during the processing and storage 
and to transfer these health-promoting components to the target site in the body 
as well enhance their bioactive functionalities and mask unpleasant taste, such as 
astringency of some polyphenols. The key advantage of electro-spinning/spraying 
process is the absence of heat that is, important for preserving the structure and 
achieving high loadings of polyphenols upon processing storage and thus, as a novel 
delivery approach for bioactive compounds, it opens a new horizon in food technol-
ogy with the possibility of commercialization in the near future.
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Scope, Nutritional Importance and
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(Borassus flabellifer L.): An Under
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Abstract

Palmyrah palm has great economic potential and every part of the palm is useful
in one way or the other is considered as ‘kalpaga tharu’. The palm is found growing
widely in southern states of India. As the value addition in palmyrah is not stan-
dardized, the palmyrah products viz. tender fruit endosperm (nungu), neera, jag-
gery and tuber flour are not commercialized so far. Even though palmyrah is an
economically important palm for its nutritional aspects, it has not received proper
attention from the agricultural research workers, probably on account of the fact
that it is very slow growing palm and mostly found in the wild state. In this context,
knowing the physico-chemical properties and development of value added products
and popularizing the same is essential.

Keywords: nungu, neera, jaggery, tuber flour, value addition

1. Introduction

Palmyrah (Borassus flabellifer L.) belongs to very ancient family of trees i.e
Arecaceae and order Arecales. Palmyrah is also known as toddy palm and sugar
palm. It is a tropical palm tree which is easily cultivated and also found to grow
wild. It is native to Indian sub-continent and South-East Asia. It is widely cultivated
from Western India through Indo-china to the lesser Sunda Islands of Indonesia
including Bangladesh, Cambodia, China South-Central, Jawa, Laos, Malaya, Myan-
mar, Socotra, Sri Lanka, Sulawesi, Thailand and Vietnam.
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Palmyrah (Borassus flabellifer L.) belongs to family Arecaceae and order
Arecales. Palmyrah belongs to very ancient family of trees. Palmyrah is also known
as toddy palm and sugar palm. It is a tropical palm tree which is easily cultivated
and also found to grow wild. It is native to Indian sub-continent and South-East
Asia. It is widely cultivated from Western India through Indo-china to the lesser
Sunda Islands of Indonesia including Bangladesh, Cambodia, China South-Central,
Jawa, Laos, Malaya, Myanmar, Socotra, Sri Lanka, Sulawesi, Thailand and Vietnam.

The name borassus was derived from a Greek word means leathery covering of
the fruit and the word flabellifer means Fan bearer. Borassus flabellifer is a robust tree
that can live more than 100 years and reach the height of 50 to 60 meters. These can
be grown in waste lands, farm filed boundaries, sea costs, parks, industrial estates and
house colonies. The trunk is grey, robust and old leaves remain attached to the trunk
for several years before falling cleanly. The leaves are look like fan-shaped and it grow
up to 3 meters long with robust black teeth on the petiole margins. The palmyrah
palm throws out spathes during the flowering season and on tapping the young
inflorescence a clear, transparent, sweet, pleasant smelling and refreshing and popu-
lar drink called neera is obtained with high nutritive value, delicious taste and agree-
able flavor. The tapping of neera and making it into sugar candy was observed by
Chinese traveler Magestanes. The different parts of the plant such as roots, leaves,
seeds and fruits are used for various purposes. Now a day’s palm trees are being cut
by people because of not knowing the medical and commercial values.

In India, palmyrah adorns the dry landscape of the semi arid regions of Tamil
Nadu, Andhra Pradesh, Gujarat, Odisha, West Bengal, Bihar, Karnataka and Maha-
rashtra. Currently, palmyrah palm wealth of India is estimated as 102 million palms
and half of them are in Tamil Nadu. Out of 51.90 million palms in Tamil Nadu, more
than 50% of palms are concentrated in the Southern district of Thoothukudi [1].
Government of Tamil Nadu in the year 1978 recognized Palmyrah as State Tree.

Mccurrah [2] enlisted the following 7 species under the genus Borassus
(Table 1).

Based on the pigmentation of fruit skin Palmyrah palm can be broadly classified
into two varieties.

1.Black skin fruits

2.Red skin fruits

1.1 Black skin fruits

Less red pigment is found on the fruit skin. Yield is less but superior seedlings
with more starch content and less fibre content noticed. Pulp extraction process is
easier. Alkaloids, minerals and free amino acids are lesser than red coloured fruits.

1. Borassus flabellifer Indian and Malayan spp.

2. Borassus aethiopicum African spp.

3. Borassus deleg Sudan

4. Borassus heiniana New Guinea

5. Borassus madagascariensis Madagascar

6. Borassus sambiranensis Madagascar

7. Borassus machadonis Malaya

Table 1.
Species of Borassus.
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1.2 Red skin fruits

Variable amount of black pigment observed on the fruit skin. Fruit yield per tree
is significantly high. Pulp, sugar and starch content are less when compared to black
skin fruits.

Both the black skin and red skin fruits are recorded for essential amino acids,
lysine and methionine. In view of the fruit characters and sap yield the red skinned
fruit varieties are seemed to favour for selection for commercial exploitation
(Figure 1).

In order to prevent huge quantitative as well as qualitative losses in horticultural
crops like plantation crops (cashew nut, areca nut, tea, coffee, oil palm, coconut and
Palmyrah palm - as these are consumed mostly after the processing) all steps of
improved postharvest technology must be carefully implemented from harvesting
and ending with consumption and utilization of their products (value added prod-
ucts). In spite of adequate food production, there is existence of hunger and mal-
nutrition. That might be due to the result of uneven distribution of food, losses and
deterioration of available food produce. Hence, maximum utilization of available

Figure 1.
Palmyrah palm distribution in Worldwide and India.
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food and minimization of postharvest losses are absolutely essential in the current
scenario.

Food material are subjected to spoilage. The aim of food processing or value
addition is to protect food against deterioration or spoilage. The rate of spoilage of
raw or fresh food commodities may be very high. The spoilage of food is due to
three main causes: (1) microbial, (2) enzymatic and (3) chemical. Foods during
storage are more or less infected with microbes that lead to decomposition of the
food constituents, sometimes produce evil-smelling and toxic substances. Hence,
prevention of microbiological spoilage is essential in any preservation method.

2. Need for post harvest management in palmyrah palm

Palmyrah nungu, neera, tuber flour are highly prone to post harvest losses due to
spoilage because they are composed of living tissues. These tissues must be kept
alive and healthy throughout the process of marketing. Several factors influence the
post harvest losses in commodity. These includes primary factors like mechanical
injuries, physiological changes, pathological infections or environmental factors
such as temperature, humidity etc. Secondary factors which are responsible for
deterioration of produces are inadequate facilities of proper harvesting, proper
handling, post harvest treatments, packaging and storage. Palmyrah is one such
crop where post harvest handling protocols and value addition was not standardized
so far.

Post harvest life is also governed by moisture content, rate of respiration, ethyl-
ene production and external factors like temperature, relative humidity and atmo-
spheric compositions. Post harvest losses can be considerably minimized and the
shelf life can be greatly increased by careful manipulation of the above factors.
Deterioration of palmyrah products like nungu, neera and tuber flour during stor-
age depends largely on temperature. One way to slow down these changes can be
achieved by lowering the temperature to an desirable level.

3. Scope of palmyrah natural and value added products

Value addition involves change in the physical form of the agricultural produce
which leads to its greater acceptability, extended availability, enhanced market
viability and increased cost to benefit ratio for the grower of the agricultural pro-
duce. The spatial and temporal availability of the produce is enhanced and it
becomes less sensitive to price fluctuations in the market. Value addition involves
commoditization of the agricultural produce. Therefore, value addition is desirable
from both the producer’s as well as the consumer’s point of view and has aptly been
termed as secondary agriculture as stated by United States Department of
Agriculture.

However, with the increasing population, industrialization and urbanization,
India is facing serious challenges in food security. In order to sustain the agricultural
production and address the challenges of food and livelihood security, agricultural
diversification has to be adopted through the concept of value addition by
minimizing the dependency on main staple crops.

Introduction of new species in the agricultural production system in India is the
need of the hour to increase the resiliency of agriculture. In this context, palmyrah
palm is one such under exploited crop which have received less attention from
agricultural research workers, probably on account of the fact that it is very slow
growing palm found mostly in the wild state inspite of having a good number of
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produce in fresh form (palm neera, nungu) as well as in value added form with a
capacity to provide high nutritional value which is having the potential to overcome
the problem of malnutrition in developing countries like India. Palmyrah palms are
suitable for popularization through value addition (tuber flour, jaggery) which
helps in income generation and thus it will improve food security to the poor and
livelihood security of the marginal farmers. They can potentially reduce the depen-
dency on few major species (wheat, sugar cane) while diversifying the agricultural
production system and making it sustainable.

4. Importance of value addition in palmyrah

Fresh palmyrah tender fruit endosperm (Nungu), sap (Neera) and tuber flour
are perishable and highly prone to post harvest losses due to spoilage. After remov-
ing from husk, outer skin of palmyrah tender fruit endosperm starts browning and
looses appearance and will be fermented which cause sour odour. It is main factor
for consumer to judge its freshness. In normal conditions, nungu will have very
short shelf life of 2–3 days. Palmyrah sap is naturally prone to fermentation within
few hours of extraction and becomes alcoholic beverage (Toddy). Under these
circumstances, the processing of tender fruit endosperm and sap into value added
products with sufficient shelf life is most important to utilize the products further.
Thus the shelf life, quality and availability of the products can be improved by
concept of value addition and the value added products have to be commercialized.

Hence, there is a need to study the scope of postharvest techniques for value
added products and their shelf life in palmyrah.

Postharvest treatments, packing material and storage conditions significantly
increase shelf life, reduce postharvest losses and maintain nutritional quality of
palmyrah tender fruit endosperm as well as sap. Hence, it becomes necessary to find
out suitable postharvest treatments such as packing material and storage conditions
to extend the shelf life and reduce losses of PTFE, neera and other value added
products viz., palm jaggery and palm tuber flour.

5. Uses and nutritional importance of palmyrah natural
and value added products

Palmyrah is referred as tree of life with nearly 800 uses including food, bever-
age, fiber, fodder, medicinal and timber. Among the various uses of the palm, the
sweet sap from the inflorescence for making neera obtained by tapping the tip of the
inflorescence either male or female is traditionally collected in hanging earthen pots
and used to quench thirst. The sweet sap collected early in the morning is refreshing
and light drink called neera in telugu and marathi and “pathaneer” in tamil. Neera
has sugary sweet in taste, oyster white in colour, translucent with high nutritive
value but susceptible to natural fermentation at ambient temperature within a few
hours of extraction [3]. The sap collected in the evening or after fermentation
becomes sour which is called kallu in telugu and tadi in marathi. Tadi is mostly
consumed by villagers as raw alcoholic beverage.

When the fruit is very young, the kernel is hollow, soft as jelly and translucent like
ice and is accompanied by a watery liquid, sweetish and potable. The jelly part of the
fruit is covered with a thin, yellowish-brown skin. These are known to contain watery
fluid inside the fleshy white body. Palmyrah tender fruit endosperm (PTFE) contains
43 kcal of energy, 87.6 g of water, 0.8 g of protein, 0.1 g of fat and 10.9 g of
carbohydrates per 100 g fresh weight of palmyrah tender fruit endosperm [4].
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raw or fresh food commodities may be very high. The spoilage of food is due to
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Introduction of new species in the agricultural production system in India is the
need of the hour to increase the resiliency of agriculture. In this context, palmyrah
palm is one such under exploited crop which have received less attention from
agricultural research workers, probably on account of the fact that it is very slow
growing palm found mostly in the wild state inspite of having a good number of
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produce in fresh form (palm neera, nungu) as well as in value added form with a
capacity to provide high nutritional value which is having the potential to overcome
the problem of malnutrition in developing countries like India. Palmyrah palms are
suitable for popularization through value addition (tuber flour, jaggery) which
helps in income generation and thus it will improve food security to the poor and
livelihood security of the marginal farmers. They can potentially reduce the depen-
dency on few major species (wheat, sugar cane) while diversifying the agricultural
production system and making it sustainable.

4. Importance of value addition in palmyrah

Fresh palmyrah tender fruit endosperm (Nungu), sap (Neera) and tuber flour
are perishable and highly prone to post harvest losses due to spoilage. After remov-
ing from husk, outer skin of palmyrah tender fruit endosperm starts browning and
looses appearance and will be fermented which cause sour odour. It is main factor
for consumer to judge its freshness. In normal conditions, nungu will have very
short shelf life of 2–3 days. Palmyrah sap is naturally prone to fermentation within
few hours of extraction and becomes alcoholic beverage (Toddy). Under these
circumstances, the processing of tender fruit endosperm and sap into value added
products with sufficient shelf life is most important to utilize the products further.
Thus the shelf life, quality and availability of the products can be improved by
concept of value addition and the value added products have to be commercialized.

Hence, there is a need to study the scope of postharvest techniques for value
added products and their shelf life in palmyrah.

Postharvest treatments, packing material and storage conditions significantly
increase shelf life, reduce postharvest losses and maintain nutritional quality of
palmyrah tender fruit endosperm as well as sap. Hence, it becomes necessary to find
out suitable postharvest treatments such as packing material and storage conditions
to extend the shelf life and reduce losses of PTFE, neera and other value added
products viz., palm jaggery and palm tuber flour.

5. Uses and nutritional importance of palmyrah natural
and value added products

Palmyrah is referred as tree of life with nearly 800 uses including food, bever-
age, fiber, fodder, medicinal and timber. Among the various uses of the palm, the
sweet sap from the inflorescence for making neera obtained by tapping the tip of the
inflorescence either male or female is traditionally collected in hanging earthen pots
and used to quench thirst. The sweet sap collected early in the morning is refreshing
and light drink called neera in telugu and marathi and “pathaneer” in tamil. Neera
has sugary sweet in taste, oyster white in colour, translucent with high nutritive
value but susceptible to natural fermentation at ambient temperature within a few
hours of extraction [3]. The sap collected in the evening or after fermentation
becomes sour which is called kallu in telugu and tadi in marathi. Tadi is mostly
consumed by villagers as raw alcoholic beverage.

When the fruit is very young, the kernel is hollow, soft as jelly and translucent like
ice and is accompanied by a watery liquid, sweetish and potable. The jelly part of the
fruit is covered with a thin, yellowish-brown skin. These are known to contain watery
fluid inside the fleshy white body. Palmyrah tender fruit endosperm (PTFE) contains
43 kcal of energy, 87.6 g of water, 0.8 g of protein, 0.1 g of fat and 10.9 g of
carbohydrates per 100 g fresh weight of palmyrah tender fruit endosperm [4].
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Palmyrah tuber is an important edible shoot grown in loose soil from the seed of
ripe fruit. Tuber is eaten by many people directly by cooking in open fire after
peeling off outer layer. Roasted, dried tubers are ground to make flour which is
blended with wheat flour for baking. The flour can be made into a number of food
items which are used traditionally. It is used in preparation of odiyal consumed as
porridge called khool and a steamed product called pittu. Odiyal made from
palmyrah tuber flour contains 1423 kcal of energy, 10.8 g of moisture, 3.1 g of
protein, 77.1 g of carbohydrates and 5.6 g of crude fiber per 100 g [5].

Ripened fruit is used in preparation of various foods at home level. The soft
orange-yellow pulp (mesocarp) of the ripe fruit is sugary, dense and edible, rich in
vitamin A and C. Palmyrah also contains bitter compounds called flabelliferrins,
which are steroidal saponins. Ripe fruit pulp can be processed into soft beverages,
jam, spread, toffee, delicious food items and sweets [6].

The palm jaggery is processed from the unfermented palmyrah tree sap called
neera. Palm jaggery contains of 65–68% sucrose and 5–15% reducing sugars which is
directly used in ayurvedic preparations and believes to reduce the lung cancer.
Hundred grams of palmyrah jaggery contains 0.35% of protein, 0.17% of fat, 90.6%
of carbohydrates, 24 mg of vitamin B-1, 11.0 mg of vitamin-C and 0.74% of
minerals [7].

6. Palmyrah value added products

See Table 2.

7. Value addition in palmyrah (edible products)

7.1 Neera

Increasing health consciousness among the population in India has boosted the
growth of health drinks industry in India. Neera, also called palm nectar (phloem
sap extracted with zero percent alcohol) extracted from the inflorescence of toddy
palms which is used as a nutritious health drink. Neera is called sweet toddy since it
contains zero percent alcohol and known as padaneer in Tamil Nadu and kallu in

Plant part Value added products

Edible value added products

Inflorescence
sap

Toddy, Jaggery, Sugar, Honey, Wine

Fruit Toffee, Spread, Jam, Pickle, Sweets (Burfi), Beverages (RTS, Squash, Nectar)

Kernel Canned products

Non-edible value added products

Leaf Mats, Baskets, Fans, Hats, Umbrellas, Buckets, Writing Material, Fence, Fibre
extracted is used to make brushes and handicrafts

Fruits Fibre extracted is used to make toys and fancy items

Stem As poles for sheds construction and as timber source

Table 2.
Value added products of palmyrah palm (edible and non-edible products).
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Telugu. Toddy and neera can be called as fermented sap and non-fermented sap
respectively. Neera is susceptible to natural fermentation at ambient temperature
within few hours of extraction due to enzymatic and microbial fermentation since it
is rich in sugars, vitamins, proteins and minerals [8]. Once fermented, neera
becomes toddy which is unsuitable as health drink or as value added product.

Neera is rich source of sugars, minerals and vitamins. It contains substantial
amounts of iron, phosphorus and ascorbic acid. It is more nutritious than any of the
commercially marketed fruit juices available in the country. The nutritional com-
position of neera is given in Table 3. Palmyrah palm neera contain very low Glyce-
mic Index (GI) of 35 (normal table sugar has GI 70), neera can be used by diabetic
patients also.

The high nutritive value of neera makes it an emerging health drink. It is cool
and good for improving the general health. It can be served to supplement the iron
and vitamin deficiency. Clinical studies proved neera has potential medical appli-
cations for treating asthma, tuberculosis, bronchial suffocation and piles. It is
believed to facilitate clear urination and prevent jaundice. High amount of glutamic
acid is present in neera. It is the amino acid which is used by the body to build
proteins. Neera can be used to treat eye abnormalities and eczema as it contain high
amount of inositol. Neera can be used as stimulant and antiphalegmatic which is
considered to be useful in treating inflammatory infections. Women suffering from
anemia due repeated pregnensis are advised to take neera to ameliorate health.

8. Season and stage for tapping

The extraction of sap from the inflorescence is called tapping and tapping vary
according to the sex of the palm and age of the inflorescence. Long tapping duration
is noticed in female palms (April to December) when compared to male palms
(December to February). Dry season tapping is done mostly in the low lying lands
where palms do not suffer due to moisture stress during drought period. The spathe
is considered ready for tapping when the inflorescence opens or is just about to

Physico chemical parameter Neera Endosperm/Nungu Jaggery Tuber flour

Moisture (%) — — 09.02 09.32

TSS (oBrix) 10.00 08.50 07.50 05.10

Ph 04.28 06.44 05.51 05.54

Titrable acidity (%) 00.57 00.06 — 00.40

Total sugars (%) 14.85 08.83 09.30 14.39

Reducing sugars (%) 05.16 05.11 05.10 08.50

Non reducing sugars (%) 09.69 03.72 04.20 05.89

Starch (%) — — — 32.96

Fiber (%) — — — 10.20

Protein (%) — — — 02.96

Phenols (mg) 00.28 — 00.16 10.43

Browning (%) — 00.01 — —

Alcohol content (%) 02.00 — — —

Table 3.
Proximate physico chemical composition of palmyrah natural and value added products on initial day of
storage [9].
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acid is present in neera. It is the amino acid which is used by the body to build
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burst. The female flowers within the unopened spadix causes a swelling at the base
and this indicates the appropriate stage for tapping.

Neera is widely consumed in countries like India, Sri Lanka, Africa, Malaysia,
Indonesia, Thailand and Myanmar. It is a potential health and therapeutic drink
since it is rich source of Vitamin C and vitamin B complex, having more calories
which fight against diabetes, cancer, electrolyte deficiency and even hair fall. Neera
is rich source of sugars, essential elements micronutrients and minerals. It contains
acids like nicotinic acid (Vit.B3) and riboflavin (Vit.B2) and also can be consumed
by people suffering from diabetes since it has a low glycemic index (GI) [10].
Consumption of neera prevents jaundice and also facilitates clear urination. It keeps
the human biological system cool and helps to improve digestion. In a large scale
neera production is noticed in an un-organized manner with major consumption by
rural population. Hence, there is a wide scope for commercializing the product.

9. Tapping in male palm

9.1 Aripanai

Sap extracted from 2 weeks old inflorescence by removing the sheet covering the
inflorescence and the inflorescence is kept to dry for three days. Later a new surface
is made by cutting and pot is tied directly to the inflorescence to collect the sap. In
this method no pressing or stroking to the inflorescence is made as like other
methods of tapping.

9.2 Vallupanai

Sap is extracted from one month old inflorescence. In this tapping method male
spikes bearing sessile flowers are subjected to pressing and stroking and such three
to six spikes are brought together wrapped with palmyrah leaves kept in a pot for
collection of the sap.

10. Tapping in female inflorescence

10.1 Tattupalai

Sap is extracted from the young inflorescence by softening the tissues. The
inflorescence main axis is hitted with iron rod and fork is used to give a small press
in the region where the fruits used to develop.
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10.2 Kaivetty

The sap is extracted from the inflorescence at an age of two to three months
where the matured fruits on the inflorescence are sliced for collection of the sap
(July to November).

10.3 Nungu (palmyrah tender fruit endosperm)

The tender fruit endosperm is a summer delicacy consumed in the southern and
eastern parts of India. On the hot summer day nungu acts as a coolant for the
parching throat. It provides a proportionate balance of minerals and sugar which is
required for the body during the summer season to attain cooling. The tender fruit
endosperm, which is available in abundance during the summer season, is rich in
vitamin B, iron, calcium niacin and riboflavin. It is used to cure ulcers, urinary
infections and heat rashes which mainly occur during summer months [11].

The palmyra tender fruit has the outer fibrous layer containing the sugary
gelatinous endosperm. Fresh tender endosperm is perishable and highly prone to
postharvest losses due to spoilage as it is composed of living tissues. These tissues
must be kept alive and healthy throughout the process of marketing. Several factors
influence the postharvest losses of most commodities. These include primary fac-
tors viz., mechanical injuries, physiological changes and environmental factors such
as temperature, humidity etc. Secondary factors which are responsible for deterio-
ration of produce is due to inadequate facilities for harvesting, handling,
postharvest treatments, packaging, transportation, storage.

10.4 Jaggery

Palmyrah jaggery is superior to cane jaggery. Cane jaggery is sweet, but Palm
jaggery is sweet and delicious it can be produced worth crores of rupees. Palm
jaggery gives mineral salts too. Doctors have told me to eat jaggery and I always eat
Palm jaggery. Nature has made this product in such a way that it cannot be
manufactured in the Mills, it is produced in the Cottages. Where there are Palm
trees, this jaggery can be easily produced. Andhra Desha has thousands of Palm
trees, there jaggery is produced in every hamlet. This is the way to banish poverty
from the land. This also is an antidote to poverty.” (From a speech delivered at the
opening of the village industry exhibition in Brindawan Bihar on 3 May 1939 by
Mahatma Gandhi) which speaks about the potentiality of palmyrah jaggery.

Jaggery is a natural sweetener made by concentrating the palmyrah fresh neera
with clarification to remove impurities and uniform heating in open pan. As the
jaggery is made up of longer chains of sucrose it is complex in nature when
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compared to sugar that makes the jaggery to digest slowly than sugar and releases
energy slowly and not spontaneously which provides the energy for a longer period
of time so it is not harmful for the body. It is a sensitive product, getting affected by
number of factors right from collection of neera to processing and storage of
jaggery. The jaggery industry is still at cottage level because of some technological
drawbacks in its export quality processing and storage. The keeping quality of
jaggery largely depends on the atmospheric temperature and relative humidity [12].

Jaggery is mostly spoiled during the monsoon period because of the presence of
higher humidity in the atmosphere. The major problem associated with jaggery
storage is the presence of invert sugars and mineral salts which are hygroscopic in
nature. In the coastal region of the country, where atmospheric humidity and
rainfall very high as it is very difficult to store jaggery. The study showed that about
5–10% of stored jaggery get spoiled every year leading to a huge loss [12].

In India, the jaggery storage facilities at producer/farmer level are very poor as it is
stored in godowns, household kitchens and cheap storage systems where hygienic
conditions are not strictly maintained, which attract several pathogenic and non-
pathogenic microorganisms. Cold storage godown is being used in west Godavari and
Vishakhapatnam districts of Andhra Pradesh, Kolhapur district of Maharashtra and
Muzaffarnager area of Uttar Pradesh in India. But for small farmers storing jaggery in
the cold storage is very difficult due to cost and energy consumption factor [13].

11. Preparation of palmyrah jaggery

Palmyrah sap (neera) was collected in slacked lime treated earthen pots for
experimental purpose. The cleared sap after lime sedimentation and filtration was
transferred into the galvanized iron pan and boiled to 110°C. Few castor beans were
crushed and put into iron pan to prevent over boiling. During boiling, a white scum
arises on the surface which was skimmed off (removed with a ladle). Neera gets
transformed into viscous fluid at 110°C. The fluid was stirred continuously to avoid
charring at the bottom of vessel. Placing a few drops of fluid into cool water, the
correct stage of formation of jaggery was judged. The hardening of fluid in the cold
water is the indication of right stage of conversion of neera into jaggery. At this
stage, jaggery fluid was poured into moulds and allowed to cool, then after some-
time, fluid jaggery solidified in the moulds. The solid jaggery cubes were removed
from the moulds and used in the experiment.

12. Palmyrah tuber flour

Tuber is an edible shoot grown in loose soil from the seed of ripe fruit. Tuber is
eaten by many people directly by cooking in open fire after peeling off outer layer.
Palmyrah tuber is rich in starch and fibre, which is helpful in controlling various
diseases especially diabetic. Regular consumption of palmyrah tuber flour increase
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the body strength, reduce hunger and mixing of palmyrah tuber flour with other
foods would positively reduce the malnutrition [14].

13. Bio active components in palmyrah tuber flour

Starch is the main carbohydrate present in palmyrah tuber flour. The starch has
low viscosity and gelatinization temperature but exhibit good settling property as such
food starch. The palmyrah tuber flour starch is devoid of bitterness as it is inherent
property of palmyrah tuber and has a grain size of 40 μm similar to potato starch.

14. Palmyrah fruit

Palmyrah fruit pulp can be utilized to prepare food items and animal feed. About
40% pulp is obtained from the fruit which is dark yellow in colour with a charac-
teristic taste, flavor and bitterness. Palmyrah pulp is mixed with other fruits to
making jam, cordial, cream etc. As the palmyrah pulp is bitter in taste, it is better to
prepare mixed fruit jam instead of palmyrah jam separately.
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the cold storage is very difficult due to cost and energy consumption factor [13].
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Palmyrah sap (neera) was collected in slacked lime treated earthen pots for
experimental purpose. The cleared sap after lime sedimentation and filtration was
transferred into the galvanized iron pan and boiled to 110°C. Few castor beans were
crushed and put into iron pan to prevent over boiling. During boiling, a white scum
arises on the surface which was skimmed off (removed with a ladle). Neera gets
transformed into viscous fluid at 110°C. The fluid was stirred continuously to avoid
charring at the bottom of vessel. Placing a few drops of fluid into cool water, the
correct stage of formation of jaggery was judged. The hardening of fluid in the cold
water is the indication of right stage of conversion of neera into jaggery. At this
stage, jaggery fluid was poured into moulds and allowed to cool, then after some-
time, fluid jaggery solidified in the moulds. The solid jaggery cubes were removed
from the moulds and used in the experiment.

12. Palmyrah tuber flour

Tuber is an edible shoot grown in loose soil from the seed of ripe fruit. Tuber is
eaten by many people directly by cooking in open fire after peeling off outer layer.
Palmyrah tuber is rich in starch and fibre, which is helpful in controlling various
diseases especially diabetic. Regular consumption of palmyrah tuber flour increase
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the body strength, reduce hunger and mixing of palmyrah tuber flour with other
foods would positively reduce the malnutrition [14].

13. Bio active components in palmyrah tuber flour

Starch is the main carbohydrate present in palmyrah tuber flour. The starch has
low viscosity and gelatinization temperature but exhibit good settling property as such
food starch. The palmyrah tuber flour starch is devoid of bitterness as it is inherent
property of palmyrah tuber and has a grain size of 40 μm similar to potato starch.

14. Palmyrah fruit

Palmyrah fruit pulp can be utilized to prepare food items and animal feed. About
40% pulp is obtained from the fruit which is dark yellow in colour with a charac-
teristic taste, flavor and bitterness. Palmyrah pulp is mixed with other fruits to
making jam, cordial, cream etc. As the palmyrah pulp is bitter in taste, it is better to
prepare mixed fruit jam instead of palmyrah jam separately.
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15. Extraction of pulp from palmyra palm

Fully ripened fruits obtained from the palm are washed, peeled and pulp is to be
extracted manually by rubbing with the traditional Palmyra extractor. Additional
water was used in the proportion of 1:1 ratio to extract the pulp which is adhered to the
seeds. Heat treatment (70°C for a period of 10 min) was given to the pulp to obtain
maximum pulp recovery [15]. Then the pulp is sieved to remove the fibrous material.

16. Preparation of palm spread

The best recipe for preparing palmyrah palm spread (pulp-1 kg, sugar-1 kg,
skimmed milk powder-100 g, small cardamom-4 number citric acid-5 g) for the
preparation of palm with good Total Soluble Solid (TSS) and acidity. For the prep-
aration of palm spread, extracted pulp is mixed with other ingredients, heated at
low flame with continuous stirring till the TSS reaches 65–68oBrix. Then cooked
material was removed from heat, filled into broad mouth sterilized glass bottles,
capped, labeled and stored at both room and refrigerated temperature.

17. Bio active components in palmyrah fruit pulp

Palmyrah fruit pulp consists of 75–80% moisture and the main components are
carbohydrates. It also contains free amino acids like lysine, aspartate and glutamate.
The main digestible carbohydrates found in palmyrah fruit pulp are sucrose, glu-
cose and fructose. The content of carotenoids (beta carotenes) found but they
varied.

Flabelliferrins (steroidal saponins) are reported to be the compounds which are
responsible for the cause of bitterness in palmyrah fruits. A wide range of
flabelliferrins were reported which act as anti-microbial properties. The term
flabelliferrin was coined from specific word flabellifer (Figure 2).

17.1 Palm sugar

Palm sugar can be used as a substitute for cane sugar. To prepare palm sugar
neera is strained through wire mesh to make the neera free from debris and it is
boiled in an alloy vessel. Neera is boiled uniformly and the liquid is allowed to cool
all the sediments have to be removed. Clarification is carried out by adding triple
super phosphate to form insoluble calcium calcium phosphate as it react with the
lime which is already present. Later it is heated to a temperature of 110°C for
2 hours until it reach honey like consistency then allowed to cool and passed
through a crystallizer. After forming sugar crystals, it is centrifuged to collect sugar
and dried and powdered to store.

Figure 2.
Structure of flabelliferrin.
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17.2 Palmyrah honey

Fresh neera is heated for 2 hours to obtain honey like consistency and it is
transferred to mud pots. Ripe, dry and shelled tamarind fruits devoid of seeds are
added to the boiled syrup. To prepare 10 liters of syrup about 1 Kg of tamarind
fruits are required. The pot is closed with cloth and containers are kept in a shock
proof, cool and dry place for a period of 130–180 days.

17.3 Toddy

Toddy is formed as a result of fermentation of neera/sap by wild yeasts and
bacteria, which come into contact with the sap after tapping. This is an uncontrolled
natural fermentation by number of different strains of yeast and bacteria. The
alcohol content in naturally fermented toddy is reported to be 5%. But fermentation
of palmyrah sap by using pure yeast culture gives about 7.8% alcohol content under
laboratory conditions. The major sugars that are present in partly fermented toddy
is sucrose, glucose and fructose but these will be gradually converted into ethyl
alcohol during the process of fermentation [16].

17.4 Wine

Unfermented sap (neera) is sterilized which can be fermented with suitable
strains of yeast to obtain palmyrah wine. Sweet toddy having a pH of 6–7, is
sterilized and inoculated with good yeast that produces a very clear straw coloured
wine. The alcohol strength increases by adding extra sugar to the sap. The wine
prepared by this method is pleasant to drink which mask the specific characteristic
toddy flavour and distinctive sour taste of the acids present in toddy [17].
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18. Value addition from non edible products

18.1 Palmyrah leaves

The tender leaves which are in ivory colour are harvested from the palm are
sized into narrow strips that can be utilized for making toys, flowers, garlands and
fancy goods. Whereas, the matured leaves are used for making of containers. The
harvested leaves have mid ribs that can be utilized for making of the brooms.

18.2 Palmyrah fibre

Fibre is extracted from the bifurcated base of leaf stalk. The palmyrah fibre is
the product that having good export market in countries like Australia and
United Kingdom and Japan. The fibre obtained from palmyrah palm leaf stalks is
mainly valued for its high tensile strength leading itself for many industrial
applications.

Naar is the fibrous material obtained from stalk of the fronds. Karukku are the
longitudinal splits which are obtained by soaking the stalks after removing the sharp
serrated margins of the petiole which can be used for tieing purpose.

18.3 Palmyrah timber

Palmyrah timber is most valued for the construction of houses in the villages and
sometimes the timber is also utilized as rafters and beams. The timber obtained
from palmyrah palm is also used as fire wood.

19. Research and development organizations on Palmyrah

All India Coordinated Research Project on Palmyrah (AICRP ON Palms
(Palmyrah).

Palmyrah is a mandatory crop under All India Coordinated Research Project on
Palms (AICRP). Horticultural Research Station, Pandirimamidi under Dr. YSR
Horticultural University, Andhra Pradesh and Horticulture College and Research
Institute, Killikulam in Tamil Nadu are the two research centers under AICRP on
palmyrah where the collection, conservation and evalution of existing germplasm in
palmyrah and hybridization for developing dwarf types are focused.

Palmyrah Development Board (PDB), 244, Gallie Road, Bambaalapitiya,
Colombo, Sri Lanka.
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20. Conclusion

Palmyra tree plays an important role in human life. Every part of the tree is used
for preparation of various types of products and it gives more health benefits. But
everyone is not aware of this tree. So, it is necessary to create awareness regarding
palmyrah natural (neera, nungu) and value added products (palm sugar, honey,
toddy, wine, jaggery and flour. Post harvest losses can be considerably minimized
and their storage life can be greatly increased by careful manipulation of moisture
content, rate of respiration and atmospheric composition.

Value addition involves change in the physical form of the agricultural produce
which leads to its greater acceptability, extended availability, enhanced market
viability and increased cost to benefit ratio for the grower of the agricultural pro-
duce. However, with the increasing population, industrialization and urbanization,
India is facing serious challenges in food security. In order to sustain the agricultural
production and address the challenges of food and livelihood security, agricultural
diversification has to be adopted through the concept of value addition by mini-
mizing the dependency on main staple crops. Introduction of new species in the
agricultural production system in India is the need of the hour to increase the
resiliency of agriculture. In this context, palmyrah palm is one such under exploited
crop having a good number of produce in fresh form (palm neera, nungu) as well as
in value added form with a capacity to provide high nutritional value and having the
potentiality to overcome the problem of malnutrition in developing countries like
India. Palmyrah palms are suitable for popularization through value addition (tuber
flour, jaggery) which helps in income generation and thus it will improve food
security to the poor and livelihood security of the marginal farmers.
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Chapter 13

Phenolic Compounds
Mohd Abdul Gani and Shama M

Abstract

Phenolic compounds represent a group of molecules and its functions in the 
growth and development with a defense mechanism in plant. It includes pigments, 
signaling molecules, and flavors which will protect the plant against insects, fungi, 
bacteria, and viruses and plays a role to attract or repulse them. This current 
chapter includes different aspect of phenolic compounds were discussed such as the 
definition, chemical properties, classification, the biosynthesis process of phenolic 
compounds, extraction technologies in plants also includes the shikimate, pentose 
phosphate and phenylpropanoid pathways. They were having many health benefits 
like UV screens, attractants, signal compounds, and other response chemicals from 
different types. As per the human physiology, they are vital in protection and plays 
an important role in prevention and treatment of many chronic diseases. It also acts 
as antioxidant, antiseptic, anti-proliferative activities, antidiabetic, anti-inflam-
matory and anti-aging. They are useful to eat such plant foods that contains high 
antioxidant content, which can hamper the incidence of certain chronic diseases, 
such as cardiovascular diseases, diabetes and cancers, through the management 
of oxidative stress. Overall the phenolic compounds are a gift of god in our day to 
day lives.

Keywords: phenolic compound, chemical properties, biosynthesis, extraction 
technologies, health benefit

1. Introduction

Grains, mainly cereals and legumes, are important in every diets of human in 
any part of the world. They are rich in diverse nutrients and phytochemicals, and 
possess manifold bioactivities, such as antioxidant, antidiabetic, and anticancer 
effects [1–3]. Phenolic compounds [PC] are distributed everywhere in most of the 
plant tissues which includes the parts such as roots, stems, fruits, seeds, leaves, 
etc. [4]. There are more than 8000 individual plant with great chemicals isolated, 
structural variability and nearly 200000 were identified with diverse structures 
[5] and classes from higher plants around the planet. They are classified as primary 
metabolite and secondary metabolite [6]. The primary metabolite is required for 
cell nourishment, such as carbohydrates, proteins, fatty acids and nucleic acids. The 
secondary metabolite is essential to plant survival which directly involved in photo-
synthetic or respiratory metabolism. As differentiated from primary metabolite, the 
chemicals and structures of secondary metabolite are responsible for plant defense. 
They also protect the plant from oxidants and ultraviolet radiation and also act as 
attracting pollinators or animals for seed dispersion and signal compounds [6–8].

The secondary metabolite is classified according to their biosynthetic routes and 
structure; they are divided into three major groups: (1) flavonoids, allied phenolic, 



References

[1] Anonymous, 2015. Preliminary trial
on vacuum packaging of nungu. AICRP
(Palms). Annual Report 2014–15, ICAR -
All India Co-ordinated Research Project on
Palms. ICAR - CPCRI, Kasaragod. 108.

[2] Mccurrah, J.C. (1960). Palms in the
world. Harper and Brothers, New York,
pp.290.

[3] Vengaiah, P.C, Murthy, G.N,
Sattiraju, M. and Maheswarappa. 2017.
Value added food products from
palmyrah palm (Borassus Flabellifer L.)
HP Journal of Nutrition and Health
Sciences. 4.

[4] Piyush, S.V. 2016. Standardization of
packaging and storage technology for
tender fruit endosperm and sap of
palmyra palm (Borassus flabellifer L.)
Ph. D. Thesis submitted to Navsari
Agricultural University, Navsari.

[5] Jansz, E.R, Wickremasekara, N.T.
and Sumuduni, K.A.V. 2002.A review of
the chemistry and biochemistry of seed
shoot flour and fruit pulp of the
palmyrah palm (Borassus flabellifer L.).
Journal of National Science Foundation of
Sri Lanka. 30(1, 2): 61-87.

[6] Das, B.C. and Das, S.N. 2003.
Cultivation of minor fruits. Kalyani
Publishers, India.

[7] Vengaiah, P.C, Murthy, G.N, Prasad,
K.R. and Kumari, K.U. 2013. Post-
harvest technology of Palmyrah
(Borassus flabellifer L.) Present practises
and scope. International Conference on
Food Processing. 22-24.

[8] Naveen, J, Gajanan, P, Deshmukh
and Menon, R.R. 2018. Neera-A
Potential Natural Health Drink.
Biomedical Journal of Scientific and
Technical Research. 11(3).

[9] Chandra Surya Rao, M. Swami, D. V.
Ashok, P. Salomi Suneetha, D. R.

Sujatha, R. V. and Sekhar V. 2020.
Current Journal of Applied Science And
Technology. 38(48): 396-401.

[10] Hebbar, K.B, Mathew, A.C,
Manikantan, M. R. and Kukkamgai.
2013. Value added products from neera.
Indian Coconut Journal. 28-33.

[11] Ramya, V. 2014.
FouramazingbenefitsofPalmfruit. h
ttp://www.wildturmeric.net/2014/12/4-
amazing health benefits of palm fruit
nungutadgolamunjal fruit.html.

[12] Shweta, D, Bhotmange, M.G,
Prabodh. H. and Chitale, M. 2019. Study
of traditional Indian sweetener ‘Jaggery’
and its storage behaviour. International
Journal of Chemical Studies. 7(3):
410-416.

[13] Said, P.P. and Pradhan, R.C. 2013.
Preservation and value addition of
jaggery. International Journal of
Agricultural Engineering. 6(2): 569-574.

[14] Thivya, P, Manoharan D. and
Jaganmohan, R. 2018. Effect of
debittering on the physical and chemical
properties of palmyrah young shoots
flour.

[15] Susanta K. Roy and R. N. Singh,
1979. Bael fruit (Aegle marmelos)—A
potential fruit for processing. Economic
botany, (33), 203-212.

[16] Savarimuthu, R., S.Ratnam, K.
Subramaniam, L. Kandasamy and S.
Kandiah. (1980). Proceedings 36th
annual sessions. pp. 59,60.

[17] Theivendirarajah, K (1983).
Presented at the workshop on palmyrah
at Jaffna on 21st – 25th Feb.

222

Bioactive Compounds - Biosynthesis, Characterization and Applications

223

Chapter 13

Phenolic Compounds
Mohd Abdul Gani and Shama M

Abstract

Phenolic compounds represent a group of molecules and its functions in the 
growth and development with a defense mechanism in plant. It includes pigments, 
signaling molecules, and flavors which will protect the plant against insects, fungi, 
bacteria, and viruses and plays a role to attract or repulse them. This current 
chapter includes different aspect of phenolic compounds were discussed such as the 
definition, chemical properties, classification, the biosynthesis process of phenolic 
compounds, extraction technologies in plants also includes the shikimate, pentose 
phosphate and phenylpropanoid pathways. They were having many health benefits 
like UV screens, attractants, signal compounds, and other response chemicals from 
different types. As per the human physiology, they are vital in protection and plays 
an important role in prevention and treatment of many chronic diseases. It also acts 
as antioxidant, antiseptic, anti-proliferative activities, antidiabetic, anti-inflam-
matory and anti-aging. They are useful to eat such plant foods that contains high 
antioxidant content, which can hamper the incidence of certain chronic diseases, 
such as cardiovascular diseases, diabetes and cancers, through the management 
of oxidative stress. Overall the phenolic compounds are a gift of god in our day to 
day lives.

Keywords: phenolic compound, chemical properties, biosynthesis, extraction 
technologies, health benefit

1. Introduction

Grains, mainly cereals and legumes, are important in every diets of human in 
any part of the world. They are rich in diverse nutrients and phytochemicals, and 
possess manifold bioactivities, such as antioxidant, antidiabetic, and anticancer 
effects [1–3]. Phenolic compounds [PC] are distributed everywhere in most of the 
plant tissues which includes the parts such as roots, stems, fruits, seeds, leaves, 
etc. [4]. There are more than 8000 individual plant with great chemicals isolated, 
structural variability and nearly 200000 were identified with diverse structures 
[5] and classes from higher plants around the planet. They are classified as primary 
metabolite and secondary metabolite [6]. The primary metabolite is required for 
cell nourishment, such as carbohydrates, proteins, fatty acids and nucleic acids. The 
secondary metabolite is essential to plant survival which directly involved in photo-
synthetic or respiratory metabolism. As differentiated from primary metabolite, the 
chemicals and structures of secondary metabolite are responsible for plant defense. 
They also protect the plant from oxidants and ultraviolet radiation and also act as 
attracting pollinators or animals for seed dispersion and signal compounds [6–8].

The secondary metabolite is classified according to their biosynthetic routes and 
structure; they are divided into three major groups: (1) flavonoids, allied phenolic, 
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and polyphenolic compounds; (2) terpenoids, and (3) nitrogen-containing alka-
loids and sulfur-containing compounds. These compounds are linked to primary 
metabolite by biosynthetic enzymes and building blocks [8]. Phenolic compounds 
(flavonoids, allied phenolic, and polyphenolic compounds) are one among the sec-
ondary metabolites more cosmopolitan in plants. The shikimate, pentose phosphate 
and phenylpropanoid pathways are extract from plants. These compounds perform 
an important role in the growth and reproduction of plants, giving protection 
against pathogens and predators. In vegetables and fruits, PC contribute to color 
and sensory characteristics [8, 9].

2.  Phenolic compounds: definition, chemical properties, classification, 
biosynthesis, extraction technologies and medical importance

2.1 Definition

The compounds that have one or more hydroxyl groups connected straightway 
to the ring of an aromatic. The whole category is based on the arrangement of 
phenol (Figure 1).

In phenols, the hydroxyl group is linked to a chain of carbons which are alike to 
alcohols of aliphatic structures. Due to the existence of the aromatic ring, the phe-
nolic hydroxyl group is affect. The hydrogen of the phenolic hydroxyl is unstable 
caused by the aromatic ring, that build the phenols as a weak acid [10].

Its structure consists of an aromatic ring that contain 1 or more hydroxyl sub-
stituents. It may be classified into simple phenolic molecule and extremely polym-
erized compounds. The PC occur naturally is associated with one or more phenolic 
groups when combine with mono- and polysaccharides. In addition, they also can 
be linked to esters and methyl esters. They have a wide range in structure diversity 
that occurs in nature. More than 8000 structures of phenolic compound are studied 
till now [8].

2.2 Chemical properties of phenolic compounds

2.2.1 Benzene ring

The carbon’s atomic number is 6, i.e. it has 6 electrons and 6 protons. Electrons 
are around the atom’s nucleus in orbitals. The benzene ring is representing one 
of two mesmeric complex. The double arrow indicates, the two drawn structures 
and the true structure of the molecule lies in between. Hence, as the six C-C bonds 
of the ring are identical, with the π-electrons over the entire ring which is more 
accurate to use structure. The affects of reactivity of aromatic compounds is due 

Figure 1. 
Phenol.
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to delocalization of the π-electrons is very much favorable and also have tendency 
to refurbishing aromaticity. Aromatic compounds do not easily undergo any 
addition reactions and a double bond is replaced by two single bonds, as we see in 
regular alkenes i.e., linear chains of carbon atoms containing at least one double 
bond. Aromatic compounds show a partially replaced the reactions, that means the 
replacement of atoms [9, 10].

2.2.2 Phenolic hydroxyl group

It depends upon the chemical properties of the benzene with a hydroxyl group 
ring and the foremost property is acidity which are generally weak acids. As com-
pared to hydroxyl group of unsubstituted aliphatic alcohols, phenolic OH-group is 
more acidic [8–10].

2.3 Classification

The word phenolics includes a very wide group of chemical compound. They 
can be classified in many ways. Harborne and Simmonds (1964) classified these 
compound into groups depends upon the numeral of carbons in the molecule. 
(Table 1) [9].

An another classification represented by Swain and Bate-Smith (1962). They 
categorized the phenols as “common[typical]” and “less common [less typical]”. 

Structure Class

C6-C1 simple phenolics

C6-C2 phenolic acids and related compounds

C6-C3 acetophenones and phenylacetic acids

C6-C3 cinnamic acids, cinnamyl aldehydes, cinnamyl alcohols

C15 coumarins, isocoumarins, and chromones

C15 chalcones, aurones, dihydrochalcones

C15 Flavans

C15 Flavones

C15 Flavanones

C15 Flavanonols

C15 Anthocyanidine

C15 Anthocyanine

C30 Biflavonyls

C6- C1- C6, C6- C2- C6 benzophenones, xanthones, &$$$;tilbenes

C6, C10, C14 Quinones

C18 Betacyanine

Lignans, neolignans Dimers or oligomers

Lignin Polymers

Tannins oligomers or polymers

Phlobanhenea Polymers

Table 1. 
Classification of phenolic compounds.
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Ribéreau-Gayon (1972) classified the phenols into three origins which is as 
follows: [10].

1. It is widely distributed in all plants or in a specific plant.

2. It is less widely distributed to known in confined number of compounds.

3. Phenolic component exists as polymers.

2.4 Biosynthesis of phenolic compounds

The biosynthesis of PC to exhibit the origin of the various families which pre-
cursors. The review of accepted pathways, newly illuminated steps in the biosyn-
thesis for isolation of protein, gene cloning, and protein characterization.

2.4.1 Protein isolation and purification

The conventional methodology for the isolation of proteins includes the tech-
niques for the separation of biochemical, where the protein is isolated from the 
other proteins based on its special chemical and physical properties. This involves 
molecular mass i.e. size, shape, net charge and hydrophobicity. The isolation 
procedure starts with the mixture of a cell extract is recognize in the course of 
the enzyme activity. This mostly involves crushing of the tissue in an extrac-
tion buffer and the contents of the cell [proteins] become accessible. To avoid 
proteolytic degradation of the enzyme, add protease inhibitors i.e. phenylmethyl 
sulphonylfluoride (PMSF), in the mixture of the extraction buffer. The first step 
is a centrifugation where the enzyme is precipitated or otherwise ends up in the 
supernatant which is bound to the cell wall or the cell membrane, Soluble proteins 
are usually separated from one another by their solubility in high-salt solutions 
with supported variation. Add a salt, followed by centrifuge to remove the pre-
cipitated proteins that will be fruitful strategy for proteins to separate from each 
other. During saturation, ammonium sulfate is usually used to precipitate proteins, 
as most of the proteins in the solution of this salt. The quantity of ammonium 
sulfate must be mixed in order to avoid subset of the proteins in the extract which 
can be determined by enzyme activity assays on the various fractions. Likewise, 
other salts, trifluoroacetic acid, protamine sulfate, polyethylene glycol, apolar 
solvents etc. are often used for the proteins precipitation. The next step used for 
further purifying the enzyme is chromatography such as High-performance liquid 
chromatography (HPLC), Hydrophobic interaction chromatography (HIC), Ion 
exchange chromatography(IEC) Bio-affinity chromatography (BAC), fast protein 
liquid chromatography (FPLC) and Gel filtration or size exclusion chromatography 
(GFC). When a fraction is obtained is the only protein during this procedure then 
purification is completed to homogeneity, or any contaminants are remained below 
the level of observation [8, 10, 11].

2.4.2 Gene cloning

It depends upon the phenolic content or its composition that are present in 
mutants that can altered incapable cloning of the mutated gene and cloning of the 
wild type of the gene [normal]. If a plant lacks in a particular phenolic compound as 
which is the results of a mutation, the wild type of the gene will indicate as the wild-
type allele that plays an important role in the compound for biosynthesis process. 
The sequence of the protein encoded by the gene and this sequence of the gene can 
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be used to deduce the amino acid present in the compound. The polymerase chain 
reaction was revolutionized the clone genes and it involves three steps:

a. Denaturation: To separate the two DNA strands of the template performed 
at 94 °C.

b. Primer annealing: It was performed at 45-70 °C depending on the GC-content 
and length of the primer.

c. Extension: It was performed at specific temperature recommended by the 
manufacturer of the enzyme Particularly at 72 °C, during which the polymer-
ase synthesizes the DNA delineated by the primers. This procedure is repeated 
20-40 times, and in each cycle every template strand is being replicated. PCR 
is the preferably used technique in plant, animal and microbial biology also as 
medicine. PCR is also considered for cloning of genes and cDNA’s, and taken 
for genotyping using molecular markers [10, 11].

2.4.3 Insertional mutagenesis

On the basis of known sequence, which is also referred as tag in the gene of 
interest. There are two methods done for cloning purposes.

1. Tagging: A spontaneous or chemically induced mutant, which was been  
identified with no information accessible about the mutant gene.

2. Random Tagging: It is based on Principle of insertion of any gene. All the genes 
managing the trait of interest were rarely covered, until the mutation is not 
lethal [10, 11].

2.4.4 Map-based cloning

It involves identification of the molecular marker(s) which are associated with 
the mutation. The mutant plants will show mutation when closely linked with pre-
dominant marker allele from the mutant parent, whereas wild-type parent marker 
allele will show wild-type plant Once the accurate mapping is achieved, the gene 
sequence will be obtained on the availability of genome sequence [10, 11].

2.4.5 Candidate-gene approach

This approach is possible once there is establishment of protein databases and 
large DNA then the candidate gene is defined as defective gene that can originate the 
mutant phenotype. Once the candidate gene is identified the sequence databases were 
searched to identify DNA or protein sequences from the candidate gene [10–12].

2.4.6 Quantitative trait locus mapping

This can show the position of the identified candidate gene. QTL; the abbrevia-
tion for the quantitative trait loci), that can be defined as a genetic locus described 
by two molecular markers on a genetic map affecting a quantitative trait which is 
identified in 2 parental lines which differs from each other and are identified in 
F2 population. The F2 population are evaluated to separate the genetic and envi-
ronmental effects on the trait in several locations and for years. Later the QTL was 
mapped to the sector of chromosome [10, 11].



Bioactive Compounds - Biosynthesis, Characterization and Applications

226

Ribéreau-Gayon (1972) classified the phenols into three origins which is as 
follows: [10].

1. It is widely distributed in all plants or in a specific plant.

2. It is less widely distributed to known in confined number of compounds.

3. Phenolic component exists as polymers.

2.4 Biosynthesis of phenolic compounds

The biosynthesis of PC to exhibit the origin of the various families which pre-
cursors. The review of accepted pathways, newly illuminated steps in the biosyn-
thesis for isolation of protein, gene cloning, and protein characterization.

2.4.1 Protein isolation and purification

The conventional methodology for the isolation of proteins includes the tech-
niques for the separation of biochemical, where the protein is isolated from the 
other proteins based on its special chemical and physical properties. This involves 
molecular mass i.e. size, shape, net charge and hydrophobicity. The isolation 
procedure starts with the mixture of a cell extract is recognize in the course of 
the enzyme activity. This mostly involves crushing of the tissue in an extrac-
tion buffer and the contents of the cell [proteins] become accessible. To avoid 
proteolytic degradation of the enzyme, add protease inhibitors i.e. phenylmethyl 
sulphonylfluoride (PMSF), in the mixture of the extraction buffer. The first step 
is a centrifugation where the enzyme is precipitated or otherwise ends up in the 
supernatant which is bound to the cell wall or the cell membrane, Soluble proteins 
are usually separated from one another by their solubility in high-salt solutions 
with supported variation. Add a salt, followed by centrifuge to remove the pre-
cipitated proteins that will be fruitful strategy for proteins to separate from each 
other. During saturation, ammonium sulfate is usually used to precipitate proteins, 
as most of the proteins in the solution of this salt. The quantity of ammonium 
sulfate must be mixed in order to avoid subset of the proteins in the extract which 
can be determined by enzyme activity assays on the various fractions. Likewise, 
other salts, trifluoroacetic acid, protamine sulfate, polyethylene glycol, apolar 
solvents etc. are often used for the proteins precipitation. The next step used for 
further purifying the enzyme is chromatography such as High-performance liquid 
chromatography (HPLC), Hydrophobic interaction chromatography (HIC), Ion 
exchange chromatography(IEC) Bio-affinity chromatography (BAC), fast protein 
liquid chromatography (FPLC) and Gel filtration or size exclusion chromatography 
(GFC). When a fraction is obtained is the only protein during this procedure then 
purification is completed to homogeneity, or any contaminants are remained below 
the level of observation [8, 10, 11].

2.4.2 Gene cloning

It depends upon the phenolic content or its composition that are present in 
mutants that can altered incapable cloning of the mutated gene and cloning of the 
wild type of the gene [normal]. If a plant lacks in a particular phenolic compound as 
which is the results of a mutation, the wild type of the gene will indicate as the wild-
type allele that plays an important role in the compound for biosynthesis process. 
The sequence of the protein encoded by the gene and this sequence of the gene can 

227

Phenolic Compounds
DOI: http://dx.doi.org/10.5772/intechopen.96740

be used to deduce the amino acid present in the compound. The polymerase chain 
reaction was revolutionized the clone genes and it involves three steps:

a. Denaturation: To separate the two DNA strands of the template performed 
at 94 °C.

b. Primer annealing: It was performed at 45-70 °C depending on the GC-content 
and length of the primer.

c. Extension: It was performed at specific temperature recommended by the 
manufacturer of the enzyme Particularly at 72 °C, during which the polymer-
ase synthesizes the DNA delineated by the primers. This procedure is repeated 
20-40 times, and in each cycle every template strand is being replicated. PCR 
is the preferably used technique in plant, animal and microbial biology also as 
medicine. PCR is also considered for cloning of genes and cDNA’s, and taken 
for genotyping using molecular markers [10, 11].

2.4.3 Insertional mutagenesis

On the basis of known sequence, which is also referred as tag in the gene of 
interest. There are two methods done for cloning purposes.

1. Tagging: A spontaneous or chemically induced mutant, which was been  
identified with no information accessible about the mutant gene.

2. Random Tagging: It is based on Principle of insertion of any gene. All the genes 
managing the trait of interest were rarely covered, until the mutation is not 
lethal [10, 11].

2.4.4 Map-based cloning

It involves identification of the molecular marker(s) which are associated with 
the mutation. The mutant plants will show mutation when closely linked with pre-
dominant marker allele from the mutant parent, whereas wild-type parent marker 
allele will show wild-type plant Once the accurate mapping is achieved, the gene 
sequence will be obtained on the availability of genome sequence [10, 11].

2.4.5 Candidate-gene approach

This approach is possible once there is establishment of protein databases and 
large DNA then the candidate gene is defined as defective gene that can originate the 
mutant phenotype. Once the candidate gene is identified the sequence databases were 
searched to identify DNA or protein sequences from the candidate gene [10–12].

2.4.6 Quantitative trait locus mapping

This can show the position of the identified candidate gene. QTL; the abbrevia-
tion for the quantitative trait loci), that can be defined as a genetic locus described 
by two molecular markers on a genetic map affecting a quantitative trait which is 
identified in 2 parental lines which differs from each other and are identified in 
F2 population. The F2 population are evaluated to separate the genetic and envi-
ronmental effects on the trait in several locations and for years. Later the QTL was 
mapped to the sector of chromosome [10, 11].



Bioactive Compounds - Biosynthesis, Characterization and Applications

228

2.4.7 Isolation and characteristics of recombinant proteins

Data of the purified recombinant proteins obtained from in-vitro assays can be 
interpreted much easily than data of crude or partially purified protein extracts that 
are stored from experiments. It can be due to these reasons:

1. No competing proteins with similar action.

2. No enzymes present which convert the enzyme of interest, and it reduce the 
concentration [10, 11].

2.5 Other biosynthesis of phenolic compounds

2.5.1 Carbohydrate catabolism

The carbohydrates for plants are acquired from photosynthesis process from the 
atmosphere, a fixed CO2 is converted to carbohydrates from sunlight. The photo-
synthesis process within the cell for carbon-based metabolites including phenolic 
compounds helps the carbohydrates to form the building blocks. The two catabolic 
processes are the precursors of plant phenolic compounds within the plant cell. This 
includes many pathways such as glycolysis, pentose phosphate, phenylpropanoid 
pathways etc.

2.5.1.1 Glycolysis

It is also known as Embden-Meyerhof-Parnas pathway, carbohydrates generated 
during photosynthesis from the catabolic process are broken into pyruvate, and 
ultimately CO2. This method plays two fundamental roles:

1. Building blocks for anabolism.

2. Oxidization for hexoses to urge ATP reductant, and pyruvate [10–14].

2.5.1.2 The pentose phosphate pathway

It is used to generate NADPH (nicotinamide adenine dinucleotide phosphate) It 
is to interrupt glucose, break down that can be used by plant. It provides sugar links 
that delivered as building blocks for nucleic acids and aromatic amino acids.

This pathway is divided into two phases:

1. Oxidative phase: In this phase, the glucose-6-phosphate is converted to 
ribulose5-phosphate,

2. Non-oxidative phase: in this phase, by reversible reactions two pentose-phos-
phate residues are transform to sugar- phosphate molecules [8, 10–13].

2.5.1.3 The shikimate pathway

It includes the biosynthesis of chorismate, which may later work as a precur-
sor for the biosynthesis of the aromatic amino acids like tyrosine phenylalanine 
and tryptophan. This pathway was reviewed by Weaver and Herrmann [17] and 
Hermann and Weaver [18] in biochemistry. It was seen in both plants and micro-
organisms. Shikimate was synthesized from the substrates erythrose 4-phosphate 
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and phosphoenolpyruvate. By glycolysis and the pentose phosphate pathway, these 
two precursors are extracted respectively, and by the enzyme DAHP synthase, they 
are condensed to 3-deoxy-D-arabino-heptulosonate 7- phosphate. This steps end 
in the formation of 3-dehydroquinate by the enzyme 3- dehydroquinate synthase, 
3-dehydroshikimate and 3- dehydroquinate dehydratase, and finally shikimate 
by the enzyme shikimate dehydrogenase. Shikimate was converted to shikimate 
3-phosphate by shikimate kinase, then to 5-enolpyruvylshikimate 3-phosphate by 
5-enolpyruvylshikimate 3-phosphate synthase. EPSP is then obtained to chorismate 
by chorismate synthase. Chorismate is bifurcate tryptophan on the one hand, and 
phenylalanine and tyrosine on the opposite hand for the biosynthesis of aromatic 
amino acids [8, 10–16].

2.5.1.4 The general phenylpropanoid pathway

It was generating a substratum to phenylpropanoid compounds which includes 
coumarins, monolignols, hydroxycinnamic acids, flavonoids, stilbenes and sinapoyl 
esters. This pathway starts with phenylalanine via the shikimate pathway. It cata-
lyzed phenylalanine by the enzyme phenylalanine ammonia lyase (PAL) and ends 
in cinnamic acid. Later, it was hydroxylated by cinnamic acid 4- hydroxylase (C4H) 
transfer to p-coumaric acid [10, 11].

2.5.2 Biosynthesis of phenolic acids

Phenolic acids are not abundant in most plants. There are in the form of gallic 
acid and salicylic acid. Gallic acid may be a precursor for the ellagitannins and 
gallotannins. Salicylic acid is an important defense property that mediates systemic 
acquired resistance (SAR), and it is also used as a signaling molecule to relay infor-
mation on pathogen attack to other parts of the plant. After receiving the SA signal, 
a defense response is trigger the biosynthesis of pathogenesis-related (PR) proteins 
[8, 10].

2.5.3 Biosynthesis of flavonoids and condensed tannins

In the process of flavonoid biosynthesis, the identification and isolation of 
genes by the flavonoids which are a colored compound. Mutant phenotypes 
are identifiable from variation in color easily. The flavanonols can converted to 
anthocyanins. Condensed tannins transformed from polymerization of  
flavonoids [8, 11].

2.5.4 Monolignol biosynthesis

They are synthesized from pcoumaroyl-CoA via the shikimate and phenylpro-
panoid pathways and are the component of lignans and lignin, and some of them 
are serve as precursors for sinapoyl esters and hydroxycinnamic acids [8, 10, 11].

2.5.5 Lignan biosynthesis

In this process, the oxidative coupling of monolignol radicals are synthesized. 
The monolignol radicals are generated through the action of laccases or peroxidases. 
Lignans are active, and a typical pair of chemical compound which is present in 
some species and it binds in between the monolignols [regio-chemical control], 
thereby both the coupling sites and their position of the 2 monomers are  
controlled [10, 11].
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by the enzyme shikimate dehydrogenase. Shikimate was converted to shikimate 
3-phosphate by shikimate kinase, then to 5-enolpyruvylshikimate 3-phosphate by 
5-enolpyruvylshikimate 3-phosphate synthase. EPSP is then obtained to chorismate 
by chorismate synthase. Chorismate is bifurcate tryptophan on the one hand, and 
phenylalanine and tyrosine on the opposite hand for the biosynthesis of aromatic 
amino acids [8, 10–16].

2.5.1.4 The general phenylpropanoid pathway

It was generating a substratum to phenylpropanoid compounds which includes 
coumarins, monolignols, hydroxycinnamic acids, flavonoids, stilbenes and sinapoyl 
esters. This pathway starts with phenylalanine via the shikimate pathway. It cata-
lyzed phenylalanine by the enzyme phenylalanine ammonia lyase (PAL) and ends 
in cinnamic acid. Later, it was hydroxylated by cinnamic acid 4- hydroxylase (C4H) 
transfer to p-coumaric acid [10, 11].

2.5.2 Biosynthesis of phenolic acids

Phenolic acids are not abundant in most plants. There are in the form of gallic 
acid and salicylic acid. Gallic acid may be a precursor for the ellagitannins and 
gallotannins. Salicylic acid is an important defense property that mediates systemic 
acquired resistance (SAR), and it is also used as a signaling molecule to relay infor-
mation on pathogen attack to other parts of the plant. After receiving the SA signal, 
a defense response is trigger the biosynthesis of pathogenesis-related (PR) proteins 
[8, 10].

2.5.3 Biosynthesis of flavonoids and condensed tannins

In the process of flavonoid biosynthesis, the identification and isolation of 
genes by the flavonoids which are a colored compound. Mutant phenotypes 
are identifiable from variation in color easily. The flavanonols can converted to 
anthocyanins. Condensed tannins transformed from polymerization of  
flavonoids [8, 11].

2.5.4 Monolignol biosynthesis

They are synthesized from pcoumaroyl-CoA via the shikimate and phenylpro-
panoid pathways and are the component of lignans and lignin, and some of them 
are serve as precursors for sinapoyl esters and hydroxycinnamic acids [8, 10, 11].

2.5.5 Lignan biosynthesis

In this process, the oxidative coupling of monolignol radicals are synthesized. 
The monolignol radicals are generated through the action of laccases or peroxidases. 
Lignans are active, and a typical pair of chemical compound which is present in 
some species and it binds in between the monolignols [regio-chemical control], 
thereby both the coupling sites and their position of the 2 monomers are  
controlled [10, 11].
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2.5.6 Lignin biosynthesis

It involves many enzymes where the genes encoding of these enzymes need to be 
uniformly communicate. Lignin is a complex polymer obtained from the oxidizing 
the coupling of monolignol radicals. The plant’s cell wall contains the polymeriza-
tion of lignin, thus the monolignols has to be transferred from the cytosol and get 
synthesized in the cell wall [10, 11].

2.5.7 Hydroxycinnamic acid biosynthesis

By the action of 4CL as well as the corresponding CoA-esters, the biosynthesis 
of the hydroxycinnamic acids caffeic acid, ferulic acid, 5-hydroxyferulic acid, and 
sinapic acid from p-coumaric acid, the hydroxycinnamic acids are synthesized 
through the oxidation of aldehydes, instead of ring substitutions of the free acids. 
It suggests that the glucosides are messenger of th Coenzme A ester and the ring 
appears at the level of free acid in the lignin biosynthetic pathway [8, 11].

2.5.8 Biosynthesis of sinapoyl esters

In the phenylpropanoid pathway, Sinapaldehyde is acquired from the amino acid 
phenylalanine which is followed by a number of reactions of the hydroxylation and 
methylation [10, 11].

2.5.9 Coumarin biosynthesis

The coumarins and hydroxycoumarins are synthesized from trans-p-coumaric 
acid and trans-cinnamic acid in plants respectively, but the complete mechanism of 
its synthesis is still unknown. The possible way to biosynthetic route that coumarin 
is through hydroxylation to give coumaric acid, followed by glycosylation to result 
in trans-coumaric acid-2-O-glucoside [8, 11].

2.5.10 Stilbene biosynthesis

It has been a target for genetic engineering of disease resistance in plants, which 
appears similar to chalcone synthase and it is derived from the condensation of 
p-coumaroyl-CoA with three malonyl-CoA residues [10, 11].

2.5.11 Biosynthesis of gallotannins and ellagitannins

They are inventing from the hydrolysable tannins and 1,2,3,4,6-penta-O-galloyl-
β-D-glucopyranose. Gallotannins consist of 10-12 gallic acid moieties per molecule. 
Ellagitannins are construct from the oxidative of gallic acid residues in pentagalloyl-
glucose molecules which gives in the formation of C-C coupled 3,4,5,3′,4′,5′-hexahy-
droxydiphenoyl (HHDP) residues [10, 11].

2.6 Extraction technologies for phenolic compounds

2.6.1 Solid–liquid extraction

By using aqueous organic solvents from solids, the soluble constituents are 
removed. The selection of solvents should be accurate so that chemical or physi-
cal intervention should be within the matrix. In this method, variable such as 
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temperature, pH, particle size, time, solvent polarity, solid–liquid ratio and riveting 
should be improved in order to obtained high yields of recovery of the compound 
which was selected. Few drawbacks of this method includes cost, toxicity, solvent 
combustible and also prolonged extraction times. It can be used to get PCs from 
herbal substance. Some methods in this extraction includes the use of poison-
ous solvents, low cost and can be used in combination with any other extraction 
techniques [4, 10, 17–19].

2.6.2 Soxhlet extraction

It usually contains the matrix with pure and hot solvent. In this way the 
extracted will be greater in the substance. This method is inexpensive related to 
energy, time and reactant. Soxhlet extraction were done in small scales in batches 
and can be adapted to continuously in industrial procedure. The main privilege 
than novel method, such as ultrasound assisted, microwave-assisted, fastidious 
fluid, and accelerated solvent extractions in terms of industrial implementation, 
consistency, effectiveness, and extract manipulation. The main disadvantage was 
the sensitivity of some compounds to the temperature conditions of extraction. The 
variants of this technique are: high-pressure, automated, ultrasound-assisted, and 
microwave-assisted Soxhlet extraction [4, 20].

2.6.3 Pressurized fluid extraction and supercritical fluid extraction

The extraction method is like Soxhlet extraction, then again, actually the 
solvents are utilized in tightening influences close to their supercritical area, so 
the raised temperature permits a more prominent dispersion and dissolvability 
of the solute to be extricated. At the point when the high pressing factor applied 
to the framework, the dissolvable beneath its limit is permitting the better focus 
in the network. These working conditions permit the utilization of low dis-
solvable volumes and lessen extraction times. The second extraction strategy 
comprises of the detachment of a compound (strong or fluid) from a grid, utiliz-
ing liquid as a dissolvable under supercritical conditions. Under supercritical 
conditions a liquid coincides in both fume and fluid states. The most ordinarily 
utilized liquids is carbon dioxide (CO2), which is joined with ethanol to change 
its extremity. The upsides of CO2 as extraction liquid are: moderate supercritical 
conditions (31.1 °C and 73.8 MPa), nonattendance of harmfulness, substance 
security, simple to reuse, and ease. The upsides of supercritical extraction will 
be: extraction limit like fluid natural solvents and the concentrates are cleaner. 
Mechanical utilization of supercritical liquid extraction was restricted since this 
strategy were created in detachment of other handling steps that are important 
to acquire an item [4, 18].

2.6.4 Ultrasound-assisted extraction

They used to remove bioactive mixtures, similar to cancer prevention agents, 
fundamental oils, steroids, and lipids from plants. The utilization of ultrasound 
improves the entrance of the dissolvable into cell materials, encouraging mass 
exchange and the arrival of the mixtures to be removed. The recurrence of ultra-
sound impacts the yield and extraction energy. At frequencies >20 kHz sound waves 
produce extension pressure cycles, in a fluid this outcome in the arrangement of 
air pockets that develop and breakdown close to the strong network, encouraging 
extraction [4, 21].
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2.6.5 Microwave-assisted extraction

Microwaves are electromagnetic waves comprising of an electric field and an 
attractive field that waver oppositely to one another at frequencies somewhere in 
the range of 0.3 and 300GHz. The microwave energy acts straightforwardly on the 
particles by ionic conduction and dipole revolution, motivation behind why just polar 
materials can be warmed as such. The microwave-helped extraction relies upon the 
dielectric defenselessness of both dissolvable and network. Since the water inside 
the lattice assimilates microwaves, the interruption of the material is controlled by 
an inward overheating, which likewise improves the recuperation of the extricated 
compound. Microwave-helped extraction is characterized into shut and open frame-
works. In a shut framework, the extractions are done in a fixed vessel under uniform 
warming; in this framework the high pressing factor and temperature permit fast and 
proficient extraction. Then again, open frameworks are more reasonable for extricat-
ing thermolabile mixtures, since they work under less extraordinary conditions [4, 22].

2.6.6 Pulsed electric field extraction

The cellular wall and cell membranes act as protective layer that prevent the 
bioactive compounds extraction in animal and plant tissues. The transmembrane 
segment of the cell lead to pores or electroporation by the application of an electric 
field. The power of the electrical pulses provides is changeable or unchangeable 
may form the electroporation. The pores are small associated to the whole area of 
the current or electric and its membrane breakdown may vary. On the contrary, 
increasing the intensity and time of the treatment, it is irreversible to the perme-
ability of cell membrane [4, 23].

2.6.7 Enzyme-assisted extraction

An alternative method to solvent-based extraction. It depends on the enzymes 
to selectivity and catalyze reactions in aqueous humor. On the constituent of 
cell membranes, the enzymes with hydrolytic activity such as cellulases, hemi-
cellulases, pectinases, etc. increases cell wall permeability and bioactive compounds 
extraction was yield such as antioxidants, pigments and compounds with pharma-
ceutical applications [4, 10, 11, 24].

2.7 Medicinal importance of phenolic compounds

Current studies have associated that consuming the foods are abundant in PC are 
beneficial in prevention of non-communicable diseases or lifestyle disorder which 
includes cardiovascular diseases, certain group of cancer, and diseases associated 
with aging [25]. The biological effects acquired from PC were trait to antioxidant 
properties [26].

They are as follows.

2.7.1 Antiseptic

PC have effects on human health which was revealed by Bravo in 1998 [29]. 
PC was used phenol as an antiseptic from ancient times. Now a day, it is no longer 
used due to, its side effects on living tissues that create blister formation specially 
on high concentrations. As an antiseptic agent, it is effective against the bacterium 
Staphylococcus aureus i.e. 5% (w/v) solution of phenol. It is used as an oral esthetic 
with the concentration of 1.4% in throat pastille. It is also in sunscreens lotions. It 
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helps to prevent sunburns due to the presence of the aromatic ring which is an effec-
tive absorbance of the UV-B radiation (ranging from 280 and 315 nm) from the sun. 
It was widely used since the 1970’s and nowadays due to the formation of skin rashes 
and acne the usage is reduced [10, 27].

2.7.2 Antioxidant

The oxidative damage and an imbalance to large biomolecules, like lipids, DNA, 
and proteins may be due to overproduction of oxidants in physical body. This dam-
age includes the pathogenesis of many human diseases i.e. cardiovascular diseases 
(CVD), certain sorts of cancers and aging. Thus, it could be a crucial role for the 
prevention and treatment of chronic diseases by antioxidant phytochemicals which 
are demonstrated to have antioxidant abilities in human studies. Compounds are 
scavenging radicals that are referred as antioxidants. The important anti-oxidants 
are vitamin C and vitamin E. A lack of vitamin C in the diet leads to scurvy. The 
symptoms include rotten gums, purple lesions on the skin, loss of teeth etc. Vitamin 
E is a mixture of α-, β-, γ-, and δtocopherol in that α-tocopherol is the most effec-
tive. Vitamin E is lipid-soluble and has the ability to disrupt the chain reaction at 
the time of lipid peroxidation. They provided many health benefits by antioxidant 
activity of polyphenols [10, 28].

2.7.3 Protective against cardiovascular diseases

Polyphenols are helpful for preventing and treating CVD by antioxidant 
activity and also by other bioactivities such as preventing platelet aggregation. 
Anti-inflammation and adhesion which includes oxidative stress and other dam-
age because they owe other physiological effects, like blood pressure reduction 
etc. [4, 29, 30].

2.7.4 Anti-obesity activity

This activity includes quercetin which may be mediated by mitogen-activated 
protein kinases signaling pathways (MAPK) and the adenosine monophosphate-
activated protein kinase (AMPK), respectively in mature adipocytes and pre 
adipocytes [4, 31].

2.7.5 Anti-diabetic activity

Due to hyperglycaemia and hyperlipidaemia, diabetes is usually associated 
by expand the yielding of free radicals or oxidative stress. There is a remarkable 
decrease in plasma antioxidants in diabetes and its complication. The metabolic 
homeostasis was better, and the development of T2D and its complications was 
observed in Cohort studies showed that was retard or prevented by taking of whole 
grain foods [32, 33]. PCs such as flavonoids and phenolic acids are helpful in pro-
moting health by decreasing the high risk of metabolic syndrome and the associated 
complications of type 2 diabetes [33–37].

2.7.6 Antiaging activity

An important factor in aging or age-associated degenerative diseases, the free 
radicals and oxidative stress have been believed as an antioxidant systems are 
declined during aging. Antiaging activities is explained by different mechanisms 
and revealed by antioxidant phytochemicals [34–37].
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2.7.7 Protective action on Alzheimer’s disease

It is particularly susceptible due to high concentration of free radicals without 
appropriate levels of anti-oxidation. In elderly people, the pathogenesis of demen-
tia or AD shows oxidative stress. The study on walnuts shows that polyphenolic 
compounds helps to release the oxidant and decrease the inflammatory signs on 
the brain cells. It also repairs, the increased neurogenesis, inter-neuronal signaling, 
upgrade isolation of insoluble toxic protein accumulates, that play a role in prevent-
ing AD. Thus, by decreasing the oxidant stress and acetylcholinesterase that may 
protect or prevent against AD [4, 38].

2.7.8 Anti- cancer activity

A huge amount of fruits and vegetables in our diet had shown, a decrease 
risk of human cancers such as breast cancer, lung cancer, colon cancer and pros-
tate cancer. It is revealed that flavonoids are of special attraction and bioactive 
compounds in plant providing defensing effects. A study shows that in mice, it 
provides protection against cancer of skin which are caused through ultraviolet 
radiation or chemical carcinogens by consumption of tea and its polyphenolic 
constituents [39–43].

2.7.9 Miscellaneous

Plant PC provide a means for preventing the side effects that fungal toxins 
(mycotoxins) and also serving in detoxification [41]. Many of the volatile PCs, 
such as the main PC of cloves i.e. eugenol (a hydroxyphenyl propene), or a typical 
component of oregano i.e. carvacrol (phenolic terpene), curcuminoids or Curcumin 
(diferuloylmethane) are which found only in the rhizomes of Curcuma longa [tur-
meric] are achieved. Curcumin as we all known plays an important role of various 
illnesses from cancer to autoimmune, neurological, cardiovascular, and diabetic etc. 
in the form of preventing and treating diseases [33, 42–45].

3. Conclusion

Phenolic compounds are widely found in plants with many functions and some 
act as defense elements against herbivores and pathogens. There are number of 
vegetables and fruits that contain PCs. They are classified in a range of groups 
according to their structure. The biosynthesis pathway explained its metabolism 
in plants which are beneficial to us in many ways. The recent studies show dif-
ferent new technics to extract phenolic compounds and studies are still under 
observation in prevention of many diseases. Its variations give them diverse 
characteristics, which helps to prevents many chronic and lifestyle disorders, 
like antioxidant activity, antiseptic properties, anti-diabetic activity, anti-aging, 
Alzheimer’s Disease, anti-obesity, improves cardiac activity etc. Many studies 
were conducted to show an essential and effective antioxidant power of phenolic 
compounds and extracts, considering their bioavailability and bio-efficacy of 
phenolic compounds, which could influence the antioxidant power response, that 
are necessary to improve the health and well-being of people directly or indirectly. 
The large number of publications available on phenolic compound research and 
their extraction from plants over the past decade gives signifies the importance of 
this chapter.
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Acronyms and abbreviations

AD Alzheimer’s Disease
AMPK adenosine monophosphate-activated protein kinase
ATP Adenosine triphosphate
BAC Bio-affinity chromatography
CAT catalase
C-C Carbon Carbon
CVD cardiovascular diseases
C4H cinnamic acid 4- hydroxylase
cDNA Complementary DNA
DNA Deoxyribonucleic acid
EPSP 5-enolpyruvylshikimate 3-phosphate synthase
FPLC fast protein liquid chromatography
GC Guanine-cytosine
GFC Gel filtration or size exclusion chromatography
GHz Gigahertz
GPx glutathione peroxidase
HHDP 3,4,5,3′,4′,5′-hexahydroxydiphenoyl
HIC Hydrophobic interaction chromatography
HPLC High-performance liquid chromatography
IEC Ion exchange chromatography
kHz kilohertz
MAPK Mitogen-activated protein kinases
MPa megapascal
NADPH nicotinamide adenine dinucleotide phosphate
NF-κB nuclear factor kappa light chain enhancer of activated B cells
OH Hydroxy
PABA para-aminobenzoic acid
PAL phenylalanine ammonia lyase
PC phenolic compound
PCR polymerase chain reaction
PH potential of hydrogen
PMSF phenylmethyl sulphonylfluoride
PR pathogenesis-related
QTL Quantitative trait locus
RNS reactive nitrogen species
ROS Reactive oxygen
SAR systemic acquired resistance
SOD superoxide dismutase
T2D Type 2 diabetes
UV Ultra violet
4CL 4-coumarate-CoA ligase
% percentage
(w/v) concentration of solution
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tia or AD shows oxidative stress. The study on walnuts shows that polyphenolic 
compounds helps to release the oxidant and decrease the inflammatory signs on 
the brain cells. It also repairs, the increased neurogenesis, inter-neuronal signaling, 
upgrade isolation of insoluble toxic protein accumulates, that play a role in prevent-
ing AD. Thus, by decreasing the oxidant stress and acetylcholinesterase that may 
protect or prevent against AD [4, 38].

2.7.8 Anti- cancer activity

A huge amount of fruits and vegetables in our diet had shown, a decrease 
risk of human cancers such as breast cancer, lung cancer, colon cancer and pros-
tate cancer. It is revealed that flavonoids are of special attraction and bioactive 
compounds in plant providing defensing effects. A study shows that in mice, it 
provides protection against cancer of skin which are caused through ultraviolet 
radiation or chemical carcinogens by consumption of tea and its polyphenolic 
constituents [39–43].

2.7.9 Miscellaneous

Plant PC provide a means for preventing the side effects that fungal toxins 
(mycotoxins) and also serving in detoxification [41]. Many of the volatile PCs, 
such as the main PC of cloves i.e. eugenol (a hydroxyphenyl propene), or a typical 
component of oregano i.e. carvacrol (phenolic terpene), curcuminoids or Curcumin 
(diferuloylmethane) are which found only in the rhizomes of Curcuma longa [tur-
meric] are achieved. Curcumin as we all known plays an important role of various 
illnesses from cancer to autoimmune, neurological, cardiovascular, and diabetic etc. 
in the form of preventing and treating diseases [33, 42–45].

3. Conclusion

Phenolic compounds are widely found in plants with many functions and some 
act as defense elements against herbivores and pathogens. There are number of 
vegetables and fruits that contain PCs. They are classified in a range of groups 
according to their structure. The biosynthesis pathway explained its metabolism 
in plants which are beneficial to us in many ways. The recent studies show dif-
ferent new technics to extract phenolic compounds and studies are still under 
observation in prevention of many diseases. Its variations give them diverse 
characteristics, which helps to prevents many chronic and lifestyle disorders, 
like antioxidant activity, antiseptic properties, anti-diabetic activity, anti-aging, 
Alzheimer’s Disease, anti-obesity, improves cardiac activity etc. Many studies 
were conducted to show an essential and effective antioxidant power of phenolic 
compounds and extracts, considering their bioavailability and bio-efficacy of 
phenolic compounds, which could influence the antioxidant power response, that 
are necessary to improve the health and well-being of people directly or indirectly. 
The large number of publications available on phenolic compound research and 
their extraction from plants over the past decade gives signifies the importance of 
this chapter.
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Acronyms and abbreviations

AD Alzheimer’s Disease
AMPK adenosine monophosphate-activated protein kinase
ATP Adenosine triphosphate
BAC Bio-affinity chromatography
CAT catalase
C-C Carbon Carbon
CVD cardiovascular diseases
C4H cinnamic acid 4- hydroxylase
cDNA Complementary DNA
DNA Deoxyribonucleic acid
EPSP 5-enolpyruvylshikimate 3-phosphate synthase
FPLC fast protein liquid chromatography
GC Guanine-cytosine
GFC Gel filtration or size exclusion chromatography
GHz Gigahertz
GPx glutathione peroxidase
HHDP 3,4,5,3′,4′,5′-hexahydroxydiphenoyl
HIC Hydrophobic interaction chromatography
HPLC High-performance liquid chromatography
IEC Ion exchange chromatography
kHz kilohertz
MAPK Mitogen-activated protein kinases
MPa megapascal
NADPH nicotinamide adenine dinucleotide phosphate
NF-κB nuclear factor kappa light chain enhancer of activated B cells
OH Hydroxy
PABA para-aminobenzoic acid
PAL phenylalanine ammonia lyase
PC phenolic compound
PCR polymerase chain reaction
PH potential of hydrogen
PMSF phenylmethyl sulphonylfluoride
PR pathogenesis-related
QTL Quantitative trait locus
RNS reactive nitrogen species
ROS Reactive oxygen
SAR systemic acquired resistance
SOD superoxide dismutase
T2D Type 2 diabetes
UV Ultra violet
4CL 4-coumarate-CoA ligase
% percentage
(w/v) concentration of solution
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Chapter 14

Polyphenols, Spices and 
Vegetarian Diet for Immunity and 
Anti-Inflammatory Drug Design
Utkarsh Ghate and Hema Kulkarni

Abstract

Much lower COVID-19 incidence and mortality in India compared to the 
Europe and northern America may relate to higher immunity possibly due to the 
low consumption of fast/packed food, liquour, tobacco, meat, HFSS- high fat, salt, 
sugar, besides higher exposure and a key blood protein. Indian spice intake is also 
double the world average and healthy cooking oil use such as Mustard, and may 
also explain it. Inflammation is the foundation for many ailments and challenges 
the immunity and vital in non-communicable ailments are at the centre stage in an 
aeing world. Polypehnols are crucial anti-inflammatory chemicals from spices that 
can for wellbeing and reduce adverse drug rections. We show this using Arthritis- a 
chronic auto-immune disorder, with the hlep of pharmacokinetic studies. Molecular 
Docking study was performed on the key bioactive compounds of important spices 
regarding COX2 active site (PDB ID 5IKR). Piperine in Black Pepper had most 
stability (Black Pepper, −9.99 Kcal/mol) followed by ‘Apigenin’ (Coriander, −9.63), 
and ‘Curcumin’ (Turmeric, −8.66) like quercetin in literature, and higher than the 
methotrexate (−8.6), the standard drug. Hence, their synergistic combination in fat 
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1. Introduction

Spices and herbs have been the key to the health security of the oriental world, 
besides in western world also until the last century. Polyphenols such as flava-
noids are aromatic organic compounds having many health benefits being highly 
antioxidant in nature [1]. These are vital in preventing chronic or non commu-
nicable diseases (NCD) also called as “lifestyle ailments” that are common in the 
western world [2] and the elderly (over 60 years of age), whose share in the world 
population is growing rapidly, from 10 to 20% of the total [3].

Inflammation and immunity are most important concepts in medicine today, 
as cause and remedy respectively [4]. Inflammation is the chief mediator behind 
chronic or lifestyle ailments prevalent today such as heart disease, cancer, diabetes 
and blood pressure triggering vigorous research on anti-inflammatory and/or 
immunity booster phytochemicals, for safety and efficacy (ibid.).

Antioxidants are able to reduce oxidative damage to the tissues and protect or 
restore immunity & health. Vegetarian diet especially fruits, vegetables, pulses are 
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rich in antioxidants, including polyphenols. Spices are among the richest in these, 
and are anti-inflammatory. Thus, they can be useful to manage immunity disorders 
such as COVID-19 and Arthritis, an auto-immune disorder of the elderly.

Adverse drug reaction (ADR) is another major concern that spice/herbal medi-
cines can reduce in principle and as experienced, leading to their growing global 
demand. ADR affects about 5–10% of the patients globally and can cause sever dam-
age/expenses [5]. As spices are permitted food ingredients globally, ADR risk is low.

2. Covid-19 and vegetarian, spice diet relation

The COVID-19 burden cross top 10 infected countries (dt. 28 Feb. 2021) is 
shown in the Table 1 and India is the 2nd most infected after USA but its no. of 
cases (incidence) and per million (7,990) and deaths (113) is the lowest. It is only 
16% of the average (47,000/ 1 million) of the other 9 leading countries incidence 
and 10% of the death rate (1,110/1 million). This makes it worth studying.

2.1 Immunity Buster foods

It is known that the Immunity is compromised by the higher consumption fast/
packed foods, refined cards, intoxicants, higher salt, sugar, fat etc. We find the 
immunity stress foods consumed in 2–30 times in EU/USA (average 9 times intake) 
than India, as seen in Tables 2 and 3, Figure 1.

2.2 Immunity booster foods

Indian spice consumption, rich in polyphenols, is 2 times higher (2.07 kg/head/
year, Table 4 and Figure 2) than the global average (1.01 kg/head/year) [7] or USA 
[8]. Cancer incidence (89 per 0.1 million) in India is 50% of the global average (197) 
25% of the EU (363) or USA (387), indicating better immunity [9], possibly due to 
the higher spice consumption. Asthama incidence, a major respiratory ailment and 
immunity indicator is similarly low in India with below 10% population affected 
but higher levels in the European nations- 20 to 25% [10].

Country Total Cases Total Deaths Tot Cases/1 M pop Deaths/1 M pop

World 114,468,838 2,539,109 14,685 325.7

1. USA 29,202,966 524,670 87,886 1,579

2. India 11,097,134 157,092 7,990 113

3. Brazil 10,517,232 254,263 49,248 1,191

4. Russia 4,246,079 86,122 29,088 590

5. UK 4,170,519 122,705 61,222 1,801

6. France 3,736,016 86,332 57,153 1,321

7. Spain 3,188,553 69,142 68,180 1,478

8. Italy 2,907,825 97,507 48,140 1,614

9. Turkey 2,693,164 28,503 31,708 336

10. Germany 2,444,303 70,608 29,112 841

Source- https://www.worldometers.info/coronavirus/ dt. 28 Feb. 2021.

Table 1. 
COVID-19 Incidence and death rate in top 10 countries.
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However, the spice consumption in India varies greatly across states and eco-
nomic strata or ethnicity and has changed over times much. Chilli for instance, has 
replaced black paper, common earlier for adding pungent flavor and changed the 
world history as European discovered India for the later. The former has no antiviral 
report [11] while the later is an effective antiviral [12]. Similarly, Chilli is consumed 
more in northern India while Black Pepper in southern India- its main producer 
region- and this region also shows lowest fatality rate in India- 1%. Chilli comprises 
nearly 20% of the 5 gram/day/head spices consumed, and Turmeric, Ginger, 

Component Unit Ind West Ratio

1. Alcohol Lit/ yr 5 10 2

2. Cigarettes no.s 117 1400 9

3. Sugar Kg/yr 19 35 2

5. Meat Kg/yr 5 88 17

6. Fats Gram/day 45 145 3

7. Salt Gram/day 10 34 3

8. Refined carbohydrates kg Kg/yr. 1.5 50 30

9. Packed foods % <5 45 10

Table 2. 
Immunity Buster Foods Intake Globe per capita/yr. [2].

Item Developing % Share Industrial % share

Meat 369 17 958 35

Sugar 170 8 328 12

Pulses 99 5 37 1

Tubers 154 7 112 4

veg. Oil 239 11 494 18

Wheat 457 21 627 23

Rice 655 31 153 6

Total 2143 2709

Table 3. 
Various food items share in Calorie intake (Kcal/day/head) [6].

Figure 1. 
Food items % in Calorie intake- nations.
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Mustard, Coriander, Cumin are nearly equal, the 5 adding to 80% of the spices 
consumed on average [7]. More potent antiviral spices (except Ginger & Turmeric) 
are consumed to lesser extent viz. Cinnamon, Clove and Garlic. The potential of 
spice bioactive agents as possible COVID-19 remedy or relief is enlisted in Table 5.

Scientists have postulated other hypotheses to explain the much lower COVID-
19 prevalence and mortality in India/Asia than in the Europe & America, such as 
the hygiene/exposure [25] and genetics [26], but the role of diet is also mentioned 
in both prevention and treatment with immunity focus [27]. Spices are found to be 
important preventive agents and immunity guards in case of the corona, based on 
data from 163 countries by German scientists [28].

Spices can be important immunity booster due to their bioactive compounds 
known to be healthy [29, 30]. They may be suppressing the inflammatory pathways 

Parameter- region India [7] USA [8] Ratio Rest/India

Spice intake kg/head/year 1 0.6 0.6

Cancer prevalence [9] 89 363 4

Table 4. 
Spice Intake & Cancer incidence- India & the world.

Figure 2. 
Spice intake & Cancer Incidence (Note- the Y axis is in the log scale so the world and India incidence is less 
distinct).

Priority Ingredient Effect

1. Coriander Quercetin Attachment, endocytosis, cell fusion [13, 14]

2. Ginger Gingerol Secrete IFN-β t, inhibits initiation of virus - reduces 
HRSV-induced plaque [15, 16]

3. Turmeric Curcumin Anti-inflammatory, used in rhinitis [17]

4. Pepper, Black Piperine Anti-proliferative activity- in vascular smooth muscle 
cells [18]

Ancillary

1. Camphor Imine 1,7,7-trimethylbicyclo [2.2.1] heptanes2-ylidene [19]

2. Cumin EHP [1-(2-Ethyl,6-Heptyl) 
Phenol]

Vero cell membrane and/ or HSV-1 envelope [20]

3. Clove Essential oil, Eugenol Enveloped virus- HSV-1 and Newcastle [21]

4. Garlic, Onion Allicin Block multiplication [22]

5. Tulsi (Holy 
Basil)

Terpenoid, polyphenols Non- neuraminidase inhibition [23, 24]

Table 5. 
Spices with scope of COVID-19 immunity/cure.
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NF-κB and STAT3 [31]. Flavonoids inhibit biosynthesis of prostaglandins (the end 
products of the COX and lipoxygenase pathways), which acts as a secondary mes-
sengers and are involved in various immunologic responses [32]. We illustrate below 
the scope of use of bioactives from spices to treat Arthritis, a common auto-immune 
disease with no sure modern cure yet, as drug design example to integrate the 
traditional wisdom with modern science and technology. But we present some other 
correlates of Corona intensity and mortality before that in Table 6.

Table 6 shows that the corona intensity (no. of cases/ million) is strongly 
(r = 0.7) correlated with the income per capita and even strongly (r = 0.75) with 
literacy. The lower corona burden in India and its poorer states may also be because 
the poorer, illiterate people of states such as U. P., Bihar have stronger immunity, 
despite higher population density. For, they mainly eat natural foods, with very low 
amount of packed food, bottled water so low HFSS intake. Hence, the lesser Covid-
19 intensity in North & eastern India. Corona is mainly rich countries & people’s 
ailment [33]. Lac of hygiene & exposure to microbes in the slums etc. makes people 
resistant to microbes, it is said [34]. Migrations improve immunity, is another 
hypothesis [35]. Mustard oil, common in northern India is antiviral & SARS inhibi-
tor [36], unlike Groundnut in western India, which is an allergen. Lastly, Asians got 
a protein D614 mutation, making them stronger than the Europeans [37]. These 5 
reasons may explain the trend besides Govt. advisory on spice decoction (“Kadha” 
in Hindi- https://pib.gov.in/PressReleseDetailm.aspx?PRID=1609524).

Its rationale and working mechanism is also explained by scientists [38].

2.3 Spices and herbs- global resurgence

Scientists from Russia & USA describe the health benefits of spices due to their 
bioactive ingredients & antioxidant nature [39]. They say rosamarinic acid content 
from the Mint family as beneficial (Oregano- 2,562 mg/100 gm dry weight, Sage- 
2,186, Mint- 1908, Sweet Basil- 1,086, & Thyme- 681). Aromatic and medicinal 
herbs or spices such as these and Parsley, Coriander, Onion, Cumin, Cinnamon, Bay 
etc. (except Chilli) protect human health due to flavanoid content e.g. Quercetin, 
Luteolin, Rutin, Apigenin, Myicetin. They indicate that the the herbs are found 
useful in treating the cancers below-

a. Turmeric- Rectal, oral, head, neck, Leukemia;

b. Saffron- Skin, rectal, hepatic,

c. Garlic- prostate, colon,

d. Onion- Gastric,

e. Mustard- Rectal, Bladder,

f. Bayleaf- melanoma.

They also mention the spices as having therapeutic effects below

1. Cardiovascular- garlic, Turmeric, Ginger

2. Neuro-degenrative- Mint, Onion

3. Antidiabetic- Cinnamon, Bayleaf, Fenugreek, Mustard
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4. Gastrointestinal- Black Pepper, Bayleaf

5. Hypertension- Cardamom, Cinnamom,

6. Hepatic- Caraway, cardamom,

7. Endocrine- Ginger, Turmeric,

8. Obesity- Saffron, Turmeric,

9. Renal- garlic, Fennel, Ginger,

10. Alcohol abuse- Thyme, Ginger

Due to the efficacy, safety and sentiments, herbal medicines top the compli-
mentary & alternative medicine (CAM) treatements becoming popular globally 
recently. The amount of money spent on CAM treatments in the U.S. has skyrock-
eted in recent years. As per an 2007 survey, Americans spent $33.9 billion out of 
pocket on CAM therapies that year [40]. About $22 billion was spent on natural 
products, instructional classes, and materials. Dietary supplements accounted 
for $14.8 billion of this amount, an expenditure equal to about 1/3rd of out-of-
pocket spending or prescription drugs. The remaining $11.9 billion was spent on 
an estimated 354 million visits to CAM practitioners (acupuncturists, massage 
therapists, or chiropractors), an amount equal to about 25% of out-of-pocket costs 
for visits to conventional doctors. The following 10 species (3 spices, 4 herbs) 
prevail [40]

a. Echinacea- 41%,

b. Ginseng- 24%,

c. Gingko biloba- 21%,

d. Garlic - 10%,

e. St. Johnʼs wort- 12%,

f. Glucosamine- 12%,

g. Peppermint- 12%,

h. Fish oil/omega-3-10%,

i. Ginger - 10%,

j. Soy - 9%.
The main ailments by frequency referred to the CAM practitioners are

1. Back pain- 17%,

2. Neck pain- 6%,

3. Joint pain- 5%,
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4. Gastrointestinal- Black Pepper, Bayleaf

5. Hypertension- Cardamom, Cinnamom,

6. Hepatic- Caraway, cardamom,

7. Endocrine- Ginger, Turmeric,

8. Obesity- Saffron, Turmeric,

9. Renal- garlic, Fennel, Ginger,

10. Alcohol abuse- Thyme, Ginger

Due to the efficacy, safety and sentiments, herbal medicines top the compli-
mentary & alternative medicine (CAM) treatements becoming popular globally 
recently. The amount of money spent on CAM treatments in the U.S. has skyrock-
eted in recent years. As per an 2007 survey, Americans spent $33.9 billion out of 
pocket on CAM therapies that year [40]. About $22 billion was spent on natural 
products, instructional classes, and materials. Dietary supplements accounted 
for $14.8 billion of this amount, an expenditure equal to about 1/3rd of out-of-
pocket spending or prescription drugs. The remaining $11.9 billion was spent on 
an estimated 354 million visits to CAM practitioners (acupuncturists, massage 
therapists, or chiropractors), an amount equal to about 25% of out-of-pocket costs 
for visits to conventional doctors. The following 10 species (3 spices, 4 herbs) 
prevail [40]

a. Echinacea- 41%,

b. Ginseng- 24%,

c. Gingko biloba- 21%,

d. Garlic - 10%,

e. St. Johnʼs wort- 12%,

f. Glucosamine- 12%,

g. Peppermint- 12%,

h. Fish oil/omega-3-10%,

i. Ginger - 10%,

j. Soy - 9%.
The main ailments by frequency referred to the CAM practitioners are

1. Back pain- 17%,

2. Neck pain- 6%,

3. Joint pain- 5%,
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4. Arthritis- 3.5%,

5. Anxiety- 2.8%,

6. Cholesterol- 2.1%,

7. Head or chest cold- 2%,

8. Other musculoskeletal- 1.8%,

9. Severe headache or migraine- 1.6%,

10. Insomnia- 1.4%.

Reasons for the Increased Use of CAM and Dietary Supplements are

a. the increased availability of information on the Internet

b. increased contact with other cultures that traditionally use CAM.

c. Renewing d interest in formerly countercultural ideologies, such as 
environmentalism.

d. the perception that CAM is easier to understand, safer, and less expensive than 
conventional medications.

e. distrust of and frustration with the health care system.

f. a growing recognition that many factors contribute to health and well-being.

With the growing use of the herbal medicines, safety concern is emerging 
due to the issues such as adulteration, quality and adverse reaction [41]. Hence, 
World Health Organization (WHO), devised a Traditional Medicine New Strategy 
(2006–2013) with 3 key health priorities [42], as most countries have traditional/
herbal medicine policy to mainstream it

a. mental health,

b. non-communicable diseases and

c. universal health coverage.

Nevertheless, spices and herbs have great potential in future as depicted below 
with in the example of an anti-inflammatory drug design excercise.

3. Arthritis drug design

There are globally 1.3 billion cases of musculoskeletal disorders and over 121,000 
deaths from such disorders, as well as nearly 139 million disability-adjusted life years, 
or the number of years lost due to ill-health, disability or early death [43]. Globally, 
the proportion cases in are led by the low back pain (37%); followed by “other” 
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(21%); osteoarthritis (19%); neck pain (18.4%); gout (2.6%); and rheumatoid arthri-
tis (1.3%). These proportions changed little from 1990. Surgery and the NSAID- Non 
steroidal anti-inflammatory drugs- are costly and cause adverse effects such as gastric 
and cardiovascular issues. The herbal medicines are perhaps effective and in growing 
demand and even exported much, as dietary supplements that are common globally 
and many having positive outcomes at least in the short term [44, 45]. But herbs they 
use are and are often adulterated such as Shalaki (Indian Frankincense/Olibanum, 
Boswellia serrata) or Guggulu (Indian Myrrh, Commiphora wightii, [46]. Hence, 
sustainable ingredients from farm are needed such as Drumstick (Moringa olifera 
tree leaves), rich in calcium and highly exported [47]. Glusosamine, a popular health 
supplement in arthritis is a sea shell product [48]. So it needs a vegetarian option due 
to the growing trend of veganism globally. Spices can address this as they contain the 
bio- actives to relive Arthritic pain and inflammation- Vitamin A, C & K, polypohe-
nols, Omega 3 fatty acids, and minerals Calcium, Magnesium, Iron and Zinc [29].

Even in India, about 40% the elderly may be Arthritis affected, it is said in the 
study by All Indian Institute of Medical Science in metros such as Delhi AIMS [49].

Bioactive ingredient levels are low in the general market samples of spices 
such as Black pepper (Piperine- 2-4%), Coriander (Quercetin- 0.12%), Turmeric 
(Curcumin- 2-3%), as the critical agri-inputs to increase the polyphenol content 
e.g. Potassium for Curcumin by 50% in Turmeric [50, 51]. Higher Potassium inputs 
also enhances oil content in Coriander [52], for instance. So improving agro-tech-
nology can enhance the bioactive potential of the spices.

We demonstrate here the comparative advantage of spices over the standards 
drug for the treatment of arthritis, to illustrate the alternative approach to drug 
discovery. Hence, we performed docking study at Rasa Life. Co., (www.rasalsi.com) 
Pune during 2020 on the key bioactive compounds important spices w.r.t. COX2 
(cyclooxygenase) active site (PDB ID 5IKR obtained from PDBsum). Table 7 shows 
that the 4 spice ingredients have closeby values and high theraupetic potential are 

Spice Ingredient 
(conformation)

Site & activity 
(interactions)- (PDB 

id 5f19)

Binding 
energy 

(kcal/mol)

Remarks

High potential

Pepper Piperine (53) SER530 & ARG 120 (2) −9.99 Good activity, high 
probability

Coriander Apigenin (20) 
Quercetin

TRP 387 & ASN 382 (2) 
ALA199, TRP 387 and 

ASN 382, TRP387, 
TYR385(A)

−9.94 Stable, high 
probability

Turmeric Curcumin (35) TYR 385- good activity 
(1)

−8.66 -“-

Less scope

Ginger 8-shogaol (40) Amino acid residues- 
SER530 & MET522 (2)

−7.51 Stable, good activity, 
high probability

10- Gingerol 
(40)

TYR385- Good activity 
(1)

−7.34 -“-

Fenugreek Diosgenin (20) HIS214 (outside site) −6.80 outside, not feasible

Clove Eugenol SER 530 & TYR 
385(Chain A)

−6.33 Stable, high 
probability

Table 7. 
Docking study results of Spices active ingredients in COX-2.
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(21%); osteoarthritis (19%); neck pain (18.4%); gout (2.6%); and rheumatoid arthri-
tis (1.3%). These proportions changed little from 1990. Surgery and the NSAID- Non 
steroidal anti-inflammatory drugs- are costly and cause adverse effects such as gastric 
and cardiovascular issues. The herbal medicines are perhaps effective and in growing 
demand and even exported much, as dietary supplements that are common globally 
and many having positive outcomes at least in the short term [44, 45]. But herbs they 
use are and are often adulterated such as Shalaki (Indian Frankincense/Olibanum, 
Boswellia serrata) or Guggulu (Indian Myrrh, Commiphora wightii, [46]. Hence, 
sustainable ingredients from farm are needed such as Drumstick (Moringa olifera 
tree leaves), rich in calcium and highly exported [47]. Glusosamine, a popular health 
supplement in arthritis is a sea shell product [48]. So it needs a vegetarian option due 
to the growing trend of veganism globally. Spices can address this as they contain the 
bio- actives to relive Arthritic pain and inflammation- Vitamin A, C & K, polypohe-
nols, Omega 3 fatty acids, and minerals Calcium, Magnesium, Iron and Zinc [29].

Even in India, about 40% the elderly may be Arthritis affected, it is said in the 
study by All Indian Institute of Medical Science in metros such as Delhi AIMS [49].

Bioactive ingredient levels are low in the general market samples of spices 
such as Black pepper (Piperine- 2-4%), Coriander (Quercetin- 0.12%), Turmeric 
(Curcumin- 2-3%), as the critical agri-inputs to increase the polyphenol content 
e.g. Potassium for Curcumin by 50% in Turmeric [50, 51]. Higher Potassium inputs 
also enhances oil content in Coriander [52], for instance. So improving agro-tech-
nology can enhance the bioactive potential of the spices.

We demonstrate here the comparative advantage of spices over the standards 
drug for the treatment of arthritis, to illustrate the alternative approach to drug 
discovery. Hence, we performed docking study at Rasa Life. Co., (www.rasalsi.com) 
Pune during 2020 on the key bioactive compounds important spices w.r.t. COX2 
(cyclooxygenase) active site (PDB ID 5IKR obtained from PDBsum). Table 7 shows 
that the 4 spice ingredients have closeby values and high theraupetic potential are 

Spice Ingredient 
(conformation)

Site & activity 
(interactions)- (PDB 

id 5f19)

Binding 
energy 

(kcal/mol)

Remarks

High potential

Pepper Piperine (53) SER530 & ARG 120 (2) −9.99 Good activity, high 
probability

Coriander Apigenin (20) 
Quercetin

TRP 387 & ASN 382 (2) 
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−9.94 Stable, high 
probability

Turmeric Curcumin (35) TYR 385- good activity 
(1)

−8.66 -“-

Less scope

Ginger 8-shogaol (40) Amino acid residues- 
SER530 & MET522 (2)

−7.51 Stable, good activity, 
high probability

10- Gingerol 
(40)

TYR385- Good activity 
(1)

−7.34 -“-

Fenugreek Diosgenin (20) HIS214 (outside site) −6.80 outside, not feasible

Clove Eugenol SER 530 & TYR 
385(Chain A)

−6.33 Stable, high 
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Docking study results of Spices active ingredients in COX-2.
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viz. Piperine (Black Pepper, −9.99 Kcal/ mol) ‘Apigenin’ (Coriander, −9.63) and 
‘Curcumin’ (Turmeric, −8.66 with the stability than methotrexate (−8.6), the stan-
dard NSAID [53]. The values are also higher than the synthetically designed ‘best’ 
molecule- i.e. 4-(4-methyl-1-piperazinyl)-2-phenyl[1]benzofuro[3,2-d] pyrimi-
dine discovered in the Saudi Arabia [53] or isatin (benzohydrazide) [54]. Ginger 
(−7.51 kcal/mol- 8-Shagaol), and Diosgenin from Fenugreek had the lower than the 
threshold values (−6.8) so are not considred here here. Other traditional medicine 
such as Ayurvedic top used herbs such as Behera (Terminalia bellerica) & Herra (T. 
chebula) have also shon high anti-inflammatory potential against COX-2 [55].

The earlier tests of herbal ayurvedic medicines in Arthritis treatment yielded 
encouraging results in Pune city [56], India, and in USA [57]. So this approach 
needs further exploration. Quercetin from Coriander & Onion, peppers has 
higher docking score (−12) than even the active ingredients of the commonest 
herbal drugs Guggul & Shalaki (<10) [58]. Quercetin is also found to be more 
effective than even aspirin or celecoxib in the inflammation markers cyclooxygen-
ase (COX) that are vital in cancer biology vide studies in Russia [59] and also in 
India [60]. Hence, the use of these novel molecules in the arthritis context may be 
found safe, effective and sustainable.

4. Conclusion

Immunity decline is a major cause of the pandemics in the last century and thus 
inflammation control is a major challenge for healthcare system. Spices and herbs, 
rich in polyphenols can be vital tool in this regards as they have high antioxidant 
value and reduce the oxidative damage to the body. Much greater share of vegetar-
ian diet and spices, besides less intensity of packed foods, meat, liquor, Tobacco, 
refined carbs, soft drinks etc. in India may be driving its higher immunity and lower 
burden of COVID-19. Pharmacokinetic methods such as molecular docking can 
be used to design drugs for immunity building and inflammation control. This is 
shown with the example of Arthritis where Black Pepper, Coriander & Turmeric 
can provide potent drugs vide docking studies with focus on piperin, quercetin/ 
apigenin & curcumin.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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can provide potent drugs vide docking studies with focus on piperin, quercetin/ 
apigenin & curcumin.
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Chapter 15

Colon Available Bioactive 
Compounds Exhibits Anticancer 
Effect on In-Vitro Model of 
Colorectal Cancer
Poounima Patil and Suresh Killedar

Abstract

The current work was addressed to characterize gallic acid from amla fruit 
and quercetin from peels of pomegranate fruit and formulated into Chitosan 
(CS) nanoparticles and to evaluate their cytotoxicity towards human colorectal 
cancer (HCT 116) cell lines. Identification of the biomolecules was performed by 
chromatographic and spectroscopic techniques and characterization of gallic acid 
and quercetin loaded chitosan nanoparticles carried out by using FT-IR, X- ray 
diffraction, entrapment efficiency and loading content confirmed successful 
encapsulation of biomolecules into nanoparticles. In vitro drug release studies done 
by using simulated fluids at various pH (1.2, 4.5, 7.5, and 7.0) to mimic the GIT tract 
and achieved drug releases 77.56% for gallic acid 79.06% for quercetin at 24 hr. in a 
sustained manner. The human HCT116 cell line by MTT assay results inferred that 
the synthesized CS nanoparticles demonstrated shows more effective antiprolifera-
tive potential with IC50 value of 36.17 ug/ml than polyherbal extract 60.32ug/ml.

Keywords: gallic acid, quercetin, chitosan nanoparticles

1. Introduction

The cancer is one of the most dreaded and threatening diseases in the world, 
causing more than 6 million deaths a year [1]. Colon cancer is recognized as the 
third most common cancer worldwide with high morbidity and mortality, and the 
fourth common cause of death [2]. Various cytotoxic drugs are used for the treat-
ment of colorectal cancer like 5-Fluorouracil, Oxaliplatin and Cisplatin drugs are 
their hydrophobic nature and their susceptibility to develop drug resistance [3, 4].

In these current work great efforts for the discovery and development of nano-
formulation based on natural products on in vitro HCT 116 cell lines study. Here 
gallic acid isolated from amla fruit (Emblica officinalis) and quercetin isolated 
from peels of pomegranate fruit (Punica granatum). Gallic acid is a naturally 
available phenolic compound present in amla fruit which is water insoluble and 
one of the major constituent of amla which might contribute to the health effects 
[5, 6]. Gallic acid exerts an anticarcinogenic activity, antiproliferative and anti-
apoptotic activities against pancreatic cancer cells [7–9]. Flavonoids are a group 
of naturally occurring class of plant secondary metabolites having polyphenolic 
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and achieved drug releases 77.56% for gallic acid 79.06% for quercetin at 24 hr. in a 
sustained manner. The human HCT116 cell line by MTT assay results inferred that 
the synthesized CS nanoparticles demonstrated shows more effective antiprolifera-
tive potential with IC50 value of 36.17 ug/ml than polyherbal extract 60.32ug/ml.
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1. Introduction

The cancer is one of the most dreaded and threatening diseases in the world, 
causing more than 6 million deaths a year [1]. Colon cancer is recognized as the 
third most common cancer worldwide with high morbidity and mortality, and the 
fourth common cause of death [2]. Various cytotoxic drugs are used for the treat-
ment of colorectal cancer like 5-Fluorouracil, Oxaliplatin and Cisplatin drugs are 
their hydrophobic nature and their susceptibility to develop drug resistance [3, 4].

In these current work great efforts for the discovery and development of nano-
formulation based on natural products on in vitro HCT 116 cell lines study. Here 
gallic acid isolated from amla fruit (Emblica officinalis) and quercetin isolated 
from peels of pomegranate fruit (Punica granatum). Gallic acid is a naturally 
available phenolic compound present in amla fruit which is water insoluble and 
one of the major constituent of amla which might contribute to the health effects 
[5, 6]. Gallic acid exerts an anticarcinogenic activity, antiproliferative and anti-
apoptotic activities against pancreatic cancer cells [7–9]. Flavonoids are a group 
of naturally occurring class of plant secondary metabolites having polyphenolic 
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structure in addition quercetin has anti-tumor properties, anti-inflammatory, 
anti-proliferative, anti-angiogenic [10–15].

There have been particular efforts to evaluate the therapeutic role of these active 
constituents present in plants rather than using whole extracts. The fundamental 
method of reasoning behind these systems contributes greatly to enhance the 
targeting delivery and bioavailability of phenolic and flavonoid remarkable formu-
lation development can be made by preparation of nanotechnology products. The 
eco-friendly synthesis of gallic acid and quercetin loaded chitosan nanoparticles 
(CS nanoparticles) through green route from plant extracts have renowned a wide 
range of application in the field of modern science, due to increased drug efficacy 
and less toxicity in the nanosized mediated drug delivery model. At the same time, 
the use of gallic acid and quercetin in pharmaceutical formulations is limited due 
to its poor water solubility, poor bioavailability and instability in physiological 
medium [16, 17].

Lack of site specificity is one of the major reasons for the drug in reaching the 
target site in therapeutic concentrations in colorectal cancer [18]. Chitosan (CS), 
as the only naturally occurring positive charge polysaccharide, has remarkable 
properties including high bioavailability, super biodegradability, high biocompat-
ibility, non-toxicity etc., On the other hand it causes sustained release of the drug 
from the particle in the tumor environment [19]. The main rationale behind using 
these types of polymers is their ability to prevent drug degradation in the gastric 
environment in the stomach and their ability to release the drug after entering 
the distal ileum [20]. Poloxamer 407 is a hydrophilic nontoxic copolymer used 
for its stabilizing properties and incorporation of hydrophobic drugs capabil-
ity to increase the solubility of biomolecules [21]. Here combined biomolecules 
synergistic activity of nanotechnology approach has been developed to improve 
the bioavailability as to entrap these natural biomolecules into biodegradable 
polymeric CS nanoparticles [22].

The system of glyceryl monooleate (GMO)/chitosan is a surface-modified 
nanoparticulate system consisting of GMO as a lipid portion and chitosan as a 
coating polymer to target colonic area with poloxamer 407 as a stabilizer. Therefore, 
the purpose of this study was to formulate CS nanoparticles of where quercetin 
isolated from peels of pomegranate fruit and gallic acid isolated from amla fruit as a 
model hydrophobic biomolecules followed by lyophilization using probe sonicator 
and High Pressure Homogenization (HPH) method. CS nanoparticles prepared and 
optimized using Quality by design approach by using central composite factorial 
design. Optimized formulation further characterized for different parameters as 
particle size, zeta potential, FT-IR and. Release kinetic studies performed using 
method for conventional nanoparticle release behavior assessment.

In this study, we systematically analyzed the In vitro anti-cancer potential of 
the gallic acid and quercetin loaded chitosan nanoparticles synergy approach for 
combined active biomolecules and compared to their activity to combined extracts 
on HCT 116 human colon cancer cell lines and the mechanism of action of CS 
nanoparticles in regulating the growth of CRC cells. The human HCT116 cell line 
by MTT (3-(4,5-dimethyl-2-tiazolyl)-2,5-diphenyl-2-tetrazolium bromide) assay 
was exposed to cytotoxicity of polyherbal extracts, chitosan nanoparticles and 
cisplatin (Standard) and activity is dependent up to the concentration of 6.25-
100ug/mL for 24 h followed by MTT cellular assays [23]. To determine the poten-
tial anti-cancer effect of, we synthesized CS nanoparticles using gallic acid and 
quercetin biomolecules, which is a phenolic and flavonoid predominantly found in 
amla fruit and peels of pomegranate fruit. HCT116 cells exposed to gallic acid and 
quercetin for 24 h exhibited significant loss of cell viability and proliferation in a 
dose-dependent manner.
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The IC50 of polyherbal extract, chitosan nanoparticles and standard cisplatin 
after 48 h treatment it was found to be 60.32 and 36.17 and 8.915 ug/ml respectively. 
The obtained result inferred that the synthesized CS nanoparticles demonstrated 
shows more effective antiproliferative potential on HCT-116cell lines with IC50 value 
of 36.17 ug/ml than polyherbal extract 60.32 ug/ml were discussed briefly in this 
manuscript.

2. Materials and methods

2.1 Materials

Poloxamer 407 from BASF, Chitosan 90% dda obtained from CIFT Cochin, GMO 
from Mohini organics, standard gallic acid and quercetin purchased from Loba 
Chemie., 10% fetal bovine serum (Invitrogen Life Technologies USA). RPMI 1640 
and McCoy’s 5A medium (Fisher Scientific, Waltham, USA). All the solvents and 
chemicals used were procured from Himedia Laboratories, Research Lab. Mumbai.

2.2 Plant material

The sample of different parts of plant of amla and pomegranate was col-
lected from Kolhapur district and was authenticated by Dr. Madhukar Bachulkar, 
Principal, Arts and Science College Peth Vadagaon Kolhapur. The voucher her-
barium (PSP-1 and 2) has been deposited in the department of Pharmacognosy 
Bharati Vidyapeeth College of Pharmacy, Kolhapur. Amla fruit and peels of pome-
granate fruit were collected in season (Feb-March), were dried under shade for 
10–15 days in air.

2.3 Soxhlet extraction method

In order to extract Flavonoid and phenolics from plants with a high degree of 
accuracy, various solvents of differing polarities were tried as chloroform, ethanol 
and ethyl acetate. The dried powder of amla fruit and peels of pomegranate powder 
extracted with 800 ml in various solvents for 6 hours separately. All extracts were 
filtered and evaporated to dryness under reduced pressure at 60 °C by a rotary 
evaporator and to determine percentage yield for all three different solvents [24].

2.4 Phytochemical screening

2.4.1 Qualitative test

Phytochemical analysis was carried out to detect the presence of primary and 
secondary metabolites were used to identify the biomolecules present in the plant 
extract [25]. The phytochemical tests carried out for amla and peels of pomegran-
ate extract include alkaloids, glycosides, saponins, tannins, triterpenoids, steroid, 
flavonoids and carbohydrate [26].

2.4.2 Quantitative tests

2.4.2.1 Determination of total phenolic content for amla extract

Phenolic compounds are important plant constituents with redox properties 
responsible for antioxidant activity. Folin–Ciocalteu’s method (FC) is a colorimetric 
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evaporator and to determine percentage yield for all three different solvents [24].
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Phytochemical analysis was carried out to detect the presence of primary and 
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extract [25]. The phytochemical tests carried out for amla and peels of pomegran-
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2.4.2.1 Determination of total phenolic content for amla extract

Phenolic compounds are important plant constituents with redox properties 
responsible for antioxidant activity. Folin–Ciocalteu’s method (FC) is a colorimetric 
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method based on transfer of electrons between reagents and polyphenols. Different 
solvent extract chloroform, ethanol and ethyl acetate of amla fruit used for deter-
mination of phenolic content. The reaction mixture was prepared by mixing 1 ml 
of methanolic solution of all extracts, 2.5 ml of 10% Folin–Ciocalteu’s reagent 
dissolved in water and 2.5 ml 7.5% NaHCO3. Blank was concomitantly prepared, 
containing 0.5 ml methanol, 2.5 ml 10% Folin–Ciocalteu’s reagent dissolved in 
water and 2.5 ml of 7.5% of NaHCO3. The samples were thereafter incubated in a 
thermostat at 45o C for 45 min. The same procedure was repeated for the standard 
solution of gallic acid (Standard) in methanol (10to100μg/ml) and for blank then 
calibration line was construed and absorbance measured at λmax 765 nm [27]. The 
samples were prepared in triplicate for each analysis and the mean value of absor-
bance was obtained.

2.4.2.2 Determination of total flavonoid content for pomegranate peel extract

Flavonoids are group of polyphenolic compound used for different activities 
and their potency depends on the number and position of free hydroxy groups. As 
a basis quantitative determination, flavonoid contents in pomegranate peel extract 
were determined using aluminum chloride colorimetric method with sufficient 
modification. In this process, flavonoid content was determined using quercetin 
standard (5 to 320 μg/mL) to make the calibration curve. Different solvent extracts 
chloroform, ethanol and ethyl acetate of pomegranate peel used for determination 
of flavonoid content. All procedure followed for preparation of different extracts of 
sample solution, blank and for standard and their corresponding absorbances were 
measured at 415 nm with a UV-1800 spectrophotometer [28].

3.  Techniques of isolation and purification of bioactive molecules  
from extracts

3.1 Fractionation of bioactive compound by flash chromatographic technique

Flash chromatography instrument consisting of (Analytical technologies 
limited, Shanghai china) consisting of TBP2H02pump along with TBD2000 UV 
detector and automatic fraction collector was used for analysis. System equipped 
with Chromo station software was used for data monitoring during the analysis. 
The separation was carried out on OROCHEM OROFLO-4SiHPS column made up 
of silica particles [29, 30].

3.2 Gas chromatography

The gas chromatography used for estimation of residual class 3 ethyl acetate 
solvent in both crude extracts was performed using a Gas Chromatography system 
7890 B with Agilent DB 624 column with helium gas at 1 ml/min flow mode refer-
ence solution tetrahydrofuran. GC temperature was set at 50 °C (hold for couple of 
min) to 250 °C at 20 °C/min. (hold up to 5 min) [31, 32].

4. Structural clarification of the bioactive molecules

The flash chromatographic fractions of amla fraction no FA004 and pomegranate 
fraction no FP004 were filtered, dried and kept at 4 ° C for characterization of FT-IR 
and 1H-NMR techniques and quantitavely estimated by HPLC technique [33, 34].
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4.1 FTIR spectroscopy

FTIR has proven to be a valuable tool for the characterization and identification 
of functional groups present in compound from plants extract. Infrared spectra 
was collected using IR (α-ATR Bruker Germany spectrometer) operated form 
4000–600 cm−1 at resolution of 4 cm−1. Data analyzed using Opus software.

4.2 NMR spectroscopy of the isolated compound

Only fraction A16 and Fraction P4 was additionally elucidated by 1HNMR by 
using solvent D6 + CDCL3 MIX. The analysis was done at the BRUKER instrument 
of 400 MHz [35].

4.3 HPLC of isolated compounds

HPLC PU-2080 Plus (Systronics) with UV-2075 plus intelligent detector and 
HPLC C18 column (250 × 4.6 mm, 5 μm) was set at 270 nm for estimation of gal-
lic acid and 259 nm for estimation of quercetin [36, 37]. HPLC PU-2080 Plus 
(Systronics) with UV-2075 plus intelligent detector and HPLC C18 column (250 × 4.6 
mm, 5 μm) was set at 270 nm for estimation of gallic acid and 259 nm for estimation 
of quercetin. The mobile phase Acetonitrile and 2% Acetic Acid with ratio 40:60 
used for elution of both compounds. Flow of mobile phase and injection loop was set 
at 1.0 ml/min and 20 μL respectively. Quantitative determination of gallic acid and 
quercetin content in fraction concentrations (FA004 by flash chromatography of amla 
extract) in the range 0.01 to 0.5 mg/ml and (Fraction FP004 by flash chromatography 
of pomegranate extract) in the concentration range of 0.01 to 0.5 μg/ml used.

5. Determination of solubility of isolated compound

The two isolated compounds were analyzed for their solubility in different 
solvents as in DMSO, ethanol, methanol and acetone.

6. Melting point determination

Melting points of two isolated biomolecule compounds was done in thermonic 
apparatus to determine its identity and purity. The observed melting point of 
isolated compound was compared with the standard melting point of respective 
gallic acid and quercetin.

7. Antioxidant activity by DPPH method

2, 2-diphenyl-1-picryl-hydrazyl (DPPH) is a stable organic free radical used to esti-
mate the antioxidant activity of various compounds. The scavenging action on DPPH 
radical from amla fruit and isolated fraction (FA004 by flash chromatography) and 
peels of pomegranate extract and isolated fraction (FP004 by flash chromatography of 
peels of pomegranate extract) determined by following method [38, 39]. As of different 
concentrations was mixed with an aliquot of DPPH (1 ml, 0.004% w/v) and analyzed 
at 517 nm. Then the scavenging capacity was calculated using equation number (1).

 ( ) ( )A517 of control – A517 of sample
Scavenging activity % 100

A517 of control
∆ ∆

= ×
∆  (1)
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8. Formulation of nanoparticles

An o/w nanoemulsion of gallic acid and quercetin was prepared by using a 
GMO/chitosan framework as reported by with slight modifications. Briefly, isolated 
gallic acid (100 mg) and quercetin (100 mg) were dissolved in molten GMO (2 g), 
then add 12.5 ml of 0.1% poloxamer 407 sonicated at 18 W for 3 min in probe soni-
cator. To this emulsion, dropwise 12.5 ml of 2.4% chitosan solution was added again 
using probe sonicator at 16 W for 4 min [40, 41]. Finally this phase was subjected 
to twelve cycles of HPH at 15,000 psi to give the nanoemulsion. Then, lyophilized 
with 2% mannitol as a cryoprotectant for 48 hr. Central composite design [42] was 
applied to examine the combined effect two variables, each at 2 levels and the pos-
sible 9 combinations of CS nanoparticles.

9. Characterization of polyherbal nanoparticles

9.1 Particle size and zeta potential

Average particle size and zeta potential of the CS nanoparticles were deter-
mined by Particle Size Analyzer (Zetasizer Ver System; Malvern Instruments Ltd., 
Malvern, UK). To analyze particle size, nanosuspension was diluted with filtered 
(0.22 lm) ultra pure water [43–45].

9.2 By FTIR spectroscopy

FTIR has proven to be a valuable tool for identification of functional groups 
present in compound from plants. Attenuated total reflection/Fourier transform 
infrared spectroscopic (ATR/FTIR) spectra was collected at room temperature by 
coupling ATR accessory to an FTIR spectrometer (Perkin Elmer, Spectrum 100).

9.3 In vitro release studies

CS nanoparticles were tested in various simulated fluids at different pH to 
evaluate the release of nanoparticles at particular pH and also to determine the 
drug release [46]. Four milligrams of CS nanoparticles were dispersed in a freshly 
prepared phosphate-buffered saline (PBS; pH = 2.0, 4.5, 6.8, 7.4) as a release 
medium in a dialysis membrane sac (mw cut-off 12 kDa; Sigma Aldrich) to simulate 
ileo-colon conditions for 24 hr [47]. The enclosed dialysis sac was immersed in a 
beaker containing 50 mL of the release medium. The beaker was placed in a shaking 
incubator at 37 °C under mild agitation (90–100 rpm) PBS; pH = 2.0 for first four 
hour, pH = 4.5 for next five to nine hour, pH = 6.8 for next ten to thirteen hour and 
finally pH = 7.4 for fourteen to twenty-four hour. The supernatant 5 ml withdrawn 
at specified time intervals and assayed for drug release in UV spectrophotometri-
cally gallic acid at 270 nm and quercetin at 259 nm.

10. In vitro anticancer activity (cytotoxicity) by MTT assay

10.1 Cell culture

A human colorectal adenocarcinoma cell line (HCT116) were cultured with RPMI 
1640 and McCoy’s 5A medium (Fisher Scientific, Waltham, MA, USA), respectively 
[48]. All cell culture mediums contained 10% fetal bovine serum. Cells were incubated 
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in a CO2 incubator at 37 °C with 5% CO2. After reaching confluency, cells were isolated 
from the dish with Trypsin–EDTA. The cell suspension was centrifuged at 1000 r/min 
for 5 min and then re-suspended in growth medium for further experiments.

10.2 Cell viability assay

Cell viability was studied using an MTT assay. Cells were grown in a medium 
containing 10% FBS, seeded in 96-well plates at a density of 2x105 cells/well, and 
incubated at 37 °C in CO2 incubator with 5% CO2 for 24 h [49]. Then, polyherbal 
extract, CS nanoparticles and standard cisplatin were added (final concentrations 
of 6.25, 12.5, 25, 50, and 100 ug/ml) to the mono-layers of cells, which were sub-
sequently incubated for at 24 and 48 h, media were aspirated and MTT solution at 
a concentration of 5 mg/ml in phosphate-buffered saline (PBS) buffer was added 
20 ml/well. After further incubation (3 h), the media was removed and replaced with 
100 ml of DMSO. Plates were washed with 1% acetic acid, air-dried, and then 10 mM 
Tris base pH 7.4 (150 μl) was added to the wells to solubilize the dye. The plates 
were shaken vigorously for 5 min and color absorbance was measured at 540 nm 
using an ELISA microplate reader. (ELISA reader Denver Jasco Model 7800 UV/VIS 
Spectrophotometer Jasco Tokyo, Japan) Untreated cells were used as positive controls 
with 100% viability and cells without assay reagents were used as a blank.

11. Result and discussion

11.1 Soxhlet extraction method

Soxhlet extraction method carried out for extraction of amla fruit and peels of 
pomegranate fruit by using three solvents as chloroform, ethanol and ethyl acetate 
separately. Ethyl acetate solvent gives highest yield 42.51% (Amla fruit) and 42.89% 
(Pomegranate peels) hence used for extraction of phenolics and flavonoids [50].

11.2 Phytochemical screening

11.2.1 Qualitative tests

Qualitative tests of Phytochemical screening of amla fruit and pomegranate 
peel extract gives positive test for presence of flavonoids, alkaloids, tannins and 
carbohydrate.

11.2.2 Quantitative test

11.2.2.1 Total phenolic content

Calibration curve of standard gallic acid showed linear equation at y = 0.014x + 
0.395, R2 = 0.996 The content of phenolics in different solvents was as 25.73 ± 0.21, 
42.09 ± 0.19 and 63.76 ± 0.29 mg GAE/g for chloroform, ethanol and ethyl acetate 
respectively. As compare to other solvent ethyl acetate gave more yields hence this is 
suitable solvent for extraction of phenolics.

11.2.2.2 Total flavonoid content

The concentration of flavonoid standard quercetin on the calibration line was 
based on the calculated absorbance at y = 0.017 × +0.412, R2 = 0.990 (Figure 1) 
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8. Formulation of nanoparticles
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10. In vitro anticancer activity (cytotoxicity) by MTT assay

10.1 Cell culture

A human colorectal adenocarcinoma cell line (HCT116) were cultured with RPMI 
1640 and McCoy’s 5A medium (Fisher Scientific, Waltham, MA, USA), respectively 
[48]. All cell culture mediums contained 10% fetal bovine serum. Cells were incubated 

261

Colon Available Bioactive Compounds Exhibits Anticancer Effect on In-Vitro Model…
DOI: http://dx.doi.org/10.5772/intechopen.96632

in a CO2 incubator at 37 °C with 5% CO2. After reaching confluency, cells were isolated 
from the dish with Trypsin–EDTA. The cell suspension was centrifuged at 1000 r/min 
for 5 min and then re-suspended in growth medium for further experiments.

10.2 Cell viability assay

Cell viability was studied using an MTT assay. Cells were grown in a medium 
containing 10% FBS, seeded in 96-well plates at a density of 2x105 cells/well, and 
incubated at 37 °C in CO2 incubator with 5% CO2 for 24 h [49]. Then, polyherbal 
extract, CS nanoparticles and standard cisplatin were added (final concentrations 
of 6.25, 12.5, 25, 50, and 100 ug/ml) to the mono-layers of cells, which were sub-
sequently incubated for at 24 and 48 h, media were aspirated and MTT solution at 
a concentration of 5 mg/ml in phosphate-buffered saline (PBS) buffer was added 
20 ml/well. After further incubation (3 h), the media was removed and replaced with 
100 ml of DMSO. Plates were washed with 1% acetic acid, air-dried, and then 10 mM 
Tris base pH 7.4 (150 μl) was added to the wells to solubilize the dye. The plates 
were shaken vigorously for 5 min and color absorbance was measured at 540 nm 
using an ELISA microplate reader. (ELISA reader Denver Jasco Model 7800 UV/VIS 
Spectrophotometer Jasco Tokyo, Japan) Untreated cells were used as positive controls 
with 100% viability and cells without assay reagents were used as a blank.

11. Result and discussion

11.1 Soxhlet extraction method

Soxhlet extraction method carried out for extraction of amla fruit and peels of 
pomegranate fruit by using three solvents as chloroform, ethanol and ethyl acetate 
separately. Ethyl acetate solvent gives highest yield 42.51% (Amla fruit) and 42.89% 
(Pomegranate peels) hence used for extraction of phenolics and flavonoids [50].

11.2 Phytochemical screening

11.2.1 Qualitative tests

Qualitative tests of Phytochemical screening of amla fruit and pomegranate 
peel extract gives positive test for presence of flavonoids, alkaloids, tannins and 
carbohydrate.

11.2.2 Quantitative test

11.2.2.1 Total phenolic content

Calibration curve of standard gallic acid showed linear equation at y = 0.014x + 
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11.2.2.2 Total flavonoid content
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then, the content of flavonoids in pomegranate peels of different solvent extract was 
expressed in terms as mg QE/g. The content of flavonoid in different solvents was 
as 32.88 ± 0.26, 42.11 ± 0.29 and 70.8 ± 0.1732 mg QE/g for chloroform, ethanol and 
ethyl acetate respectively. As compare to other solvents ethyl acetate gave more yields.

11.3  Techniques of isolation and purification of bioactive molecule  
from amla fruit and pomegranate peel extract

11.3.1 Fractionation of bioactive compound by flash chromatographic technique

The mobile phase used as ethyl acetate: methanol 100:0 to 0:100 with flow rates 
were kept at 4 ml/min with wavelength for amla fruit at 270 nm and pomegranate 
peel extract at 263.5 nm. Column was loaded with 8.0 gm slurry (3 g extract +5 g 
silica gel) in 25 gm of silica gel (200–400 mesh size).

1 gm of amla extract and peels of pomegranate powder extract separately mixed 
with 3 gm of silica gel and triturated properly in mortar and pestle. Then, properly 
mixed extract samples were loaded in sample holder. The separation was completed 
in 15 minutes only. The Five fractions were isolated by linear gradient with peak 
tube volume was 14 ml and run time was 15 min. Different fractions no. FA001 to 
FA005 from amla extract and FP001 to FP005 from peels of pomegranate extract 
were isolated and dried on buchi roto evaporator (R-210 water bath B-491) for 
dryness.

Among all five fractions of amla extract fraction number the UV spectra of 
fraction no FA004 phytoconstituent which gives absorbance at 270.5 nm and 
this absorbance confirmed with standard gallic acid solution spectra at 272 nm. 
(Figure 2A) The percentage yield of fraction FA004 was found to be 33.4 mg/
gm. The five fractions of peels of pomegranate extract fraction no FB004 gives 
maximum absorbance at 263.5 nm and also this absorbance confirmed by stan-
dard quercetin sample absorbance at 345 nm (Figure 2B) scanning with UV 
Spectrophotometry summarized in Tables 1 and 2 . The percentage yield of 
fraction FP004 was found to be 42.6 mg/gm. Further these two isolated fractions 
no FA004 and FP004 characterized for IR, H1NMR, HPLC and HPTLC techniques 
for better results.

11.3.2 Gas chromatography

The study represented a simple gas chromatographic method for estimation of ethyl 
acetate contents in both amla and pomegranate extract. The GC analysis of the crude 

Figure 1. 
IR spectra of isolate of [A] Amla fruit [B] pomegranate peel extract.
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Peak Start (nm) Apex (nm) End (nm) Height (Abs) Area

FA001 600.0 430.5 379.0 0.039 1.257

FA002 379.0 350.5 340.5 0.144 2.708

FA003 340.5 339.5 304.0 0.154 3.471

FA004 304.0 270.5 262.0 0.426 11.114

FA005 262.0 239.0 210.0 1.971 70.223

Table 1. 
Flash chromatography of amla extract.

Peak Start (nm) Apex (nm) End (nm) Height (Abs) Area

FP001 600.0 429.5 379.0 0.064 2.745

FP002 379.0 350.0 340.5 0.266 5.440

FP003 340.5 335.0 302.5 0.272 5.920

FP004 302.0 263.5 252.0 0.369 12.189

FP005 252.0 230.5 210.0 1.893 53.258

Table 2. 
Flash chromatography of peels of pomegranate extract.

Figure 2. 
Flash chromatogram of [A] Amla fruit [B] pomegranate peel extract.

Figure 3. 
Gas chromatogram of [A] Amla fruit [B] pomegranate peel extract.
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ethyl acetate extracts of amla gives retention time at 4.526 min (Figure 3A) and for 
pomegranate fruit at 4.528 min. (Figure 3B) Ethyl acetate concentration in amla fruit 
was found to be 1305.376 ppm and in pomegranate fruit was found to be 1538.440 ppm. 
Excellent results were obtained within the worldwide accepted validation reference val-
ues and particularly taking into account the low concentration levels investigated [51].

11.4 Structural clarification of the bioactive molecules

The isolated compounds (Fraction No. FA004 from amla extract and FP004 
from peels of pomegranate extract by flash chromatography) was characterized by 
using FT-IR, 1H-NMR and quantitatively estimated by using HPLC technique [52].

11.4.1 FTIR spectroscopy of the isolated compound

FT-IR spectra of isolate of amla fruit extract resulted in presence of functional 
groups hydroxyl (-OH) stretch, C-H stretch of alkenes, C=O stretch for acid and 
aromatic benzonoid ring (Figure 1A) and FT-IR spectra of isolate of Pomegranate 
peel extract resulted in presence of functional groups hydroxyl (-OH) stretch at 
3366 cm−1, C-H stretch of alkenes at 2945 cm−1, C=O stretch for lactone and aro-
matic benzonoid ring 1020 cm−1 (Figure 3).

11.4.2 NMR spectroscopy of the isolated compound

The analysis was done at the BRUKER instrument of 400 MHz d 9.136  
(1H, H-7, s), 7.08 (1H, H-2, H-6, s) and 5.011 (1H, H-3, H-4, H-5, s). 1H NMR 
of isolate of amla fruit showed the aromatic proton, acidic proton and hydroxyl 
proton and presence of 7 carbons in structure (Figure 4A) given molecular formula 
as C7H6O5 [53] 1H-NMR signals of isolate of Pomegranate peel extract shows signals 
at 12 (S 1H OH Pyran), 6.2 (S 2H Aromatic OH), 6.9 (S1H Aromatic OH), 7.1 (S1H 
Aromatic OH), 7–8 (S Aromatic proton) 1H NMR showed the aromatic proton 
and hydroxyl proton and presence of 15 carbons (Figure 4B) in structure given 
molecular formula as C15H10O7.

Figure 4. 
NMR spectra of isolated compound and structure of compounds [A] Amla fruit (Gallic acid) [B] pomegranate 
peel extract (quercetin).
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11.4.3 HPLC analysis of isolated compounds

A comparison between the spectra of fruits of amla extract (Fraction no A004 
by flash chromatography) peak at 3.165 min confirmed with that of standard gallic 
acid peak at 3.207 min respectively (Figure 5A and B). A good linearity was found 
from 5–15 μg/mL gallic acid, and the linear regression equation was y = 8008x-397.0 
(rc = 0.999) where y is the peak height. The gallic acid from amla fruit extract was 
fractionated by HPLC of which 27.15 ± 0.001 μg/mg GAE equivalent by HPLC 
method were characterized.

Same comparison between the spectra of peels of pomegranate (Fraction 
no B004 by flash chromatography) peak at 5.242 min with that of standard 
quercetin confirmed that the retention time of the analyte was 5.248 min 
respectively (Figure 6A and B). Linearity for the developed method was found 
over the concentration range 3–18 μg/ml with a linear regression equation was 
y = 16.01x + 25628 where y is the peak height correlation coefficient of 0.999.

11.5. Antioxidant activity

11.5.1 Antioxidant activity by DPPH method

The DPPH is a stable free radical, which has been widely accepted as a tool for 
estimating free radical-scavenging activities of antioxidants. The scavenging activ-
ity on 2, 2-diphenyl-1-picryl-hydrazyl (DPPH) radical of both the fruits extract 
and isolated fractions was determined by following method. The extracts of differ-
ent concentrations were mixed with an aliquot of DPPH (1 ml, 0.004% w/v) [54].  

Figure 5. 
Chromatogram of [A] standard Gallic acid [B] isolated fraction of amla extract.

Figure 6. 
Chromatogram of [A] standard quercetin [B] isolated fraction of pomegranate peel extract.
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The mixtures were vigorously shaken and left to stand for 30 min in the dark at 
room temperature. For this method the absorbance were recorded at 517 nm. The 
percentages of remaining DPPH in the presence of the amla and pomegranate peel 
extract (Figures 7 and 8) and its fractions at different concentrations are shown in 
Table 3.

Figure 7. 
DPPH radial scavenging activity (A) Amla extract (B) isolated fraction of FA004 by flash chromatography.

Figure 8. 
DPPH radial scavenging activity (A) peels of pomegranate extract (B) isolated fraction no FP004 by flash 
chromatography.

Sample R2 IC50

Ascorbic acid (Standard) 0.996 8.98 μg/ml

Amla extract 0.884 25.74 μg/ml

Isolated Fraction [FA004] 0.904 14.44 μg/ml

Pomegranate peel extract 0.863 29.89 μg/ml

Isolated Fraction [FP004] 0.910 11.21 μg/ml

Table 3. 
Antioxidant activity of amla and pomegranate extract by DPPH.
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11.6 Determination of solubility of isolated compound

The isolated compound was analyzed for their solubility in different solvents. 
White colored powder of amla extract (FA004 Flash chromatography) which is 
soluble in ether, ethanol, methanol, glycerol and acetone. Yellow colored crystal-
line powder of pomegranate extract (FP004 Flash chromatography) practically 
insoluble in water and soluble in DMSO, ethanol, methanol and acetone.

11.7 Melting point determination

Melting point of compound was done in thermonic apparatus to determine 
its identity and purity. The observed melting point of isolated compound of amla 
extract (FA004 Flash chromatography) was 255–257 ° C compared with the stan-
dard melting point (260 °C) of respective isolated gallic acid. The observed melting 
point of isolated compound of pomegranate extract (FP004 Flash chromatography) 
was 313–316 °C compared with the standard melting point (316 °C) of respective 
isolated quercetin.

11.8 Formulation of CS nanoparticles

In this study the goals for optimization were to minimizing particle size and 
maximum Zeta potential. Desirability ramp showing optimum conditions to 
formulate CS nanoparticles as chitosan 2.4%, and Poloxamer (407) 0.1% to achieve 
particle size 218.33 nm and zeta potential11.50 mV with desirability 1.000.

11.9 Characterization of CS nanoparticles

11.9.1 Analysis of particle size and zeta potential

A mean diameter of particle size of CS nanoparticles was found to be 214.2 ± 
1.28 nm with +14.7 mV zeta potential [14, 55, 56]. Chitosan on the other hand has a 
positive charge in acidic solutions due to the presence of protonated amino groups 
which was appropriate adhere negatively charged intestinal mucus layer. This 
explains that outer coating of nanoparticles was CS only.

11.9.2 FTIR of CS nanoparticles

The characteristic groups of chitosan at (Figure 9A) 3285.15 cm−1 for O-H 
stretching 2875.66 cm−1 for C-H stretching and 1415.23 cm−1 for amide C-N stretch-
ing. The bands at 1150.54 cm−1 for asymmetric stretching of the bond C-O-C 
and 1062.04 and 1023.35 cm−1 for vibrations involving the C-O bonds of primary 
alcohols [57]. The carbon chain of poloxamer 407 (Figure 9B) at 2881.11 cm−1 
aliphatic C-H stretching, plane O-H bend at 1365.12 cm−1 and 1242.02 cm−1, C-O 
stretch at 1096.99 cm−1, CH=CR2 at 840.46 cm−1. The C=O functionality of GMO 
(Figure 9C) was seen with a strong peak at 1738 cm−1. In the spectrum of gallic 
acid (Figure 9D) there is a broad band at 3194.61 cm−1 related to OH stretching 
and hydrogen bonds between phenolic hydroxyl groups. The COOH stretch/bend 
is observed at 1255.93 cm−1 Aromatic ring stretching is observed at 1454.44 cm−1 
[58]. C- O stretching is at 1021.45 cm−1 In the spectrum of quercetin (Figure 9E) 
there is a broad band at 3194.61 cm−1 related to OH stretching and hydrogen bonds 
between phenolic hydroxyl groups. O-H stretch at 3190.38 cm−1, =C-H stretch at 
2935.23 cm−1, aromatic C=C stretch at 1454.09 cm−1 and aromatic C-O stretch at 
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percentages of remaining DPPH in the presence of the amla and pomegranate peel 
extract (Figures 7 and 8) and its fractions at different concentrations are shown in 
Table 3.

Figure 7. 
DPPH radial scavenging activity (A) Amla extract (B) isolated fraction of FA004 by flash chromatography.

Figure 8. 
DPPH radial scavenging activity (A) peels of pomegranate extract (B) isolated fraction no FP004 by flash 
chromatography.

Sample R2 IC50

Ascorbic acid (Standard) 0.996 8.98 μg/ml

Amla extract 0.884 25.74 μg/ml

Isolated Fraction [FA004] 0.904 14.44 μg/ml

Pomegranate peel extract 0.863 29.89 μg/ml

Isolated Fraction [FP004] 0.910 11.21 μg/ml

Table 3. 
Antioxidant activity of amla and pomegranate extract by DPPH.
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11.6 Determination of solubility of isolated compound

The isolated compound was analyzed for their solubility in different solvents. 
White colored powder of amla extract (FA004 Flash chromatography) which is 
soluble in ether, ethanol, methanol, glycerol and acetone. Yellow colored crystal-
line powder of pomegranate extract (FP004 Flash chromatography) practically 
insoluble in water and soluble in DMSO, ethanol, methanol and acetone.

11.7 Melting point determination

Melting point of compound was done in thermonic apparatus to determine 
its identity and purity. The observed melting point of isolated compound of amla 
extract (FA004 Flash chromatography) was 255–257 ° C compared with the stan-
dard melting point (260 °C) of respective isolated gallic acid. The observed melting 
point of isolated compound of pomegranate extract (FP004 Flash chromatography) 
was 313–316 °C compared with the standard melting point (316 °C) of respective 
isolated quercetin.

11.8 Formulation of CS nanoparticles

In this study the goals for optimization were to minimizing particle size and 
maximum Zeta potential. Desirability ramp showing optimum conditions to 
formulate CS nanoparticles as chitosan 2.4%, and Poloxamer (407) 0.1% to achieve 
particle size 218.33 nm and zeta potential11.50 mV with desirability 1.000.

11.9 Characterization of CS nanoparticles

11.9.1 Analysis of particle size and zeta potential

A mean diameter of particle size of CS nanoparticles was found to be 214.2 ± 
1.28 nm with +14.7 mV zeta potential [14, 55, 56]. Chitosan on the other hand has a 
positive charge in acidic solutions due to the presence of protonated amino groups 
which was appropriate adhere negatively charged intestinal mucus layer. This 
explains that outer coating of nanoparticles was CS only.

11.9.2 FTIR of CS nanoparticles

The characteristic groups of chitosan at (Figure 9A) 3285.15 cm−1 for O-H 
stretching 2875.66 cm−1 for C-H stretching and 1415.23 cm−1 for amide C-N stretch-
ing. The bands at 1150.54 cm−1 for asymmetric stretching of the bond C-O-C 
and 1062.04 and 1023.35 cm−1 for vibrations involving the C-O bonds of primary 
alcohols [57]. The carbon chain of poloxamer 407 (Figure 9B) at 2881.11 cm−1 
aliphatic C-H stretching, plane O-H bend at 1365.12 cm−1 and 1242.02 cm−1, C-O 
stretch at 1096.99 cm−1, CH=CR2 at 840.46 cm−1. The C=O functionality of GMO 
(Figure 9C) was seen with a strong peak at 1738 cm−1. In the spectrum of gallic 
acid (Figure 9D) there is a broad band at 3194.61 cm−1 related to OH stretching 
and hydrogen bonds between phenolic hydroxyl groups. The COOH stretch/bend 
is observed at 1255.93 cm−1 Aromatic ring stretching is observed at 1454.44 cm−1 
[58]. C- O stretching is at 1021.45 cm−1 In the spectrum of quercetin (Figure 9E) 
there is a broad band at 3194.61 cm−1 related to OH stretching and hydrogen bonds 
between phenolic hydroxyl groups. O-H stretch at 3190.38 cm−1, =C-H stretch at 
2935.23 cm−1, aromatic C=C stretch at 1454.09 cm−1 and aromatic C-O stretch at 
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Figure 9. 
IR spectra of CS nanoparticles (a) chitosan (B) Poloxamer 407 (C) GMO (D) quercetin (E) Gallic acid (E) 
CS nanoparticles.

1145.06 cm−1. The COOH stretch/bend is observed at 1255.93 cm−1 The spectra of 
the gallic acid and quercetin loaded CS nanoparticles showed that O-H stretch of 
gallic acid and quercetin was disappeared (Figure 9F). Here all data of FTIR results 
conclude that encapsulation of gallic acid and quercetin into CS nanoparticles with 
intermolecular hydrogen bonding occurred in the nanoformulation which corre-
lated with the less crystalline compared to both pure biomolecules.

11.9.3 In vitro release studies

As a result CS nanoparticles have indicated improved drug releases 77.56% for 
gallic acid 79.06% for quercetin at 24 hr. respectively. So the CS nanoparticles can 
be considered as a potential barrier, which can release the biomolecules at colonic 
pH [59]. By engineering chitosan approach gallic acid and quercetin biomolecules 
achieved sustained and controlled release and also benefitted by its targeting 
property to colonic region. To describe the mechanism of gallic acid and quercetin 
release from the CS nanoparticles, [60] the data was plotted into a few kinetic 
models and best fitted information into the Korsmeyer–Peppas power law model.

11.10 Methods of anticancer activity determination

11.10.1 In vitro cytotoxicity by MTT assay

After 24 hours of incubation, cell viability was determined by the MTT assay. 
The nanoparticles induced cell cytotoxicity in a concentration dependent manner, 
as illustrated. Cytotoxicity of polyherbal extracts, CS nanoparticles and cisplatin 
(Standard) was dose on HCT 116 cell lines and activity is dependent up to the con-
centration of 6.25–100 ug/mL. The IC50 of polyherbal extract, chitosan nanopar-
ticles and standard after 48 h treatment it was found to be 60.32 and 36.17 and 8.915 
ug/ml respectively summarized in Table 4.

The antiproliferative potential of all samples shown as cytotoxicity of  
standard cisplatin (Figure 10A) CS nanoparticles (Figure 10B) polyherbal extract 
(Figure 10C) was done on HCT 116 cell lines and activity is dependent up to the 
concentration of 6.25–100 ug/mL. MTT assay determined the cytotoxic effect 
of all samples by decreasing the cell viability of HCT116 colon cancer cells with 
different serial dilutions. The half maximal inhibitory concentration (IC50) 
was evaluated to determine the effectiveness of CS nanoparticles in inhibiting 
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Name of Samples Concentrations ug/ml

Untreated 6.25 12.5 25 50 100

Standard (A) 1.157 0.680 0.582 0.19 0.0885 0.06

IC50 = 10.55 ug/ml

Polyherbal extract (B) 1.157 1.677 1.301 0.794 0.478 0.182

IC50 = 60.32 ug/ml

CS nanoparticles (C) 1.157 0.906 0.892 0.79 0.141 0.028

IC50 = 36.173 ug/ml

Table 4. 
MTT data analysis of HCT-116 cell lines.

Figure 10. 
Concentrations used for MTT assay (A) standard (cisplatin) (B) Polyherbal extract (C) CS nanoparticles.

Figure 11. 
Microscopy imaging of cellular uptakes (A) standard (B) CS nanoparticles (C) Polyherbal extract  
(D) untreated HCT116 cell lines.



Bioactive Compounds - Biosynthesis, Characterization and Applications

268

Figure 9. 
IR spectra of CS nanoparticles (a) chitosan (B) Poloxamer 407 (C) GMO (D) quercetin (E) Gallic acid (E) 
CS nanoparticles.

1145.06 cm−1. The COOH stretch/bend is observed at 1255.93 cm−1 The spectra of 
the gallic acid and quercetin loaded CS nanoparticles showed that O-H stretch of 
gallic acid and quercetin was disappeared (Figure 9F). Here all data of FTIR results 
conclude that encapsulation of gallic acid and quercetin into CS nanoparticles with 
intermolecular hydrogen bonding occurred in the nanoformulation which corre-
lated with the less crystalline compared to both pure biomolecules.

11.9.3 In vitro release studies

As a result CS nanoparticles have indicated improved drug releases 77.56% for 
gallic acid 79.06% for quercetin at 24 hr. respectively. So the CS nanoparticles can 
be considered as a potential barrier, which can release the biomolecules at colonic 
pH [59]. By engineering chitosan approach gallic acid and quercetin biomolecules 
achieved sustained and controlled release and also benefitted by its targeting 
property to colonic region. To describe the mechanism of gallic acid and quercetin 
release from the CS nanoparticles, [60] the data was plotted into a few kinetic 
models and best fitted information into the Korsmeyer–Peppas power law model.

11.10 Methods of anticancer activity determination

11.10.1 In vitro cytotoxicity by MTT assay

After 24 hours of incubation, cell viability was determined by the MTT assay. 
The nanoparticles induced cell cytotoxicity in a concentration dependent manner, 
as illustrated. Cytotoxicity of polyherbal extracts, CS nanoparticles and cisplatin 
(Standard) was dose on HCT 116 cell lines and activity is dependent up to the con-
centration of 6.25–100 ug/mL. The IC50 of polyherbal extract, chitosan nanopar-
ticles and standard after 48 h treatment it was found to be 60.32 and 36.17 and 8.915 
ug/ml respectively summarized in Table 4.

The antiproliferative potential of all samples shown as cytotoxicity of  
standard cisplatin (Figure 10A) CS nanoparticles (Figure 10B) polyherbal extract 
(Figure 10C) was done on HCT 116 cell lines and activity is dependent up to the 
concentration of 6.25–100 ug/mL. MTT assay determined the cytotoxic effect 
of all samples by decreasing the cell viability of HCT116 colon cancer cells with 
different serial dilutions. The half maximal inhibitory concentration (IC50) 
was evaluated to determine the effectiveness of CS nanoparticles in inhibiting 

269

Colon Available Bioactive Compounds Exhibits Anticancer Effect on In-Vitro Model…
DOI: http://dx.doi.org/10.5772/intechopen.96632

Name of Samples Concentrations ug/ml

Untreated 6.25 12.5 25 50 100

Standard (A) 1.157 0.680 0.582 0.19 0.0885 0.06

IC50 = 10.55 ug/ml

Polyherbal extract (B) 1.157 1.677 1.301 0.794 0.478 0.182

IC50 = 60.32 ug/ml

CS nanoparticles (C) 1.157 0.906 0.892 0.79 0.141 0.028

IC50 = 36.173 ug/ml

Table 4. 
MTT data analysis of HCT-116 cell lines.

Figure 10. 
Concentrations used for MTT assay (A) standard (cisplatin) (B) Polyherbal extract (C) CS nanoparticles.

Figure 11. 
Microscopy imaging of cellular uptakes (A) standard (B) CS nanoparticles (C) Polyherbal extract  
(D) untreated HCT116 cell lines.



Bioactive Compounds - Biosynthesis, Characterization and Applications

270

Author details

Poounima Patil1* and Suresh Killedar2

1 Department of Pharmaceutical Chemistry, Bharati Vidyapeeth College of 
Pharmacy, Kolhapur, Maharashtra, India

2 Shree Sant Gajanan Maharaj College of Pharmacy, Gadhiglaj, 
Mahagaon, Maharashtra, India

*Address all correspondence to: poournima6@gmail.com

biological or biochemical functions. CS nanoparticles shows a higher cytotoxic 
effect on HCT116 cells with low concentrations (IC50 = 36.173 μg/ml) than poly-
herbal extract (IC50 = 60.32 μg/ml) that might be due to the active biomolecules 
capped to the nanoparticles.

HCT 116 cell lines considered to have more prominent take-up for CS nanopar-
ticles and more stable even at low concentrations and longer interval than poly-
herbal extract. Microscopy imaging of cellular uptakes shows as standard cisplatin 
(Figure 11A) CS nanoparticles (Figure 11B) polyherbal extract (Figure 11C) and 
untreated HCT116 cell lines (Figure 11D) HCT 116 cell lines subjectively were 
deemed to have had greater uptake for CS nanoparticles and more stable even at 
low concentrations than polyherbal extract expected to be longer interval than 
polyherbal extract.

12. Conclusion

In conclusion, the presence of phenolic compound (gallic acid) and flavonoid 
(quercetin) could be one of the contributing factors for mechanism of in vitro stud-
ies on HCT 116 cell lines. Model hydrophobic biomolecules with nanoparticle size 
range, positive charge on particle with good value and sustained in-vitro releases of 
gallic acid and quercetin especially in wide pH range of entire gastrointestinal tract 
from nanoparticles were special findings associated with colonic site. Therefore, 
discovery and development of new nanoformulation based on natural products 
have been the reported to have a controlled effect on cancer cell lines; therefore, 
they have the potential to be used as an important therapeutic anticancer biomol-
ecules. Further studies are warranted to decipher the probable mechanism by which 
gallic acid and quercetin nanoparticles exert anticancer effect.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

The SAAs are limiting in the major poultry feed ingredients, ranking first and 
fifth in soya bean meal and maize, respectively. Feed ingredients rich in protein, 
in particular and other nutrients, enhance Energy supply and protein accretion. 
Modern commercial broilers have reduced maintenance needs and high amino 
acid requirements, and are more responsive to protein (amino acids) than energy. 
Cysteine is a semi-essential amino acid belonging to the SAAs. It plays essential roles 
in protein synthesis, structure and function, causing growth depressing effects in 
broiler chicks when there is methionine:cysteine imbalance. Genetically predeter-
mined amino acid sequences in proteins are essential for production of adequate 
quantities of meat, milk and eggs. Therefore, ideal amino acid ratios which conform 
to the requirements of broilers should be utilized. In nutrition, amino acids are 
equivalent to proteins, hence the shift in focus from proteins to individual amino 
acids, expressed as ideal ratios to lysine. The SAAs are practically relevant and have 
critical nutritional roles in animal nutrition with over 90% production being used 
to fortify animal (particularly poultry) diets. A balance in the methionine:cysteine 
ratio is necessary to ensure efficient utilization of the SAAs for proper growth and 
development in broiler poultry.

Keywords: Cysteine, Sulfur-containing amino acids, Methionine-cysteine ratio, 
Broiler poultry

1. Introduction

The diets of broilers, and indeed most poultry, consists of maize and soya bean 
meal, primarily. These ingredients are limiting in certain amino acids, with the 
sulfur-containing amino acids (SAAs) ranking first and fifth in soya bean meal and 
maize, respectively [1]. Sulfur-containing amino acids are amino acids containing 
at least one sulfur atom, and therefore are considered as a group of sulfur bioactive 
molecules [2]. Generally, they affect protein metabolism, like other amino acids, 
leading to reduced protein synthesis when they are deficient in animal diets [3]. 
Among the four common sulfur-containing amino acids, namely methionine, cys-
teine, homocysteine, and taurine, only methionine and cysteine are incorporated 
into proteins [4]. However, all amino acids as constituents of proteins are a-amino 
acids, in which the molecular structure has the amino group attached to the same 
carbon atom as the carboxyl group [5], and only such amino acids are relevant for 
animal nutrition [1]. Apart from the ideal protein concept proposed for different 
categories of poultry, ideal amino acid ratios have also been proposed for broiler 
chickens [6]. Since methionine and lysine are the first and second limiting amino 
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mined amino acid sequences in proteins are essential for production of adequate 
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1. Introduction

The diets of broilers, and indeed most poultry, consists of maize and soya bean 
meal, primarily. These ingredients are limiting in certain amino acids, with the 
sulfur-containing amino acids (SAAs) ranking first and fifth in soya bean meal and 
maize, respectively [1]. Sulfur-containing amino acids are amino acids containing 
at least one sulfur atom, and therefore are considered as a group of sulfur bioactive 
molecules [2]. Generally, they affect protein metabolism, like other amino acids, 
leading to reduced protein synthesis when they are deficient in animal diets [3]. 
Among the four common sulfur-containing amino acids, namely methionine, cys-
teine, homocysteine, and taurine, only methionine and cysteine are incorporated 
into proteins [4]. However, all amino acids as constituents of proteins are a-amino 
acids, in which the molecular structure has the amino group attached to the same 
carbon atom as the carboxyl group [5], and only such amino acids are relevant for 
animal nutrition [1]. Apart from the ideal protein concept proposed for different 
categories of poultry, ideal amino acid ratios have also been proposed for broiler 
chickens [6]. Since methionine and lysine are the first and second limiting amino 
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acids in poultry diets, their supplementation enhances the efficiency of protein 
utilization and hence, excretion of nitrogen.

The remarkable increase in the growth potentials of broilers in recent times, 
following their genetic improvement, has been attributed to artificial genetic 
selection [7], resulting in increased appetite and early attainment of market weight. 
However, some authors [8, 9] have suggested that other factors in combination 
with genetic make-up, such as nutrition, environment, age, sex, management, and 
health care, account for the successes achieved in managing dietary energy intake of 
broilers. Modern broilers perhaps eat to their physical capacity or adjust their feed 
intake in response to several factors including dietary energy [10], and increased 
nutrient density results in a linear improvement in weight gain and feed efficiency, 
without reduction in intake [11]. According to [12] constant intake of feeds high 
in protein and other nutrients increases supply of energy and results in a linear 
increase in protein accretion in tissues, until a maximum rate - a genetically defined 
term, is reached. Although the commercial objective in meat production is fostered 
by protein accretion, increased supply of energy beyond the “maximum rate”, 
would merely translate into an excess of body fat [13], which is undesirable in terms 
of energetic efficiency [12].

There is the notion that today’s broilers are more responsive to dietary protein 
(amino acids) and less to energy concentration due to reduced maintenance needs. 
This is occasioned by the significant reduction in market age and increased amino 
acid requirement, as driven by increase in the lean (muscle) growth as a percent 
of body weight [12]. It was reported by [14] that as little as 0.10% supplemental 
cysteine is growth depressing in chicks fed methionine deficient diets. This creates 
an imbalance in cysteine:methionine ratio, which affects the efficiency of DL-2-
hydroxy-4-(methylthio) butyric acid, a precursor of methionine [6]. Apart from 
this imbalance, bioavailability of amino acids in proteins, which implies metabolism 
after digestion and absorption, is important in ensuring that they are absorbed in 
suitable chemical forms that can enhance protein synthesis [15–17]. Consequently, 
there is a dire need to ensure a balance in amino acid content of feeds using the ideal 
amino acid ratio, under the assumption that the ratio should remain largely unaf-
fected by the variables that affect amino acid requirements [18]. It is also essential to 
supply dietary amino acids in their required profile conforming to the requirements 
of poultry [19].

2. Amino acids nutrition in poultry

It is well accepted that amino acids, as nutrients, are building blocks of proteins 
and play essential roles in the nutritional composition of all feed stuffs and vital 
physiological roles in the body of all livestock [20, 21]. The fact that it would have 
been very difficult, if not impossible, to produce the quantity of meat, milk, eggs, 
and fish demanded by consumers, without amino acids, accentuates their impor-
tance. The series of amino acids within the protein molecule, referred to as the 
amino acid sequence, is genetically predetermined, and they are essential nutrients 
which are a vital integral part of animal feeding regimens [1]. From direct hydroly-
sis of common nutritional feed proteins, about 20 different amino acids have been 
identified. These are known as the twenty canonical amino acids [2, 22]. In poultry 
nutrition, 21 amino acids are needed to form body proteins [23].

As functional and structural units of proteins, they are nutritionally classified 
into two groups: non-essential (synthesized in the body) and essential (can-
not be synthesized rapidly and in sufficient quantities to meet their metabolic 
requirements) [24]. However, a number of non-essential amino acids can only be 
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synthesized from essential amino acids (EAAs) and are called semi-essential amino 
acids (Table 1). It was further noted by [1] that the classification of amino acids into 
essential and non-essential should not be taken to imply that non-essential amino 
acids are not required for the synthesis of proteins. Consequently, [23] opined that a 
sufficient amount of non-essential amino acids must also be supplied alongside the 
essential amino acids by the diet, to prevent the conversion of essential into non-
essential amino acids. To undertake such amino acid inter-conversions the animal 
requires sources of carbohydrates and suitable nitrogen compounds [1].

The amino acids relevant in animal nutrition are only α-amino acids, which exist 
as two optically active isomers i.e. the L-forms and D- forms, with one being a mir-
ror image of the other (Figure 1). However, only the L-forms are found in proteins. 
Consequently, if both forms are supplied in animal diets in a 47:47 ratio, known 
as a “racemic mixture”, the D-forms will be converted to the L-forms for ease of 
metabolism. There are differences in recommended essential amino acid levels in 
various guidelines, which raise concerns for the poultry sector [24]. Nevertheless, in 
the diet of poultry, amino acids must be balanced to avoid loss of energy that can be 
diverted to the synthesis of fats [25].

Amino acids chemically bound in proteins must be separated from the parent 
protein unit, before they can pass from the lumen of the gut across the intestinal 
wall (absorption) into the bloodstream. This separation occurs with the help of 
proteolytic digestive enzymes (proteases). The absorbed amino acids are trans-
ported via the hepatic portal vein into the liver, which is the principal organ for the 
metabolism of amino acids. The metabolism of proteins is made up of two oppos-
ing processes which occur simultaneously: accretion of proteins (anabolism i.e. 
synthesis) and breakdown of proteins (catabolism i.e. proteolysis) [1]. They further 
noted that whereas in mature animals a balance is reached between synthesis and 
proteolysis with no increase in the mass of the muscle but with continuous turnover, 
synthesis supersedes proteolysis in young growing animals, building up the proteins 
into muscle. Although, broilers are able to compensate for deficiencies of non-
essential amino acids within certain limits through auto-synthesis, protein synthesis 
is terminated if one of the essential amino acids is lacking because some amino acids 
(the essential ones) cannot be synthesized by the organism [1]. Therefore, they 
opined that since the amino acid sequence of a protein is genetically predetermined, 
all the required amino acids must be present at the same time for individual amino 
acids to be synthesized (synchronous synthesis).

Once digested and absorbed, amino acids are used as the building blocks of 
structural proteins (muscle, skin, ligaments), metabolic proteins, enzymes, and 
precursors of several body components. Because body proteins are constantly being 
synthesized and degraded, an adequate amino acid supply is critical to support 
growth or egg production [23]. Broilers, like other poultry, are believed to develop 
better immune function when adequate levels of dietary amino acids are provided. 

Essential Arginine1 , Histidine, Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, 
Threonine, Tryptophan, Valine

Semi-essential Cystine (Cysteine)2, Tyrosine

Non-essential Alanine, Asparagine, Aspartic Acid, Glutamic Acid, Glutamine,
Glycine, Proline, Serine

1In swine, Arginine is essential only in young animals.
2Cystine = dimer of cysteine.
Source: Dalibard et al. [1].

Table 1. 
Essentiality of amino acids in pigs and poultry nutrition.
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without reduction in intake [11]. According to [12] constant intake of feeds high 
in protein and other nutrients increases supply of energy and results in a linear 
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synthesized from essential amino acids (EAAs) and are called semi-essential amino 
acids (Table 1). It was further noted by [1] that the classification of amino acids into 
essential and non-essential should not be taken to imply that non-essential amino 
acids are not required for the synthesis of proteins. Consequently, [23] opined that a 
sufficient amount of non-essential amino acids must also be supplied alongside the 
essential amino acids by the diet, to prevent the conversion of essential into non-
essential amino acids. To undertake such amino acid inter-conversions the animal 
requires sources of carbohydrates and suitable nitrogen compounds [1].

The amino acids relevant in animal nutrition are only α-amino acids, which exist 
as two optically active isomers i.e. the L-forms and D- forms, with one being a mir-
ror image of the other (Figure 1). However, only the L-forms are found in proteins. 
Consequently, if both forms are supplied in animal diets in a 47:47 ratio, known 
as a “racemic mixture”, the D-forms will be converted to the L-forms for ease of 
metabolism. There are differences in recommended essential amino acid levels in 
various guidelines, which raise concerns for the poultry sector [24]. Nevertheless, in 
the diet of poultry, amino acids must be balanced to avoid loss of energy that can be 
diverted to the synthesis of fats [25].

Amino acids chemically bound in proteins must be separated from the parent 
protein unit, before they can pass from the lumen of the gut across the intestinal 
wall (absorption) into the bloodstream. This separation occurs with the help of 
proteolytic digestive enzymes (proteases). The absorbed amino acids are trans-
ported via the hepatic portal vein into the liver, which is the principal organ for the 
metabolism of amino acids. The metabolism of proteins is made up of two oppos-
ing processes which occur simultaneously: accretion of proteins (anabolism i.e. 
synthesis) and breakdown of proteins (catabolism i.e. proteolysis) [1]. They further 
noted that whereas in mature animals a balance is reached between synthesis and 
proteolysis with no increase in the mass of the muscle but with continuous turnover, 
synthesis supersedes proteolysis in young growing animals, building up the proteins 
into muscle. Although, broilers are able to compensate for deficiencies of non-
essential amino acids within certain limits through auto-synthesis, protein synthesis 
is terminated if one of the essential amino acids is lacking because some amino acids 
(the essential ones) cannot be synthesized by the organism [1]. Therefore, they 
opined that since the amino acid sequence of a protein is genetically predetermined, 
all the required amino acids must be present at the same time for individual amino 
acids to be synthesized (synchronous synthesis).

Once digested and absorbed, amino acids are used as the building blocks of 
structural proteins (muscle, skin, ligaments), metabolic proteins, enzymes, and 
precursors of several body components. Because body proteins are constantly being 
synthesized and degraded, an adequate amino acid supply is critical to support 
growth or egg production [23]. Broilers, like other poultry, are believed to develop 
better immune function when adequate levels of dietary amino acids are provided. 

Essential Arginine1 , Histidine, Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, 
Threonine, Tryptophan, Valine

Semi-essential Cystine (Cysteine)2, Tyrosine

Non-essential Alanine, Asparagine, Aspartic Acid, Glutamic Acid, Glutamine,
Glycine, Proline, Serine

1In swine, Arginine is essential only in young animals.
2Cystine = dimer of cysteine.
Source: Dalibard et al. [1].

Table 1. 
Essentiality of amino acids in pigs and poultry nutrition.



Bioactive Compounds - Biosynthesis, Characterization and Applications

278

Since the health status and productivity of poultry are directly related to their 
immune status, there will be an increased demand for amino acids, particularly 
essential amino acids, under conditions of immune stress [23]. This is because 
amino acids are indispensable in the production of antibodies and cytokine, and 
hence in immune function [26–28].

Amino acids are analogous to proteins, from the standpoint of the funda-
mentals of nutrition. The main emphasis in the nutrition of animals has there-
fore, been shifted from a focus on protein as a whole to a focus on individual 
amino acids [1]. The authors also noted that great importance is therefore 
attached to the concept of amino acid flux - the continuous supply of free 
amino acids from the feed into the animal’s metabolism and in the ideal ratios. 
These should be taken into account, when supplementing amino acids to mix-
tures of feed. In modern practical feeding systems, amino acid supplementation 
has been proven to be an effective method to continuously balance the amino 
acid supply at the site of protein synthesis. Therefore, the knowledge of digest-
ible amino acid requirements and their digestibility in common feed ingredients 
fed to poultry are viewed as important tools in advancing knowledge in amino 
acid nutrition and metabolism of poultry [4]. However, according to [29–31] 
there are variations in the utilization efficiencies of individual essential 
amino acids.

2.1 Ideal amino acid ratios

A myriad of dietary, genetic and environmental factors impinge on the amino 
acid requirements of all livestock. The general notion nowadays is that, poultry 
requirement for any amino acid is proportionally linked to the requirement for 
the others. The indication is that the supply of one amino acid will improve per-
formance only if no other amino acid is limiting [32]. Consequently, they also 
noted that poultry and swine nutritionists use lysine as a reference point in the 
ideal amino acid concept, and express the requirement for other amino acids as a 
percentage of the requirement for lysine. However, this was first established for 
swine for different weight categories [33]. The choice of lysine as the reference 
amino acid was based on a number of conditions namely, its position as the second 
limiting amino acid and ease of supplementation in commercial diets; its exclusive 
post-absorption use in protein accretion, maintenance and lack of a precursor role; 
relative ease of analysis in feedstuffs; and availability of a large pool of data on 
responses under different dietary concentrations, body compositional and varying 
environmental conditions [34, 35].

Figure 1. 
General structure of L - D- isomers. Source: Dalibard et al. [1].
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It has been well recognized that the requirements for amino acids by poultry 
cannot be valid under all dietary, sex and body compositional scenarios [36, 37]. 
A way out of this challenge, in order to obtain reliable amino acid requirements, 
is to express all amino acid requirements as ideal ratios to lysine. The ideal amino 
acid ratio utilizes the concept that the ideal ratios of the absolute or indispensable 
amino acids to lysine as published by [38] are slightly altered by drastic deviations 
in their requirements occasioned by genetic or environmental factors. Normally, 
the ideal amino acid profile only includes provisions for essential amino acids 
implying that the diet supplies sufficient non-essential amino acids. The non-
essential amino acids should make up about half of the dietary protein with the 
remainder supplied by essential amino acids [39–41]. Ideal amino acid profiles 
should be based on digestible amino acids, particularly when diet formulation is 
done with other ingredients other than maize and soya bean [34]. If the amino 
acids supplied are in the proper, or ideal, ratio in relation to the needs of the 
animal, then amino acids in excess of the least limiting amino acid will be deami-
nated [42] and likely used as a source of energy rather than towards body protein 
accretion.

The overall benefits of the concept of ideal amino acid ratios are two fold 
namely, it enables the calculation of the requirements for the indispensable amino 
acids after an accurate determination of lysine requirement, and it allows the most 
efficient and economical use of proteins in diet formulation to allow for maximum 
utilization and minimum excretion of nitrogen [34].

2.2 Sulfur-containing amino acids

Sulfur is an abundant element in biological systems, which plays an important 
role in processes essential for life as a constituent of proteins, vitamins and other 
crucial biomolecules [22]. Sulfur-containing amino acids (SAAs) are amino acids 
which contain a sulfydryl group and are considered to be non-polar and hydropho-
bic [43, 44]. Generally, they play crucial roles in protein structure, metabolism, 
immunity, and oxidation [2, 44–46]. As noted earlier, there are four common 
sulfur-containing amino acids namely, methionine, cysteine, homocysteine, and 
taurine (Figure 2), but only methionine and cysteine are incorporated into proteins 
[5]. On this account, they are deemed as the principal or primary Sulfur-containing 
amino acids, although homocysteine and taurine also play important physiological 
roles. They are, therefore, classified as proteinogenic, canonic amino acids incorpo-
rated into the structure of proteins [22].

Figure 2. 
Structures of the sulfur-containing amino acids. Source: Brosnan and Brosnan [4].
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2.2.1: Primary SAAs: Methionine and cysteine are generally considered to be 
non-polar and hydrophobic, and are present in animal and plant proteins in varying 
proportions. Methionine is one of the most hydrophobic amino acids and is almost 
always found in the interior of proteins. Cysteine, which is genetically encoded by 
two possible codons (nucleotide triplets of mRNA) UGU and UGC [45], ionizes and 
readily forms disulfide linkages because of the ease with which it dissociates to yield 
a thiolate anion. Cysteine is also confined to the interior of proteins because the thiol 
group can be easily oxidized to form disulphide bonds. Methionine is an essential 
amino acid whereas cysteine is semi-essential because it can be synthesized from 
methionine and serine by trans-sulfuration [47]. Both methionine and cysteine are 
gluconeogenic, but methionine is a neutral amino acid while cysteine is basic [48].

Depending on the species of animal, cysteine may be responsible for up to 47% 
of the dietary methionine requirement, and this proportion has been shown to be 
lower in high performance animals [1]. The requirement for SAAs in the diet of 
animals is assessed on the basis of the content of methionine and cysteine [43]. 
When fed at supplemental levels well above the dietary requirement, methionine 
causes more serious growth depressing effects than other essential amino acids, 
but not much is known about responses of broilers to excess dietary cysteine [6, 
49]. However, [50] suggested that excess dietary L-cysteine causes acute metabolic 
acidosis in chicks but not in pigs and rats. According to [6], no other amino acid, 
even at far higher doses, is known to elicit such lethality as observed with excess 
L-cysteine.

Sulfur-containing amino acids play critical roles in protein synthesis, structure 
and function. Sulfur amino acids are involved in the synthesis of intracellular anti-
oxidants such as glutathione and N-acetyl cysteine, and represent a powerful part of 
cell antioxidant system [22]. Thus, they are essential in the maintenance of normal 
cellular functions and health. In addition to their worthy antioxidant action, sulfur-
containing amino acids may offer a chelating site for heavy metals. Accordingly, 
they may be supplemented during chelating therapy, providing beneficial effects 
in eliminating toxic metals [22]. When animals are fed cysteine deficient diets, 
the SAAs and their derivatives (L-cysteine, L-cystine, N-acetyl-L-cysteine, and 
L-methionine) are not known to have depressing effects on their growth at iso-
sulfurous levels [51]. L-cysteine and L-cystine can partially replace or reduce the 
metabolic requirement for methionine in different species of animals to the level 
of 38–77%, and are known as “spare amino acids” [52]. Research efforts into SAAs 
is of great practical relevance to animal nutrition in that well over 90% of their 
production is used to fortify diets for animals, particularly poultry [53]. He further 
indicated that poultry diets around the world are based on corn and soybean meal, 
and these diets for poultry, without fortification, are deficient in SAAs. Therefore, 
the nutritional roles of SAAs are of critical importance to the animal nutritionist as 
well as to the metabolic scientist.

This chapter focuses on cysteine which is biosynthesized from methionine, 
plays critical roles in protein structure, apparently irreplaceable by any other amino 
acid, amidst its role in broiler chicken nutrition – particularly the need for a balance 
between it and other amino acids to foster the growth, development and overall 
productivity of broilers.

2.2.2: Forms and derivatives of cysteine: Cysteine is special among coded amino 
acids because it contains a reactive sulph-hydryl group. Cysteine therefore, easily 
undergoes oxidation and, like methionine, it is confined to the interior of proteins. 
In the process it reacts with itself to form a disulphide bond, or with other thiols 
(Sulfur-containing compounds), yielding cystine [48]. Cystine is therefore a dimer 
of cysteine. In the plasma, and in fact the extracellular space, cysteine occurs 
primarily as cystine [54], and these are the two primary forms of cysteine relevant 

281

Cysteine in Broiler Poultry Nutrition
DOI: http://dx.doi.org/10.5772/intechopen.97281

to animal nutrition. From its metabolic pathway it produces few intermediate sub-
strates and derivatives namely, cystathionine, homocysteine, γ-glutamylcysteine, 
glutathione, hypotaurine and taurine.

The levels of cysteine and cystine in the cell milieu are maintained by adjust-
ments in the ratio of L-cystine to L-cysteine by cellular control of their efflux 
and uptake. According to [50], the intracellular ratio of L-cystine to L-cysteine is 
improved by the efflux and uptake of L-cysteine and L-cystine from and by the 
cells, respectively. Conversely, their extracellular ratio is increased by uptake of 
L-cysteine and its oxidation to L-cystine, and efflux of L-cystine by the cells. This is 
illustrated in Figure 3.

3. Cysteine requirements

An animal’s amino acid requirement is made up of the total requirement for 
protein accretion and maintenance. Due to faster growth rate and earlier market age 
of modern commercial broilers, the requirement for maintenance function becomes 
reduced [53]. Consequently, the relative need for protein accretion to maintenance 
varies for individual amino acids. Therefore, the requirement for cysteine and other 
amino acids with high maintenance needs relative to lysine will reduce [35]. In 
broiler poultry nutrition, optimum amino acid density must be maintained when 
considering the balance between energy and proteins in their feed, indicating a 
higher ratio of essential amino acids to energy in modern broilers [13]. This con-
forms to the fact that modern commercial broilers are different from those offered 
by the poultry industry in the 90s when the NRC nutrient requirement for poultry 
was published. Genetic selection, management practices, and changes in feed are 
believed to be partially responsible for this [55, 56].

The requirement for total SAAs recommended by [37] were 0.9, 0.69, and 0.57 
for 0–3, 3–6, and 6–8 weeks, respectively, as against weekly requirements of 0.94, 
0.9, 0.82, 0.78, 0.74, 0.71, and 0.67% for 1–7 weeks of age in modern broilers as 
presented by [57]. However, proper assessment of amino acid requirements have 
remain unresolved owing to the difficulty posed by underestimation and overes-
timation by the oxidation and nitrogen balance methodologies, respectively [51]. 
Biosynthesis of cysteine occurs in animals and plants via the trans-sulfuration 
pathway from methionine, in the presence of adequate nitrogen and sulfur [58]. 
However, since cysteine is synthesized from methionine via the trans-sulfuration 
pathway, its requirement is usually considered together with methionine [59]. 

Figure 3. 
Extracellular and intracellular L-cysteine/L-cystine balance and L-cysteine/L-cystine transport systems. Glu, 
L-glutamate; Cyss, L-cystine; Cys, L-cysteine; GSH, glutathione; Trx, thioredoxin. Source: Baker [50].



Bioactive Compounds - Biosynthesis, Characterization and Applications

280

2.2.1: Primary SAAs: Methionine and cysteine are generally considered to be 
non-polar and hydrophobic, and are present in animal and plant proteins in varying 
proportions. Methionine is one of the most hydrophobic amino acids and is almost 
always found in the interior of proteins. Cysteine, which is genetically encoded by 
two possible codons (nucleotide triplets of mRNA) UGU and UGC [45], ionizes and 
readily forms disulfide linkages because of the ease with which it dissociates to yield 
a thiolate anion. Cysteine is also confined to the interior of proteins because the thiol 
group can be easily oxidized to form disulphide bonds. Methionine is an essential 
amino acid whereas cysteine is semi-essential because it can be synthesized from 
methionine and serine by trans-sulfuration [47]. Both methionine and cysteine are 
gluconeogenic, but methionine is a neutral amino acid while cysteine is basic [48].

Depending on the species of animal, cysteine may be responsible for up to 47% 
of the dietary methionine requirement, and this proportion has been shown to be 
lower in high performance animals [1]. The requirement for SAAs in the diet of 
animals is assessed on the basis of the content of methionine and cysteine [43]. 
When fed at supplemental levels well above the dietary requirement, methionine 
causes more serious growth depressing effects than other essential amino acids, 
but not much is known about responses of broilers to excess dietary cysteine [6, 
49]. However, [50] suggested that excess dietary L-cysteine causes acute metabolic 
acidosis in chicks but not in pigs and rats. According to [6], no other amino acid, 
even at far higher doses, is known to elicit such lethality as observed with excess 
L-cysteine.

Sulfur-containing amino acids play critical roles in protein synthesis, structure 
and function. Sulfur amino acids are involved in the synthesis of intracellular anti-
oxidants such as glutathione and N-acetyl cysteine, and represent a powerful part of 
cell antioxidant system [22]. Thus, they are essential in the maintenance of normal 
cellular functions and health. In addition to their worthy antioxidant action, sulfur-
containing amino acids may offer a chelating site for heavy metals. Accordingly, 
they may be supplemented during chelating therapy, providing beneficial effects 
in eliminating toxic metals [22]. When animals are fed cysteine deficient diets, 
the SAAs and their derivatives (L-cysteine, L-cystine, N-acetyl-L-cysteine, and 
L-methionine) are not known to have depressing effects on their growth at iso-
sulfurous levels [51]. L-cysteine and L-cystine can partially replace or reduce the 
metabolic requirement for methionine in different species of animals to the level 
of 38–77%, and are known as “spare amino acids” [52]. Research efforts into SAAs 
is of great practical relevance to animal nutrition in that well over 90% of their 
production is used to fortify diets for animals, particularly poultry [53]. He further 
indicated that poultry diets around the world are based on corn and soybean meal, 
and these diets for poultry, without fortification, are deficient in SAAs. Therefore, 
the nutritional roles of SAAs are of critical importance to the animal nutritionist as 
well as to the metabolic scientist.

This chapter focuses on cysteine which is biosynthesized from methionine, 
plays critical roles in protein structure, apparently irreplaceable by any other amino 
acid, amidst its role in broiler chicken nutrition – particularly the need for a balance 
between it and other amino acids to foster the growth, development and overall 
productivity of broilers.

2.2.2: Forms and derivatives of cysteine: Cysteine is special among coded amino 
acids because it contains a reactive sulph-hydryl group. Cysteine therefore, easily 
undergoes oxidation and, like methionine, it is confined to the interior of proteins. 
In the process it reacts with itself to form a disulphide bond, or with other thiols 
(Sulfur-containing compounds), yielding cystine [48]. Cystine is therefore a dimer 
of cysteine. In the plasma, and in fact the extracellular space, cysteine occurs 
primarily as cystine [54], and these are the two primary forms of cysteine relevant 

281

Cysteine in Broiler Poultry Nutrition
DOI: http://dx.doi.org/10.5772/intechopen.97281

to animal nutrition. From its metabolic pathway it produces few intermediate sub-
strates and derivatives namely, cystathionine, homocysteine, γ-glutamylcysteine, 
glutathione, hypotaurine and taurine.

The levels of cysteine and cystine in the cell milieu are maintained by adjust-
ments in the ratio of L-cystine to L-cysteine by cellular control of their efflux 
and uptake. According to [50], the intracellular ratio of L-cystine to L-cysteine is 
improved by the efflux and uptake of L-cysteine and L-cystine from and by the 
cells, respectively. Conversely, their extracellular ratio is increased by uptake of 
L-cysteine and its oxidation to L-cystine, and efflux of L-cystine by the cells. This is 
illustrated in Figure 3.

3. Cysteine requirements

An animal’s amino acid requirement is made up of the total requirement for 
protein accretion and maintenance. Due to faster growth rate and earlier market age 
of modern commercial broilers, the requirement for maintenance function becomes 
reduced [53]. Consequently, the relative need for protein accretion to maintenance 
varies for individual amino acids. Therefore, the requirement for cysteine and other 
amino acids with high maintenance needs relative to lysine will reduce [35]. In 
broiler poultry nutrition, optimum amino acid density must be maintained when 
considering the balance between energy and proteins in their feed, indicating a 
higher ratio of essential amino acids to energy in modern broilers [13]. This con-
forms to the fact that modern commercial broilers are different from those offered 
by the poultry industry in the 90s when the NRC nutrient requirement for poultry 
was published. Genetic selection, management practices, and changes in feed are 
believed to be partially responsible for this [55, 56].

The requirement for total SAAs recommended by [37] were 0.9, 0.69, and 0.57 
for 0–3, 3–6, and 6–8 weeks, respectively, as against weekly requirements of 0.94, 
0.9, 0.82, 0.78, 0.74, 0.71, and 0.67% for 1–7 weeks of age in modern broilers as 
presented by [57]. However, proper assessment of amino acid requirements have 
remain unresolved owing to the difficulty posed by underestimation and overes-
timation by the oxidation and nitrogen balance methodologies, respectively [51]. 
Biosynthesis of cysteine occurs in animals and plants via the trans-sulfuration 
pathway from methionine, in the presence of adequate nitrogen and sulfur [58]. 
However, since cysteine is synthesized from methionine via the trans-sulfuration 
pathway, its requirement is usually considered together with methionine [59]. 

Figure 3. 
Extracellular and intracellular L-cysteine/L-cystine balance and L-cysteine/L-cystine transport systems. Glu, 
L-glutamate; Cyss, L-cystine; Cys, L-cysteine; GSH, glutathione; Trx, thioredoxin. Source: Baker [50].



Bioactive Compounds - Biosynthesis, Characterization and Applications

282

Although there is adequate physiological concentrations of cysteine, many cells 
still rely on the trans-sulfuration pathway for a minimum of 47% of their cysteine 
requirements [60]. Cysteine requirement is therefore subsumed in the total SAAs 
requirement as captured by [35, 55] for different age ranges in poultry. Commercial 
diets are traditionally formulated to meet broiler requirements for methionine + 
cystine (Met + Cys), based on the assumption that amounts of dietary Met are 
converted into Cys [61].

4. Cysteine digestibility and bioavailability

Following a combination of heat treatment and alkaline food processing some 
alterations occur in the chemical nature of cysteine leading to some effects in its 
digestibility and subsequent absorption. These two processes are vital in ensuring 
the assimilation of amino acids by broilers. Heat processing causes the oxidation 
of a significant portion of protein-bound cysteine to cystine, which has lower 
digestibility [62]. This may probably be due to the formation of disulphide bridges 
during the transformation process. Dietary cystine is also converted to lanthionine 
under the influence of heat and alkali treatment [63]. The reduced SAA activity of 
lanthionine results in reduced availability of protein-bound cysteine [64]. Since 
protein metabolism continues even when no protein is being consumed, some of 
the amino acids released are oxidized and are not available for re-synthesis of new 
proteins. Feeding a protein-free diet to broilers, therefore, elicit a cysteine response 
(reduction in body weight loss and improves nitrogen balance) [65], indicating that 
it could be substantially depleted in the body pool making it the first limiting amino 
acid for endogenous protein synthesis [53].

All the nutrients ingested by an animal via its diet cannot be utilized by the animal 
because some are undigested. Furthermore, some are either absorbed in forms that 
cannot be utilized for physiological and metabolic functions in the body or are not 
absorbed at all. The available nutrients refer to the portion of the nutrients that are 
digested, absorbed and metabolized [20]. The same is true of amino acids, which are 
bioavailable if they occur in forms that can be utilized by the cells for maintenance or 
production. Digestibility of amino acids, therefore, is the digestion of the amino acids 
consumed in the diets and their subsequent absorption from the lumen of the small 
intestine into the bloodstream [66]. The portion of the absorbed amino acids present in 
chemical forms amenable to protein synthesis indicates their bioavailability [17]. The 
concept of digestible amino acids is critical to establish ideal protein ratios [67], and 
broiler diets are now formulated based on digestible proteins and amino acids [68].

5. Vital roles of cysteine in broiler poultry nutrition

Cysteine can be synthesized from methionine and serine by trans-sulfuration 
[47]. As one of the naturally occurring biogenic amino acids, cysteine plays crucial 
roles at all the levels of protein structure because it is easily oxidized to cystine, 
a feature that is very vital for the analysis of the primary structure of proteins; 
for effects on changes in secondary structure and for stabilization of tertiary 
and quartenary structure of proteins [69]. It was further noted that it possesses 
a sulfhydryl group in its side chain, according it a special position that cannot be 
replaced by any other amino acid. Cysteine, by virtue of its ability to form inter- 
and intra-chain disulfide bonds, plays a crucial role in protein structure and in 
protein-folding pathways. Such bonds, known as disulphide linkages, are common 
in proteins destined for export or residence on the plasma membrane [70]. He also 
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noted that any mismatched disulfide bonds are rearranged to ensure the correct 
protein folding under the influence of protein disulfide isomerase (an endoplasmic 
reticulum protein).

Basically, cysteine (and methionine too) is incorporated into structural proteins, 
and it is also required for normal growth. The two are major protein constituents of 
feathers and hair, with methionine occurring in greater percentage in muscle while 
cysteine is higher in feather keratin [61]. Cysteine has been reported to be thirteen 
(13) times higher in broiler feathers than methionine [71, 72]. This indicates their 
importance in growth and feather development of broiler poultry. Reduced feed 
intake and weight gain have been associated with L-cysteine supplementation in 
young animals. Its anoretic effects have been reported to manifest as reduced final 
body weight, body weight gain, feed intake, and feed efficiency in rats [73]. This 
was attributed to the bitter taste imparted by L-cysteine. However [74], reported 
that reduced (Cys) and oxidized (cystine) forms of cysteine support animal growth 
equally when provided in a cyst(e)ine deficient and methionine adequate diet. 
Since L-cysteine is a spare amino acid for Methionine, as the adverse effects of 
L-methionine deficiency can be ameliorated by L-cysteine supplementation in the 
diet of animals [75]. In the opinion of [54], whole body protein synthesis and physi-
ological Homeostasis can be maintained by dietary supplementation of L-cysteine 
under conditions of impaired L-methionine catabolism.

Cysteine is involved in the biosynthesis of methionine by accelerating the path-
way leading to the formation of pheomelanin, thereby blocking the formation of 
eumelanin that produces dark colors [76]. Cysteine itself is a powerful antioxidant 
and has the potential to trap reactive oxygen species (ROS) [5]. It plays a central 
role in the antioxidant protection system of the body such as glutathione (GSH), by 
functioning as a precursor of some constituents [77, 78]. GSH is a potent antioxi-
dant which protects the body against toxic effects of elevated levels of endogenous 
and exogenous electrophiles [79]. Taurine, another SAA, and Hydrogen sulphide 
are also produced from dietary L-cysteine and they play vital roles in the reduction 
of oxidative stress and protection against several environmental toxins [80].

It has the capacity to improve intestinal histomorphometric indices of broiler 
chickens with a consequent increase in absorption of nutrients [81]. High L-cysteine 
concentration has been observed in proteins and mucins that contribute to the 
maintenance of gut integrity and plays key roles in intestinal structure and function 
[82, 83]. The indications are, therefore, that L-cysteine deficiency causes certain 
degrees of intestinal distortions and is essential in the maintenance of intestinal 
integrity and function.

Lipid metabolism is also mediated by L-cysteine and its derivatives such as 
S-methyl L-cysteine with hypoglyemic and antihyperlipidemic characteris-
tics, through reduction in fasting blood sugar and total triglycerides [84], and 
N-acetlycysteine which improves lipid metabolism by affecting serum choles-
terol, triglycerides, Very High Density Lipoproteins (VHDL), and High Density 
Lipoproteins (HDL) levels [85]. The mode of action of L-cysteine underlying these 
effects are not clear, but it is believed to be partially accounted for by its target on 
gene expression of certain biochemical substances such as element-binding protein 
and fatty acid synthase [85]. Its roles in lipid metabolism and positive correlation 
with fat mass are eloquent testimonies [75].

Cysteine is, in fact, a rather potent reducing agent in addition to its capacity of 
being capable of either chelating or complexing trace elements [6]. Its reducing 
agent bio-activity when supplemented in diets at 0.38%, is capable of converting 
pentavalent to trivalent organic arsenic, which is up to 100 times more toxic and 
of great significance in poultry and animal nutrition [86]. The authors also opined 
that this has great implication in the use of certain poultry drugs e.g. coccidiostats 
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containing pentavalent organic arsenic, whose toxicity is accentuated by pharma-
cologic cysteine. It is well established that modest excesses of SAAs, particularly 
cysteine, can have marked pharmacologic effects on trace-mineral utilization, but 
far less is known about effects of excess cysteine ingestion [87].

6. Methionine-cysteine balance

Methionine and cysteine are closely related in that the latter is endogenously 
synthesized from the former via the trans-sulfuration pathway by L-methionine 
degradation [43]. In this pathway, methionine is converted to homocysteine, which 
in turn donates a sulfur group to serine (a non-essential amino acid) to ultimately 
form cysteine. The production of cysteine accounts for 47% of methionine dietary 
requirement [48]. L-cysteine can furnish up to 47% and 77% of the requirements 
for SAAs in young and older animals, respectively [88]. Nevertheless, the practice 
of formulating commercial diets to contain adequate methionine+cysteine, with 
the assumption that dietary methionine is converted to cysteine, is common. 
This may lead to reduced efficiency of amino acid utilization, since methionine 
will be supplied in excess. This can be addressed by adequate knowledge of 
methionine:cysteine ratio in relation to total sulfur amino acids (TSAAs), and the 
quantity of methionine converted to cysteine [61]. Another condition of imbal-
ance is created when excess cysteine is provided in methionine deficient diets, with 
growth depressing effects in chicks [14]. Such imbalances need to be addressed to 
ensure efficient utilization of the SAAs by broilers.

As broilers age or increase in weight, maintenance needs for amino acids, includ-
ing methionine and cysteine, and ideal amino acid ratios will alter. However, not 
much is known about the methionine:cysteine ratio, although a ratio of 52:43 [89] and 
a minimum of 49:45 [61] has been recommended for poultry and growing broilers, 
respectively. Also, little is known about the effects of excess cyst(e)ine on chicks, but 
among the EAAs, excess methionine is known to have the most adverse effects on 
growth [71, 90]. Variations in the ratio of these amino acids affect growth responses 
in broilers, and the utilization and efficacy of hydroxyl analogues of methionine or its 
precursors [6]. Therefore, determination of the optimum methionine:cysteine ratio in 
relation to TSAAs is necessary to foster proper growth and development of broilers.

7. Conclusions

The primary ingredients used in broiler poultry nutrition are limiting in SAAs 
in particular. Methionine and cysteine as the major SAAs, are α-amino acids which 
are important in animal nutrition. The recent increase in growth potentials of 
modern commercial broilers has been attributed to genetic improvement resulting 
in increased appetite and early market weight. They are more responsive to proteins 
(amino acids) than to energy concentration due to reduced maintenance need. 
Amino acids play vital nutritional and physiological roles in all livestock and must 
be supplied in appropriate ratios to foster protein accretion, the major objective in 
broiler poultry production. Nutritionally, amino acids are equivalent to proteins, 
warranting a shift in focus from proteins to individual amino acids.

Dietary amino acids must be in the ideal ratios for efficient use of proteins in diet 
formulation, maximum utilization and minimum excretion of nitrogen. Among 
the SAAs, methionine and cysteine are gluconeogenic and need to be balanced to 
circumvent the lethality associated with excess cysteine, an apparently irreplaceable 
amino acid. However, biosynthesis of cysteine occurs in animals and plants via the 
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trans-sulfuration pathway from methionine, and its requirement is subsumed in 
the TSAAs requirement in poultry. Basically, cysteine is incorporated into structural 
proteins, and is required for normal growth. A balance in the methionine:cysteine 
ratio is therefore, necessary to ensure efficient utilization of the SAAs, so as to foster 
proper growth and development in broiler poultry.
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