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ABSTRACT

Plants have a huge role in human health and nutrition since ancient time,
when man started to build sedentary societies. Man started to domesticate
plants to use them as food, and eventually realized that some plant tissues
had beneficial properties against diverse illness and problems they faced at
the time. Nowadays, scientific research had exhaustively studied thousands
of different plant tissues, from fruit seeds to flowers and stems. Scientific
data now have identified that most of the chemical compounds in plants,
also known as phytochemicals, involved in the color and texture of diverse
plant tissues are responsible for many of the benefits that its consumption
may bring to humans. In that sense, the diverse colors, shapes, and textures
of plant tissues may be key points to consider at the time of looking for
the right phytochemical to use in food products. The growing demand on
economic and healthy food products leads the food industry to the exploita-
tion and development of novel functional foods and nutraceutical products.
In order that as the content of phytochemicals such as polyphenols, dietary
fiber, carotenoids, free fatty acids, and vitamins in plant tissues may vary
from one species to another, it is essential to analyze the common origin of
each phytochemical compound from one plant tissue to another. Hence, this
chapter summarizes the most common phytochemicals considered as nutra-
ceutical compounds, its related health benefits, and the diverse plant tissues
where we could find a specific type of phytochemical.

4.1 INTRODUCTION

Scientific research has confirmed and explained through the pass of time
the huge role of plant tissues to human health. Even when ancient civiliza-
tions already had found cures and relief in plants, nowadays, science has
established and identified the main chemical compounds (phytochemi-
cals) responsible for its benefits within to manipulate or even extract these
compounds (Brekhman, 2013). With the upswing of the functional foods,
and the growing demand that are getting these days, food industry must be at
the edge of food science limits, trying to surpass the frontier of conventional
foods to develop new food products able to relief illness or contribute to
enhance human health as possible. Ever since man realized that plant tissues
contain beneficial compounds to human health, it started looking for ways
to extract and isolate;these compounds (Wang and Weller, 2006). Nowadays,
science has optimized some of the phytochemical extraction methods, and
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the novel techniques includes ultrasound-assisted extraction (UAE), micro-
wave-assisted extraction (MAE), supercritical fluid extraction (SFE), and
accelerated solvent extraction (Gupta et al., 2012).

Likewise, scientific data reveal specific plant tissues where we can find
abundance of specific types of phytochemicals, either as fiber in grains or
polyphenols in flowers and fruits. The plant tissue where a phytochemical or
nutraceutical compound is embedded, especially the components comprised
over the different plant tissues, is first barrier to consider before its extraction
and isolation. The chemistry nature of the desired phytochemical compound
is also essential prior to the selection of the most adequate method for its
extraction. In that sense, the current chapter describes the most common
phytochemical compounds used as nutraceuticals, as well as their health-
related benefits, their occurrence in plant tissues, and examples of phyto-
chemical extraction methods.

4.2 NUTRACEUTICALS POTENTIAL IN HEALTH PROMOTION

Belief in the medicinal power of foods is not a recent, it has been widely
accepted for years; almost 2500 years ago, Hippocrates said: “let food be
thy medicine and medicine be thy food.” Herbal medicine, along with all
other plant components, has been used for healing since the beginning of
human civilization; however, with modern medicine, most herbal products
were left unused and many of them were forgotten by western or traditional
medicine. Nowadays, natural medicine is steadily gaining interest all over
the world again. Moreover, consumers are aware of the health benefits of
selected foods and their components. However, if the consumers recognize
the benefits of plant components for their health, it is essential that they
received factual and reliable information to make informed decisions about
the merits or risks associated with changing dietary habits.

In certain countries, functional foods and nutraceuticals are used inter-
changeably; however, in all cases, the main focus is on improving health and
reducing disease risk through, mainly, prevention (Shahidi, 2009). The term
“Nutraceuticals” is a hybrid word with an intended double implication of
“nutrition” and “pharmaceutical” (Chaturvedi et al., 2011; Das et al., 2012).
It commonly refers to a nontoxic extract supplement that has scientifically
proven health benefits for both disease treatment and prevention. It should
not be mistaken with the term functional foods, which refers to foods with
relevant effects on well-being and health or result in a reduction in disease
(Dillard and German, 2000). Nutraceuticals has now been amalgamated in a
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new category under natural health products that promote health, that not only
include nutraceuticals but also encompass herbal and other natural products.

The short-term goal of functional foods, nutraceuticals, and dietary
supplements is to improve the quality of life and enhance health status, while
its long-term goal is to increase lifespan while maintaining health. Due to the
high and increasing incidents of cancer and heart disease in industrialized
countries, governments have been making concerted efforts to raise public
awareness about the advantages of eating a healthy diet. Indeed, numerous
epidemiological studies have already documented an inverse association
between fruit and vegetable consumption and chronic diseases. Hence, in
some countries as a measure taken by the government, public programs to
promote healthy eating are trying to increase people awareness in the diverse
benefits of healthy eating, and in some cases, even promoting the intake of
food with special purpose (functional foods).

However, the current lifestyle of the modern man, difficult the adminis-
tration of their own time, which in most cases results in reducing the time
spent for eating or food preparation. Therefore, as food industry realized of
the economic impact of these modern lifestyles, the production of ready-
to-eat foods comes to solve this problem, and likewise, the development of
nutraceutical products seems like an attractive choice to most consumers.
Nutraceuticals covers most of the therapeutics areas such as anti-arthritic,
cold and cough, sleeping disorders, digestion and prevention of certain
cancers, osteoporosis, blood pressure, cholesterol control, pain killers,
depression, and diabetes (Chaturvedi et al., 2011; Das et al., 2012; Delzenne
et al., 2013). A new paradigm has been presented by researchers in the field,
with more emphasis in the nutritional aspects of the diet; and in agreement
with the new lifestyle adopted today, which has changed the basic food
habits (Das et al., 2012). Because prevention is a more effective strategy
than treatment for chronic diseases, a constant supply of phytochemical-
containing products with desirable health benefits beyond basic nutrition is
essential to furnish the defensive mechanism to reduce the risk of chronic
diseases in humans (Chu et al., 2002). The importance of this approach on
health-care cost is enormous (Shahidi, 2009).

However, over the years, people’s diet habits are based on a high
consumption of fast food and processed meals (ready-to-eat), leading to
a number of diseases caused due to improper nutrition. The prevalence of
obesity and type 2 diabetes is rapidly increasing, becoming a major chal-
lenge for health-care professionals (Devalaraja et al., 2011). Obesity is now
recognized as a global issue. It is a major problem affluent societies are
facing as well as the rest of the world, since reduced activity and lack of
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exercise may lead to obesity with the consequence of a host of diseases and
the so-called metabolic syndrome (Shahidi, 2009). Likewise, heart disease
continues to be a primary cause of death in most of the developing coun-
tries worldwide, followed by cancer, osteoporosis, arthritis, and many others
(Das et al., 2012). It is well established that a correction of lifestyle, such
as the intake of a healthy and low energy diet along with increased physical
activity is the most effective preventive therapy to ameliorate the prevalence
of obesity and diabetes in society. It was suggested that in addition to stan-
dard prescribed therapies, the addition of dietary supplements to the diet
could be used to manage obesity and diabetes (Devalaraja et al., 2011).

There has been a boom in the sale of nutraceuticals due to the adverse
effects of traditional pharmaceuticals, increase tendency of patients to self-
medication, and the growing aging of the population associated to increase
in certain chronic diseases (Chaturvedi et al., 2011). Pharmaceutical and
nutritional industries are conscious of the monetary success taking advan-
tage of the more health-seeking consumers. Phytochemicals are likely to
form the basis of nutraceuticals and the uses of plants as a source of them
represents an enormous opportunity for growth and expansion, see Table 4.1.
Leaves, stems, seeds, flowers, and fruits of plants have numerous natural
compounds that have been associated to reducing the risk of coronary heart
disease, diabetes, tumor incidence, cancer, blood pressure, reduces the rate
of cholesterol and fat absorption, delaying gastrointestinal emptying, and
providing gastrointestinal health. Recent studies have demonstrated that the
phytochemicals in plants are primarily located in the outermost layers and/
or skin and thus, in some cases, their extraction would lead to products that
are less beneficial to health (Shahidi, 2009).

Food components used as nutraceuticals are often dietary fiber (DF),
prebiotics, probiotics, polyunsaturated fatty acids (PUFAs), antioxidants,
and other different types of herbal/natural foods (Das et al., 2012). There
are several nutraceuticals available in the market from the food or the phar-
maceutical industry, the herbal and dietary supplement market, or from the
newly pharmaceutical/agribusiness/nutrition associations. Several commer-
cial nutraceuticals are available, some as isolated nutrients, herbal-based
products, genetically engineered or “designer” foods and processed products
such as cereals, soups, and beverage (Fig. 4.1). Hence, it is essential to know
the type of phytochemical that we can extract from the different plant tissue,
as well as the health benefits that we can get from their diverse chemical
structures. Likewise, nutraceutical products must be exhaustively studied,
with a complete characterization of the phytochemicals comprised in the
product, as well as a series of research about the effects of the phytochemical
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intake to human health. In that sense, once characterized the type and the
amount of phytochemicals added to a nutraceutical product, the in vitro and
in vivo evaluation of isolated and combined compounds must assure that the
nutraceutical product is safe for human consumption.

Nutraceuticals: product obtained from foods that have

extra health benefits added to their nutritional value.

Functional Food
Dietary supplements

Ingredients

Vitamins
Vitamins

Fats
Minerals

Carbohydrates
Amino acids

Amino acids
Herbal extracts

Fiber

Fortified cereals (containing minerals, vitamins
or extra fiber)

Supplemented beverages (containing vitamins,
antioxidants, soluble fiber and minerals)

Energy drinks (with herbal extracts)

Reducing cholesterol beverages (containing

fiber, antioxidants)

Examples

FIGURE 4.1 Nutraceuticals, their classification, and commercial presentation.

4.3 PHYTOCHEMICALS AND ITS ROLE IN HUMAN HEALTH

Plants are an important source of phytochemicals (biologically active
substances) that present antioxidant, anticarcinogenic, and antimutagenic
properties (Ajila et al., 2008; Cavalcanti et al., 2011; Chiva-Blanch and
Visioli, 2012). It has been suggested that including fruits and vegetables in
the diet has a beneficial effect on health due to the reduction of incidence
of heart disease, cancer, and some neurodegenerative disorders (Cavalcanti
et al., 2011). Phytochemicals quantity and quality can vary significantly
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according to different intrinsic and extrinsic factors, such as plant genetics
and cultivar, soil composition and growing conditions, maturity state, and
part of the plant, among others (Faller and Fialho, 2010). For example,
a stressful environment for plants can lead to the induction of secondary
metabolism and the subsequent increment in the production of phytochemi-
cals, especially those modulated by enzymatic activity (Reyes et al., 2007).
Moreover, those phytochemicals can be used immediately to counteract the
cause of the stress (as a free-radical scavenging agent against an oxidative
stressful environment) or relocated elsewhere in the plant for later use.

Oxidative stress results from either a decrease of natural cell antioxidant
capacity or an increased amount of reactive oxygen species (ROS) in organ-
isms. If the balance between oxidants and antioxidants in the body is shifted
by the overproduction of free radicals, it will lead to oxidative stress and
DNA damage. When left unrepaired, it can cause base mutation, single- and
double-strand breaks, DNA cross-linking, and chromosomal breakage and
rearrangement (Contreras-Calderon et al., 2011; Chu et al., 2002; Chun et
al., 2005). The development of chronic diseases, like metabolic syndrome,
rheumatoide arthritis, cardiovascular diseases, cancer, arteriosclerosis,
hypertension, neurodegenerative diseases, and aging process and type II
diabetes, among others, involves the production of high quantities of free
radicals which leads to oxidative stress in the tissues (Cavalcanti et al., 2011;
Contreras-Calderon et al., 2011; Chu et al., 2002; Moure et al., 2001). An
increment in the consumption of fruits and vegetables has been associated
with lower risk of chronic diseases, because in addition to its vitamin and
mineral composition, it will also contain other compounds with protective
effects, in particular antioxidants (Contreras-Calderon et al., 2011; Chu et
al., 2002; Chun et al., 2005; Faller and Fialho, 2010).

The protection that phytochemicals provided against these illnesses
and syndromes has been attributed to the presence of several antioxidant
compounds, like vitamin C, vitamin E, tocopherols, carotenes, and poly-
phenolic compounds (Chu et al., 2002). In vivo evidence of the formation
of oxidized low-density lipoprotein includes the presence of excessive ROS
production in the bloodstream (where they circulate as negatively charged).
Moreover, their circulating levels have been positively correlated with the
progression of carotid lesions and many epidemiological studies have corre-
lated a high dietary intake of antioxidants (e.g., tocopherols, carotenoids,
flavonoids, and polyphenols) with a lower incidence of cardiovascular
diseases (Chiva-Blanch and Visioli, 2012; Chun et al., 2005).

Antioxidants have several roles on lipid oxidation, such as binding metal
ions, scavenging radicals, and decomposing peroxides. Often, more than one
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mechanism is involved, which in some cases may lead to synergism or anta-
gonic effects. Even if this is the most accepted theory on the action mecha-
nism of fruits and vegetables in health, it is necessary take into consideration
that including more vegetables in the diet can also be healthy due to the
reduction in the intake of other potentially noxious foods, such as those rich
in animal protein and saturated fats (Chiva-Blanch and Visioli, 2012). Plants
also contain polyunsaturated fats, fiber, and vitamins that can interact with
antioxidants to increases its health benefits, resulting in an overall effect
which is difficult to ascertain to individual components. It is also suggested
that through overlapping or complementary effects, the complex mixture of
phytochemicals in fruits and vegetables provides a better protective effect
on health than single phytochemicals (Contreras-Calderon et al., 2011; Chu
et al., 2002).

4.3.1 NITROGEN AND SULFUR-BASED COMPOUNDS

Among nitrogen-containing compounds, glucosinolates and S-methylcystine
sulfoxide are the major sulfur compounds present in vegetables (Manchali
et al., 2012). Glucosinolates (thioglucoside-N-hydroxysulphates) constitute
a homogeneous class of naturally occurring thiosaccharidic compounds
mainly found in the botanical order Brassicales (Prakash and Gupta, 2012).
More than 120 glucosinolates and its precursors have been identified in
plants, which are known for their fungicidal, bactericidal, nematocidal, and
allelopathic properties. Many recent studies are focusing in the iso-thiocya-
nates, one of the hydrolyzed products of glucosinolates, due to their role in
the organism and its anticarcinogenic activity (Prakash and Gupta, 2012).

4.3.2 ANTIOXIDANT VITAMINS

Vitamins like vitamin C, vitamin E, and carotenoids are collectively known
as antioxidant vitamins, due to their biological activity associated to the
prevention of oxidative stress, which leads to several degenerative diseases
and most of their protective action is related to their free-radical scavenging
activity (Das et al., 2012). These vitamins are present in fresh fruits and vege-
tables. The human body cannot synthesize lipid- and water-soluble vitamins,
such as vitamins E and C and must be derived from food (Chiva-Blanch
and Visioli, 2012). The carotenoids are also present in fruits and vegetables;
they are usually responsible for the color of the tissues (yellow, red, and
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orange in particular). Several carotenes have vitamin A activity; however,
these molecules are now being studied intensively from a different point
of view as phytochemical compounds with anticancer properties (Moure et
al., 2001). Vitamin C or ascorbic acid can exert its antioxidant action by
donating hydrogen atoms to lipid radicals, quenching singlet oxygen radi-
cals and removing molecular oxygen from the medium.

Vitamin E is an essential, fat soluble nutrient that functions as an anti-
oxidant in the human body, and foods and supplements must provide it (Sen
et al., 2000). At present, vitamin E represents a generic term for all chem-
ical compounds having the biological activity of RRR-a-tocopherol, which
includes a-, B-, y-, and d-tocopherol; and a-, B-, y-, and &-tocotrienol. The
tocopherols are saturated forms of vitamin E, whereas the tocotrienols are
unsaturated and possess an isoprenoid side chain (Aggarwal et al., 2010).
Some evidence suggests that human tissues can convert tocotrienols to
tocopherols. Tocotrienols are the primary form of vitamin E in the seed
endosperm of most monocots, including agronomically important cereal
grains such as wheat, rice, and barley; it is especially found in palm oil (up to
800 mg/kg), mainly consisting of y-tocotrienol and a-tocotrienol (Sen et al.,
2010). Tocopherols occur ubiquitously in plant tissues and are the exclusive
form of vitamin E in leaves of plants and seeds of most plants. In contrast,
tocotrienols are considerably less widespread in the plant kingdom, being
only found in significant amounts in nonphotosynthetic tissues and organs,
like in seeds and fruits.

In the human body, vitamin E may exert functions beyond its antioxi-
dant property (Sen et al., 2010). Deficiency of this vitamin is known to
cause severe degenerative diseases such as ataxia, Duchenne muscular
dystrophy-like muscle degeneration, and infertility (Aggarwal et al.,
2010). Several studies showed that vitamin E has a neuroprotective effect,
reduces Apo B levels in hypercholesterolemic subjects, modulates the
normal growth of the mammary glands, has anticancer, anti-inflamatory,
antihypertensile, anti-aging, anti-angiogenic, and antioxidant effect,
increases immune function, and reduces serum triglycerides (Sen et al.,
2006). Moreover, vitamin E and selenium has a synergistic role against
lipid peroxidation (Das et al., 2012).

Carotenoids are widely distributed in plants, especially in their leaves,
flowers, and fruits and are responsible for the yellow, orange, and red color
of their tissues. Carotenoids are intracellular products and are usually located
in the membranes of chloroplasts, mitochondria, or endoplasmatic reticulum
due to their hydrophobic nature. Their function in the plant is strongly
related to photosynthesis and regulation of the membranes fluidity, and they
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play an essential role in the protection of the tissues against excessive light
and photooxidative stress (Chun et al., 2005; Jaswir et al., 2011). Carot-
enoids are structurally classified as carotenes (like a-carotene, B-carotene,
and lycopene) and xanthophylls (like lutein, zeaxanthin, fucoxanthin, and
astaxanthin).

They are essential nutrients; animals cannot produce carotenoids and
must obtain them from the ingestion of vegetables. There are more than 700
known carotenoids from plants, lycopene, a-carotene, B-carotene, lutein, and
zeaxanthin are the most abundant in human plasma (Aizawa and Inakuma,
2007). One of the main characteristics of carotenoids that made them impor-
tant for the human diet is their provitamin A activity (Yeum and Russell,
2002). However, only three of them have a significant provitamin A activity
in humans: a-carotene, -carotene, and B-cryptoxanthin which are converted
to vitamin A or retinol in the body (Jaswir et al., 2011). In turn, vitamin A is
responsible of preventing eye diseases, such as night blindness. Carotenoids
in general, can also act as antioxidants and reduce oxidative stress by scav-
enging ROS generated during photooxidative stress, via electron transfer,
hydrogen transfer, or forming resonance-stabilized carbon-centered radicals
(against lipid peroxyl radicals for example). Several studies have suggested
the positive effect of carotenoids in cancer prevention, risk reduction of
cardiovascular diseases, age-related macular degeneration and cataract
formation, enhancement of the immune system, maintaining bone health,
and preventing osteoporosis (Chang et al., 2010; Das et al., 2012; Jaswir et
al., 2011).

4.3.3 DIETARY FIBER

Increasing attention has been given to the beneficial effects on humans
of the consumption of the nondigestible components of vegetable foods,
commonly known as DF. The term “dietary fiber” is used to refer to the
edible parts of plants that are resistant to hydrolysis by digestive enzymes in
humans (Nawirska and Kwasniewska, 2005). It is a mixture of carbohydrate
polymers, composed of resistant starch, cellulose, hemicellulose, pectin, and
inulin, also associated with lignin, gums, waxes, cutin, polyphenols, resis-
tant protein, and alginates, among others (Elleuch et al., 2011). It is widely
known that DF obtained from different sources behaves differently during
their transit through the gastrointestinal tract, depending on their chemical
compositionand physicochemical characteristics (Figuerola et al., 2005).
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Although these components are not as active biologically as polyphe-
nolic compounds or vitamins, they have a significant effect in the metabo-
lism (Contreras-Calderon et al., 2011; Chun et al., 2005). Published reports
indicate numerous health benefits associated with an increased intake of
DF, including reduced risk of coronary heart disease, diabetes, obesity, and
some forms of cancer (Elleuch et al., 2011; Gonzalez-Centeno et al., 2010).
DF exerts a buffering effect in the gastrointestinal tract, increases the fecal
bulk, and stimulates the intestinal activity, stimulates colonic fermentation,
improvement of gastrointestinal function, regulates postprandial insulin
response, and reduces total and low-density cholesterol (Elleuch et al., 2011;
Mildner-Szkudlarz et al., 2013).

DF also has a positive effect on the desirable microbiota of the intes-
tine by creating a favorable environment for their growth. DF in general
but hemicellulose and pectins in particular, have the ability to sorb harmful
substances or to bind mineral components and heavy metals. Polyphenolic
compounds are often associated with the food matrix and, as consequence,
only a small part of them can be absorbed in the small intestine, reducing
their bioavailability (Hervert-Hernandez et al., 2011). These polyphenolic
compounds can exert their biological activity once they reach the colon by
interaction with the colonic microbiota as fermentable substrates (Saura-
Calixto et al., 2007).

DF is a complex group of phytochemicals with different chemical and
physical properties, often related to the source of the mix or the extraction
methodology and are usually classified as water soluble (SDF) or water
insoluble (IDF). The average daily requirement of total DF is 25 g/day for
women younger than 50, 21 g/day for women older than 50; 38 g/day for
men younger than 50, and 30 g/day for men older than 50 (Elleuch et al.,
2011). In addition, most nutritionists suggest that 20-30% of daily DF intake
should come from SDF, with a suggested proportion of SDF to IDF of 1:3
or 1:4. Maintaining that proportion is helpful in reducing the risk of heart
diseases, level of cholesterol, triglycerides, and glucose in blood (Mildner-
Szkudlarz et al., 2013). Moreover, the SDF/IDF ratio is also important for
maintaining its functional properties (Figuerola et al., 2005). Therefore, the
content of DF in food products and nutraceuticals can also have desirable
effects on the texture for its gelling, emulsifying, and stabilizing properties
(Abdul-Hamid and Luan, 2000).

DF derived from fruits and vegetables have a considerably higher propor-
tion of SDF than those obtained from cereals (Gonzalez-Centeno et al.,
2010). The ideal DF extract should be-as concentrated as possible, be bland
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in taste, color, and odor; have a balanced composition and adequate amount
of associated bioactive compounds; have a good shelf life; be compatible
with food processing; and have the expected physiological effects (Figuerola
et al., 2005). DF concentrates can be used in various applications in the food
industry with excellent results, such as nutraceuticals.

Due to all these characteristics, DF has an important role in both preven-
tion and treatment of obesity, atherosclerosis, coronary heart diseases, large
intestine cancer, and diabetes (Nawirska and Kwasniewska, 2005). Dietary
supplementation with DF could be effective in protecting against oxidative
damage in the tissues due to lipid peroxidation by improving the antioxidant
defense systems (Mildner-Szkudlarz et al., 2013). An increase in the level of
DF in the daily diet has been recommended and because of this, it would be
interesting to investigate different foods that can supply DF, like fruits and
different parts of the plants. Fiber extraction and concentration could help to
overcome the fiber deficit in the diet. Supplementation with DF can result in
fitness-promoting foods, low in calories, cholesterol, and fat.

4.3.4 POLYUNSATURATED FATTY ACIDS

PUFAs are very important in the human diet for several body’s function
and need to be included in the diet since mammals are unable to synthetize
them. There are two major classes of PUFAs: omega-3 and omega-6. Among
omega-3, a-linolenic acid (ALA), eicosapentanoic acid (EPA), docosahexa-
noic acid (DHA) are the most abundant and therefore the most popular ones
for the nutraceuticals industry. While EPA and DHA are found mainly in
fatty fishes, ALA is often obtained from soybean, canola, walnuts, or other
types of seeds. For the other major class, omega-6 the most common ones
are linoleic acid (LA), y-linolenic acid and arachidonic acid. LA is often
obtained from vegetable oils like corn, safflower, soybean, and sunflower,
among others. FDA recommends a maximum of 3 g/day intake of EPA and
DHA omega-3 fatty acids, with no more than 2 g/day from a dietary supple-
ment (Das et al., 2012). Several clinical studies have focused in the health
benefits of PUFAs, suggesting that their main effects are in the prevention
of cardiovascular diseases. Omega-3-oils in particular, have also shown
positive effects in asthma, depression, diabetes, and also to be beneficial at
various stages of life. It has been stated that a minimum intake of selenium
per day or u3 fatty acids from marine oils would reduce the burden on health
care tremendously as nearly one-third of all diseases are life-style related
(Shahidi, 2009).
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4.3.5 PREBIOTICS

Prebiotics are food components that beneficially affect the host by selec-
tively altering the composition or metabolism of the gut microbiota (Das
et al., 2012). Most of them are indigestible polysaccharides, in particular
fructose-based oligosaccharides. These components can be naturally present
in food or added. Vegetables like chicory roots, banana, tomato, alliums are
rich in fructo-oligosaccharides (Das et al., 2012). Other oligosaccharides
often considered as prebiotic are raffinose and stachyose, commonly found
in beans and peas.

In recent years, there has been increased attention focused on the bacteria
that colonize the gut, which in ideal conditions live in symbiosis with the
host. Gut microbiota is complex system, with self-regulating mechanisms
that can offer protection to the host by acting as a barrier against pathogens.
However, these activities could be reduced during illness, stress, or aging, or
by antibiotic treatment. It can also be diminished if disbiosis (change in the
microbiota composition) occurs due to changes in the host diet (Macfarlane
and Macfarlane, 2013). Experiments performed in a murine system colonized
with the human gut microbiota reveals that changes in the diet composition
(from high carbohydrates to western diet) allows a rapid switch of the micro-
bial community. Those data suggest that the gut microbiota composition/
activity associated with nutritional imbalance might contribute to obesity
and related disorders (Delzenne et al., 2013). The prebiotic consumption
generally promotes the Lactobacillus and Bifidobacteria growth in the gut,
thus helping in metabolism. The health benefits of the prebiotics include
improved lactose tolerance, antitumor properties, neutralization of toxins,
and stimulation of intestinal immune system, reduction of constipation,
blood lipids, and blood cholesterol levels.

4.3.6 PHENOLIC COMPOUNDS

One of the most studied phytochemicals are phenolic compounds (PC), also
known as polyphenols, a group of secondary metabolites with diverse chem-
ical structures and many functions. These compounds are usually produced
during plant growth and development and/or as a response to various forms
of environmental stress (Anastasiadi et al., 2010), via the shikimic acid
pathway and/or phenylpropanoid metabolism (Anastasiadi et al., 2012).
Phenolic compounds are one of the most abundant phytochemicals, with
consumption of about a 1 g/day, which is 10 times higher than average
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vitamin C intake (Chun et al., 2005; Scalbert et al., 2005). PC are widely
distributed, therefore they are present in fruits, vegetables, cereals, legumes,
leaves, grains, seeds, flowers, and stems foods, being present not only in
fruits and vegetables but also in foods (Cavalcanti et al., 2011; Faller and
Fialho, 2010; Scalbert et al., 2005). Despite their wide distribution in plants,
the health benefits of including PC in the diet have been taken into consid-
eration in the mid-1990s. Before that, the most widely studied antioxidants
were vitamins, carotenoids, and minerals. Currently, the contribution of PC
to the prevention of cardiovascular diseases, cancers, osteoporosis, neuro-
degenerative diseases, and diabetes mellitus has been repeatedly proved
(Anastasiadi et al., 2010; Cavalcanti et al., 2011; Scalbert et al., 2005).

Several studies on animals have shown that including PC in their diet
reduces the incidence of cancer, cardiovascular diseases, neurodegenerative
diseases, diabetes, and osteoporosis (Anastasiadi et al., 2010). However,
most of these studies made on the prevention of diseases by PC that are
carried out in vitro or with animal testing, often use doses much higher than
those present on a normal diet (Scalbert et al., 2005). To elucidate the signifi-
cance of polyphenols in human health, it is essential to know the amount of
polyphenols consumed in the diet and their bioavailability (Saura-Calixto et
al., 2007). Most of the studies advocating the use of antioxidants suggest that
intake should be well above the general levels of consumption, shifting the
focus from dietary consumption to pharmacological treatment or nutraceuti-
cals production (Chiva-Blanch and Visioli, 2012).

Other major difficulty in the study of the effects of PC in human health is
the large number of them found in plants and the differences in their chemical
structures. It is also necessary to consider the differences in their bioacces-
sibility and bioavailability, mainly due to the interaction with other compo-
nents in the matrix of the tissue plant and the digestion process (Saura-Calixto
et al., 2007). Food going through the human gastrointestinal tract is digested
in the stomach (strong acid environment), small intestine (mild basic envi-
ronment), and then colon (neutral pH), all with different enzymes present
(Chu et al., 2002). Phenolic compounds are present in vegetables in two
forms: free or bound, with a different resistance to digestion. Bound PC may
resist the stomach and small intestine conditions and reach the colon intact,
where they are released and exert bioactivity. In most published research,
only free phenolics are determined on the basis of the solvent-soluble extrac-
tion, as consequence total phenolic contents and their antioxidant activities
are often underestimated by not including bound phenolics (Saura-Calixto et
al., 2007). Moreover, their health benefit resides in their ability to reach the
colon unaffected by the gastric and small intestine digestion.
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While there are several studies showing increased plasma antioxidant
capacity following the intake of polyphenol-rich food items, many investiga-
tors suggest that polyphenols’ bioavailability is too low to produce a signifi-
cant effect on the antioxidant metabolism (Chiva-Blanch and Visioli, 2012).
As a consequence, research on phytochemicals in general has expanded and
is now focusing on different bioactive compounds instead of only paying
attention to antioxidants. Several products are presented as a result, to
complement the increase on the diet of fruits and vegetables, including func-
tional foods, designer foods, and nutraceuticals.

Synthetic antioxidants are being replaced for natural ones, not only based
on its functionality (such as solubility both in oil and water solvents, emul-
sification properties) but also associated to its additional health benefits.
Many of them are obtained from spices or herbs and have some limitations
in its practical applications in spite of their high antioxidant capacity due to
its sensorial impact, especially for their flavor (Moure et al., 2001). More
research is needed to find new sources of natural antioxidants that can be
freely used in the food, pharmacological and nutraceuticals industries with
reduced sensorial impact. However, natural phytochemical substances also
need safety testing; its application should be thoroughly confirmed before
nutraceuticals are developed from them. Moreover, it should also be taken
into account that in food-related systems, antioxidant activity means chain-
breaking inhibition of lipid peroxidation, whereas in in vivo systems, free
radicals can damage proteins, DNA, and other small molecules (Moure et
al., 2001). As PC are one of the most studied nutraceutical compounds due
to their high abundance in most of the plant tissues, and besides that these
molecules due to their diverse chemical structures has been related to several
health benefits, the following section describes the most common methods
of PC extraction from plants.

4.4 TECHNIQUES FOR EXTRACTION OF PHENOLIC
COMPOUNDS FROM PLANTS

One of the most important step for the analysis of PC derived from plant
materials is extraction, which is influenced by the PC chemical nature
(molecular structure, polarity, concentration, number of aromatic rings, and
hydroxyl groups), the extraction method employed, sample particle size,
time and condition of storage, as well as presence of interfering substances.
According to the chemical nature, plant phenolics vary from simple to
highly polymerized substances that may also be present as complexes with
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carbohydrates, protein, and other types of cell plant components. Therefore,
phenolic extracts from plant materials are always a mixture of different
classes of phenolics that include varying proportions of flavonoids, phenolic
acid, tannins, lignins, and simple phenols.

The analysis of polyphenols can be realized through determination of
total phenolic content or quantifying an individual phenolic or a specific
class of phenolic using spectrophotometry, gas chromatography, high-
performance liquid chromatography (HPLC), or capillary electrophoresis
methods. However, PC must first be extracted from different plant tissues
and, the ideal extraction method must provide high extraction rates and
should be nondestructive and time saving (Rombaut et al., 2014). In addi-
tion, optimization and standardization of extraction parameters for these
phytochemical are important to retain their antioxidant properties.

Several extraction techniques have previously been reported to extract
PC from plant materials, generally, are carried out using the conventional
method, employ solvents assisted by mechanical agitation, pressing, or
heating system, although, more recently, modern methods have been used,
including SFE, UAE, MAE, subcritical water extraction (SWE), and high
hydrostatic pressure processing.

4.4.1 CONVENTIONAL

The most common technique to extract phenolics from plant materials
involves the use of organic and inorganic solvents. Isolation and identifi-
cation analysis of plants polyphenols are mostly dependent on the extrac-
tion solvent and technique used and, generally, solvent-type effect is related
with polarity of the solvents and the solubility of target compounds in them,
though solubility of PC is governed by the type of solvent, degree of polym-
erization of phenolics, as well as, interaction of this compounds with other
food compounds and formation of insoluble complexes (Naczk and Shahidi,
2004; Turkmen et al., 2006).

Complete extraction of phenolic compounds is a crucial step which is
specific to the food matrix. Several factors may contribute to the optimi-
zation of phenolics extraction including solvent-to-sample ratio, extraction
time and temperature, number of extraction, solvent type, pH of the aqueous
solvent, ratio of water in the solvent system, besides state, cultivar, and
particle size of the material (Gonzalez-Montelongo et al., 2010; Khoddami
etal., 2013; Tuncel and Yilmaz, 2015). The most frequently used solvents for
the extraction of phenolics in plant material are methanol, ethanol, acetone,
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water, ethyl acetate, propanol, and their combinations. However, the choice
of extraction solvent will influence the yields of phenolics extracted, seeing
that the extraction of PC from a sample is directly related to the compatibility
of the compounds with the solvent system according to the “like dissolves
like” principle (Tuncel and Yilmaz, 2015).

A high yield of phenolics can be extracted from sorghum leaf using water
(Agbangnan et al., 2012), although the use of water as the only solvent yields
to an extract with a high content of impurities (e.g., organic acids, sugars,
soluble proteins) along with polar compounds which could interfere in the
identification and quantification (Hijazi et al., 2013). From lychee flowers, to
the highest extraction yield of antioxidant components (phenols, flavonoids,
and condensed tannins), acetone was required (Liu et al., 2009). In another
example, an investigation into the effect of different solvents on extraction
of phenolics from Limnophila aromatic showed that 50% aqueous acetone
extract was more efficient than the pure solvent which may be facilitated
the extraction of all PC soluble in both water and organic solvent (Do et
al., 2014). Study reports that the application of water combined with other
organic solvents makes it a moderately polar medium ensuring the optimal
conditions for extraction. Besides, using water in combination with alcohols
leads to an increase in swelling of plant materials and the contact surface
area between the plant matrix and the solvent finally improves the extraction
yield (Hijazi et al., 2013).

In general, the different properties of the phenolic components of the
plant materials could concern these differences. For extraction of the total
phenolics from black currant leaves, aqueous acetone was found to be more
effective than methanol and water (Tabart et al., 2007). According to the
authors, acetone and methanol have distinct specificities in the extraction of
PC and this is due to polarity of the solvent and solubility of phenolics in
them. In contrast, no significant differences between ethanol and methanol
were observed in terms of extraction efficiency (p > 0.05) in research aiming
to optimize the extraction of PC in feijoa fruit (Tuncel and Y1ilmaz, 2015).

Two other important parameters that affect the extraction yield of PC, in
addition to selecting of extraction solvent, are temperature and time of extrac-
tion. It has been reported that high temperatures improve the efficiency of
extraction, due to the enhanced diffusion rate and solubility of phytochemi-
cals in solvents, and thus reduce the extraction time to reach maximum poly-
phenol content recovery. Dorta et al. (2012) demonstrated that the optimum
extraction of phytochemical (flavonoids, tannins, and proanthocyanins)
from mango peel and seed was between 50°C and 70°C for 60 min. Investi-
gation into the effects of the phenolics extraction conditions from Morinda



98 Plant Food By-Products

citrifolia showed that the optimized condition was at 65°C for 80 min (Thoo
et al., 2010). Extraction of phenolics from grape stems was most efficient
at 84.2°C during 23.4 min for red variety and at 95°C during 23 min for
white variety (Dominguez-Perles et al., 2014). Tuncel and Yilmaz (2015)
demonstrated that increasing temperature from 25°C to 40°C significantly
increased the amount of PC extracted from feijoa fruit. Increased tempera-
ture could also negatively affect the phenolic extraction since this condition
may not be suitable for all kinds of PC leading to their degradation or loss
by volatilization or reaction with other components of plant material. Thus,
only samples with higher proportions of thermally stable polyphenols are
more appropriate to extract under elevated temperature (Thoo et al., 2010).

The solvent-to-sample ratio and the number of replicate extractions
performed for each sample also affect the recovery of phenolics (Khoddami
et al., 2013). Extraction amount of total phenolics increased almost linearly
by increasing solvent ratio, so the higher the solvent ratio higher is the total
amount of solids obtained due to the mass transfer principles (Al-Farsi and
Lee, 2008). These authors reported that a 60:1 ratio of solvent to sample
in a two-stage procedure is sufficient to extract most phenolics from plant
tissues. Tuncel and Yilmaz (2015) founded that a 60:1 ratio of solvent to
sample was most efficient to extraction of PC in feijoa fruit. Particle size also
can influence phenolic extraction from plant materials. Tabart et al. (2007)
showed that the use of lyophilized material (black currant leaves and buds)
allowed a better extraction of phenolics antioxidants due to a better grinding
of the tissues and thus a reduced particle size in the simple and degradation
of some phenolics and antioxidants in undried plant material.

Conventional extraction is usually performed using reflux, cold macera-
tion, Soxhlet, and simple distillation techniques. These methods have been
used for many decades. However, conventional extraction techniques use
large quantities of toxic organic solvents, are labor intense, require long
extraction times, possess low selectivity and/or low extraction yields, and
can result in the exposure of extracts to excessive heat, light, and oxygen
(Hossain et al., 2011).

4.4.2 NONCONVENTIONAL

An efficient extraction process should maximize the recovery of target
compounds with minimal degradation, resulting in an extract with high anti-
oxidant activity using environmentally friendly technologies and low-cost
raw materials (Santos etal., 2010). In this context, recently novel methods
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for phenolic antioxidant extraction have been employed including UAE,
MAE, SFE, and SWE. These extraction methods presenting advantages
when compared to conventional methods because they decreasing solvent
consumption, shortening extraction time, due to the possibility of working
at elevated temperatures or pressures in inert atmosphere, and giving higher
yield than the conventional methods of extraction; furthermore, they can be
carried out in the absence of light and oxygen (Nayak et al., 2015; Wang and
Weller, 2006).

4.4.2.1 ULTRASOUND-ASSISTED EXTRACTION

UAE is an efficient extraction method and might be a potential means to
extract bioactive compounds. The sonication is characterized by the produc-
tion of sound waves that create cavitation bubbles near the sample tissue
which releasing cell contents and extraction efficiency can be enhanced
through acoustic cavitation and mechanical effects. Acoustic cavitations
can disrupt cell walls facilitating solvent penetration into the plant material
and allowing the intracellular content to be released, whereas mechanical
effects caused by ultrasound could also be the agitation of the solvent used
for extraction, thus increasing the surface contact area between the solvent
and the targeted compounds by allowing greater penetration of the solvent
into the sample matrix (Corbin et al., 2015).

Probe and bath systems are the two most common ways of applying
ultrasound waves to the sample, and the PC extraction from plant material
can be carried out using both static and dynamic modes. Whereas in a static
system, there is a closed-vessel extraction for which no continuous transfer
of solvent occurs, in a dynamic system extraction, solvent is supplied
continuously, which allows efficient adsorption of analytes and their effec-
tive transfer from the extraction vessel (Khoddami et al., 2013). It is impor-
tant to regard that in the UAE method, extract recovery is influenced not
only by sonication time, temperature, and solvent selection but also by wave
frequency and ultrasonic-wave distribution (Wang and Weller, 2006).

Compared to conventional methods, UAE is one of the most simple,
inexpensive extraction systems and can be operated rapidly using a range
of solvents. As a method to extract PC of flaxseed, UAE showed to be very
efficient for the reduction of mucilage entrapment of these phenolics, thus,
allowing a high extraction yield (Corbin et al., 2015). Good yield was also
possible to reach using UAE of bioactive compounds (anthocyanins and
phenolics) from jaboticaba peels which was shown to be a more efficient
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extraction method than the sophisticated extraction systems such as high
pressure CO,-assisted extraction (Rodrigues et al., 2015).

4.4.2.2 MICROWAVE-ASSISTED EXTRACTION

MAE is an alternative process that uses microwave energy to extract
compounds from materials and appears to be one of the best nonconven-
tional methods to extract PC from plant due to the special microwave/matter
interactions and the vary rapid extraction time (Setyaningsih et al., 2015).
Microwaves are nonionizing radiation ranging in frequency from 300 MHz
to 300 GHz. The effect of microwaves is strictly related to the conversion of
electromagnetic energy to heat, which is based on the direct effect of micro-
waves by ionic polarization and dipolar rotation on molecules with dipoles.
Therefore, when microwave radiation is applied in materials or solvents, the
time variation of the wave electric field leads to dipolar rotation that is due to
the alignment on the electric field of molecules possessing a dipole moment
and this produces molecular friction and collisions with consequent libera-
tion of thermal energy into the medium results in fast dielectric heating.

The efficiency of microwave heating at a given frequency and tempera-
ture depends on the ability of the material to absorb eletromagnetic energy
and to dissipate heat (Florez et al., 2015). In addition, an increase in the
extraction yield of solutes from food matrix is reached when solvents are
used with a high dielectric constant and a high dissipation factor which also
facilitates distribution of heat throughout the matrix. Then, polar solvents
have a higher dielectric constant than nonpolar solvents and can absorb
more microwave energy, which can result in a higher yield of phenolics.
Application of microwave radiation induces changes at cellular level.
During MAE, polar molecules absorbed efficiently the energy and the
sudden heating generated cause liquid vaporization and pressure built up
within the cells that drastically change the physical properties of the cell
walls. In addition, the cell structure is broken down and improves the capil-
lary—porous structure of the tissues, facilitating faster diffusion out of the
solid (Florez et al., 2015).

Seeing that different chemical substances absorb microwaves to different
extents, the MAE is an efficient method for extractions and this behavior
makes it possible to selectively extract target compounds from complex food
matrix at a higher rate than in conventional extraction, since it is induced
by highly localized heating caused by microwaves, which could be due to
a synergy combination of mass and heat transfer phenomena acting in the
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same direction (Florez et al., 2015; Setyaningsih et al., 2015). Furthermore,
the increase of movement and collision efficiency of the molecules induced
by the change in the electric field direction weakens hydrogen bonds which
facilitates disruption of the solute—matrix interactions and release of target
compounds.

MAE has recently received much attention due to its many advantages,
including shorter extraction time, lower organic solvent requirement, and
increased extraction yields. In addition, this system rapidly generates heat
and this result in good quality extracts with better target compound recovery.
However, the efficiency of this extraction method depends on extraction time,
extraction temperature, solid-liquid ratio, and the type and composition of
solvent used (Setyaningsih et al., 2015). MAE can be used for the extrac-
tion of polyphenols from plant material since these compounds are dipoles
and can absorb microwave energy due to their hydroxyl groups which are
distributed along its molecular structure (Khoddami et al., 2013). In addi-
tion, this alternative extraction method can be applied to extraction of heat-
sensitive bioactive compounds from plant materials where rapid heating and
hence shorter extraction time is desired.

Researches have been performed to determine the best operating condi-
tions to extract different PC using this method. MAE method was used for
the extraction of PC from rice grains and the highest yield was obtained
applying extraction temperature 185°C, microwave power 1000 W, extrac-
tion time 20 min, solvent 100% methanol, and solvent-to-sample ratio 10:1
(Setyaningsih et al., 2015). MAE method induced high extraction selectivity
of bioactive compounds from Urtica dioica leaves and stems and high yield
of extracted compounds was obtained with microwave power 750°C, extrac-
tion time 2 min, and solvent 100% ethanol (Hijazi et al., 2013).

The MAE under optimum conditions can be considered as a powerful
tool for the extraction of PC from variety of plant material.

4.4.2.3 ENZYME-ASSISTED EXTRACTION

Enzyme-assisted extraction (EAE) of bioactive compounds from plants
have been widely investigated due to its advantages that including easy
operation and environment friendship, becoming a potential alternative to
conventional solvent based extraction methods. This method also has shown
faster extraction, higher recovery, reduced solvent usage, and lower energy
consumption when compared to nonenzymatic methods (Puri et al., 2012).
In recent years, EAE has also been gaining attention as efficient method
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to enhance the release and recovery of PC from plants since enzymes can
effectively work catalyzing the degradation of vegetables cell wall, favoring
the release of bioactive components contained inside the cell as well as those
reported to be linked to cell wall polysaccharides by hydrophobic interac-
tions and hydrogen bonds.

It is known that the primary cell wall of plants is mainly composed of
cellulose, hemicellulose, and pectin; thus cellulases, hemicellulases, and
pectinases as well as others enzymes can be used to catalyze and hydrolyze
the cell wall polysaccharides and therefore enabling a better release and a
more efficient extraction of PC (Miron et al., 2013). Different enzymes have
been employed (alone or in combination) to enhance and accelerate pheno-
lics extraction of plant material. Pectinases were employed to extraction
and release anthocyanins from saffron tepals and showed high efficiency
as compared to conventional ethanol extraction (Lotfi et al., 2015). PC
from thymus leaves were efficiently extracted by enzyme-assisted method
with cellulase and polygalacturonase which induced increase in antioxidant
capacity of the extracts (Cerda et al., 2013). In another study, extraction of
antioxidant phenolics from ginger was studied, and the enzymes’ pretreat-
ment had a significant influence on the yield of 6-gingerol and the total
polyphenols.

For some studies, enzyme pretreatment of raw material normally results
in a reduction in extraction time, minimizes usage of solvents, and provides
increased yield and quality of product. However, compared to prior research
evaluating the use of enzymatic treatment for enhancement of antioxi-
dant compounds extraction from thymus, better results were observed in
this investigation when commercial enzymes were incorporated during the
solvent extraction of PC and not when applied as a pretreatment process.
This study suggests that the difference can be due to a long extraction time
in the second case, once the enzyme was in contact with the thymus sample
during the pretreatment time and during the extraction time (21 h total),
which decreases the concentration of phenols in the medium because of their
degradation by the same enzyme activity still present in the extract (Cerda
etal., 2013).

In most studies, the enzyme incorporation increases the presence of PC
and antioxidant activity. The enzymes required for extraction process can
be derived from bacteria, fungi, animal organs, or vegetable/fruit extracts.
However, to use enzymes most effectively for extraction applications, it is
important to understand their catalytic property and mode of action, optimal
operational conditions, and which enzyme or enzymes combination is appro-
priate for the plant material selected. In addition, the parameters impacting
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enzyme-assisted release of bioactives (pH, time, temperature, and concen-
tration) need to be optimized for each specific process: enzymes normally
function at an optimal temperature, however, they can still be used over a
range of temperatures, providing flexibility for both cost and product quality;
substrate particle size reduction prior to enzymatic treatment provides better
accessibility of the enzyme to the cell to increase extraction yields signifi-
cantly; in aqueous extraction, the enzymes can rupture the polysaccharide—
protein colloid in the cell wall creating an emulsion that interferes with
extraction, so nonaqueous systems are preferable for some materials (Puri
etal., 2012).

The EAE is an attractive proposition to enhance the yields of bioactive
compounds. Although further investigations are needed, in particular to
synthesize of new enzymes and purification of enzymatic mixtures, helping
to improve the level of released bioactives making it a viable extraction
process at commercial scale.

4.4.2.4 SUBCRITICAL WATER EXTRACTION

Recently, SWE, also referred as pressurized or low-polarity water extrac-
tion, has been used as an alternative technique for the extraction of bioac-
tive compounds. Subcritical water (SW) is defined as water at a temperature
between its boiling and critical point where the pressure is regulated in
such a way that water remains in its liquid (Herrero et al., 2012). The tech-
nique has been receiving much attention in the field of natural compounds
extraction because SW is an efficient solvent for both polar and nonpolar
compounds and its versatility as a solvent is related to the tunable polarity of
water, which is directly dependent upon the temperature; when the tempera-
ture of water is increased, its polarity decreased, so the solubility of nonpolar
organic increases, whereas the solubility of polar organics decreases (Carr et
al., 2011). Under subcritical condition, the change in the water temperature
can lead to changes in the water’s dielectric constant and consequently the
water polarity: under standard temperature and pressure (25°C and 101 kPa)
water is a polar compound with dielectric constant of about 80, but when the
temperature is increased to about 200-350°C, the dielectric constant drops
to around 20-30, which is similar to the range of dielectric constants of
conventional solvents usually applying in the conventional bioactive extrac-
tion process like methanol, ethanol, and acetone at room temperature (Carr
et al., 2011; Duba et al:, 2015; Herrero et al., 2012).
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However, these solvents are often toxic and rigorous organic solvent
removal is necessary due to the extract can be ingested as an ingredient food
or pharmaceutical. Therefore, SW is an ideal candidate for use as solvent
for the natural compounds extraction from plant material because water is
ubiquitous, nontoxic, and has low disposal costs. SWE process based on
the thermodynamic properties of water which are described in terms of
hydrogen bonding strength and its structure. Changes in hydrogen bonding
strength are reflected in the dielectric constant; at higher temperatures, the
increased thermal agitation reduces the hydrogen bond strength in water and
leads to a reduction in dielectric constant value which makes the water a
solvent of less polarity which in turn increases the solubility of some organic
compounds as polyphenols. However, the solubility of organic compounds
in SW depends on several factors like chain length, type, and position of side
groups, molecular weight, position of hydrogen bonding, etc. of the solute
being solubilized (Carr et al., 2011).

Treatment with SWE has been shown to be sufficiently powerful to extract
polyphenols from grape skins and defatted grape seeds (Duba et al., 2015).
The study shown that high yields of total polyphenols were obtained for
both skins and seeds. For extraction of flavonols from black tea, celery, and
ginseng leaf, the effectiveness of SWE compared to that of other extraction
solvents, such as ethanol, methanol, and hot water has been studied and the
results indicated that SWE is a highly selective and rapid method for extrac-
tion of flavonols from plants. Therefore, SW could be an excellent alterna-
tive to organic solvent as a medium for extracting flavonols (Cheigh et al.,
2015). SWE has been demonstrated to be an effective extraction method for
a wide range of PC providing higher yield and reduction on extraction time
by up to 50% of conventional method extraction time. In addition, SWE
could be a good alternative industrial method to use for extraction of large
amounts of PC without toxic organic solvent residues.

4.4.2.5 SUPERCRITICAL FLUID EXTRACTION

SFE is another environmentally friendly extraction technique which in recent
years has received greater attention as an important alternative to traditional
solvent extraction methods since degradation and decomposition of the
active compounds is avoided operating at reduced temperatures, in absence
of light and oxygen (Meneses et al., 2015). In addition, the extracts obtained
by SFE are natural origin, present absence of residual organic solvent, and
composition controlled by process selectivity (Paes et al., 2014). SFE method
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extracts soluble components from a raw material exploiting the unique prop-
erties of gases above their critical points (Mallikarjun Gouda et al., 2015).
Thus, the relatively low viscosity (near to the gas) and the high diffusivity
of supercritical fluids (SCF) help to penetrate the porous solid materials
more efficiently than liquid solvents, thus resulting in faster and more effi-
cient extractions (Otero-Pareja et al., 2015). SFE is usually performed in
inert atmospheres, absence of light, at moderate temperatures and short time
contributing to avoid oxidation, thermal degradation, and others chemical
changes in bioactive compounds (Nyam et al., 2010).

In SFE method, methane, carbon dioxide, ethane, propane, ammonia,
ethanol, benzene, and water are the usual SCF applied. Among them, carbon
dioxide (CO,) is the most used because is nontoxic, nonflammable, and
noncorrosive, in addition to be inert to most materials, cheap, and readily
available in bulk quantity with satisfied purity (Nyam et al., 2010). Thus,
CO, is an ideal solvent which has been used to extracting of phenolics from
asparagus, peach leaves, and myrtle leaves (Kazan et al., 2014; Pujol et al.,
2013; Solana et al., 2015). However, CO, has a very limited capacity to
dissolve polar and high molecular weight compounds being the addition of
polar cosolvent such as methanol, ethanol, and acetone recommended to
modify its polarity (Meneses et al., 2015).

4.5 PLANT TISSUE SELECTION

To date, there are at least 14 groups of plant secondary metabolites with
nutraceutical potential. Alkaloids, amines, cyanogenic glycosides, terpenes,
isoprenoids, tocopherols, phenylpropanoids, glucosinolates, polyacety-
lenes, polyketides, saponins, steroids, small peptides, and nonprotein amino
acids are just few examples (Karim and Azlan, 2012). Despite that, these
phytochemicals are distributed along the diverse plant tissues and may vary
upon species, some of these phytochemicals are more common to occur in
a-specific plant tissue according to their physiological role in plants, see
Figure 4.2. The selection of the most suitable source of bioactives to design
effective nutraceuticals implies the selection of high-quality raw materials
and a strict control of by-side contaminants (Lockwood, 2011), among
other factors. This represents an everyday dilemma for agronomists, food
chemists, and pharmaceutical developers, which not only have to face the
problem of obtaining highly pure ingredients but also must be sensitive to
the rapid changes of the functional/nutraceutical market (Siro et al., 2008).
A comprehensive path to obtain nutraceutical bioactives (NB) is depicted
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in Figure 4.3, summarizing some important considerations at each stage.
Anticipating that the selection of plant/tissue source (Fig. 4.3, Stage 1) turns
out to be the critical starting point in the research and development process,
in the following paragraphs, this aspect is addressed in detail.
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First, the specific chemical fingerprint of a particular plant, along with its
health-promoting properties, far outstrips its taxonomy. The natural distribu-
tion of a particular NVB in fruits, the edible usually fleshy and sweet smelling
part of a plant that may or may not contain seeds, is primarily committed by
their taxa-specific richness. For example, /ycopene a linear carotenoid (Saini
et al., 2015) that plays a modest role on prostate cancer (Chen et al., 2013)
and cardiovascular disease (Miiller et al., 2015) is found in a higher amount
(>1000 times) in mature fruits of watermelon (Cucurbitaceae) and tomato
(Solanaceae) as compared to mango (Anacardiaceae) or carrot (Apiaceae),
though the later are richer in another carotenoid: S-carotene.

As if this were not enough, phylogenetically related plants also have
marked differences in NB content. For example, the Solanaceae family
compromises 98 genera and approximately 2700 species; Capsicum annum
belongs to it and includes a wide variety of hot peppers with graded levels of
pungency (Scoville units) associated with their capsaicin content, an alkaloid
with a protective antioxidant effect against nonalcoholic fatty liver disease
and hyperglycemic-induced endothelial disorders (McCarty et al., 2015),
adipogenesis (Alcala-Hernandez et al., 2015), and cancer (Swain and Kumar
Mishra, 2015). Fortunately, information on structure—function as well as plant
sources for specific NB, is continuously deposited in several open access
databases (e.g., USDA-NDB, phenol-explorer, PhytAMP, SOFA, and GMD)
in such way that the selection of the richest source of a particular NB seems
to be no longer the problem. The systematization within these databases also
helps to bring together several plants and even specific tissues, with the same
functional/nutraceutical action (Andrade-Cetto and Heinrich, 2005).

Mother Nature also distributes several NB in other tissues during the
plant’s lifetime, according to their physiological role. For example, leaves
have the highest photosynthetic activity and so they are rich in chlorophyll,
a porphyrin pigment with antioxidant and anticancer activity (Inang, 2011).
Straws, stalks, and stems, whose main function is to support for and the
elevation of leaves, flowers, and fruits, are rich in xylo-oligosaccharides
(Carvalho et al., 2013) useful to improve gut’s health, while seeds (the
ripened ovule of a plant, containing the embryo and the endosperm, wrapped
in a protective coat) have the highest content of fatty acids, phytosterols,
and proteins, all having a pivotal role on preventing cardiovascular diseases.
Edible flowers are excellent sources of volatile NB secreted during special-
ized ant pollination (de Vega et al., 2014), with several medical applica-
tions such as antiseptic, antispasmodic, and antiparasitic actions (Mlcek
and Rop, 2011). Lastly, from woody barks and fruit exocarps. (e.g., shells,
peels, and pods) is possible to get many alkaloids an PC such as condensed
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and hydrolyzed tannins, which protect the plant from predators’ attack but
also have and hypoglycemic effect (Olivas-Aguirre et al., 2014; Shan et al.,
2005). The development of sophisticated techniques to isolate and identify
NB from all of the above-mentioned plant tissues (Fig. 4.3, stage 3) has been
used in Plant Molecular Systematics to consolidate three research lines:

Molecular and nutraceutical characterization of a single NB obtained
from different plant sources.

New tools for the molecular identification of NB (HPLC-MS, MS,
MALDI-TOF, etc.) has led to the conclusion that many nutraceutical actions
are restricted to just one metabolite. For example, Butein and chalconoid
isolated from stems, barks, flowers, fruits, heartwoods, and leaves of at least
30 different plants (Semwal et al., 2015) has many medical applications
as an analgesic, antibiotic, antithrombotic, anticancer, and anti-inflamma-
tory agent. Also, apigenin-7-O-glycoside (flavan-3-ol) isolated from olive
leaves, chamomile flowers, salvia stems is either a strong hematopoietic
(Samet et al., 2015) or an anti-anxiolitic (Kumar and Bhat, 2014). Lunasin
(Fig. 4.4), a 43 amino acid peptide found in soybean, wheat, barley, rice,
rye, triticale, and amaranth, has anticancer and anti-inflamatory capacity
(Malaguti et al., 2014).

Identification of different NBs from distinct plant sources with a same
nutraceutical action.

From folk medicine, it has been possible to gain knowledge on several
plant sources (and tissues) for a specific metabolic condition or disease. For
example, Mexican diabetic patients use several “phytoremedies” (Table 4.2)
including those known as tizanas which are herbal infusions prepared with
flowers, fruits, or roots from different plants but with the same medicinal
purpose (Johnson et al., 2006). However, despite the accumulated empirical
knowledge, very little is known about their pharmacological effectiveness
and their safe intake/toxicity level. In this sense, the isolation and purifica-
tion of the associated NB to these fizanas is a crucial step (Fig. 4.3, stage 3)
to develop culturally accepted nutraceuticals, either alone or combined.

To further complicate this matter, the natural distribution of NB within
a single plant, can differ from one tissue to another. For example, it is well
known that several noncommunicable chronic diseases are associated with
pro-inflammatory conditions along with an altered redox status. These condi-
tions could be reversed by consuming plant antioxidants such as PCs. PCs
are widely distributed in the plant kingdom, grouping a plethora of chemical



Plant Tissues as a Source of Nutraceutical Compounds 109

compounds with radical scavenging capacity (RSC). Fresh-cut aromatic herbs
such as coriander, mint, and parsley are believed to provide the organism
with extra NB with RSC and anti-inflammatory capacity (Santos et al., 2014).
However, a graphical adaptation of how their RSC is differently distributed
from stem to leaves, as described by Al-Juhaimi et al. (2011), is shown in
Figure 4.5. This same phenomenon extends to the comparison of peels and
seeds vs. pulp (common edible part) of tropical fruits such as avocado, guava,

mango, and pomegranate (Ayala-Zavala et al., 2011).
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FIGURE 4.4 Lunasin: sources and nutraceutical actions.

TABLE 4.2 Mexican Plants with Hypoglycemic Effect and Related NB.

Common name Family Plant part Associated NB

Maguey Agavaceae Stem Sapogenins

Onion Liliaceae Bulb Sulfuric derivates

Angel grass Asteraceae Leaf/stem Terpenes

Sabila Liliaceae Stem (roasted) Polysaccharides/flavonoids
Pineapple Bromeliaceae Fruit (juice) Monoterpenoids/lactones
Peanut Fabaceae Seed (oil) Sterols/flavonoids
Pingiiica Ericaceae Leaves Alkaloid/flavonoids

Beet Chenopodiaceae  Stem Alkaloids/flavonoids
Prodigiosa Asteraceae Leaf/stem Sesquiterpenes/lactones
White zapote Rutaceae Bark Alkaloids

Tejocote Rosaceae Root Tannins/flavonoids
Guayacan flower Solanaceae Flower Alkaloids
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Generation of metabolomic data on a specific plant source with different
nutraceutical applications.

The concept of “integral exploitation” commonly used in the agribusi-
ness sector (agriculture and forestry) has been recently benefited with the
second MSP research line. Since the 1970s, this sector realized the need
to diversify the applications of several plant resources, building up a stra-
tegic partnership between primary producers and academics. As an example,
several patents have been authorized on the use of tropical, semi-arid, and
arid crops as potential sources of NB (Souto et al., 2014). Also, researchers
worldwide have focused their efforts on elucidating the biological control
(metabolomics) and the tissue-specific richness in NB of a single plant
source (Ayala-Zavala et al., 2011; Patel, 2015; Sharma et al., 2015). A few
examples of specific plant tissues rich in NB, as well as their potential use to
enhance human health are summarized in Table 4.3.

For example, bitter gourd (Momordica charantia L.), has been tradition-
ally used as a food in tropical regions such as India, Malaya, China, tropical
Africa, Middle East, America. As a medicinal plant, it has been reported to
possess antilipolytic, hyploglycemic, analgesic, abortifacient, antiviral, anti-
cytotoxic, and antimutagenic properties. These preventive effects are related
to the differential antioxidant capacity (as assayed FRAP) and PC content
(phenolic acids) of its parts.
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In summary, the careful selection of a primary plant source of NBs will
determine the success or failure of the final manufactured nutraceutical. In
this sense, it is crucial to select the most suitable plant tissue for a particular
purpose, as well as other important factors such as ripening stage and proper
extractive methods and technologies, which could hinder the quality and
performance of the final NB.

4.6 NUTRACEUTICAL PRODUCTS IN MARKET

Nutraceuticals market is growing rapidly, the global profits for 2013 was
approximately 175 billion US dollars and is expected to grow to 424 billion
by 2017 (Daliri and Lee, 2015). There has been an increase in the consump-
tion of nutraceuticals in the last decade, the United States being the largest
consumer of nutraceuticals and functional foods followed by Japan and
Europe, and other countries such as India, China, Russia, and Canada. The
rise in the incidence of obesity, cardiovascular disease, cancer, and diabetes,
along with the knowledge of reduce risk of several diseases and maintain a
state of health through a diet rich in fruits and vegetables, and the need for
products that offer higher bioavailability of one or more bioactive ingredi-
ents, among other factors have contributed to the growth of this industry
(Zawistowski and Debasis, 2008). People’s awareness in the health-related
benefits of dietary supplements, and the practical presentation of most of
the nutraceutical products and functional foods are key to their successful
growth.

Most of the nutraceuticals products are targeting weight control, vascular
health, general nutrition, and sports nutrition mainly. Nutraceuticals also
focus in other health areas such as eye health, diabetes, mental health, cancer,
arthritis, ageing, and sexual health and performance. Most common nutra-
ceuticals in the market are those that contain ingredients like DF, vitamin E,
PUFAs, inulin, probiotics, conjugated LA, soy and plant antioxidant (poly-
phenols). Nutraceuticals normally are consumed as pills, capsules, soft gels,
and tinctures and can be categorized as nutrients (vitamins and minerals),
botanicals (nutraceuticals made from plant parts), and dietary supplements
(Dureja et al., 2003). However, nutraceuticals can be taken either as a food
additive or a powder concentrate and it depends on the consumer’s prefer-
ence and needs.

The growing demand of consumers for nutraceuticals has increased the
release of new functional products every year. Between 2008 and 2009, the
United States launched 881 healthy products, followed by Italy and Japan
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with 325 and 314, respectively (Valls et al., 2013). There are organizations
from different countries such as the Food and Drug Administration (FDA),
the European Authority of Food Safety, or the Ministry of Health, Labour,
and Welfare (MHLW) that are in charge to regulate this type of products and
to assure that its claims are not misleading consumers. FDA is responsible
for the regulation of nutraceuticals under the authority of the Federal Food,
Drug, and Cosmetic Act and evaluates the safety and labeling of dietary
supplements fulfill the requirements of Dietary Supplement Health and
Education and FDA before marketing. The FDA does not recognize nutra-
ceuticals as they are not legally defined, they are regulated under the same
statutes as food products and not like drugs and must not have claims that
says the product use is for the treatment or prevention of a specific disease.
The manufacturer must notify and give information to the FDA that the
new product is safe and it is under the conditions of use as stipulated in its
labeling. Until now, most of the dietary supplements that are selling in the
United States possess one of the three claims (nutrient content, structure/
function, and health claims) (Hasler, 2008).

In Europe, the situation is similar than in the United States, nutraceuti-
cals products are regulated by the same legislation than foods. The Euro-
pean Union distinguishes two types of claims. Nutrition claims: it suggests
that food has particular beneficial nutritional properties due to the energy
it provides or the nutrients it contains. Health claims: it implies that there
exists a relationship between food or one of food constituents and health.
Inside this claim exist other claims such as reduction disease risk claims
which state that the consumption of a food or food constituent significantly:
reduces a risk factor in the development of human disease (Hasler, 2008;
Verhagen et al., 2010). The MHLW enacted functional foods or Food for
Specified Health Uses (FOSHU) as a regulatory system for approval of food
with health claims that can be used on a label to inform consumers about
their functionality (Regulations, 1996). Japan is the only country that has a
specific food category besides food and medicine. Also, FOSHU is the only
category of functional foods that are qualified to carry health function claims
in Japan; their health benefits are aim especially to gastrointestinal health,
blood pressure, dental hygiene, bone health, serum cholesterol, mineral
absorption, and blood glucose (Bagchi, 2008).

To assure the future of the nutraceuticals industry, it is necessary to
legally define the term nutraceutical and try to uniform the legislations of
the different countries for these products. Companies should perform long-
term clinical trials in animals and humans to scientifically validate the health
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benefit they are selling and to identify the presence of many ingredients
that can harmful to the consumers. Also, health professionals and academics
should work together along with manufacturers to provide scientific evidence
for the development of new functional products.

4.7 CONCLUDING REMARKS

The scientific breakthroughs and constant innovation in food science and
technologies are pushed by the desire of people to get healthier choices
of food products that they may add to their diet at low cost. The growing
demand for novel functional foods and nutraceutical products are leading
scientist around the world to the continuous search of new natural sources
of bioactive compounds with optimum extraction yield to the food industry,
to get low cost of product manufacture. Plant tissues as product of their
secondary metabolism has a great variety of phytochemicals, from PC to
DF, or even carotenoids, vitamins, and amino acids. Hence, it depends on
the desirable health effect of the plant tissue that should be selected for the
extraction of the appropriate phytochemical to incorporate it in the nutraceu-
tical product. In that sense, plant tissues represent a great source of bioac-
tive compounds due to their great amount and diversity of phytochemicals.
Moreover, once the phytochemical desired is on target, and the plant tissue
source of this compound is found, it is essential to select a proper extraction
method to achieve the optimum extraction yield of the desirable compound.
However, there are plenty of plant tissues yet uncharacterized in many coun-
tries around the world, and scientists around the world must continue the
contribution at least with information about the local plant tissues of their
own region.
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