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Review

Free radicals in the regulation of damage and cell death — basic

mechanisms and prevention

Jodo P. Silva*, Olga P. Coutinho

GCBMA - Molecular and Environmental Biology Centre, Department of Biology, University of Minho, Braga, Portugal.

ABSTRACT: Reactive oxygen (ROS) and
nitrogen (RNS) species are known to accumulate
intracellularly due to both exogenous and/or
endogenous factors. In normal physiological
conditions, these reactive species are maintained in
an equilibrium state by the cells' antioxidant defence
systems. In addition, they are recognised to play
important roles in several physiological functions.
However, when an imbalance in the equilibrium
between oxidants and antioxidants occurs in favour
of the former, we come to a situation defined as
oxidative stress. ROS/RNS can cause damage
to all biomolecules (namely proteins, lipids, and
DNA) and ultimately participate in the regulation
of mechanisms leading to cell death, being
implicated in the etiology of several pathologies (like
neurodegenerative and cardiovascular diseases).
To cope with oxidative stress, cells possess effective
enzymatic (e.g. superoxide dismutase, catalase,
glutathione peroxidase) and non-enzymatic (e.g.
glutathione, thioredoxin, coenzyme Q) antioxidant
systems. In addition, several compounds present
in plants and vegetables (e.g. vitamins C and E,
polyphenols) have been described to react with free
radicals. However, some drawbacks associated to
these natural compounds are in part responsible
for the undergoing development of novel synthetic
compounds capable of acting as antioxidants and
protect cells against oxidative stress-induced cell
death. Here, we review the basic mechanisms of
ROS/RNS formation, as well as their interaction
with biomolecules and regulation of cell death, in
order to identify possible drug targets. We also
report the importance of natural antioxidant systems
and the ongoing research leading to the development
of more powerful and effective antioxidant drugs.

Keywords: Oxidative stress, ROS/RNS, antioxidants,
cell death

*Address correspondence to:

Dr. Jodo P. Silva, Biology Department, University of
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1. Oxidative stress

There is a general agreement among the scientific
community that significant amounts of oxygen (O,)
first appeared in the Earth's atmosphere about 2.5
billion years ago. However, the toxicity of oxygen led
the existing anaerobic organisms to adapt to the new
environment by developing defence mechanisms, in
order to protect themselves and survive (1). Though
some of them chose to live in an oxygen-free micro-
environment, others became capable of performing both
respiration and fermentation (facultative anaerobes).
Only later on there was the development of new species
that used respiration in an exclusive way, the aerobic
organisms (2,3).

Initially, O, toxicity was thought to be due to the
inactivation of enzymes, mainly the thiol group of
cysteine residues. Later, toxicity was also attributed to
the effects of hydrogen peroxide (H,0,). Ultimately,
molecular biology techniques established that the
toxic effects of O, are directly linked to its partially
reduced forms, the reactive oxygen species (ROS),
acting on cellular components (4). More than 50 years
ago, Denham Harman, in his "Free Radical Theory
of Aging", described these reactive species as being
responsible for the most part of cellular damage and
as playing a key role in the aging process [in (5)]. The
discovery of the enzyme superoxide dismutase (SOD)
in 1969 by McCord and Fridovich (6) definitively
convinced the rest of the scientific community of the
importance of free radicals in living systems. This led
to further investigation in this field, which resulted
in the finding that these free radicals also intervene
in the regulation of intracellular signalling. So, as
living systems evolved, they have not only adapted to
a coexistence with free radicals but have developed
various defence mechanisms to protect themselves
against the toxicity of oxygen (5,7).

In normal physiological conditions, the production
of free radicals and other reactive species is maintained
in an equilibrium state by this antioxidant defence
system (2). However, when an imbalance occurs
between oxidants and antioxidants in favour of the
oxidants, we come to a situation defined as oxidative
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stress (8). This can result from two different factors:
a decrease in antioxidants, due to mutations affecting
antioxidant enzymes or depletion of antioxidants along
with other essential diet constituents; or an excessive
production of oxygen and nitrogen reactive species,
for example, by exposure to high levels of O,, by the
presence of toxins that are metabolised to produce
ROS, among others (2).

Oxidative stress can cause damage to all
biomolecules and ultimately lead to cell death, being
implicated in the etiology of several pathologies, such
as atherosclerosis (9), neurodegenerative diseases
(10,11), and ischemia-reperfusion injury (12,13).

1.1. Formation of reactive species

Intracellular accumulation of reactive oxygen (ROS)
and nitrogen (RNS) species can be triggered by
both exogenous and/or endogenous factors (14), as
summarised in Figure 1. Mitochondria reduce to
water over 95% of all the oxygen used by the cell,
mostly due to the presence of an electron transport
chain (ETC). However, a small percentage of the
total oxygen escapes, resulting in the formation of
superoxide radicals, and subsequently other reactive
species, like hydrogen peroxide and hydroxyl radicals
(15,16). In fact, these organelles are packed with
several redox carriers that can potentially leak single
electrons to oxygen and convert it into superoxide
anion, which, by its turn, leads to the subsequential
formation of other ROS. Given the moderate redox
potential of the superoxide/dioxygen (O, /0,)
couple (E,, = — 0.16 V), the reaction of one-electron

Irradiation
(U.V,, y-rays, X-rays)

N\

Cellular metabolism

(mitochondrial electron
transport chain)

7

Inflammation
(neutrophils, macropaghes)

reduction of oxygen is thermodynamically favourable
for numerous mitochondrial oxidoreductases [in (17)].

Considering that superoxide is effectively removed
from the reaction by some detoxifying enzymes, like
superoxide dismutase, and the possibility of highly
reduced state of many redox carriers, the reaction
becomes virtually irreversible. So, which of the electron
carriers do become the sites of ROS production is
kinetically controlled (17,18). Some examples of these
carriers include the cytochrome b5 reductase and the
monoamine oxidases (located in the outer mitochondrial
membrane), a-glycerophosphate dehydrogenase
(outer surface of the inner mitochondrial membrane),
succinate dehydrogenase (complex II, situated at the
inner surface of the inner membrane), aconitase (in
the mitochondrial matrix), and the a-ketoglutarate
dehydrogenase complex (associated with the matrix
side of the inner membrane). Nevertheless, the majority
of ROS are produced in complexes I and III of the
mitochondrial respiratory chain (19). Best understood
is the Complex III (ubiquinol-cytochrome ¢ reductase)
contribution to superoxide generation. Within this
complex, the transfer of electrons from ubiquinol
(UQH,) to cytochrome ¢ proceeds through a set of
reactions known as the Q-cycle. However, during this
process, the one-electron reduction of oxygen by the
ubisemiquinone anion radical (UQ" ), an unstable
intermediary of the Q-cycle, may lead to the formation
of superoxide, in both the inner and outer sides of the
inner mitochondrial membrane (17,19).

Complex I (NADH dehydrogenase, also named
NADH-ubiquinone oxidoreductase), appears to be the
primary source of superoxide formation in the brain,

Cigarette smoke

Free ¢==mm | Air pollution
Radicals
Environmental
toxins

Figure 1. Summary of exogenous and endogenous sources of free radicals.
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under normal conditions (18,20). It oxidises NADH
using ubiquinone as an electron acceptor in a reversible
reaction coupled with a proton pump generating
transmembrane potential. To date, the increase in
ROS production in this complex has been observed in
three different situations: during normally functioning
respiratory chain, in the presence of rotenone (an
inhibitor that blocks the transfer of electrons from
complex I to ubiquinone) and during reverse electron
transfer (a set of reactions in the respiratory chain that
allow electrons to be transferred against the gradient
of redox potentials of electron carriers, from reduced
ubiquinone to NAD', instead of oxygen).

Besides mitochondria, there are other endogenous
sources of ROS. For example xanthine oxidase, a
widely distributed enzyme in the tissues of mammals,
during the catalisation of the reaction of hypoxanthine
to xanthine and xanthine to uric acid, leads to the
reduction of molecular oxygen, forming the superoxide
anion in the first step and hydrogen peroxide in the
second one (21). Additional sources of cellular ROS are
inflammatory cell activation (neutrophils, eosinophils
and in particular macrophages) (22), cytochrome
P450 metabolism (namely following the breakdown
or uncoupling of the P450 catalytic cycle) (23), and
peroxisomes, which mainly lead to the production of
H,0, (24).

1.2. Chemistry and biochemistry of ROS/RNS

The most common intracellular forms of reactive oxygen
and nitrogen species include radical (O, , ‘OH, 'NO,
among others), as well as non-radical (O,, ONOO, H,0,,
HOCI, O,) moieties, that can be deleterious to cells (25).

Free radicals can be defined as molecules or
molecular fragments, capable of independent existence,
which contain one or more unpaired electrons. The
presence of these unpaired electrons confers them
a considerable degree of reactivity, since they need
another electron to fill the orbital and become stable
(1,26). Free radicals are often reactive species, although
the opposite is not always true. Hydrogen peroxide
(H,0,), for example, although considered a reactive
species, is not regarded as a free radical since it has no
unpaired electrons in its structure (27). On the other
hand, molecular oxygen (dioxygen, O,) has a unique
electronic configuration and is considered a reactive
species.

The addition of one electron to molecular oxygen
forms the superoxide anion radical (O, "), which,
despite being a free radical, is not highly reactive, since
it lacks the ability to cross lipid membranes. In this
way, it stays enclosed in the compartment where it is
generated (27). It is considered the "primary" ROS,
from which "secondary" ROS can be generated (26),
and arises mainly through metabolic processes (electron
transport chain in the mitochondria, flavoenzymes like

xanthine oxidase, lipoxygenases and ciclooxygenases,
and NADPH oxidase). In the presence of superoxide
dismutase, two molecules of this radical can easily
be transformed to hydrogen peroxide and molecular
oxygen (28).

Singlet oxygen is also a very reactive ROS that
induces various genotoxic, carcinogenic, and mutagenic
effects through its action on polyunsaturated fatty acids
(PUFAs) and DNA (29).

Hydrogen peroxide (H,0,) is not a free radical.
Nonetheless, it is highly important, much because of
its ability to penetrate biological membranes. It plays a
radical forming role as an intermediate in the production
of more reactive ROS molecules including HOCI
(hypochlorous acid) by the action of myeloperoxidase
(an enzyme present in the phagosomes of neutrophils)
and, most importantly, in the formation of the hydroxyl
radical via oxidation of transition metals (1,27). Once
produced, H,O, is removed by at least three antioxidant
enzyme systems, namely catalases, glutathione
peroxidases, and peroxiredoxins (27).

The hydroxyl radical ((OH) is highly reactive,
being able to attack and damage all biomolecules:
carbohydrates, lipids, proteins, and DNA (10). Since
it has a half-life in aqueous solution of less than 1
nanosecond, when produced in vivo, this radical
reacts close to its site of formation. Production of ‘OH
close to DNA could lead to this radical reacting with
DNA bases or the deoxyribosyl backbone of DNA to
produce damaged bases or strand breaks (26). It can
be generated through several mechanisms, including
ionising radiation and photolytic decomposition of
alkylhydroperoxides, but the majority of the hydroxyl
radicals produced in vivo comes from metal catalysed
(mainly involving iron and copper) breakdown of
hydrogen peroxide, according to the Fenton reaction
(21,27). Superoxide also plays an important role in this
reaction, by recycling the metal ions.

Transition metals thus play an important function in
the formation of various free radicals, as is the case of
hydroxyl radicals. The redox state of the cell is largely
linked to an iron (and sometimes copper) redox couple
and is maintained within strict physiological limits. In
fact, iron, for example, is required by the human body
for the synthesis of several enzymes and its adequate
supply during early life is essential for normal brain
development (10,30). However, its ability to transfer
single electrons as it oscillates between the ferrous and
ferric states makes it a powerful catalyst of free radical
reactions (2). These transition metals can be released
from proteins like ferritin and the [4Fe-4S] center of
different enzymes of the dehydratase-lyase family, by
reactions with the superoxide anion (27,31).

Nitric oxide (‘NO) is synthesised from L-arginine
by three isoforms of nitric oxide synthase (NOS):
neuronal nitric oxide synthase (nNOS), endothelial
nitric oxide synthase (eNOS), and inducible nitric
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oxide synthase (iNOS) (32).

Like superoxide anion, 'NO does not readily
react with most biomolecules, despite its unpaired
electron. On the other hand, it easily reacts with
other free radicals (e.g. peroxyl and alkyl radicals),
generating mainly less reactive molecules (33), thus
in fact functioning as a free radical scavenger (27).
In addition, nitric oxide seems to be also involved in
neurotransmission, regulation of vascular relaxation
and in inflammatory processes (32,34). However, it can
react with the superoxide anion, yielding peroxynitrite
(ONOO)). This compound has the capacity to act
in a hydroxyl radical-like manner to induce lipid
and protein oxidation, readily reacts with CO, to
form nitroso peroxocarboxylate (ONOOCO, ), can
become protonated as peroxonitrous acid (ONOOH)
and undergo homolysis to form either 'OH and 'NO,,
or be rearranged to nitrate (NO;) (35). In addition,
peroxynitrite is known to play a key role in neuronal
damage associated with excitotoxicity (36).

Other reactive species derived from oxygen that can
be formed in living systems include peroxyl radicals
(ROO"). The simplest peroxyl radical is HOO', which is
the protonated form of superoxide and is usually termed
either hydroperoxyl radical or perhydroxyl radical. Its
involvement in the initiation of lipid peroxidation has
already been demonstrated (5).

1.3. Physiological functions of reactive species

Reactive species are known to play a dual role in
biological systems, since they can be either harmful
or beneficial to living systems (26). These species are
maintained at low, but measurable, concentrations
in the cells, through a balance between their rates of
production and their rates of removal by antioxidants.
Thus, each cell is characterised by a particular
concentration of electrons (redox state) stored in many
cellular constituents, and the redox state of a cell and its
oscillation determines cellular functioning. A temporary
shift of the intracellular redox state towards more
oxidising conditions results in a temporary imbalance
that represents the physiological basis for redox
regulation (37).

A great number of physiological functions are
controlled by redox-responsive signalling pathways
(7). Several evidences suggest that ROS participate
in the defence against intrusion of foreign bodies
(38). Activated neutrophils and macrophages produce
large quantities of ROS via the phagocytic isoform of
NAD(P)H oxidase, in order to kill the pathogens. This
massive production of ROS during an inflammatory
event is called "oxidative burst" and plays an important
role as the first line of defence against environmental
pathogens (5,27). At a smaller scale, some types of
non-phagocytic cells, like fibroblasts, vascular smooth
muscle cells, cardiac myocytes and endothelial cells,

are also known to produce ROS by NAD(P)H oxidase
to regulate intracellular signalling cascades. Thus, ROS
play an important role in the regulation of cardiac and
vascular cell functioning (39).

Nitric oxide plays several regulatory functions. In
fact, its own production by iNOS, the only isoform of
NOS that is not constitutively expressed, is regulated
at the transcriptional and post-transcriptional levels
by signalling pathways involving redox-dependent
transcription factor NF-kB or mitogen-activated protein
kinases (MAPKSs). In addition, 'NO, in combination
with H,O,, leads to the activation of the enzyme soluble
guanylate cyclase (sGC), which catalyses the formation
of cyclic guanosine monophosphate (cGMP) that, by
its turn, is used as an intracellular amplifier and second
messenger in a variety of physiological responses, such
as modulation of protein kinases, ion channels, smooth
muscle tone and inhibition of platelet adhesion (7,40).

In higher organisms, oxygen homeostasis is
maintained by a tight regulation of the red blood cell
mass and respiratory ventilation. It has been proposed
that changes in oxygen concentration are sensed
independently by several different ROS-producing
proteins, including a b-type cytochrome. Other studies
also suggested that a change in the rate of mitochondrial
ROS may play a role in this oxygen sensing by the
carotid bodies, which are sensory organs that detect
alterations in arterial blood oxygen. Other responses
to changes in oxygen pressure include the regulated
production of certain hormones (e.g. erythropoietin)
controlled by the transcription hypoxia inducible
factor-1 (HIF-1) (41,42).

ROS also seem to be involved in cell adhesion,
a mechanism that plays an important role in
embryogenesis, cell growth, differentiation, wound
repair, among other processes. The expression of
cell adhesion molecules is stimulated by bacterial
lipopolysaccharides and by various cytokines such as
TNF, interleukin-1la, and interleukin-1b. The adherence
of leukocytes to endothelial cells is also induced by
ROS. Moreover, the oxidant-induced adherence of
neutrophils is inhibited by hydroxyl radical scavengers
or iron chelators, suggesting that the induction of
adherence may be mediated by hydroxyl radicals
generated from hydrogen peroxide within the cell (7,43).

Reactive oxygen and nitrogen species can directly
affect the conformation and/or activities of all
sulfhydryl-containing molecules, such as proteins or
glutathione (GSH), by oxidation of their thiol moiety.
This type of redox regulation affects many proteins
important for signal transduction and carcinogenesis,
such as protein kinase C, Ca’-ATPase, collagenase
and tyrosine kinases, among many other enzymes
and membrane receptors (44). In addition, ROS/RNS
are known to trigger apoptotic cell death, by causing
Bcl-2 (a protein located in the outer membranes of
mitochondria) to activate a related protein, Bax, which
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by its turn leads to the release of cytochrome ¢ from
mitochondria (14,45-47). This release then results in
the activation of several other proteins, in a process that
will be discussed further ahead (section 3.1.).

2. Oxidative damage to biomolecules

Due to their high reactivity, ROS are prone to cause
damage and are thereby potentially toxic, mutagenic,
and carcinogenic. Their targets include all biomolecules,
namely proteins, lipids, and nucleic acids (48).

2.1. Proteins

Proteins can function as important targets for attack
by ROS (48). Direct oxidation of the side chains of
all amino acid residues of proteins (especially proline,
arginine, lysine, and threonine) by ROS yields reactive
carbonyl derivatives, particularly via metal-catalysed
oxidation (49,50). Protein carbonyl derivatives can also
be generated from the cleavage of peptide bonds by
the a-amidation pathway or by oxidation of glutamyl
residues. In addition, carbonyl groups may be introduced
into proteins by secondary reaction of the primary
amino group of lysine residues with reactive carbonyl
derivatives (ketoamines, ketoaldehydes, deoxyosones),
produced by the reaction of reducing sugars or their
oxidation products with lysine residues of proteins
(glycation/glycoxidation reactions), eventually leading
to the formation of advanced glycation end-products
(AGEs). Finally, carbonyl groups may be formed by
adduction of byproducts of lipid peroxidation. These
include malondialdehyde, which reacts with lysine
residues and o,B-unsaturated aldehydes (4-hydroxy-
2-nonenal and acrolein), which can undergo Michael-
addition reactions at their C=C double bond with the
sulfhydryl group of cysteine, the e-amino group of
lysine or the imidazole group of histidine residues,
forming advanced lipoxidation end-products (ALEs)
(32,50).

The introduction of carbonyl derivatives may alter
the conformation, and/or even cause fragmentation, of
the polypeptide chain, thus determining the partial or
total inactivation of proteins. In addition, it can result
in the loss of enzymatic activity, increased proteolytic
degradation, altered cellular functions such as energy
production, interference with the creation of membrane
potentials and changes in the type and level of cellular
proteins (48,50,51).

Protein carbonyl content is the most widely used
marker for the measurement of protein oxidation.
Highly sensitive assays for the detection of protein
carbonyls involve derivatisation of the carbonyl group
with 2,4-dinitrophenylhydrazine (DNPH), which results
in the formation of a stable 2,4-dinitrophenyl (DNP)
hydrazone product. Stable DNP adduct can then be
detected spectrophotometrically, a technique that can be

coupled to protein fractionation by high-performance
liquid chromatography (HPLC). Alternatively, in recent
years, identification of carbonylated proteins has been
performed by immunoblotting analysis, with the use of
specific antibodies anti-DNP (52).

Protein damage is likely to be repairable and
is a known non-lethal event for a cell. However,
oxidation of proteins is associated with a number of
age-related diseases including (but not limited to)
Alzheimer's disease, Parkinson's disease, rheumatoid
arthritis, amyotrophic lateral sclerosis, and ageing
(49). Additionally, two examples of human pathologies
in which pathophysiological aspects of protein
carbonylation have been extensively investigated are
adult (or acute) respiratory distress syndrome (ARDS)
and inflammatory bowel diseases (IBDs) (52).

2.2. Lipids

Polyunsaturated fatty acids (PUFAs), because of their
multiple double bonds, are also extremely sensitive to
oxidation by free radical attack. In addition, PUFAs can
be formed enzymatically by the action of lipoxygenases
(53). Arachidonic and linoleic acids are the main
PUFAs in the mammalian membranes and are able
to undergo both enzymatic and non-enzymatic lipid
peroxidation. However, since linoleic acid is much
more abundant than arachidonic acid, most of lipid
peroxidation products derive from the former (28).

Briefly, the overall process of lipid peroxidation
consists of three main stages: initiation, propagation
and termination. Lipid peroxidation may be induced
when a radical species (e.g. hydroxyl radicals generated
via Fenton reaction) is sufficiently reactive to remove
a hydrogen atom from the polyunsaturated lipid (LH),
leading to the formation of a lipid radical (L"), which
results in the formation of lipid hydroperoxide (LOOH)
species (Figure 2). Thus, many molecules of lipids may
be oxidised to lipid hydroperoxides for every initiation
event. Termination reactions occur when two radical
species combine to form non-radical final products or
when substrate is depleted (54,55).

Once formed, lipid hydroperoxides can degrade
rapidly into a variety of breakdown products, such
as malondialdehyde (MDA), C,-C,, straight chain
aldehydes, and o,B-unsaturated aldehydes, including
4-hydroxy-2-nonenal (4-HNE) and acrolein (56,57).
In addition, lipid peroxidation also leads to production
of isoprostanes and neuroprostanes. Although these
molecules do not show toxicity, they serve as excellent
markers of arachidonic and docosahexaenoic acid
peroxidation in brain and cerebrospinal fluid (57).

Estimates of lipid peroxidation can be obtained by
measuring the formation of lipid hydroperoxides and
their breakdown products, as well as by quantifying the
disappearance of PUFAs. The most widely used method
to assess oxidative damage to lipids is the thiobarbituric
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(LOOH). These can then combine and generate the final products of lipid peroxidation (e.g. MDA 4-HNE, acrolein, ethane/
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acid reactive substances (TBARS) assay, which is
thought to reflect the production of MDA (56,58).
Some byproducts of lipid hydroperoxidation
have been reported to possess cytotoxic, mutagenic,
and genotoxic properties (58). For example, MDA,
4-HNE, and acrolein can damage DNA either by
reacting directly with DNA bases or by generating
more reactive bifunctional intermediates, which form
exocyclic DNA adducts with a five-membered ring
(etheno adducts) or a six-membered ring (propane
adducts) attached to DNA bases. These adducts can
then induce base pair substitution mutations (59).
Hydroxynonenal and acrolein are neurotoxic and
can, among other things, inhibit enzymes critical for
neuron survival (57). Moreover, lipid peroxidation
seems to be also involved in atherosclerotic
processes. The oxidation of low density lipoproteins
(LDL) results in their uptake by phagocytes in the
subendothelial space via their scavenger receptor.
These phagocytic cells then accumulate in the
subendothelial space, where they stimulate formation

of atherosclerotic plaques (60).
2.3. DNA

Damage to nuclear DNA has been proposed to
occur through two different mechanisms: oxidative
modification and DNA fragmentation mediated by
endonucleases (an irreversible feature of programmed
cell death). While the latter is supposed to take place
during the late stage of cell death, oxidative DNA
damage is believed to stand for an early event (61,62).
Mitochondrial DNA has, by its turn, been reported to
be even more susceptible to oxidation than nuclear
DNA. The greater accumulation of damage may be
related to: mitochondria being the main producers of
ROS in the cells; repair capacity of mitochondrial DNA
being limited (proteins responsible for DNA repair
are expressed in lower levels in mitochondria); and
mitochondrial DNA not being protected by histones
(63,64).

The attack of ROS and RNS is responsible for
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introducing several modifications to DNA, which
include: oxidised bases, the most studied being 8-oxo-
7,8-dihydroguanine (8-oxo0-Gua), a product derived
from the oxidation of a guanine by ROS; modifications
to the sugar moiety of DNA, which may result in base
loss — abasic (apurinic/apyrimidinic) sites — and/or
strand breakage (single- and double-strand breaks);
DNA-DNA intra-strand adducts and DNA-protein
cross-links (65,66). The formation of some of these
lesions is summarised in Figure 3. In addition, exposure
of cells to UV radiation can result in dimerisation
reactions between adjacent pyrimidine bases,
yielding cyclobutane pyrimidine dimers (CPDs) and
pyrimidine(6-4)pyrimidone photoproducts (67,68).

DNA lesions, if left either un- or mis-repaired,
may interfere with DNA-dependent processes (such
as transcription, replication, recombination, and
chromosome segregation), leading to mutations,
chromosomal instability, and even cell death (69).
Therefore, cells are equipped with specific and
efficient repair mechanisms, which are able to repair
the modifications introduced in DNA (70). During
these repair processes, cell cycle may be arrested at
any checkpoint, which allows a time window to repair
damaged DNA (69,71). In addition, it should also be
noted that oxidative stress leads to an upregulation
of the expression of many repair enzymes, which
may result in an enhancement of enzymatic repair
mechanisms (26,72).

DNA double-strand breaks are repaired via two
different mechanisms: homologous recombination
(HR), in which the sister chromatid is used as a
template to copy the missing information into the
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Figure 3. Types of DNA damage induced by reactive
oxygen species. Abbreviations: 8-o0x0-G, 8-0x0-7,8-
dihydroguanine; FapyG, 2,6-diamino-4-hydroxy-5-
formamidopyrimidine; hOGG1, human 8-oxoguanine DNA
glycosylase 1; MPG, N-methylpurine DNA glycosylase.
Modified from Powell et al., 2005 (66).

broken locus (73), and non-homologous end joining
(NHEJ), which consists in the fusion of the two broken
ends with little or no regard for sequence homology, a
process that may result in mutations (74). The mismatch
repair (MMR) pathway plays an important role in the
post-replicative process, by repairing replicative and
recombinatorial errors that may result in mispaired
bases (mismatches) (75,76). The nucleotide excision
repair (NER) pathway recognises bulky adducts, as
well as covalent linkages between adjacent pyrimidines
resulting from exposure to UV radiation, and removes
short DNA oligonucleotides containing a damaged
base; it can be classified into global genome repair
(GG-NER), which removes DNA damage from the
entire genome, and transcription-coupled repair (TC-
NER), which specifically removes damage from the
transcribed strand of active genes, thereby releasing
transcription arrest that occurs at the lesions sites
(71,77). However, oxidatively damaged DNA is mainly
removed by the base excision repair (BER) pathway, in
which oxidised bases are eliminated by different DNA
glycosylases, leaving abasic sites (78,79).

Base excision repair consists of four main steps (base
removal, apurinic/apyrimidinic site incision, synthesis,
and ligation), and can be divided in two sub-pathways,
the short patch or single nucleotide replacing pathway
and the long patch pathway (Figure 4), which involves
the incorporation of up to 13 nucleotides (64,80).

BER follows mainly through the short patch
pathway. In the first step of this pathway, a
damaged base is recognised and removed from the
deoxyribose phosphate moiety (80). Two classes of
DNA glycosylases are involved in this step: Class
I (bifunctional or complex), which includes, for
example, 8-oxoganine DNA glycosylase 1 (OGG1), an
enzyme that removes §8-oxoguanine and nicks the DNA
backbone; and Class II (monofunctional or simple),
including N-methylpurine DNA glycosylase (MPG)
and uracil DNA glycosylase (UDG), which remove
alkylated DNA bases or uracil, respectively, but without
nicking the DNA backbone (72,81). Due to the catalytic
inefficiency of OGGl's lyase activity, this enzyme
remains stuck to the site of incision, limiting the overall
rate of repair (78,82). So, following the glycosylase
reaction, APE1 (apurinic/apyrimidinic endonuclease,
also called APEX, HAP1 and Ref-1), easily displaces
the glycosylase and cleaves the 5' terminus of the
apurinic/apyrimidinic (AP) site, resulting in the loss
of a base and a single-strand break with 5’-phosphate
and 3’-OH termini (step 2) (64,81). Additionally to
its role in BER, APE has also been implicated in
the redox activation of transcription factors, such as
p53 (83). In the third step of BER, the AP site that is
generated by the APE1 repair activity is removed by
deoxyribosephosphate hydrolase (dRPase) activity
provided predominantly by DNA B-polymerase (-pol).
This is then followed by the insertion of a new base by
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Figure 4. Base excision repair pathways. First, a damaged base is recognised and removed by DNA glycosylases, yielding
an apurinic/apyrimidinic (AP) site, which is then cleaved by an endonuclease (APE), forming a strand break. Then, after some
chemical groups that may interfere with gap filling and ligation are removed, different polymerases (depending whether the short
patch or the long patch pathway is active) fill the gap in the DNA strand. Finally, DNA ligase inserts one (SHORT PATCH) or
more (LONG PATCH) new bases. Other proteins, like poly (ADP-ribose) polymerase (PARP), XRCC1, proliferating cell nuclear
antigen (PCNA), and FENI aid in the regulation of these pathways. The bacterial enzymes FPG and Endo III, used in the Comet
assay, act on the first step of this pathways (damaged bases recognition and removal). Modified from Tudek et al., 2006 (84).

B-pol and ligation by DNA ligase I (step 4) (72).

The long patch pathway is catalysed by B-pol or
other polymerases like &/e-pol, which have a proof-
reading activity associated to them. Repair follows this
pathway when the terminal sugar phosphate formed
after the APEI incision (step 2) develops a complex
structure that cannot be acted upon by the dRPase
activity of B-pol (e.g. oxidised abasic site). In this
case, the repair synthesis still continues, but in a strand
displacement manner (80,84).

It should be noted that despite the presence of all
these DNA repair systems, DNA damage still occurs.
In fact, DNA is continuously attacked by reactive
species, an event that can be attenuated by antioxidant
defences. Whereas some of the damage induced by
ROS attack to DNA can induce the signalling pathways
leading to apoptotic cell death, the majority results in
the oxidation of DNA. However, DNA repair enzymes
help to maintain an equilibrium state between damage
formation and repair, by repairing most of the oxidised
DNA (81). This implies that, in normal physiological
conditions, oxidative damage is maintained at a
tolerable level in terms of genetic stability (81,85).
Nevertheless, the oxidised DNA that does not get
repaired can become mutated, which may then result in
further damage to cells.

There are several methods that allow the

measurement of oxidative DNA damage. However,
determining the background levels of the most
common product of DNA damage, 8-oxo0-Gua, has
brought some difficulties, since damage can arise
from the preparation of samples. With the purpose
of normalizing the procedures to measure this kind
of damage, the European Standards Committee on
Oxidative DNA Damage (ESCODD) was formed
(86,87). Although some chromatographic methods, like
gas chromatography (GC) and high performance liquid
chromatography (HPLC), usually coupled to mass
spectrometry (MS) techniques, have been employed,
they have shown inflated values, probably due to
erroneous oxidation during DNA isolation. So, a set
of enzymatic methods has been described as the most
suitable. These methods make use of the bacterial DNA
repair enzyme formamidopyrimidine DNA glycosylase
(FPG) to convert 8-oxo-Gua to apurinic sites, which
can then be measured by the Comet assay, alkaline
unwinding or alkaline elution (66,86).

The Comet assay is a simple, fast, and sensitive
method that detects DNA strand breaks and abasic sites,
although it can detect oxidised bases via the use of repair
enzymes, such as FPG or endonuclease 111 (Endo III),
which nick DNA at oxidised purines and pyrimidines,
respectively, at the initial step of the BER pathway (Figure
4). Moreover, this assay reduced the risk of occurring
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oxidation during sample preparation (88).

Oxidative DNA damage can result in the arrest
or induction of transcription, induction of signal
transduction pathways, replication errors, and genomic
instability, all of which have been implicated in
cancer and neurodegenerative diseases, besides being
associated to the normal process of aging (89,90).

3. Cell death

The exposure to oxidative stress may ultimately result
in cell death, as a consequence of severe damage
caused to biomolecules by reactive oxygen and
nitrogen species (27). Cell death can occur by two
main mechanisms: necrosis and programmed cell death
(PCD) (91).

Necrosis is usually referred as an "accidental”,
or uncontrolled, form of cell death (92). During this
process, there is a rapid swelling of the cell, leading to
the loss of membrane integrity and consequent release
of the cells' contents, which is known to evoke an
inflammatory response. In this way, cell death becomes
a passive consequence of irreparable damage, hence the
term "accidental" (92,93).

Apoptosis was initially considered as the only form
of programmed cell death. However, more recently, a
variety of cell behaviours that may lead to active forms
of cell death have been observed. These include the
typical apoptotic cell death, autophagic death, mitotic
catastrophe, oncosis, anoikis, excitotoxicity, Wallerian
degeneration, cornification, and paraptosis. In this way,
and using nuclear morphology as a distinction criterion,
programmed cell death has been divided into three
possible classifications: classical apoptosis, autophagic
cell death, and necrosis-like PCD (91,94,95).

Type I PCD or classical apoptosis has been
described as an active process by which dying cells
are removed in a safe, non-inflammatory manner
(96). It is a tightly regulated process, involved in
many vital functions, including tissue development,
carcinogenesis, immune response, and control of the
balance between proliferation and differentiation
(45,97,98). At the morphological and biochemical
levels, it is characterised by shrinkage of the cell,
membrane surface blebbing, oligonucleossomal DNA
fragmentation, and the breakdown of the cell into
various membrane-bound fragments, called apoptotic
bodies. Along with these events, occurs the activation of
specific cysteine proteases, named caspases, as well as
the loss of membrane phospholipid asymmetry, which
results in the externalisation of phosphatidylserine (99).
Type II PCD or autophagic cell death is mainly
characterised by the presence of double- or multiple-
membrane vacuoles, mitochondrial dilation, as well
as enlargement of the endoplasmic reticulum (ER)
and Golgi apparatus (94). The vacuoles formed during
this process, which are also called autophagosomes,

engulf portions of cytoplasm and organelles (like
mitochondria and ER), then fuse with lysosomes,
where the intravacuolar content is disintegrated by
lysosomal enzymes (100). Nevertheless, it should be
noted that "autophagic cell death" is a process that
differs from autophagy. Indeed, autophagy is a dynamic
process of protein degradation, used mainly to provide
an alternative source of nutrients, which is usually
associated to cell death, with either necrotic or apoptotic
phenotype (91,93). The mammalian protein kinase
TOR (which stands for "target of rapamycin") plays a
major role in the regulation of the autophagic process,
by inhibiting this pathway. Downstream of this protein,
several other proteins encoded by Atg genes intervene
in the execution of the autophagic process (92,100).
The identification of these genes and the observation
that their inactivation protects from this type of death,
supports the evidence of this PCD as a specific type of
death.

Recently, an active form of necrosis (type III
PCD) was found to occur, not only under pathological
conditions, but also under normal physiological
conditions (91). It lacks caspase and lysosomal
involvement and is mainly characterised by an early
swelling of intracellular organelles, followed by loss
of plasma membrane integrity (although nuclear
disintegration is retarded). This type of PCD can also be
subdivided into two sub-types: IIIA or "non-lysosomal
disintegration", characterised by nuclear disintegration,
and IIIB or "cytoplasmic degeneration", which displays
karyolysis (complete dissolution of the chromatin of a
dying cell). Moreover, programmed necrosis can occur
by the induction of the tumour necrosis factor (TNF)
or Fas ligand, via their respective death receptors, and
gives an idea that necrosis is in fact a process that cells
can control (91,92,94).

3.1. Programmed cell death pathways

Apoptosis, the most common form of programmed
cell death, is a complex process involving both pro-
and anti-apoptotic proteins, which can be initiated by
two different signalling pathways: the death receptor
(extrinsic) pathway and the stress- or mitochondria-
mediated (intrinsic) pathway (93,101). A set of highly
conserved cysteine-dependent aspartate-specific
proteases, named caspases, are regarded as the central
executioners of apoptosis. These caspases use a cysteine
residue as the catalytic nucleophile and share specificity
for cleaving their substrates after aspartic acid residues
in target proteins (102,103).

The main intracellular signalling pathways leading
to apoptotic cell death are summarised in Figure 5.

The death receptor or extrinsic pathway is activated
by the binding of an extracellular ligand, such as
Fas (also known as CD95 or APO-1) ligand, tumour
necrosis factor (TNF) or TNF-related apoptosis induced
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Figure 5. Main intracellular pathways leading to apoptosis and some ways by which they can be regulated. The extrinsic
pathway is activated by the binding of an extracellular ligand to specific death receptors, which activate caspase-8. The
mitochondrial pathway is activated by Bax or Bak, which bind the mitochondrial outer membrane, inducing the release of several
pro-apoptotic factors, such as cytochrome ¢, which then forms the apoptosome upon binding to Apaf-1 and caspase-9. These two
pathways can be connected by the cleavage of Bid and both of them result in the induction of effector caspases, like caspase-3,
which then activate substrate responsible for the common features of apoptosis. The caspase-independent pathway, mediated by
AIF, as well as the lysosomal involvement in cell death and the ER stress-mediated events are also shown in this scheme.

ligand (TRAIL), to their specific death receptors present
in the cell membrane (104,105). This results in the
recruitment of procaspase-8 and subsequent activation
of caspase-8, which then leads to the activation, either
directly or indirectly, of downstream caspases, like
procaspase-3 (104,106) (Figure 5).

As shown in the same figure (Figure 5), the
mitochondrial or intrinsic pathway can be initiated
by the translocation of several proapoptotic proteins

from the Bcl-2 family (e.g. Bax, Bid or Bad) to
the mitochondria (107). These proteins induce the
permeabilisation of the mitochondrial outer membrane
(MOMP), which has been considered as a point of no
return in cell death (101,108). As a consequence of
an increase in its permeability, mitochondria release
several proapoptotic factors normally present in the
intermembrane space, which include cytochrome c, the
serine protease HtrA2/Omi, the Apoptosis Inducing

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2010; 4(3):144-167. 154

Factor (AIF), Smac/DIABLO (which stands for second
mitochondria-derived activator of caspases/Direct IAP
Binding Protein With Low pl) and endonuclease G
(98,102,107).

The released cytochrome ¢ can bind to procaspase-9
and Apaf-1 (from apoptotic protease-activating factor 1)
in the presence of deoxyadenosine triphosphate (dATP)/
adenosine triphosphate (ATP). This complex, termed
the apoptosome, results in the activation of caspase-9,
which is mainly activated through this mitochondrial
pathway (97,109).

The intrinsic and extrinsic pathways can be
interconnected by the action of Bid, a protein from the
Bcl-2 family (see Figure 5). This protein is normally
found in the cytosol, where it can be cleaved by
caspase-8. After cleavage, the carboxylic terminus of
Bid is translocated to mitochondria, leading, directly
or indirectly (by interaction with Bax) to the release of
cytochrome ¢ (104,110).

Both activated caspase-8 (as well as caspase-2 and
-10, also mediators of the death-receptor pathway)
and the activated caspase-9 (from the mitochondrial
pathway) converge to the downstream activation of
effector caspases, such as procaspase-3, -6, and -7 (98).
These caspases activate a DNase, which is responsible
for the fragmentation of oligonucleosomal DNA
(98,111). In addition, other enzymes and/or substrates,
like poly-(ADP-ribose) polymerase (PARP), fodrin,
p75, actin, among others, are activated in the process,
culminating in the display of several of the phenotypic
characteristics of apoptotic cell death, including loss
of mitochondrial membrane potential, cell blebbing,
and redistribution of lipids in the outer plasma
membrane (105).

Alternatively to the caspase-dependent pathways,
the characteristic features of apoptosis can be induced
by a caspase-independent way, mediated by the
apoptosis inducing factor (AIF). This is a mitochondrial
flavoprotein oxidoreductase that translocates first to
the cytosol and then to the nucleus (111,112). Once in
the nucleus, AIF interacts with nucleic acids, causing
caspase-independent chromatin condensation and DNA
fragmentation (94).

The endoplasmic reticulum (ER) can also act in the
induction and regulation of apoptosis. ER is known
to play a central role in protein biosynthesis and is
the major intracellular organelle involved in calcium
storage (113). Calcium homeostasis is maintained by
some members of the Bel-2 family, like Bax and Bak,
which can also be associated to the ER membrane.
Upon an apoptotic stimulus, these proteins induce
calcium release through ER calcium channels, such as
the inositol 1,4,5-triphosphate (IP;) receptors, whose
opening is mediated by the binding of IP;. Calcium
from the ER is then taken up by mitochondria, causing
a calcium overload that subsequently results in the
induction of mitochondrial membrane permeabilisation

by mitochondria-located Bax and Bak (114,115).
Moreover, calcium release from the ER can induce the
activation of calpains and caspase-12, which by their
turn lead to the activation of other caspases, resulting in
the propagation of the apoptotic signal (113). It should
be noted that many factors are able to regulate these
pathways, by activating or inhibiting them at specific
sites (Figure 5).

Recently, a regulated lysosomal involvement in
cell death has also been observed. In fact, partial
lysosomal membrane permeabilisation has been
described to trigger apoptosis and apoptosis-like cell
death, in response to several apoptotic stimuli, such
as activation of death receptors of the tumour necrosis
factor (TNF) family, p53 activation, oxidative stress,
among others (116). These stimuli can then lead to
lysosomal membrane permeabilisation through either
caspase-dependent or -independent mechanisms,
which normally results in the release of a group of
proteases named cathepsins (including cathepsins B,
D, and L) from the lysosome to the cytosol (117). In
addition, lysosomal enzymes have been found to act on
mitochondria and induce the formation of mitochondrial
ROS, which can then lead to further lysosomal
permeabilisation (118). Moreover, it has been reported
that mild stress triggers only a limited release of the
lysosomal contents to the cytosol followed by apoptosis
or apoptosis-like cell death, while elevated stress levels
cause a generalised lysosomal rupture and rapid cellular
necrosis (119). This lysosomal apoptotic signalling
pathway has recently been considered as an attracting
drug target, namely in cancer therapeutics (120).

Occasionally, deficiencies in the cell cycle
checkpoints, which by its turn lead to aberrant mitosis,
may result in another type of programmed cell death,
termed mitotic catastrophe. This process is mainly
characterised by enlarged and multinucleated cells,
incomplete nuclear condensation, chromosome
alignment defects, and unequal DNA separation
(93,121,122).

3.2. The role of ROS/RNS in the induction of cell death

The intracellular accumulation of reactive oxygen
and nitrogen species also plays an important role in
the initiation of cell death processes (123). In fact, the
amount of reactive species accumulated in the cell,
and the way the cell responds to that redox imbalance,
can determine that same cell's fate. For example, mild
oxidative stress may activate biological responses
that can either lead to survival and proliferation, or
can induce apoptosis, while the accumulation of high
levels of ROS may promote necrosis instead (124,125).
Moreover, a sudden burst of ROS, resulting from the
response to oxidative stress of cells already committed
to apoptosis, can direct those cells towards a necrotic-
like death (14,123).
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The accumulation of reactive species has been
described to precede changes in the mitochondrial
membrane, nuclear condensation, and other typical
apoptotic events (14,126). Indeed, some studies have
reported that an increase in ROS induces cytochrome
¢ release from mitochondria (in a voltage-dependent
anion channel (VDAC)-dependent way), and caspases
activation (13,127,128).

Many studies have shown other evidences for the
induction of apoptotic pathways by reactive species.
Some mediators of apoptosis (e.g. JNK, ERK, PTEN)
have been reported to lead to increased levels of
ROS (129,130). Similarly, it has been shown that
inhibition of the mitochondrial respiratory chain at
complex I (131), or an impairment of the electron
transfer chain by mutations in mitochondrial DNA,
prevent the accumulation of ROS, and consequently
protect cells against apoptosis (29,132). In addition,
lipid peroxidation has also been reported to occur
following an apoptotic signal (133,134). Moreover,
and perhaps most important, inhibition of apoptosis by
the addition of antioxidants has already been described
(11,97,135,136). For example, the antioxidant enzyme
MnSOD has been reported to inhibit apoptosis during
ischemia/reperfusion injury (137), and "classical"
antioxidants such as a-tocopherol and GSH have
shown to prevent apoptosis induced by ascorbate-iron
(134). Thus, these studies point towards a wide range
of actions for ROS/RNS and add further importance to
the use of antioxidants to prevent apoptosis and treat
several disorders.

3.3. Intracellular regulation of cell death pathways

The intracellular pathways leading to apoptotic cell
death can be regulated at several levels, including their
blockade at the death-inducing signalling complex
(DISC), which is responsible for the recruitment of
procaspase-8, or the inhibition of their enzymatic
activity. These regulators comprise inhibitors-of-
apoptosis proteins (IAPs), the FLICE-like inhibitor
protein (FLIP), and calpains (103). IAPs are a family
of cellular proteins, including eight mammalian family
members with highly conserved and differential
expression patterns in various tissues, which bind
to the surface of caspases, blocking the catalyzing
grooves of caspases. These proteins do not inhibit
caspase-8, but they inhibit its substrate, procaspase-3,
instead, thus arresting the death-receptor pathway. In
the mitochondrial pathway, XIAP, c-IAP1, and c-IAP2
bind directly to procaspase-9, preventing its activation
(103,106). FLIP proteins have been described mainly as
inhibitors of the death receptor pathway, since they are
able, when overexpressed, to inhibit the activation of
procaspase-8 at the DISC (138,139).

Calpains represent a family of calcium-dependent,
nonlysosomal, cysteine proteases that share many

substrates with caspase-3, including fodrin, calcium-
dependent protein kinase, and PARP. In addition, due
to the presence of a calmodulin-like calcium-binding
site in their structure, these proteases are involved
in various calcium-regulated processes, like signal
transduction, cell proliferation, platelet activation, and
apoptosis (94,103). Moreover, calpains can also cleave
Bcl-xL, an antiapoptotic protein, converting it into a
pro-apoptotic molecule (113).

Ceramides, which represent the structural backbone
of sphingolipids/sphingomyelin, are important second
messengers in several cell processes, including
apoptosis. Some of their targets in apoptotic signalling
pathways include mitochondria, jun kinases (JNK),
lysosomal cathepsin D, p38 mitogen-activated protein
kinase (MAPK), Bcl-2 family members, among
others (140,141). Although the exact mechanism is
not yet fully understood, ceramides seem to induce
apoptosis by inducing the release of cytochrome ¢ from
mitochondria to the cytoplasm (142), which might
be related to their ability to form protein permeable
channels in the mitochondrial membranes (141,143).

The release of cathepsins (a group of proteases
that stand for "lysosomal proteolytic enzymes")
from lysosomes to cytosol has also been found to
be implicated in the regulation of apoptosis (144).
This lysosomal permeabilisation seems to be an early
event, occurring prior to the loss of mitochondrial
transmembrane potential. Bcl-2 family members,
particularly Bid, seem to be the main targets of
cathepsins. Bid cleavage then leads to the activation of
Bax, resulting in the consequent release of apoptogenic
factors from mitochondria (94,145).

The activation of the tumour suppressor protein
p53 can induce DNA damage. Once activated, p53
may induce the expression of genes that prevent cell
division and cause apoptosis (146). This may lead to
the activation of pro-apoptotic Bcl-2 family members,
like Bax, resulting in the permeabilisation of the outer
mitochondrial membrane and subsequent activation of
the above mentioned mitochondrial pathway (146-148).

A small peptide derived from the carboxyl terminus
of p21, a protein identified as a cyclin-dependent kinase
inhibitor and that was known to play an important role
in the regulation of cell growth and differentiation,
has recently been found to also activate apoptosis by
a process involving mitochondria, although the exact
pathways are still unclear (101).

4. Oxidative stress and disease

In normal conditions, cells can deal with mild levels
of oxidative stress. They do so by upregulating the
expression of genes responsible for the synthesis
of antioxidant defence mechanisms. However, the
intracellular accumulation of high levels of ROS/RNS
can result in damage to all types of biomolecules, and
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ultimately lead to cell death, which has been associated
with many pathological conditions (2,5). However,
it should be noted that whereas some diseases may
indeed be caused by oxidative damage to biomolecules,
in others oxidative stress is a consequence (and not a
cause) of the disease. However, even as a secondary
event, oxidative stress is of major importance, since it
can induce the aggravation of tissue damage in several
disorders (1).

A redox imbalance in the cell can lead to oxidative
DNA damage, causing mutations that may result
in cancer (149,150). The oxidative burst induced
by neutrophils and macrophages to kill pathogens
may result in chronic inflammation, seen in immune
disorders, such as rheumatoid arthritis and inflammatory
bowel diseases (151,152). Glycation of proteins leading
to accumulation of advanced glycation end-products
(AGEs), reduced antioxidant levels, and oxidative DNA
damage seem to be present in diabetic complications
(153,154). The decline in CD4" lymphocytes (whose
functioning is regulated by redox potential) counts has
been described to contribute to the progress of HIV
infection to AIDS (155,156). Moreover, oxidative
stress is involved in ophthalmologic disorders, such as
advanced macular degeneration (AMD) and glaucoma
(157).

Reactive species also participates in the normal
process of aging. Oxidative damage accumulates
with age, which leads to an increased impairment of
cellular function. This results in a markedly decreased
ability for the organism to neutralise free radicals and
cope with oxidative stress, as it grows older (158). In
addition, it has been reported that the cellular response
to oxidants seems to be associated with the mechanisms
that regulate longevity. Three gene products, including
Forkhead transcription factors, the adaptor protein
p66Shc, and the hystone deacetylase Sir2, are described
as being involved either in the regulation of intracellular
ROS concentrations or in the increase in resistance to
oxidative stress (159).

Oxidative stress also seems to be important in
the etiology of several cardiovascular diseases,
like atherosclerosis, ischemic heart disease,
cardiomyopathies, and congestive heart failure,
among others (5,160). In fact, the heart is one of the
most energy demanding tissues in the body and is
totally dependent upon oxidative phosphorylation to
supply the large amount of ATP required for beat-by-
beat contraction and relaxation, which makes it quite
susceptible to oxidative stress (161). The enzymes
xanthine oxidoreductase, NAD(P)H oxidase, and
nitric oxide synthase, as well as the mitochondrial
cytochromes and haemoglobin may act as the main
sources of oxidative stress in these diseases (162,163).
Furthermore, high levels of cholesterol and uptake of
oxidised low-density lipoproteins (oxLDL), the main
carriers of cholesterol in plasma, is a primary risk for

development of atherosclerosis (164,165). One of the
most clinically relevant cardiac problems is ischemia-
reperfusion injury. This type of injury involves an
impairment of the blood flow to the heart as a result of
damage to the myocardium (ischemia), in which the
source of oxygen is removed, causing the cessation
of oxidative phosphorylation. After a short period of
ischemia, blood flow restoration occurs (reperfusion),
which can, paradoxically, result in the aggravation
of damage occurring during the ischemic period, and
can lead to both apoptotic and necrotic cell death. An
intracellular calcium overload and oxidative stress are
two mechanisms that have been proposed to explain the
pathogenesis of ischemia/reperfusion injury. Although
the origin of ROS present during these events is yet to
be well understood, it has been suggested that xanthine
oxidase and NADPH oxidase, as well as mitochondria
(via the electron transport chain) are mainly responsible
for the massive ROS burst occurring during ischemia/
reperfusion (161,166). In addition, increased oxidative
stress causes abnormalities in the myocyte function,
including inhibition of ATPases present in the
sarcolemma that, together with calcium release from
the sarcoplasmic reticulum, can also contribute to the
intracellular calcium overload (5).

To date, many studies have demonstrated the
involvement of oxidative stress in neurodegenerative
discases, such as Alzheimer's and Parkinson's (29).
For example, in the brains of patients with Alzheimer's
disease, a significant amount of ROS/RNS has been
detected, in association with a marked accumulation
of amyloid-p peptide (the main constituent of senile
plaques) and deposition of neurofibrillary tangles
and neurophil threads (abnormal neurites) (167).
Several observations support the notion that the brain
is particularly susceptible to oxidative stress: 1) this
organ is known to consume about a fifth of the total
oxygen used by the living organism, which increases
the probability of ROS formation at the mitochondrial
electron transport chain level; 2) neurons are post-
mitotic (non-replicating) cells and any damage to brain
tissues by ROS tends to be cumulative over time; 3)
the high abundance in polyunsaturated fatty acids,
which are particularly vulnerable to ROS damage; 4)
the presence of high levels of transition metal ions (e.g.
iron) that catalyse ROS formation through the Fenton
reaction and the reduced levels of antioxidants able to
segregate these transition metal ions, like transferrin
and ceruloplasmin; 5) the release of excitatory
neurotransmitters, such as glutamate, that induce a
sequence of events in the post-synaptic neuron, which
results in the formation of ROS; 6) the release of ROS
during the oxidation of dopamine by monoamine
oxidase in the nerve terminals of dopaminergic neurons
may produce increased oxidative stress in brain regions,
such as substantia nigra, which has been suggested to be
a causative role in Parkinson's disease; 7) ascorbic acid,
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which is present at elevated levels in both white and
grey matters, additionally to its antioxidant properties,
can act as a pro-oxidant, when the free iron in brain
regions increases due to intra-cerebral hemorrhage, for
example; 8) in comparison with other tissues, there are
low levels of antioxidant defences, such as catalase and
glutathione peroxidase, in the brain (1,29,57).

5. Antioxidants as protectors of oxidative stress

The excess of ROS is generally inactivated by
endogenous and/or exogenous antioxidant molecules
(29).

Antioxidant is a term widely used, but difficult to
define clearly. According to some authors, a generic
definition should be associated with the notion of the
ROS/RNS that have to be neutralised, as well as the
target of damage that is measured (2,168). In fact, it
is quite natural that an antioxidant gives protection in
one system, but fails to protect, and sometimes even
causes damage, in others (169). Taken this into account,
an antioxidant could be defined as "any substance
that, when present at low concentrations compared
with those of an oxidisable substrate, significantly
delays or prevents oxidation of that substrate" (2,8).
However, some authors have stated that the concept of
an antioxidant in vitro should not be extended to cells,
organs, animals or populations until the evidence has
been obtained, since a molecule demonstrated to have
antioxidant properties in vitro might have additional
properties in a more complex system (168).

A compound might exert antioxidant actions in
vivo by inhibiting the generation of ROS, by directly
scavenging free radicals or by removing or lowering
the local concentrations of metal ions, which catalyse
oxidation. Additionally, it might also act by enhancing
the endogenous antioxidant defences (e.g. by
upregulating the expression of the genes encoding for
the cells' natural antioxidant enzymes) (29,169). Some
examples of antioxidants are discussed below.

5.1. Cellular antioxidant defences

The balance between the physiological production of
ROS and their detoxification is maintained in cells by
effective enzymatic and non-enzymatic antioxidant
systems (170), as summarised in Figure 6.

As a first line of defence, preventive antioxidants act
by binding to and sequestering promoters of oxidation
and transition metal ions, like iron and copper, which
contain unpaired electrons and strongly accelerate the
formation of free radicals. Some examples of preventive
antioxidants are transferrin, lactoferrin, ceruloplasmin,
haptoglobins, hemopexin, and albumin (29,171).
This class of preventive antioxidants also comprises
the enzymatic antioxidant defences, like superoxide
dismutase (SOD), catalase (CAT), and glutathione
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Figure 6. Formation of reactive oxygen and nitrogen
species and some of the endogenous antioxidant defence
mechanisms. Abbreviations: SOD, superoxide dismutase;
GSH, reduced glutathione; GSSG, oxidised glutathione; GPx,
glutathione peroxidase.

peroxidase (GPx). These enzymes act on specific ROS
following their formation and degrade them to less
harmful products (1,29).

One of the most effective intracellular enzymatic
antioxidants is superoxide dismutase. This enzyme,
whose activity was firstly proven in 1969 (6), catalyses
the dismutation of the superoxide anion to molecular
oxygen and hydrogen peroxide. The H,0O, formed
in this reaction is then destroyed by the action of
catalases and glutathione peroxidases. In humans, there
are three forms of SOD: the cytosolic Cu/Zn-SOD,
which contains copper and zinc in its active centre, the
mitochondrial Mn-SOD (that contains manganese in the
active site), and the extracellular SOD (EC-SOD) (172).

Catalase is a heme-containing enzyme, mainly
localised in the peroxisomes of mammalian cells, which
decomposes hydrogen peroxide to water and molecular
oxygen. Thus, it lowers the risk of ‘OH formation from
H,0, via the Fenton reaction. In addition, catalase is
involved in the detoxification of other substrates that
work as H' donors, such as phenols and alcohols (123).

The selenium-containing peroxidases, of which
glutathione peroxidase may be considered the most
important example, catalyse the reduction of a variety
of hydroperoxides (H,O, or ROOH) in the presence
of the reduced form of glutathione (GSH) (123). This
enzyme (for which at least four different mammalian
forms are known), oxidises two molecules of GSH to
GSSG (the oxidised form of glutathione), which can
subsequently be reduced to GSH again by glutathione
reductase (27).

In addition to these enzymatic defences, cells
possess low molecular mass agents that also exert an
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antioxidant protection, by removing or degrading ROS
to less harmful products, acting as a second line of
defence. These include, among others, molecules like
glutathione, thioredoxin, and coenzyme Q (2,29).

The tripeptide glutathione exists either in the
reduced (GSH) or oxidised (GSSG) form and is
ubiquitously present in all cells (distributed between the
nucleus, endoplasmic reticulum, and mitochondria). Its
main functions include: restoration of oxidised protein
sulphydryls; detoxification of hydrogen peroxide,
lipid hydroperoxides, and electrophilic compounds
either directly (via GPx-catalysed reactions) or
indirectly (through glutathione S-transferases-catalysed
conjugation reactions); transport of amino acids
through the plasma membrane; direct scavenging of
hydroxyl radical and singlet oxygen; regeneration of
some important antioxidants, like vitamins C and E, to
their active forms; and protection of brain tissue from
oxidative stress (26,27,173,174).

Along with GSH, thioredoxin, a small and
multifunctional disulphide-containing polypeptide,
is also important for the maintenance of cellular thiol
homeostasis, contributing to the total antioxidant
protection (175,176). It mainly functions as a general
protein disulfide reductant, but is also able to provide
control over several transcription factors that affect cell
proliferation and death (27,177).

Coenzyme Q (CoQ), or ubiquinone, is a ubiquitous
electron and proton carrier, playing an important
role in the mitochondrial electron-transport chain. Its
reduced form, ubiquinol, can function as an antioxidant,
preventing lipid peroxidation by reduction of peroxyl
radicals and is also able to interact with a-tocopheroxyl
radical, thus regenerating endogenous vitamin E within
the lipid membrane (178).

Other cellular low molecular mass agents, including
bilirubin (36), lipoic acid (179), melatonin (180), and
uric acid (181), have been reported to help cells in the
removal of free radicals.

Since the processes of prevention and removal of
reactive species are not completely effective, damage
still accumulates in biomolecules (8). So, adding to the
several types of antioxidants mentioned above, cells
protect their critical structures by other mechanisms,
such as repair and de novo enzymes. These act as
the last line of defence, by repairing or eliminating
damaged molecules, reconstituting them, and even by
clearing the toxic and waste products (29,182). This
type of antioxidants includes heat shock proteins, DNA
repair enzymes, proteases, lipases, and transferases (1).

5.2. Antioxidant protection by compounds derived from
the diet

Several compounds present in plants and vegetables
have been suggested to have the ability of reacting with
free radicals, without generating further radicals. Other

compounds become oxidised after scavenging ROS,
and thus need to be regenerated for further use (174).

Vitamins are considered to be antioxidants of
major biological importance. Ascorbic acid (vitamin
C) is a water-soluble antioxidant, commonly found in
relatively high amounts in fruits and vegetables (183).
It effectively scavenges several types of ROS/RNS in
vitro, resulting in the formation of an ascorbyl radical,
which can be further oxidised to dehydroascorbate. This
molecule can then be regenerated, through the cellular
reducing molecules of the cell, to ascorbate. In addition,
ascorbic acid can regenerate other small antioxidant
molecules from their respective radical species (such
as a-tocopherol or GSH). Moreover, it can function as
a cofactor for many enzymes, by maintaining the metal
ions (such as iron and copper) present in the active
centre of those enzymes, in a reduced state. However,
the reduction of iron and copper by ascorbate can also
result in a pro-oxidant effect, since these ions in the
reduced form can be used to fuel the Fenton reaction
(178,184).

Vitamin E is a lipophilic vitamin, synthesised
only by plants, that exists in eight different forms,
of which a-tocopherol is the most active. It is the
major membrane-bound antioxidant employed by the
cell, whose main function resides in protecting cells
against lipid peroxidation (178,185). As mentioned
above, during the antioxidant reaction, a-tocopherol
is converted to an a-tocopheryl radical, which is then
reduced to the original a-tocopherol form by ascorbic
acid (164).

Vitamin A and its equivalent in animals, retinol, are
also considered important antioxidants. It is present
in many foods and can be formed from B-carotene
transformation (186,187). Vitamin B comprises a
family of chemically distinct water-soluble vitamins
that play important roles in cell metabolism, although
only some of them show antioxidant properties.
Vitamin B, (thiamine), for example, has been shown to
offer protection in different situations where high levels
of oxidative stress were involved (188). In the same
way, high levels of vitamins B, (riboflavin) and B,
(cobalamin) have also been reported to protect against
oxidative injury (189).

Carotenoids, of which B-carotene is probably the
most studied, are pigments responsible for the colour
of many fruits and vegetables. These substances have
been recognised as the most potent quenchers of
singlet oxygen (190) and have been described to help
in the prevention of cancer, heart disease, and stroke
(21,151,191). Other examples of carotenoids with
protective effects on oxidative conditions are lycopene
(a bright red carotenoid found in red fruits) and
xanthophylls (e.g. lutein and zeaxanthin) (192,193).

(Poly) phenolic compounds are secondary plant
metabolites possessing one or more aromatic rings with
one or more hydroxyl groups within their structure
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(194). These comprise a wide variety of molecules,
divided into several classes (like flavonoids, phenolic
acids, stilbenes, and others), commonly found in
fruits, vegetables, wine, tea, coffee, and some cocoa
products like dark chocolate (157,195). Many studies
have reported a wide range of biological activities
for these compounds, including anti-inflammatory
(196), anti-carcinogenic (23), anti-allergic (197), and
anti-hepatotoxic (198), which have been described to
be mostly due to their antioxidant activity and also
their ability to activate endogenous defence systems
(174,199,200).

The interaction of polyphenols with biological
systems is sometimes difficult to understand. For
example, the metabolisation of phenolic compounds in
Vivo may give rise to compounds that lose the original
antioxidant activity (174). Moreover, it should be
taken into account that, in vivo, polyphenols and their
metabolites are found at lower concentrations in plasma
or tissues than those of other antioxidants (ascorbic
acid and a-tocopherol, for example), since polyphenols
may need to undergo structure modifications (e.g.
hydrolysis) in order to be absorbed (195,201).

Despite the numerous beneficial effects mentioned
above for these natural compounds, it should be noted
that pro-oxidant effects have been described for many
of them, resulting in the induction of apoptosis, cell
death, and the blocking of cell proliferation (202,203).
For example, a high intake of vitamin C has been
associated to an increased risk of disease (204,205).
In the same way, a-tocopherol has been reported to be
involved in the progression of low-density lipoprotein
(LDL) oxidation and atherosclerosis, due to its pro-
oxidant effects (206). Despite being considered
an antioxidant, clinical trials regarding the use of
B-carotene for cancer prevention, have demonstrated
harmful effects for this compound, as reported by the
Alpha-Tocopherol Beta Carotene Cancer Prevention
Study Group, in 1994 (207), and also by Omenn et al.
(208). Some other compounds (polyphenols) have also
presented these opposite effects (202,209,210).

5.3. New synthetic molecules with pharmacological
potential

The above mentioned drawbacks associated to the use
of some natural compounds are in part responsible
for the undergoing development of novel synthetic
compounds, conceived to protect cells against oxidative
injury. In fact, the number of reports identifying new
synthetic antioxidants has been growing rapidly (189).
Many studies have described the synthesis of
analogues of existing natural molecules known to
possess antioxidant properties, which were modified
in order to improve features like their stability and
cellular uptake, but maintaining the functionality of the
original structure (10). In this way, synthetic molecules

that can mimic antioxidant enzymes such as superoxide
dismutase, catalase, and glutathione peroxidase have
been reported as potential new drugs able to reduce
damage caused by oxidative stress (211). For example,
salens, which comprise a class of compounds
containing manganese (III) complexes, and
metalloporphyrins, a class consisting of a porphyrin
combined to a metal ion (usually iron or manganese),
have been indicated as mimetics of superoxide
dismutase activity (212-214). Moreover, compounds
like ebselen (a selenium-based compound), as well as
diselenide and ditelluride compounds (which contain
selenium, sulphur or tellurium in their structures) have
been reported to possess glutathione peroxidase-like
activity (214). In the same perspective, Ehrlich and
colleagues (215) have recently reported the design and
synthesis of a group of GSH analogues, which were
named UPF peptides, that showed a higher hydroxyl
radical scavenging ability and enhanced antiradical
efficiency against the a,a-diphenyl-B-picrylhydrazyl
(DPPH) radical, when compared to GSH, without
influencing cell viability. Structures of molecules
produced by plants, with known antioxidant activity,
like polyphenols (171,216) or chalcones (217) have
also been modified in order to increase their biological
activity and stability (218,219).

Butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), and tert-butyl hydroquinone
(t-BHQ) are synthetic antioxidants, commonly used as
food additives to prevent food spoilage, which are able
to block lipid peroxidation. However, probably due to
their phenolic nature (presence of OH groups), these
compounds have shown contradictory effects (190,220).
In addition, other synthetic compounds, like dimethyl
sulfoxide (DMSO), lazaroids (21-aminosteroids drugs
structurally related to glucocorticoids), salicylates (anti-
inflammatory), pyrrolidine dithiocarbamate (PDTC),
and dimethylurea have been found to scavenge
free radicals and have also been used in therapeutic
approaches (29,221).

In the past few years, novel nitrogenated structures,
named FMAs, have been studied in our lab (222-224).
These compounds, which are composed of an amidine
unit linked to a phenol ring and that differ mainly on
the number hydroxyl groups within that ring, were
synthesised based on different aspects: 1) in living
organisms exist several compounds containing nitrogen
atoms in their structure (€.g. serotonin, purinic and
pyrimidinic DNA bases, catecholamines, among
others), which are known to easily interact with active
centres responsible for different functions in those same
organisms (225); 2) the presence of hydroxyl groups
within a phenol ring has been reported to be responsible
for the antioxidant properties of a compound,
since those groups are able to donate an hydrogen
(218,226,227); and 3) it has also been acknowledged
that molecules incorporating conjugated systems with

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2010; 4(3):144-167. 160

nitrogen atoms can stabilise free radicals (228). The
combination of these factors was expected to enhance
the ability of these new structures to scavenge free
radicals. Experiments in cell-free systems, namely by
the use of DPPH discolouration and 2-deoxy-D-ribose
degradation assays, gave the first indication of the
compounds' good antiradical activity. The free radical
scavenging properties of the nitrogen compounds were
translated into in vitro cell models, namely PC12 and
HO9c2 cells, in which they showed a strong ability to
scavenge ROS/RNS and therefore show their ability
to act on oxidative stress-mediated injury associated
to several pathologies, including neurodegenerative
and cardiovascular diseases. In fact, they were able to
prevent a series of events related to oxidative stress,
like intracellular ROS formation, lipid peroxidation,
and oxidative DNA damage, evaluated in adequate
cell models. To some extent, they also seemed to
act on intracellular signaling mechanisms resulting,
for example, in an increase of the capacity to repair
oxidative DNA damage and in a regulation of the
apoptotic cascade, specifically at the mitochondrial
level. In this way, these nitrogen compounds showed
superior protection profiles when compared to the
traditional antioxidant trolox (a water-soluble analogue
of vitamin E) (222,223).

Moreover, a comparative study with polyphenolic
compounds, which have somehow related structures
(they also possess more than one hydroxyl group),
showed some advantages, of these synthetic structures,
over the polyphenols, namely their lack of genotoxicity
and their ability to increase the activity of DNA repair
enzymes (224).

Additionally, novel synthetic diarylamines
containing a benzo[b]thiophene nucleus, which are
also currently being studied in our lab, have shown
quite promising results, namely by protecting cells, in
particular at the mitochondrial level, from oxidative-
induced damage at concentrations in the nanomolar
range (229).

6. Conclusions

Reactive oxygen (ROS) and nitrogen (RNS) species are
produced as a consequence of both exogenous and/or
endogenous stimuli. Depending on the amounts present
inside the cells, their effects can be either harmful
or beneficial. In low amounts, they act as secondary
messengers and regulate intracellular signalling, being
their potentially adverse effects counteracted by the
cells' antioxidant defence systems. However, their
prevalence in higher amounts, resulting from their
overproduction, when not balanced by the antioxidant
systems, leads to oxidative stress. This condition is
known to cause damage to all biomolecules, including
proteins, lipids, and nucleic acids. Although cells
possess mechanisms to repair some of this oxidative

damage (as is the case of DNA repair pathways), if not
duly repaired, modifications to biomolecules can be
toxic, mutagenic, and carcinogenic.

Intracellular accumulation of reactive oxygen and
nitrogen species can ultimately result in the initiation of
cell death processes. In this regard, it should be noted
that the amount of reactive species present in the cell
and the way as the cell responds to it can determine
that same cell's fate: mild oxidative stress may be
responsible for the activation of biological responses
that can either lead to survival and proliferation, or can
induce apoptosis, whereas a great accumulation of ROS/
RNS can result in necrosis. Moreover, the association
of oxidative stress-induced cell death with several
pathological conditions (including cardiovascular and
neurodegenerative diseases, among others), cither as
the cause or the consequence of the disease, has been
widely recognized by the scientific community.

Excessive ROS/RNS can be inactivated by
endogenous and/or exogenous antioxidant molecules.
These may exert their antioxidant actions by inhibiting
the generation of free radicals or by scavenging them,
by lowering the concentrations of metal ions involved
in the formation of ROS/RNS, or even by enhancing
the endogenous antioxidant defences via upregulation
of gene expression.

Usually, cells are able to maintain a balance
between the intracellular formation of reactive species
and their removal due to the presence of endogenous
enzymatic (€.¢. superoxide dismutase, catalase, and
glutathione peroxidase) and non-enzymatic (e.g.
glutathione, thioredoxin, coenzyme Q) defences.
Nevertheless, additional antioxidant protection can also
be attributed to some compounds derived from the diet,
which may be found in plants and vegetables. These
include vitamins (namely A, C, and E), carotenoids, and
polyphenolic compounds.

However, there are some drawbacks associated to
the use of natural compounds, namely the pro-oxidant
effects that have already been described for some of
them. Moreover, metabolization in vivo of some of
these compounds, namely polyphenols, may originate
compounds that lose their initial antioxidant activity
(and sometimes even yielding toxic derivatives). In
addition, the structural modifications those polyphenols
need to undergo to be absorbed in vivo may result
in lower concentrations in plasma and tissues, when
compared to other antioxidants (like vitamin C or E, for
example).

Therefore, research on the development of new
synthetic structures capable of acting beyond and/or
potentiate the cells' natural defence mechanisms has
dramatically increased in the last few years. These
novel structures, some of which are described in this
review, are often analogues of naturally occurring
molecules or structurally related to them, and clearly
have shown increased antioxidant activity, associated to
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decreased toxicity in many cases. They look promising
and so complementary research regarding their use, as
active principles of pharmacological compounds, must
g0 on.

The development of novel synthetic molecules
with powerful antioxidant properties, as well as the
discovery of new beneficial effects for existing ones,
associated to the identification of potential new drug
targets has been one of the scientists' concerns over
the past years. Success in this field of research can
contribute to the reduction of oxidative stress-induced
damage in several pathological conditions, namely in
cardiovascular and neurodegenerative diseases.
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Brief Report

3D QSAR investigations on locomotor activity of 5-cyano-N1,6-
disubstituted 2-thiouracil derivatives
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ABSTRACT: Three dimensional quantitative
structure activity relationship (3D QSAR)
investigations were carried out on a series of 5-cyano-
N1,6-disubstituted 2-thiouracil derivatives for their
locomotor activity. The structures of all compounds
were built on a workspace of VIifeMDS3.5 molecular
modeling software and 3D QSAR models were
generated by applying a partial least square (PLS)
linear regression analysis coupled with a stepwise
variable selection method. Both derived models
were found to be statistically significant in terms
of regression and internal and external predictive
ability (r* = 0.9414 and 0.8511, ¢” = 0.8582 and 0.6222,
pred_r’ = 0.5142 and 0.7917). The QSAR models
indicated that both electrostatic and steric interaction
energies were contributing significantly to locomotor
activity of thiouracil derivatives.

Keywords: 3D QSAR, thiouracil derivatives, locomotor
activity, predictive ability, PLS

1. Introduction

It is well known that pyrimidine compounds are
associated with a large number of biological activities
like antimicrobial (1,2), anticancer (3), antiviral (4),
antioxidant (5) and CNS activities (6). There has always
been growing interest in design and development of
pyrimidine derivatives. In recent years computational
chemistry, especially quantitative structure activity
relationship studies (QSAR) have become an integral
part of drug discovery processes. Significant attention
has been focused on QSAR investigations of a variety
of heterocyclic compounds and pyrimidines are not
exceptional cases (7-11).

Thus, recognizing the biological significance of

*Address correspondence to:

Dr. Yogesh Pore, Department of Pharmaceutical
Chemistry, Government College of Pharmacy, Karad,
Maharashtra 415124, India.

e-mail: dryogeshpore@rediffmail.com

pyrimidines, some novel 5-cyano-N1,6-disubstituted
2-thiouracil derivatives were synthesized and evaluated
for locomotor activity using actophotometer. QSAR
relationships of these compounds were also further
established with locomotor activity.

The objective of the present work was to perform
three dimensional quantitative structure activity
relationship (3D QSAR) studies on 5-cyano-N1,6-
disubstituted 2-thiouracil derivatives. Partial least
square (PLS) linear regression analysis was used to
derive various QSAR models. The models were further
validated for their regression coefficient, internal and
external predictive ability and statistical significance. The
models were interpreted to investigate the contribution of
various 3D descriptors in locomotor activity.

2. Materials and Methods
2.1. Molecular modeling software

VLifeMDS (Version 3.5 VLife Sciences Technologies
Pvt. Ltd., Pune, India) molecular modeling software
was used for construction of molecules and generation
of 3D QSAR models.

2.2. Synthesis and biological evaluation of thiouracil
derivatives (P1-P24)

The thiouracil derivatives were synthesized and
evaluated for locomotor activity by actophotometer
according to a reported procedure (12).

2.3. Biological data

A data set of pEC;, values (locomotor activity) of
twenty four compounds was used for 3D QSAR
investigations (Table 1). The negative logarithmic
values of micromolar concentrations of compounds
required to produce a fifty percent response (ECs,) in
animals were used as dependent variables.

2.4. Energy minimization and alignment of molecules

The molecules were optimized for energy minimization

www.ddtjournal.com
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Table 1. Nature of R group and pEC, values of thiouracil derivatives

H ‘ CN
Z R
S 2
R
Compound code Nature of R, Nature of R, pECs, (—log ECs, or log 1/ECs, ) (umol)
P1 CeH; CgH; 0.5534
P2 CeH; 4-OH-C¢H; 0.7598
P3 C¢H; 4-OCH;-CH; 0.8260
P4 4-C1-C¢H; CgH; 0.5678
P5 4-CI-C¢H; 4-OH-C¢H; 0.6683
P6 4-CI-C¢H; 4-OCH;-C4H; 0.7735
P7 4-CH;-C¢H; CgH; 0.7927
P8 4-CH;-C¢H; 4-OH-C¢H; 0.7749
P9 4-CH,-C¢H; 4-OCH;-CH; 0.7761
P10 4-OCH;-C¢H; CgH; 0.7958
P11 4-OCH;-C¢H; 4-OH-C¢H; 0.7657
P12 4-OCH;-C¢H; 4-OCH;-C4H; 0.8535
P13 4-F-C¢H; CgHs 0.5712
P14 4-F-C¢H; 4-OH-C¢H; 0.6928
P15 4-F-C¢H; 4-OCH;-C,H; 0.7814
P16 2, 4-CH;-CH; CgH; 0.7975
P17 2, 4-CH;-CH; 4-OH-C¢H; 0.7601
P18 2, 4-CH;-C¢H; 4-OCH;-C4H; 0.8045
P19 3-CH;-C¢H; CgHs 0.7629
P20 3-CH;-C¢H; 4-OH-C¢H; 0.7610
P21 3-CH;-C¢H; 4-OCH;-C,H; 0.7667
P22 4-NO,-C¢H; CeH; 0.5581
P23 4-NO,-C¢H; 4-OH-C¢H; 0.6638
P24 4-NO,-C¢H; 4-OCH,-C4H; 0.7899

using MMFF (Merck Molecular Force Field) in the
MOPAC module of VLifeMDS software. The threshold
value for root mean square (rms) gradient was kept at
0.001 kcal/molsA. All molecules were subsequently
aligned by a template based alignment technique using
a common structure as a template. The most active
molecule was selected as a template for alignment of
the molecules. The alignment is useful for studying
shape variation with respect to the base structure
selected for alignment.

2.5. Descriptor calculation

For 3D QSAR analysis, the VLife Molecular Design
Suite (VLifeMDS) allows the user to choose probe, grid
size, and grid interval for the generation of descriptors.
After suitable alignment of a given set of molecules,
a common rectangular grid (lattice) was generated
around the molecules. The steric, electrostatic and
hydrophobic interaction energies were computed at the
lattice points of the grid using a methyl probe of charge
+1. These interaction energy values were considered for
relationship generation and utilized as descriptors.

2.6. Statistical analysis

The descriptors were taken as independent variables
and biological activity as dependent variables. The
Partial Least Squares Regression (PLSR) method of
analysis was used to derive the 3D QSAR equations.
Statistical parameters employed were the number of
compounds in regression N, the regression coefficient
r’, the F-test (Fischer's value) for statistical significance
F, the cross-validated correlation coefficient g° and the
standard error of estimation r* and ¢’. The regression
coefficient r’ represents the part of variation in the
observed data that is explained by the regression.
Correlation coefficient values closer to 1.0 represent
the better fit of the regression. The F-test is the ratio of
the variance explained by the model and the variance
due to error in the regression. High values of the F-test
indicate that the model is statistically significant. The
predictive ability (internal) of the generated models was
evaluated by a cross validation method using a 'leave-
one-out' scheme. Validation parameters considered
were cross validated g°. The predictive ability (external)
of the selected model was also confirmed by external
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validation of test set compounds which is denoted with
2
pred r.

3. Results

The QSAR investigations of 5-cyano-N1,6-disubstituted
2-thiouracil analogues resulted in several 3D QSAR
equations. The two best equations are discussed.

3.1. Validation of QSAR models

Table 2 illustrates validation parameters for 3D QSAR
models. Model 1 was obtained by a classical sphere

exclusion type algorithm of training and test data
selection (13-16) whereas model 2 was obtained by a
random method of training and test set data selection
(17). As indicated, both QSAR models were found to
be statistically significant and predictive in terms of
r’, q°, F and pred r’ values (18-22). Table 3 shows
comparative predicted activities along with residuals
of the two models. Figures 1 and 2 represent the fitness
plots (R’) of observed vs. predicted biological activity
for models 1 and 2, respectively.

Model 1 has shown excellent fit (r* = 0.9414),
good internal predictive ability (q° = 0.8542) and a
good fitness plot (R* = 0.8519) with an optimal ability

Table 2. Comparative data of validation parameters employed for 3D QSAR equations

Model/Parameters Model 1 Model 2

Equation PECy,=+0.4431 E 86— 187.1126 S_753 +0.0044 S 284 PEC5,=—104.9810S_753 +0.6250 E_86 + 0.0031 S_284
+0.0104 S_606—7.6961 +0.0161 E 524+0.0312'S 434 —3.8624

Training set size (n) 19 18

Test set size 5 (P1, P20, P2, P9, and P15) 6 (P6, P8, P10, P15, P22, and P24)

Degree of freedom 15 14

r 0.9414 0.8511

r’ se 0.0238 0.0385

F test 80.3745 26.6740

o 0.8582 0.6222

q’ se 0.0370 0.0613

pred r’ 0.5142 0.7917

pred r’se 0.0681 0.0428

R’ for fitness plot 0.8519 0.8365

Table 3. Comparative observed and predicted activities (LOO) of thiouracil derivatives by 3D QSAR models

Predicted activity pECs,"

Compounds Observed activity pECs,
3D Model 1 Residuals 3D Model 2 Residuals

P1 0.5534 0.6158" ~0.0624 0.6196 ~0.0662
P2 0.7598 0.6939" 0.0659 0.7285 0.0313
P3 0.8260 0.8256 0.0004 0.8137 0.0123
P4 0.5678 0.5826 ~0.0148 0.5758 ~0.008
P5 0.6683 0.6617 0.0066 0.6947 —0.0264
p6 0.7735 0.7303 0.0432 0.7153° 0.0582
P7 0.7927 0.7685 0.0242 0.7247 0.068
P8 0.7749 0.8124 —~0.0375 0.8114" ~0.0365
P9 0.7761 0.8509" —0.0748 0.8304 —~0.0543
P10 0.7958 0.7754 0.0204 0.8037° —0.0079
P11 0.7657 0.7775 —-0.0118 0.8096 —0.0439
P12 0.8535 0.8585 —0.005 0.8366 0.0169
P13 0.5712 0.5730 —~0.0018 0.5521 0.0191
P14 0.6928 0.6531 0.0397 0.6786 0.0142
P15 0.7814 0.7782" 0.0032 0.7415" 0.0399
P16 0.7975 0.7991 —-0.0016 0.7994 —-0.0019
P17 0.7601 0.7702 —-0.0101 0.7680 —0.0079
P18 0.8045 0.7952 0.0093 0.7687 0.0358
P19 0.7629 0.7798 —-0.0169 0.7764 —-0.0135
P20 0.7610 0.6922" 0.0688 0.7234 0.0376
P21 0.7667 0.7802 —~0.0135 0.7552 0.0115
P22 0.5581 0.5895 —~0.0314 0.5574° 0.0007
P23 0.6638 0.6730 —0.0092 0.6924 —0.0286
P24 0.7899 0.7844 0.0055 0.7372° 0.0527

* Indicates predicted activity by leave one out cross validation; * Indicates molecules of test set.
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Figure 1. The plot of observed versus predicted activity for 3D model 1.

R Square for fitness plot 0:8365

Figure 2. The plot of observed versus predicted activity for 3D model 2.

to predict the activities of test set molecules (pred_r’
= 0.5182) which have not been included to build the
QSAR model.

Model 2 has also displayed a good correlation
coefficient (r* = 0.8511), optimal internal predictive
ability (g = 0.6222) with a fitness plot of (R* = 0.8109).
However, the ability of model 2 to predict the activities
of test set molecules is certainly excellent (pred r* =

0.7917) as compared to model 1.

From the equations, it could be concluded that
94.14% (r* = 0.9414) and 85.11% (r* = 0.8511) of
the variation in the biological activity was accounted
for by the parameters used in equations 1 and 2,
respectively. This signifies that in both the models, a
good correlation exists between their corresponding
descriptors and biological activity (23). Further, in
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both cases the high values of F tests indicated that
the statistical significance of 99.99% of the models
meant that probability of failure of the models was 1 in
10,000.

3.2. Interpretation of QSAR models

The local fields around aligned molecules of those

found to be important for activity variation in
model 1 and model 2 are shown in Figures 3 and 4,
respectively.

As shown in the figures, two electrostatic field
descriptors E_86 and E_524 (blue points) and four
steric field descriptors S 753, S 284, S 606, and
S 434 (green points) are contributing significantly for
locomotor activity of the molecules. The electrostatic

Figure 4. Relative positions of the local fields around aligned molecules for 3D model 2.
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field descriptor E 86 and steric field descriptors S_753,
and S 284 are common in both models. The positive
range for E 86 and E 524 indicate that positive
electrostatic potential is favorable for increase in
activity and hence a less electronegative substituent
should be preferred in these regions.

The steric field descriptors S 284, S 606, and
S 434 contribute positively which indicates that
positive steric potential is favorable for an increase in
activity and hence a more bulky substituent is preferred
in these regions. However, a negative contribution of
S 753 indicates that the bulky substituent can not be
tolerated and steric interactions should be reduced in
that region for optimal biological activity.

Thus these relative positions and ranges of the
corresponding important electrostatic and steric fields
in the above models could be helpful in design of new
molecules with improved locomotor activity.

4. Conclusions

The present QSAR investigations demonstrated that
the generated 3D QSAR models were statistically
significant in terms of their correlation with biological
activity and internal and external predictive abilities.
It could be concluded that the locomotor activity of
thiouracil derivatives was positively contributed by
electrostatic interaction fields. In addition the increase
in steric interactions (bulky aromatic or cycloaliphatic
substituents) at certain lattice points could be beneficial
for improved potency of the thiouracil derivatives. Thus
the developed 3D QSAR models may raise a scope for
the design of new thiouracil derivatives with improved
biological profiles (locomotor activity).
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Serum fructose concentration in rats after single dose oral
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ABSTRACT: Our previous study showed that
fructose is an important active constituent that
is responsible for Si-Wu-Tang's (SWT) effects
promoting hematopoiesis and immunity. In order to
provide primary data for analysis of the mechanism
of fructose's bioactivity, the concentration of serum
fructose in rats after a single oral administration
dose of Si-Wu-Tang was determined. The
concentration of serum fructose in fasting rats was
0.34 + 0.24 mg/dL. After oral administration of
7.2 mL per kg body weight of SWT extract (1 mL
extract corresponds to 1 g SWT dried herbs), serum
fructose levels reached a peak concentration of 1.03
* 0.25 mg/dL within 60 min, and then declined to
the baseline level within 180 min, a pattern which is
similar to the one reported for oral administration
of pure fructose. The peak concentration was
only 2-3 times higher than the baseline serum
fructose concentration. These results showed that
the increase of blood fructose concentration after
oral administration of SWT is small and transient,
which is very probably due to the quick metabolism
of fructose by the liver. We suggest, for future
research, it is necessary to consider the probability
that fructose's bioactivity on hematopoiesis and
immunity is not exerted by fructose in its original
form, but after it is metabolized by the liver.

Keywords: Blood, concentration, fructose, rat, serum,
Si-Wu-Tang

1. Introduction

Si-Wu-Tang (SWT), a traditional Chinese formula

*The first two authors contributed equally to this article.
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Dr. Yue Gao, Department of Pharmacology and
Toxicology, Beijing Institute of Radiation Medicine, 27
Tai-ping Road, Beijing 100850, China.
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consisting of Rehmanniae Radix, Angelica Radix,
Chuanxiong Rhizoma and Paeoniae Radix, has
traditionally been used in China for about one
thousand years (1). Dai et al. reported that SWT has
been used for the treatment of gynecologic diseases
(e.g. dysmenorrhea, menoxenia, metrorrhagia,
abortion), cutaneous diseases (e.g. pruritus, urticaria,
eczema, dermatitis), and chronic inflammation (e.g.
chronic nephritis, pelvic inflammation) (2). It has
been reported to possess sedative, anti-coagulant
and antibacterial activities and to exhibit effects of
vasodilatation, hematopoiesis, enhancement of cellular
immunity and radio-protection (3,4). Our interest
has been focused on SWT's hematopoiesis-related
activities. Using 3.5 Gy “Co y-ray irradiated mice as
a model of anemia, we found that SWT increases the
number of peripheral leukocytes and four types of
progenitor cells in bone marrow, colony-forming unit-
granulocyte-macrophages (CFU-GM), colony-forming
unit-mature erythroid (CFU-E), colony-forming unit-
immature erythroid (BFU-E) and colony-forming
unit-multipotential (CFU-mix) cells (5). In our latest
report, fructose was shown to be an important active
constituent responsible for SWT's effect promoting
hematopoiesis and immunity after oral administration
(6). Therefore, it has currently become one of the
major concerns of our research effort to find out the
mechanism of fructose's bioactivity.

To study the mechanism of fructose's bioactivity,
changes of blood concentration after SWT
administration is primarily required. It will help
us to know the characteristics of the absorption,
metabolism and elimination process of fructose
after oral administration of SWT, which should help
us analyze the possible mechanism of fructose's
bioactivity. On the other hand, if in vitro experiments
to study the mechanism of fructose's bioactivity are
to be performed in the future, a proper concentration
of fructose will be required. In the present study,
we investigated the changes of serum fructose
concentration in rats after oral administration of SWT
for the purpose of providing primary data for the
mechanism of analysis of fructose's bioactivity.
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2. Materials and Methods
2.1. Animals

Female Sprague-Dawley rats (274 + 20 g) were
purchased from the Experimental Animal Center of
the Academy of Military Medical Sciences (Beijing,
China). They were housed in an environmentally
controlled breeding room with free access to standard
animal chow and tap water, and were allowed at least
three days acclimatization before an experiment. Each
rat was used once and treated in accordance with the
National Institutes of Health guidelines for the care and
use of laboratory animals and was fasted for 24 h before
the test.

2.2. Drugs and reagents

An extract of SWT was prepared by decocting the dried
prescription of herbs with boiling water. After the first
decoction the duration of which was about 30 min, the
suspension was filtered and water was added for the
second decoction of about 20 min. The filtered and
mixed suspension from two decoctions was condensed
to a concentration of 1 g dried herb weight/mL solution
and then stored at — 20°C before administration. The
ingredients of 41 g SWT include 15 g of Rehmanniae
Radix, 10 g of Angelica Radix, 6 g of Chuanxiong
Rhizoma and 10 g of Paeoniae Radix. These ingredients
correspond to the following plants: Rehmannia
glutinosa LIBOSCH. (Scrophulariaceae), Angelica
sinensis (OLIV.) (Umbelliferae) DIELS, Ligusticum
chuanxiong HORT. (Umbelliferae), and Paeonia
lactiflora PALL (Paconiaceae), respectively. These
plant materials were purchased from Tongrentang, Ltd.
(Beijing, China) and identified by Dr. Baiping Ma in
our laboratory. Fructose was purchased from Sinopharm
Chemical Reagent Co., Ltd. Glucose, sucrose,
potassium carbonate and anhydrous magnesium sulfate
were purchased from Beijing Chemical Reagent
Company. FA-20 fructose assay kit, glucose oxidase
and catalase were purchased from Sigma-Aldrich Co.,
St. Louis (MO, USA). Perchloric acid was purchased
from Jinlu Chemical Co., Ltd. (Shanghai, China).

2.3. Content of fructose in SWT

To calculate the administered dose of fructose,
the contents of fructose and sucrose in SWT were
quantitatively determined using our previously reported
high performance liquid chromatography (HPLC)
method (7) for simultaneous determination of fructose,
glucose, and sucrose, with slight modifications. Briefly,
1 mL of the SWT extract was diluted to 100 mL with
water and then added to 400 mL ethanol and filtered
to remove precipitation. The filtered solution was
evaporated and solubilized with 50 mL of 50% ethanol

solution. Two pL of this solution was injected into
an Angilent 1100 HPLC system with a SHISEIDO
carbohydrate column (5 um, 150 x 2.0 mm) and a PL-
ELS 2100 evaporative light scattering detector (ELSD)
for analysis. The mobile phase was isocratic acetontrile
and water (75:25, v/v). The flow rate was 0.2 mL/min.
The evaporation temperature, nebulization temperature
and gas flow of ELSD were 25°C, 25°C, and 1.0 mL/
min, respectively. The contents of fructose, glucose, and
sucrose in the SWT extract were determined to be 41.6,
37.5, and 92.4 mg/mL, respectively, using an external
standard method.

2.4. Collection and measurement of blood samples

Each rat was administered a single oral dose of 7.2
mL per kg body weight of SWT extract (1 mL extract
corresponds to 1 g dried herbs of SWT). At time zero
and at times of 15, 30, 60, 90, 120, 180, 240, 360,
540 min after dosing, a blood sample (3-5 mL) was
collected from the aorta of the rat under anesthesia.
Within 60 min after blood withdrawal, the samples
were centrifuged and the separated serum samples
were frozen in polypropylene tubes at —20°C prior
to analysis. Following the procedure described by
Beuter HO (8), the serum samples (1.5-2.5 mL) were
deproteinized with an equal volume of 0.6 M perchloric
acid solution. The concentrations of fructose were
then measured with the FA-20 fructose assay kit. In
this method, hexokinase, phosphoglucose isomerase,
and glucose-6-phosphate dehydrogenase are used
and the increase in absorbance at 340 nm is directly
proportional to fructose concentration. Data were
expressed as mean + standard deviation (mean + S.D.).

3. Results and Discussion

All experimental subjects were female Sprague-
Dawley rats (274 = 20 g). All rats orally received
a single dose of 7.2 mL SWT extract per kg body
weight. One mL extract corresponds to 1 g dried herbs
of SWT and contained 41.6 mg fructose and 92.4 mg
sucrose (determined by HPLC). Fructose in both free
monosaccharide form and disaccharide form (sucrose)
in I mL SWT extract was calculated to be 90.2 mg
(41.6 + 92.4 x 180/342 = 90.2). As shown in Figure 1,
fructose concentration in fasting rat serum was 0.34 +
0.24 mg/dL. The peak rat serum fructose concentration
after the single dose of SWT was 1.03 + 0.25 mg/dL.
This was reached within 60 min and then declined to
baseline levels within 180 min.

This is the first report concerning blood fructose
concentrations after SWT oral administration. Fructose
was shown in our previous research to be an important
active constituent responsible for SWT's effect
promoting hematopoiesis and immunity. To analyze
the possible mechanism of fructose's bioactivity, we
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Figure 1. Concentration of serum fructose after SWT
administration in rats. Each rat was administered a single
oral dose of 7.2 mL per kg body weight of SWT extract (1 mL
extract corresponds to 1 g dried herbs of SWT). Data represent
means + S.D.

need blood fructose concentration data after SWT
administration. To be consistent with our previous
studies on SWT's bioactivity performed on female
mice, an equal dose was used in this study of rats,
which was converted from mice (calculated from the
human clinical dose) to rats through normalization of
the body surface area (BSA), and the gender of rats was
also female. SWT contains a large amount of fructose,
in both free monosaccharide form (i.e., fructose) and
disaccharide form (i.e., sucrose). Sucrose is hydrolyzed
by sucrase in the digestive tract after oral consumption
and each molecule of sucrose produces one molecule
of fructose and one molecule of glucose. In this study,
the contents of fructose and sucrose in the SWT
extract were determined to be 41.6 and 92.4 mg/mL,
respectively. Therefore, the total fructose content (in
both forms) in 1 mL SWT extract was about 90.2 mg,
and the single dose of 7.2 mL/kg SWT extract received
by the rats approximately corresponds to a fructose load
of 0.65 g/kg. If extrapolated to the human equivalent
dose through normalization to BSA, it approximately
corresponds to a fructose load of 0.14 g/kg for human.
The results showed that the increase of blood
fructose concentration after a single oral administration
dose of SWT was very small. The maximum serum
fructose concentration was only 2-3 times higher than
the baseline level, which occurred within 60 min. These
patterns were similar to reported patterns of blood
fructose concentration after a single oral dose of pure
fructose. Reportedly the concentration of fructose in
fasting blood of healthy humans is typically 1 mg/dL
or less, and after oral administration of a fructose load
in doses ranging from approximately 18 g (0.25 g/kg
of body weight) to 100 g, the mean plasma or serum
fructose concentration increased to values ranging from
4.5-13.0 mg/dL. Peak fructose concentrations were seen
30-60 min after fructose ingestion (9). The study on
rats showed that after oral pure fructose consumption
(6.9 umol/g), the plasma fructose concentration of rats
reached its peak value at about 60 min (10). Similarly in

our study, the concentration of serum fructose in fasting
rats was 0.34 £ 0.24 mg/dL. After oral administration
of SWT extract, serum fructose levels reached a peak
concentration of 1.03 £+ 0.25 mg/dL within 60 min,
and then declined to baseline levels within 180 min.
Such a small and transient increase of blood fructose
concentration after SWT administration may be
explained by the quick and efficient metabolism of
fructose by the liver. According to Havel's review (11),
after consumption of moderate amounts of fructose, the
absorbed fructose arrives at the liver via the portal vein
and is efficiently taken up by the liver such that little
escapes hepatic metabolism and enters the systemic
circulation. A 1 g/kg oral dose of fructose results in a
blood fructose level of only 9 mg/dL. In fact the total
dose of fructose received by the rats in our study was
even smaller than the "moderate amounts" mentioned in
Havel's review, which was only about 0.14 g/kg when
extrapolated to the human equivalent dose.

Generally, there are two hypotheses for mechanisms
by which the fructose in SWT may help the body's
hematopoiesis and immunity. The first one is that
the fructose, after entering the blood circulation, acts
directly on a certain target (€.9. the bone marrow cells)
in its intact monosaccharide form. The other one is that
the fructose produces its effect after it is metabolized
by the body. Given the reported feature of quick
metabolism of pure fructose from oral administration
as well as the results confirmed in our experiment with
SWT oral administration and suppose that fructose
helps the body's hematopoiesis and immunity. If the
fructose acts directly on a certain target in its intact
monosaccharide form, it does not seem very convincing
that fructose could produce a remarkable biological
effect with such a small and transient increase in
blood concentration. Therefore we suggest, for future
research, it is necessary to consider the probability
that the fructose helps the body's hematopoiesis
and immunity, not in its original form, but after it is
metabolized by the body.

The liver is the primary metabolic site of fructose
disposal. According to Owen's review (12), three
factors contribute to this: (i) enzymes essential
for the metabolism of fructose, fructokinase, and
triokinase are highly expressed in the liver; (ii) the
liver is exposed to higher concentrations of orally
administered fructose than other tissues; and (iii)
the high first pass extraction of fructose by the liver
limits the availability of fructose for metabolism by
peripheral tissues. Current knowledge of fructose's
metabolism has shown that, in the liver, fructose is
metabolized by fructokinase to fructose-1-phosphate
that is cleaved by aldolase B to form dihydroxyacetone
phosphate and glyceraldehyde, both of which can be
further metabolized in the glycolytic pathway (13). On
the other hand, it was reported that low-dose fructose
(infused into the duodenum) could increase hepatic
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glucose uptake and glycogen storage, which is possibly
due to the activation of glucokinase by a trace amount
of fructose acting on the glucokinase regulatory protein
(14). Stimulating effects on insulin-stimulated hepatic
glycogen synthesis from low-dose fructose were also
reported (15). Therefore, it is necessary to consider
the possibility that fructose may help the body's
hematopoiesis and immunity by participating in and/or
regulating glucose metabolism. In our previous studies
on SWT and fructose's bioactivities, the model of
anemia was induced by y-ray radiation. Interestingly,
according to Fang Y (16), a higher intake of energy is
required by irradiated experimental animals because
radiation may: (i) inhibit the oxidation phosphorylation
process and lead to a low P/O ratio; (ii) affect Krebs
cycle and decrease production of NADH and FADH,
which are materials for the oxidation phosphorylation
process; and (iii) increase the basal metabolic rate.
The lack of energy or nutrition increases the body's
sensitivity to radiation, and experiments showed that
an enhanced energy supply prevents dogs from loss
of body weight after irradiation. According to Fang,
radiation decreases the activity of hexose kinase and
thereby interrupts the transformation from glucose
to glucose-6-phosphate, which is the first step of the
glycolytic pathway. However, the transformation from
fructose to fructose-1-phosphate is unaffected because
the activity of fructokinase is not changed by radiation.
The experiment demonstrated that among four different
sugars (sucrose, dextrin, cornstarch, and glucose),
glucose showed the most significant therapeutic effect
against radiation injury, but when comparing the
therapeutic effect of glucose with fructose, fructose
was even better. Therefore, a possible explanation for
the mechanism of fructose's bioactivity is that fructose
may help the body's hematopoiesis and immunity by
improving the body's carbohydrate metabolism or energy
supply which is relatively insufficient in irradiated
animals. Further studies concerning the relationship
between fructose metabolism as well as carbohydrate
metabolism and radiation injury are required.
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ABSTRACT: Our previous study showed that
free fructose is an important active constituent
responsible for Si-Wu-Tang's (SWT) effect
promoting hematopoiesis and immunity. However,
the contribution from SWT's four ingredient drugs
to the free fructose content in the SWT decoction
was not clear. To answer this question, in this
study, the fructose, glucose and sucrose content
in the SWT decoction, in the decoctions of each
single ingredient drug, and in the decoctions of the
four formulae lacking each single ingredient drug
were determined by HPLC-ELSD. The results
showed that the fructose and glucose content in the
decoction of single Rehmanniae Radix were almost
the same as those in the SWT decoction. In the single
Rehmanniae Radix decoction concentrations were:
4.25 + 0.53 mg/mL for fructose, and 3.43 + 0.60 mg/
mL for glucose; in the SWT decoction concentrations
were: 4.10 £ 0.43 mg/mL for fructose, and 3.42 + 0.32
mg/mL for glucose, while the content of fructose
and glucose in the decoctions of single Angelica
Radix, single Paeoniae Radix, single Chuanxiong
Rhizoma and the formula lacking Rehmanniae Radix
were either very small or undetectable. On the
other hand, the fructose and glucose content in the
decoctions of the formulae lacking Angelica Radix,
lacking Paeoniae Radix and lacking Chuanxiong
Rhizoma also were approximately the same as
those in the SWT decoction. This indicated that
Rehmanniae Radix provides most of the free fructose
and glucose in the SWT decoction, and therefore
plays an important role in SWT's effect promoting
hematopoiesis and immunity. As for sucrose in the
SWT decoction, Angelica Radix was shown to be a
major donor.
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1. Introduction

Si-Wu-Tang (SWT), a traditional Chinese formula
consisting of Rehmanniae Radix, Angelica Radix,
Paeoniae Radix, and Chuanxiong Rhizoma, has
traditionally been used in China for about one thousand
years (1). Dai et al. reported that SWT has been
used for the treatment of gynecologic diseases (e.g.
dysmenorrhea, menoxenia, metrorrhagia, abortion),
cutaneous diseases (€.g. pruritus, urticaria, eczema,
dermatitis), and chronic inflammation (e.g. chronic
nephritis, pelvic inflammation) (2). It has been reported
to possess sedative, anti-coagulant and antibacterial
activities, and has been reported to exhibit effects on
vasodilatation, hematopoiesis, enhancement of cellular
immunity and radio-protection (3,4). Our interest
has been focused on SWT's hematopoiesis-related
activities. Using 3.5 Gy “’Co y-ray irradiated mice as
a model of anemia, we found that SWT increases the
number of peripheral leukocytes and four types of
progenitor cells in bone marrow, colony-forming unit-
granulocyte-macrophage (CFU-GM), colony-forming
unit-mature erythroid (CFU-E), colony-forming unit-
immature erythroid (BFU-E) and colony-forming unit-
multipotential (CFU-mix) cells (5). In our latest report,
free fructose (i.e., dissociative form of fructose) was
shown to be an important active constituent that is
responsible for SWT's effect promoting hematopoiesis
and immunity after oral administration of the SWT
decoction (6). Oral administration of pure fructose, at a
dose equal to the natural content of free fructose in the
SWT decoction, showed positive effects on peripheral
leukocytes, on bone marrow progenitor cells and on
thymus index, which were similar to the SWT decoction.
Therefore, comprehensive studies on the nature of
fructose in the SWT decoction have been required. This
may help us to further understand the mechanism of
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SWT's bioactivity and the reasons for the composition
of the SWT formula. One of the fundamental questions
is which ingredient drug is the donor of free fructose in
the SWT decoction. However, to our knowledge, there
is no research concerning this question. It had been
reported that Rehmanniae Radix contains a significant
amount of free fructose (7,8), but whether or not other
ingredient drugs of SWT also contain free fructose,
or how much does each ingredient drug contribute to
the total amount of free fructose in the SWT decoction
is unknown. To answer these questions, in this study,
we determined the content of free fructose in the SWT
decoction, in the decoctions of each single ingredient
drug of SWT, and in the decoctions of the four formulae
each lacking an ingredient drug, by high performance
liquid chromatography (HPLC) with evaporated light
scattering detection (ELSD). Since this method is
capable of simultaneous determination of fructose,
glucose and sucrose, the glucose and sucrose content in
the above-mentioned decoctions were also determined.

2. Materials and Methods
2.1. Drugs and reagents

Rehmanniae Radix, Angelica Radix, Paeoniae Radix,
and Chuanxiong Rhizoma, corresponding to Rehmannia
glutinosa LIBOSCH. (Scrophulariaceae), Angelica
sinensis (OLIV.) (Umbelliferaec) DIELS, Paeonia
lactiflora PALL (Paeoniaceae), and Ligusticum
chuanxiong HORT. (Umbelliferae), respectively, were
purchased from Tongrentang Ltd. (Beijing, China) and
identified by Dr. Baiping Ma in our laboratory. Fructose
was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Glucose and sucrose were
purchased from Beijing Chemical Reagent Company
(Beijing, China). Acetonitrile was of HPLC grade
(Fisher Scientific, Fair Lawn, New Jersey, USA).
Deionized water was prepared using a Millipore water
purification system.

2.2. Chromatographic apparatus and conditions

A Waters Acquity UPLC system consisting of a
binary solvent manager, a sample manager and an

Table 1. Formula composition of each group

evaporative light scattering detector (ELSD), and an
analytical workstation with Waters Masslynx (v4.1)
software was used. Separations were carried out with
a SHISEIDO carbohydrate column (5 pm, 150 x 2.0
mm). The mobile phase was isocratic acetontrile and
water (80:20). The temperature of the column was kept
at 24°C and the flow rate was 0.6 mL/min. The drift
tube temperature, gas pressure and gain of ELSD were
40°C, 40 psi and 25, respectively. The sample injection
volume was 2 pL. The compounds were identified by
comparing their retention time values with standards.

2.3. Calibration curve, Sample preparations and
measurement

Each standard compound, fructose, glucose, and
sucrose, was accurately weighed and dissolved in 50%
acetonitrile to give serial concentrations within the
range of 0.8-10 mg/mL. Log/log calibration curves
were obtained from the log values of the peak areas
over the log values of the concentrations of the standard
solutions. Thirty-six samples were divided into nine
groups (4 repetitive samples in each group). The
formula composition of each group is listed in Table
1. Drugs of each sample were accurately weighed,
dropped into 650 mL water for 60 min at room
temperature and boiled for 30 min. The suspension was
filtered and 410 mL water was added for the second
decoction of 20 min duration. The filtered and mixed
suspension from the two decoctions was adjusted to
a volume of 820 mL. 20 mL of the decoction was
precipitated by adding 80 mL alcohol and filtered. The
filtrates were evaporated to less than 1 mL at about
50°C in vacuo. The evaporated residue was dissolved
with 50% acetonitrile into a volumetric flask. The
final volume of the sample solution was set to 25 mL.
The solutions of standards and samples were filtered
through a 0.45 pum membrane before injection into the
UPLC system. The injection volume was 2 pL.

3. Results
3.1. Typical chromatograms

Typical chromatogram of the standard compounds and

Groups Composition

Rehmanniae Radix (30 g)
Angelica Radix (20 g)
Paeoniae Radix (20 g)
Chuanxiong Rhizoma (12 g)

O 00 1 AN AW N~

Rehmanniae Radix (30 g), Angelica Radix (20 g), Paeoniae Radix (20 g), Chuanxiong Rhizoma (12 g)

Angelica Radix (20 g), Paeoniae Radix (20 g), Chuanxiong Rhizoma (12 g)
Rehmanniae Radix (30 g), Paeoniae Radix (20 g), Chuanxiong Rhizoma (12 g)
Rehmanniae Radix (30 g), Angelica Radix (20 g), Chuanxiong Rhizoma (12 g)
Rehmanniae Radix (30 g), Angelica Radix (20 g), Paeoniae Radix (20 g)

www.ddtjournal.com



181

Drug Discoveries & Therapeutics. 2010; 4(3):179-183.

typical chromatograms of the nine groups of decoctions
are given in Figures 1 and 2, respectively. Fructose,
glucose, and sucrose were perfectly separated. Among
the four groups of single ingredient drug (group 2
through group 5), obvious peaks of fructose and glucose
could be seen only in the Rehmanniae Radix group
(group 2). On the other hand, among the four groups
of the formulae lacking each ingredient drug (group 6
through group 9), only the exclusion of Rehmanniae
Radix (group 6) showed a significant decrease of
fructose and glucose. As for sucrose, both Angelica
Radix (group 3) and Chuanxiong Rhizoma (group 5)
showed obvious peaks, and the exclusion of Angelica
Radix (group 7) showed a significant decrease of peak
intensity.

3.2. Calibration curve, contents of fructose, glucose
and sucrose in each decoction group

Log/log calibration curves showed a good linear
relation between the log values of the peak areas and
the log values of the concentrations of the standard
solutions (Table 2) for fructose, glucose, and sucrose.
The contents of fructose, glucose, and sucrose in
each decoction group are summarized in Table 3. The
contents of fructose and glucose in the decoction of
Rehmanniae Radix alone (group 2) were almost the
same as those of the SWT decoction (group 1) (in
the Rehmanniae Radix alone decoction: 4.25 + 0.53
mg/mL was seen for fructose, and 3.43 + 0.60 mg/
mL for glucose; in the SWT decoction: 4.10 + 0.43

1\
600.000 3
400.000 2 4
200.000 "4 /\
0.000 ,,,,,,,,,,,,,m TP TP TPy, TilTIE
oo0 050 100 150 200 2480 300 350 400 450 500 &80 600 680 700 7A0 8.00

Figure 1. Typical chromatogram of the standard compounds. Peaks 1-3 denote fructose, glucose, and sucrose, respectively.
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Figure 2. Typical chromatogram of groups 1-5 (a) and groups 1 and 6-9 (b). Peak intensity of all samples was normalized to a
uniform value. Peaks 1-3 denote fructose, glucose, and sucrose, respectively.
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Table 2. Linear relation between the log values of the
peak areas and the log values of the concentrations of the
standard solutions

Linear range

Compounds Regression equation r (mg/mL)
Fructose y=—2.44885+0.70281x  0.99874 0.8-10
Glucose y=-2.01709 + 0.64336x  0.99964 0.8-10
Sucrose y=—224556+0.67214x  0.99914 0.8-10

x: log value of peak area; y: log value of concentration.

Table 3. Content of fructose, glucose, and sucrose in each
group of decoctions

Concentration” (mg/mL)

Groups"
Fructose Glucose Sucrose

1 4.10+0.43 3.4240.32 12.33+1.25
2 4.25+0.53" 3.43 £0.60° 0.76 £ 0.50"
3 0.47 +0.48” n.d. 9.90 +0.30"
4 0.18+0.01" n.d. 1.12+£0.13”
5 n.d. n.d. 2.85+1.30"
6 043 +0.117" 0.52+0.35" 11.69 + 1.93°
7 433 +£0.32° 3.73 £0.53" 433+0.72"
8 3.81 +0.35° 3.34+0.33° 11.67 + 1.40°
9 429+0.17° 3.82 +0.29" 10.78 + 0.64°

“See Table 1; " Data expressed mean + S.D., n = 4; n.d.: not detected.
"p<0.05,""p<0.001,%p> 0.1 as compared to group 1.

mg/mL was seen for fructose, and 3.42 + 0.32 mg/
mL for glucose), while the contents of fructose and
glucose in decoctions of Angelica Radix alone (group
3), Paeoniae Radix alone (group 4), Chuanxiong
Rhizoma alone (group 5) and the formula lacking
Rehmanniae Radix (group 6) were either very small
or undetectable. On the other hand, the contents of
fructose and glucose in the decoctions of the formulae
lacking Angelica Radix (group 7), lacking Paeoniae
Radix (group 8) and lacking Chuanxiong Rhizoma
(group 9) were also approximately the same as those
in the SWT decoction. The content of sucrose in the
decoction of Angelica Radix alone (group 3) was 9.90
+ 0.30 mg/mL, about 4/5 of that seen in the SWT
decoction (12.33 + 1.25 mg/mL, group 1). The sucrose
content when Angelica Radix was excluded (group 7,
4.33 £ 0.72 mg/mL) was about 1/3 of the amount in
the SWT decoction.

4. Discussion

This is the first report concerning the contributions
among SWT's four ingredient drugs to the content of
the SWT decoction's free fructose, which was shown
in our previous study as an important active constituent
responsible for the effect promoting hematopoiesis
and immunity from the use of SWT (6). In this study,
in order to assess the ability to provide free fructose
from each ingredient drug of SWT when decocted, we
determined the free fructose content not only in the
decoctions prepared from each single ingredient drug,

but also in decoctions prepared from the four formulae
lacking each ingredient drug. They were all compared
with the free fructose content in the SWT decoction.
The adoption of such experimental design was with the
consideration of possible interactions between different
ingredient drugs when decocted together, which may
affect the release of fructose from each ingredient
drug. All groups of samples were prepared with the
identical method to ensure their comparability. The
determination method was established and reported
by ourselves in 2004 (9). This method is capable of
simultaneous determination of fructose, glucose and
sucrose in the SWT decoction.

The results clearly indicated that Rehmanniae Radix
provides most of the free fructose and glucose in the
SWT decoction, because the contents of fructose and
glucose in the decoctions were approximately equal
to those in the SWT decoction if only the formula
contained Rehmanniae Radix. The fructose and
glucose content was either very low or undetectable
if the formula did not contain Rehmanniae Radix.
Although it had been reported that Rehmanniae
Radix contains a significant amount of free fructose
(7,8) and we had anticipated that the contribution
of Rehmanniae Radix to the free fructose content in
the SWT decoction should be significant, we had not
expected that the contribution was so exclusive. We
had not expected that the contribution of Rehmanniae
Radix to the free glucose content in the SWT decoction
was also exclusive. Since free fructose was shown
to be an important active constituent responsible for
SWT's effect promoting hematopoiesis and immunity
after oral administration of SWT (6), and Rehmanniae
Radix provides most of the free fructose in the SWT
decoction, it is inferred that Rehmanniae Radix
plays an important role in SWT's effect promoting
hematopoiesis and immunity. In fact, according
to the conventional theory of traditional Chinese
medicine (TCM) which uses "Jun" ("emperor", the
most important ingredient or plays a central role in a
formula), "Chen" ("minister"), "Zuo" ("assistor"), and
"Shi" ("emissary") to identify the importance and roles
of different ingredient drugs in a formula, Rehmanniae
Radix is the "Jun" in the SWT formula (10). Our
deduction based on modern studies is consistent with
judgment based on traditional TCM theory. In addition,
it is necessary to point out that the Rehmanniae Radix
used in SWT is not raw but has been processed by
braising, and our recent study, the data of which
will be published elsewhere, has revealed that the
major amount of fructose and glucose contained in
Rehmanniae Radix used in SWT is produced during the
braising process. Perhaps such an intentional choice of
drug variety, i.e., the choice of processed Rehmanniae
Radix, which contains significantly more free fructose
and glucose than the raw drug, indicates again the
importance of these monosaccharides for SWT's
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therapeutic effects. The results of this study showed
that Angelica Radix is a major donor of sucrose in
the SWT decoction, and next to Angelica Radix is
Chuanxiong Rhizoma. Interestingly they both belong
to the Umbelliferae family.

The mechanism of the bioactivity of free fructose
in SWT on hematopoiesis and immunity is still to be
studied. Current knowledge of fructose's metabolism
has shown that the liver is the primary metabolic site
of fructose disposal, where fructose is metabolized
by fructokinase to fructose-1-phosphate that is
cleaved by aldolase B to form dihydroxyacetone
phosphate and glyceraldehyde, both of which can
be further metabolized in the glycolytic pathway
(11). It was reported that low-dose fructose (infused
into the duodenum) could increase hepatic glucose
uptake and glycogen storage, which is possibly due
to the activation of glucokinase by trace amounts of
fructose acting on the glucokinase regulatory protein
(12). The stimulating effects on insulin-stimulated
hepatic glycogen synthesis of low-dose fructose
were also reported (13). Therefore it is necessary to
consider the possibility that fructose may help the
body's hematopoiesis and immunity by participating
in and/or regulating glucose metabolism. In our
former studies on SWT and fructose's bioactivities
(5,6), the model of anemia was induced by y-ray
radiation. Interestingly, according to Fang Yunzhong
(14), a higher energy intake is required for irradiated
experimental animals because radiation may: (i) inhibit
the oxidation phosphorylation process and lead to a
low P/O ratio; (ii) affect the Krebs cycle and decrease
production of NADH and FADH which are materials
for the oxidation phosphorylation process; and (iii)
increase the basal metabolic rate. Lack of energy or
nutrition increases the body's sensitivity to radiation,
and experiments showed that enhanced energy
supplies prevents dogs from loss of body weight after
irradiation. And among four different sugars (sucrose,
dextrin, cornstarch and glucose), glucose showed the
most significant therapeutic effect against radiation
injury, but when comparing the therapeutic effect
of glucose with fructose, fructose was even better.
According to Fang, radiation decreases the activity of
hexose kinase and thereby interrupts the transformation
from glucose to glucose-6-phosphate, which is the first
step of the glycolytic pathway. The transformation
from fructose to fructose-1-phosphate is unaffected
because the activity of fructokinase is not changed by
radiation. The current study has affirmed the exclusive
role of Rehmanniae Radix in providing free fructose
and glucose in SWT and to some extent revealed the
meaning of Rehmanniae Radix in the composition of
the SWT formula.
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ABSTRACT: Previous studies from our laboratory
have shown chemopreventive effects of dietary
flaxseed on azoxymethane-induced colon tumor
development in male Fischer rats and Apc*™ mice.
Tumorigenesis is associated with uncontrolled
cell growth and loss of apoptosis. Accordingly,
the objective of this investigation was to study
the effects of mammalian lignans (enterodiol and
enterolactone) and -3 polyunsaturated fatty
acid a-linolenic acid, principal active components
in flaxseed on cell proliferation and apoptosis in
human colon adenocarcinoma Caco-2 cells, thus
elucidating possible mechanism of action. BrdU
incorporation assay was used for cell proliferation
and fluorescence-activated cell sorting (FACS)
analysis of annexin V/propidium iodide staining was
used for determining apoptotic cells. Results showed
that enterodiol, enterolactone and a-linolenic acid
at different concentrations caused a significant (p <
0.05) increase in apoptotic cells and decrease in cell
proliferation. Therefore, dietary flaxseed containing
a-linolenic acid and lignans causes a decrease in cell
proliferation and an increase in apoptosis resulting
in the effective chemoprevention for intestinal and
colon tumor development.

Keywords: Flaxseed, enterodiol, enterolactone,
a-linoleic acid, colon cancer

1. Introduction

Colorectal cancer is the most common cancer in
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Western countries and the third leading cause of cancer
related deaths. An estimated 102,900 new colon and
39,670 new rectal cases, and 51,370 colorectal deaths
are expected in 2010 (1). The pathogenesis of colon
cancer is a complex interplay of environmental factors
such as consumption of high-fat diet, red meat, obesity,
alcohol and genetic factors (1,2). Among the all risk
factors of colon cancer, diet is a major but controllable
factor that affects colorectal carcinogenesis; both
risk factors and protective factors have been studied
extensively (3).

Many studies suggest that fatty acid composition
of dietary fat plays a vital role in colon tumor
development (4-6). Corn oil, one of the important
vegetable fats in the United States diet, contains high
levels of -6 polyunsaturated fatty acids (PUFAs)
such as linoleic acid and has been shown to enhance
colon tumorigenesis in rodents (7). In contrast, fish
oil, which is rich in w-3 PUFAs such as oa-linolenic
acid (ALA), eicosapentanoic acid (EPA) and
docosahexanoic acid (DHA) reduces azoxymethane-
induced colon tumor development in rats (2,5). In
addition to ®-3 PUFAs, mammalian lignans such
as enterolactone (EL) and enterodiol (ED) have
been suggested to prevent breast and colon tumor
development in experimental animals (8-11).

Flax is perennial plant cultivated from ancient
times for its fiber which was used in making linen.
Flaxseed was used for nutritional and medicinal
purpose of anti-tumoral, relieving pain and anti-
inflammatory (12). Flaxseed meal contains a high
percentage of a-linolenic acid, an ®-3 fatty acid and a
high amount of secoisolarciresinol diglucoside, which
is metabolized into mammalian lignans ED and EL
by the gut microflora (8). Studies from our laboratory
have reported that dietary flaxseed oil and meal have
chemopreventive effects on azoxymethane-induced
colon tumor development in male Fischer rats and
also inhibits intestinal tumor development in Apc™™"
mice by increasing -3 fatty acid levels, lignans
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and decreasing COX-1 and COX-2 levels (13,14).
However, the precise mechanism(s) of flaxseed on
colon tumor development remain largely unknown. In
term of mechanistic studies, it has been well known
that tumorigenesis is associated with uncontrolled cell
replication and loss of apoptotic death of cells (15,16).
Accordingly, the purpose of the present investigation
was to study the role of these active components, EL,
ED and ALA, present in flaxseed on cell proliferation
and apoptosis in human colon adenocarcinoma Caco-2
cells.

2. Materials and Methods
2.1. Materials and reagents

EL, ED, and ALA were purchased from Sigma-Aldrich
Chemicals (St. Louis, MO, USA). The purity for ED,
EL is > 95% and for ALA is > 99% by HPLC analysis.
Dulbecco's modified Eagle's medium (DMEM), fetal
bovine serum (FBS), trypsin EDTA and phosphate
buffered saline (PBS) were from Mediatech, Inc.
(Herndon, VA, USA). Dimethyl sulfoxide (DMSO)
was obtained from Fisher Scientific (Fair Lawn, NJ,
USA). Cell proliferation ELISA kit was from Roche
Diagnostics GmbH (Mannheim, Germany). Vybrant
apoptosis kit 2 was purchased from Molecular Probes
(Eugene, OR, USA). Other reagents were obtained in
their highest purity grade available commercially.

2.2. Cell culture

Human colon adenocarcinoma Caco-2 cell line were
grown in DMEM supplemented with 10% FBS
with 100 unit/mL of penicillin and 100 pg/mL of
streptomycin in a humidified atmosphere containing 5%
CO, and 95% air at 37°C.

2.3. Preparation of EL, ED and ALA stock solution

EL, ED, and ALA were dissolved in DMSO respectively
as stock solutions. Stock solutions were diluted in
DMEM at different concentrations and immediately
used. In all the assays, the final concentrations of
DMSO in DMEM were less than 0.3%.

2.4. Cell proliferation assay

Cell proliferation assay was carried as previously
described by Zhang et al. (16) using Cell proliferation
ELISA, BrdU (colorimetric) kit commercially
available (Roche Applied Science, Indianapolis, IN,
USA). Briefly 1 x 10* cells were plated in 96 well
plates and allowed to attach. Following attachment,
cells were treated with various concentrations of EL,
ED or ALA for desired time points. At time points 24,
48, and 72 h; 10 uL/well of BrdU labeling solution

was added to the media and cells were incubated
for 3 h in an incubator with 5% CO, at 37°C. After
incubation, the labeling solution was removed by
tapping off the plate; cell plate was then dried using
hair-dryer for about 15 min. 200 pL/well of FixDenat
solution was added to each well of the plate and
incubated at room temperature for 30 min. FixDenat
solution was removed by tapping off and anti-BrdU-
POD (100 pL/well) was added and incubated for
90 min at room temperature. Antibody conjugate
was removed by flicking off the plate, followed by
washing with 200 pL of washing buffer three times.
After the final wash, the washing buffer was removed
and 100 pL of substrate solution was added to each
well and incubated for 20 min at room temperature.
After incubation, the reaction was stopped by adding
25 uL of 1 M H,SO, per well, the plate was incubated
for 1 min on the shaker in the cell plate reader.
Absorbance was measured at 450 nm (with a reference
wave length of 690 nm). Cell proliferation was
expressed as the percentage of the absorbance values
of drug treated groups to cells incubated with normal
media.

2.5. Apoptosis assay

Vybrant Apoptosis Kit 2 (Molecular Probes) was used
to quantitate apoptosis. The percent apoptotic cells
were determined by using the manufacturer's protocol.
Briefly 2 x 10’ cells were grown in 6 well plates and
allowed to attach. Following attachment, cells were
treated with various concentrations of EL, ED or ALA
for 72 h. At the end of the treatment, adherent and non-
adherent cells were harvested and washed twice with ice-
cold PBS, and then resuspended in 1x annexin-binding
buffer (approximately 300 pL per treatment). Cells
were resuspended 5 pL of Alexa Flour 488 annexin V
(component A) and 1 pL of the 100 pg/mL of propidium
iodide (PI) working solution was added to each 100 pL
of cell suspension. The cells were then incubated at room
temperature for 15 min. After incubation, 400 uL of 1
x annexin-binding buffer was added to each sample and
the samples were kept on ice until analyzed. Samples
were analyzed with BD FACScan™ flow cytometry
(BD Biosciences, San Jose, CA, USA). The percentage
of apoptotic cells in the cell samples was analyzed using
CellQuest Software (BD Biosciences, San Jose, CA, USA).

2.6. Statistical analysis

Data were analyzed with INSTAT software (Graph
Pad, San Diego, CA, USA). ANOVA followed by
Tukey post test was applied to compare the statistical
difference of different treatment groups with DMSO
groups as controls. Significance in all the experiment
was considered at p < 0.05. Values were expressed as
mean =+ the standard deviation (S.D.) of the mean.
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3. Results
3.1. Effects of lignans on cell proliferation

Caco-2 cells were plated and allowed to grow until
70-90% confluence was observed. At that point
the growth media was removed and the cells were
treated with increasing concentrations of EL, ED
and combination of EL and ED. Cell proliferation
data for human colon cancer Caco-2 cells using
various concentrations of EL, ED both alone and in
combination are shown in Figure 1. ICy, for EL, ED
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Figure 1. Effects of lignans on cell proliferation in Caco-2
cells. Cells in Media groups were treated with media only,
whereas, cells in DMSO groups were treated with media
containing same concentration of DMSO of treated groups.
Thus, DMSO groups were preformed as control group. (A)
Cells were treated with different concentrations of EL (0-150
uM) for 24, 48, and 72 h, respectively. (B) Cells were treated
with different concentrations of ED (0-150 pM) for 24, 48, and
72 h, respectively. (C) Cells were treated with combinations
of EL and ED for 24, 48, and 72 h, respectively. At the end of
respective treatment, BrdU incorporation assays were performed
as detailed in the "Materials and Methods". Values of BrdU
incorporation assay are mean + S.D. of three samples in each
treatment. *, p < 0.05 indicates statistical significance in treated
groups as compared to DMSO control groups.

was found to be 60 uM and 150 pM, respectively.
EL and ED significantly (p < 0.05) inhibited cell
proliferation of Caco-2 cells starting at 50 uM and
150 uM, respectively, as shown in Figure 1. Thus, EL
significantly (p < 0.05) decreased cell proliferation at
relatively lower concentrations when compared to ED.
However, both EL and ED decreased BrdU uptake into
the DNA in a concentration-dependent manner.

Various concentrations of a combination of EL and
ED were used to study cell proliferation at different
time periods as shown in Figure 1C. A combination of
37.5 uM of EL and 37.5 uM of ED showed significant
(p <0.05) decrease in cell proliferation.

3.2. Effects of ALA on cell proliferation

Caco-2 cells were plated and allowed to grow until
70-90% confluence was observed. At that point the
growth media was removed and the cells were treated
with increasing concentrations of ALA and combination
of ALA + EL and ALA + ED as shown in Figure 2. The
IC,, for ALA was found to be around 750 uM. ALA
in concentration of 700 uM significantly (p < 0.05)
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Figure 2. Effects of ALA and combinations of ALA with
either EL or ED on cell proliferation in Caco-2 cells. (A)
Cells were treated with different concentrations of ALA
(0-1,000 uM) for 24, 48, and 72 h, respectively. (B) Cells
were treated with combinations of ALA with either EL or ED
for 24, 48, and 72 h, respectively. At the end of respective
treatment, BrdU incorporation assays were performed. Values
of BrdU incorporation assay are mean + S.D. of three samples
in each treatment. *, p < 0.05 indicates statistical significance
in treated groups as compared to DMSO control groups.
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reduced cell proliferation.

As shown in Figure 2B, a combination of 50 uM of
ED and 400 uM of ALA showed significant (p < 0.05)
decrease in cell proliferation. Similarly, a combination
of 50 uM of EL and 400 uM of ALA also significantly
(p < 0.05) inhibited cell proliferation. As compared to
ALA alone, combination of ALA with either ED or EL,
ALA exhibited significant inhibition of cell proliferation
in Caco-2 cells at a relatively lower concentration.

3.3. Effects of lignans on apoptosis

Flow cytometric analysis of Caco-2 cells with various
concentrations of EL and ED both alone and in
combination is shown in Figure 3. Both EL and ED at the
concentration of 100 uM significantly (p < 0.05) induced
apoptosis in Caco-2 cells as compared to DMSO treated
control group. However, EL treated cells showed higher
increase of apoptotic cells when compared to ED. The
percentage of apoptotic cells was higher at 150 pM of
EL when compared to other concentrations of ED alone
and combination with 75 pM of ED and 75 uM of EL.

3.4. Effects of ALA on apoptosis

Flow cytometric analysis of Caco-2 cells using various
concentrations of ALA alone and in combination
with EL and ED is given in Figure 4. ALA alone
significantly (p < 0.05) induced apoptosis in relatively
higher concentrations (800 uM and 1,000 uM). Even
ALA combined with either ED or EL significantly (p <
0.05) induced apoptosis at 500 uM of ALA with either
75 uM of ED or 75 uM of EL, respectively, which are
relatively higher concentrations as compared to the
combination of EL and ED.

4. Discussion

Colorectal cancer continues to pose a serious health
problem in the United States leading to the third most
prevalent cancer in the United States and accounting
for 10% of cancer deaths (1). Colorectal cancer evolves
from a multistep process and is a disease strongly
influenced by diet. Prevention of colorectal cancer at
early stages has been improving due to several advances
in diagnosis and cellular biology.

Among dietary factors, there is growing
epidemiological, clinical and experimental evidence
which suggests a protective role of w-3 PUFAs found
in fish oil, flaxseed oil, perilla oil on colon cancer. In
contrast, dietary lipids rich in ®-6 PUFAs found in
vegetable oils, corn oil enhance the development of
colon tumors. This is significant because the typical
Western diet contains 10-20 times more -6 than ©-3
PUFAs (2,7).

Dietary flaxseed meal which has a high percentage
of ©-3 PUFAs and lignans grown in the Dakotas, was
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Figure 3. Effects of lignans on apoptosis in Caco-2 cells
as measured by annexin V/PI staining. Cells were treated
with EL alone, ED alone and combination of EL and ED for
72 h, and then cells were collected by brief trypsinization.
(A) Dot plot of annexin V (FL1-H)/PI (FL2-H) staining of
Caco-2 cells by flow cytometry. The lower left quadrant
includes viable cells, which exclude PI and are negative for
annexin V staining. The lower right quadrant is apoptotic
cells, which exclude PI but bind to green fluorescence
labeled annexin V. The upper quadrants represent necrotic
cells or dead cells that do not exclude PI. (B) shows
percentages of apoptotic cells after analysis of the FACS
data using CellQuest software. In each case data represent
mean + S.D. of three observations. *, p < 0.05 indicates
statistical significance in treated groups as compared to
DMSO control.
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Figure 4. Effects of ALA and combinations of ALA with
either EL or ED in Caco-2 cells as judged by annexin V/PI
staining. Cells were treated with ALA alone or combination
of ALA with either EL or ED for 72 h, and then cells were
collected by brief trypsinization. Graph shows percentages
of apoptotic cells after analysis of the FACS data using
CellQuest software. In each case data represent mean +
S.D. of three observations. *, p < 0.05 indicates statistical
significance in treated groups as compared to DMSO control.
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tested as a possible chemopreventive agent in colon
and intestinal tumor development. Studies from our
laboratory have been reported that dietary flaxseed meal
showed substantial chemopreventive effects on colon
tumor development and intestinal tumor development in
male Fischer rats and Apc™™ mice model, respectively,
by increasing levels of -3 fatty acid and lignans
(13,14).

The present study was undertaken to elucidate the
possible mechanism of action of flaxseed meal on colon
tumor development in vivo by investigating the effects
of components of flaxseed meal on cell proliferation
and apoptosis in human colon adenocarcinoma Caco-2
cells. Results showed that major components of dietary
flaxseed meal, EL, ED, and ALA can inhibit colon
tumor cell proliferation, with EL being more effective
than ED and ALA. Mammalian lignans such as EL and
ED have been shown to reduce proliferation of estrogen
sensitive breast tumor cells such as ZR-75-1 and
MCF-7 in culture (11). This effect has been related to a
number of mechanisms including the ability of lignans
to act as antiestrogen i.e., competing with estrogens for
binding with estrogen receptors. In case of colon tumor
cells, evidence of estrogen receptors is conflicting.
Therefore, the growth inhibitory activity of colon tumor
cells may be mediated through other mechanisms (11).

The protective effects of lignans against colon tumor
cell proliferation might be through apoptosis mediated
cell death and also through their antioxidant property.
A recent study showed that EL suppressed Colo 201
human colon cancer cell growth both in vitro and in
vivo and the suppressive mechanisms were attributed to
apoptosis and decreased cell proliferation (10).

The current study showed that mammalian
lignans along with ALA were effective in inducing
apoptosis and inhibiting cell proliferation in human
colon adenocarcinoma Caco-2 cells. However, the
concentration of ALA which could result in a significant
effect was relatively higher than EL and ED. A possible
reason may be that ALA is metabolized to EPA and
DHA and these metabolites alone or in combination
with ED and EL may provide higher effects on
inhibiting cell proliferation and inducing apoptosis in
Caco-2 cells.

Several in vitro studies have already showed
that -3 fatty acid, EPA has antitumoral effects
through inhibition of cell proliferation or induction
of apoptosis (17). In another study, it was shown that
growth inhibitory and cytotoxic effects of PUFAs
with methylene-interrupted double bonds such as
arachodonic acid and EPA are due to peroxidation
products that are generated during lipid peroxidation
and COX activity (18).

In conclusion, this study demonstrated that
components of flaxseed meal are effective in
decreasing cell proliferation of colon cancer cells and
inducing apoptosis of cancerous cells. Consumption

of dietary flaxseed leading to the circulating level of
ALA, EPA, DHA, EL, and ED could be effective for
the management of colon cancer. Further studies are
needed on the effects of ALA, EPA, DHA, EL, and ED
on other cell lines on other biomarkers of colon cancer
development to completely understand the mechanism
of action.
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ABSTRACT: The present study aimed to improve
solubility, dissolution and ultimate bioavailability
of poorly soluble artemether, an antimalarial
drug, by encapsulating it in p-cyclodextrin (B-CD)
and its methyl and hydroxylpropyl derivatives.
The effect of these complexes was confirmed by
in vivo studies. Phase solubility studies indicated
1:1 stoichiometry and were supported by mass
spectrometry and proton nuclear magnetic
resonance ('H-NMR) spectroscopy. True inclusion
of artemether into the cyclodextrin cavity was
observed in lyophilized complexes by differential
scanning calorimetry (DSC), powder X-ray
diffraction (PXRD) and Fourier transform
infrared spectroscopy (FT-IR) studies. The mode of
inclusion was supported by two-dimensional (2D)
NMR. Solution calorimetry was used to confirm
1:1 stiochiometry by determining the enthalpy of
interaction between the drug and cyclodextrins.
The stability constant (K) of inclusion and other
thermodynamic parameters such as enthalpy (AH)
as well as entropy (AS) of binding accompanying
the encapsulation were determined. The calculated
value of K indicated that M-p-CD has maximum
complexing efficiency. Dissolution studies indicated
that the highest release rate was observed for
lyophilized complexes. In vivo studies of lyophilized
complexes of M-B-CD showed a 3-fold increase
in antimalarial activity compared to artemether
and resulted in 100% eradication of parasite.
However, 83% and 50% survival rates were
achieved in 40 days using HP-B-CD and B-CD
complexes respectively. The study concludes that
encapsulation of artemether by cyclodextrins is a
good alternative to enhance the bioavailability of
the drug.
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1. Introduction

Malaria is the most life threatening disease among
parasitic infections. Of the four human malaria
parasites, Plasmodium falciparum is the overwhelming
cause of serious disease and death (/). Artemether,
a rapidly acting antimalarial drug is potent, efficient
against acute and severe P. falciparum malaria. WHO
has listed it as an essential drug for the treatment
of severe multiple resistant malaria (2). It acts by
generating free radicals from the endoperoxy bridge
of the drug and interacts with heme molecules located
in the food vacuole of the parasite which is essential
for its antimalarial activity (3). The therapeutic
efficacy of artemether is greatly hampered due to its
poor bioavailability and low aqueous solubility (3).
One of the approaches to overcome these problems
is to use cyclodextrins (CDs) as drug carriers. These
oligosaccharides are most interesting because they
form drug complexes in both the solution and solid
state, wherein either the whole guest, or part of it
(commonly the less polar part), is sequestered inside
the hydrophobic cavity (4). The present study reports
the preparation of inclusion complexes of artemether
with B-CD (B-cyclodextrin), M-B-CD (methyl-f-
cyclodextrin) and HP-B-CD (hydroxypropyl-p-
cyclodextrin) and is aimed at improving its solubility
and bioavailability. The data available regarding the
formation of complexes of this important antimalarial
drug (3,5) lack detailed characterization and
thermodynamic parameters as well as in vivo studies
except for one recent report (6) where the authors
have used only HP-B-CD. Thus, the emphasis of the
current study is both on formation of complexes and
on an in vivo model to monitor the suitability of these
complexes to enhance the bioavailability and dose of
artemether.
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2. Materials and Methods
2.1. Preparation of artemether inclusion complexes

The inclusion complexes of artemether with different
types of CDs were prepared at a stoichiometric molar
ratio of 1:1 using physical mixing, kneading and
freeze-drying. Physical mixtures were prepared by
simple mixing of drug with different CDs in a mortar.
In the kneading method, cyclodextrins were wetted
with water in a glass mortar until a paste was obtained,
the drug was added and the slurry was kneaded for
90 min. An appropriate amount of water was added in
order to maintain a suitable consistency. The product
was dried under vacuum at 40°C for 48 h and sieved
through 150 pm mesh. In the freeze-drying method,
the required stoichiometric amount of drug was added
to an aqueous solution of different CDs and solutions
in the presence and absence of CDs were agitated
on a magnetic stirrer for 24 h. The resulting solutions
were frozen at (— 80°C) overnight. The products were
lyophilized under 17.2 mTorr for 48 h. The sample was
transferred into a vacuum desiccator and dried over
silica gel under vacuum for at least 24 h.

2.2. Characterization

The complexes were characterized using a differential
scanning calorimeter (DSC) (7,8), mass spectrometry,
Fourier transform infrared spectrometry (FT-IR) (9,10),
powder X-ray diffraction (PXRD) (/7,12), proton
nuclear magnetic resonance spectroscopy (‘H-NMR)
(13-15) methods vis-a-viz phase solubility (/6,17) and
dissolution studies (/8). Solution calorimetry was used
to directly measure the enthalpy changes associated
with encapsulation (19,20).

2.3. Phase solubility studies

Phase solubility studies were carried out according to the
method described by Higuchi and Connors (27). These
were performed by adding excess amounts of drug to
10 mL of simulated intestinal fluid (pH 6.8) solution in
the absence or presence of increasing concentrations
(0.001 to 0.015 M) of B-CD and M-B-CD and HP-f-
CD. Suspensions were sealed and shaken in a water-
bath shaker MSW-275 (Macroscientific Works, Delhi,
India) at 37 + 0.5°C for 24 h to ensure equilibrium. The
samples were filtered through 0.45 pm Millipore filter
paper and analyzed at 240 nm spectrophotometrically
using a UV/VIS spectrophotometer (Perkin Elmer
Lamda 15, USA). The presence of CDs did not interfere
with the spectrophotometric assay of the drug.

2.4. Differential scanning calorimetry (DSC)

DSC thermograms of artemether, pure CDs and their

inclusion complexes were obtained on DSC, Q20, TA
instruments-Waters LLC, USA. The calorimeter was
calibrated for temperature and heat flow accuracy using
the melting of pure indium (mp 156.6°C and AH of
25.45 Jg ). The temperature range was from 25-350°C
with a heating rate of 10°C per minute.

2.5. Powder X-ray diffraction (PXRD) analysis

Powder diffraction patterns of artemether and
their inclusion complexes were recorded on an
X-ray diffractometer (XPERT-PRO PANanalytical,
Netherlands) using Cu as tube anode. The
diffractograms were recorded under the following
conditions: voltage 40 kV, 35 mA, angular range 5,
fixed divergence slit.

2.6. Mass spectrometry

Mass spectrometric studies were performed using a
Q-ToF quadruple time of flight mass spectrometer
(Waters) equipped with an electrospray source. After
optimization of the MS parameters, the spray voltage
was set to 2.5 kV in the positive mode, and the heated
metal capillary temperature was set at 80°C.

2.7. Fourier transform infrared (FT-IR) spectroscopic
studies

The FT-IR spectra of artemether and inclusion
complexes forms were recorded on an FT-IR
spectrometer (Mode spectrum RXI, Perkin Elmer, UK)
over the range 400-4,000 cm '. Dry KBr (50 mg) was
finely ground in a mortar and samples of drug and
their complexes (1-2 mg) were subsequently added and
gently mixed. A manual press was used to form the
pellets.

2.8. Two-dimensional (2D) and proton nuclear
magnetic resonance ('H-NMR) spectroscopy

'H-NMR and two-dimensional (2D) COSY spectra in
d,-DMSO of artemether and inclusion complexes were
recorded with a Brucker AC 300°C NMR spectrometer
apparatus operating at 300 MHz using tetramethylsilane
as an internal standard. For 2D COSY experiments,
samples were equilibrated for at least 24 h.

2.9. Solution calorimetry

Isoperibol solution calorimeter (ISC) model 4300
(Calorimetry Science Corporation, Lindon, UT, USA)
was used for thermal measurements. It is a semi-
adiabatic calorimeter with temperature resolution, after
noise reduction, close to 1 puK, which corresponds to
a heat resolution of 1-4 mJ in a 25 mL buffer (pH 6.8)
reaction vessel. The details are given in our previous
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papers (22,23). The performance of the system was
tested by measuring enthalpy of solution of potassium
chloride (17.301 kJ/mol) in triple distilled water,
which is in good agreement with known enthalpy
of solution of 17.322 kJ/mol. The precision of any
individual measurement was better than + 0.03 kJ/mol
for three consecutive experiments.

2.10. Dissolution studies

The dissolution studies were performed on the
inclusion complexes of artemether prepared by all
three methods using a USP (/2) apparatus equipped
with paddle type tribune at 50 rpm in 900 mL of
simulated intestinal fluid (pH 6.8) pre-equilibrated at
37 £ 0.5°C. Inclusion complexes equivalent to 100 mg
of artemether were filled into hard gelatin capsules.
Sample was withdrawn at different intervals for a
period of 4 h and analyzed spectrophotometrically
at 240 nm. Three replicates were made for each
experiment.

2.11. In vivo studies
2.11.1. Parasite strain

Plasmodium berghei (NK 65 strain) was used for
evaluation of antimalarial activity in vivo studies and
was maintained in BALB/c mice by intraperitoneal
(i.p.) inoculation of infected blood. Percent
parasitaemia was quantitated on every alternate day
in Giemsa stained tail vein blood films and was
calculated by counting at least 500 red blood cells
(RBCs).

2.11.2. Animals

Four to five weeks old BALB/c mice (25-30 g) were
procured and maintained in the Central Animal House
and were provided with standard pellet diet and water
ad libitum. Experiments were performed according to
National Science Academy Guidelines Committee for
the purpose of control and supervision of experiments
on animals (CPC-SEA).The experimental protocol was
approved by Institutional Animal Ethics Committee

(A.1.E.C)).

Animals were divided into 2 major groups.
Animals belonging to group I were used for dose
standardization and animals of group II were used
to monitor the efficacy and potency of prepared
lyophilized complexes. Groups I and II were further
subdivided as follows. Group I (56 animals) was
subdivided into the following 7 groups (Table 1):
Group 1A, P. berghei infected animals (control); Group
IB, animals treated with a single dose of artemether
(4 mg/kg) on day 3 post inoculation (PI) up to 7 days;
Group IC, animals treated twice a day with dose (5
mg/kg) on day 3 PI up to 7 days; Group ID, animals
treated twice a day with dose (5 mg/kg) on day 2 PI
for 3 consecutive days; Group IE, animals treated
twice a day with dose (5 mg/kg) on day 2 PI for 7
consecutive days; Group IF, animals treated with dose
(16 mg/kg) on day 1 PI, followed by a single dose
(8 mg/kg) after 8 h and then two times a day up to 7
days; Group IG, animals treated with a single dose (10
mg/kg) after 8 h of PI followed by single dose therapy
two times a day up to 7 days.

Animals of Group II were subdivided into 5
groups and each group comprised of 6 animals (n = 6).
Artemether, Am-B-CD, Am-M-B-CD and Am-HP-§-
CD were administered to group IIB, group IIC, group
IID and group IIE respectively (Table 2). These were
treated with single dose therapy (5 mg/kg) two times a
day on 1 day of PI for 7 days.

2.11.3. Preparation and administration of doses

Artemether and its complexes were suspended in
0.5% carboxymethyl cellulose (CMC). Each animal
was treated with 100 pL artemether and its various
lyophilized complexes (Table 1).

2.11.4. Challenge of the experimental animals and
follow up of the experimental animals

All the mice belonging to groups I and II were
challenged with 10° P. berghei infected RBCs (i.p.).
After challenge the mean percent parasitaecmia,
percent activities of various complexes of artemether
along with animal survivability were monitored.

Table 1. Dose standardization of antimalarial drug artemether in P. berghei infected mice (n = 8)

Artemether treated No. of survivals/ Survival time

Groups (mg/kg)’ Day of treatment total No. of animals (¢ =40 days)
1A 0 NA 0/8 8 days
1B 4 SDT on day 3 PI up to 7 days 0/8 12-16 days
IC 5 TD on day 3 PI up to 7 days 0/8 15-18 days
ID 5 TD on day 2 PI up to 3 days 0/8 14-20 days
IE 5 TD on day 2 PI up to 7 days 2/8 40 days
IF 8 DD on day 1 PI followed by SD after 8 h. BD on day 2 PI up to 6 days. 5/8 40 days
1G 10 SD after 8 h PI followed by BD up to 7 days of infection 8/8 40 days

* Animals were treated with indicated amounts of artemether in 0.5% CMC.

Abbreviations: NA, not applicable; SDT, single dose therapy; TD, twice a day; DD, double dose; SD, single dose; PI, post inoculation.
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Table 2. Antimalarial activity of complexes of artemether
in P. berghei infected mice

Groups  Treatments % Parasitaemia % Mortality
on day 8 PI (n= 6, t=40 days)
1A 0.5% CMC solution 35.56 100
11B Artemether 49 66.7
(5 mg/kg)
1c Am-B-CD 4.6 50
(5 mg/kg of Am)
11D Am-M-B-CD 0.0002 16.7
(5 mg/kg of Am)
1IE Am-HP-3-CD 1.45 0
(5 mg/kg of Am)

Abbreviations: ¢, No. of days; n, No. of animals per group; PI, post
inoculation; Am-B-CD, artemether-p-cyclodextrins complex; Am-M-
B-CD, artemether-methyl-p-cyclodextrins complex; Am-HP-B-CD,
artemether-hydroxypropyl-p-cyclodextrins complex.
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Figure 1. Phase solubility curves of artemether with §-CD
and its derivatives at 37°C.

2.11.5. Percent parasitaemia

Percent parasitaemia was monitored on every alternate
day for up to 40 days using tail blood smears, fixed in
methanol and stained with Giemsa stain. At least 500
cells were counted.

2.11.6. Statistical analysis

Data was expressed as mean + S.D. and parasitaemia
of the artemether and its inclusion complexes were
statistically assessed by one-way ANOVA followed
by Turkey test using Jandel Sigma Stat 2.0 version.
Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Phase solubility analysis

The solubility of artemether increased in a linear
fashion as a function of B-CD, M-B-CD and HP-3-CD
concentration and followed an A, -type system showing
that a soluble complex was formed and no precipitation
was observed over the entire concentration range
studied. This linear host-guest correlation with a slope
less than one suggested the formation of first order
molar soluble complexes (Figure 1).

3.2. DSC analysis
DSC was used to provide detailed information about

the physical state of the inclusion complex (Figure
2). The DSC thermograms of artemether were typical

Bl Al ] B e 0 28 00 e B2 sl
P —1 Teperstre () /‘ Tangerature (T

Figure 2. DSC thermograms of artemether-CD solid systems. AM, artemether; CDs, 3-CD, M-B-CD and HP-B-CD; PM,
physical mixtures; KN, kneaded complex; Ly, lyophilized complex.
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of an anhydrous crystalline substance, exhibiting a
sharp endothermic peak at 86.61°C, corresponding to
the melting point of the drug. The complexes of the
physical mixtures as well as the kneaded complexes of
B-CD, M-B-CD, and HP-B-CD, and the phase transition
thermal profile of artemether remained recognizable
with reduction and broadening of the drug fusion
peak, with a concomitant shift to lower temperature.
The complete disappearance of the endothermic peak
was observed for lyophilized systems indicating
formation of a true inclusion complex. Decomposition
was shifted to a higher temperature and was greatly
reduced which further supports that the inclusion of
the drug has enhanced its physical stability.

3.3. PXRD analysis

The diffraction pattern of artemether showed sharp
diffraction peaks at 26° = 9.5622, 9.6787, 10.2706,
10.35353, and 19.3998 indicating its crystalline
state and these were still detectable in the respective
physical mixtures and kneaded complexes, though
with evident reduction in their intensity. On the other
hand, as expected the lyophilized products showed
complete disappearance of drug diffraction peaks in
M-B-CD, and HP-B-CD (Figure 3).

3.4. Mass spectrometry

The prepared lyophilized complexes of 3-CD, M-§-

B-CD
LY

KN

M-B-CD

CD, and HP-B-CD were introduced into the mass
spectrometer and peaks were observed at m/z 1136,
1434, 1609, and 1679 corresponding to the charged
[B-CD + H]", [Am + B-CD + H]', [Am + M-B-CD
+ H]’, and [Am + HP-B-CD + H]", respectively,
indicating 1:1 stoichiometry as suggested by phase
solubility analysis (Figure 4). There is no trace of 1:2
stoichiometric complexes (24,25).

3.5. FT-IR spectroscopic studies

FT-IR could not give much useful information as the
spectra of complexes of B-CD, M-B-CD, and HP-B-CD
were found quite similar to their corresponding pure
CDs because of the coincident absorption of both the
host and guest molecules in most of spectral region.
Bands of the included part of the guest molecule are
masked by the bands of the spectrum of CDs (Figure 5).

3.6. NMR spectroscopic studies

NMR spectroscopy assures the existence of complexes
in solution and also predicts its geometry by determining
the chemical shift changes of drug protons due to its
insertion into the hydrophobic cavity of cyclodextrins.
A downfield shift in the cycloheptane protons H-d, H-g,
H-h, H-m, and H-n of drug revealed the presence of
artemether molecule in the cyclodextrin cavity (Figure
6B). The most plausible mode is that cycloheptane
ring with endoperoxide group enters the cavity from

HP-B-CD

M
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Figure 3. PXRD diffraction pattern of artemether-CD solid systems. AM, artemether; CDs, B-CD, M-B-CD and HP-B-CD;
PM, physical mixtures; KN, kneaded complex; Ly, lyophilized complex.
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Figure 4. Mass spectra of lyophilized complexes of artemether.
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Figure 5. FTIR spectra of artemether-CDs solid systems. PM, physical mixtures; KN, kneaded complex; Ly, lyophilized
complex.
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the secondary face because of its narrower dimension
(2.89 A), whereas the opposite end of the molecule
consisting of two cyclohexane rings with groups having
dimensions of 6.9 A is partially protruding (Figures 6A
and 6C). A downfield displacement (Table 3) indicates
that these protons are closer to the electronegative
atom (oxygen) whereas, an upfield shift in protons H-e,

n HSCn

Figure 6. Chemical structure of artemether (a), inclusion
mode of artemether with p-CDs (b), and molecular
representation of inclusion complex of artemether with
B-cyclodextrin cavity (c).

H-b, and H-f of the molecule indicates variation in the
local polarity due to weaker interactions with hydrogen
atoms (shielding effect due to Van der Waals forces
between drug and carbohydrates) (26-29). 2D COSY
spectra were further used to get more insight into the
geometry of the complex. It provides information
about the spatial proximity between host and guest
atoms by observing intermolecular cross-relations.
The appearance of cross peaks (Figure 7) between H-5
protons of CD and H-b and H-n protons support our
proposed inclusion mode involving insertion of the
cycloheptane ring with endoperoxide bridge (trioxane
ring) deep into the cavity. Cross peaks are also present
between H-3 protons of CD and H-a protons of the
oxygen containing cyclohexane ring of the drug.
These results were in agreement with Yuen et al. and
Illapakurthy et al. (30,31). However, it contrasts with
findings obtained by Bo et al. (6). The encapsulation
prevents decomposition leading to enhancement in
physical stability as shown by DSC scans.

3.7. Stoichiometry by solution calorimetry

Solution calorimetry was employed to confirm the
stoichiometry as well as to evaluate the stability
constants and thermodynamic parameters associated
with the binding process and are summarized in Table 4.
The molar enthalpy of solution (A,,H,) was found to
be exothermic (— 13.18 kJ/mol) for artemether and was
even more exothermic for the solution of artemether
in the presence of CDs (A ,;Hcpy)- This is due to
interaction between drug and cyclodextrins. Enthalpy of
interaction was calculated by subtracting the enthalpy
of solution of drug in cyclodextrins from that in pure
buffer. The enthalpy of interaction was calculated from
the equation 1:

_ AHp—AH

AHim(exp) - v (l)

(Eq. 1)

where AH, ., denotes enthalpy of interaction between
drug and cyclodextrin per liter of solution; AH and
AHcp, denote enthalpy of solution of drug in buffer
and in buffered aqueous solution of cyclodextrins,
respectively; and v (/) denotes volume of sample cell in
liters (0.025 L).

Enthalpy of interaction per mole of drug and
cyclodextrin (A,,H,) were calculated from equation 2:

AH

a+b

Asn]H(M)(CD) - AsolH(M)

1+X2/X]

int(exp)

AHint(M) =

(Eq.2)

where, a and b denote initial molar concentration of
drug and cyclodextrin, respectively, in solution; X,
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Table 3. Values of "H chemical shifts before and after inclusion

Artemether Byrug 8. comples, M-p-CD complex, HP-B-CD comples, respectively A8 (ppm)

H-a 4.6845 4.8279, 4.5685, 4.5783 0.1434,-0.116,-0.016

H-b 5.3163 5.7255,5.2974, 5.3003 0.4092, - 0.0189, — 0.1062
H-c 3.4023 3.3756, 3.2918, 3.2835 —-0.0267,—-0.1105,-0.1188
H-d 2.1766 2.1853,2.1681, 2.0437 0.0087, 0.02787, 0.01297

H-e 1.144 1.1519, 1.14068, 1.1574 0.0123,-0.003327, - 0.00127
H-f,j 1.355 1.347, 1.34832, 1.3538 —0.00802, — 0.0068, — 0.01336
H-g 2.3928 2.4014, 2.4051, 2.4032 0.00856, 0.0123, 0.0104

H-h 1.7731 1.7949, 1.7976, 1.6597 0.0218, 0.02446, - 0.01134
H-i 1.5938 1.5525, 1.6039, 1.5575 —0.04132,0.0101, - 0.03627
H-k 2.5073 2.5066, 2.5072, 2.5072 —0.0007,—-0.0001, —0.0001
H-1 0.8958 0.8905, 0.8928, 0.8445 —0.00525, - 0.003, — 0.00545
H-m 0.8390 0.8400, 0.8423, 0.8949 0.00105, 0.0033, 0.009

H-n 1.2865 1.2933, 1.2944, 1.2946 0.0068, 0.0079, 0.0099

AS = 8(c0mplex) - 5(Free>-

H-sg_@ g
H3of *  omg
M-p-CD

o

Fiw

A LS A wl A e RS DL os il s A =

Figure 7. COSY spectra of inclusion complexes of
artemether with §-CD, M-B-CD and HP-B-CD.

and X, denote apparent mole fractions of the drug and
cyclodextrin, respectively, ignoring the concentration of
buffers.

The detailed calorimetric results for artemether-f3-
CD complexation are summarized in Table 4. Similar
calculations were obtained for M-B-CD and HP-B-CD.

The stoichiometry of the complex was ascertained

utilizing a continuous variation method (Job's plot)
(32) by plotting A, H,, versus X, (Figure 8). It is
clear that the minima occurs at X, = 0.5 confirming
the 1:1 stoichiometry as proposed by phase solubility,
mass spectrometry, and proton NMR studies.

The thermodynamic constants were calculated
assuming the following equilibria:

CD + artemether <> CD:artemether (Eq. 3)
The experimentally calculated enthalpy of interaction
(AH,,exp) 18 proportional to the product of molar
concentration of the CD:artemether complex (c¢) in
solution at equilibrium and enthalpy of binding per
mole of drug (AH®).
AH =AH® x ¢

int(exp) (Eq 4)
The equilibrium constant for equation 3 can be
represented by

K=(c)(a—c)(b—-rc) (Eq. 5)

The concentration of complex corresponds to equation 6.

c=[A—V{(A)2 —4ab}]/2 (Eq. 6)

where, A=a + b + 1/K. Putting equation 6 in equation 4,

AHjyeny = AH® X [(A = V{(A)2 — 4ab})/2] x v
(Eq. 7)

The binding constant K and enthalpy of binding (AH®)
were computed from the experimentally calculated
enthalpy of interaction (AH,,.,)- The calculations
were done by our computer program utilizing an
iterative non-linear least square regression method to
minimize the value of Z(AH; ey, — AHim(calc))2 and are
summarized in Table 5.

The values of free energy of inclusion (AG®) and
entropy of inclusion (AS°) were calculated from the
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Table 4. Interaction enthalpy of inclusion complexes of artemether with g-CD at pH 6.8

X M,m Mg.cp AwHcp) AoiHinesp) AoHinu)
2 (mM) (mM) ) (/L) (kJ/mol)
0.895595 0.410704 3.5496 —-0.23773 —4.09495 —-1.034
0.80532 0.8552 3.5376 —0.45245 —6.82378 —1.5534
0.6407 0.712095 1.2698 —0.32635 —3.66651 - 1.85
0.71212 0.76508 1.89252 —0.38802 —5.43479 —2.045
0.5849 0.62684 0.88316 —0.28864 —3.28199 —2.1735
0.50453 0.8888 0.90536 —0.40355 —4.42512 —2.4664
0.4398 1.1804 0.9267 —0.50879 —4.79028 —2.2734
0.38254 1.5302 0.948 —0.62668 —4.89445 -1.975
0.3249 0.806972 0.38836 —0.31891 —2.11813 -1.772
0.2592 1.0769 0.3768 —-041172 —-2.27213 -1.563
0.1865 1.6604 0.38062 —0.61052 —2.53189 —1.2405
0.11131 1.488592 0.18644 —0.52439 —1.35142 —0.8068
0.07896 2.2206 0.17534 —0.76625 —1.37599 -0.5743
X2
0.2 0.4 0.6 0.8 1 1.2
oM l ' n I
0
05 -
-1 4
= —— AmHPPCD
~re —B—Am M B-CD
5 Amp-CD
25
L 3, -

Figure 8. Plot of AH;,,, Vs. X, of B-CD, M-p-CD, and HP-B-CD of artemether (AM) at pH 6.8 in simulated intestinal fluid (SIF).

Table 5. Thermodynamic parameters of artemether with
p-CD, M-B-CD, and HP-B-CD at pH 6.8 in SIF, determined
using solution calorimetry

System K AH® AG® AS®
Y (M) (klmol)  (kJ/mol) (J/mol*K)
Artemether + 3-CD 1,175  -10.00 —18.22 26.51
Artemether + M-B-CD 2,500 -890  -20.16 36.34
Artemether + HP-B-CD 2,440 - 11.8 —20.10 26.78
following equations:
AG® = - RTInK (Eq. 8)
AS° = (AH® — AG®)/T (Eq. 9)

The values of K are between 1,100 to 2,500 M,
which is a favorable range for better bioavailability. Both
enthalpic and entropic factors drive the inclusion process.
The inclusion of drug was found to be an exothermic

process while the entropy of reaction is positive in all
these cases leading to values of Gibbs free energy (AG®)
between — 18.2 to 20.2 kJ/mol. The magnitude of the
equilibrium constant (K) indicates that both methyl-$-CD
and HP-B-CD have nearly the same complex formation
ability and which is further confirmed by dissolution and
animal studies.

3.8. Dissolution studies

Rapid dissolution is the characteristic behavior of
inclusion complexes but the comparative release of
active material was strongly affected by the method of
formulation. The lyophilized product exhibited the best
dissolution properties and was followed by kneaded
complex and physical mixtures (Figure 9). Moreover,
the highest dissolution rate was found for M--CD
complex followed by that of HP-B-CD and B-CD in
simulated intestinal fluid (pH 6.8). The improvement
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Figure 9. Dissolution profile of artemether and its complexes.
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Figure 10. Percent parasitaemia observed in P. berghei infected mice (n = 6).

in the dissolution rate of lyophilized complexes may be
attributed to the amorphous state of the active material,
together with the increase in wettability and the solubility
of the drug. Thus, the lyophilized complex with the
highest dissolution rate is the most suitable product for
animal studies.

3.9. In vivo studies

To monitor the protective efficacy of artemether and its
inclusion complexes with B-CD complexes against P.
berghei infection, dose standardization was carried out
(Table 1). It was observed that artemether (Group IB)
is insufficient to prevent mortality. However, survival
time was increased (days 12-16) compared to control
(day 8). Animals of Group IC, Group ID, and Group IE

were treated with different dose therapies as given in
experiment section and were again unable to eradicate
the percent parasitaemia. Therefore, the dose was
increased to 8 mg/kg and was started on day 2 PI. It was
also found to be ineffective in preventing mortality. Then
a dose of 8 mg/kg was given after 8 h of PI and treatment
was continued up to 7 days. This treatment schedule was
effective to eradicate the parasitaemia completely in
63% of animals. To achieve 100% survivality, the dose
was again increased to 10 mg/kg and was continued for
7 days. Out of the entire tested doses the 5 mg/kg dose
schedule was selected for the complexes to compare
and differentiate them on the basis of their protective
efficacy and potency compared to artemether.

The results are given in Table 2. It was observed
that percent mortality rate with artemether alone, B-CD
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Figure 11. Antimalarial activity of lyophilized complexes of artemether in P. berghei infected mice (N = 6) as compared to

control.
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Figure 12. Antimalarial activity of lyophilized complexes of artemether in P. berghei infected mice (N = 6) as compared to

drug.

complex, and HP-B-CD complex activity on day 1 PI
were 33%, 50%, and 83.3%, respectively. However,
M-B-CD (Group IIB) complexes resulted in complete
clearance of the parasite from peripheral blood. Thus,
the M-B-CD complex has shown a 3-fold increase
in antimalarial activity compared to drug alone and
the ANOVA have also shown a significant (p < 0.05)
antimalarial activity for all the complexes compared to
artemether (Figures 10-12).

4. Conclusions

In the present research work the results obtained from
NMR, mass spectrometry and solution calorimetry
showed a 1:1 complex of artemether with B-CD, M-f-
CD, and HP-B-CD. The stability constant obtained
from solution calorimetry suggested a stronger complex
with M-B-CD. In vivo studies have shown a 3-fold
increase in antimalarial activity of the lyophilized M-f-
CD complex leading to the conclusion of successful

development of encapsulated artemether.
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ABSTRACT: In recent years, there has been
increasing interest in finding naturally occurring
antioxidants from plants for use in food and
medicinal materials to replace synthetic antioxidants
since such antioxidants are being restricted due to
their side effects like carcinogenicity. The aim of
this work was to examine the in vitro antioxidant
activity of Laurus nobilis and Emex spinosus leaves
and to isolate and structurally elucidate the active
compounds in those leaves. The aqueous ethanolic
extracts (70%) of Laurus nobilis and Emex spinosus
leaves exhibited free radical scavenging action
against 1,1-diphenyl-2-picrylhydrazyl (DPPH).
Their concentrations of 50% inhibition (ICy)) were
25.3 and 20.73 pg/mL, respectively. Activity-guided
separation of these extracts using a combination
of different chromatographic methods (TLC and
column chromatography) resulted in the isolation
of five chromatographically pure compounds (three
from Laurus nobilis and two from Emex spinosus
leaves). Spectroscopic methods ('"H, "C-NMR,
UV and MS) and chemical methods (detection
tests and acidic hydrolysis) revealed the isolated
antioxidant compounds to be flavonoid substances
that were identified as kaempferol, kaempferol-
3-rhamnopyranoside, and kaempferol-3,7-
dirhamnopyranoside from Laurus nobilis extract
and luteolin and rutin from Emex spinosus extract.
The five flavonoids had varying ability to inhibit
DPPH radicals (IC, from 4 to 35.8 pg/mL). Luteolin
and rutin had strong scavenging action with an ICj,
of 4 and 4.6 ng/mL, respectively, and this action was
stronger than that of synthetic antioxidant BHA, i.e.,
butylated hydroxyanisole (ICy, = 5.6 ng/mL).
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nobilis, Emex spinosus, DPPH
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1. Introduction

Free radical reactions occur in the human body and
food systems. Reactive oxygen/nitrogen species (ROS
and RNS) are produced as a part of normal metabolic
processes. The imbalance between production of these
species and the capacity of normal detoxification
systems in favor of the oxidant leads to oxidative stress,
which causes cell damage as a result of the interaction
of reactive species with cellular constituents. This then
leads to the development of various acute and chronic
human diseases such as cancer, cataracts, and heart
disease (1). Since antioxidants block the oxidation
process that produces free radicals, they may be used as
a way to prevent chronic diseases and health problems.

In addition to the adverse health effects of reactive
species, the oxidative deterioration of components
in foods is responsible for rancid odors and flavors.
These odors and flavors decrease the organoleptic and
nutritional quality of processed foods. The addition of
synthetic antioxidants such as butylated hydroxyanisol
(BHA) occurs widely in the food industry. However, the
use of these synthetic antioxidants has been questioned
due to their potential risks and toxicity (2).

Many antioxidant compounds that naturally occur
from plant sources have been identified as free radical
or active oxygen scavengers (3).

Recently, interest has increased considerably in
finding natural antioxidants from plant material for
use in food or medicinal materials to replace synthetic
antioxidants. In addition, natural antioxidants have the
capacity to improve food quality and stability and can
also act as nutraceuticals to terminate free radical chain
reactions in biological systems and thus may provide
additional health benefits to consumers (4).

Laurus nobilis is an evergreen tree. It grows
spontancously in scrubland and woods in Europe and
around the Mediterranean. It is also popular as an
ornamental tree in gardens. It has long been used to
flavor food. It has medicinal uses as a stimulant of
gastric secretion, a diaphoretic, and is used to treat
rheumatic complaints (5).

Emex spinosus is a common wild herbaceous plant
known as dirs el-agooz in Egypt, where its leaves
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are used in traditional medicine to relieve stomach
disorders and to stimulate appetite (6).

The aim of this work was to examine the antioxidant
activity of Laurus nobilis and Emex spinosus leaves
and to also isolate and structurally identify the active
constituent(s) responsible for this activity.

2. Materials and Methods
2.1. Plant materials

Leaves of Emex spinosus (Polygonaceae) and Laurus
nobilis (Lauraceae) were collected at the flowering
stage in April 2008 from the Experimental Farm of
the Faculty of Agriculture, Fayoum University and El
Shorouk Farm, located on the Cairo-Alexandria Desert
Road 72 km north of Cairo, respectively. Species were
authenticated by the Botany Department, Faculty of
Science, Cairo University. Vouchered specimens of
both plants (ES,,, LN,,, respectively) were deposited in
the herbarium of the Biochemistry Department, Faculty
of Agriculture, Fayoum University.

2.2. Extraction of bioactive constituent(s)

Ground, air-dried leaves of Laurus nobilis and Emex
spinosus (350 g each) were extracted three times
with 700 mL each of EtOH/H,0O (7:3, v/v) at room
temperature (28 £ 2°C). After filtration, the combined
extracts were evaporated under reduced pressure to
yield 37.5 g and 42.3 g, respectively. The residue of
aqueous ethanolic extract of each plant (35 g and 40
g, respectively) was suspended in water (150 mL) and
extracted with CHCI, (3 x 100 mL) to yield CHCI,
soluble components (Fraction A). The aqueous layer
was freeze-dried and then extracted with EtOAc (3 x
150 mL) to yield EtOAc soluble components (Fraction
B) and aqueous soluble components (Fraction C). The
three fractions of chloroform, ethyl acetate, and water
were concentrated to yield 8.8 g (Fraction A), 7.2 g
(Fraction B), and 18.4 g (Fraction C) from Laurus
nobilis extract and 10.2 g (Fraction A), 8.1 g (Fraction
B), and 21.1 g (Fraction C) from Emex spinosus
extract. These fractions were tested for their free radical
scavenging activity.

2.3. Antioxidant activity

The antioxidant activity of the aqueous ethanolic
extracts, fractions, BHA, and isolated compounds was
assessed by measuring free-radical scavenging activity
via the decoloration of a methanol solution of the
free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) as
described elsewhere (7) as follows: two mL of methanol
solution of each test material at various concentrations
(2-50 pg/mL) were added to a 2 mL solution of DPPH
(25 mg/L) in methanol, and the reaction mixture was

shaken vigorously.

After incubation at room temperature for 30
min, the absorbance (A) of DPPH was determined
with a spectrophotometer at 517 nm, and the radical
scavenging activity of each sample was expressed as
percentage inhibition:

% inhibition = [(Acomrol —A )/Acontrol] x 100

sample
IC,, (sample concentration required for 50% inhibition)
was obtained by linear regression analysis of the
dose response curve, plotted as the % inhibition and
concentration (ng/mL). Butylated hydroxyanisole
(BHA), which is a well-known antioxidant, was used as
a positive control. The mean values were obtained from
triplicate analysis.

2.4. Isolation of antioxidant compound(s)

Isolation of antioxidant compounds was done as follows
using the most abundant active fraction B (EtOAc
fraction) from each plant.

First, Laurus nobilis 7.0 g was subjected to column
chromatography (CC) over Sephadex LH-20 (40 g) and
eluted with methanol to yield 40 fractions of 10 mL
each. Based on the differences in composition indicated
by thin-layer chromatography (TLC) (CH,Cl/CH,OH/
H,0, 75:25:2, v/v), six fractions designated I, II, III,
IV, V, and VI were obtained and then tested for free
radical scavenging activity. The active fraction VI (928
mg) was chromatographed over a silica gel column
(20 g; 230-400 mesh, Merck) and eluted with 100 mL
of the following solvent mixtures of CH,Cl/CH,OH/
H,O (90:10:0, v/v; 80:20:2, v/v; and 75:25:2, v/v)
for each eluent. In accordance with the differences in
composition revealed by TLC, five fractions designated
Vla, VIb, Vic, VId, and VIe were obtained. The
fractions VIa (180 mg) eluted with CH,Cl/CH,OH/H,O
(90:10:0, v/v, between 0-50 mL), VId (245 mg) eluted
with CH,Cl/CH,OH/H,O (80:20:2, v/v, between 60-100
mL), and Vle (228 mg) eluted with CH,Cl/CH,;OH/H,O
(75:25:2, v/v, between 0-100 mL) that contained the
major compounds were further purified by preparative
TLC using CH,Cl/CH,;OH/H,0O (90:10:0, v/v; 80:20:2,
v/v; and 75:25:2, v/v, respectively) to yield the pure
compounds A (126 mg), B (190 mg), and C (132 mg),
respectively.

Second, Emex spinosus 8.0 g was chromatographed
over a silica gel column (200 g; 230-400 mesh,
Merck) and eluted with the solvent mixtures of CH;Cl/
CH,;OH/H,0 (70:30:1, v/v, and 50:50:2, v/v; 650 mL
each eluent). Thirty-two fractions of each eluent were
collected. The eluates were combined on the basis of
similarity of TLC profiles to yield 8 fractions designated
1 to 8 and then tested for free radical scavenging activity.
The active fractions 2 (1.38 g; eluted with 70:30:1, v/v,
between 80-340 mL) and 5 (1.57 g; eluted with 50:50:2,

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2010; 4(3):202-207. 204

v/v, between 70-160 mL) were further purified several
times over Sephadex LH-20 and silica gel columns as
shown in Figure 1 to yield two active compounds, D (283
mg) and E (312 mg).

2.5. Analytical and preparative TLC

Analytical and preparative TLC were carried out on
Merck precoated silica gel plates (F,s, thickness: 0.25
mm and 2.0 mm, respectively) using the following
solvent systems: 1) n-butanol-acetic acid-water (4:1:5,
v/v, upper layer), 2) ethyl acetate-acetic acid-formic acid-
water (100:11:11:27, v/v), 3) dichloromethane-methanol-
water (50:25:5, v/v), 4) chloroform-acetone (50:6, v/v), 5)
chloroform-methanol (90:10, v/v, and 80:20, v/v), and 6)
chloroform-methanol-water (80:20:2, v/v; 75:25:2, v/v;
70:30:1, v/v; 50:50:2, v/v; and 70:30:5, v/v).

Spots on TLC were detected under UV light (254
and 365 nm) and by spraying with concentrated
H,SO, followed by heating at 105°C for 5 min and or
by 5% AICI;. Sugars were detected by spraying with
naphthoresorcinol-phosphoric acid followed by heating
at 105°C for 10 min.

2.6. Structure identification of antioxidant compounds
Antioxidant compounds were characterized by chemical
investigation (detection tests and acid hydrolysis) and
spectroscopic methods.

2.6.1. Detection tests

Isolated compounds were detected according to
methods described elsewhere (8).

2.6.2. Acid hydrolysis

Acid hydrolysis was performed in a sealed tube at
100°C for 4 h with 2 mg of the isolated compound in
2 mL of 10% HCI. The aglycon moiety was extracted
with Et,O and analyzed by TLC with system 4. The
aqueous layer was neutralized with N,N-dioctylamine
(10% in CHCI,). After evaporation to dryness, the
sugars were identified by TLC with system 3 by
comparison with authentic samples.

2.6.3. Spectroscopic methods

Nuclear magnetic resonance (MMR) spectroscopy —
'H and "C-NMR spectra of the isolated compounds
were recorded in CD,;OD on a Varian Mercury
VXR-300 spectrometer at the Central Laboratory,
Faculty of Science, Cairo University, Egypt. Chemical
shifts (ppm) were related to that of the solvent.

Mass spectrometry (MS) — Mass spectra were
recorded on a GC-MS QP1000 EX Shimadzu mass
spectrometer at the Micro Analytical Laboratory,
Faculty of Science, Cairo University, Egypt.

Ultra violet spectrometry (UV) — UV spectra were
recorded on a Cecil Series 3000 spectrophotometer in
accordance with the method of Mabry et al. (13).

3. Results and Discussion

The antioxidant activity of the aqueous ethanolic
extracts (70%) and isolated compounds of Laurus
nobilis and Emex spinosus leaves is shown in Table
1. The aqueous ethanolic extract of both types of
leaves exhibited free radical scavenging action against

Fr.B (8 g)

Si0, CC elution with CHCIl;/MeOH/H,0 (70:30:1, and 50:50:2,v/v)

v v v v

Fr.1 Fr. 2 Fr.3 Fr. 4
(0.47 g) (1.38 g) (1.19) (1.04 g)

I
(1) Sio, CC (110 g)
Elution with CHCI;/MeOH
(9:1, 8:2, viv)
I
(2) Sephadex LH20 (40 g)
Elution with MeOH

v v v v

Fr.5 Fr. 6 Fr.7 Fr. 8
(1.57g) (1.19 9) (0.76 g) (0.36 g)

(1) Sephadex LH20 (609)
Elution with MeOH

(2) Si0, CC (110g)
Elution with CHCly/MeOH/H,0

l (70:30:5, v/v)

Compound D (283 mg)

\

Compound E (312 mg)

Figure 1. Flow diagram for the isolation of antioxidant compounds D and E from Emex spinosus.
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1,1-diphenyl-2-picrylhydrazyl (DPPH). As is evident,
EtOH extract of Emex spinosus was more potent as an
antioxidant than EtOH extract of Laurus nobilis since
its IC;, value was lower than those of the Laurus extract
(IC5, = 20.73 and 25.30 pg/mL, respectively). ICs, was
defined as the concentration of the antioxidant needed
to scavenge 50% of DPPH present in the test solution.
A lower ICs, value reflects better DPPH radical
scavenging activity (9). The variation in the antioxidant
effect of the two active extracts may be due to the
differences in their secondary constituents (10-12).

Activity-guided separation of these extracts as
described previously resulted in the isolation of five
chromatographically pure compounds designated A,
B, and C from Laurus nobilis and D and E from Emex
spinosus extracts. The results in Table 1 indicate that
the five compounds A, B, C, D, and E had varying 1Cs,
values ranging from 4 (compound D) to 35.8 pg/mL
(compound C). Among the three isolated free radical
scavengers from Laurus nobilis extract, i.e., A, B, and C,
compound A was the most potent (IC;, = 7.7 pg/mL).
However, the lowest effective compound was C (ICs, =
35.8 nug/mL). This variation in potency is probably due
to structural differences.

In contrast, compounds D and E isolated from Emex

Table 1. Antioxidant activity of aqueous ethanolic extracts
(70%) and isolated compounds (A to E) from the leaves of
Laurus nobilis and Emex spinosus on DPPH free radical

Test materials 1Cs, (ng/mL)"
Aqueous EtOH extract of Laurus nobilis 25.30
Aqueous EtOH extract of Emex spinosa 20.73
Compound A 7.70
Compound B 20.87
Compound C 35.80
Compound D 4.00
Compound E 4.60
Butylated hydroxyanisole (BHA) 5.60

“ Amount required for 50% reduction of DPPH free radicals after 30
min.

spinosus extract had the highest level of scavenging
action with an IC, of 4 and 4.6 pg/mL, respectively.
Thus, the isolated compounds from each plant were
in part responsible for the antioxidant activity of the
aqueous ethanolic extracts of Laurus nobilis and
Emex spinosus. The results in Table 1 also show
that compounds D and E had stronger scavenging
action than did the positive control BHA (butylated
hydroxyanisole), which is known to be a very efficient
synthetic antioxidant agent (IC;, = 5.6 pg/mL).

The structures of the five active isolated compounds
(A to E, Figure 2) were identified as kaempferol (A),
kaempferol-3-O-a-L-rhamnoside (B), kaempferol
3,7-di-O-a-L-rthamnoside (C), luteolin (D), and rutin
(E) from the results obtained from chemical and
spectroscopic methods as well as by comparing the
spectroscopic data (Table 2) with data in the literature
(13-17).

The differences in structure for the five isolated
compounds explain the variation in the antioxidant
effect of these compounds. The structure-activity
relationship revealed that a free OH group at C-3 (like
kaempferol) and 2 hydroxyl groups ortho to each other
on ring B (like luteolin and rutin) enhanced antioxidant
activity whereas O-glycosylation at C-3 and C-7
(like kaempferol glycosides B and C) decreased such
activity. This relationship has previously been reported
(18,19).

The present results revealed that the five isolated
antioxidant compounds are flavonoids or rather are the
most common and abundant classes of flavonoids, i.e.,
flavones (luteolin, D), flavonols (kaempferol, A), and
flavonol glycosides (kaempferol-3-rhamnopyranoside,
kaempferol-3,7-dirhamnopyranoside and rutin B,
C, and E, respectively). These classes of flavonoids
seem to be the most potent at protecting the human
body against reactive oxygen species (20). Body
cells and tissues are continuously threatened by the
damage caused by free radical and reactive oxygen

Compounds R, R, R M1 MF UVA(nm)/MeOH
A OH H OH 286 CsH,,04 265, 365
B O-rhamnosyl H OH 432 C,,H,,0, 265, 350
C O-rhamnosyl H O-rhamnosyl 578 C,,H;,0,, 265, 350
D H OH OH 286 CsH,,04 250, 350
E O-rutinosyl OH OH 610 C,;H; 06 265, 360

Figure 2. Structural formula of the isolated compounds.
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Table 2. 'H, "C-NMR chemical shifts (ppm) of the five isolated compounds in CD,0D
A B C D E
Atom
5C SH 5C SH 5C SH 5C SH 5C SH
Aglycon
2 156.2 - 161.3 - 161.6 - 166.1 - 158.4 -
3 130.9 - 133.8 - 134.1 - 103.2 6.5s 135.6 -
4 178.8 - 179.1 - 178.9 - 183.8 - 179.3 -
5 162.1 - 162.9 - 162.6 - 163.2 - 162.8 -
6 100.1 6.14d 100.7 6.19d 101.8 6.31d 100.5 6.20d 99.9 6.19d
J=2.1 J=21 J=21 J=22 J=21
7 168.2 - 168.7 - 167.2 - 166.3 - 165.9 -
8 94.9 6.36d 95.4 6.35d 96.8 6.49d 95.00 6.41d 94.9 6.39d
J=24 J=21 J=21 J=19 J=21
9 158.4 - 158.7 - 158.5 - 160.1 - 159.3 -
10 105.6 - 105.4 - 105.7 - 105.1 - 105.6 -
Iy 122.1 - 122.6 - 122.8 - 123.7 - 123.6 -
2! 130.9 7.7d 131.2 7.8d 131.6 7.6d 1142 7.4d 116.2 7.9d
J=8.7 J=84 J=84 J=6.0 J=21
3 115.4 6.7d 115.9 6.8d 116.0 6.8d 147.2 - 145.7 -
J=84 J=8.1 J=82
4 161.6 - 161.7 - 161.5 - 151.2 - 149.7 -
5 116.5 6.7d 116.8 6.8d 116.8 6.8d 120.32 6.9d 123.1 6.9d
J=84 J=8.1 J=82 J=8.1 J=8.7
6 131.6 7.7d 131.9 7.8d 131.6 7.6d 117.2 7.4d 117.7 7.63 dd
J=8.7 J=84 J=84 J=6.0 J=2.1,8.7
Rha
1 - - 101.6 5.7d 101.4 53d - - 104.7 45d
J=18 J=15 J=15
2 - - 69.8 3.3-3.6m 70.1 3.2-3.7m - - 720  3.3-3.7m
3 - - 719  33-3.6m 71.4 3.2-3.7m - - 722 3337m
4 - - 72.8 3.3-3.6m 72.7 3.2-3.7m - - 739  3.3-3.7m
5 - - 68.5 3.3-3.6m 68.9 3.2-3.7m - - 69.6 3.3-37m
6 - - 17.5 0.9d 17.4 0.81d - - 17.8 1.1d
J=6 J=64 J=6.2
Glc or Rha
1 - - - - 102.1 5.2d - - 1023 5.1d
J=14 J=72
2 - - - - 70.3 3.2-3.7m - - 756  3.3-3.7m
3 - - - - 71.8 3.2-3.7m - - 78.1 3.3-3.7m
4 - - - - 72.6 3.2-3.7m - - 713 3.3-3.7m
5 - - - - 69.1 3.2-3.7m - - 77.1 3.3-3.7m
6 - - - - 17.7 0.87d - - 68.6 3.48,
J=6.1 3.83d

Abbreviations: Glc, glucose; Rha, Rhamnose.

species (ROS) that are produced during normal oxygen
metabolism or are induced by exogenous damage
(21). Flavonoids cannot be produced by the human
body and have thus to be taken in mainly through
one's daily diet. They have been found in dietary
components, included fruits, vegetables, olive oil,
tea, and red wine (22). Several beneficial properties
have been attributed to these dietary compounds,
including anticarcinogenic, anti-inflammatory, and
antiviral action (18). In addition, they inhibit lipid
peroxidation, platelet aggregation, and the activity
of enzyme systems like the lipoxygenase enzyme
system. The flavonoids display these types of action
as antioxidants, chelators of divalent cations, and
free radical scavengers and thus may be involved in
preventing free radical mediated cytotoxicity and lipid
peroxidation, both of which are associated with cell
aging and chronic diseases such as atherosclerosis
(23,24). Their remarkable antioxidant properties are

due to three aspects. First is the hydrogen donating-
substituents (hydroxyl groups) attached to the aromatic
ring structures of flavonoids, allowing flavonoids
to undergo a redox reaction that helps them to
scavenge free radicals more easily. Second is a stable
delocalization system consisting of aromatic and hetero
cyclic rings as well as multiple unsaturated bonds
that helps to delocalize the resulting free radicals.
Third is the presence of certain structural groups that
are capable of forming transition metal-chelating
complexes that can regulate the production of ROS
such as OH" and O, * (25). Because flavonoids are
widely distributed in edible plants and beverages and
have previously been used in traditional medicine, they
are likely to have minimal toxicity (26). Moreover, the
leaves of Laurus nobilis have long been used to flavor
food (5) while the leaves of Emex spinosus are used in
traditional medicine to relieve stomach disorders and
to stimulate appetite (6).
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4. Conclusion

In this study, it was found that Laurus nobilis and Emex
spinosus leaves were potential sources of antioxidant
components that would help to increase the overall
antioxidant capacity of an organism and protect
it against lipid peroxidation induced by oxidative
stress or used as food additive to delay the oxidative
deterioration of foods.

The aqueous ethanolic of Emex spinosus showed
higher activity than Laurus nobilis leaves and its
strong antioxidant activity could be related to the
activity of falvonoids compounds found in this extract.
Further studies are needed to investigate the in vivo
pharmacological and toxicological properties of
Emex spinosus extract, since the high activity could
be considered as a new antioxidant ingredient for the
nutraceutical or functional food market.
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Optimization and characterization of diclofenac sodium microspheres
prepared by a modified coacervation method
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ABSTRACT: A modified coacervation method
for preparing diclofenac sodium loaded chitosan
(DFS-C) microspheres, using sodium citrate as cross-
linking agent was optimized. A full 2° factorial design
was used to evaluate the effect of chitosan (CS)
concentration, cross-linking agent concentration, and
cross-linking time on the properties of the prepared
microspheres. The modified coacervation method
resulted in higher yield of spherical microspheres
even with a lower concentration of CS (0.3%, w/v).
The morphology of the microspheres was found
to be dependent on the formulation and process
parameters. The cross-linking agent concentration
had the largest impact on swelling, mucoadhesion,
and drug release. Kinetic analysis of the release data
revealed a quasi-Fickian diffusion mechanism.

Keywords: Diclofenac sodium, chitosan microspheres,
modified coacervation, factorial design

1. Introduction

Diclofenac sodium (DFS) is an inhibitor to prostaglandin
synthetase. It is used to relieve pain and inflammation
in conditions such as rheumatoid arthritis, osteoarthritis,
ankylosing spondylitis, and acute gout. Diclofenac
sodium is rapidly absorbed from the gastrointestinal
tract with the plasma peak level reached in 1-2 h (1).
It has a very short plasma half-life and circulates in a
bound-to-free equilibrium with plasma proteins. It is
hydroxylated in the liver and undergoes enterohepatic
recirculation (2). The most common side effects in
long term therapy involve gastrointestinal side effects
including gastritis, peptic ulcers, and bleeding (3).
Although several approaches, such as enteric-coating
and sustained release have been studied, none of them
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have yet solved the drug problems completely (4-7).

Carrier technology has offered an intelligent
approach to modulate the release and absorption
characteristics of drugs by coupling them to polymeric
carriers (such as microspheres, nanoparticles, and
liposomes). In general, microspheres have the potential
to be used to target and control release of drugs.
However, coupling a bioadhesive polymer like chitosan
(CS) to microspheres provides an additional advantage
of efficient drug absorption and bioavailability due to a
high surface to volume ratio and a much more intimate
contact with mucus (8-10).

Chitosan microspheres were used to improve
the bioavailability of degradable substances such as
protein, as well as to enhance the uptake of hydrophilic
substances across epithelial membranes (11).
Various methods of microsphere preparations were
reported including ionotropic gelation (12), complex-
coacervation (13), modified emulsification (14), spray
drying (15), and precipitation by either salting out (16)
or chemical cross-linking (17).

The present study aimed to optimize a modified
coacervation method for the preparation of diclofenac
sodium loaded chitosan (DFS-C) microspheres, using
sodium citrate as cross-linking agent with no need for
a complex apparatus and/or special precautions. A 2’
full factorial design was used to predict an optimum
formula for the microspheres that would prolong drug
release and minimize its side effects.

2. Materials and Methods

2.1. Chemicals

Diclofenac sodium was kindly donated from Novartis
Pharmaceutical Co., Cairo, Egypt. Chitosan with 85%
degree of deacetylation was obtained from Sigma
Chemical Co., St. Louis, MO, USA. Analytical grades of

acetic acid (96%) and sodium citrate were obtained from
El-Nasr Pharmaceutical Chemical Co., Cairo, Egypt.

2.2. Preparation of chitosan microspheres

Diclofenac sodium loaded CS microspheres were
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prepared by a modified method of the coacervation
process previously described by Berthold et al. (16).
A new spraying technique was adopted based on
spraying a solution of the drug and cross-linking
agent over the polymeric solution. This method was
found to overcome the difficulties encountered in
preparation of microspheres by the capillary extrusion
method. The technique developed allowed the use of
DFS in its soluble form instead of its dispersion in
an acidic solution of CS. It also permitted the use of
high concentrations of the polymer solution without
the possibility of plugging the spray nozzle with the
viscous polymer solution.

Diclofenac sodium (1%, w/v) was added to 20 mL
of aqueous solutions of 5, 7.5, or 10% (w/v) sodium
citrate. After the drug was thoroughly dissolved,
the solution was sprayed into a magnetically stirred
CS solution (0.3, 0.4, or 0.5%, w/v) in 20 mL acetic
acid (2%, v/v) using an atomizer with 0.7 mm inner
diameter. The microspheres were collected by filtration
and washed thoroughly with distilled water, then
allowed to dry at 40°C.

2.3. Factorial design and statistical analysis

An experimental design (2° full factorial design with
one central point) was used to evaluate the effect of
formulation variables on the physicochemical properties
of the DFS-C microspheres (Table 1). Statistical
analysis of the experimental data was performed by an
ANOVA test using JMP software version 4.0.4 (SAS
Institute, Cary, NC, USA).

2.4. Particle size and morphological characterization

The mean particle size (MPS) of microspheres was
determined using a particle size analyzer (Microvision
image analysis system APSI stage micrometer scale,
London). The analysis was performed using samples
of microspheres uniformly dispersed in purified water.
The surface morphology was examined using scanning
electron microscopy (SEM). The microspheres
were vacuum dried, coated with gold palladium and
examined microscopically (JEOL JXA 840A electron
probe microanalyzer, Japan).

2.5. Percent yield, drug loading and encapsulation
efficiency

The percentage yield of the microspheres was
determined with respect to the drug and polymer
weight. Total drug content was determined according
to the method described by Acikgoz et al. (18). Ten
milligrams of DFS-C microspheres were dispersed
in 10 mL hydrochloric acid solution (1%, v/v) and
magnetically stirred for 2 h. This mixture was allowed
to stand at 50°C to allow for polymer dissolution

Table 1. The independent formulation variables of a 23 full
factorial design with one central point

Independent variables Levels
Sodium citrate concentration (%, w/v) 5 10
Cross-linking time (h) 1 3
Chitosan concentration (%, w/v) 0.3 0.5

" Central points of the variables were 7.5% (w/v), 2 h, and 0.4% (w/v)
for the sodium citrate, cross-linking time and chitosan concentration,
respectively.

and complete drug dispersion. The mixture was then
centrifuged and the supernatant was decanted. The
residue was dried, dissolved in methanol and the
absorbance was measured after appropriate dilution
using a UV spectrophotometer (Lambda EZ 201,
PerkinElmer, USA) at 276 nm. The drug encapsulation
efficiency (%EE) of the microspheres was calculated as
a percentage according to the following equation:

%EE = (practical drug loading/theoretical drug
loading) x 100 -—--Eq. 1

Theoretical drug loading was based on the assumption
that the entire drug present in the chitosan solution was
entrapped in the microspheres and no loss occurred at
any stage of preparation.

2.6. Swelling behavior

Water-absorbing capacity of the microspheres
was determined by a gravimetric method (19). On
a previously weighed stainless steel support one
hundred milligrams of microspheres were accurately
weighed (W,) before soaking the support together with
the microspheres in water at room temperature. At
predetermined time intervals, the stainless steel support
and the swelled microspheres were removed from
the medium, blotted carefully with cleansing tissues
and immediately weighed to determine the weight of
swelled microspheres (W). Measurements were made
in triplicate and the percent degree of swelling (%DS)
was calculated as follows:
%DS = (W, — W,)/W, x 100 -—--Eq.2

where W, and W, were the weights of the microspheres
after soaking for time t and in the dry state, respectively.

2.7. In vitro mucoadhesive studies

The bioadhesive properties of the microspheres were
determined according to the everted sac method (20).
Non-fasting male rats 300-400 g were sacrificed and
their intestinal tissue was excised and flushed with
10 mL of ice-cold phosphate buffered saline (pH 7.4)
containing 200 mg/dL glucose (PBSG). Segments of
the jejunum (6 cm) were everted using a stainless steel

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2010; 4(3):208-216. 210

rod and washed with PBSG to remove the contents.
The segment sacs were filled with 1-1.5 mL of PBSG
and ligatures were placed at both ends. 60 mg of
microspheres were suspended in test tubes, each
containing 5 mL saline and one intestinal segment.
The sets were shaken at 37°C in a water bath shaker.
After 30 min, the sacs were removed and the remaining
microsphere dispersion was centrifuged for 20 min at
3,000 rpm. The supernatant fluid was discarded and
the residual microspheres were allowed to dry in an
incubator (FTC 90-E, Refrigerated incubator, made in
Europe) at 40°C. The weight of bound microspheres
was determined by subtraction of the weight of the
dried residual microspheres from their initial weight
and was recorded as percent mucoadhesion.

2.8. In vitro drug release studies

The release of DFS from microspheres was carried
out using a USP type II dissolution apparatus (Hanson
Research Dissolution tester, Chatsworth, LA, USA).
A total volume of 100 mL phosphate buffer (pH 7.4)
was kept at 37°C and rotated at 100 rpm. Twenty five
mg of the microspheres containing a known amount of
DFS were placed in an open-end glass tube with one
side wrapped with a cellophane membrane (Spectrapor
membrane tubing No. 2, Spectrum Medical Industries,
Houston, TX, USA) and the other was attached to the
shaft of the apparatus. At predetermined intervals, 1
mL of the dissolution medium was taken and replaced
with an equal volume of fresh dissolution medium.
The sample was diluted to 5 mL with phosphate buffer
and analyzed for drug concentration using a UV
spectrophotometer at 276 nm.

2.9. Kinetic analysis of the drug release data

To examine the kinetics and mechanism of drug release,
the release data were fitted to models representing zero-
order, first-order and Higuchi's square root of time.
The correlation coefficients were determined from
regression plots of m vs. t, log (m, — m) vS. t and m
vs. ', for zero-order, first-order and Higuchi's model,
respectively. In these plots, m presented the percent

of drug released at time t, and m, — m was the percent
of drug remaining after time t. To understand the
mechanism of DFS diffusion from CS microspheres,
the results were further analyzed according to the
Korsmeyer-Peppas equation (Eq. 3):
m/m,, = ket" ----Eq.3
where m/m, was the fraction of the drug released
after time t and n was a characteristic exponent for the
release mechanism. Based on the Korsmeyer-Peppas
equation, values of the n exponent equal to or less than
0.5 were characteristic of Fickian or quasi-Fickian
diffusion, whereas values in the range of 0.5 to 1 were
an indication of an anomalous mechanism for drug
release. On the other hand, a unity value for n would be
expected for zero-order release.

3. Results
3.1. Particle size and morphology

The MPS of all the microspheres batches ranged
between 13-25 um depending on the composition
of each formula (Table 2). The results revealed that
sodium citrate concentration was the major factor
affecting the MPS of the microspheres whereas,
increasing its concentration from 5 to 10% (w/v)
resulted in a decrease in the MPS from about 24 um to
14 um. Changing the cross-linking time and/or the CS
concentration had no effect on the microsphere MPS
(22-25 pm).

Figures la and 1b represent the SEM photographs
of the microspheres containing 1% (w/v) DFS, and
0.3% (w/v) chitosan that were cross-linked for 1 h
with 5% and 10% (w/v) sodium citrate, respectively.
The photographs revealed the formation of solid dense
microspheres with CS solutions less than 1% (w/v).
This result was contrary to the results of Shu and Zhu
(21), who reported that 1% (w/v) CS solution was the
minimum requirement to obtain microspheres.

Generally, the microspheres were not completely
spherical in shape and had a rough surface. The
microspheres prepared with 5% sodium citrate (Figure 1a)

Table 2. Properties of the DFS-C microspheres prepared according to 2° full factorial design

Sodium citrate Chitosan

Formula . Cross-linkin . Mean particle . %~Encapsulation  %Degree of .
code CO?(;: n‘s/a\gon time (h) ¢ CO(I’(I]Z?I’::}T/E\I};OH size%,un) %Yield efﬁcgency sweglling %Mucoadhesion

F1 5 1 0.3 23 93 90 133 51

F2 10 1 0.3 16 46 24 193 40

F3 5 3 0.3 25 96 100 110 50

F4 10 3 0.3 18 69 32 183 37

F5 5 1 0.5 24 100 91 119 50

Fo 10 1 0.5 13 60 61 188 39

F7 10 3 0.5 14 76 66 183 50

F8 5 3 0.5 22 93 100 106 54

F9 7.5 2 0.4 23 94 90 165 44
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were relatively denser, more spherical and smoother than
those prepared with 10% sodium citrate which seemed to
be more porous in structure (Figure 1b).

Figure 1. SEM photographs of DFS-C microspheres
prepared with 0.3% (w/v) chitosan and cross-linked for 1 h
with 5% (w/v) (a) and 10% (b) sodium citrate.

Table 3. Statistical analysis for the effect of independent

characteristics

3.2. Percentage yield and encapsulation efficiency

The %yield and encapsulation efficiency of the
microspheres were taken as an indication of the
reproducibility and efficiency of the processing
technique. The greater %yield and %EE of the
prepared formulas (Table 2) were statistically
significant with the low level of sodium citrate (5%,
w/v) compared to the high level (10%, w/v) (Table 3).
The estimated negative coefficient for sodium citrate
concentration verified the decrease in the %yield and
%EE with the increase in sodium citrate concentration.
The ANOVA results showed that the cross-linking time
had a significant influence on the %yield and %EE
(F < 0.0001) (Table 3). On the contrary, the chitosan
concentration had only a significant effect on the %EE
which had a positive coefficient.

Three-dimensional response surface plots were
drawn to show the effects of the interaction of the
sodium citrate concentration and cross-linking time
on the %yield as well as the interaction of the sodium
citrate concentration and CS concentration on the
%EE (Figures 2 and 3, respectively). The two figures
showed no obvious effect from increasing the cross-
linking time or CS concentration on %yield and %EE,
respectively, at the low level of the cross-linking agent
(5%, w/v sodium citrate). However, a pronounced effect
was observed at the high level of the cross-linking
concentration significantly increased the %yield and
%EE, respectively, at the high level of sodium citrate
(positive coefficients).

3.3. Swelling behavior
All the formulas prepared at the low level of cross-

linking agent (5%, w/v sodium citrate) had %DS in
the range of 106-133 (Table 2). On the other hand,

variables and their interactions on the microspheres

%Yield %Encapsulation %Swelling  %Mucoadhesion  %Release after 6 h
Variables  Sodium citrate concentration ~ F-value <0.0001"  <0.0001" <0.0001"  <0.0001° <0.0001°
Estimate coefficient —16.54 -24.50 35.29 -6.26 13.75
Cross-linking time F-value 0.0021"  <0.0001" <0.0001"  0.19 <0.0001"
Estimate coefficient  4.54 9.13 -7.16 -1.16 -29
Chitosan concentration F-value 0.033 <0.0001" 0.0352 0.75 0.016
Estimate coefficient  2.95 4.34 -2.92 -0.27 1.37
Variables Sodium citrate concentration ~ F-value 0.0004 0.0154 0.0015° 0.303 0.004"
interaction  vs. Cross-linking time Estimate coefficient ~ 5.54 -0.81 4.1 0.91 1.68
Sodium citrate concentration  F-value 0.1446 <0.0001" 0.236 0.89 <0.0001°
vs. Chitosan concentration Estimate coefficient  1.96 8.59 1.5 0.115 -5.98
Chitosan concentration F-value 0.1446 0.084 0.362 0.67 0.98
vs. Cross-linking time Estimate coefficient 1.96 -0.56 1.23 0.36 0.0104

" Significant at p < 0.01.
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%4 Yield

a Yield

Seodium citrate concentration

Figure 2. Effect of the interaction between sodium citrate
concentration and cross-linking time on %oyield of DFS-C
microspheres.

% Encapsulaticn

% Encapsulalion

Figure 3. Effect of the interaction between sodium
citrate concentration and chitosan concentration on
%encapsulation efficiency of DFS-C microspheres.

the microspheres prepared at the high level of sodium
citrate (10%, w/v) showed an increase in %DS
values to the 183-193 range. The results also showed
that cross-linking time and CS concentration had a
lesser effect on %DS. The ANOVA results (Table 3)
revealed linking time and CS concentration had a
lesser effect on %DS. The ANOVA results (Table 3)
revealed a significant effect of both the cross-linking
agent concentration and time on the %DS but showed
no significant effect for the CS concentration. The
interaction between sodium citrate concentration and
cross-linking time had the only significant effect on the
swelling behavior (F value = 0.0015). This interaction
presented in Figure 4, revealed that increased sodium
citrate concentration increased the %DS at the second
level of cross-linking time.

3.4. Mucoadhesive studies

The percentage mucoadhesion for all the microspheres
formulas ranged between 39 and 54% (w/w) (Table 2).

elling

Figure 4. Effect of the interaction between sodium citrate
concentration and cross-linking time on %degree of
swelling of DFS-C microspheres.

The ANOVA results (Table 3) demonstrated a significant
correlation between microsphere mucoadhesiveness
and the sodium citrate concentration (F < 0.0001). The
negative estimated coefficient observed for the effect of
sodium citrate on the %omucoadhesion indicated that the
higher the sodium citrate concentration the lower the
mucoadhesive property of the microspheres. However,
CS concentration and cross-linking time had no effect
on the mucoadhesive properties of the microspheres.

3.5. In vitro release studies

The in vitro release profiles of DFS from different
batches of DFS-C microspheres are shown in Figure 5.
The profiles of all prepared microspheres exhibited a
biphasic pattern of drug release. An initial burst effect
was shown during the first hour that may be related
to immediate release of the surface associated drug,
followed by a slow release phase of the entrapped
drug.

As expected, the sodium citrate concentration had
a strong influence on the drug release behavior (Figure
5a). Increasing sodium citrate concentration from 5%
(F5) to 10% (w/v) (F6) resulted in an increase in the
percentage of drug released after 6 h from 69% to 97%.
Figures 5b and Sc showed a decrease in the initial burst
release within the first hour by increasing either the
cross-linking time from 1 h (F1) to 3 h (F3) or the CS
concentration from 0.3% (w/v) (F1) to 0.4% and 0.5%
(w/v) (F9 and F7, respectively). After the first hour, all
the profiles showed a continuous slow release of the
drug entrapped within the microsphere matrix.

ANOVA results (Table 3) showed a significant
effect of all variables on the percentage drug released.
The significance of these factors was in order;
concentration of sodium citrate > the cross-linking
time > the CS concentration (p < 0.01). A significant
interaction was also recorded for the cross-linking
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Figure 5. In vitro release profiles of diclofenac sodium
from DFS-C microspheres under various conditions. A,
sodium citrate concentration; B, cross-linking time; C, chitosan
concentration.

agent concentration with either the cross-linking time
or the CS concentration (F = 0.004 and < 0.0001,
respectively). The three dimensional profiles showed
that increasing sodium citrate concentration greatly
increased the percentage of drug released which was
more obvious at the lower level of the CS concentration
and cross-linking time (Figure 6).

3.6. Kinetic analysis of release data

The coefficients of the drug release kinetics (r’) and
the exponent "n" for equation 3 are presented in Table
4. Tt could be seen that the r* values for zero-order
and Higuchi kinetics were much closer to 1 than the
first-order. The release data were also fitted to the
Korsmeyer-model where the exponent "n" values for all
formulas were found to be in the range of 0.26-0.48.

% Ralease

% Release

% Release

% Release

aof
et
& core®
e S et
o™

Figure 6. Effect of the interaction of sodium citrate
concentration with (a) chitosan concentration and (b) cross-
linking time on the percent of drug released after 6 h.

4. Discussion

The use of factorial design allows for testing a
number of factors simultaneously and precludes the
use of a huge number of independent runs when the
traditional step by step approach is used. The effect
of three independent variables namely, the cross-
linking agent concentration, the cross-linking time
and CS concentration were studied at two levels.
The irregularity of the microsphere shape and the
roughness of their surface might be due to the
deposition of drug microparticles on the microsphere
outer surface. On the other hand, the observed porous
structure of microspheres prepared with 10% (w/v)
sodium citrate was related to the effect of increasing
sodium citrate concentration on the matrix cross-
linking. The difference in the physical characteristics
of the microspheres was related to the effect of pH
on the degree of CS ionization and its cross-linking
properties. Doubling the concentration of sodium
citrate from 5% to 10% (w/v) increased the pH of the
cross-linking solutions from pH 5 to 6.5, respectively.
At pH 5, the amino groups of CS had a higher degree
of ionization that would provide a better condition for
electrostatic interaction between the protonated amine
groups of CS and the negatively charged carboxylate
groups of the citrate anions. Thus, more cross-linked
polyelectrolyte complexes were formed at 5% sodium
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Table 4. Kinetic analysis for the percentage drug released from DFS-C microspheres’

Formulas '
Zero-order First-order Higuchi-model Korsmeyer-model
(m, —m =k-t) (In [m] = In [m, — k-t]) (m/m,, =kt"?) (m/m,, = k-t")
F1 0.999 0.995 0.996 0.995 0.41
F2 0.985 0.959 0.996 0.996 0.34
F3 0.994 0.996 0.999 0.997 0.37
F4 0.994 0.902 0.994 0.990 0.26
F5 0.999 0.990 0.995 0.993 0.41
F6 0.999 0.970 0.997 0.995 0.37
F7 0.996 0.984 0.994 0.998 0.39
F8 0.999 0.995 0.998 0.994 0.48
F9 0.981 0.974 0.996 0.950 0.38

" Analyzed by the regression coefficient method; r’: Coefficient of determination; ~ Diffusional exponent Korsmeyer-model indicative of the

mechanism of drug release.

citrate leading to a relatively spherical, smoother
surface microsphere.

The relationship between the morphological
characteristics of ionically cross-linked microspheres
and the pH of the medium was explained by Shu et
al. (22) and Lee et al. (23). They reported that as pH
of the CS (weak polybasic) solution decreased the
ionization of amine groups increased. Ko et al. (24)
also showed that microparticles prepared with tri-
polyphosphate solution at a low pH value (pH 2.5)
had a more spherical shape and smoother surface than
those prepared at a high pH of 8.6. They related such
results to the tendency of the former solution to form
a high density cross-linked matrix. Accordingly, at
pH 6.5 (10%, w/v sodium citrate) the CS polymer had
a lower degree of ionization, cross-linking sites and
cross-linking density to constrain the polymer matrix
(i.e., low density structure). This led to a decrease in
the %yield and %EE along with an increase in the
%DS.

The significant effect of sodium citrate
concentration and cross-linking time on the swelling
behavior of the microspheres (Figure 4) clearly
revealed that the concentration of sodium citrate
(cross-linking agent) was the most prominent effective
variable on the %DS of the microspheres. The results
also confirmed that the effect of increasing the curing
time was not remarkable as the pH of the medium
shifted from pH 5 to 6.5.

Moreover, the effect of the sodium citrate
concentration on the pH of the medium and %DS
was found to influence the mucoadhesive behavior
of the chitosan microspheres. Thus, the lower the
cross-linking agent concentration used the higher was
the degree of CS ionization and the mucoadhesion
properties of the microspheres. A similar result was
reported by Dhawan et al. (25) who found that the
amount of chitosan adsorbed on the tissue increased
with a decrease in the cross-linking level. Mortazavi
and Smart (26) also reported that a certain degree of
swelling was essential for microsphere adhesion to

mucin, whereas, over swelling led to slipping of the
microspheres over the tissue surface.

The biphasic release pattern was related to
the release of the drug particles adsorbed on the
microsphere surfaces during the first hour, followed
by slow release of the drug from the matrix. The
increase in the percentage drug released with
increasing the sodium citrate concentration was
attributed to the increase in pH of the medium and
the consequent decrease in the polymer cross-linking.
Shu et al. (22) showed that chitosan films cross-linked
with sodium citrate possessed pH-sensitive swelling
and drug release properties. They also reported that
preparation of CS microparticles in an acidic pH led to
a dense matrix with complete ionic cross-linking that
enabled a controlled drug release. Ozbas-Turan et al.
(27) recorded a fast release pattern for interleukin-2
from chitosan microspheres when a larger volume of
sodium sulfate (ionic cross-linking agent) was used
during preparation.

The noticeable decrease in the percent drug
released with an increase of cross-linking time might
be attributed to an increase in the time allowed for
polymer matrix to constrain. Ko et al. (24) reported
the impact of curing time on the formation of a
tripolyphosphate-chitosan matrix and the release of
the drug. The results were also in accordance with
Acikgoz et al. (18) who reported the formation of a
denser matrix by increasing the curing time. This was
thought to be associated with a decrease in the release
of drug.

Moreover, the decrease in the percent drug
released by increasing the CS concentration was
attributed to the increase in the viscosity of the
swollen microspheres accompanied by an increase
in the diffusion path length traversed by the drug
molecules. Ko et al. (24) illustrated the relationship
between the drug release behavior and the viscosity of
the chitosan solution. The increase in the viscosity of
the solution led to the formation of relatively strong-
walled microparticles. Lim et al. (28) reported the
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formation of weak microspheres with the use of a low
concentration of chitosan solution.

For the kinetics analysis data, although the
correlation coefficients (r’) of the release data closely
fitted zero-order and Higuchi kinetics models, the low
values of n (< 0.5) indicated that the mechanism of
drug release from all the formulas could be described
as a quasi-Fickian diffusion mechanism.

5. Conclusion

The addition of diclofenac sodium and cross-linking
agent onto the chitosan solution in the form of spray
droplets was shown to be a simple efficient technique
for preparing microspheres. The microspheres were
characterized by good percent yield, encapsulation
efficiency, swelling and mucoadhesion properties
along with controlled drug release. The concentration
of the cross-linking agent and the pH of its solution
must be taken into consideration as the most
effective variables influencing the properties of the
microspheres.

From the results it can be concluded that formula
F8 with the composition of 1% DFS, 0.5% CS, 5%
sodium citrate and cross-linked for 3 h, fulfilled the
requisites for an optimum formulation.
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Membrane electrodes for determination of two antihypertensive
drugs in pharmaceutical formulations of either single or binary

mixtures and in biological fluids
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ABSTRACT: Membrane-selective electrodes were
used to determine benazepril hydrochloride (BZ)
and trandolapril (TR) in their binary mixtures with
hydrochlorothiazide (HZ) and verapamil (VR),
respectively. This method involves construction of
four water insoluble ion-association complexes:
benazepril-tetraphenyl borate (BZ-TPB), benazepril-
reineckate (BZ-R), trandolapril-tetraphenyl borate
(TR-TPB), and trandolapril-reineckate (TR-R). These
complexes were used as electroactive materials in
polyvinyl chloride (PVC) matrix membrane sensors
in order to determine the two aforementioned drugs
in their pharmaceutical formulations and in plasma.
The performance characteristics of these sensors,
evaluated according to IUPAC recommendations,
revealed a fast, stable, and linear response for BZ and
TR. The suggested procedures were checked using
laboratory-prepared mixtures and were successfully
used to analyze their pharmaceutical preparations.
The results obtained using the proposed method
were statistically analyzed and compared with those
obtained using previously reported methods.

Keywords: Benazepril hydrochloride, trandolapril,
ion selective electrodes, PVC membranes, ammonium
reineckate, sodium tetraphenyl borate

1. Introduction

Benazepril hydrochloride (BZ) is 3(S)-3-[[(1S)-1-
ethoxy-carbonyl)-3-phenylpropyl] amino]-2,3,4,5-
tetrahydro-2-oxo-1H-1-benzazepine-1-acetic acid,
while trandolapril (TR) is 1-[2-[1-(ethoxycarbonyl)-
3-phenylpropyl]amino]-1-oxypropyl[octahydro-1H-
indol-2-carboxylic acid (1). They belong to the class

*Address correspondence to:

Dr. Hala E. Zaazaa, Analytical Chemistry Department,
Faculty of Pharmacy, Cairo University, EI-Kasr El-Aini
St., ET-11562 Cairo, Egypt.

e-mail: hazaza@hotmail.com

of angiotensin-converting enzyme inhibitors used as
antihypertensive drugs either alone or in combination
with hydrochlorothiazide (HZ) or verapamil (VR),
respectively (2).

Several analytical methods, including spectro-
photometry, have been described for simultaneous
determination of BZ/HZ in their binary mixture; these
methods include the derivative technique (3,4), the
chemometric method (4,5), Vierordt's technique (6,7),
the absorbance ratio method (4,6), and isosbestic point
measurement (8). Other methods involve HPLC (7,9,10)
and TLC techniques (10). BZ has been determined alone
using potentiometric coated wire electrodes (11).

A review of the literature revealed that there are
few methods of determining TR, including HPLC
(12-14) and enantioselective biosensors (15,16). TR and
verapamil have been simultaneously determined using
HPLC (17) and HPTLC densitometric methods (18).

The current work describes simple potentiometric
sensors based on the use of the ion association complexes
of both BZ and TR cations with tetraphenyl borate and
reineckate anions as ion exchangers in a plasticized PVC
matrix. These sensors were found to be suitable for the
selective determination of BZ in a binary mixture with
hydrochlorothiazide and for the determination of TR in
a binary mixture with verapamil; neither determination
required preliminary separation or extraction. These
sensors also allow the potentiometric determination of
both drugs BZ and TR in plasma without preliminary
extraction and separation steps. The advantages of the
suggested potentiometric sensors are their simplicity,
low cost, fast response, wide working pH range,
wide response range, and use with turbid and colored
solutions.

2. Materials and Methods

2.1. Apparatus

Potentiometric measurements were made at 25 + 1°C with
a Hanna (Model 211) pH/mV meter. A single-junction

calomel reference electrode (Model HI 5412) was
used in conjunction with the drug sensor. A WPA pH
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combined glass electrode (Model CD 740) was used for
pH measurements.

2.2. Reagents

All chemicals were of analytical reagent grade unless
otherwise stated and doubly distilled deionized water
was used.

The working standard for BZ was graciously
supplied by Novartis Pharma Co., Cairo, Egypt. Its
purity was certified to be 99.79 + 0.80% according to a
previously reported method (8). The working standard
for TR was graciously supplied by Abbott Laboratory,
USA. The purity of the sample was found to be 99.94 +
1.69% according to a previously reported method (17).

Aqueous 1.00 x 10°—1.00 x 10° M BZ and TR
solutions were prepared by serial dilution of 1.00 x 10> M
stock solutions. All pharmaceutical samples of BZ and
TR were obtained from local drug stores.

Tetrahydrofuran (THF) 99% (Lab Scan), high
molecular weight (10,000) polyvinyl chloride (PVC)
powder, dibutyl sebacate (DBS) plasticizer, sodium
tetraphenyl borate (TPB), and ammonium reineckate
(AR) were obtained from Sigma-Aldrich. A phosphate
buffer, pH 4, was prepared.

Laboratory-prepared mixtures of BZ/HZ were
prepared as follows: aliquoted portions of 2.5, 5, 2.5,
1.25, and 2.5 mL of BZ from a stock solution of 1.00 x
10 M were accurately transferred to a series of 25-mL
measuring flasks. Aliquoted portions from a 1.00 x 10> M
HZ solution were added to prepare mixtures containing 1:1,
2:1,1:2,0.5:1, and 1:0.5 of BZ and HZ, respectively.

Laboratory-prepared mixtures of TR/VR were
prepared as follows. Aliquot portions 2.5, 10, 2.5, 2.5 and
2.5 mL of TR from its stock solution 1.00 x 10° M was
transferred accurately to a series of 25-mL measuring
flasks. Aliquot portions from 1.00 x 10> M VR solution
were added to prepare mixtures containing 1:1, 4:1, 1:2,
1:4 and 1:6 of TR and VR, respectively.

2.3. Preparation of BZ and TR ion exchangers

Benazepril-tetraphenyl borate (BZ-TPB), benazepril-
reineckate (BZ-R), trandolapril-tetraphenyl borate
(TR-TPB), and trandolapril-reineckate (TR-R) ion pair
complexes were prepared by slow addition of 20.00 mL
of 1.00 x 10° M BZ and TR aqueous solutions to 10.00
mL aliquots of TPB and AR, separately. The mixtures
were stirred for 10 min; the precipitates were filtered
off, washed with doubly distilled water, dried at room
temperature, and ground to a fine powder. Elemental
analyses confirmed the formation of 1:2 complexes.

2.4. BZ and TR-PVC membrane sensors

In a glass Petri dish (5.00 cm diameter), 10.00 mg of
BZ ion exchanger or TR ion exchanger were thoroughly

mixed with 350.00 mg of DBS and 190.00 mg of PVC
powder. The mixture was dissolved in 5.00 mL of
THE. The Petri dish was covered with filter paper and
allowed to stand overnight to allow solvent evaporation
at room temperature. A master membrane with a
thickness of 0.10 mm was obtained.

2.5. Sensor assembly

A disk of an appropriate diameter (about 8.00 mm) was
cut from the previously prepared master membranes
and glued onto the flat end of PVC tubing with THF.
A mixed solution consisting of equal volumes of 1.00
x 10 M BZ or TR and 1.00 x 10> M sodium chloride
was used as an internal reference solution. Ag/AgCl
coated wire (3.00 mm diameter) served as an internal
reference electrode. The sensors were conditioned by
soaking overnight in a solution of 1.00 x 10> M of
either of the two drugs and storage in the same solution
when not in use.

2.6. Sensor calibration

Along with the single-junction calomel reference
electrode, the prepared electrodes were immersed in
aqueous solutions of BZ and TR in a range of 1.00
x 10° - 1.00 x 10 M. The membrane sensors were
washed with water between measurements.

A calibration graph was constructed by plotting the
potential change with respect to the logarithm of the BZ
and TR concentrations. The regression equations for the
linear portion of the curves were computed and used to
subsequently determine unknown concentrations of BZ
and TR.

2.7. Selectivity measurements

Potentiometry selectivity coefficients (K™, ., 1 ;) Were
evaluated according to IUPAC guidelines using the
separate solutions method (19,20).

2.8. Application to laboratory-prepared mixtures

Along with the single-junction calomel reference
electrode, the membrane sensors were immersed in
corresponding laboratory-prepared mixtures. The
sensors were washed with water between measurements.
The electromotive force (EMF) produced for each
mixture was measured with the proposed electrodes and
then the concentration of BZ and TR was determined
from the corresponding regression equation.

2.9. Application to pharmaceutical formulations
2.9.1. BZ in Cibadrex tablets

Ten tablets were weighed and powdered. A quantity
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of the powdered tablets was transferred to a 50-mL
volumetric flask, and then the flask was completed to the
mark with phosphate buffer (pH 4) and sonicated for 15
min to prepare 1.00 x 10 M of BZ. The EMF produced
by immersing the prepared electrodes, along with single
junction calomel reference electrode, in the prepared
solutions was determined and then the concentration of
BZ was calculated from the regression equation of the
corresponding electrode.

2.9.2. TR in Tarka tablets

Ten tablets were weighed and powdered. A quantity
of the powdered tablets was transferred to 50-mL
volumetric flask, and then the flask was completed to
the mark with phosphate buffer (pH 4) and sonicated for
15 min to prepare 1.00 x 10° M of TR. The assay was
completed as described above.

2.10. Application to plasma samples

Four-point five mL of plasma were placed into 4
stoppered shaking tubes, and then 0.5 mL of 1.00 x
107 and 1.00 x 10° M BZ and TR were each added
separately and shaken. The membrane sensor was
immersed in these solutions along with the single
junction calomel reference electrode. The sensor was
washed with water between measurements. The EMF
produced by each solution was measured using the
four proposed electrodes and then the concentration
of BZ and TR was determined from the corresponding
regression equations.

3. Results and Discussion

The development and use of ion-selective electrodes
continue to be of interest in pharmaceutical analysis
because these sensors offer the advantages of simple
design, reasonable selectivity, and fast response.

The method proposed here has the advantages
of being sensitive, allowing determination of BZ in
the presence of HZ. The proposed electrodes have
a longer life span than potentiometric coated wire
electrodes for determination of BZ alone as were
previously reported (11).

In addition, TR was formulated with VR in a
medicinally recommended ratio of 1:100. Analysis of
such a mixture is challenging because the amount of the
major component, VR, is much greater than the amount
of the minor component, TR. Therefore, the aim of
this work was to develop simpler and less complicated
methods for the determination of a minor component like
TR in a binary mixture.

The present investigation is based on the fact that
both BZ and TR behave as cations in acidic medium due
to the presence of amino groups. This property suggests
the use of anionic ion exchangers in the formation of ion

association complexes. These are physically compatible
with the matrix and serve as rapid ion exchangers for the
two drugs at the membrane-sample interface.

BZ and TR reacted with sodium TPB and AR to form
stable 1:2 water insoluble ion association complexes.
This ratio was confirmed by elemental analysis data and
by the Nernstian response of the suggested sensors. That
response was about 30 mV (for both BZ and TR), the
typical value for divalent drugs (21).

PVC acts as a standard support matrix and as a
trap for the sensed ions, but its use requires the use of
a plasticizer (22). In the present investigation, DBS
was chosen from among dicarboxylic acid esters as a
plasticizer. With PVC, dicarboxylic acid esters were
found to be the optimum plasticizers; they dissolve the
ion association complex and adjust both the membrane
permittivity and ion exchange site mobility to yield the
highest possible selectivity and sensitivity (23,24).

Electrochemical performance characteristics of the
proposed sensors were evaluated according to [UPAC
recommendations (21) (Table 1). The electrodes were
found to display constant and stable potential readings
within 2 mV day-to-day, and the calibration slopes
for the four electrodes changed by less than 2 mV per
concentration decade over a period of 1 month.

The response time of the electrodes was tested for
concentrations of the two drugs from 1.00 x 10~ — 1.00
x 10 M. The measurements were characterized by a fast
stable response within 20-30 sec for concentrations less
than 1.00 x 10* M and 10-20 sec for concentrations over
1.00 x 10 M.

The pH effect was optimized from the point of view
of both sensor function and chemical form of the test
substance. As shown in Figures 1 and 2, the potential-
pH profiles indicated that the sensor responses were
fairly steady over pH 3-5 (phosphate buffer). Within
this range, drug cations are completely ionized and
dissociated and therefore can be sensed. Above and
below this pH range, the potentials displayed by the
electrodes were noisy.

The potentiometric response of the four studied
electrodes at the optimum pH was linear with constant

Table 1. Response characteristics of the four investigated
electrodes

Parameter BZ-TPB BZ-R  TR-TPB TR-R

Slope (mv/decad) 3158  —3057 3664 3144
Intercept (mV) 83.28 91.02 22.39 324
Correlation coefficient 0.9997 0.9992 0.9997 0.9991
Detection limit (M) 28x10° 46x10° 52x10° 66x10°
Response time (sec) 20-30 20-30 20-30 20-30
Working pH range 3-5 3-5 3-5 3-5
Concentrationrange M) 10°-102 105102 10°>-10% 107°-10°
Life span (weeks) 46 4-6 46 46
Average recovery (%) 99.07 99.13 100.09 99.98
RSD.% 075 091 1.26 143

"Results of four determinations.
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slopes over a drug concentration range of 1.00 x 107
—1.00 x 10> M for BZ and TR, respectively (Figures
3 and 4).

The accuracy of the proposed membrane sensors at
quantifying blind samples of BZ and TR was assessed
using the four sensors. Results indicated average
recovery of 99.07 + 0.75, 99.13 £ 0.91, 100.09 + 1.26,
and 99.98 + 1.43 for the BZ-TPB, BZ-R, TR-TPB, and
TR-R sensor, respectively.

As shown in Tables 2 and 3, the proposed
method was valid and suitable for determining BZ
in different laboratory-prepared mixtures with HZ or

‘20 5
10 4 —e—10° MBZTPB
0l : ~=—10 M BZTPB
10 4 —+—10 , MBZR
5 .20 4 -»x—10 M BIR
o 301
-40 1
.50 4
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-70 _ —_— —
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Figure 1. Effects of pH on the response of a benazepril
hydrochloride-tetraphenyl borate electrode (BZ-TPB) and
a benazepril hydrochloride-reineckate electrode (BZ-R).
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Figure 3. Profile of the potential in mV with respect to the
— log concentration of benazepril hydrochloride with TPB
and R.

Table 2. Results of using the two electrodes to analyze
benazepril hydrochloride in different laboratory-prepared
mixtures with hydrochlorothiazidel

for determining TR in different laboratory-prepared
mixtures with VR. Mean percentage recovery was
100.21 + 0.86 and 99.78 + 1.24, for BZ by BZ-TPB and
BZ-R, respectively, and 100.71 + 1.22 and 100.73 + 0.78
for TR by TR-TPB and TR-R, respectively.

The performance of the four sensors in the presence
of some nitrogenous compounds such as amines, amino
acids, and some inorganic cations was assessed by
measuring and comparing potentiometric selectivity
coefficients (K™}, ). The separate solutions method
with a fixed concentration of the interferent (1.00 x 107
M) was used to evaluate selectivity. Results obtained

0 A
-20 1 e 10';j M TR-TPB
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Figure 2. Effects of pH on the response of a trandolapril-
tetraphenyl borate electrode (TR-TPB) and a trandolapril-
reineckate electrode (TR-R).
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Figure 4. Profile of the potential in mV with respect to the
— log concentration of trandolapril with TPB and R.

Table 3. Results of using the two electrodes to analyze
trandolapril in different laboratory-prepared mixtures
with verapamil

Recovery of benazepril hydrochloride (%)

Recovery of trandolapril (%)

Ratio of BZ:HZ Ratio of TR:VR
BZ-TPB BZ-R TR-TPB TR-R
1:1 100.58 98.41 1:1 100.98 100.35
2:1 101.24 98.92 4:1 101.23 100.86
1:2 99.51 99.47 1:2 98.64 99.87
0.5:1 100.58 100.71 1:4 100.88 100.59
1:0.5 99.15 101.37 1:6 101.83 101.96
Mean + S.D. (%) 100.21 +0.86 99.78 +1.24 Mean = S.D. (%) 100.71 £ 1.22 100.73 £0.78

" Average of three determinations.

" Average of three determinations.
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with the developed sensors indicated that they had a
reasonable level of selectivity (Table 4).
Pharmaceutical additives, diluents, and ingredients
commonly used in drug formulations such as lactose,
sucrose, magnesium sulphate, talc, and methyl cellulose
did not produce interference. Thus, analysis was carried
out without prior treatment or extraction. BZ-TPB and
BZ-R sensors were successfully used to determine BZ
in Cibadrex tablets (Table 5), and TR-TPB and TR-R
sensors were used to determine TR in Tarka tablets

(Table 5).

When used in biological fluids, the four electrodes
were found to produce stable results as revealed by the
high precision and accuracy of recovery of the spiked
plasma samples. This indicated the lack of interference
from plasma electrolytes (Table 6).

A statistical comparison of the results obtained
using the proposed method and the previously reported
procedure for BZ (8) or that for TR (17) is shown in
Table 7. The values of the calculated t and F were

Table 4. Potentiometric selectivity coefficients of the four proposed electrodes according to the separate solutions method

Interferent Selectivity coefficient
BZ-TPB BZ-R TR-TPB TR-R

Verapamil - - 3.56x 10" 3.48x 107"
Hydrochlorothiazide 351x10°" 323x107* - -

Na 3.53x10°° 227%107° 2.08x10° 278 %1077
K 3.07x10° 238x10° 251%10° 335%10°
NH," 247x10° 146 x10°° 3.70x10°° 431x10°
Ca™ 322x10° 236%107° 3.08x107° 2.84x107°
Mg™ 343%10° 2.74x10°° 2.87x10°° 2.85%10°
Glucose 2.14x10° 1.89 x10°7° 2.85x10° 238x107°
Lactose 326x10°° 3.72%107° 286x10° 223x107°
Sucrose 2.66x10° 322x10° 252%10° 1.68x 107
Urea 2.56%107° 3.05x10° 297x107° 2.16x10°
L-Phenylalanin 292x10° 323%10° 2.70x 10°° 229x10°
Methyl cellulose 347x10° 252x10° 555x10° 571%107°
Talc 321x107° 1.96 x 107° 584x10°° 631x10°°

Table 5. Quantitative determination of benazepril hydrochloride in Cibadrex tablets and trandolapril in Tarka tablets

using the proposed electrodes

Pharmaceutical dosage forms

Recovery £ S.D. (%)

Benazepril hydrochloride in Cibadrex tablets (batch No. Y0002)

BZ-TPB 99.15+0.81

BZ-R 99.29 + 1.06
Trandolapril in Tarka tablets (batch No. 551918D)

TR-TPB 100.37 +£0.92

TR-R 99.87 £ 1.27

" Average of three determinations.

Table 6. Determination of benazepril hydrochloride and trandolapril in spiked human plasma using the four electrodes

proposed
. Recovery = S.D. of benazepril hydrochloride (%) Recovery = S.D. of trandolapril (%)
Concentration (M)
BZ-TPB BZ-R TR-TPB TR-R
1x10° 99.41 + 1.46 98.73 +1.67 100.35+0.97 99.75+1.26
1x10* 99.57+1.32 99.03 +1.84 100.12 £ 1.11 99.84 +1.44

" Average of three determinations.

Table 7. Statistical analysis of the results obtained using the proposed method and previously reported methods to analyze

benazepril hydrochloride (8) and trandolapril (17)

Values BZ-TPB BZ-R Reported method (ref. 8) TR-TPB TR-R Reported method (ref. 17)
Mean = S.D. 99.07 £0.75 99.13 +0.91 99.79 + 0.80 100.09 = 1.26 99.98 +1.43 99.94 + 1.69
n 4 4 6 4 4 5
Variance 0.563 0.828 0.640 1.588 2.045 2.856

1.427 1213 0.147 0.038

t (2.306)" (2.306)" - (2.365) (2.365)" -

= 1.14 1.29 B 1.80 1.40 -
(9.01) (5.41) 9.12) .12y

" The values in parentheses correspond to the theoretical values of t and F at p = 0.05.
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less than the tabulated ones, which reveals that there
was no significant difference with respect to accuracy
and precision between the proposed method and the
previously reported procedures.

4. Conclusion

The proposed sensors for BZ and TR offer the
advantages of high stability, fast response over a wide
range of concentrations and pH levels, low cost, ease
of fabrication, adequate selectivity in the presence of
hydrochlorothiazide (for BZ) or verapamil (for TR) and
related species, and direct use with turbid and colored
drug solutions without any pretreatment. The proposed
method can be used to determine the aforementioned
drugs in pure form, in plasma, and in pharmaceutical
formulations.
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