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Abstract

The complex network of metabolic processes and reactions within the integrated

system of aerobic life hinges largely on the presence of oxygen. Utilization of

this highly reactive molecule in biological systems under normal metabolism

and xenobiotic exposure inevitably results in the generation and accumulation of

reactive oxygen species (ROS), which may lead to oxidative stress and hence

damage to key molecular species. Oxidative damage has been implicated as the

key factor in accelerated pathogenesis of a number of human diseases including

cardiovascular, inflammatory, cancer, autoimmune, and neurodegenerative

diseases. ROS also play defined functions through redox modifications of
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a great diversity of molecules, participating in a number of signaling pathways

among other beneficial roles of its dual effect in the human metabolism.

To maintain a steady balance between the toxicity of the oxidizing effects of

ROS and the desired benefits, the elaborate antioxidant defense mechanism,

which comprises endogenous and exogenous components, stages a constant

reactive fight against excess ROS. However, the bioavailability of especially

dietary antioxidants in sufficient concentrations within the human system is

key to the success of this defensive war. An array of other physiological

and physical variables and pharmacokinetic parameters such as absorption,

distribution, and metabolism also contributes to the complex ultimate fate and

effect of dietary antioxidants in humans.

Keywords

Antioxidants • Free radicals • Oxidative stress • Pharmacokinetic • Phenolic

compounds • ROS

Introduction: Definitions and Overview of ROS and ANTs

The first properly recorded incidence of diseases are described in the books of

paleopathology, dating back to the fifth century, with studies revealing a list

of diseases that can easily form a “catalog of a pathological museum” listing

cardiovascular, metabolic, inflammatory, and neurodegenerative diseases as well

as cancer among other deadly diseases as the common causes of death. Could

all these diseases have been a result of, or from higher levels of reactive oxygen

species (ROS), which could then have eventually played a part in the progression of

these diseases? One would think that these were just the harsh realities of

the ancient world, but it is now evident that the ancient world experienced the

same diseases that are still threatening humanity today. Could it be that the same

mistakes the ancient civilizations made are repeated in this modern era? Perhaps,

the answer simply lies in the balance between antioxidants (ANTs) and ROS?

Diet, however, does play an important role in disease progression. Of notable

interest are nutritional and phytochemical compositions of dietary foods that act

as ANTs and/or ROS quenchers, purportedly delaying disease progression. Ancient

and recent health cues for avoiding diseases and illnesses are well documented in

the ancient manuscripts that include the cursive hieroglyphs or hieratic, paleopa-

thology books, and even in several biblical verses, plus a pool of several hundreds

of thousands of scientific articles in current journals, magazines, and books. Were

the ancient Egyptians, Greeks, Romans, or the Biblical Moses far ahead of their

time when they warned of diseases that were to plague humanity, yet we live in an

environment full of plants with ANTs that can deliver us from the burdens? It is,

however, sad that even in all the thousands of years that man has been exposed to

such information, they have not taken the precaution to avoid sickness and stay

well. Modern man often chooses to go against his knowledge and ignore these
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health “laws,” fail to live a healthy life by denying themselves recreation, rest,

and healthy food, resulting in a buildup of excess ROS, leading to diseases. Perhaps,

if man could follow these simple “laws” of health and assuming there are

no accidents, war, or other disease vectors, we would die of “lack of breath”

(old age).

ROS are chemically reactive molecules containing an unstable oxygen species

with reactive chemical properties (Pelicano et al. 2004). The ROS family include

free radicals such as superoxide (O2
•�) and hydroxyl radicals (HO•), containing

an unpaired electron. The family also encompasses non-radical molecules such

as hydrogen peroxide (H2O2). In biological systems, ROS are formed by the

mitochondria during normal respiration (Tahara et al. 2009; Watson 2013) and as

toxic by-products of a variety of pathways, including both enzyme-catalyzed

reactions and nonenzymatic reactions. Research evidence accumulated over the

recent past indicates that the most important biological sources of ROS are gener-

ated through the activity of NADPH oxidase (NOX enzymes) (Lambeth et al.

2008). ROS are also generated by exogenous sources such as ionizing radiation.

Not only do ROS serve as toxic by-products of metabolism, but they are also

essential messengers in cell signaling for a wide range of cellular processes

including proliferation, cell cycle arrest, and cell death (Vurusaner et al. 2011),

details of which will be discussed later. However, stress conditions (e.g., heavy

metal presence, nutrient deficiency, pollution, pathogen attack, UV radiation, heat

exposure), increase ROS levels dramatically, resulting in the propagation of

a vicious cycle of chain events that lead to significant damage to cell structures

and in some instances may trigger apoptosis (Pelicano et al. 2004; Watson 2013).

If persistent, this eventually results in a condition known as oxidative stress.

Decades of research on oxidative stress have linked it with the pathology of cancer,

arteriosclerosis, cardiovascular diseases, malaria, rheumatoid arthritis, neurodegen-

erative diseases, and aging processes (Moure et al. 2001; Huo et al. 2009).

Living organisms possess several mechanistic systems which operate as ANTs

and delay or prevent oxidative cell damage from ROS. ANTs are substances that at

low concentrations delay or prevent oxidation of oxidizable cellular biomolecules

such as lipids, proteins, and DNA (Vurusaner et al. 2011). Oxidation is defined as

loss of electrons by an atom. A reductant or a reducing agent is a substance that

donates electrons and, therefore, causes another reactant to be reduced. An oxidant

or an oxidizing agent is a substance that accepts electrons and causes another

reactant to be oxidized (Prior and Cao 1999). When a molecule is reduced, then

the other molecule in the same reaction has to be oxidized, a phenomenon

called reduction-oxidation (redox) interplay. Redox reactions underpin biological

oxidation, the chain of chemical reactions in which oxygen from air is used

to oxidize chemicals from the breakdown of food to provide energy for living

(Prior and Cao 1999).

There are two major groups of ANTs, namely, enzymatic and nonenzymatic. The

most abundant nonenzymatic ANTs are either plant-derived water-soluble substances

such as vitamin C (for a minority of species including humans) and phenolic
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compounds or lipid-soluble vitamin E and carotenoids. Another important

nonenzymatic ANT is glutathione (GSH), an essential nutrient synthesized in the

body from the amino acids L-cysteine, L-glutamic acid, and glycine. Enzymatic ANTs

include the primary enzymes such as superoxide dismutase (SOD), catalase (CAT),

and glutathione peroxidase (GPx). Three types of SODs exist in humans, namely,

cytosolic CuZn-SOD, mitochondrial Mn-SOD, and extracellular SOD (Ratnam

et al. 2006). Enzymatic ANTs are endogenously produced together with some

low molecular weight molecules and enzyme cofactors. Nonenzymatic ANTs

are classified into various other classes, including polyphenols which form the largest

class. The other classes of nonenzymatic ANTs include vitamins, carotenoids,

organosulfural compounds, and minerals (Ratnam et al. 2006). The human diet has,

however, changed over years, unfortunately resulting in daily intakes of ANTs far

less than our ancestors. Higher levels of technology and organized agriculture which

was not there some thousands of years ago have contributed in depriving modern man

of antioxidant-rich diets (Benzie 2003).

Research on the mechanisms, use, and availability of ANTs such as phenolic

compounds, flavonoids, vitamins, and many other macronutrients that works effec-

tively against ROS has since generated considerable attention and resulted in

thousands of papers and articles published in journals, magazines, and books

(Ndhlala et al. 2010). This chapter takes a closer look at the relationship between

ANTs and ROS in an attempt to understand how humans benefit from the tug of

events that exists between the biomolecules.

ANTs Versus ROS: Benefiting Human Survival

Life evolved amid events that favored production of ROS which could have easily

threatened the survival of organisms on the planet Earth (Ndhlala et al. 2010).

Without the evolution of mechanistic adaptive techniques such as the opposing

actions of ANTs and ROS, life could not have survived (Gutteridge and Halliwell

2010). In humans, increased ROS levels will result in detrimental effects including

accelerated progression of diseases.

ANTs are grouped into two major classes: those preventing the initiation and

those retarding the progression of oxidative chain reactions (Becker et al. 2004;

Gill and Tuteja 2010). ANTs that act by preventing the initiation of oxidative

processes, mainly referred to as “oxidative terminators,” achieve their mandate

by physically or biologically blocking the chemical or enzymatic reduction actions

which produce initiating radicals from molecular oxygen or hydroperoxides

(Tubaro et al. 1998; Becker et al. 2004). The second group which slows down the

rate of oxidative processes acts as “oxidative chain-breakers” by competing with

the unsaturated lipids for reaction with peroxidation driving peroxy radicals,

thereby resulting in a retarded reaction (Tubaro et al. 1998).

In other reactions, ANTs act in various ways, including binding metal ions,

scavenging radicals, and decomposing peroxides. Often, more than one mechanism

is involved, resulting in synergism (Moure et al. 2001). Synergism relates to the
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mechanisms of interaction of multiple elements in a system to produce an effect

different from or greater than the sum of their individual effects (Becker et al.

2004). ANTs are localized in different sites, mainly around membranes while

some are situated in intracellular spaces and others in the extracellular environment,

as well as in aqueous and lipophilic domains. Some antioxidant molecules work

in biological systems by directly interacting with other ANTs. The most

reported interaction is the synergistic antioxidant action by vitamin E and

vitamin C (Niki 2010).

The dynamics of antioxidant action are complex, and the only way to understand

them is to follow the fate and consumption stages that occur during oxidation.

When ANTs are present in a system, the order of their consumption, referred to

as “pecking order,” is determined by the chemical characteristics such as

redox potential and bond dissociation energy (Niki 2010). However, in heteroge-

neous systems, as is now well known, things do not translate from what is

observed in vitro; thus, the pecking order is dependent on many other

factors as well (Niki 2010). Such factors include bioavailability and possibly

biotransformation. The molecules have to be absorbed, transported, distributed,

and retained properly in the biological fluids, cells, and tissues. As the

molecules are distributed, metabolism-derived loss-of-function could result (Shen

et al. 2007).

Biological Activity of ANTs

The use of plants for food and medicine has partially been attributed to the

biological efficacy of primary and secondary metabolites that possess antioxidant

activities such as phenolic compounds, vitamins, and carotenoids (Ndhlala et al.

2010). Furthermore, other physiological activities of natural ANTs have been

described, such as antibacterial, antiviral, and antimutagenicity (Cook and Samman

1996). Phenolic compounds are products of the shikimate and phenylpropanoid

pathways and constitute a diverse and ubiquitous class of plant secondary metab-

olites characterized by aromatic rings and hydroxyl groups. Numerous studies

aimed at investigating the beneficiary effects of phenolic compounds as natural

ANTs have been carried out since the early 1870s (Shen et al. 2007). Some of the

findings have led to the conclusion being drawn that human antioxidant defense

systems are incomplete without dietary ANTs (Ratnam et al. 2006). Figure 176.1

represents structures of some common antioxidants.

Several studies have supported the assertion that phenolic compounds act as

strong ANTs by neutralizing ROS and metal ion chelation (Chun et al. 2005).

Credit is mainly given to the multiple hydroxyl groups in the chemical structures of

phenolic compounds that make them ideal for redox reactions and as metal ion

chelating agents. Antioxidant properties improve as the number of hydroxyl and

methoxyl groups increases, hence higher antioxidant abilities of condensed and

hydrolysable tannins at quenching ROS compared to monomeric phenolic acids

(Hagerman et al. 1998).
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Apart from phenolic compounds, a good diet will nourish humans with several

other important nutritional and non-nutritional micro- and macro-molecules. These

include vitamins C and E. Vitamin E (tocopherols and tocotrienols) has been

reported to be the major lipid-soluble chain-breaking antioxidant in body tissues,

playing an important first-line of defense on membranes, soldiering against

early stages of ROS attacks (Lien et al. 1999). Vitamin C (ascorbic acid) is

a water-soluble antioxidant that is involved in reduction of ROS from a variety of

sources. Its role is to recycle radicals produced by oxidation of vitamin E (Baydar

et al. 2007).

Besides the discussed micro- and macro-molecules, antioxidant enzymes play

essential roles in protecting cells against ROS insults. Absence and/or inhibition of

antioxidant enzymes will severely compromise the cellular ability to cope with

ROS stress. The expression of antioxidant enzymes, such as SOD, catalase, and

glutathione-S-transferase, is regulated by complex mechanisms, oxidative stress

being a major factor that induces the adaptive expression of these enzymes

(Pelicano et al. 2004).

In addition to antioxidant enzymes, the glutathione (GSSG/2GSH) and the

thioredoxin systems are redox couple systems used by organisms in maintaining
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cellular redox balance by detoxifying the effect of certain ROS (Schafer and

Buettner 2001). Glutathione (GSH) is a tripeptide that contains unusual peptide

linkages between the amine group of cysteine and the carboxyl group of the

glutamate side-chain and is endogenous. In the reduced state, the thiol group of

cysteine in GSH 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 a disulfide (GSSG) (Kranner and

Birtić 2005). Thioredoxins are proteins that act as ANT by facilitating the reduction

of other proteins by cysteine thiol-disulfide exchange. In humans, it is encoded by

the TXN gene and contains two cysteine molecules which are key to thioredoxin’s

ability to reduce other proteins (Koháryová and Kolárová 2008).

What Is in it for Humans?

The Benefits from ROS

ROS, being obligatory by-products emerging as a result of both normal metabolism

and xenobiotic exposure, have the potential to be beneficial and harmful to cellular

metabolism. The highly reactive, oxygen-containing molecular entities which are

more potent and effective oxidizing agents than molecular oxygen itself have been

considered important intracellular signaling molecules, which may act as mediators

or second messengers in many cell functions (Ghiselli et al. 2000; Gonzalez et al.

2002). Counterintuitively as it may to expect a free-radical species, without

apparent built-in selectivity, to propagate a specific signal, ROS play defined

functions through redox modifications of a great diversity of molecules participat-

ing in almost every signaling pathway described to date (Covarrubias et al. 2008).

In many cases, evidence points to hydrogen peroxide as the proximal signal

molecule, although some studies have implicated superoxide as well. ROS have

been proposed to have a role as oxygen sensors in cells that comprise essential parts

of homeostatic loops directed to maintain oxygen levels in multicellular organisms

under hypoxia situations (Lander 1997; Gonzalez et al. 2002). These cell systems

include carotid body chemoreceptor cells, pulmonary artery smooth muscle cells,

and erythropoietin-producing cells. Because of the diversity of cellular events that

utilize free radicals, in some cases, their generation is required for ligand-stimulated

gene expression, whereas in others, they themselves initiate a cellular response.

It is now an accepted fact that ROS are signaling molecules that, as with other

second messengers, transduce messages from the extracellular milieu to generate

a specific cellular response. The diffusibility of some ROS through plasma

membranes is a property that may contribute to determine the redox state of

a community of cells or the propagation of ROS signals, mechanisms that

could coordinate developmental events such as massive cell death (Covarrubias

et al. 2008).
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The recent uncovering on the participation of the NOX enzymes as predominant

sources of ROS has brought in a unifying concept of understanding their influence

in disease pathology. Body tissues involved in phagocytosis, such as neutrophils

and macrophages, produce very large amounts of superoxide anion, which leads to

the downstream biosynthesis of hydrogen peroxide, hypohalides, hydroxyl radical,

and singlet oxygen (other ROS). These highly reactive metabolic products collec-

tively contribute to host defense by killing invading pathogens (Lambeth 2000;

Lambeth et al. 2007). Depending on cell type, source of ROS (e.g., mitochondrial

versus NOX enzymes), type of ROS, and other factors, some ROS have been found

to modulate apoptosis. Anti-apoptotic modulating effect is an important attribute

particularly in proliferative conditions such as cancer. To this effect, an increasing

number of studies point to the anti-apoptotic effects of NOX-derived ROS. In

pancreatic cancer cells, NOX4-derived ROS, NOX5 in Barrett’s esophagus,

NOX1 in gastric epithelium and colon, and NOX1 in endothelial cells, and were

found to inhibit apoptosis (see Lambeth et al. 2008 and references therein).

Although high levels of ROS have potential toxic effects on sperm quality and

function, a strong body of evidence suggests that small amounts of ROS are

necessary for spermatozoa to acquire fertilizing capabilities (Aitken et al. 1989;

Aitken 1997; Agarwal et al. 2003). The susceptibility of spermatozoa to oxidative

stress–induced damage emanates from the fact that their plasma membranes contain

large quantities of polyunsaturated fatty acids and their cytoplasm contains low

concentrations of scavenging enzymes (de Lamirande and Gagnon 1995; Agarwal

et al. 2003). Another important aspect of ROS is manifested by inflammatory

cell–mediated defense responses against microorganisms (Zhou et al. 2007). In

this context, these molecules are generated by macrophages and neutrophils and

play critical roles as bactericidal, antiviral, and antitumor agents (Nathan 1992).

A number of studies have shown the ability of ROS to regulate fundamental

cell developmental processes such as proliferation, differentiation, death,

migration, and gene transcription (Burdon and Rice-Evans 1989; Dalton et al.

1999; Allen and Tresini 2000). A function of ROS in development is likely due

to the large amount of evidence, showing that ROS can regulate fundamental

cellular processes.

The Tilted Balance and the Benefits of ANTs

The beneficial physiological functions of ROS in the diverse tissues and cells of the

human body system are dosage dependant. A balance, therefore, has to be struck

between production and metabolic requirement levels. Elaborate antioxidant

defense mechanism have evolved, that maintain the delicate balance between the

toxicity of the oxidizing effects of ROS and the desired benefits. Under steady state

conditions, this equilibrium is met by the scavenging of ROS by endogenous

enzymatic and nonenzymatic ANTs. However, exposure to environmental factors

(smoke, pollution, ultraviolet radiation, etc.) and pathological conditions (chronic

infection, inflammation, etc.) can lead to increased ROS production, resulting in
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a tilted ROS/ANTs balance in favor of the oxidants, leading to oxidative

stress. The consequences of oxidative stress are the key pathophysiological

mechanisms in the initiation and progression of cancer, neurodegenerative

disorders, cardiovascular diseases, diabetes, aging, pancreatitis, skin lesions,

inflammatory diseases, sclerosis, and autoimmune disorders in humans,

among others (Cosgrove et al. 1987; Jacob 1995; Ulker et al. 2003). In fact,

Halliwell and Gutteridge (1990) estimate ROS to be implicated in more than

100 diseases.

Sometimes the inherent endogenous mechanisms of the human antioxidant

system are sometimes incomplete without the support from the antioxidative

compounds taken as foods or medicine, giving rise to a more effective complex

antioxidant system in the fight against ROS-damaging effects. Through their

free-radical scavenging property, ANTs delay or inhibit cellular damage. They

act as radical scavengers, hydrogen donors, electron donors, peroxide decomposers,

singlet oxygen quenchers, enzyme inhibitors, synergists, and metal-chelating

agents (Halliwell 1997; Ratnam et al. 2006). Some ANTs induce the biosynthesis

of other ANTs or defense enzymes. Components of the antioxidant system interact

to provide diversity and depth to the body’s antioxidant protection system. This

cooperation among the different ANTs provides greater protection against attack by

ROS and thus downregulate the associated pathologic conditions. For example,

ANTs have been shown to decrease oxidative stress–induced carcinogenesis by

direct scavenging of ROS and by inhibiting cell proliferation secondary to protein

phosphorylation (Halliwell 1997). Through in vivo experimentation, it has been

evidenced that supplementing diet with ANTs can attenuate atherosclerosis in

animal models (Steinberg 1986). In a nutshell, the balance between ANTs and

ROS is all to the human benefit as it ensures the normal functioning of the body

system and downregulates the associated damaging pathological conditions. While

an enormous amount of research evidence points to this positive health benefits of

ANTs in a number of diseases, several other similar studies reports on their lack of

and/or negative effects.

The strong in vitro evidence that exists for the beneficial roles of ANTs in

attenuating numerous disease conditions is merely mechanistic. Translating these

findings into tangible benefits during human intervention trials, however, has seen

very little achievements. Be that as it may, and notwithstanding the scanty and

contentious in vivo evidence, it must, however, be pointed out that the role of ANTs

in human health is evident and cannot be overlooked. Perhaps, the balance is tilted

more in favor of the beneficial aspects than any other effect.

ANTs as a Double-Sided Sword

The greatest concern after ensuing victory in any battle is on the extent of its

negative effects to the surrounding environment. Notwithstanding the purported

enormous health promoting benefits from ANTs in the fight against oxidative

damage in humans, it is imperative that due consideration be given to any
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negative effects they may have on the normal functioning of the entire body system.

In this regard, ANTs have been proven, in both in vivo and in vitro models, to

exhibit some dual effects.

While epidemiological evidence on vitamin E is inconclusive for their protec-

tive role in cancer, this antioxidant appears to be negatively associated with

colorectal adenomas (Greenwald and McDonald 1999). Intakes of vitamin

C below and above the recommended daily allowance are implicated in the

increased free-radical damage to DNA (Halliwell 2000). The administration of

a powerful antioxidant after the commencement of oxidative damage could result

in a pro-oxidant effect and promote damage. This effect was demonstrated by

Kang et al. (1998) where animals were exposed to the herbicide paraquat and

administration of vitamin C as a pretreatment was protective, but when this

compound was given after paraquat exposure, the damage caused by the herbicide

was aggravated, presumably by interacting with released transition metals.

Similar pro-oxidant effects of ANTs like vitamins C and E are reported to be

involved in fatal myocardial infarctions (Sun et al. 1996; Bast and Haenen 2002).

In a study by Cortés-Jofré et al. (2012), the authors concluded that there was no

evidence for recommending supplements of vitamins A, C, E, selenium, either

alone, or in different combinations, for the prevention of lung cancer and lung

cancer mortality in healthy people. They noted that there is some evidence that the

use of b-carotene supplements could be associated with a small increase in lung

cancer incidence and mortality in smokers or persons exposed to asbestos.

Of the ANTs shown to exhibit negative effects, vitamin E and its esters and

metabolites have been implicated in a number of disorderly conditions.

These include, among others, impaired blood coagulation and inhibition of

cyclooxygenase enzymes, which is associated with damage to the gastrointestinal

tract, resulting in ulcers (Bast and Haenen 2002). ANTs can also inhibit

the oxidant-triggered signaling mechanisms that the cell uses to adapt to

a free-radical insult (Halliwell 2000). Other negative effects of ANTs include

suppression of the activity of other ANTs, and altering the immune system and the

normal cellular protective responses to tissue damage and microbial infections

(Clement and Pervaiz 1999). Reports of mutagenicity related to flavonoid-

mediated oxidative damage raises major health concerns (Yamashita et al.

1999). The pro-oxidant effect exhibited by flavonoids was found to be responsible

for the cytotoxic and proapoptotic effects of flavonoids isolated from various

herbal medicines (Ismail and Alam 2001; Ueda et al. 2002). Findings suggest that

some of the same structural attributes of flavonoids responsible for optimizing

antioxidant capacity may also exacerbate oxidative stress and the associated

detrimental damage to structure and functions of cellular molecules.

Consequently, based on this compelling evidence, it becomes apparent that, in

spite of the benefits humans derive from the antioxidant system, the body is

equally exposed to the detrimental effects of some ANTs. The importance

of the association between oxidative stress and disease should, therefore, not

be exaggerated.
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Pharmacokinetic Parameters

Understanding of the biodynamic processes that constrain dietary antioxidant

release from foods, the extent of their absorption, and their ultimate fate is crucial

to the comprehension of their mechanisms of action and role in disease prevention.

Pharmacokinetic parameters such as absorption, distribution, metabolism, and

excretion are the key important properties that determine the ultimate fate of dietary

ANTs through the oral route. Once ingested, the journey of an antioxidant com-

pound through the body system, following gut luminal events, begins with its

absorption and distribution. In describing the drug discovery setting, Lipinski

et al. (2001) illustrate that potency, solubility, and permeability comprise the

triad required to achieve absorption through this route. Poor absorption of an

antioxidant may limit its effectiveness due to its inability to obtain high systemic

concentrations for extended periods of time. For example, more than 53 % of the

orally administered ellagic acid, a natural phenol antioxidant found in numerous

fruits and vegetables, was found remaining in the gastrointestinal tract (Teel and

Martin 1988). The absorption of some antioxidant candidates is saturable, an

attribute of mainly lipophilic ANTs like carotenoids and vitamin E. The high

liposolubility characteristic of lycopene allows it to distribute extensively in

peripheral tissues (Ratnam et al. 2006).

In order for ANTs to be absorbed, they must first be released from the food

matrix and be presented to the brush-border of the small intestine in such a state that

they can be absorbed into the enterocyte by passive diffusion or active transport

systems (Stahl et al. 2002). Before secretion into either blood or thoracic lymph

ducts in a biocompatible form, metabolic modifications and biotransformations

may be required for most of the compounds. The success of this highly complex

process for any given antioxidant dietary constituent, however, depends on an array

of variables that include the various state of food parameters, time, as well as the

body’s metabolic states. This will, in turn, affect the profile of systemic delivery of

the food component and, possibly, its metabolic fate. In light of the complex nature

of the pharmacokinetics of ANTs in the human system and the diversity of the

variables associated with the effective absorption, distribution, and metabolism, it

must therefore be pointed out that information on food nutrient content should only

be used as a rough guide. The marked differences in the fecal levels of antioxidant

constituents and/or metabolites between oral and intravenous routes suggest that the

orally administered dietary constituents are not well absorbed.

Bioavailability

The purported biological benefits of exogenous ANTs toward human health are

possibly less than that is reported as most of the research evidence is extrapolated

from in vitro experimentation. This, however, presents more questions than answers

with regard to the tangible benefits in the clinical context. One important question
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when considering the in vivo potential impacts of exogenous ANTs on disease states

is their circulation levels within the body following ingestion (bioavailability).

Wootton-Beard and Ryan (2011) define bioavailability as the amount and extent to

which a given nutrient or therapeutic moiety is available for normal physiological

functions and storage within the body. Phenolic compounds are among the most

studied antioxidant compounds in this context, and the scanty data available in

this regard is largely contradictory and inconclusive. The chemical structure of an

antioxidant largely determines its absorption in the body system. The b-linkage of

sugar moieties in polyphenols, particularly flavonoids, resists hydrolysis by pancreatic

enzymes, and intestinal microflora are thought to be responsible for this hydrolysis to

allow a site for conjugation. Absorption kinetics, therefore, varies considerably among

dietary ANTs, owing to the heterogeneity of functional groups and their liberation

from the food matrix (Ratnam et al. 2006).

Upon measuring fecal quercetin in ileostomy subjects, Hollman et al. (1997)

found that human absorption of quercetin-b-glycosides from onions was

52 %, whereas absorption of quercetin without its sugar moiety, and that of

quercetin-b-rutinoside was both only about 20 %. The authors also observed that

peak levels were achieved less than 0.7 h after ingestion of onions, and 9 h after the

rutinoside. These findings suggest that the sugar moiety of quercetin glycosides

affects their absorption. Onions contain mainly glucose glycosides of quercetin and

therefore, in their study, Hollman et al. (1997) concluded that conjugation with

glucose enhances absorption of this flavonoid from the small gut. Later, separate

related studies with pigs further indicated that the conjugation of orally adminis-

tered quercetin with glucuronic and sulfuric acid appears to preferentially occur in

the intestinal wall (Ader et al. 2000). In addition, the rate of elimination of quercetin

metabolites seems very low, and high plasma concentrations are easily maintained

with a regular supply of quercetin or rutin in the diet (Manach et al. 1997). With

regard to polyphenols, a general conclusion is reached, therefore, that glycosylation

influences their various physicochemical and biochemical properties on membrane

permeability and subsequent bioavailability.

Bioavailability of dietary carotenoids, in general, depends on a number of factors

like heat treatment, homogenization, fiber content, and presence and type of fat in the

diet (Hof et al. 2000). The presence of fat in the diet has also been shown to favorably

affect the absorption of lycopene (Ratnam et al. 2006). Vitamin C has relatively less

bioavailability problems in comparison to other ANTs, but the elimination is reported

to be very rapid, with approximately 70 % of it being removed from the body system

in less than 24 h (Ratnam et al. 2006). Some ANTs are transformed in the digestive

tract and marginally increase their bioavailability through their secondary metabo-

lites. The most important dietary factor influencing the availability of carotenoids for

absorption is the co-ingestion of fat. High-fat versus low-fat diets have demonstrated

this requirement (Furr and Clark 1997). The current data on the bioavailability and

metabolism of ANTs in humans is limited to a small number of dietary compounds,

and it is thus apparent that understanding this aspect is essential for evaluating the

effects of the diet on the antioxidant status in the human body system. Generally,

most dietary ANTs have low bioavailability.
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Conclusions

Humans live in an era with increasing concern about disease such as cancer, heart,

and neurodegenerative diseases which afflict our generation. Could it be because

we now live longer? Researchers have pinpointed and associated ROS with

accelerated progression of these diseases, among other conditions. Nevertheless,

epidemiological studies strongly suggest that antioxidants, at correct concentra-

tions, can decrease the incidence of some disease conditions. However, one of the

major challenges facing this field is the poor understanding on the functional

pharmacodynamics of antioxidant agents within the human system in a clinical

setting. The mechanistic nature of in vitro studies from which most of

the purported antioxidant benefits are extrapolated is largely inconsistent and

inconclusive and hence their limited applicability in human interventions.

Bioavailability and pharmacokinetic parameters of antioxidant molecules in living

systems are complicated by a plethora of physiological, chemical, and physical

factors. In this regard, more questions than answers remain an intriguing

and challenging situation in this very young and emerging discipline.

Although preformulation studies have been conducted for some antioxidants,

information on many agents remains elusive. An aggressive research elucidation

using animal and/or human models is still required on the efficacy,

pharmacokinetics, bioavailability, toxicology, and delivery aspects of

the antioxidant agents in order to fully exploit their promising benefits in

human health.
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