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Preface

Since global recognition of the dietary guidelines that include increased consumption of
plant-based foods for the prevention of chronic diseases and maintaining good health,
there has been a considerable interest in the biologically active compounds that are
present in plant foods. These compounds have been referred to, among other terms, as
‘Phytochemicals’, ‘Phytonutrients’, “Nutraceuticals’ and ‘Functional ingredients”. They
include a multitude of compounds having different chemical identities, biological
activities and mechanisms of action. The scope of ‘Phytochemicals’ has expanded
beyond their initial applications to food to include therapeutics, pharmaceuticals and
cosmeceuticals. Although advancements have been made in the field of phytochemicals
in the past few decades, more information on the analytical methods of isolation and
characterization, their occurrence, biological activity, mechanisms of action and
applications to the food and other health industries need to be obtained through
systematic scientific investigations. Recognizing this need for more information, a plan
to publish a book that brings together up to date information on various aspects of
phytochemicals was initiated. This book is a collection of several articles that range in
scope from the diversity of their occurrence and chemical characteristics, analytical
challenges in their isolation and characterization, and the undertaking of basic and
clinical researches to evaluate their biological activities both in animal and human
health. The book provides a global perspective related to the phytochemicals present
not only in foods but also in medicinal plants. Internationally recognized authors that
have expertise in their own respective areas within the phytochemical discipline have
contributed to this book. Contents of this important and timely book are useful not
only to the researchers but also to health professionals, government regulatory
agencies and industrial personnel. It is with this vision that we present this book to
our readers and are confident that it will serve as a standard reference book in this
important field of human nutrition and health.

Dr. A. V. Rao

Professor Emeritus,

Department of Nutritional Sciences, Faculty of Medicine
University of Toronto,

Canada






Biological Oxidations and
Antioxidant Activity of Natural Products

Xirley Pereira Nunes et al.”
Universidade Federal do Vale do Sio Francisco,
Brazil

1. Introduction

Oxygen is the most prevalent element in the earth’s crust. It exists in air as a diatomic
molecule, O». Except for a small number of anaerobic bacteria, all living organisms use O» for
energy production and it is essential for life as we know it. Energy production by organisms
from food material requires “oxidation”, which implies the loss of electrons. However the
potential of O to oxidize also makes it toxic. Oxidation can inactivate important enzymes, and
anaerobes that do not have antioxidant mechanisms do not survive in an O, environment
(Magder, 2006).

Life under aerobic conditions is characterized by continuous production of free radicals,
which is counterbalanced by the activity of antioxidant enzymes and non-enzyme defences.
Under physiological conditions oxidising agents and antioxidant defences are in balance.
Living cells can either produce or take in anti-oxidative defense molecules which include
enzymes such as catalase, superoxide dismutase, glutathione peroxidase, and non-enzymatic
antioxidants such as glutathione, and vitamins C and E. However, if the production of free
radicals exceeds the antioxidant capacity of a living system, these reactive oxygen and
nitrogen species can react with lipids, proteins, and DNA causing structural and/or
functional damage to the cell’s enzymes and genetic material (Barreiros et al., 2006). The
predominance of oxidants, and their consequent damage is called oxidative stress. Oxidants
are generated in normal metabolism, in mitochondria, in peroxisomes, as cytosolic enzymes
such as xanthine oxidase which is present in the cytosol of many tissues, and also can be
found in the blood circulation bound to glycosaminoglycan sites in the arterial wall
(Magder, 2006).

According to Sanchez et al. (2003), the body’s mechanisms against the excess of reactive
oxygen species (ROS), and oxidative stress may be classified as follows: (I) preventive
mechanism; proteins which have a coordinated nucleus of iron or copper with the capacity to

“ Fabricio Souza Silval, Jackson Roberto Guedes da S. Almeida!?, Julianeli Tolentino de Lima?,
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bind (albumin, myoglobin, metallothionein, ceruloplasmin, ferritin, transferrin,), which
prevents the overproduction of HO¢, (II) repairing mechanism; enzymes which repair or
eliminate damaged biomolecules by ROS, like glutathione peroxidase, glutathione reductase,
and methionine-sulphoxide reductase, and (III) scavenger mechanism; enzymes with capacity
to scavenge excess ROS like superoxide dismutase, glutathione peroxidase, catalase, other
metalloenzymes, and chemical entities with scavenging capacity like polyunsaturated fatty
acids, vitamins C and E, uric acid, bilirubin, carotenoids, and flavonoids.

The term reactive oxygen species (ROS) includes radicals or chemical species that take part
in radical type reactions (i.e. gain or loss of electrons) but are not true radicals in that they
do not have unpaired electrons. Examples of non-radical ROS include hydrogen peroxide
(H20z), hypochlorous acid (HOCI), ozone (Os) and singlet oxygen (1O2). Examples of radical
ROS include super oxide anion radicals (O2*-) and hydroxyl radical species (*OH). Besides
oxygen-based radicals, there are also reactive nitrogen species such as nitric oxide (NO) and
nitrogen dioxide (NO). An important product of the two radicals O,*- and NO is
peroxynitrite (ONOO-), this reaction occurs at a diffusion limited rate (Halliwell &
Gutteridge, 2007; Magder, 2006). ROS may be generated through endogenous processes like
mitochondrial respiration, the activation of polymorphonuclear leukocytes, arachidonic acid
metabolism, enzymatic functions, and iron or copper mediated catalysis, among others. The
human organism produces these ROS as a functional part of the harmonic balance between
several physiological processes (Gupta & Verma, 2010).

Oxidative stress, caused by an imbalance between ROS and the anti-oxidative defense
systems is considered to be a major etiological or pathogenic agent of cardiovascular and
neurodegenerative diseases, cancers, Alzheimer’s, diabetes and aging. Because they inhibit
or delay the oxidative process by blocking both the initiation and propagation of oxidizing
chain reactions, antioxidants for the treatment of cellular degenerations are beginning to be
considered (Jang et al., 2010). Oxidative stress and its effects on human health have become
a serious issue. Under stress, our bodies end up having more reactive oxygen species than
antioxidant species, an imbalance that leads to cell damage (Krishnaiah et al., 2011). Cell
degradation eventually leads to partial or total functional loss of physiological systems in
the body. Currently, the incidence of free radical imbalance at the onset and during the
evolution of more than 100 diseases (cardiovascular, neurological, endocrine, respiratory,
immune and self-immune, ischaemia, gastric disorders, tumor progression and
carcinogenesis, among others) has been demonstrated (Gupta & Verma, 2010).

Oxidation is essential to most living organisms for the production of energy and biological
processes such as metabolic regulation, metabolic energy control, and
activation/inactivation of biomolecules, signal transduction, cell exchange, endothelium-
related vascular functions and gene expression. Reactive oxygen species are produced in
vivo during oxidation. Free radical-scavenging is one of the known mechanisms by which
antioxidants inhibit lipid peroxidation (Bloknina et al., 2003). According to Jadhav et al.
(1996), lipid oxidation is the reaction of oxygen with unsaturated fatty acids. In the initial
stages free radicals form molecules susceptible to attacks from atmospheric oxygen O, by
removal of allylic hydrogen from fatty acid molecular carbons. These free radicals act as
propagators of the reaction, and are converted to peroxides and hydro-peroxides (also
radicals), which are the primary products of lipid oxidation. In the end, the new radicals
combine to form stable and secondary products of oxidation by splitting and rearrangement,
to form volatile and non-volatile epoxide compounds.
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In recent years, substantial evidence has accumulated and indicated key roles for reactive
oxygen species and other oxidants in causing numerous disorders and diseases. The
evidence has brought the attention of scientists and the general public to an appreciation of
antioxidants for prevention and treatment of diseases, and maintenance of human health
(Halliwell & Gutteridge, 2007).

Antioxidants stabilize or deactivate free radicals, often before they attack targets in
biological cells. Although almost all organisms possess antioxidant defense and repair
systems to protect against oxidative damage, they cannot prevent the damage entirely.

Interest in naturally occurring antioxidants has considerably increased for use in food,
cosmetic and pharmaceutical products, replacing synthetic antioxidants which are often
restricted due to carcinogenic effects (Djeridane et al., 2006; Wannes et al., 2010). Aromatic
and medicinal plants source natural antioxidants like polyphenols and essential oils which
are secondary metabolites.

The purpose of this chapter is to review antioxidant classes, and methods for in vitro
assessment of the antioxidant activity of natural products. We do not pretend to do a
comprehensive review of the literature, but rather to present introductory information on
the subject. In this chapter there is a list of some Brazilian medicinal plants with antioxidant
activity.

2. Natural products and antioxidant activity

In this section we present the main classes (natural and synthetic) of antioxidant
compounds, as well as important methods for assessment of in vitro antioxidant activity of
natural products and plant extracts. Antioxidant activity is an important and fundamental
function in life systems. Many other biological functions such as the anti-mutagenic, anti-
carcinogenic, and anti-aging responses, originate from this property.

2.1 The main classes of antioxidant compounds

Antioxidants inhibit or delay the oxidation of other molecules by limiting either the
initiation, or the propagation of oxidizing chain reactions. The natural antioxidants are
phenolic compounds (tocopherols, flavonoids, phenolic acids), nitrogen compounds
(alkaloids, chlorophyll derivatives, amino acids, and amines), carotenoids or ascorbic acid.
Synthetic antioxidants are phenolic structures with various degrees of alkyl substitution
(Velioglu et al., 1998).

In general, antioxidants are substances present in low concentrations (compared to the
oxidizable substrate), which significantly delay or inhibit oxidation. The radicals formed
from antioxidants do not propagate the lipid oxidative chain reaction mentioned above, but
are neutralized by reaction with other radicals to form stable products, or recycled by other
antioxidants. The chemical structures of natural and synthetic antioxidants most commonly
used are shown in Table 1. Table 2 presents some Brazilian medicinal plants having
antioxidant activity.

2.1.1 Synthetic antioxidants

Synthetic antioxidants such as butylated hydroxyanisole (BHA), and butylated
hydroxytoluene (BHT), have been used as antioxidants since the beginning of this century.
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Antioxidant Chemical structure Synthetic or Natural?
OH
HO. O o
Ascorbic acid \/\q Synthetic or natural
HO OH
OcH;8
Butylated .
hydroxyanisole (BHA) ©/k Synthetic
OH
OH
Butylated .
hydroxytoluene (BHT) §\¢/k Synthetic
OH
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Gallic acid Natural
HO OH
OH
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Propyl gallate Synthetic
HO OH
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OH
OH
Quercetin Ho © ‘ Natural
OH
OH o
OH
Tertiary
butylhydroquinone Synthetic
(TBHQ)

a-Tocoferol

Trolox®

OH

Tl A e

on Synthetic

Table 1. Chemical structures of natural and synthetic antioxidants commonly used.
(Adapted from Alves et al., 2010).
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Plant name Chemical content Reference
Acacia podallyriifolia Phenolic compounds Andrade et al., 2007
Anacardium occidentale Hydroalcoholic extract Broinizi et al., 2008
Anadenanthera peregrina Ethanol extract and partitions Mensor et al., 2001
Anaxagorea dolichocarpa Ethanol extract and partitions Almeida et al., 2011
Apuleia leiocarpa Ethanol extract and partitions Mensor et al., 2001
Baccharis articulata Flavonoids Borgo et al., 2010
Baccharis trimera Methanol extract Morais et al., 2009
Brillantaisia palisatii Ethanol extract and partitions Mensor et al., 2001
Brosimum guianense Ethanol extract and partitions Mensor et al., 2001
Camelia sinensis Methanol extract Morais et al., 2009
Cenostigma macrophyllum Phenolic compounds Sousa et al., 2007
Copernicia cerifera Phenolic compounds Sousa et al., 2007
Croton argyropphylloides Essential oil Morais et al., 2006
Croton nepetaefolius Essential oil Morais et al., 2006
Croton zenhtneri Essential oil Morais et al., 2006
Cymbopogon citratus Methanol extract Morais et al., 2009
Duguetia chrysocarpa Ethanol extract and partitions Almeida et al., 2011
Encholirium spectabile Ethanol extract Carvalho et al., 2010
Huyptis elegans Ethanol extract and partitions Mensor et al., 2001
Huyptis tetracephala Ethanol extract and partitions Mensor et al., 2001
Jacaranda puberula Ethanol extract Santos et al., 2010
Lantana camara Ethanol extract and partitions Mensor et al., 2001
Lantana trifolia Ethanol extract and partitions Mensor et al., 2001
Laurencia dendroidea Sesquiterpenes Gressler et al., 2011
Lippia alba Methanol extract Morais et al., 2009
Lonchocarpus filipes Flavonoids Santos et al., 2009
Marsypianthes chamaedrys Ethanol extract and partitions Mensor et al., 2001
Matricaria recutita Methanol extract Morais et al., 2009
Mentha arvensis Methanol extract Morais et al., 2009
Palicourea rigida Flavonoids Rosa et al., 2010
Platypodium elegans Ethanol extract and partitions Mensor et al., 2001
Pseudopiptadenia contorta Ethanol extract and partitions Mensor et al., 2001
Punica granatum Etheric, alcoholic and aqueous Jardini & Mancini-
extracts Filho, 2007
Pyrus malus Methanol extract Morais et al., 2009
Qualea grandiflora Phenolic compounds Sousa et al., 2007
Raphiodon echinus Ethanol extract and partitions Mensor et al., 2001
Terminalia brasiliensis Phenolic compounds Sousa et al., 2007
Terminalia fagifolia Phenolic compounds Sousa et al., 2007
Turnera ulmifolia Phenolic compounds Nascimento et al., 2006
Verbena litoralis Ethanol extract and partitions Mensor et al., 2001
Vitex cymosa Ethanol extract and partitions Mensor et al., 2001
Vitex polygama Ethanol extract and partitions Mensor et al., 2001

Table 2. Some Brazilian plants having antioxidant activity.
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They are commonly used to preserve food. Restrictions on the use of these compounds are
being imposed because of their carcinogenicity. Thus, the interest in natural antioxidants has
increased considerably (Velioglu et al.,, 1998). The replacement of synthetic with natural
antioxidants (because of implications for human health) may be advantageous.

Although synthetic antioxidants, such as BHA, BHT and propyl gallate, have been
commonly added to food products to retard lipid oxidation, the demand for natural
antioxidants has increased because of the negative perception consumers have about the
long-term safety of synthetic antioxidants. Yet, regular consumption of fruit and vegetables
containing natural antioxidants is correlated with decreased risks for diseases such as cancer
and cardiovascular diseases (Jang et al., 2010).

In the food industry, synthetic antioxidants such as ascorbic acid and BHT have been widely
used as additives to preserve and stabilize foods and animal feed products for freshness,
nutritive value, flavour, and colour. Yet, at least one study has shown BHT to be potentially
toxic, especially in high doses, making it important to consider health risks associated with
long-term dietary intake of BHT (Oliveira et al., 2009a).

In recent years, while the toxicity of synthetic chemical antioxidants has been criticized, studies
have begun to investigate the potential of plant products to serve as antioxidants for protection
against free radicals. Phenolics, flavonoids, tannins, proanthocyanidins, and various plant and
herbal extracts have been reported to be radical scavengers that inhibit lipid peroxidation.

Synthetic antioxidants Trolox®, and TBHQ (tertiary butylhydroquinone) are widely used.
TBHQ is a derivative of hydroquinone, substituted with a fert-butyl group. It is a highly
effective antioxidant used in foods as a preservative for unsaturated vegetable oils and
many edible animal fats. The tert-butyl substituents in TBHQ, BHA and BHT function
mainly to increase the lipid solubility.

2.1.2 Natural antioxidants
2.1.2.1 Ascorbic acid

Ascorbic acid (vitamin C) is widely known for its antioxidant activity and is therefore used
in cosmetics and degenerative disease treatments. Vitamin C has many physiological
functions, among them a highly antioxidant power to recycle vitamin E in membrane and
lipoprotein lipid peroxidation. Paradoxically, however, it should also be noted that, in vitro,
vitamin C is also capable of pro-oxidant activity. It has long been known that the
combination of ascorbate and ferrous ions generates hydroxyl radicals, which induces lipid
peroxidation (Haslam, 1996). Vitamin C is a potent antioxidant for hydrophilic radicals, but
poor against lipophilic radicals.

HO,

HO. P O 0

HO OH
Ascorbic acid
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2.1.2.2 Tocopherols

Tocopherols and tocotrienols are widely distributed in nature. Vitamin E is the common
name given to a group of lipid-soluble compounds of which a-tocopherol is the most
familiar. It is found in lipoproteins and membranes, and acts to block the chain reaction of
lipid peroxidation by scavenging intermediate peroxyl radicals being generated. The highly
steric (hindered) a-tocopheryl radical is much less reactive in attacking fatty acid side chains
and converts back to its parent phenol thru ascorbic acid, thus breaking the chain reaction
(Haslam, 1996).

a-Tocopherol

Tocotrienol analogue

2.1.2.3 Carotenoids

Carotenoids protect lipids against peroxidative damage by inactivating singlet oxygen
(without degradation) reacting with hydroxyl, superoxide, and peroxyl radicals. Relative
to phenolics and other antioxidants, carotenoids are not particularly good quenchers of
peroxyl radicals, but they are exceptional at quenching singlet oxygen, at which most
other phenolics and antioxidants are relatively ineffective. The antioxidant activity of
carotenoids is due to the ability to delocalize unpaired electrons through their structure of
conjugated double bonds. Three proposed mechanisms for free radical reactions involving
carotenoids are reported in the literature. Much of our present knowledge comes from
epidemiological studies and indicates that the incidence of some forms of cancer and
cardiovascular disease appear to be lower in populations with large relative intakes of
antioxidant nutrients such as vitamins C, and E, and the various carotenoids (Haslam,
1996).

The B-carotene is the most abundant of the carotenoids and widely used in therapies. It is
almost completely insoluble in water but readily soluble in hydrophobic environments, and
slightly polar solvents. B-carotene is highly reactive with electrophiles and oxidants. While
many studies have shown p-carotene inhibition of lipid auto-oxidation in biological tissues
and food, few details of the kinetics or mechanism of these reactions have been revealed
(Alves et al., 2010). Lycopene is also well known for its antioxidant activity.
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NN NN YN

[-Carotene

Lycopene
2.1.2.4 Phenolic compounds

Phenolic compounds are commonly found in both edible and non-edible plants, and they
have been reported to have multiple biological effects, including antioxidant activity.
Crude extracts of fruits, herbs, vegetables, cereals, and other plant materials rich in
phenolics are increasingly being used in the food industry because they retard oxidative
degradation of lipids and improve the quality and nutritional value of food. The
antioxidant constituents of plants are also raising interest among scientists, food
manufacturers, and consumers as the trend of the future is toward functional food with
specific health effects for the maintenance of health, protection from coronary heart
disease, and cancer (Kdhkonen et al., 1999).

Phenolic compounds are considered secondary metabolites and are synthesized by plants
during normal development, and in response to infections, wounding, UV radiation, and
insects. These phytochemical compounds derived from phenylalanine and tyrosine occur
ubiquitously in plants and are very diversified (Naczk & Shahidi, 2004).

Phenolic plant compounds fall into several categories; simple phenolics, phenolic acids
(derivatives of cinnamic and benzoic acids), coumarins, flavonoids, stilbenes, tannins,
lignans and lignins (Figure 1). Chief among these are the flavonoids which have potent
antioxidant activities.

2.1.2.5 Flavonoids

Flavonoids are naturally occurring in plants and are thought to have positive effects on
human health. Studies on flavonoidic derivatives have shown a wide range of antibacterial,
antiviral, anti-inflammatory, anticancer, and anti-allergic activities (Di Carlo et al., 1999;
Montoro et al., 2005). With their biological activity, flavonoids are important components of
the human diet, although they are generally considered as non-nutrients. Sources of
flavonoids are foods, beverages, different herbal drugs, and related phytomedicines
(Montoro et al., 2005).

Flavonoids are an important class of phenolic compounds, and have potent antioxidant
activity. The antioxidant property of flavonoids was the first mechanism of action studied
with regard to their protective effect against cardiovascular diseases. Flavonoids have been
shown to be highly effective scavengers of most oxidizing molecules, including singlet
oxygen, and various free radicals (Bravo, 1998) implicated in several diseases.
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HO, O
N C//
HO i OH
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Gallic acid (Hydroxybenzoic acid)

H,CO
PG\
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Escopoletin (Coumarin)

HO
v O
OH
HO

Resveratrol (Stilbene)

oH
OH
H
HO. o
: OH
" OH
H

Epigalocatechin (Flavonoid)

Coumaric acid (Hydroxycinnamic acid)
OH
OH

Epicatechin (Flavonoid)

HJ;C/I -
H CH,OH

; ~OCH;
OH

Secoisolariciresinol (Lignan)
OH

OH o

Quercetin (Flavonoid)

Fig. 1. Chemical structures of some phenolic compounds.

The antioxidant mechanism involves suppressing reactive oxygen formation, by inhibiting
enzymes, chelating trace elements involved in free-radical production, scavenging reactive

species, and up-regulating and protecting antioxidant defences (van Acker et al., 1996).

More than 4000 flavonoids have been identified, and the number is still growing. Flavonoids
can be further divided into chalcones, anthocyanins, flavones, isoflavones, flavanones,
flavononols and flavanols (Ignat et al., 2011). The chemical structures of the main classes of

flavonoids are shown in Figure 2.

Anthocyanins are probably the largest group of phenolic compounds in the human diet, and
their strong antioxidant activities suggest their importance in maintaining health (Velioglu
et al., 1998). When consumed regularly, by humans, these flavonoids have been associated

with a reduction in the incidence of diseases, such as cancer and heart disease.
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Chalcone Flavanone

(@] (e]
Flavanonol Flavone

O.

o,

98
OH

(@]

0

Flavonol Isoflavone

® )
OH =

Flavan-3-ol Anthocyanidin

Fig. 2. Basic structures of the main classes of flavonoids (Adapted from Coutinho et al., 2009).

2.1.2.6 Essential oils

Essential oils also called volatile or ethereal oils are aromatic compounds, oily liquids
obtained from different plant parts, and widely used as food flavours. Essential oils are
complex mixtures comprised of many single compounds. Chemically they are derived from
terpenes, and their oxygenated compounds. Essential oils have been useful in food
preservation, aromatherapy and the fragrance industry (Bakkali et al., 2008).

In nature, essential oils have an important role in protecting plants. They serve as
antibacterial agents, antivirals, antifungals, and insecticides, and also against the action of
herbivores. They sometimes attract insects to help the spread of pollen or repel other
unwanted insects. They are liquid, volatile, transparent, rarely coloured, soluble in organic
solvents, and have lower densities than that of water. Synthesized by all organs of the plant,
such as buds, flowers, leaves, stems, seeds, fruits, roots and bark, they are stored in secretor
cells, cavities, channels, epidermal cells, and glandular trichomes (Bakkali et al., 2008).
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Terpenoids form a large and structurally diverse family of natural products derived from
isoprenoid units Cs. These compounds have carbon skeletons being multiples of n (Cs), and
are classified as hemiterpenes (Cs), monoterpenes (Cig), sesquiterpenes (Cis), diterpenes
(Ca0), sesterpenes (Cps), triterpenes (Csp) and tetraterpenes (Cy) (Dewick, 2002).
Monoterpenes are primary components of essential oils, and the effects of many medicinal
herbs have been attributed to them. Among various monoterpenes that have antioxidant
activity are carvacrol, thymol, y-terpinene and terpinolene, linalool, and isopulegol, among

others (Figure 3).
OH
OH

Carvacrol y-Terpinene
OH !
: OH
Terpinolene Linalool Isopulegol

Fig. 3. Chemical structures of monoterpenes with antioxidant activity.

2.2 Methods of antioxidant activity assessment for natural products

Studies on free radicals and the development of new methods for evaluation of antioxidant
activity (AA) have increased considerably in recent years. The noted deleterious effect of
free radicals on cells in relation to certain diseases has encouraged the search for new
substances that can prevent or minimize oxidative damage. Due to the different types of free
radicals and their different forms of action in living organismes, it is unlikely that a single,
simple and accurate universal method by which antioxidant activity can be measured will
ever be developed. However, the search for faster and more efficient testing has generated a
large number of methods to assess the activity of natural antioxidants, and they use a
variety of systems to generate free radicals (Alves et al., 2010).

Several techniques have been used to determine the antioxidant activity in vitro in order to
allow rapid screening of substances and/or mixtures of potential interest in the prevention
of chronic degenerative diseases. These studies are extremely important, since substances
that have low antioxidant activity in vitro, will probably show little activity in vivo. What
follow are some methods for antioxidant activity evaluation and their main applications.
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2.2.1 DPPH assay

DPPH reactivity is one popular method of screening for free radical-scavenging ability in
compounds, and has been used extensively for antioxidants in fruits and vegetables. This
method was first described by Blois in 1958, and was later modified slightly by numerous
researchers. DPPH is a stable free radical that reacts with compounds that can donate a
hydrogen atom. The method is based on scavenging of DPPH through the addition of a
radical species or antioxidant that decolourises the DPPH solution (Figure 4). The degree of
colour change is proportional to the concentration and potency of the antioxidants.
Antioxidant activity is then measured by the decrease in absorption at 517 nm. A large
decrease in the absorbance of the reaction mixture indicates significant free radical
scavenging activity of the compound under test (Krishnaiah et al., 2011). This method is
considered, from a methodological point of view, one of the easiest, most accurate and
productive for evaluation of antioxidant activity in fruit juices, plant extracts and pure
substances like flavonoids and terpenoids (Alves et al., 2010). The method is influenced by
the solvent and the pH of the reactions. The antioxidants BHA, BHT and Trolox® can be
used as references in the experiments.

NO,

NO,
- i ~ ON NO
ON NO, HOR ) 23

) iy
DPPH DPPH:H
(Purple) (Yellow)

Fig. 4. Radical and non-radical forms of DPPH.

The electron donation ability of natural products can be measured by 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH) purple-coloured solution bleaching. The anti-radical activity
(three replicates per treatment) is expressed as ICso (ng/ml), the concentration required to
cause a 50% DPPH inhibition. The presence of the phenolic hydroxyls appears essential for
scavenger properties.

2.2.2 B-carotene bleaching test

The {-carotene/linoleic acid oxidation method evaluates the inhibitory activity of free
radicals generated during the peroxidation of linoleic acid. The method is based on
spectrophotometric discoloration measurements or (oxidation) of p-carotene-induced
oxidative degradation products of linoleic acid. This method is suitable for plant samples.

The B-carotene bleaching method is based on the loss of 3-carotene’s yellow colour due to its
reaction with radicals formed by linoleic acid oxidation when in an emulsion. The rate of the
[-carotene bleaching can be slowed in the presence of antioxidants (Kulisic et al., 2004). The
reaction can be monitored by spectrophotometer, B-carotene loss of staining at 470 nm, with
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intervals of 15 min for a total time of 2 h. The results are expressed as ICsp (1g/ml), the
concentration required to cause a 50% [-carotene bleaching inhibition. Tests are realized in
triplicate. The results can be compared with synthetic standards such as BHA, BHT and
Trolox®, or natural, such as gallic acid and quercetin (Alves et al., 2010).

2.2.3 ABTS method

The 2,2"-azinobis(3-ethylbenzthiazoline-6-sulphonic acid), commonly called ABTS, radical
scavenging method was developed by Rice-Evans and Miller and was then modified by Re
et al. in 1990. The modification is based on the activation of metmyoglobin with hydrogen
peroxide in the presence of ABTS+* to produce a radical cation. The improved method
generates a blue/green ABTS* chromophore via the reaction of ABTS and potassium
persulfate. It is now widely used. Along with the DPPH method, the ABTS radical
scavenging method is one of the most extensively used antioxidant assays for plant samples.
The ABTS radical cation is generated by the oxidation of ABTS with potassium persulfate,
its reduction in the presence of hydrogen-donating antioxidants is measured
spectrophotometrically at 734 nm. Decolourisation assays measure the total antioxidant
capacity in both lipophilic and hydrophilic substances. The effects of oxidant concentration
and inhibition duration, of the radical cation’s absorption are taken into account when the
antioxidant activity is determined. Trolox is used as a positive control. The activity is
expressed in terms of Trolox-equivalent antioxidant capacity for the extract or substance
(TEAC/mg) (Krishnaiah et al., 2011).

2.2.4 ORAC assay

The peroxyl radical is an oxidant commonly found in biological substrates. It is less reactive
than OH* having a half-life from seconds to nanoseconds (Alves et al., 2010). The ORAC
(oxygen radical absorbance capacity) assay uses beta-phycoerythrin (PE) as an oxidizable
protein substrate, and 2,2"-azobis(2-amidinopropane)dihydrochloride (AAPH), as a peroxyl
radical generator, or a Cu2*-H,O, system as a hydroxyl radical generator. To date, it is the
only method that takes the free radical reaction to completion, and uses an area-under-the
curve (AUC) technique for quantification, combining both the inhibition percentage and the
length of inhibition time for free radical action into a single quantity. The assay has been
widely used in many recent studies of plants (Krishnaiah et al., 2011). Trolox is used as a
standard antioxidant.

2.2.5 Reducing power assay

In this assay, the yellow colour of the test solution changes to green depending on the
reducing power of the test specimen. The presence of the reductants in the solution causes
the reduction of the Fe3*/ferricyanide complex to the ferrous form. Therefore, Fe2* can be
monitored by absorbance measurement at 700 nm.

In the reducing power method, the sample is mixed in 1 ml of methanol with a phosphate
buffer (5 ml, 0.2 M, pH 6.6) and potassium ferricyanide (5 ml, 1%). The mixture is incubated
at 50 oC for 20 min. Next, 5 ml of trichloroacetic acid (10%) are added to the reaction
mixture, which is then centrifuged at 3000 RPM for 10 min. The upper layer of the solution
(5 ml) is mixed with distilled water (5 ml), and ferric chloride (1 ml, 1%), and the absorbance
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is measured at 700 nm. A stronger absorbance indicates increased reducing power
(Krishnaiah et al., 2011).

2.2.6 NBT assay or the superoxide anion scavenging activity assay

Xanthine oxidase (XO) is the enzyme responsible for conversion of xanthine into uric acid,
resulting in the production of hydrogen peroxide and superoxide (Figure 5). It is considered
a major biological source of reactive oxygen species. It is possible that inhibition of this
enzymatic process by compounds that exhibit antioxidant properties may have therapeutic
use (Alves et al., 2010).

O O
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| | 20, 20, | |
H H H H
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R N7 R N
Formazan NBT

Fig. 5. Formation of formazan from NBT (Adapted from Alves et al., 2010).

The scavenging potential for superoxide radicals is analysed with a hypoxanthine/xanthine
oxidase-generating system coupled with nitroblue tetrazolium (NBT) reduction (measured
spectrophotometrically). The reaction mixture contains 125 pl of buffer (50 mM
KH,PO4/KOH, pH 7.4), 20 pl of a 15 mM Na;EDTA solution in buffer, 30 ul of a 3 mM
hypoxanthine solution in buffer, 50 ul of a 0.6 mM NBT solution in buffer, 50 pl of xanthine
oxidase in buffer (1 unit per 10 ml buffer), and 25 pl of the plant extract in buffer (a diluted,
sonicated solution of 10 pug per 250 pl buffer). Microplates (96 wells) are read at 450 nm 2.5
min after the addition of the xanthine oxidase using a series 7500 Microplate Reader.
Superoxide scavenger activity is expressed as percent inhibition compared to the blank, in
which buffer is used in place of the extract. When using this system, any inhibition by
tannins in the plant extracts must be due to their antioxidant activity and any action upon
the enzyme must be excluded as a possibility (Krishnaiah et al., 2011).

2.2.7 Chelating effect on ferrous ions

Chelating activity of samples can be determined by the ferrozine assay. Ferrozine
quantitatively forms complexes with Fe2*. In the presence of other chelating agents, the
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complex formation is disrupted with a resulting decrease in the red colour of the complex.
Measurement of the rate of colour reduction allows estimation of the chelating activity of
the coexistent chelator (Yamaguchi et al., 2000; Wannes et al., 2010).

2.2.8 Determination of phenol content by Folin-Ciocalteu method

Folin-Ciocalteu phenol reagent consists of a mixture of the hetero-poly phosphomolybdic
and phoshotungstic acids in which the molybdenum and tungsten are in the 6+ state. On
reduction with certain reducing agents, molybdenum blue and tungsten blue are formed, in
which the mean oxidation state of the metals is between 5 and 6. It is known that Folin-
Ciocalteu reagent reacts not only with phenols but also with a variety of other compounds.
The total phenolic content measured by the Folin-Ciocalteu procedure does not give a full
picture of the quantity, or quality of the phenolic constituents in the extracts. In addition,
there may also be interference arising from other chemical components present in the
extract, such as sugars or ascorbic acid (Singleton & Rossi, 1965). Gallic acid is used as a
standard for the calibration curve. The total phenolic content is expressed as mg of gallic
acid equivalent (GAE). Figure 6 show the reaction of gallic acid with molybdenum, a
component of the Folin-Ciocalteu reagent.

COOH COO
N32CO3
— >
Hi OH HO OH
OH OH
COO COO
+ 2Mo®t ——> + 2 Mo +2H"Y
Hi OH (@) OH
OH O

Fig. 6. Reaction of gallic acid with molybdenum, a component of the Folin-Ciocalteu reagent
(Adapted from Oliveira et al., 2009b).

2.2.9 Total flavonoid content

Total flavonoid content is determined by using a colorimetric method described previously
(Dewanto et al., 2002). Briefly, 0.30 mL of the EtOH and AcOEt extracts or (+)-catechin
standard solution is mixed with 1.50 mL of distilled water in a test tube followed by
addition of 90 pL of a 5% NaNO; solution. After 6 min, 180 pL of a 10% AlCl3.6H>O solution
is added and allowed to stand for another 5 min before 0.6 mL of 1 M NaOH is added. The
mixture is brought to 330 pL with distilled water and mixed well. The absorbance is
measured immediately against the blank at 510 nm using a spectrophotometer in
comparison with the standards prepared similarly with known (+)-catechin concentrations.
The results are expressed as mg of catechin equivalents per gram of extract (mg CE/g)
through a calibration curve with catechin.
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3. Conclusion

Oxidative stress is involved in the development of various diseases and their symptoms,
especially degenerative diseases. Scientific knowledge of the antioxidant activity of natural
products, along with state of the art in vitro methods for evaluation has been increasing over
time. In vitro testing has become an important tool in the search for bioactive substances,
and for raw material selection studies as well. These tests have demonstrated the
importance of diets rich in fruits and vegetables by confirming the presence of antioxidants
that help fight free radicals, and which in moderate consumption are beneficial to human
health.
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Antimicrobial
and Antioxidant Activities
of Some Plant Extracts
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Federal University of Juiz de Fora, Laboratory of Bioactive Natural Products,
Brazil

1. Introduction

Infectious diseases are the world’s leading cause of premature deaths, killing almost 50,000
people every day. In recent years, drug resistance to human pathogenic bacteria has been
commonly reported from all over the world (N’guessan et al., 2007). The abusive and
indiscriminate use of antimicrobial compounds over many years is the main factor
responsible for the appearance of the phenomenon of bacterial resistance to such
compounds (Andremont, 2001). With increased incidence of resistance to antibiotics, natural
products from plants could be interesting alternatives (Lu et al.,, 2007; Mbwambo et al.,
2007). Some plant extracts and phytochemicals are known to have antimicrobial properties,
and can be of great significance in therapeutic treatments. In the last few years, a number of
studies have been conducted in different countries to demonstrate such efficacy (Benoit-
Vical et al., 2006; Senatore et al., 2007; Singh et al., 2007). On the other hand, free radicals are
known to be the major cause of various chronic and degenerative diseases. Oxidative stress
is associated with pathogenic mechanisms of many diseases including atherosclerosis,
neurodegenerative diseases, cancer, diabetes and inflammatory diseases, as well as aging
processes. It is defined as an imbalance between production of free radicals and reactive
metabolites, so-called oxidants, and it also includes their elimination by protective
mechanisms, referred to as antioxidative systems. This imbalance leads to damage of
important biomolecules and organs with potential impact on the whole organism.
Antioxidants can delay, inhibit or prevent the oxidation of oxidizable materials by
scavenging free radicals and diminishing oxidative stress (Durackova, 2010; Reuter et al.,
2010). Natural antioxidants have been studied extensively for decades in order to find
compounds protecting against a number of diseases related to oxidative stress and free
radical-induced damage. To date, many plants have been claimed to pose beneficial health
effects such as antioxidant properties (Kaur & Arora, 2009; Newman & Cragg 2007).
According to World Health Organization (WHO), 65 - 80% of the world populations rely on
traditional medicine to treat various diseases (Kaur & Arora, 2009). The WHO recommends

*Renata F. Mendes, Erick V.S. Motta, Paula M.Q. Bellozi, Danielle M.O. Aragéo, Josiane Mello,
Rodrigo L. Fabri, Jussara R. Moreira, Isabel V.L. de Assis and Maria Ltcia M. Bouzada
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research into the use of the local flora for therapeutic purposes, with the intention of
reducing the number of people excluded from effective therapy in the government health
systems, which could constitute an economically viable alternative treatment of several
diseases, especially in developing countries (Gongalves et al., 2005, WHO, 2002). The
potential of higher plants as source for new drugs is still largely unexplored. Among the
estimated 250,000 - 500,000 plant species, only a small percentage has been investigated
phytochemically and the fraction submitted to biological or pharmacological screening is
even smaller (Mahesh & Satish, 2008). In this scenario, the screening of plant extracts has
been of great interest to scientists for the discovery of new drugs effective in the treatment of
several diseases, and about 20% of the plants or their extracts in the world have been
submitted to biological or pharmacological tests (Rayne & Mazza, 2007; Suffredini et al.,
2004). The phytochemical research based on ethnopharmacological information is
considered an effective approach in the discovery of new agents from higher plants (Chen et
al., 2008; Duraipiyan, 2006). Thus, in this study, methanol extracts of different parts of 70
species, most of them commonly used in Brazil for treating conditions likely to be associated
with microorganisms, were evaluated for their antimicrobial and antioxidant activity.
Furthermore, a phytochemical screening of the bioactive extracts was performed.

2. Materials and methods
2.1 Plant material

Specimens of 70 species (Table 1) were collected in Juiz de Fora, Minas Gerais, Brazil. A
voucher specimen was deposited at the Herbarium Leopoldo Krieger (CES]) of Federal
University of Juiz de Fora.

2.2 Preparation of plant extracts

The dried parts of the plant (50 g each) were powdered and macerated with methanol (3 x
200 mL) for five days at room temperature. After evaporation of the solvent under reduced
pressure, the respective methanol extracts were obtained. All the extracts were kept in
tightly stoppered bottles under refrigeration (4 °C) until used for the biological testing and
phytochemical analysis.

2.3 Antioxidant activity
2.3.1 DPPH assay

The free radical scavenging activity of samples and standard a-tocopherol solutions in
methanol was determined based on their ability to react with stable 1,1-diphenyl-2-
picrylhydrazyl (DPPH) free radical (Govidarajan et al., 2003). The plant samples at various
concentrations (7.8 to 250 pg/mL) were added to a 152 pM solution of DPPH in methanol.
After incubation at 37 °C for 30 min, the absorbance of each solution was determined at 517
nm. The antioxidant activity of the samples was expressed as ICs (inhibitory concentration),
which was defined as the concentration (in pg/mL) of sample required to inhibit the
formation of DPPH radicals by 50%. Ascorbic acid, a-tocopherol, BHT, rutin and quercetin
were used as positive control.
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Family Botanical name Common name Plant Ethnomedical uses
[Voucher parts (Albuquerque, 1989; Alice, 1995;
number] used? Corréa, 1984; Camargo, 1988;
Correéa et al., 1998; Lorenzi, 2000;
Lorenzi & Matos, 2002; Matos, 2000;
Moreira & Guarim-Neto, 2009;
Morim, 2010; Panizza, 1998)
Amaranthaceae Alternanthera Acodnito-do-mato, F,L Diuretic, digestive, depurative,
brasiliana caaponga, cabeca- liver and bladder diseases,
(L.) Kuntze branca astringent, laxative, cough
[CES] 48585]
Apocynaceae Allamanda Alamanda, buiussu, B, F, Scabies and lice elimination,
cathartica carolina, cipé-de-leite L, La purgative, parasitosis, fever,
L. treatment of jaundice,
[CES] 47443] complications of malaria, enlarged
spleen, laxative
Aspidosperma Guatambu, guatambu- No use reported
olivaceum branco, guatambu-
Miill. Arg. amarelo, tambu
[CES]J 49229]
Asteraceae Acanthospermum Picdo-da prata, AP  Liver diseases, diaphoretic,
australe (Loefl.)  carrapicho-rasteiro, gonorrhea, malaria
Kuntze mata-pasto
[CES]J 47438]
Achillea Novalgina, erva-de- L Fever, head and general aches,
millefolium carpinteiro, aquiléia, colds indigestion
L. milefélio
[CES]J 46087]
Anthemis cotula  Camomila-do-campo F,L Fever, gastrointestinal disorders,
L. dysenteria, gouty arthritis
[CES] 48584]
Baccharis trimera Carqueja L  Gastrointestinal and liver diseases,
(Less.) DC. diabetes, inflammation
[CESJ 46074]

Bidens segetum
Mart. ex Colla
[CES] 47437]
Carduus marianus
L.

[CES] 48581]

Matricaria
chamomilla
L.

[CES] 47435]
Piptocarpha
macropoda
(DC.) Baker
[CESJ 49448]
Solidago chilensis
Meyen
[CES] 678]

Picdo-do-mato

Cardo-mariano, cardo- S, SB
santo, cardo-de-nossa-
senhora, cardo-branco

Camomila, camomila- F
romana, camomila-

comum

Arnica, erva-de- L

lagarto, erva-lanceta,
espiga-de-ouro

No use reported

Appetite stimulant, diuretic, tonic,
liver cell regenerator,
gastrointestinal disorders, bile flow
stimulant, cirrhosis, hepatitis
Digestive, sedative, colic
treatment, appetite stimulant,
carminative

No use reported

Stomachic, astringent
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(Rich.) HS.

Irwin & Barneby

[CES] 49783]
Stylosanthes
scabra

Vogel

[CES] 47436]

canafistula, aleluia

Alfafa do nordeste,
alfafa do campo
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Vernonanthura ~ Cambara-acu No use reported
divaricata
(Spreng.) H. Rob.
[CES]J 49450]
Vernonia Boldo, aluma, L  Carminative, liver insufficiency,
condensata alcachofra, figatil, inflammation of the gallbladder,
Baker cidreira-da-mata analgesic, syphilitic, appetite
[CES]J 46086] stimulant, liver and stomach
disorders
Bignoniaceae Stenolobium stans Ipé-de-jardim, ipé- B, L Diabetes, diuretic, tonic,
(L.) Seem amarelo-de-jardim, antisyphilitic, vermifuge pains in
[CES] 46071] ipézinho-de-jardim the stomach
Bixaceae Bixa orellana Urucum S Expectorant, laxative, stomachic,
L. anti-bleeding, healing, dyspepsia
[CES] 46077] liver and heart disorders,
tuberculosis, skin problems, fever,
inflammation
Commelinaceae Commelina Batata-ovo, manobi- AP, L, Back pain, urinary tract infections
robusta acu, trapoeraba-acu R with fever, trauma, wounds
Kunth illnesses prevention
[CES] 50021]
Euphorbiaceae  Alchornea Tapia-vermelho, tapia- L  Gastric disturbances
triplinervia guacu-branco, pau-
(Spreng.) Miill.  ¢leo
Arg.
[CES]J 49442]
Acalypha Tapa-buraco No use reported
brasiliensis
Miill. Arg.
[CES] 50011]
Fabaceae Chamaecrista Sene, acacia, carqueja- L, R Wounds in the uterus, worms,
desvauxii do-tabuleiro, flor-de- bowel, arthritis
(Collad.) Killip  lilas, capim reis
[CES] 23372]
Samanea tubulosa  Amendoim-de-veado, L,SB Colds and high blood pression
(Benth.) Barneby arvore-da-chuva e
& J.W. Grimes  pau-de-cangalha
[CES]J 49743]
Senna Manduirana, pau-fava, No use reported
macranthera aleluia, mamangg,
(DC. ex Collad.) fedegoso
H.S. Irwin &
Barneby
[CES] 46159]
Senna multijuga  Pau-cigarra, S Ophthalmic and skin infections

No use reported
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Flacourtiaceae

Hypericaceae

Lacistemataceae

Lamiaceae

Lauraceae

Lythraceae

Malpighiaceae

Malvaceae

Melastomataceae

Casearia sylvestris
Sw.
[CES] 49218]

Vismia
magnoliifolia
Schltdl. & Cham.
[CES] 49759]
Lacistema
pubescens

Mart.

[CES] 49751]
Hyptis suaveolens
(L.) Poit

[CESJ 46089]

Ocimum
basilicum

L.

[CES] 46161]
Peltodon radicans
Pohl

[CES] 46158]

Plectranthus
neochilus
Schitr.

[CESJ 46580]
Salvia officinalis
L.

[CESJ 46579]
Nectandra rigida
(Kunth) Nees
[CES] 49221]
Cuphea ingrata
Cham. & Schltdl.
[CES] 47432]
Byrsonima
variabilis

A. Juss.

[CES] 49240]
Sida glaziovii
K. Schum.
[CES] 47439]
Miconia
latecrenata
(DC.) Naudin
[CES]J 49990]
Tibouchina
grandifolia
Cogn.

[CESJ 40445]

Guacatonga, bugre-
branco, café-bravo,
café-de-frade

Espeto-vermelho,
canela- vermelha,
sabonete, cafezinho

Bamburral, erva- AP
canudo, arbusto-

selvagem

Manjericdo, alfavaca L
Paracari, hortela-do- AP
mato, rabugem-de-

cachorro

Boldo L
Salvia, salva AP
Canela-amarela B
Sete-sangrias-do- WP
campo

Murici

Guanxuma-branca

Pixirica-preta

Orelha-de-onga

L,SB

Burns, cutaneous injuries, herpes,
tonic, depurative, rheumatism,
inflammation, analgesic,
hemostatic, gastritis

No use reported

No use reported

Cramps, skin

infections, respiratory tract
infections, nasal congestion, fever,
flu

Gastrointestinal disorders, fever,
digestive, bacterial infections,
parasitosis

Expectorant, pertussis, cough,
asthma, sneezing, carminative,
dermatites, scorpion and snake
bites, antispasmodic, syphilitic,
parasitosis, diuretic

Treatment of respiratory infections
or related symptoms

Infections diseases, astringent

Rheumatism

Fever, venereal diseases,

rheumatism

No use reported

No use reported

No use reported

No use reported
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Tibouchina Quaresmeira No use reported
granulosa
(Desr.) Cogn.
[CESJ 49761]
Tibouchina Manaca No use reported
mutabilis
(Vell.) Cogn.
[CESJ 46175]
Trembleya Manacé No use reported
parviflora (D.
Don) Cogn.
[CES] 49219]
Monimiaceae  Mollinedia No use reported
schottiana
(Spreng.) Perkins
[CES]J 48921]
Siparuna Capitit, caa-pitia, SB Carminative, stimulant, fever,
guianensis erva-santa, fedorenta, antidispeptic, diuretic, muscle
Aubl. negramina, spasms prevention, headache,
[CES] 49778] negra-mena inflammation
Myrtaceae Eugenia cumini ~ Jamboldo, cereja, B, Fr Diabetes
(L.) Druce jameldo, jalao
[CES] 46601]
Myrcia splendens Guamirim, folha- No use reported
(Sw.) DC. mitda
[CES]J 49230]
Piperaceae Piper Jo@o-brandinho L  Mucous membranes anesthesia
corcovadensis (mouth),
(Miq.) C. DC. rheumathism, cough
[CES] 49993]
Poaceae Cymbopogon Capim-cheiroso, erva- L  Calmant, gastrointestinal
citratus cidreira, capim- disorders, infections diseases, colic
(DC) Stapf. cidreira, capim-liméo treatment, anxiety
[CES] 46582]
Rosaceae Eriobotrya Nespereira, ameixeira  FR, L Cough, asthma, chronic bronchitis,
japonica phlegm, high fever and
(Thunb.) Lindl. gastroenteric disorders
[CESJ 47434]
Rubus rosifolius  Morango-silvestre, AP  Infectious and dolorous diseases
Sm. amora-do-mato
[CES] 48580]
Rubus urticifolius Nhambui, rvore- Fr  Throat diseases, diuretic
Poir. preta, amora-do-silva
[CESJ 46583]
Rubiaceae Amaioua Canela-de-veado, No use reported

intermedia Mart. vachila, carvoeiro,
[CES]J 49994] pimentdo-bravo,
marmelada-brava
Rutaceae Zanthoxylum Mamica-de-cadela L,SB Toothache, earache, malaria
rhoifolium
Lam.
[CES] 49782]
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Sapindaceae

Solanaceae

Tropaeolaceae

Turneraceae

Typhaceae

Urticaceae

Verbenaceae

Allophylus Fruta-de-fara6

semidentatus

(Miq.)

Radlk

[CES] 49774]

Cupania Pau-magro, caboata B,L

oblongifolia

Mart.

[CES] 49447]

Sapindus Sabao-de-soldado Fr, R,

saponaria L. SB

[CES] 46172]

Solanum

sellowianum

Dunal

[CES] 49225]

Solanum Barbaso, fruta-de-

swartzianum pombo

Roem. & Schult.

[CES] 49226]

Tropaeolum majus Capuchinha, L

. chaguinha, alcaparra-

[CES] 46586] de-pobre, chagas,

mastruco-do-peru

Turnera subulata  Chanana, flor-do- R
Sm. Guaruja
[CES] 47442]
Typha Taboa F,R
dominguensis
Pers.
[CES] 49773]
Cecropia Embatiba, umbauba, B, L
pachystachya torém
Trécul
[CES] 46591]
Lippia pseudo-thea Capitdo-do-matto, L
Schauer camara, cha-de-frade,
[CES] 46171] cha-de-pedestre,
cidrilha
Lippia
hermannioides
Cham.
[CES] 46088]
Lippia alba Erva-cidreira, erva- LR
(Mill.) N.E. Br. ex cidreira-do-campo,
Britton & P. alecrim-do campo,
Wilson salsa
[CES] 46177]
Lippia rubella
(Moldenke)
T.RS. Silva &
Salimena

[CES] 46178]

No use reported

Weight loss

Antitussive, adstringent, , calmant,
diuretic, expectorant

No use reported

No use reported

Scurvy, sepse, expectorant,
urinary, gastrointestinal and
dermatological disinfectant

Amenorrhea

Treatment of burns, wounds and
inflammation, kidney stones and
diarrhea

Cough, expectorant, asthma and

diabetes

Gastrointestinal disorders,
expectorant, stimulant,
rheumatism

No use reported

Hypertension, stomach cramps,
nausea, coughs, colds

No use reported
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Lippia sidoides ~ Alecrim-pimenta, F,L Allergic rhinitis, throat and mouth
Cham. alecrim-do-nordeste, infections, antiseptic, skin and
[CES] 46180] estrepa-cavalo, scalp disorders
alecrim-bravo
Lantana camara ~ Camara, cambara, L Treatment of respiratory diseases
L. chumbinho, camari - such as cough, bronchitis, pertussis,
[CES] 47441] de-chumbo colds, flu, asthma, hoarseness,
expectorant, antispasmodic,
rheumatism, digestive, diuretic
Aloysia floribunda No use reported
M. Martens &
Galeotti
[CESJ 46584]
Vitaceae Cissus verticillata Anil-trepador, cip6- AP, L Tachycardia, hypertension,
(L.) Nicolson &  pucd, cipé-puci, puca, dropsy, anemia, leakage, tremors,
C.E. Jarvis insulina, insulina- activator of blood circulation,
[CES] 46587] vegetal diabetes, anticonvulsant
Zingiberaceae Hedychium Gengibre-branco, lirio- Fr, Rh Arthritis, diabetes, headache and
coronarium do-brejo, lagrima-de- hypertension
J. Konig moga, lirio-branco,
[CES] 50022] borboleta, lagrima-de-

vénus

aAP, Aerial Parts; B, Bark; F, Flowers; Fr, Fruits; L, Leaves; La, Latex; R, Root; Rh, Rhizome; S, Seeds; SB,
Stem Bark; WP, Whole Plant

Table 1. Ethnomedical data on medicinal plants.

2.3.2 Reducing power assay

The reducing power was determined by the method of Oyazu (1986), based on the chemical
reaction of Fe(III) to Fe(Il). Ten mg of each sample were mixed with potassium phosphate
buffer (0.2 M, pH 6.6) (2.5 mL) and potassium ferricyanide (10 g/L) (2.5 mL). The mixture
was incubated at 50 °C for 20 min. A 2.5 mL aliquot of 10% trichloroacetic acid was added to
the mixture, which was then centrifuged at 3.000 g for 10 min. The upper layer of the
solution (2.5 mL) was mixed with distilled water (2.5 mL) and 0.1% FeCls (0.5 mL), and the
absorbance was measured at 700 nm. Ascorbic acid was used as reference material. All tests
were performed in triplicate. Increase in absorbance of the reaction indicated the reducing
power of the samples. A higher absorbance indicated a higher reducing power. ECsg
(effective concentration) values (ug/mL) were calculated and indicate the effective
concentration at which the absorbance was 0.5 for reducing power.

2.3.3 B-carotene - linoliec acid assay

In this assay, antioxidant capacity is determined by measuring the inhibition of the volatile
organic compounds and the conjugated diene hydroperoxides arising from linoleic acid
oxidation (Dapkevicius et al., 1998). A stock solution of B-carotene/linoleic acid mixture was
prepared as follows: 50 pL of B-carotene (10 mg/mL) in chloroform (HPLC grade), 20 pL
linoleic acid, 200 uL. Tween 40 and 1 mL of chloroform was added. Chloroform was
completely evaporated using a vacuum evaporator. Then, 30 mL of distilled water
saturated with oxygen (30 min 100 mL/min) were added with vigorous shaking, and 250 uL
of the reactive mixture and 10 uL of the extracts (40 png/mL) were added in a microplate and



Antimicrobial and Antioxidant Activities of Some Plant Extracts 29

incubated at 45 °C to accelerate oxidation reactions and start the bleaching of B-carotene.
The absorbance readings were taken immediately at intervals of 15 min for 120 min in
spectrophotometer at 470 nm (Duarte-Almeida et al., 2006). The same procedure was
repeated with the antioxidant flavonoid quercetin as positive control, and a blank. After this
incubation period, absorbances of the mixtures were measured at 490 nm. Antioxidative
capacities of the extracts were expressed as percentage inhibition (1).

Inhibition (% ) _ control absorbance - sample absorbance

x100 )
control absorbance

2.4 Antimicrobial assay
2.4.1 Microbial strains

The samples were evaluated against a panel of microorganisms, including the bacterial
strains Staphylococcus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 15442), Salmonella
enterica serovar Typhimurium (ATCC 13311), Shigella sonnei (ATCC 11060), Klebsiella
pneumoniae (ATCC 13866), Escherichia coli (ATCC 10536), Bacillus cereus (ATCC 11778), and
the yeasts Candida albicans (ATCC 18804) and Cryptococcus neoformans (ATCC 32608).

2.4.2 Serial dilution assay for determination of the minimal inhibitory concentration
(MIC)

The MIC of each extract was determined by using the broth microdilution techniques for
bacteria and yeasts, respectively (Bouzada et al., 2009; NCCLS, 2002). MIC values were
determined in RPMI 1640 buffered to pH 7.0 with MOPS for yeasts and Mueller Hinton
broth (MHB) for bacteria. Bacterial strains were cultured overnight at 37 °C in Mueller
Hinton agar (MHA). Yeasts were cultured for 48 h at 30 °C in Sabouraud dextrose agar
(SDA). Sample stock solutions were two-fold diluted from 500 to 2.0 ng/mL (final volume =
80 puL) and a final DMSO concentration < 1%. Then, RPMI or MHB (100 puL) was added onto
microplates. Finally, 20 puL of 106 CFU/mL (values of 0.08 - 0.10 at 625 nm, according to
McFarland turbidity standards) of standardized yeasts and bacterial suspensions were
inoculated onto microplates and the test was performed in a volume of 200 pL. Plates were
incubated at 30 °C for 48 h for yeasts and at 37 °C for 24 h for bacteria. The same tests were
performed simultaneously for growth control (RPMI + yeast and MHB + bacteria) and
sterility control (RPMI or MHB + extract). The MIC values were calculated as the highest
dilution showing complete inhibition of the tested strain. Chloramphenicol and
Amphotericin B were used as reference drugs for bacteria and yeasts, respectively.

2.5 Phytochemical studies

A portion of each extract that was subjected for the biological screening was used for the
identification of the major secondary metabolites employing the protocols described by
Matos (1997). Briefly, the extract (1 mg/mL) was submitted to the following identification
reactions: The characterization for tannins was performed by gelatin, iron salt and lead
acetate reactions. Triterpenoids and sterols were investigated by Liebermann-Burchard
reagent and the alkaloids analysis was done by precipitation reactions with the reagents of
Dragendorff, Bouchardat, Mayer and Bertrand. For the research of flavonoids, the reactions
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of Shinoda and aluminum chloride were employed and the presence of saponins was
determined by the formation of foam.

2.6 Statistical analysis

DPPH, reducing power and P-carotene/linoleic acid assays were carried out in triplicates.
The results were expressed as mean * standard deviation (SD). All statistical analysis were
conducted using Graph Pad Prism software.

3. Results and discussion

The paper describes the antimicrobial and antioxidant activities and the phytochemical
profile of some methanol extracts belonging to Brazilian traditional medicinal plants, most
of them commonly used for treating conditions likely to be associated with microorganisms.

The major classes of phytocompounds of the bioactive extracts are presented in Table 2.

PhytocompoundsP
Al Tr St Ta Sa Fl
Alternanthera brasiliana AP - -

Plant species Part testeda

Allamanda cathartica L -
Acanthospermum australe AP
Achillea millefolium L

Anthemis cotula L - + - - -

Anthemis cotula

+ + o+
1

+ + + +
+

+ + + + o+

i
1
1

>
o)

Baccharis trimera
Bidens segetum
Carduus marianus

+ o+ o+ o+

Matricaria chamomilla
Piptocarpha macropoda
Solidago chilensis
Vernonanthura divaricata
Stenolobium stans

+ + o+
1

+ + + + + + + o+ 4
1

+ + + + + + + o+

Bixa orellana

Alchornea triplinervia
Acalypha brasiliensis
Chamaecrista desvauxii
Samanea tubulosa
Senna macranthera

+ 4+ + + + + + + + + + +
1

Senna multijuga
Stylosanthes scabra
Casearia sylvestris

| S e > N o Y ool ) o o o o B o B o ol e

+ + + 4+ + + + o+
+ + + 4+ + + + o+

Vismia magnoliifolia
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Plant species Part testeda Phytocompounds

Al Tr St Ta Sa Fl
Lacistema pubescens L - + - + - +
Hyptis suaveolens L - - - +
Ocimum basilicum L - + + _ +
Peltodon radicans L - + - - _ +
Salvia officinalis L + - + - + +
Nectandra rigida L - + - + _ +
Cuphea ingrata AP _ + + + +
Byrsonima variabilis L + + - + + +
Sida glaziovii AP - - _ + +
Miconia latecrenata L - + - + +
Tibouchina grandifolia L + + - + - +
Tibouchina granulosa L - - + + -
Tibouchina mutabilis L + - + + -
Eugenia cumini L + + - - - +
Muyrcia splendens L + - + + - -
Piper corcovadensis L - - + - + -
Eriobotrya japonica L + - + - - +
Rubus rosifolius L _ + + + +
Amaioua intermedia L - + - - _ +
Cupania oblongifolia L - + _ + _ +
Sapindus saponaria Fr + + - + + -
Solanum swartzianum L + - + + - +
Tropaeolum majus F + + - - - +
Turnera subulata L + - + + - +
Cecropia pachystachya L + + - + - +
Lippia pseudo-thea L + + - + + +
Lippia hermannioides L + + - + - +
Lippia alba AP + - + + +
Lippia rubella AP + - + +
Lippia sidoides AP + + - + - +
Lantana camara L - - + + - +
Lantana camara F - - + - +
Aloysia floribunda L - - - - +
Cissus verticillata L + - + - - +

aAP, Aerial Parts; F, Flowers; Fr, Fruits; L, Leaves. PAl, Alkaloids; Tr, Triterpenes; St, Sterols; Ta,
Tannins; Sa, Saponins; Fl, Flavonoids

Table 2. Phytocompounds of methanol extracts of the active medicinal plants.
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Plant species

Alternanthera brasiliana
Allamanda cathartica

Achantospermum australe

Anthemis cotula
Anthemis cotula
Baccharis trimera
Bidens segetum
Carduus marianus
Matricaria chamomilla
Piptocarpha macropoda
Solidago chilensis

Vernonanthura divaricata

Bixa orellana
Alchornea triplinervia
Acalypha brasiliensis
Chamaecrista desvauxii
Samanea tubulosa
Senna macranthera
Senna multijuga
Stylosanthes scabra
Casearia sylvestris
Vismia magnoliifolia
Lacistema pubescens
Nectandra rigida
Cuphea ingrata

Sida glaziovii
Miconia latecrenata
Tibouchina grandifolia
Tibouchina granulosa
Eugenia cumini
Moyrcia splendens
Piper corcovadensis
Rubus rasaefolius
Amaioua intermedia
Cupania oblongifolia
Sapindus saponaria
Solanum swartzianum
Tropaeolum majus
Turnera subulata
Cecropia pachystachya
Lippia pseudothea
Lippia hermannioides
Lippia sidoides
Lantana camara
Lantana camara

MIC (ng/mL)be

Parttested* o p, Bc S5 St FEc Kp Ca Cn
AP - - - - - - ™ -
L e
AP T
L e
F ..o 13%6 - - 39 -
AP ..o
L . 156 15 5 156 - - - -
L .
L 300 78 - - - - -
L .78 - - o - 78 300
L .
L e
L e
L N
L N
L 5 5 - 5 78 - 30 - -
L 39 39 39 - - - - 300 156
L - - 15% 300 156 - - - -
F 300 78 39 156 78 300 39 - 20
AP -2 039 5 - -
L - - - - - - - - -
L S .- 39 - - - 300 15
L T
L S. 3000 - - - oo
AP ~- 39 - - - 39 .
AP e
L 1)
L 5 - - - 30 - - - -
L -39 39 39 - - -
L )
L - 300 - - - -
L N
L .
L A
L ~ 39 39 39 - 39 - - -
Fr . ..o . 156 300
L ... ... 78
F Lo
L e
L )
L S 156 - - oo
L - M
AP -
L .
F e
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MIC (ng/mL)be

Plant species Part testeda Sa Pa Be Ss St Fc Kp Ca Cn
Aloysia floribunda L 5 - - - - - - 39 -
Cissus verticillata L - - - - - - - - 156
Positive Controls

Chloramphenicol 63 16 10 10 10 16 40
Amphotericin B 0.08 0.04

aAP, Aerial Parts; F, Flowers; Fr, Fruits; L, Leaves
bSa, Staphylococcus aureus; Pa, Pseudomonas aeruginosa; St, Salmonella enterica serovar Typhimurium; Ss,
Shigella sonnei; Kp, Klebsiella pneumoniae; Ec, Escherichia coli; Bc, Bacillis cereus. ‘means MIC 2 300 pg/mL

Table 3. Antimicrobial activity of methanol extracts of the medicinal plants.

The results of the antimicrobial screening of the most active extracts are summarized in
Table 3. The MIC values presented in this study for the extracts tested ranged from 300 to 5
pg/mL. All the extracts exhibited activity against at least one organism tested. According to
Cos et al. (2006), plant extracts with MIC values below 100 pug/mL are very promising. So,
Bidens segetum, Chamaecrista desvauxii and Stylosanthes scabra presented a very strong activity
against Shigella sonnei with MIC of 5 pg/mL. Chamaecrista desvauxii and Stylosanthes scabra
were also very active against Pseudomonas aeruginosa with MIC of 5 and 20 pg/mL,
respectively. Against Staphylococcus aureus, the extracts of Tibouchina grandifolia, Chamaecrista
desvauxii and Aloysia floribunda presented an outstanding activity with MIC of 5 pg/mL. On
the other hand, Senna multijuga displayed a broader spectrum of antibacterial activity,
showing activity against all bacteria tested with MIC values varying from 300 to 39 pg/mL
(Table 3). Infections still cause about one-third of all deaths worldwide and are the leading
cause of death, mainly because of disease in developing countries.

S. sonnei, a gram-negative bacterium, is a significant cause of gastroenteritis in both
developing and industrialized countries (Boumghar-Bourtchai et al., 2008). People infected
with Shigella develop diarrhoea, fever and stomach cramps starting a day or two after they
are exposed to the bacterium. It is typically associated with mild self-limiting infection
(DeLappe et al., 2003). Recently, there has been a rise in strains resistant to multiple
antibiotics. P. aeruginosa, an increasingly prevalent opportunistic human pathogen, is the
most common gram-negative bacterium found in nosocomial infections. Three of the more
informative human diseases caused by P. aeruginosa are bacteremia in severe burn victims,
chronic lung infection in cystic fibrosis patients, and acute ulcerative keratitis in users of
extended-wear soft contact lenses (Lyczak et al., 2000). S. aureus is a gram-positive bacterium
that commonly colonises human skin and mucosa (e.g. inside the nose) without causing any
problems. However, if either of these is breached due to trauma or surgery, S. aureus can
enter the underlying tissue, creating its characteristic local abscess lesion, and if it reaches
the lymphatic channels or blood can cause septicaemia (Harris et al., 2002). Antifungal
properties were presented by 35 extracts. Among them, Acanthospermum australe, Sida
glaziovii, Cuphea ingrata, Lantana camara, Allamanda cathartica, Anthemis cotula, Carduus
marianus, Alternanthera brasiliana, Rubus rosifolius, Solidago chilensis, and Aloysia floribunda
demonstrated a strong anti-candida activity with MIC of 39 pug/mL. By the other side,
extracts from Cecropia pachystachya, Eugenia cumini, Baccharis trimera, and Tropaeolum majus
were active against C. neoformans with MIC values of 39 pg/mlL, being Senna multijuga the
most active with MIC of 20 pg/mL. Candidiasis is a common infection of the skin, oral
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cavity, esophagus, gastrointestinal tract, vagina and vascular system of humans. Although
most infections occur in patients who are immunocompromised or debilitated in some other
way, the organism most often responsible for disease, Candida albicans, expresses several
virulence factors that contribute to pathogenesis (Calderone & Fonzi, 2001).Cryptococcus
neoformans is an encapsulated basidiomycete yeast responsible for disseminated infections in
immunosuppressed patients. Meningoencephalitis and pneumonia are the most frequent
visceral presentations of the disease, but other rare presentations have been reported (Braga
et al., 2007; Charlier-Woerther et al., 2011). Some of the most active species had already been
studied for their antimicrobial effects elsewhere. The essential oil of different parts of B.
segetum presented antifungal activity (Nascimento et al., 2008). Flavonoids isolated from the
leaves of T. grandifolin demonstrated antifungal activity against the phytopathogenic fungus
Cladosporium cucumerinum (Kuster et al., 2009). Dichlorometane extract of A. australe showed
positive results against Bacillus subtilis, Micrococcus luteus, Listeria monocytogenes and S.
aureus (Vivot et al., 2007). Antimicrobial efficacy of flavonoids and crude alkaloids of L.
camara was found against C. Albicans, Proteus mirabilis, S. aureus, E. coli, and Trichophyton
mentagrophytes (Sharma & Kumar, 2009). The iridoid isolated from A. cathartica presented
fungitoxicity against some dermatophytes that causes dermatomycosis (Tiwari et al., 2002).
The wound healing activity of this specie has also been tested, and it presented significant
results in tests in vivo (Nayak et al., 2006). Flavonoids from A. cotula flowers showed
interesting antimicrobial activity against both gram-negative and gram-positive
microorganisms (Quarenghi et al., 2000). Quercetin isolated from the ethyl acetate extract of
A. brasiliana presented antibacterial action against S. aureus (Silva et al., 2011). Antimicrobial
activity of aqueous and hydroalchoolic fractions from R. rosifolius leaves showed activity
against E. coli, S. aureus, P. aeruginosa and C. albicans (Mauro et al., 2002) and B. trimera was
active against S. aureus and E. coli (Avancini et al., 2000). The antifungal activity of the leaf
oil of S. chilensis was assayed by paper disk agar diffusion test and showed that human
pathogenic dermatophytes were very sensitive (Vila et al., 2002). The crude hydroalcoholic
extract of S. cumini was active against Candida krusei and against multi-resistant strains of P.
aeruginosa, K. pneumoniae and S. aureus (de Oliveira et al., 2007). However, antimicrobial
activity for C. desvauxii, S. scabra, A. floribunda, S. multijuga, S. glaziovii, C. ingrata, C. marianus,
C. pachystachya and T. majus were reported here for the first time. Preliminary phytochemical
analysis revealed that almost all the antimicrobial extracts showed flavonoids and tannins in
their chemical composition (Table 2). Flavonoids are a broad class of plant phenolics that are
known to possess antimicrobial activity, essentially by enzyme inhibition of DNA gyrase
(Cushnie & Lamb, 2005). The mode of tannins antimicrobial action may be related to their
ability to inactivate microbial adhesions, enzymes, cell envelope transport protein, etc. They
also complex with polysaccharides (Ya et al., 1988). Condensed tannins have been
determined to bind cell walls of ruminal bacteria, preventing growth and protease activity
(Jones et al., 1994). However, the extracts tested also contain triterpenoids, sterols, saponins
and alkaloids. Saponins are known to interact with cell membranes, increasing permeability
and producing cell damage (Francis et al., 2002). In this sense, saponins may be involved in
antimicrobial properties. The mechanism of action of some alkaloids is attributed to their
ability to intercalate with DNA (Phillipson & O'Neill, 1989). The antimicrobial activity of
triterpenes and sterols may be related to lipophilic components of plant extracts. This
components increase permeability and loss of cellular components, and a change variety of
enzyme systems, including those involved in the production of cellular energy and
synthesis of structural components, inactivating or destroying genetic material (Bagamboula
et al., 2004; Kim et al., 1995). The antioxidant hability of the extracts was also measured.
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Natural antioxidants have been studied extensively for decades in order to find compounds
protecting against a number of diseases related to oxidative stress and free radical-induced
damage. Antioxidants are believed to play a very important role in the body defense system
against reactive oxygen species (ROS), which are the harmful byproducts generated during
normal cell aerobic respiration (Gutteridge & Halliwell, 2000). There is a number of assays
designed to measure overall antioxidant activity /reducing potential, as an indication of host
total capacity to withstand free radical stress. DPPH assay is very convenient for the
screening of large numbers of samples of different polarity because of its high throughput. It
evaluates the ability of antioxidants to scavenge free radicals. These antioxidants donate
hydrogen to free radicals, leading to non-toxic species and therefore to inhibition of the
propagation of lipid oxidation. Hydrogen-donating ability is an index of primary
antioxidants (Lugasi et al., 1998). Among all extracts, 24 showed an outstanding antioxidant
activity with ICsp < 10 pg/mL. Cecropia pachystachya, Tibouchina mutabilis, Cupania oblongifolia,
and Myrcia splendens were the most active (ICso <3 ng/mL) (Table 4).

Plant species Part DPPH Reducing power B-carotene/linoleic
testeda (ICsopg/mL +SD (ECsopg/mL +SD) acid (% 1+ SD)
Achillea millefolium L 1230£1.16 14.86 £ 0.33 37.82+8.70
Bidens segetum L 6.52£2.61 24.43 £ 0.06 67.67 +4.60
Stenolobium stans L 745+ 0.67 16.35 + 0.30 41.98 +3.27
Bixa orellana L 8.07£0.71 23.42+0.03 78.75 £3.30
Alchornea triplinervia L 11.20 £1.09 > 53.64 60.69 £1.16
Hyptis suaveolens L 11.70 £1.43 30.48 £ 0.34 51.42+9.82
Ocimum basilicum L 8.17 £1.46 14.66 + 0.01 32.76 £11.20
Peltodon radicans L 4.46+1.32 23.23 £0.07 50.33 +14.30
Salvia officinalis L 9.59 + 0.50 19.44 + 0.06 61.66 + 2.80
Nectandra rigida L 6.63 + 0.63 13.19 +0.08 5210+12.10
Byrsonima variabilis L 10.7 £2.47 33.71 £0.08 31.67 +1.80
Tibouchina granulosa L 7.50 + 0.42 10.05 + 0.61 62.37 +3.17
Tibouchina mutabilis L 1.56 + 0.24 5.54 +0.10 69.05 + 8.60
Myrcia splendens L 290+0.20 12.31+0.38 49.34.+.2.31
Eriobotrya japonica L 11.90 £ 0.87 13.98 £ 0.34 65.50 +2.00
Cupania oblongifolia L 222+0.10 6.29 +0.08 4748 +4.8
Cecropia pachystachya L 211+0.40 770+£0.22 79.28 +£2.80
Lippia hermannioides L 3.99 £ 0.30 13.68 + 0.42 54.90 +5.22
Lippia alba AP 543 +0.34 14.40 +0.02 47.62 £ 27.50
Lippia rubella AP 3.79+0.27 10.27 £0.10 10.60 £ 5.60
Lantana camara L 454 +0.26 14.04 £0.,02 55.03 £ 8.80
Lantana camara F 9.82+1.79 27.99 +0.07 61.84 +£9.20
Amaioua intermedia L 8.41+1.22 12.22 £0.08 58.13 +0.70
Positive controls
Ascorbic acid 1.80+0.12 4.27 £0.06
a-tocopherol 226+0.14
BHT 10.5+1.06
Quercetin 0.98 £ 0.20 91.52 £1.50
Rutin 2.52+0.60

aAP, Aerial Parts; F, Flowers; L, Leaves

Table 4. Antioxidant activity of methanol extracts of the selected medicinal plants.
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The total antioxidant activity of the extracts is constituted by individual activities of each of
the antioxidant compounds. Moreover, these compounds render their effects via different
mechanisms such as radical scavenging, metal chelating activity, inhibition of lipid
peroxidation, quenching of singlet oxygen, and so on to act as antioxidants. Even if a sample
exhibits high activity with one method, it does not always show similar good results with all
other methods. Therefore, it is essential to evaluate samples accurately by several methods.
Hence, the antioxidant activity for those extracts was also evaluated by reducing power and
[-carotene/linoleic acid assays. The reducing ability of a compound generally depends on
the presence of reductants, which exhibited antioxidative potential by breaking the free
radical chain, by donating a hydrogen atom. Antioxidant action of the reductones is based
on the breaking of free radicals chain by the donation of a hydrogen atom. Reductones are
believed not only to react directly with peroxides, but also prevent peroxide formation by
reacting with certain precursors (Jamuna et al. 2010). The results found using this assay
showed an outstanding antioxidant property of C. pachystachya, T. mutabilis, C. oblongifolia,
and M. splendens and suggested that compounds present in those extracts were good
electron and hydrogen donors, and could terminate the radical chain reaction by converting
free radicals into more stable products. When employing p-carotene/linoleic acid assay, the
more active inhibitors of P-carotene bleaching were C. pachystachya, T. mutabilis and B.
orellana which showed values greater than 75% of inhibition. Interestingly, C. oblongifolia and
M. splendens were not so effective in quenching B-carotene. It is well known that the value of
this method appears to be limited to less polar compounds. They exhibit stronger
antioxidative properties in emulsions because they concentrate at the lipid:air surface, thus
ensuring high protection of the emulsion itself. On the other hand, polar antioxidants
remaining in the aqueous phase are more diluted and are thus less effective in protecting the
lipid (Koleva et al., 2002). It is well known that plants which possess antioxidative and
pharmacological properties are related to the presence of phenolic compounds, specially
phenolic acids and flavonoids (Fabri et al., 2009). Antioxidant activity had also been
detected for C. pachystachya (Aragdo et al., 2010) and B. orellana (Chisté et al., 2011). For T.
mutabilis, C. oblongifolia and M. splendens, the antioxidant capacities were reported here for
the first time. Polyphenolic compounds such as flavonoids and tannins found in the extracts
(Table 2) are considered to be the major contributors to the antioxidant activity of medicinal
plants. The antioxidant activities of polyphenols were attributed to their redox properties,
which allow them to act as reducing agents, hydrogen donators and singlet oxygen
quenchers, as well as their metal chelating abilities (Vladimir-Knezevic et al., 2011). It would
seem that a great part of the extracts tested in this study for antimicrobial activity does not
possess antioxidant effects (Table 3 and 4).

3. Conclusion

The results obtained represent a worthwhile expressive contribution to the characterization
of antimicrobial and antioxidant activity of plant extracts of traditional medicinal plants
from Brazilian flora and justify, in part, the popular uses of some of these species.
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1. Introduction

Bacteria have been evolving in our planet for 3 500 - 4 000 million years; thus, based on
chemical signals microbial communities have developed different systems to interact with
their own colonies and with other species, even with host like plants or animals. Antibiotics
release is one of the most outstanding microorganism behaviour. Microbial interaction in
nature shows an unexpected performance, sublethal concentrations of antibiotics can
modulate dynamic among microorganisms and it can achieve the activation of cooperation,
self defence or motility mechanisms among microorganisms (Ratcliff & Denison, 2011).

Notwithstanding the arsenal of antibiotic drugs developed in last decades and,
socioeconomic background of outbreaks or epidemic level of colibacilosis, tuberculosis, or
cholera in Developing Countries, an underlying problem is challenging ahead: the eclosion
of more virulent and resistant microbes. This is an unreliable phenomenon that stresses
health care systems in countries and regions (von Baum & Reinhard Marre, 2005; Marcusson
et al., 2009; Mediavilla et al., 2005; Wagenlehner & Naber, 2004).

One of the ways by which microbes avoid antibiotic products is by biofilm formation, a
usually lipospolisacaride based microorganism aggregates that confer protection, it is a
selective advantage for persistence under hostile environmental conditions; biofilm also
promotes host colonization. Few decades ago there was a common misunderstanding of the
microcosm, since 99% microbes in nature live in communities as biofilms and not in
planktonic forms as they were usually cultured and studied (Barreto & Rodriguez, 2009,
2010).

Microorganism biofilm are systems that behave as a whole, determining what, when, and
how to interact with the environment (physical or biological). This is mediated by the so
called quorum-sensing (QS), a cell-to-cell communication mechanism in which the
expression of certain genes in response to the presence of small signal molecules is
coordinated (Defoirdt et al., 2011, Dobrindt & Hacker, 2008).

Urinary tract infections (UTIs) are a worldwide health problem, second only to infections of
the respiratory tract. Sexual active women are the most susceptible population to UTI, but it
is also frequent in elder people and catheterized patients. Escherichia coli is the prevalent
etiological agent isolated in UTI (Johnson, 1997; 2003; Scholes et al., 2000; Svanborg &
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Godaly, 1997, Zhang & Foxman, 2003). Chemotherapy is the main UTI conventional
therapy, but antibioresistant strains are continuously emerging, for this reason, antibiotics
therapy is sometimes inefficient, specially for p_lactamics, trimethoprim-sulfamethoxazole,
and more recent drugs like fluoroquinolones (von Baum & Reinhard Marre, 2005; Drekonja
& Johnson, 2008; Gupta et al.,1999; Hooton, 2003; Jadhav et al., 2011; Mediavilla et al., 2005;
Storby, 2004; Wagenlehner & Naber, 2004).

In this never ending cycle, there is a race to develop different kinds of vaccines and effective
new generation drugs. But it seems that immunologicals or antibiotics are not an exclusive
criterion to deal with bacteria, some other subtle ways can be even more promising. If
microorganism advantage adaptations are interfered, host abilities to overcome infection
and restore itself will be increased.

This review deals with microbiological sciences related to the search of new antibacterial
mechanisms, fimbriae as a virulence factor target, and the possibilities of using plant origin
compounds as antiadhesive in bacterial attachment, particularly exposed by studies on
uropathogenic Escherichia coli.

2. Uropathogenic Escherichia coli and virulence factors

Escherichia coli (Escherich, 1885 - Enterobacteriaceae) is a versatile bacteria that has become the
most thoroughly studied organism in the planet (Barreto, 2007), it is a human and warm-
blooded animal enteric comensal but, as a result of genetic fluidity of pathogenicity
encoding genes, it could have different pathogenic behaviours (Dobrindt, 2005; Ahmed et
al., 2008; Schubert et al., 2009); therefore, E. coli can become in a virulent bacteria adapted to
different niches. Beside gastroenteritis, it can cause urinary tract infection, abdominal sepsis,
septicaemia, and meningitis.

Eight virulence factors (VFs) armed pathovars have been described and classified as either
diarrheagenic E. coli, enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC),
enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC) including Shigella,
enteroaggregative E. coli (EAEC), and diffusely adherent E. coli (DAEC); or extraintestinal E.
coli (ExPEC), uropathogenic E. coli (UPEC); and neonatal meningitis E. coli (NMEC)
(Sasakawa & Hacker, 2006; Croxen & Finlay, 2010).

Uropathogenic E. coli is a facultative enteric bacterium, but if carrying some VFs, it can reach
the lower urinary tract and cause cystitis or, travel further into the kidneys and cause
pyelonephritis (Croxen & Finlay, 2010; Dobrindt & Hacker, 2008; Zhang & Foxman, 2003).
UTI it is much more common in young women than men and female anatomy is
determinant. It is estimated that 11 percent of women in U.S.A. are diagnosed for UTI every
year, about half of all women have a UTI by their late twenties, 20-30 percent will have two
or more infections, and 5 percent will suffer from recurrent UTI (Foxman et al., 2000; Zhang
& Foxman, 2003).

It is a fact that comensal enteric bacteria must carry a subset of VFs, required in a hostile
environment like the urinary tract, to be an EXPEC, and explore niches outside the
gastrointestinal tract. Virulence factors provide mechanism by which bacteria survive at
least for a period of time needed for each step of infection. Tropism in UPEC is remarkable;
once it reaches the uroepithelium, it attaches to its surfaces impeding urinary mechanical
clearance and starting colonization; then, it travels to the bladder and kidneys; haeminic
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iron could be a gold medal in nephrones. However, UPEC needs a toolbox of VFs like:
adhesins, alpha-haemolysin, cytotoxic necrotizing factor, and iron acquisition systems, to
cause cystitis and pyelonephritis, which are associated with a number of symptoms such as:
inflammation, haematuria, urohaemolitic syndrome, and renal scars; while subvert host
unspecific immunity, provoke epithelial exfoliation and invade deeper cells (Gal-Mor &
Finlay, 2006; Johnson, 1997, 2003; Kaper et al., 2004; Wiles et al., 2008).

Genetic expressions of VFs are coordinated by QS as a way to be effective in colonization
and surviving at least of a reduct of bacterial cell in each infection step. In a recent review,
Wu et al. (2008) classified VFs as follows:

e  Membrane proteins, which play roles in adhesion, colonization, and invasions; promote
adherence to host cell surfaces, are also responsible for resistance to antibiotics, and
intercellular communication

e Polysaccharide capsules that surround the bacterial cell and have antiphagocytic
properties

e Secretory proteins, such as toxin which can modify the host cell environment and are
responsible for some host cell-bacteria interactions

e Cell wall and outer membrane components, such as lipopolysaccharide (LPS or
endotoxin) and lipoteichoic acids

e Other virulence factors, such as biofilm forming proteins and siderophores

Virulence factors play a key role in adaptation and evolution. According to Jain et al. (2010),
microbes either communal or individual ones provoke chronic or persistent infections,
which are largely associated with populations of microbes, and have individual bacterial
virulence traits associated with acute infections. VFs are encoded in large continuous blocks
of virulence in genome, named pathogenicity associated islands (PAls), and their expression
can be regulated by the host and by environmental signals (Bergsten et al., 2005; Gal-Mor &
Finlay, 2006; Johnson, 1997). Horizontal DNA transfer is mediated by plasmids, phages, and
PAls; this is one of the processes that generate bacterial and host genome evolution (Ahmed
et al, 2008; Beauregard-Racine et al., 2011; Schubert et al., 2009; Tettelin et al., 2008;
Zaneveld et al., 2008).

In E. coli pathotypes, several VFs are associated and could be expressed at the same time or
not. In the last two decades, VFs research in molecular biology has advanced enough to
explain different mechanisms of UPEC pathogenesis, and modern “omics” are focussed in
relation to PAls and UTI epidemiology; thus, aetiology of UTT is better understood, different
purposes to disrupt VFs are supported, therapeutic guidelines can be much more successful,
and new approaches on antimicrobials research are rendered (Ahmed et al., 2008; Dobrindt,
2005; Henderson et al., 2009; Johnson, 1997; Johnson & Russo, 2006; Westerlund-Wikstrém &
Korhonen 2005; Zhang & Foxman, 2003). A lethal battery of VFs is responsible for the
human food borne virulent E. coli 0157:H7 and the European recent lethal E. coli O104:H4,
both strains produce hemolytic uremic syndrome.

2.1 Uropathogenic E. coli and fimbriae

Pili or fimbriae are hair-like polymeric (assembled from multiple subunits) proteinaceous
appendages expressed on the outer surface of bacteria that enable pathogens to recognize
host receptors, anchor, and begin infection; adhesion is produced by a bacterial adhesin
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located at the tip of a pilus structure (Dodson et al., 2001; Johnson, 1997, 2003; Niemann et
al., 2004). Fimbriae are determinant in early steps of colonization of most E coli pathovars. In
UPEC are significant, they avoid lavage by the host, attaching to the urinary tract mucosa
and triggering signals to start the disease process. This VF is associated to invasion, biofilm
formation, cell motility, and transport of proteins and DNA across membranes (Gal- Mor &
Finlay, 2006; Johnson, 2003; Kaper et al., 2004; Wiles et al., 2008).

If fimbriae-receptor interaction is not well established, UTI symptoms never occur; when
bacterial persist in this condition the patient will have an asymptomatic bacteriuria (ABU).
Adhesins have been termed as the most important determinant of pathogenicity (Le
Bouguénec, 2005; Croxen & Finlay, 2010; Mulvey, 2002; Niemann et al., 2004; Sauer et al.,
2000). The process of a UTI is viewed by Schilling et al. (2001) as a number of measures and
counter-measures taken by the host and UPEC. The disease is triggered by fimbriae,
inducing the host and bacterial cells signal pathways that involve different mutual
responses. In the “two-step” model of UTI pathogenesis described by Bergsten et al. (2005),
the first step is the activation of the innate response, and the second one is the effector phase
involved in bacterial clearance, which depends on neutrophils and their ability to remove
lingering inflammatory cells and bacteria. Electron microscopy shows hat this
immunological response could be advantageous to bacteria, because it allow them to
internalized and survive at the underlying bladder epithelium and creating a reservoir
protected from immune surveillance and antibiotics. They remain in a quiescent state for
several weeks before reemerging and provoking a recurrent acute infection (Caper et al.,
2004; Lane & Mobley, 2007; Mulley et al., 2001; Mulley, 2002).

Uropathogenic E. coli type 1 fimbriae and type P fimbriae, are molecularly and
epidemiologically well characterized. Both types of fimbriae are assembled in cell bacteria
by a highly conserved periplasmatic chaperone and outer membrane usher proteins (Le
Bouguénec, 2005, Waksman and Hultgren, 2009). Type 1 fimbriae are so far, the most
common adhesin in non complicated low UTI (cystitis); while P fimbriae, encoded by E. coli
pap (pyelonephritis-associated pilus) operon, adhere to kidney uroepithelium (Croxen and
Finlay, 2010; Verger et al., 2007). Fimbriae can be classified according to their receptor-
binding specific traits. Type 1 fimbriae mediate mannose-sensitive haemagglutination
(MSHA), but P fimbriae are cause of mannose-resistant haemagglutination (MRHA)
(Abraham et al. 1998; Johnson, 2003; Westerlund-Wikstrom and Korhonen, 2005).

Haemagglutination is an E. coli visual test to detect types 1 and P bacterial fimbriae, since
some red blood cells (RBC) have carbohydrate residue receptors similar to adhesin
uroepithelial receptors. When the adhesin of a bacterial cell suspension contacts the receptor
of a RBC suspension, a surface reaction occurs and the RBC aggregate like macroscopic
glomerules. Uroepithelial cells and oral cells can lead to an agglutination reaction too.
Designation of P fimbriae is for the ability of these E. coli strains to agglutinate P blood
antigens erythrocytes (Johnson, 1991).

Type 1 fimbriae consist in a 7 nm thick helical rod with a tip structure containing the
adhesin FimH and two adaptor proteins, FimF and FimG. About 70 % of isolated UPEC
encoded a variant of FimF adhesin that binds to monomannose residues. In addition to
trimannose receptors, this affinity to monomannose receptors leads to tropism within
uroepithelial cells (Johnson, 2003; Mulvey, 2002; Niemann et al., 2004; Verger et al., 2007). P
fimbria is a 6.8 nm rod composed of repeating PapA subunits arranged in a right- handed
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helical cylinder, with a distally located adhesin PapG on its tip. Receptors of P pili are
globoseries of membrane glycolipids with a disaccharide galabiose (Gal-a (1-4)-Gal). There
are three PapG alleles (I-III) which bind to different isoreceptors that differ in carbohydrate
residues to the common Gal-a (1-4)-Gal core. PapG II binds mainly to globotetrasyl
ceramide (GbO4) and it is associated with pyelonephritis symptoms like inflammation and
uroepithelial exfoliation (Dodson et al., 2001; Johnson, 2003; Mulvey, 2002; Niemann et al.,
2004; Westerlund-Wikstrom & Korhonen, 2005; Wullt, 2003;). It was demonstrated that class
IT adhesin is a prerequisite for acute pyelonephritis in primates; besides, in induced mixed
infection with P fimbriated E. coli and not fimbriated strains it gives a competitive
advantage to colonize bladder (Winberg et al., 1995).

The role of fimbriae as virulent factor in UTI pathogenesis has been thoroughly studied in
the last thirty years, also confirming the special pathogenesis theory by means of modern
methods (Beached, 1981; Johnson, 2001, 2003; Kaper et al., 2004; Verger et al., 2007; Wiles et
al.,, 2008; Zhang & Foxman, 2003). See most of the review articles cited in this subchapter for
details and graphics of VFs effects and UTI steps.

3. Experiences against fimbrial adhesion

Interference of VFs is an attractive approach to manage diseases due to bacterial infection. In
the case of UPEC, fimbriae are an important target to prematurely neutralize them, before
they spread within urinary tract, and if is not timely flushed out become in an asymptomatic
bacteriruria. Beside UTI overcome, if this purpose is clinically effective, it is expected in
these conditions that possibility of generating antibioresistance will be remote.

Fimbriae have been studied from different perspectives. Regarding enteropathogenic and
uropathogenic E. coli, Barreto et al. (2001a) reviewed the following experimental attempts:

a. sublethal antibiotic concentrations: fimbrial adhesive ability of E. coli to attach to
uroepithelium, enterocytes, and some erythrocytes could be decreased by a previous
exposition to sublethal antibiotic concentrations of amphicillin, gentamycin,
sulfonamides, trimethropim, and tetracycline, however, nalidixic acid can increase
adhesion (Barreto et al., 1994; Hales & Aymes, 1985; Johnson, 1991; Padilla et al., 1991;
Stenquist et al., 1987; Vosbeck et al., 1982). Sublethal amounts of gentamycin,
chloramphenicol and kanamycin tested in E. coli G7 inhibit adhesiveness in this strain at
95%, 85%, 80% y 75%, respectively (Barreto et al., 1994). It was found that, in general,
those antibiotics that inhibit protein synthesis also inhibit fimbrial expression at
sublethal concentrations of either P fimbriae, or K88 and K99 fimbriae (Padilla et al.,
1991; Barreto et al., 1994), without culture media influence (Barreto et al., 1995a, 1995b).
But this is not the best option in therapy as it has the limitation of antibioresistance
emergence (Barreto et al., 2000).

b. immunological methods (antifimbrial vaccines, monoclonal antibodies):
Search for a vaccine that blocks E. coli fimbriae has been performed since the 1980 and
many results have been obtained, mainly in veterinary medicine. Several methods have
been applied to obtain this products, attenuated strains, semipure antigenic extracts,
and recombinant technology (Barreto et al., 2001a; Ofek et al., 2003; Campeal et al. 2007,
2008). Fimbrial subunits vaccines are more efficient than conventional ones, since other
non-protective cell components, or endotoxins that induce shock, vascular permeability,
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and abortion in swine are not present (Kaper & Levine, 1988; Levine et al., 1993; Wong
et al., 1995). In Cuba, the administration of VACOLI® vaccine to swine protect piglet by
suckling in a 93 %, and in 98 % post-weaning (Wong et al., 1995).

A vaccine that induces an antibody response against FimH was tested in humans proving its
effectiveness against an UPEC strain in mouse cystitis model (Langermann et al., 1997;
Langermann & Ballou, 2003). A high level of protection against P fimbriae has been
developed too in a primate model (Soderhall et al., 1997). Molecular microbiology of
bacterial pathogenesis and new technologies show favorable expectations concerning
discoveries of new vaccines against bacterial infectious diseases (Moingeon et al., 2003;
Sasakawa & Hacker, 2006; Westerlund-Wikstrom & Korhonen, 2005). The wide fimbriae
diversity encoded by enteric E. coli, and the selective pressure exerted by vaccination
usually make bacteria population change toward fimbrial fenotypes not covered by the
vaccine. On the other hand, adhesin diversity of enteropathogenic E coli is higher in human
beings than in animals; antigenic diversity is the principal disadvantage for an UPEC P
fimbriae vaccine (Barreto, 2007; Barreto & Campal, 2001; Barreto et al., 2001b).

c. medicinal plant extracts: it is exposing in next epigraph.

Some of these items were coincident with the strategies for UTI management mentioned by
Reid (1999): prophylaxis by antibiotics, including natural peptides; vaccines, probiotics and
others like avoiding spermicide and keeping a proper hygiene. In a review about anti-
adhesion therapy for different bacterial germs, Ofek et al. (2003), referred to receptor
analogs and adhesin analogs as anti-adhesive agents, dietary inhibitors of adhesion,
adhesin-based vaccines, and host-derived anti-adhesins in innate immunity.

4. Medicinal plants extracts and virulence factors

In the last years, attention to medicinal plant research related to VFs inhibition as a target
activity is increasing; several bioassays to evaluate VFs have been develop for several
microorganisms, mainly bacteria and yeast. This is a valuable source of compounds to
investigate new anti-virulence factors mechanisms of pathogenic microbes.

Different medicinal plant metabolites have antimicrobial activity (Cowan, 1999; Mahady,
2005). In traditional medicine systems of diverse cultures and regions, plants to treat urinary
tract diseases are well known. Usually the same species are used for different purposes or
medical conditions related to urinary system, i.e. as diuretic (most common), antilithic, and
agents for cystitis or pyelonephritis treatment. However common people call all of them as
“kidney diseases” or “urinary complaints”.

Researches focused on adhesin-receptor medicinal plants interference are recent, since few
studies have reported this action in plants, except those related in vitro, in vivo, and clinical
trial of UPEC antiadhesion effects of cranberry fruit (Vaccinium macrocarpon Ait., Ericaceae).
This is the only one commercial herbal product or food claimed as an antiadherent for UTI
treatment. Besides, cranberry was among the top ten marketed herbal products in U.S. in the
1990” (Siciliano, 1998).

In Cubea, first reports about plant extracts against fimbrial adhesion are those of Eucabev, an
antidiarrheic drug for veterinary use, manufactured from Eucaliptus spp. (Myrtaceae) bark.
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After using a decoction of Eucaliptus spp. bark to treat diarrheic syndrome in different
animal species (Velazquez et al., 1991), and confirming no bactericide or bacteriostatic effect
on ETEC at several concentrations (Barreto et al., 1993a), an antiadhesive mechanism of this
plant was explored as antidiarrheic. Enteropathogenic E. coli strains G7 (08 K87, K88ab) and
B44 (09 K30, K99) were tested as fimbrial antiadhesives by MSHA assay (Blanco & Blanco,
1993) or monoclonal antibodies assays. After exposure of each strain in media cultures with
decoction, infusion, and water extract of Eucaliptus saligna and E. citriodora, fimbriae
inhibition was found significant, 83,3% and 100%, respectively (Barreto et al., 1993b, 1993c;
1995a, 1995b; Barreto & Campal, 2001).

Similar experiments were carried out to screen P fimbriae-receptor interference in UPEC
strains of medicinal plants traditionally used for urinary diseases. Wild E coli P+ strains
cultured or not with Lepidium virginicum (Apiaceae) and Achyranthes aspera (Amaranthaceae)
extracts were tested by MRHA assay (Guerra et al., 1995; Prieto et al., 1995). Then, plant
antiadhesin activity was determined by MRHA and anti-PapA monoclonal antiserum assays
in E. coli ATCC 25922 to screen extracts of A. aspera, L. virginicum, Ageratum conyzoides
(Asteraceae), Zingiber officinale (Zingiberaceae), Curcuma longa (Zingiberaceae) and Costus speciosus
(Costaceae). Antiadhesive effect was detected in all plant species except C. longa extracts
(Barreto et al., 2001). Besides, based on a previous study on K99 adhesin, effect of plant extracts
on erythrocytes receptors was evaluated (Barreto et al.,, 1993b), finding activity in all plant
species. Results of antiadhesin effect and Gal-Gal receptors are summarized in Table 1.

Plant Extracts Effect on fimbriae Effect on receptors
A. aspera ethanol 90% - -
ethanol 20% - -
decoction -

+
L. virginicum ethanol 90% + +
ethanol 20% - -
decoction - -

A. conyzoides ethanol 90% - -
ethanol 20% - -
decoction - -
Z. officinale ethanol 90% - -
ethanol 20% - +
decoction - -
C. longa ethanol 90% +

ethanol 20% +

decoction + -
C. speciosus ethanol 90% +

ethanol 20% - +
decoction + -

Table 1. Effect of plant extracts on fimbrial expression and fimbrial receptors, from Barreto
etal., (2001). (+ = positive adhesion - unaltered fimbriae or receptors; - = no adhesion -no
expression of fimbriae or altered receptors).
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Source Microorganism | Effects on Virulence Reference
Factor
Vaccinium macrocarpon (Ericaceae) See epigraph below
Berberis aristata (Berberidaceae) UPEC inhibit adhesion Sun et al., 1988a
berberine sulfate
B. aristata berberine sulfate Streptococcus inhibit adhesion to Sun et al., 1988b
pyogenes epithelial cells,
fibronectin, and
hexadecane
Arctostophylos uva-ursi (Ericaceae) E. coli enhance aggregation Ttri et al., 1999

Vaccinium vitis-idaea

Matricaria recutita (Asteraceae)
M. matricarioides

block aggregation

Psidium guajava (Myrtaceae)
galactose-specific lectin

E. coli 0157:H7

inhibit adhesion to red
cells

Coutifio et al.,
2001

Azadirachta indica (Meliaceae )

Streptococcus
sanguis

Camelia sinensis (Theacae) (green tea)
(-) epicatechin gallate, (-)
gallocatechin gallate

P. gingivalis

inhibit adhesion

Ofek et al., 2003

(oolong tea) polyphenol S. mutans,
S. sobranus

Galanthus nivalis (Amaryllidaceae) E. coli

mannose-sensitive lectin

Gloipeltis furcata and Gigartina teldi S. sobrinus

(seaweeds) sulfated polysaccharides

Humulus lupulus (Urticaceae) bract S. mutans

polyphenols

Melaphis chinensis gallotannin S. sanguis

Persea americana (Lauraceae) tannins | S. mutans

Andrographis paniculata (Acanthaceae) | S. mutans inhibit adhesion Limsong et al.,

Senna alata (Cassia alata) 2004

(Caesalpinaeae)

C. sinensis

Harrisonia perforata (Simaroubaceae)

Punica granatum (Punicaceae) Staphylococcus Staphylococcal Braga et al., 2005
aureus enterotoxin A

Streblus asper (Moraceae) leaf Candida albicans | inhibit adhesion to Taweechaisupa-

denture acrylic pong et al., 2006

Resveratrol (found in grapes seeds-
Vitis vinifera) (Vitaceae)

Proteus mirabilis

Swarming, flagella,
haemolysin and urease

Wang et al. 2006

Conocarpus erectus (Combretaceae)

Chamaecyce hypericifolia
(Euphorbiaceae)

Callistemon viminalis (Myrtaceae)

Bucida burceras (Combretaceae),

Tetrazygia bicolor (Melastomataceae)

Quercus virginiana (Fagaceae).

Chromobacterium
violaceum and
Agrobacterium
tumefaciens

quorum sensing-
disrupting (QS-D)

Adonizio et al.,
2006

V. macrocarpon

V. angustifolium

C. violaceum

QS-D

Vattem et al., 2007
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Rubus idaeus (Ericaceae)

R. eubatus

Fragaria sp. (Rosaceae)

Vitis sp.

Origanum vulgare (Lamiaceae)

Rosemarinus officinalis (Lamiaceae)

Ocimum basilicum (Lamiaceae)

Thymus sp. (Lamiaceae)

Brassica oleracea (Brassicaceae)

Curcuma longa (Zingiberaceae)

Zingiber officinale (Zingiberaceae)

Galla chinensis E. coli (ETEC) heat-labile enterotoxin | Chen et al., 2006
Z. officinale E. coli (ETEC) heat-labile enterotoxin | Chen et al., 2007a
Chaenomeles speciosa fruit (Rosaceae) | E. coli (ETEC) heat-labile enterotoxin | Chen et al., 2007b
Pelargonium sidoides (Geraniaceae) Helicobacter pylori | inhibit adhesion to Wittschier et al.,
intact human stomach | 2007
tissue
P. sidoides (Geraniaceae) Streptococcus HEp-2 cells and buccal |Conrad etal.,
pyogenes epithelial cells 2007
V. angustifolium or V. corymbosum H. pylori and adhesion Yarnell &
V. myrtillus Streptococcus spp. Abascal, 2008
V. ovalifolium, V. ovatum, V.
parvifolium
C. sinensis S. mutans
Galla chinensis' methyl gallate MG) | S. mutans antibiofilm Kang et al., 2008
and gallic acid (GA)
Holarrhena antidysenterica EPEC inhibit adhesion to Kavitha &
(Apocynaceae) enteric epithelial cells | Niranjali 2009
Glycyrrhiza glabra (Fabaceae) Porphyromonas adhesion Wittschier et al.,
gingivalis 2009
G. glabra glycyrrhizin E. coli (ETEC) Heat-labile enterotoxin | Chen et al., 2009

Ibicella lutea (Martyniaceae) aereal part

Proteus mirabilis

swarming
differentiation,
hemagglutination and
biofilm formation

Sosa, & Zunino et
al., 2009

Dodonaea viscosa var. angustifolia C. albicans adherence to oral Patel et al., 2009
(Sapindaceae) epithelial cells
Aegle marmelos (Rutaceae) unripe fruit | E. coli (EPEC), Adhesion to HEp-2 cell | Brijesh et al., 2009
decoction E. coli (EIEC) and |line, decrease
Shigella flexneri production of heat
labile toxin and its
binding to ganglioside
monosialic acid
P. guajava decoction E. coli (EPEC), idem. Birdi et al., 2010
E. coli (EIEC) and
S. flexneri
P. sidoides root extract specific S. pyogenes anti-adhesion Janecki et al., 2011

proanthocyanidins

1 Gall caused by aphids on Rhus spp. (Anacardiaceae)
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Piper bredemeyeri (Piperacae) C. violaceum Qs-D Olivero et al.,

P. brachypodom 2011

P. bogotence

Terminalia catappa (Combretaceae) C. violaceum and | QS-D Taganna et al.,
Tannin-rich fraction Pseudomonas antibiofilm and LasA | 2011

aeruginosa staphylolytic activity

Delisea pulchra (red marine alga) bacteria QSs-D Defoirdt et al.,
Halogenated furanones 2011

Halobacillus salinus isolated from sea | bacteria including

grass, phenetylamide metabolites Vibryo harveyi

Compounds bacteria isolated from a | bacteria

marine alga Colpomenia sinuosa

Chamaecrista desvauxii (Fabaceae) Staphylococcus antibiofilm Trentin et al., 2011
Fruits epidermidis

Commiphora leptophloeos (Burseraceae)
Stem bark

Dioclea grandiflora (Fabaceae) Fruits

Eugenia brejoensis (Myrtaceae) Leaves

Libidibia ferrea var ferrea
(Caesalpinaeae) Fruits

Melocactus zehntneri (Cactaceae) Roots,
Cephalium

Myracrodruoun urundeuva
(Anacardiaceae) Leaves, Branches,
Stem bark

Myroxylon peruiferum (Fabaceae)
Leaves

Parkinsonia aculeata (Caesalpinaeae)
Leaves

Piptadenia viridiflora (Mimosoideae)
Branches, Fruits

Pityrocarpa moniliformis
(Mimosoideae) Leaves

Polygala boliviensis (Polygalaceae)
Leaves, Branches

P. violacea Leaves, Roots

Senna macranthera (Caesalpinaeae)
Fruits

S. splendida Branches

Sida galheirensis (Caesalpinaeae)
Leaves, Branches

Euphorbia trigona (Euphorbiaceae) latex
extracts

P. mirabilis and
P.aeruginosa

swarming, antibiofilm
rhamnolipid
production inhibition
of urease

Nashikkar et al.,
2011

Lactuca indica (Asteraceae)

E. coli

inhibit effect on focus
adhesin kinasa
phosphorylation

Liithjea etal.,
2011

Table 2. Effect of natural products on microorganism virulence factor.
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There is an increasing evidence that plant metabolites can inhibit different VFs expressions
allowing host defense to overcome an infection; for instance, fimbrial adhesin interference in
UTI, that is fundamental to avoid bacterial colonization, invasion, and then disease first
symptoms. Results show this is a plausible mechanism by which maybe underestimated
non-bacteriostatic/bactericides medicinal plants, traditionally used in treating “urinary
complaints” are worthy.

Some studies of medicinal plants, food plants and seaweeds against different VFs on several
Gram positive bacteria, Gram negative bacteria, and against Candida albicans are compiled in
Table 2. Referring more than 60 plant species from diverse families, but there really are few
species considering the potential of the world flora. Of particular interest is the evidence of
activity of edible plants or seasoning plants like: Camellia sinensis (Theacae), Psidium guajava
(Muyrtaceae), Vitas vinifera (Vitaceae) and Zingiber officinale (Zingiberaceae), since daily ingestion
as food of such plants could prevent infections. Ginger and Curcuma with antifimbrial UPEC
activity (Table 1) are reported too as anti quorum sensing-disrupting. Most of summarized
plants have traditional renown in microbial gastrointestinal disorders or urinary complaints
treatment (Roig, 1974).

E. coli references are related to antiadhesion activity, or inhibition of toxins of enteric
pathotypes; and in an early reference of Sun et al. (1988a), it is described the antiadhesive
effects of berberine alkaloids inhibiting the expression of fimbrial subunits on UPEC. There
are also studies on antiadhesion properties of certain plant extracts against oral and dental
plaque forming bacteria.

In some studies, modern technology search for non-conventional antimicrobials is based on
folk medicine (Birdi et al., 2010; Brijesh et al., 2009; Chen et al., 2007a, 2007b, 2009; Coutifio et
al., 2001; Kavitha & Niranjali 2009;). In recent years, the increase in number of articles
including new trends in VFs research, like biofilm inhibition or quorum sensing-disrupting
is noticeable. Screening is reported for quorum sensing-disrupting in dietary plant (food or
seasoning plant) (Vattem et al., 2007), in which all species were active. Taking into account
ethnobotanic criteria, a quorum sensing-disrupting and antibiofilm effects of plants from
Florida, USA, and Caatinga plants from Brazil, respectively, were screened (Adonizio et al.,
2006; Trentin et al., 2011).

Several VFs can be neutralized by plant compounds. A broad field of research on this
subject is ahead; science advances in phytochemistry, molecular microbiology, in silico
designs, and “omics” providing new features that will end in VFs based new therapy
strategies. Another point is that, like in other biological activities, ethnomedical knowledge-
based criteria can afford success in the search for antivirulence factor novel drugs or herbal
medicine (Abreu & Cuéllar, 2008).

4.1 Cranberry (Vaccinium macrocarpon) antiadhesive therapy leader

Cranberry is a fruit currently use widely as food and as medicine mainly for women in
prophylaxis of ITU because of its antibacterial properties. Herein are present a bulk of
information that allows stating that cranberry can be consider as a leader in the bacterial
antiadhesive therapy.
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4.2 Botany

Taxonomy: Ericaceae family, Vaccinioideae Subfamily, Vaccinieae Tribe; the genus comprises
450 species (Berazain, 1992). Among the most common species used as medicine and food
are V. mirtillus (blueberry), and V. corymbosum (highbush), V. ashei (rabbiteye) and V.
angustifolium (lowbush). Description: V. macrocarpon is an evergreen trailing shrub,
rhizomatous habits when young; pink, simple, axilar flowers. Ovary has four locules. Wind
or insects are needed for pollination. Fruit is a shining red epigynous berry, ripening occurs
60-120 days after pollination. Distribution: east bogs in North America, from Newfoundland
to Manitoba, south of Virginia, Ohio and north of Illinois.

4.3 Traditional use

Native people from North America cranberry use fruit as food in meat dishes and as
medicine for erysipelas, tonsilitis, scarlatina sore throat, ulcers, pleuresy (leaves) (Moerman
(2004); cancer and scurvy (Duke, 2007), and to treat cystitis and prevent UTI (Farnsworth,
2003).

4.4 Phytochemistry

V. macrocarpon is among the most phytochemically studied Vaccinium species (Abreu et al.,
2008). Cranberry fruit mainly contains organic acids such as: citric, chlorogenic, malic,
quinic and shiquimic acids (Duke, 1992; Jensen 2002); and polyphenols like flavonoids, and
anthocyanic pigment glycosides of cyanidin and paeonidin (Abreu et al., 2008; Duke 1992).
Polyphenolic compounds have been the most researched in Vaccinium spp. because of its
antioxidant and anti-UTI activity, mainly in V. macrocarpon and V. mirtillus fruits.

Trimeric type A proanthocyanidines characterized in cranberry by Foo et al. (2000a), is of
particular interest, since authors demonstrated it is the active compound in UPEC P fimbriae
interference.

4.5 In vitro and in vivo antimicrobial activity

Almost all biological effects of cranberry fruit so far evaluated are antimicrobial activity.
There are references of antivirus activity (Konowalchuk & Speirs, 1978), antifungal activity
(Cipollini & Stiles, 1992; Marwan & Nagel, 1986) and antibacterial activity (Lee et al., 2000;
Leitdo et al. 2005; Marwan & Nagel, 1986). The last author reports no activity of cranberry
juice (pH- 3, 5 and 6, 9) and cranberry proanthocyanidin-rich fractions against E. coli and
other bacteria. Thus, cranberry use in UTI prevention or treatment is not due to
bacteriostatic/bactericide activity; however, there is a great number of in vitro and in vivo
research related to the antiadhesive effect of cranberry on UPEC P+. Besides, there are
reports of cranberry as a fimbrial antiadhesive in other bacteria (Moerman et al., 2003).

At the beginning of 20th century, antimicrobial cranberry studies were based on the
possibility of acidification of urine or by excretion of hypoxic acid, a potent bacteriostatic
associated to the fruit ingestion (Blatherwick, 1923; Moen, 1962); but other results
questioned this mechanism (Fellers, 1933; Nickey, 1975). It is in the 1980" that research on
bacterial adhesion began to be considered as a mechanism of action of cranberry in UTI
(Schmidt & Sabot, 1989; Sabot, 1984; Safire et al., 1989); since then, dozen of articles have
been reporting in vitro, ex vivo, and in vivo experiences of its antiadhesion activity. Among
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models used were HARM and HASR in guinea pigs and human erythrocytes; uroepithelial
cells, bladder cultured cell lines and laboratory animal models (Nowak & Schmitt, 2008).
Using micro plate technology and turbidity assessment for testing the adherence of
Escherichia coli P* to human uroepithelial cell line T24, Turner et al. (2005), developed a high-
throughput assay to study V. macrocarpon extracts. A bioassay like this could also be use in
the screening of extracts of plants used traditionally in urinary tract system diseases.

Certainty on cranberry antifimbrial effect was achieved by Ahuja et al. (1998) by means of
electronic microscopy, no fimbrial expression or loose of them, and change in E. coli
morphology were clear. More recently, isolated cranberry proanthocyanidins (PACs) at 60
pm/ml were tested on UPEC P+ resulting in a potent antiadhesive activity (Foo et al., 2000a,
2000b, Howel et al., 2005).

Ex vivo studies on exposed UPEC strains in urine from healthy volunteers under different
cranberry administration schedules, and several researches on humans have validated
cranberry for UTI prevention. Prospective clinical trial in young women with recurrent UTI
has demonstrated a protective effect. In a metaanalysis of human clinical trials, Jepson &
Craig (2008) conclude that:

“There is some evidence that cranberry juice may decrease the number of symptomatic UTIs
over a 12 month period, particularly for women with recurrent UTIs. Its effectiveness for
other groups is less certain. (...) The evidence is inconclusive as to whether it is effective in
older people (both men and women), and current evidence suggest that it is not effective in
people with a neuropathic bladder. (...) Further properly designed studies with relevant
outcomes are needed.”

4.6 Proanthocyanidins

Proanthocyanidins (condensed tannins) are oligomeric and polymeric end products of the
flavonoid biosynthetic pathway. They are present in the fruits, bark, leaves and seeds of
many plants, where they provide protection against predation. They are charactehrized by
their flavor and astringency in beverages like wine, tea, and fruit juices; and they have been
used as leather tanning agents for a long time. An important property of this kind of tannins
is their ability to bind proteins; hence they can inhibit enzymes and reduce protein
availability in animal nutrition (Dixon et al., 2005; Miranda & Cuéllar, 2001). Like other
plant polyphenol compounds, in recent years PACs have been biologically studied, mainly
for their antioxidand activity (King et al., 2007). In general, their bioavailability is poor, since
PACs high molecular weight difficult absorption, but this could be beneficial for gut health
due to their effects on lipid oxidation, inflammation, immunity, and pathogenic bacterial
adhesion (Reed & Howell, 2008).

Unusual A-type proanthocyanidins (B-type linkage is more common in plant kingdom),
consisting primarily of epicatechin tetramers and pentamers (Fig. 1), with at least one A-
type linkage has been elucidated in UPEC antiadhesive active fractions of cranberry. It is
structurally characterized by a linkage between C2 of the upper unit (C ring), and the
oxygen at C7 of the starter unit (A-ring), in addition to the linkage between C4 of the upper
unit and positions 6 or 8 of the lower unit (Dixon et al., 2005; Foo et al., 2000b;. Howell et al.,
2005). A-type linkage is a structural prerequisite for antiadhesion effects, since Howell et al.,
(2008) compared cranberry PACs with other B-type proanthocyanidins from commercial
foods and not found in vitro or ex vivo activity.
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Cranberry PACs decreases bacterial adhesion forces in UPEC (Pinzén-Arango et al, 2009)
and influences Streptococcus mutans biofilms on saliva-coated apatitic surface and on dental
caries development in vivo (Koo et al, 2010). Besides, cranberry PACs perform a cytotoxic
activity in different cell lines (Singh et al., 2009).

Fig. 1. Cranberry A-type proanthocyanidin.

5. Possible mechanism of plant antiadhesion effects

Chemical signal interactions between host and pathological microorganisms, or innocuous
microorganisms have been recently understood, and seem to be very common in nature; in
such magnitude, that plant origin product by host consumed could compete with microbes
for specific receptors. These interactions are mediate by a complex dynamics of physico-
chemical and biological parameters, in which time can also be a prominent variable.
Quorum sensing coordinated the infection steps recognizing each critical moment of the
process by biofilm bacterial density.

Mechanism of fimbrial adhesin inhibition can be related to different effects of plant
metabolites such as: delection of genes encoding fimbrial subunits, enzymes or proteins
associated to its transportation and allocation at the cell surface and cell receptor analogues
that binds to adhesin subunits or nearby, impeding their interaction with receptors.

Antifimbrial activity at genetic level is similar to some antibiotics mechanism proposed at
sublethal concentrations (Barreto et al., 1994; Padilla et al., 1991); besides V. macrocarpon, this
mechanism had been proposed for berberine alkaloid (Sum et al., 1988).

Results on plant extracts blockade of adhesin-receptor interaction in RBC, suggest it can be
mediated by glycoprotein (like lectins) with pectidic sequences similar to Pap G or Pap G-
Pap F, or by compounds that subvert spatial configuration of Gal-Gal receptors. In both
cases, structural analogues of adhesin-receptor interaction could also be interfered due to
esteric constraints.
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Thermodynamic approach of fimbriae interaction is another point of view, in which Liu et
al. (2008), calculate the Gibbs free energy of adhesion changes by interfacial tensions on
human kidney uroepithelial cells and fimbriated or not fimbriated E. coli strains treated
three hours with cranberry juice extracts.

Interference of plant compounds in adhesin-receptor interaction should not promote
microorganism antibioresistance, since at sublethal concentrations selection pressure is not
established. Therefore, as effect is only exerted over pathogen VFs, it is not expected
deleterious side effects on comensal microbiota as in chemotherapy usually occurs
(candidiasis, colon disbacteriosis).

Synergy it is known among plant metabolites, in this case for instance, some plant species
reported in table 1 and table 2, besides antiadhesion effects, have activity on further VFs,
thus, the sum of those effects help to avoid or suppress infection. In UPEC, is traditionally
reported diuretic effect in those plants (Roig, 1974), this activity can synergized too as anti-
infective in UTI, increasing bacterial clearance.

6. Approach from nature in antibacterial research

Science development has explained several host-bacteria interactions and ways to rationally
manage them. However, there is too much knowledge to acquire in this sense, but certainly
these natural signalling mechanisms among microbes and their environment, including
hosts, is rendering new clinical strategies and drug candidates. It is noteworthy how this
kind of interaction is present in newborn mammals and during their span life. Food is
something more than a mere matrix containing nutrients; starting from microbiota, human
feeding has also coevolved with diverse biological niches.

Antiadhesive properties of human milk oligosaccharides in relation to pathogenic bacteria
are remarkable. They show to be effective inhibitors of adhesion of gastric and uroepithelial
bacterial pathogens in vitro and in vivo, and prevent diarrhoea in infants (Bavington & Page,
2005; Marild et al., 2004; Ofek et al., 2003).

Carbohydrate compounds are usual in food stuff, but they are not only important to supply
energy; recently, it is known that in several ways they are involved in a microorganism
molecular mechanism of adhesion, invasion, and infection. Glycoproteins (lectins) and a
broad range of non-nutrient components of food plants (phytochemicals) can also be active
in this way.

Before vertebrates appeared, microorganisms and plants were part of the whole system of
Nature. Plant phytochemicals are part of the pool of signals in food plant that deal with the
microbe world. Plants that act against pathogens by a non-cidal mechanism are selected by
Nature; but also culturally, humans have selected them as safe food plants, medicinal plants,
or both at once. In the last decades, borders between food and medicine are disappearing,
i.e. functional food. It is not surprising that most of them were always there, but now they
are new products. Gastrointestinal tract and genito-urinary system are plenty of
microorganism receptors and plant origin compounds receptors, thus dietary patterns or
herbal products can probably promote a first barrier defence avoiding pathogen virulence
factors like QS, fimbriae, or toxins.
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Ethnobotany of antimicrobial food or medicinal plants can be corroborated by new
antivirulence factor target techniques and other modern bioassays. Novel antimicrobial
activities like antiadhesion effect could provide tools to eliminate or decrease virulence of
infections that, in spite of quemotherapy advances, seem to become more inflexible
microorganisms.
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1. Introduction

Broadly speaking, reproductive infertility is defined as the involuntary absence of
conception in a couple after a general period of at least one year of regular unprotected
sexual intercourse (Shittu et al., 2005, WHO, 1991).

The rapid advancement in the field of human reproductive biology (in-vitro fertilization-IVF
etc) in this era has attracted a lot of interest amongst scientists such as andrologists,
gynaecologists, biologists and epidemiologists worldwide (Schwartz, 1980; Shittu et al.,
2005; Shittu et al., 2006a).

In view of the fact that any methodology that is empirical in infertility study ultimately
determine the overall result quality with lots of consequence on the potential treatment
options and other prevention programmes available (Thonneau & Spira, 1990), makes it
necessary for clarification of some confusing terms often used in infertility studies amongst the
readers. Such that a couple is said to be a fertile if they have conceived in the past and infertile
if they have not conceived after at least one year of unprotected sexual intercourse as the case
may be. While, a fecund couple is one who can conceive and an infecund couple is one that is
impossible to conceive for whatever reason (Leridon, 1977; Thonneau & Spira, 1990).

In addition, primary infertility is defined as the absence of conception and secondary
infertility is seen as the inability of obtaining any further (second or other) conception
(WHO, 1991). While, the incidence of infertility also defined as the number of new infertile
couples who started consulting within a given period of time (usually 1 year) and in a given
place in proportion to the total number of non-infertile couples in the same place at the
beginning of the same period of time.

Infertility is a medical condition considered to be a public health problem based on its global
impact on the socio-economic status and the quality of health life of the society at large and
with a prevalence of over 80 million couples affected worldwide (Shittu et al., 2005; Shittu et
al., 2006a; WHO, 1991). Such that approximately 15% of couples suffered from infertility
worldwide (Nishimune & Tanaka, 2006; Norris, 2001) as compared to about 8% and 8.5% of
couples affected in the US (Leke et al., 1993) and Canada (Norris, 2001) respectively.
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Worldwide, infertility is more prevalence in the women than men with a traceable male
factor accounting for 40-50% of infertile couples (De Kretser & Baker, 1999; Shittu et al.,
2005; Shittu et al., 2006a; Nishimune & Tanaka, 2006; WHO, 1987). However, in developing
nations of the world like Africa for example, where there are more infertile cases with
limited or no treatment options especially assisted reproductive technology available for the
management of this medical condition (Shittu et al., 2005, Shittu et al., 2006a; WHO, 1987),
there is a higher prevalence rate of about 30-40% (Leke et al., 1993; Shittu et al., 2005, Shittu
et al., 2006a) with male factor accounting for 30% of cases seen (Leke et al., 1993). Other
previous studies have also shown that the infertility risk for older women aged 35-44 years
appeared to be twice as high as that of young woman of 30-34 years and that the infertility
risk for a black woman is also 1.5-times higher than the whites (Thonneau & Spira, 1990).

Hence, male fertility and subfertility have also attracted a lot of considerable interest
amongst basic medical scientists and clinicians alike over the past few years now
(Skakkebaek, 2003; Shittu, 2006, 2010; Shittu et al., 2005, Shittu et al., 2006a).

In addition, there is a rising prevalence of male factor infertility worldwide, as a result of
exposure to environmental toxicants/endocrine disruptors and the infiltration of
biogenetically engineered western diets and lifestyles among other factors into the
developing worlds especially (Izegbu et al., 2005; Shittu, 2006, 2010; Shittu et al., 2007a,
Shittu et al., 2008a). Such that more alarming is the decreasing sperm quality of human and
wildlife species due to environmental exposures to these endocrine disruptor pollutants and
chemicals that are believed to cause gene mutations as expressed over the past few years
now (Duty et al., 2003, Sharpe & Irvine, 2004; Sharpe & Shakkebeak, 1993; Shittu, 2006, 2010;
Shittu et al., 2008a; Vos et al., 2000; Zuping et al., 2006).

The major risk factors responsible for the increase in prevalence of infertility in the 20-24
year age group of women include STDs (sexually transmitted diseases) and their tubal
consequences (Mosher & Aral, 1985, WHO, 1991).

The fact that microbial infections/STD (such as gonorrhea, syphilis, Chlamydia, Candidiasis)
is one of the leading causes of infertility in both male and females couples especially in this
part of the world (WHO, 1987; WHO, 1991) and with the associated problems of numerous
unwanted effects of the synthetic chemical/hormonal agents (antibiotics and steroids etc)
available as treatment options have both raised cause for concern in recent times (Shittu, 2006,
2010; Shittu et al., 2009).

Incidentally, the last decade have witnessed increasing intensive study on isolates and other
active phytochemicals been extracted from plant species used in folkloric medicine for over
thousands of years now (Bankole et al., 2007; Hanilyn, 1998; Nascimento et al., 2000; Shittu,
2010; Shittu et al., 2006b; Shittu et al., 2007b). Moreover, these agents are equally recognized
by the World Health organization to have proven potential of treating microbial infections,
diabetes, cancers and infertility/ subfertility among other known chronic medical conditions
(Bankole et al., 2007; Shittu, 2010; Shittu et al., 2006b; Shittu et al., 2007a; Shittu et al., 2008a;
Shittu et al., 2009).

In addition, in this era of ours, natural resources have been used to produce various
bioactive compounds such as alkaloids, ethanol, organic acids, immunomodulator, vitamins
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and polysaccharides etc that are of medicinal values in food, medical, chemical and
biochemical industries (Hanilyn, 1998; Shittu, 2006, 2010).

Hence, expressed worldwide is the search for an ideal folkloric phyto-chemical medicinal
agent with a broad spectrum and proven potential of treating infertility/ subfertility
conditions including microbial infection among the other causes of infertility with minimal
or no side effects as compared to their synthetic counterparts (Bankole et al, 2007; Shittu,
2006, 2010; Shittu et al, 2006b; Shittu et al, 2007, 2007b, 2007c; Shittu et al, 2008a, Shittu et al,
2009; Shittu et al, 2010).

The phytoestrogens appeared to be one of such natural estrogenic agents that have attracted
so much attention in the last decade in view of their reported health benefits and they
include four broad classes of phytochemicals namely the lignans (sesame seed and flaxseed),
isoflavonoids (soybeans), stillbenes and coumestrol (Adlercreutz et al., 1986; Murkies, 1998;
Shittu, 2006, 2010). These agents mimic endogenous estrogens and depending on their
concentrations, they either act agonistically or antagonistically by displaying the
endogenous estrogens from the binding sites on the estrogens receptors (a and ) among its
other mechanisms of actions (Kuiper et al, 1997; Shittu, 2006, 2010).

Based on the fact that they are consumed in large amounts in the diet, the metabolic effects
noticed are usually that of antiestrogenic, thus, compete with the much more potent
endogenous estradiol for the estrogens receptor (ER1 & ER2) binding sites and ultimately
blocked their estrogenic activity (Martin et al., 1978; Whitten & Naftolin, 1991).

In addition, sesame plant is one of the richest food sources of phytoestrogenic lignans, a
valuable phytochemical known to man since the dawn of civilization (Thompson et al, 1991)
and is now increasingly being incorporated into human diet worldwide because of their
reported health benefits (Shittu, 2006, 2010).

The plant is rich in trce elements/minerals such as calcium, iron, magnesium, zinc, copper and
phosphorus (Obiajunwa et al, 2005; Shittu, 2006, 2010; Shittu et al., 2006b, Shittu et al, 2009).

All parts of the sesame plant such as the seed, oil and leaves are also useful and are locally
consumed as a staple food by subsistence farmers in the Northern, South-west and Middle -
belt regions of Nigeria and celebrated also in folkloric medicine in Asia and Africa (Akpan -
Iwo et al, 2006; Shittu et al, 2006b; Shittu, 2010). Thus, this may account for the high
fecundity among the adult male population in these particular areas (Shittu, 2006; Shittu,
2010). The local names of the plants depend on the source areas of cultivations in the world,
such as ekuku-gogoro (Yoruba- Sesamum radiatum), yanmoti (Yoruba-S. indicum), ridi
(Hausa) and beni (Tiv/Idoma and English) or gingelly (English) (Gill, 1992; Shittu, 2006,
2010; Shittu et al, 2009).

Recent study on bioavailability of sesame plants consumption in humans have shown that
the lignans usually undergo extensive metabolism in the intestine depending on the
characteristics of the individual intestinal microflora to produce mammalian lignans-
enterolactone especially (Penalvo et al., 2005; Shittu et al, 2009). Moreover, plasma lignans
concentrations showed a linear correlation with urinary excretion of lignans (Penalvo et al.,
2005; Shittu et al, 2009).

Once, spermatozoa are released from the testis, they enter into the epididymis, which is a
steroid-dependent organ for storage and then undergo another physiological maturation
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(capacitation) process involving other various morphological and biochemical changes with
the resultant initiation of progressive motility and acquisition of fertilizing ability by the
matured epididymal spermatozoa (Shittu, 2006, 2010; Shittu et al, 2007a).

The epididymal sperm cells are also susceptible to oxidative damage from reactive oxygen
species due to their lack of proper cytoplasm and fragile membrane nature (Aitken &
Fisher,1994; Shittu, 2006, 2010; Shittu et al, 2006a; Shittu et al, 2007a). No doubt, the
acquisition of sperm motility is seen as an integral part of the whole epididymal sperm
maturation process (Orgebin-Crist, 1967), which occurs in the micro-environment provided
by the epididymal secretory products and its antioxidant enzymes such as sialic acid, acetyl
carnitine, glyceryl-phosphoryl choline (GPC) among others. These epididymal secretions
helped to maintain the basic osmolarity of the epididymal luminal fluid (Wales et al,, 1966),
which is steroid regulated (Schwaab et al, 1998) and assist in stability of the spermatozoal
membranes (Scott et al, 1963; Zini & Schlegel 1997; Shittu, 2006, 2010). All these activities
are important in the metabolism of spermatozoa after capacitation (Mitra & Chowdhury,
1994; Shittu, 2006, 2010).

In addition, most of the testicular fluid (about 96%) is reabsorbed by the non-ciliated cells in
the efferent ductules (Clulow et al., 1998) and without this fluid re-absorption, the sperm
will remain over diluted and incapable of maturation within the epididymis and as such,
any blockage or interference in normal functioning of the estrogen receptors or estrogens
may result in infertility (Oliveira et al, 2000; Shittu, 2006, 2010)..

1.1 Aims and objective

As a result of paucity of knowledge and folkloric claim on the Sesamum radiatum leaves
effectiveness in treating infertility and infections, our aims and objectives are to determine
the following;:

i.  The antimicrobial activity of the aqueous crude extract of Sesamum radiatum leaves
phytochemicals (essential oils and phytoestrogenic lignans) on some selected
microorganisms

ii. The histomorphometric and stereological evidence of fertility potential of sesame leaves
phytochemicals on adult male Sprague Dawley (SD) ratss™ epididymal tubules.

2. Material and methods
2.1 Collection of plant materials

Sesame radiatum plants (Schum and Thonn - Pedaliacaea family) were purchased from a
vendor in Agege market, Lagos after being identified by Dr. Shittu in May 2011. However,
the plant was initially authenticated by the herbarium section of Forestry Institute of
Research (FRIN) with FHI # 107513 on the 5t of August, 2005 (Shittu, 2006; Shittu et al.,
2006). In addition, voucher specimens were deposited in Botany Departments of University
of Ibadan and Lagos State University, respectively.

2.2 Preparation of aqueous crude extracts

The leaves having been separated from the rest of the plants were air dried for 2 weeks and
later grounded into a powdery form using a grinder. 100g of the powdered leaves were
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added to 1.0 litre of distilled water at a ratio of 1:10 in a clean dried beaker and allowed to
boil to boiling temperature after intermittent stirring on a hotplate for one hour. The
decoction was filtered into another clean beaker using a white sieve clothing material and
the filtrate evaporated at 50 °C to dryness in a desiccator to produce a black shinning crystal
residue form with a yield of 83% w/w of the extract. The crude extract was kept in the
refrigerator (4°C ) before being reconstituted and later used for the in-vivo study.

2.2.1 Preparation of aqueous, ethanolic and methanolic extraction of sesame leaves

Aqueous, ethanolic and methanolic extraction of Sesame leaves using modified Okogun,
(2000) method of extraction was adopted in the process (Shittu et al, 2007c) for the present
antimicrobial studies. Such that the diluents used were absolute methanol, ethanol and
sterile distilled water respectively. 1g of the raw air-dried and grinded Sesame leaves was
added to 10ml of each diluent in a 20ml screw cap bottle. The modification was in the
extraction time, which was for 5 days (120 hours) and the storage of the solution took place
in the refrigerator at 40C. The extracts obtained were regarded as the full concentration.
Methanolic, ethanolic and aqueous extracts of Sesamum radiatum leaves were studied for
their in-vitro antimicrobial activity against both gram positive and gram negative micro-
organisms and yeast using Agar diffusion method.

2.3 Phytochemical screening using gas chromatography-mass spectral

Crude methanolic extracts of Sesame leaves were analyzed by GC/MS. GC analyses were
performed using a Hewlett Packard gas chromatograph (model 6890) equipped with a flame
ionization detector and injector MS transfer line temperature of 230°C respectively. A fused
silica capillary column HP-InnoWax (30 in x 0.25 mm, film thickness 0.25 (mu)m) was used.
The oven temperature was held at 50 °C for 5 min holding time and the temperature was
raised, from 50-230°C at a rate of 2 °C /min. Helium was the carrier gas at a flow rate of
22cm/sec. One millilitre of extract mixed with methanol (80%), at a split ratio of 1:30 was
injected (Shittu et al, 2006b; Shittu et al, 2007Db).

GC/MS analyses were carried out on a Agilent Technologies Network mass spectrometer
(model 5973) coupled to H.P. gas chromatograph (model 6890) equipped with NBS 75K
Library Software data. The capillary column and GC conditions were as described above.
Helium was the carrier gas, with a flow rate of 22cm/s. Mass spectra were recorded at
70 eV/200°C. The scanning rate of 1scan/sec and the run time was 90 minutes as described
in our previous study (Shittu et al., 2007b).

Compound identification was accomplished by comparing the GC relative retention times
and mass spectra to those of authentic substances analyzed under the same conditions, by
their retention indices (RI) and by comparison to reference compound (Shittu et al., 2007b).

2.4 Selection of micro-organisms

Staphylococcus aureus (clinical), Streptococcus pneumonia (clinical) and Candida albicans
(clinical) were the microorganisms used for this study and they were obtained from the
Microbiology Laboratory of the Lagos State University Teaching Hospital (LASUTH). These
microorganisms were identified and confirmed at the Microbiology department of the Drug
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Quality Control Laboratory, LASUTH, Ikeja, Lagos. In addition, standard strain of
Staphylococcus aureus (ATCC 29213) of oxoid Culti-loop (Oxoid Ltd., Hampshire, England)
was also used. The choice for the selection of these organisms was based on their high
resistance to common available antibiotics and their implication in pelvic inflammatory
disease, one of the leading causes of infertility.

2.4.1 Preparation of 24 hours pure culture

A loop full of each of the selected microorganisms was suspended in about 10ml of
physiological saline in a Roux bottle. Each of these was streaked on to the appropriate
culture slants and was incubated at 37°C for 24 hours except for Candida albicans that was
incubated at 25°C for 24-48 hours.

2.4.2 Standardization of micro-organisms

Each of the 24 hour old pure cultures was suspended in a Roux bottle containing 5ml of
physiological saline. Each suspension of microorganisms was standardized to 25%
transmittance at 560nm using an Ultraviolet (UV) -visible spectrophotometer.

2.5 Standard antibiotics used for study comparison

The primary standard of Cloxacillin obtained from Sigma-Aldrich (St Louis, MO, USA) was
used for this study. However, the secondary standards with antibacterial and antifungal
activity used for comparison with the various crude extract of sesame were obtained from
local manufacturers in the Nigeria.

2.5.1 Antimicrobial screening

The modified Collin et al (1995) agar-well diffusion method was employed to determine the
antimicrobial activities for the various crude extracts. Various concentrations of each of the
aqueous, ethanolic and methanolic extracts respectively was made by diluting 1ml of each
reconstituted extract in 2ml, 4ml, 6ml and 8ml of sterile distilled water respectively.

2.5.2 The Mean Inhibitory Concentration (MIC)

The MIC of the various crude extracts of sesame leaves against the tested micro-organisms
was obtained. Agar-well diffusion method using Modified Collins et al (1995) was
employed; approximately 10ml of sterile Muller-Hinton Agar (MHA) was poured into
sterile culture plates and allowed to set. About 10ml of the antibiotic medium No 2 seeded
with 0.5ml of 24 hours old culture of bacteria isolates was layered onto the MHA and
allowed to set. The seed medium was then allowed to dry at room temperature for about 30
minutes. In the case of Candida albicans, Sabouraud Dextrose Agar (SDA) seeded with a 24
hours old Candida albicans was layered on the MHA. With the aid of a sterile cork borer,
wells of about 8mm in diameter were punched on the plates. About 0.5ml of each dilution of
the extracts was dispensed into the wells and the plates were incubated at 37°C for 24 hours
except for the plates seeded with Candida albicans, which were already incubated at 25°C for
24-48 hours. At the end of the period, inhibition zones formed on the medium were
evaluated in mm.
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2.5.3 Measurement of Zone of Inhibition (ZI)

The zones of inhibition of the tested microorganisms by the various crude sesame extracts
were measured using a Fisher-Lilly antibiotic zone reader model 290 (USA). The diameter
sizes in mm of the zone of inhibition are shown in the respective tables below.

2.5.4 Minimum Inhibitory Concentration (MIC) of each extract

The MIC for each selected microorganism used was determined using microdilution method
previously described (Bankole et al, 2007; Eloff ,1998; Shittu et al, 2006b;Shittu et al, 2007b))
as the last dilution of the extract that inhibited the growth of the tested pathogenic
microorganisms. The various MIC are shown in the respective tables below.

2.6 Animal

Thirty matured and healthy adult male Sprague Dawley rats weighing 120 to 216g were
procured from Ladoke Akintola University, College of Medicine, Ogbomosho and housed in
a well ventilated wire-wooden cages in the departmental animal house. They were
maintained under controlled light schedule (12 hours Light: 12 hours Dark) at room
temperature (28°C) and with constant humidity (40-50%). The animals were allowed to
acclimatize for a period of 7 days before treatment during the experiments. During this
period they were fed with standard rat chows/pellets supplied by Pfizer Nigeria Ltd and
water ad-libitum. Individual identification of the animal was made by ear tags (Shittu et al,
2007a, Shittu et al, 2008, Shittu, 2010).

2.6.1 Experimental procedure

The rats were randomly divided into three groups (A to C) comprising of ten rats each. The
group A served as the control while B and C constituted the treated groups.

The animals in group A received equal volume of 0.9% (w/v) normal saline daily while
group B received aqueous extract of sesame leaves at 14.0mg/kg body weight /day.

The animals in group C were given aqueous extract of sesame at 28.0mg/kg body weight
/day (twice the group B dose). All the doses were given via gastric gavage (oro-gastric
intubation) daily for a period of 6 weeks. All procedures involving animals in this study
conformed to the guiding principles for research involving animals as recommended by the
Declaration of Helsinki and the Guiding Principles in the Care and Use of Animals
(American Physiological Society, 2002) and were approved by the Departmental Committee
on the Use and Care of Animals.

All animals were observed for clinical signs of drug toxicity (such as tremors, weakness,
lethargy, refusal of feeds, weight loss, hair-loss, coma and death) throughout the duration of
the experiment.

2.6.2 Animal sacrifice

The rats were anaesthetized at the time of sacrifice by being placed in a sealed cotton wool
soaked chloroform inhalation jar between 0900 and 1100 hours done the following day after
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the termination of the experiment after post over night fasting of the animals. The weights of
the animals were taken weekly and before the sacrifice (Shittu et al, 2007a, Shittu et al, 2008,
Shittu, 2010).

2.7 Organ harvest and tissue processing for light microscopy

The Epididymes were carefully dissected out, trimmed of all fat and blotted dry to remove
any blood. Their weights were noted and volume measured by water displacement with the
aid of a 10ml measuring cylinder. Later, the sizes (length and width) were recorded by use
of a sliding gauge (d= 0.1) before being fixed in freshly prepared 10% formol saline solution.
The fixed tissues were transferred into graded alcohol and then processed for 17.5 hours in
an automated Shandon processor after which were passed through a mixture of equal
concentration of xylene. Following clearance in xylene the sections were then infiltrated and
embedded in molten paraffin wax. Prior to embedding, it was ensured that the mounted
sections to be cut by the rotary microtone were orientated perpendicular to the long axes of
the epididymes. These sections were designated “vertical sections”. Serial sections of 5um
thickness were cut , floated onto clean slides coated with Mayer’s egg albumin for proper
cementing of the sections to the slides and were then stained with Haematoxylin and eosin
stains. (Adelman and Cahill, 1989; Shittu, 2006, 2010; Shittu et al, 2007a).

2.8 Determination of morphometric parameters

Epididymal volume and weight estimations were done as stated above. Parameters of the two
epididymes from each rat were measured and the average value obtained was regarded as one
observation. However, for each epididymis, seven vertical sections from the polar and the
equatorial regions were taken by systematic random sample method to ensure fair distribution
between the polar and equatorial regions of each epididymis (Shittu, 2006, 2010).

The following morphometric parameters namely the volume and weight; diameter and
cross-sectional area of the epididymal tubules were determined.

The diameter (D) of epididymal tubules with profiles that were round or nearly round for
each animal was estimated. A mean diameter “D”, was taken as the average of two
diameters, D1 and D2 (where D1 is the short axis while D2 is the long axis; both D1 and D2
are perpendicular to each other). D1 and D2 were considered only when the ratio of D1:D2
or D1/D2 > 0.85 (Form factor) (Shittu, 2006, 2010; Shittu et al., 2006b; Shittu et al, 2009).

The cross-sectional areas (AC) of the epididymal tubules were determined from the formula
AC =T1D2/4, (where IT is equivalent to 3.142 and D = the mean diameter of the epididymal
tubules (Shittu, 2006, 2010; Shittu et al., 2006b; Shittu et al, 2009).

2.8.1 Determination of stereological parameters

Serial transverse sections of 5 pm of the H and E-stained specimens prepared were subjected
to un-biased stereological techniques modified from previous report (Mouton, 2002; Shittu
et al, 2006, 2010; Shittu et al, 2006c). Each image of the epididymal tubules at a
magnification of 400 X was projected and drawn on a 16-point grid, completely counted in
six different fields to make a total of 96 point-test grid for each of the systemic randomly
selected section such that 5 sections/rat were taken from each group. Manual point intercept
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counting methods consist of a counting grid made up of a series of crosses in a regular and
uniform square array. The density of crosses was such that one cross represented an area of
4 cm2 on the counting grid. The total number of crosses (circled or otherwise) falling on each
structure per each section of specimen was counted and then added-up to get the final
estimated result. Using this procedure, the volume density of the stroma, epithelia lining
and tubular lumen of epididymal tubules were estimated as previously described (Weibel &
Gomez, 1962; Shittu, 2006, 2010; Shittu et al, 2008b; 2009). The percentage volume density
was determined by multiplying the volume density by 100.

2.9 Statistical analysis

The weight data were expressed in Mean + S.D (Standard deviation) while other data were
expressed as Mean + S.E.M (standard error of mean). Comparisons between groups were
done using the student’s t-test, ANOVA and non-parametric Mann-Whitney U test with
input into SPSS 12 software Microsoft computer (SPSS, Chicago, Illinois). Statistical
significance was considered at P<0.05 as used in previous studies (Shittu, 2006, 2010; Shittu
et al, 2007a; Shittu et al, 2008).

3. Result

No obvious signs of toxicity such as weakness, lethargy, tremors, refusal of feeds, weight
loss, hair-loss, coma and death were seen in any of the animals. Moreover, most of the
animals exhibited calmness; improve appetite for food and water and general sense of well-
being, all through the duration of the study as reflected in the increase in their body weight
through the study duration.

The GC-MS showed that the methanolic extract of sesamum radiatum leaves contained
mainly essential oils such as aromatic phenolic compounds- sesamol, sesaminol, sesamin,
phosphorus, calcium, vitamin C, carboxylic acids and other classes of compounds including
fatty acids like palmitic acids, arachidonic/arachidic acid, stearic acid, myristic acid, oleic
acid, linoleic acids, thiazole, pyrroles, disulphide and aldehyde. In addition, it confirmed the
presence of trace minerals, vitamins and steroids such as adrostenedione among others in
the leaves of sesamum radiatum plant.

Combination of both methanolic and ethanolic extracts of sesamum radiatum leaves would
have a broad spectrum antimicrobial effect against all the tested clinical micro-organisms
except for the aqueous extract that has mild inhibitory activities on Candida albican only as
shown in table 1.

The results obtained in table 1 showed that the methanolic extract demonstrated a mild
antimicrobial activity against Staphylococcus aureus at both the full concentration and 1:2
dilution of the extract without any inhibitory effect on either the tested Streptococcus
pneumoniae or Candida albicans. While, the ethanolic extract had a very strong antimicrobial
effect against Streptococcus pneumoniae at full concentration including a strong and mild
antimicrobial effect on Candida albicans at both full and 1:2 dilution of the extracts respectively.
However, ethanolic extract has no inhibitory effects on tested Staphylococcus aureus. Candida
albicans growth on the culture plates was also mildly inhibited by the aqueous extract at full
concentration, 1:2; 1:4 and 1:6 dilutions of the extracts and with no other antimicrobial effects
observed against the tested Streptococcus pneumoniae and Staphylococcus aureus.
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Microorganisms | Crude Extract Sensitivity
Full 1:2 1:4 1:6 1:8
S. aureus Methanolic + + - - -
Ethanolic - - - - -
Aqueous - - - - -
S.pneumoniae Methanolic - - - - -
Ethanolic +++ - - - -
Aqueous - - - - -
C. albicans Methanolic - - - - -
Ethanolic ++ +
Aqueous + + + + -

(+) susceptibility (inhibition zone =10 mm)

(-) absence of susceptibility

Table 1. Showed the sensitivity of 3 tested micro-organisms to the different crude extracts of
Sesamum radiatum leaves

Microorganisms

Crude Extract

Full 1:2

1.4

1:6 1:8

Methanolic

39.3

Ethanolic

S. aureus

Aqueous

Methanolic

Ethanolic

76.2

S.pneumoniae

Aqueous

Methanolic

Ethanolic

28.2

C. albicans

Aqueous

31.0

The MICs is measured in pg/ml of the crude extracts on tested microorganisms

Table 2. Showed the minimum inhibitory concentrations (MICs) of different crude extracts
of Sesamum radiatum leaves against the tested microorganisms.

Name of antibiotic/ antifungal Zone diameter of tested Concentration
Microorganisms Used (pg/ml)
Staph. Strept Candida
aureus pneumoniae |albicans
Fluconazole tablet 500mg (20 standard) - - 40mm 100
Clotrimazole Vaginal tablet (20 standard) - - 35.5mm 100
Ampiclox tablet 500mg ( 20 standard) 30.5mm - - 100
Amoxycillin (20 standard) 15.5mm | 11.5mm - 100
Cloxacillin tablet( 1o standard) 30 mm - - 100

Table 3. Antimicrobial effect of primary ( 1°) standard( Cloxacillin) and secondary (2°)
standard antibiotics (Amoxycillin tablet, Ampiclox tablet, 500mg) and antifungal
(Clotrimazole vaginal tablet 200mg and Fluconazole tablet, 500mg) on tested pathogenic

microrganisms.
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We observed a significant (P< 0.05) body weight gain using one-way ANOVA in all the
treated animals. There was significant weight gain in both raw weight and relative weight of
the epididymis per 100g body weight in a dose dependent manner as seen in Table 6.

Weight A(Control) B (High dose) C (Low dose)
Initial (pre-experiment) (g) 127.3 +5.55 206.2 + 6.45 186.3 +1.99
Final (post- experiment) (g) 185.2 £ 11.05* 248.2 +14.40*% 219.8+ 4.47*
weight gain (g) 58.5 + 5.50* 42,0 +7.95% 33.4+ 2. 48*

Values are mean + S.D. *P < 0.05 was considered significant.

Table 4.a) Average weekly body weight of animal.

Group Raw weight (g) Epididymo-somatic weight (wt/100 g bwt)
Group A (control) 0.55 £ 0.03 -

Group B (‘high dose) 0.75 +0.01* 0.30 + 0.00*

Group C (low dose) 0.57 £0.01* 0.26 £ 0.01*

Values are mean = S.D.
*P < 0.05 was considered significant.

Table 4.b) Summary of weight (g) of epididymis.
The mean epididymal diameter and volume density of the tubular lumen significantly (P<

0.05) increased by 65% and 71% respectively in low dose sesame as compared to the control
group. Similar findings in high dose sesame were also observed.

Group N Mean + S EM
A(control) 10 34+04

B ( high dose) 10 1.6 £ 0.26*
C (low dose) 10 08+02*

The epididymal tubular profile of group C is the lowest of all the groups. Group B is 2.0 times higher
than group C. This also correspond to the epididymal weight per 100g body weight of the animals
Values are mean + S.E.M.

*P < 0.05 was considered significant.

Table 5.a) Summary of epididymal tubular profile

Group N Mean + S.EM
A 18 217.8 £ 8.9
B 9 242.6 + 32.4*
C 4 3584 +21.0*

Group C has the largest tubular diameter of all the groups.
Values are mean + S.E.M.
*P < 0.05 was considered significant.

Table 5.b) Summary of epididymal tubular diameter
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Group N interstitium surface epithelia tubular lumen

A 10 4.6 +0.4* 7.0 + 0.6* 3.8+0.7%

B 10 4.0 +0.5* 3.2+09* 8.0 +0.7¢

C 10 40+ 1.1* 42+1.0* 6.6 + 0.8*

Group B and C have the same significant interstitial activity; Group A has the highest epithelial activity.
While, B is 1.3 times more than A in epithelial activity. Group B has the highest significant luminal
activity with 1.3 times more than B group in its luminal activity.

Values are mean + S.E.M.

*P < 0.05 was considered significant.

Table 5.c) Summary of volume fractions of Epididymal tissue profile

Group N Mean + SSEM

A 10 0.21+£0.02

B 10 0.1 £0.02*

C 10 0.06 £0.01 *
Group C has the lowest significant epididymal density of the groups; B group is twice C group in their
density.

Values are mean + S.E.M.
*P < 0.05 was considered significant.

Table 5.d) Summary of Numerical density (Nv) of epididymal tubular profile

Also, the high dose group showed evidence of matured spermatozoa fullness within the
varying tubular lumens of the different sizes epididymal tubules seen in the
photomicrographs fig 2 and 3.in the X100 magnifications. Hence, the epididymal lumen
appeared wider and fuller with matured spermatozoa when compared to the control as seen
in figure 1-3.

Group A micrograph showed normal sized and sparsely fullness of the epididymal tubules with
spermatozoa.as compared to the treated animal groups. Group A X 100 magnification.

Fig. 1. Micrographs of the epididymes of the animals in group A
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Group B micrograph showed widening and fullness of the epididymal tubules with matured
spermatozoa. Group B X 100 magnification.

Fig. 2. Micrographs of the epididymes of the animals in group B

Group C micrograph showed widening and fullness of the epididymal tubules with matured
spermatozoa. Group C X 100 magnification.

Fig. 3. Micrographs of the epididymes of the animals in group C
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4. Discussion

There is increasing role and contribution of sesame lignans and other essential oils obtained
from sesamum radiatum research to medicine in this present decade.

Moreover, sesamum radiatum leaves rich in trace minerals, vitamins, antioxidant lignans
(phytoestrogens) and other essential oils as reflected in the GCMS findings, have the ability
of improving fertility potential of the male reproductive tract with antimicrobial impact
against the common infective agents of the reproductive tract.

Muller-Hinton Agar diffusion (MHA) method was extensively used to investigate the
antibacterial activity of natural antimicrobial substance and plant extracts (Ahmed et al,
2010; Bankole et al, 2007; Shittu et al, 2006b). However, for solution/extracts with a low
antimicrobial activity, one will need a large concentration or volume made possible with
holes or cylinders using MHA rather than the disk method with limited applications
(Bastner, 1994; Ahmed et al, 2010; Bankole et al, 2007; Shittu et al, 2006b). .

The GC-MS of the methanolic Sesame radiatum leaves extract did show the presence of
mainly aromatic phenolic essential oils, which possess antimicrobial properties (Alma et al,
2003). For example, sesamol as one of the most potent antioxidants in the leaves was also
reported in our previous study (Shittu et al, 2007c).

Moreover, the methanolic extracts showed antibacterial effect against Staphylococcus aureus
only at a higher concentration. Unlike, the ethanolic extracts with no inhibitory activity
against Staphylococcus aureus and was very effective against Streptococcus pneumoniae and
Candida albicans, Hence, posses both antibacterial and antifungal activity (R'10s & Recio.,
2005). This same natural antibacterial effect against common skin pathogens such as
Staphylococcus and Streptococcus bacteria as well as common skin fungi including the athlete's
foot fungus was reported in other similar study using the sesame oil (Sesame, 2000).

The pH of compounds in dilutions had also been found to modify the results outcome as
usually observed in the case of phenolic or carboxylic compounds present in plants extracts,
since studies have shown that the different effects of neutral essential oil are pH dependents.
For example, anise oil has a higher antifungal activity at pH 4.8 than at 6.8, and Cedrus
deudorawas oil was most active at pH 9.0 (Janssen et al 1976).

In the present study, ethanolic extracts with lesser acidity was found to be more effective
against Candida albicans at a lower pH than the methanolic extracts with no inhibitory
activity against Candida albican as shown in table 1.

Moreover, the aqueous extract showed antifungal activity at a higher pH as seen in table 1.
However, the antifungal activity of ethanolic extract was more potent than that of the
aqueous extracts as reflected with lower MICs against Candida albicans with value of 28.2
pg/ml when compared to 31.9 pg/ml. obtained for the aqueous extract as shown in table 2.

This in a way reflect on the significance of the preservation of some of the active ingredient
present in the leaves like sesame lignans such as sesaminol and its glucosides, which are
water soluble in nature and extracted effectively during extraction processes of the Sesame
leaves (R"10s & Recio., 2005). Hence, ethanol was more effective than methanol in extraction
and preservation of the oily and water soluble active ingredients with proven anti-microbial
properties especially against yeasts (Shittu et al, 2007c).
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This preservation was further enhanced and improved using the modified Okogun™ s
method as supported by other previous report (Shittu et al, 2007c) and complementary to
effective antimicrobial property of sesamum radiatum leaves (Shittu et al, 2006).

In addition, antimicrobial effectiveness of the different crude sesame leaves extracts were
similar to that of standard antibiotics and antifungals used as reflected in the tables 4 and 5
respectively. More so, the zone of inhibition obtained especially against the staphylococcus
aureus of the methanolic extract of sesame leaves (39.3 mm) was found to be higher than that
of the primary standard antibiotic-cloxacillin ( 30.0mm) used in this study. This also implied
a relative effectiveness of the sesamum radiatum leaves extract over the regular standard
primary synthetic and expensive antibiotic available in the market.

It is actually the preservation of these rich nutritive constituents of aqueous sesamum
radiatum leaves extracts that has contributed to the general state of well-being observed in all
the treated animals during the whole experimental period with sesame-treated rats showing
evidence of significant raw weight gained (P < 0.05). However, with ANOVA, no significant
difference was observed in the raw animal weights compared to control.

Interestingly, other studies have reported the increasing application of stereological and
morphometric techniques as new veritable approaches in modern medicine and biomedical
sciences/researches in recent years (Mukerjee & Rajan, 2006, Shittu, 2006, 2010; Shittu et al,
2008b; Shittu et al, 2009).

In this present study, matured adult male rats were used based on the fact that
morphometric study using light microscopy is best evaluated when the studied organ has
attained a reasonably sizable dimension (Mukerjee & Rajan, 2006, Shittu, 2006, 2010; Shittu
et al, 2008Db; Shittu et al, 2009).

There was relative significant (P< 0.05) epididymal weight gain difference in the sesame-
treated animal compared to the control as shown in table 6b. However, no significant
changes in epididymal weights were observed in estradiol (high and low dose) treated
golden hamsters (Jin et al., 2005).

In the present study, it appeared that sesame-treated rats have more significant ( P< 0.05)
effects on the raw weights of the epididymis than testis as observed in other previous
studies (Shittu, 2006, 2010; Shittu et al, 2008a; Shittu et al, 2009). In addition, this is actually a
reflection of the more active site of action of sesame phytoestrogenic lignans as the
epididymis is a known steroid responsive organ (Shittu, 2006, 2010). Hence, the activities of
sesame is hormonally influenced as efferent ductile and epididymis of rats are also rich in
estrogens receptors; a and b sub-types (Hess et al., 1997; Hess and Carnes, 2004; Shittu, 2006,
2010; Shittu et al, 2007a) and that any disruption of these receptors due to structural
abnormalities in the efferent ductules or epididymis will lead to impairments of male
fertility in mice (Hess, 1997; Hess & Carnes, 2004; Shittu, 2006, 2010).

Previous studies have also shown that the sectional tissues of studied organs are usually
subjected to compression effect by 83% of their original dimension during their tissues
processing stages, thereby necessitating the need of a correction factor. However, volume
densities are not affected by this compression (Mouton, 2002; Shittu, 2006, 2010; Shittu et al,
2008b; Shittu et al, 2009) and hence, appeared to be more suitable for the present study.
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In addition, the respective differential epididymal weights changes observed in the present
study as seen in table 6 were well correlated with the tubular profiles of the epididymis
especially, the tubular diameter for each group of animals as reflected in table 5, which
further goes to support the above stated findings.

Moreover, the efferent ductile or epididymis is also rich in androgen receptors, the site of
action for the testosterone (TT) and dihydrotestosterone (DHT) (Deslypere et al., 1992; Grino
et al., 1990; Oliveira et al., 2003; Van-dekerckhove et al., 2000).

Contrary to speculation that phytoestrogen can disrupt and cause deleterious effects on the
male reproductive developmental organs (Degen and Metzler, 1987). Our previous studies
on sesamum radiatum leaves phytoestrogens have shown that sesame can indeed stimulate
and enhance the release of quality matured spermatozoa from the testis into the epididymes
as observed in the photomicrographs with evidence of matured spermatozoa fullness in the
dilated epididymal lumens compared to the control group as shown in figure 1-3 ( Shittu,
2006; 2010; Shittu et al, 2007a; Shittu et al, 2008a, Shittu et al, 2009) and this was also
corroborated with significant (P< 0.05) higher epididymal tubular diameters observed in the
sesame- treated groups compared to the control group as reflected in table 5b..

Moreover, various other reports are found confirming the epididymal presence of aromatase
in human efferent ductules and proximal epididymis (Carpino et al., 2004) and cultured rat
cells, (Wiszniewska, 2002). Thus, sesame phytoestrogenic lignans tend to  promote
aromatization of testosterone to estradiol, such that, the low dose sesame will make available
less endogenous estradiol and compete less, although there is synergism at this level between
the testosterone and estradiol to favour spermatogenesis. However, the high dose, which will
cause more estradiol production and compete more with dihydrotestosterone for
aromatization to occur in its favour (Shittu, 2006, 2010; Shittu et al, 2007a; Shittu et al, 2008a;
Shittu et al, 2009).

In addition, from the present study, it is postulated that sesame acts through mechanisms,
which are dependent on the estrogens receptors (ER1 and ER2) binding and also cause
estradiol (E2)-induced transactivation of the androgen receptor (AR), thereby ultimately
influencing the hypothalamic-pituitary-testicular pathway as the case may be as evidenced
in this present study and others (Shittu, 2006, 2010; Shittu et al, 2007a; Shittu et al, 2008a;
Shittu et al, 2009).

Hence, we also hypothesized that the agonistic action of sesame radiatum leaves extract on
the a-estrogens receptors is more pronounced than the (-estrogens receptors and with its
rich antioxidative property, all contributed to enhancing spermatogenesis with improve
male fertility as evident in present study.

5. Conclusion

The result confirmed the folkloric claims of the antimicrobial effectiveness of locally
consumed Sesame leaves extracts against common skin infection and bacterial including
yeast that are associated with infertility cases in this part of the world. In addition, Sesame
leaves extract consumption enhances the quality of the spermatozoa produced with
improvement in the storage capacity of the epididymes for these spermatozoa in a dose
related manner.
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1. Introduction

Alchornea cordifolia (Schum. & Thonn.) Muel. Arg. (Euphorbiaceae) is also known as Agyama in
Ghana, Susu bolonta in Sierra Leone, Casamance bugong in Senegal, Tschiya in Togo, Bondji
in Cameroon, Ewe ipa, Ubobo and Bambami in Nigeria. It is geographically distributed in
secondary forest usually near water, moist or marshy places and it grows to a considerable
height but is always of a shrubby or scrambling habit.

The plant leaf extracts have been reportedly used in various African countries such as Senegal
in the treatment of venereal diseases, conjunctivitis, dermatoses, stomach ulcers, bronchitis,
cough, toothache (Le Grand and Wondergem, 1987; Le Grand, 1989). In Zaire it was used in
the treatment of urinary tract infections, infected wounds, diarrhoea, cough, dental caries,
chest pain and anaemia (Kambu et al., 1990; Muanza et al., 1994). In Sierra Leone it was used
for diarrhoea and piles (Dalziel, 1956; Macfoy and Sama, 1990) and in Nigeria for gonorrhoea,
yaws, rtheumatic pain and cough (Gbile and Adeshina, 1986, Ogungbamila and Samuelson,
1990).

A variety of plants or materials derived from plants are been used for the prevention and
treatment of diseases virtually in all cultures. The potential of herbal medicines and medicinal
plant research results in health care is no longer in doubt, having gained recognition in several
nations of the world and the World Health Organisation (WHO).

Secondary metabolites which constitute important source of the pharmaceutical preparations
have been reportedly isolated from different parts of plants. Some of these compounds
have been reported to be present in A. cordifolia such as flavonoids (Ogungbamila and
Samuelson, 1990), alkaloids and tannins (GHP, 1992), inulin and alchornine (Abdullahi et al.,
2003).
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This work tends to investigate the phytochemical components and antibacterial activities of
hexane extract.

2. Materials and methods
2.1 Collection, identification and preparation of plant leaf

Alchornea cordifolia leaves were collected in October from Abuja, Nigeria. They were
authenticated in the herbarium of the National Institute for Pharmaceutical Research and
Development (NIPRD), Abuja, Nigeria where a voucher with specimen number 4334 was
kept for future reference. The leaves were air-dried at room temperature and then reduced
to powder using mortar and pestle.

2.2 Preparation of the extract and its derived fractions

Using the Soxhlet extractor, 300 gm of the powdered leaves was extracted with 450 ml of
hexane at room temperature until all the extractable components were exhausted. The
extract was concentrated, dried, weighed and kept in a dessicator until needed.

Hexane extract was analysed for chemical composition using the bioassay-guided
fractionation by employing the Accelerated Gradient Chromatography (AGC) technique.
Silical gel G (E-Merck, Germany) was used as an absorbent. Gradient elution was effected
using hexane and ethyl acetate sequentially with increasing polarity. A total of 77 fractions
were collected. The thin layer chromatography (TLC) analyses of the fractions were carried
out using Whatman TLC plates of size 10 x 20 cm precoated with K5 silical gel 150A
(Whatman Limited Maidstone, England). The chromatograms were developed using solvent
mixture specific for separating alkaloid compounds especially hexane and ethyl acetate, 3:1.
After development, the chromatograms were dried and detection was made using ultra-
violet light at both wavelength 254 nm and 365 nm. Similar fractions were pooled together
giving 33 fractions.

2.3 Phytochemical screening of the hexane extract

The extract was subjected to phytochemical analysis to detect the presence of the chemical
constituents using standard protocol (Trease and Evans 1996).

2.4 Extraction of the secondary metabolites

Extraction of the secondary metabolites present in the hexane extract was also carried out
using standard methods of Marcek (1972).

3. Antimicrobial activity
3.1 Purification of organisms

The organisms: Pseudomonas aeruginosa ATCC 10145, Staphylococcus aureus ATCC 12600 and
Escherichia coli ATCC 11775 were collected from the Department of Pharmaceutical
Microbiology, University of Benin, Benin City, Nigeria. While the clinical isolalates
Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli and Proteus sp. were from the
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Staff Clinic, National Institute for Pharmaceutical Research and Development, Abuja,
Nigeria. The organisms were confirmed by sub-culturing into Nutrient broth and incubated
at 370C for 18 hours.

They were further streaked on the Nutrient agar and incubated at 37°C for 18 hours.
Biochemical tests were used to confirm the organisms. The organisms were kept on agar
slants at 4°C until needed.

3.2 Preparation of inoculums

Eighteen-hour broth culture of the test organism was suspended into sterile nutrient broth.
It was standardized according to National Committee for Clinical Laboratory Standards
(NCCLS, 2002) by gradually adding normal saline to compare its turbidity to McFarland
standard of 0.5 which is approximately 1.0 x 106 cfu/ml.

3.3 Susceptibility testing

The washed overnight broth cultures were diluted appropriately using sterile normal saline
to 0.5 McFarland scales (0.5 McFarland is about 106 cfu/ml). The molten sterile nutrient agar
(20 ml) was poured into sterile petri dish and allowed to set. The sterile nutrient agar plate
was flooded with 1.0 ml of the standardized test organism and the excess was drained off
and dried at 30°C for 1 hr. A sterile cork borer (No. 4) was used to bore equidistant cups
into the agar plate. One drop of the molten agar was used to seal the bottom of the bored
hole, so that the extract will not sip beneath the agar. 0.1ml of the different concentrations
(0.625 - 20.0 mg/ml) of the extract was added to fill the bored holes. Negative control was
prepared by putting 0.1 ml of pure solvent in one of bored hole and aqueous solution of 2 pg
of Gentamicin (for Gram positive bacteria) and 4 pg of Gentamicin (for Gram negative
bacteria) (Sweetman, 2005) in another bored hole which served as positive control. One hour
pre-diffusion time was allowed, after which the plates were incubated at 37°C for 18 h. The
zones of inhibition were then measured in millimeter. The above method was carried out in
triplicates and the mean of the triplicate results was taken.

3.4 Minimum Inhibitory Concentration (M.l.C.) and Minimum Bactericidal
Concentration (M. B. C.)

The M.I.C. was determined by agar dilution method. Ten millilitre (10 ml) volume of double
strength melted Mueller-Hinton agar at 45°C was diluted with equal volume of the test
extract in graded concentrations of 0.625 - 20.0 mg/ml. These were poured aseptically into
sterile Petri dishes and dried at 37°C for 1 h with the lid slightly raised. The solidified leaf
extract-agar admixture plates were inoculated with 2.0 pl of standardized 18 h culture test
organism. The inocula were allowed to diffuse into the test agar plates for 30 min. The test
agar plates were then incubated at 37°C for 18 h. The M.I.C. value was taken as the least
concentration of the extract showing no detectable growth.

The M. B. C. was carried out by inoculating the concentration of the extract in the test agar
plates showing no visible growth into sterile nutrient broth test-tubes containing
inactivating agents 3% v/v Tween 80. These test-tubes were then incubated at 37°C for 24 h
after which they were examined for presence or absence of growth.
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3.5 Preliminary antimicrobial activity test of the various fractions from the hexane
extract

Exactly 5.0 ml of 20.0 mg/ml of the fraction was incorporated into 5.0 ml molten double
strength sterile nutrient agar kept at 45°C and poured into sterile Petri dishes and allowed to
set. The test organism was streaked on the poured plate and incubated at 37°C for 24 hours
after which the activity/no activity was observed.

4. Results

The hexane extract (HE) of Alchornea cordifolia leaves was brown in colour. There was a yield
of 40.22% of the extract.

The phytochemical screening of the hexane extract of A. cordifolia leaf revealed the presence
of tannins, alkaloids, flavonoids and phenol with tannins having the highest percentage
yield of 6.8 (Table 1).

Secondary Metabolites Yield (%)
Tannins 6.8
Alkaloids 5.9
Flavonoids 4.2
Phenol 32

Table 1. Percentage yield of the secondary metabolites from the hexane extract of A. cordifolia
leaf.

The susceptibility of the bacteria species to the secondary metabolites of the plant showed
that test Staphylococcus aureus was more susceptible to the secondary metabolites than the
other bacteria species (Table 2). The zones of inhibition observed from tannins and saponin
were larger than those from the other metabolites (Table 2).

Test bacteria species Zones of inhibition (mm)

Tannin Saponin Alkaloids Phenols
Ps.aeruginosa 24+ 0.1 20+ 0.2 16+ 0.0 14+ 0.0
Ps.aeruginosa ATCC 10145 21+ 0.1 19+£0.1 18+ 0.1 15+0.1
Staph. aureus 26+ 0.3 21+0.1 20+ 0.0 17+ 0.2
Staph. aureus ATCC 12600 22+0.1 18+ 0.2 21+ 0.1 16 0.0
E.coli 19+ 0.2 16+ 0.2 16+ 0.0 13+ 0.1
E.coli ATCC 11775 15+ 0.0 14£02 12+ 0.1 11+ 0.3
Proteus sp. 20+ 0.0 22+ 0.3 17+0.2 12+0.1

Table 2. Susceptibility of the bacterial species to the secondary metabolites of the hexane
extract of A. cordifolia leaf.

The clinical isolate of Staphylococcus aureus was more susceptible to the hexane extract of the
plant leaf than the other bacterial species (Table 3).

The lowest Minimum Inhibitory Concentration of the hexane extract was found to be
2.5mg/ml against Staph. aureus and Staph. aureus ATCC 12600 (Table 4).
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Test bacteria

Zones of Inhibition (mm)

20mg/ml |10mg/ml |5mg/ml|2.5mg/ml|1.25mg/ml| GTM
Ps.aeruginosa 13+0.2 | 11+0.1 NI NI NI 31+£0.0
Ps.aeruginosa ATCC 10145 11+ 0.0 NI NI NI NI 32+0.2
Staph. aureus 23+0.0 | 19+0.1 | 18+0.2 | 14+0.2 NI 23+ 0.0
Staph. aureus ATCC 12600 22+0.2 | 17¢0.0 | 15¢0.1 | 12+0.2 NI 25 0.1
E.coli 11+ 0.2 NI NI NI NI 20+0.2
E.coli ATCC 11775 16+0.1 | 14+03 | 11+0.1 NI NI 22+0.0
Proteus sp. 15+0.2 | 13+0.0 | 11+0.1 NI NI 21+0.0

The results are expressed as mean * standard deviation, GTM = Gentamicin, NI = No Inhibition.

Table 3. Susceptibility of the bacterial species to different concentrations of the hexane

extract of A. cordifolia leaf.

Test Bacteria MIC (mg/ml) MBC (mg/ml)
Ps. aeruginosa 20 NA
Ps.aeruginosa ATCC 10145 NA NA
Staph. aureus 2.5 5

Staph. aureus ATCC 12600 25 5

E .coli 20 NA

E. coli ATCC 11775 10 20
Proteus sp. 10 20

Key: NA - No Activity

Table 4. M. I. C. and M. B. C. of the hexane extract against the test bacteria species.

Fractions |Ps. Ps. aeruginosa| Staph.  |Staph. aureus | E. coli |E. coli ATCC |Proteus
aeruginosa| ATCC 10145 |aureus ATCC 12600 11775 sp.

HEF1.17 - - - - - - -
HEFig - - IN - - IN IN
HEFy - - IN - - IN IN
HEFy - - IN IN - IN IN
HEF 2 + + + + - - N
HEF 2, - - IN - - - -
HEF» - - IN - - - -
HEF - - IN - - - -
HEF»s - - IN - - - -
HEF» IN IN IN IN - - -
HEFy, + + + + IN IN IN
HEFx + + + + + + +
HEFy IN IN IN IN IN IN IN
HEF3, + + + + + + +
HEF3; + + - - - - -
HEFs, - - IN IN - - -
HEF33 - - - - + + ¥

KEY: - = No Activity, IN = Inhibitory or bacteristatic, + = Activity or bactericidal

Table 5. Antibacterial activity of fractions of hexane extract of Alchornea cordifolia.
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The hexane extract fractions (HEF) ; - 17 showed no antibacterial activity against any of the
bacteria species while HEFy9 had bacteristatic effect and HEF 23 30 had bactericidal effect
against all the bacteria species (Table 5).

5. Discussion

The results from the phytochemical screening of the hexane extract revealed the presence of
tannins, saponins, alkaloids and phenol. Several plants which are rich in tannins have been
shown to possess antibacterial activities against a number of microorganisms (Doss et al.,
2009). Saponnins though are haemolytic on red blood cells, are harmless when taken orally
and they have beneficial properties of lowering cholesterol levels in the body (Amos-Tautua
et al., 2011). Alkaloids have been shown to possess both antibacterial (Erdemoglu et al., 2009)
and antidiabetic (Costantino et al., 2003) activities. Phenols and phenolic compounds have
been extensively used in disinfections and remain the standard with which other
bactericides are compared (Uwumarongie et al., 2007).

The antibacterial activities exhibited by the secondary metabolites: tannins, saponins,
alkaloids, and phenols extracted from the hexane extract of A. cordifolia leaf can be responsible
for the antibacterial activity of the extract. The presence of secondary metabolites in plants
have been reported to be responsible for their antibacterial properties (Rojas et al., 2006;
Nikitina et al., 2007; Udobi et al.,, 2008; Rafael et al., 2009; Adeshina et al., 2010). The broad
spectrum of antibacterial activity showed by the hexane extract against Gram positive and
Gram negative bacteria can be attributed to the presence of the secondary metabolites. All the
secondary metabolites showed more antibacterial activity against the gram-positive bacteria
than the gram-negative bacteria. This is similar to the results of Adeshina (2005) who
discovered that tannins, saponin, alkaloid and phenol from the leaf methanol, water and ethyl
acetate extracts of Alchornea cordifolia had antibacterial activities against gram-positive bacterial
strains more than gram-negative bacteria. Banso and Adeyemo (2007) also detected that
tannins and alkaloids from Dichrostachys cinerea possessed antibacterial activities against gram-
positive bacterial strains more than gram-negative bacteria.

The hexane extract appeared to be more active against the gram positive bacteria, Staph.
aureus, than the Gram negative bacteria species. Gram negative bacteria are known to be
resistant to the action of most antibacterial agents including plant based extracts and these
have been reported by many workers (Kambezi and Afolayan, 2008; El-Mahmood, 2009).
Gram negative bacteria have an outer phospholipids membrane with the structural
lipopolysaccharide components, which make their cell wall impermeable to antimicrobial
agents.

The bactericidal action of HEF»s and HEF3) against all the tested bacteria species can be an
indication that these fractions possess the active ingredients responsible for antibacterial
activity of the hexane extract of Alchornea cordifolia leaf. HEF>; and HEF»; displayed notable
antibacterial activities against Staph. aureus and Pseudomonas aeruginosa that is of great
importance because the infections cause by these bacteria are known to be difficult to
control. Staphylococcus aureus has been reported by many workers to have developed
resistance to most antibiotics and Pseudomonas aeruginosa is an opportunistic organism
which has been reported to readily receive resistance carrying plasmid from other bacteria
species (Wiley et al.,, 2008). HEF33 also showed noteworthy bactericidal action against the
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tested enteric bacteria-E. coli and Proteus sp. Enteric bacteria are known to transmit
resistance plasmid among themselves (Brooks et al., 2008) therefore developing resistance to
many antibiotics. In view of all these observations, these fractions: HEF.s HEF30, HEFo;,
HEF,; and HEFs; can further be worked on to get their structures and other necessary
properties needed for formulation into newer antibiotics.

In conclusion, the hexane extract and fractions of Alchornea cordifolia leaf possess broad
spectrum of antibacterial activity against the test bacteria species. Five out of the thirty-three
fractions displayed potential antibacterial activity that can be explored as remedy for human
bacterial infections. The results obtained from this work gives high hope for the
development of new antibacterial agents.
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1. Introduction

Plant derivatives have been used over the years to treat a wide variety of ailments, from
microbial infections to various forms of neoplastic growth. The isolation and
characterisation of novel compounds that might serve as leads for the development of new
and effective drugs from medicinal plants has now become an area of much interest
worldwide (de las Heras et al.,, 1998; de Mesquita et al.,, 2009, 2011; Russo et al., 2010;
Suffness & Pezzuto, 1990; Taylor et al., 2001). To this end, plants have been shown to have
very high anti-oxidative activity that makes them potential anti-proliferative, anti-invasive
and pro-apoptotic agents. Indeed, in drug discovery or drug assessment using cell lines,
researchers endeavour to find compounds that lead to the triggering of apoptosis or
programmed cell death in diseased cells such as cancer or HIV infected cells (Cragg et al.,
1993; Cragg & Newman, 2000; de Mesquita et al., 2011; Huerta-Reyes et al., 2004; Klos et al.,
2009). A candidate drug is, therefore, introduced to the cells and its effects ascertained. The
most ideal is a compound that is potent at low concentrations and discriminates between
diseased and normal cells (Cochrane et al., 2008; Wang, 1998).

The chemopreventive effects of vegetables and fruits are attributed to a combined effect of
various phenolic phytochemicals which are generally antioxidant in nature, along with
vitamins, dietary fibers, sulforophanes (in broccoli), selenium, carotenes, lycopenes, indoles,
and isoflavones (Gurib-Fakim, 2006). These polyphenolic compounds possess known
properties which include free radical scavenging, inhibition of hydrolytic and oxidative
enzymes, as well as anti-proliferative and anti-inflammatory actions, anti-bacterial, and anti-
viral activities to some extent (Frankel, 1995; Pinmai et al., 2008). Subsequently, the intake of
herbal remedies and some common dietary supplements rich in antioxidants and
micronutrients has been associated with reduced risks of cancer, diabetes and other
degenerative disorders associated with inflammation and ageing (Bandera et al., 2007; Liu et
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al, 2008; de Mesquita et al., 2009; Parsons et al., 2008). Despite the many concerns regarding
the degree of bioavailability and biotransformation of these phytochemicals in in vivo
experimental settings, as compared to the in vitro situations, this wide group of natural
molecules nonetheless represents a promising class as anticancer drugs, due to their
multiple targets in cancer cells and their limited toxic effect on normal cells (Manach et al.,
2005). In fact, many of the plant-derived phytochemicals have already been isolated,
characterised and incorporated into the pharmaceutical industry for generation of potent
chemotherapeutic drugs (Russo et al., 2010).

Dicerocaryum senecioides subsp. transvaalense (Klotzsch) J. Abels [family: Pedaliaceae], is a
creeping perennial widely used both as a traditional medicinal plant and a nutritional
source in many parts of southern Africa. The plant has been identified in our laboratory as a
potential repository for anti-oxidant, anti-proliferative and anti-inflammatory agents.
Dicerocaryum senecioides (vernacular: malala ‘a kwaetse or lempati) grows widely in sandy soils
of the veld in southern Africa. The sprawling stems grow vigorously in summer and less for
the rest of the year. The plant covers an area of up to 10 m?, and the stems bear distinctive
fruit with two spines on the upper side. The small, hairy leaves of D. senecioides like those of
related family members, D. zanguebarium (Lour.) Merrill and D. eriocarpum (Decne.) are used
not only as food, but also in folk medicine for treating measles, as a hair shampoo, treatment
of wounds, and to facilitate births in domestic animals and humans (Barone et al., 1995;
Benhura & Marume 1992; Luseba et al., 2007). Nevertheless, the therapeutic mechanisms of
action of D. senecioides have not been established. Recent findings in our laboratory have
demonstrated that a dichloromethane extract of D. senecioides leaves exhibit strong anti-
inflammatory (Madiga et al., 2009) and noticeable anti-proliferative properties against
various cancer cell lines tested (unpublished data). These activities are assumed to be due to
the plant’s inherent anti-oxidative capacity, thought to be related to an abundance of
phenolic compounds and flavonoids.

Exposure to potentially damaging reactive oxidants occurs unrelentingly throughout life
because of the continuous endogenous generation of these agents by physiological
processes, particularly mitochondrial respiration (Circu & Aw, 2010). Exogenous sources of
reactive oxidants include cigarette smoke and other atmospheric pollutants, as well as
certain pharmacological agents and chemicals. In addition to these, the phagocytic cells of
the innate host immune system are also major producers of toxic oxidants. Neutrophils and
macrophages are known to recruit and play vital roles in acute and chronic inflammation,
respectively (Kasama et al., 1993). During inflammation, a marked recruitment and activation
of inflammatory cells including neutrophils is noted. Activation of these phagocytes leads to
the generation and release of reactive oxygen species (ROS) such as superoxide anion
radical, hydrogen peroxide and hypochlorous acid (Weiss & Lobuglio, 1982). Depending on
their concentration, ROS can be beneficial or damaging to cells and tissues. At physiological
levels, ROS function as “redox messengers” in intracellular signaling and regulation,
whereas excess ROS induce oxidative modification of cellular macromolecules, inhibit
protein function, and promote cell death (Circu & Aw, 2010). Moreover, the generated ROS
can influence the carcinogenic process by oxidatively damaging DNA and promoting
malignant transformation in bystander cells in tissue culture (Jackson et al., 1989).

Since the identification of oxidant and antioxidant compounds is imperative for predicting
and reducing health risks (Tunon et al., 1995), while the identification and development of
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useful and safe cancer treatment agents from herbal medicines is a well-recognised strategy
in drug development (de Mesquita et al., 2009, 2011), this study was designed to investigate
potential antioxidant and anti-proliferative activities of the leaf extracts of D. senecioides in
order to corroborate its indigenous medicinal usage and the supposed indigenous exploit as
a nutritional supplement.

2. Materials and methods
2.1 Materials used

All reagents were supplied by Sigma-Aldrich Chemical Company (St. Louis, MO, USA),
unless otherwise stated. All other reagents were of high quality and were obtained from
reputable suppliers.

2.2 Methods
2.2.1 Extraction and fractionation

Fresh leaves of D. senecioides were collected, during the rainy season (January to April), from
the grounds of the University of Limpopo, South Africa and dried for three days in an oven
at 40°C. The dried leaves were then pulverised into a fine powder using pestle and mortar.
The powder (46.15 g) was then extracted with absolute methanol (0.10 g/ml) by shaking for
72 h at room temperature. After the debris had settled, the green supernatant was filtered
with a Whatman no.1 filter paper and concentrated to dryness under reduced pressure at
40°C using a Biichi Rotavapor R-200/205 (Biichi, Switzerland). The crude residue (14.79 g)
was resuspended in ethanol: water (30:10, v/v). The ethanol: water extract was further
fractionated by solvent-solvent extraction using n-hexane (D1 fraction), dichloromethane
(D2 fraction), n-butanol (D3 fraction) and water (D4 fraction). The fractions were
concentrated on a Biichi Rotavapor R-200/205 and the resultant residues (D1, 0.9 g; D2, 0.96
g; D3, 1.89 g; and D4, 5.4 g) were dissolved to an appropriate concentration in either acetone
(for TLC) or dimethylsulphoxide (DMSO) (for anti-proliferative experiments) and stored in
dark bottles at -20°C until required. A schematic representation of the fractionation
procedure is illustrated in Fig. 1.

2.2.2 Phytochemical analysis

Chemical constituents of the extracts were analysed by thin layer chromatography (TLC).
Ten microliters of each stock solution (10 mg/ml in acetone) from crude, D1, D2, D3 and D4
fractions were loaded individually onto the baseline of the Merck silica gel 60-F2s4 TLC plate
(Macherey-Nagel, Diiren, Germany) and the components were then separated with either
chloroform: ethyl acetate: formic acid, CEF (10:8:2, v/v/v) (intermediate polarity/acidic) or
butanol: acetic acid: water, BAW (4:1:5, v/v/v) (acidic/polar) or ethyl acetate: methanol:
water, EMW (10:1.35:1, v/v/v) (polar/neutral) depending upon the nature of the fraction
components. Chromatograms were visualised and circled under UV light at 254 nm and 365
nm for quenching and fluorescing compounds, respectively. The constituent phytochemicals
were detected with vanillin-sulphuric acid reagent spray (0.1 g vanillin: 28 ml methanol: 1
ml sulphuric acid), followed by heating at 110°C in an oven for 3 min for optimal colour
development.
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2.2.3 Antioxidant activity analyses

The role of free radical reactions in disease pathology (e.g., in atherosclerosis, inflammation,
ageing, ischemic heart diseases, neurodegenerative diseases, etc.) is well established,
suggesting that these reactions are necessary for normal metabolism but can be detrimental
to health as well. In this study, the antioxidant and free radical scavenging activities of the
leaf extracts of D. senecioides were evaluated both qualitatively and quantitatively using the
2, 2-diphenyl-1-picrylhydrazyl (DPPH) chemical antioxidant assay.

2.2.3.1 TLC-DPPH antioxidant screening

The TLC-DPPH antioxidant assay is a qualitative method generally used for the screening of
the anti-oxidative potential of plant extracts. It involves the chromatographic separation of
the fractions, after which the chromatogram is sprayed with a purple/violet coloured
radical solution, 0.2% DPPH (in absolute methanol). When DPPH interacts with antioxidant
compounds, it accepts either electrons or hydrogen atoms, and this neutralises its free
radical character. In the process, the purple/violet diphenyl-picrylhydrazyl colour is
changed to a yellow diphenyl-picrylhydrazine colour in the presence of an antioxidant
compound. The R¢ values of the antioxidant compounds can thus be determined on the
chromatogram. In this experiment, the TLC was run to separate the constituent compounds
in the fractions, as described in section 2.2.2, and the plate was later stained with 0.2%
DPPH solution to identify compounds that possess antioxidant activity.

2.2.3.2 DPPH radical scavenging effect

This is a quantitative assay method. Used as a reagent, DPPH offers a convenient and
accurate method for titrating the oxidisable groups of natural or synthetic antioxidants. The
2, 2-diphenyl-1-picrylhydrazyl radical scavenging activities of the crude, D1, D2, D3 and D4
fractions were determined according to the method described by Katsube et al. (2004). The
assay involves the measurement of the disappearance of the coloured free radical, DPPH, by
spectrophotometric determination. A 1000 pg/ml stock solution of the plant extract was
serially diluted and pipetted (10 pl) into a 96-well plate. An equivalent amount of 100x
diluted ascorbic acid (vitamin C) was used as a positive control. One hundred and eighty
five microliters of a 0.2% DPPH solution (in absolute methanol and further dissolved in a
50% ethanol solution) was added to each well and the plate gently shaken for 5 min at room
temperature. The change in absorbance at 550 nm was measured using a microtiter plate
reader (DTX 880 multimode detector, Beckman Coulter, Fullerton, CA, USA). The
percentage of scavenging activity was measured as:

[absorbance of blank sample - test sample] <100

% inhibition=
[absorbance of blank sample]

Where, the blank sample contained only DMSO and DPPH.

2.2.4 Reducing power

Reducing powers of the crude, D1, D2, D3 and D4 fractions were measured using a
spectrophotometric method. Briefly, various concentrations of the fractions (0-250 pg/ml)
were prepared in 100 pl of dH>O; vitamin C (100 pl of 100x dilute) was used as a positive
control. Two hundred and fifty microliters of 0.2 M phosphate buffer (pH 6.6) and 1% (w/v)
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potassium ferricyanide [KsFe(CN)s] were added to each sample. The test samples were
incubated at 50°C for 20 min. Two hundred and fifty microliters of 10% (w/v) TCA were
later added to each tube and centrifuged at 900 x g for 10 min. Subsequently, 250 pl of the
upper layer from each test sample was aspirated and transferred into clean Eppendorf
tubes, and then diluted with an equal volume of dH,O. An additional 50 pl of 0.1% (w/V)
ferric chloride (FeCls) was added to each tube, mixed and 200 pl of this mixture transferred
into a microtiter plate and the absorbance measured at 700 nm using a microtiter plate
reader (DTX 880 multimode detector, Beckman Coulter, Fullerton, CA, USA).

2.2.5 Neutrophil isolation

In order to assess the selective inhibitory ability of the D2 fraction for the transformed cell
lines, its cytotoxic effect was evaluated against the normal human neutrophil cells. Neutrophils
were isolated from heparinised venous blood (5 units of preservative-free heparin per ml of
blood) from healthy adult volunteers. The neutrophils were separated from mononuclear
leukocytes by centrifugation on Histopaque-1077 (Sigma Diagnostics) cushions at 400 x g for
25 min at room temperature. The resultant pellet was suspended in phosphate-buffered saline
(PBS, 0.15 M, pH 7.4) and sedimented with 3% gelatine to remove most of the erythrocytes.
Following centrifugation (280 x g at 10°C for 10 min), residual erythrocytes were removed by
selective lysis with 0.83% ammonium chloride at 4°C for 10 min. The neutrophils, which were
routinely of high purity (>90%) and viability (>95%), as determined by light microscopy and
fluorescence microscopy (exclusion of ethidium bromide) respectively, were resuspended to
(1 x 107 cells/ml) in PBS, pH 7.4, and held on ice until used.

2.2.6 Neutrophil viability

Isolated neutrophils (1x107 cells/ml) were exposed to the D2 fraction (0, 100, 200, 400, 600
and 800 pg/ml) for 0, 15 and 30 min at 37°C before addition of propidium iodide (PI). The
percentage cells, whose cell membrane integrity was compromised (PI positive), were
determined by using an Epics® Altra™ Flow Cytometer (Beckman Coulter Inc., Fullerton,
CA, USA) fitted with a water-cooled Enterprise laser. PI intercalates into the DNA, and
cannot enter the cell if the cell membrane is intact; therefore all PI positive cells have a
disrupted cell membrane, indicating that these cells are not viable.

2.2.7 Cell culture

A murine macrophage cell line, Raw 264.7 (ATCC, Rockville, USA), was routinely cultured
in RPMI-1640 growth medium (Gibco, Auckland, New Zealand) supplemented with 10%
(v/v) fetal bovine serum, FBS (Hyclone, Cramlington, UK) and 1% (v/v) penicillin,
streptomycin, neomycin (PSN) antibiotic cocktail (Gibco, Auckland, New Zealand) at 37°C
in a humidified 5% CO,/95% atmosphere.

2.2.8 MTT cytotoxicity assay

Cell viability of D2-treated Raw 264.7 cells was determined by the MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] assay. Experimental cells were
seeded at 2 x 105 cells/ml in a 96-well cell culture plate (Nunc™, Roskilde, Denmark) and
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incubated at 37°C overnight to allow the cells to attach. The cells were then exposed to
various concentrations (0, 50, 100, 200, and 250 pg/ml) of the D2 fraction dissolved in
DMSO. A mock sample (cells, RPMI-1640 and 0.05% DMSO) served as a negative control.
The plates were incubated at 37°C for 0, 24, 48 and 72 h after which 40 ul of 5 mg/ml MTT
was added to each well. Following incubation at 37°C for 3 h, the medium was aspirated
and the remaining cells were washed once with pre-warmed PBS, pH 7.4. The reduced MTT
was then dissolved in 50 ul DMSO and the absorbance was measured at 595 nm using a
Model 550 microtiter-plate multimode detector (Bio-Rad Laboratories, California, USA). The
percentage of viable cells was calculated as follows:

_ [Asgs0f control - Asgs0f sample] <100

% viabilit
Y Asgs0f control

2.2.9 Cell proliferation by real time cell analysis

The effect of the D2 fraction on cell proliferation was also assessed by real time cell analysis
in which RAW 264.7 mouse macrophages were cultured for 24 h at 37°C in a 16-well E-plate
16 docked in a real time cell analysis dual plate (RTCA-DP) analyser (ACEA Biosciences,
Inc., California, USA). After 24 h of growing, the cells were then treated with the D2 fraction
as described in section 2.2.8 and cell densities of the treated cells were quantitatively
monitored for 48 h at 37°C and represented as cell-index values.

2.2.10 Morphological analysis of apoptosis

The effects of the D2 fraction were evaluated for pro-apoptotic potential by microscopic
analysis of the chromosomal DNA of the D2-treated Raw 264.7 cells. Apoptotic nuclei are
identified by condensed chromatin gathering at the periphery of the nuclear membrane or
totally fragmented apoptotic bodies. Briefly, cells were exposed to various concentrations of
the D2 fraction (0, 50, 100, 200, and 250 pg/ml) for 24 h and washed with PBS, pH 7.4. The
cells were then stained with 4', 6-diamidino-2-phenylindole (DAPI), which forms fluorescent
complexes with double-stranded DNA by binding in the minor groove of the nucleic acid
backbone. Cells were viewed and recorded under a Nikon Eclipse Ti inverted fluorescence
microscope fitted with a camera (Nikon, Japan).

2.2.11 Statistical analysis

The results of each series of experiments are expressed as the mean values * standard error
of the mean (SEM). Levels of the statistical significance are calculated using the paired
student f-test when comparing two groups, or by analysis of variance (ANOVA). The p-
values of < 0.05 were considered significant.

3. Results
3.1 Extraction and fractionation

The schematic representation of the extraction and the sequential (solvent-solvent)
fractionation of the crude methanolic leaf extract of D. senecioides, using different solvents,
are represented in Fig. 1.
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Fig. 1. The schematic representation of the fractionation of the crude methanolic leaf extract
of D. senecioides.

3.2 TLC-DPPH free radical scavenging activity

TLC was used for the qualitative detection of constituent compounds in D. senecioides. As
shown in Fig. 2A, the D2 fraction showed the most constituent components with strong
intensities using the CEF (10:8:2, v/v/v), EMW (10:1.35:1, v/v/v) and BAW (4:1:5, v/v/V)
solvent systems followed by the crude, and then the D3 fraction. Both the D1 and D4
fractions did not exhibit any noticeable antioxidant activity on the TLC plate. Since the
antioxidant activity of plant extracts cannot be evaluated by only one method because of the
complex nature of phytochemicals, it was thus imperative to use several assays to evaluate
the antioxidant activity of of D. senecioides leaf extracts. The TLC-DPPH method of
qualitative antioxidant detection revealed that crude, D2 and D3 fractions all possessed
antioxidant activities which were manifested by a bright yellow colour. The three fractions
exhibited a similar R¢ value (Rf = 0.78) when resolved on the BAW solvent system.
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Fig. 2. Chromatograms of the various fractions of D. senecioides sprayed with vanillin/
sulphuric acid reagent (A) to show compounds extracted with methanol (crude), n-hexane
(D1), dichloromethane (D2), n-butanol (D3) and water (D4); and 0.2% DPPH solution (B) to
indicate compound(s) with antioxidant activity. Note the high antioxidant activity displayed
by the D3 fraction, and the moderate amounts in the crude and D2 fractions. Both D1 and
D4 fractions exhibited no detectable antioxidant activity.

The D3 fraction, in particular, had the strongest scavenging activity (Fig. 2B). These
observations demonstrate the presence of antioxidant compounds in D. senecioides. Because
this is a qualitative method, a quantitative assay was also used to evaluate the abilities of the
fractions to scavenge DPPH.
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Fig. 3. DPPH radical scavenging capacities of methanol (crude), n-hexane (D1),
dichloromethane (D2), n-butanol (D3) and water (D4) fractions.

3.2 DPPH free radical scavenging activity

The anti-oxidative potential of the D2 fraction was also evaluated quantitatively using the
DPPH free radical scavenging activity assay. As shown in Fig. 3, the D2 fraction possessed a
high DPPH-scavenging activity from 62.5 pg/ml (63.8%) to 250 pg/ml (69.5%) as compared to
the other fractions; the order of potency in descending order was D2> crude> D3> D4> D1
(Fig. 3). Vitamin C (diluted 100x) was used as a positive control. DMSO, as a negative control,
showed no scavenging activity. The reducing powers of the fractions were also evaluated.

3.3 Reducing ability

The reducing potentials of the different fractions were determined by their ability to reduce
ferric ions. The presence of antioxidants with reducing potential causes the reduction of the
Fe3+-ferricyanide complex to the ferrous (Fe2+) form. Therefore, Fe2* can be monitored by
measuring the formation of Perl’s Prussian blue at 700 nm (Oztiirk et al., 2006). Fig. 4 shows
the reducing power of D. senecioides fractions and vitamin C (positive control) using the
potassium ferricyanide reduction method. The reducing power of the fractions increased
with increasing concentrations. The D2 fraction showed a higher reducing power than the
other fractions in a dose-dependent fashion. However, its reducing power was less than that
of vitamin C which was diluted 100x.

3.4 Neutrophil viability

Since the D2 fraction displayed the most potent anti-oxidative activity, it warranted further
assessment on the possible anti-proliferative activity against cancer cells. Thus, its selective
cytotoxicity for the transformed cell lines was investigated against freshly isolated human
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blood neutrophils, used as normal control cells. The neutrophils, treated with the D2
fraction for 15 min, showed a significant decrease in viability at a concentration of 400
pg/ml with 91% viable cells; while after 30 min, a significant decrease was observed at 600
pg/ml with 89% viable cells (Fig. 5). However, the experimental concentrations used (0-250
pg/ml) were found not to be cytotoxic to the normal, control neutrophil cells.

3.5 Anti-proliferative effect of D2 fraction on RAW 264.7 cells

The effect of the D2 fraction on proliferation of RAW 264.7 cells was analysed by
determining viability and growth of treated cells using the MTT assay and real time cell
analysis, respectively. The D2 fraction decreased cell viability (Fig. 6) and growth (Fig. 7) in
a time- and dose-dependent manner.
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Fig. 4. Reducing powers of methanol (crude), n-hexane (D1), dichloromethane (D2), n-
butanol (D3) and water (D4) fractions, vitamin C (positive control, 100x diluted) and DMSO
(negative control, less than 0.1%).

3.6 Apoptotic morphology

Treated cells were shown to die through apoptosis when stained with DAPI nucleic acid
stain (Fig. 8). The DAPI stain is sensitive to DNA conformation and the state of chromatin in
cells, and is thus used to grade nuclear damage. Cells dying through apoptosis displayed
nuclei that stained bright blue as their chromatin was condensed, whilst those that had
reached advanced stages of apoptosis showed totally fragmented morphology of nuclear
(apoptotic) bodies that also stained bright blue (Fig. 8).

4. Discussion

The objective of this study was to investigate the anti-oxidative and anti-proliferative
potentials of leaf extracts of D. senecioides. TLC serves as a qualitative, screening method to
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characterise the phytochemical constituents of plants. It also enables comparison of the
chemical composition of different fractions using different solvents; high quality resolution
is based on the polar/nonpolar nature of the constituent compounds. TLC separation of the
fractions showed that the D2 fraction contains more compounds when sprayed with vanillin
than the other fractions (Fig. 2A).
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Fig. 5. Viability of normal human neutrophils after exposure to various concentrations of the
D2 fraction for 0, 15 and 30 min at 37°C before addition of propidium iodide (PI). The results
represent five different experiments expressed as mean values + SEM. *Statistically
significant (P<0.05).

Subsequent investigations were focused on the anti-oxidative potential of the D2 fraction.
Oxygen-derived free radicals and other reactive oxygen species (ROS) generated
endogenously and exogenously are associated with the pathogenesis of various diseases
such as atherosclerosis, diabetes, cancer, arthritis and the ageing process (Halliwell &
Gutteridge, 1999). Many natural products are available as chemoprotective agents against
common cancers worldwide, and many of these are powerful antioxidants. These natural
products, many of which are phenolic compounds, are found in vegetables, fruits, plant
extracts and herbs. Although the mechanism of their protective effects is unclear, the fact
that the consumption of fruits and vegetables lowers the incidence of carcinogenesis is
broadly supported (Reddy et al., 2003). Certainly, anti-oxidative properties are generally
considered to confer beneficial, chemopreventive properties on a molecule.
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Fig. 6. The effect of D2 fraction on the viability of RAW 264.7 cells. Cells were treated with
increasing concentrations of the D2 fraction for 0, 24, 48 and 72 h, followed by viability
determination by the MTT assay. Viability was calculated as percentage of untreated control
cells. The results represent the mean of two independent experiments, each done in
duplicate + SEM.

The antioxidant activities of the various fractions were measured using qualitative TLC-
DPPH and a quantitative DPPH spectrophotometric assay based on the scavenging of the
stable DPPH free radical, while the Fe3+-Fe2* reductive method was used to determine the
reducing potentials of the fractions. Different antioxidant assays are used to facilitate the
screening and identification of the anti-oxidative activity of plant fractions in comparison
with that of known, stable antioxidants. Because antioxidants can act by different
mechanisms, and more than one mechanism can be involved, it is possible for an
antioxidant to protect in one system, but fail in another. Evidently, the understanding of
mechanisms and dynamics of the antioxidant action is essential for designing appropriate
experimental methods and proper interpretation of the results. Therefore, antioxidant
activity must be evaluated using different test methods on the basis of the mechanisms and
dynamics of antioxidant action (Arouma, 2003; Niki, 2010).

Consequently, the free radical scavenging activities of the plant fractions were evaluated
according to their abilities to scavenge synthetic DPPH. This assay provides useful
information on the reactivity of the compounds with stable free radicals. Vitamin C was
used for comparison because it is known to be the most abundant and effective water-
soluble antioxidant in the body. The qualitative TLC-DPPH antioxidant method was used to
screen fractions in order to indicate which of these had potential antioxidant activity which
merited further investigation. After the plates were sprayed with the DPPH solution, unique
bands with strong and characteristic intense yellow colour appeared (Fig. 2B). The D3
fraction showed a strong yellow colour followed by D2> crude> D1> D4 fractions. The
intensity of the yellow colour depends on the quantity and nature of the compound present
at that area.
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Fig. 7. Real time cell analysis plot of RAW 246.7 cells treated with the D2 fraction. Cells were
cultured for 24 h and then followed by treatment with various concentrations of the D2
fraction for a further 48 h. Cell proliferation was measured by continuously monitoring cell
indices using an RTCA-DP analyser. Cell indices were normalised at 24 h and then treated
with the extract (see arrow head). The final DMSO concentration was 0.05%.

The quantitative DPPH spectrophotometric assay method was also used to quantify the
antioxidant activities of the crude, D1, D2, D3 and D4 fractions. This is a rapid and low cost
method commonly used in antioxidant studies. An antioxidant molecule present in plant
extracts can quench the DPPH free radicals by either providing a hydrogen atom or by
donating an electron (Bondet et al., 1997). The results of the quantitative DPPH assay
suggest that the D2 fraction possesses an impressive antioxidant scavenging activity in
comparison to D1, D3, and D4 (Fig. 3). Comparison of these results showed a contradictory
relationship between the activities measured by the qualitative TLC-DPPH screening
method and the quantitative DPPH spectrophotometric assay. The D3 fraction showed
stronger scavenging activity in the qualitative TLC-DPPH assay (Fig. 2B) than the other
fractions, while in the quantitative DPPH assay (Fig. 3), the D2 fraction displayed the
strongest anti-oxidative activity (found to be comparable to the crude extract), possibly
because of the synergistic behaviour of compounds present in the D2 fraction.

The aforementioned methods focused on the radical scavenging activities of antioxidants
extracted from the fractions. However, the antioxidant activities of natural antioxidants may
also result from their reducing powers, because the constituent compounds may act by
donating electrons to free radicals and convert them to more stable products. The reducing
power of a compound may serve as a significant indicator of its potential antioxidant
activity (Rajeshwar et al., 2005). The D2 fraction showed significant reducing power when
assayed using the potassium ferricyanide test (Fig. 4). This fraction also demonstrated the
ability to convert FeCls from the ferric to the ferrous state, a feature indicative of hydrogen-
donating potential (Rajeshwar et al., 2005). The D2 fraction was therefore found to have
various radical scavenging activities that could be due to the presence of a number of



Phytochemicals as Nutraceuticals
110 — Global Approaches to Their Role in Nutrition and Health

phenolic compounds. Clearly, further work needs to be undertaken to confirm the
antioxidant property of this fraction by using other antioxidant assessment methods, as well
as to characterise and identify the active agent or agents.

Fig. 8. DAPI nucleic acid staining demonstrating apoptotic morphology in RAW 264.7 cells
after exposure to various concentrations of D2 fraction for 24 h. Cells were photographed
under an inverted fluorescence microscope at 40x magnification. A = DMSO control, B = 50
pg/ml, C =100 pg/ml, D =150 ug/ml, E = 200 pg/ml and F = 250 pg/ml. Arrows indicate
nuclear shrinkage and chromatin condensation.
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The D2 fraction was further evaluated for anti-proliferative activity by analysis of its effect
on the growth and viability of Raw 264.7 cells, a murine-derived macrophage cell line, using
real time cell analysis and MTT assay, respectively. The MTT assay demonstrated that the
D2 fraction induced a time- and concentration-dependent decrease in cell viability (Fig. 6).
Fig. 7 showed that the D2 fraction resulted in a decrease in the cell index, a unit-less,
quantitative measure of the number of cells present in a given E-plate 16 well. The
measurement of cell proliferation using an RTCA-DP analyser allowed constant monitoring
of cell death in real-time without interfering with cell behaviour. Further, evaluation of the
effect of the D2 fraction in normal human neutrophil cells demonstrated a degree of specific
and selective cytotoxicity to cancer cells. This was so because the viability of the normal
neutrophil cells was unaffected by the experimental concentration range (0-250 pg/ml)
used. However, these cells were found to be moderately susceptible to the toxic D2
concentrations (600 and 800 pg/ml) used (Fig. 5).

Furthermore, Raw 264.7 cells were shown to die through apoptosis as indicated by the
staining of the treated cells with DAPI nucleic acid stain. Cells undergoing apoptosis are
characterised by cytoplasmic shrinkage, chromatin condensation, membrane blebbing and
formation of apoptotic bodies (Wyllie et al., 1980). Indeed, these hallmark features of
apoptosis were observed in Raw 264.7 cells treated with various concentrations of the D2
fraction for 24 h (Fig. 8). In contrast, the chromatin of untreated cells remained intact and
unaffected after 24 h, as indicated by the evenly spread DAPI nucleic acid stain and granular
morphological appearance of the stained nuclei (Fig. 8). The pro-apoptotic activity of the D2
fraction and the prevention of excess free radical production by the D2 fraction illustrate a
commendable chemoprotective and chemotherapeutic potential, as this ability allows the
fraction to induce cancer cell death without eliciting the inflammatory response often
associated with necrotic cell death.

Since bioactive compounds within plant extracts are often blended with other ineffectual
constituents, and the activity of the compound of interest is frequently dampened or
masked by these unwanted compounds, plant extracts require further purification in order
to isolate the active ingredients in their pure form, and/or to trim down the redundant,
interfering components. In this study, the D2 fraction was found to possess both anti-
oxidative and selective anti-proliferative properties. It is, therefore, essential to fractionate
and purify the D2 fraction and to evaluate the anti-oxidative and the anti-proliferative
potentials of the resultant bioactive principles against positively tested anticancer
compounds (such as doxorubicin) that are currently available in the market.

5. Conclusion

The D2 fraction of D. senecioides displayed properties of an ideal anti-oxidative and anti-
proliferative agent. The fraction showed impressive antioxidant activity both as a free-
radical scavenger and a reducing agent. Moreover, the induction of apoptosis in the
macrophage lineage used suggests that the fraction has the potential to combat chronic
inflammation at three stages: i.e., inhibiting initial free radical production, mopping up
excess free radicals and eradicating macrophages responsible for the over-production of
reactive oxygen species. Furthermore, the pro-apoptotic activity of the D2 fraction has the
ability to induce cancer cell death without eliciting the inflammatory response observed in
necrotic cell death. Future investigations should, therefore, focus not only on unravelling the
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actual anti-oxidative and anti-proliferative mechanisms of action, but also on molecular and
chemical characterisation of the active components of the D2 fraction. Irrespective of the
underlying mechanism(s) of action and precise identification of the active chemical entities
present in the D2 fraction, the results of the current study have established a promising anti-
oxidative and anticancer potential of the D2 fraction of D. senecioides. Considering
chemoprevention of cancer, as well as other disorders, particularly chronic inflammatory
diseases, this represents a particularly attractive and promising combination of biological
activities. Certainly, a full understanding of the redox control of apoptotic initiation and
execution could also underpin the development of therapeutic intervention strategies
targeted at other oxidative stress-associated disorders.
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1. Introduction

European mistletoe (Viscum album L.) is an evergreen, hemi-parasitic plant, normally found
growing on a variety of trees, especially pine, poplar, apple trees, locus trees etc. Although
there are many varieties of mistletoe, including the American (Phorandendron serotinum or
Phorandendron flavescens), the European (Viscum album L.), and the Korean (Viscum album L.
coloratum), most investigative work has been done on European mistletoe.

Traditionally, the genus Viscum, has been placed in its own family Viscaceae, but recent
genetic research by APG II (The Angiosperm Phylogeny Group, 2003) system shows this
family to be correctly placed within family Santalaceae (Fig. 1).

Phylum: Magnoliophyta

|

Class: Magnoliopsida

Order: Santalales

|
v v v

Family:Loranthaceae Family: Opiliaceae Family: Santalaceae

Family: Misodendraceae Family: Olacaceae

Genus: Viscim

Species: Viscum album

Fig. 1. Scientific classification of species Viscum album (according to APG II system).
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Different species of Viscum are capable of parasitizing a large number of host species.
From a review of literature, Barney et al., 1998, identified 452 host species of Viscum album
(96 genera and 44 families). For V. album ssp. album 190 hosts have been identified, for V.
album ssp. abieties 10 hosts, and for V. album ssp. austriacum 16 hosts are known (Zuber,
2004).

The genus Viscum are woody hemi-parasitic shrubs with branches 15-80 cm long, which
grow on different host trees. Mistletoe tend to form a globular shape (Fig. 2, a) which may
reach over 1 m in diameter. The foliage is dichotomously or verticillately branching, with
opposite pairs of green leaves (Fig 2, c and d) which perform some photosynthesis (minimal
in some species, notably V. nudum), but with the plant drawing its mineral and water needs
from the host tree. The leaves are narrowly obovate (Fig. 2, b), approximatelly three or four
times as long than broad. The color of leaves are dark green, and present three distinct
veins and two less distinct veins running parallel to the leaf margin (Fig. 2, b). In young
leaves, the veins are visible on both sides, while in older leaves they are mainly seen on the
underside (Biissing, 2000). V. album is dioecious, i.e. part of the plants is female, the other
part is male. Flowers are highly reduced and inconspicuous, greenish-yellow color, and 1-3
mm diameter (Fig. 2, ¢). The fruit is a berry, white, when mature, containing one seed
embedded in very sticky juice (Fig. 2, e).

Fig. 2. Viscum album morphology. a. Image of Viscum album growing on poplar (Populus
nigra); b. Aspect of leave; c. The flower of mistletoe; d. Stem branched; e. Adult berry
containing one seed (Vicas et al., 2009a).

In recent years, antioxidants derived from natural resources, mainly from plants, have been
intensively used to prevent oxidative damages. Natural antioxidants have also some
advantages over synthetic ones, being obtained easily and economically and have slight or
negligible side effects.
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Aqueous extracts of the European mistletoe have been widely used for decades as
alternative treatment and adjuvant cancer therapy, particularly in Germany, Austria and
Switzerland. The European mistletoe extracts are used in an adjuvant cancer therapy
because of their immunostimulatory and simultaneously cytotoxic properties. These effects
are usually more evidence for the whole extracts than for purified mistletoe lectins and
viscotoxins alone (Eggenschwiler et al., 2007).

Different mistletoe preparations are available for the treatment of cancer. Abnobaviscum®,
Helixor, Iscador® Iscucin® and Isorel® are produced according to anthroposophical
methods; other mistletoe preparations include Cefalektin®, Eurixor® and Lektinol®. Iscador
was first proposed for the treatment of cancer in 1920, by Rudolf Steiner, PhD, (1861-1925),
founder of the Society for Cancer Research, in Arlesheim, Switzerland and introduced in the
treatment of human cancer as early as 1921. The anthroposophical preparations are available
from different host trees such as oak, apple, pine and others. Harvesting procedure is
standardized, and the juices from summer and winter harvests are mixed together. The total
extract of mistletoe extracts is considered essential for full effectiveness and concentration of
its compounds is ensured through process standardization (http://wissenschaft.mistel-
therapie.de/- Mistletoe in cancer treatment).

Mistletoe can biosynthesize their own compounds, but it can take some nutrients from the
host trees. It has been suggested that pharmacologically active compounds may pass from
the host trees to the parasitic plants (Biissing and Schietzel., 1999).

The main ingredients of the Viscum album extract are its three ribosome inactivating proteins
or lectins (mistletoe lectins, ML) ML-1, ML-2, and ML-3 (Hajt6 et al., 2005), the glycoprotein
binding with D-galactose and N-acetyl-D-galactosamine, viscotoxins (VT) (Urech et al.,
2006), as well as, oligo- and polysaccharides, alkaloids (Khwaja et al., 1980). The flavonoid
patterns of V. album from various hosts were investigate by Becker and Exner (1980). They
identified quercetin and a series of quercetin methyl ethers, which may be assumed to be
accumulated on the plant surface. The epicuticular material of the V. album contains
preferably the flavonol quercetin and its methyl derivatives, occasionally also the flavonol
kaempferol and some of its methyl derivatives, and rarely the flavanone naringenin (Haas et
al., 2003).

It has been suggested that pharmacologically active compounds may pass from the host
trees to the parasitic plants (Biissing and Schietzel., 1999).

In recent years, the research studies were focused on the antioxidant activity of mistletoe
(Onay-Ucar et al. 2006; Leu et al., 2006; Yao et al., 2006; Shi et. al., 2006; Vicas et al., 2009b;
Choudhary et al., 2010).

Many plant extracts exhibit efficient antioxidant properties due their phytoconstituents,
such as phenolics, especially phenolic acids and flavonoids (Aqil et al., 2006; Miliauskas et
al., 2004) and carotenoids (Stahl and Sies, 2003).

To evaluate the antioxidant capacities of plant extracts, numerous in vitro methods have
been developed. DPPH (2,2-diphenyl-1-picrylhydrazyl), ORAC (oxygen radical absorbance
capacity), Trolox equivalent antioxidant capacity (TEAC), and ferric-reducing ability
(FRAP) are among the more popular methods that have been used (Wu et al., 2004). The
advantages and disadvantages of these methods have been fully discussed in several
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reviews (Cao and Prior, 1998; Frankel and Meyer, 2000; Prior and Cao, 1999; Sanchez-
Moreno, 2002).

The aim of our research studies are focused, the first, on screening of bioactive compounds
(phenolic acid and flavonoids) from leaves and stems of V. album that are growing on
different host trees, and the second we evaluated the antioxidant activity of V. album’ leaves
and stems.

2. HPLC fingerprint of bioactive compounds from Viscum album

To analyze the bioactive compounds, leaves and stems of V.album were harvested in July 2009,
from five different host trees located in the Borod-Gheghie region, North-West of Romania
country. The mean annual rainfall is 500-700 mm/an. The mean annual minimum and
maximum temperatures were -22.30C and 35°C, respectively (20-yr averages). The mean
annual air temperature is 9.2 °C. The area is opened to West, the frequent air mass is oriented
to western circulation, transporting oceanic air, cold and humid. Multi-annual average wind
speed is 4.1 m/sec. The mistletoe samples have been harvested at the approximate same
height, the trees where from it has been harvested having the same soil (brown soil) and
climate conditions. The host trees were located in semi-shaded to sunny area (Vicas et al.,
2010). The plant materials were labeled according to the host trees, thus: Acer campestre (VAA),
Mallus domestica (VAM), Fraxinus excelsior (VAF), Populus nigra (VAP) and Robinia pseudoacacia
(VAR) for easy identification. A voucher specimen of the plants was deposited in the
herbarium of the Environmental Protection Faculty from University of Oradea.

The leaves and stems of V. album from different host trees were dried rapidly, in an oven at
90°C, for 48 hours, in order to prevent enzymatic degradation (Markham, 1982). The dried
plant material was stored in a sealed plastic bag for HPLC analysis. After weighing out a
portion of the dried material (approximately 1 g), extraction was carried out with ethanol
70% (1:10, w/v). The mixture was stirred for 24 hours in the dark, and then it was
centrifuged for 5 minutes, at 3000 rpm. The ethanol fraction of the supernatant was removed
using a rotary evaporator. Further, the aqueous extract was subjected to acid hydrolysis
(IN HCI) for 2 hours, at 80°C. The aglycones were extracted 3 times with ethyl acetate by
continuous stirring and then centrifuged at 5000 rpm, for 5 minutes. The solvent was
removed by flushing the samples with nitrogen. The residue resulting after evaporation was
dissolved in ultrapure water (300 pl), filtered throught 0.45 pm filters (Millex-LG,
Millipore), and subjected to HPLC analysis.

A Shimadzu HPLC system equipped with a LC20AT binary pump, a degaser, a SPD-
M20A diode array detector (Shimadzu Corp., Kyoto, Japan) and a SUPELCOSIL ™ LC-18
column (Sigma-Aldrich Co), 5um, 25 cm x 4.6 mm was used. Gradient elution was
performed with mobile phase A, composed of methanol: acetic acid: double distilled
water (10:2:88 v/v/v) and mobile phase B, comprising methanol: acetic acid: double
distilled water (90:3:7 v/v/v), at a flow rate of 1.0 ml/min. All solvents were HPLC grade
solvents, filtered through a 0.45-uM membrane (Millipore, U.S.A.) and degassed in an
ultrasonic bath before use. The chromatograms were monitored at 280 and 360 nm. The
following pure standards were used to quantify the bioactive compounds in the leaves
and stems of mistletoe: betulinic acid, gallic acid, protocatechuic acid, gentisic acid,
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chlorogenic acid, p-OH benzoic acid, caffeic acid, syringic acid, salicilyc acid, p-coumaric
acid, ferulic acid, sinapic acid, trans-cinamic acid, naringenin, quercetin, kaempherol and
rosmarinic acid. The quantification was made by comparison to calibration curves with
pure standards, in the range 0.48 to 500.0 pg/ml. The regression coeficients of calibration
curves ranged between 0.9812 and 0.9999. Integration and data analysis were made using
Origin 7.0 software.

Quantitative data regarding the phenolic compounds composition of mistletoe extracts are
shown in Tab. 1.

We identified and quantified 17 compounds from mistletoe samples (Tab. 1), including a
pentacyclic triterpene (betulinic acid), 12 phenolic acids (gallic acid, protocatechuic acid,
gentisic acid, chlorogenic acid, p-OH benzoic acid, caffeic acid, syringic acid, salicilyc acid,
p-coumaric acid, ferulic acid, sinapic acid, and trans-cinamic acid) and 4 polyphenols
(naringenin, quercetin, kaempherol and rosmarinic acid). The Fig. 3 presents the chemical
structure of bioactive compounds investigated.

These compounds were identified according to their retention time and the spectral
characteristics of their peaks compared with standards, as well as by spiking the sample
with individual standards. Phenolic compounds are found usually in nature as esters and
rarely as glycosides or in free form. Thus, hydrolysis was needed for their identification and
quantitative determination. Flavonoids are also present in plants in the form of glycosides.
Each flavonoid may occur in a plant in several glycosidic combinations. For this reason,
hydrolysis was used to release the aglycones which were further investigated by HPLC.

Quantitative HPLC analysis of V. album showed a higher content of bioactive compounds in
the leaves compared with stems (Tab. 1). In the case of leaves from V. album hosted by Acer
campestre (VAA), seven phenolic acids and three polyphenols were identified, while in the
stem of mistletoe we found only one phenolic acid (trans-cinnamic acid). Caffeic acid was
the dominant compound (13.61 pg/g dry matter) in the leaves of mistletoe. Kampherol and
rosmarinic acid were presented in both, leaves and stems, while quercetin was identified
only in leaves.

The mistletoe hosted by Fraxinus excelsior (VAF) contains nine phenolic acids, and two
flavonoids. HPLC chromatograms of phenolic acids from leaves and stems of Viscum album
hosted by Fraxinus excelsior are presented in Fig. 4. Concentration of para-coumaric acid in
the VAF sample was 1.82 pg/g dry matter, but we have not identified it in other mistletoe
extracts. Caffeic acid was found to have the higest values both in leaves (13.98 pg/g dry
matter) and stems (15.86 pg/g dry matter). Kaempherol was also present both in leaves
(7.30 pg/ g dry matter) and stems (3.66 ug/g dry matter), while quercetin was present only
in leaves (6.05 pg/g dry matter).

In case of V. album collected from Populus nigra (VAP), ferrulic acid was a dominant compound
in the set of phenolic acids both in leaves (11.52 ug/g dry matter) and in stems (6.14 pg/g dry
matter). Salycilic acid was also present in VAP leaves (8.4 pg/g dry matter) and stems (2.3
pg/ g dry matter), while in the other mistletoe samples it was detected only in leaves.

The HPLC chromatogram of mistletoe hosted by Mallus domestica (VAM) showed seven
phenolic acids in leaves. Betulinic acid was present only in this mistletoe, both in leaves
(1.87 pg/g dry matter) and stems (2.05 ug/g dry matter). Also, like in mistletoe hosted by P.
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. |BIOACTIVE VAA VAF VAP VAM VAR
E |COMPOUNDS  |Acer campestre |Fraxinus Populus nigra [ Mallus domestica|Robinia
oRe) excelsior pseudocacia
©Z leaves [stems [leaves [stems [leaves [stems [leaves [stems [leaves [stems
Pentacyclic triterpene
1. |Betulinicacid |nd nd nd 235 |nd nd 187 |205 |nd nd
+0.03 +0.20 |*0.05
Phenolic acids
2. Gallic acid nd nd nd nd nd nd nd nd 39.93 |nd
+0.4
3. Protocatechuic  [nd nd 506 |3.87 (258 |045 |410 |nd nd 2.01
acid £0.03 |%0.01 [+0.01 [+0.01 [+0.32 0.2
4. |Gentisic acid nd nd nd nd nd nd nd nd nd nd
5. |Chlorogenic acid [4.70  [nd 274 1127 |nd nd nd nd nd nd
+0.01 +0.02 |+0.2
6. |para-OH benzoic|10.16 [nd 10.81 |nd 125 |nd 1.02  |nd nd nd
acid +0.1 +0.02 +0.02 +0.11
7. |Cafeic Acid 13.61 |nd 13.98 |15.86 |nd 534+ 639 1681 [nd nd
+0.04 £0.01 |+0.03 0.03  |+0.23 [+0.004
8.  |Syringic acid nd nd 111 1213 |nd nd nd 1.32  |nd nd
£0.04 |+0.01 +0.02
9.  |Salicilyc acid 6.70 [nd 270 |nd 8.4 2.3 1.80 |nd nd nd
+0.03 +0.03 +£0.01 |+0.05 |+0.01
10. |para-coumaric |nd nd 1.82 |nd nd nd nd nd nd nd
acid +0.001
11. |Ferulic acid 758 |nd 899 |8.06 |11.52 [6.14 |7.81 1688 [9.93 |[nd
+0.001 £0.02 |+0.02 |+0.1 [+0.11 |#0.01 |+0.01 [+0.01
12. |Sinapic acid 541 |nd 1235 (482 717 |nd 211 113 [19.32 |nd
+0.3 £0.01 |+0.04 [+0.3 +0.02 |+0.01 |+0.01
13. |Trans-cinnamic |541 (123 |nd 3.07 |nd nd nd nd nd nd
acid +0.04 |+0.03 +0.05
Flavonoids
14. [Naringenin nd nd nd nd nd nd nd nd nd nd
15. |Quercetin 0.93 nd 6.05 nd 3.25 nd 0.36 nd 7.90 nd
+0.01 +0.02 +0.01 +0.02 +0.01
16. |Kampherol 2.74 13.32#0.(7.30 |3.66 |nd nd nd nd 7.58 1638
+0.01 001 +0.01 |+0.01 +0.01 |+0.01
Polyphenol
17. |Rosmarinicacid |1.94 [1.81 |nd 1.27 0.8 2.0 112 |1.08 |nd nd
+0.002 £0.01 |+0.2  [+0.001 {+0.01 [+0.02
Total phenolic acids ~ [53.57 [1.23  |59.56 [49.08 [30.92 [14.23 |23.23 |16.14 [69.18 [2.01
Ratio leaves/stems of [43.51:1 1.2:1 22:1 14:1 34.4:1
phenolic acid
Total phenolic acid 54.80 108.64 45.15 39.37 71.19
(leaves +stem)
Total flavonoids 6.99 17.01 3.25 0.36 21.86
(leaves +stem)

Table 1. Quantitative HPLC analysis of bioactive aglicones of phenolics (ug/g dry matter*)
from leaves and stems of V. album harvested from different hosts, on July 2009 (Vicas et
al.,2011a).



Antioxidant Activity of European Mistletoe (Viscum album) 121

nigra, ferulic acid was the main compound in leaves and stems (7.81 ng/g dry matter, and
6.88 nug/g dry matter, respectively) of VAM samples.
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Fig. 3. Bioactive compounds investigated in the leaves and stem of V.album.

The main compound in V. album hosted by Robinia pseudoacacia (VAR) was gallic acid
(39.93 pg/ g dry matter), which has not been found in the other samples studied.

We did not detect gentisic acid in any sample, nor naringenin, while quercetin was
identified only in stems.
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Fig. 4. HPLC chromatograms, used to fingerprint and evaluate quantitatively phenolic acids
from leaves and stems of V.album harvested from Fraxinus excelsior (VAF) (Vicas et al.,
2011a).
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Phenolic acids represent the major fraction of bioactive compounds in all V. album. A high
variability of phenolic acid rations between leaves and stems was observed. While, VAA
and VAR had high ratios (43.51:1 and 34.41:1, respectively) the lowest ratios were observed
in the case of VAF and VAM (1.21:1 and 1.44:1, respectively).

In our study, the mistletoe hosted by Fraxinus excelsior (VAF) proved to be the richest in
phenolic acids (108.64 pg/g dry matter), followed by VAR (71.19 pg/g dry matter), VAA
(54.80 pg/ g dry matter), VAP (45.15 pg/g dry matter) and VAM (39.37 ng/g dry matter).

The total polyphenols from leaves and stems of V. album decreased in the following order:
VAR > VAF > VAA > VAP > VAM.

Luczkiewicz et al. (2001), analyzed the phenolic acids present in mistletoe plants hosted by
six different hosts. They found that in mistletoe hosted by Mallus domestica, the main
compound was rosmarinic acid (17.48 mg %), while in mistletoe hosted by Populus nigra, the
dominant component was chlorogenic acid (12.34 mg %).

Condrat et al.,, (2009) investigated also nine phanerogam plants (including the European
mistletoe) for their flavonoid content and antioxidant activity. Quercetin and kaempferol
concentrations were found to be very low in mistletoe extracts (0.20 pmol/g dry matter, and
0.16 umol/g dry matter, respectively).

Our study revealed that the flavanone naringenin was not present in all the varieties of Viscum
album investigated. This result is in agreement with the study of Haas et al., (2003) that did not
find naringenin in all subspecies of V. album analysed, but they found it, rarely, in epicuticular
waxes, in V. cruciatum. They also found flavonols (quercetin and occasionally kaempherol,
along with some of their methyl derivatives) in epicuticular material of V. album.

3. Antioxidant activity of Viscum album

Phenolic compounds have attracted the interest of many researchers because they are
powerful antioxidants and can protect the human body from oxidative stress. The
antioxidant activity of phenolics is mainly due their redox properties.

The present study inquired a variety of in vitro tests, based on the capacity to scavenge free
radicals. On the basis of the chemical reactions involved, major antioxidant capacity can be
divided into two categories: i) hydrogen atom transfer (HAT) and ii) single-electron transfer
(SET) reaction - based assay. HAT-based procedures measure the classical ability of an
antioxidant to quench free radicals by hydrogen donation (ORAC method):

X'+ AH -»XH + A, where AH = any H donor

SET-based method detects the ability of a potential antioxidant to transfer one electron to
reduce a species, including metals, carbonyls, and radicals (TEAC method):

X+ AH —->X-+ AH+
AH+* + H,O <A + H;0*
X-+ H3;0* - XH + HO

M(IIT) + AH — AH* + M(I)
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For the determination of antioxidant activity of mistletoe extract through different methods,
we used fresh leaves and stems (2 g) that were homogenized with 10 ml distilled water, or
with 10 ml 98% ethanol using an Ultra Turax homogenizator, for 1 minute. This mixture was
centrifuged (10 000 rpm, at 4°C, for 10 minutes) and the supernatants were filtered through a
filter paper. The filtrate was used for the antioxidant activity measurements and total
phenolics content.

3.1 DPPH inhibition by mistletoe extracts

A rapid, simple and inexpensive method to measure antioxidant capacity of plant extracts
involves the use of the free radical, 2,2-Diphenyl-1-picrylhydrazyl (DPPH). DPPH is widely
used to test the ability of compounds to act as free radical scavengers or hydrogen donors,
and to evaluate antioxidant activity of extracts. The reaction involves a colour change
from violet to yellow (Fig.5) that can be easily monitored using a spectrophotometer at
515 nm.

The DPPH radical-scavenging activity was determined using the method proposed by
Brand-Williams et al., (1995). The reaction was performed in 12 well-plate. A volume of 200
ul sample and 1.4 ml DPPH solution (80 uM) were added to each microplate well. The
decrease in the absorbance of the resulting solution was monitored at 515 nm for 30 min.
The percentage of scavenging effect of different extracts against DPPH radicals, was
calculated using the following equation:

DPPH scavenging effect (% ) = [(Ao- As)x100] / Ao 1)

Where, Ay is absorbance of the blank, and As is absorbance of the samples at 515 nm
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Fig. 5. The structure of DPPH radical and its reduction by an antioxidant.

The comparative antioxidant activity of V.album leaves hosted by different host trees,
evaluated by the DPPH method shown significantly differences (p < 0.001) regarding to
DPPH scavenging effect (%) of aqueous and ethanol extracts in leaves and stems (Vicas et
al,, 2011a).

The results showed that DPPH scavenging effect of aqueous extracts from mistletoe leaves
varied between 11.49 %, in the case of mistletoe growing on Robinia pseudoacacia (VAR), to
222 % in the case of VAM (mistletoe growing on Mallus domestica). Higher DPPH
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scavenging effect was observed in the ethanol extracts, with values ranging from 77.19%
(VAF) to 50.47 % (VAA).

The DPPH scavenging effect of extracts of mistletoe stems was lower than that of leaf
extracts. No antioxidant activity was detected in aqueous extracts of VAF and VAM
stems.

In all samples, stem extracts have lower antioxidant activity than the corresponding leaf
extracts, also in the case of ethanol extracts.

Similar results were obtained by Onay-U(;ar et al.,(2006), who investigated the antioxidant
activity of methanol extracts of V.album grown on different host trees. Their results showed
that mistletoe hosted by Robinia pseudocacia (VAR) exhibited 73.44% inhibition of DPPH, and
mistletoe hosted by Acer campestre (VAA) presented 59.52% inhibition of DPPH. The slight
differences between our results and theirs can be assigned to the solvent used for extraction
and/or to environmental factors.

Sharma and Bhat (2010), showed that the absorbance profiles of DPPH were highest in a
buffered methanol solution, followed by methanol and ethanol solutions. Higher
absorbance in methanol solutions implies better sensitivity vis-a-vis ethanol solutions of
DPPH.

Roman et al., (2009) investigated the efficiency of ultrafiltration process on the antioxidant
activity of aqueous extract of V. album. The values obtained by the DPPH assay ranged
between 66.2% and 88.2% DPPH inhibition for mistletoe concentrated extracts. The
correlation coefficient between data of DPPH inhibition and total protein content was 0.94,
suggesting that, besides the phenolic compounds of Viscum extracts, viscolectins have a
great contribution to the radical scavenging activity.

Other research paper (Oluwaseun and Ganiyu, 2008) investigated the antioxidant properties
of methanol extracts of V. album isolated from cocoa and cashew trees in the South Western
part of Nigeria. The scavenging ability of each methanol extract against DPPH followed a
dose-dependent pattern (0-10 mg/ml). The free radical scavenging ability of the V. album
extract from cocoa tree performs better than that from cashew tree, a fact that is in
agreement with the total phenol content of the two extracts (182 mg /100 g, and 160 mg
/100 g, respectively).

Papuc et al.,, 2010, investigate the free radicals scavenging activity of ethanol extract from
mistletoe. The scavenging activity calculated for V. album in % inhibition was 7.2%.

When the activities of the same type of mistletoe extracts, collected from the same host tree,
but in different seasons, were compared using the DPPH assay, it was found that the
antioxidant activity was, in general, higher in spring (Vicas et al., 2008). The values obtained
in May 2008 by the DPPH assay varied from 42.2 % DPPH inhibition for V. album growing
on Robinia pseudocacia (VAR) to 17.4 % DPPH inhibition for V. album growing on Populus
nigra (VAP). In July, the VAR extracts exhibited the highest capacity to scavenge free
radicals (46.91%), but the VAA and VAP extracts lost their antioxidant activity. The
differences may be explained by the different environmental factors (temperature, water,
irradiation, etc.).
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The antioxidant activity of the V. album extract from Robinia pseudoacacia has the highest,
especially in the case of DPPH method (11.49 +0.04 % for VAR leaves aqueous extracts
harvesting in July; 76.60+ 0.02% for VAR leaves ethanol extracts harvesting December) and
this is also in agreement with total phenolic content (Vicas et al., 2011b).

3.2 ORAC method

The ORAC method measures antioxidant inhibition of peroxyl radical-induced oxidations,
and thus reflects classical radical chain breaking antioxidant activity by hydrogen atom
transfer. The ORAC assay was performed essentially as described by Huang ef al.,(2002). A
volume of 150 pl of working solution of sodium fluorescein (4 x 10 mM) was added to
25 ul samples, in a 12 well-microplate. The plate was allowed to equilibrate by incubating it
for a minimum of 30 minutes in the Synergy™ HT Multi-Detection Microplate Reader
(BioTek Instruments, Winooski, VT) at 37°C. Reaction was initiated by the addition of 25 pl
of 2,2’-azobis(2-amidino-propane) dihydrochloride (AAPH) solution (153 mM) and the
fluorescence was then monitored kinetically with data taken every minute, at 485 nm, 20 nm
bandpass excitation filter, and a 528 nm, 20 nm bandpass emission filter. ORAC values were
calculated as described by Cao and Prior (1999). The area under the curve (AUC) and the
Net AUC of the standards and samples were determined using equations 2 and 3
respectively.

AUC = 05 + (R2/R1) + (R3/R1) + (R4/R1) +05(Rn /R1) 2

Net AUC = AUC,,, .. - AUC, 3)

sample

Where R1- fluorescence value at the initiation of reaction and Rn - fluorescence value after
30 min.

The standard curve was obtained by plotting the Net AUC of different Trolox
concentrations against their concentration (6.25 - 100 uM). ORAC values of samples were
then calculated automatically using Microsoft Excel to interpolate the sample’s Net AUC
values against the Trolox standard curve.

The values obtained by ORAC assays varied from 10.73 + 1.90 mM Trolox equivalents/g
fresh matter for the VAP ethanol leaf extract, to 1.52 + 1.25 mM Trolox equivalents/g fresh
matter for the VAM aqueous stem extract. According to the results obtained in the ORAC
assay, there was no significant differences between the antioxidant capacity of leaves and
stems for all variants of mistletoe investigated, except for the aqueous leaf extracts of VAA
vs VAM (p < 0.01), and for the aqueous stem extracts of VAA vs VAM (p < 0.05). The highest
values were recorded in the case of VAA aqueous leaf extract (549 mM Trolox
equivalents/g fresh matter) and VAP ethanol leaf extract (10.73 mM Trolox equivalents/g
fresh matter) (Vicas et al. 2011a).

3.3 TEAC method

The TEAC is a spectrophotometric method, widely used for the assessment of antioxidant
activity of various substances. This method measures the ability of compounds to scavenge
the 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) radical cation in relation to
Trolox. The blue/green ABTS* chromophore radical is produced through the reaction
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between ABTS and potassium persulfate. In the presence of an antioxidant the ABTS*
radical changes from blue/green to colorless depending on antioxidant capacity of
compound, its concentration and the duration of the reaction. ABTS was dissolved in
distilled water to a 7 mM concentration. ABTS* was produced by reacting ABTS stock
solution with 2.45 mM potassium persulfate and allowing the mixture to stand, in the dark,
at room temperature for 12-16 h before use. ABTS stock solution was diluted with ethanol in
order to obtain an absorbance of 0.70 £ 0.02 at 734 nm. After addition of 17 pl of extract to
170 pl of diluted ABTS*, the interaction between the antioxidants and the ABTS+ was
monitored spectrophotometrically at 734 nm (Arnao et al. 2001). The results were expressed
in mM Trolox equivalent/ g fresh matter.

Based upon the conducted research, it has been found that all mistletoe extracts (aqueous or
ethanol, leaf or stem) have the ability of scavenging cation-radicals ABTS*. According to the
results obtained with TEAC assays, there were significant differences (p < 0.001) between all
the extracts investigated (Vicas et al. 2011a). The highest level of scavenging radicals was
detected in water extracts, and ethanol extracts had the lowest deactivation level. Aqueous
leaf and stem extracts of mistletoe growing on Acer campestre (VAA) recorded the highest
TEAC values (678.72 = 0.00 mM equivalent Trolox/g fresh matter, and 577.94 +0.01 mM
equivalent Trolox/g fresh matter, respectively), while for the ethanol extracts the highest
level of scavenging cation-radicals ABTS* was recorded for leaves from VAF (461.09 £0.11
mM equivalent Trolox/g fresh matter) and for stems from VAP (306.68 + 0.01 mM
equivalent Trolox/g fresh matter). We may suppose that water extracts had the highest
antioxidant activity because they contain more bioactive compounds with the ability of
scavenging cation-radicals ABTS*, as compared to ethanol extracts (Vicas et al. 2011a).

3.4 Folin-Ciocalteu method

Total phenolic content was determined by the Folin-Ciocalteu method (Singleton et al.,
1999). Mistletoe extract (23 pl) was mixed with 1817 pl distillated water, 115 pl Folin-
Ciocalteu reagent (dilution 1:10, v/v) and 345 pul of 15% NaxCOjs solution, and the mixture
incubated at room temperature, in the dark, for 2 hours. The absorbance was measured at
765 nm using a spectrophotometer (BioTek Synergy). The calibration curve was linear for
the range of concentrations between 0.1-0.5 mg/ml gallic acid. The results were expressed
in mg gallic acid equivalents (GAE)/g fresh matter). In aqueous leaf extracts, the highest
polyphenolic content was found in VAR (200.51 + 0.00 mg GAE/ g fresh matter, while the
lowest value was 176.87 + 0.003 mg GAE/ g fresh matter for VAM. The values obtained for
total phenolics in both, aqueous and ethanol extracts, decreased in the order: VAR > VAF
> VAP > VAA > VAM. The mistletoe stem extracts contained lower levels of phenolics
than the leaf extracts, in both solvents. The lowest level of total phenolics was recorded
for VAF and VAA aqueous stem extracts (58% and 54,97% less that leaves, respectively).
In the other extracts (VAM or VAR), the differences between leaves and stems were not
significant.

In a recent research paper Vicas et al., (2011 b) presented comparatively the total phenolic
content from leaves of mistletoe, in three different periods (May, July and December).
Generally, the content of total phenolic was higher in aqueous extract comparative with
ethanol extract. In aqueous leaves extract, the highest phenolic content was found in VAR
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(209.51 £ 0.01 mg GAE/ g fresh matter), harvesting in May, while the lowest value was 83.93
+ 0.001 mg GAE/ g fresh matter for VAF, harvesting in July. The mistletoe stem extracts
contained lower levels of phenolics, comparing with leaves, in both solvents. In the ethanol
extract, the highest phenolic content was found in VAM (58.97 + 0.009 mg GAE/ g fresh
matter), harvesting in December, followed by VAA extract (51.96 + 0.006 mg GAE/ g fresh
matter). These results can be explained by the influence of harvesting time on the chemical
composition and antioxidant activity.

There are many research studies that have established a correlation between the total phenol
content of plants and their antioxidant properties (Kiliggiin and Altiner, 2010; Song et al.,
2010; Tosun et al., 2009; Alali et al., 2007).

3.5 FRAP method

Considering the antioxidant potential of European mistletoe components (leaves and stems)
due to their content in phenolic derivatives (phenolic acids and flavonoids) and carotenoids,
and their specific hydrophilic and lipophilic character, respectively, we measured
comparatively the ,lipophilic” and hydrophilic” antioxidant capacity, based on the reducing
power of such antioxidants against the ferric tripyridyltriazine (Fe(Ill)-TPTZ) complex
(Fig.6). Statistical correlations between their phenolic or carotenoid concentrations and
hydrophilic / lipophilic antioxidant activities, in relation to their location (leaves versus
stems) are also reported.

Mistletoe extracts for total phenolic content and hydrophilic and lipophilic antioxidant
activity were prepared as presented in Fig. 7. Shortly, 10 g leaves or stems were mixed with
25 ml methanol (MeOH), and then the slurries were kept at 49C for 12 hours. After
centrifugation for 20 minutes, the supernatant was recovered and stored at - 20° C until the
hydrophilic antioxidant activity (HAA) was assayed. The pellet was dissolved in acetone,
homogenized and sonicated to extract the lipophilic components submitted to lipophilic
antioxidant activity (LAA) analysis. The homogenates were centrifuged for 20 minutes, and
the supernatant was recovered and stored at - 20° C until assayed

Fe(TPTZ)3(I1T) + ArOH — Fe (TPTZ)y(1I) + ArOH*

f

antioxidant

Fig. 6. Reducing power of an antioxidants against the ferric tripyridyltriazine (Fe(IIl)-TPTZ)
complex.

The ferric reducing antioxidant power (FRAP) assay was used to determine both
hydrophilic and lipophilic antioxidant activities. The assay was determined according to the
method of Benzie and Strain (1996) with some modifications. The FRAP assay consists in the
ferric tripyridyltriazine (Fe(IlI)-TPTZ) complex reduction to the ferrous tripyridyltriazine
(Fe(II)-TPTZ) by an antioxidant at low pH. The stock solutions included: 300 mM acetate
buffer; 250 mg Fex(SOy)s - HoO dissolved in 50 ml distillated water; 150 mg TPTZ and 150 pl
H(, dissolved in 50 ml distillated water. The working FRAP solution was freshly prepared
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by mixing 50 ml acetate buffer, 5 ml Fex(SO4)3 H>O solution and 5 ml TPTZ solution.
Mistletoe extracts (100 pl) were allow to react with 500 pl FRAP solution and 2 ml distilled
water, for 1 h, in dark. The final colored product (ferrous tripyridyltriazine complex) was
quantified by VIS absorption at 595 nm. As positive antioxidant control we used ascorbic
acid (AA) and obtained a standard linear curve, between 5 and 100 mg/1 vitamin C. The
antioxidant activity (HAA and LAA) was expressed in mg/l AA equivalents/ g fresh
weight.

We noticed no semnificative differences between the HAA values from leaves and stems
hydrophilic fractions, but mistletoe leaves extract originating from Mallus domestica (VAM)
and Fraxinus excelsior (VAF) and all stem extracts have shown the highest antioxidant
activity, (0.14 £0.12 and 0.13 + 0.11mg/1 vitamin C equivalent / g of fresh leaves).

Meanwhile, LAA is significantly lower (around 100 times) comparing to HAA, in both
leaves and stems. No significant differences were noticed between stem and leaves of
mistletoe extract. Overall, we observed better antioxidant capacity for VAF and VAM.

A reason for low LAA values (which can be due to low carotenoid concentrations found in
acetone extract) can be also the overlapping of carotenoids absorption (450 nm) and the
color developed during FRAP method (UV-Vis absorbtion at 595 nm), observed also by
other authors who studied vegetable extracts (Ou et al., 2002).

MISTLETOE
Leaves and stems fresh
Mixed with 25 ml MeOH

L
¢ Homogenized

o Kept at 4°C, 12 hours
e Centrifuged

[ Supernatant ]

l e Mixed with acetone
g e Sonicate
Hydrophilic fraction for e Centrifuged
HAA

[

\ 4
[ Lipophilic fraction for LAA ]

Fig. 7. Flow sheet of extraction of mistletoe extract for the determination of antioxidant activity
of hydrophilic and lipophilic fractions (HAA and LAA, respectively). (Vicas et al., 2009b).
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Total phenolics concentration was determined by the Folin-Ciocalteu method, and total
carotenoids content from the lipophilic and hydrophilic fraction was determined by the VIS
absorption at 470 nm, using a (-carotene (0.001-0.004 mg/ml) standard curve. The total
carotenoids content was expressed based on -carotene equivalents (B-carotene; mg/g fresh
weight).

The total phenolics and carotenoids content were measured in methanol and acetone
extracts. Methanol extract showed relatively high phenolics content (between 0.65 and 0.40
mg GAE/ g fresh weight), which are known as the major natural hydrophilic antioxidants.

The phenolics content did not differ significantly between leaves and stems in the methanol
extract. But, in the acetone extract the content in the phenolic compounds are 100 time lower
comparing to the methanol extract (from 0.015 to 0.002 mg GAE/g FW). Generally, the
acetone extracts gave lower values of phenolics and carotenoids than methanol extract. The
leaves had, in both solvents, higher concentrations of phenolics and carotenoids, comparing
with stems. The stem acetone extract did not contain any carotenoids. Mistletoe leaves
originating Acer campestre (VA]), followed by VAM and VAF showed higher concentrations
of phenolics, and also carotenoids especially in methanol.

The HAA values, as determined by FRAP method, were significantly correlated with the
values of phenolics content, as determined by Folin-Ciocalteu assay (R? = 0.9363) in the case
of leaves, and R2 = 0.761 in the case of stems, as shown in Fig. 8. The LAA values, as
determined by FRAP method, were slightly correlated with the carotenoids content
(R2 = 0.6327) (Fig. 8A), and meanwhile HAA were no correlated with carotenoids
(R2=0.168) (Fig. 8 B) (Vicas et al., 2009b).

The methanol extracts of V. album demonstrated to be rich in phenolic compounds, potential
antioxidants with ferric reducing ability. Mistletoe leaves originating from Acer campestre
(VAJ), followed by VAM and VAF showed higher concentrations of phenolics, and also
carotenoids, superior to acetone extracts. Meanwhile, VAF and VAM showed higher HAA
and LAA activities. These data suggest that the antioxidant capacity slightly differs
depending on the host trees.
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Fig. 8. Correlations found between the HAA, as determined by FRAP method, and total
phenolics concentration values (GAE units) of mistletoe leaves (A) and stems (B) (Vicas et
al., 2009b).

Other authors (Onay-Ucar et al., 2006) also reported that antioxidant capacity of V. album
extract differ depending on the time of harvest and nature of the host trees. Similar results
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were obtained by Oluwaseun and Ganiyu (2007), who evaluated the antioxidant activity
of methanol extract of V. album leaves from two hosts (cocoa and cashew trees), showing
that mistletoe from cocoa tree had higher total phenol content (182 mg/100g) than that
from cashew tree (160 mg/100g), the main reason of their antioxidant capacity. Therefore,
that the total phenolic content, more than carotenoids content can serve as a useful
indicator for the antioxidant activities of mistletoe extracts. Carotenoids are less available
also for extraction, being linked to proteins in the photosynthetic apparatus in leaves, a
possible.

4. Conclusion

The influence of the host tree may have a key role in the phenolic composition of mistletoe
leaves or stems. The mistletoe hosted by Fraxinus excelsior (VAF) proved to be the richest in
phenolic acids (108.64 pg/g dry matter), followed by VAR (71.19 pg/g dry matter), VAA
(54.79 pg/g dry matter), VAP (45.15 pg/g dry matter) and VAM (39.37 ng/g dry matter), as
determined by HPLC. The total polyphenols from leaves and stems of V. album decreased in
the following order: VAR > VAF > VAA > VAP > VAM.

In aqueous leaf extracts, the highest polyphenol content was found in VAR (200.51 + 0.00 mg
GAE/ g fresh matter, while the lowest value was 176.87 + 0.003 mg GAE/ g fresh matter for
VAM. The values obtained for total phenols in both, aqueous and ethanol extracts,
decreased in the order: VAR > VAF > VAP > VAA > VAM. The mistletoe stem extracts
contained lower levels of phenols, as compared to leaves, in both solvents.

The bioactive compounds and the antioxidant activity are present in leaves and also in
stems, in all the mistletoe samples examined (aqueous and ethanol). Of the samples
examined, the best results were obtained with ethanol extract of VAF, followed by VAR.

As it has been observed by other authors (Cao and Prior, 1998), the values obtained for the
antioxidant capacity of an extract depend greatly on the methodology used. The
antioxidant potential is reflected by a more complex synergy of active molecules, not only
phenols.

The differences in antioxidant activity between leaves and stems of mistletoes harvested
from different trees can be attributed to environmental factors such as season, climate and
temperature which can significantly affect the accumulation of the antioxidant components
in the plant tissue.
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1. Introduction

Oxidative stress plays a critical role in the pathogenesis of inflammation (Winrow et al.,
1993), which is a physiological response that protects the body from stimuli including
infections and tissue injury. The magnitude of the inflammatory response is crucial, and
insufficient responses result in immunodeficiency, which can lead to infection and cancer.
Excessive responses cause morbidity and mortality from diseases such as rheumatoid
arthritis, Crohn’s disease, atherosclerosis, diabetes, Alzheimer’s disease, multiple sclerosis,
and cerebral and myocardial ischemia (Tracey, 2002). Inflammation is associated with a
wide range of inflammatory mediators that initiate inflammatory responses, recruit and
activate other cells to the site of inflammation, and subsequently resolve the inflammation
(Gallin & Snyderman, 1999). The expression of pro-inflammatory mediators such as
cytokines, chemokines, adhesion molecules, iNOS, and COX-2 involves nuclear factor-xB
(NF-xB) (Baeuerle & Baltimore, 1996; Hayden & Ghosh, 2004). Mitogen-activated protein
kinases (MAPKs) pathways are also reportedly stimulated by inflammatory mediators
(Guha & Mackman, 2001).

The genus Sasa (Poaceae) is composed of perennial plants commonly known as bamboo
grasses, and various Sasa species are widely distributed in Asian countries including China,
Japan, Korea, and Russia (Okabe et al., 1975). Sasa leaves have been used in traditional
medicine for their anti-inflammatory, antipyretic, and diuretic properties (Bae, 2000).
Bamboo leaves have also been used in clinical settings to treat hypertension, cardiovascular
disease, and cancer (Shibata et al., 1975).

Many recent studies have described the beneficial health effects of Sasa species leaves, which
have been used as alternative medicines. S. albomarginata extract reportedly has anticancer
properties (Shibata et al., 1979). Both lignin and polysaccharide preparation from Sasa
species reportedly have antitumor properties (Suzuki et al., 1968; Yamafuji & Murakami,
1968). Two polysaccharide preparations (GK1 and GK2) from S. kurilensis was found to
negatively affect the growth of Sarcoma-180 implanted in mice (Raidaru et al., 1997). Also,
Sasa Health, an alkaline extract derived from S. senanensis leaves containing
polysaccharides, chlorophyllin, lignin, and flavonoids, reportedly has a protective effect on
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spontaneous mammary tumorigenesis (Tsunoda et al.,, 1998) and Her2/NeuN mammary
tumorigenesis (Ren et al., 2004). Researchers have also recently reported that S. senanensis
leaf extracts have antioxidant and immunostimulation-mediated antitumor properties
(Kurokawa et al., 2006; Seki et al., 2008). Hagasewa et al. (2008) reported antioxidant C-
glycosyl flavones in the leaves of S. kurilensis var. gigantea. Extract from S. borealis leaves
reportedly improves chronic high glucose-induced endothelial apoptosis (Choi et al., 2008),
as well as insulin resistance by modulating inflammatory cytokine secretion in high fat diet-
induced obese C57/BL6] mice (Yang et al., 2010). Park et al. (2007) reported four antioxidant
flavone glycosides (tricine-7-O-B-D-glucopyranoside, isoorientin, apigenin 6-C-B-D-
xylopyranosyl-8-C-p-D-glucopyranoside, isoorientin 2-O-a-L-rhamnoside) from S. borealis.
Two phenolic compounds, (-)-syringaresinol and tricin, isolated from S. borealis, exhibited
P-glycoprotein inhibitory properties in adrimiamycin-resistant human breast cancer, MCFE-
7/ARD (Jeong et al., 2007).

S. quelpaertensis Nakai is another bamboo grass. It is a native Korean plant that grows only
on Mt. Halla on Jeju Island, South Korea. This small bamboo grass has recently been the
focus of much attention due to its potential biomass as well as its role as an invasive plant
that inhibits the growth of other plants in the habitat on Jeju Island. Young leaves of S.
quelpaertensis are used for a popular bamboo tea, but their beneficial health effects and the
bioactive compounds contained in the plant have not yet been identified. Thus, systematic
research about using its leaves as an industrial bio-resource is increasingly required. As a
first step to evaluating the potential of S. quelpaertensis leaves as nutraceuticals, in this study,
we investigated the anti-oxidative and anti-inflammatory activities of S.quelpaertensis leaf
extract.

2. Materials and methods
2.1 Reagents

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and penicillin-
streptomycin (PS) were obtained from Gibco-BRL (Grand Island, NY, USA). Antibody
against inducible NOS (iNOS) was purchased from Calbiochem (San Diego, CA, USA), and
antibody against cyclooxygenase-2 (COX-2) was obtained from Becton Dickinson (Mountain
View, CA, USA). Anti-phospho-extracellular signal-regulated kinase (ERK1/2) was
acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against
ERK1/2, JNK1/2, phospho-JNK1/2, p38, and phospho-p38 were obtained from Cell
Signaling Technology (Beverly, MA, USA). The lactate dehydrogenase (LDH) Cytotoxicity
Detection Kit was purchased from Takara Shuzo Co. (Otsu, Shiga, Japan). Protein assay
reagent was purchased from Bio-Rad Laboratories Inc. (Hercules, CA, USA). Trizol reagent
was purchased from Molecular Research Center Inc. (Cincinnati, OH, USA),
lipopolysaccharide (LPS) (Escherichia coli 026:B6) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO, USA). All
other reagents were acquired from Sigma.

2.2 Preparation of extracts

S. quelpaertensis leaves were collected in October 2010, from Mt. Halla on Jeju Island, South
Korea. A dried powder of the S. quelpaertensis leaves was extracted using 80% methanol
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(MeOH) at room temperature for 48 h. This procedure was repeated twice. The combined
extract was concentrated on a rotary evaporator under reduced pressure and freeze-dried to
a powder. The dried extract was dissolved in water and then fractionated using the organic
solvents n-hexane (hexane), ethyl acetate (EtOAc), and n-butanol (BuOH) at room
temperature. Each fraction was concentrated on a rotary evaporator under reduced pressure
and freeze-dried to a powder.

2.3 Measurement of antioxidant activities
2.3.1 DPPH radical scavenging assay

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was examined according
to the method reported by Tateyama et al. (1997) with slight modifications. Briefly, the
extracts were mixed with methanol and then added to 0.4 mM DPPH in methanol. After 20
min of incubation in the dark at room temperature, the reduction in the DPPH free radical
was measured by absorbance, which was read using a microplate reader (Bio-Tek
Instruments, Winooski, VT, USA) at 517 nm. Trolox and BHA, a stable antioxidant, were
used as a reference control and pure methanol was used as a control sample. Three
replicates were made for each test sample. The radical scavenging activity of samples,
expressed as percent inhibition, was calculated according to the follow formula: % inhibition
= (A0/AX)/ A0 x 100, where A0 and AX are the absorbance values of the blank sample and
the tested samples, respectively. The results were indicated as ICsy, which is the 50%
inhibitory concentration of DPPH radical scavenging activity.

2.3.2 NO scavenging activity

Nitric oxide (NO) scavenging activity was measured using the method described by Feelisch
and Stamler (1996) with slight modifications. Sodium nitroprusside (SNP) in an aqueous
solution at physiological pH spontaneously generates nitric oxide, which can be measured
using the Griess reagent system. The reaction solution containing 1 mM SNP in phosphate-
buffered saline (PBS) (pH 7.4) was mixed with the extract, followed by incubation at room
temperature for 3 h. Then, the reaction solution was mixed with an equal volume of Griess
reagent (1% sulfanilamide and 0.1% naphthylethylenediamine in 5% phosphoric acid). The
absorbance at 540 nm was recorded using a microplate reader. The percentage of NO
scavenging was measured through comparison with the absorbance values of the blank
sample.

2.3.3 Superoxide radical scavenging assay

Superoxide (Oy7) was generated using the enzymatic method. Briefly, the extracts were
mixed with an equal volume of reaction reagent [2 mM Na; EDTA in phosphate buffer (50
mM KH,PO4/KOH, pH 7.4), 0.05 mM nitroblue tetrazolium chloride (NBT) in a buffer, and
1 mM hypoxanthine in 50 mM KOH]. The reaction was started by adding xanthine oxidase
(XOD) in a buffer to the mixture (final XOD concentration was 0.05 U/ml). After 1 h of
incubation at room temperature, scavenging activity was measured by absorbance, which
was read using a microplate reader at 560 nm. Trolox and BHA, a stable antioxidant, were
used as a reference control; SOD and allopurinol were used as a positive control. The NBT
reduction (%) was calculated according to the following formula: % inhibition =
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(A0/AX)/ A0 x 100, where A0 and AX are the absorbance values of the blank sample and the
tested samples, respectively.

2.3.4 Determination of XOD-inhibitory activity

XOD-inhibitory activity was measured by detecting uric acid formation according to the
method described by Puig et al. (1989) with slight modifications. First, the extracts and
reaction reagent [2 mM Naz EDTA in a phosphate buffer (50 mM KH>PO,/KOH, pH 7.4)
and 1 mM hypoxanthine in 50 mM KOH] were mixed in a 96-well microplate. The reaction
was started by adding XOD in a buffer to the mixture (final XOD concentration was 0.05
U/ml). After 1 h of incubation at room temperature, uric acid production was measured by
absorbance, which was read using a microplate reader at 295 nm. Trolox and BHA, a stable
antioxidant, were used as a reference control. SOD and allopurinol were used as a positive
control. Uric acid production was calculated according to the following formula: %
inhibition = (A0/AX)/A0 x 100, where A0 and AX are the absorbance values of the blank
sample and the tested samples, respectively.

2.4 Cell culture

The RAW 264.7 murine macrophage cell line was obtained from the Korea Cell Line Bank
(Seoul, Korea). Cells were cultured in 1% PS/DMEM containing 10% heat-inactivated FBS at
37°Cin a 5% CO; incubator.

2.5 Cytotoxicity assay - MTT and LDH release assays

Cell viability and cytotoxicity were determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) cell viability assay and lactic dehydrogenase (LDH)
release assay. Cells were seeded at a density of 5 x 104 cells/well into a 96-well flat-bottom
cell culture plate in the presence or absence of the extracts. Mitochondrial enzyme activity,
which is an indirect measure of the number of viable respiring cells, was determined using
an MTT reagent after 40 h of treatment with methanol extract or its fractions. Absorbance
was read using a microplate reader (Bio-Tek Instruments) at 595 nm. The effect of extracts
on cell viability was evaluated as the relative absorbance compared to that of control
cultures. LDH leakage is known to be a marker of damage to the cell membrane, and the
LDH level was detected using the culture supernatants according to the LDH cytotoxicity
detection kit instructions (Takara Shuzo Co.). Cytotoxicity was expressed as the percentage
of released LDH (LDH released into the medium/maximal LDH release x 100). Maximal
LDH release was measured after lysis of the cells with 0.5% Triton X-100.

2.6 Measurement of NO and PGE; production

The amount of nitrite was determined using a colorimetric assay (Green et al., 1982). Briefly,
100 pl of cell culture medium was mixed with an equal volume of Griess reagent (1%
sulfanilamide and 0.1% naphthylethylenediamine in 5% phosphoric acid) and incubated at
room temperature for 10 min. The absorbance at 540 nm was recorded using a microplate
reader. Nitrite concentration was determined using extrapolation from a sodium nitrite
standard curve. Concentration of prostaglandin E> (PGE) in the culture medium was
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quantified by enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions.

2.7 Measurement of iNOS enzyme activity

The activity of the iNOS enzyme in the cell lysate was measured as the L-arginine- and
NADPH-dependent generation of nitrite. Briefly, 200 pg cell lysate was incubated for 180
min at room temperature in 100 pl of a reaction buffer containing 20 mM sodium phosphate
buffer, 2 mM NADPH, 2 mM L-arginine, and 10 pm FAD at pH 6.7. The reaction was
stopped by adding 10 U/ml LDH and 10 mM pyruvate. Next, the reaction mixture was
incubated with an equal volume of Griess reagent. The absorbance at 540 nm was recorded
using a microplate reader. Nitrite concentration was determined by extrapolation from a
sodium nitrite standard curve.

2.8 Western blot analysis

Cells were washed twice with ice-cold PBS and collected. The cells were then treated with a
lysis buffer [1x RIPA (Upstate Cell Signaling Solutions, Lake Placid, NY, USA), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM Na3VOy, 1 mM NaF, 1 pg/ml aprotinin, 1
pg/ml pepstatin, and 1 pg/ml leupeptin] and incubated on ice for 1 h. Cell debris was
removed by centrifugation and then protein concentration was determined using a Bio-Rad
protein assay reagent (Bio-Rad Laboratories, Hercules, CA, USA). Cell lysates were
subjected to 7.5% or 10% SDS-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. The membranes were blocked with a solution of
0.1% Tween 20/Tris-buffed saline containing 5% nonfat milk powder for 1 h at room
temperature. After incubation overnight at 4°C with the indicated primary antibody, the
membranes were incubated with a horseradish peroxidase-conjugated secondary antibody
for 1 h at room temperature. Immunodetection was carried out using an ECL Western
blotting detection reagent. The signal intensity of relative bands was determined using
image acquisition and analysis software (LabWorks, Cambridge, UK).

2.9 RNA preparation and reverse transcription-polymerase chain reaction (RT-PCR)

Total cellular RNA was isolated using a Trizol reagent (Molecular Research Center,
Cincinnati, OH, USA) according to the manufacturer’s instructions. RNA concentration and
purity were determined by measuring absorbance at 260 and 280 nm. A ¢cDNA synthesis
was performed using the ImProm-II"™ Reverse Transcription System (Promega, Madison,
WI, USA) with an oligo dT-15 primer, as recommended by the supplier. PCR analyses were
then performed on aliquots of cDNA preparations using a thermal cycler. The reactions
were carried out in a 25 pl volume containing (final concentration) 1 unit of Taq DNA
polymerase, 0.2 mM dNTP, 10x reaction buffer, and 100 pmol primers (Table 1). The cycle
number was optimized to ensure product accumulation in the exponential range. p-Actin
was used as an internal control to normalize the RNA content of each sample. Amplification
was initiated at 94°C for 5 min, followed by 18-27 cycles of denaturation at 94°C for 45 s,
annealing at the appropriate primer-pair annealing temperature for 45 s, and extension at
72°C for 1 min, followed by a final extension of 10 min at 72°C. After amplification, portions
of the PCR reactions were electrophoresed on 2% agarose gel and visualized using ethidium
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bromide staining and a UV transilluminator (SLB Mylmagger; UVP Inc., Upland, CA, USA).
The signal intensity of relative bands was determined using image acquisition and analysis
software (LabWorks).

Gene Primer sequences
INOS Forward 5-CCCTTCCGAAGTTTCTGGCAGCAGC-3’
Reverse 5-GGCTGTCAGAGCCTCGTGGCTTTGG-3
COX-2 Forward 5-CACTACATCCTGACCCACTT-3’
Reverse 5-ATGCTCCTGCTTGAGTATGT-3’
Forward 5-TTGACCTCAGCGCTGAGTTG-3"
TNF-o Reverse 5-CCTGTAGCCCACGTCGTAGC-3
IL-1p Forward 5-CAGGATGAGGACATGAGCACC-3
Reverse 5-CTCTGCAGACTCAAACTCCAC-3¥
L6 Forward 5-GTACTCCAGAAGACCAGAGG-3
Reverse 5-TGCTGGTGACAACCACGGCC-¥
B-Actin Forward 5-AGGCTGTGCTGTCCCTGTATGC-3'
Reverse 5-ACCCAAGAAGGAAGGCTGGAAA-3

Table 1. The sequences of primers used in RT-PCR analysis.

2.10 Transient transfection and luciferase assay

Cells were seeded at a density of 5 x 103 cells/well into a 96-well flat-bottom cell culture
plate and cultured for 18 h. RAW 264.7 cells were transiently transfected with or without a
NF-kB-promoted luciferase reporter gene plasmid pNF-kB-Luc (Promega) and a Renilla
luciferase reporter plasmid pRL-TK (Stratagene, La Jolla, CA, USA), to control for
transfection efficiency using a FUuGENE 6 transfection reagent (Roche, Indianapolis, IN,
USA). At 24 h after the start of transfection, cells were incubated with LPS (100 ng/ml) in
the presence or absence of the extracts for 24 h. Luciferase activity in the cell lysate was
measured using a Dual-Luciferase Reporter Assay Kit (Promega) and a FLUOstar Optima
(BMG Labtech, Offenburg, Germany). Luciferase activity was normalized to transfection
efficiency, as monitored using a Renilla luciferase expression vector. The level of induced
luciferase activity was determined as a ratio to the luciferase activity of unstimulated cells.

2.11 Statistical analysis

All experiments were conducted in triplicate, but only data from one representative trial are
presented. Results are expressed as the mean * standard deviation (SD). Treatment effects
were analyzed using a paired t-test.

3. Results
3.1 Antioxidant activities of S. quelpaertensis leaf extracts

Table 2 summarizes the antioxidant activities of S. quelpaertensis leaf methanol extract and its
fractions, represented by ICso. The ICs values for DPPH radical scavenging activity against
MeOH extract, EtOAc, and BuOH fractions were 862.5, 288.9, and 166.4 pg/ml, respectively.
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DPPH radical scavenging activity of the BuOH fraction was more potent than that of other
tested samples. For NO scavenging activity, the ICs value (259.4 pg/ml) was calculated
only for the EtOAc fraction; other tested samples exhibited minimal NO scavenging activity.
All tested samples (except the water fraction) exhibited XOD-inhibition activity and
superoxide radical scavenging activity. XOD-inhibition activity occurred in the following
(decreasing) order: EtOAc fraction > hexane fraction > MeOH extract > BuOH fraction.
Superoxide radical scavenging activity occurred in the following (decreasing) order: EtOAc
fraction > BuOH fraction > hexane fraction > MeOH extract > water fraction. The ICsp values
for the EtOAc fraction on XOD-inhibition activity and superoxide radical scavenging
activity assay were 324 and 21.9 pg/ml, respectively. As shown in Table 2, overall
antioxidant activity was more potent in the EtOAc fraction than in any other tested samples.

1Cs (ng/ml) @
Sample DPPH radical Nitric oxide Uric acid Superoxide
scavenging scavenging generation generation
activity activity activity activity
Methanol extract 862.5 + 6.4 * 352.9+16.0 113.5+£13.4
Hexane fraction * * 2384 +5.6 62.8+43
EtOAc fraction 288.9+12.7 259.4+1.6 324+1.6 21.9+£54
BuOH fraction 1664 +9.4 * 473.5+15.4 234+59
Water fraction * * - 305.2+6.9
Trolox 3.49+03 * 220.3+12.3 325+19
BHA b 76+0.2 * 801.7 +11.7 *
Allopurinol N/A N/A 1.33+£0.1 51+0.1
SOD 9 N/A N/A * 4919

a) IC50 values were calculated from regression lines using five different concentrations in triplicate
experiments.

b) Butylated hydroxyl anisole

) Superoxide dismutase

N/ A: Not assay

*: Can’t calculate the value of IC50

- : < 5% xanthine oxidase inhibitory activity at maximum concentration used for assay.

Table 2. Antioxidant activities of the methanol extract and its various fractions from Sasa
quelplaertensis leaf.

Sample TCsp? (ng/ml) ICsP (ng/ml) Selectivity index®)
MeOH extract >2000 1341.7+49 >1.8
Hexane fraction 240.1 £19.8 175.0+9.6 14
EtOAC fraction 465.2 +10.2 68.6 £ 0.1 6.8
BuOH fraction >2000 >2000 -
Water fraction >2000 >2000 -

a) TCs is the concentration producing 50% toxicity in RAW 264.7 cells.
b) ICso is the concentration producing 50% inhibition of NO production in RAW 264.7 cells.
¢) Selectivity Index = TCso / I1Cso.

Table 3. Cell toxicity and the effects of the methanol extract and its fractions of Sasa
quelpaetensis on LPS-induced NO production in RAW 264.7 cells.
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Next, we compared the effects of S. quelpaertensis leaf extract on LPS-induced NO
production in RAW 264.7 cells (see Table 3). Among the tested samples, the EtOAc fraction
had the highest selectivity index (6.8), indicating it had potent anti-inflammatory properties.
Thus, we focused on the anti-inflammatory effects of the EtOAc fraction using LPS-
stimulated RAW 264.7 cells.

3.2 EtOACc fraction inhibits NO production and iNOS expression

The effects of the EtOAc fraction on NO production in LPS-stimulated RAW 264.7 cells were
investigated by measuring the amount of nitrite released into the culture medium using a
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Fig. 1. Effect of EtOAc fraction on the NO production, iNOS protein and iNOS mRNA
expression level in LPS-stimulated RAW 264.7 cells. (A) Cells were treated with LPS (100
ng/ml) alone or LPS plus the indicated concentrations of EtOAc fraction for 24 h. *** P <
0.001 vs LPS alone-treated cells. Data are expressed in area density as the mean + SD for
three independent experiments. (B) Cells were treated with LPS (100 ng/ml) alone or LPS
plus the indicated concentrations (ng/ml) of EtOAc fraction for 24 h. (C) Cells were co-
treated with LPS (100 ng/ml) or LPS with EtOAc fraction at the indicated concentration for
6h. Total RNA was subjected to RT-PCR.



Antioxidant and Anti-Inflammatory Activities of Sasa quelpaertensis Leaf Extracts 143

Griess reagent system. As shown in Fig. 1A, NO levels increased remarkably with LPS, up
to 30 pM, but co-treatment with the EtOAc fraction significantly decreased NO levels in a
dose-dependent manner. In addition, the EtOAc fraction did not affect the viability of RAW
264.7 cells at concentrations from 32 to 250 pg/ml.

To investigate whether the inhibition of NO production by the EtOAc fraction was a result
of inhibition of the corresponding gene expression, we analyzed the expression of iNOS
protein and mRNA using Western blotting and RT-PCR. LPS increased the levels of cellular
iNOS protein and mRNA at 24 h and 6 h after treatment, respectively. However, co-
treatment of the EtOAc fraction (32, 63, 125 and 250 pg/ml) with LPS decreased both LPS-
induced protein (Fig. 1B) and iNOS mRNA (Fig. 1C) in a dose-dependent manner.

We also measured iNOS enzymic activity to investigate whether the EtOAc fraction affected
enzymatic activity. As shown in Fig. 2, EtOAc treatment (32, 63, 125 and 250 pg/ml) did not
affect iINOS protein enzyme activity. However, iNOS enzyme activity was inhibited by 1400
W, which was used as the positive control (data not shown). These results confirmed that
the EtOAc fraction inhibited NO production in LPS-stimulated RAW 264.7 cells through the
regulation of iNOS gene expression.
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Fig. 2. Effect of EtOAc fraction on iNOS enzyme activity. The iNOS activity was measured
as using L-arginine as substrate and NADPH-dependent generation of nitrite, the stable
oxidation products of NO. The assay was performed by incubating with 200 pg of the
cytosol protein from LPS-stimulated cells, in the absence or presence of EtOAc fraction, for
180 min at room temperature in 200 pl reaction buffer containing 20 mm Tris-HCI, pH 8.0,
2 mM NADPH, 2 mM L-arginine, 10 pm FAD. NO;- was reduced to NO» by incubation at
37°C for 15 min with 0.1 U/ml nitrate reductase, 0.1 mm NADPH, 5 um FAD.

3.3 EtOACc fraction inhibits PGE; production and COX-2 expression

PGE; is the major metabolite produced by COX-2 at inflammation sites. Therefore, we
examined the effects of the EtOAc fraction on PGE; production and COX-2 expression. PGE»
production increased remarkably with LPS (7,800 pg/ml), but co-treatment with the EtOAc
fraction significantly decreased PGE; production in a dose-dependent manner (Fig. 3A).

To investigate whether the inhibition of PGE; production by the EtOAc fraction was due to
inhibition of the corresponding gene expression, we analyzed the expression of COX-2
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protein and mRNA using Western blotting and RT-PCR. As shown in Fig. 3B, COX-2
protein levels increased in response to LPS treatment, but co-treatment of the EtOAc fraction
(32, 63, 125 and 250 pg/ml) with LPS decreased COX-2 protein levels in a dose-dependent
manner. In addition, RT-PCR analysis revealed that the expression of COX-2 mRNA was
correlated with its protein levels (Fig. 3C). These results indicate that the inhibitory effect of
the EtOAc fraction on PGE; production involved regulation of COX-2 gene expression.
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Fig. 3. Effect of EtOAc fraction on the PGE; production, COX-2 protein and mRNA
expression level in LPS-stimulated RAW 264.7 cells. (A) Cells were treated with LPS (100
ng/ml) alone or LPS plus the indicated concentrations of EtOAc fraction for 24 h. *** P <
0.001 vs LPS alone-treated cells. Data are expressed in area density as the mean + SD for
three independent experiments. (B) Cells were treated with LPS (100 ng/ml) alone or LPS
plus the indicated concentrations (ng/ml) of EtOAc fraction for 24 h. (C) Cells were co-
treated with LPS(100 ng/ml) or LPS with EtOAc fraction at the indicated concentration for 6
h. Total RNA was subjected to RT-PCR.
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3.4 EtOAc fraction inhibits pro-inflammatory cytokine mRNA expression

Pro-inflammatory cytokines, such as IL-1p, IL-6, and TNF-a, are known to affect LPS-
induced macrophage activation during immune responses. Therefore, we investigated the
effects of the EtOAc fraction on the expression of TNF-a, IL-1p, and IL-6 mRNA in LPS-
stimulated RAW 264.7 cells using RT-PCR analysis. The mRNA levels of these cytokines
increased at 6 h (IL-1p and IL-6) or 4 h (TNF-a) after LPS treatment. However, co-treatment
with the indicated concentrations of EtOAc fraction significantly decreased LPS-induced
TNF-a, IL-1B, and IL-6 mRNA levels in a dose-dependent manner (Fig. 4); at a EtOAc
fraction concentration of 125 pg/ml, mRNA levels of IL-1pB, IL-6, and TNF-a decreased by
55%, 60%, and 45%, respectively (Fig. 4B).
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Fig. 4. Effect of EtOAc fraction on TNF-a, IL-1f and IL-6 mRNAs expression level in LPS-
stimulated RAW 264.7 cells. (A) RT-PCR analysis of TNF-a, IL-1p and IL-6 mRNA
expression using total RNA extracted RAW 264.7 macrophages stimulated with LPS (100
ng/ml) alone or LPS plus the indicated concentrations (ug/ml) of EtOAc fraction for 6 h
(TNF-a. for 4h). (B) Quantification of TNF-o,, IL-1p, and IL-6 mRNA expression was
performed by densitometric analysis of the RT-PCR products. The relative level was

calculated as the ratio of pro-inflammatory mRNA expression to f-actin mRNA expression.
**+% P < (0.001, ** P <0.01 vs LPS alone-treated cells.

3.5 EtOAc fraction suppresses NF-kB transcriptional activation

NF-xB regulated the expression of pro-inflammatory cytokines, iNOS, and COX-2.
Therefore, we investigated the effect of the EtOAc fraction on NF-xB activation using a
transient transfection assay with a NF-kB-promoted luciferase reporter gene plasmid (pNF-
kB-Luc) in RAW 264.7 cells. The treatment group of EtOAc fraction alone exhibited activity
similar to the unstimulated control group, confirming that the EtOAc fraction had no effect
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on NF-kB activation in the cells. However, LPS treatment (100 ng/ml, 24 h) increased
luciferase activity 12-fold compared to the unstimulated control group. The EtOAc fraction
significantly decreased LPS-induced luciferase activity in a dose-dependent manner (Fig. 5).
At a concentration of 125 pg/ml, the EtOAc fraction decreased luciferase activity by
approximately 70% compared to the LPS-stimulated control group. This finding suggests
that the EtOAc fraction exerts anti-inflammatory effects by suppressing the NF-«B activation
pathway.
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Fig. 5. Effect of EtOAc fraction on LPS-induced NF-«B transcriptional activation. Cells were
treated with LPS (100 ng/ml) alone or LPS plus the indicated concentrations (png/ml) of
EtOAc fraction for 24 h. NF-kB activation detected by luciferase reporter assays.

*** P <0.001 vs LPS alone-treated cells.
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Fig. 6. Effect of EtOAc fraction on the phosphorylation of ERK1/2, p38, and JNK in LPS-
stimulated RAW 264.7 cells. Cells were treated with LPS (100 ng/ml) alone or LPS plus the
indicated concentrations (ug/ml) of EtOAc fraction for 30 min or 24 h. The protein levels
were determined by Western blotting.
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3.6 EtOACc fraction suppresses the phosphorylation of ERK1/2

Because some MAPKSs are known to be stimulated by inflammatory mediators, we also
investigated how the EtOAc fraction affected three MAPKs (ERK1/2, JNK1/2, and p38
MAPK) in LPS-stimulated RAW 264.7 macrophages. The phosphorylations of these three
kinases were detected after cells were subjected to 30 min of LPS treatment. The activation
of the three MAPKs by LPS treatment did not decrease with co-treatment of the EtOAc
fraction, but the EtOAc fraction suppressed the phosphorylation of ERK1/2 at 24 h after LPS
treatment (Fig. 6).

4. Discussion

In the human body, oxidative stress is associated with many diseases. Therefore, researchers
are currently intensely focused on identifying antioxidant agents in plants that may protect
against oxidative stress, including the Sasa species already used in alternative medicines
(Jensen et al., 2008; Nakajima et al.,, 2003; Sood et al., 2009). This study evaluated the
potential of using S. quelpaertensis leaf in nutraceuticals. As the first step toward identifying
phytochemicals with beneficial health effects from S. quelpaertensis leaf extracts, we
evaluated in vitro antioxidant capacities such as DPPH radical scavenging activity, NO
scavenging activity, XOD-inhibitory activity, and superoxide radical scavenging activity.

Among the various fractions, the n-butanol soluble fraction exhibited the strongest DPPH
radical scavenging activity (ICso = 166.4 pg/ml). This result was consistent with the results
of Park et al. (2007), who also found significant DPPH radical scavenging activity in the n-
butanol soluble fraction among n-hexane, EtOAc, and aqueous extracts from S. borealis.
However, the EtOAc fraction was the most potent in nitric oxide scavenging activity (ICsp =
259.4 pg/ml), superoxide scavenging activity (ICso = 21.9 pg/ml), and xanthine oxidase
inhibitory activity (ICso = 32.4 pg/ml), suggesting its potential as an antioxidant agent.

Antioxidants such as vitamins C reportedly exhibit anti-inflammatory activity via
suppression of NF-xB activation (Calfee-Mason et al., 2002; Mufoz et al., 1997). Therefore,
we further investigated the anti-inflammatory potential of the EtOAc fraction, which
exhibited the strongest antioxidant potential among various solvent fractions using the
RAW 264.7 cell line.

NO is an essential bio-regulatory molecule within the nervous, immune, and cardiovascular
systems (Bredt & Snyder, 1990; Gold et al., 1990; Palmer et al., 1987). However, increased
levels of NO derived from iNOS can result in the formation of peroxynitrite after reaction
with oxygen free radicals during inflammatory responses (Posadas et al., 2000). In the RAW
264.7 cell, NO production is closely associated with COX-2 expression (Salveminiet al.,
1995), which produces PGE; and induces an inflammatory reaction (Bennett et al., 1977a,
1980b, 1982c; Rigas et al., 1993). iNOS and COX-2 are key enzymes regulating the
production of NO and PGE,, central mediators of inflammation (Possadas et al., 2000;
Tsatsanis et al., 2006).

This study demonstrated that the EtOAc fraction inhibited NO production and iNOS
expression, but it had no effect on iNOS enzyme activity. Additionally, PGE; production
and COX-2 expression were attenuated by the EtOAc fraction in a dose-dependent manner.
These results suggest that the EtOAc fraction from S. quelpaertensis leaves reduced NO and
PGE; production via transcriptional regulation of iNOS and COX-2 genes.
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Pro-inflammatory cytokines, such as IL-1B, IL-6, and TNF-a, interact with each other
(Palsson-McDermott & O'Neill, 2004) and affect LPS-induced macrophage activation during
immune responses (Conti et al., 2004). Moreover, IL-1p, IL-6, and TNF-a secretion increases
in patients with some inflammatory diseases, such as ulcerative colitis and Crohn’s disease
(Reinecker et al., 1993); these cytokines play an important role in particle-induced
inflammation in the lung (Driscoll, 2000; Mansour & Levitz, 2002; Yucesoy et al., 2002). TNF-
a is the main mediator of the LPS reaction and is involved in innate immune reactions and
chronic inflammatory reactions (Lee et al., 2003). IL-1p is associated with T-cell activation, B-
cell maturation, and NK cell activation (Delgado et al., 2003). Therefore, effective regulation
of inflammatory mediators is essential (Driscoll, 2000; Hotamisligil, 2008; Hummasti &
Hotamisligil, 2010). In this study, the EtOAc fraction significantly decreased LPS-induced
TNF-q, IL-1f, and IL-6 mRNA levels. This finding suggests that the EtOAc fraction exerts a
beneficial health effect by inhibiting the production of many inflammatory mediators.

NF-xB is an inducible eukaryotic transcription factor that can regulate the expression of
numerous genes involved in proliferation, apoptosis, and the immediate-early steps of
inflammatory and immune responses (Place et al., 2003). NF-«xB activation in response to
pro-inflammatory stimuli involves the degradation of inhibitor xB (IxB) by the IxB kinase
(IKK) complex. NF-xB is subsequently released, translocates into the nucleus, and initiates
expression of pro-inflammatory mediators such as cytokines, chemokines, adhesion
molecules, iNOS, and COX-2 (Baeuerle & Baltimore, 1996; Hayden & Ghosh, 2004). Most
anti-inflammatory drugs have been shown to suppress the expression of these genes by
inhibiting the NF-xB activation pathway (Gilroy et al., 2004). Researchers have recently been
working to identify an anti-inflammatory agent to suppress the NF-xB activation pathway
(Le et al., 2009; Reddy & Reddanna, 2009). Thus, an NF-xB inhibitor may be useful in the
development of therapeutic drugs to control the inflammation associated with human
diseases in a clinical environment.

The other major extracellular signal transduction pathway stimulated by inflammatory
mediators is the MAPK pathway (Guha & Mackman, 2001). Three major MAPK pathways
are a highly conserved family of protein serine/threonine kinases and include the ERK1/2,
the c-Jun NH»-terminal kinase (JNK1/2), and the p38 mitogen-activated kinase (p38). These
kinases can trigger the nuclear accumulation and activity of various transcription factors,
such as NF-xB, ATF2, Elk1, c-fos, and c-jun, which can modulate cytokine and inflammatory
mediator expression (Aga et al., 2004; Herlaar & Brown, 1999).

LPS produces inflammatory mediators by activating the NF-xB and MAPK pathways, and
then induces inflammation in macrophages (Aga et al., 2004; Guha & Mackman, 2001;
Zhang & Ghosh, 2000). On the basis of the inhibitory effect of the EtOAc fraction on the
production of inflammatory mediators such as iNOS, COX-2, IL-1B, IL-6, and TNF-a, we
examined the effect of the EtOAc fraction on NF-«xB and MAPK activation in LPS-stimulated
RAW 264.7 cells. The EtOAc fraction reduced the transcriptional activities of NF-xB, as well
as the delayed phosphorylation of the ERK1/2 in LPS-stimulated RAW 264.7 cells. Taken
together, these results suggest that the EtOAc fraction from S. quelpaertensis leaves exhibited
at least some anti-inflammatory properties by suppressing NF-«kB transcriptional activity
and delaying ERK1/2 activation in LPS-stimulated RAW 264.7 cells.

Plants of the genus Sasa are known to biosynthesize various compounds such as
triterpenoids, flavonoids, phenylpropanoids, and flavonolignans (Lee et al., 2007; Sultana &
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Lee, 2009). In previous research, we demonstrated that a hot water extract of S. quelpaertensis
leaves exhibited moderate anti-inflammatory activities in LPS-stimulated RAW 264.7 cells
(Hwang et al., 2007). An ethanol/water extract of bamboo leaf mainly contains flavones,
glycosides, phenolic acids, coumarin lactones, anthraquinones, and amino acids (Lu et al.,
2005; Zhang & Ding, 1996). Thus, the moderate anti-inflammatory activity of the hot water
extract may be due to water-soluble phytochemicals. The EtOAc fraction of S. quelpaertensis
leaves, which contains mainly lipid-soluble compounds, has exhibited potent anti-
proliferative effects via inducing apoptosis on human leukemia HL-60 cells (Jang et al.,
2008). However, the bioactive compounds contained in the plant have not yet been
identified (Sultana & Lee, 2010). We confirmed that the EtOAc extract contains various
compounds, including tricin 7-O-p-D-glucopyranoside, two phenylpropanoids, p-hydroxy
benzaldehyde, and p-coumaric acid, as we investigated the relationships between various
compounds and their antioxidant or anti-inflammatory properties.

5. Conclusion

As an initial step to evaluate the beneficial health effects of S. quelpaertensis, we investigated
the antioxidant activity and anti-inflammatory activity of S. quelpaertensis leaf extract.
Among the various fractions, the n-butanol soluble fraction exhibited the strongest DPPH
radical scavenging activity (ICso = 166.4 pg/ml). The EtOAc soluble fraction had the
strongest inhibitory effect in the NO scavenging activity, superoxide scavenging activity,
and xanthine oxidase inhibitory activity assay (ICso values were 259, 21.9, and 32.4 pug/ml,
respectively). Next, we investigated the anti-inflammatory properties of the EtOAc fraction
in LPS-stimulated RAW 274.7 cells. The EtOAc fraction inhibited production of NO, PGE,,
iNOS, and COX-2 in a dose-dependent manner. Additionally, pro-inflammatory cytokines,
such as IL-1PB, IL-6, and TNF-a, decreased after co-treatment with the EtOAc fraction
compared to the LPS-treated group. These results indicate that the EtOAc fraction exhibits
anti-inflammatory properties via the inhibition of many inflammatory mediators. Finally, on
the basis of the inhibitory effect of the EtOAc fraction on inflammatory mediators, we
examined how the EtOAc fraction affected the LPS-induced activation of the NF-xB and
MAPK pathways. The EtOAc fraction inhibited the phosphorylation of ERK1/2 and the
transactivation of NF-«xB, suggesting that the EtOAc fraction suppresses the production of
pro-inflammatory mediators via the inhibition of NF-xB transactivation and ERK 1/2
phosprorylation. Taken together, these results indicate that S. quelpaertensis leaf has potential
for use as an antioxidant and anti-inflammatory agent.
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1. Introduction

Widely distributed in plant kingdom and abundant in our diet plant polyphenols are today
among the most talked about concerning the classes of phytochemicals. There are several
thousand plant-derived compounds of biogical interest that have more than one phenolic
hydroxyl group attached to one or more benzene rings, thus qualifying as polyphenols. In
recent years, polyphenols have gained a lot of importance because of their potential use as
prophylactic and therapeutic agents in many diseases, and much work has been presented
by the scientific community which focuses on their antioxidant effects. Traditionally, herbal
medicines with antioxidant properties have been used for various purposes and
epidemiological data also point at widespread acceptance and use of these agents. Plant
polyphenols have been studied with intention to find compounds protecting against a
number of diseases related to oxidative stress and free radical-induced damage, such as
cardiovascular and neurodegenerative diseases, cancer, diabetes, autoimmune disorders
and some inflammatory diseases. In order to evaluate the efficacy of polyphenols as
antioxidants as well as to elucidate the mode of their action, researchers today are using a
wide range of experimental models, from the simplest chemical antioxidant assays through
the biologically more relevant cellular-based assays to the most accurate animal models, and
ultimately clinical studies in humans. The latest scientific knowledge offers a more detailed
understanding of the biological effects of polyphenols and their role in human health
promotion and disease prevention.

This chapter is focused on plant polyphenols, taking into consideration aspects relative to
their biosynthesis, structure, botanical sources, chemical analysis, evaluation of antioxidant
action, bioavailability as well as their potential health benefits.

2. Biosynthesis, classification and distribution of plant polyphenols

Phenolic compounds are ubiquitous in the plant species but their distribution at the plant
tissue, cellular and subcellular levels is not uniform. Insoluble phenolics are found in cell
walls, while the soluble phenolics are present within the vacuoles. They are essential to the
plant's physiology being involved in diverse functions such as structure, pigmentation,
pollination, pathogen and herbivore resistance, as well as growth and development. Insoluble
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phenolics, linked to various cell components, contribute to the mechanical strength of cell
walls and play a regulatory role in the plant growth and morphogenesis. Phenolics from cell
inside take a part in response to stress and pathogens. An enhancement of phenylpropanoid
metabolism and the amount of phenolic compounds can be observed under different
environmental factors and stress conditions (Dewick, 2001; Korkina, 2007). The most plant
phenolics are derived from trans-cinnamic acid, which is formed from L-phenylalanine by the
action of L-phenylalanine ammonia-lyase (PAL), the branch point enzyme between primary
(shikimate pathway) and secondary (phenylpropanoid pathway) metabolism. The shikimate
pathway provides an alternative route to the formation of aromatic compounds particularly
the aromatic amino acids. L-Phenylalanine, as C¢Cs building block, is precursor for a wide
range of natural products. In plants, frequently the first step is the elimination of ammonia
from the side chain to generate cinnamic acid which is later modified to hydroxycinnamic acid
(p-coumaric acid). Other related derivatives are obtained by further hydroxylation and
methylation reactions sequentially building up substitution patterns typical of shikimate
pathway metabolites. Loss of two carbons from the side chain of hydroxycinnamic derivatives
leads to formation of hydroxybenzoic acids. Flavonoids are biosynthesized via a combination
of the shikimic acid and acylpolymalonate pathways. The crucial biosynthetic reaction is the
condensation of one molecule p-coumaroyl-CoA with three molecules malonyl-CoA to a
calcone intermediate that consists of two phenolic groups which are connected by an open
three carbon bridge. Plants collectively synthesize several thousand known different phenolic
compounds and the number of these fully characterised is continually increasing. They can be
considered as the most abundant plant secondary metabolites with highly diversified
structures, ranging from simple molecules such as phenolic acids to highly polymerized
substances such as tannins. The common feature of plant phenolic compounds is the presence
of a hydroxy-substituted benzene ring within their structure. They may be classified into
different groups as a function of the number of phenol rings contained and the structural
elements that bind these rings to one another. Distinctions are thus made between the
flavonoids, phenolic acids, stilbenes and lignans. These compounds occur primarily in
conjugated form, with one or more sugar residues linked to hydroxyl groups, although direct
linkages of the sugar unit to an aromatic carbon atom also exist. Associations with other
compounds, such as organic acids, amines and lipids, and linkages with other phenols are also
common (Dewick, 2001; Boudet, 2007; Martens & Mithofer, 2005).

Flavonoids comprise the most abundant class of plant polyphenols with more than 6000
structures which have been identified. They share a carbon skeleton of diphenyl propanes,
two benzene rings (A and B) joined by a linear three carbon chain (CsC3Cs). This central
chain usually forms a closed pyran ring (C) with one of the benzene rings. Based on the
variation in the type of heterocycle involved, flavonoids may be divided into six subclasses:
flavones, flavonols, flavanones, flavanols, anthocyanidins and isoflavonoids. This
subdivision is primarily based on the presence (or absence) of a double bond on position 4
of the C (middle) ring, then a double bond between carbon atoms 2 and 3 of the C ring, and
hydroxyl groups in the B ring (Table 1). Flavones are characterized by the presence of a
double bond between C2 and C3 in the heterocycle of the flavan skeleton. The B ring is
attached to C2 and usually no substituent is present at C3. This exactly represents the
difference to the flavonols where a hydroxyl group can be found at that C3 position while
flavanones have a saturated three-carbon chain. Flavanols contain a saturated three-carbon
chain with a hydroxyl group in the C3. Anthocyanidins are positively charged at acidic pH
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Class |Main structure Compound Plant source Reference
‘_. |apigenin Matricaria recutita (Svehlikova & Repéak, 2006;
I o @ 4'5,7-OH Achillea millefolium | Trumbeckaite et al., 2011)
<) ;
>
£ @ | luteolin Cynara scolymus (Mulinacci et al., 2004;
s 3'4'5,7-OH Thymus vulgaris Bazylko & Strzelecka, 2007)
1, [|quercetin Sambucus nigra (Keindnen & Julkunen-Tiitto,
Té ‘ 3'4'3,5,7-OH Betula pendula 1998; Verberic et al., 2009)
1) 0.
E ’ O | kaempferol Ginkgo biloba (Beek & Montoro, 2009;
= 7 OH 4'3,5,7-OH Moringa oleifera Verma et al., 2009)
o
o ¥ . naringenin Citrus paradisi (Kanaze et al., 2003; Helmja
5 ‘ 4'5,7-OH Humulus lupulus etal., 2007)
= o .
g § O hesperetin Citrus limon (Gonzélez-Molina et al.,
£ 3',5,7-OH Citrus sinensis 2010; Khan et al., 2010)
* o 4'-OCHs
_ 1, [|catechin Quercus petraea (Vivas et al., 2006; Tomczyk
g ‘ 45357-OH  |Potentilla erecta & Latté, 2009)
I 0. 5
Es ’ O s gallocatechin Hamamelis virginiana | (Dauer et al., 2003; Ashihara
- 2 OH 3'4'5'3,5,7-OH |Camellia sinensis etal., 2010)
;5 s cyanidin Vaccinium myrtillus | (Du et al., 2004; Takeda et
'E ‘ * |34 3,5,7-OH Cenaturea cyanus al., 2005)
%‘ 7 O S pelargonidin Pelargonium sp. (Mitchell et al., 1998; Fossen
= s 4'3,5,7-OH Fragaria ananassa et al., 2004)
é 5
Tg daidzein Glycine max (Beck et al., 2005; Peng et al.,
5 4'7-OH Trifolium pratense 2004)
s .
= genistein Glycine max (Rimbach et al., 2008; Rigano
__% 4'5,7-OH Genista tinctoria et al., 2009)

Table 1. Classification of some common flavonoids indicating their major plant sources.

and this equilibrium form is called flavylium cation (2-phenylbenzopyrylium). In the
flavonoid structure, a phenyl group is usually substituted at the 2-position of the pyran ring.
In isoflavonoids the substitution is at the 3-position (Harborne & Williams, 2000; Dewick,
2001; Middleton et al., 2000). Individual differences within each group arise from variation
in number and arrangement of the hydroxyl groups and their extent of alkylation and/or
glycosylation. Flavonoids occur both in the free form and as glycosides, most are O-
glycosides but a considerable number of flavonoid C-glycosides are also known. The O-
glycosides have sugar substituents bound to a hydroxyl group of the aglycone, usually
located at position 3 or 7, whereas the C-glycosides have sugar groups bound to a carbon of
the aglycone, usually C6 or C8. The most common carbohydrates are rhamnose, glucose,
galactose and arabinose. Flavonoid-diglycosides are also frequently found. Two very
common disaccharides contain glucose and rhamnose, 1—6 linked in neohesperidose and
1-2 linked in rutinose. An interesting combination of flavonoid and lignan structure is
found in a group of compounds called flavonolignans. They arise by oxidative coupling
process between flavonoid and a phenylpropanoid, usually coniferyl alcohol. Additionally,
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the flavanols exist as oligomers and polymers referred to as condensed tannins or
proanthocyanidins (Harborne & Williams, 2000; de Rijke et al., 2006). Table 1 summarizes
the chemical structures of the most common flavonoids and their botanical sources.

Class |Main structure |Compound Plant source Reference
Hydroxycinnamic  |ferulic acid Citrus sinensis (Swatsitang et al., 2000;
acid (HCA) 4-OH; 3-OCH;3 Pinus maritima Virgili et al., 2000)
~ i caffeic acid Ocimum basilicum (Kwee & Niemeyer,
’ ©/\)J\°H 3,4-OH Helianthus annuus 2011; Weisz et al., 2009)
! chlorogenic acid Coffea arabica (Koshiro et al., 2007;
= (5-O-caffeoylquinic Ilex paraguariensis Marques & Farah, 2009)
g acid)
= rosmarinic acid Rosmarinus officinalis | (Petersen & Simmonds,
% (a-O-caffeoyl-3,4- Melissa officinalis 2003; Weitzel &
é dihydroxyphenyl- Petersen, 2011)
lactic acid)
Hydroxybenzoic p-HBA Daucus carota (Sircar & Mitra, 2009;
acid (HBA) 4-OH Vitex negundo Guha et al., 2010)
(o]
3 oH gallic acid Quercus robur (Mammeli et al., 2000;
. 3,4,5-OH Hamamelis virginiana |Wang et al., 2003)
. resveratrol Vitis vinifera (Pascual-Marti et al.,
o @ 3,5,4'-OH Polygonum cuspidatum |2001; Chen et al., 2001)
B 3 N 3
& @ piceatannol Vitis vinifera (Kim et al., 2009; Duarte
5 3,5,3'4'-OH Euphorbia lagascae et al., 2008)
, 9 secoisolariciresinol Linum usitatissimum | (Li et al., 2008;
O 494'9'-OH Secale cereale Smeds et al., 2009)
§ . . 3,3-OCH,
;ED isotaxiresinol Taxus yunnanensis (Banskota et al., 2004;
R 4,3'4'-OH Taxus wallichiana Chattopadhyay et al.,
B 3-OCH3 2003)

Table 2. Some typical non-flavonoid phenolic compounds of various structures and their
plant source.

Phenolic acids are the most common non-flavonoid naturally occurring phenolics which
contain two distinguishing constitutive carbon frameworks: the hxydroxycinnamic (C¢Ca)
and hydroxybenzoic (CsC;) structure. Although the basic skeleton remains the same, the
numbers and position of hydroxyl and methoxyl groups on the benzene rings create the
variety (Table 2). Only a minor fraction of phenolic acids exists in the free form. Instead, the
majority are linked through ester, ether or acetal bonds either to structural components of
the plant, larger polyphenols or smaller organic molecules (e.g., glucose, quinic acid). These
linkages give rise to a vast array of derivatives (Robbins, 2003). Hydroxybenzoic acids are
found in the free form as well as combined into esters of glycosides. Some of them are
constituents of hydrolysable tannins which are compounds containing a central core of
glucose or another polyol esterified with gallic acid or its dimer hexahydrohydiphenic acid,
also called gallotannins and ellagitannins (Dai & Mumper, 2010).



Plant Polyphenols as Antioxidants Influencing the Human Health 159

Stilbenes (1,2-diarylethenes) belong to a relatively small group of non-flavonoid class of
phenolic compounds found in a wide range of plant sources. Ring A usually carries two
hydroxyl groups in the m-position, while ring B may be substituted by hydroxyl and
methoxyl groups in various position (Table 2). Stilbenes exist as stereoisomers and naturally
occurring stilbenes are overwhelmingly present in the trans form. They occur in free and
glycosylated forms and as dimeric, trimeric and polymeric stilbenes, the so-called viniferins.
One of the most relevant and extensively studied stilbene is trans-resveratrol found largely
in grapes (Cassidy et al., 2000).

Lignans also constitute a group of non-flavonoid phenolics that are structurally
characterized by the coupling of two phenylpropanoid units by a bond between the [-
positions in the propane side chains (Table 2). According to recent nomenclature
recommendations the units are treated as propylbenzene units, giving the positions 8 and 8'
to these linked carbon atoms. When the phenylpropane units are linked by another carbon-
carbon bond, the compound class is named as neolignan. Lignans comprise a whole class of
compounds with a similar basic skeleton, but with large variations in substitution patterns.
They are mostly present in the free form, while their glycoside derivatives are only a minor
form (Willfor et al., 2006).

3. Phytochemical characterization of polyphenols

The biological properties of polyphenols and their health benefits have intensified research
efforts to discover and utilise methods for the extraction, separation and identification of
these compounds from natural sources. Despite a great number of investigations, the
separation and quantification of various polyphenolics remain difficult, especially the
simultaneous determination of their different structural groups. Quantification of phenolic
compounds in plant materials is influenced by their chemical nature, the extraction method
employed, sample particle size, storage time and conditions, as well as assay method,
selection of standards and presence of interfering substances such as waxes, fats, terpenes
and chlorophylls. A number of spectrophotometric methods have been developed for
quantification of plant phenolics. These assays are based on different principles and can be
classified as either those which determine total phenolic content or those quantifying a
specific group of class of phenolic compounds (Ignat et al., 2011; Naczk & Shahidi, 2006).
The Folin-Ciocalteu assay is widely used for determination of total phenolics. This assay
relies on the transfer of electrons in alkaline medium from phenolic compounds to
phosphomolybdic/ phosphotungstic acid reagent to form blue coloured complexes that are
determined spectrophotometrically at 760 nm (Dai & Mumper, 2010; Singleton et al., 1999).
Tannins are capable of binding proteins to form water-insoluble substances. The absorbance
corresponding to non-tannins is measured after precipitation of tannins with hide powder
or casein, and the tannin content is than calculated by the difference (EDQM, 2006; Jurisi¢
Grubesi¢ et al., 2005). Vanillin and proanthocyanidin assays are usually used to estimate
total procyanidinidins (condensed tannin), while hydrolysable tannins can be quantified by
the potassium iodate method (Dai & Mumper, 2010; Hartzfeld et al., 2002). Determination
of phenolic acids can be performed by the method described in European Pharmacopoeia
using nitrite-molybdate reagent of Arnow which forms complexes with ortho-diphenols
(Blazekovi¢ et al., 2010; EDQM, 2006). On the other hand, complexation of the phenolics
with AI(II) is the principle of spectrophotometric assay used for quantification of total
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flavonoids (Juri$i¢ Grubesi¢ et al., 2007; Vladimir-KneZevi¢ et al., 2011). Determination of
anthocyanins is based on their characteristic behaviour under acidic conditions causing the
transformation of anthocyanins to red-coloured flavylium cation (Ignat et al.,, 2011). The
above mentioned spectrophotometric assays give an estimation of the total phenolic
contents, while various chromatographic techniques are employed for separation,
identification and quantification of individual phenolic compounds.
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Experimental conditions: HPTLC silica gel 60 Fass plate; ethyl acetate - formic acid - water 8:1:1 (V/V/V)
as mobile phase; NST/PEG for detection, UV 365 nm. Tracks: F (Flavonoids) - rutin (Re=0.30),
isoquercitrin (Ri=0.59), quercitrin (Rr=0.74) and PhA (Phenolic acids) - chlorogenic acid (Ri=0.48),
rosmarinic acid (R=0.92) as references; La - Lavandula angustifolia Mill., Lal - Lamium album L., Ts -
Thymus serpyllum L., So - Salvia officinalis L., Ov - Origanum vulgare L., Ro - Rosmarinus officinalis L., Mo -
Melissa officinalis L., Mp - Mentha x piperita L., Ss - Salvia sclarea L., Sss - Satureja subspicata Bartl. ex Vis.,
T1 - Thymus longicaulis C. Presl, Aa - Acinos arvensis (Lam.) Dandy, Tm - Teucrium montanum L., Mg -
Micromeria graeca (L.) Benth. ex Reich., Mt - Micromeria thymifolia (Scop.) Fritsch, Mc - Micromeria croatica
(Pers.) Schott.

Fig. 1. HPTLC chromatogram of flavonoids and phenolic acids in metanolic extracts of
various Lamiaceae species originating from Croatia.

Thin layer chromatography (TLC) is useful for a rapid screening of plant extracts for phenolic
substances prior to detailed analysis by instrumental techniques especially because many
samples can be analysed simultaneously (Fig. 1). The separation of phenolic compounds is
mainly achieved by using silica gel as stationary phase and various mobile phases with UV
monitoring or following specific spray reagents (de Rijke et al., 2006). High performance liquid
chromatographic technique (HPLC) is now most widely used for both separation and
quantification of phenolic compounds. The chromatographic conditions of the HPLC methods
include the use of, almost exclusively, a reversed-phase C18 column, UV-Vis diode array
detector, and a binary solvent system containing acidified water (solvent A) and a polar
organic solvent (solvent B). Reversed phase (RP) HPLC has become a dominating analytical
tool for the separation and determination of polyphenols with different detection systems,
such as diode array detector (DAD), mass or tandem mass spectrometry. Liquid
chromatography-mass spectrometry (LC-MS) techniques are nowadays the best analytical
approach to study polyphenols from different biological sources, and are the most effective
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tool in the study of the structure of phenolic compounds. Tandem-MS detection has largely
replaced single-stage MS operation because of much better selectivity and the wider-ranging
information that can be obtained. Capillary electrophoresis (CE), which is an alternative
separation technique to HPLC, is especially suitable for the separation and quantification of
low to medium molecular weight polar and charged compounds, the resultant separations
being often faster and more efficient than the corresponding HPLC separations. Gas
chromatography (GC) is another technique that has been employed for separation and
identification of different phenolic compounds. GC methods developed for the analysis of
polyphenols require the derivatisation to volatile compounds by methylation,
trifluoroacetylation, conversion to trimethylsilyl derivatives and mass-spectrometric detection
(Ignat et al., 2011; Naczk & Shahidi, 2006; de Rijke et al., 2006).

4. Antioxidant effectiveness of plant polyphenols

Oxidative stress is defined as an imbalance between production of free radicals and reactive
metabolites, so-called oxidants or reactive oxygen species (ROS), and their elimination by
protective mechanisms, referred to as antioxidants. This imbalance leads to damage of
important biomolecules and cells, with potential impact on the whole organism. Oxidative
stress can damage lipids, proteins, carbohydrates and DNA in cells and tissues, resulting in
membrane damage, fragmentation or random cross linking of molecules like DNA, enzymes
and structural proteins and even lead to cell death induced by DNA fragmentation and lipid
peroxidation. These consequences of oxidative stress construct the molecular basis in the
development of cardiovascular diseases, cancer, neurodegenerative disorders, diabetes and
autoimmune disorders. ROS are products of a normal cellular metabolism and play vital roles
in the stimulation of signalling pathways in cells in response to changes in intra- and
extracellular environmental conditions. Most ROS are generated in cells by the mitochondrial
respiratory chain. During endogenous metabolic reactions, aerobic cells produce ROS such as
superoxide anion (O»*-), hydroxyl radical (OH*), hydrogen peroxide (H2O;) and organic
peroxides as normal products of the biological reduction of molecular oxygen. The electron
transfer to molecular oxygen occurs at the level of the respiratory chain, and the electron
transport chains are located in the membranes of the mitochondria. Under hypoxic conditions,
the mitochondrial respiratory chain also produces nitric oxide (NO), which can generate
reactive nitrogen species (RNS). ROS/RNS can further generate other reactive species by
inducing excessive lipid peroxidation. In order to combat and neutralize the deleterious effects
of ROS/RNS, various antioxidant strategies have involved either the increase of endogenous
antioxidant enzyme defences (e.g., superoxide dismutase, glutathione peroxidase, glutathione
reductase and catalase) or the enhancement of non-enzymatic defences (e.g., glutathione,
vitamins) through dietary or pharmacological means. Antioxidants can delay, inhibit or
prevent the oxidation of oxidizable substrate by scavenging free radicals and diminishing
oxidative stress. However, in disease conditions, the defence against ROS is weakened or
damaged and the oxidant load increases. In such conditions, external supply of antioxidants is
essential to countervail the deleterious consequences of oxidative stress (Ratnam et al., 2006;
Reuter et al., 2010). It has been proposed that polyphenols can act as antioxidants by a number
of potential mechanisms. The free radical scavenging, in which the polyphenols can break the
free radical chain reaction, as well as suppression of the free radical formation by regulation of
enzyme activity or chelating metal ions involved in free radical production are reported to be
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the most important mechanisms of their antioxidant activity. The interaction between
polyphenolic compounds with other physiological antioxidants is another possible antioxidant
pathway for these compounds (Fraga et al., 2010; Perron & Brumaghim, 2009).

In order to evaluate the efficacy of polyphenols as antioxidants as well as to elucidate the
mode of their action, researchers today are using a wide range of experimental models, from
the simplest chemical antioxidant assays through the biologically more relevant cellular-
based assay to the most accurate animal models, and ultimately clinical studies in humans.
Taking into account all known advantages and limitations, each currently employed method
provides useful information at certain level of biological organization.

4.1 Chemical-based antioxidant assays

Widely used for initial antioxidant screening, chemical-based assays are the most popular
methods for an evaluation of antioxidant properties of plant extracts as well as their
bioactive constituents. Due to the implication of redox mechanisms in the pathogenesis of
numerous human diseases, the vast majority of the available in vitro approaches to
polyphenolic antioxidant research are based on the redox-linked colorimetric assays.
Although it has been established that polyphenols exert antioxidant effects via different
modes of action, free radical scavenging abilities seems to be the most important. Namely,
polyphenolic compounds possess ideal structure chemistry for free radical neutralization
because they have: (i) phenolic hydroxyl groups that are prone to donate a hydrogen atom
or an electron to a free radical; (ii) extended conjugated aromatic system to delocalize an
unpaired electron (Dai & Mumper, 2010). Among widely employed antioxidant assays,
scavenging capacity assays against stable, non-biological radicals (e.g., DPPH* and ABTS"*)
and assays against specific ROS/RNS can be distinguished. Especially popular DPPH assay
is a convenient and accurate method which provides a simple and rapid way to evaluate
free radical-scavenging ability. This assay uses a stable and commercially available organic
radical 2,2-diphenyl-1-picrylhydrazyl (DPPH®). Interaction of this purple-coloured radical
with an antioxidant agent, which is able to neutralize its free radical character, leads to the
formation of yellow-coloured diphenylpicrylhydrazine (Fig. 2) and resulting colour change,
proportional to the effect, can be quantified spectrophotometrically. Based on the DPPH free
radical scavenging effectiveness, it has been established that numerous polyphenolic
compounds of different classes are strong antioxidants (Okawa et al., 2001; Villafio et al.,
2007; Vladimir-Knezevi¢ et al., 2011). Also frequently used colorimetric method is Trolox
equivalent antioxidant capacity (TEAC) assay, which is based on scavenging of blue-green
ABTS radical cation by antioxidants present in sample (Nenadis et al., 2004).

Oxygen radical absorbance capacity (ORAC), deoxyribose assays as well as superoxide
anion scavenging capacity are usually used to predict scavenging abilities of plant
polyphenols against biologically relevant peroxyl, hydroxyl and superoxide radicals,
respectively (Cano et al., 2002; Kang et al., 2010). Reducing properties of polyphenols are
also very important in terminating free radical-induced chain reactions and are mainly
studied in terms of iron(Ill)-iron(II) transformation abilities. For that purpose ferric reducing
antioxidant power (FRAP) assay or potassium ferricyanide reducing method are used
(Firuzi et al., 2005; Vladimir-KneZevi¢ et al., 2011). In the context of the methods appropriate
for quantification of polyphenol total antioxidant capacity, the phosphomolybdenum assay
based on the ability to reduce Mo(VI) to Mo(V) is also worth of mention (Blazekovi¢ et al.,
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Experimental: The DPPH scavenging activities of ethanolic extract of Micromeria croatica (Pers.) Schott (A, B),
polyphenolic constituents rosmarinic acid (C, D), and quercetin (E, F), as well as referent antioxidant butylated
hydroxyanisole (G, H) were evaluated by mixing seral dilution of samples (concentration range 200-0.20
png/mL; 1-11) with ethanolic solution of DPPH (100 pM), with regard to DPPH control (12). After incubation
for 30 min, absorbance was measured at 490 nm using microplate reader.

Fig. 2. Application of DPPH assay on Micromeria croatica extract and polyphenolic
constituents.

2010). Another important antioxidative mechanism of polyphenols arises from their capability
to chelate transition metals, such as iron and copper, through multiple hydroxyl groups and
the carbonyl moiety, when present (Leopoldini et al., 2011). Iron(Il) is a primary cause of the
ROS generation in vivo and plays a pivotal role in contributing to oxidative stress, DNA
damage, and cell death, so it has been the target of many antioxidant therapies. By removing
and neutralising prooxidative metals, polyphenols may prevent oxidative damage of
important biomolecules due to highly reactive hydroxyl radicals generated by the Fenton
reaction which is catalysed by Fe2* or Cu* ions (Mladenka et al., 2011; Perron & Brumaghim,
2009). Moreover, polyphenols may also act as preventive antioxidants through the inhibition
of prooxidative enzymes, like xanthine oxidase (Selloum et al., 2001) which is a physiological
source of superoxide anions in eukaryotic cells. Among all biologically important
macromolecules, unsaturated membrane lipids are particularly prone to oxidative damage.
Therefore, the in vitro models of lipid peroxidation, as a well-established mechanism of cellular
injury, can be used as an indicator of oxidative stress in cells and tissues. Polyphenols were
proved to inhibit chain reaction of oxidative degradation of polyunsaturated fatty acids
integrated in micelles, emulsions, liposomes, low-density lipoproteins (LDL) and animal
tissues, which was previously induced by different prooxidans (hydroxyl radicals, iron(II)
ions, UV radiation). The extent of lipid peroxidation was mostly evaluated
spectrophotometrically, in terms of quantification of thiobarbituric acid-reactive substances as
end products - TBARS assay (Blazekovic et al., 2010; T. Miura et al., 2000).

4.2 Cell-based antioxidant assays

Since the biological systems are much more complex than the simple chemical mixtures and
antioxidant compounds may operate via multiple mechanisms, the studies employing
complex cellular testing systems provide a more useful approach towards understanding
the in vitro antioxidant capacities of polyphenols and their behaviours in living cells to
reduce oxidative damage (Niki, 2010). The cellular antioxidant activity assay (CAA),
developed by Wolfe & Liu (2007), centres on dichlorofluorescin, a probe molecule trapped
within cells that can be easily oxidised to produce fluorescence. The test uses 2,2'-azobis(2-
amidinopropane) dihydrochloride-generated peroxyl radicals to oxidise dichlorofluorescin,
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and the ability of antioxidant compounds to inhibit this process in HepG2 human
hepatocarcinoma cells. The study has suggested that polyphenols can act at the cell
membrane and break peroxyl radical chain reactions at the cell surface, or they can be taken
up by the cell and react with ROS intracellularly. Therefore, the efficiency of cellular uptake
and/or membrane binding combined with the radical scavenging activity likely dictates the
antioxidative effectiveness of different polyphenols. Blasa et al. (2011) consider that red
blood cells represent the cheapest and easily available cell type and their ability to cope with
ROS/RNS is relevant in the body.

4.3 In vivo animal studies

To overcome differences between in vitro test systems and the whole organism, as well as
the obvious constraints of human clinical studies, animal studies are widely applied in
antioxidant research (Mortensen et al., 2008). The capacity and efficacy of antioxidants in
vivo may be assessed most accurately due to their effect on the level of oxidation in
biological fluids and tissues, thus animal studies of polyphenols are mainly focused on
serum total antioxidant capacity, lipid peroxidation and antioxidant enzymes activity
measurements. Hepatoprotective studies with animal models use exogenously administered
hepatotoxin such as carbon tetrachloride (CCly), a free radical generating compound that
induce an oxidative stress, and related damage of biomolecules and cell death. Polyphenols
were found to be able to protect the liver against cellular oxidative damage and
maintenance of intracellular level of antioxidant enzymes (Amat et al., 2010; Fernandez-
Martinez et al., 2007). Neuroprotective properties of polyphenolic antioxidant compound
curcumin were reported based on its ability to inhibit homocysteine (Hcy) neurotoxicity and
related Hey-induced lipid peroxidation in animals' hippocampi (Ataie et al., 2010). Studies
performed in apolipoprotein E-deficient mice proved that polyphenols from wine and tea
can prevent the development and/or reduce progression of atherosclerosis, probably due to
their potent antioxidative activity and ability to protect LDL against oxidation (Hayek et al.,
1997; Y. Miura et al., 2001).

4.4 Human studies

At present there is a big gap between the knowledge of in vitro and in vivo effectiveness of
polyphenols as antioxidants, and human studies are still scarcer than those on animals.
Oxidative damage and antioxidant protection by polyphenols have been studied in healthy
people (preventive effect) or those suffering from certain disease (therapeutic effect). The
available human studies of polyphenols can be divided into intervention studies, which are
under defined circumstances (such as clinical trials) applying nutritional intervention and
measuring the biological outcome (effect), and observational epidemiological studies.
Various epidemiological studies have shown an inverse association between the
consumption of polyphenols or polyphenol-rich foods and the risk of cardiovascular
diseases. In this context, strong epidemiological evidences indicate that moderate
consumption of wine is associated with a significant reduction of cardiovascular events.
However, the respective contribution of wine polyphenols and alcohol to these effects was
not well clarified (Hansen et al., 2005; Manach et al., 2005). Additionally, recent clinical trials
on resveratrol, as the main antioxidant in wine, have been largely focused on characterizing
its pharmacokinetics and metabolism as well as the potential role in the management of
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diabetes, obesity, Alzheimer's disease and cancer (Patel et al., 2011). Considering the lack of
relevant data, the future clinical trials should be aimed at identifying the cardiovascular
benefits of resveratrol. In order to verify the polyphenols as antioxidants in in wvivo
conditions there is still a lot of scientific research to be done. The emerging findings suggest
that continued research through well-designed and adequately powered human studies that
undoubtedly verify health-promoting antioxidant activity of polyphenols in in wvivo
conditions are more than welcome.

5. Bioavailability of polyphenols

Bioavailability is usually defined as the fraction of an ingested nutrient or compound that
reaches the systemic circulation and the specific sites where it can exert its biological activity
(Porrini & Riso, 2008). To establish conclusive evidence for the effectiveness of dietary
polyphenols in disease prevention and human health improvement, it is useful to better
define the bioavailability of polyphenols. The health effects of polyphenols in human and in
animal models depend on their absorption, distribution, metabolism and elimination. The
chemical structure of polyphenols determines their rate and extent of absorption as well as
the nature of the metabolites present in the plasma and tissues. The most common
polyphenols in human diet are not necessarily the most active within the body, either
because they have a lower intrinsic activity or because they are poorly absorbed from the
intestine, highly metabolized, or rapidly eliminated (Manach et al., 2004). Evidence of their
absorption trough the gut barrier is given by the increase in the antioxidant capacity of
plasma after intake of plant polyphenols. More direct evidence on the bioavailability of
phenolic compounds has been obtained by measuring the concentration in plasma and urine
after the ingestion of either pure compounds or plant extracts with the known content of the
compounds of interest (Baba et al., 2005; Koutelidakis et al., 2009).

Polyphenols are present in plants as aglycones, glycosides, esters or polymers. Aglycones
can be absorbed from the small intestine, while glycosides, esters and polymers must be
hydrolyzed by intestinal enzymes, or by the colonic microflora, before they can be absorbed
(Fig. 3). Although this can be considered as a general rule, some exceptions occur like
unchanged anthocyanin glycosides detected in human plasma and urine (Kay et al., 2004).
The absorption of plant flavonoids which are predominantly bound to different sugars
mostly occurs in the small intestine. There are two possible routes by which the glycosides
could be hydrolysed and the first one involves the action of lactase phlorizin hydrolase
(LPH) in the brush-border of the small intestine epithelial cells. The released aglycone may
then enter epithelial cells by passive diffusion due to increased lipophilicity. The second
mechanism includes cytosolic -glucosidase (CBG) within the epithelial cells where the
polar glucosides are transported through the active sodium-dependent glucose transporter 1
(SGLT1). On the other hand, SLGT1 was reported not to transport flavonoids and,
moreover, those glycosylated flavonoids, and some aglycones, have the capability to inhibit
the glucose transporter. It has been observed that polyphenols differ in site of their
absorption. Data on absorption of quercetin-4'-glucoside and quercetin-3-rutinoside
illustrate the major impact of structural differences on the site of absorption. Quercetin-4'-
glucoside is absorbed in the small intestine after hydrolysis, while the quercetin-3-rutinoside
is absorbed in the colon as free and metabolised forms produced by the microflora (Crozier
et al., 2010). Hydroxicinnamic acids, when ingested in the free form, are rapidly absorbed
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from the stomach or the small intestine. However, in plants these compounds mainly occur
as esters and therefore a release of free form is required before absorption. For example,
ferulic acid, the main phenolic compound present in cereals, is esterified to arabinoxylans of
the grain cell walls. Although it has been shown that esterases are present throughout the
entire gastrointestinal tract, the release of ferulic acid mainly occurs in the colon after the
hydrolysis by microbial xylanase and esterase (Poquet et al., 2010). Proanthocyanidins as the
most widespread polyphenols in plants are very poorly absorbed due to their polymeric
nature and high molecular weight. Since their concentrations can be much higher in the
lumen of gastrointestinal tract then in plasma or other body tissues, proanthocyanidins may
have direct effects on the intestinal mucosa, which are important because the intestine is
particularly exposed to oxidizing agents and may be affected by inflammation and
numerous diseases such as cancer. Polyphenols that are not absorbed in the stomach or
small intestine will be carried to the colon where they undergo substantial structural
modifications. Those absorbed in the upper part of the gastrointestinal tract, metabolized in
the liver and excreted in the bile or directly from the enterocyte back to the small intestine
will also reach the colon but in a different form (e.g. glucuronide conjugates). The colonic
microflora hydrolyzes glycosides into aglycones and extensively metabolizes the aglycones
into simpler compounds, such as phenolic acids (Fig. 3). Conjugated metabolites secreted in
bile can also be hydrolised by p-glucuronidases of microbial origin. The released aglycones
can be reabsorbed and undergo enterohepatic cycling, as indicated by a second plasma
peak. Some microbial metabolites exert biological activity, such as equol produced from
daidzein having better phytoestrogenic properties than the original isoflavone. Inter-
individual variations in formation of active metabolites caused by different composition of
colonic microflora are also observed (Del Rio et al., 2010; Manach et al., 2004).

The absorption of polyphenols is followed by extensive conjugation and metabolism.
Phenolic compounds are conjugated in the intestinal cells and later in the liver that restricts
their potential toxic effects and facilitates their biliary and urinary excretion by increasing
their hydrophilicity. This process mainly includes glucuronidation, sulfation and
methylation catalyzed by following enzymes: UDP glucuronosyl transferase (UDPGT),
phenol sulfotransferase (SULT) and cathel-O-methyltransferaze (COMT), respectively
(Scalbert & Williamson, 2000). The conjugation mechanisms of polyphenols are highly
efficient, and free aglycones are generally either absent or present in low concentrations in
plasma after the consumption of nutritional doses. Green tea catechins, whose aglycones can
constitute a significant proportion of the total amount in plasma, present an exception (Lee
et al., 2002). Rosmarinic acid, partly absorbed in unchanged form and partly metabolized by
microflora in the colon, is found to be present in plasma as conjugated and/or methylated
forms accompanied by the conjugated forms of its metabolites (caffeic, ferulic and m-
coumarinic acid). In the same study, looking at the metabolites formed from rosmarinic acid
between rats and humans large differences are observed and attributed to the differences in
the enzyme location, affinity of substances and the characteristics of the enzymatic reactions,
which corresponds to data for epicatechin and quercetin (Baba et al., 2005).

Generally, it is important to identify the circulating metabolites of polyphenols because the
nature and position of the conjugating groups can affect their biological properties (Day et al.,
2000). The accumulation of polyphenol metabolites in the target tissues where they exert
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biological activities is the most important phase of polyphenol metabolic pathway, however, a
few studies reported on their concentrations in human tissues. Isoflavones were found to
accumulate in breast and prostate tissues (Hong et al., 2002; Maubach et al., 2003). Tea
polyphenols and theaflavins were detected in the prostate, and their tissue bioavailability was
greater in humans than in animals (Henning et al., 2006). Since, polyphenols are extensively
modified and the forms appearing in the blood and tissues are usually different from the
forms found in plants, greater attention should be focused on exploring the potential biological
activity of polyphenol metabolites. In understanding bioavailability of plant polyphenols, the
differences between animal models and human should be taken into account.
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Fig. 3. Pathway of absorption and metabolism of selected polyphenols.

6. Polyphenols in aging and oxidative stress-related diseases

Aging is a natural process that is defined as a progressive deterioration of biological
functions after the organism has attained its maximal reproductive competence; it leads to
the disabilities and diseases that limit normal body functions. Major hypotheses of aging
include altered proteins; DNA damage and less efficient DNA repair; inappropriate cross-
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linking of proteins, DNA and other structural molecules; a failure of neuroendocrine
secretion; cellular senescence in the cell culture system; an increase in free radical-mediated
oxidative stress and changes in the order of gene expression (T. Farooqui & A.A. Farooqui,
2009). It has been pointed out that oxidative stress experienced during normal metabolism
has primary contribution to aging. Today much attention is given to the therapeutic effects
of polyphenols, which have been shown to mitigate age-associated phenomena such as
oxidative stress, chronic inflammation, and toxin accumulation (Queen & Tollefsbol, 2010).
Plant polyphenols are serious candidates in explanations of the protective effects of
vegetables and fruits against various diseases. Epidemiologic studies are useful for
evaluation of the human health effects of long-term exposure to physiologic concentrations
of polyphenols, but reliable data on polyphenol contents of food are still scarce (Arts &
Holman, 2005). With respect to cardiovascular health, polyphenols may alter lipid
metabolism, inhibit low-density lipoprotein (LDL) oxidation, reduce atherosclerotic lesion
formation, inhibit platelet aggregation, decrease vascular cell adhesion molecule expression,
improve endothelial function and reduce blood pressure. Polyphenols have also been shown
to exert beneficial cognitive effects, to reverse specific age-related neurodegeneration and to
exert a variety of anti-carcinogenic effects including an ability to induce apoptosis in tumour
cells (Vauzour et al., 2010), inhibit cancer cell proliferation (Walle et al., 2007), prevent
angiogenesis (Mojzis et al., 2008) and tumour cells invasion (Weng & Yen, 2011).

Cardiovascular disease (CVD) is one of the leading causes of death in many economically
developed nations. Some of the major risk factors for CVD can not be changed (age, sex,
genetic predisposition), but diet and lifestyle are modifiable risk factors (Leifert &
Abeywardena, 2008). Accordingly, current knowledge favours the notion that risk factors
other than raised plasma cholesterol play an important role in the development of CVD, such
as oxidative stress, vascular inflammation and endothelial dysfunction (Zalba et al., 2007).
Many human studies have demonstrated that altered oxygen utilization and/or increased
formation of reactive oxygen species (ROS) contribute to atherogenesis, hypertension and
progression of other CVD. For example, olive oil polyphenols increased the level of oxidized
LDL autoantibodies (OLAB) which have protective role in atherosclerosis. In a crossover,
controlled trial 200 healthy men were randomly assigned to 3-week sequences of 25 mL/day
of three olive oils with high (366 mg/kg), medium (164 mg/kg) and low (2.7 mg/kg) phenolic
contents. OLAB concentrations increased in a dose-dependent manner with the polyphenol
content of the administered olive oil (Castafier et al., 2011). Phytoestrogen genistein was tested
on sixty healthy postmenopausal women in a double blind, placebo controlled, randomized
study where participants received either genistein (54 mg/day) or placebo. After six months of
genistein therapy, the ratio between nitric oxide and endothelin-1 was increased and flow-
mediated endothelium-dependent vasomotion in postmenopausal women improved (Sqadrito
et al,, 2002). Medina-Remoén et al. (2011) confirmed that intake of polyphenols is negatively
correlated with hypertension (Table 3). Human studies have also showed an association of
moderate intake of alcoholic drinks containing polyphenols with a reduced risk of
cardiovascular disease. The intake of these drinks decreased Nuclear factor-kappa B (redox
sensitive transcription factor implicated in the pathogenesis of atherosclerosis) activation
(Blanco-Colio et al.,, 2007). These observations have been proposed to explain the French
paradox: the coexistence of relative high fat intake and the lower rate of cardiovascular disease
in France, due to regular intake of drinks containing polyphenols.
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Sample Participants/Study Effect Reference
589 participants; Polyphenol intake negatively Medina-
Diet rich in blood pressure measured; total | associated with blood )
. Remoén
polyphenols polyphenol excretion pressure levels and otal. 2011
determined in urine prevalence of hypertension v
Grape antioxidant 34 participants; . Significant reduction of total .
. . 16 weeks supplementation . | Pérez-
dietary fibre -5.25 g . o ; cholesterol, LDL level, systolic | ..~
. . with grape antioxidant dietary . . Jiménez
dietary fibre, 1.4 g fi bl and diastolic blood pressures 1
olyphenols per day ibere; blood pressure and et al., 2008
polyp LDL levels measured
Alcoholic drinks with |16 volunteers; 16 g/m? of
polyphenols; ethanol during 5 days; .
. . ; . Decreased NF-kappa B Blanco-Colio
2660 mg/L red wine | fat-enriched diet; examined tivati d MCP-1 level t al. 2007
357 mg/L rum, and NF-kappa B activation and acttvation an cvels jetal,
89 mg/L brandy circulating MCP-1 levels

Green and black tea

21 postmenopausal healthy
woman; flow-mediated
dilation and nitro-mediated

Significant increase of
endothelium-dependent

Jochmann et

(EGCG) dilation measured before and | flow-mediated dilation al., 2008
2 h after consumption of tea
10054 p.artll cipants; . Total cancer incidence lower
flavonoid intake estimated on . . .
. . at higher quercetin (mainly
the basis of the flavonoid
. . . lung cancer ); prostate cancer |Knekt etal.,
Flavonoids from food |concentrations in food; the . . .
S ; risk lower at higher myricetin; | 2002
incident cases of the diseases .
. e . . | breast cancer risk lower at
identified from national public | .. .
. higher quercetin intake
health registers
Patients afflicted with cancer | Favonoid intake associated .
. . . L De Stefani et
Regular diet of the oral cavity, pharynx, with a reduction in risk of al. 1999
larynx and esophagus incidence of cancer i
51 patients with confirmed Tyrosine kinase inhibited; CA
. . Ferry etal.,
Quercetin cancer no longer amenable to [ 125 level decreased; 199
the standard therapy a-fetoprotein level decreased
Hazard ratio for Alzheimer’s
Fruit and vegetable . . disease 0.24 for subjects who
L. e Population-based prospective - . .
juices containing a study of 1836 Japanese drank juices at least 3 times Dai etal.,
high concentration Y. P per week; 0.84 for subjects 2006
Americans L .
of polyphenols who drank juices 1 to 2 times
per week
Functional drink rich 100p art}c1pants; Decrease of tHcy plasmatic Mqullas—
in polyphenols plasmatic level of tHey level in Alzheimer patients Ruiz et al,,
poly determined 2010
Coffee and tea 200 participants, eDf(f)e?ft_ i?gz?gfrilﬂfg tc(;icstelzzze Tan etal.,
pure ethnic Chinese 2003

in coffee and tea drinkers

CA 125 - Tumour marker present in greater concentration in ovarian cancer, EGCG - Epigallocatechin-3-
gallate, LDL - Low-density lipoprotein, MCP-1 - Monocyte chemoattractant protein-1, NF-kappa B -
Nuclear factor-kappa B, tHcy - total Homocysteine.

Table 3. Overview of the selected human studies.
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A multi-stage process such as cancer development is characterised by the cumulative action
of multiple events occurring in a single cell and can be described by three stages (initiation,
promotion and progression) and ROS can act in all these stages of carcinogenesis (Valko et
al., 2006). The reported data imply that growth factor-stimulated ROS generation can
mediate intracellular signalling pathways by activating protein tyrosine kinases, inhibiting
protein tyrosine phosphatase, and regulating redox-sensitive gene expression (Aslan &
Ozben, 2003). Different clinical and epidemiological studies presented in Table 3 have
confirmed negative correlation between intake of polyphenols and incidence of cancer
(Knekt et al., 2002; De Stefani et al., 1999; Ferry et al., 1996).

Among the most common neurologic diseases are neurodegenerative disorders, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS).
The risk factors that have been identified for these diseases are mitochondrial dysfunction
and oxidative damage which play important roles in the slowly progressive neuronal death
(Esposito et al., 2002). The growing evidence suggests that the oxidative damage caused by
the B-amyloid peptide in the pathogenesis of AD may be hydrogen peroxide mediated. The
polyphenols from apple and citrus juices, such as quercetin, are able to cross the blood-brain
barrier and show neuroprotection against hydrogen peroxide (Dai et al., 2006). The
increased serum total homocysteine (tHcy) is identified as a risk factor for the development
of AD. As the thiol group of homocysteine undergoes auto-oxidation in the plasma and
generates ROS, polyphenols have preferences for the preventive-therapeutic use in AD
(Morillas-Ruiz et al.,, 2010). The characteristic of PD is the selective degeneration of
dopamine neurons in the nigrostriatal system where increased total iron has been found
(Esposito et al., 2002). The protective effect of tea catehins against neuronal diseases may
involve its radical scavenging and iron chelating activity and/or regulation of antioxidant
protective enzymes (Weinreb et al., 2004) which was confirmed by Tan et al. (2003). Human
studies considering neurodegenerative diseases are presented in Table 3.

Human studies suggest that plant polyphenols may reduce the risk of various chronic
diseases, but there is a need for more studies to provide definitive proofs of their protective
role. Further epidemiological studies should identify proper biomarkers of disease risk and
demonstrate they are influenced by the consumption of plant polyphenols (Schalbert et al.,
2005). There is also lack of validated biomarkers of polyphenol intake since polyphenol
family encompasses very diverse compounds with highly different bioavailabilities, so the
results obtained for one polyphenol compound cannot be generalized to others (Manach et
al., 2005). Nevertheless, epidemiological studies are useful tool to study the health effects of
polyphenols, providing us with information about significant differences among groups of
people who have different lifestyles and have been exposed to different environmental
factors.
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1. Introduction

Many epidemiological studies showed that the consumption of diets consisting of fruits and
vegetables offered protection against some chronic disease (Arts & Hollman, 2005; Chang-
Claude et al., 1992; Graf et al., 2005; Phillips et al., 1978). This protection was suggested to be
in part due to the intake of some beneficial nutrients including polyphenols which are the
most abundant antioxidants in our diets. Indeed, polyphenols are natural products which
are recognized as one of the largest and most widespread class of plant constituents
occurring throughout the plant kingdom, and are also found in substantial levels in
commonly consumed fruits, vegetables and beverages.

Polyphenols have recently aroused considerable interest because of their potential beneficial
biochemical and antioxidant effects on human health. Commonly referred to as
antioxidants, they may prevent various diseases associated with oxidative stress, such as
cancers, cardiovascular diseases, inflammation and others. Most of the experimental results
confirmed that polyphenols have several biological activities including radical scavenging,
anti-inflammatory, anti-mutagenic, anti-cancer, anti-HIV, anti-allergic, anti-platelet and anti-
oxidant activities (Harborne & Williams, 2000).

Consumption of fruits and vegetables has thus been associated with protection against
various diseases, including cancers (Steinmetz & Potter, 1996) and cardio-and
cerebrovascular diseases (Rimm et al., 1996). This association is often attributed to the
antioxidants in the fruits and vegetables such as vitamin C, vitamin E, carotenoids,
lycopenes and polyphenols that prevent free radical damage (Steinberg, 1991). Fruits and
vegetables consumption may also prevent stroke (Ness & Powles 1997), cancers (Yang &
Wang 1993), coronary heart diseases (Tijburg et al. 1997), and osteoporosis (Adlercreutz &
Mazur 1997). All these reasons make that polyphenols are receiving increasing interest from
consumers and food manufacturers.

Chemically, polyphenols are diverse group of naturally occurring compounds containing
multiple phenolic functionalities. They constitute a large and still expanding complex family
of molecules, with diverse structures, properties and sizes ranging from monomers to
polymers. Polyphenols gather a range of weakly acidic substances possessing aromatic rings



Phytochemicals as Nutraceuticals
182 — Global Approaches to Their Role in Nutrition and Health

bearing hydroxyl substituents and constitute one of the most numerous and widely
distributed groups of substances with more than 8000 phenolic structures currently known.
Polyphenols can be divided into different classes depending on their basic structure. The
main classes of polyphenols are phenolic acids and flavonoids while the less common are
stilbenes and lignans. Major subclasses present in food correspond to anthocyanins,
flavanols, flavones, flavanones, flavonols and isoflavones.

Several studies have been published about phenolic compounds and their role in the
chemistry of fruits (Macheix et al., 1990). In particular, they are responsible for their color
intensity, bitterness and their astringent perception. The amount and composition of
phenolic compounds in fruit-based foods is dependent on a number of factors including
species, varieties, geographical heritage, maturity, growing conditions, production area and
yield of fruit as well as on technological processes. The age of fruit derived foods also
influences the qualitative and quantitative composition of phenolic compounds in fruit
derived foods. The chemical structure of polyphenols will also affect their biological
properties such as bioavailability, antioxidant activity, specific interactions with cell
receptors and enzymes and other properties.

Food organoleptic properties like color, taste and bitterness are obviously closely connected
to the initial phenolic composition. It is also connected to environmental factors such as
temperature, light and pH. In addition, the ability of these natural compounds to interact
with various molecules is another way to modify these initial properties. Polyphenols are
thus also responsible of the alterations usually observed during storage and ageing. While
the color of new plant derived product is due to its initial chemical content, the subsequent
color changes during storage and ageing involves generally condensation of phenolic
compounds. These transformations generally result in browning, discoloration or darkening
and this reactivity raises an important economic question. The sensory parameters usually
altered during ageing include color and taste.

This chapter constitutes an overview of our findings in the field of polyphenols. Purification
and characterization of some flavonoids and phenylethanoids from plants growing in
Morocco will be presented. Hemisynthesis and structure determination of derivatized
monomeric and dimeric flavanols will be also discussed. Application of spectroscopic
methods for the analysis of these natural and derivatized products will be presented. In
particular analysis of flavonoids, oligomeric and polymeric procyanidins using electropsray
(ESI), matrix-assisted laser desorption ionization (MALDI), and tandem (MS-MS) mass
spectrometry will be also reported. Finally the antioxidant properties of these
natural/synthesized compounds will be discussed.

2. Results and discussion
2.1 Purification and characterization of some natural phytochemicals

Within a research program aimed at discovering new natural antioxidants, the aerial parts
of Globularia alypum and Salvia verbenaca were extracted with various solvent mixtures, and
the reduction of DPPH® was used to evaluate the antioxidant activity of the obtained
extracts. The first obtained results showed that the hydromethanolic extracts demonstrated
a notable antioxidant activity. The obtained fractions were subjected to SPE column
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chromatography using a step gradient of MeOH/H,O mixture and each fraction was tested
for its antioxidant activity.

Among the obtained fractions, the 50% aqueous methanolic fractions, which exhibited
strong activity compared with negative control, were investigated for their phytochemical
compositions. Analysis through analytical HPLC showed the presence of several
compounds belonging to different families as demonstrated by their UV-visible spectra
obtained through the used DAD detector coupled to the HPLC apparatus. Further
fractionation by semipreparative HPLC allowed the isolation of sixteen compounds which
were tested for their scavenging activity toward DPPH® radical.

The structures of the obtained compounds were elucidated through ESI-MS, CID MS,
tandem MS-MS, 1D and 2D homonuclear and heteronuclear NMR analysis (Es-Safi et al.,
2005a, 2006b). The phytochemicals isolated from G. alypum include syringin 1, iridoids 2-7,
flavonoids 8-11, and phenylethanoids 12-15 (Figure 1) while rosmarinic acid 16 was isolated
from S. verbenaca.

Compound 1 was obtained as an amorphous powder. Its molecular weight 372 Da,
determined through ESI-MS analysis ([M+Na]* and [M-H]- at m/z 395 and 371 Da
respectively), was in agreement with the Cy7H209 formula as confirmed through 13C NMR
analysis. The structure of compound 1, was completely elucidated and was identified as
syringin through 1D and 2D NMR analysis. Its spectral data were in agreement with those
previously reported in the literature for the same compound (Sugiyama et al., 1993).

Among the isolated compounds, six iridoids 2-7 were isolated. The structure elucidation of
the major one 6 was initiated through mass spectroscopy. Its molecular weight was
determined as 492 amu by ESI-MS both at negative (m/z 491, [M-H]-) and positive (m/z 493
[M+H]*, 515 [M+Na]*) ion mode. Among the obtained fragmentation, the loss of a 162 amu
was observed suggesting the probable presence of a glucosidic moiety. The structure of
compound 6 was further elucidated by NMR analysis. Complete assignments were made
using a combination of homonuclear and heteronuclear correlation experiments.

Construction of the iridoid skeleton started with the carbon at 96.5 ppm (C-1), which has an
acetal proton at 5.36 ppm (d, | = 8.7 Hz, H-1). This acetal proton was coupled to the methine
proton at 2.65 ppm (dd, | = 8.7 and 9.6 Hz, H-9), which in turn was coupled to the second
methine proton located at 2.29 ppm (dddd, | = 1.5, 4.5, 7.8 and 9.6 Hz, H-5). H-5 was further
coupled to an olefinic proton at 5.04 ppm (dd, | = 4.5 and 6.0 Hz, H-4), which in turn was
coupled to another olefinic proton at 6.37 ppm (dd, ] = 1.5 and 6.00 Hz, H-3). In the other
direction, the proton H-5 was correlated to the oxymethine proton located at 3.96 ppm (dd, |
=1.2 and 7.8 Hz, H-6) which was also correlated, according to the COSY spectrum, with H-7
(3.50 ppm, bs). The absence of any other homonuclear coupling observed for H-7 and H-9
indicated a totally substituted C-8 (64.4 ppm). The chemical shift value and coupling
constant of C-10 (65.3 ppm, 4.26 and 5.01 ppm, AB system, | = 12.6 Hz) also confirmed a C-8
to be a tertiary oxygenated carbon.

The presence of a trans cinnamoyl ester was confirmed by signals due to the five aromatic
[7.39 (2H), 7.40 and 7.62 ppm (2H)] and two olefinic protons (6.56 and 7.72 ppm, AB system,
J = 16.2 Hz) as well as observation of 6 aromatic carbons [130.2 (2C), 130.9 (2C), 132.4 and
136.7 ppm] in addition to the signals located at 119.5, 147.6 and 169.3 ppm corresponding
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respectively to C(B), C(a) and the carbonyl carbon. Spectral assignment of the
glucopyranosyl moiety was easily attributed through 2D COSY experiment, starting from
the anomeric proton H-1" which was attributed to the signal located at 4.72 ppm on the basis
of its downfield chemical shift. The relative configurations of the stereogenic centres of
compound 6 were clarified by 2D NOESY experiment suggesting [ configurations for
hydrogens at C-5 and C-9 and a 3, 3, B orientations for the substituents at C-6, C-7 and C-8
(Figure 1). The obtained results for compound 6 were in agreement with the spectral data of
globularin previously reported in the literature (Faure et al., 1987).Having in hand the
structure of compound 6, the other known iridoids were easily identified by ESI-MS and
NMR spectroscopy by comparison of their spectral data with those of globularin and the
spectral data of the literature. Thus compound 4 was identified as globularicisin, compound
5 as globularidin, compounds 2 as globularinin and 3 and 7 as globularimin and
globularioside respectively (Figure 1).
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Fig. 1. Structure of the isolated natural compounds.
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The 'H NMR signals of compound 9 between 3.50 and 4.00, at 5.06 ppm, and between 6.5
and 7.5 ppm, in connection with a corresponding pattern in the 13C NMR spectrum
indicated typical features of a glycosylated flavonoid. Due to the fact that the 13C NMR
spectrum showed 21 carbon atoms, the molecular formula Ca;H20O12 obtained through ESI-
MS (m/z 463 [M-H]-, 465 [M+H]*) was retained. The positive ESI-MS spectrum also showed
an ion signal at m/z 303 which is likely to correspond to a fragment ion, presumably the
aglycone. From the mass difference of m/z = 162 between the [M+H]* peak and the aglycone
it was deduced that the sugar moiety was an hexose which was determined as
glucopyranosyl unit through NMR analysis.

The 3C NMR spectrum displayed three peak signals in the upfield regions at 146.2, 151.1,
and 150.4 ppm corresponding respectively to C-5, C-7 and C-9 in agreement with a 5,6,7-
trihydroxylated A-ring of flavones (Horie et al., 1998). Compound 9 had almost identical
NMR and MS-MS data for the aglycone 6-hydroxyluteolin as compared with those in 8 (Es-
Safi et al., 2005a). The linkage between the sugar H-1” (5.06 ppm) and the C-7 position (151.1
ppm) of the flavone was established by NOESY experiment showing correlation between
the anomeric proton and the residual A ring aromatic proton H-8 (6.99 ppm). Compound 9
was thus identified as 6-hydroxyluteolin 7-O-3-D-glucoside.

The ESI-MS spectra of compound 11 (m/z 609 [M-H],, 611 [M+H]*) indicated a molecular
weight of 610 in agreement with the C7H30O16 formula. The observation of a loss of a 324
neutral fragment in the mass spectra of compound 11 confirmed the presence of two hexose
moieties. The CID MS-MS spectra of the [M-H]- ion showed in addition to 609 an intense ion
at m/z 285 and 447. The latter was observed with a very low abundance in agreement with a
diglucoside structure. The CID MS-MS spectra of the aglycone ion observed at m/z 285 were
in agreement with a luteolin unit. This was confirmed through NMR analysis where a
singlet at around 6.7 ppm in its ITH NMR spectrum consistent with the H-3 of flavones was
observed. This was also supported by the observation of carbon signal at ca 103.5 ppm
associated with the C-3 in their 13C NMR spectrum. Compound 11 was concluded to be
luteolin-7-O-B-D-sophoroside through NMR analysis which results were in agreement with
reported data (Imperato & Nazzaro, 1996).

Compounds 12-15 were obtained as colourless, amorphous compounds. Their UV spectra
were very similar showing five absorption bands in the range 230-330 nm. Their IR spectra
showed bands for hydroxyl groups and aromatic rings. These data indicated the presence of
phenolic compounds with an unsaturated moiety outside the phenol ring. The ESI-MS data
provided my/z values of 623 [M-H]-, and 625 [M+H]* ions giving a molecular weights of 624
consistent with the formula CxH3¢O15 for the three compounds. The CID-MS yielded an
apparent peak at m/z = 448. From the mass difference of 146, the presence of a deoxyhexose
was deduced.

The TH NMR spectrum of compound 13 exhibited typical resonances arising from six aromatic
protons (2 ABX systems, 6.56-7.05 region), two trans-olefinic protons (AB system, 6.27 and 7.59
ppm, ] = 15.9 Hz), a benzylic methylene at 2.78 ppm (2H, ¢, ] = 7.2 Hz) and two non-equivalent
proton signals at 3.72 and 4.03 ppm (each 1H, m). These data were consistent with the presence
of a (E)-caffeic acid unit and 3,4-di0068ydroxyphenethyl alcohol moiety. In addition, two
anomeric proton signals at 4.38 (d, ] = 7.9 Hz) and 5.17 (d, | = 1.8 Hz) were attributed to the -
D-glucose and a-L-rhamnose units, respectively, indicating the disaccharide structure of 13.
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The presence of a doublet at 1.08 ppm in the TH NMR spectrum, the TH-TH COSY interactions,
the 13C shifts deduced from 2D NMR experiments and the 1TH NMR coupling constants made
an a-L-rhamnose-O-3-D-glycoside likely. The acyl group was positioned at the C-4" position of
the glucose unit, on the basis of the strong deshielding of the H-4" signal (4.91 ppm) of the
glucose unit. In the 3C NMR spectrum, the C-3" (82.4 ppm) resonance of the glucose unit
showed a remarkable downfield shift, indicating that the rhamnose moiety was attached to the
C-3" position of the glucose. Therefore, based on the NMR data, the structure of 13 was
identified as acteoside (Owen et al., 2003).

The proton and carbon resonances of 12 due to the aglycone and sugar moieties were in
good agreement with those of 13, indicating the similar substructures. However the caffeoyl
residue was concluded to be attached to glucose C-6 instead of C-4 (normal chemical shift
for H4, downfield shifts for Hé6a,b). Therefore, the structure of 12 was established as
isoacteoside (Owen et al., 2003). The NMR data revealed that 14 had most of the structural
features of 13 with the exception that the rhamnosyl residue is attached to glucose C-6
instead of C-3 as attested by the downfield shift (4 ppm) of the C-6" of the glucose moiety.
Since the NMR data of 14 was in good agreement with the reported data, its structure was
identified as forsythiaside (Shoyama et al., 1986).

Compound 16 which was isolated from S. verbenaca was concluded to be rosmarinic acid on
the basis of its MS and NMR spectral data. Its ESI-MS spectrum recorded in the negative ion
mode presents signal at m/z 359 corresponding to the [M-H]- ion in agreement with the
proposed structure. The TH NMR spectrum presents in particular two doublets (J=16 Hz) at
6.2 and 7.5 ppm integrating one proton each and corresponding to the two olefinic protons.
The two benzylic protons appeared as two double doublets at 2.9 and 3.1 ppm while the
proton in the a position of the carboxyl group appeared as a multiplet at 5.1 ppm. Finally
the 6 aromatic protons appeared as multiplets between 6.5 and 7.1 ppm. The 13C NMR
spectrum showed 18 signals in agreement with the structure of rosmarinic acid. The
benzylic carbon atom appeared at 39 ppm and was confirmed through DEPT analysis. The
two carbonyl carbon atoms were attributed to the signals located at 175 (COOH) and 169
(CO) ppm. The carbon in the a of the carboxyl group signal was located at 76 ppm. The
other observed signals were in agreement with the structure of rosmarinic acid and with
previously published results (Mehrabani et al., 2005).

2.2 Hemisynthesis and structure determination of derivatized monomeric and dimeric
flavanols

Natural antioxidants have been shown to enhance product stability, quality, and shelf life.
Consequently, the development of antioxidants from natural origin has attracted
considerable attention and many researchers have focused on the discovery of new natural
antioxidants aimed at quenching biologically harmful radicals. However, natural
antioxidants are usually difficult to isolate because they are often extracted in complex
mixtures. Moreover, they generally occur in few amounts which did not allow achieving the
desired biological activity. This prompted us to initiate an investigation program aimed at
the hemisynthesis of monomeric and dimeric polyphenols.

The synthesis of some modified monomeric units derived from catechin was initiated with
the objectives of exploring the impact of the A ring substitution on their antioxidant
properties. For this study, the six 8-substituted derivatives of flavan-3-ols 19-24 in addition
to taxifolin 25 (Figure 2) were synthesized and their antioxidative activity investigated.
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Fig. 2. Structures of the studied modified flavan-3-ol monomers 19-25.
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Scheme 1. Synthesis pathways of the studied modified flavanol monomers.

The modified flavan-3-ols monomer derivatives described in this work were synthesized
according to the pathways depicted in Scheme 1. Compound 27 was prepared by action of
trifluoacetic anhydride on tetrabenzylated catechin 26 following a Friedel-Craft’s reaction on
the 8 nucleophile position as previously described [Beauhaire et al., 2005; Es-Safi et al.,
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2006c]. Further reduction by NaBH; afforded compound 28. Compound 30 was prepared
starting from the pentabenzylated catechin 29. After formylation through the classical
Vilsmeier reaction, the obtained compound 30 was reduced by LiAlH; giving the
hydroxymethyl derivative 31. Further reduction of the latter gave the target product 32 with
a good yield. The bromided adduct 33 was obtained from 29 by action of NBS. Gram-scale
of taxifolin 25 was prepared from (+)-catechin through reactions involving oxidation
processes as previously described (Es-Safi & Ducrot, 2006a).

The structures of these modified catechin derivatives were determined through UV, MS and
NMR spectroscopy. Structure elucidation of compound 32 will be detailed as example. The
ESI-MS spectrum recorded in the positive ion mode showed signals located at my/z 755, 772
and 777 corresponding to [M+H]*, [M+NH,]* and [M+Na]* ions respectively and indicating
a molecular weight of 754 amu in agreement with the structure of compound 32. The usual
flavan-3-ols characteristic RDA fragmentation was also observed at m/z 423, [M+H-332]* ion
and corresponding to the protonated A moiety (Figure 3).

The remaining outstanding question that needed to be resolved was related to the position
of the methyl group on the flavanol A ring. This constitutes the most encountered problem
in flavanols structural characterization. Since the two positions 6 and 8 are almost
magnetically equivalent, they could not be distinguished on the basis of their chemical shift.
In our case, assuming that the substitution occurs at the more nucleophilic positions of the
flavanol skeleton, i.e 6 or the 8 as confirmed through ES-MS spectrometry, determination of
the residual proton (H6 or H8) could not be achieved based only on its chemical shift but
would rather requires the use of 2D NMR analysis.
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Fig. 3. Main fragmentations observed in compounds 27 (R;= COCEF;), 32 (R= CHz)
and 34 (R;= Si(Me)s) and main HMBC correlations observed for compound 32.

The position of the CH3 group on the aromatic A ring was elucidated by long range distance
carbon-proton correlations established by 2D NMR HMBC experiments through the
following reasoning. The usual pyran ring protons H4 [(2.71 ppm, dd, J= 16.69 and 5.59 Hz)
and 3.03 ppm (dd, J= 16.69 and 8.73 Hz)], H3 (6.60 ppm, m) and H2 (7.90 ppm, d, |= 7.99 Hz)
were easily assigned by 1H NMR analysis. The three B ring protons were observed between
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6.93 and 7.00 ppm. For the aromatic A ring, only one proton signal appearing as a singlet at
6.21 ppm was present indicating a monosubstitution. The presence of the CHjz group was
confirmed through H NMR analysis showing a singulet at 2.06 ppm. The protonated
carbon chemical shifts were assigned through NMR HSQC analysis.

The definitive structure elucidation of compound 32 was achieved by HMBC experiment
which allowed assignment of all hydrogen and carbon atoms. In addition to their
correlations with C2 (79.84 ppm) and C3 (74.97 ppm), H4 protons (2.77 and 3.03 ppm)
correlated with 3 carbons located at 102.74, 153.13 and 154.75 ppm. Carbons C4a, C8a and
C5 are in a favorable position to give such correlations (Figure 3). The signal observed at
102.74 ppm was attributed to C4a due to its chemical shift position compared to C8a and C5
which are linked to an oxygen atom. The carbon signal located at 153.13 ppm also gave a
correlation with H2, which pointed to the C8a carbon and thus the remaining signal
observed at 154.75 ppm was attributed to C5. The C8a signal thus attributed did not show
any correlation with the residual A ring aromatic protons which is thus H6. This was also
confirmed by the presence of a correlation between C5 and the residual aromatic proton and
between the methyl protons and the C8a (Figure 3). The position of the methyl group on the
A ring 8 position was thus demonstrated.
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Scheme 2. Lewis acids-catalyzed flavanols coupling reactions.
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After having synthesized these modified (+)-catechin derivatives, we tried to synthesize
some dimeric flavanols derivatives by coupling flavanols using Lewis acids as catalysts.
Indeed lewis acids, like TiCly, AgBF4, SnCly, TMSOTf have been employed in literature to
synthesize dimeric and oligomeric procyanidins of (+)-catechin and (-)-epicatechin units
(Arnaudinaud et al., 2001; Saito et al., 2002; Tiickmantel et al, 1999). In these reactions, the
role of Lewis acids is to promote the formation of the benzylic carbocation at C4 of a
flavanol subunit starting from a C4 hetero substituted flavanol, which thereafter undergoes
a Friedel-Craft-like addition on a second flavanol subunit. For this study, the Lewis acid
TiCly was used as a carbocation promoting agent from the 4-(2-hydroxyethyloxy) flavan-3-ol
37. Coupling reaction between compound 27 and 37 in a 6/1 molar ratio was investigated in
CH>Cl according to Scheme 2.

The reaction was monitored by CCM and HPLC and showed the disappearance of
compound 27 and appearance of new compounds. In order to verify the presence of
compounds with the expected dimeric structures the mixture was explored by HPLC
coupled to a mass spectrometry detection operating in the positive ion mode. An extracted
ion current chromatogram recorded at m/z 1395 and 1412 (Figure 4) and corresponding to a
dimeric structure molecular weight showed the presence of a minor and a major compound.
The UV spectrum of both compounds exhibited similar maxima (285 and 305 nm) to that of

compound 27, indicating that the original flavan structure with the COCF; group was
retained.

2 - 285 nm

305 nm Major Compound

Intensity (*10 f‘)
=

Minor Compound

Time (min.)

Fig. 4. Extracted ion chromatogram recorded at m/z 1395.

ESI-MS analysis of both compounds showed that the fragmentations observed for minor
compound 38 were in agreement with a dimeric structure consisting of tetrabenzylated (+)-
catechin 26 coupled to its trifluroacylated derivative 27 through a C4->C6 linkage (Figure
5A). Indeed, MS/MS fragmentation of the minor compound showed only one RDA
fragmentation corresponding to the [M+H-332]+ ion.
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The mass spectrum obtained of the major compound 39 in the positive ion mode (Figure 5B)
showed signals at m/z 1395, 1412, 1417 and 1433 corresponding respectively to [M+H]*,
[M+NH4]*, [M+Na]* and [M+K]* indicating a molecular weight of 1394 amu in agreement
with a dimeric structure consisting of tetrabenzylated (+)-catechin 26 linked to its
trifluoroacylated derivative 27. However, the remaining problem was the establishment of
the position of linkage to compound 27, as the tetrabenzylated catechin moiety is linked
through its 4 position.

In addition to the signals indicated above, the mass spectrum of compound 39 also showed
signals at m/z 747 and 649 corresponding to the fission of the bond between the two
constitutive units.
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Fig. 5. MS/MS fragmentations observed for the minor (A) and the major compounds (B).

Among the other observed signals two of them were located at m/z 1063 and 981 and were
also observed in the spectrum obtained through positive ES CAD MS/MS fragmentation of
the signal located at m/z 1395 ([M+H]* ion). The signal observed at m/z 1063 was attributed
to the characteristic RDA fragmentation corresponding to the [M+H-332]* ion as what was
observed for compound 27 through a loss of the B moiety. The second fragmentation
observed at m/z 981 correspond in fact to the [M+H-414]* ion, meaning a loss of the A
moiety of compound 27 unit (Figure 5B) and corresponding to another RDA fragmentation.
The occurrence of this fission indicated the presence of the A moiety in the structure of
compound 39. In other words, this means that the isolated compound is not a C4->C6 dimer
since only one RDA fragmentation corresponding to the [M+H-332]* ion could be possible
in this case as what was observed above for compound 38. The possible linkage is thus
expected to occur via the 2 or 3 position of the F ring or possibly the 2’, 5 or 6" positions of
the ring E.
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Through NMR analysis and in conjunction with the absence of a doubly benzylic methylene
proton characteristic of a C4->C6 linkage and taking into account the dimeric structure of
the compound as supported by MS analysis, the NMR data collectively indicated a dimeric
structure with an interflavanyl ether bond connecting the two heterocyclic C and F rings.
Taking into account the fact that the linkage did not involve the H2, H3, H4 F ring protons
since they were all evidenced through NMR analysis, a (4-O-3) mode of linkage was thus
concluded to occur between the two flavan-3-ols units. This was also confirmed by
comparison of the chemical shifts of the H4 and H3 resonances of both the C and the E rings
with those of their precursors. Finally the structure of compound was univocally confirmed
through HMBC analysis where several long range correlations were observed. In particular
correlations involving proton and carbon of both C and F rings via the oxygen atom were
observed and confirmed thus the ether linkage involved in compound 39. Full assignment of
the protons and carbon chemical shifts was achieved through HMBC analysis (Figure 6)
where the main correlations involving H/C of the C and F rings were showed in agreement
with the proposed structure.
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Fig. 6. Main 1H-13C long range correlations observed in compound 39.

It was concluded that a (4-O-3) linkage was occurred between the two flavan-3-ol units.
Moreover, coupling constants for the AMX spin system of the C-ring protons (]34 = 3.2 Hz)
indicated a 3,4 cis relative configuration for this ring, that is a 4p linkage between both
flavanol units (34 = 3.2), which was determined through homonuclear decoupling
experiment. The complete stereoselectivity of the reaction remains, however, to be explained
and should presumably be due to a participation of the hydroxy group at C3 of 11.
However, its involvement in the stereochemical course of the reaction cannot be, in our case,
related to the formation of a protonated epoxide similar to that reported by Bennie et al.,
2001 in a work dealing with the dimerization of epioritin-4-ol derivatives.

In addition to TiCly, TMSOTf was also used to catalyze intermolecular flavanol coupling
reactions. When the reaction was conducted between compounds 27 and 40 in the presence
of TMSOTf as Lewis acid (Scheme 2), results similar to that obtained with TiCly were
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obtained giving the C4->C6 dimer as minor compound. Intramolecular flavanol coupling
reaction was also assayed using the previously reported strategy (Saito et al., 2003). The
synthesized compound 41, which contains both the electrophilic and the nucleophilic parts,
was submitted to the flavanol coupling reaction using TMSOTf as Lewis acid (Scheme 3).
However, the reaction was difficult to achieve may be due to steric hindrance and the
expected C4->C6 42 was obtained with lower yield.

The almost exclusive, high yielding formation, in these conditions of the novel ether-linked
procyanidins as main compound rather than its carbon-carbon C4->C6 coupled analogue
reflects the importance of electronic features in the formation of flavan-3-ol dimers. The
poor nucleophilicity of the A ring monomeric precursor, caused by the presence of the
COCF; group, permits alternative centers to participate in the interflavanyl bond formation.

OBn
COCF3 @/ BnO
2,0 o)
(0)
F;COC
TMSOT{/CH,Cl,
Bn n
BnO
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Scheme 3. TMSOT catalysed intramolecular flavanol coupling.

The obtained results discussed above showed that the interflavanic carbon-carbon linkage
formation was largely inhibited during Lewis acid induced flavanols coupling reactions by
the presence of an electron-withdrawing group, while this was not the case with an electron-
donor group like the methyl substituent. This could constitute thus a setereoselective
method for the formation of C4>C6 procyanidin dimers which are usually obtained as
minor compounds compared to the C4->C8 ones. In order to apply this technique to the
stereoselective preparation of natural dimeric procyanidin of the C4->C6 type, we
unsuccefully tried to remove the methyl group from the modified derivatives 43 (Scheme 2).
Then we used the trimethylsilyl group which is easily removable by hydrolysis. Indeed,
during purification of compound 34 on silicagel chromatography column, we saw that this
compound was easily transformed to 29 by loss of the 8 substituent group. This prompts us
to use this compound as nucleophile acceptor unit in the Lewis acid coupling reaction. The
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reaction was monitored through CCM and LC-MS showing the presence of compound with
a molecular mass of 1460 amu corresponding to the dimeric compound 44. After hydrolysis
and hydrogenolysis, the corresponding product 46 was separated and analyzed through
mass spectroscopy. The obtained results indicated a molecular mass of 578 amu in
agreement with the dimeric structure of compounds 46. Indeed, the mass spectrum of
compound 46 showed procyanidin characteristic RDA fragmentation giving an ion fragment
by a loss of 152 mass units. We tried to proof the interfalvanic linkage of the obtained
compound through 2D NMR technique, but due to degradation of the obtained compound,
our attempt was unsuccessful. It may be noted that the lewis acid induced flavanol coupling
using compounds 26 and 37 give the C4->C8 adduct 47 as major dimer while the C4->C6 45
was obtained as minor one (Scheme 4).
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Scheme 4. Formation of dimeric C4->C8 and C4->C6 procyanidins.

After having investigated the Lewis acid induced flavanol coupling reaction involving 4-
activated catechin derivatives, we were interested to use other precursors. Experiments were
achieved using taxifolin 25, a natural product often used as starting material in the
hemisynthesis of procyanidins (Balas & Vercauteren, 1994). It was prepared as previously
described (Es-Safi & Ducrot, 2006a) and was used through two pathways for the preparation
of dimeric flavanols (Scheme 5).

In the first pathway, taxifolin was used as precursor of the electrophilic unit by action of
NaBHy giving an 4-hydroxy group which release a 4-carbocation adduct in a mildly
acidified medium. The compounds 21 and 24 were used in their free form as nucleophilic
units and the reactions were studied through LC-MS techniques (Scheme 5). When the
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reaction was assayed with compound 24, new compounds showing a mass signals at m/z
673 and 675 in the negative ion mode were detected. These compounds were interpreted as
the dimeric modified procyanidins 49 and 50 formed by action of the carbocation cat+ on the
8-substituted catechin compounds used as nucleophile units. The cat+ unit is issued from
the reduction of taxifolin into a flavan-3,4-diol, followed by protonation and dehydration.
The action on compound 24 gave thus the dimer 49 while compound 50 was formed after
reduction of the carbonyl group by NaBH, and further action of the cat+ adduct. This was
confirmed by detection of compound giving a signal peak at n/z 591 corresponding to the
reduced 8-substituted monomer. The same reaction was investigated using the 21 monomer
and the corresponding methylated dimer 51 was detected through LC-MS analysis.
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Scheme 5. Flavan-3-ol coupling reactions using taxifolin 25 as starting material.
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Fig. 7. Mass spectrum and main fragmentations observed in compound 51.
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The second pathway using taxifolin was adapted from the recently described methylene
linked flavanol dimers synthesis (Boyer & Ducrot, 2005). The application of such reaction to
procyanidin synthesis was achieved through hydrogenation of taxifolin 25 in the presence of
an excess of the methylated catechin 21 used as nucleophile (Scheme 5). The reaction was
explored through LC-MS analysis and the formation of new compounds initially absent in
the mixture was observed. Among the obtained products, compound with a molecular mass
of 592 amu corresponding to the dimeric procyanidin 51 was observed. The mass spectrum
of compound 51 recorded in the negative ion mode showed a molecular ion at m/z 591 and
characteristic fragment signals as shown in figure 7.

2.3 Structural elucidation of natural and derivatized polyphenols through
spectroscopic methods

The structural elucidation of polyphenols is difficult because of their heterogeneous
character. The diversity of polyphenols is given by the structural variability of their basic
skeletons with different hydroxylation patterns of the aromatic rings, different
configurations at the chiral centers, distinct regio and stereochemistry, .... Due to this
complexity and diversity, the characterization of polyphenols remains thus very
challenging, and less is known regarding structure-activity relationship.

Various spectroscopic techniques including UV visible, NMR and mass spectroscopy have
been used to characterize polyphenols. NMR spectroscopy could be considered as a
powerful analytical technique for the determination of polyphenol structures even its poor
sensitivity, slow throughput, and difficulties in analysis of mixtures. Technological
developments in the field of NMR analysis, such as the LC-NMR analysis, have made of it
the most important tool for complete structure elucidation of polyphenols. In addition to
NMR, mass spectrometry has also been used for the characterization of polyphenols from
various plant sources using various techniques including fast atom bombardment, liquid
secondary ion, electrospray, and matrix-assisted laser desorption time of flight.

The examples on the structural elucidation of the compounds described above confirm the
usefulness of the different spectroscopic techniques including 1D, 2D NMR and MS analysis.
As examples of the usefulness of mass spectroscopy in polyphenols analysis, we gave below
two examples. The first one concern the application of MS/MS techniques to the
fragmentation study of flavonoids and the second is an application of ESI-MS and MALDI-
TOF techniques for the study of a polymeric tannin fraction extracted from pear juice.

Various approaches have been proposed to use mass spectrometric fragmentations for
structural characterization of flavonoid aglycones and glycosides (Cuyckens & Claeys, 2004;
Es-Safi et al., 2005b; Feketeova et al., 2011; Ma et al., 1997; March & Brodbelt, 2008; Vukics &
Guttman, 2010). It has been demonstrated that fragment ions provide important structural
information for flavonoids and can be used to establish the distribution of the substituents
between the A- and B-rings. A careful study of the fragmentation patterns in CID MS/MS
can also be of a particular value in the structural elucidation of glycosides. Even many
advances have been achieved in the field of structural identification of flavonoids, it is still a
challenge in food chemistry to identify these compounds in foodstuff or those derivatives
arising during biotransformation. We present here our results on the MS fragmentation
study carried out on natural flavonoids achieved through a combinatory method using
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positive and negative ESI/MS, CID/MS and tandem MS/MS analysis. The flavonoid
glycoside 6-hydroxyluteolin 7-O-glucoside 9 isolated from Globularia alypum (Es-Safi et al.,
2005a) is given as example.

In order to study the fragmentations of the flavonoid 9, the CID spectra of the protonated
ion [M+H]* located at m/z 465 were recorded and the obtained result is shown in Figure 8.
It showed fragment ions with a relatively high intensity in the higher mass region and
corresponding to the glucose moiety fragmentations or loss of small molecules (H>O, CO,
CH;0). In addition to the parent ion observed at m/z 465, the spectrum showed an ion signal
at m/z 303 which presumably corresponds to the aglycone. The mass difference of m/z 162
Da between the [M+H]* peak and the aglycone is in agreement with the glucoside structure
of compound 9. The complete obtained MS data and the corresponding fragmentation
pathways are gathered in Figure 8.
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Fig. 8. CID-MS of protonated flavonoid 9 (i/z 465) and the corresponding fragmentations.

In order to characterize the aglycone part of the flavonoid 9, the Yo* CID spectra are more
suited providing data similar to those of free flavonoid aglycones. Low-energy CID spectra
of the [M+H]* ion of 6-hydroxyluteolin (m/z 303) showed various fragment signals. The
detected ion species are formed according to the fragmentation pathways shown in Figure 9.
The cleavage of the 1 and 3 bonds gave rise to the 13A* (m/z 169) and 13B* (m/z 135) ions.
This pair of product ions clearly provides the substitution pattern in the A (3 OH) and B (2
OH) rings. The obtained ions can also undergo further fragmentations by loss of small
molecules giving rise to other ions. By successive losses of 18 (H2O) and 28 (CO) mass units,
the ion at m/z 123 which is the base peak could be obtained from that at m/z 169, while that
observed at m/z 117 could arise from the ion m/z 135 by loss of a water molecule. An other
RDA-type fragmentation corresponding to the cleavage of the 0 and 4 bonds, results in 04A*
(m/z 125) and 04B* (m/z 179) ions that can further fragment by loss of small molecules giving
rise to other ions at m/z 161 (%4B* - HyO), m/z 151 (04B* - CO) and my/z 123 (*4A* - H).
Cleavage of the 0 and 2 bonds leads to the formation of 92B* at m/z 137. Cleavage of the 1
and 2 bonds leading to the formation of 12B* and 12A* +2H ions were also observed giving
signals at m/z 123 and 183 respectively. Finally cleavage of the 0 and 3 bonds giving rise to
the formation of 03B+ and 03A* ions at m/z 153 were also observed even at low relative
intensity.
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Mass spectrometry has also been used for the characterization of condensed tannins. In
particular electrospray (Cheynier et al., 1997; Hayasaki et al., 2003) and MALDI-TOF
(Behrens et al., 2003; Kruger et al., 2000) were used to characterize the degree of
polymerization and structure of proanthocyanidins. The lyophilized proanthocyanidin
fraction of a pear juice was investigated through mass spectroscopy. After extraction, the
purified condensed tannin fraction was first initiated by ESI-MS and MALDI-TOF
techniques and the obtained results are discussed below.
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Fig. 9. CID MS-MS data and proposed fragmentation cleavage of the [M+H]* ion of
compound 9 aglycone.
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Fig. 10. ESI-MS spectra showing monocharged (A) and doubly charged (B) procyanidin ions.

ESI-MS analysis was performed in the negative ion mode as proanthocyanidin molecules
are thereby better detected than in the positive ion mode due to the acidity of the phenolic
protons. They are also more negatively charged as the chain length increases. An example of
the obtained results is shown in figure 10.
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Among the observed peak signals, figure 10A showed molecular ion species consistent with
procyanidin oligomers containing singly linked units. A first series of abundant ions
separated by 288 Da were observed from m/z 865 to 2306 Da corresponding to the molecular
masses of procyanidins with DP3 to DP8. Indeed these signals could be interpreted as [M-
H]J- ion peaks of trimeric (m/z 865 Da), tetrameric (m/z 1153 Da), pentameric (m/z 1441Da),
hexameric (m/z 1729 Da), heptameric (m/z 2017 Da), and octameric (m/z 2305 Da)
procyanidins respectively. In addition to the signals indicated above, other less intense
signals were also observed in the higher m/z region values. These peaks could correspond to
nonameric (m/z 2593 Da), decameric (m/z 2881 Da), and undecameric (m/z 3169 Da)
proanthocyanidins or to doubly charged ions [M-2H]?>- of DP6, DP8, DP10, DP12, DP14,
DP16, DP18, DP20, and DP22 species.

Mass spectra also proved evidence for a series of compounds that are 144 mass units higher
than those described above. Compounds of this series were separated by 288 mass units
with the most intense signals at 1/z 1008, 1296, 1584, 1872, and 2160 Da (Figure 10B). These
signals were attributed to doubly charged ions due to their narrower signal width compared
to the singly charged species. Existence of the doubly charged ions was proven by the
presence of additional signals that can be unambiguously attributed to the doubly charged
ions [M-2H]> of odd polymerization degree, starting from DP7. Such multiply charged
species are reported to be more frequently observed in ES-MS and became more intense as
the molecular weight increases, probably as a result of longer chain length which allows a
better charge separation, thus minimizing the electrostatic repulsive forces. The ion peaks at
my/z 1008, 1296, 1584, 1872, and 2160 Da were attributed to the doubly charged species of
heptameric, nonameric, undecameric, tridecameric, and pentadecameric procyanidins
respectively. No clear multiply charged species beyond the doubly charged ones were
detected, presumably because of the lower concentration of larger tannin molecules.
However, the apparent decrease of polymer concentration as the molecular weight increases
may also be due to an increased dispersion of signal among variously charged ions,
including large ones that cannot be detected.

This study shows the importance of ESI-MS analysis in determining the molecular weight of
condensed tanins revealing the presence of various oligomeric proanthocyanidins detected
as singly and doubly charged ions. However, the limited range imposed by the quadrupole
analyzer as well as the easy generation of multiple ions for the larger molecules, inducing
peak dispersion and frequent overlapping, result in an increased difficulty of interpretation
and quantification of the signals due to higher DP procyanidins.

In order to overcome the problem related to the detection of higher molecular weight
proanthocyanidins with a good precision, MALDI-TOf analysis was used. Since its
introduction this technique has revealed itself as powerful method for the characterization
of synthetic and natural polymers and has been recently introduced for the analysis of
condensed tannins in food science (Kruger et al., 2000).

The obtained MALDI-TOF mass spectra of the studied polymeric mixture, recorded as
sodium adducts in the positive reflectron ion mode and showing a series of repeating
procyanidin polymers. The polymeric character is reflected by the periodical occurrence of
peak series representing different chain lengths. The obtained results indicated that pear
juice condensed tannins are characterized by mass spectra with a series of peaks with
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distances of 288 Da corresponding to a mass difference of one catechin/epicatechin between
each polymer. Therefore prolongation of condensed tannins is due to the addition of
catechin/epicatechin monomers.

Higher molecular weight ions but with significantly less signal intensity were also observed
and were attributed to procyanidin consisting of 20 to 25 flavanol units. These observations
fully corroborated the interpretation accorded to the ESI-MS data and demonstrated that
both techniques were comparable in usefulness for the analysis of low to moderate size
proanthocyanidin polymers.

For the condensed tannins indicated above, each peak was always followed by mass signals
in a distance of 152 Da corresponding to the addition of one galloyl group at the heterocyclic
ring C. Thus peak signals corresponding to monogalloylated derivatives of various
procyanidin oligomers were easily attributed. No procyanidin containing more than one
galloyl group was detected. Therefore, MALDI-TOF mass spectrometry indicates the
simultaneous occurrence of pure procyanidin polymers and monogalloylated polymers.
This showed that only monogalloylation occurs in pear juice procyanidin oligomers. To our
knowledge, this is the frst mass spectrometric evidence confirming the existence of of
galloylated procyanidin oligomers in pear fruits.

2.4 Antioxidant properties of natural and synthesized compounds

Free radicals are known to be a major factor in biological damages, and DPPH® has been
used to evaluate the free radical-scavenging activity of natural antioxidants (Yokozawa et
al., 1998). DPPH®, which is a molecule containing a stable free radical with a purple color,
changes into a stable compound with a yellow color by reacting with an antioxidant which
can donate an electron to DPPH®. In such case, the purple color typical of the free DPPH®
radical decays, a change which can be followed spectrophotometrically at 517 nm. This
simple test can provide information on the ability of a compound to donate an electron, the
number of electrons a given molecule can donate and on the mechanism of antioxidant
action. In cases where the structure of the electron donor is not known (e.g. a plant extract),
this method can afford data on the reduction potential of unknown materials. The DPPH®
test is a very convenient method for screening small antioxidant molecules because the
reaction can be observed visually using common TLC and also its intensity can be analysed
by simple spectrophotometric assays (Sanchez-Moreno et al., 1998). The DPPH® radical is
scavenged by antioxidants through the donation of hydrogen to form the stable reduced
DPPH molecule.

Because of the ease and convenience of this reaction, this technique was thus used for
exploring the antioxidant activity of the natural and synthesized compounds described
above. The natural isolated compounds described in the first part of this chapter were tested
for their antioxidant scavenging effects on DPPH radical and their activity was compared to
the synthetic antioxidant BHT and quercetin used as positive control. The free radical
scavenging activity is usually expressed as percentage of DPPH?® inhibition but also by the
antioxidant concentration required for a 50 % DPPH® reduction (ICsp). ICs value is
considered to be a good measure of the antioxidant efficiency of pure compounds and
extracts.
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The obtained results are summarized in figure 11. It showed that 6-hydroxyluteolin
derivatives 8 (6.6 uM) and 9 (7.1 uM) were the most potent radical scavenging compounds.
The little differences found in the radical scavenging activities among these compounds is
may be due to the presence of an additional glucose moiety in compound 8. Among the
flavonoid derivatives, eriodictyol- and luteolin-diglucosides 11 and 10 also showed strong
activity compared to the positive control (7.8 and 12.2 pM). Figure 11 also showed that the
four phenylethanoids 12-15 possessed the ability to act as a hydrogen donors with an ICsg
around 12-15 pM due to their ortho-dihydroxy structures. The results showed that
acteoside, isoacteoside and forsythiaside exhibited higher activity than the positive control
BHT, but there was no significant difference between them (ICsp around 12 uM). Within the
phenylethanoid family compound 15 (15.5 uM) was slightly less active than the three others.
The obtained results are in agreement with previous reports, where phenyl propanoid
glycosides are described as potent antioxidant agents (Aligiannis et al., 2003; Wang et al.,
1996), as well as flavonoids (Bors et al., 1990) due to their catechol groups. On the other
hand, figure 11 showed that the iridoid derivatives 2-7 exhibited moderate to weak DPPH-
scavenging activities compared to the tested flavonoids and phenylethanoids.
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Fig. 11. ICsp (uM) of the natural compounds 1-15 compared to that of quercetin (Q) and BHT.
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Fig. 12. ICsp (uM) of the hemisynthesized polyphenols and the polymeric fraction (Pol.)
compared to that of quercetin (Q) and BHT.
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The results concerning the antioxidant activity of the synthesized modified (+)-catechin
using the DPPH® method are summarized in Figure 12 which showed that the new flavan-3-
ol derivatives are potent free radical scavenging agents in the DPPH® free radical assay. It
can be noticed that some of the tested compounds were more efficient than (+)-catechin 18
and BHT. Compound 25 is clearly the most efficient of the new tested molecules. Among all
the tested compounds, only compound 21 with a methyl group as substituent was less
active than (+)-catechin.

The proanthocyanidins pear juice fraction investigated above through ESi-MS and MALDI-
TOF analysis was tested in an in vitro free radical scavenging assay as well as the monomeric
catechin and its dimer B3 and their antioxidant power were compared to BHT and quercetin
used as positive control. The obtained results are summarized in Figure 12. It showed that
the polymeric procyanidin was the most potent radical scavenging fraction followed by the
dimer B3 and catechin. The polymeric procyanidin fraction and the dimer B3 are as effective
as quercetin and significantly better than BHT.

3. Conclusion

This chapter showed the importance of phenolic compounds as one of the largest and most
widespread class of plant constituents occurring throughout the plant kingdom. The use of a
combination of chromatographic and spectroscopic methods, allowed the purification and
structural elucidation of several compounds and their capacity to scavenge the stable
DPPH? free radical was evaluated.

The use of various synthesis pathways allowed the hemisynthesis of derivatized monomeric
and dimeric flavanols. The obtained results showed that the introduction of a substituent
onto position 8 of (+)-catechin yielded compounds with improved antiradical efficacy in
solution. The usefulness of mass spectrometry in the analysis of polyphenols was
demonstrated on a flavonoid glycoside and a polymeric condensed tannin fraction. Detailed
informations were obtained through tandem mass spectrometry (MS/MS) in combination
with collision-induced dissociation (CID) and various oligomeric procyanidins with
increasing polymerization degree were thus detected. The antioxidant activity of the studied
polymeric fraction was also investigated.

In summary, this chapter showed that the field of polyphenols remains an open research
area of a good interest. Given their importance in food industry, it is interesting to know
which factors can influence their use and in which manner this could be achieved. It is
noteworthy to mention that the possible use of the studied phytochemicals could not be
envisaged without taking into account the toxicological aspect and current legislative rules,
in addition to the influence of these compounds on the organoleptic properties of food like
taste, color, odor, and stability.
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1. Introduction

Food processing as one of the most important industries over the globe, however, by-
products of such industrial activity that are mainly organic material must be handling in
appropriate manner to avoid any environmental violence. Sanitation and disposal problem
of food processing by-products is priority hence many approaches were suggested
including recycling of such ingredients and utilize in several food and / or non-food
applications (1). By-products of food processing is an inexpensive, affordable, and valuable
starting material for the extraction of value added products such as dietary fiber, natural
antioxidants, biopolymers, and natural food additives(2-4). However, the central dogma is
still the stability, and economic feasibility of the processing development (5,6).

Potato (Solanum tuberosum L.) is one of the major world crops with world annual production
of 180 million tones on 2009 according to the Food and Agriculture Organization (FAO) (7).
Potato vegetation is dated back to South America around 500 B.C (8) and over centuries, it
becomes a cornerstone in human nutrition in which nutritional quality was well established
and documented and considers a source for many nutrients as shown in (table 1).

Of over 30 MT of annual production, tenth goes to industry to produce variable products
including French fries and potato chips while the rest consumes freshly (7). By-products
from potato processing, as like as any other food processing industry, are principally
organic materials thus management and disposal are crucial toward a clean industry.

Potato peel (PP) has been studied as feed for pigs (9).However, potato peel is not suitable,
without further treatments, as feed for non-ruminants because it is too fibrous to be digested
(10). On the other hand, potato peel has been successfully used in feeding of multi-gastric
animals. Milk fat from cows fed with PP was reported to be 3.3 g/kg higher than that of
control (11).

* Corresponding Author
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Water (g) 79.3|Calcium (mg) | 12 |Vitamin A, 0 |Monounsaturated | 0
RAE (mcg) fatty acids,
total (g)
Energy (kcal) | 77 |Copper (mg) |0.11|Vitamin C (mg) [19.7|16:1 (g) 0
Protein (g) 2.02 |Iron (mg) 0.78 | Vitamin B-6 (mg) | 0.3 |18:1 (g) 0
Fat, total (g) | 0.09 |Magnesium 23 |Choline, 12.1|20:1 (g) 0
(mg) total (mg)
Carbohydrate |17.5|Phosphorus 57 |Vitamin B-12 0 |22:1 (g) 0
(&) (mg) (mcg)
Sugars, 0.78 | Potassium 421 |Vitamin B-12, 0 |Polyunsaturated |0.04
total (g) (mg) added (mcg) fatty acids,
total (g)
Fiber, total 2.2 |Selenium 0.3 |Vitamin E, alpha |0.01 |18:2 (g) 0.03
dietary (g) (mcg) tocopherol (mg)
Alcohol (g) 0 |Sodium (mg) 6 |VitaminE, 0 |18:3 (g) 0.01
added (mg)
Cholesterol 0 |Zinc (mg) 0.29 | Vitamin D 0 |18:4 (g) 0
(mg) (D2 + D3) (mcg)
Saturated fatty | 0.03 |Carotene, beta | 1 |Folate, DFE (mcg) | 16 |20:4 (g) 0
acids, total (g) (mcg)
4:0 (g) 0 |Carotene, 0 |Folate, food (mcg) | 16 |20:5n-3 (g) 0
alpha (mcg)
6:0 (g) 0 |Cryptoxanthin,| O |Folate, total (mcg) | 16 [22:5n-3 (g) 0
beta (mcg)
8:0 (g) 0 |Lutein + 8 |Folic acid (mcg) 0 |22:6n-3(g) 0
zeaxanthin
(meg)
10:0 (g) 0 |Lycopene 0 |Vitamin K (mcg) | 1.9
(meg)
12:0 (g) 0 |Caffeine (mg) | 0 |Niacin (mg) 1.05
14:0 (g) 0 |Theobromine | 0 [Retinol (mcg) 0
(mg)
16:0 (g) 0.02 Riboflavin (mg) [0.03
18:0 (g) 0 Thiamin (mg) 0.08

Values calculated per 100 gm fresh weight
Source: USDA Food and Nutrient Database for Dietary Studies (FNDDS)

Table 1. Chemical composition and nutritional value of potato.

The present review summarizes most attempts of potato peels utilization in food and non-
food applications that include the extraction and verification of bioactive ingredients and
nutritional quality of potato peels and their applications.

Although PP is being used for feeding livestock, by-products from potato processing
industry still outpace such limited utilization. Another aspect was its utilization as a source
for natural antimicrobial compounds (12).
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2. Potato peels as a source of dietary fibers in food applications

Dietary fiber is well known as a bulking agent, increasing the intestinal mobility and
hydration of the feces (13). Several authors have reviewed the importance of consumption of
moderate amounts of dietary fibers for human health (14).

Scientifically speaking, dietary fiber is a broad term that includes several carbohydrates;
cellulose, hemicelluloses, lignins, pectins, gums etc. (15). (16) reported that PP fibers are
primarily insoluble, and can bind bile acids in-vitro. It is believed that binding of bile acids
is one of the mechanisms whereby certain sources of dietary fibers lower plasma cholesterol.
(17) studied the hypocholesterolemic effect of dietary fiber from PP and found that after four
weeks of feeding on potato peels, rats showed 40 % reduction in plasma cholesterol content
and 30% of hepatic fat cholesterol levels were reduced as compared with animals fed only
with cellulose supplemented diet. Defects of dietary fiber on lipid-profile influence several
health related issues. High concentrations of low-density lipoprotein (LDL) cholesterol,
other dyslipidemia (high

concentration of triglycerides and low concentration of high-density lipoprotein [HDL]
cholesterol), leads to blood platelets aggregation (18), risk factors for cardiovascular diseases
(CVD) (19), and hypertension (20). Moreover, high intake of dietary fibers has a positive
influence on blood glucose profile and it is related health complications, in healthy and
diabetic individuals of both types. By altering the gastric emptying time, dietary fibers are
able to affect the absorption of other simple sugars.

The effect of dietary fibers on blood glucose and insulin response has been demonstrated by
many other authors as well (21,22).

Different sources of dietary fibers have been used to replace wheat flour in the preparation
of bakery products. Potato peel was introduced as a promising source of dietary fiber. Since
approximately 50% of potato peels (w/w) is dietary fibers (23). (24) studied the physical and
chemical characteristics of PP and reported PP as being superior to wheat bran in its content
of total dietary fiber, water holding capacity, and low quantities of starchy components.
Wheat flour was also substituted with PP in the production of white bread, but it increased
crumb darkening and reduced the loaf volume (24).

(25) found that PP caused a musty odor in breads, but the extrusion of potato peel before its
utilization can diminish this aroma from the final product. (26) mentioned the effect of using
PP in biscuit processing. The resulted biscuits produced using 5 and 10 % (w/w) of PP
replaced wheat flour were smaller in terms of their stack weight and sensory score (color
and appearance) in proportion to the levels used. In addition, supplementary biscuits were
harder to bite than control biscuits.

(27) found that muffins with 25 % PP were darker, lower in height and more resistant to
compression. Similarly, cookies with 10 and 15 % PP (w/w) were darker, harder, and
smaller in diameter than control cookies. From a different prospect, (23) suggested the
possible effect of potato peel as a good source of dietary fiber to be acting as
anticarcinogenic material. Dietary fibers are known as protective materials against
mutagenesis and carcinogenesis via several well established mechanisms that include
binding of carcinogenic and mutagenic substances, reduce intestines-transit time, increase
water absorption and fecal bulk, and lower fecal pH through the fermentation by intestinal
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microflora (28). The probable role of extruded vs. unextruded potato peel, in comparison
with wheat bran and cellulose as other sources of dietary fiber, in binding of the
carcinogenic benzopyrene in designed in-vitro digestion model were investigated(16).

Un-extruded steam peels bound more benzopyrene than did peels extruded at temperature
of 110 °C and feed moisture of 30%. Moreover, binding of benzopyrene by abrasion potato
peels was lower than that by steam potato peels. In addition, abrasion peels contain
approximately 25% dietary fiber and 50% starch, which may have maintained benzopyrene
in suspension and / or higher amount of polyphenols remaining in abrasion peel, in
contrast with steam peel, which may also have role in lowering of levels of benzopyrene by
interaction and binding (16).

The method of peeling was found to be a key factor influencing the chemical composition of
peels and its suitability for further utilization. (29) compared the influence of peeling
method on composition of PP. Abrasion, method of peeling used by potato chip
manufacturers, results in more starch and less dietary fiber than the steam peeling method
used in the production of dehydrated potatoes. Potato peels with either abrasion or steam
peeling methods were extruded; at barrel temperatures of either 110 °C or 150 °C and fed
moistures of either 30 or 35%. Extrusion was associated with an increase in total dietary
fiber and lignin contents and a decrease in starch content in steam peels. Lignin content was
found to decrease but total dietary fiber content was unaffected in extruded abrasion peels.
Soluble nonstarch polysaccharides increased in both types of peeling because of extrusion.

The higher quantity of glucose recovered from the insoluble fiber fraction of extruded steam
peels was reported to be the possible reason in the formation of resistant starch. On the
other hand, manual peeling of potato produced peels with approximately 63%, on a dry
weight basis of alcohol-insoluble fibers, which was separated into pectic substances,
hemicellulose, cellulose, and lignin. These fractions consisted of 3.4% pectin, 2.2% cellulose,
14.7% protein, 66.8% starch, and 7.7% ash. The sugars in the alcohol-soluble fraction
consisted of 1.4% total soluble sugars and 0.9% reducing sugars (30).

3. Potato peels contribution in biotechnology

Several agro-industrial byproducts such as wheat bran, rice bran, molasses bran, barley
bran, maize meal, soybean meal, potato peel and coconut oil cake have been screened as
low-cost solid substrates for microbial production of enzymes to be use either in food
applications or in other industrial sectors. Potato peel was reported to be an excellent
substrate for the production of thermostable alpha-amylase, a starch hydrolyzing enzyme
extensively used in different food industries, under solid-state controlled growth conditions
(31) and was successfully used in some applications (32). Moreover, (33) and (34) used
potato peel as a low-cost agro-industrial medium in production of both alpha-amylase and
alkaline protease enzymes, respectively, to be used as detergents.

The antibacterial activity of the potato peel was found to be species dependent and the
water extract of potato peel was effective only at high concentration against gram negative
and one gram positive bacteria (35). (12) also investigated the extract of potato peel as
antimicrobial agent against different types of bacteria and fungi. The results indicated the
antibacterial and antifungal activities of potato peel to be species independent and when
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compared to one of antibiotics, streptocycline, potato peel had significant effect against
Pseudomonas aeruginosa and Clavibacter michigenensis. In addition to its antimicrobial
properties, potato peel can also function as a metal binder, probably due to its contents of
polyphenolic compounds.

Potato peel also was able to support the economical growth and production of several
extracellular hydrolytic enzymes, using Bacillus subtilis (30). (36) achieved the highest
productivity, in terms of amount and activity, using Bacillus amylolequifaciens grown on
solid media of potato peels, compare to peel samples of several fruits and vegetables, to
produce p-mannanase (Figure 1). The growing interest in mannanase production for
Industrial applications is due to its importance in the bioconversion of agro-industrial
residues, which randomly hydrolyzes the axial chain of hetero-mannans, the major
softwood hemicellulose (37).
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Fig. 1. Specific activity of mannanase produced by B. amyloliquefaciens gown on different
lignocellulosic materials. Source {Mabrouk, 2008 #87932}

Mannanases have been tested in several industrial processes, such as extraction of vegetable
oils from leguminous seeds, viscosity reduction of extracts during the manufacturing of
instant coffee and oligosaccharides as well as it is importance in textile and paper industries.
(38,39).

4. Potato peels in food applications

Potato peel also has acquired attention as a natural antioxidant in food system due to its high
content of polyphenols, which was reported to be 10 times higher than their levels in the flesh
(40) accounting for approximately 50 % of all polyphenols in potato tuber (41). Therefore, the
effective utilization of potato peel as an antioxidant in food has been investigated extensively.
Synthetic antioxidants, especially butylated hydroxytoluene (BHT) and butylated
hydroxyanisole (BHA) are commonly used to prevent the oxidation process (42).
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Concerns have been raised regarding the use of these synthetic antioxidants as being toxic
and carcinogenic (43). Synthetic antioxidants may cause liver swelling and disturb the
normal levels of liver enzymes (44). There is a strong need for alternative and effective
antioxidants, from natural sources, to prevent deterioration of foods.

One of the first attempts to re-utilize PP was using it as a natural antioxidant in food
systems. The oxidative deterioration of fats and oils is responsible for rancid odors and
flavors, with a consequent decrease in nutritional quality and safety caused by the formation
of secondary, potentially toxic, compounds. Thus, addition of antioxidants is an important
step in processing to preserve flavor and color deterioration and to avoid nutrient loss. Due
to the concerns of synthetic antioxidants in humans’ foods, potato peel and extracts was
proposed as a possible potential antioxidant in food systems (45). The same authors also
measured the composition of fatty acids and polyphenolic content in peel of different potato
varieties they also measured the antioxidant capacity of the petroleum-ether extracts in
comparison with commercial antioxidants, tertiary butylhydroquinone (TBHQ), butylated
hydroxyanisol, and butylated hydroxytoluene. Based on the results of their work, they
suggested potato peel extract as a possible effective natural antioxidant retarding the
oxidation process in vegetable oils; in particular colored skin-potato varieties which have
been shown to contain the highest antioxidant activity reflecting high content of
polyphenols (anthocyanins) that are responsible for their appearance (45).

(46) measured both amounts and type of phenolic compounds in freeze-dried, aqueous
extract of potato peel. Chlorogenic (50.31%), gallic (41.67%), protocatechuic (7.815%), and
caffeic (0.21%) acids were the major phenolic compounds detected in this study. They also
measured the stability of sunflower oil heated at 63 °C when spiked with individual
phenolic compounds that were detected in extract and with potato peel-water extract,
respectively. When compared with control, sunflower oil in presence of aqueous potato peel
extract was superior to BHT but not ascorbic acid derivative in preventing rancidity-related
deteriorations in heated oil. On the other hand, (47) qualitatively and quantitatively,
assessed polyphenols in either methanolic extract at 4 °C or water extract at 25 and 100 °C,
respectively, of potato peel. Methanol extract of PP was shown to contain highest amounts
of total polyphenolic compounds than water extract. (46). (47) reported that the main
polyphenol detected in potato peel extract was chlorogenic acid. In terms of its safety as
natural antioxidants in foods, potato peel freeze-dried extract was found not to be
mutagenic when tested with Salmonella typhimurium- Escherichia coli microsome assay (35).

Moreover, the extract of potato peel had both bactericidal and bacteriostatic effects but only
at a high concentration. Thus, potato peel was suggested as a possible safe, natural
antioxidant to preserve foods.

More recently, potato peels, as well as some other agro-industrial by products, were
examined for their content of total polyphenols and related antioxidant capacities (48).
When extracted with mixture of 0.1 % of HCL in methanol: acetone: water (60:30:10, v/v/v),
potato peel was found to contain approximately 177mg of total polyphenols /100 gm of
fresh weight of peel.

In addition, (48) measured the total antioxidant capacity of potato peel extracts by
measuring their antiradical scavenging activities and reducing power. A strong positive
correlation was observed between total polyphenolic compounds in potato peel extracts and
their antioxidant potency.
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Lipid oxidation is a major cause of muscle food deterioration, affecting color, flavor, texture,
and nutritional value ((49) and ((50). This oxidative deterioration of muscle involves the
oxidation of the unsaturated fatty acids, catalyzed by hemoproteins as well as non-heme
iron. (51) used freeze-dried extract of potato peel at two different levels of 500 and 1000 ppm
as a natural antioxidant in ground beef patties to measure the efficacy of PP extract against
the commercial antioxidant, control.

Freeze-dried extract of potato peel showed maximum antioxidant capacity at pH range of 5-
6 while lost this activity at neutral and alkaline pH. In addition, antioxidant capacity, as
measured with p-carotene linolate method, was significantly decreased when freeze-dried
extract was boiled for more than 30 minutes and at temperature higher than 80 °C. (51) also
studied the effect of heat, time, and pH on stability of potato peel extract. Further
development in terms of amount being use and optimum storage conditions of food product
was suggested.

(52) explored if the potato peel extract possess antioxidant potentiality in retarding lipid
oxidation in lamb meat preserved with radiation. Radiation processing is one of the most
effective technologies that can extend shelf life and eliminate pathogenic bacteria in raw
meat and meat products. However, meat on irradiation may undergo pronounced oxidative
changes that influence the sensory quality of meat (53). When added to lamb meat in ratio of
0.04%, before irradiation process, potato peel extract was able to retard lipid oxidation in a
similar manner as butylated hydroxytoluene (BHT). More recently, potato peel extract were
studied as a natural antioxidant to prevent deteriorations of food lipids (54). Using six
different solvents and two other food processing by-products.

Compared to sesame cake and sugar beet pulp, potato peel was superior in its content of
polyphenolic compounds also showed the strongest antioxidant capacity using three
different confirming assays (54).

(55) and his colleagues also evaluated the effectiveness of potato peel extract, as natural
antioxidant during 60 days storage of refined soy-bean oil at 25 and 45 °C. Free fatty acids,
peroxide values, and iodine values were the criteria to assess the antioxidant activity of
potato peels extract. Different organic solvents, including ethanol, methanol, acetone,
hexane, petroleum-ether, and diethyl ether, were used to prepare extracts of potato peels.

The maximum efficiency of extraction was achieved by petroleum ether meanwhile diethyl
ether, methanol, hexane, ethanol, and acetone, respectively, had had lower amounts of
polyphenolic compounds in the extract. Potato peel extracted with petroleum ether
exhibited strongest antioxidant activity in soybean oil during storage, equal almost to the
antioxidant activity of synthetic antioxidants (BHA and BHT). However, the level of potato
peel extract needed was 8-12 times higher than that of the synthetic antioxidants to control
the development of rancidity during storage of cooking oils at high temperature. They
suggested that potato peel extract in oils, fats and other food products can safely be used as
natural antioxidant to suppress lipid oxidation (55).

Polyphenols in plants are present in either free form or bound to cell wall polysaccharides.
Not all polyphenols are, therefore, readily extracted resulting in their underestimation by
many researches.
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(56) and (57) mention the incompleteness of data related to polyphenols in potato peel. They
discussed the presence of other polyphenols in potato peel that were ignored by previous
works. Principally they were interested to figure out the amount of ferulic acid-sugar esters
in potato peels since many established works showed its ability to suppress the LDL-
cholesterol oxidation in human plasma (58).

In their work (59) and his colleagues studied the thermal stability of ferulic acid which
affects adhesion and texture of plant foods. (57) measured both free and bound forms of
polyphenols in potato peel and their related free radical scavenging activities. Their results
showed the superiority of bound- form of polyphenols, ferulic acid, in potato peels to
quench free radicals, as measured by free radical scavenging activity technique, and
strongly recommended it as a strong natural antioxidant.

5. Potentiality of potato peels antioxidants in biological systems

In light of above investigations, the potentiality of potato peel or potato peel extracts to act
as antioxidant in biological systems have draw great scientific attention. The antioxidant
potency of freeze-dried aqueous extract of potato peel was investigated, employing various
established antioxidant measurement techniques in vitro; lipid peroxidation in rat liver
homogenate,1,1-diphenyl-2-picrylhydrazyl (DPPH), as well as superoxide/hydroxyl radical
scavenging, reducing power, and iron ion chelation (60).

The freeze-dried aqueous extract of potato peel powder showed strong inhibitory activity
toward lipid peroxidation in rats’ liver homogenate induced by the FeCl,-H»O, system.
Furthermore, the water extract of PP exhibited a strong concentration-dependent inhibition
of deoxyribose (DNA) oxidation.

The antioxidant activity measurements of potato peel extract did emphasis its strong
reducing power activity, superoxide scavenging ability as well as its ion chelating potency.
The in vitro results suggest the possibility that potato peel waste could be effectively
employed as an ingredient in health or functional food, to alleviate oxidative stress (60).

In patients with diabetes mellitus, either type I or type II, it is well known that the
production of ROS and lipid peroxides (LPO) increase (61). It has been suggested that
oxidative stress (OS) is responsible for the pathophysiology of diabetes (62). The OS was
reported to be related to hyperglycemia (63).

Hyperglycemia causes nonenzymatic glycation of protein through the Maillard reaction and
alters energy metabolism, which results in an elevation of ROS levels and further
development of diabetic complications (64). Potato peel was found to influence both
glycemic index and antioxidant status in streptozotocin (STZ)-induced diabetic male Wistar
rats (65). In that study, diabetic rats fed potato peel-powder-supplemented diet for 4 weeks
showed significant decrease in blood glucose levels. In addition, Incorporation of PP
powder into the diet reduced significantly the hypertrophy of both liver and kidney in STZ-
diabetic rats and normalized the activities of serum alanine-aminotransferase (ALT) and
aspartate-aminotransferase (AST).

Serum enzymes such as aspartate aminotransferase and alanine aminotransferase are
employed in the evaluation of hepatic disorders and the increase in their levels reflects acute
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liver damage and inflammatory hepatocellular disorders (66). In addition, (65) measured
both hepatic and renal-lipids oxidation, glutathione as well as activities of various
antioxidant enzymes in liver and kidney of STZ-diabetic rats. It is suggested that PP powder
in the diet may also be able to attenuate the eye lens damage associated with the diabetic
conditions.

The strong antioxidant properties of potato peel extract (PP), which have been attributed to
high content of polyphenolic compounds, was tested as a protective agent against
erythrocytes-oxidative induced-damage in vitro (67) and by the measurement of
morphological alterations and the structural alterations in the cell membrane. The total
polyphenolic content in aqueous PP in this experiment was found to be 3.93 mg/g, dry
weight based.

The major phenolic acids present were: gallic acid, caffeic acid, chlorogenic acid and
protocatechuic acid. An experimental pro-oxidant system was used to induce lipid
peroxidation in rat red blood cells (RBCs) and human RBC membranes. PP was found to
inhibit lipid peroxidation with similar effectiveness in both the systems (about 80-85%
inhibition by PP at 2.5 mg/ml).

While PP per se did not cause any morphological alteration in the erythrocytes, under the
experimental conditions used, PP significantly inhibited the H>O»-induced morphological
alterations in rat RBCs as revealed by scanning electron microscopy. (67) also suggested PP
extract as a significant protector of human erythrocyte membrane proteins from oxidative
damage probably by acting as a strong antioxidant. By virtue of its unique vascular and
metabolic features, the liver is exposed to absorbed drugs and xenobiotics in concentrated
form.

Detoxification reactions (phase I and phase II) metabolize xenobiotics aiming to increase
substrate hydrophilicity for excretion. Drug-metabolizing enzymes detoxify many
xenobiotics but bioactivate or increase the toxicity of others (68). In case of bioactivation, the
liver is the first organ exposed to the damaging effects of the newly formed toxic substance.

Therefore, protective mechanisms relevant to the liver are of particular interest. Because free
radicals and reactive oxygen species play a central role in liver diseases pathology and
progression, dietary antioxidants have been proposed as therapeutic agents counteracting
liver damage (69). (70) predicted a possible protective role of the potato peel extrcat against
induced liver injury in rats.

Prior to the treatment with tetrachlorocarbon (CCLy4), the animals received doses of 100 mg,
freeze-dried aqueous potato peel extract, / kg of body weight for seven consecutive days.
The animals receiving an acute dose of carbon tetrachloride (CCLy) to induce liver injury
followed this. Liver enzymes as well as biomarkers of oxidative stress either in liver or in
blood serum were measured. The administration of PP to rats orally at 100 mg/kg body
weight/day reduced the risk of hepatic damage induced as a result of CCly administration,
as observed by evaluating of serum lactate dehydrogenase (LDH), aspartate
aminotransferase (AST), and alanine aminotransferase (ALT) levels in CCly-treated rats.
Also, the deteriorations of malondialdehyde (MDA); which is one of the end products of
lipid peroxidation in the liver tissue, and depletion of hepatic glutathione (GSH) level;
which is an important indicator of oxidative stress (71), were significantly higher in CCls-
treated rats in comparison with animals that were pretreated with potato peel extract.
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Super oxidase dismutase (SOD), catalse (CAT), and glutathione peroxidase (GPX) constitute
a mutually supportive team of antioxidant defense against reactive oxygen species. SOD is
the first line of antioxidant defense and it hastens the dismutation of superoxide radical to
H>0,, while CAT/GPX converts H,O, to water (72).

According to this scenario, a significant increase in SOD activity as a defense against the
presence of free radicals can, generate overwhelmingly large amounts of H>O». This in turn
would disable the organism to handle the excessive H;O,, which would again result in
oxidative stress.

Thus, increase in SOD accompanied by a decrease in CAT/GPX activity indicates a state of
oxidative stress due to free radical generation (73). (70) elucidated the significant positive
correlation between dosing of potato peel extract and SOD levels in rats treated with CCly.
Additionally, histopathological studies showed that CCly induced a remarkable
degeneration in hepatocytes and focal necrosis. However, in general, lesions were markedly
diminished in rats that were pre-administered with potato peel extract prior CCly

administration.

Study Results Reference
Solubility of PP fibres |Are primarily insoluble, and can bind {Camire, 1993 #88855}
and its ability to bind  |bile acids in-vitro. It is believed that
bile salts binding of bile acids is one of the
mechanisms whereby certain sources of
dietary fibers lower plasma cholesterol
The 40 % reduction in plasma cholesterol {Lazarov, 1996 #88875}
hypocholesterolemic  |content and 30% of hepatic fat cholesterol
effect of dietary fiber |levels were reduced in rats fed on potato
from PP peels compared to normal diet
Physical and chemical |Being superior to wheat bran in its {Toma, 1979 #88853}

characteristics of PP
and substitution of PP
wheat flour in the
production of white
bread

content of total dietary fiber, water
holding capacity, and low quantities of
starchy components. Potato peels
increased crumb darkening and reduced
the loaf volume

The probable role of
extruded vs.
unextruded potato
peel, in comparison
with wheat bran and
cellulose as other
sources of dietary fiber,
in binding of the
carcinogenic
benzopyrene in
designed in-vitro
digestion model

1. Un-extruded steam peels bounds more
benzopyrene than did peels extruded at
temperature of 110 °C and feed moisture of
30%.

2. Binding of benzopyrene by abrasion
potato peels was lower than that by steam
potato peels.

3. Abrasion peels contain approximately
25% dietary fiber and 50% starch, which
may have maintained benzopyrene in
suspension and / or higher amount of
polyphenols remaining in abrasion peel,
in contrast with steam peel, which may
also have role in lowering of levels of
benzopyrene by interaction and binding

{Camire, 1993 #88855}.
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Raw and extruded PP
fibres in the production
of bread

PP caused a musty odor in breads, but
the extrusion of potato peel before its
utilization can diminish this aroma from
the final product.

{Orr, 1982 #88797)

The effect of using PP
in biscuit processing.

The resulted biscuits produced using 5
and 10 % (w/w) of PP replaced wheat
flour were smaller in terms of their stack
weight and sensory score (color and
appearance) in proportion to the levels
used. In addition, supplementary
biscuits were harder to bite than control
biscuits.

{Abdel-Magied, 1991
#88876}

Potato peels in the
production of muffins
and cookies

Muffins with 25 % PP were darker, lower
in height and more resistant to
compression. Similarly, cookies with 10
and 15 % PP (w/w) were darker, harder,
and smaller in diameter than control
cookies.

{Arora, 1994 #86730}

The influence of
peeling method on
chemical composition
of PP.

1. Abrasion method used by potato chip
manufacturers, results in more starch and
less dietary fiber than the steam peeling
method used in the production of
dehydrated potatoes.

2. Extrusion was associated with an
increase in total dietary fiber and lignin
contents and a decrease in starch content
in steam peels.

3. Lignin content was found to

decrease but total dietary fiber content
was unaffected in extruded abrasion
peels.

4.Soluble nonstarch polysaccharides
increased in both types of peeling
because of extrusion.

{Camire, 1997 #88802}

Manual peeling of
potato peels

Approximately 63%, on a dry weight
basis of alcohol-insoluble fibers was
separated into pectic substances,
hemicellulose, cellulose, and lignin.
These fractions consisted of 3.4% pectin,
2.2% cellulose, 14.7% protein, 66.8%
starch, and 7.7% ash. The sugars in the
alcohol-soluble fraction consisted of 1.4%
total soluble sugars and 0.9% reducing
sugars

{Mahmood, 1998
#88884}.
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Potato peel used asa  |High yield and high activity of the {Mukherjee, 2008
low-cost agro- produced enzymes #88896}, {(Mukherjee,
industrial medium in 2009 #88895}, {Fadel,
production of both 1999 #88873} and
alpha-amylase and {Fadel, 2002 #88874}
alkaline protease {Mahmood, 1998
enzymes and several #88884}. {Mabrouk,
extracellular hydrolytic 2008 #88880}
enzymes {McCleary, 1988
#88881} {Gubitz, 1996
#88882; Ademark, 1998
#88883}.
The extract of potato | Antibacterial and antifungal activities of |{Prasad, 2007 #88515

peel as antimicrobial.

potato peel to be species independent

Potato peel extracts
was proposed as a
possible potential
antioxidant in food
systems

Extract was superior to BHT but not
ascorbic acid derivative in preventing
rancidity-related deteriorations in heated
oil

{Onyeneho, 1993
#88898} {Rodriguez De
Sotillo, 1994 #80192}
({Rhee, 1996 #88903}
({Yin, 1997 #88904}.,
{Makrisa, 2007 #88902}
{Mansour, 2000 #80194}
{Formanek, 2003
#88897}. {Kanatt, 2005
#89686} {Mohdaly, 2010
#88957}. {Mohdaly,
2010 #88957}. {Rehman,
2004 #86733} {Rehman,
2004 #86733}.

Amounts and type of
phenolic compounds in
freeze-dried, aqueous
extract of potato peel.

1. Chlorogenic (50.31%), gallic (41.67%),
protocatechuic (7.815%), and caffeic
(0.21%) acids were the major
phenolic compounds detected in this
study.

2. Qualitatively and quantitatively,
assessed polyphenols in either
methanolic extract at 4 oC or water
extract at 25 and 100 °C, respectively,
of potato peel. Methanol extract of PP
was shown to contain highest
amounts of total polyphenolic
compounds than water extract.
reported that the main polyphenol
detected in potato peel extract was
chlorogenic acid.

{Rodriguez De Sotillo,
1994 #80192} {Ishii,
1997 #88910}. {Nara,
2006 #45746}
{Rodriguez De Sotillo,
1994 #80191}
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Safety of potato peels
extract when used as
natural antioxidants in
foods,

Potato peel freeze-dried extract was
found not to be mutagenic when tested
with Salmonella typhimurium- Escherichia
coli microsome assay

{Rodriguez De Sotillo,
1998 #80193}.

The potentiality of
potato peel or potato
peel extracts to act as
antioxidant in
biological systems

1. Inhibitory activity toward lipid
peroxidation in rats” liver homogenate
induced by the FeCl,-H>O, system. the
water extract of PP exhibited a strong
concentration-dependent inhibition of
deoxyribose (DNA) oxidation.

2. Potato peel was found to influence
both glycemic index and antioxidant
status in streptozotocin (STZ)-induced
diabetic male Wistar rats reduced
significantly the hypertrophy of both
liver and kidney and normalized the
activities of serum alanine-
aminotransferase (ALT) and aspartate-
aminotransferase (AST).

3. PP extract as a significant protector of
human erythrocyte membrane proteins
from oxidative damage probably by
acting as a strong antioxidant.

{Singh, 2004 #79
{Singh, 2005 #88890}.
926}. {Singh, 2005
#88890}

Protective role of the
potato peel extract
against induced liver
injury using CCL4 in
rats.

1. The administration of PP to rats orally
at 100 mg/kg body weight/day reduced
the risk of hepatic damage induced as a
result of CCly administration, as
observed by evaluating of serum lactate
dehydrogenase (LDH), aspartate
aminotransferase (AST), and alanine
aminotransferase (ALT) levels in CCly-
treated rats.

2. Significant positive correlation
between dosing of potato peel extract
and SOD levels in rats treated with CCly
3. histopathological studies showed that
CCly induced a remarkable degeneration
in hepatocytes and focal necrosis.
However, in general, lesions were
markedly diminished in rats that were
pre-administered with potato peel extract
prior CCly administration.

{Singh, 2008 #87208}

Table 2. Summary of potato peels (PP) attempts of reutilization.
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1. Introduction

Ubiquitous in nature, polyamines are a group of aliphatic amines, cationic at neutral pH,
that are essential for cell growth and viability. Because of their positive charge, polyamines
are able to bind by electrostatic linkages to many cellular macromolecules, including DNA,
RNA, and proteins (Kusano et al. 2008). Polyamines are involved in the regulation of a
diverse range of vital cellular processes in both eukaryotic and prokaryotic cells, including
cell proliferation, signal transduction and membrane stabilization (Wang et al. 2003; Kusano
et al. 2008). They are also involved in the regulation of gene expression and translation
(Igarashi & Kashiwagi, 2000; Kusano et al., 2008), and control programmed cell death in
some organisms (Seiler & Raul, 2005). The diamine putrescine and the triamine spermidine
are found in nearly all organisms and are the most abundant polyamines in prokaryotic
cells, such as bacteria, while the tetraamine spermine is mainly found in eukaryotic cells. In
plants the most common polyamines are putrescine, spermidine and spermine (Tiburcio et
al.,, 1993; Grimes et al. 1986), which are present as free amines, conjugated to small molecules
such as hydroxycinnamic acid, or bound to larger macromolecules such as proteins or
nucleic acids. Less common polyamines found in plants are cadaverine, and the spermidine-
and spermine-related compounds, homospermidine, norspermidine, homospermine,
norspermine and thermospermine (Martin-Tanguy, 2001). The structures of the common
and less common polyamines found in plants are shown in Table 1. Polyamines are
involved in many aspects of plant development (Martin-Tanguy, 2001; Li & Burritt, 2003;
Hunter & Burritt, 2005; Baron & Stasolla, 2008) and are important molecules associated with
both abiotic and biotic stress tolerance (Burritt, 2008). Because of their roles in a diverse
array of fundamental processes, polyamines are found within all the compartments that
make up the plant cell, including mitochondria, chloroplasts and the nucleus (Martin-
Tanguy, 2001).

In recent years there has been considerable interest in the influence of ingested polyamines
from plant-based foods on human health (Lima et al., 2011). In a recent study comparing
several vegetable crops cultivated using organic or conventional procedures, Lima et al.
(2011) reported that organic vegetables contained higher concentrations of polyamines than
those produced by conventional cultivation, and suggested that this could be due to plants
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cultivated organically being subjected to stress from pests and/or diseases. Hence an
understanding of the factors regulating polyamine metabolism in plants could be of great
value when considering the importance of polyamines of plant origin on human health.
Polyamines are important to human health, particularly because they are involved in an
array of specific roles that are essential to cell growth and proliferation (Kala¢ & Krausova,
2005). Therefore, polyamines may be considered especially important in the young.
However, it is well established that the capacity for polyamine synthesis decreases with age
(Larqué, 2007). Considering the array of specific roles that polyamines fulfil, a decrease in
polyamines could contribute to the ageing process. Therefore, this chapter examines the
content of polyamines in plants and plant-based foods, the role of polyamines in human
health throughout the ageing process, and the benefit that might be achieved with
consumption of high polyamine plant-based foods by older people.

Name Structure

Diamines

1,3-Diaminopropane NH(CH>)3NH»

Putrescine NH,(CH,)sNH>

Cadaverine NH(CHz)sNH>

Triamines

Spermidine NH»(CH>)3s NH(CH)4NH;
Homospermidine NH»(CHz)s NH(CH2)4aNH;
Norspermidine NH>(CH)3 NH(CH:);sNH>
Tetraamines

Spermine NHx(CH2)sNH(CHz)s NH(CH2)sNHa
Homospermine NH,(CH)sNH(CH2)s NH(CH2)sNH,
Norspermine NH>(CH2)sNH(CHz)s NH(CH2)sNH>
Thermospermine NH,(CH2)sNH(CH2)s NH(CH2)sNH,

Table 1. Common and uncommon diamines and polyamines found in plants

2. Polyamines and plants
2.1 Polyamine biosynthesis and catabolism

In animals and most plants, with the notable exception of Arabidopsis thaliana, putrescine can
be synthesized directly by decarboxylation of ornithine via the enzyme ornithine
decarboxylase (ODC; EC 4.1.1.17) (Figure 1). However, unlike in animal cells, where the
existence of the enzyme arginine decarboxylase (ADC; EC 4.1.1.19) is debatable, plants can
synthesise putrescine from arginine, via ADC, agmatine iminohydrolase (EC 3.5.3.12) and
N-carbamoylputrescine amidohydrolase (EC 3.5.1.53) (Alcazar et al. 2006; Slocum, 1991).
Interestingly, plants also contain the enzyme arginase that allows the inter-conversion of
ornithine and arginine, although in most plants the concentration of arginine is generally
much higher than that of ornithine suggesting that the formation of arginine is generally
favoured. In plants that contain both ADC and ODC the two pathways for putrescine
biosynthesis appear to be physically separated within the cell, with ADC mostly found
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associated with the thylakoid membranes of chloroplasts and in the nucleus (Borrell et al.,
1995; Bortolotti et al., 2004), and ODC localized in the cytosol (Borrell et al., 1995).
Irrespective of the pathway of biosynthesis, the pool of cellular putrescine can be used for
the synthesis of spermidine, spermine and other polyamines. Addition of an aminopropyl
group from decarboxylated S-adenosyl-methionine (dcSAM), synthesized by the enzyme S-
adenosyl-methionine decarboxylase (SAMDC; EC 4.1.1.50), to putrescine via the action of
spermidine synthase (SPDS; EC 2.5.1.16), produces spermidine, while the addition of a
second aminopropyl group to spermidine via the action of spermine synthase (SPMS; EC
2.5.1.22) produces spermine (Alcazar et al. 2006; Slocum, 1991). While the tetraamine found
at the highest concentration in most flowering plants is spermine, recent studies have shown
that in non-flowering plants, thermospermine may be synthesized in preference to
spermine. In this reaction, catalyzed by thermospermine synthase (tSPMS; EC 2.5.1.79), the
aminopropyl group is added to the opposite end of the spermidine molecule to that used by
SPMS. While most of the pool of cellular putrescine is used to synthesize other polyamines,
in some plant species putrescine can be used to initiate the synthesis of alkaloids, via the
activity of putrescine N-methyltransferase, or to generate H>O; in a reaction catalyzed by
diamine oxidase (DAO; EC 1.4.3.22), a copper-containing enzyme (Figure 1). This reaction
plays an important role in plant pathogen interactions (Martin-Tanguy, 2001). In addition to
DAGO, the flavin-containing polyamine oxidases (PAOs) found in plants can also generate
H>0,. Unlike DAOs, which display a high affinity for putrescine, PAOs oxidize the
secondary amine groups of spermidine and spermine (Medda et al., 1995). Both DAO and
PAO are cell wall-associated enzymes (Slocum, 1991).
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Fig. 1. Polyamine synthesis and breakdown in plants

2.2 Polyamine conjugation

While the bulk of cellular polyamines found in plants usually exist as free forms, polyamines
can also be conjugated to small molecules like phenolic acids and various macromolecules
such as DNA, RNA and proteins. Conjugation to phenolic acids is common in plants with
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polyamines often covalently bonded to phenolic acids, such as hydroxycinnamic acids by the
formation of an amide linkage (Martin-Tanguy, 2001). The formation of this linkage is
catalyzed by a group of enzymes known as transferases and uses activated carboxyl groups
provided by esters of coenzyme A (CoA) (Negrel, 1989). Conjugates occur as basic or as
neutral forms (Martin-Tanguy, 1985); with the former, a single amine group of an aliphatic
amine is linked to cinnamic acid with the resulting conjugate being basic, while if each
terminal amine group is bound to a cinnamic acid, a neutral conjugate is formed (Martin-
Tanguy, 1985). Polyamines conjugated to hydroxycinnamic acids are also referred to as
hydroxycinnamic acid amides (HCAAs). HCAAs are found in many families of higher plants
(Martin-Tanguy, 1985). The most common hydroxycinnamoyl substituants of spermidine
include the coumaroyl, caffeoyl, feruloyl, hydroxyferuloyl, and sinapoyl acyl groups (Bienz et
al., 2005). Mono-, di-, and trisubstituted hydroxycinnamoyl spermidine conjugates have also
been reported (Bienz et al, 2005). Other HCAAs found in crop plants include
diferuloylputrescine, diferuloylspermidine, and feruloyltyramine in Oryza sativa (rice)
(Bonneau et al., 1994), hydroxycinnamoyl agmatine in Hordeum vulgare (barley) (Smith & Best,
1978), and 4-coumaroyltryptamine and feruloyltryptamine in Zea mays (maize) (Collins, 1989).
Polyamines can also be post-translationally linked to proteins via covalent bonds. These
reactions are catalyzed by transglutaminases (TGases; EC 2.3.2.13), a group of enzymes able to
modify proteins post-translationally (Lorand & Graham, 2003). TGases are found in both intra-
and extra-cellular locations in plants (Folk, 1980) and can modify protein substrates by
“cationisation” or by forming inter- or intra-molecular bridges, using polyamines of different
lengths (Serafini-Fracassini et al., 2009).

2.3 The functions of polyamines in plants

Polyamines appear to have numerous physiological functions in plants. They are associated
with plant growth and development, playing roles in embryogenesis, root and shoot
formation, floral initiation and fruit development (Evans & Malmberg, 1989; Galston &
Kaur-Sawhney, 1990). In recent years there has been an increasing interest in the roles
polyamines play as molecules that help to protect plants against environmental stresses.
Research has clearly demonstrated that cellular polyamines show significant fluctuations in
both composition and concentrations in response to environmental conditions (Bouchereau
et al., 1999; Smith et al., 2001; Groppa & Benavides; 2008, Burritt, 2008). While it is clear that
polyamines play an important role in protecting plant cells from adverse environmental
conditions, their precise mode of action remains largely a matter of speculation. However,
stress-driven fluctuations in polyamine metabolism could significantly influence the
concentrations of bioavailable polyamines in plant-based foods.

3. Polyamines as cytoprotective molecules
3.1 Polyamines as antioxidants

Reactive oxygen species (ROS) are produced within cells as a consequence of normal
metabolic processes. When cells are under stress, the production of ROS often increases
(Halliwell & Gutteridge, 1999). When ROS are produced at high enough concentrations to
overcome the antioxidant defences that normally keep an organism’s ROS concentrations in
check, oxidation of DNA, proteins and membrane fatty acids occurs, the latter resulting in
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lipid peroxidation and a loss of membrane function (Halliwell & Gutteridge, 1999). Such
damage is commonly referred to as oxidative stress and is considered a very sensitive
biomarker of many important environmental stressors (Lesser, 2006; Burritt & MacKenzie
2003; Burritt, 2008). Numerous studies have shown that cells with reduced concentrations of
polyamines are more sensitive to oxidative damage (Chattopadhyay et al., 2002; Rider et al.,
2007; Burritt, 2008), which suggests that polyamines may play a role in protecting the cells of
a wide range of organisms from oxidative damage caused by elevated ROS concentrations.
Hence one of the potential modes of action by which polyamines could protect cells is to act
as antioxidants. While several studies have tested the ability of polyamines to act as
antioxidants, whether they can be classified as cellular antioxidants is still a matter of debate
(Chattopadhayay et al., 2002; Kakkar & Sawhney, 2002; Groppa & Benavides, 2008). Bors et
al. (1989) proposed that polyamines could act as antioxidants as their anion- and cation-
binding properties involve radical scavenging and they have been shown to inhibit both
lipid peroxidation and metal-catalyzed induction of oxidative stress (Kitada et al., 1979;
Tadolini, 1988). However, other studies have shown that polyamines lack antioxidant
activity and could even act as pro-oxidants (Groppa & Benavides, 2008).

3.2 Polyamines and DNA protection

Several studies have shown that both natural and synthetic polyamines can enhance the
stability of DNA, and protect DNA from damage caused by oxidative stress and ionizing
radiation, and from endonuclease digestion (Nayvelt et al., 2010). Two protective
mechanisms have been proposed by which polyamines could protect DNA. It has been
suggested that polyamines can directly scavenge ROS, in particular hydroxyl radicals that
readily target DNA, and/or promote DNA packaging into nanoparticles (Nayvelt et al.,
2010). Because of their positive charge, polyamines can interact electrostatically with DNA
that has a negative charge, and spectroscopic evidence has shown that polyamine analogues
can bind to guanine bases and the backbone phosphate groups of DNA, while spermidine
and spermine bind to both the major and minor grooves of DNA, as well as to the
phosphate groups. When 89-90% of the charges associated with DNA have been neutralised
by the binding of polyamines, DNA compaction is induced, limiting the accessibility of
hydroxyl radicals to target sites within the DNA and hence protecting against oxidative
damage (Vijayanathan et al., 2002).

4. Polyamines and human health
4.1 Polyamines and healthy ageing

As in plants, polyamines (putrescine, spermidine and spermine) are also ubiquitous
amongst mammalian cells, including human cells. Their diversity of roles in cellular
metabolism and growth requires them to be available in large amounts in rapidly growing
tissues (Bardocz et al., 1993), but they are also active in the control of various biological
processes, such as mediating the action of hormones and growth factors (Bardécz et al.,
1995), modifying the immune response, blocking calcium ion channels and regulating
apoptosis (Larqué et al., 2007). Polyamines are, therefore, essential to maintaining health at
all life stages. It was originally thought that polyamines were synthesised in situ within cells
when they were required (Bardécz et al., 1996). However, it is now recognised that there are
three sources of polyamines in humans: intracellular de novo synthesis of polyamines,
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dietary polyamines, and polyamines produced as metabolites from gut microbiota. As
humans age, the capacity for in situ polyamine biosynthesis reduces, because the activity of
one of the key polyamine biosynthetic enzymes, ODC, decreases (Larqué et al., 2007; Das &
Kanungo, 1982). Therefore, the importance of dietary polyamines may become elevated with
age. Unfortunately, there are a limited number of studies examining the importance of
polyamines in human health and ageing, and therefore the influence of polyamines on
health is mostly extrapolated from in vitro and small animal studies.

As a result of unprecedented public health advances and successes in many parts of the
world, the proportion of people aged 60 and over is growing faster than any other age
group (Henry, 2002). Ageing is a multi-faceted process, and is the result of the combination
of genetic and environmental factors, but a healthy diet and lifestyle are key components to
healthy ageing. Undernutrition is most prevalent in developing countries, but it is also
present in some elderly people of developed countries (Calder & Kew, 2002). The benefits of
good nutrition can only be realised if the integrity and function of the gastrointestinal tract
is maintained with age, making gut health an important health target in the elderly.
Nutritional status is an important factor for maintaining optimal immune function, and one
process that is central to ageing is immunosenescence. Age-associated changes affecting the
immune system contribute to increased morbidity and mortality in the elderly as a result of
higher incidence of infections, and possibly autoimmune diseases and cancer (Kalula &
Ross, 2008; Pawelec, 1999). Immunosenescence not only results in an increase in infections,
but is considered a contributor to systemic low-level inflammation (Fulop et al., 2010),
termed ‘inflammageing’, an underlying cause of many common chronic diseases and frailty
in elderly. It appears, therefore, that nutrition is a key aspect in achieving healthy ageing,
and given the function of polyamines outlined above, it is reasonable to assume that
polyamines play a part in maintaining health as people age.

4.2 Polyamines derived from dietary sources

In 1995, Bardécz and colleagues estimated that the average total polyamine daily intake by
an adult in Britain was 388 pumol, represented by 220 umol of putrescine, 99 pmol of
spermidine and 69 umol of spermine (Bardécz et al., 1995). However, until recently there
were a limited number of reports detailing the polyamine content of food, but with the
increased availability of high-through put analysis techniques, specifically high performance
liquid chromatography, information on the polyamine content in food is accumulating. As
detailed in section 1, polyamines exist in free, conjugated and bound forms, but
unfortunately reports examining the polyamine content in foods do not tend to examine the
form in which polyamines are present within the foods. What also is not clear at this stage is
whether the form of polyamine present in foodstuffs influences the bioavailability and/or
bioactivity of diet-derived polyamines.

A wide variation in the concentration of polyamines in different foods is reported. Meat, fish
and meat products tend to be high in putrescine and spermine, and low in spermidine, which
is in contrast to plant-derived foods, which tend to be high in putrescine and spermidine
(Kala¢ & Krausova, 2005). Fermentation of food enhances the polyamine content of some
products. For example, the putrescine content of cooked cabbage was reported to be
5.6 mg kg1 (Eliassen et al., 2002, as cited by Kala¢ & Krausovéa, 2005), and that of sauerkraut
was 146 mg kg1 (Kalac et al., 1999, as cited by Kala¢ & Krausova, 2005). The polyamine content
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in cheese is reportedly high, particularly in mature cheddar, but is relatively low in yoghurt
(Eliassen et al., 2002). Interestingly, cooking appears to have little effect on the composition
and concentration of polyamines in most foods tested (e.g. carrot and potato), but does
influence content in others (Eliassen et al., 2002). For example, mean putrescine content
decreases slightly in broccoli after cooking, but spermidine decreases quite considerably
(Eliassen et al., 2002). A decrease in polyamine content tends to occur as fruits and vegetables
ripen (Valero, 2010; La Vizzari et al.,, 2007; Simon-Sarkadi et al., 1994, as cited by Kala¢ &
Krausovd, 2005), indicating that ripeness and length of time from harvesting to consumption
may also influence the polyamine content of plant-derived foods.

An early study reporting the polyamine content of specific foods reported that green
vegetables were high in spermidine, whereas other vegetables, fruits and fish were high in
putrescine, and red meat and poultry were high in spermine (Bardécz et al., 1995). More
detailed studies of the polyamine content of food have since been completed, and have
revealed that corn, peas and potatoes are particularly rich vegetable sources of putrescine
and spermidine; peas are also rich in spermine compared with the other foods of plant
origin tested (with the exception of cashews); oranges are the richest fruit source of
polyamines, particularly putrescine; and pears are a relatively rich source of putrescine and
spermidine (Farriol et al., 2004, as cited in Larqué et al., 2007). In a recent study, Binh et al.
(2010a) reported the polyamine content of Asian foods. The highest putrescine
concentrations were found in maize, citrus fruits, peas, soybeans, and other beans; soybeans,
other beans, and vegetables were the richest sources of spermidine; and edible offal,
molluscs, meats, soybeans and other beans were rich sources of spermine (Binh et al., 2010a).
Furthermore, an examination of the polyamine content of 227 foods, with a focus on
Japanese foods, was reported by Nishimura et al. (2006). High polyamine plant-based foods
included rice bran, wheat germ, green pepper, Japanese pumpkin, soybean, fermented
soybeans (natto), pistachio nut, shimeji and dried agaricus (mushrooms), nukazuke
(fermented cucumber), orange, Philippine mango, and green leaf tea.

Metabolites from intestinal microbiota are also considered an important source of
polyamines (Bardocz et al., 1996). For example, Bacteroides spp. and Fusobacterium spp.
produce polyamines when cultured in vitro in the absence of polyamines (Noack et al.,
1998), and the administration of probiotics, e.g. Bifidobacterium lactis LKM512, has been
shown to enhance faecal polyamine concentration (Matsumoto & Benno, 2004). The fibre
and polyphenol compounds within plant foods are also capable of modulating growth and
proliferation of gut microflora species (Parkar et al., 2008; Noack et al., 2000; Noack et al.,
1998). Furthermore, purified fibre derived from plant material (pectin) stimulated
proliferation of microflora species that promote polyamine production, thereby enhancing
polyamine in the caecal contents (Noack et al., 2000). Interestingly, there was a decline of
polyamines from caecum to faeces in all treatments and controls, suggesting that the
polyamines synthesized by intestinal microbes are absorbed in the caecum and colon.
Whether different plant foods or plant-derived ingredients stimulate the proliferation of
different gut microflora, both in vitro and in vivo, continues to be investigated, and it would
also be interesting to examine their effect on polyamine synthesis, to determine the extent to
which plant foods might also indirectly contribute to the total body polyamine pool.

The polyamine content of a large range of different foods has recently been reported by Binh
et al. (2010a, 2010b) and polyamine intake was correlated with gross domestic product
(GDP) and longevity. In a study of 49 European and other Western countries, differences in
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dietary intake were detected according to GDP (Binh et al., 2010b). The dietary profile of
those countries with a higher GDP (>20,000 current international dollars) included higher
amounts of animal products, seafood, and fruits, which was associated with increased
supply of spermine and putrescine per total calorie intake. The dietary profile of countries
with a lower GDP (<20,000 current international dollars) included higher amounts of whole
milk, and crops, resulting in slightly higher supply of spermidine compared with the profile
of higher GDP countries, although not significantly so. Overall, there was a significantly
higher supply of total polyamines in higher GDP countries, and it was suggested that
increased polyamine intake may have some role in the difference in the prevalence of
diseases associated with socioeconomic disparity (Binh et al. 2010b). Although the daily
amount of polyamine availability from foods in Asian countries was considerably lower
than that reported in European countries, GDP of Asian countries was also positively
correlated with polyamine content per energy (Binh et al. 2010a). Furthermore, increased life
expectancy was also associated with greater polyamine content per energy in Asian
countries. However, it was recognised that there may be other confounding factors
contributing to increased life expectancy.

Importantly, there is good evidence that dietary polyamines contribute directly to the total
body polyamine pool. An early classical experiment using a rat model demonstrated that
radio-labelled putrescine, spermidine, and spermine were taken up by the small intestine in
a dose-dependent manner (Bardécz et al., 1995). However, the uptake and fate of the
polyamines varied. One hour after the rats were given 14C-labelled putrescine by intubation,
only 29-39% of the label was recovered as polyamines, of which 11-15% was present as
putrescine. In contrast, 79% and 72-74% of labelled spermidine and spermine, respectively,
were recovered in the same form as given, and, if conversion to other polyamines was also
included in the calculations, up to 96% and 82% of the radio-labelled spermidine and
spermine were recovered, respectively. Bardécz et al. (1995) suggested therefore, that diet
could provide polyamines for absorption and contribution to the total polyamine pool
through the systemic circulation, thereby reaching every tissue of the body. Similarly,
putrescine uptake and metabolism from the small intestinal lumen of healthy volunteers
was demonstrated following perfusion with increasing concentrations of putrescine (Milovic
et al.,, 1997, as cited in Milovic, 2001). Some 60-80% of the putrescine disappeared from the
lumen linearly with time, although putrescine per se was not recovered in the blood. There
was, however, a transitory increase in acetylated putrescine, and a steady increase in
spermidine and spermine concentrations, suggesting the polyamines were absorbed from
the intestinal lumen in humans and putrescine underwent extensive metabolism before
reaching the systemic circulation (Milovic, 2001), although spermidine and spermine uptake
was not examined in this study.

Long-term supplementation of diets with polyamines or polyamine rich foods has been
shown to increase polyamine concentrations in the blood in animal models and humans. For
example, mice fed experimental chow containing high concentrations of polyamines for 26
weeks had significantly higher concentrations of blood spermine and spermidine than mice
fed chow containing low or normal concentrations of polyamines (Soda et al., 2009a). Soda
et al. (2009a) noted that there was considerable blood spermine and spermidine variability
between mice, which was exaggerated in mice fed the high polyamine diet. These findings
are supported with human data. Healthy human male volunteers were asked to either
exclude soybean products and fermented foods from their diet, or include 50-100 g of natto,
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a fermented soybean product, in their diet for 2 months (Soda et al., 2009b). Following long-
term daily consumption of natto, blood spermine concentrations significantly increased, but
concentrations remained unchanged in those from the control (no natto) group. The blood
spermidine concentrations did not change for either group. Interestingly, although not
statistically significant (p=0.06), age had a positive correlation (r=0.62) with changes in blood
spermine concentration. The findings from this study demonstrate that long-term intake of a
polyamine-rich diet can increase blood polyamine concentrations, and the effect of dietary
polyamines might be greater in older people.

4.3 Effect of age on polyamine concentrations

Polyamines are present in all tissues, although their concentration and the ratio between
polyamines vary between different tissues. For example, in rats aged 3 months the highest
concentration of spermidine was detected in the thymus, and large amounts were also
detected in the liver, spleen, lungs and different parts of the gastro-intestinal tract (Janne et
al., 1964). These tissues, as well as the kidneys, also contained relatively large amounts of
spermine. In a more recent study, similar trends were reported for the polyamine content of
mice, although the pancreas was found to contain the highest concentration of spermidine,
and in this study the concentration of putrescine was also considered (Nishimura et al.,
2006). The putrescine concentration of a range of tissues was typically low, below
approximately 2 nmol/mg protein in all tissues of mice aged 3 weeks, compared with
spermidine and spermine, which ranged from approximately 1.0 nmol/mg protein in
muscle, heart and skin tissues, up to approximately 25 nmol of spermidine/mg protein in
the pancreas and 5 nmol of spermine/mg protein in the thymus (Nishimura et al., 2006).
These data tend to support the suggestion that putrescine undergoes extensive metabolism
upon uptake, although the content of the relative polyamines in the mouse chow was not
described.

The effect of age on polyamine concentrations in tissues was also examined by Janne et al.
(1964) and Nishimura et al. (2006). Overall, the concentration of polyamines (spermidine
and spermine) decreased with increasing age (0-9 months) in all tissues examined from rats
(Janne et al., 1964). However, the decrease in spermidine was most marked during the first
month of life, decreasing relatively slowly after one month, and the concentrations of
spermine increased slightly during the first month in the liver, thymus, spleen and kidneys,
and remained unchanged or decreased slightly after one month, and from birth in other
tissues. Similar trends were observed in ageing mice (3 to 26 weeks), with a significant
decrease of spermidine in the thymus, spleen, ovary, liver, stomach, lung, kidney, heart and
muscle, as well as skin from the ear and abdomen (Nishimura et al.,, 2006). In contrast,
however, the polyamine concentrations in the pancreas, brain and uterus were maintained
in the ageing mice. It was suggested that stimulation of protein synthesis and modulation of
the ion channels are the most important functions of polyamines, and these functions are
necessary activities in these organs/tissues, therefore mechanisms exist in these tissues to
maintain polyamine concentrations through ageing (Nishimura et al., 2006). Furthermore,
Nishimura et al. (2006) recommended that since the decrease in spermidine was most
marked, either foods containing putrescine, spermidine and spermine or foods particularly
rich in spermidine should be consumed. As indicated above, green vegetables, corn, peas,
beans and potatoes are particularly rich sources of spermidine, possibly suggesting that a
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predominantly plant-based diet would provide the polyamines of most benefit as humans’
age.

4.4 Role of dietary polyamines in maintaining health during ageing

There is a consensus among the literature that polyamine concentrations within the body
decrease with age, although this may be tissue specific. The effect that this has on health is still
being understood; however, enhancing polyamine intake appears to have a positive effect on
health as ageing progresses. For example, in a study where mice were fed a low, normal or
high polyamine diet from 8 weeks of age, whole blood spermidine concentrations were
significantly higher after 26 weeks of feeding with the high polyamine experimental chow, and
mice fed the high polyamine chow lived significantly longer than mice fed the low or normal
polyamine chow (Soda et al., 2009a). Furthermore, pathological changes associated with
ageing were inhibited in mice consuming the high polyamine chow, specifically lower
incidence of glomerulosclerosis and higher protein expression of SMP-30, a protein expressed
in multiple organs and tissues that protects from oxidative stress during ageing.

The dietary intake of polyamines has been cautioned in the past because the increased
requirement for polyamines by rapidly dividing cells and tissues, such as tumour cells, is
well recognised. Interfering with the supply of polyamines with ODC inhibitors, polyamine
structural analogues and derivatives, and deprivation of exogenous polyamines, are
potential therapeutic targets for tumour growth (Kala¢ & Krausovd, 2005). However, the
study described above (Soda et al., 2009a) suggests that in the absence of a tumour, a high
polyamine diet is beneficial to maintaining health through ageing. Further support for this is
afforded with the use of transgenic mouse models. For example, a transgenic mouse line
over-expressing human ODC gene was used to examine whether constitutively over-
expressed ODC pre-disposes the animals to enhanced tumorigenesis (Alhonen et al., 1995).
At 2 years of age, the tissue ODC activity in the transgenic animals was 20- to 50-fold that in
their syngenic littermates, but the occurrences of spontaneous tumours between the two
groups of animals was comparable.

Notwithstanding the requirement for polyamines in tumorigenic tissue, evidence suggests
that enhanced endogenous polyamine concentrations promote health during ageing via a
number of mechanisms. A recent study by Eisenberg et al. (2009) examined the influence of
spermidine on a number of ageing models, and demonstrated extended lifespan with
exogenous application of spermidine. Using a yeast cell model of chronologically ageing
cells, exogenous supply of spermidine increased lifespan by up to four times that of
untreated cells, and using a yeast model of replicative ageing (representing the lifespan of
dividing cells in higher eukaryotes), spermidine caused a significant increase in the
replicative lifespan of old cells. Furthermore, spermidine-treated cells were resistant to
stress from heat shock or hydrogen peroxide treatment, which supports the theory that
improved longevity often correlates with increased stress resistance (Eisenberg et al., 2009).
Enhancement of lifespan in human cells was then demonstrated, using long-term culture of
peripheral blood mononuclear cells (PBMCs), treated with or without exogenous
spermidine in the culture medium, and measuring cell survival by flow cytometry. After 12
days, only 15% of the control cells had survived, whereas 50% of spermidine (20 nM)-treated
cells survived (Eisenberg, et al. 2009). Staining indicated that enhanced cell survival by
spermidine was not as a result of inhibition of apoptosis, but rather an inhibition of necrosis.
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As discussed by Eisenberg et al. (2009), necrosis culminates in the leakage of intracellular
compounds resulting in local inflammation, a suspected cause of ‘inflammageing’.
Following on from this, the effect of exogenous spermidine on oxidative stress was
examined, given that, in the free radical theory, ageing is attributed to the accumulation of
oxidative stress. Indeed, mice fed spermidine (3 mM added to drinking water) for 200 days
had an increase in free thiol groups compared with control mice, suggesting a lower degree
of oxidative stress and protein damage (Eisenberg et al., 2009). Furthermore, autophagy, the
major lysosomal degradation pathway for recycling damaged and potentially harmful
cellular material, is thought to be essential for healthy ageing and longevity and Eisenberg
et al. (2009) also examined the involvement of spermidine in autophagy. Spermidine
enhanced autophagy, as determined both directly and indirectly, in a number of cell types
including cultured human cells, and it was suggested that spermidine-induced autophagy
increased lifespan in the variety of model organisms used. Given that polyamines appear to
increase lifespan, their involvement in preventing or delaying the onset of the major
underlying pathologies that contribute to ageing is also worthy of consideration.

4.4.1 Gut health

Whilst the growth of many organs ceases with adolescence, the integrity of the mucosa of
the gastrointestinal (GI) tract is maintained by continuous cell renewal (Majumdar, 2003).
Deviation in these replicative processes may result in the loss of structural and functional
integrity of the gut; therefore maintenance of normal growth and general properties of the
adult GI tract is a key aspect to healthy ageing. Polyamines have been implicated in the
maintenance of gut integrity. The strongest evidence of the involvement of polyamines in
the development, maturation and maintenance of gut integrity comes from studies using
young animals. For example, suckling rats were either fed a polyamine-deficient diet, a
polyamine-deficient diet plus antibiotics, a polyamine-deficient diet plus polyamine
supplementation at normal concentrations, or normal standard laboratory chow for six
months (Loser et al., 1999). Although after six months there were no differences in body
weight gain, food consumption or general behaviour, consumption of a polyamine-deficient
diet with or without antibiotics resulted in significant decreases in organ weight, protein
content, and DNA content in the small intestinal and colonic mucosa. Interestingly, there
was no significant difference in the intracellular polyamine metabolism between any of the
treatment groups, indicating that intracellular de novo synthesis of polyamines was not
activated to compensate for a deficiency in exogenous polyamines (Loser et al.,, 1999).
Conversely, oral administration of polyamines to neonatal mice resulted in precocious
maturation of the gut, as evidenced by increased villus and crypt length, changes of the
activities of brush-border membrane hydrolases (Dorhout et al., 1997, as cited by Seiler and
Raul, 2007), as well as precocious development of the intestinal immune system after
spermine administration (ter Steege et al., 1997, as cited by Seiler and Raul, 2007).
Importantly, the action of polyamines in gut development has been demonstrated using a
human model, albeit in vitro. Caco-2 cells, derived from a colorectal adenocarcinoma, are
commonly used for studies of the gastric mucosa, because they spontaneously express
characteristics of enterocyte differentiation upon confluence, including the formation of
tight junctions. Depletion of the putrescine and spermidine pools with the specific inhibitor
a-difluoromethylornithine (DFMO), prevented the growth of microvilli and differentiation
of Caco-2 cells (Herold et al.,, 1993, and Duranton et al., 1998, as cited by Seiler and Raul,
2007). Whilst polyamines are clearly required for gut development and maturation in the
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young, these studies also suggest implications of polyamines for gut integrity with ageing,
because the continual renewal process in the gut is characterized by active proliferation of
stem cells localized near the base of the crypts, progression of these cells up the crypt-villus
axis with cessation of proliferation and subsequent differentiation and apoptosis (Zou et al.,
2008).

Maintenance of gut integrity, such as through formation of tight junctions and production of
mucus, is essential to good health because this helps to prevent a leaky gut, limiting the
incidence of infection from pathogenic bacteria and food intolerance. An insult to the
intestinal mucosa is repaired via two mechanisms: restitution and replacement. Restitution
is a rapid process whereby existing viable cells from adjacent areas migrate to the lesion and
cover denuded spots, and is therefore suitable for superficial mucosal damage (Seiler and
Raul, 2007). Replacement of damaged cells occurs via cell division, and is a slower process
than restitution. As reviewed by Seiler and Raul (2007), polyamines are involved in many
aspects of these processes, including the production of cytoskeletal components, cell
adhesion factors, and crypt reproduction. In addition to these functions, a novel function of
polyamines within the gut was postulated by Bardécz et al. (1998). Radiolabelled putrescine
was administered to fasted rats and 70% of the putrescine was converted to succinate, more
than double the rate of rats fed ad libitum. Bardocz et al. (1998) suggested, therefore, that
dietary polyamines may serve as a source of instantly metabolisable energy and further
support the metabolic needs of the gut tissue.

The involvement of polyamines in the maintenance of gut integrity would suggest that
polyamines are essential for the process of healthy ageing, as opposed to pathological ageing.
Evidence that this is the case in humans is limited, given the difficulty in obtaining suitable
tissue samples. Nevertheless, faecal polyamine concentrations provide supporting evidence of
higher polyamine concentrations within the gut in young and healthy adults compared with
the elderly. For example, the concentration of spermidine in the faeces of the elderly was
found to be significantly less than that in healthy young adults, and this was linked with
changes to gut microbiota (Médkivuokko et al, 2010). Further evidence suggests that
hospitalised elderly subjects have significantly lower intestinal polyamine concentrations than
healthy adults, and polyamine concentration was significantly influenced by the faecal
microflora pattern present between the two groups (Matsumoto & Benno, 2007). It is possible
that the difference in faecal microflora is indicative of different dietary habits, or the difference
in faecal microflora results in variation between other microflora metabolites with health
benefits, such as short chain fatty acids, but it is also possible that differences in polyamine
uptake from diet and microflora directly influence health status through ageing. An interesting
aspect that has not yet been examined, to our knowledge, is whether synergistic interactions
between microflora metabolites, namely polyamines and short chain fatty acids, promote gut
integrity and/or immune function (as detailed below).

4.4.2 Immune function and inflammation

The decrease in polyamine concentrations with age has clearly been demonstrated in
numerous tissues and blood. Given that the majority of circulating polyamines are
contained in the erythrocytes and leukocytes (Cohen et al., 1976), and polyamines play a
pivotal role in numerous cellular functions, it is natural to consider whether decreasing
polyamine concentrations with ageing plays a role in immunosenescence and
‘inflammaging’.
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With age, increased expression of several adhesion molecules occurs, playing a crucial role
in cell adhesion and mediating cell-cell interactions, resulting in augmented capability of
cell adhesion and activation of immune cells, thereby mediating inflammation (Soda et al.,
2005). Lymphocyte function-associated antigen-1 (LFA-1) is an adhesion molecule, and
modulating its function can control cellular immunity and inflammation. Soda et al. (2005)
demonstrated that exogenous application of spermine to cultured PBMCs suppressed LFA-1
expression, which was accompanied with a decrease in adhesion capacity of PBMCs to
human umbilical vein endothelial cells. Similar, but weaker effects were also observed with
the application of spermidine. These results suggest that elevated polyamine concentrations,
in this case spermidine and spermine only, inhibit a very early and important event that is
involved in invoking inflammation.

Further support for the positive effects that polyamines have on modulation of
inflammation is given through examination of their effects on the production of
inflammatory cytokines. For example, exogenously supplied spermine inhibited the
synthesis of a number of pro-inflammatory cytokines from PBMCs stimulated with
lipopolysaccharide, including tumour necrosis factor (TNF), interleukin (IL)-1, IL-6,
macrophage inflammatory protein (MIP)-la and MIP-18 (Zhang et al, 1997). Whilst
inhibition of MIP-1a and MIP-1B, and IL-6 approached 100%, complete inhibition of TNF
and IL-1B by spermine was not achieved. Coupled with an earlier report that administration
of spermine failed to inhibit the production of transforming growth factor B, a potent anti-
inflammatory cytokine (Tsunawaki et al., 1988), and the fact that TNF and IL-1B are
involved in important antimicrobial and antiviral immune responses, spermine appears
implicated in maintaining an appropriate inflammatory status. Importantly, these findings
translate into a dampening down of the inflammatory response in vivo. For example, co-
administration of spermine with carrageenan protected mice against the development of
acute inflammation of the foot pad, using the carrageenan-induced paw edema model
(Zhang et al., 1997). A mouse model for inflammation-mediated intestinal damage also
showed that spermine exerted a protective effect, inhibiting the expression of inducible
nitric oxide synthase and nitrotyrosine, and decreasing serum concentrations of pro-
inflammatory mediators, including nitrate, nitrite and interferon-y, whilst enhancing the
concentration of IL-10, an anti-inflammatory cytokine (ter Steege et al., 1999). Taken
together, these findings suggest that although endogenous polyamine production decreases
with age, enhancement of exogenous sources of polyamines might be useful in mitigating
the loss of gut function and integrity, and regulation of inflammatory processes that occurs
with ageing. The specific effects that exogenous sources of polyamines have on human
health with ageing still largely remains to be investigated, but through understanding the
effect of polyamines on processes of immune function and chronic inflammation, and the
effect this has on non-communicable diseases that become more prevalent with ageing, the
roles of polyamines in these diseases may be suggested. For example, Soda (2010) suggested
that by considering the inhibition of cell adhesion through suppression of LFA-1 by dietary
polyamines, and increased availability of arginine for nitric oxide synthesis (which is
important for vascular physiology and function) in the presence of dietary polyamines,
polyamines may inhibit cardiovascular disease.

4.4.3 Other potential health benefits of polyamines

The causes of pathological ageing and frailty are complex and multidimensional, based on
the interplay of genetics, biological, physical, psychological, social and environmental
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factors (Fulop et al., 2010). Given the ubiquity of polyamines within the body, and their
centrality in maintaining normal cell function, it might be expected that polyamines are
integral to many processes in ageing. The use of transgenic animals has given some insight
into what these might be (Alhonen et al., 2009).

Social factors play an important part in maintaining good health and physical functionality
with age. Central to social interaction is the ability to communicate, and age-related hearing
loss may prevent or reduce social interaction. Clinical studies have shown that DFMO, a
specific inhibitor of putrescine synthesis, can cause hearing loss in some patients (Meyskins
& Gerner, 1999). A transgenic mouse model has been developed that is completely deficient
in spermine synthase, has reduced concentrations of spermine and increased spermidine in
all cells examined, and is profoundly hearing impaired (Wang et al., 2009). The hearing loss
was attributed to a large reduction in endocochlear potential, and it was reversed by
breeding the deficient strain with a strain that ubiquitously expresses spermine synthase.
The application of DFMO in the mice deficient in spermine synthase resulted in profound
weight loss and death within a few days, from a severe loss of balance that prevented
normal feeding and drinking (Wang et al.,, 2009). It was suggested that polyamines are
important in auditory physiology because of their role as regulators of potassium channels,
thereby influencing endocochlear potential. Although the importance of polyamines in
maintaining hearing and balance has been highlighted, what is not clear is whether it is the
absence of spermine or an altered spermidine:spermine ratio that causes the hearing loss.
Given this study, it is possible that a greater body pool of polyamines could help to prevent
hearing loss with ageing, although this study considered the effect of endogenous
polyamine production and it is not known whether uptake of dietary polyamines would
influence hearing. Furthermore, oxidative damage has also been implicated in age-related
hearing loss (Someya & Prolla, 2010), which provides another potential mechanism by
which polyamines may assist in the prevention of hearing loss. It should be noted that the
involvement of polyamines in age-related hearing loss is, at this stage, largely speculative,
and considering the difficulty in determining polyamine concentrations within the ear, at
least in humans, it is not an issue that will be quickly resolved. Epidemiological studies
correlating dietary habits and intake with the onset of age-related hearing loss may give
some insights into the impact of diet on hearing loss.

Considering that the pancreas contains the highest concentration of spermidine (Nishimura
et al., 2006), it might be expected that spermidine, or polyamines in general, play an
important role in maintaining the function of the pancreas. A transgenic rat model has been
used to demonstrate that a depletion of pancreatic spermidine and spermine, through over-
expression of the catabolic polyamine enzyme spermidine/spermine Nl-acetyltransferase
(SSAT), leads to onset of acute pancreatitis (Alhonen et al, 2000), and this could be
prevented with the application of 1-methylspermidine, a metabolically stable analogue of
spermidine (Rasdnen et al.,, 2002). It should be kept in mind that Nishimura et al. (2009)
demonstrated a steady-state of polyamines were present in the pancreas even with ageing,
but given that the total body pool of polyamines generally decreases with age, diet-derived
polyamines could still be an important source to maintain pancreatic polyamine
concentrations. Liver injury as a result of xenobiotic insult causes cell death, and requires
quiescent hepatocytes to proliferate and restore liver mass and hepatic function, but the
capacity to achieve this diminishes with age (Sanz et al, 1999). The main age-related
changes in the process of recovery from liver injury are a delayed response in the
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development of cell killing and regeneration, and decreased regenerative ability (Sanz et al.,
1999). Using the transgenic rat model over-expressing SSAT, it was shown that a profound
decrease in hepatic spermidine and spermine pools caused a failure to initiate liver
regeneration (Résinen et al., 2002). Furthermore, supplementation with 1-methylspermidine
restored early liver regeneration. These results might suggest that, despite the capacity for
endogenous polyamine production reducing with age, a diet high in polyamines,
particularly spermidine, could support a higher total body polyamine pool and promote
liver regeneration and function into old age.

5. Conclusions

Because of their ubiquity in human tissue and involvement in a wide range of vital cellular
processes, the importance of polyamines to maintenance of human health is well recognised.
Despite this, however, the specific mechanisms by which polyamines influence human
health, particularly with increasing age, are less well understood. It is likely that the
implication of polyamines in the growth of tumours has meant that research into the health
benefits of polyamines has been largely overlooked. The evidence provided within this
chapter indicates that polyamines are important molecules for maintaining good health into
old age, and the total body polyamine pool may be influenced by diet. Polyamines are also
ubiquitous in plant tissues, and they have similarly important functions in plants and
animals, particularly as cytoprotective molecules. The production of polyamines in plants
can be manipulated through cultivation practices and environmental stressors, and the
polyamine content of plant-derived foods may also be influenced by postharvest practices
and conditions. Plant-derived foods tend to be a rich source of putrescine and spermidine;
however, research is lacking an examination of the form in which polyamines are present in
plant-derived foods (free, conjugated or bound) and whether this influences the
bioavailability and bioactivity of polyamines in humans. Nevertheless, plant-derived foods
represent an important source of dietary polyamines. The evidence presented here, that
maintaining endogenous polyamine concentrations with increasing age and in the absence
of tumour tissue has a positive influence on sustaining good health, has largely been
derived from the use of animal models. This is because demonstrating unequivocal cause
and effect of polyamines in health or disease prevention requires determination of
polyamine content within the tissues under consideration, and human tissue samples are
usually not readily available. An alternative approach to this, as has been taken with other
phytonutrients such as polyphenols and carotenoids, is the completion of epidemiological
studies that could examine estimates of typical polyamine consumption from diet records,
and correlate it with health status and disease prevalence in the elderly. Further strength
could be provided by these studies, if blood samples were obtained and blood polyamine
concentrations determined. Nevertheless, there is good evidence to suggest that polyamines
assist with healthy ageing. However, more research is required before recommendations on
optimal and safe polyamine intake can be made.
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1. Introduction

The Dichapetalaceae (syn. Chailletiaceae) is a small family of plants comprising 3 genera
and about 165 species. Dichapetalum Thouars is the most prominent genus, with 124 species,
and is mostly found in the world’s tropical and subtropical regions. Irvine lists eight species
as occurring in West Africa and Ghana. D. madagascariensis (syn. D. guineense) and D.
toxicarium are the commonest and most widely distributed (Irvine, 1961). Hall and Swaine
also describe eight species as occurring in Ghana and other parts of West Africa, four of
which - D. barteri, D. crassifolium, D. filicaule and D. heudelotii - were not mentioned by Irvine.
The first two are likely to be new species identified after Irvine. According to Hall and
Swaine, D. heudelotii includes D. johnstonii and D. kumansiense which appear on Irvine’s list
while D. filicaule also includes D. cymulosum described by Irvine (Hall and Swaine, 1981).
Irvine’s D. oblongum is not mentioned by Hall and Swaine. Several species of the
Dichapetalum are poisonous to livestock due to the presence of fluorinated compounds,
mainly fluorocarboxylic acids (Hall, 1972; O'Hagan et al., 1993). These include D. toxicarium,
D. cymosum, D. tomentosum and to a lesser extent D. barteri.

D. madagascariensis is one of the less toxic species of the genus. It can grow up to 25m high
and about 1.5m in girth. The bark is dry and stringy and peels off in scales. Drooping oval-
shaped smooth leaves are arranged alternately in branchlets and grow to about 8 - 16cm
long and are 3 - 7cm broad. The numerous tiny flowers occurring in dense heads are
yellowish-white in colour and are also fragrant. The orange-yellow ripe fruits are spherical
in shape (Irvine, 1961). In the various tropical African communities where it occurs, D.
madagascariensis finds use in traditional and folk medicine for the treatment of viral
hepatitis, jaundice (Lewis and Elvin-Lewis, 1977), sores and urethritis (Burkill, 1985). The
fruit pulp and seeds are edible while the plant wood, due to its hardness, is used for
domestic purposes (Irvine, 1961).



Phytochemicals as Nutraceuticals
246 — Global Approaches to Their Role in Nutrition and Health

D. madagascariensis Poir [syn. D. guineense (DC.) Keay] A close-up of D. madagascariensis, showing the fruit

D. gelonioides (Roxb.) Engler [syn. Moacurra geloniodes Roxb.] represents another of the less
toxic species and it occurs in wet evergreen forests of South East Asia. In the Philippines, it
is reported as treatment for amenorrhea (Fang et al. 2006).

Recent separate investigations of D. madagascariensis and D. gelonioides have led to the
isolation and characterization of a novel and unique class of triterpenoids in which a 2-
phenylpyrano moiety is annellated to ring A of a dammarane-triterpene skeleton.
Biogenetically, their basic structure is characterized by the addition of a C¢-C unit, which
might probably be derived from the shikimic acid pathway, to a 13, 30-cyclodammarane-
type skeleton (Figure 1). Thirteen dichapetalins, named dichapetalins A - M, have so far
been isolated from these two species of the Dichapetalaceae (Achenbach et al., 1995; Addae-
Mensah et al., 1996; Fang et al. 2006; Osei-Safo et al. 2008).

..,//////

Dammarane L .
Basic dichapetalin structure

Fig. 1. Structures of dammarane and the dichapetalin skeleton

2. Isolation and characterization

Chromatographic separation of the acetone extract of the whole roots of D. madagascariensis
collected in Ghana afforded dichapetalin A as the major constituent, together with the minor
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components dichapetalins B - H (Achenbach et al., 1995; Addae-Mensah et al., 1996). A
separate collection from the same locality gave dichapetalin A and yet another member of
the series, dichapetalin M. The absolute configuration of dichapetalin A (Figure 2), the first
in the series to be isolated, was determined by single-crystal X-ray diffraction analysis, and
has been established to be 4R,5R,7R,8R,9R,105,13R,145,175,205,23R,6'S. Its systematic name
is therefore [(4a,6'a,7a,17a,20S,23R,24E)-2',3',5',6'-tetrahydro-7,23,26-trihydroxy-6'-phenyl-
13,30-cyclo-29-nordammara-2,11,24-tri-eno[4,3-c] pyran-21-oic acid y-lactone]. Dichapetalin
A is the dextrorotatory isomer, [a]p?! = +35°, (Weckert ef al.,1996).

Fig. 2. Dichapetalin A

Meanwhile, between the two investigations of D. madagascariensis, Fang and co-workers, on
fractionation of the ethyl acetate-soluble extract of the stem bark of D. gelonioides
(Philippines), isolated dichapetalins A, I and J in one collection and in a re-collection,
dichapetalins K and L (Fang et al. 2006). The structures of all the compounds were
determined on the basis of spectroscopic data interpretation.

So far, only two species of the genus Dichapetalum - D. madagascariensis (roots) and D.
gelonioides (stem bark), have produced dichapetalins. The stem bark of D. madagascariensis
only indicated the presence of dichapetalin A on TLC as part of a complex mixture. The
isolated compounds were friedo-oleananes and zeylanol (Darbah, 1994). Zeylanol has been
isolated from D. gelonioides (Fang et al. 2006). Chemical investigation of both the stem and
the roots of D. barteri did not show any dichapetalins - the isolated compounds were
friedelins, including 2B-hydroxy-3-oxo-D:A-friedooleanan-29-oic-acid, a new triterpene
belonging to the friedo-oleanane group, ferulic acid derivatives and the known anticancer
lupane triterpenes, betulinic acid and betulonic acid (Addae-Mensah, 2007). D. gelonioides
also produced betulinic acid (Fang et al. 2006).

Basically, the dichapetalins can be distinguished by the nature of the side chain at C-17
which may be grouped into two - the lactone side chain (Figure 3) and the methyl ester side
chain (Figure 5). Dichapetalins A, B, I, J, K, L and M possess a lactone side chain while a
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26
CH,OH

Dichapetalin M

Dichapetalin R’ R” Other

A H H -

B H 22a-OH -

I H H 11,12-dihydro
12-p-OH

J OMe H 11,12-dihydro
12-p-OH

K OMe H -

L H H 11,12-dihydro

Fig. 3. Dichapetalins with a lactone side chain

methyl ester side chain can be found in dichapetalins C, D, E, F, G and H. Five members of
the lactone group, dichapetalins A, I, ], K and L, have an identical side chain comprising a 5-
membered lactone with an allyl alcohol substituent. Their structural differences arise from
the presence or otherwise of the 11,12-double bond, a 123-OH group and a methoxy on the
benzene ring of the phenylpyrano moiety. Dichapetalins | and K are methoxylated variants
of dichapetalins I and A respectively. According to Fang and co-workers, they are likely to
be extraction artifacts due to the initial use of methanol as a solvent. Dichapetalin B on the
other hand, is a hydroxylated variant of dichapetalin A.

The uniqueness of the side chain in dichapetalin M is evident in the spiroketal moiety and
the C-25 acetoxy group. The oxygenation of C-6 in the basic skeleton is also peculiar to
dichapetalin M. A close examination of the side chains of dichapetalins B and M reveals a
possible biosynthetic conversion of the former to the latter. Initial hydroxylation and
phosphorylation followed by cyclisation could convert the allyl alcohol into a dihydrofuran.
Subsequent hydration to the hydroxyl furan followed by acetylation of the hydroxyl by
acetyl-CoA could then give the side chain of dichapetalin M (Figure 4).

The methyl ester group consists on one hand, of an open chain terminating in a primary
alcohol (dichapetalins C and F) or its stearic acid esterified analogue (dichapetalin D). On
the other hand, the primary alcohol cyclizes with the oxo substituent at C-23, to give either a
3-methylfuranyl moiety (dichapetalin E) or a cyclic methyl ketal (dichapetalins G and H).
Dichapetalins G and H are isomeric methyl ketals with the 11,12-dihydro basic skeleton
(Figure 5).
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OH hydroxylation

_—
/ phosphorylation
OH
side chain of dichapetalin B

OH

OCOCH;
side chain of dichapetalin M

Fig. 4. Proposed biosynthetic pathway for the side chain of dichapetalin M

CH,0COC,;Hss

Dichapetalin C Dichapetalin D
Dichapetalin F - 11,12-dihydro

Dichapetalin E Dichapetalins G & H - 11,12-dihydro
Fig. 5. Dichapetalins with a methyl ester side chain
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3. Biological activity

Biological assays including brine shrimp and anticancer studies have so far shown
significant activity only with dichapetalins possessing a lactone side chain. None of the
methyl ester side chain dichapetalins exhibited significant cytotoxicity.

3.1 Brine shrimp test

The dichapetalins were assayed in the Brine Shrimp Lethality Test according to established
protocols (Meyer et al., 1982; Anderson et al., 1991). Dichapetalin A exhibited pronounced
cytotoxicity (LCso = 0.31pg/ml), exceeding that of podophyllotoxin by 7-fold while
dichapetalin M was 28-fold (LCso = 0.011 pg/ml) more potent than dichapetalin A.
Dichapetalin C was active to a lesser extent while dichapetalins D & F were almost inactive.

3.2 Antitumour studies

Dichapetalin A showed significant inhibition to cell growth in various cancer cell systems in
vitro. The sensitivity of the respective systems was however, highly different. L1210 murine
leukaemia cells were extremely sensitive (ECoo <0.0001pg/ml) while human KB carcinoma
and murine bone marrow stimulated with GM-CSF were affected by concentrations four
orders of magnitude higher. In vivo tests were also not encouraging (Achenbach et al., 1995;
Addae-Mensah et al., 1996). Fang and co-workers further demonstrated selective and
significant cytotoxicity in dichapetalins A, I and J (ICs5 = 0.2 - 0.5 pg/mL) against the SW626
human ovarian cancer cell line. Dichapetalins K and L showed broader cytotoxicity against
the same cell line. Their study confirmed the loss of activity of dichapetalin A when
evaluated in the in vivo hollow fiber model (Fang et al. 2006). Loss of activity of dichapetalin
A in vivo is likely to be due to enzymatic hydrolysis of the lactone to an open chain
carboxylic acid (methyl ester side chain). Dichapetalin M is yet to be evaluated for its anti
tumour potential which, based on its extremely high toxicity towards the brine shrimp, is
expected to be more potent than that of dichapetalin A. Moreover, it is envisaged that the
unique spiroketal bicyclic side chain of dichapetalin M will confer stability on the lactone,
reducing the possibility of ring opening and hence, likely to result in retention of activity in
vivo.

3.3 Anti-HIV assay

The Tetrazolium-based colorimetric selective assay was employed in the anti-HIV activity
test of dichapetalins A and M against HIV-1/IIIB in MT-4 cells as previously published
(Ayisi et al., 1991). They both elicited activity at concentrations that were toxic to the cells
and therefore did not exhibit any appreciable selectivity in its anti-HIV activity. The
aqueous extract of the plant, however, gave an antiviral index of 4.7, an indication of the
presence of some level of anti-HIV principle. This may be an indication that the plant
contains other compounds that may either be anti-HIV on their own, or in combination with
the dichapetalins.

4. Dichapetalins from other sources

The isolation of five new dichapetalin-type triterpenoids, acutissimatriterpenes A - E, from
the aerial parts of Phyllanthus acutissima (Euphorbiacea) by Tuchinda and co-workers
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(Tuchinda P. et al, 2008) has been reported (Figure 6). This finding of the dichapetalins from
a different plant family is of significant taxonomic importance.

Like the dichapetalins, the C-17 side chain is a distinguishing structural feature among the
acutissimatriterpenes. Another structural difference is the presence or otherwise of a
methylenedioxy unit in the phenylpyrano moiety. This structural unit is peculiar to the
acutissimatriterpenes - it has so far not occurred in the dichapetalins. Acutissimatriterpenes
A and C are methylenedioxy analogues of acutissimatriterpenes B and D respectively.

OMe

Acutissimatriterpene A: R’, R” = O-CH>-O Acutissimatriterpene C: R’, R” = O-CH>-O
Acutissimatriterpene B: R, R" = H Acutissimatriterpene D: R’, R” = H

Acutissimatriterpene E Dichapetalin M

Fig. 6. Acutissimatriterpenes A - E
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Based on the side chain alone, acutissimatriterpenes A and B are isomeric ketals of
acutissimatriterpenes C and D. In terms of the tetrahydrofuran configuration,
acutissimatriterpenes A, B and E bear similar side chains - the difference is the hydroxylated
alkene in the latter. It is interesting to note the resemblance of their spiroketal side chain to
that of dichapetalin M where the acetoxy group at C-25 in the latter has been replaced with a
methoxy substituent. Thus, the acutissimatriterpenes can be categorized into the lactone side
chain group of the dichapetalins.

As mentioned earlier, structure-activity relationship (SAR) studies revealed significant
cytotoxic activity with dichapetalins in the lactone side chain group. Results of biological
testing of the acutissimatriterpenes for cytotoxic effects against a panel of six cancer cell
lines (P-388 murine lymphocytic leukaemia, human KB nasopharyngeal carcinoma, MCF-7
human breast cancer, Lu-1 human lung cancer, Col-2 human colon cancer and ASK rat
glioma) is reported (Tuchinda P. et al, 2008). Acutissimatriterpene E exhibited significant
activities against P-388 murine lymphocytic leukaemia (ECsp = 0.005pg/ml), MCF-7 human
breast cancer (ECso = 1.1pug/ml) and Lu-1 human lung cancer (ECso = 3.1pg/ml).
Acutissimatriterpenes A and B gave ECso = 0.4 and 0.5pg/ml respectively against P-388
murine lymphocytic leukaemia. The remaining cell lines did not show activity. Insignificant
activities (ECso > 5ug/ml) were reported for acussimatriterpenes C and D against all the cell
lines tested. A comparison of these results with those obtained from cytotoxicity test of the
dichapetalins indicate that dichapetalin A was ten-fold more sensitive (ECgo <0.0001pg/ml)
than acutissimatriterpene E against a different strain of murine leukaemia cells. Human KB
nasopharyngeal carcinoma exhibited low sensitivity against all the acutissimatriterpenes
(ECs0 > 5ug/ml) whereas in a different study, human KB squamous carcinoma was affected
by dichapetalin A at ECo = 1.8ug/ml.

SAR consideration of the acutisimmatriperpenes suggests that the methylenedioxy moiety
may not be required for activity but rather, the tetrahydrofuran configuration in the side
chain of acutissimatriterpenes A, B and E. All three compounds gave encouraging
cytotoxicity against some of the cell lines tested. Both acutissimatriterpenes C and D possess
identical side chains, with a tetrahydrofuran configuration opposite that of
acutissimatriterpenes A, B and E. Acutissimatriterpene C is the methylenedioxy variant of
acutissimatriterpene D, and both did not exhibit appreciable cytotoxic activity against any of
the cancer cells. Possibly, the presence of the hydroxylated alkene found in
acutissimatriterpene E alone, also enhances cytotoxicity. These deductions confirm the
earlier predicted activity of dichapetalin M. It seems to possess all the appropriate structural
features for activity - the hydroxylated alkene, the required orientation of the spiro-lactone
and the absence of the methylenedioxy unit. The effect of the acetoxy substituent on activity,
however, remains to be tested.

Anti-HIV-1 activity employing cell-based assays against MC99 virus and 1A2 cell line
system showed various levels of activity with acutissimatriterpenes A - E (Selectivity index
= >1.5 - >81). In an HIV-1 RT assay, acutissimatriterpenes A and B were moderately
sensitive (> 50 to 70% inhibition at 200ug/ml) followed by acutissimatriterpenes D and C at
37% and 11% inhibition respectively. Acutissimatriterpene E was the least active (-0.5%
inhibition). Both dichapetalins A and M also failed to exhibit any appreciable selectivity in
anti-HIV activity against HIV-1/IIIB in MT-4 cells.
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1. Introduction

Liver is one of the largest organs in human body and the chief site for intense metabolism
and excretion (Ram, 2001). It has a surprising role in the maintenance, performance and
regulating homeostasis of the body. It is involved with almost all the biochemical pathways
responsible for growth, fight against disease, nutrient supply, energy provision and
reproduction (Ward & Daly, 1999). The major functions of the liver are carbohydrate,
protein and fat metabolism, detoxification, blood coagulation, immunomodulation,
secretion of bile and storage of vitamin.

Two major types of reactions occur in the liver in the presence of exogenous substances. The
first involve chemical modification of function groups by oxidation, reduction,
hydroxylation, sulfonation and dealkylation. Various enzymes including mixed oxidases,
cytochromes P-450, and the glutathione S-acyltransferases are involved in such biochemical
transformations that usually lead to inactivation of drugs. This step is usually followed by
conversion of the resulted metabolites into more water-soluble derivatives that are excreted
in the bile or urine via coupling with glucuronate, sulfate, acetate, taurine or glycine
moieties (Ram, 2001).

Liver damage inflicted by hepatotoxic agents is of grave consequences (Subramoniam &
Pushpangadan, 1999). Liver ailments represent a major global health problem
(Baranisrinivasan et al., 2009). Liver cirrhosis is the ninth leading cause of death in the USA
(Kim et al., 2002). Toxic chemicals, xenobiotics, alcohol consumption, malnutrition, anaemia,
medications, autoimmune disorders (Marina, 2006), viral infections (hepatitis A, B, C, D,
etc.) and microbial infections (Sharma & Ahuja, 1997) are harmful and cause damage to the
hepatocytes. Hepatotoxic chemicals cause damage to the liver cells mainly by inducing lipid
peroxidation and other oxidative events (Dianzani et al., 1991).

In spite of the tremendous advances in modern medicine, no effective drugs are available,
which stimulate liver functions and/ or offers protection to the liver from damage or help to
regenerate hepatic cells (Chatterjee, 2000). In the absence of reliable liver protective drugs in
modern medicine, there exists a challenge for pharmaceutical scientists to explore the
potential of hepatoprotective activity of plants based on traditional use (Witte et al., 1983). A
large number of medicinal preparations are recommended for the treatment of liver
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disorders (Chatterjee, 2000) and quite often claimed to offer significant relief. Study of many
traditional plants used for liver problems led to the discovery of active compounds yet
developed to successful drugs. Silymarin (Morazzoni & Bombardelli, 1995), schisandrin B
(Cyong et al., 2000), phyllanthin, hypophyllanthin, picroside I and kutkoside (Ram, 2001)
are examples of natural antihepatotoxic compounds derived from traditional herbs. About
600 commercial preparations with claimed liver protecting activity are available all over the
world. About 100 Indian medicinal plants belonging to 40 families are components of liver
herbal formulation (Handa et al., 1986). The effectiveness of most of these plant products
must be scientifically verified to identify new medicaments for the management of liver
disorders.

2. Silymarin, the standard antihepatotoxic drug

Silymarin, the collective name for an extract from milk thistle, Silybum marianum (L.)
Gaertneri, is a naturally occurring flavonolignan. Silymarin is a mixture of stereoisomers
mainly silybin (also called silybinin, silibin or silibinin) representing 80%, w/w of silymarin.
Other minor stereoisomers include isosilybin, dihydrosilybin, silydianin and silychristin
(Wagner et al., 1968). Silymarin protects experimental animals against the hepatotoxin a-
amanitin (Hahn et al., 1968) and has a strong antioxidant property (Comoglio et al.,
1990). Other reported biological properties of silymarin include inhibition of LOX (Fiebrich
& Koch, 1979a) and PG synthetase (Fiebrich & Koch, 1979b). For decades, silymarin has been
used clinically in Europe for the treatment of alcoholic liver disease and as antihepatotoxic
agent (Salmi & Sarna, 1982). Silymarin is well tolerated and largely free of adverse effects
(Comoglio et al.,, 1990).Silymarin act as an antioxidant by scavenging preoxidant free
radicals and by increasing the intracellular concentration of glutathione (GSH). It also
exhibits a regulatory action of cellular membrane permeability and increase its stability
against xenobiotics injury, increasing the synthesis of ribosomal RNA by stimulating DNA
polymerase-I, exerting a steroid like regulatory action on DNA transcription and stimulation
of protein synthesis and regeneration of liver cells (Dehmlow et al., 1996; Saller et al., 2007).
Silymarin efficacy is not limited to the treatment of toxic and metabolic liver damage; it is
also effective in acute, chronic hepatitis and in inhibiting fibrotic activity (Saller et al., 2007).
It acts as inhibitor of the transformation of stellate hepatocytes into myofibroblasts, this
process is responsible for the deposition of collagen fibres leading to cirrhosis (Fraschini et
al., 2002).

3. Induction of liver toxicity in experimental animals

In order to study the hepatoprotective effect of plant extracts or pure isolates it is necessary
to induce liver toxicity in experimental animal models. The reported protocols for induction
of liver toxicity varying greatly in terms of the used liver toxin, doses, duration and route of
administration. Below is a collection of the most common experimental procedures use by
different groups.

3.1 Carbon tetrachloride-induced liver toxicity

Liver damage induced by carbon tetrachloride is the most commonly used model for the
screening of hepatoprotective drugs (Slater, 1965). The rise in serum levels of Glutamic
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Pyruvate Transaminase (SGPT), Glutamic Oxaloacetic Transaminase (SGOT) and cholesterol
following carbon tetrachloride has been attributed to the damaged structural integrity of the
liver cells. These components are cytoplasmic in location and released into circulation after
cellular damages (Sallie et al., 1991). Carbon tetrachloride also plays a significant role in
inducing triacylglyceral accumulation, depletion of GSH, depression of protein synthesis
and loss of enzymes activity (Recknagel et al.,, 1989). Carbon tetrachloride induces
hepatotoxicity in rats following its metabolic activation in the hepatocytes. Therefore, it
selectively causes toxicity in the liver cells while maintaining semi-normal metabolic
function. Carbon tetrachloride is metabolically activated by the cytochrome P-450
dependent mixed oxidease in the endoplasmic reticulum to form trichloromethyl free
radical (-CCls) and -Cl3COO which combined with critical cellular macromolecules, cellular
lipids and proteins in the presence of oxygen to induce lipid peroxidation (Snyder &
Andrews, 1996). Some of the lipid peroxidation products are reactive aldehydes, e.g., 4-
hydroxynonenal, which can form adducts with proteins (Weber et al., 2003). These
consequences lead to changes in the structures of the endoplasmic reticulum and other
membranes hence to increase in plasma membrane permeability to Ca2+ resulting in a severe
disturbances of calcium homeostasis and consequently necrotic cell death (Weber et al,,
2003). The loss of metabolic enzyme activation, reduction of protein synthesis and loss of
glucose-6-phosphatase activation, all lead to liver injury (Recknagel & Glende, 1973; Azri et
al., 1992). In addition to the intracellular events, Kupffer cell activation can contribute to liver
injury (elSisi et al., 1993). Kupffer cells are resident macrophages of the liver which
constitute approximately 80% of the fixed macrophages in the body (McCuskey, 2006). They
may enhance liver injury by oxidant stress (elSisi et al., 1993) or TNF-_ generation, which
may lead to apoptosis (Shi et al., 1998). In more than 70% of the reviewed published data
liver toxicity were experimentally induced by Carbon tetrachloride. However, the
experimental procedures were considerably different.

3.1.1 Single dose carbon tetrachloride-induced liver toxicity

Acute liver toxicity can be induced by a single dose of carbon tetrachloride. However, the
route of administration and dose are different from one research group to another.
Intraperitoneal injection seems to be the most commonly used method for carbon
tetrachloride administration due to the ease of handling and rapid onset of action. Rats are
usually a popular experimental animal model and the reported doses were 3 ml/kg
(Jamshidzadeh et al., 2005), 2.5 ml/kg (Sen et al., 1993; Nishigaki et al., 1992), 2 ml/kg
(Channabasavaraj et al., 2008), 1.5 ml/kg (Bhadauria et al., 2009), 1.25 ml/kg (Rafatullah et
al., 2008) or 0.5 ml/kg (Rao et al., 1993). In most cases, carbon tetrachloride is diluted with
oils (1:1). The large variation in doses may arise from weather the stated volumes
represented the volume of pure carbon tetrachloride or the total volume of the mixture. If
this is the case, the wide range of doses from 3- 0.5 ml will shrink to 1 ml (1.5- 0.5 ml). In
case of using mice as the experimental animal model the reported carbon tetrachloride doses
were much less (0.01, 0.016. 0.02 and 0.03 ml/kg) (Amat et al., 2010; Suzuki et al., 1990; Zhou
et al., 2010; Wang et al., 2008).

Induction of liver toxicity via oral routes was also reported. The used doses were 1ml/kg
(Harish & Shivanandappa, 2006) 1.25 ml/Kg (Aktay et al., 2000) and 1.5 ml/kg (Gilani, &
Janbaz, 1995). Subcutaneous route for administration of carbon tetrachloride was also used
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and the reported doses were 0.3 ml/kg (Kumar et al., 2009), 1 ml/kg (Ahmed et al., 2001) or
1.25 ml/kg (Mohamed et al., 2005).

3.1.2 Multi doses carbon tetrachloride-induced liver toxicity

The most popular multi-dose protocol for induction of liver toxicity is the subcutaneous
administration of 2 ml of carbon tetrachloride/olive oil mixture (1:1) in days 2 and 3 of a five
days long experiment (Zafar & Ali, 1998). In another protocol, carbon tetrachloride/olive oil
(1:1) mixture was given daily via intraperitoneal injection in a 7 days long experiment. The
doses were 0.5 ml (Maheswari & Rao, 2005), 0.8 ml (Ozbek et al, 2004) or 1 ml/kg
(Somasundaram et al., 2010). In 14 days experiment carbon tetrachloride/liquid paraffin
mixture (1:1) was administered intraperitoneal every 72 hours (Christian et al., 2006). Chronic
reversible cirrhosis were induced in rats by oral administration of mixture of 20% carbon
tetrachloride in corn oil at 0.5mL/ kg body weight doses twice a week (Monday and
Thursday) for 6 weeks (Hernandez-Munoz et al., 2001). Subcutaneous injection of 50% carbon
tetrachloride in liquid paraffin (3 mL/kg) every other day for four weeks was also used to
induce chronic liver toxicity (Chun-ching & Wei-Chih, 1995).

3.2 Paracetamol-induced liver toxicity

Paracetamol (acetaminophen) is a well-known antipyretic and analgesic agent. Therapeutic
doses of paracetamol are safe, however, toxic doses can produce fatal hepatic necrosis in
man, rats and mice (Mitchell et al., 1973). Paracetamol is eliminated mainly as sulfate and
glucoronide (Eriksson et al., 1992) when administered in the regular therapeutic doses. Only
5% of the dose is converted into N-acetyl-p-benzoquineimine (NAPQI). However, upon
administration of toxic doses of paracetamol the sulfation and glucoronidation routes
become saturated and hence, higher percentage of paracetamol molecules are oxidized to
highly reactive NAPQI by cytochrome p-450 enzymes. Semiquinone radicals, obtained by
one electron reduction of NAPQI, has an extremely short half-life and is rapidly conjugated
with glutathione (GSH), a sulphydryl donor which results in the depletion of liver GSH pool
(Remirez et al.,, 1995). Under conditions of excessive NAPQI formation or reduced of
glutathione store, NAPQI covalently binds to vital proteins, the lipid bilayer of hepatocyte
membranes and increases the lipid peroxidation. The result is hepatocellular death and
centrilobular liver necrosis (McConnachie et al., 2007). Due to liver injury caused by
paracetamol overdose, the transport function of the hepatocytes gets disturbed resulting in
leakage of plasma membrane (Zimmerman & Seeff, 1970), thus causing an increase in serum
enzyme levels.

When rats are used as experimental animal model a single oral dose of 2 gm/kg
paracetamol was used to induce liver damage (Chattopadhyay, 2003). The dose in case of
using mice was 250 mg/kg (Sabir & Rocha, 2008). Intraperitoneal route of administration
was also utilized. A doses of 750 mg/kg (Bhakta et al., 2001) or 835 mg/kg (Yen et al., 2007)
were administered to produce liver intoxication in rats, while lower doses of 300 mg/kg
(Yuan et al., 2010) were used for induction of liver damage in mice.

3.3 D-Galactosamine-induced liver toxicity

Exogenous administration of D-galactosamine (D-GalN) has been found to induce liver
damage closely resembles human viral hepatitis (Decker & Keppler, 1972). A single injection
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of D-GalN can decrease the uracil nucleotides in the liver and heart (Wills & Asha, 2006). D-
GalN markedly depletes hepatic UDP-glucuronic acid whereas extrahepatic UDP-
glucuronic is minimally affected. This suggests that D-GalN predominantly inhibits hepatic
glucuronidation. It disrupts the synthesis of essential uridylate nucleotides resulting in
organelle injury. Depletion of these nucleotides ultimately impairs the synthesis of protein
and glycoprotein, leads to progressive damage of cellular membranes. These consequences
lead to change in cellular membrane permeability which leads to enzyme leakage to the
circulation (Keppler et al., 1970; Abdul-Hussain & Mehendale, 1991). In addition, increased
production of reactive oxygen species (ROS) has been reported in primary culture of rat
hepatocytes treated with D-GalN (Quintero et al,, 2002). Oxygen-derived free radicals
released from activated hepatic-macrophages are also one of the primary causes of D-GalN-
induced liver damage (Shiratori et al., 1988; Hu & Chen, 1992).

Experimentally induced liver damage was achieved in rats by a single dose of D-GalN 400
mg/kg (Ferencikova et al., 2003; Kmie¢ et al., 2000) or 200 mg/kg (Decker & Keppler, 1974)
via intrapretoneal injection. For induction of liver toxicity in mice a single dose of 15 mg D-
GalN in 0.3mL saline per 20 g by intraperitoneal injection (Wang et al., 2000) was used. The
use of D-GalN as liver toxin with a very small concentration of lipopolysaccharide (LPS) (10
ng/kg) was also reported (Tiegs et al., 1989).

3.4 Other methods for induction of hepatotoxicity

These methods include the use of some drugs with known side effects target the liver upon
prolonged use. Rifampicin (1 g/kg in rats) (Anusuya et al., 1010), menadione (60 mg/kg in
mice) (Ip et al., 2004) and anti-tubercular drugs were applied for induction of experimental
liver toxicity (Tandon et al., 2008). Ethanol induced liver damage is a major cause of
morbidity and mortality worldwide (Purohit et al., 2009). Consequently, ethanol was used
as a liver damaging agent in some experiments (Noh et al., 2011; Sathaye et al., 2010).
Natural toxins such as aflatoxins are known to have toxic effect on liver. Aflatoxin B1, under
the influence of microsomal cytochrome p-450 mediated oxidation, is biotransformed into
aflatoxin 8-9-epoxide, which is a reactive intermediate and highly toxic (Iyer et al., 1994).
The use of aflatoxin B1 and other aflatoxins as hepatotoxic agent in experimental animal was
reported (Banu et al., 2009; Naaz et al., 2007). Chemicals such as trichloroacetic acid (Celik et
al., 2009), nitrobenzene (Rathi et al, 2010), thioacetamide (Khatri et al, 2009) and heavy
metals such as Cadmium (Obioha et al., 2009) were also utilized to induce experimental liver
injury.

Away from the use of chemicals, the hepatoprotective effect of some plant extracts was
challenged against liver fibrosis caused by bile duct ligation (Fursule & Patil, 2010).

4. Assement of hepatoprotective activity

The experimental animals are usually treated with the plant extract under investigation for
specified period of time. The hepatotoxic agent is usually administered near the end of the
experimental period for induction of acute toxicity or in several doses during the course of
the experiment for chronic toxicity. The hepatoprotective power of the tested material is
assessed by measuring certain biochemical parameters, liver tissue parameters and
comparing their levels with normal animals, group receiving standard drug in addition to
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the hepatotoxic agent and group receiving only hepatotoxic agent. The most common
measured parameters are summarized below.

4.1 Serum biochemical parameters
4.1.1 Transaminases

Alanine transaminase (ALT), also called Serum Glutamic Pyruvate Transaminase (SGPT) or
Alanine aminotransferase (ALAT) is an enzyme present in hepatocytes. Upon cell damaged,
the enzyme leaks into the blood. SGPT level rises dramatically in acute liver damage, such
as viral hepatitis or paracetamol overdose (Zimmerman & Seeff, 1970). Elevations are often
measured in multiples of the upper limit of normal values. Aspartate transaminase (AST)
also called Serum Glutamic Oxaloacetic Transaminase (SGOT) or aspartate aminotransferase
(ASAT) is another enzyme associated with liver parenchymal cells. The level of SGOT is
raised in acute liver damage, however, it is not specific as it is also present in red blood cells,
heart, kidney and skeletal muscle. The ratio of SGOT to SGPT is sometimes useful in
differentiating between liver damage and other conditions that elevate the levels of
transaminases (Nyblom et al.,, 2004; Feild et al., 2008). Effective hepatoprotective agents
must decrease the elevated levels of transaminases and bring them closer to the normal
values as a signe for liver healing.

4.1.2 Alkaline phosphatase

Alkaline phosphatase (ALP) catalysis the hydrolysis of phosphate esters, and is found in
biliary epithelium and the bile canalicular region of hepatocytes. Its function is not well
established, but is thought to involve in metabolite transport across cell membranes.
Elevation of the level of ALP can suggest intrahepatic, extrahepatic biliary obstruction, or
infiltrative diseases of the liver (Feild et al., 2008). Agents that can lower ALP levels will be
considered as useful hepatoprotective agents.

4.1.3 Bilirubin

Bilirubin (Bil) is the breakdown product of normal haem -a part of haemoglobin in red
blood cells- catabolism of aged erythrocytes. Bilirubin, loosely bound to albumin in plasma
to form a soluble species taken up from the Disse spaces of liver sinusoids into hepatocytes,
where it is esterified at its propionyl sites with glucuronic acid under the catalytic activity of
uridinediphosphoglucuronate 1A1 transferase enzymes. Esterified bilirubin is excreted into
bile as water-soluble bilirubin diglucuronide. Serum concentration of bilirubin is a marker
of the liver’s ability to take up bilirubin from the plasma into the hepatocyte, conjugate it
with glucuronic acid, and excrete bilirubin glucuronides into bile. Elevated level of serum
conjugated bilirubin implies regurgitation of bilirubin glucuronides from hepatocytes back
into plasma, usually because of intrahepatic or extrahepatic obstruction to bile outflow and
cholestasis. The liver has substantial reserve capacity, and normal serum bilirubin levels can
be maintained until there is enough injury to reduce the liver’s capacity to clear bilirubin
from plasma. Serum concentration of bilirubin is very specific for potentially serious liver
damage, and is an important indicator of the loss of liver function (Feild et al., 2008).
Reduction in the level of serum bilirubin is a strong indication of restoring normal liver
function.
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4.1.4 Gamma glutamyl transpeptidase (GGT)

Serum Gamma glutamyl transpeptidase (GGT) (also Gamma-glutamyl transferase) is
specific to liver injury and more sensitive marker for cholestatic damage than ALP. GGT
may be elevated with even minor, sub-clinical levels of liver dysfunction. GGT is raised in
alcohol toxicity following several days of moderate ingestion. Rifampin, phenytoin, or
barbiturates all resulted in elevation of GGT level. An isolated GGT elevation in these
situations does not indicate hepatocellular injury. The GGT level will return to normal after
discontinuation of the offending agent. Hepatic dysfunction should be considered if the
GGT elevation is associated with other abnormalities in liver biochemistry (Owvens&
Evans, 1975). Hepatoprotective agents will reduce the elevated level of GGT.

4.1.5 Total protein & albumin (Alb)

One of the most important liver functions is protein synthesis. Albumin is a major part of
the total protein (TP) made specifically by the liver. Liver damage causes disruption and
disassociation of polyribosomes on endoplasmic reticulum and thereby reducing the
biosynthesis of protein. The TP levels including Alb levels will be depressed in hepatotoxic
conditions due to defective protein biosynthesis in liver. Restoring the normal levels of TP
including Alb is an important parameter for liver recovery (Navarro & Senior, 2006).

4.2 Liver tissue parameters
4.2.1 Glutathione and antioxidant enzymes

Glutathione (GSH) and its related enzymes are playing a vital role as intracellular
antioxidants. GSH prevents damage to important cellular components caused by reactive
oxygen species such as free radicals and peroxides (Pompella et al., 2003). Glutathione exists
in both reduced (GSH) and oxidized (GSSG) states as well. In the reduced state, the thiol
group of cysteine is able to donate a reducing equivalent (H*+ e-) to other unstable
molecules, such as ROS. In donating an electron, GSH itself becomes reactive, but readily
reacts with another reactive GSH to form glutathione disulfide (GSSG). Such a reaction is
possible due to the relatively high concentration of glutathione in cells (up to 5 mM in the
liver). GSH can be regenerated from GSSG by the enzyme glutathione reductase (GSR or
GR) (Boyer, 1989; Tandogan & Ulusu, 2006). In healthy cells and tissues, more than 90% of
the total glutathione pool is in the reduced form (GSH) and less than 10% exists in the
disulfide form (GSSG). An increased GSSG-to-GSH ratio is considered indicative of
oxidative stress (Pastore et al., 2003). Another protection from oxidative damage is assured
by Glutathione peroxidase (GPx), an enzyme family with peroxidase activity. GPx reduce
lipid hydroperoxides to their corresponding alcohols and breakdown hydrogen peroxide
into water and oxygen (Castro & Freeman, 2001).

The glutathione S-transferase (GSTs) family are composed of many cytosolic, mitochondrial,
and microsomal proteins. GSTs catalyze a variety of reactions and accept endogenous and
xenobiotic substrates as well (Udomsinprasert et al., 2005). GST’s catalyse the conjugation of
reduced glutathione - via a sulthydryl group - to electrophilic centres on a wide variety of
substrates (Douglas, 1987). This activity detoxifies endogenous compounds such as
peroxidised lipids, and enable the breakdown of xenobiotics. GSTs may also bind toxins and
serve as transport proteins (Leaver & George, 1998).
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SGOT SGPT ALP T.Bil
Plant Dose Test | St | Test | St | Test | St | Test St Ref.
Abutilon indicum 200 64.6 | 815 69.2 90.5 469 627 | 54.6 73.8 Porchezhian & Ansari, 2005
Abutilon indicum « 200 327 | 685 78.8 83.8 52.3 724 60.7 70.8 Porchezhian & Ansari, 2005
Adhatoda vasica 100 533 | 62.8 | 56.0 | 594 - - - - Bhattacharyya et al., 2005
Anisochilus carnosus 400 528 | 549 29.9 30.1 28.2 28.7 13.2 10.5 Venkatesh et al., 2011
Arachniodes exilis 750 719 | 758 | 417 | 493 - - - - Zhou et al., 2010
Artemisia absinthium 200 64.7 | 709 60.1 61.4 - - - - Amat et al., 2010
Azadirachta indica © 500 306 | 364 | 269 |590 | 280 |455 | 404 53.6 Gomase et al.,, 2011
Balanites aegyptiaca 500 287 569 | 299 |645 | 215 |428 | 384 520 | Abdel-Kader & Algasoumi, 2008
Bixa orellana 500 | 57.37 - 52.08 - - - 21.15 - Ahsan et al., 2009
Butea monosperma 800 | 521 |532 | 781 | 871 - - - - Sharma & Shukla, 2010
Byrsocarpus coccineus® | 400 | 443 | 429 | 684 |559 | 490 |[385 | 46.6 51.0 Akindele et al., 2010
Cajanus cajan 500 | 56.53 - 50.22 - - - 25.0 - Akindele et al., 2010
Calotropis procera® 400 | 622 | 665 | 69.1 |735| 584 | 619 | 687 69.6 Setty et al., 2007
Cassia fistula s, ** 400 540 | 643 | 464 | 631 | 539 | 582 | 541 66.5 Bhakta et al., 2001
Castanea crenata © 150 | 54.1 - 70.6 - - - - - Noh etal., 2011
Carduus nutans 500 | 44.16 - 64.68 - - - - - Aktay et al., 2000
Chamomile capitula® 400 - - - - 82.6 742 - Gupta & Misra, 2006
Cichorium intybus 500 | 819 | 78.1 56.1 | 843 | 408 |473 - - Ahmed et al., 2003
Cistanche tubulosa 1000 | 91.6 - 89.7 - - - - - Morikawa et al., 2010
Clerodendrum inerme 200 | 316 |40.1 | 830 |86 | 84 |89.0 - - Gopal & Sengottuvelu, 2008
Commiphora berryi 200 | 456 | 444 | 658 | 624 | 611 | 657 | 563 73.6 Shankar et al., 2008
C. opobalsamum 500 66.2 - 75.6 - 33.0 - 373 - Al-Howiriny et al., 2004
Coptidis rhizoma 600 | 939 - 82.5 - - - - - Ye etal,, 2009
Cordia macleodii 200 84.8 86.5 77.5 82.2 63.3 60.6 40.6 422 Qureshi et al., 2009
Cuscuta chinensis @ 250 86.8 - 81.6 - 31.0 - - - Yen et al., 2007
Enicostemma axillare b 200 91.1 922 | 453 20.4 49.2 40.3 33.3 18.6 Jaishree & Badami, 2010
Ephedra foliata 500 42.6 | 55.1 395 | 661 | 21.2 |39.6 | 462 63.5 Algasoumi et al., 2008b
Euphorbia fusiformis 500 | 431 437 | 302 [317] 347 [371| 999 65.9 Anusuya et al., 2010
Ficus glomerata 500 | 44.0 |304 | 728 |572| 685 | 746 - - Channabasavaraj et al., 2008
Filipendula ulmaria 100 58.7 - 81.9 - - - - - Shilova et al., 2008
Fumaria indica b 400 72.6 - 79.0 - 68.2 - 79.7 - Rathi et al., 2008
F. vailantii 500 | 60.75 - 66.93 - - - - - Aktay et al., 2000
Ganoderma lucidum b 180 76.6 - 83.6 - - - - - Shi et al., 2008
Gentiana olivieri 500 | 69.57 - 86.39 - - - - - Aktay et al., 2000
Hibiscus sabdariffa 500 | 445 | 665 | 371 [65.02] 21.0 | 506 | 35.0 69.6 Algasoumi et al., 2008b
Halenia elliptica 200 | 572 |488 | 580 |[476 | 39.0 | 494 | 466 48.6 Huang et al,, 2010b
Hedyotis corymbosa® 200 | 59.6 | 608 | 758 | 669 | 81.0 | 792 | 378 724 Sadasivan et al., 2006
Helminthostachys zeylanicq 300 | 64.3 | 650 | 77.7 | 782 | 443 |451 | 664 74.0 Suja et al., 2004
Hygrophila auriculata | 150 | 40.8 | 432 | 249 | 235| 281 [262| 530 | 602 Sha“m“gas‘mdazrgo‘é‘ Venkataraman,
Kyllinga nemoralis 200 | 456 | 425 | 683 | 655 | 613 | 660 | 46.6 51.1 Somasundaram et al., 2010
Laggera pterodonta 100 | 39.6 7.3 313 | 125 - - - - Wu et al., 2007
Laggera pterodonta b 100 | 419 9.3 35.0 7.5 - - - - Wu et al., 2007
Mollugo pentaphylla 200 | 372 |43.6 | 530 |639 | 551 |556 | 326 36.0 Valarmathi et al., 2010
Momordica balsamina 500 375 57.6 39.1 571 232 375 52.7 62.0 Algasoumi et al., 2009b
M. dioica 200 | 447 | 640 | 543 |546 | 519 |59.7| 311 58.5 Jain et al., 2008
Nelumbo nucifera 500 82.8 82.0 76.5 74.3 39.7 | 420 46.5 50.5 Huang et al., 2010a
Phyllanthus amarus 4 75 166 | 219 ] 281 |[318 - - - - Pramyothin, et al., 2007
Pittosporum neelgherrense | 200 | 70.6 | 71.9 | 541 | 555 - - - - Shyamal et al., 2006
Pittosporum neelgherrenset | 200 655 | 654 | 584 |59.1 - - - - Shyamal et al., 2006
Propolis 500 | 294 |534 | 373 |602| 255 |435 | 30.1 57.0 Algasoumi et al., 2008a
Premna corymbosa 400 - - - - 61.6 | 524 - - Karthikeyan & Deepa, 2010
Rubus aleaefolius 35 12.7 - - - - - - - Hong et al., 2010
Sida acutas 100 | 61.9 | 607 | 67.7 | 669 | 79.6 | 792 | 673 72.4 Sreedevi et al., 2009
Smilax regelii 500 135 - 47.0 - - - 56.4 - Rafatullah et al., 1991

 Paracetamol, ? D-galactosamine, ¢ ethanol, 4 aflatoxin, ¢ nitrobenzene, { thioacetamide- induced liver
toxicity, otherwise CCls was used

* Livolin, ** Liver tonic, *** Silibinin were used as hepatoprotective standard, otherwise silymarin was use

Table 1. Effect of selected plants on serum biochemical parameters
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Treatment of animals with hepatotoxic agents lead to depletion of GSH, reduction in the
non-protein sulfhydryl moiety (NP-SH), GPx, GSR activities and ultration of GSTs activity
(Naaz et al., 2007; Mitchell et al., 1973; Abdel-Kader et al., 2010; Alqasoumi et al., 2009).

Another part of the antioxidant systems in the bodies is the enzymes Superoxide dismutases
(SOD) and Catalase (CAT) (Scott et al., 1991). They are an important antioxidant defence
containing heavy metals in nearly all cells exposed to oxygen. SOD catalyzes the
dismutation of superoxide into oxygen and hydrogen peroxide. SOD is the most efficient
catalytic enzyme; its activity is only limited by the frequency of collision between itself and
superoxide (Fredovich, 1997).

CAT catalyzes the decomposition of hydrogen peroxide to water and oxygen (Chelikani et
al., 2004). CAT has one of the highest turnover numbers of all enzymes; one CAT enzyme
can convert 40 million molecules of hydrogen peroxide to water and oxygen per second
(RCSB Protein Data Bank, 2007).

Effective hepatoprotactive agents will be able to restore the normal levels of these systems in
liver tissue.

4.2.2 Harmful peroxidation products

Malonaldehyde (MDA) is the main end-product of polyunsaturated fatty acid peroxidation
(PUFA) following Reactive oxygen species (ROS) insult (Esterbauer et al., 1991). PUFA are
essential part of biological membranes (Vaca et al., 1988). MDA is a reactive aldehyde and is
one of many reactive electrophile species that cause toxic stress in cells and form covalent
protein adducts (Farmer & Davoine, 2007). The production of this aldehyde is used as a
biomarker to measure the level of oxidative stress in an organism (Del Rio et al., 2005). The
increase in liver MDA levels induced by hepatotoxic agents suggests enhanced lipid
peroxidation, leading to hepatic tissue damage and failure of endogenous antioxidant
defence mechanisms to prevent formation of excessive free radicals (Souza et al., 1997).

ThioBarbituric Acid Reactive Substances (TBARS) are another harmful substances formed
by lipid peroxidation. TBARS are one of the end products formed during the decomposition
of lipids by ROS (Olinescu et al., 1994). The tissue concentration of TBARS increase with
induced liver toxicity (Sabir & Rocha, 2008).

Physiological amounts of nitric oxide (NO) in the liver has protective effect against damage
induced by tumour necrosis factor-a or Fas-dependent apoptosis (Fiorucci et al., 2001). The
production of high levels of NO within the liver, via inducible NO synthase (iNOS) promote
damage via interference with mitochondrial respiration (Moncada & Erusalimsky, 2002).
Hepatocytes of experimental animals produce NO during chronic hepatic inflammation
(Billiar et al., 1990 a, b). Human hepatocytes were also stimulated to produce NO by the
same combination of endotoxin and cytokines as rat hepatocytes (Palmer et al., 1988;
Nussler et al., 1992).

ROS are known to convert amino groups of protein to carbonyl moieties (Perry et al. 2000).
Oxidative modification of protein leads to increased recognition and degradation by
proteases and loss of enzymatic activity (Rivett & Levine, 1990). Accumulation of carbonyl
derivatives of proteins (protein carbonyl) is taken as a biomarker of oxidative protein
damage in aging and in various diseases (Dalle-Donne et al., 2003).
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4.3 Barbiturates sleep time

Short acting barbiturates such as hexobarbiton are metabolized almost exclusively in the
liver. Duration of barbiturates induced sleep in intact animals is considered as a reliable
index for the activity of hepatic metabolism (Vogel, 1977). Pre-existing liver damage will
result in prolongation of the sleeping time after a given dose of barbiturates due to decrease
in the amount of the hypnotic broken down per unit time as a result of decreased
availability of CYP2E1l contents (Singh et al., 2001). Extracts that can shorten this
prolongation of barbiturates sleep time exert protective effect on CYP2E1 system.

4.4 Histopathological study of liver tissue

The histological appearance of the hepatocytes reflects their damage conditions (Prophet, et
al., 1994). Exposure of hepatocytes to toxic agents such as carbon tetrachloride leads to
histopathological changes from the normal histological appearance (Fig. 1). The hepatocytes
of rat treated with carbon tetrachloride, showed centrilobular necrosis and extensive fatty
changes observed on the midzonal or entire lobe 24 h after treatment (Fig. 1B). Liver tissues
of rats treated with carbon tetrachloride and the standard drugs like silymarin showed no
necrosis or fatty deposition but had only minimal portal inflammation (Fig.1C). The
protective effect of tested extracts or pure materials will be expressed in histopathology as
the ability to improve the histological appearance of hepatocytes and bring it closer to the
normal hepatocytes of healthy liver (Fig.1A).

1A 1B

Fig. 1. Histological appearance of normal liver (1A), rat liver treated with carbon
tetrachloride (1B), rat liver treated with silymarin+ carbon tetrachloride (1C)(H & E, x200).

5. Literature results for some promising hepatoprotective plants

Many plant extracts were tested for their hepatoprotective activity against various liver
toxins. All the above mentioned parameters were used to evaluate the protective power of
such plants against liver cells damage. In the following Tables some of the most promising
results are presented. For handy comparative evaluation of the results percentage of
protection is presented even if it was not calculate in the original article. For values where
normal levels are increase due to destruction of hepatocytes integrity ( SGOT, SGEPT) or
over production of harmful oxidation products (MDA, TBARS) calculations were preformed
based on control groups receiving the hepatotoxic agents. Percentage of reduction in the
elevated values was compared to protection achieved by silymarin or any other
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hepatoprotective agents used in the original articles. On the other hand when experimental
liver toxicity resulted in decrease in the normal levels of the measured parameters like the
case of normal protective antioxidant enzymes (SOD, CAT), the protection efficacy is
presented as percent recovery relative to the negative control values.

6. Summary, conclusions and future directions

Liver diseases represent a major global health problem that still has no cure in modern
medicine. Some of the traditionally used plants for liver disorders provided useful
therapeutic agents. A large number of such plants lack the scientific evidences supporting
their effectiveness. Many groups of researchers worldwide were involved in studying the
protective effects of plant extracts against experimentally induced liver toxicity. Rats and
mice are the animals of choice in such experiments. Carbon tetrachloride followed by
paracetamol and D-galactosamine (D-GalN) were used to induce liver toxicity in addition to
ethanol and some other drugs affecting the liver on prolonged use. In most cases, positive
control groups received silymarin as standard drug for liver protection. Both serum
biochemical parameters, liver tissue parameters, barbiturates sleeping time and
histopathological examination were used to access liver protection. The most promising data
were presented in tables 1 and 2. These biological studies are extremely important to
discriminate between useful and useless plants claimed to have liver healing properties.
Scientific examination of all traditionally used plants for liver problems is a great goal still to
be achieved. This collection of data can be a helpful guide for Phytochemists to explore the
constituents of the most promising plants in order to discover new useful natural drugs for
the management of liver disorders.
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